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Hepatic and extrahepatic expression
of the new iron regulatory protein hemojuvelin
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Background and Objectives. Hereditary hemochromatosis (HH) is a common disorder
of iron overload. A rare variant of the disease, juvenile hemochromatosis, is an early-onset
form which is caused by mutations in a recently identified gene, called HJV or HFE2. A
previous report based on Northern blotting showed human HJV mRNA expression only in
the skeletal muscle, liver and heart.

Design and Methods. In this study we analyzed the expression of HIV mRNA in a num-
ber of human and mouse tissues by a sensitive reverse transcription-polymerase chain
reaction method. We also studied the expression of HJV protein in mouse tissues using
Western blotting. A polyclonal rabbit antibody was raised against a synthetic peptide
which was designed based on the predicted sequence of human and mouse HJV protein.

Results. Human HJV mRNA expression was detected in the liver, heart, esophagus, pan-
creas, descending colon, ileocecum and skeletal muscle. Mouse tissues that were positive
for expression included brain, liver, heart, lung, stomach, spleen, kidney, duodenum,
jejunum, ileum, colon, skeletal muscle, testis and blood. By Western blotting, HJV protein
expression was detected in the mouse liver, heart, kidney, brain and muscle.

Interpretation and Conclusions. The facts that HJV protein is expressed in the liver and
mutations in the HJV gene induce hepatic iron accumulation point to a possibility that
HJV protein may modulate iron transport in hepatocytes. The wide expression of HJV as
shown in the present study suggests that its role in regulating iron allocation could be

extended to other tissues beyond the liver.
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sists of a group of genetic disorders

which lead to iron deposition in sev-
eral tissues and consequent damage of
organs, such as the liver, heart, and pancreas.
Several variant forms of HH have been
described with heterogeneous etiology and
slight clinical differences (Table 1). In the
classical form of HH (type 1), late complica-
tions in the absence of treatment usually
appear between the 4™ and the 5" decades of
life. The medical problems manifested in HH
include cirrhosis, hepatocellular carcinoma,
cardiomyopathy, diabetes mellitus and
hypogonadism. Type 1 HH is associated with
mutations within the HFE gene.™* Neverthe-
less, HH is genetically a heterogeneous dis-
ease, and the penetrance of different geno-
types has remained unknown.* The HFE pro-
tein appears to have direct functional links to
iron transport, since it was found to associ-

| | ereditary hemochromatosis (HH) con-
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ate and interact with transferrin receptor
(TfR) in cryptal enterocytes and in placental
syncytiotrophoblasts.®” In these locations,
HFE protein is believed to have an important
role in TfR-mediated iron transport. The ulti-
mate proof that deficiency or functional
derangement of the HFE gene product is the
molecular basis of HH was provided when
HFE gene knockout mice were found to
exhibit hepatic iron accumulation in a man-
ner similar to that in the classical form of
HH.:

In juvenile hemochromatosis (JH), also
called type 2 hemochromatosis, iron over-
load occurs at a young age, leading to clini-
cal symptoms usually before 30 years of age.
Severe and early development of cardiomy-
opathy and hypogonadism are characteristic
features of this disorder, which affects both
sexes equally. Mutations in the hepcidin
gene have been reported in some JH
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Table 1. Background information on hereditary hemochromatosis (HH).

Genes of iron metabolism Types of HH
Gene/protein OMIM Name of disorder locus
HFE/HFE 235200 Type 1, HFE-related HH 6p21.3
HFE2, HJV/Hemojuvelin 608374 Type 2A, juvenile hemochromatosis 1921
HAMP/Hepcidin 606464 Type 2B, juvenile hemochromatosis 19913
TFR2/Transferin receptor-2 604720 Type 3 7q22

patients.” Hepcidin is a small disulfide-bonded peptide
with antimicrobial activity which is expressed primari-
ly in the liver."? However, several reports demonstrated
linkage to a locus on chromosome 1921 in the majority
of JH cases.” ' This locus was recently shown to contain
a gene, called HJV or HFE2, which is probably the main
causative gene of JH.” In the original report, Papaniko-
laou etal.” identified four missense mutations, one non-
sense mutation and one frameshift mutation from 12
patients. In a subsequent report, Lee et al”® described
two other mutations in the same gene. The HJV gene is
4,265 bp long and contains four exons.” It is transcribed
into a full-length messenger-RNA with five spliced iso-
forms. Hemojuvelin (HJV), the protein product of the
HJV gene, exists in three isoforms of 426, 313 and 200
amino acids. The possible function of HJV protein as a
membrane-bound receptor or secreted polypeptide hor-
mone was hypothesized based on several protein motifs
identified in its amino acid sequence. Even though the
exact function of HJV protein has not been established
it is believed to have a role in iron metabolism.

A previous report based on Northern blotting analysis
showed human HJV mRNA expression in skeletal mus-
cle, liver and heart.” The present study was designed to
investigate further the expression of HJV mRNA in
human and mouse tissues as well as to provide the first
evidence on HJV protein expression in mouse tissues.

Design and Methods

Polymerase chain reaction (PCR) analysis

The expression of human and mouse HJV mRNA was
first examined using cDNA kits purchased from BD Bio-
sciences (Palo Alto, CA, USA). The cDNA included in
MTC™ panels were used as templates for PCR using HJV
gene-specific primers. The human MTC™ digestive pan-
el, panel | and panel Il and mouse MTC™ panel | (BD
Biosciences) contained first-strand cDNA preparations
produced from total poly(A) RNA isolated from a num-
ber of different tissues. All human cDNA were derived
from adult tissues. Another set of mouse cDNA was pre-
pared in our laboratory. Total RNA from mouse tissue
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samples (pooled from 5 adult Balb/c mice) was prepared
using TRIZOL reagent (Invitrogen, Carlsbad, CA, USA).
cDNA was synthesized from total RNA using M-MulV
reverse transcriptase (Finnzymes, Espoo, Finland) using
random primers (500 wg/mL) according to the manu-
facturer's instructions.

Two primers for amplifying human HJV cDNA were
chosen based on the human mRNA sequence (GenBank
database accession No. AY372521) which is the trans-
lated portion of the gene's longest transcript; forward
5'-TCACTTTCACACATGCCG-3' (nucleotides 540-557 in
exon 3) and reverse 5'-GATCGAGAGAGTCGCTGAC-3'
(nucleotides 971-989 in exon 4), which generated a
450-bp product corresponding to amino acids 180-330
of the protein sequence. The primers were produced by
Sigma Genosys (Cambridgeshire, UK). Primers for $2-
microglobulin were used to monitor the quantity of
mRNA in the study samples.

To amplify mouse HJV cDNA, two primers (Sigma
Genosys) were chosen based on the mouse HJV mRNA
sequence published in GenBank (NM_027126); forward
5'-AGGCTGAGGTGGACAATC-3' (nucleotides 945-962)
and reverse 5'-CAAGAAGACTCGGGCATC-3' (nucleotides
1382-1399), which generated a 455-bp product corre-
sponding to amino acids 230-381 of the murine HJV
protein sequence.” Primers for $-actin were used to
assess the quantity of mRNA.

Amplification was performed using 2-3 ng of total
cDNA as a template. The PCR reactions were amplified
in a thermal cycler (Biometra, Géttingen, Germany).
After initial denaturation at 94°C for 1 min, amplifica-
tion was performed for 30-31 cycles of denaturation at
94°C for 30 s, annealing at 55-56°C for 30 s and exten-
sion at 72°C for 1 min 30 s, followed by a final exten-
sion at 72°C for 3 min. The PCR products were analyzed
by electrophoresis on 1.5% agarose gel containing 0.1
ug/mL ethidium bromide with DNA standard (100 bp
DNA Ladder, New England Biolabs, Beverly, MA, USA).
Primers for glyceraldehyde 3-phosphate dehydrogenase
(G3PDH, BD Biosciences) were used in all the performed
experiments to monitor the amplification reaction.

The amplification products obtained from the human
liver and muscle and mouse blood and 17-day old
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Figure 1. PCR analysis of human HJV mRNA expression.
The amplified sequence partially includes exons 3 and 4.
The strongest 450 bp signals are seen in the liver, esoph-
agus, heart and muscle. Weaker bands are present in the
descending colon and pancreas. A faint signal is present
in the ileocecum. -2-microglobulin primers were used to
monitor the quantity of mRNA in the samples.

embryos were purified from agarose gel using GFX™ PCR
DNA and Gel Band Purification kit (Amersham Bio-
sciences, Buckinghamshire, UK). DNA sequencing reac-
tions were performed using ABI PRISM™ Big Dye Termi-
nator Cycle Sequencing Ready Reaction Kit, version 3.1
(Applied Biosystems, Foster City, CA, USA) according to
manufacturer's protocol. The sequencing was finally per-
formed on the ABI PRISM™ 3100 Genetic Analyzer
(Applied Biosystems).

Antibodies

The rabbit anti-human/mouse HJV serum was raised
by Innovagen AB (Lund, Sweden) against a synthetic
peptide (NH.-) SRSERNRRGAITIDTARRLC (-COOH) which
was designed based on the predicted amino acid
sequences of human and mouse HJV (amino acids 328-
347 and 321-340 from human and murine HJV mole-
cules, respectively).” Both mouse and human HJV mRNA
sequences are available in GenBank (accession numbers
AY372521 and NM_027126).

Western blotting

Samples of heart, lung, stomach, duodenum, jejunum,
liver, ileum, colon, spleen, kidney, muscle, testis and
brain were obtained from adult Balb/c mice. The proce-
dures were approved by the institutional animal care
committee (University of Tampere). The tissue samples
were homogenized in phosphate-buffered saline (PBS)
in the presence of protease inhibitors, and approximately
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1 mg of protein from each sample was analyzed by SDS-
PAGE (NuPAGE 10% Bis-Tris, Invitrogen) under reducing
conditions according to Laemmli.® The separated pro-
teins were transferred electrophoretically from the gel
to a Parablot polyvinylidene fluoride membrane (Ma-
cherey-Nagel, Diiren, Germany) in a Novex Xcell Il blot
module (Invitrogen). After the transblotting, HJV protein
was detected by the electroluminescence method
(Amersham Biosciences) according to the manufactur-
er's instructions. The primary antibody was diluted
1:2000. Control experiments were performed using pre-
immune serum (1:1000) instead of the anti-HJV serum.

Results

HJV gene expression in human tissues

The expression of the human HJV gene was studied by
PCR amplification of a commercially available set of
cDNA produced from selected human tissues, including
liver, rectum, cecum, stomach, esophagus, ascending
colon, descending colon, transverse colon, duodenum,
ileocecum, ileum, jejunum, heart, brain, muscle, pan-
creas, lung, placenta, kidney, ovary, colon and leuko-
cytes. Figure 1 shows a strong 450-bp band in the liver,
esophagus, heart and muscle and weaker reactions in
the descending colon and pancreas. A faint signal was
also observed in the ileocecum. Rectum, cecum, stom-
ach, ascending colon, transverse colon, duodenum,
ileum, jejunum, brain, lung, placenta, kidney, ovary, colon
and leukocytes were negative.

HJV gene expression in mouse tissues

The expression of the murine HJV gene was investi-
gated by PCR amplification of cDNA samples produced
in our laboratory out of 5 Balb/c mice (including blood,
heart, lung, stomach, duodenum, jejunum, liver, ileum,
colon, spleen, kidney, muscle, testis and brain) (Figure 2,
upper panel). In addition, we used a commercially avail-
able set of cDNA produced from selected mouse speci-
mens (including heart, brain, spleen, lung, testis, 7-day
old embryo, 11-day old embryo, 15-day old embryo and
17-day old embryo) (Figure 2, lower panel). Positive 455~
bp bands were observed in all tissue samples except for
the brain and spleen of the commercial panel. It is of
interest that a strong positive signal was amplified from
the brain and spleen cDNA prepared in our laboratory.
The three oldest embryos showed positive bands. Even
though the PCR method was not quantitative, the sig-
nal became stronger with increasing age of the embryo,
which could indicate a developmental regulation.
Expression of hemojuvelin in mouse tissues

Expression of mouse HJV protein was analyzed using
Western blotting. Compared to the results in RT-PCR, the
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Figure 2. Expression of HJV mRNA in mouse tissues. The
upper panel shows the results derived from the cDNA
samples produced in our laboratory. The lower panel rep-
resents the commercial cDNA samples. Positive bands
are observed in most tissue specimens except the brain
and spleen in the lower panel. Note that the bands in the
embryo samples become stronger with age. p-actin
primers were used as an internal control to assess the
quantity of mRNA.
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Figure 3. Western blotting of HJV protein in mouse tis-
sues. The antibody was raised against a synthetic pep-
tide which was designed based on the predicted amino
acid sequences of human and mouse HJV. A positive
polypeptide band of 26 kDa is present in the samples
from heart, liver, kidney, muscle and brain. A band of 30
kDa is also observed in the samples from jejunum, liver,
kidney and testis.
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protein expression showed a more limited pattern of
distribution. The results are shown in Figure 3. A 26 kDa
positive band was observed in the liver, heart, kidney,
brain and muscle. A 30 kDa band was also observed in
the jejunum, liver, kidney and testis. These two bands
most likely correspond to different HJV isoforms.” Both
the antiserum and pre-immune serum showed low
molecular weight bands in several lanes. These non-
specific bands are probably present because of the high
protein content in each lane.

Discussion

The present study was designed to elucidate HJV pro-
tein and mRNA expression in different human and
mouse tissues. The RT-PCR results for human HJV agreed
quite well with the distribution pattern recently report-
ed by Papanikolaou et al.” In addition to the previously
documented sites of expression (skeletal muscle, liver
and heart), we found positive signals in four other tis-
sues: descending colon, esophagus, ileocecum and pan-
creas. Of these, the last three were not previously test-
ed for HJV expression.” The RT-PCR results indicated
positive expression only in the descending colon, where-
as the other segments of the large intestine were neg-
ative. Therefore, it is not surprising that the Northern
blot result for colon has previously remained negative.”
The observed variation may simply reflect different sam-
pling. It is also notable that the signal intensities of RT-
PCR and Northern blot did not correlate with each oth-
er.” This discrepancy can be attributed to the nature of
the different methods. The RT-PCR method employed in
the present study is not quantitative, although it is con-
sidered more sensitive than the Northern blotting.

In this paper, we also report the first results on HJV
expression in mouse tissues. The data indicate that the
transcript is more widely expressed than its human
ortholog. In fact, the mRNA seems to be present in near-
ly every mouse tissue tested. This difference in the dis-
tribution of HJV mRNA may point to a physiological
interspecies variation of iron metabolism. On the other
hand, it is possible that the heterogeneity of primers
could affect the results in the sensitive RT-PCR method.
To confirm the specificity of the PCR reactions, the
amplification products obtained from the human liver
and muscle and mouse blood and 17-day old embryo
were purified from agarose gel and subjected to DNA
sequencing. The correct product was amplified from
each tissue (data not shown). Even though we must be
careful with attributing a quantification relevance to
RT-PCR results, it is noteworthy that the HJV transcript
seems to emerge during embryogenesis. No signal was
visible at embryonic day 7, a positive band became
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apparent in 11-day old embryos, and was found to fur-
ther increase during the later stages. Absence of the spe-
cific mRNA during the early stages of development could
indicate that HJV protein is not required during early
processes such as blastocyst formation and implantation.
However, the transcript was present at 11 days, which
represents the peak time for organogenesis in mice.
Based on those preliminary results, it would be interest-
ing to correlate HJV expression to the developmental
stages in more detailed investigations using in situ
hybridization or immunohistochemistry.

Figure 2 showed some heterogeneity in HJV mRNA
expression between different mice. Positive HJV signals
were amplified from all cDNA samples, which were pro-
duced in our laboratory. In contrast, no amplification
product was obtained from the commercial brain and
spleen cDNA. The former cDNA were pooled from 5 mice
and the latter cDNA from 200 mice. Thus, it is unlikely
that any coincidences could explain this variation. Pre-
vious studies have demonstrated the influence of mouse
strain on the severity of iron accumulation.?? There-
fore, one can hypothesize that the expression of iron
requlatory proteins including HJV could be affected by
genetic factors linked to different strains or mouse
colonies. Therefore, further studies should be conduct-
ed to evaluate HJV expression in several mouse strains
as well as in mice with defective regulation of iron
metabolism. According to our observations mouse HJV

Expression of HFE2

mRNA is more widely expressed than the corresponding
protein. The differences in the distribution could be due
to a higher sensitivity of the PCR amplification method
as compared to the immunodetection. Another possibil-
ity is that the more limited protein expression pattern
derives from post-transcriptional requlation. Neverthe-
less, the data suggests that HJV mRNA is expressed in a
number of different human and mouse tissues. Thus, the
role of the HJV protein may not be restricted to those
organs, which are classically considered most important
for orchestrating iron allocation. Mouse HJV protein was
also detected in tissues where iron is primarily accumu-
lated during the development of juvenile hemochro-
matosis, which supports a role for the HJV protein in the
reqgulation of iron transport in these tissues. Although as
yet only little is known about this interesting protein, the
present results should open avenues for cell level-ori-
ented studies on the role and mechanisms of HJV pro-
tein in the regulation of iron homeostasis.
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