
Iron-regulatory proteins limit hypoxia-inducible
factor-2a expression in iron deficiency
Mayka Sanchez1–3, Bruno Galy2, Martina U Muckenthaler1–4 & Matthias W Hentze1,2,4

Hypoxia stimulates erythropoiesis, the major iron-utilization pathway. We report the discovery of a conserved, functional iron-
responsive element (IRE) in the 5¢ untranslated region of the messenger RNA encoding endothelial PAS domain protein-1, EPAS1
(also called hypoxia-inducible factor-2a, HIF2a). Via this IRE, iron regulatory protein binding controls EPAS1 mRNA translation
in response to cellular iron availability. Our results uncover a regulatory link that permits feedback control between iron
availability and the expression of a key transcription factor promoting iron utilization. They also show that an IRE that is
structurally distinct from, for example, the ferritin mRNA IRE and that has been missed by in silico approaches, can mediate
mechanistically similar responses.

In biology, iron can occur in two valency states, ferrous (2+) and ferric
(3+). This characteristic allows it to reversibly bind oxygen, a property
underlying oxygen transport by hemoglobin in circulating erythro-
cytes. The number and hemoglobin content of erythrocytes is a major
determinant of both tissue oxygenation and iron utilization, and
mammals respond to hypoxia with increased erythropoiesis and
duodenal iron absorption1,2.

Mammals adapt to changes in oxygen availability through a
response pathway mediated by the transcription factor hypoxia-
inducible factor-1 (HIF1 in human). HIF1 was initially described as
a ‘basic helix-loop-helix/Per-Arnt-Sim homology’ (bHLH-PAS) hetero-
dimer composed of the oxygen-regulated HIF1a subunit and the
constitutively expressed ARTN (also called HIF1b) subunit3. HIF2a
is a close homolog of HIF1a and also forms a functional heterodimer
with ARNT4–7. HIF2a is referred to by various names in the literature
(as HIF2a8, HIF-like factor (HLF)4, HIF-related factor (HRF)5 or
member of PAS superfamily-2 (MOP2)6); we will refer to it by its
official name, EPAS1 (ref. 7). The HIFa proteins respond to changes in
oxygen tension indirectly through hydroxylation-dependent changes in
protein stability and activity9. Under normoxia, the HIFa proteins are
hydroxylated on two conserved proline residues, promoting their
association with the von Hippel–Lindau (VHL) ubiquitin ligase and
subsequent proteasomal degradation, leading to a very short half-life10.
In addition, hydroxylation of a conserved asparagine residue in the
HIF1a and EPAS1 C-terminal transactivation domains impairs their
interaction with the transcriptional coactivator p300, switching off the
activity of remaining HIFa proteins11. Hypoxia abrogates HIFa hydro-
xylation, resulting in increased protein stability and activity. HIF1
regulates more than 40 genes involved in angiogenesis, vascular

reactivity and remodeling, glucose and energy metabolism, cell pro-
liferation and survival, erythropoiesis and iron homeostasis through
hypoxia response elements (HREs; for a review, see ref. 12). Although
HIF1a and EPAS1 transcriptionally regulate a common set of genes,
specific target genes for EPAS1, such as the erythropoietin and TGFa
genes, have been identified13–15.

Cellular iron metabolism is coordinately controlled by the iron
regulatory proteins IRP1 (also called ACO1) and IRP2 (also called
IREB2). IRPs bind IREs, cis-regulatory RNA motifs present in the
untranslated regions (UTRs) of mRNAs encoding proteins of iron
acquisition (transferrin receptor-1, TFRC, also called TFR1; and
divalent metal transporter-1, DMT1, also called SLC11A2, DCT1
or NRAMP2), storage (ferritin H, FTH1; and ferritin L, FTL),
utilization (erythroid 5¢-aminolevulinic acid synthase16; mitochon-
drial aconitase, ACO2; and Drosophila succinate dehydrogenase,
SDH), and export (ferroportin, FPN, also called SLC40A1,
IREG1 or MTP1)16,17, as well as the cell-cycle control protein
CDC14A18. Both IRPs independently inhibit translation when
bound to an IRE located in the 5¢ UTR (for example, in FTH1,
FTL, ALAS2, ACO2 or SLC40A1)19–21, whereas their association with
the IREs in the 3¢ UTR of TFRC mRNA prevents its degradation22.
The combined IRE-binding activity of both IRPs is high in
iron-deficient cells and low in iron-replete cells. Iron-dependent
regulation of the IRE-binding activity in combination with the
effect of IRP binding to target mRNAs ensures that cells acquire
sufficient iron and prevents iron toxicity. Early embryonic lethality in
mice lacking both IRPs indicates that the IRP-IRE regulatory network
is essential23. The phenotypes of mice lacking either IRP1 or IRP2
show that the two IRPs can largely compensate for each other24,
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consistent with biochemical results demonstrating that the IREs of the
known target mRNAs can bind both IRPs17.

To date, functional IREs have been identified in a relatively small
number of mRNAs. A canonical IRE is composed of a 6-nucleotide
apical loop (5¢-CAGWGH-3¢, where W is adenosine or uridine and H
is adenosine, cytosine or uridine) on a stem of five paired nucleotides,
a small asymmetrical bulge with an unpaired cytosine on the 5¢ strand
of the stem and an additional lower stem of variable length25. We set
out to explore the functional scope of the IRE-IRP regulatory network
using a recently described experimental strategy that integrates bio-
chemistry, computational biology and microarray technology to
identify new mRNAs that are regulated by the IRE-IRP system18.
We report the identification and functional characterization of a
conserved IRE in the 5¢ UTR of the human EPAS1 mRNA; this IRE
mediates iron-dependent control of EPAS1 expression. This discovery
highlights a new regulatory link by which iron and oxygen metabolism
are coordinately controlled.

RESULTS
An iron-responsive element in the 5¢ UTR of EPAS1 mRNA
We recently devised a method to isolate messenger ribonucleoproteins
(mRNPs) that coprecipitate with recombinant IRP1 and to identify
their mRNA constituents using microarray technology18. When we
applied this to RNA from iron-deficient HeLa cells, we clearly
observed the expected immunodepletion of known IRE-containing
genes (FTL, FTH1 and TFCR) from the supernatant (Fig. 1a); other
known IRE-containing genes (SLC40A1, SLC11A2, ALAS2 and
CDC14A) are expressed at levels below the detection limit in this

cell line. In addition to the positive controls, EPAS1 mRNA is
reproducibly depleted as the single novel candidate. This result was
confirmed by quantitative PCR (qPCR) analysis of IRP–mRNP
complexes isolated from iron-deficient 786-O kidney cells, showing
the specific enrichment of this mRNA together with positive controls
(Fig. 1b). Note that the IRE-containing form, but not the non-IRE
isoform, of the SLC11A2 mRNA is selectively enriched in the
IRP1–mRNP complexes, further demonstrating the specificity of the
immunopurification procedure. In agreement with the microarray
analysis, the EPAS1 mRNA is substantially (about nine-fold) enriched
in IRP1–mRNP complexes. These data suggest the presence of an
IRP1-binding site(s) in EPAS1 mRNA.

Next, we inspected the human EPAS1 complementary DNA
sequence for the presence of putative IREs and detected an IRE-like
motif in the 5¢ UTR, which is conserved among mammalian species
and fish (Supplementary Fig. 1a online). This motif has the chara-
cteristic 6-nucleotide apical loop (5¢-CAGWGH-3¢), but it differs
from canonical IREs by the presence of an unpaired uridine residue
in the upper stem (Fig. 1c, compare EPAS1 5¢ IRE with FTL 5¢ IRE).
Although the IRE of the SLC11A2 mRNA is similar in this respect
(Fig. 1c and ref. 26), the EPAS1 IRE has been missed by in silico IRE
identification strategies because of the unpaired uridine residue.

Because the distance of a 5¢ UTR IRE to the cap structure affects its
ability to mediate translational regulation27,28, we performed rapid
amplification of cDNA ends (RACE; Supplementary Methods online)
using total RNA extracted from HeLa cells to define the EPAS1
transcription start site. The IRE loop (CAGUGU, underlined C
being the first nucleotide of the apical loop, used as a reference
point for determination of the position of the IRE) of the human
EPAS1 mRNA is located 85 nucleotides downstream of the 5¢ end
(Supplementary Fig. 1b), an intermediate position between the IREs
of the FTH1 (48 nucleotides29) and SLC40A1 (101 nucleotides21)
mRNAs. Identical results were obtained for EPAS1 mRNA from the
human 293 kidney cell line (data not shown).

Binding of IRP1 and IRP2 to the EPAS1 IRE
We next examined the ability of IRP1 and IRP2 to bind the EPAS1 IRE
motif by competitive electrophoretic mobility shift assays (EMSAs). A
32P-labeled FTH1 IRE probe was incubated with either purified
recombinant IRP1 or IRP2, and an increasing amount of unlabeled
IRE competitor. As a positive control, the unlabeled wild-type (WT)
FTH1 IRE RNA competes efficiently with the 32P-labeled FTH1 IRE
probe for binding to both IRPs, whereas a mutated competitor RNA
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Figure 1 Identification of a novel IRE in the human EPAS1 mRNA.

(a) IRE-containing mRNAs were depleted from the supernatant of

immunoprecipitations from HeLa cell RNA with an antibody to IRP1 after

addition of recombinant IRP1 or buffer (control). RNA from the respective

supernatants was analyzed using a dual-color cDNA microarray (IronChip

human version 5). Scatterplot shows known IRP target genes (green) and

highlights EPAS1 (magenta) as a previously uncharacterized IRE-containing

mRNA. Magenta and blue lines represent two-fold and four-fold depletion

ratios. Blue squares represent negative controls such as empty spots or

spots containing 2� salt sodium citrate (SSC) buffer. (b) qPCR analyses of

IRP–mRNP complexes obtained from DFO-treated 786-O cells, showing the

expected enrichment of known IRE-containing mRNAs (FTH1, FTL, TFRC,

SLC11A2 IRE) and of the EPAS1 mRNA. Histogram shows fold enrichment

of selected mRNAs in the IRP1 immunoprecipitation (IP) versus the control

IP (omitting recombinant IRP1). mRNA levels were normalized to b-actin
mRNA (ACTB). Data represent averages from three independent

experiments. Error bars show s.d. (c) Diagram of the IRE structures in

the EPAS1 and FTL 5¢ UTRs and in the human SLC11A2 3¢ UTR.
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with deletion of a cytidine in the IRE loop, as a negative control20,
does not (Fig. 2). The unlabeled EPAS1 IRE competes with the
32P-labeled FTH1 IRE probe for binding to IRP1 with similar efficiency
to that of the FTH1 IRE, but it competes somewhat less efficiently for
IRP2 biding. In both cases, a cytidine deletion in the predicted loop of
the EPAS1 IRE impairs its ability to bind the IRPs (Fig. 2). Similar
results were obtained using extracts from iron-deficient murine Ltk
fibroblasts as a source of endogenous IRPs (data not shown). These
data demonstrate that the IRE motif in the 5¢ UTR of EPAS1 mRNA
efficiently and specifically binds both IRP1 and IRP2. They also suggest
that the EPAS1 mRNA may be preferentially regulated by IRP1, similar
to what it has been reported for SLC11A2 (ref. 26), which has the most
closely structurally related known IRE (Fig. 1c).

The EPAS1 IRE confers iron regulation
To assess the function of EPAS1 IRE, we fused the complete 5¢ UTR of
human EPAS1 mRNA (Supplementary Fig. 1b) to the firefly lucifer-
ase open reading frame (ORF). The chimeric construct was transiently
transfected into 786-O kidney cells that were then treated with an iron
chelator (desferrioxamine, DFO) or an iron source (hemin), or left
untreated. A Renilla luciferase construct was cotransfected to normal-
ize for transfection efficiency. DFO-treated cells show a 34% decrease
in luciferase activity compared with untreated cells (P ¼ 0.0094),
whereas hemin treatment causes about a three-fold increase in

luciferase activity (P ¼ 0.047) (Fig. 3a). This
response closely mimics the range of regula-
tion observed for the 5¢ UTR of human
ferritin H-chain mRNA using an enzymatic
reporter assay29. As firefly luciferase mRNA
levels remain largely unaffected (Fig. 3b), the
EPAS1 5¢ UTR confers iron-dependent regu-
lation at the post-transcriptional level. A
nearly identical reporter bearing the IRE
cytidine deletion (5¢EPAS1mut-Luc) is insen-
sitive to changes in iron availability (Fig. 3),

showing that the IRE is the responsible regulatory element. Notably,
the luciferase activity in cells grown in standard media and transfected
with the 5¢EPAS1mut-Luc construct is about eight-fold higher than in
cells transfected with the 5¢EPAS1WT-Luc construct (data not shown),
whereas the corresponding mRNA levels are the same. This difference
implies that the 5¢EPAS1WT-Luc construct is strongly repressed under
control conditions, probably reflecting an efficient IRE-IRP interac-
tion in the untreated cells. This observation can also explain the
modest ability of DFO treatment to further inhibit the expression of
the IRE reporter. Similar data were obtained in transfected HeLa cells
(Supplementary Fig. 2 online). We conclude that the motif present in
the 5¢ UTR of the EPAS1 mRNA is a bona fide IRE that mediates iron-
dependent post-transcriptional regulation.
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a b Figure 2 The EPAS1 IRE binds IRP1 and IRP2.

(a,b) Binding of recombinant human IRP1 (a) or

IRP2 (b) to the EPAS1 IRE was measured by

competitive EMSAs using 32P-labeled FTH1

IRE probe and an increasing molar excess of

unlabeled competitor RNAs: FTH1 wild-type

(WT), FTH1 cytidine deletion mutant (mut),

or EPAS1 WT or cytidine deletion mutant (mut).

Intensity of shifted signal was quantified by

phosphorimaging. Data are represented

below autoradiographs. F, free probe;

N, no competitor added.
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Figure 3 The EPAS1 IRE mediates iron-dependent post-transcriptional

regulation. (a) Top, the firefly luciferase ORF was fused to the complete

5¢ UTR of the human EPAS1 mRNA bearing a wild-type or a cytidine

deletion mutant IRE and transfected into 786-O cells, together with a

Renilla luciferase construct (as a control for transfection efficiency).

Transfected cells were treated for 8 h with DFO or hemin, or were untreated

(control). Bottom, histogram showing firefly luciferase activity normalized to

Renilla luciferase activity. (b) Firefly and Renilla luciferase mRNA levels
determined by qPCR. Histogram shows firefly luciferase mRNA levels

normalized to Renilla luciferase mRNA. In a and b, data represent averages

from three independent samples; error bars show s.d.; values obtained from

untreated cells (control) were set to 100%; P values (Student’s t-test) are

shown when P o 0.05.
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Iron regulation of EPAS1 translation
The experiments in Figure 3 show that the 5¢ UTR IRE of the EPAS1
mRNA represses reporter mRNA expression in iron-deficient cells.
This could provide a previously unrecognized mechanism for nega-
tive-feedback regulation of EPAS1. To distinguish between the post-
translational regulation of EPAS1 by oxygen- and iron-dependent
hydroxylases9 and IRE-mediated post-transcriptional regulation, we
took advantage of the 786-O renal carcinoma cell line, in which EPAS1
proteasomal degradation is prevented by VHL deficiency30. 786-O
cells were treated with DFO or hemin, or were left untreated, and
EPAS1 mRNA and protein expression were analyzed after 5 and 10 h.
Ferritin expression was assayed as a positive control for iron regula-
tion. As expected, hemin treatment markedly increases ferritin protein
(Fig. 4a, FTH1 + FTL) but not mRNA levels (Fig. 4b, FTL). Although
the change is quantitatively less, EPAS1 protein expression is also
enhanced upon hemin treatment and decreased upon DFO exposure
(Fig. 4a). EPAS1 mRNA levels do not mirror the changes in EPAS1
protein expression (Fig. 4b), showing that iron regulates endogenous
EPAS1 expression post-transcriptionally. Similar results were obtained
in a different human renal carcinoma cell line, RC1 (Supplementary
Fig. 3a,b online), where we also monitored HIF1a protein levels (786-
O cells do not express HIF1a) and did not observe variations in
response to iron perturbation (Supplementary Fig. 3c).

To analyze EPAS1 mRNA translation directly, we treated HeLa cells
with DFO or hemin and determined the polysomal association of
EPAS1 mRNA using sucrose gradients (Fig. 5). As a negative control
for iron regulation, we analyzed b-actin mRNA (ATCB) from the same
fractions. Approximately 80% of the ATCB mRNA is present in
dense, polysomal fractions, and this percentage is independent of

the iron status of the cell (Fig. 5b). In con-
trast, the distribution of the EPAS1 mRNA in
polysomal (P) versus nonpolysomal (NP)
fractions changes profoundly, with more
actively translated mRNA in hemin-treated
cells (P/NP ratio 2.86 ± 1.5) than in DFO-
treated cells (P/NP ratio 1.10 ± 0.2) (Fig. 5b).
This change in the distribution of the EPAS1
mRNA between the P and the NP fractions
mirrors the regulation of the FTH1 and FTL
mRNAs, two IRE-regulated mRNAs that
strongly shift between P and NP fractions
(data not shown).

DISCUSSION
In this report, we identify and characterize a
phylogenetically conserved IRE in the 5¢ UTR
of the EPAS1 mRNA, which controls EPAS1

translation in response to iron. These results uncover a previously
unrecognized mechanism for feedback regulation between iron and
oxygen metabolism.

Post-translational regulation of HIFa by iron- and oxygen-
dependent hydroxylases (PDH1, PDH2, PDH3 and FIH-1) is a major
mechanism for coupling oxygen sensing with the activation of hypoxia
response genes via HIF1 in higher organisms9. The fine-tuning of HIFa
levels is important and complex, and it involves multiple steps of inter-
vention. These include a post-transcriptional mechanism for the down-
regulation of HIF1A (the HIF1a gene) involving mTOR inhibition by
the promyelocytic leukemia (PML) protein31; moreover, the HIF1A
mRNA bears an internal ribosome entry sequence in its 5¢ UTR, which
allows translation under conditions that are inhibitory to cap-depen-
dent translation, such as hypoxia32. HIF1a activity is also controlled by
nuclear-cytoplasmic localization33. Our study reveals the only presently
known mechanism to limit EPAS1 expression during iron deficiency.
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Figure 4 Post-transcriptional regulation of EPAS1 expression by iron. VHL-deficient 786-O cells were

treated with DFO (D) or hemin (H), or were left untreated (control, C) for 5 or 10 h. (a) EPAS1, b-actin

and ferritin (FTH1 + FTL) protein levels were determined by immunoblot analysis of total protein

extracts. Expression ratio in hemin- and DFO-treated cells (H/D) is indicated. Representative

immunoblot is shown from three independent experiments. (b) EPAS1 and FTL mRNA levels were

assayed by qPCR. Histogram shows averages from three independent samples after normalization

to ACTB. Error bars show s.d. Values obtained from untreated cells (control) were set to 100%.

Figure 5 Polysome analysis of EPAS1 and ACTB mRNA translation in

response to iron treatment. HeLa cells were incubated for 8 h with DFO (D)

or hemin (H), and cytoplasmic extracts were fractionated from 10%–40%

sucrose density gradients. (a) Representative A264 profile. Fractions

corresponding to mRNPs (D6, H6), 40S subunit (D5, H5), 60S and 80S

subunits (D4, H4) and polysomes (D1–D3, H1–H3) are indicated. (b) qPCR

analysis of EPAS1 and ACTB mRNAs in the different fractions. For each

treatment, the mRNA level in each fraction was calculated as a percentage

of the total; data from a representative experiment is plotted. Distributions
of EPAS1 and ACTB mRNAs in polysomes (D1–D3, H1–H3) versus

nonpolysomes (D4–D6, H4–H6) were calculated from three independent

samples, for which qPCR analyses were done in triplicate, and are

represented above graph as mean ± s.d. Polysome to nonpolysome

ratio (P/NP) is also indicated.
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Although the two HIFa transcription factors bind the same HRE
sequences of target genes in vitro4,34, in vivo studies indicate that
HIF1a and EPAS1 modulate the transcription of an overlapping but
distinct set of target genes13–15. The different HIFa isoforms also show
differences in their expression patterns: HIF1a is expressed ubiqui-
tously, whereas EPAS1 is important in endothelial cells7 as well as in
bone marrow macrophages, kidney epithelial cells, liver parenchyma,
cardiac myocytes, uterine decidual cells and pancreatic parenchymal
cells35. Whereas Hif1a-deficient mice die in utero owing to aberrant
vasculature36, Epas1 deficiency causes phenotypic abnormalities that
range, depending on the genetic background, from embryonic or
perinatal lethality associated with defects in vascular remodeling37,
catecholamine production38, or lung maturation39 to impaired oxygen
homeostasis in mice that survive until early adulthood40. Notably,
Epas1 regulates murine hematopoiesis in an erythropoietin (EPO)-
dependent manner40,41, and mice carrying Epas1 hypomorphic alleles
suffer from retinal degeneration associated with decreased Epo
mRNA levels42,43. These data point toward a specific role of EPAS1
in EPO regulation.

Epas1 expression is increased in EPO-producing kidney interstitial
fibroblasts of rats subjected to hypoxia, whereas Hif1a is the dominant
form in tubular epithelial cells44. Short interfering RNA knockdown
experiments in Hep3B and Kelly cells have shown that the EPO gene is
selectively activated by EPAS1 rather than HIF1a14. On the basis of
our findings and the above literature reports, we propose that iron
regulation of EPAS1 translation can serve to modulate EPO levels,
thereby adjusting the rate of red blood cell production (that is,
iron utilization) to iron availability (Fig. 6). EPAS1 is degraded by
the proteasome in normoxic cells, whereas it is stable during
hypoxia, stimulating EPO synthesis and enhancing erythropoiesis.
When iron levels are adequate and meet the demand of increased
heme synthesis, the mechanism controlling EPAS1 protein stability
serves physiologic needs. However, under conditions of iron defi-
ciency, stimulation of erythropoiesis would lead to the accumulation

of hypochromic and microcytic red blood cells, as iron is crucial for
heme synthesis and hemoglobin production. To avoid such a situa-
tion, EPO stimulation of erythropoiesis should be diminished under
low-oxygen conditions when iron is limiting. We propose that this can
be achieved by the IRE-IRP system, which would attenuate translation
of EPAS1 via its 5¢ UTR IRE and allow negative-feedback control
when iron is scarce.

METHODS
Cell culture and treatments. Cells were grown in 5% CO2 at 37 1C in DMEM

supplemented with 10% (v/v) FBS, 1% (w/v) L-glutamine, 1% (v/v) penicillin

and 1% (v/v) streptomycin (HeLa cells), or in RPMI 1,640 medium supple-

mented with 10% (v/v) FBS, 1% (v/v) penicillin and 1% (v/v) streptomycin

(786-O cells). Cells were treated with 100 mM DFO (Sigma) or 100 mM hemin

(Leiras Oy), as indicated.

Plasmids. The plasmids for the synthesis of wild-type and mutant ferritin

H-chain EMSA probes were described previously18,45. The EPAS1 IRE tem-

plates were generated by swapping the ferritin H-chain IRE sequence in the

I-12.CAT plasmid45 with annealed synthetic oligonucleotides comprising the

EPAS1 IRE sequence (EPAS1wtIRE-sense and EPAS1wtIRE-reverse for the

wild-type IRE construct; EPAS1mutIRE-forward and EPAS1mutIRE-reverse

for the mutant IRE; Supplementary Table 1 online). The templates were

linearized with XbaI and used for in vitro transcription using the T7 RNA

polymerase (Stratagene) as described18.

Firefly luciferase chimeric constructs were generated by inserting a fusion of

the entire EPAS1 5¢ UTR with the luciferase firefly ORF into pcDNA3

(Invitrogen), to generate the 5¢EPAS1wt-Luc plasmid. The corresponding

mutant IRE construct (5¢EPAS1mut-Luc) was generated by swapping the

AfeI-BlpI sequence of the EPAS1 5¢ UTR with annealed synthetic oligonucleo-

tides (EPAS1mutIRE-AfeI/BlpI-forward and EPAS1mutIRE-AfeI/BlpI-reverse;

Supplementary Table 1). As a control for transfection efficiency, we used a

pCDNA3 vector bearing the Renilla luciferase ORF.

Transfections and dual luciferase reporter assays. 786-O cells were seeded at a

density of 3 � 104 cells per well in 24-well plates and transfected 24 h later with

150 ng of 5¢EPAS1wt-Luc or 5¢EPAS1mut-Luc plasmids (together with 50 ng of

pcDNA3-Renilla plasmid) using Effectene (Qiagen). Cells were washed 24 h

later and incubated with medium containing either DFO, hemin or no reagent.

Luciferase activities were determined using the dual luciferase assay kit

(Promega) and a LB 96V microplate luminometer (Berthold Technologies).

Preparation of cell lysates and immunoblotting. Cells were lysed in 20 mM

Tris (pH 7.5), 150 mM NaCl, 10 mM EDTA, 2% (w/v) SDS supplemented with

a complete protease inhibitor cocktail (Roche). The lysates were sonicated and

debris was pelleted by centrifugation. Total protein concentration was deter-

mined using the DC protein assay kit (Bio-Rad). Equal amounts of protein

were resolved by SDS-PAGE (11% acrylamide) and transferred onto polyviny-

lidene difluoride membranes (Millipore). The membranes were blocked in

TBST containing 5% (w/v) dry milk and incubated with rabbit polyclonal

antibodies to HIF2a (NB100-122, Novus) or ferritin (Roche), or with a mouse

monoclonal antibody to b-actin (A-5441, Sigma). Immunocomplexes were

revealed using secondary antibodies to rabbit or mouse conjugated to

horseradish peroxidase (Amersham Biosciences), together with the ECL

(PerkinElmer) or the Femto (Pierce) chemiluminescence detection system.

Electrophoretic mobility shift assays. EMSAs were done as described18,20.

Briefly, a [32P]UTP-labeled human FTH1 IRE probe (600,000 c.p.m.) was

incubated with 10 ng of purified recombinant human IRP1 or IRP2 protein for

15 min at 25 1C in the presence of excess unlabeled competitor RNA as

indicated. RNA–protein complexes were resolved by nondenaturing PAGE and

visualized using a fluorimager (Fujifilm FLA-2000, Amersham Biosciences).

Polysome analysis. Cytoplasmic extracts were prepared from HeLa cells and

fractionated by ultracentrifugation through linear sucrose gradients (10%–40%

w/v) as described46. Fractions corresponding to polysomes (fractions 1, 2 and

3) or to the 80S and 60S subunits, the 40S subunit and the mRNPs

Normoxia Hypoxia

+Iron –Iron

IRP1
IRP2

EPAS1EPAS1EPAS1

EPO EPO EPO

EPAS1 EPAS1 EPAS1

Figure 6 Proposed model for the feedback regulation between iron and

oxygen metabolism via the IRE-IRP regulatory system and the 5¢ UTR IRE

of EPAS1 mRNA. See text for details. Question mark at top right denotes

that reports on the effect of hypoxia on the IRPs in cultured cells have

been contradictory48–50.
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(nonpolysome fractions 4, 5 and 6) were collected and RNA was isolated from

each fraction by proteinase K digestion followed by phenol and phenol-

chloroform extractions and isopropanol precipitation.

Immunoprecipitations and microarray experiments. Immunoprecipitations

and microarray experiments were done as described18. Microarray dye-switch

experiments were done to exclude possible artifacts associated with uneven

incorporation of cyanine dyes into cDNAs47.

RNA extraction and quantitative real-time reverse-transcription PCR

analyses. Total RNA was extracted from 786-O cells using Trizol (Invitrogen),

and 2 mg was used for first-strand synthesis of cDNAs with random hexamers

and the Superscript II reverse transcriptase (Invitrogen). RNA extracted from

786-O cells transfected with firefly and Renilla luciferase plasmids was further

digested with RQ1 RNase-free DNase (Promega) at 37 1C for 1 h before reverse

transcription. qPCR was done using SYBR-green and an ABI 7500 sequence-

detection system instrument and software (Applied Biosystems). The data

reported represent averages from three independent RNA samples for which

qPCR analyses were done in triplicate. The level of each RNA was normalized to

the corresponding level of ACTB mRNA (when assaying FTL and EPAS1

mRNA expression) or Renilla luciferase mRNA (when assaying firefly luciferase

mRNA expression). The data are expressed as a percentage of the value in the

control (untreated) sample.

qPCR analysis of IRP–IRE mRNP complexes was done as described18.

mRNA levels were determined for three independent immunopurification

experiments, for which each qPCR analysis was done in triplicate. For qPCR

of sucrose gradient fractions, one tenth of each fraction was used for

reverse transcription. The primers used in qPCR analyses are listed in

Supplementary Table 1.

Statistics. Student’s t-test (two tails and two samples with equal variance) was

used to compare luciferase activity values between control and hemin-treated

cells or control and DFO-treated cells. P-values are reported when P o 0.05.

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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