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Hepcidin targets ferroportin for degradation in hepatocytes
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ABSTRACT

Hepcidin, a circulating regulatory hormone peptide produced
by hepatocytes, functions as the master regulator of cellular
iron export by controlling the amount of ferroportin, an iron
exporter present on the basolateral surface of intestinal ente-
rocytes and macrophages. Hepcidin binding to ferroportin
induces its internalization and degradation, resulting in cellu-
lar iron retention and decreased iron export. Whether hepato-
cytes express ferroportin that could be targeted by hepcidin
has remained a subject of debate. Here, we describe a hepa-
tocyte culture system expressing high levels of ferroportin,
and demonstrate that both endogenously secreted and syn-
thetic hepcidin are fully active in down-regulating mem-
brane-associated ferroportin. In agreement with this result,
ferroportin is stabilized in liver hepatocytes of hepcidin-defi-
cient mice and accumulates in periportal areas, supporting the

centrolobular iron deposition observed in these mice. In con-
clusion, we show that hepcidin can trigger ferroportin degra-
dation in hepatocytes, which must be taken into account
when considering hepcidin therapeutics.
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Introduction

Ferroportin is the only known mammalian iron exporter.
High levels of ferroportin are detected in mature enterocytes
and tissue macrophages of the spleen and the liver,"* consis-
tent with the role that ferroportin plays in transporting iron
from the duodenum to the serum, and in iron recycling from
senescent red cells back into the circulation, respectively.
Quantitatively, the major pathway of iron efflux in the body
is the release of iron from phagocytosed erythrocytes by the
reticuloendothelial system. The magnitude of the iron flux is
proportional to the concentration of ferroportin on the cell
surface of these cells, which is partly determined by the cir-
culating levels of ferroportin’s ligand, hepcidin. Hepcidin, the
iron-regulatory hormone secreted by the hepatocyte, is
indeed able to bind to ferroportin inducing its internalization,
ubiquitination and degradation, as shown in transfected cell
lines.”® While the effect of hepcidin on endogenous ferro-
portin was clearly demonstrated in macrophagic cell types,**
exposure of intestinal epithelial cells to hepcidin was report-
ed to have no effect on ferroportin levels’ and hepcidin-
induced duodenal ferroportin regulation was only shown
indirectly in mouse models of iron disorders."*

Apart from enterocytes and macrophages, not much is
known concerning the presence of the iron exporter ferro-
portin in hepatocytes. Ferroportin-deficient animals accumu-

lated iron in enterocytes, macrophages and to a lesser extent,
hepatocytes, consistent with a possible role for ferroportin in
these latter cells.” However, due to the lack of a hepatocytic
cellular system expressing high levels of endogenous ferro-
portin, the systemic regulation of hepatocytic ferroportin by
hepcidin has never been adequately addressed. The aim of
this study was to set up an experimental model to address
this important issue.

Design and Methods

Primary culture of mouse hepatocytes

Hepatocytes were isolated as described,' either from 3-4 month
old female C57Bl/6 mice, or age-matched WT and hepcidin KO mice
backcrossed 6 times on C57Bl/6 background. Hepatocytes were cul-
tured in M199+glutamax medium containing 10% fetal bovine
serum, 100 nM insulin, 1 mM dexamethasone and 0.2 mM triiodothy-
ronine for 4h. After cell attachment, the medium was replaced by
fresh M199 and hepatocytes were treated as indicated. Hepcidin treat-
ment was performed for 24 h in the presence of 350 nM human syn-
thetic hepcidin from Peptide International. As a positive control for
ferroportin expression, the mouse monocyte-macrophage cell line
]744 was used as previously described.”

RNA analysis

RNA isolation and real-time quantification were as described."
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Sequences of the primers were: hepct, forward 5’-CCTATCTC- GTGAACGGATTTGG-8 and reverse 5- GACTCCACGACAT-
CATCAACAGATG-3’ and reverse 5-TGCAACAGATACCA- ACTCAGC-3'.

CACTG-3’ ; ferroportin forward 5’-CTCTGTCAGCCTGCT-

GTTTG-3 and reverse 5-TCAGGATTTGGGGCCAAGATG-3;  Protein analysis

ceruloplasmin forward 5'-ACTTATTTCAGTTGACACGG-3’ and Microsomal and cytosolic fractions were prepared as previous-
reverse 5-GCAGCACATACACATACTGT-3; L ferritin forward ly reported.” Anti-ferroportin antibodies were previously
5-GGGCCTCCTACACCTACCTC-3" and reverse 5'- CTC-  described.”” Anti-o-tubulin and anti-L-ferritin antibodies were pur-
CTGGGTTTTACCCCATT-3. GAPDH forward 5-GTCGGT- chased from Sigma and Santa Cruz, respectively.
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Figure 1. Effect of serum and hepcidin treatments on membrane-associated ferroportin and iron-related gene expression in isolated hepa-
tocytes. Hepatocytes were isolated from 3-4 month old female C57BI/6 mice (A, B), or 2 month old WT and hepcidin KO mice from the same
littermate (C) as reported.*® After plating in presence of 10% fetal bovine serum for 4h, hepatocytes were cultured without serum for differ-
ent time periods (from 24, 48 or 72h in A) or treated, as indicated, either with serum (B, C) or with synthetic hepcidin (B, C). For the Western
blots, membrane proteins (50 pg/lane) were separated on SDS-PAGE, electro-transferred onto nitrocellulose membrane and analyzed with
anti-ferroportin antibody as described.” Molecular weight markers are indicated in kDa. Anti-a-tubulin was used as loading controls in blots
B, C, and D. A typical experiment, representative of at least three independent experiments, is shown. For gene expression (A, B’, and C’),
relative changes in mRNA levels were quantified by real-time qRT-PCR performed using cDNA synthetized from 2 ug total RNA (GAPDH nor-
malized, arbitrary units). Mean + SD for n=3 independent samples in one experiment. The experiment was performed at least twice and a
representative result is shown. Statistical analysis was performed using Student’s t test (unpaired, two-tailed). (A) Membrane-associated fer-
roportin levels were studied in hepatocytes cultured 24, 48 or 72h in serum-free medium. Anti-L-ferritin antibodies were used for assessing
the hepatocytic iron content in cytosolic protein extracts (25 pg/lane). (A’) Relative changes in hepcidin, ferroportin and ferritin mRNA lev-
els. Results are expressed relative to hepatocytes cultured without serum for 24h. (B) Membrane-associated ferroportin levels were studied
in WT hepatocytes cultured 72h in serum-free medium (0%S), 48h in serum-free medium + 24h in the presence of 10% serum (10%S) or
48h in serum free medium + 24h in presence of 350 nM human synthetic hepcidin (0%S+hepc). (B’) Relative changes in hepcidin, ferro-
portin, and ceruloplasmin mRNA levels. Results are expressed relative to hepatocytes cultured without serum for 72h. ***P<0.0001 as com-
pared to untreated hepatocytes. (C) Membrane-associated ferroportin levels were studied in hepcidin KO hepatocytes cultured 72h in serum-
free medium (0%S), 48h in serum-free medium + 24h in the presence of 10% serum (10%S) or 48h in serum free medium + 24h in pres-
ence of 350 nM human synthetic hepcidin from Peptide International (0%S+hepc). Membrane proteins (50 Lg) from iron-treated monocyte-
macrophage cell line J774 were used as a positive control. (C’) Relative changes in ferroportin, and ceruloplasmin mRNA levels. Hepcidin
mRNAs were undetectable (not shown). Results are expressed relative to hepatocytes cultured without serum for 72h. *P=0.02 as compared
to untreated hepatocytes.
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Immunohistochemistry

Tissues from 3-9 month old mice were fixed in 4% formalde-
hyde. After methanol deparrafination, sections were processed for
immunohistochemistry using the EnVision+ System-HRP (DAB)
kit according to the manufacturer's methods. Antibody against
mouse ferroportin (Alpha Diagnostics) was diluted at 1:100.

Results and Discussion

We found that culturing primary mouse hepatocytes
without serum for up to 72 h was associated with a dra-
matic increase in ferroportin and a concomitant decrease
of ferritin protein levels (Figure 1A), suggesting a function-
al increased iron export capacity of the hepatocyte by fer-
roportin. Hepcidin gene transcription was inversely corre-
lated to ferroportin levels, being undetectable at 72h
(Figure 1A). In contrast, ferritin and ferroportin mRNA
levels were unchanged throughout the culture. We took
advantage of this culture condition (no hepcidin, high fer-
roportin) to investigate the role of hepcidin (induced
endogenously or added exogenously) on the regulation of
hepatocyte ferroportin. Hepatocytes, which had been
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Figure 2. Ferroportin expression in WT and hepcidin KO mice. (A)
Detection of membrane-associated ferroportin in total liver extracts
prepared from WT and KO mice of 3 and 9 months of age.
Membrane proteins (60 ug/lane) were separated by SDS-PAGE,
electro-transferred onto nitrocellulose membrane and analyzed with
anti-ferroportin antibody as described(7). Anti-o-tubulin was used as
loading control. A typical experiment, representative of at least two
independent experiments, is shown. (B) Immunohistochemical
staining of livers from WT (a) and hepcidin KO (b-c) mice using anti-
mouse ferroportin antibodies (Alpha Diagnostics). A neighboring
serial section of the KO liver used in (c) was used for Perls staining
and is shown in (d). Original magnification: 20x (c, d) and 40x (a, b).
Kupffer cell staining (black arrowheads) and hepatocytes (black
arrows) are indicated. PP is for periportal and CL for centrolobular.

Regulation of ferroportin in hepatocytes -

serum-starved for 48h, were cultured in the presence of
10% serum for 24h, a culture condition associated with a
50-fold increase in hepcidin mRNA levels (Figure 1B’). In
the presence of serum, membrane-associated ferroportin
protein levels were significantly decreased compared to
levels without serum (Figure 1B). This decrease was not
transcriptionally related since ferroportin mRNA levels
were unchanged (Figure 1B’). To determine whether
endogenously synthesized hepcidin was responsible for
the down regulation of ferroportin at a post-translational
level, the effect of serum on hepatocytes isolated from
hepcidin KO animals was assessed. Western blot of Figure
1C indicates clearly that serum treatment had no effect on
ferroportin levels (i.e. no degradation) in hepcidin KO
hepatocytes likely due to the absence of secreted hepcidin
from these hepcidin-deficient hepatocytes. Since the
absence of ceruloplasmin was recently shown to be a pos-
sible cause for the loss of cell surface ferroportin in various
cultured cell lines, we measured ceruloplasmin mRNA
levels in the hepatocytes and found no change in any cul-
ture condition (Figures 1B’, C’). To further investigate the
putative role of autocrine hepcidin on ferroportin degrada-
tion, the effect of synthetic human hepcidin was tested.
Similar to the serum effect, hepcidin treatment led to a
complete degradation of ferroportin, both in WT and KO
hepatocytes (Figures 1B and C). Importantly, this effect
was observed with hepcidin concentration as low as 10
nM (data not shown).

Confirming our hypothesis of hepcidin targeting ferro-
portin degradation in hepatocytes, we found that hepato-
cytes isolated from hepcidin KO mice displayed increased
levels of ferroportin as compared to WT mice (Figure 1C,
last lane). This increase was found not only in isolated
hepatocytes but also i vivo as shown in total liver mem-
brane extracts of hepcidin KO mice as compared to WT
mice (Figure 2A). The cell type responsible for ferroportin
expression in vivo was assessed by immunohistochemistry
on liver sections (Figure 2B). In the liver of KO mice, the
immunostaining conditions allowed detection of ferro-
portin not only in the Kupffer cells, as expected due to
hepcidin deficiency, but also clearly at the sinusoidal bor-
ders of the hepatocytes (Figure 2Bb). Interestingly, ferro-
portin plasma membrane staining was found much more
prominent in the periportal areas (Figure 2Bc). This result
is in agreement with a previous study which reported, by
in situ hybridization, that ferroportin was expressed pre-
dominantly in the hepatocytes around the portal veins in
the rat liver.* Collectively, our results permit us to propose
a mechanism explaining the unique feature of the cen-
trolobular iron deposit present in the hepcidin KO mice.”
In the setting of experimental iron overload, increased
periportal iron load induces hepcidin secretion, which in
turn leads to ferroportin degradation around the periportal
veins, leading to a specific periportal iron accumulation. In
hepcidin KO mice, hepcidin deficiency induces periportal
ferroportin stabilization, and thus iron is exported along
the peri-central axis and progressively accumulated in the
centrolobular region where it is trapped due to the
absence of ferroportin in this area. Figure 2Bd shows the
liver Perls staining, a serial section of which was stained
for ferroportin (Figure 2Bc). Interestingly, a similar zonal
distribution of iron in centrolobular areas was recently
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reported in the liver of BMP6 KO mice.” In classical forms
of hereditary hemochromatosis related to inappropriate
hepcidin levels, it could be anticipated that hepcidin levels
are sufficient to degrade periportal ferroportin leading to
periportal iron accumulation as reported in HFE and TfR2
mouse models.”** In the other form of juvenile hemochro-
matosis due to HJV mutation, a periportal accumulation of
iron was also reported both in KO models'" and in human
patients.” In agreement with these findings, liver ferro-
portin was detected only in the Kupffer cells and not in the
hepatocytes." The absence of ferroportin accumulation in
the hepatocytes of HJV KO mice is difficult to explain
because hepcidin levels were demonstrated to be barely
detectable in these mice." Further investigations are need-
ed to determine the threshold of hepcidin levels required
for ferroportin degradation and whether other iron-related
partners might be involved in hepatic iron zonation as
recently proposed.”

In conclusion, our results clearly identify the hepato-
cyte as a cellular target for hepcidin. This result may pro-
vide clues for hepcidin therapeutics. Indeed, while the
physiological role of hepatocytes in iron export is margin-
al as compared to that of the reticuloendothelial macro-
phages, this observation may be important in pathologi-
cal conditions associated with iron overload disease due
to hepcidin deficiency.
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