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We previously reported the disruption of the murine gene encoding
the transcription factor USF2 and its consequences on glucose-depen-
dent gene regulation in the liver. We report here a peculiar phenotype
of Usf2~/~ mice that progressively develop multivisceral iron over-
load; plasma iron overcomes transferrin binding capacity, and non-
transferrin-bound iron accumulates in various tissues including pan-
creas and heart. In contrast, the splenic iron content is strikingly lower
in knockout animals than in controls. To identify genes that may
account for the abnormalities of iron homeostasis in Usf2~/~ mice, we
used suppressive subtractive hybridization between livers from
Usf2~/~ and wild-type mice. We isolated a cDNA encoding a peptide,
hepcidin (also referred to as LEAP-1, for liver-expressed antimicrobial
peptide), that was very recently purified from human blood ultrafil-
trate and from urine as a disulfide-bonded peptide exhibiting anti-
microbial activity. Accumulation of iron in the liver has been recently
reported to up-regulate hepcidin expression, whereas our data clearly
show that a complete defect in hepcidin expression is responsible for
progressive tissue iron overload. The striking similarity of the alter-
ations in iron metabolism between HFE knockout mice, a murine
model of hereditary hemochromatosis, and the Usf2—/~ hepcidin-
deficient mice suggests that hepcidin may function in the same
regulatory pathway as HFE. We propose that hepcidin acts as a
signaling molecule that is required in conjunction with HFE to regu-
late both intestinal iron absorption and iron storage in macrophages.

I ron is an essential element required for growth and survival of
almost every organism. In mammals, the iron balance is
primarily regulated at the level of duodenal absorption of dietary
iron. Following absorption, ferric iron is loaded into apo-
transferrin in the circulation and transported to the tissues,
including erythroid precursors, where it is taken up by trans-
ferrin receptor-mediated endocytosis. Reticuloendothelial mac-
rophages play a major role in the recycling of iron from the
degradation of hemoglobin of senescent erythrocytes, whereas
hepatocytes contain most of the iron stores of the organism in
ferritin polymers. Over the past 5 years, an important body of
information concerning the proteins involved in iron absorption
and in the regulation of iron homeostasis has arisen from the
study of inherited defects, both in humans and mice, leading to
distinct iron disorders (for review see ref. 1). In the case of iron
deficiency, the pathophysiological consequences of gene defects
identified are well understood because they usually result in loss
of function of proteins directly involved in the pathway of iron
absorption. The proteins include the iron transporters DMT1
(also called Nramp2 or DCT1) (2, 3), ferroportin (also called
IREG1 or MTP1) (4), and copper oxidases coupled to ferro-
portin, namely ceruloplasmin (5, 6) and haephastin (7). In
contrast, several abnormalities associated with genetic iron
overload have identified various proteins whose functional role
in the control of iron homeostasis remains poorly understood. In
humans, hereditary hemochromatosis (HH) is a common auto-
somal recessive genetic disease caused by hyperabsorption of
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dietary iron leading to an iron overload in plasma and multiple
organs. Hemochromatosis is usually due to a mutation in the
HLA-linked hemochromatosis gene (named HFE) located on
chromosome 6p, and most patients are homozygous for the
C282Y mutation in HFE (8). In addition, other loci have been
involved in different HH families; a nonsense mutation in the
transferrin receptor 2 gene (7FR2) on 7q has been reported in
two HH non-HLA-linked families (9), and a locus for juvenile
hemochromatosis has recently been mapped to chromosomal
arm 1q (HFE2). Finally, although it has long been known that
iron absorption is regulated in response to the level of body iron
stores and to the amount of iron needed for erythropoiesis (10),
the molecular nature of the signals that program the intestinal
cells to adjust iron absorption still remains to be identified.

We previously reported the disruption of the murine gene
encoding the transcription factor USF2 and its consequences on
glucose-dependent gene regulation in the liver (11). We now show
that Usf2~/~ mice develop multivisceral iron overload that spares
only the spleen and whose iron content is strikingly lower in
knockout animals than in controls. Although these iron metabolic
disorders resemble those observed in hereditary hemochromatosis,
we demonstrate that they are not because of an alteration in genes
previously identified for their implication in this pathology—e.g.,
HFE or TFR2. Therefore, to identify new candidate genes that may
account for the abnormalities of iron homeostasis in Usf2~/~ mice,
we used suppressive subtractive hybridization between livers from
Usf2~/~ mice and wild-type mice. We isolated a cDNA encoding the
peptide hepcidin. Hepcidin (also referred to as LEAP-1, for
liver-expressed antimicrobial peptide) was very recently purified
from human blood ultrafiltrate and from urine and was found to be
a disulfide-bonded peptide exhibiting antimicrobial activity (12, 13).
The protein is synthesized in the liver in the form of a propeptide
that contains 83 amino acids and is converted into mature peptides
of 20, 22, and 25 amino acids (13, 14). Hepcidin was recently
reported to be highly synthesized in livers of experimentally or
spontaneously iron-overloaded mice (14). Here, we demonstrate
that hepcidin gene expression is totally silent in the iron overload
Usf2~/~ mice model. Taken together, these results suggest that
hepcidin can act as a signaling molecule involved in the mainte-
nance of iron homeostasis.

Materials and Methods

Generation and Genotyping of Usf2~/~ Mice. Disruption of the Usf2
gene has been described (11). The mutated allele contains the
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promoterless IRESBgeo cassette in exon 7 of the murine USF2
gene. All studied mice have a mixed genetic background that
included contributions from C57BL/6 and 129/Sv strains. Mice
were maintained on a standard laboratory mouse chow (AQO3,
Usine d’Alimentation Rationnelle, France) containing 280 mg of
ferric carbonate per kg. Mice were killed from the ages of 2.5
months up to 19 months. Genotyping on mouse-tail DNA was
performed by using a single PCR reaction to identify wild-type and
USF?2 knockout alleles. Genomic DNA (0.5-1 ug) was used in a
50-pl reaction that included three primers; the wild-type USF2
allele was amplified by using forward GCGAAGCCCTGGGT-
TCAATC (annealing in intron 6) and reverse GGGGTCCAC-
CACTTCAAGAGG (annealing in intron 7) primers, and the
knockout USF2 allele was amplified by using the forward GC-
GAAGCCCTGGGTTCAATC and reverse GAATTCTCTA-
GAGCGGCCGGAC (annealing in the Neo selection marker of
the targeting construct) primers. PCR was performed as follows: 37
cycles (each cycle consisting of 30 s at 94°C, 30 s at 56°C, and 40 s
at 72°C) with an initial denaturation step at 94°C for 4 min, and a
final elongation step at 72°C for 5 min in 20 mM TrissHCIl (pH
8.4)/50 mM KCl/0.05% W-1/2 mM MgCl,/5% glycerol/0.04%
bromphenol blue/0.2 mM each dNTP/0.2 uM each primer/2 units
of Tag polymerase (GIBCO). The reaction was analyzed on 1.5-2%
agarose gel containing ethidium bromide. This PCR method for
mouse genotyping was found to give the same results as the
Southern blot method reported (11).

Generation of a Subtracted Library by Suppression Subtractive Hy-
bridization. Total RNA was prepared as described (15). Polyade-
nylated RNA was isolated by using oligo(dT) cellulose (Boehringer
Mannheim). Suppression subtractive hybridization was performed
between three pooled liver RNA from 5-month-old homozygous
USF2-deficient mice (“driver”) and liver RNA from a 5-month-old
wild-type mouse (“tester”) by using the PCR-select cDNA subtrac-
tion kit (CLONTECH) according to the manufacturer’s recom-
mendations for all steps. Briefly, 14 ng of the ligated tester and 420
ng of nonligated driver cDNAs were mixed, denatured, and allowed
to re-anneal. After subtractive hybridization, 1 ul of cDNA was
amplified by two rounds of PCR. The subtracted cDNA library was
cloned into the pT-Adv vector by using the AdvanTAge PCR
cloning kit (CLONTECH). After the secondary PCR (15 cycles)
with the Advantage cDNA polymerase mix (CLONTECH), the
subtracted PCR ¢cDNA mix was incubated for a further 10 min at
72°C with 1 unit of Tag DNA polymerase (GIBCO/BRL) to
maximize the cloning efficiency and purified with the QIAquick
PCR purification kit (Qiagen, Chatsworth, CA). The ligation
mixture was introduced into the Electromax bacterial strain DH10B
(GIBCO/BRL) by electroporation (1.8 kV) using a Cell-Porator
(GIBCO/BRL). The library was plated onto 22 X 22-cm agar
plates containing ampicillin (100 pug/ml) and spread with 80 ul of
5-bromo-4-chloro-3-indolyl B-D-galactoside (40 mg/ml) and 80 ul
of isopropyl B-D-thiogalactoside (0.1 M). Bacteria were grown at
37°C until colonies were visible and kept at 4°C until blue/white
staining could be clearly distinguished.

Reverse Northern High Density Blots and Screening. A total of 400
individual clones were collected, resuspended into 30 ul of water,
heated at 100°C for 10 min, and then placed in ice for 5 min and
centrifuged for 5 min. PCR was performed by using 3 ul of clear
supernatant with 5'-CAGGAAACAGCTATGACCATGAT-
TAC-3" (forward) and 5'-TAATACGACTCACTAT-
AGGGCGA-3' (reverse). The PCR products were blotted onto
Hybond-N+ filters (Amersham Pharmacia). Blots were hybridized
overnight at 72°C with [*?P]dCTP-labeled double-stranded cDNA
(RTS RadPrime DNA labeling system, GIBCO) synthesized with
2 g of polyadenylated RNA from wild-type or Usf2~/~ mouse liver,
as described below. Blots were washed four times in 2 X SSC/0.1%
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SDS at 68°C for 20 min and two times in 0.2 X SSC/0.1% SDS at
68°C for 20 min.

Reverse Transcription (RT) and RT-PCR. Double-stranded cDNA was
synthesized in 20 ul, with 2 ug total RNA (or polyA RNA for the
subtracted library), in the presence of 0.25 mM of each dNTP, 200
ng of random hexanucleotide primers, 20 units of RNasin (Pro-
mega), 10 mM DTT, and 200 units Moloney murine leukemia virus
reverse transcriptase (GIBCO). After denaturation of RNA at 70°C
for 10 min in a therman cycler (Perkin—Elmer), the reaction was
performed for 1 h at 42°C before reverse transcriptase was inacti-
vated for 6 min at 96°C. At the end of the reaction, 80 ul of 10 mM
Tris'HCI (pH 8.0) and 0.1 mM EDTA (pH 8.0) were added. PCR
amplification was performed with 5 ul of reverse transcriptase
reaction mixture in 50 ul of 20 mM TrissHCI (pH 8.4)/50 mM
KCl/2 mM MgCl,/0.05% (vol/vol) W-1/0.2 mM of each dNTP/1
pmol of forward and reverse specific primers (listed below)/1 pmol
of forward and reverse control B-actin primers/2 units of Taq
polymerase (GIBCO). PCR conditions were 25 cycles of denatur-
ation at 94°C for 20 s, annealing at 50°C for 20 s, and primer
extension at 72°C for 20 s. Following PCR, the amplified products
(171 bp for HEPC1 or HEPC2 and 250 bp for B-actin) were
separated by electrophoresis on 1.5% agarose gel. Sequences of the
primers were as follows: HEPC1, 5'-CCTATCTCCATCAACA-
GATG-3' (forward) and 5'-AACAGATACCACACTGGGAA-3'
(reverse); HEPC2, 5'-CCTATCTCCAGCAACAGATG-3" (for-
ward) and 5'-AACAGATACCACAGGAGGGT-3' (reverse);
B-actin, 5'-AGCCATGTACGTAGCCATCC-3' forward) and 5'-
TTTGATGTCACGCACGATTT-3' (reverse).

The primers used for amplification of DMT1 were as follows:
DMT1 isoform without IRE, 5'-TCCTGGACTGTGGAC-
GCT-3" (forward) and 5'-GGTGTTCAGAAGATAGAGT-
TCAGG-3' (reverse); DMT1 with IRE, 5'-TGTTTGATTG-
CATTGGGTCTG-3" (forward) and 5-CGCTCAGCAG-
GACTTTCGAG-3" (reverse); normalization with 14S, 5'-
CAGGACCAAGACCCCTGGA-3" (forward) and 5'-AT-
CTTCATCCCAGAGCGA-3' (reverse).

Northern Blot. The primers used for amplification of probes used to
detect specific mRNAs were as follows: for mouse hemochroma-
tosis (HFE) cDNA amplification (1080 bp), 5'-ATGAGCCTAT-
CAGCTGGGCT-3' (forward) and 5'-TCACTCACAGTCTGT-
TAAGA-3' (reverse); for mouse transferrin receptor (7fR) cDNA
amplification (285 bp), 5'-GAAATCCCTGTCTGTTATAC-3’
(forward) and 5'-GGCAAAGCTGAAAGCATTTC-3' (reverse);
for mouse transferrin receptor 2 (TFR2) cDNA amplification (333
bp), 5'-TACAGCTCGGAGCGGAACG-3' (forward) and
5'-TTACAATCTCAGGCACCTCC-3' (reverse); for mouse cer-
uloplasmin cDNA amplification (350 bp), 5'-ACTTATTTCAGT-
TGACACGG-3" (forward) and 5-GCAGCACATACA-
CATACTGT-3" (reverse); and for mouse heme oxygenase 1
(HmoxI) cDNA amplification (258 bp), 5'-ATGGAGCGTCCA-
CAGCCCG-3" (forward) and 5-CCTTCGGTGCAGCTCCT-
CAG-3' (reverse). Each fragment was amplified by using 7aq
polymerase and hepatic total cDNA, purified from agarose gel
(QIAquick PCR purification kit, Qiagen) and subcloned into TA
vector (AdvanTAge cloning kit, CLONTECH). Recombinant plas-
mid was selected according to the protocol and amplified into LB
medium containing 100 pg/ml ampicillin and purified (QIAprep
Spin Miniprep, Qiagen). Each cDNA was purified from the vector
after EcoR1 digestion and migration on agarose gel. The probe used
to detect HEPC1 mRNA was prepared from the EcoRI digestion
of the pT-Adv/HEPCI isolated by suppressive subtractive hybrid-
ization. Twenty micrograms of RNA from each source was dena-
tured in formaldehyde-containing buffer and electrophoresed in
1% agarose, 2.2 M formaldehyde gels. Northern blot was per-
formed as described (11). Each blot was stripped and reprobed with
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ribosomal 18S cDNA to check for the integrity and the amount of
loaded RNAs.

Southern Blot. Southern blots were performed as described (11).
The HEPC1 probe was prepared from a 1437-bp mouse genomic
DNA fragment amplified with forward 5'-GAGCAGCACCAC-
CTATCTCCA-3' and reverse 5'-AACAGATACCACAG-
GAGGGT-3' primers. After digestion with Pvull, a 545-bp frag-
ment was purified from agarose gel and used as probe for Southern
blot. Note that this HEPCI probe showed 95% identity with the
homologous HEPC?2 region.

Hematological Analysis of Mice. Blood was obtained by retroorbital
phlebotomy before sacrifice of mice and collected in heparinized
tubes (Capiject T-MLH, Terumo) (Elkton, MD). Blood cell counts
and erythrocyte parameters were determined by using a MaxM
Coulter automatic analyzer.

Iron Measurements and Histology. Quantification of iron level was
performed (5) on fragments or total organs by using IL test
(Instrumentation Laboratory, Lexington, MA). For histology, tis-
sues were fixed in 4% formaldehyde, embedded in paraffin,
mounted onto slides, and stained with Prussian blue and nuclear red
counterstain by using standard procedures.

Results

Massive Iron Overload in Liver and Pancreas of Usf2-/~ Mice. All
Usf2~/~ mice exhibit after the third month of life a dense brown
pigmentation of the liver and a more or less pronounced bronze
pigmentation of the pancreas. As this phenotypic trait is charac-
teristic of hemochromatosis, the inherited disorder of iron absorp-
tion, we decided to analyze the iron status of the Usf2~/~ mice. First,
to assess the level of iron accumulation, Perls’ Prussian blue staining
was performed on liver and pancreas of wild-type and Usf2~/~ mice
maintained on a standard diet. Whereas control mice showed very
little or no positive iron staining in the liver (Fig. 14), Usf2~/~ mice
displayed iron accumulation in hepatocytes (Fig. 1 B and C). This
iron deposition was primarily confined to periportal hepatocytes;
then, with age, the number of stained hepatocytes increased. By 19
months of age, as shown in Fig. 1C, iron accumulation was
considerable, and the staining was homogeneous throughout the
liver parenchyma. Furthermore, a strong nuclear iron accumulation
was detected in some hepatocytes (Fig. 1B). For the pancreas,
similar results were obtained, i.e., no staining in the control tissue
and a strong iron accumulation in the exocrine pancreas of Usf2~/~
mice (Fig. 1D). To quantify more accurately the iron overload
during the life of animals, iron levels were measured in liver and
pancreas of mice from 2.5 to19 months of age. As shown in Fig. 1E,
iron accumulated in the liver of mice between 60 and 100 days after
birth and reached a plateau corresponding approximately to a
10-fold greater iron content than in control mice. In the pancreas
(Fig. 1F), iron accumulation was more progressive, with levels in
Usf2~'~ mice a maximum of 20-fold higher than in control mice.
Iron accumulation was also measured in kidney and heart showing
a 2-fold and 4-fold accumulation, respectively. Finally, we found a
1.7-fold higher iron level in serum of Usf2~/~ compared with
control mice (3.550 * 259 ug of iron/liter in controls, n = 15, vs.
6.274 = 514 pg of iron/liter in Usf2~'~ mice, n = 13, P < 0.0001),
but this increase did not appear to be age-dependent. This increase
in serum iron level in Usf2~/~ mice was correlated with a 1.6-fold
increase in transferrin saturation (61 *+ 9% saturation in controls,
n = 6,vs. 95 = 9% saturation in Usf2~/~ mice, n = 6, P < 0.0004).
Finally, in the oldest female analyzed so far (19 months), the iron
overload became widespread with increased iron level in all tissues
tested including muscle, uterus, lung, and pituitary gland (data not
shown).
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Fig. 1. Iron accumulation in liver and pancreas of Usf2~/~ mice. Liver and

pancreas were fixed in formaldehyde and stained with the Perls’ stain for iron.
Nonheme iron stains blue. Liver sections are from an 8-month-old wild-type
mice (X50) (A), an 8-month-old Usf2~/~ littermate (B), and a 19-month-old
Usf2~/~ mouse (X 10) (C). Pancreas section in D is from an 8-month-old Usf2~/~
mouse (X12.5). Arrowheads in Cindicate iron in the nucleus of the hepatocyte.
Arrowheads in D point to islets of Langerhans scattered throughout the
exocrine tissue. (E and F) Age-dependent hepatic and pancreatic nonheme
iron concentration (micrograms of iron per gram dry tissue) as measured in
control (wild-type and heterozygote mice, A) and Usf2~/~ mice (0).

The Spleen of Usf2~/~ Mice Is Resistant to Natural Iron Deposition. In
contrast to all other tissues tested, we observed an age-dependent
iron accumulation in the spleen of wild-type mice (Fig. 24).
Granules that gave a positive reaction with Perls’ Prussian blue
staining were observed, primarily scattered between cells of the red
pulp (Fig. 2B). We found this accumulation to fluctuate greatly
between mice, suggesting that it may depend on the 129/Sv X
C57BL/6 hybrid strain background of each animal. This natural
iron storage has been previously reported in C57BL/6 mice and was
described to occur mainly in splenic macrophages (16, 17). Sur-
prisingly, in spleen of Usf2™/~ mice, iron levels remained very low
(Fig. 2A4), with a complete absence of Perls’ Prussian blue staining
(Fig. 20).

Erythroid Parameters Are Not Affected in Usf2=/— Mice. To rule out
the possibility that the increased iron accumulation in Usf2~/~ mice
might result from dyserythropoietic anemia, we measured ery-
throid parameters in control and Usf2~/~ mice at different ages.
Values of red blood cell count (10°/ml), hemoglobin concentration
(g/dl), and mean corpuscular volume (femtoliter) were normal:
RBC, Hb, and mean corpuscular volume of 10.3 = 0.3, 16.73 = 0.49,
and 48.27 = 0.67 for wild-type mice (» = 3) and 10.0 = 0.3, 15.67 =
0.06, and 48.63 = 1.36 for Usf2~'~ mice (n = 3), respectively.

Thus, interestingly, the iron abnormalities observed in Usf2~/~
mice, including the resistance of spleen to iron accumulation and
normal hematological parameters, strikingly resemble the phe-
notype of HFE~/~ mice (18, 19), the murine model of hereditary
hemochromatosis.
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Fig. 2. Iron content in spleen of Usf2~/~ mice. (A) Age-dependent splenic
nonheme iron concentration (micrograms of iron per gram dry tissue) as
measured in control (wild-type and heterozygote mice, A) and Usf2~/~ mice
(0). Spleen section from a representative 8-month-old wild-type mouse (<20)
(B) and an 8-month-old Usf2~/~ littermate (x20) (C) stained with the Perls’
stain for iron. RP, red pulp; WP, white pulp.

Expression of HFE and TFR2 Genes Is Not Modified in the Liver of
Usf2-/— Mice. Because USF2 is a transcription factor, we sought to
determine whether USF2 could be involved in the regulation of
genes encoding proteins related to iron metabolism. Because of the
similarity between HFE ™/~ mice and our model, we first checked
for the expression of the HFE gene. As shown in the Northern blot
of Fig. 34, abundance of HFE mRNA in liver of Usf2~/~ mice is
comparable with that of wild-type mice. We also looked at the gene
encoding transferrin receptor-2, a mutation that was recently
reported in HH (9). Northern blot analysis demonstrated that the
hepatic expression of this gene was not modified in Usf2~/~ mice
compared with wild-type mice (Fig. 3B). The level of ceruloplas-
min, heme oxygenase 1, and transferrin receptor mRNAs was also
monitored in Usf27/~ mice, as the abundance of these mRNAs has
been reported to be modified in disorders that disturb iron balance
(for review, see ref. 20). Again, we found that the level of these
mRNAs was comparable in Usf2~/~ and control mice (not shown).
Finally, we analyzed the expression of the DMT1 gene (also referred
to as Nramp2), the major transmembrane iron uptake protein that
actively transports reduced dietary iron into intestinal enterocytes.
Duodenal expression of DMTI was analyzed by relative quantifi-
cation using RT-PCR (seven Usf2~/~ vs. six control mice). No
statistically significant differences were found between the two
groups of mice (data not shown).

Analysis of Subtraction cDNA Libraries: Identification of Hepcidin as a
Putative Candidate for Hemochromatosis. To identify genes whose
level of expression is modified in Usf2~/~ mice, we performed a
subtracted cDNA library between liver from Usf2~/~ (driver) and
wild-type (tester) mice (21). Among 400 clones analyzed, we
isolated several clones that were down-regulated in the liver from
Usf2~'~ mice as analyzed by reverse Northern blot (data not
shown). One of these clones contained a full-length cDNA encod-
ing the recently characterized peptide hepcidin (12-14). This cDNA
is of particular interest with regard to iron homeostasis because it
was recently reported that the liver-specific hepcidin gene was
overexpressed during iron overload (14).

Murine Organization of Usf2 and Hepcidin Genes on Chromosome 7.
The murine genome contains two closely related hepcidin genes
that colocalize on the same mouse genomic clone (GenBank clone
CTZ8N15, accession no. AC020841). These genes were designated
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Fig.3. HFE and TFR2 mRNA content in liver of wild-type and Usf2~/~ animals

as determined by Northern blot analysis. Twenty micrograms of total liver
RNAs from wild-type mice and Usf2~/~ mice (from 3 to 11 months old) were
electrophoresed and blotted. Blots were hybridized with a 32P-labeled probe
(made by PCR, as described in Materials and Methods) for HFE (A) and RT12 (B).

HEPCI and HEPC2 by Pigeon et al. (14). Interestingly, the genomic
CT7-8N15 clone also revealed that HEPCI is situated in close
proximity to the Usf2 gene on murine chromosome 7. Pigeon et al.
reported that HEPCI was located directly downstream of the Usf2
gene (14). By analyzing another genomic clone, RP23-22G9 (Gen-
Bank, accession number AC087143), we found that part of the Usf2
gene (encompassing exons 8, 9, and 10) was also duplicated and
that, in fact, HEPCI lies downstream of the truncated Usf2 gene.
The genomic organization of Usf2 and hepcidin genes is shown in
Fig. 4. The HEPC?2 gene is located downstream of the functional
complete Usf2 gene, and the HEPC1 gene is located downstream of
the partial Usf2 gene. At present, no information is available
concerning the relative orientation 5'-3" of the HEPC1 and HEPC2
genes and the distance between them.

Because of the proximity of the Usf2 gene and hepcidin locus, we
sought to determine whether the recombination event in intron 7
of the targeted Usf2 allele might have eliminated or truncated the
HEPC] and HEPC?2 genes. To check this hypothesis, we performed
Southern blot on genomic tail DNA from wild-type, Usf2*/~, or
Usf2~'~ mice with an HEPCI probe (Fig. 4). Genomic DNA was
digested by Bg/II. Based on the analysis of the AC087143 locus, this
digestion was predicted to generate two fragments of 5.1 and 12.4
kbp, containing the HEPCI and HEPC2 genes, respectively. Be-
cause of the close similarity (more than 95%) between the hybrid-
izing region of HEPC1 and HEPC2, we expected both bands to be
revealed by the HEPCI probe. This is what we found, as shown on
the Southern blot in Fig. 4. The same pattern was observed with
DNA from Usf2~/~ mice, indicating that the hepcidin genes are
present in Usf2~/~ mice and that they have not undergone major
rearrangement. Finally, the two bands also hybridized with a USF2
probe extending from exon 8 to exon 10, demonstrating that exons
8 to 10 of USF?2 are indeed duplicated.

The Hepcidin Genes Are Totally Silent in the Liver of Usf2~/~ Mice. The
level of expression of the hepcidin genes was measured by Northern
blot analysis. In fact, hepcidin mRNA was totally undetectable in
the liver of Usf2~/~ mice (Fig. 54). It is worth noting that the liver
of Usf2*/~ mice contained a reduced amount of hepcidin mRNA
compared with wild-type mice. To further assess the specific level
of HEPC1 and HEPC2 messengers, we designed specific primers for
the HEPC1 and HEPC?2 transcripts. By RT-PCR, we demonstrated
that both genes were actively transcribed in the liver of wild-type
mice (Fig. 5 B and C), whereas both HEPC1 and HEPC?2 transcripts
were totally absent from the liver of Usf2~/~ mice (Fig. 5 B and C).
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Discussion

We have found profound abnormalities of iron metabolism in
Usf2-deficient mice. Although full penetrance of this phenotype was
observed in homozygote Usf2~/~ mice, it was never observed in
heterozygote Usf2*/~ mice. Iron accumulation was predominantly
observed in liver and pancreas and to a lesser extent in heart. We
also found a serum iron level in Usf2™/~ mice that was 1.7-fold
greater than in wild-type animals. This excessive iron deposition in
the liver was found to be associated with an elevated level of the
L-ferritin subunit in Usf2~/~ mice (not shown). Finally, the Usf2~/~
mice showed reduced iron stores in the spleen compared with
wild-type mice. Interestingly, this phenomenon has also been
observed in human HH (22, 23). In the spleen of HH patients,
despite the elevation of serum iron, concentration of the metal in
macrophages is minimal until late in the disease (24). Spleens from
HFE knockout mice are also resistant to iron loading. Thus, the
Usf2 gene knockout model shows biochemical abnormalities and
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Fig. 5. Hepcidin mRNA content in liver of wild-type, Usf2*/~, and Usf2~/~
animals as determined by Northern blot analysis and RT-PCR. (A) Twenty
micrograms of total liver RNAs from wild-type, Usf2*/~, and Usf2~/~ animals
(between 3 and 11 months old) were electrophoresed and blotted. The blot
was hybridized with a 32P-labeled HEPC probe (as described in Materials and
Methods), which most likely recognized both HEPC1 and HEPC2 transcripts. (B)
Specific HEPC1 and HEPC2 levels were measured by RT-PCR as described in
Materials and Methods. Following PCR, the amplified products (171 bp for
HEPC1 or HEPC2 and 250 bp for B-actin) were separated by electrophoresis on
1.5% agarose gel. Neither HEPC1 nor HEPC2 specific primers were able to
reamplify HEPC2 and HEPC1 PCR products, respectively, demonstrating the
high specificity of each pair of primers (not shown).
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Fig. 4. Genomic organization of Usf2
and hepcidin genes. Schematic represen-
tation (not to scale) of the locus region
encompassing the Usf2 and hepcidin
genes. The targeted allele is represented
with the betageo cassette insertion in
exon 7 (11). Data are the result of genomic
RP23-22G9 clone (GenBank). So far, no
data are available concerning the orienta-
tion and the distance between the two
hepcidin genes. The Southern blot in the
right of the figure is from tail DNA of
wild-type, heterozygote, and homozy-
gote mice digested by Bgl/ll and hybridized
with the HEPCT probe. Two bands of the
expected size, 12.4 and 5.1 kbp, were de-
tected, whatever the genotype. The same
bands were revealed by using the Usf2
probe.

histopathology similar to both human HH and HFE~/~ mice. We
did not find any significant increase in the DMT1 mRNA level in
the Usf2~/~ mice. Although some authors have reported that the
DMT1 mRNA level is increased in patients with HH (25) and in
HFE-deficient mice (26), DMT1 induction in HFE '~ mice remains
controversial (27, 28).

To gain insights into the molecular mechanism underlying iron
accumulation in Usf2~/~ mice, we analyzed several genes known
to control iron homeostasis and that are involved in the devel-
opment of iron overload diseases when mutated. Among these
genes, we found that expression of HFE and TFR2, both mutated
in some human hemochromatosis (8, 9), was normal. Thus, tissue
iron overload can occur in the context of an apparently func-
tional HFE gene and can produce very similar phenotypes.
Recently, three additional knockout mice models have been
reported to develop iron overload phenotype: haem oxygenase
1, ceruloplasmin, and B2-microglobulin. However, we showed
that none of these genes is affected in Usf2~/~ mice.

By analysis of a liver-subtracted library made between wild-type
and Usf2~/~ mice, we identified several clones for transcripts
down-regulated in Usf2~/~ mice. Among these, we found an HEPC1
c¢DNA and confirmed by Northern blot that the HEPC1 mRNA is
absent in liver of Usf2~/~ mice, whereas it is highly expressed in liver

increased
iron accumulation

macrophage

reduced
iron absorption

enterocyte

Fig.6. Hypothetical model for hepcidin as a key regulator of iron homeosta-
sis. In this model, hepcidin prevents iron overload by reducing iron transport
in the enterocyte and by programming macrophages to retain iron. In Usf2~/~
mice, the hepcidin defect would be responsible for increased intestinal iron
transport and reduced macrophage iron stores.
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of wild-type mice. Pigeon and colleagues reported in fact the
existence of two hepcidin genes (14). The presence of these two
genes is most likely the result of a very recent duplication as
indicated by the high conservation between HEPCI and HEPC2
nucleic sequences (90% identity) and the very similar exon—intron
organization. In contrast, analysis of human nucleic databases using
BLAST search analysis revealed the presence of one hepcidin gene
or cDNA that corresponds to HEPC1. We found that HEPCI and
HEPC?2 genes are highly expressed in the liver of wild-type mice but
totally down-regulated in Usf2~/~ mice. The presence of only one
hepcidin gene in the human genome (75% identity on the mature
peptide sequence) suggests the probable redundancy of HEPC1I and
HEPC?2 gene functions in the mouse. We can therefore hypothesize
that inactivation of only one of the HEPC! or HEPC?2 genes would
not have been sufficient to lead to the development of the iron
overload phenotype.

USF2 is a member of the basic helix-loop-helix family consisting
of multiple transcription factors, including USF1 and Myec. It is
often considered that USF acts in living cells as USF1/USF2
heterodimers. However, several studies demonstrate that USF1 or
USF2 possesses specific functions (29, 30). The iron overload
phenotype described herein is specific to Usf2 knockout mice and
does not occur in the USFI~/~ mice model that we previously
reported (31). Even if we cannot rule out the possibility that USF2
directly controls expression of the HEPCI and HEPC?2 genes, it is
more likely that HEPCI and HEPC2 deficiency is because of
alteration of the Usf2 alleles by insertion of the neomycin resistance
(NeoR) marker in exon 7. The reduction of HEPC gene expression
observed by Northern blot in Usf2*/~ mice (Fig. 5) argues for a cis
effect of the mutation on hepcidin gene expression rather than a
trans effect depending on the USF2 transcription factor. Such a
disturbance of neighboring genes around the NeoR selection
marker has already been described (32-34).

The existence of a sensor for iron homeostasis has been
suspected for a long time and is thought to be a soluble
component of the plasma that would signal between different
organs and tissues such as liver, intestine, erythropoietic pre-
cursors, and spleen macrophages (for review, see ref. 35).
Hepcidin peptide that is secreted in plasma after synthesis and
maturation in the liver could fulfill this important role. Indeed,
Pigeon et al. (14) demonstrated that accumulation of iron in the
liver up-regulates hepcidin expression, whereas our data clearly
show that a complete defect in hepcidin expression is responsible
for progressive tissue iron overload. Taken together, these
results allow us to propose that hepcidin could be the iron signal
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involved in the pathway regulating iron absorption. The simi-
larity of the alterations in iron metabolism between HFE knock-
out mice and the Usf2~/~ hepcidin deficient mice also suggests
that hepcidin may function in the same regulatory pathway as
HFE. It has been shown that HFE physically interacts with the
transferrin receptor in crypt cells of the duodenal mucosa (36).
It is postulated that this interaction modulates the iron status of
these cells, which, in turn, controls the expression of the apical
and basolateral transporters in mature cells at the tips of the villi.
It is tempting to speculate that hepcidin may be required for
HFE activity perhaps through direct interaction with the HFE/
beta2 microglobulin/transferrin receptor complex. Similarly,
hepcidin may be required for the regulation of iron storage in
macrophages. The presence of a mutated HFE protein or a
complete defect in hepcidin expression may be responsible for
increased intestinal iron absorption and reduced macrophage
iron stores (Fig. 6). Under both conditions, plasma iron over-
comes transferrin binding capacity, and nontransferrin-bound
iron accumulates in various tissues including heart and pancreas.

According to our proposed role of hepcidin in iron homeostasis,
hepcidin production may depend on the uptake of transferrin-
bound iron mediated by TFR2 in hepatocytes. This might explain
why the TFR2 defect is responsible for a form of human genetic
hemochromatosis if this defect leads to a decrease in hepcidin
secretion that, in turn, results in increased iron absorption. This
hypothesis will be testable by measuring plasma hepcidin in patients
with TFR2 deficiency or in TFR2 knockout mice.

In conclusion, our results highlight the role of hepcidin as a key
regulator of iron homeostasis. We propose hepcidin as a novel
candidate gene that, when mutated, could be involved in abnormal
regulation of iron metabolism and development of HH. Further
investigations in patients with hereditary hemochromatosis not
related to HFE or TFR2 and in hepcidin-rescued Usf2~/~ mice will
provide definitive clues as to the implication of this peptide in iron
metabolism. Finally, this new murine model of iron overload
disease appears to be a suitable animal model for testing new
therapeutic approaches for prevention and correction of the iron
storage in HH as well as for the understanding of iron homeostasis.
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