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ABSTRACT

Mutations in hemojuvelin (HJV) lead to the iron overload disorder juvenile
hemochromatosis. HJV regulates iron metabolism by activating transcription of the
iron regulatory peptide, hepcidin, through the bone morphogenetic protein (BMP)
signaling pathway. HJV is proposed to act as a co-receptor for BMP ligands, but the
exact mechanism by which it potentiates BMP signaling is not clear. To better
understand the role of HJV in the regulation of iron metabolism, I analyzed its
trafficking and processing. HJV traffics to the cell surface while avoiding
modification by glycosylases and proteases that reside in the Golgi. After reaching
the cell surface, HJV undergoes retrograde trafficking to the Golgi, where it is further
modified and cleaved by furin. H]V is cleaved by the furin family of proprotein
convertases, which generates a soluble form of HJV that antagonizes BMP signaling.
Reaching the cell surface prior to cleavage and secretion may allow H]JV to
participate in BMP signaling at the cell surface and allow for greater regulation of
cleavage. Since endocytosis of HJV precedes secretion and HJV is a
glycosylphosphotidylinosital (GPI)-anchored protein that endocytoses through a
GPI-specific pathway, the GPI-anchor of HJV might be necessary for secretion.
Interestingly, replacing the GPI-anchor of HJV with a transmembrane and
cytoplasmic domain did not prevent cleavage of HJV. It did, however, block the
ability of HJV to upregulate hepcidin expression. This finding indicates that the GPI-
anchor of HJV is important for its ability to signal through the BMP-signaling
pathway. In addition to the cleavage of HJV by furin, I also show that another

protease involved in iron metabolism, matriptase-2, cleaves HJV in a liver-derived

viii



cell line and that these cleavages occur in a site-specific manner. Furthermore,
regulation of hepcidin expression by furin-mediated cleavage of HJV generates a
soluble form of HJV that antagonizes hepcidin expression, while cleavage of HJV by
matriptase-2 does not. Cleavage of HJV by matripatase-2 may reduce the amount of
cell surface HJV available to participate in BMP signaling. This work is the first to
detail the trafficking of HJV and also increases our understanding of the proteolytic

cleavage of HJV in response to iron demand.
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CHAPTER 1

INTRODUCTION



Iron overload disorders

Iron is a critical nutrient for the majority of organisms. Itis required for a
variety of biological processes, including oxidative phosphorylation, DNA synthesis
and oxygen transport. The majority of iron in the body is bound by heme, which acts
as a cofactor for hemoglobin, allowing the transport of oxygen in red blood cells for
delivery to tissues (Laidlaw, 1904; Peters, 1912). Lack of iron can result in iron
deficiency anemia, a disorder in which there is insufficient hemoglobin production,
resulting in a reduced oxygen carrying capacity (Dameshek, 1931; Heath et al,,
1932; Minot, 1932). Conversely, too much iron in the body can lead to the iron
overload disorder, hereditary hemochromatosis (Sheldon, 1934).

Hereditary hemochromatosis is the most common potentially fatal genetic
disorder in people of Northern European origin. In patients with the most common
form of hereditary hemochromatosis, excess iron concentrates in organs including
the liver, heart and pancreas (Horns, 1949; Sheldon, 1934). Iron accumulation over
time is slow, and disease symptoms usually manifest in the fourth or fifth decades of
life. Excess iron that has exceeded the bodies storage capacity increases the
production of reactive oxygen species that damage proteins, lipids, and nucleic acids
(Park et al., 1987). This cellular damage eventually leads to organ damage and
dysfunction. Patients with hereditary hemochromatosis typically have cirrhosis or
hepatocellular carcinoma associated with liver damage, diabetes secondary to
pancreas damage, or arrhythmias or heart failure associated with heart damage

(Horns, 1949; Opie, 1899; Sheldon, 1934).



Proteins mutated in hemochromatosis-

Mutations in several proteins lead to hereditary hemochromatosis. The most
common are mutations in the hereditary hemochromatosis protein (HFE) (Feder et
al,, 1996). It is estimated that 1 in 200 to 1 in 300 Caucasians are homozygous for
mutations in HFE, the most common of which is C282Y (Merryweather-Clarke et al.,
1997). Mutation of C282Y disrupts the interaction of HFE with the beta 2-
microglobulin subunit, which is critical for its stability and function. The penetrance
of hereditary hemochromatosis due to mutations in HFE varies widely. A recent
study found that patients homozygous for C282Y have a 38-50% chance of
developing iron overload and a 10-33% chance of having organ damage secondary
to iron overload (Whitlock et al., 2006). Mutations in the iron transporter
ferroportin (FPN), and the iron regulatory protein transferrin receptor 2 (TfR2) also
lead to hereditary hemochromatosis (Camaschella et al., 2000; Montosi et al., 2001).
Mutations in the iron regulatory protein hemojuvelin (H]JV), and the iron regulatory
peptide, hepcidin, both lead to juvenile hemochromatosis (Nicolas et al., 2001;
Papanikolaou et al.,, 2004; Viatte et al., 2005). Juvenile hemochromatosis is a more
severe form of iron overload in which symptoms present in patients in their teens
and early twenties. These patients primarily have cardiac dysfunction and
hypogonadism due to gonad damage, secondary to rapid iron accumulation

(Camaschella et al., 2002; De Gobbi et al., 2002).



Iron absorption and utilization

Non-heme and heme iron are both absorbed from the diet by intestinal
enterocytes in the duodenum (Figure 1.1). Non-heme iron is reduced from the ferric
form (Fe3*) to the ferrous form (Fe2*) by ferrireductases, including duodenal
cytochrome b (Dcytb), on the apical side of the enterocyte (McKie et al., 2001). Fe2*
is then transported across the apical membrane of the enterocytes by divalent metal
transporter 1 (DMT1), a proton symporter (Fleming et al., 1997; Gunshin et al,,
2005; Gunshin et al., 1997). Heme iron is transported across the apical membrane
by a yet to be discovered transporter.

After transport into the enterocyte, iron can either be stored in ferritin or
exported into the blood by FPN. Ferritin is an iron storage protein that forms a cage-
like structure made up of 24 subunits of L-ferritin (light or liver ferritin) and H-
ferritin (heavy or heart ferritin). This cage can accommodate up to 4500 iron atoms
(Theil, 2003). Iron stored as ferritin is cleared from the body during the normal
turnover of intestinal epithelial cells. The transport of iron out of enterocytes by
FPN (Abboud and Haile, 2000; Donovan et al., 2000; McKie et al., 2000), is coupled
to the oxidation of Fe2* iron to Fe3* by the ferroxidases ceruloplasm and hephaestin,
allowing the Fe3* to bind transferrin (Tf), the major iron transport protein in serum
(Cherukuri et al., 2005; Harris et al., 1999; Vulpe et al., 1999). The binding of iron to
Tf converts apo-Tf into holo-Tf.

Holo-Tf is taken up by cells, where it releases iron, which is incorporated into
proteins or stored. In most cell types, Tf binds to transferrin receptor 1 (TfR1),

which allows it to be endocytosed. After endocytosis, acidification of the endosome



allows for release of Fe3* from Tf (Klausner et al., 1983). In erythroblasts, Fe3+* is
then reduced to Fe2* by six-transmembrane epithelial antigen of the prostate 3
(STEAP3) so that it can be transported into the cytosol by DMT1 (Fleming et al.,
1998; Ohgami et al., 2005). Iron can then be incorporated into iron-containing
proteins or transported to the mitochondria for incorporation into heme. The
majority of Tf bound iron is taken up by erythroid precursors in the bone marrow
for incorporation into heme. When red blood cells become senescent, they are
phagocytosed by macrophages, which release iron back into circulation through
FPN (Donovan et al.,, 2005). Iron in the body is stored primarily in liver hepatocytes

under normal physiological conditions where it is stored in ferritin.

Regulation of systemic iron homeostasis by hepcidin

The liver acts as the primary sensor and regulator of iron homeostasis. Iron
uptake from the diet must be tightly controlled to maintain sufficient iron for
erythropoeisis without saturating iron storage capacity. This is accomplished by
production of an iron regulatory hormone, hepcidin, in response to iron loading.
Hepcidin is a 25 amino acid peptide hormone produced by the liver (Nicolas et al.,
2001; Park et al.,, 2001; Pigeon et al., 2001). It is a member of the defensin family of
antimicrobial peptides, and can cause the sequestration of serum iron to reduce the
iron available to microorganisms in response to inflammation. Hepcidin is also
down-regulated in response to increased erythropoietic drive (red blood cell
production) and hypoxia, which allows for increased iron uptake for incorporation

into hemoglobin (Nicolas et al., 2002).



Hepcidin reduces iron transport from the intestine into circulation by
regulating the levels of FPN (Nemeth et al., 2004). Hepcidin regulates the levels of
FPN by binding to it and inducing its internalization from the cell surface and
subsequent lysosomal degradation (Nemeth et al., 2004). Under conditions of high
iron, hepcidin production increases in the liver, which leads to decreased FPN and
reduced iron transport into the body (Pigeon et al., 2001). When iron is scarce,
hepcidin levels are reduced, increasing the amount of FPN and iron transport into
the body.

FPN is also present on the basolateral membrane of hepatocytes and on
macrophages (Donovan et al,, 2005). Consequently, iron release from macrophages
into the blood (which recycle iron from senescent red blood cells), and iron efflux
from hepatocytes (which store iron), are both regulated by hepcidin. Thus, hepcidin

levels control serum iron, and macrophage and hepatocyte iron content.

Hepcidin levels are regulated by serum iron-

Transcription of hepcidin is regulated by the levels of iron in the serum
(Figure 1.2). In a normal individual, there is very little free iron in serum, as it is
mainly bound by Tf. In humans, approximately 30% of the Tf binding sites are
occupied by iron (Andrews and Schmidt, 2007), thus providing a buffering capacity
for fluctuation in iron due to iron uptake from the diet or mild hemolysis. The liver
is proposed to sense the proportion of holo-Tf in the blood and regulates hepcidin
levels accordingly to maintain iron homeostasis (Johnson and Enns, 2004). When Tf

saturation is high, transcription of hepcidin is increased, which reduces iron



transport through FPN into the blood and decreases iron uptake from the intestine.
When transferrin saturation is low, transcription of hepcidin is decreased, resulting
in increased iron transport from the intestine into the blood to restore adequate
iron levels. In contrast to normal individuals, hereditary hemochromatosis patients
often have low hepcidin levels, despite having nearly 100% Tf saturation

A possible mechanism by which holo-Tf levels are sensed by hepatocytes is
through binding to the cell surface HFE/TfR2 complex. TfR2 is similar in structure
to TfR1 but does not play a major role in cellular iron uptake. Loss of function
mutations in either HFE or TfR2 lead to iron overload and hereditary
hemochromatosis, secondary to inappropriately low hepcidin levels (Camaschella et
al,, 2000; Feder et al,, 1996). Holo-Tf may upregulate signaling through HFE /TfR2
and increase hepcidin expression in two ways. First, holo-Tf displaces HFE from
TfR1 (Bennett et al., 2000; Lebron et al,, 1999; West et al., 2001), allowing HFE to
form a complex with TfR2 (Chen et al., 2007). Second, TfR2 protein is stabilized by
holo-Tf binding, which may increase signaling (Johnson and Enns, 2004; Robb and
Wessling-Resnick, 2004). Although the exact mechanism by which the HFE /TfR2
complex regulate hepcidin transcription is not yet known, signaling through the ERK

pathway may be involved in this process (Calzolari et al., 2006).

Hemojuvelin is a critical regulator of hepcidin
In addition to the proposed HFE/TfR2 axis of hepcidin regulation, hepcidin is

also regulated through HJV. Mutations in HJV lead to severe iron overload, which is



caused by a decrease in hepcidin levels (Papanikolaou et al., 2004). H]V is therefore
critical to the regulation of hepcidin and iron homeostasis.

HJV is a member of the repulsive guidance molecule family (RGM) of proteins
(Niederkofler et al., 2004). There are two homologues of HJV, RGMa and RGMb, that
are expressed in non-overlapping patterns in the developing nervous system and
are involved in neuronal guidance, repulsion, and survival (Niederkofler et al.,
2004). RGMa and RGMb signal through the bone morphogenetic protein (BMP)
signaling pathway (Babitt et al., 2005; Samad et al., 2005; Xia et al., 2005). Because
of the original identification of HJV as a homologue of RGMa and RGMb, HJV is also
known as Rgmc in the mouse. For the sake of clarity, HJV will be used to refer to
both the mouse and human forms. In humans, all RGM family members posses a N-
terminal signal sequence, a potential integrin binding motif with the amino acid
sequence RGD, three potential N-linked glycosylation sites, a partial von Willebrand
factor type D domain, and a C-terminal glycosylphosphatidylinositol-anchor (GPI-
anchor) addition sequence. Unlike RGMa and RGMb, HJV is not expressed in neural
tissue, but rather is primarily expressed in cardiac and skeletal muscle and to a
lesser extent in the liver (Niederkofler et al., 2004). In the liver, HJV regulates

hepcidin levels. The function of muscle derived HJV is not known.

HJV regulates hepcidin through the BMP signaling pathway-
HJV is a co-receptor for BMP ligands (Figure 1.3) (Babitt et al., 2006), which
are part of the transforming growth factor § (TGFf) family of signaling molecules.

BMPs bind to tetrameric receptor complexes composed of two type 1 BMP receptors



and two type Il BMP receptors (Shi and Massague, 2003), and cause the activation
and phosphorylation of the cytoplasmic portion of the BMP receptors. The BMP
receptors can then phosphorylate members of the receptor-activated small body
size/mothers against decapentaplegic (SMAD) family of proteins, including SMADs
1, 5 and 8. Phosphorylation of the receptor-activated SMADs allows them to interact
with the SH2 domains of co-SMAD (SMAD4). (Wang et al., 2005)Formation of a
trimeric complex of the receptor SMADs and SMAD#4 allows the complex to traffic to
the nucleus, where it binds to BMP response elements to activate transcription.
There are multiple BMP response elements in the hepcidin promoter and
transcription of hepcidin is increased in response to BMP ligands, particularly
BMP2, 4 and 6 (Xia et al., 2008). A subset of BMP type I and type Il receptors
participate in hepcidin activation, including the BMP type I receptors activin
receptor-like kinase 2 (Alk2) and activin receptor-like kinase 3 (Alk3), along with
the type Il receptors activin receptor I1A (ActRIIA) and BMP receptor II (BMPRII)
(Xia et al., 2008). The severe iron overload seen in the liver-specific knockout of

SMAD4 demonstrates the importance of this pathway (Wang et al., 2005).

Neogenin binds to HJV-

Members of the RGM family bind to the cell surface receptor neogenin. The
interaction of RGMa with neogenin is critical for its role in neuronal development
(Matsunaga et al., 2004; Rajagopalan et al., 2004). HJV also binds to neogenin (Zhang
et al.,, 2005), and this interaction is required for HJV-induced BMP signaling to

upregulate hepcidin expression (Zhang et al., 2009). Neogenin is a large single-pass



transmembrane protein. It is a Type | membrane protein with its N-terminus
outside the cell and its C-terminus inside the cell. The extracellular domain is
composed of interleukin-like repeats and 6 fibronectin IlI-like domains. HJV
interacts most strongly with a portion of neogenin corresponding to the fifth and

sixth fibronectin IlI-like domains (Yang et al., 2008).

Neogenin plays a role in the regulation of hepcidin expression in response to iron-

Several lines of evidence suggest that neogenin is important for the
regulation of iron homeostasis. Neogenin may be required for BMP induced
upregulation of hepcidin expression by HJV in HepG2 cells (Zhang et al., 2009).
These findings are controversial, however: another group showed that neogenin is
dispensable for hepcidin expression in their system (Xia et al., 2008). Further
evidence that neogenin is critical to the maintenance of iron homeostasis comes
from the neogenin gene trap mouse (Lee et al., 2010). This mouse has a 90%
reduction in the levels of neogenin protein. In these mice, reduced neogenin results
in impaired BMP signaling and reduced hepcidin levels that lead to liver iron-
overload. Reduced hepcidin in these mice leads to increase FPN stability and
inappropriately high transport of iron from the intestine into the blood (Lee et al,,
2010).

The mechanism by which neogenin is required for HJV to induce BMP
signaling is not yet known. HJV is capable of binding to both BMPs and neogenin, so
neogenin could alter the interaction of HJV with BMP ligands or receptors (Yang et

al,, 2008). Alternately, neogenin is proposed to recruit HJV to lipid rafts (Zhou et al,,
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2010). Enhanced signaling of receptor complexes has been shown in lipid rafts, so
recruitment of HJV to these domains could potentially enhance signaling (Lajoie et
al., 2009).

Neogenin is homologous to another receptor, deleted in colorectal cancer
(DCC). DCC is capable of enhancing signaling through the TGF pathway. DCC is
phosphorylated on tyrosine residues in its cytoplasmic domain in response to ligand
binding, which leads to recruitment of the signaling molecule LMO4 (Schaffar et al.,
2008). Recruitment of LMO4 enhances TGF[p signaling by activating the receptor-
activated SMADs (Schaffar et al., 2008). By analogy to DCC, binding to downstream
signaling components is another mechanism by which neogenin could increase

hepcidin expression.

Cleavage of HJV regulates hepcidin expression

The RGM family members are membrane proteins that are tethered by a GPI-
anchor (Niederkofler et al., 2004). GPI-linked H]V potentiates BMP signaling to
upregulate hepcidin expression. HJV can also be cleaved by proteases in the furin
family of proprotein convertases, which releases HJV from its GPI-anchor and allows
it to be secreted from cultured cells (Kuninger et al., 2008; Lin et al., 2008; Silvestri
et al.,, 2008a). This secreted form of H]JV antagonizes the BMP signaling pathway and
reduces hepcidin expression (Figure 1.4) (Lin et al., 2005). Soluble HJV has been
detected in the blood of humans and rats (Lin et al., 2005; Zhang et al., 2007).
Detection of H]V in the blood is difficult in mice, due to the lack of sensitivity of

currently available antibodies. Whether HJV in the blood is derived from the liver or

11



from muscle is not known, but muscle has been postulated to serve as a source of
secreted H]V. Intravenous injection of super physiological levels of purified soluble
HJV into mice leads to a decrease in liver hepcidin levels and an increase in iron
delivery into the blood (Babitt et al., 2007), leading to the proposal that sHJV
competes with cell-associated H]V for binding to BMPs.

The secretion of HJV is regulated by iron. Treatment of hepatoma-derived
cell lines expressing HJV with holo-Tf reduces cleavage of HJV (Lin et al., 2005;
Silvestri et al,, 2007; Zhang et al., 2007). This leads to more signaling through the
BMP pathway to increase hepcidin levels, which would reduce iron transport into
the blood to maintain iron homeostasis. This represents another level at which

hepcidin expression could be regulated by iron.

Furin family of proprotein convertases

Furin is member of the subtilisin super family of serine endoproteases, also
known as proprotein convertases. It is a type [ transmembrane protein that localizes
primarily to the trans Golgi network (TGN). Although the majority of furin is
localized to the TGN, it also cycles through the endosomal system to the cell surface
(Molloy et al., 1994). Furin undergoes two autocatalytic cleavage events, which
release its prodomain and allow furin to cleave its substrates in trans (Thomas,
2002). Furin has a consensus cleavage motif of R-X-K/R-R and a minimal cleavage
motif of R-X-X-R (Molloy et al., 1992). Furin is ubiquitously expressed in tissues,
including the liver. In the liver other members of the proprotein convertase (PC)

family are also expressed including PACE4, PC6 and PC7 (Roebroek et al., 2004;

12



Wouters et al., 1998). These PCs have similar substrate specificity to furin. A post-
embryonic knockout of furin in the mouse liver demonstrated that that there was

partial or complete redundancy of furin with other PCs (Roebroek et al., 2004).

Regulation of furin expression levels

A model for regulation of HJV cleavage in response to iron has been proposed
in which the levels of furin are transcriptionally regulated in response to iron or
hypoxia (Silvestri et al., 2008a). In this model, changes in the levels of furin would
alter the proportion of uncleaved to soluble HJV and thus regulate BMP signaling
and hepcidin levels. Since furin is an enzyme, and most enzymes do not exhibit
haploinsufficiency, it is unclear whether a less than 2 fold change in the activity of
the furin promoter would have any effect on the rate of endogenous HJV cleavage
(Silvestri et al., 2008a). Importantly, BMPs and hepcidin themselves are processed
by furin and other proprotein convertases, so changes in furin levels could have
opposing effects on multiple components of these pathways. Additionally, the partial
or complete redundancy of furin with other liver-expressed PCs (Roebroek et al.,

2004), may further reduce the effect of small changes in furin levels on HJV cleavage.

Neogenin is required for the cleavage of HJV

In addition to potentiating HJV signaling through the BMP pathway, neogenin
is involved in the cleavage of H]JV. Knockdown of neogenin by siRNA results in a
reduction in HJV secretion (Zhang et al., 2007; Zhang et al., 2008). Treatment of cells

with a soluble protein fragment containing the fibronectin III 5-6 domains of
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neogenin blocks the interaction of full-length cellular neogenin with HJV, resulting
in a reduction of HJV cleavage (Zhang et al., 2008). Potentiation of BMP signaling
and involvement in HJV cleavage would be expected to have opposite effects on the
regulation of hepcidin levels. While this may initially seem paradoxical, many
receptor complexes are degraded following signaling as a mechanism of limiting the
signal. In this vein, neogenin may potentiate HJV/BMP signaling, which in turn leads
to down regulation of the signaling complex by promoting cleavage of HJV and thus

appropriately limiting the signal.

Matriptase-2 regulates iron metabolism-

Another protease, matriptase-2, has recently been linked to the regulation of
iron homeostasis. Matriptase-2 was recently identified as the mutated gene in the
mask mouse (Du et al., 2008). The mask mouse has hair loss secondary to iron
deficiency anemia, due to a deletion of the serine protease domain of matriptase-2
(Du et al., 2008). Matriptase-2 mutant mice have inappropriately high levels of
hepcidin. The resulting microcytic anemia is refractory to oral iron. Similar
phenotypes were observed in a matriptase-2 knockout mouse, demonstrating that
the mutations are due to a loss of function (Folgueras et al., 2008). Patients with
mutations in the gene for matriptase-2, TMPRSS6, also have iron refractory iron
deficiency anemia (IRIDA) (Finberg et al., 2008).

One proposed mechanism for the regulation of iron metabolism by
matriptase-2 is that it could participate in cleavage of HJV. Studies in cultured cells

show that overexpression of matriptase-2 degrades HJV, producing a ladder of
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cleavage products (Silvestri et al., 2008b). Degradation of HJV would reduce
hepcidin levels, resulting in increased iron uptake. Whether HJV is degraded by
matriptase-2 in vivo is not known. Matriptase-2 was also shown in this study to bind
to HJV (Silvestri et al., 2008b). Double knockout HJV-/- TMPRSS6-/- mice are anemic
(Finberg et al., 2010). While the authors of this work propose that this shows that
matriptase-2 is upstream of HJV, it may also indicate that there are other iron
regulatory proteins that are cleaved by matriptase-2. These data indicate that

matriptase-2 may be important in the regulation of HJV.

Summary of the thesis-

Although HJV clearly plays an important role in the regulation of iron
metabolism, relatively little is known about its trafficking or processing. HJV is
cleaved by furin or related proprotein convertase family members (Kuninger et al,,
2008; Lin et al.,, 2008; Silvestri et al., 2008a). Since furin is localized primarily in the
TGN, it could cleave HJV in the biosynthetic pathway (Molloy et al., 1994). However,
cleavage of HJV during its initial trafficking to the cell surface could cause HJV to be
secreted from cells before it reaches the cell surface to act as a BMP co-receptor. To
determine whether H]V is cleaved before it reaches the cells surface, Chapter 2 of
this thesis examines the trafficking of HJV. I showed that GPI-linked HJV reaches the
cell surface without being cleaved. HJV then undergoes retrograde trafficking to the
Golgi prior to being cleaved by furin family members and shed from the cell.

HJV and its related RGM family members are GPI-linked proteins

(Niederkofler et al., 2004) and GPI-linkage can impart specific trafficking patterns

15



on proteins. HJV endocytoses through a clathrin and dynamin independent pathway
characteristic of GPI-linked proteins (Zhang et al., 2008). Since HJV endocytoses
from the cell surface and then undergoes retrograde trafficking to the Golgi prior to
being cleaved and secreted, the GPI-anchor of HJV could direct cleavage of HJV. In
Chapter 3 of this thesis, I tested whether the GPI-anchor of H]V is required for
cleavage. | showed that GPI-linkage of H]V is not required for furin-mediated
cleavage of HJV. GPI-linked proteins are thought to cluster in specific membrane
domains to increase signaling. The GPI-anchor of HJV could therefore potentiate its
signaling through the BMP pathway. In Chapter 3, I also show that the GPI-anchor is
required for HJV to upregulate hepcidin expression.

In addition to cleavage of HJV by furin, matriptase-2 may also play a role in
the down-regulation of cell surface H]V levels. Matriptase-2 is an important
regulator of iron homeostasis, because matriptase-2 deficient mice have
inappropriately high hepcidin levels and anemia (Du et al,, 2008; Folgueras et al.,
2008). These phenotypes could be accounted for by reduced HJV cleavage, which
would lead to an increase in BMP signaling and hepcidin expression. Chapter 4
investigates the role of matriptase-2 in the cleavage of HJV. I showed that
matriptase-2 cleaves HJV in a site-specific manner. This cleavage accounts for the
smaller of the two H]V secreted products seen in the liver-derived HepG2 cell line.
The larger product is the result of cleavage by the furin family of proprotein
convertases. Furthermore, the cleavage of HJV by matriptase-2 reduces hepcidin

expression in a manner distinct from furin cleavage. These studies into the
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trafficking and processing of HJV provide important insight into the role of HJV in

the regulation of hepcidin expression and iron metabolism.
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Figure 1.1. Iron transport across intestinal epithelial cells.

Iron is reduced from the Fe3+ form to the FeZ+ form by duodenal cytochrome b
(Dcytb) or other ferrireductases. It can then be transported across the intestinal
apical membrane into the cell by DMT1. Heme is also transported from diet across
the apical brush border membrane by an unknown transporter. Once inside the cell
iron is utilized, stored in ferritin, or transported across the basolateral membrane
and into the blood by FPN. This transport is coupled to oxidation of Fe?* to Fe3* by
the ferroxidases hephaestin (Hp) or ceruloplasm.
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Figure 1.2. Hepcidin negatively regulates iron levels in the blood.

Hepcidin binds to the iron transporter FPN located on the basolateral membrane of
intestinal epithelial cells (as well as on hepatocytes and macrophages) and induces
its internalization and lysosomal degradation, decreasing the transport of dietary
iron into the blood. . In patients with abnormally low levels of hepcidin too much
iron is taken into the body resulting in iron overload. Conversely, inappropriately
high levels of hepcidin can cause anemia due to low iron transport into the blood.
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Figure 1.3. HJV acts as a BMP co-receptor to upregulate transcription of
hepcidin. H]JV binds to BMP ligands and increases their signaling through the BMP
co-receptor complex. This increased signaling leads to phosphorylation of the
receptors and then subsequent phosphorylation of receptor activated smads (R-
Smads 1, 5 or 8). This leads to translocation of a complex of receptor activated
Smads and Smad4 to the nucleus where they bind to the hepcidin promoter and
activate transcription of hepcidin.
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Figure 1.4. Cleavage of HJV by furin produces a shed form of HJV that inhibits
BMP signaling. H]V is cleaved within its protein sequence by the furin family of
proprotein convertases, which releases HJV from its GPI anchor and allows it to be
shed from cells. This shed form of HJV negatively regulates BMP signaling and
hepcidin expression, possibly by acting as a decoy that binds to BMP ligands and
sequesters them away from the receptor complex.
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Abstract

Hemojuvelin (HJV) was recently identified as a critical regulator of iron
homeostasis. Itis either associated with cell membranes through a GPI-anchor or
released as a soluble form. Membrane anchored H]JV acts as a co-receptor for bone
morphogenic proteins (BMPs) and activates the transcription of hepcidin, a
hormone that regulates iron efflux from cells. Soluble HJV antagonizes BMP
signaling and suppresses hepcidin expression. In this study we examined the
trafficking and processing of HJV. Cellular HJV reached the plasma membrane
without obtaining complex oligosaccharides, indicating that HJV avoided Golgi
processing. Secreted HJV, in contrast, has complex oligosaccharides and can be
derived from HJV with high mannose oligosaccharides at the plasma membrane. Our
results support a model in which retrograde trafficking of H]JV prior to cleavage is
the predominant processing pathway. Release of HJV requires it to bind to the
transmembrane receptor neogenin. Neogenin does not, however, play a role in HJV
trafficking to the cell surface, suggesting that it could be involved either in

retrograde trafficking of HJV or in cleavage leading to H]V release.
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Introduction

Iron is an indispensable nutrient in most organisms, but is also toxic when in
excess. Iron homeostasis is maintained by an elegant control mechanism that
coordinates iron absorption from the intestine, iron recycling from senescent red
blood cells and mobilization of iron stores from liver hepatocytes. Hemojuvelin
(HJV) is central to this process. HJV is a GPI-linked protein and has Asn-linked
glycosylation sites in its extracellular domain (Niederkofler et al., 2004). It is mainly
expressed in muscle and to a lesser extent in the liver (Niederkofler et al., 2004;
Papanikolaou et al.,, 2004). Clinical studies demonstrated that homozygous or
compound heterozygous mutations in the HJV gene (HFEZ2) lead to juvenile
hemochromatosis, a severe iron overload disorder, indicating that HJV plays an
important role in the regulation of iron homeostasis (Papanikolaou et al., 2004).

HJV regulates serum iron levels by modulating expression of hepcidin, a
hepatocyte-derived peptide hormone. The marked suppression of hepcidin
expression in juvenile hemochromatosis patients and HJV knockout mice indicates
that HJV is a critical upstream regulator of hepcidin expression (Huang et al., 2005;
Niederkofler et al., 2005; Papanikolaou et al., 2004). Hepcidin regulates serum iron
levels by decreasing iron efflux from intestinal epithelial cells, macrophages and
hepatocytes (Huang et al., 2005; Lin et al., 2005; Niederkofler et al., 2005;
Papanikolaou et al.,, 2004). Thus, HJV activates transcription of hepcidin, which
decreases serum iron levels by limiting iron efflux.

There are two forms of HJV, a membrane-anchored GPI-linked form and a

secreted soluble form (sH]V) that is generated by furin-mediated cleavage of GPI-
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HJV (Kuninger et al., 2006; Lin et al., 2005; Lin et al., 2008; Niederkofler et al., 2004;
Silvestri et al., 2008a; Zhang et al., 2005). Both forms of H]JV regulate hepcidin
transcription and iron metabolism though they have opposite effects. GPI-linked HJV
increases transcription of hepcidin through the bone morphogenic protein (BMP)
signaling pathway by acting as a co-receptor for BMP ligands (Babitt et al., 2006; Lin
etal, 2007; Xia et al., 2008). Disruption of BMP signaling by hepatocyte-specific
knockout of Smad4, a central mediator of the BMP signaling pathway, results in
decreased hepcidin expression and iron overload in mice (Wang et al., 2005).
Conversely, sH]JV decreases the level of hepcidin mRNA in primary human
hepatocytes (Lin et al., 2007). Moreover, injection of sHJV into mice decreases BMP
signaling and hepcidin expression and increases the amount of serum and liver iron
(Babitt et al,, 2007). Soluble HJV could antagonize BMP signaling by competing with
membrane-associated HJV for binding to BMP ligands, preventing them from
interacting with cell-associated HJV and therefore inhibiting hepcidin expression
(Babitt et al., 2007; Lin et al., 2007). Since the GPI-linked and soluble forms of HJV
have opposing roles, regulation of HJV processing is important for the control of iron
homeostasis.

Generation of sHJV requires neogenin, a transmembrane receptor in the
immunoglobulin superfamily (Zhang et al., 2007). HJV binds to neogenin (Kuns-
Hashimoto et al.,, 2008; Yang et al., 2008; Zhang et al., 2005), specifically to the
membrane-proximal fifth and sixth fibronectin type III (FNIII) domains (Yang et al.,
2008). Knockdown of neogenin blocks HJV release but does not affect trafficking of

HJV to the plasma membrane (Zhang et al., 2008). Neogenin is unable to interact
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with the G320V mutant form of HJV, the most common disease-causing mutation in
type 2A juvenile hemochromatosis patients (Papanikolaou et al., 2004; Zhang et al,,
2005). Although neogenin is necessary for H]V release, the role that it plays in this
process is not known.

HJV is endocytosed through a cholesterol-dependent and dynamin-
independent pathway (Zhang et al., 2008). Endocytosis of H]V is blocked by filipin,
which depletes cholesterol and has been shown to block the endocytosis of other
GPI-linked proteins (Chadda et al., 2007; Nichols et al., 2001; Zhang et al., 2008).
Filipin also blocks generation of sH]JV (Zhang et al., 2008).

In the current study, we sought to understand how HJV trafficking leads to its
release and investigate how neogenin affects this process. Using a hepatic cell line as
a model system, we showed that HJV trafficked to the plasma membrane without
acquiring complex oligosaccharides and that neogenin was not required for this
process. Moreover, cell-surface HJV acquired complex oligosaccharides before it was
released into the media. Furthermore, blocking HJV cleavage using a furin inhibitor
did not lead to a buildup of Endo H-resistant HJV in the cell, suggesting that cleavage

precedes complex glycosylation.
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Materials and Methods

Cell culture

HepG2 and Hep3B cells were purchased from ATCC (Manassas, VA) and maintained
in MEM/10% FCS/1 mM pyruvate/1x non-essential amino acids (complete
medium). HEK293 (Human Embryonic Kidney 293) cells (ATCC) were grown in
DMEM/10% FCS/1 mM pyruvate. HepG2 cells stably transfected with wild type
HFE2 (HJV), G320V mutant HFE2 (G320V) or pcDNA3 empty vector (control) were
generated previously (Zhang et al.,, 2007). The stably transfected cells were
maintained in complete medium with 800 ug/mL G418. tTA-HJV-HepG2 cells were
generated by cloning HFE2 into a tetracycline-inducible pcDNA4 vector, which was
then stably transfected into tTA-HepG?2 cells (Feng and Longmore, 2005). They were
maintained in complete medium with 800 ng/mL G418 and 5 ug/mL blasticidin and
induced to express HJV using 2 ug/mL doxycycline. Neogenin/H]JV-HEK293 cells,
stably expressing both neogenin and HJ]V, were maintained in DMEM with 10% FCS

and 800 png/mL G418.

Endo H and PNGase F digestion

Endo H and PNGase F were used to analyze the Asn-linked oligosaccharides on HJV
and neogenin protein in cell lysate, conditioned medium, and streptavidin bead
eluate. Briefly, samples prepared were incubated with Endo H or PNGase F (New
England Biolabs) according to manufacturer’s instruction. After 4 hours of
incubation at 37°C, the digested samples were subjected to western blot analysis of

HJV and neogenin as described for immunodetection.
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Immunodetection

Cell lysates, conditioned medium or streptavidin eluates were separated by SDS-
PAGE under reducing conditions, followed by transfer onto a nitrocellulose
membrane. Membranes were probed with affinity-purified rabbit anti-HJV antibody
(0.22 pg/mL) (generated against residues 1-401 of HJV as described previously
(Zhang et al.,, 2008)), rabbit anti-neogenin antibody (0.4 ug/mL, Santa Cruz
Biotechnology), goat anti-Tf serum (generated against purified human Tf, 1:10,000)
or mouse anti-B-actin antibody (1:10,000, Chemicon International), followed by
immunodetection using a corresponding horseradish peroxidase (HRP)-conjugated
secondary antibody (Chemicon International) and chemiluminescence (Super
Signal, Pierce). Alternatively, HJV was detected using an Alexa Fluor 680 goat anti-
rabbit secondary antibody (1:10,000, Invitrogen) and visualized using an Odyssey

Infrared Imaging System (Licor).
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Results
Release of sH]V constitutes the major pathway of cellular HJV turnover.
HJV exists in either cell-associated or soluble forms. Soluble HJV is generated by
furin-mediated cleavage of cellular H]JV (Lin et al., 2008; Silvestri et al., 2008a).
Because the soluble and cell-associated forms of HJV have opposing effects on iron
homeostasis, we analyzed the trafficking and processing of HJV. HepG2 cells stably
expressing human HJV (HJV-HepG2) were used as a model system. HepG2 cells are a
human hepatoma cell line, which express many proteins involved in iron
metabolism but do not express HJV detectably by immunoblot (Knowles et al., 1980;
Zhang et al., 2007). HJV-HepG2 cells express HJV, which undergoes active release
(Zhang et al., 2007).

The kinetics of the loss of cell-associated HJV and the appearance of HJV in
the media was examined. HJV-HepG2 cells were treated with cycloheximide (100
ug/mL) to block protein synthesis, and HJV levels in the cell lysate or one-third of
conditioned medium at 0, 1, 2, 4 and 6 hours were detected by immunoblot. HepG2
cells transfected with an empty vector were used as a control for the specificity of
the antibody against HJV. The amount of HJV in the cell lysate exhibited a rapid
decrease over time (Figure 2.1A). Conversely, sH]JV in the media was detected
starting at 1 hour and continued to accumulate for at least 6 hours implicating a
precursor-product relationship. The two bands seen for secreted H]JV are consistent
with the literature (Kuninger et al., 2006; Zhang et al., 2007).

In order to more precisely determine the rate of disappearance of HJV from

the cell, a pulse-chase experiment was performed. HJV-HepG2 cells were
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metabolically labeled with 35S-(met/cys) for 30 minutes, then incubated with
complete media for 0, 0.5, 1, 2, 3, 4, 5 and 6 hours (Figure 2.1B). HJV was then
immunoprecipitated from cell lysates and analyzed by SDS-PAGE. H]JV disappeared
from the cell lysate quickly with a turnover of approximately one hour, consistent
with the cycloheximide results (Figure 2.1A).

As an independent estimate of the approximate time interval between HJV
synthesis in the endoplasmic reticulum (ER) and HJ]V release into the media, we
generated a tTA-HJV-HepG2 cell line in which the expression of HJV is under the
tight control of the tTA inducible promoter. HJV expression was induced using
doxycycline. Cellular HJV was detectable by western blot at 4 hours post induction,
while secreted HJV was evident in the medium at 6 hours post induction (Figure
2.1C). These results indicate that H]JV release into the media occurs within 2 hours of
synthesis.

Since cellular HJV turnover could also result from lysosomal degradation of
HJV, HJV-HepG2 cells were treated with 100 ng/mL cycloheximide with or without
100 nM bafilomycin A to determine the relative contributions of sH]V release and
intracellular degradation to the disappearance of HJV from cells. Bafilomycin A is an
inhibitor of the vacuolar H*-ATPase, which dissipates the pH gradient in the
intracellular organelles and blocks protein degradation in lysosomes (Yoshimori et
al,, 1991). After 0, 1, 2, 3, 4, 5 and 6 hours of incubation at 37°C, HJV in the cell lysate
and in the media was detected by western blot. Only a slight increase in the
accumulation of cellular HJV was noticeable at 3 and 4 hours when bafilomycin A

was present (Figure 2.1D). Bafilomycin A did not significantly alter HJV release.
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These results suggest that while lysosomal turnover of HJV is detectable, release of

sHJV is the major mechanism of HJV loss from cells.

Distinct processing of HJV and neogenin

HJV is modified after synthesis by addition of a GPI anchor. GPI-linked proteins are
synthesized in the ER where they are linked to a GPI anchor before being targeted to
the plasma membrane. In addition to acquiring a GPI-anchor, HJV is a glycoprotein
with three potential Asn-linked glycosylation sites. To investigate the routes of HJV
and neogenin trafficking, we analyzed the maturation of Asn-linked oligosaccharides
on both HJV and neogenin by digestion with either Endo H, which cleaves high
mannose oligosaccharides added co-translationally in the ER, or PNGase F, which
cleaves both high-mannose and Golgi-modified complex oligosaccharides. In these
experiments, extracts from HJV-HepG2 cells were digested with Endo H or with
PNGase F (Figure 2.2A). A shift in the molecular weight of the HJV and neogenin, as
detected by western blot analysis, indicates that oligosaccharides have been
removed. Neogenin was sensitive to PNGase F but resistant to Endo H, indicating
that it obtained complex oligosaccharides during its transit through the Golgi
(Figure 2.2A). Cellular HJV was unexpectedly found to be sensitive to both Endo H
and PNGase F, indicating that it has high mannose oligosaccharides. The pattern of
glycosylation of wild-type HJV was identical to the G320V mutant HJV, which does
not associate with neogenin and remains primarily in the ER (Silvestri et al., 2007;

Zhang et al., 2005). These results suggest that cellular HJV has high mannose
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oligosaccharides, which have not been processed in the Golgi, whereas cellular
neogenin obtains complex oligosaccharides in the Golgi.

To compare the kinetics of neogenin and HJV trafficking through the
biosynthetic pathway, pulse-chase experiments were performed for neogenin and
HJV. Neogenin/HJV-HEK293 cells, which stably express neogenin, were used
because the level of endogenous neogenin in HJV-HepG?2 cells is insufficient for
visualization by pulse-chase. Neogenin/HJV-HEK293 cells were metabolically
labeled for 30 min and then incubated in complete medium for 0, 20, 60 and 105
minutes. The samples were immunoprecipitated with an anti-neogenin antibody
and then digested with Endo H or mock digested. Neogenin was completely Endo H-
sensitive at the conclusion of the 30-minute pulse, after which a chase was initiated.
At 20 minutes after the chase some of the neogenin is Endo H-sensitive and some is
resistant, and by 60 minutes it is completely Endo H-resistant (Figure 2.2B, upper
panel), indicating that it has progressed through the Golgi. To analyze the Endo H
sensitivity of HJV, HJV-HepG2 cells were labeled for 30 minutes and then chased for
0, 30, 60,90, 120 and 180 minutes and immunoprecipitated. HJV remained Endo H-
sensitive in the cell lysate for at least three hours after the 30-minute labeling
(Figure 2.2B, lower panel).

To determine if HJV reaches the cell surface within the time period in which
it remains Endo H-sensitive, we induced HJV expression in tTA-H]JV-HepG2 cells for
0, 2,3, 4,5, and 6 hours and then detected biotinylated cell surface HJV by western
blot (Figure 2.2C). HJV reaches the cell surface within two hours of synthesis and did

not further accumulate on the cell surface. These results indicate that HJV remains
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Endo H sensitive throughout its biosynthetic pathway to the cell surface (Figure
2.2B, lower panel).

Since H]JV remains Endo H sensitive for at least three hours and HJV reaches
the cell surface within 2 hours, we next examined the Asn-linked glycosylation
status of cell-surface HJV and neogenin. Cell-surface proteins were biotinylated at
40(C followed by a streptavidin pull down and Endo H or PNGase F digestion (Figure
2.2D). Cell-surface HJV and neogenin had similar Asn-linked glycosylation patterns
as they did in the whole cell lysates (Figure 2.2B). HJV therefore did not obtain
complex oligosaccharides in the Golgi, indicating that it is inaccessible to Golgi

resident glycosylases en route to the cell surface.

Cell surface HJV undergoes retrograde trafficking prior to being secreted.
Since our studies indicated that the oligosaccharides on the GPI-linked form
of HJV are not processed to a complex form, we examined the glycosylation pattern
of the secreted form of HJV. The secreted HJV in the media was subjected to Endo H
and PNGase F digestion, followed by detection of HJV by western blot. Interestingly,
the secreted H]JV was resistant to Endo H but sensitive to PNGase F (Figure 2.3A),
indicating that the secreted form of HJV acquired complex oligosaccharides before it
was released. These results raised two possibilities. HJV may obtain complex
oligosaccharides prior to being secreted by undergoing retrograde trafficking to the
TGN and Golgi, where its oligosaccharides would be processed to a complex form

and HJV could be cleaved by furin. Alternatively, secreted HJV may represent a
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subset of HJV that obtains complex oligosaccharides and is cleaved in the Golgi en
route to the cell surface.

To determine whether retrograde trafficking occurs, cell surface proteins
were labeled with sulfo-NHS-biotin, a cell impermeant form of biotin. After 0, 4 and
8 hours of incubation at 37°C, the conditioned medium and cell lysates were
collected. The biotinylated proteins in the cell lysate at 0 hour (total biotinylated)
and in the media at 4 and 8 hours were isolated with streptavidin beads and
subjected to Endo H or PNGase F digestion, followed by immunodetection of HJV.
Biotinylated cell surface HJV was subsequently detected in the media, indicating that
secreted H]V can be derived from the pool of HJV at the cell surface. The secreted
HJV derived from the cell surface was Endo H-resistant (Figure 2.3B).

This finding suggests that cell surface HJV undergoes retrograde transport to
an intracellular compartment where the oligosaccharides are modified.
Furthermore, the change in size from 50 kDa in the cell lysates to 38 kDa in the
conditioned medium indicates that H]V is cleaved prior to being released. The two
species of secreted HJV are not caused by differential N-linked glycosylation since
both species are still present after PNGase F digestion, indicating that the difference
between the species is due to either another post-translational modification or to
cleavage at more than one site. There is variability in the number of bands seen for
secreted HJV. Multiple cleaved bands in the conditioned medium have previously
been shown (Kuninger et al., 2006; Silvestri et al.,, 2007; Zhang et al., 2007).

Additionally, HJV has an acidic autocatalytic cleavage site, which could account for
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the lowest molecular mass of the multiple cleavage products seen in Figure 2.3A
(Niederkofler et al., 2004; Zhang et al., 2005).

Since the formation of complex oligosaccharides occurs in Golgi/TGN
compartment, these results suggest that HJV release requires retrograde trafficking
of HJV from the cell surface to the Golgi/TGN where it acquires complex
oligosaccharides and is exposed to furin cleavage before it is secreted. Since no HJV
with complex oligosaccharides is detected in the cell lysate, we hypothesize that

once HJV obtains complex oligosaccharides it is rapidly secreted.

Secreted HJV has complex oligosaccharides in multiple cell types.

The release of sHJV with complex oligosaccharides could be specific to HepG2 cells.
To test this possibility, the glycosylation status of HJV was analyzed in HEK293 and
Hep3B cells. HEK293 cells are derived from human embryonic kidney, and Hep3B is
arelatively undifferentiated human hepatoma cell line. Neither endogenously
expresses detectable HJV by immunoblot analysis. HJV was transiently transfected
into both cell lines. Proteins from cell lysates and media were subjected to Endo H
and PNGase F digestions. Consistent with the findings in HepG2 cells (Figure 2.24),
cellular HJV in both Hep3B and HEK293 cells was Endo H-sensitive, whereas the
secreted HJV was Endo H-resistant (Figure 2.4A & B). Thus, complex

oligosaccharides on secreted H]JV occur in several cell types.

Blocking the interaction of HJV with neogenin does not alter the glycosylation

status of cellular HJV.
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HJV could traffic through the Golgi and be protected from oligosaccharide
modification and furin cleavage by binding to a chaperone protein. Since neogenin is
known to bind to HJV, we sought to determine whether neogenin was necessary for
HJV to maintain high-mannose oligosaccharides in the cell lysates. Endogenously
expressed neogenin in HJV-HepG2 cells was knocked down using a siRNA specific
for neogenin. After knockdown, neogenin was not detectable by western blot
(Figure 2.5A). For the parallel control transfected with scrambled siRNA see Figure
2.2A which is from the same blot and exposure. Endo H and PNGase F digestions
revealed that knockdown of neogenin does not affect the glycosylation pattern of
HJV. This result as well as the finding that knockdown of neogenin had no effect on
HJV trafficking to the plasma membrane(Zhang et al., 2008), ruled out the possibility
that neogenin serves as a chaperone to protect HJV from modification in the
Golgi/TGN in the biosynthetic pathway.

To determine if disruption of the interaction between HJV and neogenin at
the cell surface affects the processing of HJV, HJV-HepG2 cells were treated with a
soluble portion of the neogenin ectodomain. These soluble portions of the
ectodomain compete with endogenous neogenin for binding to HJV and
consequently block H]V release (Zhang et al., 2008). Initially, two neogenin
fragments were used to compete with endogenous neogenin for binding to HJV, a
larger fragment comprising the FNIII repeats 1-6, or a smaller fragment consisting
of only repeats 5-6. These fragments bind to HJV with 500 and 5 nM affinity,
respectively (Yang et al., 2008). HJV-HepG2 cells were treated with either form of

soluble neogenin overnight and conditioned medium was collected to verify that
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soluble neogenin blocked H]V release (Figure 2.5B). Cell lysates were collected and
subjected to Endo H or PNGase F digestion. Cell-associated HJV was both Endo H-
and PNGase-sensitive with or without soluble neogenin (Figure 2.5B). Thus, cellular
HJV retains high mannose oligosaccharides independent of neogenin. When cells are
incubated with the full-length ectodomain of neogenin, not only was release of sHJV
blocked, but the level of cell-associated HJV also increased, indicating that
generation of sHJV is a major pathway of HJV turnover in cells (Figure 2.5C). The
interaction of HJV with full-length neogenin appears to be necessary for the
processing of HJV after HJV reaches the cell surface and is consistent with the
hypothesis that only HJV complexed to full-length neogenin is capable of undergoing

retrograde transport for processing of HJV to the secreted form.

Filipin increases the amount of HJV in cell lysates and at the cell surface, but
does not affect the glycosylation status.

Filipin, which binds to cholesterol, has previously been shown to inhibit endocytosis
of HJV and other GPI-linked proteins (Chadda et al., 2007; Orlandi and Fishman,
1998; Zhang et al., 2008). Filipin leads to an increase in cellular HJV when protein
synthesis is blocked using cycloheximide and also inhibits release of sHJV (Figure
2.6A). Blocking endocytosis of HJV appears to be specific as it was shown previously
that filipin does not affect the endocytosis of Tf through the TfR1-mediated
dynamin-dependent process (Zhang et al., 2008). Blocking endocytosis of HJV using

filipin leads to a mild increase in HJV on the cell surface, but it does not alter the

37



Endo H sensitivity of HJV, indicating that filipin does not affect trafficking of HJV to
the cell surface (Figure 2.6B).

Additionally, cholesterol depletion has been shown to block exocytosis at the
plasma membrane by disrupting SNARE cluster formation (Lang et al,, 2001). Here
we show that filipin inhibits secretion of Tf, consistent with recent reports showing
that cholesterol is also required for insulin secretion (Figure 2.6A) (Larsson et al.,
2008; Vikman et al., 2009). If HJV were cleaved during the biosynthetic pathway,
then an accumulation of cleaved HJV would be expected upon blocking exocytosis. If
endocytosis were a prerequisite for cleavage, as would be expected in the proposed
retrograde trafficking pathway, then no accumulation of cleaved, 38 kDa HJV, would
be expected. Filipin treatment does not lead to an accumulation of the cleaved 38

kDa species of HJV, which supports the retrograde trafficking model.

Inhibition of furin cleavage does not cause a buildup of HJV with complex
oligosaccharides in the cell lysates.

Since we hypothesize that HJV undergoes retrograde trafficking to the Golgi prior to
being secreted, it is important to determine if HJV obtains complex glycosylation
prior to cleavage by furin or other proprotein convertases. To do this we treated
cells with furin convertase inhibitor (FCI), which has been shown previously to
block the release of sHJV (Lin et al., 2008; Silvestri et al., 2008a) and blocks sH]JV
release from HJV-HepG2 cells (unpublished data). Cells were treated with FCI and
then metabolically labeled for 2 hours (Figure 2.7). Lysates were

immunoprecipitated using an anti-HJV antibody and then subjected to Endo H
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digestion. No Endo H-resistant HJV was seen in the cell lysates, indicating that
blocking furin cleavage does not lead to a build up of complex HJV in the cell lysates.
Similar results were also obtained when HJV-HepG?2 cells were treated with both FCI
and bafilomycin (data not shown). These data suggest that furin cleavage precedes

complex glycosylation.
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Figure 2.1. Release of cellular HJV.

A. Analysis of cell-associated and secreted H]V after blocking protein synthesis. HJV-
HepG2 cells in 12-well plates were incubated in 400 pl of complete medium with
100 pg/mL of cycloheximide (CHX) to block protein synthesis. After 0, 1, 2, 4, and 6
hr of incubation, conditioned medium (CM) was collected, and cell lysate (L) was
prepared using 100 pl NET-Triton buffer (150 mM NaCl, 5 mM EDTA, 10 mM Tris
(pH 7.4) and 1% Triton X-100) with 1x Protease inhibitors cocktail (Roche
Diagnostics, Indianapolis, IN). Each timepoint was performed in duplicate. Western
blotting was performed on the total lysates and one-third of conditioned medium
using rabbit anti-HJV (0.22 mg/mL) and mouse anti-beta-actin (1:10,000) (lysates
only). Control-HepG2 cells (Ctrl) were used as a negative control. HJV is
approximately 50 kDa in the cell lysates and 38 kDa in the conditioned medium. 3-
actin was used as a loading control for the cell lysates. B. Pulse chase analysis of
cellular HJV. Cells were metabolically labeled with 35S-(met/cys) (Perkin Elmer) at
100uCi/mL in MEM medium without met/cys for 30 minutes, washed and then
incubated in regular growth medium for 0, 0.5, 1, 2, 3, 4, 5, and 6 hours. Cell lysates
were then collected and immunoprecipitated using rabbit anti-HJV 18745 antibody.
Immunoprecipitated proteins were washed and separated by SDS-PAGE. Image was
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obtained by exposure to x-ray film. C. Analysis of cellular and secreted H]V following
induction of HJV synthesis. Expression of H]V in tTA-H]JV-HepG2 was induced by
addition of 2 pg/mL doxycycline into the culture medium. The entire cell lysate (L)
and one-third of conditioned media (CM) after 0, 1, 2, 4, 6, 8 and 10 hours were
subjected to western blots for HJV in cell lysates and medium and B-actin in lysates.
Dox: doxycycline treated. D. Contribution of lysosomal degradation to HJV turnover.
HJV-HepG?2 cells in 12-well plates were incubated in presence of 100 pg/mL
cycloheximide with or without addition of 100 nM bafilomycin A (Baf) for 0, 1, 2, 3,
4,5 and 6 hours. Proteins from whole-cell lysates (L) and media (CM) precipitated
with 6% trichloroacetic acid (TCA) were subjected to immunodetection.
Experiments were repeated three times with consistent results.
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Figure 2.2. Cell-associated HJV has high-mannose oligosaccharides, whereas

cellular neogenin has complex oligosaccharides.

A. Endo H and PNGase F sensitivity of cellular HJV and cellular neogenin. Cell lysate
was collected from HJV-HepG2 (H]JV) cells (transfected with a non-specific siRNA) or
HJV-G320V-HepG2 (HJV-G320V) cells. Lysates were subjected to Endo H and
PNGase F digestion. Immunoblots were performed using anti-neogenin (0.4 mg/mL

Santa Cruz) and anti-HJV antibodies (0.22mg/mL). B.

Analysis of Endo H sensitivity

of neogenin and HJV by pulse chase (in Neogenin/H]JV-HEK293 and HJV-HepG?2 cells
respectively). Metabolic labeling and immunoprecipitations were performed as
described previously (Davies et al.,, 2003) with the following modifications: HJV-
HepG2 (lower panel) or Neogenin/HJV-HEK293 (upper panel) cells in 35 mm dishes
were labeled in 1 mL met/cys-free media with 100 pCi 35S-(met/cys) for 30 minutes.
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Cells were then washed and incubated in unlabeled medium for the time points
indicated. Immunoprecipitations were performed using 2 pL rabbit anti-HJV
antibody, 18745 (generated against residues 1-401 of HJV as described previously
(Zhang et al., 2008)), or rabbit anti-neogenin 21567 antibody, which was generated
using the neogenin ectodomain as an antigen (purified as described_previously(Yang
et al.,, 2008)) to generate a polyclonal antibody in rabbits (Pocono Rabbit Farm &
Laboratory, Inc., Canadensis, PA). Inmunoprecipitated proteins were subjected to
control (mock) or Endo H digestion and separated by SDS-PAGE, followed by
soaking of the gel in Amplify (GE Healthcare, Chalfont St. Giles, United Kingdom) and
drying of the gels prior to exposure to film. C. Analysis of time taken for HJV to traffic
to the cell surface after induction of HJV expression. tTA-H]JV-HepG2 cells in 60mm
dishes were induced to express HJV by addition of 2 mg/mL doxycycline for 0, 2, 3,
4, 5, and 6 hours. Cell surface proteins were biotinylated at 4°C and pulled down
using streptavidin agarose. 100% of the total biotinylated proteins and 15% of the
internal (non-biotinylated) proteins were subjected to immunoblotting for HJV
using a rabbit anti-H]JV 18746 antibody. This experiment was repeated once with
similar results. D. Cell surface HJV has high-mannose oligosaccharides. Biotinylation
of cell-surface proteins was conducted as described previously (VanSlyke and Musil,
2005). Briefly, HJV-HepG2 cells in a 6-well plate at approximately 80% confluence
were biotinylated with 0.25 mg/mL Sulfo-NHS-Biotin (Thermo Fisher Scientific,
Waltham, MA) at 4°C for 30 min. Cells were immediately solubilized in NET-
Triton/1x protease inhibitors cocktail then biotinylated proteins were isolated
using streptavidin agarose beads (Thermo Fisher Scientific). Bound proteins were
eluted with NET-Triton/1% p-mercaptoethanol/0.5% SDS and subjected to
digestion with Endo H and PNGase F (New England Biolabs, I[pswich, MA), followed
by immunodetection of HJV and neogenin. Data are representative of three
independent experiments.

43



A hedia

L HAW-Hapia
Enda H - - T -
PHGaseF — — — +
45 kDa —
ﬁ anti-HJW
31 kil =
B Cirl HIV-HepGZ HJIV-HepG2 Cin HJV-HepG2 HJV-HapG2
L Lysata Biothylated M Medum4h  Medwum 8h
Emndo H - - o - - + - — — + - -— - -
PNGesgF — — — + = = + . = = 4 = = 4
45 kDa = - Do -
e —= - -
- . : anti-HJV
.“1 -,C‘a — p— -

-

Figure 2.3. Secreted HJV has complex oligosaccharides and is derived from the
pool of HJV at the plasma membrane.

A. Secreted HJV has complex oligosaccharides. Conditioned medium was collected
from HJV-HepG2 cells and subjected to Endo H and PNGase F digestion, followed by
a western blot using a rabbit anti-H]JV antibody. Conditioned medium from control-
HepG?2 cells (C) was included as a negative control. B. Chasing the release of
biotinylated cell surface HJV. Cell surface HJV in HJV-HepG?2 cells was biotinylated at
4°C, followed by incubation at 37°C for 4 or 8 hours in complete medium. The total
biotinylated HJV in the cell lysate (HJV-HepG2 Biotinylated) and the biotinylated HJV
released into the medium were isolated using streptavidin agarose beads. The
eluates were digested with Endo H and PNGase F. Endo H and PNGase F digestion of
one-third of cell lysates are also included. Lysate (Ctrl L) or medium (Ctrl M) from

Control-HepG?2 cells were used as negative controls. Experiments were repeated
three times.
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Figure 2.4. The glycosylation patterns of cellular and secreted HJV in HEK293
and Hep3B cells.

A. HEK293 cells were transiently transfected with wild type HFE2-pcDNA3 using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA) in 6-well plates and incubated in
complete medium. About 48 hours post-transfection, serum-free medium (1 mL)
was added. After an additional 24 hours of incubation, conditioned medium was
collected and cell lysate was prepared using 300 mL of NET-Triton buffer with
protease inhibitor cocktail. Proteins in the medium (1mL) were precipitated using
6% TCA. Proteins from both the cell lysate (Lysate) and medium were equally
divided into three parts and were subjected to Endo H and PNGase F digestion
followed by detection of HJV by immunoblot. B. Hep3B cells were transiently
transfected with HFE2-pcDNA3 using Lipofectamine 2000. The transfection of
HFE2 into Hep3B cells, Endo H and PNGase digestion, and immunodetection were
performed as described for HEK293 cells. There was a better separation on the gel
for Hep3B cells, which accounts for the apparent increased separation between the
control and digested samples in this cell type. The data are representative of three
experiments for each cell type.
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Figure 2.5. Neogenin is necessary for sH]V release but not for the retention of
high-mannose oligosaccharides by HJV.

A. Knockdown of neogenin does not alter the glycosylation of cellular HJV.
Endogenous neogenin in HJV-HepG2 cells was knocked down using a siRNA specific
for neogenin (for the control HJV-HepG?2 cells transfected with a non-specific control
siRNA see Figure 2A). siRNA (small interfering RNA) specific for human neogenin
(25 nM, Dharmacon, Lafayette, CO) or scrambled control siRNA was transfected
twice (once on day 1 and once on day 3) using the RNAIMAX transfection reagent
(Invitrogen). Seventy-two hours after the second transfection cell lysates were
subjected to Endo H and PNGase F digestion. Both neogenin and HJV were detected
by immunoblot using anti-neogenin and anti-HJV antibodies, respectively. B.
Disruption of the HJV /neogenin interaction inhibits release of HJV but does not
perturb the high-mannose glycosylation of HJV. HJV-HepG2 cells were treated with
soluble neogenin ectodomain fragments consisting of the FNIII repeats 1-6 (1 uM)
or a smaller fragment of only repeats 5-6 (40 nM) in serum-free medium overnight.
Soluble neogenin FNIII 1-6 and FNIII 5-6 as well as the whole neogenin extracellular
domain (ectodomain) were generated as previously described(Yang et al., 2008)
and were a gift from F. Yang and P.]. Bjorkman at CalTech. Conditioned medium and
cell lysates were collected, followed by Endo H and PNGase F digestion and
immunodetection of HJV. Untreated HJV-HepG?2 cells were used as a control (C). 1-6:
neogenin FNIII 1-6 fragment. 5-6: neogenin FNIII 5-6 fragment. A non-specific band
resulting from cross-reaction of either the primary or secondary antibodies with the
FNIII 1-6 fragment is denoted with an asterisk (*). C. Neogenin ectodomain inhibits
HJV release and results in HJV accumulation within cells. HJV-HepG2 cells in 12-well
plate were incubated in complete medium with or without addition of soluble
neogenin ectodomain at 1 uM. After 24 hours of incubation, the total cell lysate (L)
and 20% of conditioned medium (CM) were subjected to detection of HJV by
immunoblot. Actin in cell lysates was used as a loading control. These data are
representative of at least two experiments.
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Figure 2.6. Filipin blocks generation of sHJV but does not alter the
glycosylation of cell surface HJV.

A. Levels of cellular HJV were measured in tTA-HJV-HepG?2 cells in the presence or
absence of filipin and cycloheximide (CHX). Cells were grown in 6 well plates with 2
ug/mL doxycycline to induce HJV expression. Cells were treated for 2 hours in
serum-free medium with or without cycloheximide (100 pg/mL) and filipin (10
ng/mL). One half of the cell lysates (Lys) and one fourth of the conditioned medium
(CM) were subjected to western analysis with anti-HJV and anti-p-actin or anti-Tf
antibodies. Cells transfected with an empty vector (C) were used as a control for
antibody specificity. B. Analysis of cellular and cell surface HJV by Endo H and
PNGase F digestion in cells treated with filipin. Cells were treated as in A. For the
cell lysate, 20% of a 60 mm dish was used. For the cell surface HJV, biotinylated cell
surface protein from approximately 2/3 of a 60 mm dish was used for each sample.
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Figure 2.7. Addition of Furin Convertase Inhibitor does not lead to a buildup of
Endo H-resistant HJV in the cell lysate.

HJV-HepG?2 cells in 35 mm dishes were pretreated with no inhibitor (control) or
with furin convertase inhibitor (FCI, 5uM Decanoyl-Arg-Val-Lys-Arg-
chloromethylketone) for 90 minutes. Cells were then metabolically labeled for two
hours in the presence and absence of inhibitor. Cells were washed, lysed and
immunoprecipitated using the anti-HJV antibody and subjected to Endo H digestion
as described in the methods. This data is representative of two experiments.
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Discussion

In this study, we characterized the trafficking of HJV by analyzing the
maturation of its Asn-linked oligosaccharides and its turnover. Our results indicate
that the trafficking of nascent HJV from the ER to the plasma membrane avoids
processing in the Golgi/TGN compartments and does not require its binding
partner, neogenin. After reaching the cell surface HJV undergoes retrograde
trafficking to the Golgi/TGN where it obtains complex oligosaccharides prior to
being released. The majority of HJV that disappeared from cells was detected in the
conditioned medium, suggesting that HJV release constitutes the major pathway of
cellular HJV turnover.

The release of HJV is physiologically important. Not only has it been shown
to be secreted from cell lines either transfected with HJV or endogenously
expressing HJV, but it can also be detected in both human and rat serum (Kuninger
et al.,, 2006; Lin et al,, 2005; Silvestri et al., 2007; Zhang et al., 2007). In rats, the
serum level of HJV increases in response to acute iron deprivation (Zhang et al.,
2007). Consistent with a role for HJV in iron homeostasis, sH]JV injected into mice
decreased BMP signaling and hepcidin levels (Babitt et al., 2007). Both in vitro and
in vivo studies demonstrate that cell-associated HJV and sHJV have opposite roles in
the regulation of hepatic hepcidin expression. Cell-associated HJV is proposed to act
as a co-receptor for BMPs to enhance BMP-signaling and hepcidin expression
(Babitt et al., 2006), whereas secreted HJV may compete with cellular HJV for
binding to BMPs and thereby suppresses hepcidin expression (Babitt et al., 2007).

Importantly, the release of sHJV is negatively regulated by iron-saturated Tf and
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non-Tf bound iron (Lin et al., 2005; Silvestri et al., 2007; Zhang et al., 2007). These
data support a model in which HJV-mediated regulation of hepcidin expression is
modulated by the release of HJV in response to iron loading.

Unlike many transmembrane and GPI-linked proteins, HJV appears to be
capable of trafficking to the plasma membrane in the absence of Golgi processing in
HepG2 cells as measured by retention of high-mannose oligosaccharides and lack of
furin cleavage. Several possible pathways could be responsible for these results.
First, HJV may traffic through the Golgi en route to the plasma membrane but be
masked by binding to another protein and thus be inaccessible to the Golgi-resident
glycosylases and proteolytic processing by furin. For example, proTGF-f is
protected from extracellular proprotein convertase cleavage by binding to Emilin1
(Zacchigna et al., 2006). It is also possible that H]V is in a conformation that is
inaccessible to glycosylases and then it becomes accessible after it undergoes
retrograde trafficking to the Golgi and is cleaved by furin due to a conformational
change. Alternately, HJV could bypass the Golgi altogether and traffic directly from
the ER or ERGIC (ER Golgi intermediate compartment) to the plasma membrane.
Although GPI-linked proteins are known to bud from specialized transport vesicles
in the ER and have specific chaperones that mediate trafficking to the plasma
membrane, they are generally thought to traffic through the Golgi en route to the
plasma membrane (Muniz et al., 2000; Takida et al., 2008). Both GPI-linked
ceruloplasmin and 5’ nucleotidase obtain complex oligosaccharides in their transit

through the biosynthetic pathway (Hellman et al., 2002; Schell et al., 1992).
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Acquisition of complex oligosaccharides by HJV therefore appears to be different
from these other two GPI-linked proteins.

In HepG?2 cells, biotinylated cell surface HJV possesses high mannose
oligosaccharides, but sHJV has complex oligosaccharides, indicating that HJV
undergoes retrograde trafficking to the Golgi where its oligosaccharides are
processed prior to release from cells. Other membrane proteins have been shown to
traffic from the plasma membrane back to the trans-Golgi network (TGN), including
furin (Molloy et al., 1994) and mannose-6-phosphate receptor, as previously
reviewed (Mellman, 1996). TfR1 is capable of undergoing retrograde trafficking as
far as the Golgi (Snider and Rogers, 1985; Snider and Rogers, 1986). Whether GPI-
linked proteins are able to traffic from the plasma membrane to the Golgi is
controversial. One group reported that the GPI-linked proteins, CD59 and a GPI-
linked GFP, traffic from the cell surface to the Golgi; however, others reported that
GPI-linked GFP traffics from the plasma membrane to recycling endosomes but not
to the Golgi (Nichols et al., 2001; Sabharanjak et al., 2002). Retrograde trafficking of
HJV prior to generation of sHJV is further supported by previous data showing that
cholesterol-dependent endocytosis of HJV is necessary for release (Zhang et al,,
2008). In the case of H]V, retrograde trafficking prior to the generation of sHJV may
provide an opportunity for regulation of HJV release in response to extracellular
factors such as transferrin.

It is possible that HJV could traffic in two separate pathways, one in which it
undergoes retrograde trafficking prior to being released, and another in which it is

cleaved during biosynthesis. The following evidence supports that retrograde
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trafficking is the major, if not the only, pathway for sHJV release. First, depletion of
neogenin in HepG2 cells blocks HJV release, but has no effect on HJV trafficking to
cell surface (Zhang et al., 2008). This suggests that H]JV release does not occur on its
way to the cell surface and that HJV trafficking to the plasma membrane is
independent of neogenin. Second, addition of soluble neogenin ectodomain
(approximately 130 kDa) to the outside of cells blocks HJV processing and results in
an accumulation of cellular HJV, suggesting that HJV processing occurs after HJV
reaches the cell surface. Third, disruption of the endocytosis of HJV by filipin, a
cholesterol-binding agent, blocks HJV release (Maxson et al., 2009; Zhang et al.,
2008), but does not block trafficking of HJV to the cell surface or alter the Endo H
sensitivity of cell surface HJV. If cleavage in the biosynthetic pathway were a major
pathway of release, then a buildup of Endo H-resistant HJV would be expected when
release of sH]JV was blocked. This was not seen. Fourth, blocking furin cleavage does
not lead to a buildup of Endo H-resistant HJV in the cell lysates. Since Endo H-
resistance is obtained in the medial Golgi and furin is primarily localized in the TGN
and more distal compartments, this suggests that furin-mediated cleavage occurs
before complex glycosylation and argues against the cleavage of H]JV in the
traditional biosynthetic pathway.

On the basis of the published data and the results of this study, we propose a
model for HJV trafficking and processing. Nascent HJV traffics from ER to the
plasma membrane and avoids modification in the Golgi/TGN in a manner that does
not depend on neogenin. Upon reaching the cell surface, HJV interacts with

neogenin. It then undergoes cholesterol-dependent endocytosis and retrograde
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trafficking to the Golgi/TGN compartments, where H]V is accessible to furin,
followed by glycosylases. Soluble H]V is then rapidly released from the cells.
Trafficking of HJV to the cell surface prior to generation of sHJV may provide an
opportunity for regulation of HJV release by iron-bound transferrin in response to
changing iron levels, thus allowing HJV to modulate iron homeostasis. The details of
cellular HJV trafficking and the underlying mechanism of iron-regulated H]V release

remain to be determined and will be the subject of future work.
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Abstract

Mutations in hemojuvelin (HJV) lead to a severe iron overload disease, juvenile
hemochromatosis. HJV is a GPI-linked protein that increases expression of the iron
regulatory peptide hormone, hepcidin. Hepcidin negatively regulates iron uptake
from the intestine and thus is a major regulator of iron homeostasis. HJV functions
by potentiating bone morphogenetic protein (BMP) signaling to upregulate hepcidin
expression. HJV can also be shed from cells by proteolytic cleavage. In contrast to
membrane bound HJV, shed HJV negatively regulates BMP signaling and decreases
hepcidin expression, presumably by binding limiting BMPs. The GPI-anchor of HJV
directs its internalization through a cholesterol-dependant pathway characteristic
of GPI-linked proteins. To investigate the role of the HJV GPI-anchor in cleavage and
signaling, we created chimeric proteins with the ectodomain of HJV and the
transmembrane and cytoplasmic domains of either low-density lipoprotein receptor
(LDLR) or furin in lieu of the GPI-anchor. These chimeric proteins are shed from
cells similarly to wild-type HJV. Shedding is furin dependent. In contrast, the
chimeras were incapable of increasing hepcidin levels, indicating that the GPI-
anchor is not required for cleavage of HJV but it is important for HJV signaling to

upregulate hepcidin expression.
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Introduction

Hemojuvelin (HJV, gene symbol HFE?2) is a glycosylphosphatidylinositol (GPI)-linked
protein that plays a critical role in iron metabolism (Niederkofler et al., 2004).
Mutations in HJV cause the iron overload disorder, juvenile hemochromatosis (JH)
(Papanikolaou et al., 2004). JH patients have severe iron accumulation in their
organs, particularly the heart, liver, pancreas and thymus, which can lead to cardiac,
liver and endocrine disorders (Papanikolaou et al., 2004). H]JV regulates iron
metabolism by activating transcription of the iron regulatory peptide hormone,
hepcidin (Babitt et al., 2006). Hepcidin is secreted by the liver and decreases iron
transport from the intestinal epithelial cells, macrophages and the liver into the
blood by down-regulating the iron transporter, ferroportin (Nemeth et al., 2004).
HJV therefore negatively modulates iron uptake from the intestine by increasing

hepcidin expression.

HJV upregulates hepcidin expression through the bone morphogenetic protein
(BMP) signaling pathway (Babitt et al., 2006). H]V is proposed to act as a co-
receptor for BMP proteins. Subsequent phosphorylation and activation of the BMP
receptor-activated Smad proteins leads to upregulation of hepcidin transcription in
the liver, which reduces dietary iron uptake (Babitt et al., 2007). The ability of HJV
to activate BMP signaling is decreased by its proteolytic cleavage, which releases it
from its GPI-anchor. This soluble form of H]JV (sHJV) can act as an inhibitor of BMP

signaling by competing with cell-surface HJV for binding to BMPs (Babitt et al.,
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2007; Kuninger et al., 2006; Lin et al., 2005; Niederkofler et al., 2004; Zhang et al.,,
2007). sH]JV down-regulates hepcidin expression and increases iron levels in both
cell culture studies and when mice are injected with recombinant sHJV, in support of
this hypothesis (6). Shedding of HJV is antagonized by iron-bound transferrin (Tf)
and high levels of ferric ammonium citrate, which allows cleavage of HJV to be
regulated in response to the levels of iron in the blood (Lin et al., 2005; Zhang et al.,
2007). Since the cleaved form of HJV has an opposing effect on hepcidin expression,
the regulation of HJV cleavage is important in sensing iron levels and the

maintenance of iron homeostasis.

HJV is shed from cells by at least two proteases. The furin family of proprotein
convertases cleave HJV (Kuninger et al., 2008; Lin et al., 2008; Silvestri et al., 2008a;
Zhang et al., 2008). Treatment of cells with furin convertase inhibitor (FCI) blocks
HJV shedding in HEK293, Hep3B and other cell lines (Kuninger et al., 2008; Lin et al,,
2008; Silvestri et al.,, 2008a; Zhang et al., 2008). Matriptase-2 has also been
implicated in the cleavage of H]JV (Silvestri et al.,, 2008b). Mutations in the
matriptase-2 gene (TMPRSS6) cause iron deficiency anemia in humans as well as in
mouse models (Du et al., 2008; Finberg et al., 2008; Folgueras et al., 2008). High
levels of hepcidin expression are detected in Tmprss6 mutant mice, in keeping with
the hypothesis that matriptase-2 decreases hepcidin expression by cleaving HJV and
downregulating signaling. Cell culture models over-expressing matriptase-2
demonstrate increased cell surface HJV degradation, complementary to the animal

data (Silvestri et al., 2008a).
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HJV cleavage involves retrograde trafficking of HJV from the cell surface, where it is
cleaved and released from the cell when the vesicle recycles and fuses with the
plasma membrane (Maxson et al., 2009). This mechanism is based on the following
observations. GPI-linked and other membrane anchored proteins are co-
translationally glycosylated in the ER. The high mannose oligosaccharides are
processed to complex oligosaccharides in the Golgi. HJV traffics to the cell surface
while retaining high-mannose oligosaccharides and avoiding furin cleavage (Maxson
et al.,, 2009). It then undergoes retrograde trafficking to the Golgi where it is
modified to complex oligosaccharides, and subsequently secreted (Maxson et al.,

2009).

HJV endocytoses through the GPI-associated protein-enriched early endosomal
compartments (GEEC) pathway (Zhang et al., 2008). Endocytosis along this
pathway is clathrin and dynamin independent, but involves actin, cholesterol and
CDC42 (Chadda et al,, 2007; Sabharanjak et al.,, 2002). Treatment of cells with filipin,
a cholesterol depleting agent, blocks HJV endocytosis and cleavage of HJV, whereas
treatment of cells with dynasore, an inhibitor of clathrin- and caveolin- mediated

endocytosis has no effect on HJV shedding (Zhang et al., 2008).

We investigated the role of the GPI-anchor in the shedding of HJV and hepcidin
signaling in Hep3B cells, a human hepatoma cell line. In this study we demonstrate

that furin is responsible for the shedding of HJV in Hep3B cells. When the GPI-
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anchor of HJV was replaced with the transmembrane and cytoplasmic domains of
either furin or the low-density lipoprotein receptor (LDLR) shedding still occurred,

but the HJV chimeras were unable to upregulate hepcidin expression.
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Materials and Methods

Cloning

The HJV/LDLR and HJV furin chimeras were made by overlapping PCR and then
ligated into pcDNA3 vector at EcoRI and Kpnl sites. The HJV ectodomain was
amplified from the pcDNA3-HFE2 vector using the following primers: 5’
ATGGTACCATGGGGGAGCCAGGCC-3’ and 5’-GGGCTTCTTCTCGGGGAAGAGATGC-3’
for the LDLR construct or 5’-GTGAGGGCAGCAGGGGGAAGAGATG-3’ for the furin
construct. The LDLR transmembrane and cytoplasmic domains were amplified from
LDLR pTZ1 (a gift from David Russell at the University of Texas Southwestern
Medical Center, Dallas, TX) using the following primers: 5’-
GCATCTCTTCCCCGAGAAGAAGCCC-3’and 5’- CTGAATTCTCACGCCACGTCATCCTCC-
3’. The furin transmembrane and cytoplasmic domain was amplified from the PCS2-
furin vector (given to us by Gary Thomas, Vollum Institute, Portland OR) using the
following primers: 5’-CATCTCTTCCCCCTGCTGCCCTCAC-3’ and 5’-

GCGAATTCTCAGAGGGCGCTCTGGTC-3".

Cell culture

Hep3B cells were obtained from ATCC (Manassas, VA) and grown in Minimal Eagles
Medium (MEM) with 10% fetal bovine serum (FBS), non-essential amino acids, and
1 mM pyruvate in a 5% CO2 37°C incubator. Hep3B cells in 6 well plates were
transiently transfected using Lipofectamine or Lipofectamine 2000 (Invitrogen,

Carlsbad, CA) according to the manufacturer’s protocols. tTA-Neogenin HepG2 cells
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were generated by subcloning neogenin cDNA into a tetracycline-inducible pcDNA4
vector, which was stably transfected into tTA-HepG2 cells (obtained from Dr.
Gregory Longmore at Washington University, St. Louis), and were maintained in
MEM with 10% FBS and 800 pg/mL G418. They were transfected with either
Fugene HD (Roche) or Poly]Jet (SignaGen Laboratories, [jamsville, MD). For
collection of conditioned medium, cells were incubated with 1 ml of serum free
medium per well of a 6 well plate for 16-24 hours. Cell lysates were prepared by
solubilizing cells in 100 pl of NETT (NET-Triton buffer-150 mM NaCl, 5 mM EDTA,
10 mM Tris (pH 7.4) and 1% Triton X-100) with 1x Protease inhibitor cocktail

(Roche, Indianapolis, IN).

Immunodetection

Cell lysates and conditioned medium were subjected to reducing sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to
nitrocellulose membrane. In some cases, conditioned medium was precipitated
using 6% trichloroacetic acid (TCA) followed by centrifugation. HJV was detected
using affinity purified rabbit anti-HJV antibody (18745 or 18746) generated against
residues 1-401 of human HJV (0.22 pg/ml), described previously (Zhang et al.,

2005).

Endo H and PNGase F digestion
Cell lysates or conditioned media were digested for 4 hours with Endo H or PNGase

F according to the manufacturer’s protocol (New England Biolabs, Ipswitch, MA).
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The control samples were prepared like the Endo H sample, except for the absence

of enzyme.

Pulse-chase analysis

Cells in 35 mm (or 60 mm) dishes were metabolically labeled for 30 minutes using
35S- methionine/cysteine (Met/Cys) (Perkin Elmer Life and Analytica Sciences,
Waltham, MA) at 100 pCi/ml in 1 ml (or 2 ml) of medium lacking Met/Cys, and then
washed and incubated in complete growth medium for the indicated time periods.
Cells were then lysed in 1 ml NETT with protease inhibitors and
immunoprecipitated using 2 pl rabbit anti-HJV 18745 antibody and protein A
Sepharose (Invitrogen, Carlsbad, CA), washed by spinning through NETT buffer with
15% sucrose and then separated by SDS-PAGE. Gels soaked in Amplify (Amersham
Biosciences, Pittsburg, PA) were dried and exposed to x-ray film followed by

quantitation of the bands using a Phosphorimager (Molecular Dynamics).

Immunofluorescence microscopy

Hep3B cells were plated on poly-L-lysine-coated cover slips (Sigma-Aldrich, St.
Louis, MO) and co-transfected with pcDNA3-HFE2 encoding HJV and pcDNA3-furin-
flag-HA (given to us by Gary Thomas) using Fugene HD. Cells were permeabilized in
PBS with 0.2% Triton X 100 and labeled with rabbit anti-HJV 18745 (1.73 pg/ml)
and mouse anti-flag M2 (9.6 ug/mL, Sigma-Aldrich F3165), followed by Alexa Fluor
568 goat anti-rabbit IgG (H+L) (4 pg/ml, Molecular Probes, Invitrogen, Eugene, OR)

and Alexa Fluor 488 goat anti-mouse IgG (H+L) (4 pg/ml, Molecular Probes). Cover

62



slips were mounted in ProLong Gold Antifade Reagent (Invitrogen) and imaged
using an Olympus FV 1000 upright confocal microscope using a 40X Oil objective.

Images were processed using Image].

gqRTPCR

Analysis of hepcidin and glyceraldehyde phosphate dehydrogenase (GAPDH) mRNA

levels were performed as described previously (Zhang et al., 2009).
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Results

Substitution of the GPI-anchor of HJV with transmembrane domains

HJV is a GPI-linked protein, and its proteolytic processing regulates its ability to
signal to modulate iron metabolism. Based on the endocytosis of HJV through a
pathway characteristic of GPI-linked proteins as well as the retrograde trafficking of
HJV prior to its cleavage (Maxson et al., 2009), we hypothesized that the GPI-anchor
is important for either the secretion of HJV or its role in regulating iron homeostasis.
In order to evaluate the effects of the GPI-anchor on secretion of HJV, we engineered
two HJV constructs with transmembrane and cytoplasmic domains in lieu of the
GPI-anchor signal sequence (Figure 1A). Chimeric proteins were made using
overlapping PCR with the ectodomain of HJV and the transmembrane and
cytoplasmic domains of either the low-density lipoprotein receptor (LDLR) or the
pro-protein convertase, furin. The transmembrane and cytoplasmic domain of LDLR
was chosen because it has a motif in its cytoplasmic domain that directs endocytosis
through the clathrin and dynamin-mediated pathway (Anderson et al., 1978). The
transmembrane and cytoplasmic domains of furin were chosen because furin is
proposed to cleave HJ]V, and is localized primarily in the trans-Golgi network (TGN)

and also cycles to and from the plasma membrane (Thomas, 2002).

HJV chimeras are expressed and processed by the cell
To understand the role that the GPI anchor plays in the trafficking and processing of

HJV, we first analyzed the expression and post-translational modification of the HJV
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chimeras. HJV chimeras were transiently transfected into Hep3B cells, a hepatoma
cell line that expresses some hepatocyte-specific genes, but does not express any
detectable endogenous HJV protein or matriptase-2 (data not shown). The chimeras
were subsequently analyzed by Endo H and PNGase digestion followed by western
analysis using a rabbit anti-HJV antibody as described in the methods. Like wild type
(WT) HJV, the chimeras are glycosylated, and were sensitive to digestion with Endo
H, which cleaves high mannose oligosaccharides, as well as PNGase F, which cleaves
both complex and high mannose Asn-linked oligosaccharides (Figure 1B). These
results indicate that similar to the WT HJV, the cell-associated chimeras possess only
high mannose oligosaccharides. The similar processing of WT HJV and the
HJV/LDLR and H]V/furin chimeras made these chimeras a good tool to study the

role of the GPI-anchor on HJV secretion.

The processing of the HJV chimeras was then analyzed by pulse-chase studies. Cells
were metabolically labeled using 35S Met/Cys for 30 minutes, followed by removal
of the radioactive medium and incubation in complete growth medium for 0, 30, 60
minutes or 0, 1.5, 3 and 6 hours. The relatively short half-life of cell-associated WT
HJV (approximately 1 hour) could be due to shedding of HJV, in addition to protein
turnover (Figure 1C and D). To determine if these chimeras undergo similar
proteolytic processing as GPI-HJV, we analyzed the shedding of the transmembrane

anchored HJV constructs.
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HJV shedding does not require a GPI-anchor

In Hep3B cells, HJV is shed as a single cleavage product (Lin et al., 2005).
Conditioned medium from Hep3B cells transiently transfected with WT HJV or the
HJV/furin chimeras was analyzed in triplicate by immunoblot for secreted HJV to
address whether shedding of HJV requires a GPI-anchor. Like WT H]V, both of the
HJV/furin and HJV/LDLR chimeras were shed, indicating that the GPI-anchor is not
required for H]JV shedding (Figure 2A). The HJV/furin and HJV/LDLR chimeras were
also Endo H-resistant in the conditioned medium, demonstrating that like WT HJV,
they obtain complex oligosaccharides prior to being shed. These results indicate
that the GPI-anchor is not required for HJV processing and secretion (Figure 2C).
Interestingly, the HJV/furin chimera had reduced shedding relative to WT HJV or the
HJV/LDLR chimera. When the ratio of sHJV to H]V in the lysate was quantitated,
there was approximately 2 to 3 times more sHJV for WT HJV and the HJV/LDLR
chimera than for the HJV/furin chimera (Figure 2B). While a decrease was seen in
sHJV, no detectable increase in the amount of HJV in the lysates was observed. These
results may be due to the relative levels of cell associated HJV to sH]V. If only a small
proportion of the total HJV is shed over the period of collection, then detection of
changes in the lysates would not be as sensitive as detection of changes in sHJV.
Previous results indicated that H]V is degraded through the lysosomal pathway, in

addition to shedding (Maxson et al., 2009)..
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The HJV chimeras are cleaved by furin

We initially hypothesized that the HJV/furin chimera would have increased
accessibility to furin and consequently cleavage and shedding would be elevated,
because the two proteins would be colocalized in the same compartment. Since we
observed decreased secretion of the HJV/furin chimera (Figure 2A), we analyzed
whether furin was cleaving the chimeric constructs. To determine if the sHJV seen in
the media was generated by proprotein convertase cleavage, cells expressing WT
HJV or the HJV chimeras were treated with furin convertase inhibitor (FCI), which
inhibits furin and other members of the proprotein convertase family. Cell lysates
and conditioned media were collected and analyzed by immunoblot. Treatment of
cells with FCI inhibited the secretion of WT H]V, HJV/LDLR, and HJV/furin (Figure
3A). Furin siRNA confirmed that furin rather than other proprotein convertases, was
responsible for HJV shedding in Hep3B cells (Figure 3B). These results indicated
that the secreted forms of the chimeras were generated by furin cleavage and that

furin-mediated cleavage is not dependent on GPI-linkage of H]V.

The HJV/furin chimera has similar subcellular localization to furin

Since the HJV/furin chimera has decreased secretion despite being cleaved by furin,
we wanted to confirm that the HJV/furin chimera co-localized with furin as we had
predicted. Immunofluorescence microscopy was used to assess the subcellular
localization of WT HJV and the HJV/furin chimera relative to furin. Hep3B cells
were transiently co-transfected with either WT HJV or H]JV /furin and a flag-tagged

furin construct. Anti-HJV and anti-flag tag antibodies were used to detect HJV
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(green) and furin (red) localization in permeabilized cells (Figure 3C). WT HJV had
a punctate appearance throughout the cell, and showed little colocalization with
furin, which had a perinuclear punctate appearance. The HJV/furin chimera had a
punctate staining pattern that overlapped with furin, as would be expected if the
transmembrane-cytoplasmic portion of the chimera were directing its trafficking.
These results indicate that the HJV/furin chimera and furin have increased
colocalization compared with WT HJV and furin and that the reduction in HJV /furin

cleavage could not be explained by a lack of colocalization with furin.

Many of the GPI-linked proteins in hepatocytes undergo endocytosis from the
basolateral membrane and subsequently traffic to the apical, bile canulicular
membrane (Schell et al., 1992). Re-uptake is clathrin-independent and either
dynamin-dependent or independent and may also depend on flotillin or MAL2 (Ait-
Slimane et al.,, 2009; de Marco et al., 2002). The mechanisms by which flotillin or
MAL?Z direct this pathway are unclear. In the case of HJV, the protein is cleaved by
furin after its clathrin- and dynamin-independent retrograde trafficking, and as a
result, it is not trafficked to the apical membrane. Rather, it is secreted into the
blood (Kuninger et al., 2008; Lin et al., 2005), which is in contact with the
basolateral membrane of hepatocytes. This corresponds with the expression of HJV
at the basolateral membrane in both liver hepatocytes (Merle et al., 2007) and in cell

culture (Supplemental Figure 1).
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The HJV/LDLR chimera processing is independent of the mode of
internalization

The HJV/LDLR chimera was designed to internalize through a dynamin- and
clathrin- dependent pathway based on the observation that the cytoplasmic domain
of LDLR is responsible for clathrin-mediated endocytosis of LDLR (Anderson et al.,
1978). Previous studies showed that HJV internalizes through a macropinocytic
pathway, which is independent of dynamin and clathrin (Zhang et al., 2008). To
distinguish between these two pathways, cells were treated with 80 mM dynasore,
an inhibitor of dynamin GTPase activity. Dynamin is necessary for clathrin- and
caveolin-mediated endocytosis but not for macropinocytosis. At this concentration
clathrin-mediated endocytosis is reduced but macropinocytosis is not (Zhang et al.,
2008). While dynasore would be expected to reduce the concentrative pathway of
clathrin-mediated endocytosis of the HJV/LDLR chimera, it would not be expected
to block the non-concentrative pathway of macropinocytosis. Dynasore reduced the
processing of HJV/LDLR but not of WT HJV (Supplemental Figure 2) indicating that

the LDLR cytoplasmic domain of the chimera was indeed driving endocytosis.

Signaling of HJV is impaired in the absence of a GPI-anchor

We next wanted to determine whether the GPI-anchor of HJV was important for
signaling to upregulate hepcidin expression. GPI-anchors have been proposed to
localize proteins to specific membrane domains that may promote signaling through
receptor complexes (Brown and London, 2000). To test whether the GPI-anchor of

HJV is important for signaling, we used the liver-derived HepG2 cell line, which has
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increased hepcidin expression upon transfection of WT HJV (Zhang et al., 2009). The
ability of the H]JV/furin and HJV/LDLR chimeras to induce hepcidin was analyzed in
HepG2 cells expressing these chimeras (Figure 4). While WT HJV induced hepcidin
expression, the HJV/furin and HJV/LDLR chimeras did not when compared to an
empty vector control (Figure 4A). Expression of these constructs was confirmed by
western analysis (Figure 4B). These data indicate that the GPI-anchor of HJV is

required for signaling to upregulate hepcidin expression.
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Figure 3.1. HJV constructs with transmembrane domains instead of a GPI-
anchor are expressed and processed by the cell.

(A) Fusion constructs of HJV and the transmembrane and cytoplasmic domains of
furin (HJV/furin) or LDLR (HJV/LDLR) were made using overlapping PCR as
described in the methods section. The GPI-anchor addition sequence of HJV was
removed, but the ectodomain of HJV is largely preserved. The three N-linked
glycosylation sites of HJV (denoted by black circles) were retained in the chimeras.
These sites are predicted based on the canonical motif for N-linked glycosylation of
NX(S/T) and have the following amino acid sequences: NCS, NAT and NFT. The
endogenous signal peptide on HJV was retained (black). SP, signal peptide; TM,
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transmembrane domain; CD, cytoplasmic domain. (B) Immunoblot analysis of HJV
chimera oligosaccharides in the cell lysate. Plasmids encoding WT HJV, HJV/Furin or
HJV/LDLR chimeras were transfected into Hep3B cells using Lipofectamine 2000.
Cell lysates were digested with Endo H (H), PNGaseF (F) or without enzyme (C). HJV
was detected using a rabbit anti-HJV antibody as described in the methods. (C)
Pulse-chase analysis of HJV chimeras. Chimeras were transfected into Hep3B cells
and then subjected to pulse chase analysis with 0, 30 or 60 minute chase periods.
(D) Pulse-chase analysis of HJV chimeras as in C except that cells were incubated in
unlabeled medium for 0, 1.5, 3 or 6 hours. These experiment were repeated with
similar results.
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Figure 3.2. HJV secretion does not require a GPI-anchor.

(A) Analysis of the ratio of WT HJV secretion compared with HJV/furin and
HJV/LDLR. Hep3B cells in 6 well plates were transfected with WT HJV, HJV /furin
and HJV/LDLR chimeras as described in the methods section. Medium was
precipitated with TCA and immunoblotting was used to detect HJV in the media and
lysate. (B) The ratio of HJV in the cell lysate to the conditioned medium was
quantified using the Odyssey Infrared Imager and then compared between
constructs. Three wells were analyzed for each construct and the experiment was
repeated with similar ratios of HJV in the conditioned medium between the WT HJV
and the chimeras. (C) Analysis of the Endo-H sensitivity of secreted HJV generated
by cleavage of WT HJV or HJV chimeras. Conditioned medium was TCA precipitated
and then incubated without enzyme (C), with Endo H (H) or with PNGase F (F) and
then analyzed by SDS-PAGE and immunoblotting.
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Figure 3.3. Furin-mediated cleavage of HJV chimeras.

(A) Secretion of the HJV chimeras is blocked by addition of a proprotein convertase
inhibitor. Hep3B cells transiently transfected with WT HJV, HJV/furin and HJV/LDLR
were treated with the proprotein convertase inhibitor, Furin Convertase Inhibitor
(FCI). The inhibitor was added when cells were changed to serum free medium and
after 20 hours, conditioned medium and cell lysates were analyzed by
immunoblotting to detect HJV. Secretion of these constructs was compared between
untreated (-) and FCI treated cells (+). Secretion of WT HJV as well as the HJV
chimeras was blocked by treatment with FCI, indicating that they are cleaved by a
furin family member in these cells. (B) Knockdown of endogenous furin suppresses
HJV release in Hep3B cells. SMARTpool siRNA specific for human furin (Thermo-
Fisher Scientific, Waltham, MA) was used to knockdown endogenous furin in Hep3B
cells. Scrambled control siRNA (Santa Cruz Biotechnology Inc., Santa Cruz, CA)
served as a negative control. RNAiMAX reagent (Invitrogen, Carlsbad, CA) was used
for the transfection. siRNA transfection was conducted in 12-well plates in
complete medium (MEM/10% FCS). About 24-hr after siRNA transfection, HJV was
introduced using PolyJet (SignaGen Laboratories). About 48-hr after siRNA
transfection, fresh complete medium was replaced. About 72-hr after siRNA
transfection, conditioned media were collected and cell lysates were prepared. The
total lysate and 20% of CM were subjected to SDS-PAGE. Furin, HJV and -actin
(actin) in the lysate (L) and H]V in the conditioned medium (CM) were detected by
immunoblot. (C) The HJV/furin chimera has similar subcellular localization to that
of furin. Colocalization of WT H]V and HJV/furin with flag-tagged furin protein were
analyzed in Hep3B cells. Hep3B cells were transiently cotransfected with the
indicated HJV construct as well as a flag-tagged furin construct. Cells were stained
using anti-H]JV (green) and anti-flag (red) and imaged by confocal microscopy as
described in the methods. While there is some overlap between WT HJV and flag-
furin, there is also substantial co-localization between HJV /furin chimera and flag-
furin. The HJV and flag-furin localizations are shown in the first two panels and the
merged image is shown in the third panel. These are representative staining
patterns from two separate experiments with similar results.
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Figure 3.4. The GPI-anchor of HJV potentiates hepcidin expression.

(A) tTA-Neogenin HepG2 cells were transfected with an empty pcDNA3 (control),
WT H]JV, HJV/furin or HJV/LDLR. Cells were induced to express neogenin using 2
ug/mL doxycycline in MEM with 2% FBS for 16 hours. Neogenin increases the
ability of HJV to activate hepcidin expression (Zhang et al., 2009). Hepcidin and
GAPDH levels were then analyzed by qRT-PCR. The ratio of hepcidin to GAPDH
levels are presented for each construct. Three biological replicates each with three
PCR replicates were performed for each construct. These results are representative
of three separate experiments. p=0.0002 as analyzed by ANOVA. (B) As a control to
show that all of the constructs were expressed in these cells, the tTA-Neogenin
HepG2 cells were transfected with the WT HJV, HJV/LDLR or H]JV/furin and
analyzed by immunoblot using the anti-H]JV antibody described in the methods.
Untransfected cells serve as a control for antibody specificity. This experiment was
performed three times with similar results.
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Figure S3.1. GPI-linked HJV is primarily basolaterally localized.

HepG2 cells are a polarized hepatoma-derived cell line that forms apical pockets
between cells. Since they are tissue culture cells plated in a monolayer, they cannot
form bile canuliculi as hepatocytes do in three dimensions in the liver. The apical
marker multi-resistance protein 2 (MRP2-green) stains the apical membrane of
these swellings between cells. GPI-HJV (red) was transiently transfected into HepG2
cells using the transfection reagent Fugene HD (Roche). A single transfected cell is
shown with untransfected neighbors. HJV appears to localize primarily to the
basolateral membrane and has little overlap with the apical marker.
Immunofluorescence microscopy was performed on permeabilized cells, essentially
as described in the methods, except that mouse anti-MRP2 antibody was used
(Clone M2 III-6, 8 ug/mL, Kamiya Biomedical Company, Seattle, WA) and cells were
imaged using a Zeiss LSM710 confocal microscope.
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Figure S3.2. Treatment of cells expressing the HJV/LDLR chimera with a
dynamin inhibitor reduces secretion of sHJV. Hep3B cells in 6 well plates were
transfected with either GPI-HJV or the HJV/LDLR chimera and then treated with
MEM media with 2% serum +/- 80 uM dynasore, which inhibits dynamin/clathrin-
mediated endocytosis. After 20 hours, media and lysate were collected. 15% of the
media and 100% of the lysate were analyzed by immunoblot as described in the
methods. The bands were quantitated using an Odyssey Infrared Imaging System
and the ratio of H]JV in the media to the lysate was calculated and compared between
control and treatment conditions. While the GPI-H]JV had approximately the same
ratio of media to lysate HJV between control and dynasore treated samples (0.121
and 0.120 arbitrary units respectively) the HJV/LDLR chimera had approximately a
2-fold reduction in secreted HJV upon dynasore treatment (control 0.207 and
dynasore 0.104 arbitrary units). Secreted H]JV runs below the 45 kDa marker and is
marked. A non-specific band is marked by an asterisk (*).
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Discussion

We found that while the GPI-anchor of HJV is required for signaling to upregulate
hepcidin expression, the processing of HJV appears to be independent of the type of
membrane tether. WT HJV and the chimeric forms of HJV with the transmembrane
and cytoplasmic domains of either LDLR or furin are initially protected from
obtaining complex glycosylation along their biosynthetic pathway and then later get
processed to obtain complex oligosaccharides and get cleaved by furin prior to
being secreted. Similarly, both WT H]V and the chimeric forms of H]JV are processed
after endocytosis and retrograde transport. This finding was initially unexpected
because GPI-linkage can impart specific trafficking in the endocytic pathway (Brown

and London, 2000).

The trafficking of GPI-linked proteins, once they are modified by cleavage of their
transmembrane domain and covalent attachment to GPI, has not been studied
intensely. Several reports indicate that GPI-linked proteins such as the GPI-linked
form of ceruloplasmin pass through the Golgi where its oligosaccharides are
converted from high mannose to complex forms on its transit to the plasma
membrane (Hellman et al., 2002). The finding that HJV traffics to the plasma
membrane without the processing of its oligosaccharides is unusual (Maxson et al.,
2009). Hemojuvelin could avoid oligosaccharide processing and cleavage by furin by

either trafficking through an alternate pathway devoid of glycosylases, by binding to
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another protein, which masks glycosylation and furin cleavage or by being

conformationally inaccessible to the oligosaccharide processing and cleavage.

A previous study showed that replacing the GPI-anchor of HJV with a KDEL
sequence reduces cleavage of HJV (Silvestri et al., 2008a). The KDEL sequence is an
ER retrieval motif that directs soluble ER-resident proteins that have trafficked past
the ER to be bound by the KDEL receptor, which is responsible for their retrograde
trafficking back to the ER, as reviewed in (Teasdale and Jackson, 1996). A reduction
in HJV secretion of the HJV/KDEL construct (Silvestri et al., 2008a) and the primary
localization of furin in the TGN (Thomas, 2002) are consistent with a model that

furin-mediated cleavage of H]JV occurs primarily in a post-ER compartment.

We hypothesize that either the conformation of HJV prevents modification and
cleavage in the biosynthetic pathway or that a yet to be identified chaperone protein
sterically hinders access of furin and oligosaccharide modification. Once at the cell
membrane, HJV undergoes a conformational change due to its release from the
chaperone or through association with another protein. Arguing against a
chaperone protein that shields HJV from processing during the biosynthetic
pathway is the lack of evidence for a chaperone protein in pulse-chase analysis and
the fact that soluble forms of HJV are modified and processed during their
biosynthesis (Maxson et al., 2009). Arguing in favor of the association with a protein
once HJV reaches the plasma membrane or upon endocytosis is the finding that HJV

tightly associates with a transmembrane protein, neogenin (Zhang et al.,, 2005).
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Earlier studies showed that neogenin facilitates the cleavage of HJV after it reaches
the cell surface, making it a prime candidate for this later possibility (Zhang et al.,
2007; Zhang et al., 2008). The role of neogenin in HJV processing and signaling
remains controversial. Another group reported that neogenin inhibits H]V secretion
in HEK293 cells (Lee et al., 2010). The reason for these differing effects is not yet
clear. HJV and neogenin do not appear to co-associate in the biosynthetic pathway (J.

Maxson, data not shown).

The data presented here are consistent with the role of retrograde transport in the
processing of HJV by furin. The observation that the HJV/furin chimera is not
efficiently cleaved by furin, despite their co-localization in the TGN, supports the
idea that membrane anchored HJV is not modified in the biosynthetic pathway but
rather after it reaches the plasma membrane and re-internalizes. Furin is
predominantly located in the TGN and inefficiently traffics to the plasma membrane
(Thomas, 2002). At the plasma membrane, it endocytoses and traffics back to the
TGN (Molloy et al., 1994). Both furin and the LDLR are internalized by clathrin-
mediated endocytosis by the interaction of their cytoplasmic domains with proteins
in the clathrin-coated pit. The finding that the shedding of the HJV/LDLR chimera is
reduced by inhibition of clathrin-dependent endocytosis further emphasizes the

role of retrograde trafficking in cleavage of HJV.

The GPI-anchor of HJV directs HJV through a clathrin-independent, cholesterol-

dependent endocytic pathway (Zhang et al., 2008). This study shows that the
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processing and cleavage but not signaling of HJV is independent of the type of
membrane anchor. In contrast to WT H]JV, the chimeric forms of HJV with
transmembrane and cytoplasmic domains instead of a GPI-anchor do not upregulate
expression of hepcidin in HepG2 cells. The GPI-anchor of HJV could promote
signaling by localizing HJV to a specific membrane domain. Alternately, the GPI-
anchor of HJV could alter its conformation or flexibility and thus alter its interaction
with BMPs and their receptors. The mechanism by which the GPI-anchor of HJV

promotes BMP signaling will be the subject of future work.
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Abstract

Hemojuvelin (HJV) is an important regulator of iron metabolism. Membrane
anchored HJV upregulates expression of the iron regulatory hormone, hepcidin,
through the bone morphogenic protein (BMP) signaling pathway by acting as a BMP
co-receptor. Membrane HJV can be cleaved by the furin family of proprotein
convertases, which releases a soluble form of HJV that suppresses BMP signaling
and hepcidin expression by acting as a decoy that competes with membrane H]JV for
BMP ligands. Recent studies indicate that matriptase-2 binds and degrades HJV,
leading to a decrease in cell surface HJV. In the present work, we show that
matriptase-2 cleaves H]JV at Arg 288, which produces one major soluble form of HJV.
This shed form of HJV has decreased ability to bind BMP6 and does not suppress
BMP6-induced hepcidin expression. These results suggest that the matriptase-2 and
proprotein convertase cleavage products have different roles in the regulation of

hepcidin expression.
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Introduction

Iron is an essential biological cofactor. The majority of the body’s iron is bound
by hemoglobin for oxygen transport by red blood cells. While insufficient iron leads
to anemia, excessive iron accumulation in the body causes oxidative damage to DNA,
proteins, lipids and other biological molecules (De Domenico et al, 2008). Since
humans do not have a regulated mechanism for iron excretion, iron homeostasis is
maintained by tightly regulating iron absorption from the intestine. Hepcidin, a
liver-derived peptide hormone, acts as a negative regulator of iron absorption
(Nemeth et al., 2004).

Hemojuvelin (HJV) is a key player in the induction of hepcidin expression. Loss-
of-function mutations in HJV lead to the severe iron overload disorder, juvenile
hemochromatosis (JH) (Camaschella, 1998; Papanikolaou et al., 2004). People with
homozygous or compound heterozygous mutations in HJV and HJV knockout mice
have inappropriately low levels of hepcidin expression resulting in increased iron
absorption (Huang et al., 2005; Niederkofler et al., 2005; Papanikolaou et al., 2004).
HJV binds to the bone morphogenic proteins (BMPs): BMP2, 4, 5 and 6. Membrane
HJV potentiates hepcidin expression by acting as a co-receptor for BMP ligands
(Babitt et al., 2006). BMP ligands upregulate hepcidin expression by activating the
BMP signaling pathway (Babitt et al., 2006; Babitt et al., 2007; Wang et al., 2005).
Recent studies indicate that BMP6, in particular, is important in the regulation of iron
metabolism and its expression in the liver is positively regulated by iron levels

(Andriopoulos et al., 2009; Kautz et al., 2008; Meynard et al., 2009).
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HJV is a GPI-linked membrane protein, expressed in both skeletal muscle and
liver. It can be cleaved by proprotein convertases and released as a shed form (sHJV)
(Kuninger et al,, 2006; Lin et al., 2005; Niederkofler et al., 2004; Silvestri et al., 2008a;
Zhang et al., 2007). sHJV generated by proprotein convertase cleavage antagonizes
the function of GPI-linked HJV by negatively regulating BMP signaling, thereby
decreasing hepcidin expression. Two mechanisms are possible for the
downregulation of BMP signaling by sH]V. First, cleavage of hemojuvelin releases
HJV, such that sHJV no longer acts as a co-receptor for BMP signaling. Second, sHJV is
capable of binding BMPs, thus competing with GPI-HJV (Lin et al,, 2005).

Matriptase-2 is a serine protease encoded by the gene TMPRSS6. It is mainly

expressed in the liver and is a critical regulator of iron homeostasis (Du et al., 2008;
Folgueras et al,, 2008). Lack of functional matriptase-2, both in humans and in mice,
causes inappropriately high hepatic hepcidin expression, which results in iron-
deficiency anemia (Du et al., 2008; Folgueras et al., 2008). Matriptase-2 is therefore
an important suppressor of hepcidin expression. Recent studies in transfected HeLa
cells indicate that matriptase-2 binds and decreases cell surface HJV by cleaving it
into a ladder of smaller products (Silvestri et al., 2008b). Since HJV and matriptase-2
are both expressed in liver, matriptase-2 has been proposed to regulate iron
homeostasis by modulating the levels of cell surface HJV.

In this study we show that proprotein convertases and matriptase-2 cleave HJV

in a site-specific manner and each protease generates one major cleavage product
whose sizes are distinct from each other. In contrast to proprotein convertase

cleavage, the sHJV product generated by matriptase-2 cleavage has reduced binding
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to BMP6 and does not alter BMP6-induced hepcidin expression. These data indicate

that the major role of matriptase-2 is to inactivate HJV.
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Materials and Methods

Generation of HJV constructs

HJV-p3XFlag-CMV-9 vector with three flag tags at the N-terminus of HJV (Babitt et
al., 2006) was kindly provided by Dr. Jodie Babitt at Harvard University. Previously
described pcDNA3-H]V (Zhang et al., 2005) was used as a template to generate Arg
to Ala mutations and stop codon mutations using the QuikChange XL Site Directed
Mutagenesis Kit (Stratagene, Santa Clara, CA) according to the manufacture’s

protocol. The primers used to generate the constructs are as follows:

Construct Name Primers

HJV R329A 5'-caagtcagcgactctctgcatcagagcgcaatcgtc-3'
5'-gacgattgcgctctgatgcagagagtcgctgacttg-3'

HJV R332A 5'-ctctctcgatcagaggccaatcgtcggggage-3'
5'-gctccccgacgattggectctgatcgagagag-3'

HJV R257A 5'-atcaatggaggtgacgcacctgggggatccag-3'
5'-ctggatcccccaggtgegtcacctecattgat-3'

HJV R288A 5'-ctacattggcacaactataatcattgcgcagacagctggg-3'
5'-cccagctgtctgcgcaatgattatagttgtgccaatgtag-3'

HJV Q289X 5'-acaactataatcattcggtagacagctgggcagct-3'
5'-agctgcccagctgtctaccgaatgattatagttgt-3'

HJV P258X 5’-gatggttctatcaatggaggtgaccgataggggggatccagttt-3’
5’-aaactggatcccccctatcggtcacctccattgatagaaccatc-3’

HJV 336X 5’-cagagcgcaatcgtcggtgagctataaccattgatac-3’
5’-gtatcaatggttatagctcaccgacgattgcgctctg-3’

HJV 345X 5’-ggagctataaccattgatactgccagatagctgtgcaaggaag-3’
5’-cttccttgcacagctatctggcagtatcaatggttatagetcec-3°

HJV 386X 5’-gcactggaggatgcccgataattcctgecagacttagag-3’
5’-ctctaagtctggcaggaattatcgggcatcctccagtge-3’

Cloning of human matriptase-2
The coding sequence of TMPRSS6 (matriptase-2) cDNA was amplified from a human
liver cDNA preparation by PCR using the Expand High Fidelity PCR system (Roche

Applied Science), followed by cloning into pGEM-T vector (Promega). The primers
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used for TMPRSS6 cDNA amplification were 5’-TCGGCACCCACTTGCAGTCA-3’
(forward) and 5’-GGCAGTTGCCCTGGGCTCTC-3’ (reverse). TMPRSS6 cDNA was
subcloned into the pcDNA3 vector (Invitrogen). The vector was verified by DNA

sequencing and no mutations were detected.

Cell culture and transfection

Both HepG2 and HEK293 cells were obtained from ATCC. Stably transfected cells
were maintained by the addition of 800 pg/mL G418. Fugene HD (Roche, Basel,
Switzerland) and Lipofectamine 2000 (Invitrogen, Carlsbad, CA) were used to

transfect HepG2 and HEK293 cells, respectively.

Inhibitors

Cells were treated with leupeptin (Sigma, St. Louis, MO) and the furin convertase
inhibitor (FCI), decanoyl-Arg-Val-Lys-Arg-chloromethyl ketone (Alexis, San Diego,
CA). The stock solution of leupeptin (10 mM) was solubilized in water and FCI (5
mM) was dissolved in DMSO. The final concentrations of the inhibitors are denoted

in the figure legends.

sHJV/BMP6 binding assay

sHJV/PC and sH]JV/M2 were filter-concentrated from the serum-free conditioned
medium, collected from HEK293 cells stably expressing flag-tagged HJV (HEK293-
fHJV) and HEK293-fH]JV cells transiently transfected with pcDNA3-TMPRSSS6,

respectively. sHJV concentrations were estimated by western blot using
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baculovirus-generated sHJV as a standard. BMP6 was purchased from R & D
Systems (Minneapolis, MN). sHJV/BMP6 binding assays were performed as
previously described (Andriopoulos et al, 2009), except that an anti-FLAG-M2

Affinity Gel (Sigma) was used to pulldown sHJV.

Immunoblot analysis

Immunoblot analysis on cell lysates, conditioned medium and binding eluate were
performed as described previously (Maxson et al., 2009) using an affinity-purified
rabbit anti-HJV antibody generated against residues 1-401 of human HJV (0.22
ug/mL) (Zhang et al., 2005), a mouse anti-f3-actin antibody (1:10,000; Chemicon
International, Billerica, MA), a rabbit anti-matriptase-2 antibody (1 pg/mL), a goat
anti-BMP6 antibody (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA), and the
corresponding horseradish peroxidase-conjugated (1:5000) or Alexa 680
conjugated secondary antibodies (1:10,000) (Chemicon International, Millipore,
Billerca, MA). Immunoblots were visualized by chemiluminescence (Pierce
supersignal, Thermo Fisher Scientific Inc., Waltham, MA) or using an Odyssey

infrared imaging system (LI-COR Biosciences, Lincoln, NE).

Generation of the anti-matriptase-2 antibody

Rabbit anti-matriptase-2 antibody was generated by the injection of purified human
matriptase-2 fragment into rabbits at Pocono Rabbit Farm & Laboratory Inc.
(Canadensis, PA). Purified human matriptase-2 fragment was prepared using

baculovirus. Briefly, the DNA encoding the human matriptase-2 residues K70-D558
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was PCR-amplified and cloned into pAcGP67A vector, a baculovirus transfer vector
with gp67 secretion leader. 6x His-tag was introduced in front of the N-terminus.
Supernatants from baculovirus-infected high five cells were harvested and buffer
exchanged into 20 mM Tris, 300 mM NaCl and then loaded to a Ni-NTA column
(Qiagen) with the addition of imidazole at a final concentration of 10 mM. Nickel
column eluates were further purified over Superdex 200 10/30 size exclusion
column (GE Healthcare) using 20 mM Tris, pH 7.4, 150 mM NaCl, and 5 mM EDTA as
a running buffer. Protein purity was visualized using SDS/PAGE before sent for
antibody production. Rabbit anti-matriptase-2 IgG was purified with protein A-

sepharose beads (Invitrogen).

siRNA knockdown of matriptase-2

SMARTpool siRNA specific for human TMPRSS6 (Dharmacon, Thermo Fisher
Scientific Inc.,, Waltham, MA) was used to knock down the matriptase-2 in HepG2
cells that stably express exogenous TMPRSS6, as previously described (Zhang et al.,
2007). RNAIMAX reagent (Invitrogen, Carlsbad, CA) was used for the transfection.

The negative control siRNA was previously described (Zhang et al., 2007).

RT-PCR analysis
qRT-PCR was performed as described previously (Zhang et al., 2004). Primers used
to measure rat TMPRSS6 (matriptase-2) are forward 5’-agaaggtggatgtgcaactgatc-3’

and reverse 5’-cttgcccttgcgataacca-3’. Primers used to measure human TMPRSS6 are
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forward 5’-ctgtgcagcgaggtctatcg-3’ and reverse 5’-agtcaccctgacaggcatcct-3’. Rat
GAPDH primers (Zhang et al., 2004) and human GAPDH primers (Zhang et al., 2009)

are the same as previously reported.

Immunofluorescence microscopy

HepG2 cells were plated on #1.5 glass cover slips (Warner Instruments, Hamden,
CT) and transfected with the indicated HJV plasmids using Fugene HD (Roche). Cells
were stained using rabbit anti-HJV (1.73 pg/mL), and mouse anti-KDEL 10C3 (5
ug/mL, Stressgen, Victoria, BC), Alexa Fluor 568 goat anti-rabbit IgG (H+L) (4
ug/mL, Molecular Probes, Invitrogen, Eugene, OR), and Alexa Fluor 488 goat anti-
mouse IgG (H+L) (4 pg/mL, Molecular Probes). Cells were imaged using an 63X oil

objective on a LSM 710 microscope (Carl Zeiss).

Flow cytometry

HEK293 cells stably expressing WT, R257A or R288 HJV were grown in 100 mm
dishes (a 100 mm dish is sufficient for 6 samples). Cells were detached by
incubating in Cell Dissociation Buffer (Invitrogen). For surface HJV detection, cells
were incubated in affinity purified Rb anti-HJV 18745 antibody (4 pug/ml) in FACS
specific Buffer (FSB-Hanks w/o calcium or magnesium, 10 mM HEPES, pH 7.4, 1%
FBS) for 1.5 hours at 4°C, washed and then incubated in Alexa Fluor 488 Gt anti-Rb
IgG (3.3 pg/ml) (Invitrogen) for 30 minutes at 4°C. For detection of total HJV, cells

were fixed in phosphate buffered saline (PBS) with 4% paraformaldehyde, washed,
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permeabilized in PBS with 0.1% Triton X-100, washed and incubated in Rb anti-HJV
18745 antibody (4 pg/ml) in FSB for 30 min at 37°C. Cells were washed and then
incubated in Alexa Fluor 488 Gt anti-Rb IgG (3.3 pg/ml) for 30 min at 4°C. Three
samples were analyzed for cell surface and total HJV expression along with no
antibody and non-specific IgG controls for each cell line. Flow cytometry was
performed using a FACSCalibur flow cytometer (Becton Dickinson, Franklin Lakes,
NJ) at the Oregon Stem Cell Center Flow Cytometry Core, Oregon Health & Science

University.
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Results
Cleavage of HJV by matriptase-2 generates one major form of soluble HJV in
HEK293 cells.
Recent studies showed that membrane HJV can be cleaved by both the furin family
of proprotein convertase and matriptase-2, and that the cleaved forms are shed
from cells (Kuninger et al., 2008; Lin et al., 2008; Silvestri et al., 2008a; Silvestri et
al, 2008b). We therefore wanted to characterize the differences between
matriptase-2 and proprotein convertase cleavage of HJV. The size of sHJV generated
by matriptase-2 cleavage was compared to that produced by proprotein convertase
cleavage. HEK293 cells stably expressing HJV (HEK293-HJV) were transiently
transfected with either empty vector or a plasmid containing matriptase-2 cDNA
(pcDNA3-TMPRSS6). Similar to a previous report (Lin et al., 2008), the sH]V that was
shed by the empty vector-transfected HEK293-H]JV cells, migrated at approximately
40 kDa in SDS-PAGE, and its secretion was blocked in the presence of decanoyl-Arg-
Val-Lys-Arg-chloromethylketone, a furin convertase inhibitor (FCI), which inhibits
proprotein convertases (Figure 4.1). The inhibition of the 40 kDa sHJV by FCI
suggests that it is the product of proprotein convertase cleavage. In matriptase-2
transfected HEK293-H]JV cells (HEK293-H]JV/M2), however, we detected the major
form of sHJV in the conditioned medium (CM) migrating at approximately 36 kDa
(Figure 4.1).

The secretion of the 36 kDa sHJV was not inhibited by FCI, but it was blocked by
leupeptin, a serine-cysteine protease inhibitor (Figure 4.1). These results are

consistent with generation of this cleavage product by matriptase-2, a serine
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protease (Velasco et al., 2002). Notably, a faint second band lower than the major
matriptase-2 cleavage product was detected, which could be the result of
heterogenous cleavage. It is not the result of heterogeneous N-linked glycosylation
of HJV (Maxson et al,, 2009). Interestingly, we found that the blockage of matriptase-
2-cleaved sHJV by leupeptin was correlated with the appearance of the proprotein
convertase-cleaved sHJV in the CM (Figure 4.1). These results suggest both that the
cleavage site for matriptase-2 is different from the cleavage site for proprotein
convertases, and that in the presence of excess matriptase-2, cleavage by a

proprotein convertase is overridden by the processing by matriptase-2.

Endogenously expressed matriptase-2 in HepG2 cells is able to cleave H]V.

We wanted to test whether the cleavage products identified in the medium of HepG2
cells are produced by proprotein convertases and matriptase-2. HepG2 cells were
used because they are human hepatoma cell line and the liver is the major site of
matriptase-2 expression in the body. Two different species of sH]V were previously
detected in the CM from HepG2 cells that stably express HJV (HepG2-H]V) (Zhang et
al., 2007). Furin is a proprotein convertase that has been implicated in HJV cleavage
and is ubiquitously expressed in tissues, including the liver (Thomas, 2002). We first
examined the relative abundance of matriptase-2 mRNA versus furin mRNA in
HepG2 cells and compared with those in HEK293 cells, rat liver, rat muscle, rat
hepatocytes, and human liver. The level of matriptase-2 mRNA was slightly higher
than that of furin in HepG2 cells (Figure 4.2A). Their ratio was similar to those

detected in rat liver, rat hepatocytes and human livers, but were much higher than
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in HEK293 cells and rat muscle. These results indicate that HepG2 cells
endogenously express both furin and matriptase-2 and that HEK393 cells do not
express appreciable amounts of matriptase-2 mRNA.

The protease inhibitors, FCI and leupeptin, were also used to distinguish
between the two protease activities. FCI blocked the release of the larger sHJV form,
migrating at 40 kDa, whereas leupeptin blocked the 36 kDa form of sHJV (Figure
4.2B). Cell surface biotinylation studies indicated that the cleavage of HJV was
blocked by leupeptin after HJV has trafficked to the cell surface (Figure S4.1). In the
presence of both FCI and leupeptin, both forms of sH]JV were no longer detectable in
the medium, suggesting the lack of involvement of other classes of proteases.

To further verify that the smaller form of sHJV is indeed derived from
matriptase-2 cleavage, we generated a HepG2 cell line that was stably transfected
with matriptase-2 to increase the processing of HJV (HepG2-M2) (Figure 4.2C).
Transient introduction of HJV into HepG2-M2 cells increased the relative amount of
the 36 kDa band and decreased the 40 kDa band. Formation of the 36 kDa band was
blocked by leupeptin, but not FCI (Figure 4.2C; lower panel). Knockdown of
matiptase-2 by siRNA also reduces the lower molecular weight cleavage product
(Figure 4.2D). Interestingly, when HJV is expressed, more matriptase-2 protein is
detected, however the underlying mechanism is not known (Figure 4.2C). Together,
these results support that endogenously and exogenously expressed matriptase-2 in
HepG?2 cells is able to cleave H]V that is released from cells and migrates as a 36 kDa

band.
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Proprotein convertase-mediated cleavage of HJV is blocked in the R332A HJV
mutant.
Treatment of cells with FCI blocks shedding of the 40 kDa (upper band) of HJV from
HepG2 cells (Figure 4.2) and the single, 40 kDa band of HJV from HEK293 cells
(Figure 4.1). To confirm that the 40 kDa band is generated by cleavage at the
canonical proprotein convertase cleavage-site cluster, mutations were made in the
critical Arg residues in this motif (Figure 4.3A). The proprotein convertase cleavage
cluster in HJV has three overlapping RXXR motifs. Mutation of Arg 329 should
disrupt the first two motifs while mutation of Arg 332 should disrupt the second
two motifs. The cleavage and secretion of these HJVs were assessed in HEK293 cells
(Figure 4.3B). While all of the HJVs are detected in the cell lysates, there is reduced
secretion of R329A HJV and no detectable secretion of R332A HJV. When these
constructs were transfected into HepG2 cells, the R329A mutation reduced shedding
of the 40 kDa form into the medium (Figure 4.3C). The R332A mutation also
selectively and substantially reduces shedding. Mass-spectrometry analysis
confirmed that the second and third sites are both cleaved by proprotein
convertases (Figure S4.2). Thus, the single endogenous HJV cleavage product in
HEK293 cells is produced by cleavage in the canonical proprotein convertases
cleavage-site cluster.

Immunofluorescence microscopy was employed to determine whether the
R332A mutation in HJV blocks proprotein convertase-mediated cleavage of HJV by
causing misfolding and endoplasmic reticulum (ER)-retention of the protein (Figure

4.3D). WT-, R329A- and R332A-HJV constructs were transiently transfected into
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HepG2 cells, which were subsequently detected with anti-HJV and anti-KDEL
antibodies. The anti-KDEL antibody recognizes proteins with the KDEL ER-retrieval
sequence, and serves as a marker for the ER. Like WT HJV, the R329A- and R332A-
HJVs have a punctate appearance (red) in contrast with the lacy morphology of the
ER (green). Immunofluorescent microscopy indicates both cell surface and
intracellular staining of all these forms of HJV. In addition, little co-localization of
HJV with the ER is detected. Therefore, the reduction in cleavage of R329A HJV and
the block in cleavage of R332A HJV are not caused by the inability of these forms of

HJV to fold and traffic past the ER.

The R288A mutation in HJV specifically blocks the cleavage of HJV by
matriptase-2.
Previous studies indicated that matriptase-2 cleaves its substrates at the carboxy
side of Arg residues (Velasco et al., 2002). Based on our observations that sHJV
generated by matriptase-2 cleavage is smaller than that cleaved by proprotein
convertases, we reasoned that the major cleavage site by matriptase-2 lies N-
terminal to the proprotein convertase cleavage site. From the molecular weight of
the cleaved product and the preference of matriptase-2 to cleave after Arg, we
predicted that Arg 257 or Arg 288 could be the sites of matriptase-2 cleavage.
HEK?293 cells stably expressing HJV, R257A H]JV (R257A), or R288A HJV (R288A)
were transiently transfected with either pcDNA3-TMPRSS6 or pcDNA3 empty vector
(C) to determine which mutation blocks matriptase-2 cleavage. When matriptase-2

(M2) was introduced into HEK293-R257A and R288A HJV cells, however, the 36 kDa
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form of the sHJV was only detected in R257A HJV, but not in R288A HJV (Figure
4.4A). Furthermore, leupeptin did not block the secretion of R288A HJV. As
expected, introduction of matriptase-2 into HEK293-H]JV cells shifted the molecular
mass of sHJV from 40 kDa to 36 kDa (Figure 4.4A). These results suggest that R288
of HJV is likely the matriptase-2 cleavage site. Similar results were obtained when
R288A HJV was introduced into HepG2-M2 cells (Figure S4.3). Efforts to verify the
cleavage site by mass spectrometry were unsuccessful (Figure S4.2). Although we
obtained 83% coverage of the peptides of sH]V isolated from the medium, peptides
in the region of matriptase-2 cleavage were not detected by mass-spectrometry
using arginase, aspartyl or trypsin-generated fragments (Figure S4.2). The lack of
coverage of this area could possibly be due to posttranslational modification,
heterogeneous matriptase-2 cleavage or exoprotease digestion, which precludes
confirmation of the matriptase-2 cleavage sites by mass-spectrometry. Notably, a
faint second band lower than the major matriptase-2 cleavage product can be
detected. It could be the result of heterogenous cleavage by matriptase-2.
Matriptase-2 is expressed at the cell surface (Velasco et al., 2002). Misfolding of
the R288A HJV and lack of trafficking to the cell surface could be a possible
explanation for the lack of cleavage by matriptase-2. To test this possibility, flow
cytometry was performed to determine the ratio of cell surface to total HJV in
HEK293 cells that stably express wild type, R257A or R288A H]JV. All three forms of
HJV were detected on the cell surface (Figure 4.4B). The average amount of HJV on
the cell surface relative to total HJV was 49% for WT HJV, 48% for R257A HJV and

38% for R288A HJV. The differences between the different forms of HJV are not
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statistically significant by ANOVA analysis. These results show that the R288A HJV
reaches the cell surface. Therefore, the lack of R288A HJV cleavage by matriptase-2

does not result from sequestration of this mutated protein in the ER.

Truncation of HJV after Arg 257 or Arg 288 results in ER retention of HJV.

To confirm that Arg 288 is the site of H]JV cleavage by matriptase-2, we created
truncations that could be compared to the size of shed HJV generated by matriptase-
2 cleavage. These truncated forms of HJV were created by placing stop codons (X)
after the candidate Arg residues at positions 258 and 289. When these truncated
forms of HJV were expressed in HEK293 cells, they were detected in the cell lysate,
but did not appear to be secreted (Figure 4.5A). In contrast, HJV truncated at the
proprotein convertase cleavage motif cluster is secreted (Figure S4.4). The
glycosylation differences of the P258X HJV in the lysate and the shed HJV produced
by matriptase-2 cleavage in the medium precluded comparison of the sizes of these
two forms of HJV.

Immunofluorescence microscopy was performed to compare the subcellular
localization of the P258X- and Q289X- H]V to the anti-KDEL ER marker. Both forms of
HJV extensively co-localized with the ER (Figure 4.5B). Additionally, in contrast to
WT HJV, very little punctate staining was evident. These results indicate that P258X-
and Q289X- HJVs are not shed because they are retained in the ER, possibly due to
misfolding. Furthermore, these data suggest that the region between the Arg 288 and
the proprotein convertase cleavage cluster is important for folding and secretion of

HJV. Together these results indicate that endogenous matriptase-2 cleaves HJV in a
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site-specific manner, which would result in a reduction in membrane HJV available

for BMP signaling.

sHJV generated by matriptase-2 has reduced binding to BMP6 and does not
suppress BMP6-induced hepcidin expression.

sHJV generated by proprotein convertase cleavage (sHJV/PC) binds to BMP6 and
inhibits BMP6-induced hepcidin expression (Andriopoulos et al, 2009). To
determine the potential role of sH]JV generated by matriptase-2 cleavage (sHJV/M2)
in the regulation of hepcidin expression, we tested its ability to bind BMP6.
Concentrated sHJV/M2 with a flag tag at the N-terminus was incubated with BMP6,
followed by pulldown of HJV. sH]JV/PC with a flag tag at the N-terminus was included
as a positive control. While the anti-flag bead pulled down both sHJV/PC and BMP6
in the positive control, they pulled down less BMP6 with sHJV/M2 (Figure 4.6A).
These observations indicate that sHJV/M2 has reduced binding to BMP6.

We also compared the effects of concentrated sHJV/M2 and sHJV/PC (Figure
4.6B) on BMP6-induced hepcidin expression in HepG2Z cells (Figure 4.6C). In
agreement with the results of BMP6 binding assay, sHJV/PC, but not sHJV/M2,
suppressed the induction of hepcidin expression by BMP6 (Figure 4.6C). While
matriptase-2 has been shown previously to reduce hepcidin expression by
decreasing the amount of cell surface HJV available for signaling (Silvestri et al,
2008b), these results suggest that sHJV/M2 lacks the additional ability to reduce

BMP signaling by competing with membrane-bound H]JV for binding to BMPs.
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Figure 4.1. Cleavage of HJV by matriptase-2 generates one major isoform of
soluble HJV in HEK293 cells.

HEK293 cells stably expressing HJV were subcultured into 12-well plates in
DMEM/10% FBS on day 1. On day 2, cells were transfected with either pcDNA3
empty vector (HJV) or pcDNA3-TMPRSS6 (HJV/M2) using Lipofectamine 2000. At
about 24 hr after transfection (day 3), culture medium was changed to 1 ml

DMEM /2% FBS per well with or without furin convertase inhibitor (FCI, 5 uM), or
leupeptin (Leup; 10, 50 or 100 uM). After 24 hr of incubation (day 4), conditioned
medium (CM) was collected and cell lysate was prepared. The total lysate and 12%
of CM were subjected to SDS-PAGE, followed by immunodetection of matriptase-2
(M2), HJV and B-actin in the lysate (L) and HJV in CM. HEK293 cells stably
transfected with pcDNA3 empty vector (C) were included as a negative control for
HJV. The samples were run, transferred and probed with antibodies on a single blot
for the two panels. The upper portion of the gel was probed with anti-matriptase-2
and the middle with anti-H]V followed by anti-actin. The molecular masses of the
sHJV are denoted to the right of the immunoblot and were calculated by
interpolation between the 45 kDa and 31 kDa markers. Similarly the 50 kDa size of
cell-associated H]JV was calculated by interpolation between the 45 kDa and 66 kDa
markers and the size of size of matriptase-2 by interpolation between the 116 kDa
and 97 kDa markers. Immunoblots were imaged using chemiluminescence. The
images in each row come from the same blot. The experiments were performed
three times with consistent results.
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Figure 4.2. The endogenously expressed matriptase-2 in HepG2 cells is able to
cleave HJV.

A. gRT-PCR analysis of TMPRSS6 (matriptase-2) and furin mRNA in HepG2 cells,
HEK293 cells, rat liver, rat skeletal muscle (gastrocnemius), rat hepatocytes, and
human liver. The relative amounts of TMPRSS6 mRNA versus furin mRNA in each
specific cell type or tissues (mean & standard deviation) are presented. Results are
from three individual cDNA preparations of HepG2 and HEK293 cells, and five
samples of rat liver (rLiver), rat muscle (rMuscle), rat hepatocytes (rHepat), and
human liver (hLiver). B. Secretion of the two isoforms of soluble HJV from HepG2-
HJV cells is inhibited by either FCI or leupeptin. HepG2 cells stably expressing HJV
(HepG2-HJV) were subcultured into a 12-well plate in MEM/10% FBS. About 48 hrs
after subculture, culture medium was changed to MEM /2% FBS with or without FCI
(1, 5and 10 uM) or leupeptin (leup; 10, 50 or 100 pM). Conditioned medium and
cell lysates were prepared and immunoblotting was performed as in Figure 4.1.
HepG2 cells stably transfected with pcDNA3 empty vector (C) were included as a
negative control for HJV. C. Increased expression of matriptase-2 in HepG2 cells
suppressed the secretion of HJV that is cleaved by proprotein convertases. HepG2
cells stably transfected with pcDNA3 empty vector or pcDNA3-TMPRSS6
(matriptase-2) were subcultured into 12-well plates and transfected with either
pcDNA3 empty vector or pcDNA3-H]JV (HJV) as in Figure 4.1. Conditioned medium
and cell lysate were collected with or without FCI (5 uM) or leupeptin (Leup; 100
uM) treatment. Immunodetection was performed as in Figure 4.1. HepG2 cells stably
transfected with pcDNA3 empty vector (C) were included as a negative control for
HJV. Immunoblots were imaged using chemiluminescence. These experiments were
performed at least three times with consistent results. D. Knockdown of matriptase-
2 reduces HJV cleavage. Transfection of matriptase-2 or control siRNAs was
conducted in 12-well plates in complete medium. After about 24-hrs, HJV was
introduced using FuGene HD transfection reagent (Roche). Conditioned medium
was collected and cell lysate were prepared for immunodetection after about 72-hrs
of siRNA transfection. siRNA knockdown greatly reduces the levels of matriptase-2.
Matriptase-2 siRNA transfection reduces the amount of the 36 kDa HJV cleavage
product and also leads to a slight increase in the 40 kDa furin cleavage product.
Standard molecular weight markers are marked on the right side of the blot.
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Figure 4.3. Proprotein convertase-mediated cleavage of H]V is blocked by
mutation of Arg 332.

A. Schematic of the proprotein convertase cleavage motifs in human HJV. The
arginines that were mutated to alanines are labeled. B. H]V cleavage is blocked by
the R332A mutation in HEK293 cells. These constructs were transiently transfected
into HEK293 cells, and the presence of shed HJV in the media was assessed by
immunoblot analysis. Fluorescent secondary antibodies were used to visualize HJV.
While the R329A mutation reduces HJV cleavage, the R332A mutation completely
abolishes proprotein convertase-mediated cleavage of H]V in HEK293 cells. Two
separate R332A HJV transfections are shown. This experiment was repeated with
consistent results. Inmunoblots were imaged using chemiluminescence. C. The
R332A mutation blocks the upper, proprotein convertase-generated cleavage
product in HepG2 cells. Mutated HJV constructs were transfected into HepG2 cells or
HepG2 cells stably expressing matriptase-2 (M2-HepGZ2) and HJV were analyzed in
the media and lysate as in B. UT, untransfected. This experiment was repeated with
consistent results. D. The R329A and R332A forms of HJV are not ER retained. WT,
R329A and R332A HJV-pcDNA3 constructs were transiently transfected into HepG2
cells. Cells were stained with rabbit anti-HJV (red) and mouse anti-KDEL (green)
antibodies and corresponding fluorescent secondary antibodies, and imaged by
confocal microscopy. A single section is shown for each image and the merged image
is shown in the third panel. The scale bar is shown in the bottom right hand corner.
The images shown are representative of several captured images for each form of
HJV.
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Figure 4.4. Matriptase-2-mediated cleavage of H]V is blocked by mutation of
Arg 288.

A. HEK293 cells. HEK293 cells stably expressing HJV, R257A HJV, or R288A HJV
were transfected with either pcDNA3 empty vector (C) or pcDNA3-TMPRSS6 (M2).
Conditioned medium and cell lysate were collected after incubation with 5 uM FCI
or 100 puM leupeptin (Leup) for 24 hours. Immunoblot analysis was performed as in
Figure 4.1. This experiment was done three times with consistent results. B. R288A
HJV reaches the cells surface. Flow cytometry was performed on HEK293 cells
stably expressing WT, R257A and R288A H]V as described in Experimental
Procedures. The ratio of cell surface to total HJV was calculated and the experiment
was performed in triplicate. All three of these forms of HJV are detected on the cell-
surface to similar extents.
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Figure 4.5. Truncation of HJV after Arg 257 or Arg 288 results in ER retention
of HJV.

A. The P258X- and Q289X-H]V are not secreted. Site directed mutagenesis was used
to put a stop codon at positions 258 or 289 in HJV. These constructs were
transfected into HEK293 cells and the presence of HJV was analyzed in the media
and the lysate by immunoblot. Fluorescent secondary antibodies were used to
visualize the bands. Arrows mark the HJV detected in the lysate. This experiment
was repeated with similar results. B. The P258X- and Q289X-H]Vs are retained in
the ER. The constructs were transfected into HepG2 cells and then stained using
rabbit anti-HJV (red) and mouse anti-KDEL (green) antibodies and corresponding
fluorescent secondary antibodies, and imaged by confocal microscopy. A single
section is shown for each image and the merged image is shown in the third panel.
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The scale bar is shown in the bottom right hand corner. The images shown are
representative of several captured images for each form of HJV.
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Figure 4.6. sH]V generated by proprotein convertase cleavage suppresses
BMP6-induced hepcidin expression, but sHJV produced by matriptase-2 does
not.

A. sH]JV/BMP6 binding assay. BMP6 (500 ng) alone, fHJV/PC (500 ng) alone,
fHJV/M2 (500 ng) alone, or BMP6 (500 ng) in combination with fHJV/PC (500 ng) or
fHJV/M2 (500 ng) were incubated at 4°C overnight in 250 pl of 50 mM Tris-HCI, 150
mM NacCl, 0.2% Tween-20, pH 7.4. sH]JV was pulled down with an anti-flag-M2
Affinity Gel (Sigma). sHJV and BMP6 in 2% of input, sH]V in 10% of eluate, and
BMP6 in 90% of eluate were immunodetected using the corresponding antibodies.
This experiment was performed three times with consistent results. B. Immunoblot
analysis of sH]V in the concentrated conditioned medium from HEK293, HEK293-
HJV and HEK293-H]V /matriptase-2 cells. 10 pl of the media described in C was
subjected to SDS-PAGE, followed by immunodetection of HJV using
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chemiluminescence. C. sHJV produced by matriptase-2 does not suppress BMP6-
induced hepcidin expression in HepG2 cells. HepG2 cells were subcultured into 12-
well plates. After 48 hours of culture, medium was switched to MEM /1% FBS and
incubated for 6 hr to serum-starve the cells. The medium was then changed to
MEM/1% FBS with 10% concentrated conditioned medium in volume from HEK293
(C), HEK293-HJV (H]JV) and HEK293-H]V/matriptase-2 cells (HJV/M2), respectively,
as well as 2.5 ng/ml BMP6. The estimated final concentrations of sHJV in HJV and
HJV /M2 groups were about 2 pg/ml. After 18 hr of incubation, total RNA was
isolated and cDNA was prepared for qRT-PCR analysis of hepcidin and GAPDH
mRNA. The hepcidin mRNA levels are expressed as the amount relative to that of
GAPDH in each specific sample. The results are from three separate experiments
and the mean values and the standard deviation (SD) are presented.
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Figure S4.1: Leupeptin and furin convertase inhibitor block cell surface HJV
from being secreted into the medium. Secretion of cell surface HJV was analyzed
by biotinylation as described previously (Maxson et al., 2009). Briefly, cell surface
proteins in both HJV-HepG2 (HJV) cells and pcDNA3-HepG2 cells (C) were
biotinylated at 4°C. One set of cells was used to prepare cell lysates immediately
after biotinylation for the detection of total biotinylated cell surface HJV (Lysate
Biotin). The other set of cells were incubated at 37°C COz incubator for 5 hours in
the presence of furin convertase inhibitor (FCI, 5 uM), leupeptin (Leu, 100 uM), or
both. The conditioned medium (CM) was then collected. The biotinylated proteins in
both the cell lysates and the CM (Medium Biotin) were isolated using streptavidin
agarose. The eluted proteins were separated by SDS-PAGE, transferred to
nitrocellulose and immunodetected with anti-HJV and anti-rabbit horse-radish
peroxidase. One tenth of the total lysate was run as a control (Lysate Input). FCI
blocked secretion of the upper HJV band and to a lesser extent the lower HJV band
from the cell surface while leupeptin reduced secretion of the lower band from the
cell surface. The combination of the two inhibitors blocked the secretion of both
bands. Thus, the cleavage of HJV on the cell surface is inhibited by either FCI or
leupeptin. Calculated molecular weights based on standard molecular weight
markers are shown. This immunoblot is representative of three separate
experiments.
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Figure S4.2. Mass spectrometry analysis of sHJV. A. Flag-tagged human H]JV in the
p3XFlag-CMV-9 vector was stably transfected into HEK293 cells. Cells were either
untransfected (UT) or transiently transfected with matriptase-2 (M2). The latter
was treated with 5 uM FCI. These cells secrete HJV in sufficient quantities to purify it
for mass-spectroscopy using anti-flag affinity gel (Sigma). The immunoprecipitated
protein was separated by SDS-PAGE and stained with Coomassie Blue-R250.
Standard molecular weight markers are in the left lane and their molecular masses
are denoted to the left of the blot. (A). HJV-HEK293 cells secrete a single form of HJV
corresponding to the proprotein convertase cleavage product. When cells are
transfected with matriptase-2 and treated with furin convertase inhibitor (FCI) they
secrete a single, lower molecular weight product (matriptase-2 cleavage product). B.
The proprotein convertase-cleaved product from untransfected flag-HJV HEK293
cells was excised from the gel above (A) and subjected to in-gel digestion with the
proteases AspN, GluC or trypsin. The digested fragments were subjected to Tandem
MS/MS Electrospray lonization Mass-Spectrometry analysis. The regions of
coverage from all digests combined are shown in yellow in (B). The combined
coverage of flag-HJV not including the signal peptide (underlined) is 83%. We would
not expect to get 100% coverage because some peptides produced by the digestion
will be either too small or large to analyze, or contain N-liked glycosylation (blue) or
other post-translational modifications that prevent their identification. There is no
coverage in the region N-terminal to Arg 288 (red) with any of the three protease
digestions. Therefore, mass-spectrometry cannot be used to confirm matriptase-2
cleavage at Arg 288.
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Figure S4.3. Mutation of Arg 288 reduces matriptase-2 mediated cleavage of
HJV. HepG2 cells stably transfected with empty vector (ctrl) or matriptase-2 were
subcultured into 12-well plates in MEM/10% FBS on day 1. On day 2, cells were
transfected with pcDNA3-HJV (HJV), R257A HJV (R257A), or R2Z88A H]V (R288A4),
using Lipofectamine 2000 reagent. About 24 hr after transfection (day 3), culture
medium was changed to MEM /2% FBS with or without 5 uM FCI. After 24 hr of
incubation (day 4), conditioned medium (CM) was collected and cell lysate was
prepared. The total lysate and 12% of CM and were subjected to SDS-PAGE, followed
by immunodetection of matriptase-2 (M2), HJV and [-actin in the lysate (L) and HJV
in CM. Calculated molecular masses are denoted to the right of the immunoblot.
Chemiluminescence was used to visualize the bands.
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Figure S4.4: Truncation of HJV after the proprotein convertase cluster
confirms the site of HJV cleavage. To confirm the mapping of the proprotein
convertase cleavage motif by site directed mutagenesis we created truncated HJV
constructs to compare to the size of HJV cleaved by furin (A). The 336X construct
has a stop codon inserted after the cluster of three RXXR proprotein convertase
cleavage motifs. The truncated constructs were all secreted by HEK293 cells (B).
Upon addition of a FCI, GPI-anchored HJV was not secreted. The soluble products of
the 386X and 345X constructs had a higher molecular weight in the presence of FCI,
indicating that without the inhibitor they are further processed to a shorter form by
proprotein convertases. In the presence of FCI, the 386X construct had two bands.
This could arise from heterogeneity in glycosylation at N372, which not present in
the smaller truncation mutants. The size of the HJV 336X construct does not shift
detectably in the presence of FCI, indicating that the site of proprotein convertase is
N-terminal to or very close to residue 336. The migration of actin (45 kDa) is
marked to the right of the immunoblot.

116



Discussion

In the present study we show that matriptase-2 cleaves GPI-linked HJV in a
site-specific manner and generates one major HJV cleavage product. Site-directed
mutagenesis of HJV Arg 288 to Ala abolished cleavage by matriptase-2, indicating Arg
288 as the likely cleavage site. These results are in contrast to a previous study by
Silvestri et al. showing that expression of matriptase-2 produces a ladder of cleaved
HJV products in the conditioned medium (Silvestri et al., 2008b). This discrepancy
might be due to the different cell types used or to the levels of matriptase-2
expressed.

We also show that expression of HJV increases the levels of matriptase-2.
Matriptase-2 binds HJV (Silvestri et al., 2008b). Formation of a complex between HJV
and matriptase-2 could stabilize matriptase-2 and reduce its degradation. The
physiological implications of this observation are not known and need to be
examined.

The proprotein convertase cleavage site in HJV does not overlap with that of
matriptase-2. In addition to the different sizes of the two cleaved products, we found
that the R332A mutation in HJV blocks proprotein convertase-mediated cleavage but
not matriptase-2 cleavage. HJV has an overlapping cluster of three RXXR motifs, all of
which are consensus sequences for proprotein convertase cleavage (Thomas, 2002).
The R329A mutation in HJV, which is predicted to disrupt the first and second
cleavage motifs, reduces proprotein convertase-mediated HJV cleavage, but does not
abolish it, indicating that the third site is likely utilized to some extent. This also

indicates that at least one of the first two sites is utilized. The R332A HJV mutation,
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which is expected to abolish cleavage at the second and third site, diminishes
proprotein convertase-mediated secretion. Therefore, the second and third sites are
both capable of being cleaved by proprotein convertases. The third site has been
shown previously to contribute to proprotein convertase-mediated cleavage of HJV
by mutational analysis (Silvestri et al., 2008a) and by N-terminal protein sequencing
of the proprotein convertase products of a HJV-alkaline phosphatase fusion construct
(Lin et al., 2008). These data extend our understanding of the ability of proprotein
convertases to cleave HJV at multiple consensus motifs.

Notably, the matriptase-2 HJV cleavage product decreases when proprotein
convertase cleavage is inhibited by FCI or mutation of the R332A cleavage site. The
degree to which blocking proprotein convertase-mediated cleavage of HJV reduces
matriptase-2 cleavage is somewhat variable from experiment to experiment. Several
possibilities could explain this effect. Proprotein convertase-mediated cleavage could
promote subsequent matriptase-2 cleavage. Alternately, matriptase-2 cleavage could
occur with or without prior proprotein convertase cleavage. In the absence of
cleavage by proprotein convertases, matriptase-2 cleavage may occur at multiple
sites and results in smaller cleavage products that are not detected by immunoblot
analysis. Further experiments are needed to examine the order of HJV cleavage by
both proprotein convertases and matriptase-2 with respect to HJV trafficking and
regulation by iron.

The liver is the major organ that expresses both HJV and matriptase-2, and we
found that HepG2 cells endogenously express matriptase-2 mRNA. Importantly, the

ratio of matriptase-2 mRNA to that of one proprotein convertase, furin, in HepG2
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cells is similar to the ratios in the liver, and in isolated primary hepatocytes. HepG2
cells are therefore a good model cell line to study the cleavage of HJV by matriptase-
2.

Previous studies detected two major soluble HJV products in the conditioned
medium of HepG2 cells that express HJV (Maxson et al.,, 2009; Zhang et al., 2007;
Zhang et al., 2008). Here we show that they are the cleavage products of matriptase-2
and proprotein convertases. Expression of the proprotein convertase, furin, is
ubiquitously detected in all tissues as well as in HepG2 cells. Other proprotein
convertases are also expressed in the liver (Seidah et al., 2008). Our experiments do
not differentiate between the different possible proprotein convertases that could be
involved in HJV processing.

The role of sHJV generated by matriptase-2 cleavage in the regulation of
BMP6-induced hepcidin expression was analyzed. The sHJV generated by proprotein
convertase cleavage binds to BMPs, which may sequester BMPs away from
membrane anchored HJV and BMP receptors to reduce signaling (Babitt et al., 2007;
Lin et al., 2005; Lin et al., 2007; Yang et al., 2008). Here we show that in contrast to
the proprotein convertase cleavage product, the smaller matriptase-2-generated
sHJV has reduced binding to BMP6 and was unable to antagonize BMP6-induced
hepcidin transcript levels in HepG2 cells. Previous studies have shown that cellular
HJV is essential for the induction of hepcidin expression (Babitt et al., 2006; Huang et
al., 2005; Lin et al., 2005; Niederkofler et al., 2005; Papanikolaou et al., 2004), and
that matriptase-2 reduces the amount of cell surface HJV and suppresses HJV-

induced hepcidin expression (Silvestri et al,, 2008b). These results, in conjunction
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with our data, support a model in which matriptase-2 suppresses hepcidin
expression by cleaving cellular HJV to produce a form of HJV with reduced affinity for
BMPs. This study shows that endogenously expressed matriptase-2 cleaves HJV in a
site-specific manner, strengthening the link between matriptase-2 and the regulation

of hepcidin expression.
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CHAPTER 5

CONCLUSIONS AND FUTURE DIRECTIONS
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HJV undergoes retrograde trafficking to the Golgi prior to being cleaved by
furin and secreted.

While HJV is clearly a critical regulator of iron homeostasis, little was previously
known about its trafficking and processing. HJV is cleaved by the furin family of
proprotein convertases, and this cleavage produces a soluble form of HJV that
antagonizes BMP signaling to reduce hepcidin expression. Chapter 2 of this thesis
investigates the maturation and cleavage of HJV and uncovers an interesting
mechanism of HJV trafficking. HJV has a relatively short half-life of approximately
one hour (Figure 2.1). The disappearance of HJV from the lysate correlates with the
appearance of shed HJV in the medium (Figure 2.1). To follow the progression of
HJV through the secretory pathway, we analyzed the N-linked glycosylation of HJV.
N-linked glycosylation is added co-translationally in the ER. Initially this
glycosylation is a high-mannose form. As the proteins traffic through the Golgi, the
high mannose oligosaccharides are modified to a complex form (Figure 5.1). We
analyzed the N-linked glycosylation of HJV by digesting it with Endo H, an enzyme
that cleaves high-mannose but not complex oligosaccharides. HJV retains high-
mannose oligosaccharides in the cell for at least three hours (Figure 2.2). Since this
interval is within the time period when a protein could reach the cell surface, we
analyzed HJV on the cell surface, and have shown that HJV retains high-mannose
oligosaccharides. Surprisingly, despite the fact that HJV retains high-mannose
oligosaccharides in the cell lysate, it has complex oligosaccharides when secreted
(Figure 2.3). Furthermore, we have shown that Endo H-sensitive HJV on the cell

surface can subsequently be secreted as an Endo H-resistant form (Figure 2.3),
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leading us to propose the following model for the trafficking and shedding of HJV
(Figure 5.2). HJV traffics to the cell surface in a conformation that is unable to obtain
complex oligosaccharides or be cleaved by furin. On the cell surface, it is capable of
participating in BMP signaling. HJV then undergoes retrograde trafficking to the
Golgi, where it undergoes oligosaccharide processing and cleavage by furin, prior to
being secreted. Trafficking of HJV to the cell surface prior to being cleaved would
not only allow HJV to act as a BMP co-receptor on the cell surface, but may also
provide an avenue for regulation of HJV cleavage by iron-bound Tf. The mechanism
by which Tf regulates HJV secretion is still unclear and is an important avenue of

future research.

The role of the GPI-anchor of HJV in the processing and signaling of HJV.

HJV endocytoses through a clathrin- and dynamin-independent pathway
characteristic of GPI-linked proteins. Since HJV endocytoses prior to being cleaved
and shed, we reasoned that the GPI-anchor of HJV might affect its secretion. In
Chapter 3, I analyzed the role of the GPI-anchor of HJV in its trafficking and cleavage
by creating chimeric HJV constructs with the transmembrane and cytoplasmic
domains of furin or LDLR (Figure 3.1). [ have shown that the transmembrane
domain of H]V is not required for proper glycosylation of HJV or for cleavage.
Interestingly, there was a reduction of HJV secretion when HJV has a furin
transmembrane domain instead of a GPI-anchor (Figure 3.2). This chimeric
construct has similar subcellular localization to furin, as shown by

immunofluorescence microscopy. Furin is primarily localized to the TGN, but also
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cycles to the cell surface. It is possible that the HJV /furin chimera therefore has
reduced trafficking to the cell surface, and since HJV undergoes retrograde
trafficking from the cell surface to the Golgi prior to being secreted, this would
reduce its secretion (Figure 5.3). While GPI linkage of HJV is not required for
secretion, it is important for signaling of HJV (Figure 3.4). The chimeric forms of HJV
are not able to upregulate hepcidin expression as is seen for GPI-HJV. The
mechanism by which the GPI linkage of HJV potentiates signaling is not known and
will be the subject of future research. The GPI anchor possibly increases the
proximity of HJV to BMP co-receptors by localizing it to a specific membrane
domain. Alternately, the GPI anchor could alter the conformation or flexibility of HJV
and therefore increase HJV’s ability to potentiate signaling. Although HJV has been
shown to bind to BMP ligands, the exact mechanism by which HJV potentiates BMP
signaling is not known. BMP receptors are capable of binding to BMP ligands and
signaling to upregulate hepcidin expression in the absence of HJV. Binding of HJV to
BMP ligands could increase the proximity of BMP ligands to their receptors, thereby
increasing the effective concentration of BMPs and enhancing signaling. Elucidating
the mechanism by which HJV potentiates BMP signaling will be an important next

step in understanding the regulation of iron metabolism by HJV.

Site-specific cleavage of HJV by matriptase-2
HJV is capable of being cleaved by furin family members, as well as by matriptase-2
(Lin et al,, 2008; Silvestri et al., 2008a; Silvestri et al., 2008b). I have shown that HJV

is cleaved by matriptase-2 to produce a product that is smaller than that produced
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by furin cleavage, and I have identified the predominant site of cleavage to be Arg
288 (Figure 4.4). HEK293 cells do not express detectable amounts of matriptase-2,
consistent with detection of only the furin cleavage product of HJV in the medium
(Figure 4.1). Interesting, while the furin cleavage product is capable of reducing
hepcidin expression when added back to cells, the matriptase-2 cleavage product
does not alter hepcidin production. This result may be caused by reduced binding of
the matriptase-2 cleavage product to BMP ligands or by a lack of interaction of HJV
with BMP receptors (Figure 4.6). This observation leads me to propose a model in
which the furin derived cleavage product reduces hepcidin expression by binding to
available BMPs and blocking their interaction with membrane-anchored HJV. In
contrast, the cleavage of HJV by matriptase-2 reduces the amount of cell surface HJV
available for signaling (Figure 5.4).

[ have shown that the second and third furin motifs in HJV are utilized.
Mutation of Arg 332 abolishes furin-mediated cleavage of HJV (Figure 4.3).
Additionally, I have shown that Arg 288 is the predominant site of matriptase-2
cleavage (Figure 4.4). Mapping of these sites will allow our group to test the
importance of these cleavages in vivo. H]V is primarily expressed in liver and muscle.
While furin is expressed in both liver and muscle, expression of matriptase-2 is
restricted to the liver. Since furin and matriptase-2 have different expression
patterns in vivo, they may be regulated differently to limit BMP6 signaling under
normal conditions and also to regulate H]JV cleavage in response to changes in iron

status.
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[ hypothesize that in response to low iron, HJV is cleaved by furin in the
muscle to provide a source of sHJV in the blood that travels to the liver, actin to
down-regulate hepcidin expression in the liver. To test this model, WT HJV or HJV
with a mutation that blocks furin cleavage under a muscle-specific promoter in an
AAV 2/8 vector will be injected into WT mice. [ have cloned flag-tagged mouse HJV
into a pAAV2/8-MHCK-pA viral vector that has a muscle-specific MHCK7 regulatory
cassette (hybrid a-myosin heavy chain enhancer/MCK promoter-enhancer) (Sun et
al., 2005). Additionally, I have made another construct with a mutation in the furin
cleavage site. To determine if serum sHJV can be derived from muscle HJV, an
immunoblot analysis will be performed on the serum using the anti-flag antibody.
To analyze the contribution of muscle H]V to the regulation of hepcidin expression,
mRNA levels in the isolated liver tissues will be measured using qRT-PCR. If muscle
serves as a source of sH]JV to down-regulate hepcidin expression in the liver, then it
would be expected that an increase in muscle HJV expression would down-regulate
hepcidin expression in the liver, thereby increasing serum Tf saturation. If the
secreted form of muscle HJV is required for this effect, then disruption of furin
cleavage would be expected to abolish its signaling, because matriptase-2 is not
expressed in the muscle.

Matriptase-2 and furin are both expressed in the liver and may both
contribute to cleavage of HJV in vivo. To test the relative importance of the HJV
cleavage sites in the down-regulation of hepcidin expression in vivo, HJV knockout
mice will be injected with either AAV 2/8 virus expressing WT HJV or HJV with

mutations in either the furin or matriptase-2 cleavage sites under the control of the
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liver-specific promoter. The hepatocyte-specific AAV-H]V virus fully restores
expression of hepcidin in the liver of HJV KO mice (Zhang et al., 2010). If matriptase-
2 and furin cleavage are both important for negatively regulating the levels of
hepcidin in the liver, then the AAV-R332A-HJV and AAV-M2 site mutant-H]JV viruses
should produce a greater induction of hepcidin expression than AAV-H]V, eventually
leading to anemia as in the matriptase-2 mutant mouse. These studies will provide
insight into the importance of these proteases in iron homeostasis by regulating HJV
cleavage. Importantly these studies will determine whether the role of HJV in
cardiac and skeletal muscle is to provide a source of soluble HJV to down regulate
hepcidin expression in response to low iron.

This thesis provides insight into the signaling, trafficking and processing of
HJV. The critical questions that need to be addressed in the future are the role of Tf
and neogenin in the regulation of HJV cleavage, the mechanism by which HJV
potentiates BMP signaling, and the relative contribution of furin and matriptase-2 to

the cleavage of liver and muscle derived HJV in vivo.
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Figure 5.1. Glycosylation of proteins in the secretory pathway.
Membrane-anchored proteins are initially in a high mannose form that is Endo H
sensitive in the ER. The shift in molecular weight when the high mannose N-linked
oligosaccharides are removed by Endo H can be visualized by western analysis. As
these proteins progress through the Golgi, high mannose oligosaccharides are
removed and complex oligosaccharides are added, which are resistant to Endo H.
Analysis by Endo H digestion can therefore be used to follow the progression of
proteins through the secretory pathway.
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Figure 5.2. HJV undergoes retrograde trafficking to the Golgi prior to being
secreted.

HJV initially has high mannose oligosaccharides in the ER. Unlike many other
membrane anchored-proteins, it traffics to the cell surface while maintaining high
mannose oligosaccharides. It then undergoes retrograde trafficking to the Golgi
where it can be cleaved by furin and obtain complex oligosaccharides prior to being
secreted.
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Figure 5.3. Model of trafficking and secretion of the HJV/furin chimera.

The HJV/furin chimera (yellow) has reduced secretion when compared to GPI-HJV
(brown). Like furin, the H]JV/furin chimera is primarily localized to the TGN, but a
small portion also cycles to the cell surface. Since trafficking to the cell surface
precedes cleavage, there is reduced secretion of the HJV/furin chimera compared to
GPI-H]JV despite increased co-localization with furin.
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Figure 5.4. Model of inhibition of BMP signaling by furin and matriptase-2
cleavage of HJV.

Cleavage of H]JV by furin (middle panel) creates a soluble form of HJV (sHJV) that is
capable of binding to BMPs and reducing their interaction with membrane HJV and
the BMP receptor complex. In contrast, cleavage of HJV by matriptase-2 (right panel)
reduces the amount of membrane H]JV available to participate in BMP signaling.
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APPENDIX A

The cytoplasmic domain of neogenin promotes hemojuvelin secretion
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RATIONALE

Previous studies indicated that HJV binds to neogenin, a transmembrane protein.
The role of neogenin in iron homeostasis remains controversial. Our previous
studies indicated that neogenin facilitates the cleavage and shedding of HJV.
However, a recent paper showed that transient transfection of neogenin and HJV
decreases HJV shedding, and increases the stability of the membrane-associated HJV
(Lee etal.,, 2010). We therefore wanted to reexamine the role of neogenin in HJV
shedding. HJV is a GPI-linked protein that undergoes endocytosis prior to cleavage
and shedding (Maxson et al., 2009). Neogenin is a single pass transmembrane
protein with a large cytoplasmic domain. We therefore wondered if the cytoplasmic

domain of neogenin might direct trafficking and cleavage of HJV.

METHODS
HJV and neogenin containing PCDNA3 vectors were used as described previously
(Zhang et al,, 2005). A truncated neogenin construct was made by placing a stop
codon in the cytoplasmic domain proximal to the transmembrane domain at amino
acid Q1135 using the QuikChange Site Directed Mutagenesis Kit (Stratagene, Santa
Clara, CA) with the following primers 5’-
CGTCGTACCACCTCTCACTAGAAAAAGAAACGAGCTG-3’ and 5'-
CAGCTCGTTTCTTTTTCTAGTGAGAGGTGGTACGACG3'.

HEK293 cells stably transfected with pcDNA3 empty vector (control),
pcDNA3-HJV, or co-transfected with both HJV and neogenin (HJV/neogenin) were

generated previously. HEK293 cells stably expressing both HJV and truncated
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neogenin with no cytoplasmic domain (truncated neogenin) were established by co-
transfecting pcDNA3-H]V and pcDNA3-truncated neogenin plasmid DNA using
Lipofectamine 2000 (Invitrogen). Generation of HepG2 cells stably expressing HJV

(HepG2-HJV) was reported previously (Zhang et al., 2007).

RESULTS AND CONCLUSIONS

The cytoplasmic domain of neogenin is important for secretion of HJV from HEK293
cells. HEK293 cells are an easy to transfect kidney derived cell line that expresses
low levels of endogenous neogenin. Stable cell lines were generated expressing
neogenin and HJV. Stably transfected cell lines were used, because transient co-
transfection of neogenin and HJV reduced the level of HJV expression in the lysate
and the media (Figure A2 A), possibly due to competition of the two plasmids for the
cellular protein synthesis machinery. This effect of co-transfection may explain the
effect of neogenin of HJV secretion seen in the Lee et al. study. We compared the
amount of HJV in the conditioned medium from HEK293 cells stably expressing HJV
alone with those from HEK293 cells stably expressing both HJV and neogenin. Co-
expression of neogenin with HJV increased the secretion of H]V relative to HJV alone
(Figure A2 B). Interestingly, co-expression of HJV with a truncated form of neogenin
lacking the cytoplasmic domain decreased secretion of HJV relative to full-length
neogenin (Figure A2 B). The remaining secretion of HJV in the cells expressing
truncated neogenin may be due to the presence of endogenous full-length neogenin.
This data indicates that the secretion of H]JV is dependent on the cytoplasmic

domain of neogenin.
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Together, our results support a model whereby cellular HJV release requires its
interaction with full-length neogenin and that the cytoplasmic domain of neogenin

plays a role in the release of HJV.
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Figure A2. Cellular HJV release requires full-length neogenin.

A. Transient co-transfection of neogenin with HJV reduces the amount of HJV
expressed by the cell. HEK293 cells were transfected with 1 or 4 pg of HJV plasmid
in the presence or absence of neogenin expression plasmid. B. The neogenin
cytoplasmic domain is important for HJV secretion. HEK293 cells stably expressing
HJV, HJV and neogenin, or HJV and truncated neogenin lacking the cytoplasmic
domain were generated. Neogenin and H]JV levels were detected in the lysate and
HJV was detected in the media by immunoblot. All experiments were repeated with
similar results.
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APPENDIX B

Truncated HJV constructs have similar glycosylation profiles to WT HJV, but are
secreted more rapidly from the cell
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RATIONALE

We have shown previously that HJV constructs lacking a membrane anchor are
cleaved by furin and also secreted in the absence of furin activity. We therefore
wanted to analyze whether truncated forms of HJV have similar glycosylation
profiles to WT HJV. Like WT HJV, truncated HJV (without a membrane anchor) was
Endo H sensitive in the cell lysate and Endo H resistant in the medium. This
indicates that truncated HJV has high-mannose glycosylation in the cell lysate and

complex glycosylation when secreted into the medium.

METHODS

A stop codon was added in the coding region of HJV at amino acid 345 to create a
soluble form of HJV that is not membrane tethered as described in Chapter 4. Endo
H and PNGase F digestion, western analysis and pulse chase analysis were

performed as described previously (Maxson et al., 2009).

RESULTS AND CONCLUSIONS

Removal of the membrane tether does not change the Endo H sensitivity of HJV in
the lysate or the Endo H resistance of HJV in the media (Figure A3 A). These
constructs were shown to be glycosylated by PNGase F digestion, which removes
both high mannose and complex glycosylation. Removal of the membrane anchor of
HJV did not alter glycosylation or cleavage of HJV by furin (Chapter 4), but it may
change the kinetics of HJV secretion. To test this possibility, we analyzed the pool of

nascently synthesized sH]V by pulse-chase analysis of the HJV 345X construct
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(Figure A3 B). The HJV 345X construct disappeared more rapidly from the cell
lysate, compared to WT HJV, which may indicate that it is rapidly secreted from
cells. In summary, membrane anchoring of HJV is not required for HJV processing
and cleavage but it does affect the rate of secretion. HJV 345X may be cleaved during
the biosynthetic pathway because unlike GPI-H]V, it is conformationally accessible
to proteases. Alternately, after being secreted it may bind to another protein on the

cell surface and undergo retrograde trafficking prior to cleavage.
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Figure A3. HJV constructs lacking a membrane anchor have a similar
glycosylation profile to WT HJV, but are secreted more rapidly. (A) Endo H and
PNGase F digest of the WT HJV and HJV 345X constructs. Constructs were
transiently transfected into HEK293 cells and media and lysate were digested and
analyzed by immunoblot. (B) Pulse-chase of WT H]JV and HJV 345X. Constructs were
transiently transfected into HEK293 cells and a pulse-chase analysis was performed.
Cells in 35 mm dishes were labeled in 1 mL met/cys-free media with 100 uCi 35S-
(met/cys) for 30 minutes. Cells were then washed and incubated in unlabeled
medium for 0, 0.5 1 and 2 hours. Immunoprecipitations were performed using 2 uL
rabbit anti-HJV antibody, 18745 (generated against residues 1-401 of HJV as
described previously) (Zhang et al., 2008). Inmunoprecipitated proteins were
separated by SDS-PAGE, followed by soaking of the gel in Amplify (GE Healthcare,
Chalfont St. Giles, United Kingdom) and drying of the gels prior to exposure to film.
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APPENDIX C

BMP signaling induces tyrosine phosphorylation, but treatment with Dasatinib does
not effect hepcidin expression.
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RATIONALE

Neogenin has multiple tyrosines in its cytoplasmic domain. Tyrosine
phosphorylation of a related receptor, DCC, is important for its function in neuron
outgrowth and guidance (Li et al., 2004). DCC is phosphorylated on its cytoplasmic
domain by the tyrosine kinases Src and focal adhesion kinase (FAK). Mutation of
these tyrosine residues abolished the function of DCC (Li et al., 2004). We therefore
investigated the role of tyrosine phosphorylation in the potentiation of BMP

signaling by neogenin.

METHODS

To measure tyrosine phosphorylation in response to BMP4, tTA-HJV HepG2 cells
were incubated in MEM with 1% FBS for 6 hours and then treated with doxycycline
(2ug/mL), BMP4 (10 ng/mL) and/or dasatinib (100 nM, a gift from Brian Druker’s
lab) for 16 hours. Cells were lysed in the presence of the phosphatase inhibitors
sodium orthovanadate (1 mM), sodium fluoride (50 mM) and beta
glycerolphosphate (50 mM) to prevent dephosphorylation after cell lysis. Tyrosine
phosphorylation was detected by immunoblotting using a mouse anti-
phosphotyrosine antibody (1:2000, a gift from Brian Druker’s Lab) and an Alexa
Fluor 800 goat anti mouse antibody (1:1000, Invitrogen). The levels of hepcidin
mRNA relative to GAPDH were measured by qRT-PCR as described previously

(Zhang et al., 2009).
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RESULTS AND CONCLUSIONS

Treatment of tTA-HJV HepG2 cells with BMP4 induces tyrosine phosphorylation.
This phosphorylation is inhibited by treatment with the Src/Abl tyrosine kinase
inhibitor dasatinib. Despite this induction of tyrosine phosphorylation, treatment of
cells with dasatinib has no effect on hepcidin expression in the presence or absence
of BMP4 treatment. While tyrosine phosphorylation may mediated other effects
downstream of BMP signaling, it does not appear to be involved in the

transcriptional activation of hepcidin.
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Figure A4. BMP signaling induces tyrosine phosphorylation, but treatment
with Dasatinib does effect hepcidin expression.

(A) Treatment of cells with BMP4 induces tyrosine phosphorylation. tTA-H]JV HepG2
cells were induced to express HJV using doxycycline (dox), treated with BMP4
and/or dasatinib (das). Levels of tyrosine phosphorylation were measured by
immunoblotting. (B) The levels of hepcidin expression relative to GAPDH were
measured by qRT-PCR in cells treated with BMP4 and/or dasatinib.
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APPENDIX D

The ectodomain of neogenin is shed by proteolytic cleavage
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RATIONALE

Neogenin has been proposed to undergo sequential alpha-secretase and gamma-
secretase cleavages resulting in the release of an extracellular fragment and an
intracellular fragment (Goldschneider et al., 2008). In this previous study, the
intracellular fragment was detected using a tag on the cytoplasmic domain, but the
presence of the extracellular domain was not assayed for (Goldschneider et al.,
2008). We therefore assessed whether the neogenin extracellular domain was shed
into the conditioned medium of cells using an antibody that recognizes the neogenin

extracellular domain.

METHODS

Conditioned medium and cell lysate were collected from HEK293 cells stably
expressing HJV, HJV and neogenin or a truncated form of neogenin lacking the
cytoplasmic domain (see Appendix B). Neogenin was detected using a polyclonal
rabbit anti-neogenin antibody generated against a portion of the neogenin
ectodomain (21567, 1:1000). To assess whether shedding of the neogenin
ectodomain was inhibited by a matrix metalloproteinase inhibitor, HJV/neogenin
HEK293 cells were treated with 25 or 100 uM TAPI-2 (using a 25 mM stock made in

DMSO). A corresponding volume of DMSO (1 or 4 pL) was used as a control.
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RESULTS AND CONCLUSIONS

The ectodomain of neogenin is shed into the conditioned medium of HEK293 cells
(Figure A5 A). A shed fragment was seen in the medium of HJV/neogenin HEK293
cells or HJV/truncated neogenin HEK293 cells, but not in control HEK293 cells or
HEK?293 cells expressing HJV alone. Interestingly, the shed fragment produced in
cells expressing full-length neogenin or truncated neogenin (lacking a cytoplasmic
domain) is the same size, indicating that the secreted product likely results from
cleavage within the extracellular domain. Shedding of the HJV ectodomain was
inhibited by the matrix metalloproteinase inhibitor, TAPI-2, which is know to inhibit
alpha secretase cleavage. This indicates that the neogenin ectodomain may be
cleaved by alpha secretase or a related protease. TAPI-2 does not alter hepcidin
mRNA levels in tTA Neogenin HepG2 cells (data not shown), which indicates that

this cleavage event may not be relevant to the regulation of hepcidin expression.
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Figure A5. Shedding of neogenin into the conditioned medium is blocked by
TAPI-2.

(A) Neogenin is shed from HEK293 cells. Neogenin was detected in the lysate and
conditioned medium by immunoblotting. 1. HEK293 cells, 2. HJV HEK293 cells, 3.
HJV/neogenin HEK293 cells, 4. HEK293 cells, 5. HJV/neogenin HEK293 cells, 6.

HJV /truncated neogenin HEK293 cells. (B) TAPI-2 blocks the shedding of neogenin
from HJV/neogenin HEK293 cells. Immunoblot analysis of neogenin in the cell lysate
and conditioned medium. 1. untreated control, 2. DMSO control (1 uL), 3. 25uM
TAPI (1 uL), 4. DMSO control (4 pL), 5. 100uM TAPI (4 pL).
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APPENDIX E

Generation of flag-tagged mouse HJV constructs with mutations in the furin and
matriptase-2 cleavage sites.
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RATIONALE

In the liver-derived HepG2 cells there are two HJV products produced by furin and
matriptase-2 cleavage. The relative role of these proteases in the regulation of HJV
and hepcidin expression in vivo is not known. To test this, mouse H]JV (Rgmc)
constructs were created with Arg to Ala mutations in the residues corresponding to
the cleavage sites in human HJV, which will ultimately be introduced into mice.

Additionally, these constructs were flag-tagged to aid in detection in vivo.

METHODS

Human HJV was cut out of 3XFlag-hHJV p3XFlag-CMV-9 at Xbal/NotI sites. Rgmc
PGMT was used to amplify Rgmc coding sequence minus the leader sequence with
Xbal and NotlI cut sites on primers: 5-GCGGCCGCTCACTCCCAGTGCAAG-3’5'-
TCTAGACTACTTACTGAAGCAAAGCCACAGAAC-3'. The PCR product was cut and
ligated into Xbal/NotlI sites. Arg to Ala mutations were made at residues 281 and
325 of Rgmc, which corresponded to matriptase-2 and furin cleavage sites in human
HJV when the sequences were aligned using the following primers: Rgmc R281A F
5’-ctacattggaacaactatcatcattgcacagacagctggg-3'and Rgmc R281A R 5'-
cccagctgtctgtgcaatgatgatagttgttccaatgtag-3' or Rgmc R325A F 5'-
ctctcgctcagaggcecaaccgeegtggg-3' and Rgme R325A R 5'-
cccacggeggttggectctgagegagag-3'. The expression of these constructs was tested by
transient transfection of HEK293 or HepG2 cells using lipofectamine 2000

(Invitrogen) or Poly]Jet (SignaGen Laboratories) respectively.
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RESULTS AND CONCLUSIONS

The flag-tagged Rgmc constructs express in HEK293 cells. It appears that the ratio of
HJV in the media to the lysate is somewhat higher than flag-tagged human HJV,
indicating that they are efficiently processed. The R325A mutation abolishes furin-
mediated cleavage in HEK293 cells. These cells do not express matriptase-2, so the
R281A mutation does not affect cleavage in these cells. In HepG2 cells, which
express both furin and matriptase-2, the lower matriptase-2 cleavage product is
reduced by the R281A mutation. Unlike HEK293 cells, the R325A mutation reduces
but does not abolish the upper furin-mediated cleavage product in these cells. Thus
in HepG?2 cells, proprotein convertases are able to cleave at multiple sites within the
furin cleavage cluster. These data indicate that the furin and matriptase-2 cleavage
sites are conserved between human and mouse HJV. They also indicate that

matriptase-2 cleavage does not require prior cleavage by furin.
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Figure A6. Generation of flag-tagged mouse HJV (fRgmc) constructs with
mutations in the furin and matriptase-2 cleavage sites. (A) The flag-tagged
Rgmc (fRgmc-A and B) constructs express and are secreted when transiently
transfected into HEK293 cells. These two constructs are from two separate bacterial
clones. HJV was detected in the lysate and the medium by immunoblot analysis
using a rabbit-anti HJV antibody (18475, affinity purified, 0.22 pg/ml). Flag-tagged
human HJV (fH]V) serves as a positive control. These constructs are also detected
using the M2 mouse anti-flag antibody (data not shown). (B) The R325A construct is
not secreted from HEK293 cells. Cells were transiently transfected with the
indicated flag-tagged Rgmc constructs. HJV was analyzed in the medium and lysate
by immunoblot. (C) In HepG2 cells the R281A mutation reduces matriptase-2
cleavage and R325A mutation reduces the furin cleavage product. Flag-tagged Rgmc
constructs were transiently transfected into HepG2 cells and the presence of HJV
cleavage products was analyzed in the conditioned medium by immunoblot. The
furin and matriptase-2 (M2) cleavage products are marked. (D) Schematic of the
furin cleavage cluster in Rgmc.
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APPENDIX F

Trafficking of Tf and TfR1
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RATIONALE
HJV has an unusual pattern of glycosylation. The cellular receptor TfR1 and the

secreted protein Tf were used as a control for the specificity of the Endo H digestion.

METHODS

A pulse chase analysis was performed by immunoprecipitating TfR1 and Tf from
HepG2 cellular lysates and conditioned medium after 20 minutes of 35S-(met/cys)
labeling (Perkin Elmer) and the indicated chase periods as performed previously for
HJV (Maxson et al., 2009). HepG2 cells at 30% confluency in 60 mm dishes were
labeled using 2 mL met/cys-free media containing 200 uCi of 35S-(met/cys). The
immunoprecipitation was performed with 2 pL of sheep anti-TfR1 antibody (crude
serum). This preparation of TfR1 had some contaminating Tf, so the antibody

recognizes both proteins. This antibody was generated by Caroline Enns.

RESULTS AND CONCLUSIONS

TfR1 is initially Endo H sensitive a 0 time post labeling (Figure A7, upper fainter
bands correspond to TfR1). By 20 minutes it has become partially Endo H resistant
(one of the three glycosylation sites on TfR1 always remains Endo H sensitive).
Endo H resistance indicates that TfR1 has obtained complex oligosaccharides in the
Golgi. In contrast, Tf is Endo H sensitive in the cell lysate and then is thought to
become Endo H resistant and quickly be secreted, which is why no Endo H resistant

Tf is seen in the cell lysate (Figure A7, lower darker bands correspond to Tf). It
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should be noted that the form of Tf in the medium is larger than in the lysate due to

its complex glycosylation.
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Figure A7. Pulse chase of TfR1 and Tf. HepG2 cells were labeled with 3°S for 30
minutes followed by the chase periods with unlabeled complete medium (0, 20, 60
or 90 minutes). Both TfR1 and Tf are detected in the cell lysates, but only Tf is
detected in the medium.
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