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Brief report

Expression of Rgmc, the murine ortholog of hemojuvelin gene, is modulated
by development and inflammation, but not by iron status or erythropoietin
Jan Krijt, Martin Vokurka, Ko-Tung Chang, and Emanuel Nečas

Mutations of hepcidin (HAMP) and hemojuvelin (HJV) genes have been recently
demonstrated to result in juvenile hemochromatosis. Expression of HAMP is regulated by iron status or infection, whereas
regulation of HJV is yet unknown. Using
quantitative real-time polymerase chain
reaction, we compared expression of
Hamp and Rgmc (the murine ortholog of
HJV) in livers of mice treated with iron,

erythropoietin, or lipopolysaccharide
(LPS), as well as during fetal and postnatal development. Iron overload increased
Hamp expression without effect on Rgmc
mRNA. Erythropoietin decreased Hamp
mRNA, but Rgmc expression was unchanged. Hamp mRNA level decreased
after birth by 4 orders of magnitude, without significant changes in Rgmc expression. Administration of LPS elevated

Hamp mRNA levels, while markedly decreasing hepatic Rgmc mRNA levels (to
⬃5% after 6 hours). The responses of
Hamp and Rgmc were quite different and
suggested that human HJV expression
could be modulated by inflammation.
(Blood. 2004;104:4308-4310)
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Introduction
During the past few years, a number of new genes participating in
iron metabolism have been identified. Mutations in 2 genes,
hepcidin (HAMP)1 and hemojuvelin (HJV)2,3 have been shown to
result in juvenile hemochromatosis. Hepcidin, a small peptide
synthesized predominantly in hepatocytes, is emerging as an
important regulator of iron homeostasis, which inhibits iron
absorption from the intestine and iron release from macrophages.
Hepcidin expression is controlled by iron status and erythropoietic
activity, as well as by inflammatory stimuli4; inappropriate expression of hepcidin probably plays a role in the pathophysiology of
hereditary hemochromatosis and anemia of inflammation.5 On the
other hand, the function and regulation of hemojuvelin are at
present unknown. Prior to identification of the HJV gene, it was
speculated that its product could function in the hepcidin
signaling pathway, possibly as a hepcidin receptor,5 whereas a
current concept proposes that hemojuvelin could modulate
hepcidin expression.2,6
Orthologs of the HJV gene have been identified in zebrafish,
mice, and rats2; the mouse HJV ortholog Rgmc is, like HJV,
expressed mainly in skeletal muscle, heart, and liver.7 The aim of
the present study was to examine whether experimental conditions
known to influence hepatic Hamp expression in mice will also
change hepatic Rgmc mRNA levels and to compare possible
similarities or discrepancies in the regulation of these 2 genes.

Study design
All animal experiments were approved by the Animal Care Committee of
the First Faculty of Medicine. Male C57BL/6N mice (Charles River,
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Sulzfeld, Germany) were treated with lipopolysaccharide (LPS, serotype
0111:B4, 1 mg/kg intraperitoneally; Sigma Aldrich, Prague, Czech Republic) and humanely killed by cervical dislocation after 90 minutes or 6 hours.
Iron overload (600 mg/kg) was induced by a single subcutaneous injection
of iron polyisomaltosate (Ferrum Lek; Lek, Ljubljana, Slovenia); mice
were humanely killed 1 week or 3 weeks after application. Erythropoietin
(EPREX 10 000, Cilag AG, Schaffhausen, Switzerland) was administered
at 50 U/mouse for 4 days, and mice were killed on day 5.
Liver RNA was extracted using RNABlue (Top-Bio, Prague, Czech
Republic), treated with DNase I (Gibco, Life Technologies, Gaithersburg,
MD), and 1 g total RNA was reverse transcribed by the RevertAid
First-Strand cDNA synthesis kit (Fermentas, Vilnius, Lithuania).
Levels of Hamp and Rgmc mRNA were determined by real-time
polymerase chain reaction (PCR) on a Roche LightCycler instrument, using
LightCycler FastStart DNA Master SYBR Green I kit (Roche Diagnostics,
Mannheim, Germany). Primer sequences were: ␤-actin forward 5⬘GACATGGAGAAGATCTGGCA-3⬘, reverse 5⬘-GGTCTTTACGGATGTCAACG-3⬘; Hamp forward 5⬘-CTGAGCAGCACCACCTATCTC-3⬘, Hamp
reverse 5⬘-TGGCTCTAGGCTATGTTTTGC-3⬘; Rgmc forward 5-CCCAGATCCCTGTGACTATGA -3, Rgmc reverse 5-CAGGAAGATTGTCCACCTCAG -3. Rgmc primers were designed to amplify a sequence from exons
3 and 4 of Rgmc DNA.2 Because 5 possible splice variants have been
reported for human HJV,2 data from representative experiments were
verified with 2 alternative primer pairs targeting sequences from exon 1 and
exon 4, respectively.
Target mRNA amounts were normalized to ␤-actin mRNA, and
calculated as described previously,8 assuming exact doubling of amplified cDNA in each PCR cycle. Results are expressed as the relative
amount of target mRNA in comparison to ␤-actin mRNA (Figure 1), or
as percent of ␤-actin–normalized target mRNA in experimental groups
versus control groups (Table 1). Statistical analyses were performed
using the 2-tailed t test.
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Table 1. Relative amounts of liver Hamp and Rgmc mRNA after
administration of iron, erythropoietin, or LPS
Hamp mRNA,
% of control

Rgmc mRNA,
% of control

Iron, 1 wk

484 ⫾ 26*

87 ⫾ 16

Iron, 3 wks

408 ⫾ 91*

79 ⫾ 48

3 ⫾ 2*

81 ⫾ 19

LPS, 90 min

166 ⫾ 66

53 ⫾ 20

LPS, 6 h

128 ⫾ 25

1 ⫾ 1*

Treatment

Erythropoietin

Figure 1. Levels of hepatic Hamp and Rgmc mRNA during prenatal and
postnatal liver development. Liver samples were obtained at days 12.5, 14.5, and
17.5 of embryonic development (E12-E17), within 8 hours after birth (P0), during
postnatal developmental days (P3-P24), or from adult mice aged 2 to 3 months.
Values represent the amount of target mRNA compared to ␤-actin mRNA (means ⫾
SD; n ⫽ 3).

Results and discussion
Real-time PCR allowed detection of Hamp and Rgmc mRNAs in
adult as well as in fetal liver samples, with the amount of Hamp
mRNA exceeding Rgmc mRNA in adult liver by more than 1 order
of magnitude. Tissue-specific expression of Rgmc agreed with
published data2 for human HJV (results not shown).
Hepcidin expression increases during iron overload9 and decreases following erythropoietin administration.10 Subcutaneous
injection of a single dose of iron (600 mg/kg) increased the amount
of Hamp mRNA more than 4-fold when measured 1 week or 3
weeks after treatment; however, the amount of hepatic Rgmc
mRNA was not significantly changed (Table 1). Administration of
erythropoietin for 4 days decreased Hamp mRNA levels to less
than 5% of control values, again without a statistically significant
effect on hepatic Rgmc mRNA levels. These results indicate that, in
contrast to Hamp mRNA, Rgmc mRNA content is not influenced
by iron overload or increased erythropoiesis.
It has been previously shown that HJV is expressed in fetal
liver.2 Because Hamp expression displays significant changes
during both prenatal and postnatal periods,11 we examined whether
the expression pattern of Hamp and Rgmc would be similar.
Although both Hamp and Rgmc mRNAs increased during embryonic liver development, a striking difference was noted in the
postnatal expression of the 2 genes (Figure 1). Hamp mRNA
dropped by 4 orders of magnitude after birth and remained low
until weaning, whereas Rgmc mRNA levels decreased only to about
30% at postnatal day 3 and reached adult levels at day 8. These
results show that the 2 genes are regulated differently during the
postnatal period.
In addition to iron homeostasis, expression of hepcidin is also
regulated by inflammatory cytokines.12,13 Hepcidin was originally
described as an antimicrobial peptide,14 and the link between
hepcidin and the immune response has been further strengthened
by the observations that urinary hepcidin levels rise by 2 orders of
magnitude in patients with infections.2,12 Human hepcidin has

Iron was administered as a single 600-mg/kg dose 1 or 3 weeks prior to death,
erythropoietin as a 50-U daily dose for 4 days preceding the day of death, and LPS as
a single 1-mg/kg dose 90 minutes or 6 hours prior to death. Data are expressed as
means ⫾ SD (n ⫽ 4).
*Statistically significant compared to control group (P ⬍ .05).

therefore been characterized as an acute-phase protein,12 whose
induction is probably responsible for the changes in iron homeostasis during anemia of inflammation. Accordingly, an increase of
hepatic Hamp mRNA has been documented in experimental
animals treated with LPS.9,13,15 As shown in Table 1, a single
injection of LPS slightly increased hepatic Hamp mRNA levels,
measured 6 hours after LPS administration, while decreasing
hepatic Rgmc mRNA levels by more than 1 order of magnitude.
Thus, the response of Hamp and Rgmc to inflammatory stimuli
appears to be fundamentally different.
The link between iron metabolism and inflammation has been
well established, with expression of many of the proteins involved
in iron metabolism responding to infection or LPS treatment.16-18
LPS treatment decreases plasma iron concentrations and generally
down-regulates iron export from the cells. In this respect, it is
interesting to note that the response of Rgmc to LPS resembles the
response of the Slc40a1 gene,18,19 which encodes the iron exporter
ferroportin1. Both hepatic Rgmc and Slc40a1 mRNAs show a
similar decrease following administration of LPS to mice, with
only slight changes at 90 minutes and substantial down-regulation
6 hours after LPS administration.
In conclusion, this study shows that, despite the postulated
functional link between hepcidin and hemojuvelin,2,20 murine
Hamp and Rgmc genes respond differently to changes in iron status
or inflammation. Although the results are based on mRNA
quantification only, and as such do not reflect possible posttranscriptional regulation, they nevertheless indicate that whereas Hamp
mRNA sensitively reacts to iron overload or increased erythropoiesis, hepatic Rgmc mRNA content is not significantly changed. In
addition, hepatic Hamp and Rgmc mRNA levels respond in an
opposite manner to bacterial LPS challenge. The decrease of
hepatic Rgmc mRNA level following LPS treatment suggests that
human HJV expression could be down-regulated during
inflammation.
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is gratefully acknowledged.

References
1. Roetto A, Papanikolaou G, Politou M, et al. Mutant antimicrobial peptide hepcidin is associated
with severe juvenile hemochromatosis. Nat
Genet. 2003;33:21-22.
2. Papanikolaou G, Samuels ME, Ludwig EH, et al.

Mutations in HFE2 cause iron overload in chromosome 1q-linked juvenile hemochromatosis.
Nat Genet. 2004;36:77-82.
3. Lee PL, Beutler E, Rao SV, Barton JC. Genetic
abnormalities and juvenile hemochromatosis:

mutations of the HJV gene encoding hemojuvelin.
Blood. 2004;103:4669-4671.
4. Nicolas G, Chauvet C, Viatte L, et al. The
gene encoding the iron regulatory peptide
hepcidin is regulated by anemia, hypoxia, and

4310

5.

6.

7.

8.

9.

10.

KRIJT et al

inflammation. J Clin Invest. 2002;110:10371044.
Ganz T. Hepcidin, a key regulator of iron metabolism
and mediator of anemia of inflammation. Blood.
2003;102:783-788.
Pietrangelo A. Hereditary hemochromatosis—a
new look at an old disease. N Engl J Med. 2004;
350:2383-2397.
Schmidtmer J, Engelkamp D. Isolation and expression pattern of three mouse homologues of
chick Rgm. Gene Expr Patterns. 2004;4:105-110.
Krijt J, Cmejla R, Sykora V, Vokurka M, Vyoral D,
Necas E. Different expression pattern of hepcidin
genes in the liver and pancreas of C57BL/6N and
DBA/2N mice. J Hepatol. 2004;40:891-896.
Pigeon C, Ilyin G, Courselaud B, et al. A new
mouse liver-specific gene, encoding a protein homologous to human antimicrobial peptide hepcidin, is overexpressed during iron overload. J Biol
Chem. 2001;276:7811-7819.
Nicolas G, Viatte L, Bennoun M, Beaumont C,

BLOOD, 15 DECEMBER 2004 䡠 VOLUME 104, NUMBER 13

Kahn A, Vaulont S. Hepcidin, a new iron regulatory peptide. Blood Cells Mol Dis. 2002;29:327335.
11. Nicolas G, Bennoun M, Porteu A, et al. Severe
iron deficiency anemia in transgenic mice expressing liver hepcidin. Proc Natl Acad Sci U S A.
2002;99:4596-4601.
12. Nemeth E, Valore EV, Territo M, Schiller G, Lichtenstein A, Ganz T. Hepcidin, a putative mediator
of anemia of inflammation, is a type II acutephase protein. Blood. 2003;101:2461-2463.
13. Lee P, Peng H, Gelbart T, Beutler E. The IL-6and lipopolysaccharide-induced transcription of
hepcidin in HFE-, transferrin receptor 2-, and
beta2-microglobulin-deficient hepatocytes. Proc
Natl Acad Sci U S A. 2004;101:9263-9265.
14. Krause A, Neitz S, Magert HJ, et al. LEAP-1, a
novel highly disulfide-bonded human peptide,
exhibits antimicrobial activity. FEBS Lett. 2000;
480:147-150.
15. Roy CN, Custodio AO, de Graaf J, et al. An Hfe-

dependent pathway mediates hyposideremia in
response to lipopolysaccharide-induced inflammation in mice. Nat Genet. 2004;36:481-485.
16. Knutson M, Wessling-Resnick M. Iron metabolism in the reticuloendothelial system. Crit Rev
Biochem Mol Biol. 2003;38:61-88.
17. Ludwiczek S, Aigner E, Theurl I, Weiss G. Cytokinemediated regulation of iron transport in human
monocytic cells. Blood. 2003;101:4148-4154.
18. Yang F, Liu XB, Quinones M, Melby PC, Ghio A,
Haile DJ. Regulation of reticuloendothelial iron
transporter MTP1 (Slc11a3) by inflammation.
J Biol Chem. 2002;277:39786-39791.
19. Yeh KY, Yeh M, Glass J. Hepcidin regulation of
ferroportin 1 expression in the liver and intestine
of the rat. Am J Physiol Gastrointest Liver
Physiol. 2004;286:G385–394.
20. Lanzara C, Roetto A, Daraio F, et al. Spectrum of
hemojuvelin gene mutations in 1q-linked juvenile
hemochromatosis. Blood. 2004;103:4317-4321.

