J c I The Journal of Clinical Investigation

Hemojuvelin is essential for dietary iron sensing, and its
mutation leads to severe iron overload

Vera Niederkofler, ..., Rishard Salie, Silvia Arber
J Clin Invest. 2005;115(8):2180-2186. https://doi.org/10.1172/JCI25683.

REECEIL W3-l Genetics

Iron homeostasis plays a critical role in many physiological processes, notably synthesis of heme proteins. Dietary iron
sensing and inflammation converge in the control of iron absorption and retention by regulating the expression of
hepcidin, a regulator of the iron exporter ferroportin. Human mutations in the glycosylphosphatidylinositol-anchored
protein hemojuvelin (HJV; also known as RGMc and HFE2) cause juvenile hemochromatosis, a severe iron overload
disease, but the way in which HJV intersects with the iron regulatory network has been unclear. Here we show that,
within the liver, mouse Hjv is selectively expressed by periportal hepatocytes and also that Hjv-mutant mice exhibit iron
overload as well as a dramatic decrease in hepcidin expression. Our findings define a key role for Hjv in dietary iron
sensing and also reveal that cytokine-induced inflammation regulates hepcidin expression through an Hjv-independent
pathway.

Find the latest version:

https://jci.me/25683/pdf



http://www.jci.org
http://www.jci.org/115/8?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI25683
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/22?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/25683/pdf
https://jci.me/25683/pdf?utm_content=qrcode

R e S e a. rC h a rt I C | e Related Commentary, page 2079

Hemojuvelin is essential for dietary iron
sensing, and its mutation leads
to severe iron overload

Vera Niederkofler, Rishard Salie, and Silvia Arber

Biozentrum, Department of Cell Biology, University of Basel, and Friedrich Miescher Institute, Basel, Switzerland.

Iron homeostasis plays a critical role in many physiological processes, notably synthesis of heme proteins.
Dietary iron sensing and inflammation converge in the control of iron absorption and retention by regulat-
ing the expression of hepcidin, a regulator of the iron exporter ferroportin. Human mutations in the glyco-
sylphosphatidylinositol-anchored protein hemojuvelin (HJV; also known as RGMc and HFE2) cause juvenile
hemochromatosis, a severe iron overload disease, but the way in which HJV intersects with the iron regulatory
network has been unclear. Here we show that, within the liver, mouse Hjv is selectively expressed by peripor-
tal hepatocytes and also that Hjy-mutant mice exhibit iron overload as well as a dramatic decrease in bepcidin
expression. Our findings define a key role for Hjv in dietary iron sensing and also reveal that cytokine-induced
inflammation regulates hepcidin expression through an Hjv-independent pathway.

Introduction

Regulation of iron uptake depends on the ability of an organism
to accurately sense systemic iron and adjust its level accordingly.
While iron is an essential physiological cofactor for the production
of many proteins, most notably heme proteins, excess iron can be
harmful to the organism, in part through the generation of oxy-
gen radicals, and is potentially lethal (1, 2). Recent work has estab-
lished the importance of the peptide hormone hepcidin in iron
homeostasis as a negative regulator of iron release into the system
by duodenal enterocytes and reticuloendothelial macrophages.
Hepcidin binds to the iron exporter ferroportin, which results in
ferroportin internalization and degradation (3). How hepcidin
levels are kept in balance through upstream signaling pathways is
still under investigation (4-7).

Multiple pathways are known to regulate expression of hepcidin
and thus indirectly affect iron uptake and retention (7). Hepcidin
expression is induced by an excess of iron and is downregulated
by iron deprivation, consistent with its role as a downstream effec-
tor of iron sensing (8). In addition, hepcidin also responds to acute
inflammation with rapid induction of gene expression. Injection
of LPS, a bacterial endotoxin and potent activator of inflamma-
tory response, induces hepcidin in mice (8), an effect believed to be
dependent on cytokine production (4, 5). During inflammation
induced by pathogenic infection, creation of a hypoferremic envi-
ronment is thought to be a defense mechanism of the host organ-
ism for restricting pathogenic growth, which is partially dependent
on physiological iron levels (9). Thus, both dietary iron sensing and
inflammatory pathways converge in the regulation of the key regu-
lator hepcidin, but how these 2 pathways intersect remains unclear.

An increasing number of genes have been assigned roles in iron
homeostasis through their mutational identification in human
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diseases. Some of these mutations cause accumulation of iron and
result in disease states of varying severity (1, 10). Human juvenile
hemochromatosis is an early-onset disorder of iron homeostasis
that results in massive iron overload in various body tissues (1,
10-12). Patients suffer from cardiomyopathy, diabetes, or cirrhosis
attributed to oxidative damage caused by iron loading and often
die before 30 years of age. Recently, a mutation causing juvenile
hemochromatosis, which had been mapped to the human chro-
mosomal position 1q, was identified by positional cloning (13).
The corresponding gene was named hemojuvelin (HJV; also known
as HFE2) and was shown to be a member of a previously identified
glycosylphosphatidylinositol-anchored gene family named after
its founding member, repulsive guidance molecule (RGM), the
function of which has mainly been studied in the nervous system.
The RGM gene family is composed of 3 members: RGMa, RGMb,
and RGMc (14). RGMc only differs from HJV in nomenclature
(13, 14), and its mouse homolog will be referred to as Hjv in this
study. Whereas 2 mouse homologs of this family, mouse RGMa
(mRGMa) and mRGMb, are mainly expressed in the nervous sys-
tem, the expression of Hjv is enriched in skeletal muscle and liver
(13, 14). Functionally, RGMa has been implicated in axon guidance
and neural tube closure (14, 15) whereas the expression of mRGMb
(also known as DRAGON) is regulated by the transcription factor
DRG11 in dorsal root ganglia sensory neurons (16). In contrast,
no function for Hjv has previously been described.

Here we show that Hjv is expressed in periportal hepatocytes and
that disruption of the Hjv gene results in severe iron overload. Mice
with mutations in Hjv fail to express hepcidin in response to dietary
or injected iron; this provides a molecular explanation for the severe
iron accumulation observed in Hjr-mutant mice. In contrast, these
mice retain the ability to upregulate hepcidin expression in response
to acute inflammation induced by either LPS or its downstream
products IL-6 and TNF-o. Moreover, we also show that, upon
induction of inflammation, Hjv expression in wild-type mice is
selectively downregulated in the liver but not in skeletal muscle.
Taken together with previous observations (6), our data suggest
that inflammation, through downregulation of hepatic Hjv, might
induce a temporary elimination of iron sensing. In summary, our
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Figure 1

Hjv expression in periportal hepatocytes. (A) Targeting strategy used for homologous recombination in ES cells to eliminate Hjv gene function.
The Hjv locus contains 3 coding exons (yellow). A targeting construct containing eGFP (dark gray) followed by IRES-NLS-lacZ-pA (blue) and
thymidine kinase—neomycin (TK-neo) (light gray) cassettes was integrated in frame into the second coding exon of Hjv. The probe used for
genomic Southern blot analysis is indicated in blue. Integrated cassette is not drawn to scale. STOP, carboxyterminal stop codon. (B) Genomic
Southern blot of Hjv++, Hjv+-, and Hjv-- genomic DNA using the probe indicated in A. (C) Northern blot analysis of total RNA isolated from P21
hindlimb muscles of Hjv*+ and Hjv-- mice probed for the expression of Hjv (top) and GAPDH (bottom). (D) Schematic drawing depicting the
territories of liver lobules. Portal tracts (PT) are indicated in blue; central veins (CVs) are shown in red. Note that solid lines in D—G outline the
hexagonally shaped hepatic lobule with PTs at the corners. (E-G) Detection of enzymatic lacZ activity in liver from 3-month-old Hjv*- mice ana-
lyzed on vibratome (E) or cryostat (F and G) sections. Red circles indicate CV, blue circles indicate PT. Inset in (G) depicts high magnification of
individual binuclear hepatocytes that express lacZ. (H-K) Immunohistochemical detection of HNF4a (H, J, and K: red), lacZ (1, J, and K: green),
and SYTOX green (nuclei; K: blue) in liver from 3-month-old Hjv+- mice. Arrows point to binuclear Hjv-expressing hepatocytes. Scale bar: 530

m (E); 260 um (F); 70 um (G); 30 um (inset in G); 40 um (H-K) .

results suggest that Hjv plays an essential role in the regulation of
hepcidin expression, specifically in the iron-sensing pathway.

Results

Generation of Hjv-mutant mice and expression of Hjv in periportal
bepatocytes. The recent genetic linkage of HJV to the iron overload dis-
ease juvenile hemochromatosis in humans (13) has opened the way
to elucidation of the function of Hjv in iron homeostasis under nor-
mal physiological conditions and in disease by use of genetic studies
in mice. We therefore generated Hjr-mutant mice, which coordinate-
ly express lacZ targeted to the nucleus from the Hjv locus (Figure 1,
A and B). Previous work has shown that the strongest expression of
Hjv in mice is found in skeletal muscles, but a lower level of expres-
sion has also been detected in the liver (14). Mice homozygous for
the mutated Hjv allele showed a complete absence of Hjy mRNA in
all tissues analyzed, including skeletal muscles, providing evidence
for a complete null mutation (Figure 1C and data not shown).
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To determine the exact site of expression of Hjv in the liver, we
processed vibratome sections of adult liver from Hjr*~ mice in
order to determine the presence of lacZ activity (Figure 1E). Inter-
estingly, we found a patterned distribution of Hjv expression in the
liver whereas skeletal muscles were stained uniformly (Figure 1E
and data not shown). To determine the identity of these cells, we
analyzed lacZ expression on thin sections and found labeled cells
surrounding portal tracts but not central veins (Figure 1, Fand G).
At high magnification, lacZ* cells were often shown to contain 2
nuclei; this has previously been described as occurring frequently
in hepatocytes (17, 18) (Figure 1G). In addition, double-labeling
immunohistochemistry with an antibody against hepatocyte
nuclear factor 4o (HNF4a), a transcription factor expressed in
hepatocytes (19), confirmed the hepatocytic identity of these lacZ*
cells (Figure 1, H-K). In contrast, lacZ expression was not detected
in any other of the several liver cell types examined, including sinu-
soidal endothelial cells expressing CD31 (20) (data not shown).
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Together, these findings indicate that Hjv expression in the liver is
restricted to hepatocytes surrounding the portal tracts.

Hjv mutation in mice causes severe iron overload. To assess the conse-
quences of Hjy mutation for iron homeostasis in various organs, we
used both histological staining procedures and quantitative deter-
mination of iron content (Figure 2 and Supplemental Figure 1; sup-
plemental material available online with this article; doi:10.1172/
JCI25683DS1). At 2.5 months of age, Hjr-mutant mice showed a
severe increase in iron content in the liver (~20 fold; iron accumula-
tion in the parenchymal cells of the liver), pancreas (~25 fold; iron
accumulation in acinar tissue), and heart (~4.5 fold) (Figure 2, A-D,
I, and J, and Supplemental Figure 1). In contrast, we found a reduc-
tion in iron accumulation in the spleen (~4.5 fold; Figure 2E-H, I,
and J), probably due to the inability of reticuloendothelial macro-
phages residing in the red pulp to sequester iron. These findings are
consistent with the previously observed distribution of iron content
under conditions of hemochromatosis in both human patients and
other mouse models of this disease (10, 11, 21-24).

A time-course experiment for the determination of iron content
in various tissues at several postnatal developmental stages of Hjv-
mutant mice showed a rapid and permanent increase in iron accu-
mulation, which reached plateau levels by 4 months of age (Figure
2] and Supplemental Figure
1E). Importantly, the first
signs of hepatic iron over-
load were already detected by
P30 (Figure 2J). These find-
ings reveal that mutation
of Hjv in mice leads to iron
accumulation in multiple
organs with a time course
and tissue distribution com-
parable to that observed in
patients suffering from juve-
nile hemochromatosis (10).

Although we found simi-
larities detected in iron accu-
mulation between human | 140
juvenile hemochromatosis x
patients and Hjr-mutant [
mice, we did not observe
obvious features of cardio-
myopathy in these mice
as assessed by histology,
analysis of heart weight, and
mRNA expression analysis
of a number of marker genes
known to be altered in car- 0-

Liver
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diomyopathy (Supplemental &
Figure 1, F and G, and data Q¥

not shown). Moreover, Hjv-
mutant mice did not experi-
ence an increase in mortality
(up to 15 months of age) or
show signs of diabetes (Sup-
plemental Figure 1H and
data not shown). While Hjv-
mutant males were sterile,
they did not show signs of
hypogonadism as assessed by

Figure 2
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determination of testicular size, a phenotype frequently observed in
human sufferers of juvenile hemochromatosis (10). Together, these
findings suggest that Hjy-mutant mice show an iron homeostasis
phenotype highly similar to that of human patients but, surpris-
ingly, do not develop all of the associated pathological conditions.

Lack of bepcidin expression in Hjv-mutant mice. We next began to assess
the molecular mechanism by which absence of Hjv leads to iron accu-
mulation in mice. Hepcidin expression is a well-established indicator
ofiron levels and is upregulated by high body iron (25). In the liver of
wild-type rats, hepcidin expression occurs in 2 waves: an early postna-
tal spike (PO-P3) that declines rapidly followed by a second increase
that begins during the fourth postnatal week and continues into
adulthood (26). A very similar time course can be detected in mice
in which adult levels of hepcidin expression in the liver are reached at
P24 (6) (Figure 3A). In contrast to the dynamic expression of hepcidin,
Hijv expression in the liver was already detected at E13.5 and reached
a steady level by late embryonic stages (6) (Figure 3A).

We first determined the level of hepatic hepcidin expression in
adult Hjr-mutant mice by Northern blot analysis and in situ hybrid-
ization experiments. We found that hepcidin mRNA was virtually
undetectable in adult Hjz-mutant mice compared with wild-type
littermates, in which expression was detected broadly throughout
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Iron accumulation in Hjv-mutant mice. (A—H) Histological detection of iron content on cryostat sections of liver
(A-D) and spleen (E-H) of wild-type (A, C, E, and G) and Hjv"- (B, D, F, and H) mice. Note uniform iron accumula-
tion in the liver of 2.5-month-old Hjv-mutant mice and absence thereof in the red pulp of the spleen. (I) Quantitative
determination of iron content (umol/g dry weight) in various organs of 2.5-month-old wild-type (white), Hjv*- (gray),
and Hjv~- (black) mice (n = 5 for each group). Asterisks indicate significant changes (P < 0.05) in Hjv-~ mice as
compared with wild-type littermates. (J) Time course (P12—P300) of iron content (umol/g dry weight) determined
in Hjv--mice (squares) compared with pooled wild-type and Hjv+- mice (triangles). Liver (green) and spleen (blue)
are depicted in the graph. At least 3 animals per time point and genotype were included in the analysis. Asterisks
indicate significant changes (P < 0.05) in Hjv7- mice as compared with pooled wild-type and Hjv+- littermates.
Scale bar: 270 um (A and B); 45 um (C and D); 1.2 mm (E and F); 100 um (G and H).
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the liver (< 0.3% of wild type; Figure 3, B and D, and Figure 4A).
Moreover, hepatic hepcidin expression in Hjr-mutant mice was
also absent at early postnatal stages, when wild-type mice exhibit
a naturally occurring spike of hepcidin expression (Figure 3B). To
determine whether Hjr-mutant mice exhibit a general block of hep-
cidin regulation in response to iron, we assessed whether artificial
elevation of iron levels in Hjy-mutant mice was capable of inducing
hepcidin expression. We found that subcutaneous injection of iron-
dextran (8) in Hjr-mutant mice did not increase hepcidin expression
significantly whereas the same treatment consistently increased
hepcidin in wild-type mice (Figure 3C).

Together, these findings point to an essential role for Hjv in iron
sensing, that of an upstream regulator of hepcidin expression. More-
over, the massive reduction in hepcidin provides a molecular explana-
tion for the continued iron accumulation and lack of effective regu-
latory mechanisms to decrease iron uptake in Hjr-mutant mice.

Acute inflammation can induce hepcidin expression in Hjv-mutant mice.
Does the lack of hepcidin expression in Hjy-mutant mice represent an
absolute inability to induce hepatic hepcidin expression, or is it possi-
ble to bypass this deficiency by stimulation of the inflammatory path-
way (4, 8)? We found that induction of acute inflammation by lipo-
polysaccharide (LPS) injection led to rapid and robust upregulation
of hepcidin in Hjy-mutant mice compared with sham-injected mutant
animals (~300 fold; Figure 4A). To determine whether downstream
products of LPS were also sufficient to mimic the effect of LPS on
bepcidin expression in Hjr-mutant mice, we used injections of either
proinflammatory cytokine IL-6 or TNF-a. (27). We found that either
IL-6 or TNF-a was sufficient to mimic the effect of LPS, albeit to a
lesser extent (IL-6: ~130 fold; TNF-a: ~160 fold) (Figure 4A).

We also assessed whether, in Hjy-mutant mice, inflammation-
mediated upregulation of hepcidin expression was capable of
effectively eliciting appropriate downstream responses. The iron
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Figure 3

Lack of hepcidin expression in Hjv-mutant mice. (A) Developmental
time course (E13.5-P90) of Hjv, hepcidin, and GAPDH expression lev-
els as determined by Northern blot analysis on total RNA isolated from
liver. (B) Northern blot analysis of total RNA isolated from adult (P90) or
P1.5 liver of wild-type and Hjv"- mice probed for the expression of Hjv,
hepcidin, and GAPDH. (C) Northern blot analysis of total RNA isolated
from adult (P90) liver of wild-type and Hjv-- mice sacrificed 7 days after
sham injection (S) or injection with iron-dextran (ID) and probed for the
expression of hepcidin and GAPDH. Scale bar: 100 um. (D) In situ
hybridization on cryostat sections of liver isolated from adult (P90) wild-
type and Hjv-- mice probed for the expression of hepcidin.

exporter ferroportin has been shown both to regulate cellular
iron uptake by binding to hepcidin (3) and to be transcriptionally
downregulated by high hepcidin levels (28). Consistent with the
observed lack of hepcidin expression in Hjy-mutant mice, we found
high expression of ferroportin in both untreated and sham-injected
Hjv-mutant mice (Figure 4B and data not shown). In contrast,
upon LPS injection (associated with hepcidin induction), ferropor-
tin mRNA is significantly reduced in Hjr-mutant mice as well as in
wild-type mice (Figure 4B), indicating the presence of intact down-
stream responses to hepcidin in Hjy-mutant mice. These findings
show that the inflammatory pathway can efficiently bypass a
requirement for Hjv in the induction of hepatic hepcidin expres-
sion and assign a specific role to Hjv in the iron-sensing pathway
upstream of hepcidin regulation.

Inflammation induces selective downregulation of Hjv in liver but not
muscle. Normal iron balance is subverted during inflammation
when hepcidin levels are elevated to create a transient hypoferre-
mic environment inhibitory to pathogenic growth (9). This low
serum iron concentration should be perceived as hypoferremia by
the dietary iron-sensing pathway and rapidly counteracted; how-
ever, this does not occur. Interestingly, previous experiments have
shown that Hjv expression in the liver of wild-type mice is strongly
downregulated upon induction of acute inflammation by LPS (6).
These findings raise the question of whether the observed effect
is selective to the liver and whether other genes involved in iron
metabolism (1, 10-12) are regulated in a similar manner.

Interestingly, in contrast to the dramatic downregulation of Hjv
expression observed in the liver of LPS-injected animals (6) (Figure
4C), no decrease in the expression of Hjv in skeletal muscles was
detected under these conditions (Figure 4C). Moreover, we also
found that the expression levels of several hemochromatosis- or iron
metabolism-related genes, such as Hfe, transferrin receptor 2 (1fi2),
B2-microglobulin, and ceruloplasmin, analyzed in the liver were
unchanged following LPS injection (Supplemental Figure 2). Finally,
adecrease in Hjv expression in the liver was also observed in response
to IL-6 or TNF-a injection (Figure 4D). Together, these findings show
that the inflammatory response induces a transcriptional downregu-
lation of Hjv specifically in the liver and that such a response is not
observed for other genes implicated in iron regulatory pathways.

Discussion

In this study, we provide evidence that Hjv expression in the liver
is restricted to periportal hepatocytes and that Hjv is an essen-
tial component of the iron-sensing pathway. Our experiments
show that Hjy-mutant mice exhibit an iron overload phenotype
with high similarity to that of human patients suffering from
juvenile hemochromatosis. Despite excessive iron accumulation,
Volume 115 2183
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Figure 4

Selective suppression of Hjv during inflammatory response. (A—C) Northern blot analysis of hepcidin (A), ferroportin (B), and Hjv (C) expres-
sion on total RNA isolated from liver of wild-type or Hjv-mutant mice. Before isolation of total RNA, mice were injected intraperitoneally with PBS
(sham), LPS, IL-6, or TNF-a.. At least 3 animals per experimental condition were analyzed, and 1 representative example is shown. Quantifica-
tion of expression levels was performed by normalization of each sample to GAPDH expression probed sequentially on the same blots (data
not shown). Histograms depict wild-type mice in black and Hjv-mutant mice in grey. Asterisks indicate significant changes (P < 0.05) in animals
treated with LPS, IL-6, or TNF-o. as compared with sham-injected animals of the same genotype. (D) Northern blot analysis of Hjv expression

on total RNA isolated from skeletal muscle of wild-type mice after sham or LPS injection. Quantification was performed as described in (A—C).
Histogram depicts sham-injected mice in black and LPS-injected mice in white.

Hjv-mutant mice show a complete lack of hepcidin expression; this
provides a molecular explanation for the observed phenotype. Nev-
ertheless, hepcidin expression can still be induced in Hjy-mutant
mice by activation of the inflammatory pathway, providing evi-

activation of distinct molecular pathways, all of which funnel into
the regulation of hepatic hepcidin expression (7) (Figure 5, A and
B). In this study, we provide evidence that Hjv is essential in the
iron-sensing pathway. We found that even experimental elevation

dence for the selective requirement of Hjv in the iron-sensing but
not the inflammatory pathway upstream of hepcidin regulation.
We will discuss our findings with respect to the role of Hjv in iron
homeostasis and potential mechanisms by which Hjv might link
iron sensing and inflammatory pathways in vivo.

The complex regulatory network underlying systemic regulation
of iron homeostasis is tuned to respond to different stimuli by

of iron levels was not capable of inducing hepcidin expression in
Hjv-mutant mice and that these mice were also devoid of the hepci-
din expression spike that normally occurs during the first postna-
tal week. These findings strongly suggest an essential role for Hjv
in iron metabolism from birth throughout life.

In marked contrast to the defects in hepcidin expression in
response to iron observed in Hjr-mutant mice, regulation of hep-

A Hiv+* ’ P ’ > Iron Iron
Dietary g Hepoidin u Fpn” uptake”
iron-sensing Ironu
pathway ) o Iron
Hjv Hepcidingy—3 Fpn'| —» Iron
Poaring—>ront > 54
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iron—senrsszng Iron — Hjv + -“-»Hepcidin 1‘ —» Fpn J, —p fon Hypoferremia
pathway T uptake
Inflammatory IL-6
pathway LPST ’ TNF—J

Figure 5

An essential role for Hjv in the iron-sensing pathway. (A) Model depicting the dietary iron-sensing pathway in wild-type and Hjv-mutant mice. In
wild-type mice, green arrows indicate responses in the presence of high iron; red arrows show responses in the presence of low iron. Balanced
regulation of this pathway adjusts iron levels to the needs of the healthy organism (follow green or red arrows from left to right). In Hjv-mutant
mice, iron-sensing is defective due to the absence of Hjv (indicated by gray double line). Despite high iron, this leads to an essentially complete
absence of hepcidin expression, iron overload, and hemochromatosis (green arrows in Hjv mutant). Fpn, ferroportin. (B) Model depicting the
impact of acute inflammation on the iron-sensing pathway (blue arrows). Acute-phase cytokines IL-6 and TNF-a act to coordinately downregulate
Hjv expression in the liver while simultaneously inducing hepcidin expression. The reduction of Hjv results in a blockade of the dietary iron-sens-

ing pathway (indicated by blue double line). This mechanism efficiently suppresses the iron-sensing pathway during the inflammatory response,
which results in a low iron serum concentration inhibiting pathogenic growth.
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cidin expression upon inflammation is intact in these mutants.
Interestingly, bepcidin levels in LPS-injected Hjy-mutant animals do
not reach those of wild-type animals. These findings suggest that
the total level of hepcidin expression observed upon inflammation
is additive to the baseline level and again argue for the existence
of 2 independent pathways that lead to the regulation of hepcidin
expression. Of these 2 pathways, only the iron-sensing pathway
requires functional Hjv (Figure 5).

How do iron sensing and inflammatory pathways interact, and
what possible mechanism could prevent interference between
the 2 pathways? Interestingly, previous experiments have shown
that hepatic Hjv is rapidly downregulated at the transcriptional
level upon induction of inflammation by LPS injection in wild-
type mice (6). Moreover, we now show that Hjv downregulation
upon inflammation is selective to the liver and does not occur in
skeletal muscle, another prominent site of expression of Hjv (Fig-
ure 5B). Together with our observations that Hjv is not required
for hepcidin induction during inflammation, these findings pro-
vide an intriguing potential mechanistic explanation for how the
iron-sensing pathway is switched off during inflammation: by the
rapid and selective extinction of Hjv in the liver (Figure 5B). By
such a mechanism, interference with individual pathways may be
prevented by selective and fast cross-regulatory interactions at the
level of transcriptional gene regulation.

This study also provides evidence that the expression of Hjv in
the liver is restricted to a population of periportal hepatocytes.
In contrast, Hfe, Tfr2, and B2-microglobulin have been described
as expressed broadly throughout the liver (29-31). Periportal
hepatocytes are located close to the portal veins, which deliver
blood to the liver from the gut and are thus in a prime position to
detect the iron content of blood coming directly from the diges-
tive tract. While we cannot exclude a potential role for Hjv in iron-
sensing in skeletal muscles with the currently available mouse
model, our results nevertheless suggest the possibility that the cel-
lular source assigned to iron sensing in the liver may be periportal
hepatocytes, marked by the expression of Hjv. Definitive proof of
the importance of hepatic expression of Hjv, however, awaits either
the generation of tissue-specific Hjr-mutant mice or attempts to
selectively rescue Hjr-mutant phenotypes by tissue-specific expres-
sion. Finally, since hepcidin expression is not restricted to periportal
hepatocytes, this finding excludes a direct molecular link from Hjv
to the intracellular induction of hepcidin expression.

In summary, the findings described in this study reveal a selec-
tive role for Hjv in 1 of 2 pathways, both of which converge on
the downstream expression of the key regulatory peptide hepci-
din. Whereas Hjv is required for hepcidin expression through the
iron-sensing pathway, Hjv is dispensable for induction of hepcidin
through the inflammatory pathway. Our findings also provide
important insights for future therapeutic strategies for treating
diseases affecting iron metabolism.

Methods

Generation, maintenance, and analysis of Hjv-mutant mice. A mouse genomic
library was screened using an Hjv-specific probe. The second coding exon
of Hjv was disrupted via homologous recombination in ES cells (129SvJael
origin; targeting frequency: 1:100) by inserting a cassette containing an
enhanced GFP (eGFP) in frame with the endogenous amino-terminal methi-
onine (ATG), followed by an internal ribosomal entry site—nuclear localization
signal-lacZ—polyA (IRES-NLS-lacZ-pA) and a thymidine kinase-neomycin. ES

cell recombinants were screened by genomic Southern blot: EcoRI digest,
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5’ probe (300 bp); oligonucleotides, (a) 5'-CTCAGTGTATTATGTG-
TAGAA-3' and (b) 5'-AATTCCAGGAACGTTGGTGGC-3' (Figure 1A). The
identification of Hjy-mutant mice was performed by genomic Southern
blot (Figure 1B) and PCR: (a) 5'-CCAGTGCAAGATCCTCCGCTGC-3'and
(b) 5'-TCCGGATGGTGGTAGCGTTGGC-3'. Hjv mice were maintained in
a 129SvJ genetic background under standard conditions. All experiments
were performed using male mice, and control littermates were processed in
parallel for each experiment. All animal experiments were approved by the
Veterinarian Board Basel-Stadt (Basel, Switzerland).

Northern blot analysis and histology. Northern blot analysis and isolation of
total RNA was performed as previously described (14), using digoxigenin-
labeled probes directed against Hjw (14), hepcidin (BC021587), Tfr2 (BC013654),
B2-microglobulin (BI691504), Hfe (AA255260), ceruloplasmin (A1225600), fer-
roportin (BQ928442), and GAPDH (gift from P. Matthias, Friedrich Miescher
Institute). Expression of mMLP, Marp, ANF (32), BNF (NM_008726), troponinl
(NM_009406), and MLC2a (33) were assessed by Northern blot analysis on
heart total RNA. Signals were quantified using FluoView 500 (Olympus) and
normalized to the expression level of GAPDH. Average values were determined
from at least 3 independent experiments for each data point. Cryostat sections
(16 wm) were processed for immunohistochemistry as previously described
(34), using fluorophore-conjugated secondary antibodies (1:1000; Invitrogen
Corp.). Primary antibodies used in this study were rabbit anti-lacZ (34) and
goat anti-HNF4a (Santa Cruz Biotechnology Inc.). Nuclei were detected using
SYTOX Green (Invitrogen Corp.). Vibratome sections (100 um) were cut on
avibratome (Leica). Detection of lacZ enzymatic activity and in situ hybridiza-
tion experiments were performed as previously described (14, 34).

TIron quantification, blood glucose measurement, and statistical analysis. Iron was
detected on cryostat sections using the Accustain Iron Stain Kit (Sigma-
Aldrich). Nonheme iron in dehydrated tissue was quantified according to
a previously described method (35). Animals were fasted for 6 hours before
blood glucose measurement (Glucocard Memory 2, ARKRAY). For statisti-
cal analyses, all P values were calculated with Microsoft Excel XP using a
2-tailed Student’s ¢ test. P values of less than 0.05 were considered statisti-
cally significant. Error bars shown in figures represent SEM.

LPS, cytokine, and iron injection. LPS (1 ug/g body weight; serotype O111:
B4; Sigma-Aldrich), IL-6 (12.5 ng/g body weight; R&D Systems), and TNF-a
(12.5 ng/g body weight; R&D Systems) were injected intraperitoneally, and
organs were isolated for RNA preparation 6 hours after LPS and 4 hours
after IL-6 and TNF-a injections (28). Iron-dextran or PBS/dextran/phenol-
control solution was injected subcutaneously as previously described, and
animals were analyzed 7 days after injection (8).
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