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Summary

Coding region mutations in the principal basolateral iron an erythropoietin (Epo)-dependent polycythemia in
transporter of the duodenal enterocyte, ferroportin 1  heterozygotes and a hypochromic, microcytic anemia in
(FPN1), lead to autosomal dominant reticuloendothelial homozygotes. Interestingly, both defects in erythropoiesis
iron overload in humans. We report the positional cloning were transient, correcting by young adulthood. Delayed
of a hypermorphic, regulatory mutation in Fpnl from upregulation of the negative hormonal regulator of
radiation-induced polycythaemia Pcm) mice. A 58 bp iron homeostasis, hepcidin Klamp), during postnatal
microdeletion in the Fpnl promoter region alters development correlates strongly with profound increases
transcription start sites and eliminates the iron responsive in Fpnl protein levels and polycythemia in Pcm
element (IRE) in the 3 untranslated region, resulting in  heterozygotes. Thus, our data suggest that #&lamp-
increased duodenal and hepatic Fpnl protein levels during mediated regulatory interference alleviates the defects in
early postnatal developmentPcm mutants, which are iron  iron homeostasis and transient alterations in erythropoiesis
deficient at birth, exhibited increased Fpnl-mediated caused by a regulatory mutation inFpnl.

iron uptake and reticuloendothelial iron overload as

young adult mice. Additionally, Pcm mutants displayed Key words: Ferroportin 1, Iron homeostasis, Hepcidin

Introduction bound iron is taken up by liver cells via the transferrin (Tf)-

Iron is an essential element, necessary for the synthedi@nsferrin receptor (TfR) system, the principal mechanism of
and activity of both heme and non-heme proteins an§©" delivery to iron-using cells (for a review, see Richardson
enzymes. However, iron levels must be carefully controlle@nd Ponka, 1997). _ o

organismally, as cellular damage can result from its untoward Although steady-state iron levels are maintained by enteral
oxidation-reduction chemistry (for a review, see Aisen et al.2bsorption of iron (for a review, see Finch, 1994), the majority
2001). Owing to lack of efficient means of excretion, ironOf iron used for cellular requirements derives from iron
homeostasis is principally regulated at the level of organismagcycled by the reticuloendothelial macrophage system (for a
uptake by the duodenal enterocyte. Regulation occurs at bofiiview, see Knutson and Wessling-Resnick, 2003). Fpnl has
the apical and basolateral membranes to effect transcellulagen implicated in turnover of iron recovered from scavenged
movement of iron from the gut lumen to the portal circulationred blood cells in reticuloendothelial macrophages of the
(for a review, see Roy and Enns, 2000). At the apical surfacéplenic red pulp and hepatic Kupffer cells (Abboud and Haile,
ferrous iron is transported into the enterocyte via the protoA000; Yang et al., 2002). The essential role of Fpnl in iron
symporter DMT1 (for a review, see Andrews, 1999).homeostasis has been revealed by mutations in human
Recently, ferroportin 1 (Fpn1; also known as MTP1, IREG1FPN1, leading to autosomal dominant iron overload in
SLC11A3; SLC40A1 — Mouse Genome Informatics) hageticuloendothelial macrophages (Montosi et al., 2001; Njajou
been identified as the basolateral iron transporter of thet al., 2001; Cazzola et al., 2002; Devalia et al., 2002; Arden
duodenal enterocyte (Abboud and Haile, 2000; Donovan et al., 2003; Rivard et al., 2003; Jouanolle et al., 2003). This
al., 2000; McKie et al., 2000). Cellular export of iron andunique pattern of iron accumulation caused by a mutation
loading onto serum transferrin requires ferroxidase activityin FPN1, comprising type IV hereditary hemochromatosis,
served by the multicopper oxidase hephaestin (Vulpe et akpntrasts distinctly to the primarily parenchymal accumulation
1999) in the duodenal enterocyte, and by its homologuseen in the more common, recessively inherited HFE-
ceruloplasmin (for a review, see Hellman and Gitlin, 2002) irassociated hemochromatosis (type 1) (for a review, see Ajioka
other cells types. From the portal circulation, transferrinand Kushner, 2002). All known mutationsRRN1map to the
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coding region, and both gain- and loss-of-function mechanisnesyvailable from authors upon request. All animal experiments in this
have been evoked in disease pathogenesis (for a review, stedy were approved by the Institutional Animal Care and Use
Fleming and Sly, 2001). Committee of Baylor College of Medicine.

The post-transcriptional regulation of iron-relevant proteins
including TfR and ferritin, is achieved by the interaction of ironReoI blood cell analyses

regulatory proteins (|RPS) with iron responsive elementgematocrlt measurements, expressed as a percentage, were obtained

o ! y standard microcapillary determination. Determination of mean
(IREs) located within the untranslated regions (UTR) of th orpuscular volume (MCV), and mean corpuscular hemoglobin

mRNA (for a review, see Aisen et al., 2001). In the case Qfpntent (MCHC) was performed on the ADVIA 120 Hematology
ferritin, an IRE sequence in the BTR forms a secondary, system (Bayer). Blood was collected in EDTA-coated collection
stem-loop structure that is bound by iron regulatory protein fubes (Sarstedt) at postnatal day 0 (PO) and 12 weeks of age for
(IRP1) in the absence of intracellular iron, inhibiting proteinanalysis.

translation (for a review, see Hentze and Kuhn, 1996). ) ) o

Likewise, Fpn1 transcripts contain an IRE sequence in the 55€rum and tissue iron determination

UTR, which inhibits translational efficiency 5pn1mRNA in ~ Quantification of iron concentration was performed based on

the absence of intracellular iron in cell culture (Abboud andfgeég;dgg’fgl \?;luTrgg:r:)‘;eo.‘;”ﬂ Egtlhv"\‘/’ﬁr']l é%’é(gzngsecgg?c Egitgwaerllla
Ha”.e.’ 2000; M.CK'e et al., 2000; Liu et aI.! ZOQZ.)' Here,ll% trichloroacetic acid were added to serum samples. Tissue
positional cloning of the Pcm mutation identified a

: . . samples were digested in 3 N HCI with 10% trichloroacetic acid at
hypermorphic allele oFpn1which, in the absence of an IRE ggoc gvernight. Colorimetric iron determination of supernatants was
in the SUTR, affects its translational regulation, leading performed using the Total Iron Measurement Kit (Sigma).
to increased Fpnl protein levels during early postnatal
development despite low cellular iron levels. In vitro bone marrow cultures

Dietary absorption of iron responds to body iron levels vigErythroid lineage terminal differentiation as a readout for erythroid-
a putative regulator, conveying organismal iron status to remog@mmitted precursor and progenitor cell abundance in the bone
effectors of iron balance (for a review, see Finch, 1994). Th@arrow was determined by a fluorescence-activated cell sorting

; Py i ; ; . ACS)-based approach to quantify erythropoietin (Epo)-dependent
expression of the hepcidin antimicrobial peptide (Hamp; alsg(pression of erythroid lineage marker TER-119, expressed in mature

kno(\j/vn a:js_ Htehpcl,_ LEAIE-lk)* ? lchs;(l)f(l)dle-brldged oll_goptepgde rythrocytes. Bone marrow cells were flushed from dissected femurs,
produced in the liver (Park et al., ), is responsive to bo ashed and lysed of erythrocytes in buffer containing 155 mM

iron stores (Pig_eon et al., 2001). S(_evere dysregulation _of irqu4C|l 10 mM NHHCOz and 0.1 mM EDTA pH 8.0. As determined
balance in murine models bfampgain- and loss-of-function by Coulter z2 particle counterx10® cells were plated in Iscove’s

(Nicolas et al., 2001; Nicolas et al., 2002a), as well as failur®lodified Dulbecco’s Medium (Invitrogen) containing 30% FBS

of Hamp induction in a murine model for HFE (Stem Cell) in 1 ml. Parallel cultures were set up with and without

hemochromatosis (Ahmad et al., 2002; Nicolas et al., 2003fcombinant human Epo (Amgen) at a final concentration of 3000

reveal Hamp as the principa| hormonal regu|at0r of ironTIU/mL Cells WEI‘Q cultured in a humidified incubator 6?'.(33]’1(.1 5%

homeostasis. Furthermore, mutations in hutdaMP lead to ~ C©2 |tT0 (;:Ietehrm(l(;ne g)‘e percentage of2TER-1hlg-ex$rzssmg cells,d
; ; ; ; ncultured cells (day 0) and cells on day 2 were harvested, and washe

ﬁ)s(eRV:éE’ng;/ 2?{'62885? of hereditary hemochromatosis (typ% PBS. Cells were incubated with biotinylated antibody against

In th t studv. d lated iomarh mouse TER-119 (BD Pharmingen) for 30 minutes on ice at 1:100
n the present study, downregulaleéd €xpressio P ilution. After washing, cells were incubated with streptavidin-

correlated with high levels of Fpnl protein expression andpycoerythrin (BD Pharmingen) for 10 minutes at 1:50 dilution,
polycythemia ifPcmmutant animals. Developmental analysiswashed and resuspended in PBS. The percentage of TER-119-
of Hamp expression indicates an interference Bpnl  expressing cells was determined by flow cytometry using the Coulter
regulation that is superimposed on the primary defects caus&gics XL-MCL.

by the microdeletion in thd=pnl promoter region, and

alleviates the abnormaliies in iron homeostasis andfistology . - .

most compelling evidence to date implicating Hamp in thé;ﬁgydsr:é‘;gnig da g{a%ef(pii”eﬁ_:f de;?eaﬁmhee”:r?:dgﬁﬂr:ga%acg‘ﬁg‘n‘é"ax
systemic regulation of Fpnl expression in vivo. localization of iron, Prussian Blue staining was performed using the

Accustain iron staining kit (Sigma), and photographed using light

i microscopy. Femurs from mice were dissected, cleaned and fixed in
Mate”als and_ methods a 1:1 solution of 37% formaldehyde and B-5 fixative stock solution
Mice and genotyping (Poly Scientific). After light decalcification, femurs were paraffin wax

Pcm mice were generated by radiation mutagenesis ofmbedded and sectioned. To assess the relative abundance of
(101/HeHkC3H/HeH) F1 hybrids (Cattanach, 1995). The presentiemoglobinized cells in the bone marrow, paraffin wax-embedded
study involved partial congenics on an A/J background; most analysésmoral sections were rehydrated, fixed for 10 minutes in methanol,
were performed on animals from N5 and subsequent backcrossid subjected to-dianidisine (O-D) staining. Slides were incubated
generations. A genome scan to determine the chromosomal locatifor 10 minutes in O-D working solution containing 5 volumes of 0.2%
of Pcm by residual heterozygosity mapping employed N3 and N40O-D in methanol, 1 volume of 1% sodium nitroprusside in water and
backcross animals at 7 weeks of age. Twenty-one wild type and 1Bvolume of 3% hydrogen peroxide.

mutants showing hematocrit (Hct) greater than 50% were genotyped

by PCR using a simple sequence length polymorphism (SSLP) markBACE and RT-PCR

panel consisting of 81 markers (Research Genetics) polymorphifotal RNA from liver and kidney tissue samples was isolated using
among A/J and the parental strains. Markers displayed an avera@®lzol Reagent (Invitrogen). Thé &nds ofFpnltranscripts in wild-
spacing of 15-20 cM. Marker and genome scan information argype and homozygous mutant animals were determined by rapid
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amplification of cDNA ends (RACE) using the SMART RACE cDNA separated using 8 or 10% SDS-PAGE and transferred to PVDF

amplification kit (Clontech) on fig total RNA derived from livers of membrane. Blocking was achieved by incubation in TRIS-buffered

3-week-old mice. RACE PCR was achieved using a gene-specifgaline containing 5% BSA and 0.1% Tween 20. Membranes were

primer in Fpnl corresponding to sequencé-A GACGGACA- incubated overnight at°€ using primary antibodies against mouse

CATTCTGAACCA-3. RT-PCR to determine approximate level of Fpnl (kindly provided by M. Hentze) at 1:2000, horse ferritin from

transcript abundance fépnlandHampwas performed on total RNA  spleen (Sigma) at 1:5000, or mouse actin (Santa Cruz) at 1:5000. After

derived from livers of 7-week-old animals. First-stand cDNA waswashing, membranes were incubated with horseradish peroxidase-

synthesized from 2ug total RNA using standard methods. PCR conjugated secondary antibodies (1:5000) against rabbit (for Fpnl and

amplification conditions consisted of 25 cycles: denaturation®&@ 94 ferritin) or goat (for actin), and signal developed using ECL reagent

for 30 seconds, annealing at°66for 30 seconds, and extension at (Santa Cruz Biotechnology).

72°C for 30 seconds. Primer sequences Fpnl are 3-ACA- o

AACAAGGGGAGAACGC-3 (forward) and 5ATGACGGACAC-  Statistical analyses

ATTCTGAACCA-3 (reverse); published primer sequencedHamp  All data are reported as the meard. All comparisons were made

(Hepc) andp-actin were used (Nicolas et al., 2001). versus wild-type cohorts, and analyzed for significant differences
using the Student’s unpairédest.

Quantitative real-time RT-PCR

Epo and Fpn1 mRNA expression were quantified via real-time RT-

PCR on total RNA samples isolated from liver and kidney from 3-Results

week-old animals and kidney from 12-week-old animals. Reaction h . .

and signal detection were performed on an ABI Prism 7000 Sequenééberrant ematocritin - Pcm mutant mice

Detection System (Applied BiosystemdJpo primers [3TCAA-  The Pcm mutation was generated by X-irradiation of

CTTCTATGCTTGGAAAAGAATG-3 (forward), 3-TGAGAGAC- (101/HeHC3H/HeH) F1 hybrid animals, and identified by

AGCGTCAAGATGAGA-3 (reverse)] and TagMan MGB probe{5 increased redness of the ears and feet of adult progeny

CGCTAGCGACCTGGA-3 were labeled with 6-FAM (Applied (Cattanach, 1995). Mutant heterozygous animals exhibited an

Biosystems). Fpnl primer sequences 'ESGGTGGATAAGAA-  incompletely penetrant increase in Hct up to 75% in young
TGCCAGACT-3 (forward) and SATGACGGACACATTCTGAA- 44t animals. Our analysis of tRemmutation on a partially

CCA-3 (reverse)] were assayed via SYBR Green fluorescenc : . L
detection. 185 rRNA assay was performed using primers 5 Songenlc A/J background reiterated the preliminary report on

TCGAGGCCCTGTAATTGGAA-3 (forward), 5-CCCTCCAATGG- the increased redness i_n the ear and footpad vasculatqre of
ATCCTCGTT-3 (reverse); and TagMan MGB probe-&sT-  heterozygous mutant animals (Cattanach, 1995), most highly
CCACTTTAAATCCTT-3 was labeled with 6-FAM (Applied expressed around 7 weeks of age (Fig. 1A). Consistent with
Biosystems). Relative amounts of mRNA are expressed as a ratio tee external phenotype, Hct analysis of heterozygous mutant
18SrRNA expression, and normalized to a single wild-type ratioanimals demonstrated a highly penetrant polycythemia at 7
arbitrarily set to 1. weeks of age when compared with wild-type littermates
Western analysis of liver and duodenum (Pcmf+ Hct 69.1+12.0% versus +/+ Hct 44.3+3.6P50.001)

) (Fig. 1B). The polycythemia in heterozygous mutants was
For western blot analyses, liver and duodenal samples were coIIectqpansiem in nature, as the Hct corrected to baseline by 12 weeks

homogenized and lysed in RIPA buffer plus CompletEDTA-free s
protease inhibitor (Roche). Extract supernatant was collected anOJ age. Strikingly, homozygous mutants were remarkable for a

protein quantified using the BioR&L Protein Assay kit (BioRad). congenital anemia at postnatal day O (PBgnf/PcmHct
The samples were mixed with equal volume sample buffer pvith 22-4+5.3% versus +/+ Hct 44.8+9.494?<0.001). The
mercaptoethanol. Unboiled samples were used for Fpnl and acfiffmozygous mutants corrected for the significant perinatal
detection, boiled samples for ferritin; 1@ total protein from liver ~anemia by 7 weeks of age, and were indistinguishable from
lysates and §ig from duodenum were loaded per lane. Samples werwild-type and heterozygous Hct levels by 12 weeks of age (Fig.

B *
B0 4+ C
® Pomi+ Mmul
w Pem/Pem q
@60‘ Marker n Mb Locus
S
‘= 101/HeH f DIMit212  45/50 404
o 40—
g
o
= ) :
S 59 DIMit322  48/50 7
ja s
DIMit236 S0/50 458
0 464 Fpnl
T T T T
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n n n n
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Pem/+ 15 20 57 26
Pemd/Pem 8 9 10 5

Fig. 1. Pcmheterozygotes are characterized by external ruddiness and transient polycythemia mapping to proximal chromosome 1. (A) Ears
and hindpaws show increased redness in 7-week-old heterozygous mice, particularly in vasculature (arrowheads). (B) Microcapilla
hematocrits measured at several postnatal timepoints demonstrate transient polycytRemia imice, and a transient anemiaBom/Pcm

mice. AsteriskP<0.001 for mutant classes when compared with wild-type mice per timepoiftci@yitical region. Phenotype co-

segregates with microsatellite marker D1Mit2B8@epresents ratio &?cm/+mutant progeny (Hct > 55%) retaining heterozygosity for parental
alleles (101/HeH) of markers. Physical map position (Mb) as per the Sanger Centre mouse genome assembly (NCBI Build 30).
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1B). Additionally, there was no evidence for involvement ofin the parental strains and co-segregated invariably with the
non-erythroid hematopoietic cell lineages in polycythemianutant phenotype (Fig. 2B).

mutant animals (data not shown). Wild-type animals were ) .

remarkable for a nadir in Hct at 3 weeks of age, consisterfthe 58 bp deletion leads to lack of IREin  Fpnl

with the physiological anemia observed in young miceNRNA

(Bechensteen and Halvorsen, 1996). Using BRACE to assesBpn1ltranscript identity, we observed
o a single band from wild type, but multiple smaller PCR
Chromosomal localization of the  Pcm locus products fromPcm/Pcmsamples (Fig. 2C). A consistent

We mapped thecmmutation to a subchromosomal region by amplification pattern was observed in all three homozygous
using a genome-wide panel of SSLP markers to detesamples tested. DNA sequence analysis'BAEE products
heterozygosity in partially congenic lines. Using elevation ofrom wild-type animals reiterated recent data demonstrating
Hct at 7 weeks of age to define heterozygous mutants, onlyRpnltranscription start site proximity to the TATA box (Liu et
single marker, D1Mit236, retained residual heterozygosity foal., 2002). Importantly, mutant RACE products revealed
the parental SSLP allele in 100% of mutants screened (Figiultiple transcription start sites, both upstream and
1C). Thus, thé>cmmutation segregated as a single-gene traitdownstream of the wild-type start site. For example, in a subset
The informative markers delineated a 6 cM critical regionof transcripts, initiation occurred 845 bp upstream of the wild-
on chromosome 1 (Mmu 1), which does not encompass arype transcription start site, followed by splicing downstream
known polycythemia-associated loci. No sizeable genomiof the IRE, with no evidence of in-frame, upstream translation
deletions were detected in any of over 50 genes and loci locatatdtiation sequences (Fig. 2A). Other transcripts initiated
within and near the 6 cM critical region, as determined by PCRownstream of the IRE, but upstream of the translation
amplification of genomic DNA frorPcmanimals homozygous initiation codon, retaining the wild-type open reading frame.

at D1Mit236 (data not shown). In total, only one of 10 cDNAs retained the IRE present in the

) o Fpnl wild-type BUTR (Fig. 2A) (Abboud and Haile, 2000;
A 58 bp microdeletion in the  Fpnl promoter Donovan et al., 2000; McKie et al., 2000). Importantly, mutant
represents the Pcm mutation transcript abundance was not affected (Fig. 2D).

Severe embryonic anemia has been reported for a loss-of- ) ) )

function allele of the zebrafish homologueF@in1 (Donovan  Abnormal iron balance in  Pcm mice

et al.,, 2000), an evolutionarily highly conserved ironSeveral mouse models of defective iron balance are
transporter mapping to within 1 Mb of D1Mit236 (Fig. 1B). characterized by a severe, congenital anemia (Bannerman et
Given the presence of severe perinatal anemiaPém al., 1973; Bernstein, 1987; Nicolas et al.,, 2002a). Indeed,
homozygous animals,Fpnl represented the strongest peripheral blood smears from anemRcm/Pcmmice were
candidate gene fd?cm However, in contrast to mutant human remarkable for hypochromic, microcytic erythrocytes at PO
(Montosi et al., 2001; Njajou et al., 2001; Cazzola et al., 2004Fig. 3A). Additionally, quantitative analysis of red cell indices
Devalia et al., 2002; Arden et al., 2003; Jouanolle et al., 2003t PO demonstrated significantly lowered MCRcin/Pcm
Rivard et al., 2003) and zebrafish (Donovan et al., 2000) alleles|CV 75.2+2.7 fl =10), versus +/+ MCV 104+6.4 fh{6);

we detected no coding region mutationgpnl Instead, a 58 P<0.0001] and MCHC Rcm/Pcm MCHC 21.2+4.1 g/dl

bp microdeletion was detected immediately upstream to th@=10), versus +/+ MCHC 29.3+£3.3 g/dh=6); P<0.01] in
transcription start site, in close proximity to putative promotehomozygous mutants. Furthermore, whereas PO wild-type
elements, such as a TATA box (Fig. 2A). The microdeletionhepatocytes contained significant iron storéxm/Pcm
comparable in size to other radiation-induced lesionfiepatocytes were devoid of stainable iron (Fig. 3B).
(Grosovsky et al., 1988; Miles and Meuth, 1989), was abseQuantification of organismal iron levels at PO showed that

Fig. 2. Deletion in promoter A 2

region ofFpnlleads to altered /
transcriptional initiation, but not —/
transcript abundance, Ftm

mutant mice. (A) A 58 bp

deletion in the promoter region
Fpn1lconstitutes th®cm ARCCARAGCGCARGTTGTT GTAGOTAGOAOTTA
mutation. Black arrowheads

1=

e TCoRIRAGCE. COaCTECCATARGGOTTTG

W)

indicate wild-type transcription ] 10

initiation site determined by =

5'RACE, red arrowheads indice &8 Y p e
PcmPcminitiation sites. ATG, cm 17 =% =y .
translational start; IRE, iron = § . -
responsive element; boxed reg £ 0.10

indicates TATA box. (B) Mutant - e Pomle PomiPom

phenotype co-segregates with

deletion inFpnl, as demonstrated by PCR genotyping using primers indicated by overlined and underlined sequences in A. Wild-type band 230
bp; mutant band 172 bp. (C)RACE PCR demonstrates altefiegnltranscript identity irPcmmutant mice. Wild-type band 630 bp. (D) Real-

time RT-PCR to quantifffpnltranscript abundance reveals no statistically significant difference among genotypes at 3 weeks of age. The
horizontal line indicates the median.
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Fig. 3.1ron deficiency anemia at birth and iron accumulation in
young adults irPcmmutant mice. (A) Peripheral blood smear
remarkable for hypochromic, microcytic red blood cell®am/Pcm
mice at PO. Wright-Giemsa stain. (B) Prussian Blue staining of PO
liver sections reveals decreased parenchymal liver ir@ein/Pcm
mice. (C) Quantification of total iron at PO demonstrates organismal
iron deficiency irPcmmutant pups. (D) Prussian Blue staining of
sections of 12-week-old liver shows numerous localized iron deposits
in Pcm/Pcnmice. (E) Hepatic iron content significantly elevated by
12 weeks of age iRcmPcmmice. (F) Decreased serum iron levels
in Pcmmutants compared with wild type. Asteri$k0.05; double
asteriskP<0.01; triple asterisk?<0.001.

mutant pups were iron-deficient, most severely in homozygous
mutants (Fig. 3C). Strikingly, the perinatal iron deficiency
progressively reversed to an iron overload phenotype during

c postnatal development, resulting in a predominantly localized
30— hepatic iron accumulation reminiscent of a reticuloendothelial
] 5 macrophage distribution pattern at 12 weeks of age (Fig. 3D)
'g (Yang et al., 2002). By contrast, no iron accumulation was
o 20 '-';;"'W observed in livers from wild-type littermates (Fig. 3D).
g 15 0 Pgm/;'cm Quantification of hepatic iron demonstrated a significant,
§ 10 . graded elevation in iron levels at 12 weeks of age, highest in
= Pcmhomozygous mutant animals (Fig. 3E). Both at PO and 12
2 8= weeks of age, heterozygous animals exhibited intermediate
= n 11 14 5 levels of hepatic iron staining (data not shown), consistent with

tissue iron quantification (Fig. 3C,E). Decreased serum iron in
Pcmmutant animals at 7 and 12 weeks of age in the context
of hepatic iron accumulation (Fig. 3D,E) is consistent with
increased tissue iron sequestration and/or use during
erythropoiesis (Fig. 3F).

(@)

12 weeks

Transient alterations in Epo-dependent
erythropoiesis in  Pcm mice

To assess the role of Epo signaling in mutant animals, we
measuredepotranscript levels via real-time RT-PCR analysis.
We observed significantly elevat&gpo transcript abundance
in 3-week mutant animals from both the kidney, the primary
=8 Pcm/Pcm site of Epo production, and the liver, an important auxiliary site
particularly during stress erythropoiesis (Fig. 4A) (Bonderant
and Koury, 1986). Additionally, we measured erythroid
differentiation of bone marrow cells cultured in the presence
or absence of Epo by determining TER-119 positivity at day
2, which reflects differentiation of cells at the CFU-E stage and
200 beyond (Kina et al., 2000). Recently, similar in vitro culture
’—'E methods have been shown to closely approximate in vivo
‘ differentiation of erythroid progenitors (Zhang et al., 2003).
n 6 12 8 6 13 7 8 11nd. Homozygous mutant bone marrow demonstrated significantly
Age 7Twesks 12wosks  G-10months increased erythroid differentiation in the presence of Epo at 3
F weeks of age (Fig. 4B), consistent with normalization of the
350 T —H PO anemia by early adulthood (Fig. 1B). At 7 weeks of age,
300 l = g‘"‘“‘ dianidisine staining for hemoglobinized cells in heterozygous
P B * 'cm/Pem . .
250 - Hoxx bone marrow sections demonstrated hypercellularity and
200 | B increased abundance of erythrogenic foci (Fig. 4C).
Additionally, heterozygous bone marrow showed significantly
1504 elevated erythroid differentiation in vitro (Fig. 4D), in
100 agreement with marrow-derived red cell production leading
50 to polycythemia. By 12 weeks of age, consistent with the
resolution of the transient alterations in hematocrit observed in
n 8 13 8 8 10 4 7 9 nd. both heterozygous and homozygous mutant animals (Fig. 1C),
Age 7 weeks 12 weeks 8-10 months no statistically significant differences in kidnEpo transcript

m

800 I+ e
B Pcmi+

g
1

Hepatic Iron (ug/g wet wt)
;

Serum Iron (ug/dL)
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Fig. 4. Polycythemia is secondary to Epo-driven, bone marrow-derived red cell production. (A) Real-time RT-PCR reveal&plevated
transcript levels in mutant liver and kidney at 3 weeks of age. The horizontal line indicates the nRedidyh; **P<0.01; ***P<0.001. (B) In

vitro, FACS-based determination of late-progenitor and precursor erythroid cell differentiation to Ter119-p&4itiviBcnmice at 3 weeks

of age show increased bone marrow erythroid activity at day<2.001. (C) Increased hemoglobinization and cellularityaf/+bone

marrow, as demonstrated by O-D staining of sections at 7 weeks of age. (D) In vitro analysis reveals increased bone imaiciavetariyy

in Pcm/+mice at 7 weeks of ageP%0.001. (E) Real-time RT-PCR using 12-week kidney samples shows no statistically significant differences
in Epotranscript levels among genotypes. The horizontal line indicates the median.

levels were detected (Fig. 4E). Additionally, the microcytosigrotein expression was seen in 3-week-old mutants (Fig. 5B),
observed at PO (Fig. 3A) reversed to moderately elevated MCWhereas low levels of ferritin expression correlated with a lack
at 12 weeks of age in both heterozygot®enl+ MCV  of hepatic iron staining in all genotypes at this stage (data not
44.8+1.2 fl 6=10), versus +/+ MCV 42.4+0.7 th€4); P<0.01]  shown). Thus, in the absence of an IFEmM mutantFpnl

and homozygotecm/PcnmMCV 46.7+2.3 fl =6); P<0.01], transcripts are not subject to iron/IRE-mediated translational
whereas no statistically significant differences in MCHCregulation. This is manifested as increased hepatic Fpnl
were observed (data not shown), indicating resolution oprotein expression during early postnatal life, representing the

hypochromia. direct effect of thePcmmicrodeletion inFpnl Based on the

) increased Fpnl protein levels and absence of aberrant Fpnl
Lack of the IRE in  Fpn1 mRNA confers profound isoforms by western analysis (data not showRym is
elevations in Fpnl protein levels during early considered a hypermorphic allele gnl

postnatal development

As the IRE inhibits translational efficiency Bpn1mRNA in  Elevated Fpnl expression correlates with

the absence of intracellular iron (Abboud and Haile, 2000polycythemia in young adult mice

McKie et al., 2000; Liu et al., 2002), aberrdftm mRNAs At 7 weeks, wild-type Fpnl protein expression was low (Fig.
lacking an IRE are likely not to be repressed by low cellulabC), consistent with a decreased demand for iron as organismal
iron states. Indeed, western analysis demonstrated a gradgowth rate declines. Interestingly, elevated Fpnl protein
increase in hepatic Fpnl expression at PO, with a several-folckpression was observed exclusively in polycythemic mutant
increase in Fpnl levels in mutant livers, highest inanimals. An identical expression pattern was observed in the
homozygotes (Fig. 5A). By contrast, the expression level ofluodenum (Fig. 5D). This probably excludes tissue-specific
ferritin, which directly correlates with intracellular iron content regulatory mechanisms, which have been proposed to confer
via IRE-dependent post-transcriptional regulation (Hentze ateciprocal regulation of Fpnl expression in the liver and
al., 1987) (for a review, see Aisen et al., 2001), showed th@éuodenum (Abboud and Haile, 2000). Although the majority
expected graded decrease in mutant livers, lowest iof heterozygous mutant mice were polycythemic at 7 weeks of
homozygotes (Fig. 5A). These results were consistent withge, a subset of animals (12.3%) displayed reduced phenotypic
decreased hepatic iron staining and organismal iron levels expressivity with Hcts of less than 50%. Therefore, we
PO (Fig. 3B,C). Similarly, a graded increase in hepatic Fpniéletermined whether Fpnl protein levels correlated with
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A ++ Pemi+ Pem/Pem likely to be permissive for the polycythemia at 7 weeks,
— regulating increased duodenal iron uptake and decreased
cellular iron storage and sequestration. Asn1 transcript
abundance was unaffected (Fig. 5F), the profound increase in
Fpnl protein levels at 7 weeks of age results from a
predominantly post-transcriptional, rather than transcriptional,

Fpni
FIN o o s— o — ———

— —

ACHN — — 1--dﬁ‘ih'"

B i Pem/+ —Pem/Pem mechanism of Fpnl regulation. Furthermore, this regulatory
Fpni - . e e S effect appears to be superimposed on the primary defect caused
Fin by the microdeletion in thépnl promoter region, i.e. a
ACHN m— — — —— — —— — — moderate, graded increase in Fpnl expression because of the
absence of the IRE (Fig. 5A,B). By 12 weeks of age, Fpnl
Cc ; Pc—m’; Pom/P protein levels were downregulated in all genotypes, whereas
FPML% £ S0 cmirem increased ferritin expression in mutants reflected increased

hepatic iron localization (Fig. 5E), confirming hepatic iron
Fin D S e ew= accumulation (Fig. 3D,E).

Actin W a— — — . — — A —
Delayed upregulation of Hamp in polycythemic

D Pemi+ mutant mice at 7 weeks of age
++ Hct > 65% Hct < 50% Pem/Pcm . . . AT . . .
= Recent studies in mice and individuals with juvenile
Fpnt n. hemochromatosis have implicated Hamp as the hormonal
regulator of iron homeostasis (Nicolas et al., 2001; Park et al.,
ACKn W——— — e —— —— 2001; Pigeon et al., 2001; Nicolas et al., 2002a; Ahmad et al.,
2002; Nicolas et al., 2003; Roetto et al., 2008amp is
E ++ Pemi+ Pcm/Pem expressed at very low levels during most of embryonic
Fpn1 and early postnatal development, and displays significant
Fin e — — — — upregulation by P56 (Nicolas et al., 2002a). Strikingly, at 7
ACH W— — w— — A — — — — weeks of age, low levels ¢fampexpression were restricted
' to polycythemicPcm mutant mice, whereas upregulation of
Pcm/+ Hamp correlated with normal Hct (Fig. 5F). By 12 weeks of
F o __#/+  _We>60% _Hei<so%__Pem/Pem_ age Hampexpression was upregulated in all animals (Fig. 5G),
o1 [ ————— correlating with normalization of Hct in both mutant genotypes
ramp [ as well as downregulation of Fpn1 protein expression (Fig. 5E).
e Western analysis for Fpnl and RT-PCR fdamp were
representative: of the high Hct mutants tested (Hct>60%), 12
G of 13 animals showed high Fpn1 protein levels, while 11 of 13
Font animals expressed lolampmRNA levels. Conversely, in the
Hamp low Hct cohort (Hct<50%), all animals testew8) displayed
b-acti both downregulated Fpn1l protein levels and upregutdsedp

expression. All wild-type samples<6) exhibited low Fpnl

Fig. 5. Altered Fpn1l protein andampmRNA expression ifPcm protein and upregulatedamptranscript levels.

mutant mice. (A) Western blot analysis reveals graded increase in ormalization of hepatic iron accumulation in aged
Fpnl protein expression in PO mutant liver, with concomitant gradeo{\I imal

decrease in ferritin expression. Approximate molecular masses: mutant anlmz.i S ) )

Fpnl, 68 kDa; ferritin (Ftn), 20 kDa; actin, 41 kDa. (B) Three-week- Downregulation of Fpnl protein levels Btmmutant animals

old liver shows similar graded increase in Fpn1 protein expression ot 12 weeks of age (Fig. 5E) would be predicted to abrogate
a western blot. (C) Seven-week-old liver exhibits persistence of Fpndrganismal iron uptake due to Fpnl-mediated duodenal iron
protein expression only in polycythenf'emheterozygous mice on  absorption, eventually normalizing iron levels with time. In
a western blot. (D) Seven-week-old duodenum demonstrates patterfact, an aged cohort of heterozygous mutant animals
of Fpn1l protein expression similar to liver on a western blot. demonstrated normalization of hepatic iron levels by 8-10
(E) Twelve-week-old liver reveals downregulation of Fpnl protein months of age (Fig. 3E). This correlated with greatly
expression in all genotypes on a western blot. (F) Seven-week-old decreased hepatic irén stéining characterized by residual

liver RT-PCR shows no significant differenceFpn1 mRNA ) ; . :
expression, but lack ¢fampmRNA expression in polycythemic reticuloendothelial localization (data not shown). Interestingly,

mutant mice. Band sizeBpn1, 338 bp:Hamp 171 bp;-actin, 250 heterozygous mutant serum iron levels at this time point were
bp. (G) Twelve-week-old liver RT-PCR demonstrates upregulation ofowered significantly versus wild type (Fig. 3F), consistent
HampmRNA expression in all animals. with tissue iron sequestration resulting from Hamp regulation.

Additionally, Pcm+ mutants were anemicPgm+ Hct

36.8£2.4% (=8), versus +/+ Hct 42.9+2.5%n=%11);
either Hct subgroup. Indeed, in contrast to polycythemid®<0.0001]. Thus, low serum iron levels and sequestration of
heterozygotes, = non-polycythemic  heterozygotes  andon in reticuloendothelial stores are reminiscent of the anemia
homozygotes demonstrated baseline Fpnl expression (Fiof.chronic disease (for a review, see Means, 2003), and appear
5C,D). Thus, elevated duodenal and hepatic Fpnl levels at@ be the disease endpointfiemmutant animals.
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Discussion these data may point to a direct interaction between Fpnl and

Positional cloning of thecmmutation reveals a microdeletion HaEr,np pdroteins asa poltential mechanism.h . Font
in theFpn1promoter region causing disruption of iron balance 2aS€d on our (;egu tj’ Iwe dpropose that perS|s|tent PN
and erythropoiesis ifPcm mutant animals. Elevated Fpnl €XPression caused by delayed postnéf@inp upregulation

protein expression during early postnatal lifePiem mutant forms the basis for the .elevated iron up'take conducive for
animals represents the direct mutational effect of IRE ablatioffugmented erythropoiesis Rcm mutant animals. As Hamp
because of aberrant transcriptional start sites. Althoug|’? a negative regulator of iron balance, &fampexpression
previous studies have shown that tRenl IRE regulates ‘oo upregulated by 12 weeks of age across all genotypes

protein expression in a post-transcriptional manner in vitréF'9: 5G). further organismal accumulation of iron should
(Abboud and Haile, 2000; McKie et al., 2000; Liu et al 2002)cease and iron levels should decrease over time. Indeed, by

to our knowledge, this is the first report demonstrating the iﬁ_—lo_f_monthds of agd?c_:mr?eter(_)zygous mutantsF_exhébEltedTﬁ_
vivo role for theFpnl IRE. Indeed, there is precedence for SIgnificant decrease In hepatic iron content (Fig. 3E). This

: : ; . -.contrasts with the persistent iron accumulation in aged HFE-
IRE-based mutations causing human disease. The InItIélfr)1dHamp-de1‘icient animals (Nicolas et al., 2001; Lebeau et

?L:]tgrtgorg e'?ﬁ&;:ggg ;n Z?r:te C:Irfﬂgti:r}:piirffr:gtlrgg II% '(?;[t;;afr:al., 2002; Nicolas et al., 2003). Importantly, chronic failure
y P to induceHamp expression in the context of iron overload

the SUTR of L—ferntm (Girelli et al., .1.995)'. Subsequently,_ has been shown to be the likely mechanism of dysregulated
numerous mutations have been identified within the L-fernthron balance in HFE mutant mice (Ahmad et al., 2002;

IRE, including a 29 bp deletion predicied 1o abolish IRE-\jicolas et al. 2003). Conversely, return of hepatic iron
mediated regulation of protein translation (Girelli et al., 1997)c0ntent to bas'eline in agdRtm hetérozygotes (Fig. 3E) is

To date, no mutations affecting IRE function have beeri‘ndicative of intact Hamp regulation Pcmmutant animals.

identlifled in th? FPN1 locus. (_)ur resultsi Slég%g%ﬂ;hat Additionally, findings of anemia and low serum iron are
regulatory mutations may comprise a novel subs nsistent with Hamp-mediated, reticuloendothelial iron

alleles, and should be suspected when features of type §j estration, similar to the anemia of chronic disease, also

hemochromatosis are present in the absence of coding regifiyeq the anemia of inflammation (for a review, see Jurado,
mutations.
19

97).

Changes in iron homeostasis induced by acute inflammatory Ele)vation of Epo expression observedPiemmutants rules
st|muI| require Hamp upregulation (Nlcolas et al., ZQOZb), out a primary polycythemia, such as polycythemia vera (for a
which leads to decreased duodenal iron uptake and '”Creast‘heq}iew, see Prchal, 2001). Although the observed increase in
reticuloendothelial macrophe}ge iron sequestration (for &pn1 protein expression would appear adequate to supply
review, see Ganz, 2003). Additionally, downregulation of Fpnk icient iron required for the augmented erythropoiesRin
protein expression in the duodenum and reticuloendothelig), tant animals, the observed polycythemia Rcm
macrophages in response to acute inflammator.y stimuli (Yarl’i?eterozygous animals is most likely a secondary, Epo-
et al., 2002) has been suggested to be mediated by Hampspendent phenomenon. To explain the increased Epo
regulation of Fpnl protein expression (Nicolas et al., 2002&ypression observed iRcm mutant mice that leads to the
Nicolas et al., 2003). Furthermore, duodenal Fpnl expressiqfynsient polycythemia, we propose a model by which increased
is responsive to systemic regulation, rather than to local iroppn1 protein expression and concomitant intracellular iron
levels (Chen et al., 2003). We provide strong in vivo evidencgeficiency leads to Hamp downregulation. At birth,
for this systemic effect, as high Fpn1 protein levels (Fig. 5C,Dhomozygous mutant animals are severely iron deficient, leading
correlate with lowHamp expression (Fig. 5F) at 7 weeks, tg hypochromic, microcytic anemia, while heterozygotes have
whereas, by contrast, high levelsitdmpexpression at 7 and  decreased but sufficient iron stores, permitting near-wild-type
12 weeks (Fig. 5G) correlate with low Fpn1 protein expressiopct. Increased Fpnl protein expressiof@mmutants during
(Fig. 5E). Furthermore, a&pnl transcript levels appear early postnatal life, i.e. the primary effect of the microdeletion
unaffected in either 7- or 12-week-old livers (Fig. 5F,G), oufin the Pcm promoter region, causes augmented cellular iron
data point to post-transcriptional regulatiorFphlby Hamp, efflux, e.g. in the liver and kidney, exacerbating further the
capable of achieving profound effects on Fpnl protein levelgellular iron deficiency. This should lead to the following
as evidenced by polycythemic heterozygotes at 7 weeks of agstinct molecular consequences in cell types involved in
(Fig. 5D). hypoxia and iron sensing:

As downregulation of Fpnl protein expression occurs |In the first component of the model, cellular iron deficiency
normally in homozygous livers, despite the absence of an IRfs known to mimic hypoxia (for a review, see Semenza, 1998),
in mutant Fpnl transcripts, our results suggest an IRE-sensing of which requires an iron-dependent prolyl
independent mechanism Bpnl regulation by Hamp. It has hydroxylase (Epstein et al., 2001; Ivan et al., 2001; Jaakkola et
been suggested that transcriptional, in addition to postl., 2001). Thus, increased Fpnl-mediated iron efflux in
transcriptional, mechanisms play an important role irhypoxia sensing cells in the liver and kidney leads to
regulating Fpnl expression (Liu et al., 2002; Yang et al., 2002nappropriate induction of Epo expression, as observed at 3
Zoller et al., 2002; Chen et al., 2003). However, in the absenegeeks of age (Fig. 4A). This effect of increased Epo production
of appreciable differences Fpnl transcript abundance (Fig. is ineffective in homozygotes until the severe perinatal iron
5F), it is possible that a primarily post-transcriptional, IRE-deficiency resolves as a consequence of increased Fpnil-
independent mode of regulation leads to the profoundnediated duodenal uptake during early postnatal development.
differences in Fpnl protein levels Fcm mutant mice (Fig. By contrast, as sufficient iron for productive erythropoiesis is
5C). Although the precise nature of this regulation is unknowrpresent, elevated Epo expression in heterozygotes results in
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increased erythropoiesis. Although not fully defined as &cmmutant animals display increased organismal iron uptake
clinical entity, mild but significant increases in red cell indicesduring early postnatal life, culminating in significant hepatic
including hematocrit, have indeed been observed in the contexbn accumulation by young adulthood. Additionally,
of iron deficiency in infants and young children (Aslan andheterozygous mutant animals exhibit a transient polycythemia
Altay, 2003). secondary to elevated Epo expressidamp upregulation by

In the second component of the model, within the iron sensgoung adulthood correlates with downregulation of Fpnl
of the liver (for a review, see Ganz, 2003), Fpnl-mediate@rotein expression, preceding the reversion of the iron overload
efflux would be sensed as low cellular iron levels. In aphenotype. Decreased Fpnl-mediated iron uptake in the
regulatory response, this leads to repression of the negatideodenum abrogates organismal iron accumulation, while
hormonal regulator Hamp. Based on the concept that Hangecreased Fpnl-mediated iron efflux from reticuloendothelial
negatively regulates Fpnl protein levels (Nicolas et al., 2002ayacrophages leads to sequestration, dynamically explaining
Nicolas et al., 2003), which is strongly supported by the presetite contrasting phenotypes during early postnatal and adult life
data, decreased Hamp expression would lead to further der Pcmmutant mice.
repression of Fpnl protein levelsRem mutant animals, e.g.
as seen at 7 weeks of age. This Superimposed regu|atory\Ne thank DI’S_ l\_/latthias Hen_tze, Bruno Galy and David Haile for
mechanism further exacerbates cellular iron deficiency igenerously providing Fpnl antibody reagents; we are grateful to Drs
Fpnil-expressing cells. Concomitantly, in the duodenu ;Jfrey Rosen and William Craigen, as well as members of our
increase in Fpnl protein expression driven by Ham oratory, for helpful discussions and critical reading of the

d lation leads 1o i di b tion duri anuscript. We acknowledge Sal Durrani for excellent technical
ownreguiation leads 1o Increased Iron absorpton during €arsgisiance. H.M. is supported by an individual National Research

postnatal life in these mutants, culminating in tissue irorsepice Award from the National Institute of Environmental Health
accumulatlpn by 12 W?9k3 O_f age (F|9- 3D,E). This representsciences, NIH; has received NIH training grant support through the
a paradoxical state in which low iron levels are sensetdepartment of Molecular and Human Genetics; and is a member of
cellularly, despite significant organismal iron accumulation irnthe Medical Scientist Training Program of Baylor College of
Pcm mutant animals. Additionally, recent data suggest EpdJedicine funded by the NIH. This work was supported by a research
itself may downregulateHamp expression (Nicolas et al., grant from the NIH to A.S.
2002c). Thus,Hamp downregulation in polycythemi®cm
mutant animals could be compounded by elevated Epo levels.
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