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Exposure of metazoan organisms to hypoxia engages a meta-
bolic switch orchestrated by the hypoxia-inducible factor 1
(HIF-1). HIF-1 mediates induction of glycolysis and active
repression of mitochondrial respiration that reduces oxygen
consumption and inhibits the production of potentially harm-
ful reactive oxygen species (ROS). Here, we show that FoxO3A
is activated in hypoxia downstream of HIF-1 and mediates the
hypoxic repression of a set of nuclear-encoded mitochondrial
genes. Fox03A is required for hypoxic suppression of mito-
chondrial mass, oxygen consumption, and ROS production
and promotes cell survival in hypoxia. Fox03A is recruited to
the promoters of nuclear-encoded mitochondrial genes where
it directly antagonizes c-Myc function via a mechanism that
does not require binding to the consensus FoxO recognition
element. Furthermore, we show that FoxO3A is activated in
human hypoxic tumour tissue in vivo and that FoxO3A short-
hairpin RNA (shRNA)-expressing xenograft tumours are de-
creased in size and metabolically changed. Our findings
define a novel mechanism by which FoxO3A promotes meta-
bolic adaptation and stress resistance in hypoxia.
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Introduction

In order for metazoan organisms to survive under conditions
of low oxygen, a metabolic switch is engaged resulting in the
increased conversion of glucose to lactate. This phenomenon,
known as the Pasteur effect, was until recently thought to
result from increased glycolytic flux with mitochondrial
respiration passively decreasing due to lack of oxygen.
Recent reports have, however, demonstrated that metabolic
adaptation to hypoxia requires an active suppression of
mitochondrial function in order to control oxygen consump-
tion and prevent excessive generation of potentially harmful
reactive oxygen species (ROS; Kim et al, 2006; Papandreou
et al, 2006; Fukuda et al, 2007; Zhang et al, 2008). Hypoxia-
inducible factor 1 (HIF-1) is the master transcription factor
orchestrating the cellular hypoxic response, and thus is
deeply involved in the metabolic adaptation to hypoxia.
HIF-1 is a heterodimer comprising the constitutively
expressed HIF-1B subunit as well as the oxygen-regulated
HIF-1a subunit (Wang et al, 1995). In the presence of oxygen,
HIF-1a is, upon modification by a family of prolyl hydro-
xylase domain proteins (Bruick and McKnight, 2001; Epstein
et al, 2001; Ivan et al, 2001), bound by the VHL E3 ubiquitin
ligase complex and degraded via the ubiquitin/proteasome
pathway (Kallio et al, 1999; Maxwell et al, 1999; Kamura
et al, 2000). Since oxygen is a limiting factor for proline
hydroxylation, HIF-1a accumulates in hypoxia and increases
glycolytic flux through direct transcriptional induction of
glucose transporters and glycolytic enzymes (Iyer et al,
1998; Seagroves et al, 2001). Moreover, recent lines of
evidence have shown that additional HIF-dependent mechan-
isms balance energy and redox homeostasis. Specifically, this
involves a HIF-1-mediated switch in the subunit composition
of cytochrome c oxidase from COX4-1 to COX4-2 (Fukuda
et al, 2007) and the direct transcriptional activation of
pyruvate dehydrogenase kinase 1 (PDK1). PDK1 inactivates
pyruvate dehydrogenase, thereby inhibiting the conversion of
pyruvate to acetyl-CoA and thus shunting it away from entry
into the mitochondrion and instead towards lactate produc-
tion (Kim et al, 2006; Papandreou et al, 2006). Long-term
exposure to hypoxia leads to HIF-1-dependent induction of
mitochondrial autophagy through upregulation of BNIP3
(Zhang et al, 2008). In addition, HIF-1 has been shown to
suppress mitochondrial biogenesis by inhibiting the growth-
promoting transcription factor c-Myc (hereafter termed Myc)
through transcriptional induction of the Myc antagonist Mxil
(Zhang et al, 2007). Importantly, interference with these
adaptation mechanisms leads to increased oxygen consump-
tion, elevated ROS production, and cell death (Kim et al,
2006; Papandreou et al, 2006; Zhang et al, 2008).

The evolutionary conserved FoxO family of transcription
factors is involved in the control of a vast array of biological
processes including cell-cycle control, apoptosis, glucose
metabolism, DNA damage repair, angiogenesis, and
resistance to oxidative stress (Arden, 2008; Dansen and
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Burgering, 2008). Four different members have been identi-
fied in mammalian cells: FoxO1, FoxO3A, FoxO4, and the
largely uncharacterized FoxO6. The phosphorylation of
FoxO factors by the serine-threonine kinase Akt/PKB and
their subsequent inactivation by nuclear exclusion is
accepted as their canonical mode of regulation. However,
many signalling pathways converge at the level of FoxO
factors; for instance, the negative regulation by Akt can be
overridden by activating signals emanating from stress-acti-
vated pathways (Brunet et al, 2004; Essers et al, 2004;
Lehtinen et al, 2006). In Drosophila, FoxO directs a substan-
tial fraction of the transcriptional changes in response to
nutrient availability (Gershman et al, 2007; Teleman et al,
2008). In C. elegans, the FoxO homologue DAF-16 promotes
longevity and resistance to hypoxic stress (Scott et al, 2002;
Mabon et al, 2009). These examples emphasize the diverse
roles of FoxO factors as signal integrators, and along these
lines FoxO3A was recently found to be transcriptionally
induced by hypoxic stress downstream of HIF-1 (Bakker
et al, 2007).

In the present study, we investigated the role of FoxO3A in
the transcriptional response to hypoxia. We found that
FoxO3A contributes significantly to the regulation of both
hypoxia-induced and -repressed genes and specifically sup-
presses a number of nuclear-encoded mitochondrial genes by
directly antagonizing Myc at the promoters of these genes.
FoxO3A short-hairpin RNA (shRNA)-expressing cells are thus
dysfunctional in downregulating mitochondrial mass, oxygen
consumption, and ROS in hypoxia, and exhibit increased
sensitivity to hypoxia-induced apoptosis. Our findings in
tissue culture experiments are supported by in vivo data,
which show that FoxO3A is activated in hypoxic human
tumour tissue and also demonstrates that the growth of
FoxO3A shRNA-expressing xenografts is markedly impaired
and correlates with a decreased glucose uptake.

Results

FoxO3A is a target gene of HIF-1a
To investigate the expression of FoxO factors in hypoxia, we
analysed protein levels in HeLa, CaKi, MCF-7 cells, and in
primary MEFs in normoxia, hypoxia and upon treatment
with deferoxamine (DFO), a chemical hypoxia mimetic.
While FoxO1 and FoxO4 were not regulated in a consistent
way by hypoxic treatment or DFO, we found FoxO3A is
induced in all tested cell lines and MEFs in hypoxia as well
as by DFO (Supplementary Figure S1A). Moreover, the in-
duction of FoxO3A protein (Supplementary Figure S1B) and
mRNA (Supplementary Figure S1C) as determined by qPCR
was abrogated by siRNA-mediated knockdown of HIF-1a and
to a lesser extent HIF-2a, suggesting that both isoforms
contribute to the hypoxic induction. Indeed, knockdown of
HIF-1oo and HIF-2a in combination further abrogated the
hypoxic induction of FoxO3A protein (Supplementary
Figure S1D). Furthermore, cell fractionation experiments
demonstrated that the observed induction of FoxO3A
protein in hypoxia was reflective of increases in both the
cytosolic and the nuclear compartments (Supplementary
Figure S1E).

Upon inspection of the proximal region of the human
FoxO3A promoter, we found that it contains three putative
hypoxia-response elements (HREs), which are conserved
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between human and mouse. Reporter gene assays performed
with a 181-bp fragment encompassing these HREs demon-
strated that it was responsive to hypoxia and/or co-transfec-
tion of HIF-loo or HIF-2a. Mutation of either of the HREs
severely decreased the responsiveness of the reporter and
mutation of all HREs in combination led to a near complete
abrogation of the inducibility of the reporter by HIFa isoforms
(Supplementary Figure S2A and B).

These results strongly suggest that FoxO3A is a direct
target of HIF-1 and HIF-2. This was confirmed for HIF-1 by
chromatin immunoprecipitation (ChIP) with an antibody
against HIF-1a showing enriched hypoxic binding of endo-
genous HIF-1a in proximity of the proposed HREs in HelLa
cells (Supplementary Figure S2C). Taken together, these
results clearly demonstrate that FoxO3A is induced by hypox-
ia as a direct target gene of HIF-1, confirming published data
(Bakker et al, 2007).

FoxO3A is required for hypoxic repression of
mitochondrial genes

In order to study a potential biological role for FoxO3A in the
hypoxic response, we utilized shRNA technology. We estab-
lished stable FoxO3A knockdown HeLa cell clones that
expressed two different hairpin sequences. The efficiency of
the knockdowns in normoxia and hypoxia was validated by
immunoblotting, which also indicated that knockdown of
FoxO3A had no effect on the levels of HIF-la protein in
hypoxia (Figure 1A). We performed three parallel experi-
ments in which Ctrl (empty vector) and FoxO3A knockdown
cells were incubated in normoxia and hypoxia (0.5% O,) for
16h and performed DNA microarray analysis on the RNA
extracted from each sample.

Statistical analysis of the DNA microarray data showed
that of the 1364 probe sets induced by hypoxia in control cells
(>1.3-fold difference, P<0.02), 560 were lower expressed in
hypoxic FoxO3A-KD compared with the expression levels
in hypoxic control cells (>1.3-fold difference, P<0.02)
(Figure 1B; see also Supplementary Table S1). This result
identifies FoxO3A as an important contributor to the tran-
scriptional induction of a significant fraction of hypoxia-
induced genes. Interestingly, hypoxia-repressed probe sets
were also dependent on FoxO3A: of the 1762 probe sets
repressed by hypoxia in control cells (>1.3-fold difference,
P<0.02), 646 were higher expressed in hypoxic FoxO3A-KD
compared with the expression levels of hypoxic control
cells (>1.3-fold difference, P<0.02) (Figure 1C; see also
Supplementary Table S2). In addition, we noted that a sub-
stantial number of probe sets were already affected by the
knockdown of FoxO3A in normoxic conditions. A total of
1861 probe sets were thus downregulated (> 1.3-fold differ-
ence, P<0.02) by knockdown of FoxO3A in normoxia while
2145 were upregulated (>1.3-fold difference, P<0.02),
demonstrating that FoxO3A affects the expression of many
genes under normoxic conditions (see Supplementary Tables
S3 and S4). Interestingly, gene ontology analysis using the
Database for Annotation, Visualization, and Integrated
Discovery (DAVID) bioinformatics tool (Dennis et al, 2003)
showed that for the genes repressed by hypoxia in a FoxO3A-
dependent manner, the most highly enriched GO term was
‘mitochondrion’ (Figure 1C, lower panel). Further analysis of
the FoxO3A-dependent hypoxia-induced or -repressed genes
using the Molecular Signatures Database (MSigDB)
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Figure 1 FoxO3A contributes to the transcriptional regulation of the hypoxic response and is required for hypoxic repression of mitochondrial
genes. (A) HeLa cell clones stably expressing FoxO3A shRNA or empty knockdown vector (Ctrl) were incubated for 16h in normoxia or
hypoxia (0.5% 0O,) and analysed by immunoblotting. (B, C) RNA from three experiments performed with Ctrl and FoxO3A-KD#1 as in (A) was
extracted, labelled, and hybridized to Affymetrix HG-U133 Plus 2.0 microarrays. Statistical analysis was applied to identify probe sets
upregulated (B) or downregulated (C) by hypoxia in a FoxO3A-dependent manner. DAVID analysis for each group is shown below, respectively.
(D) Overlay of Mitocarta gene list with the list of hypoxia-repressed FoxO3A-dependent genes. The list of genes in the overlap is shown below.
(E) Validation of six FoxO3A-dependent hypoxia-repressed mitochondrial genes by qPCR. The experiment was performed as in (A). The results
are normalized to 18S rRNA and are shown as fold repression in hypoxia. Error bars indicate mean * s.d. of three independent experiments,
**P<0.01, ***P<0.001 using Student’s t-test.
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(Subramanian et al, 2005) showed that in addition to the
expected hypoxia-related gene sets, the two curated gene
sets ‘MOOTHA_HUMAN_MITODB_6_2002’ and ‘MOOTHA_
MITOCHONDRIA’, comprising lists of 440 and 455 mitochon-
drial genes, respectively (Mootha et al, 2003), were highly
significantly (P<10®) overlapping with the list of FoxO3A-
dependent hypoxia-repressed probe sets (Supplementary
Tables S5 and S6).

In order to identify the mitochondrial genes in the list of
646 FoxO3A-dependent hypoxia-repressed probe sets, we
converted this list to unique gene IDs (565 gene IDs) and
subsequently overlaid it with the Mitocarta gene list
(Figure 1D), which comprises 1013 human genes encoding
proteins with known mitochondrial localization (Pagliarini
et al, 2008). We found that a total of 72 of the 565 FoxO3A-
dependent gene IDs encoded mitochondrial proteins
(Figure 1D, lower box). Of these, six genes were selected
for further analysis. Aconitase 2 (ACO2), mitochondrial ATP
synthase subunit 9 isoform 1 (ATP5G1), electron transfer
flavoprotein dehydrogenase (ETFDH), and oxidoreductase
NAD-binding domain containing 1 (OXNAD1) are involved
in mitochondrial metabolism or electron transport, and mi-
tochondrial ribosomal protein L12 (MRPL12) and mitochon-
drial leucyl-tRNA synthetase 2 (LARS2) are part of the
mitochondrial protein synthesis machinery. The selection is
thus representative of several different aspects of mitochon-
drial function. In order to verify the expression changes
observed in the microarray experiments, we analysed the
expression of these six genes by qPCR in both FoxO3A
knockdown cell clones. Our results did indeed confirm that
the hypoxic repression of these genes was strongly compro-
mised in both FoxO3A knockdown cell clones (Figure 1E).
Consistent with our finding that FoxO3A is induced down-
stream of HIF-1 in hypoxia, we found that knockdown of
HIF-1a also compromised the hypoxic repression of these
genes (Supplementary Figure S3).

FoxO3A suppresses mitochondrial function and
promotes cell survival in hypoxia

We next asked whether the FoxO3A knockdown cells would
display a functional phenotype reflecting the observed
changes in hypoxic gene expression patterns. Determination
of mitochondrial mass by staining with the cardiolipin-bind-
ing dye nonyl acridine orange (NAO) followed by flow
cytometry showed that both FoxO3A knockdown cell clones
had more mitochondrial mass than control cells. Importantly,
this difference was enhanced by hypoxia treatment (0.5% O)
for 24 h, due to the impaired ability of the FoxO3A knock-
down cells to downregulate their mitochondrial mass in
hypoxia (Figure 2A and B). The oxygen consumption of
control and FoxO3A knockdown cells incubated in normoxia
or hypoxia (0.5% O,) for 20h was determined in Oxyograph
chambers. When allowed to respire in full media, the FoxO3A
knockdown cells consumed 13% more oxygen per cell per
minute than their control counterparts in normoxia. After
hypoxic treatment this difference was, however, further
augmented as the FoxO3A knockdown cells failed to appro-
priately downregulate oxygen consumption, resulting in an
oxygen consumption that was 84% higher than that of the
control cells (Figure 2C), thus reflecting the results obtained
from the determination of mitochondrial mass. Oxygen
consumption measurements performed in glutamine-free
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media showed that the enhanced oxygen consumption of
the FoxO3A knockdown cells in hypoxia is in part due to
increased glutaminolysis. Depriving the cells of glucose
resulted in a strong increase in oxygen consumption for all
samples, presumably due to the Crabtree effect, but again
highlighted the increased capacity of the FoxO3A knockdown
cells for oxygen consumption (Figure 2C).

In order to investigate whether the observed changes in
mitochondrial mass and oxygen consumption would be
accompanied by changes in glycolytic flux, we performed
deoxyglucose uptake and lactate production measurements.
Indeed, both FoxO3A knockdown cell clones displayed
significantly lower deoxyglucose uptake and lactate produc-
tion consistent with a less glycolytic phenotype (Figure 2D
and E). Furthermore, the ROS levels in control and FoxO3A
knockdown cells were determined by DCFDA (5-(and-6)-
carboxy-2',7'-dichlorofluorescein diacetate) staining followed
by flow cytometry. This analysis showed that FoxO3A knock-
down cells have increased ROS levels when compared with
control cells and, notably, fail to efficiently downregulate
these under prolonged hypoxia (Figure 2F). Taken together,
these results indicate that FoxO3A knockdown cells have
increased mitochondrial mass and, importantly, in hypoxia
fail to properly adapt their mitochondrial metabolism and to
control ROS levels.

In light of this inability, we asked whether a knockdown of
FoxO3A would also impact cell proliferation and survival in
hypoxia. Growth curves of stable (knockdown and control)
HeLa cell clones (Figure 3A) and of U20S cells transiently
transfected with Ctrl or FoxO3A siRNA (Figure 3B) showed
that knockdown of FoxO3A resulted in decreased cell num-
bers in hypoxia. In order to investigate whether the reduced
cell counts in hypoxia upon depletion of FoxO3A could be the
result of increased sensitivity to apoptosis, we examined
levels of the apoptotic marker cleaved caspase 3 by immuno-
blotting. Both HeLa stable FoxO3A knockdown cell clones
and transiently FoxO3A siRNA transfected U20S cells showed
an increase in cleaved caspase 3 after 24 h incubation in
hypoxia (Figure 3C and D), indicating increased apoptosis.
Trypan blue staining showed a clear increase of dead cells in
hypoxia-treated HeLa FoxO3A knockdown cell clones, which,
importantly, could be suppressed by ectopic expression of the
antiapoptotic factor BCL-XL or treatment with the caspase
inhibitor Z-VAD (Figure 3E). In addition, pretreatment of cells
with the antioxidant Trolox partially rescued the FoxO3A
knockdown cells from cell death in hypoxia (Figure 3F),
correlating with a decrease in cleaved caspase 3
(Figure 3G). This indicates that the elevated ROS levels in
FoxO3A knockdown cells can sensitize them to hypoxia-
induced apoptosis.

FoxO3A counteracts Myc to suppress mitochondrial
genes in hypoxia

Having characterized the impact of FoxO3A deficiency on
hypoxic metabolism and cell survival, we aimed to gain
mechanistic insights into how FoxO3A might suppress
expression of nuclear-encoded mitochondrial genes in hypoxia.
Results from the MSigDB analysis not only showed overlaps
with mitochondrial gene sets but, interestingly, several curated
gene sets relating to Myc (Supplementary Table S6). The
gene sets ‘WEI_MYCN_TARGETS_WITH_E BOX’, ‘DANG_
BOUND_BY_MYC’, and ‘SCHUHMACHER_MYC_TARGETS_UP’
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Figure 2 FoxO3A knockdown cell clones have increased mitochondrial mass and are impaired in metabolic adaptation to hypoxia. (A) HeLa
Ctrl and FoxO3A knockdown cell clones were incubated for 24 h in normoxia or hypoxia (0.5% O,) and analysed for mitochondrial mass by
NAO staining followed by flow cytometry. (B) Bar diagram summarizing the results for hypoxia-treated samples of three experiments
performed as in (A). Error bars indicate mean * s.d. of three independent experiments, *P<0.05 using Student’s t-test. (C) Ctrl and FoxO3A
knockdown cell clones were exposed to normoxia or hypoxia (0.5% O,) for 20 h and analysed for oxygen consumption in full media, glucose-
free media, or glutamine-free media using an Oxyograph oxygen electrode. Error bars indicate mean * s.d. of three independently performed
experiments, ***P<0.001 using Student’s t-test. (D) Ctrl and FoxO3A knockdown cell clones were analysed for glucose uptake in normoxia
and hypoxia (0.5%, 20h) by use of radioactively labelled deoxyglucose. The glucose uptake was normalized to protein content. Error bars
indicate mean * s.d. of three independently performed experiments, ***P<0.001 using Student’s t-test. (E) Lactate secretion was determined in
Ctrl and FoxO3A knockdown cell clones after 20 h incubation in either normoxia or hypoxia, normalized to protein content and presented as
fold of normoxic Ctrl. Error bars indicate mean +s.d. of three independently performed experiments, ***P<0.001 using Student’s t-test.
(F) ROS levels in HeLa Ctrl and FoxO3A knockdown cell clones incubated in normoxia or hypoxia (0.5% O,) for 24 h were determined by
DCFDA staining followed by flow cytometry (left panel). HeLa cells treated with 100 uM tert-butylperoxide for 15 min were used as a positive
control (right panel).
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Figure 3 FoxO3A knockdown cells show increased sensitivity to hypoxia-induced apoptosis. (A, B) HeLa Ctrl and FoxO3A-KD#1 cell clones
(A) and U20S cells transiently transfected with siRNA oligos (B) were plated in triplicate and 24 h later incubated in normoxia or hypoxia
(0.2% 0O,). Every 24 h, samples were trypsinized, stained with trypan blue and viable cells were counted. Error bars indicate mean +s.d. of
three independent experiments. (C, D) HeLa Ctrl and FoxO3A-KD#1 cell clones (C) and U20S cells transiently transfected with siRNA oligos (D)
were incubated for 24 h in normoxia or hypoxia (0.2% O,) and subsequently analysed by immunoblotting. (E) HeLa Ctrl and FoxO3A-KD#1 cell
clones were transfected with pBabe Puro or pBabe BCL-XL expression plasmid and subsequently incubated for 48 h in normoxia or hypoxia
(0.2% 0,) in the presence or absence of Z-VAD. All cells were collected, stained with trypan blue, and live/dead cell numbers were determined.
Error bars indicate mean + s.d. of three independent experiments, *P<0.05, **P<0.01 using Student’s t-test. (F) HeLa Ctrl and FoxO3A-KD#1
cell clones were incubated for 48 h in normoxia or hypoxia (0.2% O,) in the presence or absence of 100 uM antioxidant Trolox or solvent
control. All cells were collected, stained with trypan blue, and live/dead cell numbers were determined. Error bars indicate mean * s.d. of three
independent experiments, *P<0.05 using Student’s t-test. (G) HeLa Ctrl and FoxO3A-KD#1 cell clones preincubated in the absence or presence
of 100 uM antioxidant Trolox were incubated for 24 h in normoxia or hypoxia (0.2% O,) and subsequently analysed by immunoblotting.

(Schuhmacher et al, 2001; Zeller et al, 2003; Wei et al, 2008) established role for Myc in regulating mitochondrial function
were all significantly overlapping (P<10~%) with the list of (Li et al, 2005; Kim et al, 2008) prompted us to investigate this
FoxO3A-dependent hypoxia-repressed probe sets. The well- further.
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Figure 4 FoxO3A-dependent hypoxia-repressed mitochondrial genes are Myc responsive. (A) Verification of Myc knockdown. HeLa cells were
transfected with Ctrl or Myc siRNA or left untransfected. Cells were lysed 24 h after transfection and analysed by immunoblotting. (B) Hela Ctrl
and FoxO3A knockdown cell clones were transfected with Ctrl siRNA or siRNA directed against Myc and 24 h later incubated in normoxia or
hypoxia (0.5% O,) for 20h. RNA was extracted and analysed by qPCR. The results are normalized to 18S rRNA and are shown as fold
of normoxic Ctrl. Error bars indicate mean + s.d. of three independent experiments, *P<0.05, **P<0.01, ***P<0.001 using Student’s t-test.
(C) Hela Ctrl and FoxO3A knockdown cell clones were incubated for 20h in normoxia or hypoxia (0.5% O,). Protein was extracted and
analysed by immunoblotting.

In order to investigate if the hypoxia-repressed FoxO3A- partially restored the hypoxic repression in the FoxO3A
dependent mitochondrial genes could be co-regulated by knockdown cell clones (Figure 4B), indicating that they
Myc, we utilized Myc siRNA (Figure 4A). Interestingly, may be target genes of Myc and that FoxO3A may exert its
knockdown of Myc not only reduced the mRNA levels of all repressive effect on these genes by interfering with Myc
six model genes in Ctrl HeLa cell clones but, importantly, also function. Results from analogous experiments performed
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with transiently transfected FoxO3A and Myc siRNA oligos
in WI-38 (Supplementary Figure S4A and B) and TIG-3
(Supplementary Figure S5A and B) fibroblasts confirmed
this pattern. FoxO3A was previously shown to counteract
Myc by upregulating the expression of Mxil-SRa (Delpuech
et al, 2007), which competes with Myc for heterodimerization
with Max and, more recently, FoxO3A was shown to induce
expression of the Myc-targeting microRNAs miR-34b/c and
miR-145 (Gan et al, 2010; Kress et al, 2011). However, our
microarray data did not indicate any significant change in
Mxil-SRa mRNA levels between hypoxic Ctrl and FoxO3A
knockdown cell clones. In agreement with this, results
from qPCR (Supplementary Figure S6) and immunoblots
(Figure 4C) showed that the induction of Mxil-SRa mRNA
and protein in hypoxia was unaffected by the knockdown of
FoxO3A. Furthermore, knockdown of Mxil-SRa had no im-
pact on the hypoxic repression of the FoxO3A-dependent
mitochondrial genes (Supplementary Figure S7A and B).
Knockdown of FoxO3A did not result in any notable
difference in the mRNA levels of Myc, Max, or Madl
(Supplementary Figure S6). Immunoblots showed that
neither hypoxia nor knockdown of FoxO3A had any major
effect on the protein levels of Myc, making it unlikely that
FoxO3A could be affecting Myc activity in hypoxia through a
microRNA-dependent effect (Figure 4C). Finally, immuno-
blots confirmed that the deregulation previously observed
for the mRNA levels of the mitochondrial ribosomal subunit
MRPL12 upon knockdown of FoxO3A was translated into
comparable changes in protein levels (Figure 4C, bottom).
Having found no evidence for an indirect mode of regula-
tion of the mitochondrial genes by FoxO3A in hypoxia
through a modulation of Myc or Mxil-SRa protein levels,
we were prompted to consider that FoxO3A could be directly
repressing these genes. To investigate this possibility, we took
advantage of an inducible FoxO3A allele in the form of U20S
cells stably expressing a FoxO3A-ER fusion, in which three
Akt-dependent phosphorylation sites were mutated to ala-
nine (FoxO3A(A3)-ER). Activation of FoxO3A(A3)-ER by
addition of 4-hydroxy-tamoxifen (4-OHT) for 10h resulted
in a clear repression of the mRNA levels of all model genes
apart from ETFDH, which may be differentially regulated in
U20S cells compared with HeLa cells (Supplementary Figure
$8). Importantly, inhibition of translation by pretreatment of
the cells with cycloheximide prior to addition of 4-OHT did
not abrogate the repressive function of FoxO3A(A3)-ER
(Supplementary Figure S8), indicating that the repression
does not require de novo protein synthesis and thus likely
occurs by direct action of FoxO3A on the promoters of the
repressed genes. To test this hypothesis, we performed ChIP
on chromatin from Ctrl and FoxO3A knockdown cells incu-
bated in normoxia and hypoxia (0.5% O,) for 16h. We
scanned the promoters (—2000 to +1000) of MRPLIZ2,
ACO2, LARS2, and OXNADI for binding of endogenous
FoxO3A and Myc by designing primers at ~500bp intervals
where DNA sequence allowed. Binding of endogenous
FoxO3A was observed at distinct peaks for both MRPL12
and ACO2Z promoters and was further enriched upon hypoxic
treatment (Figure S5A and B, upper panels). As expected, the
enrichment of FoxO3A binding was clearly decreased in the
FoxO3A knockdown cell clones in normoxia as well as in
hypoxia. Interestingly, ChIP results for Myc showed strong
binding of Myc to the promoters with peak binding at
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positions detected by the same primer sets as for FoxO3A
(Figure SA and B, lower panels). Binding of Myc to the
promoters was decreased in Ctrl cells upon incubation in
hypoxia consistent with the ability of the cells to down-
regulate expression of these genes in hypoxia. However,
Myc binding in the FoxO3A knockdown cell clones did not
decrease to the same levels as observed for the Ctrl cells in
hypoxia. This suggests a model in which FoxO3A directly
antagonizes Myc in hypoxia and facilitates its displacement
from the promoters of this group of hypoxia-repressed nucle-
ar-encoded mitochondrial genes. Similar binding patterns
and regulations were also found for FoxO3A and Myc at the
OXNADI and LARS2 promoters (Supplementary Figure S9A
and B). Closer inspection of the DNA sequence in proximity
of the regions where Myc and FoxO3A exhibited peak enrich-
ment revealed the existence of canonical and non-canonical
E-boxes in MRPL12, ACO2, and OXNADI at positions + 627,
—141, and —418 relative to the start sites of transcription,
respectively. For LARS2, no E-box element could be found in
close proximity of the observed peak binding. However, ChIP
and high-throughput sequencing data obtained for Myc have
recently revealed that 36% of Myc-bound promoters in vivo
lack any known E-box sequence (Kim et al, 2008).

The ability of FoxO3A to directly counteract Myc at these
promoters prompted us to consider whether this could be a
general phenomenon. In order to investigate this, we
examined the mRNA expression of a selection of the well-
established Myc targets CAD, ODC, and nucleolin
(Bello-Fernandez et al, 1993; Boyd and Farnham, 1999;
Greasley et al, 2000). We found no defect in the ability of
FoxO3A knockdown cell clones to repress these genes in
hypoxia when compared with Ctrl cells (Supplementary
Figure S10A). In accordance with this, ChIP assays revealed
that Myc displacement from the E-boxes of CAD and ODC in
hypoxia was not impaired in FoxO3A knockdown cells
(Supplementary Figure S10B, lower panel). Importantly, no
binding of FoxO3A was found at these loci (Supplementary
Figure S10B, upper panel). Taken together, our findings
suggest that the direct action of FoxO3A on the promoters
of hypoxia-repressed nuclear-encoded mitochondrial genes
applies to a specific subclass of Myc target genes.

In order to gain further mechanistic insight into the
FoxO3A-mediated repression of these Myc-dependent
mitochondrial genes, we took advantage of a previously
characterized FoxO3A point mutant FoxO3A(A3)-H212R
that is incapable of binding to the consensus FoxO DNA
recognition element (FHRE) (Ramaswamy et al, 2002;
Czymai et al, 2010). Whereas FoxO3A(A3)-ER bound an
established FHRE in the p27 promoter (Hu et al, 2004) and
significantly upregulated the mRNA expression of p27 upon
stimulation with 4-OHT, FoxO3A(A3)-H212R-ER was unable
to bind the FHRE and to induce the expression of p27 mRNA
(Figure 6A and B). However, both FoxO3A(A3)-ER and
FoxO3A(A3)-H212R-ER were capable of repressing the
selected mitochondrial genes. As observed for the other cell
types, knockdown of Myc in the FoxO3A-ER expressing U20S
cell clones led to a clear decrease in expression of the selected
mitochondrial genes. Notably, the activation of FoxO3A(A3)-
ER or FoxO3A(A3)-H212R-ER by 4-OHT after knockdown
of Myc had no significant additional repressive effect
(Figure 6C). ChIP results demonstrated a clear association
of both FoxO3A(A3)-ER and FoxO3A(A3)-H212R-ER upon
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Figure 5 FoxO3A directly antagonizes Myc at the promoters of hypoxia-repressed mitochondrial genes. (A, B) HeLa Ctrl, FoxO3A-KD#1, and
FoxO3A-KD#2 cell clones were incubated in normoxia or hypoxia (0.5% O,) for 16h before crosslinking. ChIP was performed using anti-
FoxO3A (upper panel), anti-Myc (lower panel), and IgG (negative control) antibodies. Primers scanning the MRPL12 (A) and ACO2 (B) loci
were designed. Results were generated by qPCR and are presented as percentage bound/input. Error bars indicate mean +s.d.
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4-OHT stimulation to the loci where peak binding was
previously observed for endogenous FoxO3A in hypoxia
(Figure 6D, upper panel). Moreover, the association of
FoxO3A(A3)-ER and FoxO3A(A3)-H212R-ER was inversely
correlated with Myc binding as previously observed for
endogenous FoxO3A and Myc in hypoxia (Figure 6D, lower
panel; see Supplementary Figures S11 and S12 for extended
ChIP coverage of the MRPL12, ACO2, OXNADI, and LARS2
loci). Taken together, these results demonstrate that FoxO3A-
mediated repression of the selected mitochondrial genes does
not require FHRE binding and appears to function by facil-
itating the displacement of Myc from a subset of its target
gene promoters. However, although a direct interaction be-
tween FoxO3A and Myc has been reported (Chandramohan
et al, 2008), we were unable to detect any interaction
between ectopically expressed HA-FoxO3A(A3) and Myc in
normoxia or hypoxia (Supplementary Figure S13).

FoxO3A is activated in hypoxic tumour tissue in vivo
Having found evidence from tissue culture experiments for an
important role for FoxO3A in orchestrating metabolic adapta-
tion and promoting survival in hypoxic cancer cells, we next
asked whether FoxO3A was activated in vivo in hypoxic
tumour tissue. To address this question, we performed im-
munohistochemical stainings on sections of ductal breast
carcinoma in situ (DCIS), a tumour type known to contain
hypoxic areas (Helczynska et al, 2003). Stainings for FoxO3A
revealed a clear tendency towards a strong, nuclear-localized
staining in the perinecrotic area of the tumours (Figure 7A).
Indeed, when adjacent sections of the same tumours were co-
stained for FoxO3A, the HIF target carbonic anhydrase 9
(CA9), and the FoxO3A target p27, the staining pattern
indicated elevated expression of these proteins in overlapping
areas (Figure 7B). A statistical analysis performed on 86 DCIS
lesions from 9 patients confirmed a significant correlation
between increased CA9 and FoxO3A staining towards the
necrotic core of the tumours (Supplementary Table S7;
Supplementary Figure S14).

In order to test whether the inability of FoxO3A knock-
down cells to successfully adapt metabolism and promote
survival in hypoxia would also impact the growth of xeno-
graft tumours in vivo, Ctrl and FoxO3A knockdown cell
clones were inoculated in nude mice and tumour growth
was monitored over 33 days. The growth of the Hela
xenografts was significantly impaired by the knockdown of
FoxO3A (P<0.01 for all time points post injection;
Figure 8A). We investigated whether this was associated
with physiological alterations in vivo by assessing the glucose
uptake. On the final day of the experiment, animals were
injected with the glucose analogue fluorodeoxyglucose (FDG)
labelled with !8F. Non-invasive positron emission tomogra-
phy (PET) was performed to assess the FDG accumulation in
the tumours. We found that the accumulation of FDG relative
to the volume of the tumour was significantly impaired for
both FoxO3A-KD#1 and FoxO3A-KD#2 xenografts compared
with their control counterparts (Figure 8B), which could
likely be a consequence of their inability to appropriately
downregulate mitochondrial activity in hypoxia and shift the
balance in favour of glycolysis. An example of a fused PET
and computer tomography (CT) image of a FoxO3A knock-
down and a control tumour is depicted in Figure 8D.
Immunoblots on protein extracts from the xenograft tumours
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confirmed the knockdown of FoxO3A and demonstrated
elevated protein levels of MRPL12 as well as of cleaved
caspase 3 in the knockdown tumours (Figure 8C).
Consistent with this, stainings of xenograft tumour sections
for cleaved caspase 3 by immunofluorescence showed an
increase in positive staining foci in the FoxO3A knockdown
tumours compared with control tumours (Supplementary
Figure S15A and B). Moreover, RNA extracted from the
tumours confirmed significantly increased mRNA expression
of the selected mitochondrial genes in both FoxO3A-KD#1
and FoxO3A-KD#2 tumours compared with their control
counterparts (Figure 8E).

Discussion

In this study, we have shown that FoxO3A plays an important
role in the transcriptional program that facilitates metabolic
adaptation in hypoxia. Not only does FoxO3A contribute
markedly to the upregulation of many hypoxia-induced
genes but, importantly, also plays a crucial role in the hypoxic
repression of a substantial number of nuclear-encoded mito-
chondrial genes. Previous studies have elucidated a number
of different, specific mechanisms by which HIF-1 can adapt
metabolism to hypoxic conditions. This includes inhibition of
acetyl-CoA synthesis by induction of PDK-1, COX4 subunit
switching, and promotion of mitochondrial autophagy
through BNIP3 (Kim et al, 2006; Papandreou et al, 2006;
Fukuda et al, 2007; Zhang et al, 2007, 2008). The metabolic
phenotype of FoxO3A knockdown cells bears a resemblance
to the phenotypes demonstrated in several of the above-
mentioned studies upon interference with these adaptation
mechanisms. Such noteworthy parallels include increased
mitochondrial mass, oxygen consumption, and ROS produc-
tion, correlating with an increased sensitivity to apoptotic cell
death in hypoxia. The beneficial effects of suppressing mito-
chondrial oxygen consumption in hypoxia are, however, not
limited to the control of ROS production. This adaptation also
serves to preserve oxygen for non-energy-producing cellular
functions that require oxygen such as enzymatic reactions
catalysed by oxidases, hydroxylases, and histone demethy-
lases. Moreover, when considering a hypoxic tumour in vivo,
reducing oxygen consumption helps to extend the diffusion
limit of oxygen and thus prevents the exposure of cells to
anoxic conditions that can induce cell death (Denko, 2008;
Wheaton and Chandel, 2010).

Our finding that knockdown of FoxO3A in both HeLa and
U20S cells leads to increased cell death in hypoxia is con-
sistent with findings made by others in MCF-7 cells. The
authors propose that this is due to disruption of a negative
feedback loop from FoxO3A to HIF-1 via induction of
CITED2, leading to increased HIF-1-dependent induction of
proapoptotic genes RTP801 and NIX in hypoxia (Bakker et al,
2007). We, however, did not find these genes differentially
induced in FoxO3A knockdown cells when compared with
Ctrl. Indeed, our microarray data indicate that 560 out of 2361
hypoxia-induced probe sets are dependent on FoxO3A for
their induction, suggesting that, at least in the conditions
applied in this study, FoxO3A is a positive contributor to the
hypoxia-induced component of the hypoxic response. This
notion is consistent with results from another microarray-
based study demonstrating that FoxO3 /~ neural stem cells
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show decreased expression of hypoxia-induced genes
(Renault et al, 2009).

While the role of FoxO factors and in particular FoxO3A in
promoting stress resistance and controlling ROS is well
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FoxO3A

Figure 7 FoxO3A is activated in hypoxic human tumour tissue. (A) Human samples of carcinoma in situ of the breast were immunohisto-
chemically stained using a FoxO3A antibody. Two different tumours are shown with a magnified view to the right of each. Scale bars indicate
100 uM. (B) Human samples for carcinoma in situ of the breast were analysed for the immunohistochemical localization of FoxO3A, CA9, and
p27 in adjacent slides. The necrotic cores of the tumours are highlighted by an *. Scale bars indicate 100 pm.

Figure 6 Repression of hypoxia-repressed mitochondrial genes by an inducible FoxO3A allele is independent of binding to FHRE.
(A) FoxO3A(A3)-ER or FoxO3A(A3)-H212R-ER stably expressing U20S cell clones were incubated in the absence or presence of 250nM
4-OHT for 2 h before crosslinking. ChIP was performed using anti-FoxO3A and IgG (negative control) antibodies. Binding of FoxO3A to an
FHRE in the p27 promoter was analysed by qPCR and is presented as percentage bound/input. Error bars indicate mean + s.d. (B) FoxO3A(A3)-
ER or FoxO3A(A3)-H212R-ER stably expressing U20S cell clones were incubated in the absence or presence of 250 nM 4-OHT for 10 h. RNA was
extracted and analysed by qPCR. The results are normalized to 185 rRNA and are shown as fold of normoxic Ctrl. Error bars indicate
mean * s.d. of three experiments, ***P<0.001 using Student’s t-test. (C) FoxO3A(A3)-ER or FoxO3A(A3)-H212R-ER stably expressing U20S cell
clones were transfected with Ctrl siRNA or siRNA against Myc 24 h prior to incubation in the absence or presence of 250 nM 4-OHT for 10 h.
RNA was extracted and analysed by qPCR. The results are normalized to 18S rRNA and are shown as fold of Ctrl. Error bars indicate
mean *s.d. of three experiments, **P<0.01, ***P<0.001 using Student’s t-test. (D) The experiment was preformed as in (A). ChIP was
performed using anti-FoxO3A, anti-Myc, and IgG (negative control) antibodies. Binding of FoxO3A (upper panel) and Myc (lower panel) to the
peak areas of ACO2, LARS2, MRPL12, and OXNADI was analysed by qPCR and is presented as percentage bound/input. Error bars indicate
mean t s.d.
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Figure 8 FoxO3A knockdown xenograft tumours are metabolically changed and exhibit impaired growth and increased apoptosis. (A) HeLa
Ctrl and FoxO3A knockdown cell clones were injected subcutaneously into the left and right flanks of nude mice, respectively. Growth of the
tumour xenografts was monitored using a caliper. Error bars indicate s.e.m. (n=12). (B) At the final day of the experiment, F-18-FDG
accumulation in FoxO3A knockdown tumours and control tumours was assessed by PET. Error bars indicate s.e.m. (n=12), **P<0.01 using
Student’s t-test. (C) Protein was extracted from four Ctrl and FoxO3A knockdown tumours of comparable size within each experimental group
and the extracts were analysed by immunoblotting. (D) Example of a PET/CT fusion image showing glucose uptake of Ctrl (right arrow) and
FoxO3A knockdown (left arrow) tumours. (E) RNA was extracted from eight xenograft tumours originating from Ctrl, FoxO3A-KD#1, and
FoxO3A-KD#2 cells and analysed by qPCR. The results are normalized to 185 rRNA and are shown as fold of Ctrl. Error bars indicate
mean +s.d., **P<0.01, ***P<0.001 using Student’s t-test.
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Figure 9 Model. Hypoxia induces stabilization of HIF-1, which in turn leads to transcriptional regulation of its target genes. This leads to an
increase in glycolytic flux through transcriptional upregulation of glucose transporters and glycolytic enzymes. In addition, HIF-1 transactivates
target genes involved in inhibiting mitochondrial activity (PDK-1 and BNIP3) and adjusting oxygen consumption (LON protease) to hypoxic
conditions. The hypoxic induction of FoxO3A leads to a direct and specific repression of a subset of nuclear-encoded mitochondrial genes that
are Myc target genes. The combined effects of these adaptive measures serve to balance oxygen, ROS, and energy homeostasis in hypoxia,

which is required for cell survival.

edoxin (Kops et al, 2002; Essers et al, 2004; Chiribau et al,
2008). However, none of the probe sets for these enzymes
were induced in HeLa cells by hypoxia in a FoxO3A-depen-
dent manner. Instead our findings in this study define a
novel, repressive mechanism by which FoxO3A prevents
inappropriate, hypoxic Myc activity by directly antagonizing
Myc at the promoters of mitochondrial genes (summarized in
Figure 9). Although Myc is a proto-oncogene that drives cell
proliferation, it is also known to sensitize cells to cell death in
hypoxic conditions (Brunelle et al, 2004).

The interplay between FoxO factors and Myc has been the
focus of many studies and recent advances have offered
insight into the mechanisms by which these transcription
factors counteract each other. This includes the induction of
Mxil-SRa by FoxO3A (Delpuech et al, 2007) and, recently
identified, the upregulation of two miRNAs targeting Myc
(Gan et al, 2010; Kress et al, 2011). In the present study, we
cannot find evidence that either these miRNAs or Mxil-SRa
play a significant role in the antagonistic effect of FoxO3A on
Myc in hypoxia: Myc protein levels were virtually unchanged
by hypoxia or knockdown of FoxO3A and the induction of
Mxil-SRa in hypoxia appears to be largely independent of
FoxO3A. Hypoxic expression of Mxil-SRa is thus likely to be
primarily driven by HIF-1 and may be involved in the
repression of other Myc target genes. In addition to this, a
direct antagonistic effect of HIF-1 on Myc function has been
demonstrated for target genes involved in cell-cycle regula-
tion (Koshiji et al, 2004; Gordan et al, 2007).

Interestingly, our experiments using the inducible
FoxO3A(A3)-ER allele indicate that an additional hypoxic
signal is not required since FoxO3A(A3)-ER activation in
normoxia is sufficient to repress the genes tested. This
observation suggests that activation of FoxO3A in another
context such as growth factor deprivation would lead to
suppression of mitochondrial genes. In agreement with this,
a study performed in Drosophila showed that a group of
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genes involved in mitochondrial biogenesis were not only
repressed and subsequently activated in vivo upon starvation
and re-feeding, respectively, but also repressed by expression
of a constitutively nuclear Drosophila FoxO orthologue
(dFoxO(A3)) in vitro (Gershman et al, 2007). A potential
role for the Drosophila Myc (dMyc) in this regulation was
not investigated but, interestingly, the authors noted that the
promoter regions of genes repressed in a dFoxO-dependent
manner only rarely contained consensus FoxO binding
elements as opposed to the genes that were induced by
starvation and dFoxO(A3).

Similar to this, we found no consensus FoxO binding
elements in proximity of the regions to which our ChIP
experiments demonstrated that FoxO3A binds in hypoxia.
On the contrary, we observed an inversely correlated binding
of Myc to the same regions, which for ACO2, MRPL12, and
OXNADI correlate with nearby potential binding sites for
Myc, and crucially we have demonstrated that a mutant
FoxO3A unable to bind the FHRE is still capable of mediating
the repression of these genes. We, therefore, propose that
FoxO3A displaces Myc from the promoters of this group of
nuclear-encoded mitochondrial genes in hypoxia via a me-
chanism that does not require direct binding to a FHRE. The
ability of FoxO DNA binding mutants to repress transcription
has previously been demonstrated (Ramaswamy et al, 2002;
Czymai et al, 2010) and a model similar to the one put
forward in this study has been proposed for the interplay
between FoxO3A and Myc in the regulation of the cyclin D2
promoter (Bouchard et al, 2004). The exact mechanism of
recruitment does, however, remain elusive and awaits inves-
tigation by genome-wide approaches.

Our findings in this study indicate that the inability of
cancer cells to downregulate oxygen consumption and ROS
production in hypoxia upon FoxO3A knockdown not only
correlates with decreased cell proliferation in hypoxia in
tissue culture experiments but also with in vivo xenograft
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experiments. Interestingly, a recent study demonstrates
that shRNA-mediated downregulation of the mitochondrial
ribosomal proteins MRPL12 or MRPL28 lead to clear
increases in the growth of xenograft tumours as well as
decreased oxygen consumption and increased glucose uptake
(Chen et al, 2009). Considering these results, the inability of
FoxO3A knockdown cells to appropriately downregulate
MRPL12 in hypoxia likely confers a significant adaptive
disadvantage and, taken together, highlights regulation of
mitochondrial ribosomal function as a potential key to
metabolic adaptation in hypoxia. The observed decrease in
glucose uptake of FoxO3A knockdown xenografts when
compared with control tumours underlines this deficit of
metabolic adaptation. Although the experiments performed
in cell culture show an important correlation between dysre-
gulation of metabolism, ROS production, and cell death, it
should be stressed that we cannot exclude that other hypoxic
gene expression changes caused by knockdown of FoxO3A,
such as the reduced activation of many hypoxia-induced
genes, might contribute to the observed cell and tumour
growth phenotypes.

While several studies have demonstrated a tumour
suppressor function for FoxO transcription factors (Bouchard
et al, 2007; Paik et al, 2007), the data presented in the present
study define an important role for FoxO3A in promoting meta-
bolic adaptation and cell survival in hypoxic cancer cells. Our
xenograft data are in agreement with results from a recent study
showing that knockdown of FoxO3A in MDA-MB-231 breast
cancer cells injected into the fat pads of nude mice led to a
significant decrease in tumour volume (Storz et al, 2009).

Moreover, our in situ immunohistochemical stainings for
FoxO3A in human ductal breast carcinoma show that FoxO3A
is indeed activated in hypoxic regions of human tumour
tissue. This observation is particularly interesting when con-
sidering that another recent study has shown a significant
association between strong nuclear FoxO3A staining and
poor overall survival of breast cancer patients (Chen et al,
2010).

The role of FoxO3A in tumourigenesis is thus likely to be
context dependent. While the inactivation of FoxO factors in
early tumour formation by increased signalling through
growth factor cascades offers a proliferative advantage, it is
conceivable that at later stages, limitations in the access to
serum factors in combination with intratumoural hypoxia can
reactivate FoxO3A allowing metabolic adaptation and thus
promoting tumour cell survival.

Materials and methods

Cell culture

All cell lines were grown in high-glucose Dulbecco’s modified
Eagle’s medium (Invitrogen) containing Glutamax supplemented
with 10% fetal calf serum, penicillin, and streptomycin. The cells
were maintained at 37°C in a humidified atmosphere of 5% CO, and
95% air (20% O,). For incubations in hypoxia, the cells were kept
in an atmosphere containing 0.5 or 0.2% oxygen and 5% CO, at
37°C in a hypoxia incubator for the indicated time periods. The
stable cell clones were maintained in 1.5pg/ml puromycin at all
times.

shRNA stable cell clones

HeLa stable knockdown cell clones were established by calcium
phosphate-mediated transfection of HeLa cells with two different
pLKO.1 shRNA constructs from Open Biosystems targeting FoxO3A.
Product numbers were FoxO3A-KD#1 (RHS3979-9630810) and
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FoxO3A-KD#2 (RHS3979-9607487). pLKO.1 empty vector was used
for control cells. The cells were selected in full media containing
1.5 pug/ml puromycin.

siRNA transfections

U20S cells were transfected with oligonucleotides at a final
concentration of 50 nM using Oligofectamine (Invitrogen) according
to the manufacturer’s protocol. HeLa, WI-38, and TIG-3 cells were
transfected at a final concentration of 20nM using RNAIMAX
(Invitrogen) according to the manufacturers instructions. For
control siRNA transfections, Allstars negative control (Qiagen)
was used and the following duplex specific for FoxO3A: sense 5'-GC
UCUUGGUGGAUCAUCAAATAT-3’ and antisense 5-UUGAUGAUC
CACCAAGAGCATAT-3' custom synthesized by Qiagen. For HIF-1a:
forward 5-CUGAUGACCAGCAACUUGAATAT-3' and reverse 5'-UCA
AGUUGCUGGUCAUCAGATAT-3’ custom synthesized by Qiagen. For
HIF-2a: forward 5'-CAGCAUCUUUGAUAGCAGUATAT-3' and reverse
5-ACUGCUAUCAAAGAUGCUGATAT-3’ custom synthesized by Qiagen.
For Mxil-SRa, we used Stealth RNAi (Invitrogen, #1299003). For Myc,
we used MYC siGenome SMART pool (Dharmacon).

Quantitative PCR

Total RNA was isolated from cells using an RNeasy mini Kkit
(Qiagen) and treated with DNase I. cDNA was synthesized with a
Tag-Man Reverse Transcription kit (Applied Biosystems). Quantita-
tive PCR was performed with SYBR Green 2 x PCR master mix
(Applied Biosystems) in an ABI Prism 7300 Real Time PCR system
(Applied Biosystems). Melting temperature profiles of final pro-
ducts were used to ensure amplicon specificity. The relative fold
change in expression of each mRNA was calculated using the AAC,
method relative to 18S rRNA or RPLPO. See Supplementary Table S8
for primer details.

Chromatin immunoprecipitation

ChIP analysis was performed as previously described (Beyer et al,
2008). Analysis of the samples was performed by qPCR as described
above. The antibodies used for ChIP were anti-HIF-1at (Abcam,
ab2185), anti-FoxO3A (Santa Cruz Biotechnology, sc11351), anti-
Myc (Santa Cruz Biotechnology, sc-764), anti-HA (Santa Cruz
Biotechnology, sc-805), and rabbit IgG (Sigma). See Supplementary
Table S8 for primer details.

Luciferase reporter assays

Reporter assays were performed as described previously (Beyer
et al, 2008). The mutated reporters Al, A2, and A1A2 were made by
site-directed mutagenesis using the Quick Change kit (Stratagene)
with the following primers: Al: 5-CTCGAGGCGCGCGAGCTCACAG
ATCTGCACTCACACACGCACGCC-3'; A2: 5'-CTCGAGGCGCGCGAGC
TCACACACGCGCACTCACATATGCCCGCC-3'; A1A2: 5'-CTCGAGGC
GCGCGAGCTCACAGATCTGCACTCACATATGCCCGCC-3'. All constructs
were verified by sequencing.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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