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HIF transcription factors (HIF-1 and HIF-2) are central mediators of cellular adaptation to hypoxia. Because
the resting partial pressure of oxygen is low in the intestinal lumen, epithelial cells are believed to be mildly
hypoxic. Having recently established a link between HIF and the iron-regulatory hormone hepcidin, we
hypothesized that HIFs, stabilized in the hypoxic intestinal epithelium, may also play critical roles in regulat-
ing intestinal iron absorption. To explore this idea, we first established that the mouse duodenum, the site of
iron absorption in the intestine, is hypoxic and generated conditional knockout mice that lacked either Hifla
or Hif2a specifically in the intestinal epithelium. Using these mice, we found that HIF-1o was not necessary for
iron absorption, whereas HIF-2a played a crucial role in maintaining iron balance in the organism by directly
regulating the transcription of the gene encoding divalent metal transporter 1 (DMT1), the principal intesti-
nal iron transporter. Specific deletion of Hif2a led to a decrease in serum and liver iron levels and a marked
decrease in liver hepcidin expression, indicating the involvement of an induced systemic response to counter-
act the iron deficiency. This finding may provide a basis for the development of new strategies, specifically in

targeting HIF-20, to improve iron homeostasis in patients with iron disorders.

Introduction
Iron is an essential nutrient and is critical for a multitude of bio-
logical processes at the cellular level (including catalyzing essential
enzymatic reactions and electron transport) and at the systemic
level for oxygen transport in hemoglobin and myoglobin. Intestinal
iron absorption is the only way for iron to be taken up by the body.
Since humans do not have a regulated iron excretion pathway, sys-
temic cues from either iron stores (liver) or sites of iron utilization
(erythron or muscle) tightly regulate this process. Any disturbances
in systemic regulators of iron transport machinery or inadequate
nutrition and bleeding can disturb the fine balance of iron distribu-
tion and result in anemia (iron deficit) or iron accumulation in the
parenchyma (1). Excess iron accumulation is observed in hereditary
hemochromatosis, the most common genetic disorder in humans,
while iron deficiency is one of the most frequently observed dis-
eases in the world today, affecting as many as 2 billion people.
Non-heme dietary iron exists largely as ferric salts and is insolu-
ble and thus bio-unavailable. Ferric iron (Fe") is rendered soluble
in the proximal intestine, where it is reduced to ferrous iron (Fe?*),
possibly by duodenal cytochrome b (DCYTB), an ascorbate-depen-
dent ferric reductase. Ferrous iron is transported across the apical
membrane by divalent metal transporter 1 (DMT1), the principal
iron importer known to date. Depending on body iron require-
ments, iron can be either stored bound to ferritin or exported
across the basolateral enterocyte membrane into the plasma by the
sole iron exporter — ferroportin (FPN). Once in the plasma, iron
is reoxidized by a copper ferroxidase, hephaestin, and, bound to
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the plasma iron transport molecule transferrin, delivered to all cell
types that express transferrin receptors at their surface (1). At the
cellular level, a central role of the RNA-binding proteins iron-regu-
latory protein 1 (IRP1) and IRP2 has been described in control-
ling the expression of critical iron metabolism proteins by a post-
transcriptional mechanism based on cis-regulatory RNA motifs
called iron-responsive elements (IREs) (2). At the systemic level,
iron absorption is thought to be regulated by the liver-expressed
peptide hepcidin, which is secreted into the serum. Hepcidin limits
the amount of iron exported by the enterocyte into the serum by
directly interacting with its cognate receptor FPN, resulting in its
degradation (3). In addition, hepcidin transcription is upregulated
by iron repletion and downregulated by iron deficiency, ineffective
erythropoiesis, and hypoxia (4). More importantly, liver hepcidin
levels are inversely correlated with the expression of iron absorp-
tion genes (5) and the rates of dietary iron absorption (6).

The gastrointestinal tract has a unique steady-state tissue oxy-
genation profile. Because of its juxtaposition with the anoxic
lumen, the gastrointestinal mucosa has a uniquely steep oxygen
gradient, ranging from the high level of oxygen in the richly vas-
cularized subepithelial mucosa to the relative hypoxic state of the
epithelium (reviewed in ref. 7). Adaptive transcriptional responses
to oxygen deprivation are mediated by the HIFs, which function
as heterodimeric transcription factors. The HIF heterodimers con-
sists of 2 helix-loop-helix proteins: a regulatory subunit, which is
the oxygen-responsive component, and HIF-1f3, also known as the
aryl hydrocarbon receptor nuclear translocator (ARNT), which is
constitutively expressed. Three regulatory HIF subunits have been
characterized: HIF-1a, HIF-2a, and HIF-30. HIF-1a is expressed
ubiquitously, whereas HIF-2a expression appears to be restricted
to certain tissues (8). The expression patterns and functional prop-
erties of HIF-3 remain to be elucidated.

In normoxia, the regulatory subunit a is hydroxylated by the
prolyl-hydroxylases (PHDs) and degraded through the ubiquitin-
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Figure 1

Intestine-specific deletion of Hifla

and Hif2a. (A) Immunostaining for
the hypoxic marker Hypoxyprobe in
WT mouse duodenum (original mag-
nification, x100) and lung (original
magnification, x200). The control cor-
responds to the omission of primary
antibody. (B) HIF-1af and HIF-2af/
mice (both floxed at exon 2) were
bred with a transgenic strain express-
ing Cre recombinase under the con-

trol of the murine villin promoter. (C)
Recombination efficiency for HIF-1cf/
and HIF-2a"f alleles quantified by
real-time PCR of genomic DNA isolat-
ed from the duodenum as described
previously (30). n = 4 in each group.
Hif1a and Hif2a mRNA levels in duo-
denum scrapings of vil-Cre*/HIF-1af
and vil-Cre*/HIF-2af/ mice and WT
littermates as determined by real-time
PCR. n =4 in each group. **P < 0.01,
unpaired Student’s t test. (D) H&E
staining of duodenum of a vil-Cre*/
HIF-2a/ mouse and a WT litermate
(original magnification, x200).
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proteasome pathway via its interaction with the von Hippel-Lin-
dau (VHL) tumor suppressor protein. Conversely, under hypoxia or
iron depletion, hydroxylation is inhibited, resulting in stabilization
of the a-subunit, heterodimerization with ARNT, nuclear trans-
location, and trans-activation of HIF target genes. The HIF het-
erodimer binds to hypoxia-responsive elements (HREs) of target
gene regulatory sequences. Germline deletion of either the Hifla
or Hif2a subunit leads to unique phenotypes, suggesting essen-
tial roles for both HIF-o isoforms. Germline deletion of Hifla, the
most extensively studied subunit so far, is embryonic lethal (9, 10)
and has been involved in the transcription of genes implicated in
the control of angiogenesis, glycolytic metabolism, apoptosis, cel-
lular stress, and other critical processes. Global deletion of Hif2a
results in distinct phenotypes depending on the mouse strain
1160
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(11-13), making it difficult to elucidate the specific roles of
HIF-2a.. However, recent evidence has shown that HIF-2a. plays
a critical role in adult erythropoiesis (14) and that it is the domi-
nant HIF-a isoform in regulating erythropoietin (EPO) expres-
sion under physiological conditions (15). We recently showed in
vivo that, through coordinate downregulation of hepcidin and
upregulation of EPO and FPN in the liver, the vHL/HIF pathway
mobilizes iron to support erythrocyte production (16).

We hypothesized that the HIF transcription factors, stabilized in
the hypoxic epithelial layers of the intestine, could play a central
role in maintaining iron balance in the body through the regula-
tion of intestinal iron absorption genes and thus iron absorption.
We specifically deleted Hifla or Hif2a in the intestinal epithelium
in mice including the proximal part of the intestine, which is the
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main site of dietary iron uptake. The major genes involved in iron
uptake and export (DMT1, DCYTB, FPN) have only recently been
characterized, and the molecular mechanisms of their basal, iron-
dependant, or hypoxic regulation are still largely unknown. In
this study, we show by the use of specific conditional knockouts
of Hifla and Hif2a in the intestine that HIF-2a, but not HIF-1a,
directly regulates DMT1I transcription and modulates the entry of
iron into the organism even at basal level. Deletion of Hif2a in the
intestine was correlated to a decrease in serum iron and the trig-
gering of a systemic response through a reduction in liver hepcidin
expression to counteract the iron deficiency. While this work was
in progress, Shah et al. reported that duodenal inactivation of Arnt
but not Hifla abolished the intestinal response to low iron diet
and suggested that HIF-2a signaling was required for iron absorp-
tion (17). However, in our study, the use of a direct Hif2a-knockout
mouse model allowed us to demonstrate that HIF-2 signaling was
also required in maintenance of basal iron absorption rates.

Results
The duodenum is hypoxic at basal level. Several reports suggest that the
intestinal epithelial cells that line the mucosa experience a uniquely
steep physiological oxygen gradient in comparison with other cells
of the body. To our knowledge, the status of the level of oxygen in
the duodenum, the site of iron absorption, has not been previously
investigated. We monitored in vivo hypoxia of the duodenum using
nitroimidazole compound Hypoxyprobe, a marker for hypoxia. As
shown in Figure 1A, Hypoxyprobe was retained in the superficial
epithelial layers within the duodenum at the villus level, where-
as it was weakly retained in a normoxic tissue, i.e., the lung. The
hypoxic staining observed at the duodenum villi correlates with the
described expression pattern of DMT1, beginning at the crypt-vil-
lus junction and visible along the entire length of the villi (18, 19).
Generation of conditional knockout of Hifla and Hif2a in the intestine.
To examine the role of HIF transcription factors in iron uptake, we
specifically deleted either Hifla or Hif2a in the intestinal epithe-
lium including the proximal part of the duodenum. HIF-1a/f and
HIF-20" mice (both floxed at exon 2) were bred with a transgenic
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Figure 2
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strain expressing Cre recombinase under the control of the murine
villin promoter (Figure 1B).

Deletion efficiency of Hifla and Hif2a in duodenum was approxi-
mately 80%, as determined by quantitative PCR on mouse genomic
DNA (Figure 1C). The levels of Hifla and Hif2a mRNAs were mark-
edly decreased in the duodenum of vil-Cre*/HIF-10f/fl mice and
vil-Cre*/HIF-20/f mice, respectively compared with their WT lit-
termates. No compensatory expression of the remaining HIF iso-
form was observed in either mouse strain.

The vil-Cre*/HIF-1af/f mice and vil-Cre*/HIF-2a/ mice present
no macroscopic abnormalities, and histological duodenal crypt/vil-
lus units were indistinguishable from those of the WT mice (data
not shown and Figure 1D), ruling out the possibility that intestinal
iron malabsorption resulted from altered villus architecture.

HIF-20. but not HIF-1a. regulates iron absorption—related genes in the
intestine. To specifically assess the respective roles of HIF-1a and
HIF-2a in the regulation of iron absorption-related genes, we
analyzed the expression of Dcytb, DMTI+IRE (the predominant
isoform of DMT1 in intestine), and FPN in duodenal scrapings
from vil-Cre/HIF-1a/% and vil-Cre/HIF-2af/f mice. In each exper-
iment, matched littermate mice were used. Whereas deletion of
Hifla resulted in a 55% reduction in transcription of its well-char-
acterized target, glucose transporter 1 (Glutl), it failed to affect
the expression of iron-related genes (Figure 2). Interestingly, in
contrast, the loss of HIF-2a strongly decreased the expression of
DMTI+IRE (80%) and of Dcythb mRNA (85%), as well as the expres-
sion of FPN, albeit to a lesser extent (50%) (Figure 2). No change
in Glutl expression was observed in duodenum scrapings from
vil-Cre/HIF-20/f mice. These data provide the first direct dem-
onstration to our knowledge of a specific regulation of key iron
absorption-related genes by HIF-2.

HIF-20. but not HIF-1a. directly trans-activates the DMT1-1A promoter.
In contrast to Dcytb, which appears not to be necessary for iron
absorption in the mouse (20), DMT1 is essential for non-heme
dietary iron absorption (21). Specific deletion of DMT1 in mouse
intestine (22) and a missense mutation in Belgrade rats (23) and
mk/mk mice (24) are associated with severe iron deficiency anemia.
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NumberS  May 2009



research article

DMT1-luc  6XHRE-luc

>

DMT1-luc

6XHRE-luc antisense orientation) in the human

-

9 *kk
81 *kk

6.

3-
2-
14
0_

(3,
Fold induction

DMT1-luc (fold induction)

— L-Mim Hydr. C 11 15110 C
im Hydr

HIF-1a

11 15 1:10 C
— |

HIF-1a
C

HRE-5
HRE-4
HRE-3
HRE-2
HRE-1

257

N
o
1

-
(5]
1

-
o
1

c
kel
=
o
S
°
£
kel
(s}
I

o o

0 5 10 15 20

Fold induction

D

- L-Mim
s Anti—HIF-20.

R Anti—o-tubulin

H g O
[Ny~

110 kDa -

Fold promoter
binding
=N W
oo o

- L-Mim
ChIP HIF-2
Figure 3

11 15 1:10 C
|

HIF-2a

1
*kk

DMTI1-1A promoter (Supplemen-
tal Figure 1A; supplemental mate-
rial available online with this article;
doi:10.1172/JCI138499DS1). Unlike
that of the exon 1B promoter, the
activity of the 1A promoter has not
been studied extensively. Hence, to
examine whether the 5 putative HREs
were involved in the HIF-dependent
regulation of DMTI, we cloned the

11 1:5 1:10
TT— 616-bp 1A promoter region in front

HIF-2a of a luciferase reporter. The activity
of this DMT1-1A luciferase construct
(DMT1-1A-luc) was measured in the
human intestinal Caco-2 cell line
(Caco-2/TC7), an intestinal model
widely used to study iron absorption
(29). Anincrease in 1A promoter activ-
ity was observed in Caco-2/TC7 cells
incubated with L-mimosine (L-Mim),
hydralazine, or desferrioxamine mesyl-
ate (DFO), 3 known pharmacological
inducers of HIF-1o.and HIF-2a. (Figure
3A, left panel). To distinguish between
the effects of HIF-1a or HIF-2a
on the DMTI-1A promoter, DMT1-
1A-luc was transfected together with
increasing concentrations of HIF-1a
or HIF-20. expression vectors. In agree-

HRE-5 mut
HRE-4 mut
HRE-3 mut
HRE-2 mut
HRE-1 mut

ment with our in vivo observations,
HIF-2a, but not HIF-1a, strongly
induced, in a dose-dependent manner,
the luciferase activity of DMT1-1A-luc

HIF-2a binds and trans-activates the human DMT17-1A promoter. (A) Left: The HIF agonists L-Mim
(500 uM), hydralazine (Hydr.; 150 uM), and desferrioxamine mesylate (DFO; 150 uM) induced
DMT1-1A promoter—driven luciferase activity. Right: Caco-2/TC7 cells were transiently transfected
with pGL3-DMT1-1A or pGL3-6XHRE vectors together with pcDNA3 empty vector as a control (C) or
increasing concentrations of pcDNA3—-HIF-10. and pcDNA3-HIF-2a. (B) Luciferase assay on Caco-2/
TC7 cells transiently transfected with pGL3-DMT1-1A (WT) or serial truncated versions of DMT1-
1A promoter (A5 to A1) in the presence of pcDNA3-HIF-2a at a 1:10 ratio. (C) Luciferase assay on
Caco-2/TC7 cells transiently transfected with pGL3—-DMT1-1A (WT) or pGL3-DMT1-1A mutated in
each of the 5 HREs (HRE-1 mut to HRE-5 mut) in the presence of pcDNA3-HIF-2a at a 1:10 ratio.
(D) Left: Western blot analysis of Caco-2/TC7 cells incubated or not () with L-Mim (500 uM). Lanes
were run on the same gel but were noncontiguous, as indicated. Right: Quantification by real-time
PCR of a ChIP experiment on Caco-2/TC7 cells incubated with or without L-Mim (500 uM). *P < 0.05,

(Figure 3A, right panel). Importantly,
both HIF-1a and HIF-2a induced, in
a dose-dependent manner, the activ-
ity of a positive control consisting of
6XHRE-driven luciferase reporter.
Next, to determine the relative impor-
tance of the 5 HREs present in the pro-
moter of DMT1-1A, we truncated the
promoter to sequentially remove the
HREs (A5 to Al). As shown in Figure

**P < 0.01, ***P < 0.001, unpaired Student’s t test.

Mutations of DMT1 in humans have also been associated with
microcytic anemia (25, 26). We thus focused next on the regula-
tion of DMT1, the only known iron importer in enterocytes. Four
DMT1 transcript variants have been described. They are distin-
guished by the use of alternative exons 1A or 1B and alternative 3’
splicing giving rise to IRE- or non-IRE-containing (+IRE or -IRE)
transcript variants (22, 27).

To assess whether the regulation of DMTI by HIF-20 was direct,
we first examined the 5’ flanking region of exon 1A for the pres-
ence of consensus HREs [A/G]CGTG. The DMT1-1A isoform is
expressed mainly in the duodenum and shows the greatest increas-
es in expression in response to hypoxia or iron deficiency (27, 28).
We mapped S candidate HRE elements (2 in the sense and 3 in the
1162
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3B, the deletion of HRE-5- or HRE-4-

containing regions (AS and A4) had

no effect on HIF-2a induction of the
DMT1 promoter. However, DMTI-1A promoter activity decreased
significantly upon removal of HRE-3 (A3) and further decreased
with the deletion of the region containing HRE-2 (A2). Their com-
bined deletion led to an additive decrease in HIF-2o. induction (A1).
Second, we mutated independently the 5 target HREs and analyzed
their activity after transfection with HIF-2a (Figure 3C). In agree-
ment with the deletion experiments, mutations in HRE-1, HRE-2
and HRE-3 significantly decreased the HIF-2a DMT1 promoter
activation, with a particularly dramatic decrease (60%) in the con-
text of the HRE-3 mutant. Interestingly, the degree of conservation
of the HREs across species correlated with the importance of the
HREs in DMT] activation, with HRE-3 being the most highly con-
served across species (Supplemental Figure 1B).
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Figure 4

Decrease in serum and liver iron and increase in serum EPO levels
in intestine-specific Hif2a-knockout mice. (A) Quantification of serum
and liver iron levels in vil-Cre*/HIF-1af and vil-Cre*/HIF-2af/ mice
and WT littermates (n = 6 in each group). (B) Serum EPO levels in
vil-Cre*/HIF-1a" and vil-Cre+/HIF-20// mice and WT littermates.
*P < 0.05, ***P < 0.001, unpaired Student’s t test.

Finally, to determine the direct binding of the DMTI-1A promoter
by HIF-2, we performed a ChIP assay on Caco-2/TC7 cells incubated
in the presence of the HIF agonist L-Mim, which strongly induced
HIF-2 expression, as shown in Figure 3D, left panel. Primers flanking
HRE-3 specifically amplified DNA sequences immunoprecipitated
by an HIF-2a antibody, showing that HIF-2a strongly binds to the
human DMT1I-1A promoter, supporting the hypothesis that DMT1
is directly regulated by HIF-2a. (Figure 3D, right panel). Together,
these results correlate with our in vivo data and show that HIF-2a
directly binds DMT1 and induces its transcription.

Decrease in serum and liver iron in vil-Cre*/HIF-2V/ mice. To deter-
mine the physiological consequence of Hif2a deletion in the duo-
denum on systemic iron, we measured iron-related parameters in
vil-Cre/HIF-2af/ mice. While no change in serum and liver iron
was observed in vil-Cre*/HIF-10//f mice (data not shown), serum
as well as liver iron levels were significantly reduced in vil-Cre*/
HIF-20/ mice relative to WT littermates (Figure 4A). Concomi-
tantly, EPO levels were significantly increased in the kidney (data
not shown) and in the serum of vil-Cre*/HIF-2a/T mice compared
with control littermates (Figure 4B). The EPO levels in the serum
of vil-Cre*/HIF-10/f mice were not altered.

Figure 5

Decrease in hepatic hepcidin levels in intestine-specific Hif2a-knock-
out mice without any significant changes in duodenal FPN protein
levels. (A) Hepcidin mRNA expression in livers of vil-Cre+/HIF-1a//
and vil-Cre*/HIF-2a mice and WT littermates by real-time RT-PCR
(n=7). **P < 0.001, unpaired Student’s t test. (B) FPN expression in
duodenum scrapings of WT and vil-Cre+/HIF-20" mice from 3 inde-
pendent littermates, by Western blotting. Results were quantified and
normalized (FPN/a-tubulin).
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Deletion of Hif2a in the intestine induces a systemic iron response by
the organism. We next examined whether deletion of Hif2a in the
intestine could trigger a systemic response by the organism by ana-
lyzing the expression of hepcidin, the iron-regulatory hormone.
As expected, deletion of Hifla in the intestine had no effects on
hepatic hepcidin mRNA levels (Figure SA). In contrast, hepcidin
expression was drastically reduced in the liver of vil-Cre*/HIF-20///f
mice relative to WT littermates. Therefore, a decrease in duode-
nal HIF-2a leads to iron deficiency and triggers a systemic iron
response through downregulation of hepatic hepcidin. Despite
the drastic decrease in hepcidin, duodenal FPN protein expression
was not significantly altered in vil-Cre*/HIF-2a//f mice compared
with control littermates (Figure 5B). The observed lack of FPN
protein increase, expected because of the downregulation of hepci-
din in these mice, may be due to the diminished FPN mRNA levels
observed in vil-Cre’/HIF-20f/% mice (Figure 2), as well as to other
posttranscriptional mechanisms due to local iron deficiency.

Duodenal Hif2a deletion results in decreased levels of hematocrit, red blood
cell size, and hemoglobin content in response to low-iron diet. We next exam-
ined whether the effects of HIF-20. observed at basal levels could be
further exacerbated by iron deficiency. After a 2-month iron-defi-
cient diet, WT mice showed strong increase in duodenal DMT1+IRE
(~23-fold) and Deytb (~45-fold) mRNA levels (Supplemental Figure
2A). Although an upregulation of DMTI and Dcytb was detected in
vil-Cre*/HIF-2a/f mice, the absolute level of these mRNAs were
lower in vil-Cre*/HIF-20//% as compared with WT littermates.

As expected, both WT and vil-Cre*/HIF-2af/!! mice demon-
strated a repression of hepcidin expression (Supplemental Figure
2B). While no change in hematological parameters was observed
between vil-Cre*/HIF-20//% mice and WT littermates fed a stan-
dard diet (data not shown), red blood cell, hemoglobin, and hema-
tocrit levels were all decreased in vil-Cre*/HIF-2af/l compared with
WT mice fed the iron-deficient diet (Supplemental Figure 2C).

Discussion
Direct trans-activation of iron-related genes by HIFs, including the
transferrin receptor, ceruloplasmin, heme oxygenase, and heme

A 1.5
R 1.0
c<Z <
5 Z £
_‘g o 1.0 5 %
gE 8 E
<2 2gos
[ 0.5 [
E © _g = *kk
= -} g
0.0
vil-Cre= vil-Cre* vil-Cre= vil-Cre*
HIF-1o™M HIF-20
B 4.5-
HIF-2a/ <. 4.0
bR bR BB 2 35 T
S 9 99 99 8 304 T
=5 3 35 3 3 £ 254
. [0)
© 1.54
. . D 1.0
B e e e s Anti—o-tubulin OC 05

vil-Cre~ vil-Cre*

HIF-2a™

Volume 119 Number5  May 2009 1163



research article

exporter BCRP (reviewed in ref. 30), has been demonstrated in in
vitro studies. Here, we report a specific regulation of murine DMT1,
Dcytb, and FPN in vivo by HIF-2a., but not by HIF-1o.. Our detailed
analyses of direct trans-activation of human DMTI promoter by
HIF-20in Caco-2 cells extend the recently published work of Shah
etal. (17). Although, we found an HIF-2a-dependent regulation of
duodenal FPN mRNA levels at the basal level, no HREs were found
to be clearly conserved between mice and other species, suggesting
a possible indirect regulation of FPN by HIF-2c.. The direct tran-
scriptional regulation of DMTI by HIF-2a. suggests that HIF-2a
regulation of DMT1 isoforms that contain IREs in their transcripts
operates upstream of the IRP/IRE system. It has recently been sug-
gested that IRPs are essential in intestinal function and coordinate
the synthesis of DMT1 and FPN in the duodenum (31). However,
deletion of IRP genes in the intestine does not correlate with a
change in serum iron or iron stores, and the extent of their role in
vivo remains to be fully elucidated.

Several studies indicated that HIF-1a and HIF-2a modulate the
transcription of an overlapping but distinct set of target genes (32,
33). The N-terminal transactivation domain is thought to confer
HIF target gene specificity by interacting with additional tran-
scriptional cofactors. It is therefore plausible that other auxiliary
transcription factors may be required in order for HIF-2a. to spe-
cifically induce DMT]I transcription.

A decrease in hepcidin expression by the body in response to iron
deficiency (Figure 5A) is expected to increase iron absorption and
expression of the iron absorption genes DMTI and DCYTB. Baso-
laterally expressed FPN responds directly to the humoral regula-
tor hepcidin, which triggers FPN internalization and degradation,
although this mechanism has not yet been formally proven in vivo
in the intestine. Interestingly, our data show that a decrease in hep-
cidin fails to promote iron absorption when Hif2a is deleted in the
intestine. According to our model, iron absorption genes at the
apical membrane would be regulated in a cell-autonomous man-
ner by HIF-2, whereas hepcidin would exert its systemic effect at
the basolateral membrane of the enterocyte.

HIF-20, stabilized in the hypoxic epithelial layers of the intestine,
could be important in maintaining the iron balance in the body by
counteracting any transient changes in tissue oxygenation or iron
deficiency that could occur daily under a regular diet. Indeed, the
intestinal mucosa experiences multiple daily dynamic fluctuat-
ing rates of perfusion in the physiologic state. During fasting, the
blood volume in the gut is relatively low; however, after the inges-
tion of a meal, perfusion rises significantly, resulting in large daily
pO: fluctuations. Importantly, even if hypoxic states are relatively
constant in the intestine, both the barrier and absorptive func-
tions of the intestinal epithelium can be further physiologically
regulated by oxygen (reviewed in ref. 7). Interestingly, Raja et al.
demonstrated in mice an increase in duodenal iron uptake by
hypoxia as early as 6 hours after induction. This was independent
of erythropoietic stimulation, as either mice were nephrectomized
or their bone marrow was irradiated (34). This rapid change sug-
gests direct involvement of HIF transcription factors in this pro-
cess. Moreover, under a chronic iron-deficient diet, HIF-20. may
be further stabilized through a likely decrease in PHD activity due
to very low intracellular iron levels in enterocytes. Therefore, in
conditions of systemic iron deficiency, not only would hepcidin be
low to prevent FPN degradation, but HIF-2a, further stabilized by
local iron deficiency in enterocytes, would boost iron absorption
by increasing the expression of apical transporters.
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Shah et al. recently reported that duodenal Arnt deletion pre-
vents the increase in expression of iron absorption-related genes
in response to low iron diet (17). However, they did not show any
changes in iron absorption-related gene expression upon inactiva-
tion of duodenal ARNT, at basal levels. While we used a specific
knockout of the Hifla or Hif2a regulatory subunit in the duode-
num, the above study used a combination of conditional knockout
of VhL, Hifla, and Arnt in the intestine. In the Arnt knockout, the
oxygen-responsive components HIF-1a and HIF-2a, while unable
to form a functional heterodimer with ARNT, are still present. This
discrepancy may explain the lack of effect of the Arnt knockout on
the maintenance of iron metabolism under a regular diet.

In conditions of iron-refractory iron deficiency anemia or ane-
mia of chronic inflammation, high levels of hepcidin, by degrad-
ing duodenal FPN would increase intracellular iron in entero-
cytes. Supplementary ferrous iron has been shown in vitro to
greatly enhance capture of HIF by vHL, even under hypoxia (35).
Therefore, we can speculate that an increase in intracellular iron
in enterocytes would contribute to HIF degradation and the sub-
sequent decrease in the expression of apical transporters.

Together, these results suggest that monitoring levels of
HIF-20 could benefit patients with iron disorders, considering its
activation may allow iron mobilization and its reduction favors
decreased iron absorption.

Methods
Animals. Cell-specific inactivation of Hifla and Hif2a in the intestine was
achieved by cross-breeding villin-Cre transgenic mice (provided by Sylvie
Robine, Institut Curie, Paris, France) with HIF-10/f (provided by Ran-
dall Johnson, UCSD, La Jolla, California, USA) and HIF-20./f mice, all
on a C57BL/6 background. In all experiments, littermates from the same
breeding pair were used as controls. Six- to 10-week-old mice were used and
maintained on a standard rodent diet or an iron-deficient diet (3 ppm iron;
Scientific Animal Food & Engineering). All mice used in the experiments
were cared for according to criteria outlined in the European convention for the
protection of vertebrate animals used for experimental and other scientific purposes
(Council of Europe, ETS 123. 1991). Animal studies described here were
reviewed and approved (agreement no. 75-1466) by the Directeur départe-
mental des Services Vétérinaires of the Prefecture de Police de Paris.

Hypoxia staining. Briefly, animals were administered Hypoxyprobe (NPI
Inc.) via intraperitoneal injection (60 mg/100 g body weight). One hour
after injection, small intestine and lungs were harvested, fixed overnight
in 4% buffered formalin, and embedded in paraffin. Paraffin sections
(5 wm) were processed according to the manufacturer’s instructions
(Hypoxyprobe-1 Omni-Kit).

Iron measurements and hematological analysis. Serum and tissue iron were
quantified colorimetrically by a method described in ref. 4 using the IL test
(Instrumentation Laboratory). Hematological parameters were determined
using a Coulter MAXM automatic analyzer (Beckman Coulter).

Reverse transcription and real-time quantitative PCR. Total RNA was extracted
from tissues using RNA-PLUS reagent (Qbiogene) according to the instruc-
tions provided by the manufacturer. Reverse transcription was done with
2-3 ug of total RNA as described previously (36). Quantitative PCR was
performed with 2 ul of a 1:10 dilution of reverse-transcribed total RNA,
10 uM of each primer, and 2 mM MgCl, in 1x LightCycler DNA Master
SYBR Green I mix using a LightCycler apparatus (Roche Applied Science).
All samples were normalized to the threshold cycle value for 18S. Sequenc-
es of the primers are available in Supplemental Table 1.

Western blot studies. Proximal duodenum was harvested and ground in a
mortar, and tissue powder was resuspended in 1 ml of 0.25 M sucrose/
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0.03 M histidine (pH 7.2) supplemented with 1x complete inhibitor cock-
tail EDTA-free (Roche). The homogenate was centrifuged for 15 minutes
at 6,000 g, and crude membrane fraction was subsequently isolated by
ultracentrifugation of the supernatant at 75,779 g (TLA-45 rotor; Beck-
man-Coulter) for 1 hour. Protein concentration was determined using the
Bradford assay; 50 ug of membrane extracts were loaded on a 10 % gel; and
Western blot analysis was performed using standard methods. FPN pri-
mary antibody (gift of Francois Cannone-Hergaux, CNRS [ICSN], Gif-sur-
Yvette, France) was diluted at 1:500. Immunoblots were quantified using
Image]J (htep://rsbweb.nih.gov/ij/).

EPO ELISA. EPO protein levels in blood plasma were determined with
the Quantikine Mouse EPO ELISA kit (R&D Systems).

Cloning procedures. A 616-bp 5’ flanking region of the DMTI-1A exon was
amplified from human genomic DNA and subcloned into the pGL3-basic
luciferase reporter vector (Promega). All additional HRE mutant con-
structs were generated using Quick-Change Site-Directed Mutagenesis
Kit (Stratagene) as per the manufacturer’s protocol. Each HRE element
was mutated by insertion of an Xhol restriction site, which also enabled
us to sequentially truncate the 5’ regions of the DMTI-1A promoter. All
promoter constructs were confirmed by sequencing (see Supplemental
data for the primers).

Transient transfection and luciferase assay. Caco-2/TC7 cells (provided by
Monique Rousset, Centre de Recherche des Cordeliers, Paris, France)
were grown in 24-well plates and transfected using FuGENE 6 HD (Roche
Applied Science) as per the manufacturer’s protocol. In all experiments, as a
normalization control, the pRL-TK Renilla luciferase vector (Promega) was
cotransfected with respective luciferase constructs at a 1:50 ratio. For the
coexpression studies, pGL3-basic, pGL3-DMT1I-1A, or 6XHRE-luc report-
er vectors (40 ng) were cotransfected with pcDNA3, pcDNA3-HIF-1a, or
pcDNA3-HIF-2a expression vectors at a 1:1 (40 ng), 1:5 (200 ng), or 1:10
(400 ng) ratio relative to the reporter vectors. For all mutant and deletion
studies of the DMT1 reporter, pcDNA3-HIF-2a. was cotransfected ata 1:10
ratio. pcDNA3-HIF-1a and pcDNA3-HIF-2a were provided, respectively,
by Eric Clottes (Université de Toulouse/CNRS-IPBS, Toulouse, France) and
David Russell (University of Texas Southwestern Medical Center, Dallas,
Texas, USA); Fabrice Soncin (CNRS, Lille, France) provided the reagents
produced by David Russell. The 6XHRE-luc construct, derived from the
VEGF promoter, was provided by Randall Johnson. In some experiments,
24 hours after transfection, cells were incubated with DFO, hydralazine

research article

(both at 150 uM), or L-Mim (500 uM) in serum-free medium and incu-
bated for an additional 24 hours. The luciferase assay was performed using
a Dual-Glo Luciferase Reporter Kit (Promega) on a Berthold luminometer
as indicated by the manufacturer, 48 hours after transfection.

ChIP assay. Caco-2/TC7 cells, grown in 15-cm dishes, were incubated
with or without 500 uM L-Mim (Sigma-Aldrich). Twenty-four hours later,
the ChIP assay was performed according to the protocol described in Nel-
son et al. (37). Anti-HIF-20. (NB100-122; Novus Biologicals) was used for
immunoprecipitation. The primer sequences, designed to amplify the
HRE-containing region of DMTI promoter, are shown in Supplemental
Table 1. We quantified the amplification by quantitative PCR as the ratio:
(27(Ct input - Ct ChIP)pyr1)/(2”(Ct input - Ct ChIP)segacive), where Ct
ChIP is the Ct value corresponding to the immunoprecipitated DNA and
Crinput is the Ct value of an aliquot of sheared chromatin sample before
immunoprecipitation.

Statistics. All values in the figures are expressed as mean + SD. Student
¢ test (unpaired, 2-tailed) was used for comparison between experimental

groups. A Pvalue of 0.05 or less was considered significant.
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