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Double-stranded RNAs (dsRNAs) were made using gld-2 cDNAs (pJK830, exons 2—8 or
pJK831, exons 16-18) as templates. Young adults were either injected with 2 pgpl ™' gld-2
dsRNA or soaked in 10 pl of 2 pgpl ™" gld-2 dsRNA for 12 h at 20 °C or mock-treated by
injection with M9 buffer. Embryos were collected at defined intervals after treatment and
processed together.

Poly(A) polymerase assay

Proteins were in vitro translated using the TNT coupled transcription—translation system
(Promega), and assayed using buffer conditions essentially as described™. For scintillation
counting, poly(A) (Roche) was used as substrate. For gel assays, we used RNA oligo,
Cs5A10 (Dharmacon), a 45-nucleotide and supplemental 1 mM MgCl,. Products were
analysed on 12% sequencing gels.
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Reactive oxygen species are required for cell proliferation but can
also induce apoptosis'. In proliferating cells this paradox is
solved by the activation of protein kinase B (PKB; also known
as c-Akt), which protects cells from apoptosis®. By contrast, it is
unknown how quiescent cells that lack PKB activity are protected
against cell death induced by reactive oxygen species. Here we
show that the PKB-regulated Forkhead transcription factor
FOXO3a (also known as FKHR-L1) protects quiescent cells
from oxidative stress by directly increasing their quantities of
manganese superoxide dismutase (MnSOD) messenger RNA and
protein. This increase in protection from reactive oxygen species
antagonizes apoptosis caused by glucose deprivation. In quies-
cent cells that lack the protective mechanism of PKB-mediated
signalling, an alternative mechanism is induced as a consequence
of PKB inactivity. This mechanism entails the activation of
Forkhead transcription factors, the transcriptional activation of
MnSOD and the subsequent reduction of reactive oxygen species.
Increased resistance to oxidative stress is associated with long-
evity. The model of Forkhead involvement in regulating longevity
stems from genetic analysis in Caenorhabditis elegans®°, and we
conclude that this model also extends to mammalian systems.
Reactive oxygen species (ROS) are a primary cause of cellular
damage that leads to cell death'. In proliferating cells, protection
from cell death is mediated by activity of the phosphatidylinositol-
3-OH kinase (PI(3)K)—PKB signalling pathway, which is dependent
on the presence of glucose’. In the absence of PI(3)K-PKB signal-
ling, the FOXO subfamily of Forkhead transcription factors, con-
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sisting of FOXO4 (also known as AFX), FOXO1 (FKHR) and
FOXO3a (FKHR-L1), is activated’™. In most cell types, this leads
to cell-cycle arrest and quiescence but not apoptosis, despite the
absence of PKB activity'®'"". Similarly, in C. elegans an absence of
PKB signalling activates the FOXO homologue DAF-16 and causes
dauer formation—a complex phenotype characterized by increased
resistance to oxidative stress®™.

We have established an inducible FOXO3a cell line through stable
transfection of a conditionally active HA—-FOXO3a—A3-ER fusion
into DLD-1 human colon carcinoma cells''. The HA-FOXO3a—A3-
ER fusion protein is constitutively expressed in quantities compar-
able to the endogenous protein in clone DL23 (Supplementary
Information Fig. 1), but remains inhibited unless presented with a
modified ligand for the estrogen receptor (ER), 4-hydroxy-tamox-
ifen (4-OHT)". Treatment of the DL23 cells with 4-OHT for 24 h
resulted in the specific activation of FOXO3a, a strong increase in
the amounts of p27°"! protein and a decrease in cell proliferation
(Supplementary Information Fig. 1), and forced these cells into a
state of quiescence''. Notably, 4-OHT had no effect on the control
DLD-1 cells (Supplementary Information Fig. 1).

To measure the effect of Forkhead activity on cellular ROS, we
loaded the DL23 cell line, either untreated or treated with 4-OHT for
16h, with the lipophilic C11-BODIPY****! probe, which can be
used to quantify lipid oxidation in single living cells". The initial rate
of oxidation was 4 times lower, and the total oxidized fraction of the
probe after a 50-min treatment with hydrogen peroxide (H,O,) was
2-3 times lower, in cells containing active Forkhead than in control
cells (Fig, 1a, b). It should be noted that activation of PKB can also
protect cells against various stresses, and that H,O, treatment has
been shown to induce PKB activation'*. In DLD-1 and DL23 cells,
however, we observed no PKB activation by H,0, at concentrations
used to induce radical formation (200 pM; Supplementary Infor-
mation Fig. 1). Because treatment of the DLD-1 control cell-line
with 4-OHT had no effect, these results show that the specific
activation of Forkheads increases cellular protection against ROS.
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We examined whether Forkheads increase cellular antioxidant
capacity through the regulation of antioxidant enzymes, notably
SODs. Treating the DL23 cell line with 4-OHT for up to 24 h showed
a gradual increase in the amount of the mitochondrial MnSOD
protein but no change in protein quantities of the cytoplasmic
copper/zinc SOD (CuZnSOD; Fig. 1c). The increase in MnSOD
expression was not a secondary event caused by p27“*'-induced
cell-cycle arrest, because wild-type and p27<"' ™"~ mouse embryo
fibroblasts (MEFs) showed a similar increase in MnSOD protein on
infection with a retrovirus expressing FOXO3a—A3 (Fig. 1d).
Similar effects were seen when we used a retrovirus expressing
HA-FOXO4.

We investigated whether the regulation of MnSOD protein
expression is under the control of endogenous PI1(3)K-PKB—-Fork-
head signalling. Serum deprivation of 3T3-L6 cells increased the
amounts of MnSOD protein (Fig. le), and subsequent activation of
PI(3)K-PKB and inactivation of FOXO3a (indicated by phos-
phorylation of Thr 32) by the addition of insulin (Fig. le) reduced
the amounts of MnSOD (Fig. le). This reduction was abolished
when cells were pretreated with the PI(3)K inhibitor LY294002.
These effects were also observed with the DLD-1 cell line (Sup-
plementary Information Fig. 1). To establish the involvement of
endogenous FOXO in the control of MnSOD, we expressed domi-
nant-negative mutants of FOXO3a in 293T cells'®. Notably, we could
show that the LY294002-induced increase in MnSOD protein was
prevented by expression of these dominant-negative mutants,
which indicates that endogenous FOXO regulates the expression
of MnSOD (Fig. 1f).

To investigate whether MnSOD is transcriptionally regulated by
Forkheads, we examined the expression of MnSOD in the DL23 cell
line. The levels of MnSOD mRNA were increased between 8 and
16h of 4-OHT treatment and a roughly tenfold increase was seen
after 24 h of FOXO3a activation (Fig. 2a). Similarly, when 3T3-L6
cells were serum starved for 48 h, the levels of MnSOD mRNA
increased 3.5-fold, but were decreased after insulin treatment to
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Figure 1 Forkhead transcription factors increase cellular protection against ROS. a, DL23
cells left untreated or treated with 500 nM 4-OHT for 16 h were loaded with the C11-

BODIPY®®"9" probe, and treated with 200 uM H,0, for 50 min. Images were taken by
confocal microscopy'®. Yellow areas represent high oxidation, purple areas represent low
oxidation. b, DL23 (unbroken lines) and DLD-1 (broken lines) cells were treated as in a,
and the fraction of oxidized probe per time point in arbitrary units (a.u.) was calculated.
¢, Total lysates of DL23 cells left untreated or treated with 500 nM 4-0HT were analysed
for expression of MnSOD, Cu/ZnSOD and actin as a loading control. d, MnSOD expression
in wild-type or p27K%°" =/~ MEFs infected with control retrovirus (puro) or FOX03a—A3
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(03a) 24 h after infection. e, 3T3-L6 cells were grown asynchronously or serum starved
(SF, serum free) for 48 h, and stimulated with insulin (Ins) for 24 h (top) or 10 min (bottom),
with or without a 30-min pretreatment with LY294002 (LY). Lysates were analysed for
expression of MnSOD and actin (top) or for phosphorylated PKB (PKB-pS473) and FOX03a
(FOX03a-pT32; bottom). f, 293T cells were transfected with dominant-negative mutants
of FOX03a (DN1 or DN2). Cells were left untreated or treated with LY294002 for 16 h.
Expression of MnSOD and actin (loading control), and phosphorylation of PKB on Ser 473
and FOX03a on Thr 32 were analysed by immunoblotting.
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almost basal amounts (Fig. 2b). Again, LY294002 fully reversed the
inhibition induced by insulin.

We analysed the effect of specific Forkhead activation on a
promoter fragment of 3,340 base pairs (bp) of the human SOD2
gene for MnSOD (pSODLUC-3340)'°. Luciferase expression con-
trolled by this fragment was increased 3—4-fold on cotransfection
with the various Forkhead transcription factors in several cell lines
(data not shown), and also after 16 h of 4-OHT addition to DL23
but not DLD-1 cells (Fig. 2c). No effect was seen on a similar
reporter construct lacking the sequences upstream of the transcrip-
tion start site (pSODLUC-1; Fig. 2¢). We could identify one inverse
FOXO-binding element (DBE)'” at position —1,249 (GTAAACAA;
DBEI1) and one suboptimal DBE at position —997 (TTGTTTAA;
DBE2) in the human SOD2 promoter (Fig. 2d). A single G to C
substitution in the TTGTTT sequence of DBE2 had no effect on
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Figure 2 FOX03a directly regulates the MnSOD promoter through an inverse DBE.

a, mRNA (2 ng) isolated from DL23 cells left untreated or treated with 500 nM 4-OHT was
analysed by northern blotting for MnSOD and GAPDH (loading control). b, 3T3-L6 cells
were treated as in Fig. 1e. Total RNA (30 pg) was analysed for MnSOD and GAPDH mRNA
by northern blotting. A representative experiment is shown; the histogram shows the
mean of two independent experiments (SF, serum free; Ins, insulin; LY, LY294002).

¢, pSODLUC-3340 and pSODLUC-1 were transfected into DL23 or DLD-1 cells, which
were left untreated or treated with 500 nM 4-OHT for 16 h before the luciferase activity
was measured. d, pSODLUC-3340 carrying a point mutation at indicated positions was
transfected into DL23 cells and luciferase activity was measured as in ¢. Data in ¢ and d
are the mean of three independent experiments. The linearized SOD2 promoter fragment
containing the two DBEs is also shown. DBE12mut, double mutant. e, DLD-1 and DL23
cells were treated with 4-OHT for 16 h, and then chromatin-bound DNA was isolated and
immunoprecipitated with antibodies against the ER moiety or the HA epitope of HA—
FOX03a—ER. Immunoprecipitated DNA was analysed by PCR using two primer
combinations, both encompassing DBE1. PCR was carried out on pSODIuc-3340 as a
control for migration of the PCR fragments.
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FOXO3a-induced luciferase activity of the SOD2 reporter construct,
but a similar substitution in the AAACAA sequence of DBEI
completely abolished FOXO3a-mediated expression of the SOD2
gene (Fig. 2d). Chromatin immunoprecipitation assays also showed
that FOXO3a could bind in vivo to the MnSOD promoter region
encompassing DBEI (Fig. 2e). Binding had already occurred as early
as 4 h after 4-OHT treatment, which indicates that binding precedes
the increase in mRNA MnSOD as determined by northern blotting
(Supplementary Information Fig. 2). Together, these results show
that expression of MnSOD is controlled transcriptionally by
FOXO3a binding directly to DBE1.

The availability of glucose may be essential for growth-factor-
and PKB-mediated protection from apoptosis’. Because Forkheads
become active in the absence of PKB activity, we reasoned that the
regulation of antioxidant capacity by Forkhead-induced MnSOD
regulation may protect cells from apoptosis, particularly under
conditions of low glucose availability. We therefore analysed the
effect of glucose deprivation on mitochondrial membrane integrity,
an early marker for apoptosis, by rhodamine-1,2,3 staining'®.
Various cell types including DLD-1 and MEFs, which were cultured
in the presence of 8% fetal calf serum (FCS) to activate PKB but
were deprived of glucose for 16 or 72 h, respectively, showed a clear
loss of mitochondrial membrane integrity (Fig. 3a). Pretreating the
cells with 10 mM N-acetyl-L-cysteine (NAC), which enhances the
scavenging of oxygen radicals, largely prevented apoptosis induced
by glucose deprivation. This indicates that, in agreement with other
reports'®', mitochondrial damage induced by glucose deprivation
proceeds through increased production of ROS. Increased ROS
production by glucose deprivation was also confirmed by means of
an in vitro fluorescent assay similar to the in vivo assay described in
Fig. 1 (Supplementary Information Fig. 3). We also showed that this
effect of glucose deprivation was not due to depletion of cellular
ATP resulting from diminished activity of the trichloroacetic acid
cycle, as addition of pyruvate could not prevent the induction of
mitochondrial instability (Fig. 3a). Mitochondrial leakage corre-
lated with the induction of apoptosis in these cells, as determined by
the fraction of cells containing a sub-G1 DNA content (Fig. 3a).
Notably, whereas 4-OHT treatment was ineffective in DLD-1 cells,
activation of FOXO3a in DL23 cells, either by the addition of 4-
OHT or by LY294002 treatment, efficiently protected the cells from
apoptosis induced by glucose deprivation (Fig. 3b).

Increased cellular ROS can result in the activation of stress-
activated kinases, including Jun amino-terminal kinase (JNK).
Indeed, glucose deprivation induced activation of JNK and this
activation was inhibited in part by NAC pretreatment (Fig. 3c).
More notably, the activation of JNK induced by glucose deprivation
was inhibited after activation of FOXO3a, which indicates that the
increased tolerance against oxidative stress induced by FOXO3a
activation observed in the experiments using rhodamine-1,2,3
staining is reflected by a reduction in the induction of JNK (Fig. 3c).

To show that MnSOD is involved in this Forkhead-induced
survival signal, we infected MnSOD-deficient MEFs** with a retro-
virus expressing FOXO3a—A3. Similar to DLD-1 cells, wild-type
MEEF cells deprived of glucose also lost mitochondrial membrane
integrity unless infected with FOXO3a—-A3 (Fig. 3d). In Sod2 ™'~
cells, however, mitochondrial damage occurred irrespective of the
presence of FOXO3a—A3. Similarly, whereas LY294002 pretreatment
efficiently protected wild-type cells, it had much less effect on
Sod2 '~ cells. Ectopic expression of MnSOD in Sod2 ™'~ cells in
similar amounts to those observed after inducing Forkhead activity
made these cells refractory to glucose deprivation. We confirmed
these data by analysing cell survival after glucose deprivation. Wild-
type cells infected with FOXO3a—A3 could survive prolonged
glucose deprivation (up to 5d), whereas control-infected and
Sod2 ™'~ cells expressing FOXOa3-A3 died in this period (Sup-
plementary Information Fig. 3). FOXO3a-mediated survival is not a
consequence of a reduced glucose requirement of arrested or
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quiescent cells, because expression of the cell-cycle inhibitor p16
resulted in cell-cycle arrest but did not protect against glucose

deprivation (Fig. 3d).
As reported previously
colony outgrowth of wild-type MEFs by inhibiting proliferation.

10,23

, ectopic expression of FOXO3a reduces
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When we carried out the same experiment in Sod2 '~ cells, this
resulted in the absence of any colony outgrowth (Fig. 3e), which
indicates that cells entering quiescence through activation of Fork-
heads may require MnSOD for their survival. We therefore tested
whether cells maintained in a quiescent state would show a similar
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Figure 3 A Forkhead-mediated increase in MnSQOD is required for the survival of arrested
cells. a, DL23 cells were grown in DMEM medium supplemented with 8% FCS with or
without glucose for 16 h, and mitochondrial membrane integrity was measured by
rhodamine-1,2,3 staining. Typical cytometry profiles are shown on top. Left, DL23 cells
were grown for 16 h with or without glucose, or without glucose and with pyruvate. Cells
were left untreated or were treated with 10 mM NAC for 40 h (24 h before glucose
withdrawal). Data are the means of at least three independent experiments. Right, cells
were treated as above, but were fixed and stained with propidium iodide. The percentage
of sub-G1 cells (representing apoptotic cells) was determined by flow cytometry. b, DLD-1
and DL23 cells were processed as in a. Cells were left untreated or were treated with
LY294002 or 4-OHT for 40 h (24 h before glucose withdrawal). ¢, Cells were treated as
indicated, and lysates were assayed for JNK activity. Treatment with 4-OHT, NAC and
pyruvate was done as in a and b. d, Wild-type cells (+/), Sod2 '~ cells (—/—) or
Sod2 ™'~ cells with reconstituted MnSOD expression (—/— recon) were infected with a
control virus (con) or with a virus expressing FOX03a—A3 (03a), and mitochondrial
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Protection (MnSOD)

membrane integrity was measured after 72 h of glucose withdrawal. Inset, quantity of
MnSOD protein in the three cell lines. e, Wild-type or Sod2 '~ cells were infected as in d.
After 2 weeks of selection, the cells were stained with crystal violet to visualize surviving
colonies. f, Wild-type MEFs were grown to confluency, maintained for 4 d, and lysates
were analysed for MnSOD and FOX03a. Identical separate cultures were analysed by
rhodamine staining for mitochondrial damage. g, Representation of the PKB—FOXO
module, which functions as a molecular switch controlling cellular proliferation and
protection from oxidative stress. Activation of PKB leads to inactivation of FOXO factors
and cell-cycle entry. Simultaneously, cells become reliant on PKB-dependent survival
signals that require the availability of glucose. Switching from active PKB to active FOXO
factors will not only drive cells into a state of quiescence, but will replace simultaneously
the PKB-dependent protection from oxidative insult by an alternative mechanism that no
longer depends on glucose. This mechanism involves transcriptional upregulation of the
MnSQD antioxidant enzyme.
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resistance to glucose starvation by comparing contact-inhibited
cultures with asynchronously growing MEFs. We found that con-
tact-inhibited cells show increased protection against glucose depri-
vation, with a concomitant increase in their expression of MnSOD
(Fig. 3f).

We have provided evidence that in the absence of PKB-mediated
survival cells can be protected against oxidative damage by activat-
ing the Forkhead transcription factor FOXO3a, which directly
increases the expression of MnSOD. These results show that the
direct inverse coupling of Forkhead and PKB activity functions as a
key switch in controlling the effects of cellular ROS. In a similar
inverse manner, cell-cycle progression is controlled by PKB—Fork-
head signalling. Activation of Forkheads results in entrance into a
quiescent (GO) state'', whereas inactivation of Forkheads by acti-
vation of PKB results in re-entry into the cell cycle and proliferation.
Thus, regulation of proliferation and the appropriate protective
mechanisms are coupled by the same PKB—Forkhead switch.

The dynamics of quiescence and proliferation set different
requirements for the mechanism of ROS control, but also indicate
why proliferation is coupled to glucose availability and why survival
of quiescent cells must be relatively independent of their environ-
ment. This intricate link between proliferation or survival and
glucose availability is also evident from results that we have
obtained with tumour cells. In general, tumour cells are far more
sensitive to glucose deprivation than are untransformed cells. In this
respect, it is notable that tumour cells show high rates of aerobic
glycolysis (the Warburg effect). In tumour cells, PKB is often
constitutively activated either through deletions or mutations in
PTEN (phosphatase and tensin homologue on chromosome 10) or
through the activity of autocrine growth factors. Activation of PKB
in tumour cells implies the inactivation of Forkhead and a loss of
protection in the absence of glucose. Indeed, PTEN-negative
U87MG glioblastoma cells show signs of substantial mitochondrial
instability within a few hours of glucose deprivation (R.H.M.,
unpublished data), whereas MEFs show the same amount of
mitochondrial damage only after prolonged deprivation (48—
72h). Others have reported an involvement of FOXO factors in
oxidative stress responses'*: expression of FOXO has been shown to
increase cellular antioxidant activity, in keeping with the mechan-
ism that we describe here. In contrast to that study, however, we did
not observe any regulation of PKB activity (Supplementary Infor-
mation Fig. 1) or FOXO transcriptional activity (data not shown)
under conditions of low oxidative stress, such as glucose depri-
vation. In addition, whereas we have described a primary function
of Forkheads in the defence against ROS (detoxification), others
have shown that when ROS-induced DNA damage may occur
Forkheads can contribute secondarily to defence by regulating the
expression of proteins involved in the repair process™.

In summary, we propose that the opposing action of PKB and the
Forkhead transcription factors FOXO1, FOXO4 and FOXO3a on
cell proliferation and their ability to provide protection against
ROS-induced damage through differing mechanisms outlines a
system that provides checks and balances for coupling cell-cycle
regulation, glucose metabolism and protection from oxidative
damage (Fig. 3g). In addition to the evolutionary conservation of
the structure of this regulatory system in Drosophila, C. elegans and
yeast (see refs 25, 26), we now show functional conservation as well.
This indicates that the PKB—Forkhead pathway may be fundamental
in coupling external cues to cellular response. |

Methods

General

Retroviral infections and maintenance of immortalized wild-type and p27*%' =/~ MEFs
and primary wild-type and Sod2 ~'~ MEFs have been described'***. The DL23 cell line has
been described''. We created the plasmid pBabe-FOXO3a—A3 by ligating a Klenow-
blunted HindIIl/BamHI fragment of pcDNA3-HA-FOXO3a—A3 into Klenow-blunted
pBabe-puro plasmid cut by BamHI.
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Chromatin immunoprecipitation assay

We carried out CHIP as described”. About two 9-cm diameter dishes at 80% confluency
were used per immunoprecipitation. Two sets of primers were designed to amplify by
polymerase chain reaction (PCR) the region encompassing the FOXO3a-binding site in
the SOD2 promoter with the primers: PCR1, 5'-cagagcgaggctgtgtctc-3' and 5'-
gtcccagectgaatttee-3'; PCR2, 5'-ctaggctteeggtaagtg-3" and 5'-gttgeccctttattgaaaag-3'.

Microscopy and fluorescence ratio imaging

We carried out microscopy and fluorescence ratio imaging essentially as described'’. On
oxidation, the fluorescence excitation/emission maxima of the C11-BODIPY****! probe
shift from 581/591 to 490/510 nm, which facilitates measurement of the fraction of
oxidized probe versus time. After adding 200 pM H,O, to induce radical formation, we
followed cells in time with dual excitation and emission confocal laser scanning
microscopy. It should be noted that the C11-BODIPY**"**! probe is not oxidized by H,0,
itself, but by hydroxyl radicals formed in the Fenton reaction, H,O, + 05~ — HO® +
OH™ + O,, which is catalysed by divalent metal cations.

Measurement of mitochondrial membrane integrity

DL23 cells or MEFs were glucose deprived for 16 h or 72 h, respectively, by adding DMEM
medium lacking glucose and pyruvate, but supplemented with 8% FCS. Note that owing
to the small amount of glucose in FCS, glucose amounts are estimated to be about 10-20-
fold less in this medium than in normal culture conditions. We added NAC (10 mM),
LY294002 (20 uM) or 4-OHT (500 nM) 24 h before withdrawing glucose. The cells were
then digested with trypsin and incubated with 10 pg ml™" rhodamine-1,2,3 (ref. 18) at
37°C for 30 min. The cells were washed twice with PBS and mitochondrial membrane
staining was measured by standard flow cytometry.

JNK activity

After being washed in PBS, the cells were lysed in RIPA buffer and lysates were incubated
with 5 pg of glutathione S-transferase (GST)-labelled Jun (residues 1-135) coupled to
glutathione beads for 1h at 4 °C. Beads were washed three times and incubated in kinase
buffer (100 pM ATP, 20 mM MgCl,; 50 mM Tris, pH 7.5; 1 mM DTT) for 30 min at 30 °C.
We detected phosphorylation of GST-Jun by immunoblotting and probing with an
antibody specific for Jun phosphorylated on Ser 73 (anti-pS73-Jun).

Western blotting and antibodies

Western blotting of total lysates was done as described®. Antibodies to MnSOD and Cu/
ZnSOD were from StressGen. The antibodies to the ER (C-20) and actin (I-19) were from
SantaCruz. The antibody against p27*%" was from Transduction Labs. Antibody specific
for PKB phosphorylated on Ser 473 (anti-pS473-PKB) and the anti-pS73-Jun antibody
were from Cell Signaling. Antibody against FOXO3A phosphorylated on Thr 32 (anti-
pT32-FOXO3A) was from Upstate Biotech. Before the immunblotting shown in Fig. 1f,

transfected cells were isolated by magnetic activated cell sorting procedure'.

Northern blotting

We ran 2 pg of mRNA (polyA-Tract, Promega) purified from 1 mg of total RNA (RNAZol,
TEL-TEST; Fig. 2a) or 30 pg of total RNA (Fig. 2b) on a formaldehyde denaturing gel and
transferred it to a GeneScreen-Plus nylon membrane (NEN). The blot was hybridized
using radiolabelled probes for MnSOD (EcoRI fragment of pGEM3Z-MnSOD) and
GAPDH (Notl-linearized pUC19-GAPDH). Plasmid pGEMZ-MnSOD was a gift from
J. Wispe.

Luciferase assays

We carried out luciferase assays as described®. Plasmids pSODLUC-3340 and pSODLUC-1
(ref. 16) were a gift from M. Yim. We created pPSODLUC-3340-DBE1mut and pSODLUC-
3340-DBE2mut by site-directed mutagenesis using the primers 5'-
ctgacgtctgtaaagaageccageectte-3' and 5'-cattcaggattgttctttaactgttgag-3', respectively.

Received 27 March; accepted 4 July 2002; doi:10.1038/nature01036.

1. Beckman, K. B. & Ames, B. N. The free radical theory of aging matures. Physiol. Rev. 78, 547-581
(1998).

2. Gottlob, K. et al. Inhibition of early apoptotic events by Akt/PKB is dependent on the first committed
step of glycolysis and mitochondrial hexokinase. Genes Dev. 15, 1406-1418 (2001).

3. Ogg, S. et al. The Fork head transcription factor DAF-16 transduces insulin-like metabolic and
longevity signals in C. elegans. Nature 389, 994-999 (1997).

4. Paradis, S. & Ruvkun, G. Caenorhabditis elegans Akt/PKB transduces insulin receptor-like signals from
AGE-1 PI3 kinase to the DAF-16 transcription factor. Genes Dev. 12, 2488-2498 (1998).

5. Honda, Y. & Honda, S. The daf-2 gene network for longevity regulates oxidative stress resistance
and Mn-superoxide dismutase gene expression in Caenorhabditis elegans. FASEB J. 13, 1385-1393
(1999).

6. Taub, J. et al. A cytosolic catalase is needed to extend adult lifespan in C. elegans daf-C and clk-1
mutants. Nature 399, 162-166 (1999).

7. Brunet, A. et al. Akt promotes cell survival by phosphorylating and inhibiting a Forkhead
transcription factor. Cell 96, 857—868 (1999).

8. Kops, G.J. et al. Direct control of the Forkhead transcription factor AFX by protein kinase B. Nature
398, 630634 (1999).

9. Rena, G., Guo, S., Cichy, S. C., Unterman, T. G. & Cohen, P. Phosphorylation of the transcription
factor Forkhead family member FKHR by protein kinase B. J. Biol. Chem. 274, 17179-17183 (1999).

10. Medema, R. H., Kops, G. J., Bos, J. L. & Burgering, B. M. AFX-like Forkhead transcription factors
mediate cell-cycle regulation by Ras and PKB through p27kip1. Nature 404, 782-787 (2000).

11. Kops, G. J. et al. Control of cell cycle exit and entry by protein kinase B-regulated forkhead
transcription factors. Mol. Cell. Biol. 22, 2025-2036 (2002).

12. Littlewood, T. D., Hancock, D. C., Danielian, P. S., Parker, M. G. & Evan, G. I. A modified oestrogen

NATURE | VOL 419 | 19 SEPTEMBER 2002 | www.nature.com/nature




receptor ligand-binding domain as an improved switch for the regulation of heterologous proteins.
Nucleic Acids Res. 23, 1686-1690 (1995).

13. Pap, E. H. et al. Ratio-fluorescence microscopy of lipid oxidation in living cells using C11-BODIPY**"
91 FEBS Lett. 453, 278-282 (1999).

14. Nemoto, S. & Finkel, T. Redox regulation of forkhead proteins through a p66*™-dependent signaling
pathway. Science 295, 2450-2452 (2002).

15. Dijkers, P. F. et al. FKRHR-LI can act as a critical effector of cell death induced by cytokine withdrawal:
protein kinase B-enhanced cell survival through maintenance of mitochondrial integrity. J. Cell Biol.
156, 531-542 (2002).

16. Kim, H. P, Roe, J. H., Chock, P. B. & Yim, M. B. Transcriptional activation of the human manganese
superoxide dismutase gene mediated by tetradecanoylphorbol acetate. J. Biol. Chem. 274,
37455-37460 (1999).

17. Furuyama, T., Nakazawa, T., Nakano, I. & Mori, N. Identification of the differential distribution
patterns of mRNAs and consensus binding sequences for mouse DAF-16 homologues. Biochem. J.
349, 629-634 (2000).

. Scaduto, R. C. Jr. & Grotyohann, L. W. Measurement of mitochondrial membrane potential using
fluorescent rhodamine derivatives. Biophys. J. 76, 469-477 (1999).

. Aulwurm, U. R. & Brand, K. A. Increased formation of reactive oxygen species due to glucose depletion
in primary cultures of rat thymocytes inhibits proliferation. Eur. J. Biochem. 267, 56935698 (2000).

. Lee, Y. J. et al. Glucose deprivation-induced cytotoxicity and alterations in mitogen-activated protein

o

©

2

=]

kinase activation are mediated by oxidative stress in multidrug-resistant human breast carcinoma
cells. J. Biol. Chem. 273, 5294-5299 (1998).

21. Blackburn, R. V. ef al. Metabolic oxidative stress activates signal transduction and gene expression

during glucose deprivation in human tumour cells. Free. Radic. Biol. Med. 26, 419-430 (1999).
2!

N

. Huang, T. T. et al. Superoxide-mediated cytotoxicity in superoxide dismutase-deficient fetal
fibroblasts. Arch. Biochem. Biophys. 344, 424-432 (1997).

NATURE | VOL 419 | 19 SEPTEMBER 2002 | www.nature.com/nature

© 2002 Nature Publishing Group

letters to nature

2

<@

. Nakamura, N. ef al. Forkhead transcription factors are critical effectors of cell death and cell cycle
arrest downstream of PTEN. Mol. Cell. Biol. 20, 8969-8982 (2000).

. Tran, H. et al. DNA repair pathway stimulated by the forkhead transcription factor FOXO3a through
the Gadd45 protein. Science 296, 530-534 (2002).

25. Kenyon, C. A conserved regulatory system for aging. Cell 105, 165-168 (2001).

2

2

o~

=N

. Guarente, L. & Kenyon, C. Genetic pathways that regulate ageing in model organisms. Nature 408,
255-262 (2000).

. Boyd, K. E., Wells, J., Gutman, J., Bartley, S. M. & Farnham, P. J. c-Myc target gene specificity is
determined by a post-DNA binding mechanism. Proc. Natl Acad. Sci. USA 95, 1388713892 (1998).

2

S

Supplementary Information accompanies the paper on Nature’s website
(http://www.nature.com/nature).

Acknowledgements

We thank P. Dijkers, M. Yim, D. Powell and J. Wispe for reagents; W. R. Sellers for
discussions; M. Daniels for technical assistance; and C. Marshall for critically reading the
manuscript. G.J.P.L.K. is supported by Chemical Sciences, T.T.H. is supported by the NIH.

Competing interests statement
The authors declare that they have no competing financial interests.

Correspondence and requests for materials should be addressed to B.M.T.B.
(e-mail: b.m.t.burgering@med.uu.nl).

321




