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Modulation of glutamine metabolism by the
P1(3)K—-PKB-FOXO network regulates autophagy
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The PI(3)K-PKB-FOXO signalling network provides a major intracellular hub for the regulation of cell proliferation, survival and
stress resistance. Here we report an unexpected role for FOXO transcription factors in regulating autophagy by modulating
intracellular glutamine levels. To identify transcriptional targets of this network, we performed global transcriptional analyses after
conditional activation of the key components PI(3)K, PKB/Akt, FOXO3 and FOXO4. Using this pathway approach, we identified
glutamine synthetase as being transcriptionally regulated by PI(3)K-PKB-FOXO signalling. Conditional activation of FOXO also led
to an increased level of glutamine production. FOXO activation resulted in mTOR inhibition by preventing the translocation of
mTOR to lysosomal membranes in a glutamine-synthetase-dependent manner. This resulted in an increased level of autophagy as
measured by LC3 lipidation, p62 degradation and fluorescent imaging of multiple autophagosomal markers. Inhibition of
FOX03-mediated autophagy increased the level of apoptosis, suggesting that the induction of autophagy by FOX03-mediated
glutamine synthetase expression is important for cellular survival. These findings reveal a growth-factor-responsive network that
can directly modulate autophagy through the regulation of glutamine metabolism.

In metazoans, including humans, a plethora of extracellular stimuli
activate phosphatidylinositol 3-kinase class I (PI(3)K) and thereby
the serine/threonine protein kinase B (PKB, also known as Akt;
refs 1,2). The forkhead box (FOX) O transcription factors are directly
phosphorylated by PKB, resulting in their nuclear exclusion and tran-
scriptional inactivation (reviewed in ref. 3). The PI(3)K-PKB-FOXO
signalling module is evolutionarily conserved, and in the nematode
worm Caenorhabditis elegans activation of an orthologue of the
insulin receptor, DAF-2, results in activation of AGE-1, the C. elegans
orthologue of PI1(3)K, which induces activation of AKT/PKB. Inhibition
of this pathway confers stress resistance and dauer formation, thereby
markedly extending the lifespan of these worms, which is dependent
on the FOXO transcription factor DAF-16 (refs 4-6).

In mammals, three FOXO homologues are phosphorylated and
regulated by PKB: FOXO1, FOXO3 and FOXO4, which act as
transcriptional activators as well as repressors (reviewed in ref. 3).
Activation of FOXOs can, depending on the cell type, have an influence

on a wide range of biological processes including cell cycle regulation,
stress resistance, development, reproduction and ageing (reviewed
in ref. 7). In a manner similar to DAF-16, FOXOs can increase the
level of survival of cells during growth-factor deprivation by increasing
stress resistance. FOXO activation can protect cells from damage by
upregulating the expression of proteins involved in protection against
oxidative stress such as manganese superoxide dismutase (MnSOD)
and the growth arrest and DNA damage response protein Gadd45,
which is involved in DNA repair mechanisms®®. Here we demonstrate
an unexpected role for FOXOs in regulating autophagy through
modulation of glutamine synthetase activity.

RESULTS

PI(3)K-PKB-FOXO signalling regulates glutamine synthetase
expression

To globally identify transcriptional targets regulated by PI(3)K-PKB—
FOXO signalling, we generated Ba/F3 cell lines, each ectopically
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Figure 1 Modulation of the PI(3)K-PKB-FOXO signalling network results in
regulation of glutamine synthetase mMRNA and protein levels. (a) Ba/F3 cells
expressing myrPI(3)K-ER, myrPKB-ER, FOXO3(A3)-ER or FOX04(A3)-ER
were stimulated with 4-OHT for 4 h (myrPI(3)K-ER, myrPKB-ER) or

8h (FOXO3(A3)-ER and FOX04(A3)-ER) and microarray analyses were
performed. Shown are the fold changes relative to control cells for glutamine
synthetase (GS), Mxil and Pinkl. Data are represented as mean values

of one experiment performed in quadruplicate. (b) Ba/F3 cells expressing
either myrPI(3)K-ER or myrPKB-ER were cytokine starved overnight and
stimulated with 4-OHT. Relative mRNA levels of glutamine synthetase
were analysed using quantitative rtPCR. Data are represented as mean

+ s.e.m. normalized for BoM (n=4). *P <0.05, *P < 0.01. (c) Ba/F3
cells expressing either myrPI(3)K-ER or myrPKB-ER were cytokine starved
overnight and stimulated with 4-OHT. Cell lysates were analysed for protein
levels of phospho-FOX03 (T32), glutamine synthetase, p27 and actin.
Shown are representative blots (n=4). (d) Ba/F3 cells expressing either
FOXO3(A3)-ER or FOXO4(A3)-ER were stimulated with 4-OHT in the

expressing conditionally active variants of the three key components
in this pathway. To selectively activate these proteins, myrPI(3)K,
myrPKB, FOX0O3(A3) or FOXO4(A3) were fused to the hormone-
binding domain of the oestrogen receptor (ER), thereby rendering
them inducible by 4-hydroxytamoxifen (4-OHT). We subsequently
performed microarray analyses after activation of each pathway
component (http://www.ncbi.nlm.nih.gov/geo/, accession number:
GSE35705). To identify specific pathway targets, we focused on changes
in messenger RNA transcripts that were downregulated by both PI(3)K
and PKB activation, and upregulated by FOXO3 and FOXO4 or vice
versa. Among the identified transcriptional targets we found Mxil and
Pinkl, both recently described to be regulated by PI(3)K-PKB-FOXOs,
validating this approach!®!! (Fig. 1a).

Using this stringent pathway analysis we identified glutamine syn-
thetase as a transcriptional target (Fig. 1a). Evaluating glutamine syn-
thetase mRNA and protein levels in the various cell lines by quantitative
real-time PCR (rtPCR) and in parallel western blotting confirmed that
glutamine synthetase is upregulated by both FOXO3 and FOXO4 activa-
tion, whereas activation of either PI(3)K or PKB inhibits its expression
(Fig. 1b—e). We next evaluated whether activation or inhibition of en-
dogenous PI(3)K signalling resulted in a similar modulation of the glu-
tamine synthetase protein levels. Stimulation of cells with interleukin

presence of mIL-3. Relative mRNA levels of glutamine synthetase were
analysed using quantitative rtPCR. Data are represented as mean + s.e.m.
values normalized for BoM (n=3). *P < 0.01. (e) Ba/F3 cells expressing
either FOXO3(A3)-ER or FOXO4(A3)-ER were stimulated with 4-OHT in
the presence of mIL-3. Cell lysates were analysed for protein levels of
glutamine synthetase, p27 and actin. Shown are representative blots (n=3).
(f) Wild-type Ba/F3 cells were cytokine starved overnight and stimulated with
mlL-3. Cell lysates were analysed for protein levels of phospho-FOX03 (T32),
glutamine synthetase, p27 and actin. Shown are representative blots (n=4).
(g) Wild-type Ba/F3 cells were incubated with LY294002 in the presence of
mlL-3. Cell lysates were analysed for protein levels of glutamine synthetase,
p27 and actin. Shown are representative blots (n=3). (h) FOX01,3,47/~
MEFs and wild-type MEFs were incubated with LY294002 (10 uM) for

the indicated times. Cell RNA was isolated and relative mRNA levels of
glutamine synthetase were analysed using quantitative PCR. Data are
represented as mean values normalized for BoM (n=2). Uncropped images
of blots are shown in Supplementary Fig. S7.

(IL)-3 also resulted in a reduction in the level of glutamine synthetase
protein expression, correlating with FOXO inhibition (Fig. 1f). Fur-
thermore, inhibition of PI(3)K activity utilizing the specific inhibitor
LY294002 was able to recapitulate the effects observed after 4-OHT-
induced FOXO activation (Fig. 1g). Treatment of wild-type mouse
embryonic fibroblasts (MEFs) or FOXO1,3,4 triple-knockout (TKO)
MEFs with LY294002 further demonstrated that FOXOs were necessary
for upregulation of glutamine synthetase mRNA levels (Fig. 1h).
Actinomycin D abrogated FOXO3-induced glutamine synthetase up-
regulation, demonstrating that this was a direct transcriptional response
(Fig. 2a). Co-transfection of FOXO3(A3) with glutamine synthetase
promoter luciferase reporter constructs identified a FOXO-responsive
enhancer of 384 base pairs (bp) between —2,520/—2,146 bp (Supple-
mentary Fig. Sla,b). Alignment of the identified 384-bp fragment from
human, mouse and rat glutamine synthetase promoters shows the pres-
ence of five conserved FOXO binding sites (Supplementary Fig. S1c).
Mutational analysis revealed that FOXO-induced reporter activity was
dependent on the presence of FOXO binding site 2 (Fig. 2b). To demon-
strate that FOXO3 directly binds at this site in vivo, cells were treated
with the PI(3)K inhibitor LY294002 and chromatin immunoprecipita-
tion assays were performed. Quantitative rtPCR analysis of promoter
fragments isolated by FOXO3 immunoprecipitation demonstrated
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Figure 2 FOXO-mediated regulation of glutamine synthetase expression is
transcriptionally regulated and evolutionarily conserved. (a) Ba/F3 cells
expressing FOXO3(A3)-ER were stimulated with 4-OHT and actinomycin
D (1 pgmli~1) or dimethylsulphoxide (DMSO) as a control in the presence of
mlL-3 for 16 h. Cell lysates were analysed for protein levels of glutamine
synthetase (GS), p27 and actin. Shown are representative blots (n=3).
(b) Glutamine synthetase reporter plasmids carrying mutations in putative
FOXO-binding sites were transfected in HEK293 cells together with
Renilla and FOXO3(A3) as indicated. Luciferase activity was measured
40 h after transfection. Data are depicted as relative luciferase units
(RLU) compared with the control. Shown are mean + s.e.m. values
(n=3). (c) HEK293 cells were stimulated with LY294002 for 24 h and
chromatin immunoprecipitations were performed. Protein-DNA complexes
were formaldehyde-crosslinked, and chromatin fragments from these
cells were subjected to immunoprecipitation with a control antibody or
antibodies against FOX03a, as indicated. After crosslink reversal, the
co-immunoprecipitated DNA was amplified by rtPCR. Shown are the
means of duplicates within one experiment. IP, immunoprecipitate; TSS,

that FOXO3 associated with the region previously identified in the
glutamine synthetase promoter at —2,500 (Fig. 2c and Supplementary
Fig. S1d). We also identified a second binding site for FOXO3, further
upstream in the glutamine synthetase promoter (—5,000).

The effects mediated by FOXO transcription factors are known
to be dependent on cell type'>. To determine whether regulation
of glutamine synthetase expression by FOXO transcription factors
was a general phenomenon, we examined glutamine synthetase
expression in multiple cell types, including the human colon carcinoma
cell line DLDI, the osteosarcoma cell line U20S and primary
human mesenchymal stromal cells (MSCs). Conditional activation
of FOXO3 in these disparate cell types again resulted in upregulation
of glutamine synthetase protein levels (Fig. 2d—f; see also Fig. 5¢). As
the PI(3)K-PKB-FOXO module is conserved in most eukaryotes, we
wished to determine whether glutamine synthetase regulation might
also be evolutionarily conserved. We evaluated glutamine synthetase
activity in C. elegans, comparing wild-type, daf-2 (insulin/IGF-1-like
receptor) and daf-16 (FOXO) mutants. The level of glutamine
synthetase activity was significantly increased in daf-2 mutant worms
when compared with wild-type worms, whereas daf- 16 mutants showed
alower level of glutamine synthetase activity when compared with wild-
type worms (Fig. 2g). RNA-interference-mediated daf-16 knockdown

transcription start site. (d) DLD1 cells expressing FOXO3(A3)-ER were
stimulated with 4-OHT. Cell lysates were analysed for protein levels of
glutamine synthetase, p27 and actin. Shown are representative blots
(n=4). (e) The osteosarcoma cell line U20S expressing FOXO(A3)-ER was
stimulated with 4-OHT, cells were lysed and equal amounts of proteins were
analysed for levels of glutamine synthetase and actin. (f) MSCs expressing
FOXO(A3)-ER were stimulated with 4-OHT, cells were lysed and equal
amounts of proteins were analysed for levels of glutamine synthetase and
actin. Shown are representative blots (n=3). (g) Wild-type, daf-2 and
daf-16 mutant worms were synchronized to L1 by hypochlorite treatment
and were placed on nematode growth medium agar plates. After five days
worms were lysed in imidazole and analysed for glutamine synthetase
activity. (h) Wild-type N2 worms or daf-2 mutants were synchronized to L1
by hypochlorite treatment and placed on nematode growth medium plates
with or without bacteria expressing DAF-16 double-stranded RNA. After five
days worms were lysed in imidazole and analysed for glutamine synthetase
activity. (g,h) Shown are the means of five independent plates for each
condition. Uncropped images of blots are shown in Supplementary Fig. S7.

completely abrogated the daf-2-mediated increase in the level of
glutamine synthetase activity (Fig. 2h), providing evidence that FOXO-
mediated glutamine synthetase regulation is evolutionarily conserved.

FOX03-mediated upregulation of glutamine synthetase
expression is accompanied by increased glutamine levels
Glutamine synthetase converts glutamate to glutamine, a process
that requires ammonia and ATP (ref. 13). To determine whether
the observed FOXO-induced glutamine synthetase upregulation also
results in a higher level of glutamine synthetase activity, FOXO3 activity
was induced and the level of glutamine synthetase activity in cell lysates
was determined. Activation of FOXO3 resulted in an up to fourfold
increase in the level of glutamine synthetase activity, correlating with
its expression levels (Fig. 3a). Pre-treatment of cells with L-methionine
sulphoximine (MSO), an irreversible inhibitor of glutamine synthetase
activity'*, completely abrogated the FOXO3-induced increased level of
glutamine synthetase activity, whereas glutamine synthetase expression
levels were unaffected (Fig. 3b).

Next, we examined the levels of individual amino acids after
conditional activation of PI(3)K, PKB or FOXO3. In cells in which
PI(3)K or PKB activity was induced, the glutamine levels were
specifically decreased when compared with control cells, whereas
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Figure 3 Modulation of the PI(3)K-PKB-FOXO pathway results in specific
regulation of glutamine levels. (a) Ba/F3 cells expressing FOXO3(A3)-ER
were stimulated with 4-OHT in the presence of mIL-3. Cell lysates were
analysed for glutamine synthetase (GS) activity in an enzyme assay (left).
In addition, the expression of glutamine synthetase, p27 and actin was
determined using western blot (right). Shown are the mean +£s.e.m. (n=3)
and representative blots of these experiments. **P < 0.01. (b) Ba/F3
cells expressing FOXO3(A3)-ER were stimulated with 4-OHT for 16 h

in the presence of mIL-3 together with MSO, as indicated. Cell lysates
were analysed for glutamine synthetase activity in an enzyme assay (left).
Furthermore the expression levels of glutamine synthetase, p27 and actin
were determined using western blot (right). Shown are the mean + s.e.m.
(n=23) and representative blots of these experiments. *P <0.05, *P < 0.01.
(c) Ba/F3 cells expressing myrPI(3)K-ER were cytokine-starved overnight.

the concentrations of most amino acids were in general unaffected
(Fig. 3¢ and Supplementary Fig. S2). Moreover, conditional activation
of FOXO3 resulted specifically in an increase in glutamine levels,
correlating with expression of glutamine synthetase (Fig. 3d). Alanine
levels were also increased after FOXO3 activation. However, as cells are
capable of converting glutamine to alanine, the increased alanine levels
are probably a secondary effect of the rise in glutamine levels'”.

FOX03-induced glutamine synthetase expression leads to
inhibition of mTOR and increased autophagy

Amino acids play an important role in the regulation of a
variety of cellular processes, including proliferation and cell growth,
through the control of the mammalian target of rapamycin (mTOR;
reviewed in ref. 16). To determine the functional consequences of
PI(3)K-PKB-FOXO-mediated regulation of glutamine metabolism,
FOXO3 was activated for 24 h, and cells were subsequently briefly
starved and then re-stimulated with essential amino acids (EAAs). EAA
stimulation was sufficient to increase the level of phosphorylation of
the mTOR substrate p70S6 kinase (S6K; Fig. 4a, lane 2), which was
mTOR dependent because pre-treatment with the mTOR inhibitor
rapamycin completely blocked this (lane 6). In cells in which FOXO3
had been activated, amino-acid re-feeding resulted in a reduced level
of p70S6 kinase phosphorylation (lane 4). This decrease in the level
of phosphorylation was dependent on glutamine synthetase because
FOXO3 activation in the presence of MSO rescued the inhibition of
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The next day, cells were washed in PBS and put in a medium without
serum, with or without 4-OHT. At the times indicated, medium samples
were taken and analysed for amino acid levels by high-performance liquid
chromatography. Cells were lysed and equal amounts of protein were analysed
by western blotting for levels of phospho-PKB (S473), phospho-FOX03
(T32) and actin (inset). Shown are the mean of relative amino acid levels,
compared with ¢t =0 (n=2), and representative blots of these experiments.
(d) Ba/F3 cells expressing FOXO3(A3)-ER were stimulated with 4-OHT in
serum-free medium containing mIL-3. The medium was analysed for amino
acid levels by high-performance liquid chromatography. Cells were lysed and
analysed for protein levels of glutamine synthetase, p27 and actin (inset).
Shown are the mean + s.e.m. of relative amino acid levels, compared with
t =0 (n=4), and representative blots of these experiments. **P < 0.01.
Uncropped images of blots are shown in Supplementary Fig. S7.

S6K phosphorylation (lane 8), supporting the fact that FOXO3 inhibits
mTOR activity through glutamine synthetase.

Recent studies have shown that in response to amino acids mTORC1
is targeted to the cytoplasmic face of lysosomes, a process that is
required for its activation by RheB (ref. 17). In control cells we observed
that mTOR was localized in distinct spots that co-localized with the lyso-
somal marker LAMP?2 (Fig. 4b,c). FOXO3 activation resulted in a more
diffuse cytoplasmic staining of mTOR disrupting co-localization with
LAMP2, whereas cells incubated with both 4-OHT and MSO showed
co-localization similar to the control cells. These results suggest that the
FOXO3-induced glutamine synthetase activity inhibits mTOR activa-
tion by blocking the translocation of mTOR to the lysosomal surface.

The activity of mTOR plays an evolutionarily conserved role

in the negative regulation of autophagy's'

. Autophagy can be
measured by analysing autophagosome-bound lipidated LC3 (LC3-1I)
protein®. After FOXO3 activation the level of LC3-II protein was
strongly increased (Fig. 4d). Importantly, MSO treatment blocked
the FOXO-induced increase in LC3-II, demonstrating that LC3
lipidation is dependent on glutamine synthetase activity (Fig. 4d).
These observations were further validated through the use of a
glutamine-synthetase-targeted short interfering RNA (siRNA) that also
reduced FOXO-mediated LC3-II formation (Fig. 4e) and reduced the
degradation of the autophagy marker p62 (Fig. 4f and Supplementary
Fig. S3a). To determine whether FOXO3 activation not only increases
lipidation of LC3, but also permits subsequent degradation of
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Figure 4 Regulation of glutamine synthetase expression by
PI(3)K—-PKB-FOXO inhibits mTOR and modulates autophagy. (a) DLD1
cells expressing FOXO3(A3)-ER were stimulated with 4-OHT with or
without MSO. After 24 h, the cells were starved of serum, amino acids
and glucose in D-PBS containing the indicated inhibitors and stimulated
with amino acids for 10 min. Cell lysates were analysed for protein levels of
phospho-S6K (Thr 389) and actin. Shown are representative blots of three
independent experiments. (b,c) DLD1 cells expressing FOXO3(A3)-ER
were stimulated with 4-OHT and MSO (0.25 M) for 24 h in glutamine-free
DMEM containing 0.1% FCS. Cells were stained for mTOR and LAMP2
and analysed by confocal microscopy. (b) Shown are representative pictures
(n=4). Scale bars, 100 um. (c) Quantification of co-localization between
mTOR and LAMP2 as seen in b. Depicted are the mean £+ s.e.m. of
the percentage of co-localized pixels from four experiments. *P < 0.05,
*P <0.01. (d) DLD1 cells expressing FOXO3(A3)-ER were treated with

autophagosomal content, cells were treated with the lysosomal inhibitor
bafilomycin A (BafAl). Under such conditions a further increase of
LC3-II protein abundance indicates the induction of the complete
process of autophagy®!. The addition of BafA1l further increased
FOXO3-induced LC3 lipidation, demonstrating that FOXO activation
induces autophagic flux through both the formation and degradation
of autophagosomes (Fig. 4d,e and Supplementary Fig. S3b).

To evaluate the effect of modulating endogenous FOXO activity,
cells were treated with either LY294002 or PKB inhibitor VIII
Both treatments again resulted in increased LC3-II levels (Fig. 4g
and Supplementary Fig. S3c,d). Next, we analysed the number of
autophagosomes in FOXO3-activated cells by visualizing LC3 by
immunofluorescent imaging (Fig. 5a,b and Supplementary Fig. S3e). In
control cells LC3 showed a diffuse cytoplasmic distribution; however,
FOXO3 activation showed distinct LC3-positive punctuate spots.
Importantly, treating cells with 4-OHT in the presence of MSO
abrogated the increase in the numbers of LC3-positive autophagosomes,
demonstrating the necessity for glutamine synthetase activity.

—————ren
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or without 4-OHT, MSO and BafAl (200 nM). After 24 h, cell lysates were
analysed for protein levels of LC3 and tubulin. Shown are representative
blots (n=4). (e) DLD1 cells expressing FOXO3(A3)-ER were transfected
with glutamine synthetase (GS) siRNA or a non-targeting siRNA and
stimulated with 4-OHT in glutamine-free DMEM containing 0.1% FBS.
After 24 h, cell lysates were analysed for protein levels of glutamine
synthetase, LC3 and actin. Shown are representative blots (n=2). (f) DLD1
cells expressing FOXO3(A3)-ER were transfected with glutamine synthetase
siRNA or non-template (NT) control siRNA and stimulated with 4-OHT for
16 h. Cells were lysed and equal amounts of proteins were analysed for
levels of p62 or glutamine synthetase. Shown are representative blots
(n=2). (g) DLD1 cells were stimulated with LY294002 or PKB inhibitor
VIII for 24 h. Cell lysates were analysed for protein levels of LC3 and actin.
Shown are representative blots (n=4). Uncropped images of blots are
shown in Supplementary Figs S7 and S8.

Furthermore, autophagy was analysed in other cell lines. Activation of
FOXO3 in MSCs increased the glutamine synthetase expression level,
lowered the level of phosphorylation of pS6 and increased the level of
lipidation of LC3 (Fig. 5¢). The addition of BafAl further increased the
LC3 lipidation level, indicating again that FOXO3-induced glutamine
synthetase expression induces autophagy and increases autophagic
degradation. In addition, activation of FOXO3 in U20S cells also
increased LC3-II levels (Supplementary Fig. S3f). To evaluate whether
endogenous FOXO3 was also capable of inducing autophagy, IL-3 was
withdrawn from Ba/F3 cells. Growth-factor-starved cells showed a clear
induction of both glutamine synthetase expression and LC3 lipidation,
which was further enhanced in the presence of BafAl (Fig. 5d).
Furthermore, we wished to determine whether increased glutamine
levels were sufficient to induce autophagy. Incubating cells with
glutamine increased the level of LC3-II protein and blocked
phosphorylation of S6K at concentrations as low as 2.5mM
(Fig. 5¢). Furthermore, incubating cells with glutamine inhibited
starvation-induced mTOR/LAMP2 co-localization (Fig. 5f). These
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Figure 5 FOXO-induced glutamine synthetase expression increases the level
of autophagy. (a) DLD1 cells expressing FOXO3(A3)-ER were stimulated
with 4-OHT and MSO for 24 h in glutamine-free DMEM containing 0.1%
FCS. Cells were stained for LC3 and ER and analysed by confocal
microscopy. Shown are representative pictures (n=3). Scale bars, 20 um.
(b) Quantification of LC3-positive spots as seen in a using ImageJ software.
Depicted are mean + s.e.m. of the number of LC3-positive spots divided by
the number of DAPI-positive cells (n=4). *P < 0.05. (c) MSCs expressing
FOXO03(A3)-ER were treated with or without 4-OHT and BafAl (100 nM).
At the indicated time points, cell lysates were analysed for protein levels
of glutamine synthetase (GS), LC3, pS6 (Ser 235/236) and actin. Shown
are representative blots (n=2). (d) IL-3 was withdrawn from Ba/F3 cells
in the presence or absence of BafAl (100 nM) as indicated. Cell lysates
were analysed for protein levels of glutamine synthetase, LC3 and hsp90.
Shown are representative blots (n=2). (e) DLD1 cells were stimulated

data support our previous observations demonstrating that regulation
of glutamine levels by glutamine synthetase can modulate mTOR
activity and regulate autophagy (Fig. 4).

FOXO03 induces multiple steps in autophagosome formation
through increased glutamine synthetase activity

To further resolve the mechanism of FOXO3-regulated autophagy, we
transfected cells expressing FOXO3(A3)-ER with GFP-WIPI-1 and
quantified the number of cells exhibiting GFP-WIPI-1 puncta?. The
percentage of cells positive for WIPI-1 puncta was increased after
activation of FOXO3, and this was abolished by MSO (Fig. 5g and
Supplementary Fig. S3g). Furthermore, nutrient-deprivation-induced
GFP-WIPI-1 puncta formation was also inhibited by MSO, suggesting
that both basal and starvation-induced autophagy are critically
regulated by the level of glutamine synthesis. These results were
further validated through the use of a glutamine-synthetase-targeted
siRNA that also reduced FOXO-mediated WIPI puncta formation
(Supplementary Fig. S3h). This indicates that FOXO3-mediated
autophagy involves the inhibition of mTORCI, the subsequent
activation of WIPI-1 upstream of both Atgl2 and LC3, and hence
canonical, evolutionarily conserved autophagy?.

Next, we extended our results to co-localization studies of Atg
proteins (reviewed in ref. 24). As shown in Fig. 6a FOXO3 activation
increased the level of co-localization of LC3 and ULK2 (Atgl
homologue), which was abolished on MSO treatment. Furthermore,
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)
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with r-glutamine (t-GIn) in glutamine-free DMEM containing 0.1% FBS.
After 24 h, cell lysates were analysed for protein levels of LC3, p62, p-S6K
(Thr 389) and actin. Shown are representative blots (n=23). (f) DLD1 cells
were starved and stimulated with glutamine (5 and 10 mM). Cells were
stained for mTOR and LAMP2 and analysed by confocal microscopy, and
the co-localization between mTOR and LAMP2 was quantified by ImageJ.
Depicted are the means of the percentage of co-localized pixels (n=2).
(g) DLD1 cells expressing FOXO3(A3)-ER were transiently transfected with
GFP-WIPI-1 and subsequently stimulated with 4-OHT in the presence or
absence of MSO in glutamine-free DMEM containing 0.1% FCS or medium
without amino acids for 24 h. GFP-WIPI-1 puncta formation analysis
was performed by confocal microscopy. Depicted are the percentages
of cells positive for GFP-WIPI-1 puncta. Shown are the mean + s.e.m.
(n=4).*P <0.05 and *P < 0.01. Uncropped images of blots are shown
in Supplementary Fig. S8.

FOXO3-induced glutamine synthetase expression also resulted in an
increased level of co-localization of WIPI-1 with p62 or Atg12 (Fig. 6b,c
and Supplementary Fig. S4a). Importantly, the addition of glutamine
to cells treated with 4-OHT and MSO reversed the MSO-mediated
inhibition of FOXO3-induced p62 puncta (Supplementary Fig. S4b),
indicating that the inhibition of autophagy observed with the glutamine
synthetase inhibitor MSO is glutamine synthetase specific. Fluorescent
imaging therefore shows that FOXO3 modulates multiple steps in the
autophagic cascade through an increased level of glutamine synthetase
activity resulting in autophagosome formation.

Induction of autophagy by glutamine synthetase increases

cell survival

The induction of autophagy is an important cell survival mechanism
under conditions of nutrient or growth-factor starvation, and
inhibition of autophagic flux can result in an increased level of cell
death?. We investigated autophagy and cell death in Foxo1,3,4 TKO
MEFs. Wild-type MEFs or TKO MEFs were serum starved in the
absence or presence of BafAl or chloroquine, both inhibitors of
autophagic flux?®. LC3-II levels in TKO MEFs were lower than in
wild-type MEFs, further supporting a role for FOXO transcription
factors in regulating autophagy (Supplementary Fig. S4c). Furthermore,
inhibition of autophagy in wild-type MEFs resulted in significantly
increased levels of apoptosis (Supplementary Fig. S4d). In contrast,
no increase in apoptosis was observed after inhibition of autophagy
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Figure 6 FOXO-mediated glutamine synthetase activation induces
autophagosome formation and increases the level of survival. (a) DLD1
cells expressing FOXO3(A3)-ER were transiently transfected with
GFP-ULK2 and stimulated with 4-OHT and MSO for 24 h in
glutamine-free DMEM containing 0.1% FCS. Cells were stained for LC3
and analysed by confocal microscopy. Shown are representative pictures
(n=3). Scale bars, 20um. (b) DLD1 cells expressing FOXO3(A3)-ER
were transiently transfected with GFP-WIPI-1 and subsequently treated
with 4-OHT in the presence or absence of MSO in glutamine-free DMEM
containing 0.1% FCS. After 24 h, cells were analysed for GFP and p62
expression by confocal microscopy. Shown are representative pictures

in FOXO TKO MEFs, strongly supporting a causal link between
FOXO activity and autophagy as a survival mechanism. Furthermore,
inhibition of autophagy by 3-MA or chloroquine after conditional
FOXO activation resulted in a significantly reduced level of cell viability,
suggesting that the induction of autophagy by FOXO3 is important for
cellular survival (Supplementary Fig. S4e).

In addition, we evaluated apoptosis in DLD1 FOXO3(A3)-ER cells
transfected with a siRNA against glutamine synthetase. Activation of
FOXO3 in the absence of glutamine synthetase increased the level
of apoptotic cell death, which was enhanced by 3-MA, suggesting
that the induction of autophagy by FOXO3-mediated upregulation of
glutamine synthetase is important for cellular survival (Fig. 6d).

DISCUSSION

By global comparative microarray analysis we have identified glutamine
synthetase as a downstream effector of the PI(3)K-PKB-FOXO

(n=3). Scale bar, 20um. (c) DLD1 cells expressing FOXO3(A3)-ER
were treated with 4-OHT and MSO in glutamine-free DMEM containing
0.1% FCS. After 24 h cells were analysed for endogenous Atgl2
puncta formation by confocal microscopy. Shown are the mean =+ s.d.
(n=3). *P <0.05. (d) DLD1 cells expressing FOXO(A3)-ER were
transfected with glutamine synthetase (GS) siRNA or non-template (NT)
control siRNA, and stimulated with 4-OHT for 24 h with or without
3-methyladenine (3-MA). Apoptosis was determined by FACS analysis
after labelling cells with annexin V (AxV)-phycoerythrin and DAPI. The
graph shows relative fold versus control samples, mean + s.e.m. (n=3).
*P <0.05.

signalling network. Activation of FOXO transcription factors induces
glutamine synthetase expression and activity resulting in increased
glutamine levels. Importantly our data reveal that this increase in
glutamine levels is, at least in part, required for FOXO3-mediated
induction of autophagy. This is apparently an important survival
mechanism for cells, as blockade of autophagy with chemical inhibitors
or reduced glutamine synthetase expression reduced the viability of
FOXO3-activated cells. Functional analysis of C. elegans revealed that
the regulation of glutamine synthetase by this pathway is also evolution-
arily conserved. Taken together, these data indicate that one mechanism
by which growth-factor deprivation can regulate autophagic flux is
through modulation of glutamine synthetase expression.

Recently, FOXO3 has been reported to be an important regulator of
autophagy during muscle atrophy by increasing the expression of sev-
eral autophagy-related genes, including those encoding GABARAPLI,
ATG12, BNIP3 and Beclin 1 (refs 27,28). FOXO1 has also very recently
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been shown to induce autophagy in JNK-deficient neurons?. In
contrast, we did not find similar changes in GABARAPL1, ATG12,
BNIP3 and Beclin 1 mRNA expression levels after activation of FOXO3
(Supplementary Fig. S5a), indicating FOXO-mediated induction of
autophagy can apparently be regulated through both regulation of ATG-
related gene expression and Atg protein employment in the process of
autophagic degradation (this study) depending on the cellular context.
Upregulation of these previously reported autophagy-related genes
may not be responsible for the induction of autophagy per se, but rather
to act to replenish components that are consumed during autophagic
flux. This hypothesis is strengthened by the observation that their
increased expression is not itself sufficient to induce autophagy*”%.
However, Atg protein recruitment to pre-autophagosomal membranes
provides the initial signal to form autophagosomes, and this is precisely
what occurs on FOXO-mediated glutamine synthetase activation in
multiple different cell lines, tested here.

In addition, FOXO1 has recently been shown to induce autophagy
independently of transcription, through direct association with
Atg7 (ref. 30). However, generally under conditions of growth-
factor/nutrient starvation, FOXO transcription factors translocate to
the nucleus and we have demonstrated that upstream activators of
Atg7, such as WIPI-1, are involved in FOXO-mediated autophagy
(this study). We have shown that glutamine synthetase activity is not
only required for FOXO3-mediated induction of autophagy, but in
addition we demonstrate that glutamine treatment alone is sufficient
to increase levels of autophagy. Recently, it has been demonstrated
that glutaminolysis and subsequent formation of ammonia can induce
autophagy. This was achieved by keeping the cells in the same
medium for more than 48h or by depriving them of glucose®2.
FOXO-induced autophagy is a relatively rapid process allowing cells
to respond quickly to growth-factor/nutrient deprivation and in
our system FOXO3 activation does not result in significant changes
in intracellular ammonia levels or cell swelling (Supplementary
Fig. S5b—d), indicating that increased ammonia is not involved in
glutamine-synthetase-induced autophagosome formation.

The precise mechanisms involved in amino-acid-mediated reg-
ulation of autophagy remain incompletely understood. Previous
studies have demonstrated that the level of autophagy is regulated
by the nutrient-sensing mTOR pathway'®!°. mTORCI is thought
to phosphorylate and thereby inhibit the Atgl complex, which is
required for the early steps of autophagosome formation**. Amino
acids can activate mMTORCI through the class III PI(3)K hVps34, but
the mechanism is poorly understood'®.

Recently it has been reported that activation of mMTORCI by EAAs
was dependent on a bidirectional transporter, which regulates the
simultaneous import of EAAs into the cell and the efflux of glutamine®.
In this study, pre-loading cells with glutamine for one hour was required
for amino-acid-stimulated phosphorylation of S6K. In contrast, we
have shown that FOXO3 activation for 24 h decreased the level of
amino-acid-induced phosphorylation of S6K in a glutamine-synthetase-
dependent manner (Fig. 4a). This suggests that the effect of glutamine
on mTOR signalling may have a differential outcome depending on
the duration of the glutamine treatment. Furthermore, the effects of
glutamine on autophagy might differ in different cell types. In liver
cells, amino-acid-mediated regulation of autophagy is responsible for
the rapid induction of proteolysis following starvation'?*. Stimulation

of liver cells with amino acids suppresses protein degradation, and eight
regulatory amino acids, including glutamine, were found to be respon-
sible for this response®®. Suppression of proteolysis correlated with
increased phosphorylation of p70S6 kinase, but the exact mechanism
has not been well characterized®. However, regulation of autophagy
during starvation in the liver is likely to be independent of glutamine
synthetase because the expression of glutamine synthetase in the liver
is limited to a small population of parenchymal cells surrounding the
terminal hepatic venules®®. In contrast, glutamine has been described
to increase the level of autophagy as measured by LC3 cleavage in
intestinal epithelial cells*, indicating that regulation of autophagy by
amino acids may have distinct outcomes depending on the cell type.

AMP kinase (AMPK) is a well-described mTORCI1 inhibitor
and also regulator of autophagy’. To investigate whether AMPK
may be required for glutamine-synthetase-mediated autophagy, we
performed AMPK knockdown in DLD1 FOXO3(A3)-ER cells. As
shown in Supplementary Fig. S6, knockdown of AMPK did not
prevent FOXO3-induced autophagy, indicating that AMPK-mediated
mTOR inhibition is probably not involved in this process. During
amino-acid-mediated activation of mTOR, the Ragulator—Rag complex
mediates translocation of mTOR to the lysosomal surface, which is
required for its activation'’. Fluorescent imaging of mTOR and LAMP2
in control cells showed that mTOR is indeed localized at lysosomes.
Importantly, the mTOR-LAMP2 co-localization was abrogated after
FOXO3 activation, which could be rescued by the glutamine synthetase
inhibitor MSO (Fig. 4b,c). These results indicate that one mechanism
by which glutamine synthetase activity inhibits mTORCI activation
is by preventing the translocation of mTOR to lysosomal surfaces.
This model would explain previous observations that MSO stimulates
phosphorylation of the mTORCI substrate p70S6 kinase*!.

FOXOs have been demonstrated to act as tumour suppressors, and
conditional Foxo1,3,4~/~ mice develop spontaneous lymphomas and
haemangioma®?. Autophagy has also been proposed to act as a tumour
suppressive mechanism by protecting cells from metabolic stress and
oxidative damage, thereby conferring stress tolerance, limiting damage
and sustaining viability under adverse conditions (reviewed in ref. 43).
Activation of oncogenic signalling pathways, such as PI(3)K and mTOR,
suppresses autophagy, whereas many tumour suppressors, including
PTEN and p53, lead to an induction through mTOR inhibition.
We propose that the induction of autophagy by FOXO-mediated
modulation of glutamine metabolism would not only allow cells to
survive in the absence of nutrients, but also contribute to the tumour
suppressive function of FOXOs through protection of cells from the
build up of cellular damage. O

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Supplementary Information is available in the online version of the paper
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METHODS

Constructs. SRa-myrp110a-ER, SRa-myrPKB-ER and pcDNA3-HA-FOXO3(A3)-
ER have been described previously***. pcDNA3-HA-FOXO4(A3)-ER was gener-
ated by cloning FOXO4(A3) without the stop codon into pcDNA3 containing
the hormone-binding domain of the oestrogen receptor (pcDNA3-ER). The
pT81 and pXP2 constructs expressing the glutamine synthetase reporter have
been described previously*®*. In the pXP2 construct expressing —2,520/ +105
bp from the glutamine synthetase reporter, FOXO-binding sites 1-5 were
mutated by quick-change mutagenesis: the core TGT sequence from the FOXO
motif TTGTTTAC was mutated into ACA. Primer sequences can be found in
Supplementary Table S1.

DLDI cells expressing FOXO3(A3)-ER were transfected using Lipofectamine
RNAIMAX reagents (Invitrogen) with 20nM human GLUL siRNA for silencing
of glutamine synthetase (Thermo Scientific, ON-TARGET plus SMARTpool, L-
008228-01). The GFP-WIPI-1 and the GFP-ULK2 constructs were previously
described*®.

Cell culture. Ba/F3 cells were cultured as previously described in the presence
of mouse IL-3 (ref. 49). For the generation of clonal Ba/F3 cells stably
expressing myrPI(3)K-ER, myrPKB-ER, FOXO3(A3)-ER or FOXO4(A3)-ER,
SRa-myrp110a-ER, SRa-myrPKB-ER, pcDNA3-HA-FOXO3(A3)-ER or pcDNA3-
HA-FOXO4(A3)-ER were electroporated into Ba/F3 cells. Cells were maintained in
the presence of 1 mgml™" G418 (Gibco) and clonal lines were generated by limited
dilution. Bone-marrow-derived MSCs were obtained from healthy volunteers and
cultured in MEM-a (Gibco) supplemented with 10% fetal bovine serum (Hyclone),
penicillin and streptomycin (Invitrogen), 1 ngml™! basic fibroblasts growth factor
(bFGF; Invitrogen), 0.2mM r-ascorbic acid-2-phosphate (Sigma-Aldrich) and
2 mM Lr-glutamine (Gibco). MSCs were selected for plastic adherence. MSCs were
immortalized by stable transduction of the retroviral pPBABE-hygro-hTERT (human
telomerase reverse transcriptase) construct and clonally expanded in selection
with hygromycin B (Invitrogen). Stable expression of FOXO3(A3)-ER in MSCs,
and the human osteosarcoma cell line U20S, was performed as described above.
MEFs derived from triple conditional FoxO knockout mice (FoxO1/" : FoxO3Y/! :
FOXO4YY, ref#2, a gift from J-H. Paik, Department of Pathology, Seoul National
University Bundang Hospital, Seoul National University College of Medicine,
Seongnam, Republic of Korea and R. DePinho, Huffington Center On Aging and the
Department of Molecular Physiology and Biophysics, Baylor College of Medicine,
Houston, Texas, USA) were immortalized by viral transduction with pBabe-hygro-
SV40-largeT. Clonal lines were generated by limited dilution. To ensure equal
levels of large T in all cells, clonal cell lines were made by seeding single cells
and were infected with Cre-recombinase-expressing adenovirus (Vector Biolabs).
Subsequently cells were screened for recombination of LoxP sites for all three FoxOs
by PCR with primer sets discriminating between wild-type, floxed and recombined
alleles as described previously*?. MEFs, DLD1, U20S and 293 cells were cultured in
DMEM containing GlutaMAX (Invitrogen), 10% fetal bovine serum and penicillin
and streptomycin (Invitrogen). DLDI cells expressing FOXO3(A3)-ER have been
described previously®.

Microarray analysis. For microarray analysis, RNA was amplified, labelled and
hybridized on Corning UltraGAPS slides containing mouse 70-base oligonucleotides
(Operon, mouse V2 AROS) as previously described®. Hybridized slides were
scanned on an Agilent scanner (G2565AA) at 100% laser power, 30% PMT. After
data extraction using Imagene 8.0 (BioDiscovery), print-tip Loess normalization was
performed on mean spot intensities. Data were analysed using analysis of variance
(ANOVA; R version 2.2.1/MAANOVA version 0.98-7; http://www.r-project.org/).
In a fixed effect analysis, sample, array and dye effects were modelled. P values were
determined by a permutation F2-test, in which residuals were shuffled 5,000 times
globally. Genes with P < 0.05 after family-wise error correction (>1.7-fold) were
considered significantly changed.

Antibodies and reagents. Antibodies against SQSTM1/p62 (D-3, sc-28359), actin
(I-19, sc1616) and ER (MC-20, sc-542) were from Santa Cruz, phospho-PKB
(S473, 193H12, 4058) and phospho-p70S6 kinase (Thr 389, 9,205) were from Cell
Signaling Technologies, glutamine synthetase (610518) and p27 (610241) were
from BD Biosciences, phospho-FOXO3 (T32, 9464) was from Upstate and LC3
was from Nanotools (5F10, 0231-100). Secondary antibodies donkey-anti-mouse-
DyLight488 (715-485-150), donkey-anti-rabbit-Cy3 (711-165-152) and donkey-
anti-rabbit-DyLight549 (711-505-152) were from Jackson. Tubulin antibody
(T5168), glutamine, 4-OHT, MSO, 3-methyladenine, chloroquine and BafAl were
obtained from Sigma-Aldrich. Murine IL-3 was from Peprotech. LY294002 was
obtained from Cayman Chemical, PKB inhibitor VIII was from Calbiochem and
rapamycin was from Biomol Research. Ba/F3 cells, U20S cells and MSCs were
stimulated with 100 nM 4-OHT, and DLD cells were stimulated with 500 nM 4-OHT
unless otherwise indicated. mIL-3 was used at a concentration of 5ngml™!, and
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MSO at 1 mM unless otherwise indicated. Anti-AMPK(a1/2) (2603) was obtained
from Cell Signalling. Amino-acid-free medium (EBSS) was from Sigma-Aldrich and
WST-1 was from Roche.

Western blotting. Western blot analysis was performed using standard techniques.
In brief, Ba/F3 cells were lysed in Laemmli buffer (in the case of Ba/F3 cells) or SDS
sample buffer. Equal amounts of proteins were analysed by SDS—polyacrylamide gel
electrophoresis. Proteins were transferred to Immobilon-P and incubated with the
appropriate antibodies according to the manufacturer’s conditions, at a dilution
of 1:1,000 or 1:500 for phospho-specific antibodies. Membranes were washed,
incubated with appropriate secondary antibodies (1:10,000) and developed by ECL
(Amersham Pharmacia).

RNA isolation and quantitative rtPCR. Cells were lysed in 1ml TRIzol
(Invitrogen) and total RNA was isolated according to the manufacturer’s protocol.
DNAse treatment was performed using Qiagen’s RNeasy kit (Qiagen). Equal
amounts of RNA were reversed transcribed with SuperScript III reverse transcriptase
(Invitrogen) and amplified using an Biorad Icycler with the primer pairs for mouse
glutamine synthetase and normalized using B2M. Primer sequences can be found in
Supplementary Table S1.

Reporter assays. HEK293 cells were transfected with glutamine synthetase reporter
constructs together with pECE-HA-FKHRLI1(A3) and Renilla to normalize for
transfection efficiency using polyethylenimine. After 40 h, cells were lysed in 100 ul
passive lysis buffer and assayed for luciferase activity using the Dual-Luciferase
Reporter Assay System (Promega).

Glutamine synthetase activity assay. Cells lysed in 50mM imidazole and
incubated at —80 °C for at least 4 h. Equal amounts of proteins were analysed for
glutamine synthetase activity as previously described®'. In brief, samples were mixed
with X2 glutaminesynthetase activity buffer and incubated in a 96-well plate at 37 °C
for 30 min. Next, an equal volume of glutamine synthetase stop solution was added
and the absorbance at 560 nm was determined. Absorbance values of the formed
product glutamyl-y-hydroxamate were converted to nanomoles of product by a
calibration curve using commercially available glutamyl-y-hydroxamate.

Determination of extracellular amino acid concentrations. Ba/F3 cells ex-
pressing myrPI(3)K-ER, myrPKB-ER, FOXO3(A3)-ER or FOXO4(A3)-ER were
stimulated as indicated, and medium samples were taken and stored at —80 °C. Con-
centrations of free amino acids were determined by an automated reversed phase
high-performance liquid chromatography system with precolumn derivatization
using the opthaldialdehyde method®2.

Apoptosis analysis. Cells were labelled with annexin V—phycoerythrin (Alexis)
and DAPI. Apoptotic and necrotic cells were then analysed using a FACScanto
cytometer (BD Biosciences).

Confocal studies. For the analysis of mTOR, GFP-WIPI-1 and LC3 localization,
cells were adhered to microscope slides and stimulated for 24 h with 4-OHT and
MSO in glutamine-free DMEM containing 0.1% FCS.

For the analysis of LC3, cells were fixed in 3% paraformaldehyde (Merck) and
subsequently in 100% methanol (Merck). Cells were blocked in 10% normal donkey
serum (Jackson). Slides were incubated with LC3 antibody (1:100) and ER (1:100)
antibody, and donkey-anti-mouse-DyLight488 and donkey-anti-rabbit-DyLight549
(1:800), and mounted in mowiol containing 3% DABCO. Slides were examined on
a Zeiss LSM 710 fluorescence microscope (Oberkochen). Using Image] software,
the number of fluorescent spots was counted after applying a fixed threshold on
projected pictures, excluding objects with a size of less than 2 pixels, and divided by
the number of DAPI-stained nuclei.

For mTOR analysis, cells were fixed in 3% paraformaldehyde (Merck) and
permeabilized in 0.25% saponin. Cells were blocked in 10% normal donkey serum
(Jackson) and 0.25% saponin. Next, cells were incubated with mTOR antibody
(Cell Signaling, 2983, clone 7C10, 1:100) and LAMP2 antibody (BD Pharmingen,
555803, 1:150), followed by donkey-anti-mouse-DyLight-488 (1:500) and donkey-
anti-rabbit-Cy3 (1:500) and DAPI and mounted in mowiol containing 3% DABCO.
Images were analysed and the percentage of co-localized pixels was calculated using
ZEN 2009 software from Zeiss.

For the analysis of GFP-WIPI-1 puncta, DLD1 cells expressing FOXO3(A3)-ER
were transiently transfected with GFP-WIPI-1. The percentage of cells positive for
GFP-WIPI-1 puncta was analysed as previously described.

For co-localization experiments of various autophagy proteins, DLD1 cells
expressing FOXO3(A3)-ER were transiently transfected with GFP-WIPI-1 or
GFP-ULK?2. Cells were fixed with paraformaldehyde (3.7%) and prepared for
indirectimmunfluorescence analysis. GFP—Ulk2-transfected D123 cells were stained
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with LC3 antibody (1:50) followed by anti-mouse-IgG-546 (Molecular Probes,
A11003, 1:200). GFP-WIPI-1-transfected cells were stained with Atgl2 (Abgent,
AP1816a, 1:25) or p62 (Santa Cruz, sc28359, 1:50) followed by anti-mouse-1gG-546
or anti-rabbit-IgG-546 (1:200), respectively (Molecular Probes, A11010). TO-PRO-
3 (Invitrogen, T3605) was used for nuclei staining.

FACS analysis. Cells were labelled with propidium iodide (Alexis) and analysed
using a FACScanto cytometer (BD Biosciences). The FSC-H was analysed in cells
negative for propidium iodide.

Ammonia measurements. The intracellular ammonia concentration in DLD1
cells was measured using the ammonia assay kit from Sigma-Aldrich (AA0100).
In short, DLD1 cells expressing FOXO3(A3)-ER were stimulated with 4-OHT and
MSO for 24 h in glutamine-free DMEM containing 0.1% FCS.

Knockdown of AMPK. Control siRNA and human AMPKal/a2 siRNA were
purchased from Santa Cruz Biotechnology (sc37007 and sc45312). The human
AMPK al1/a2 siRNA consists of a pool of the following 3 siRNAs:

sc-45312A: sense: 5'-GAUGUCAGAUGGUGAAUUULt-3', antisense: 5'-AAAUUC-
ACCAUCUGACAUCIt-3'; sc-45312B: sense: 5'-CCACUGCAAUACUAAUUGALt-
3, antisense: 5-UCAAUUAGUAUUGCAGUGGtt-3'; sc-45312C: sense: 5'-
CUACUGGAUUUCCGUAGUALt-3', antisense: 5-UACUACGGAAAUCCAG-
UAGtt-3'.

C. elegans assays. Nematode strains were cultured at 20°C using standard
conditions as described previously”>**. Mutant strains used in this study were daf-16
(mu86; ref 55) and daf-2. To measure glutamine synthetase activity, strains were
synchronized to L1 by hypochlorite treatment and were placed on nematode growth
medium agar plates. After 5 days, worms were lysed in 50 mM imidazole and
incubated at —80 °C for at least 4 h. Lysates were thawed on ice, ground in liquid
nitrogen and glutamine synthetase activity was determined as described.

Chromatin immunoprecipitation. Cells were crosslinked with 2mM disuccin-
imidyl glutarate (Thermo Fisher Scientific) and 1% formaldehyde, and nuclei were
isolated in 10 mM Tris-HCl at pH 7.5, 10 mM NaCl, 3 mM MgCl, and 0.5% NP-40
and lysed in pre-immunoprecipitation buffer (10 mM Tris-HCl pH 7.5, 10 mM
NaCl, 3 mM MgCl,, 1 mM CaCl,, 4% NP-40). Lysates were sonicated and precleared
with protein-A-agarose beads, followed by incubation with 5 ug antibody against
FOXO3 (Millipore, 07-702) or an IgG control (Jackson, 011-000-002). Samples were
washed and incubated with elution buffer (0.1 M NaHCOj3, 1% SDS). Crosslinks

METHODS

were reversed by adding NaCl and incubation overnight at 65 °C. Next, samples were
incubated with proteinase K. rtPCR was then performed on the purified DNA.

Statistical analysis. Data are expressed as the mean =+ s.e.m.. Significant
differences between mean values were evaluated using one-way ANOVA followed by
Dunnett’s test (for serial analysis of one variable) or two-way ANOVA followed by
Bonferroni’s post-tests (for serial analysis of two variables). *P < 0.05and **P < 0.01.
Microarray data have been submitted to the GEO data repository http://www.
ncbi.nlm.nih.gov/geo/with the following accession number: GSE35705.
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Figure S1 FOXO3 upregulates glutamine synthetase expression through a
conserved FOXO binding site in the glutamine synthetase promoter. (a,b)
GS reporter plasmids expressing the glutamine synthetase promoter linked
to a minimal Tk promoter and a luciferase gene (a), or expressing different
lengths of the glutamine synthetase promoter linked to a luciferase

gene (b), were transfected in HEK 293 cells together with Renilla and
FOXO3(A3) as indicated. Luciferase activity was measured 40 hours

after transfection. Data are depicted as relative luciferase units (RLU)
compared to control. Shown are mean + SEM values (n=3). (c) Alignment

of putative FOXO-responsive GS promoter enhancer elements (-2520/-
2146) from human, mouse and rat showing the presence of five conserved
FOXO binding sites (in boxes) TTGTTTAC (d) 293 Cells were stimulated
with LY294002 for 24 hours and chromatin immunoprecipitations

were performed. Protein-DNA complexes were formaldehyde-cross-

linked and chromatin fragments from these cells were subjected to
immunoprecipitation with a control antibody or antibodies to FOX03a as
indicated. After cross-link reversal, the co-immunoprecipitated DNA was
amplified by RT-PCR and resolved on an agarose gel.
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Figure S2 Activation of PKB results in regulation of glutamine levels. Ba/F3 amino acid levels by HPLC. In addition, cells were lysed and equal amounts
cells expressing myrPKB-ER were cytokine starved overnight. The next day of protein were analysed by western blotting for levels of phospho-FOX03
cells were washed in PBS and put in medium without serum with or without (T32), and actin. Shown are the mean of relative amino acid levels compared

40HT. At the times indicated, medium samples were taken and analysed for to t=0 (n=2) and representative blots of these experiments.
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Figure S3 FOXO03 induces autophagy through upregulation of GS activity.
Quantification of Western blots shown in Figure 4f. DLD1 cells expressing
FOXO3(A3)-ER were transfected with GS siRNA or non-template (NT)
control siRNA and stimulated with 4-OHT for 16 hours. Cells were lysed
and equal amount of proteins were analysed for levels of p62 or GS. Graph
shows the ratio of p62/actin in each sample. (b) Quantification of Western
blots shown in Figure 5a. DLD1 cells expressing FOXO3(A3)-ER were
treated with or without 40HT, MSO and Bafilomycin A. After 24 hours
cells were lysed and analysed for levels of LC3 and tubulin expression.
Ratio of LC3-Il/tubulin was quantified using ImageJ (n=4). Shown are
mean = SD, * p<0.05and ** p<0.01 (c) DLD1 cells were stimulated
with LY294002 for 24 hours. Cell lysates were analysed for protein levels
of GS, pPKB (S473) and pS6. (d) DLD1 cells were stimulated with PKB
inhibitor VIII for 24 hours. Cell lysates were analysed for protein levels of
pFOX03 (T32), pS6 and actin. (e) DLD1 cells expressing FOXO3(A3)-ER
were treated with 40HT and MSO in DMEM without glutamine containing
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0.1% FCS. After 24 hours cells were analysed for endogenous LC3 puncta
formation by confocal microscopy. Shown are the mean + SD (n=3). **p
< 0.01 (f) The osteosarcoma cell line U20S expressing FOXO(A3)-ER was
stimulated with 40HT as indicated, cells were lysed and equal amounts

of proteins were analysed for levels of LC3 and actin. (g) DLD1 cells
expressing FOXO3(A3)-ER were transiently transfected with GFP-WIPI-1
and subsequently treated with 40HT in the presence of absence of MSO

in DMEM without glutamine containing 0.1% FCS, or medium without
amino acids for 24 hours. Cells were analysed for GFP-WIPI-1 puncta
formation by confocal microscopy. Shown are representative pictures
corresponding to Fig. 5g (n=4). Scale bars are 20 pm (h) DLD1 cells
expressing FOXO3(A3)-ER were transiently transfected with GFP-WIPI-1
and GS siRNA or non-template (NT) control siRNA and subsequently treated
with 40HT in DMEM without glutamine containing 0.1% FCS. After 24
hours cells were analysed for GFP-WIPI-1 puncta formation by confocal
microscopy. Shown are the mean + SD (n=3). ** p < 0.01
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Figure S4 FOXO3-mediated GS expression induces autophagosome
formation and increases viability. (a) DLD1 cells expressing FOXO3(A3)-ER
were transiently transfected with GFP-WIPI-1 and subsequently treated
with 4-OHT in the presence of absence of MSO in DMEM without glutamine
containing 0.1% FCS. After 24 hours cells were analysed for GFP and
Atgl2 expression by confocal microscopy. Shown are representative pictures
(n=3). Scale bars are 20 pm (b) DLD1 cells expressing FOXO3(A3)-ER
were stimulated with 40HT, MSO and/or glutamine for 24 hours in DMEM
without glutamine containing 0.1% FCS. Cells were stained for p62 and
analysed by confocal microscopy. Shown are representative pictures. Scale
bars are 20 pm (c) Wildtype WT and TKO MEFs were starved in serum- and
glutamine-free DMEM for indicated time points with or without Bafilomycin
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Al. Cells were lysed and equal amounts of protein were analysed for
expression of LC3I/1I and tubulin. (n=3). (d) Wild type (WT) and FOXO 1,
3, 4 triple knockout (TKO) MEFs were incubated in serum- and glutamine-
free DMEM (serum stravation, SS) for 48 hours with or without Bafilomycin
Al or chloroquine. Apoptotic cells were analysed by flow cytometry after
labelling cells with AxV-PE and Dapi (n=3). * p<0.05and ** p <0.01
(e) DLD1 cells expressing FOXO3(A3)-ER were stimulated with 40HT in
the absence and presence of 3-MA or chloroquine (CQ) in medium without
glutamine containing 0,1 % FCS. After 24 hours cell proliferation was
measured using WST-1. Relative absorbance measurements are depicted
compared to control. Shown are the mean + SEM (n=3). * p < 0.05 and **
p<0.01
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Figure S5 Activation of FOXO3 does not affect mRNA levels of multiple
autophagic markers and does not affect ammonia levels. (a) DLD1 cells
expressing FOXO3(A3)-ER were cytokine starved overnight and stimulated
with 40HT. Relative mRNA levels of BECN1, ATG4B, GABARAPL1, ULK2,
PI3KC3 and ATG12 were analysed using quantitative RT-PCR. Data are
represented as mean + SEM values normalized for GAPDH (n=3). (b) DLD1
cells expressing FOXO3(A3)-ER were stimulated with 40HT in DMEM
without glutamine containing 0.1% FCS. After 24 hours supernatant was
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harvested and ammonia levels were analysed. Cells were lysed and equal
amounts of proteins were analysed by western blotting for levels of LC3. The
graph shows the mean + SEM of one experiment with triplicates. (c,d) DLD1
cells expressing FOXO3(A3)-ER were stimulated with 40HT in glutamine
free DMEM containing 0.1% FBS. After 24 hours cells were stained with
propidium iodide (PIl) and analysed by flow-cytometry. Shown are histograms
depicting the FSC-H of the Pl-negative cells and a graph depicting the mean
FSC-H. (n=1).
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Figure S6 FOXO-induced autophagy is not dependent on AMPK. (a,b,c) analysed for protein levels of AMPK, LC3 and tubulin. (a) shown are
DLD1 cells expressing FOXO3(A3)-ER transfected with 50nM control representative blots (n=8) (b,c) Ratio of LC3-Il/tubulin (b) and AMPK/
siRNA or AMPKalphal/2 siRNA and stimulated with 40HT in glutamine LC3 (c) were quantified using ImageJ (n=8). Shown are mean £SD, ** p
free DMEM containing 0.1% FBS. After 24 hours cell lysates were <0.01.
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Figure S7 Full scans of western blots (Figs 1-4a).
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Figure S8 Full scans of western blots (Figs 4d-S6).
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Table S1 Primers used in this study. Sequences of primers used for RT-PCR and ChIP analyses, as well as GS promoter mutagenesis, are provided.
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