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Abstract

As the principal iron-regulatory hormone, hepcidin plays an important role in systemic iron
homeostasis. The regulation of hepcidin expression by iron loading appears to be unexpectedly
complex and has attracted much interest. The GPI-linked membrane protein hemojuvelin (GPI-
hemojuvelin) is an essential upstream regulator of hepcidin expression. A soluble form of
hemojuvelin (s-hemojuvelin) exists in blood and acts as antagonist of GPI-hemojuvelin to
downregulate hepcidin expression. The release of s-hemojuvelin is negatively regulated by both
transferrin-bound iron (holo-Tf) and non-transferrin bound iron (FAC), indicating s-hemojuvelin
could be one of the mediators of hepcidin regulation by iron. In this report, we investigate the
proteinase involved in the release of s-hemojuvelin and show that s-hemojuvelin is released by a
proprotein convertase through the cleavage at a conserved polybasic RNRR site.
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Introduction

The juvenile hemochromatosis gene hemojuvelin (HJV, RGMc) belongs to the repulsive
guidance molecule (RGM) family. All three members of the RGM family, RGMa, RGMb and
hemojuvelin (RGMc) are GPI-linked proteins, and have been shown to be co-receptors for
BMP2and 4[2;3;34;36]. RGMaand RGMb are predominantly expressed in the central nervous
system in a mostly non-overlapping pattern, and are proposed to function in axon guidance
and neural tube closure [25;29;30]. In contrast, hemojuvelin is predominantly expressed in the
liver and skeletal muscles [31]. Hemojuvelin has been shown to be essential for the regulation
of hepcidin production and iron homeostasis [15;22;28;31].

Hepcidin is secreted from the liver into blood circulation and acts as the principal iron
regulatory hormone. Dysregulation of hepcidin expression has been shown as the underlying
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cause of many common iron-related disorders [10]. Homozygous or compound heterozygous
mutations of hemojuvelin cause juvenile hemochromatosis, the most severe form of hereditary
hemochromatosis. Patients with juvenile hemochromatosis due to hemojuvelin mutations have
very low hepcidin levels and are phenotypically indistinguishable from patients with
homozygous mutations which disrupt the hepcidin gene itself [31]. Like their human
counterparts, hemojuvelin knockout mice also had very low hepatic hepcidin expression and
severe iron overload [15;28]. Using antisense RNA to suppress hemojuvelin synthesis, we
demonstrated in the hepatoma cell line Hep3B that hemojuvelin is indeed required for hepcidin
mMRNA expression [22]. Hemojuvelin likely influences hepcidin synthesis through the BMP
signaling pathway, since it was recently shown that hemojuvelin binds BMP2/4 and functions
as a BMP coreceptor [2], and that the SMADA4 transcription factor common to the TGFp/BMP
receptor pathway is required for hepcidin expression in the liver [46].

Hemojuvelin protein exists both as a cell-associated GP1 form (GPI-hemojuvelin) and a soluble
form (s-hemojuvelin) that can be detected in cell culture supernatants as well as in human
[22] and rat [47] blood. The amount of s-hemojuvelin in the cell culture supernatant was
reduced by treatment with inorganic non-transferrin-bound-iron or holotransferrin [22]. Based
on the observation that s-hemojuvelin suppressed hepcidin production in primary hepatocytes
in a dose-dependent manner [22], we proposed a model in which s-hemojuvelin and GPI-
hemojuvelin reciprocally regulate hepcidin expression in response to iron-load. GPI-
hemojuvelin generates a positive signal for hepcidin production. In contrast, s-hemojuvelin
competes with GPI-hemojuvelin for BMP2/4 ligands, which in turn modulates the BMP2/4
signaling and hepcidin production. To understand how hemojuvelin regulates hepcidin in
response to iron signals, we characterized the enzyme that generates s-hemojuvelin and
examined how iron regulates the cleavage process.

Itis not yet certain whether s-hemojuvelin originates from cellular secretion, from the shedding
of GPI-hemojuvelin on the membrane, or from a combination of the two mechanisms. Silvestri
et al. showed that hemojuvelin mutants defective in plasma membrane presentation (with
significant ER retention) can still release s-hemojuvelin. They argue that s-hemojuvelin does
not originate from membrane bound GPI-hemojuvelin, but is independently secreted by the
cell [39]. However, definitive evidence supporting the secretion model is lacking. A recent
study using cell surface protein biotinylation provided evidence that s-hemojuvelin can
originate from cell surface GPI-hemojuvelin [18]. Cell surface GPI-hemojuvelin is composed
of two distinct forms.

The major form is autocatalytically cleaved at a labile Asp-Pro bond (within the partial von
Willebrand factor domain) in the late secretory pathway, resulting in a two-chain GPI-
hemojuvelin structure linked by disulfide-bonds [18;22;39;48]. A second, minor population of
the cell surface GPI-hemojuvelin is an uncleaved one-chain form rapidly released as s-
hemojuvelin [18].

The release of soluble extracellular domain fragments (ectodomains) from membrane proteins
through regulated proteolytic cleavage is a common process referred to as ectodomain shedding
[11;12]. A variety of integral membrane proteins (transmembrane proteins and lipid-anchored
proteins) including cell adhesion molecules, leukocyte antigens, receptors/ligands and viral
membrane proteins are targets for this proteolytic release [14]. Ectodomain shedding can
downregulate receptors and adhesion molecules on the cell surface, which prevents further
receptor-ligand interactions [11;14]. Proteinases involved in ectodomain shedding
(ectodomain sheddases) have been shown to comprise a heterogeneous population that function
near (Golgi) or at the cell surface (plasma membrane) [11;26].
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Two subfamilies of the metzincin metalloproteinases (ADAMs and MMPSs) have been shown
to be involved in ectodomain shedding. ADAMs (a disintegrin and metalloproteinase) are a
family of transmembrane proteins characterized by a metalloproteinase catalytic domain and
a disintegrin-like adhesive domain. MMPs (matrix metalloproteinase) are a family of matrix-
degrading proteinases existing in either transmembrane or secreted forms. In common with
other members of the metzincin metalloproteinase superfamily, proteolytic activities of both
ADAMSs and MMPs are zinc-dependent, and are readily inhibited by chelating agents such as
1,10-phenanthroline (PNT) and EDTA [9;11], as well as hydroxamate-based inhibitors
including MMP inhibitor 2 and TAPI-2 (tumor necrosis factor o protease inhibitor-2) [1;1].
ADAMSs and MMPs are typically synthesized with a prodomain that helps maintain their
inactive state, and is located N-terminally to the metalloproteinase catalytic domain. Activation
of the enzymatic activity requires prodomain removal through autocatalysis, or limited
endoproteolysis by other metalloproteinases or proprotein convertases [9;26].

Proprotein convertases (PCs) are a family of calcium-dependent serine proteinases. They are
also implicated in the ectodomain shedding of some substrates such as type XIII collagen
[43]. The involvement of proprotein convertases in ectodomain shedding could be either
through direct cleavage of the substrate, or indirect activation of ADAMs and MMPs. Seven
members of mammalian subtilisin (bacterial)/Kex2p(yeast)-like proprotein convertases have
been identified, namely furin, PC2, PC1/PC3, PC4, PACE4, PC5/PC6 and PC7/LPC. Furin
was the first to be identified and has been the subject of extensive studies [27]. Proprotein
convertases play an essential role in the processing of a variety of protein precursors including
hormones, proteases, growth factors, receptors, bacterial toxins and viral glycoproteins.
Distinct from ADAMs and MMPs which lack a consensus cleavage motif [16], proprotein
convertase family members share a consensus cleavage site at the carboxyl side of polybasic
sequence -Arg-X-Lys/Arg-Arg|-(X: any amino acid, | : cleavage site). Although variations
have been reported, a minimal cleavage sequence Arg-X-X-Arg is required. Arg in positions
P1 and P4 are essential, while Arg/Lys in P2 enhances processing efficiency [42]. One of the
most widely used inhibitors of the proprotein convertase family members is the peptidyl
inhibitor decanoyl-Arg-Val-Lys—Arg—CH-CI (furin convertase inhibitor, FCI), which blocks
all proprotein convertase activity with a low nanomolar Ki.

In the current study, we assessed the properties of the proteinase involved in the release of s-
hemojuvelin. Using HEK293 cell lines expressing either wild-type human hemojuvelin protein
or a human hemojuvelin-alkaline phosphatase chimera protein, we identified the cleavage site
for the release of human s-hemojuvelin as the C-terminus of the polybasic segment RNRR
(aa332-335), a conserved cleavage site for the proprotein convertases.

Reagents and mice

Tumor necrosis factor a protease inhibitor-2 (TAPI-2), matrix metalloproteinase inhibitor 1
(MMPI-1) and inhibitor 2 (MMPI-2) were from Calbiochem (San Diego, CA). Furin convertase
inhibitor (FCI; decanoyl-Arg-Val-Lys-Arg-CH,Cl) was from Alexis Biochemicals (San
Diego, CA) and 1, 10-phenanthroline (PNT) was from Sigma-Aldrich (St. Louis, MO).

C57/BI16J mice were from Charles River Laboratories (Wilmington, MA). All mice were

maintained on NIH 31 rodent diet (iron content 336 mg/kg; Harlan Teklad, Indianapolis,
Indiana, USA).
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Vector construction and stable cell lines

The plasmid pHJV was generated by cloning full length human hemojuvelin cDNA into the
pcDNA3.1(+) plasmid vector (Invitrogen, Carlsbad, CA) [22]. The plasmid pHJV-AP was
generated by cloning human hemojuvelin cDNA (truncated by 81 nt at the 3’ end) and fusing
it to pAPtag-5 (GenHunter, Nashville, TN) at the 5'-end of AP gene coding region, to express
a human hemojuvelin ectodomain (aal-400)-alkaline phosphatase chimera protein with a C-
terminal 6xHis tag. Hemojuvelin-alkaline phosphatase chimera was purified using Ni-NTA
resin (Invitrogen, Carlsbad, CA). The plasmids pRRL-mHJV-FL, pRRL-mHJV-AFur and
pRRL-mHJV-AGPI were generated by cloning mouse hemojuvelin cDNA (FL: full-length
cDNA, expressing full-length mouse hemojuvelin; AFur: truncated by 279 nt at the 3’ end with
an added stop codon, expressing mouse hemojuvelin aal-328; AGPI: truncated by 84 nt at the
3’ end with an added stop codon, expressing mouse hemojuvelin aal-393) into a lentiviral
transfer vector pRRL-sin-hCMV-MCS(R)-pre-cPPT. All plasmids were transfected into
HEK?293 cells using Lipofectamine™ 2000 Transfection Reagent (Invitrogen, Carlsbad, CA)
according to manufacturer’s protocol for 24 hours prior to further treatment. HEK293 stable
cell lines were generated for pHJV, pHJV-AP and pAPtag-5 (pHJV, pHJV-AP and pAP
HEK?293 stable cultures) by co-transfecting pBabe-Puro vector (GenHunter, Nashville, TN)
and selected by puromycin resistance.

Recombinant mouse soluble hemojuvelin production and purification

Lentiviral particles were packaged with pRRL-mHJV-AFur plasmid by the UCLA Vector Core
Facility. A permanent cell line expressing mouse soluble hemojuvelin (mHJV-AFur HEK293
cell line) was generated by transducing HEK293 cell line with the packaged lentivirus
overnight. This cell line was maintained in an equal volume mixture of Dulbecco’s Modified
Eagle Medium (DMEM,; Invitrogen, Carlsbad, CA) and Pro-293a-CDM (Cambrex), and
supplemented with 5% fetal bovine serum (FBS). Conditioned culture medium was purified
by cation exchange chromatography (CM Prep, Biorad, Richmond, CA), followed by high
performance liquid chromatography on a C4 reverse phase column (Vydac, 214TP54) eluted
with an acetonitrile gradient.

Western blot analysis and antibody

Cellular protein was extracted with 150 mM NaCl, 10 mM EDTA, 10 mM Tris (pH 7.4), 1%
Triton X-100 (NETT) supplemented with a protease inhibitor cocktail (Sigma-Aldrich, Saint
Louis, MO) to generate a whole cell lysate. Conditioned cell culture medium was prepared for
analysis by incubating cells in serum-free medium for 24 hours and 100 pl Conditioned cell
culture medium was vacuum-dried before SDS-PAGE. Protein samples were separated on 4—
20% SDS-Tris-Glycine PAGE (iGels, Gradipore, Hawthorne, NY) with or without
dithiothreitol (DTT), and transferred to Immobilon-P membrane (Millipore Corp., Bedford,
Massachusetts, USA). Two different anti-hemojuvelin polyclonal antibodies were prepared by
immunizing rabbits with: Ab-HJV-N: against peptide antigen, target sequence N-
CDYEGRFSRLHGRPPG-C, Ab-HJV-FL.: against purified recombinant soluble human
hemojuvelin (aa36-403) [22]. Ab-AP is a purified IgG 2a monoclonal antibody against human
placental alkaline phosphatase (GenHunter, Nashville, TN). B-Actin was detected by goat anti-
B-actin (Santa Cruz Biotechnology, Santa Cruz, CA). Western blots were visualized by
chemiluminescence.

Mouse primary hepatocyte isolation

Mouse primary hepatocytes were isolated using a Krebs-Henseleit solution/collagenase

perfusion protocol published by Amaxa Biosystems (Amaxa Inc. Gaithersburg, MD). Viable
hepatocyte population was further isolated by a Percoll purification step described in Lee et al
[20]. Hepatocytes were plated in collagen-coated plates at 3x10° cells per well in 6-well plates,
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in William’s E medium supplemented with 5% fetal bovine serum and antibiotics. Cells were
allowed to attach for 2 hours before switching to fresh medium and adding all treatments. All
cells were treated for 18 to 24 hours before collection in TRIzol (Invitrogen).

RNA isolation and mRNA assay

Results

RNA was prepared using TRIzol (Invitrogen) according to the manufacturer’s instructions.
Single-pass cDNA was synthesized using the iScript cDNA synthesis kit (Bio-Rad, Hercules,
CA). The quantitative real-time polymerase chain reaction (QRT-PCR) was performed using
iQ SYBR Green Supermix (Bio-Rad). Murine hepcidin 1 (Hepcl) mRNA concentrations were
normalized to murine B-actin. The following primers were used in qRT-PCR: murine
hepcidinl: forward: 5-TTGCGATACCAATGCAGAAGA -3'; reverse: 5'-
GATGTGGCTCTAGGCTATGTT -3’ [21]; murine B-actin: forward 5'-
ACCCACACTGTGCCCATCTA -3'; reverse: 5'-CACGCTCGGTCAGGATCTTC -3".

Using a mathematical method described by Pfaffl [32], we first normalized mMRNA
concentrations of the target gene (Hepcl) to a reference stable housekeeping gene (B-actin),
and then presented the measurement as a ratio to the control treatment within each experiment.
The average relative expression value of the triplicate control treatments were assigned as 1 in
each experiment.

Regulation of soluble hemojuvelin release by proteinase inhibitors

To identify the proteinase involved in soluble hemojuvelin (s-hemojuvelin) production, we
tested a group of proteinase inhibitors (Table 1) for their effects on s-hemojuvelin release in
the pHJV HEK?293 stable cell cultures. The various forms of hemojuvelin protein are described
in Table 2. At 25 uM concentration, furin convertase inhibitor (FCI), 1, 10-phenanthroline
(PNT), and matrix metalloproteinase inhibitor 2 (MMPI1-2) markedly decreased s-hemojuvelin
concentrations in the conditioned cell culture media (Figure 1A, upper panel). In contrast,
tumor necrosis factor o protease inhibitor-2 (TAPI-2) and matrix metalloproteinase inhibitor
1 (MMPI-1) had no effect on s-hemojuvelin release. However, further analyses of the cell-
associated GPI-hemojuvelin in whole cell lysate showed that the decrease in s-hemojuvelin
release upon 1,10-phenanthroline (PNT) or matrix metalloproteinase inhibitor 2 (MMPI-2)
treatment was probably due to the decrease in the cell-associated GPI-hemojuvelin (Figure 1A,
middle panel), rather than a specific effect on the release of s-hemojuvelin. While s-
hemojuvelin release was suppressed by furin convertase inhibitor (FCI), an alternative soluble
form of hemojuvelin, ecto-hemojuvelin, was detected in the conditioned cell culture medium
(Figure 1A and 1B, top panels). Ecto-hemojuvelin showed a similar migration pattern on
reducing SDS-PAGE as the cell-associated GPI-hemojuvelin in whole cell lysate (Figure 1A
and 1B, middle panels). This suggests that an alternative shedding mechanism became
dominant when the furin convertase inhibitor-sensitive process was suppressed. Moreover,
furin convertase inhibitor (FCI) at a concentration as low as 100 nM not only suppressed s-
hemojuvelin release, but also slightly elevated the cell-associated GPIl-hemojuvelin level
(Figure 1A and 1B, middle panels). Since whole cell lysate contained not only the plasma
membrane-bound GPI-hemojuvelin but also hemojuvelin biosynthetic intermediates before
transport to the plasma membraneg, it is likely that our system underestimates the relative
increase in the cell-surface form of GPI-hemojuvelin upon furin convertase inhibitor treatment.
These results suggest that the s-hemojuvelin release is mediated by a proteinase sensitive to
furin convertase inhibitor.
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1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 6

Soluble hemojuvelin is released at a conserved polybasic RNRR cleavage site

Using an alkaline phosphatase specific antibody (Ab-AP) and two different hemojuvelin-
specific antibodies (Ab-HJV-N targeting aa 148-163 in human hemojuvelin and Ab-HJV-FL
targeting recombinant human hemojuvelin aa 36-403), we analyzed hemojuvelin-alkaline
phosphatase protein (schematic structure shown in Figure 2E) purified on the nickel column
from the conditioned media of pHJV-AP HEK?293 stable culture. The soluble human alkaline
phosphatase expressed by pAP HEK?293 stable culture was also purified and used as a control.

Hemojuvelin-alkaline phosphatase chimera is comprised of human hemojuvelin ectodomain
(aa36-400) tagged with alkaline phosphatase protein. Surprisingly, purified hemojuvelin-
alkaline phosphatase migrated as at least two different forms under non-reducing conditions
(Figure 2A). The first form was the full-length hemojuvelin-alkaline phosphatase chimera
(Figure 2A, Band 1, apparent MW 150 kD, by mass spectrometry 107.1 kD, Figure 2E). The
second form was a fragment of the hemojuvelin-alkaline phosphatase chimera cleaved near
the C-terminus of the hemojuvelin ectodomain. It was purified as an alkaline phosphatase
fragment with a small stretch of the hemojuvelin ectodomain C-terminus still attached (HJV-
C-term-AP fragment, Figure 2A, Band 2, apparent MW 97 kD, by mass spectrometry 71.3 kD,
Figure 2E). Bands 1 and 2 could be detected with both Ab-HJV-FL and Ab-AP antibody, while
Ab-HJV-N antibody only detected band 1 but not band 2, presumably due to the absence of
the N-terminus of the human hemojuvelin.

We also compared the conditioned cell culture media from pHJV-AP and pHJV HEK293 stable
cell cultures on a reducing SDS-PAGE. Using Ab-HJV-N, three specific protein bands were
detected in the media conditioned by the pHJV-AP cell line (Figure 2B, left lane). One protein
band (Figure 2B, Band 1) with an apparent molecular weight of 150 kD corresponded to the
full-length hemojuvelin-alkaline phosphatase chimera (Figure 2A, Band 1). A smaller protein
band (#) with an apparent molecular weight of 16 kD corresponded to the N-terminal fragment
of hemojuvelin-alkaline phosphatase chimera protein (N-term-HJV, Figure 2E). This was
similar to what was observed for human recombinant soluble hemojuvelin (aal-403 or aal-401)
[22;48], asaresult of an autocatalytic cleavage at the conserved labile 172Asp-Pro bond (Figure
2E). A third protein band (*) with an apparent molecular weight of ~40 kD co-migrated with
the single protein band (sHJV, Figure 2B, right lane) detected in the pHJV HEK?293 stable cell
line.

We further showed that the release of the ~40 kD fragment in pHJV-AP cell line progressively
decreased with increasing concentration of ferric ammonium citrate (FAC) (Figure 2C).
Moreover, this cleavage event could be inhibited by the furin convertase inhibitor (FCI) (Figure
2D). Both observations resemble the regulation of s-hemojuvelin release in HEK293 cell line
overexpressing full-length human hemojuvelin (Figure 1A) [22].

Taken together, we conclude that pHJV-AP cell line is producing a protein identical to s-
hemojuvelin, presumably through the same mechanism that releases s-hemojuvelin from
membrane associated GPI-hemojuvelin.

To determine the actual cleavage site, we circumvented the technical difficulty of C-terminal
protein sequencing. Instead, we used N-terminal protein sequencing to identify the HJV-C-
term-AP fragment (Figure 2A, Band 2 and Figure 2E). The N-terminal sequence of the HJV-
C-term-AP fragment was GAITIDT, the amino acid sequence immediately following a
conserved polybasic cleavage site to the carboxyl side of the sequence RNRR (human
hemojuvelin aa 332-335, mouse hemojuvelin aa 325-328, Figure 2E). This result, combined
with the observation that the release of human s-hemojuvelin in cell cultures can be blocked
by furin convertase inhibitor, strongly supports the proposed role of a furin-like proprotein
convertase in the release of s-hemojuvelin.

Blood Cells Mol Dis. Author manuscript; available in PMC 2009 January 1.
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Additional experiments with vectors expressing various mouse hemojuvelin forms also
confirmed RNRR328 as the cleavage site for mouse s-hemojuvelin release. Mouse s-
hemojuvelin produced by HEK?293 cells transfected with pPRRL-mHJV-AFur vector (encoding
a C-terminally-truncated mouse hemojuvelin, aa 1-328) had an identical migration pattern as
the mature mouse s-hemojuvelin released by HEK293 cells transfected with pPRRL-mHJV-FL
(encoding full-length mouse hemojuvelin) (Figure 3A). These data establish the importance
of the RNRR polybasic cleavage site in s-hemojuvelin release.

In contrast, mouse s-hemojuvelin produced by HEK293 cells transfected with pRRL-mHJV-
AGPI vector (encoding a C-terminally-truncated mouse hemojuvelin, aa 1-393, pAGPI cells)
migrates similarly as the forms detected in pAGPI and pFL cells whole cell lysate (Figure 3B),
as well as the ecto-hemojuvelin detected when s-hemojuvelin release was inhibited by furin
convertase inhibitor (FCI, Figure 1A and 1B), but different from mature s-hemojuvelin
produced by pFL cells.

Mouse soluble hemojuvelin specifically suppresses hepcidin production in mouse primary
hepatocyte cultures in a dose-dependent manner

To describe the biological effects of mouse s-hemojuvelin derived from the iron/furin
convertase inhibitor sensitive cleavage of membrane associated GPI-hemojuvelin, we
produced recombinant mouse s-hemojuvelin with the same C-terminus (ms-hemojuvelin,
GIn33-Arg328) using the stably lentivirus-transduced mHJV-AFur HEK293 cell line.

In primary mouse hepatocyte cultures treated with purified ms-hemojuvelin, hepcidin mRNA
was suppressed in a dose-dependent manner (Figure 4A), similar to what was shown previously
in human primary hepatocytes with a longer form (aa 1-403) of recombinant soluble human
hemojuvelin [22]. At 10 png/ml, ms-hemojuvelin caused a >2-fold reduction in hepcidin mMRNA
(p=0.007, paired t-test) while heat-denatured (boiled) ms-hemojuvelin and the irrelevant
protein bovine serum albumin (BSA) did not affect hepcidin mRNA concentrations (Figure
4B).

Discussion

The release of soluble forms of membrane proteins by ectodomain shedding has long been
recognized as an important regulatory process involved in a variety of biological processes.
Downregulation of receptor activity through decreased cell surface receptor density and
simultaneous generation of soluble antagonist has also been shown in many instances. A well-
known example is the LPS receptor CD14 [4;37]. CD14 is a GPI-linked monocyte surface
molecule. It functions as a pattern recognition receptor for serum LPS-binding protein/LPS
complex that cooperates with toll-like receptor 4 (TLR4) to mediate monocyte activation and
TNF-a synthesis. Soluble CD14 detected in human sera has been reported to serve as soluble
antagonist for monocyte and macrophage activation [17;37]. Soluble CD14 was shown to be
released from cell surface by multiple alternative mechanisms including proteolytic processing
dependent on MMP12/MMP9 and other MMPs [38], human leukocyte elastase (HLE) [19]
and a leukocyte carboxyl/aspartate protease [7]; lipolytic release from the GPI-linker [37] or
direct secretion without the GPI moiety [5].

As demonstrated in the studies of soluble CD14, the identification of the specific ectodomain
sheddases can be difficult considering the possible involvement of multiple shedding
mechanisms. Similar to CD14, hemojuvelin is also a GPI-linked membrane protein whose
soluble form antagonizes the effect of the membrane-associated GPI-form on hepcidin mRNA
production[22]. In the current study, we examined the process that releases s-hemojuvelin.

Blood Cells Mol Dis. Author manuscript; available in PMC 2009 January 1.
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General metalloproteinase inhibitor tumor necrosis factor a protease inhibitor-2 (TAPI-2) and
MMP-specific inhibitor matrix metalloproteinase inhibitor 1 (MMPI-1) had no significant
effect on the s-hemojuvelin production. These results argue against the major involvement of
ADAMSs and MMPs in the release of s-hemojuvelin. Although other general inhibitors of
metalloproteinases including 1, 10-phenanthroline (PNT) and matrix metalloproteinase
inhibitor 2 (MMPI-2) inhibited s-hemojuvelin release, they also reduced the GPI-hemojuvelin
level. Analysis by gRT-PCR showed that both 1,10-phenanthroline (PNT) and matrix
metalloproteinase inhibitor 2 (MMPI-2) suppressed hemojuvelin mRNA levels in the cell line
studied (data not shown), which could also result in the decrease of GPI-hemojuvelin level. It
was reported that high dose 1, 10-phenanthroline (PNT, 250-500 uM) had an inhibitory effect
on GPI anchor synthesis. However, at 50 uM concentration, this inhibitory effect is small
[24]. In summary, there is no convincing evidence to suggest any involvement of ADAMs and
MMPs in s-hemojuvelin release.

Only the proprotein convertase (PC) inhibitor decanoyl-Arg—Val-Lys-Arg—CH,CI (furin
convertase inhibitor, FCI) had a consistent and potent inhibitory effect on s-hemojuvelin
release in our cellular assay system. The inhibition of s-hemojuvelin release by furin convertase
inhibitor takes place at concentrations as low as 100 nM and the inhibitor exerts this activity
without suppressing GPI-hemojuvelin concentration. Notably, when s-hemojuvelin release
was suppressed completely by furin convertase inhibitor, a second form of soluble hemojuvelin
(ecto-hemojuvelin, see Figure 1) became predominant in the cell culture supernatant, but at a
much lower concentration. This form is most likely generated by the low level lipolytic activity
of the endogenous glycosylphosphatidylinositol phospholipase D (GPI-PLD) [13]. Although
fetal bovine serum in cell culture could be a potential source of soluble GPI-PLD, it has been
reported that serum GPI-PLD is inactive and unable to cleave GPIl-anchors under physiological
conditions [23]. Moreover, the culture media used in this study were serum-free. These results
showed that lipolytic cleavage could contribute to the release of the minor hemojuvelin soluble
forms (ecto-hemojuvelin, one-chain and two-chain) that are distinct from the major one-chain
soluble form (s-hemojuvelin) detected in the cell culture supernatant (Figure 1), but resemble
the soluble mouse hemojuvelin forms truncated at the GPI anchor processing site (pAGPI,
Figure 3A). The appearance of both one-chain and two-chain ecto-hemojuvelin also agrees
with the heterogeneous GPI-hemojuvelin populations model proposed by Kuninger et al [18],
showing the lack of preference for lipolytic cleavage.

To further characterize this proteolytic process, we utilized a human hemojuvelin-alkaline
phosphatase chimera protein, which could be cleaved into a soluble form of hemojuvelin with
an identical migration pattern as s-hemojuvelin on SDS-PAGE. Using this unique tool, we
confirmed that the furin convertase inhibitor-sensitive cleavage site on hemojuvelin-alkaline
phosphatase was also sensitive to iron concentration. Protein sequencing further confirmed the
actual cleavage site as the carboxyl side of the polybasic RNRR consensus sequence conserved
among human (aa 332-335), mouse (aa 325-328) and rat (aa 328-331) versions of hemojuvelin.
This is distinct from the ADAMs and MMPs mediated cleavage which lacks a consensus
cleavage site. Comparisons between the migration patterns of mouse s-hemojuvelin showed
no difference in cultures transfected with mouse hemojuvelin vectors coding for the full-length
or the RNRR truncated forms (aal-328). Functionally, the mouse s-hemojuvelin (ms-
hemojuvelin) generated by the direct truncation up to the RNRR cleavage site is a specific and
potent inhibitor of GPI-hemojuvelin and suppresses hepcidin mRNA expression in primary
mouse hepatocyte cultures. All these results support the conclusion that the proteinase that
cleaves GPI-hemojuvelin to release s-hemojuvelin is a furin-like proprotein convertase (PC).

Brefeldin A (BFA) is a general inhibitor of protein transport from ER to Golgi apparatus.
Silvestri et al. showed s-hemojuvelin release is a BFA-sensitive process. 24-hour BFA
treatment of a hemojuvelin-expressing cell line resulted in decreased s-hemojuvelin release
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but unchanged cell surface one-chain GPI-hemojuvelin. Based on these results, Silvestri et al.
suggested that s-hemojuvelin did not originate from cell surface one-chain GPI-hemojuvelin
[39]. However, furin-like proprotein convertases are located in trans-Golgi network (TGN)
and on the cell surface, and BFA treatment also interferes with furin-like proprotein convertases
localization and target processing [6;44]. The involvement of proprotein convertases in s-
hemojuvelin processing could account for the BFA sensitivity of s-hemojuvelin release. Thus,
BFA sensitivity is not conclusive evidence for the direct-secretion model proposed by Silvestri
et al. In contrast, the cell surface protein biotin-labeling results by Kuninger et al. provided a
strong argument that s-hemojuvelin can be released from the cell surface [18].

Furin (encoded by the fur gene) is the most extensively studied member of the proprotein
convertase family. Furin has been shown to be ubiquitously expressed. Although mainly
localized in the trans-Golgi network (TGN), a subpopulation of the furin molecules has been
shown to cycle between TGN and the cell surface [27;40]. This cellular localization profile
suggests that furin or one of the furin-like proprotein convertases could be a hemojuvelin
sheddase.

The further identification of this furin-like proprotein convertase is challenging, because of the
common cleavage pattern and overlapping substrate specificity of the proprotein convertase
family. Some proprotein convertases showed restricted tissue-specific or developmental
specific expression pattern and can be ruled out. They are PC4 with germ cells exclusive
expression, and PC1 and PC2 which are specifically expressed in neuroendocrine cells.
However, the remaining members of the proprotein convertase family (furin, PACE4, PC5/6,
PC7/LPC) are ubiquitously expressed and share overlapping cellular localizations [41].

Knockout mouse models have been generated for most individual proprotein convertase family
members for functional studies. However, due to their critical roles in embryonic development,
the absence of furin, PC5/6, and PACE4 (but with less penetrance) in mice have been shown
to be embryonic lethal [35;41;41], thus would not provide useful information for this particular
study. Two proprotein convertase knockout animals, PC7 null mice [45] and a conditional
liver-specific furin knockout mouse [33] did not show any developmental abnormality and any
phenotype. These were explained as the results of specialized function of PC7 and the
functional redundancy of furin. However, the study of PC7 null mice was mostly focused on
substrates in the central nervous system, and the conditional liver-specific furin knockout mice
were only analyzed 10 days after the furin inactivation in adult liver. Thus, it is possible that
any iron metabolism-related phenotypes have not been evaluated or may have been overlooked
in these knockout animal models. Further investigation in these proprotein convertase null mice
could provide insights on the processing of s-hemojuvelin. Of course, any phenotype observed
in these models needs to be interpreted with caution, since proprotein convertases are reported
to be involved in the maturation of hepcidin itself (Valore and Ganz, manuscript in preparation)
as well as BMP ligands [8] which are crucial for hepcidin expression [2].

Apart from our finding that the s-hemojuvelin is released by a furin-like proprotein convertase,
it was recently reported that neogenin, a widely expressed transmembrane binding partner of
hemojuvelin [48], is also required for s-hemojuvelin release [47]. However, the mechanism by
which iron loading affects s-hemojuvelin production is still unclear. Because proprotein
convertases process many substrates, it is unlikely that their activities are directly regulated by
iron. Instead, iron probably interacts with other proteins, such as transferrin and its receptors,
to regulate the accessibility of the polybasic site on hemojuvelin to cleavage by the proprotein
convertase. Although it remains to be determined how neogenin is involved in this proprotein
convertase mediated cleavage process, it is possible that neogenin could bind to hemojuvelin
[47;48] and thereby enhance the accessibility of its cleavage site to proprotein convertase.
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Using an in vivo rat model, Zhang et. al. [47] also confirmed our in vitro observation that iron
loading suppresses s-hemojuvelin release [22] and showed an increase in serum s-hemojuvelin
during the early phase of dietary iron deficiency in weanling rats. The fusion protein s-
hemojuvelin/Fc also significantly suppressed hepatic hepcidin expression when injected into
mice (Babitt et. al., in press), confirming the inhibitory effect of s-hemojuvelin on hepcidin
expression [22] in vivo. These studies further emphasize the likely role of s-hemojuvelin in
regulating hepcidin expression. The identification of the s-hemojuvelin-releasing enzyme and
elucidation of how iron regulates this proteolytic cleavage event will advance our
understanding of the regulation of iron metabolism, and could lead to the development of more
specific therapies for iron-related disorders.
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Figure 1. Soluble hemojuvelin release is inhibited by furin convertase inhibitor (FCI)

pHJV HEK?293 stable cell cultures were treated in serum-free medium for 24 hours with (A)
different proteinase inhibitors at 25 uM concentrations or (B) furin convertase inhibitor (FCI)
ranging from 1 nM to 25 uM. Conditioned cell culture medium (CCM) and whole cell lysate
(WCL) were analyzed on a reducing SDS-PAGE. Western blots were probed with Ab-HJV-
N and anti-B-actin antibody. Visible bands correspond to: sHJV: s-hemojuvelin, ecto-HJV:
ecto-hemojuvelin and GPI-HJV: GPI-hemojuvelin. “One-chain” refers to the one-chain form
and “two-chain” to the ~16 kD small subunit of the two-chain form generated by autocatalytic
cleavage, dissociated from the large subunit under reducing conditions, and detected with the
N-terminal peptide-specific Ab-HJV-N antibody.
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Figure 2. Soluble hemojuvelin release from the hemojuvelin-alkaline phosphatase chimera protein

is sensitive to furin convertase inhibitor (FCI) and iron loading

(A) Conditioned cell culture media from pHJV-AP and pAP HEK?293 stable cell cultures were
purified using a nickel-column, and analyzed on a non-reducing SDS-PAGE. Western blot was
probed with Ab-HJV-N, Ab-HJV-FL and Ab-AP antibodies. (B) Conditioned cell culture
media from pHJV-AP and pHJV HEK?293 stable cell cultures were analyzed on a reducing
SDS-PAGE. Western blot was probed with Ab-HJV-N antibody. (C) pHIV-AP HEK293 stable
cell cultures treated with ferric ammonium citrate (FAC) at 0, 10, 30 and 100 uM. Conditioned
cell culture media were analyzed on a reducing SDS-PAGE. Western blot was probed with
Ab-HJV-N antibody. (D) pHJV-AP HEK293 stable cell cultures treated with or without 25
uM furin convertase inhibitor (FCI). Conditioned cell culture media were analyzed on a non-
reducing SDS-PAGE. Western blot was probed with Ab-HJV-N antibody. (E) Schematic

Blood Cells Mol Dis. Author manuscript; available in PMC 2009 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Linetal.

Page 15

illustration of human hemojuvelin ectodomain (aa 36-400)-alkaline phosphatase chimera
protein (HIJV-AP). SP: signal peptide (aa 1-35); RGD: RGD motif (aa 98-100); vVWF: partial
von Willebrand factor domain (aa 167-253). Visible bands correspond to mature full-length
hemojuvelin-alkaline phosphatase chimera protein (band 1), HJV-C-term-AP fragment (band
2), human alkaline phosphatase (band 3), s-hemojuvelin produced by pHJV-AP HEK293 cells
(sHJV, *) and the N-terminal fragment of hemojuvelin-alkaline phosphatase (N-term-HJV, #).
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Figure 3. Western blot analysis of mouse and human soluble hemojuvelin produced by HEK293
cells

HEK?293 cells were transiently transfected with expression vectors carrying cDNAs encoding
mouse and human hemojuvelin. Lane 1-4: pRRL: empty vector; pAFur: pRRL-mHJV-AFur,
mouse s-hemojuvelin vector truncated at R328 (RNRR polybasic cleavage site); pAGPI:
pRRL-mHJV-AGPI, mouse s-hemojuvelin vector truncated at D393 (GPI anchor processing
site); pFL: pRRL- mHJV -FL, mouse hemojuvelin full-length vector. Lane 5-6: pHJV: human
hemojuvelin full-length vector; pcDNA: pcDNA3.1 (+) empty vector. (A) Soluble mouse and
human hemojuvelin forms in conditioned cell culture medium (CCM) and (B) mouse and
human hemojuvelin in whole cell lysate (WCL) were analyzed on a reducing SDS-PAGE.
Western blots were probed with Ab-HJV-N antibody.
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Figure 4. Mouse soluble hemojuvelin (ms-hemojuvelin) specifically suppresses hepcidin production

in primary mouse hepatocyte cultures

Primary mouse hepatocytes were isolated from wild-type C57/BI6J mice. (A) Hepatocyte
cultures were treated with 3-fold serial dilution of ms-hemojuvelin (msHJV) ranging from 0.3—
30 ug/ml. (B) Hepatocyte cultures were treated with 10 pg/ml ms-hemojuvelin (msHJV), heat
denatured ms-hemojuvelin (msHJV-HD), or bovine serum albumin (BSA).
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Proteinase inhibitor Abbreviation Concentration s- Target proteinases
hemojuvelin release inhibition
Furin convertase inhibitor FCI 100 nM Yes Furin-
like proprotein convertases
Tumor necrosis factor o TAPI-2 50 uM No Metalloproteinases (MMPs
protease inhibitor-2 . and ADAMSs)
1,10-Phenanthroline PNT 25 uM Yes Metalloproteinases (MMPs
and ADAMs)
Matrix metalloproteinase MMPI-1 50 uM No MMPs (MMP-1, MMP-3,
inhibitor 1 . MMP-8, and MMP-9)
Matrix metalloproteinase MMPI-2 25 uM Yes Metalloproteinases (MMPs
inhibitor 2 and ADAMSs)

*
Also showed decrease in cell-associated GPI-hemojuvelin protein level
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Table 2
Terminology used for different hemojuvelin forms.
Hemojuvelin forms Abbreviation Human Description
hemojuvelin
final product aa
Sequence
GPI-hemojuvelin GPI-HIV aa 36-400* Hemojuvelin associated with the plasma membrane through GPI
anchor (Figure 1A lane 1, middle panel), including both one-chain
structure (~46 kD, upper band), and two-chain structure (~30 kD, not
shown, and ~16 kD, lower band) autocatalytically cleaved at a labile
172Asp-Pro bond [22;48].
s-hemojuvelin SHIV aa 36-335 Mature soluble hemojuvelin (Figure 1A, lane 1, upper panel). One-
chain structure (~40 kD).
ecto-hemojuvelin ecto-HJV aa 36-400 Alternative soluble forms of hemojuvelin only seen when s-
hemojuvelin release is suppressed by furin convertase inhibitor (Figure
1A, lane 2, upper panel). They are possibly generated by endogenous
lipolytic cleavage. They include both one-chain structure (~46 kD, top
band), and two-chain structure (~30 kD, not shown, and ~16 kD, bottom
band) autocatalytically cleaved at a labile 172Asp-Pro bond [22;48]
hemojuvelin- HIV-AP aa 36-400 Human hemojuvelin ectodomain (aa36-400)-alkaline phosphatase

alkaline phosphatase

chimera protein (Figure 2B, left lane). It includes both one-chain
structure( ~150 kD, Band 1), and two-chain structure (~130 kD, not
shown, and ~16 kD, #) autocatalytically cleaved at a labile 172Asp-Pro
bond [22;48]. A portion of matyre protein is cleaved into s-hemojuvelin
(~40 kD, Figure 2B, left lane, ) and an alkaline phosphatase fragment
with a small stretch of the hemojuvelin ectodomain C-terminus still
attached (~97 kD, HJV-C-term-AP, Figure 2A, B and 2).

*
We assume that that hemojuvelin behaves like other GPI-linked proteins and that the transmembrane segment is lost when the GPI anchor is generated,

with a cleavage site analogous to other GPI-linked proteins.
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