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ABSTRACT
Juvenile hemochromatosis (JH), anemia of chronic disease (ACD) and various
inflammatory conditions such as Hepatitis C and alcoholic steatohepatitis exhibit

improper handling of systemic iron.

Patients with JH have mutations in either the hemojuvelin (Hjv) or hepcidin
genes. Thus far, Hjv appears to control the levels of hepatic hepcidin, the master
hormonal regulator of iron stores. Interestingly, Hjv exists in both a cellular and soluble
form [1] that is expressed primarily in the muscle and to a lesser extent in the liver [2].
Cellular Hjv (cHjv), localized in the liver, is a GPI-anchored protein that enhances bone
morphogenic protein (BMP) mediated induction of hepcidin [3]. On the other hand,

soluble Hjv (sHjv) is a negative regulator of hepatic hepcidin expression [1, 4, 5].

We hypothesize that sHjv plays an important systemic role in regulating iron
homeostasis. Thus, our goal was to 1) investigate the signals regulating shedding of
muscle sHjv and 2) study the hormonal function of sHjv in the target liver. Surprisingly,
using in vitro and in vivo models, we observed elevated release of Hjv during hemolytic
conditions. Furthermore, in contrast to previously published reports, both cell culture and

animal model studies reveal sHjv as a positive regulator of hepatic hepcidin.

Upon induction of hepcidin expression in the liver, the hormonal peptide exerts its
actions by binding and internalizing the iron exporter ferroportin in the
reticuloendothelial system (RES) and duodenum [6, 7]. Using a co-culture system, we
investigated the effects of secreted hepatic hepcidin on the iron metabolism of target
monocytes. As a result, hepatic hepcidin was shown to inhibit iron export and promote

iron retention within monocytes.



Inappropriate levels of hepcidin, whether low or high, results in improper
handling of iron stores which may potentially cause disease, on both sides of the iron
spectrum. On one side of the scale, such as in hemochromatosis, inappropriately low
hepcidin expression permits elevated mobilization of iron stores from the RES. Increased
mobilization eventually saturates serum transferrin leading to iron accumulation in the
liver parenchyma. On the other side of the spectrum, such as in ACD, higher than normal
levels of hepcidin is associated with increased containment of iron within the RES which

subsequently elicits hypoferremia.

In addition to increased iron retention in the RES, various forms of inflammation
display elevated iron accumulation in the liver parenchyma. Interestingly, the expression
of transferrin receptor (TfR1) is induced in some of these livers [8, 9]. Previously
published reports suggest a link between inflammation and iron homeostasis through
hydrogen peroxide (H2O;) and iron regulatory protein 1 (IRP1). Transient pulses of
H,0O,, a dismutated product of superoxide released during an oxidative burst from
macrophage and neutrophils, is capable of activating IRP1 in cultured cells [10]. We
hypothesize that sustained and non-toxic exposure of H,O, to fibroblasts will induce iron
uptake in an IRP dependent mechanism. As expected, we observed an increase in iron
uptake but surprisingly independent of IRP1 activity. Thus, we identified a novel
mechanism of iron accumulation by sustained H,O,, via direct translational activation of

TfR1 during periods of inflammation.

Taken together, in this thesis, we show that the release of sHjv is a regulated
process where intravascular hemolysis may provide a physiological stimulus for this

response. In turn, sHjv is necessary for inducing hepcidin expression in the liver.



Increased levels of hepcidin will inhibit iron export from the RES and subsequently lead
to hypoferremia. In addition to elevated iron retention within the RES, certain
inflammatory conditions display increased iron accumulation in the parenchyma.
Continuous release of H>O, by inflammatory cells directly stimulates TfR1 translation

which subsequently increases iron uptake in the parenchyma.



RESUME

L’hemochromatose juvénile (HJ), anémie de maladie chronique (ACD) et des
conditions inflammatoires variées, telles que I’Hépatite C et la steatopathie de
I’alcoolique démontrent la mauvaise manipulation du fer systémique.

Les patients atteints de I’HJ ont des mutations dans soit, les génes hemojuvelin
(Hjv) ou hepcidine. Jusqu’a maintenant, Hjv semble controler les niveaux d’hepcidine
hépatique, le régulateur maitre pour les réserves de fer. Nous avons observé que 1I’Hjv
existe autant sous forme cellulaire que soluble [1] qui s’exprime surtout dans le muscle et
de fagon moins prononcée dans le foie [2]. L’Hjv cellulaire (Hjvc), située dans le foie, est
une protéine ancré par GPI qui améliore la « Bone Morphogenic Protein » arbitrée par
I’induction d’hepcidine [3]. D’autre part, I’Hjv soluble (sHjv) est un régulateur négatif
d’expression d’hepcidine hépatique [1, 4, 5].

Nous avons ¢élaboré I’hypothése que le sHjv joue un réle systémique important
dans la régulation d’homeostasie du fer. Alors, notre objectif était de 1) rechercher les
signaux régulant la perte de muscle sHjv et 2) d’étudier la fonction hormonale du sHjv
dans le foie cible. Etonnement, en utilisant des mode¢les in vitro et in vivo, nous avons
observé la perte ¢élevée de Hjv pendant des conditions hémolytiques. De plus, en
contraste a des rapports précédemment publiés, les cultures cellulaires ainsi que les
modeles basés sur les animaux révelent que la sHjv et un régulateur positif d’hepcidine
hépatique.

Dés Dl’induction d’expression d’hepcidine dans le foie, la peptide hormonale
exerce son action en fusionnant et en internalisant 1I’exportateur de fer, ferroportine dans

le systéme réticuloendothélial (RES) [6, 7]. En utilisant un systeme de co-culture, nous



avons cherché les effets d’hepcidine hepatique secrété sur le métabolisme du fer de
monocytes cibles.

Des niveaux inappropriés de hepcidine, soit bas ou élevés, résultent dans la
manipulation inappropriée des réserves de fer qui peuvent potentiellement mener a des
maladies, des deux cotes du spectre de fer. D’un c6té de la balance, tel que dans
I’hémochromatose, des niveaux bas d’expression d’hepcidine permettent des niveaux de
mobilisation élevés dans les réserves de fer du RES. La mobilisation accrue sature
éventuellement sérum transferrin menant a I’accumulation de fer dans le parenchyme du
foie. De l'autre c6té du spectre, tel que dans I’ACD, des niveaux plus élevés que
d’habitude de hepcidine en association avec la retention accrue de fer dans le RES qui
inflige subséquemment 1’hypoferremie.

En plus de la rétention accrue du fer dans le RES, des formes variées
d’inflammation démontrent une accumulation élevée de fer dans la parenchyme du foie.
Il est intéressant de constater que ’expression du récepteur de transferrin (TfR) est
induite dans quelques uns de ses foies [8, 9]. Des rapports précédemment publiés
suggerent un lien entre I'inflammation et homeostase du fer a travers le peroxyde
d’hydrogeéne (H,O,) et la protéine régulatrice du fer 1 (IRP1). Des pulsations
transigeantes de H,O, un produit démuté de superoxide relaché pendant une giclée
oxydative du macrophages et neutrophiles, est capable d’activer IRP1 dans des cellules
cultivées [10]. Notre hypothese est que I’exposition soutenue et non-toxique de H,O, a
des fibroblastes induiront I’internalisation de fer dans un mécanisme dépendant de I’IRP.

Tel qu’attendu, nous avons observé une augmentation d’internalisation de fer, mais de



fagon surprenante elle était indépendante d’activité du IRP1. Nous avons identifi¢ un
nouveau mécanisme d’accumulation de fer par I’exposition soutenue du H,O,, par
activation translationnelle de TfR pendant des périodes d’inflammation.

Ensemble, dans cette thése, nous démontrons que la relache de sHjv est un
processus régulé ou hemolyse inter vasculaire peut offrir un stimulus physiologique pour
cette réponse. De plus, Hjvs est un activateur hormonal de hepcidine dans le foie. Des
niveaux accru de hepcidine empécheront ’exportation du fer du RES et méneront
subséquemment a I’hypoferremie. En plus de la rétention élevée dans le RES, certaines
conditions inflammatoires démontrent une accumulation de fer dans le parenchyme. La
relache constante de H,O, par des cellules inflammatoires stimules la translation du TfR

qui augmente subséquemment 1’internalisation du fer dans le parenchyme.
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PREFACE AND CONTRIBUTIONS OF AUTHORS
“As an alternative to the traditional thesis format, the thesis can consist of a
collection of papers of which the student is an author or co-author.”
(Quoted from McGill University guidelines for submitting a doctoral thesis at:

http://www.mcgill.ca/gps/programs/thesis/guidelines/preparation/).

In accordance with the above guidelines for thesis preparation and submission, |
have included the following papers as the core of my thesis (CHAPTER I, 11l and

V).

Andriopoulos B, Palaiologou D, Fillebeen C, Daba A, Robinson M, Hadjis A,
Papanikolaou G Pantopoulos K. Hemolysis promotes the release of a novel positive

regulator of hepcidin expression, soluble Hjv. (Manuscript to be submitted)

Andriopoulos B, Pantopoulos K. Hepcidin generated by hepatoma cells inhibits
iron export from co-cultured THP1 monocytes. J Hepatol. 2006 Jun;44(6):1125-31. Epub

2005 Dec 5.

Andriopoulos B, Hegedusch S, Mangin J, Riedel HD, Hebling U, Wang J,
Pantopoulos K, Mueller S. Sustained hydrogen peroxide induces iron uptake by TfR1-1
independent of the iron regulatory protein/iron-responsive element network. J Biol

Chem. 2007 Jul 13;282(28):20301-8. Epub 2007 May 21.

I have included as the first chapter, an extensive literature review as an
introduction to the thesis. Chapter II, Hemolysis promotes the release of a novel positive
regulator of hepcidin expression, soluble Hjv, is a first author manuscript in which I

performed most of the experiments and wrote the manuscript in collaboration with my
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http://www.mcgill.ca/gps/programs/thesis/guidelines/preparation/

supervisor Dr. Kostas Pantopoulos. The paper will soon be submitted for publication.
Chapter III, Hepcidin generated by hepatoma cells inhibits iron export from co-cultured
THP1 monocytes is a first author manuscript to which I performed all the experiments.
The paper was written in association with my supervisor, Dr. Kostas Pantopoulos. A
reprint copy is included in the appendix. Chapter IV, Sustained hydrogen peroxide
induces iron uptake by TfR1 independent of the iron regulatory protein/iron-responsive
element network, is a first author paper to which I completed many of the experiments
and wrote the manuscript in close collaboration with Dr. Sebastian Mueller and Dr.
Kostas Pantopoulos. A reprint copy is included in the appendix. I have not included the

following five publications to which I have made a substantial contribution:

Fillebeen C, Muckenthaler M, Andriopoulos B, Bisaillon M, Mounir Z, Hentze
MW, Koromilas AE, Pantopoulos K. Expression of the subgenomic hepatitis C virus

replicon alters iron homeostasis in Huh7 cells. J Hepatol. Epub March 2, 2007.

Harrison-Findik DD, Schafer D, Klein E, Timchenko NA, Kulaksiz H, Clemens
D, Fein E, Andriopoulos B, Pantopoulos K, Gollan J. Alcohol metabolism-mediated
oxidative stress down-regulates hepcidin transcription and leads to increased duodenal
iron transporter expression. J Biol Chem. 2006 Aug 11;281(32):22974-82. Epub 2006

May 31.

Wang J, Fillebeen C, Chen G, Andriopoulos B, Pantopoulos K. Sodium
nitroprusside promotes IRP2 degradation via an increase in intracellular iron and in the

absence of S nitrosylation at C178. Mol Cell Biol. 2006 Mar;26(5):1948-54.
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Kiemer AK, Fornges AC, Pantopoulos K, Bilzer M, Andriopoulos B, Gerwig T,
Kenngott S, Gerbes AL, Vollmar AM. ANP-induced decrease of iron regulatory protein
activity is independent of HO-1 induction. Am J Physiol Gastrointest Liver Physiol. 2004

Sep;287(3):G518-26. Epub 2004 Apr 15.

Andriopoulos, B. and Pantopoulos, K. (2004): Regulation of iron metabolism at

the cellular and systemic level. Recent Res. Devel. Mol. Cell. Biol.: 5 1-22. Pages 1-22.

For the Journal of Hepatology paper I performed iron release and accumulation
studies in Huh7 replicon cells. In both the Journal of Biological Chemistry and American
Journal of Physiology: Gastrointestinal Liver Physiology papers, I performed IRP
bandshift assays from cell lysates provided by the corresponding authors. In the
Molecular and Cellular Biology paper, I measured, using the Greiss reagent, levels of
nitrite in cell culture supernatant of cells treated with freshly prepared and photodegraded
sodium nitroprusside. Finally, the Recent Research Development in Molecular and

Celllar Biology paper was a review for a chapter in a book.

The following is how the co-authors contributed to my first author papers. Danai
Palaiologou, Carine Fillebeen, and Alina Daba assisted with the real-time PCR analysis
and mouse experiments in Chapter II. Matthew Robinson and Alexis Hadjis were
summer students who were instrumental in helping with everyday experiments. Dr.
George Papanikolaou’s lab in Greece performed the experiments depicted in Fig. 10A of
Chapter II. Chapter IV was the result of work done in close collaboration with our lab
and that of Dr. Sebastian Mueller (Hegedusch S, Mangin J, Riedel HD, Hebling U). Both
of our labs separately reproduced Figs. 1, 2 and 5. Figs. 3 and 4 were done in Dr.

Sebastian Mueller’s lab whereas I performed the experiments for Figs. 6 and 7. Jian
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Wang from our lab originally did Fig. 5A, which I and Dr. Sebastian Mueller’s lab

reproduced.
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CLAIM TO ORIGINALITY
The present thesis, consisting of five chapters, was written by me, Bill
Andriopoulos, under the supervision of my thesis director, Dr. Kostas Pantopoulos. The
manuscript presented in Chapter II, will be submitted for publication and consists of
original and unpublished data. Chapters III and IV contain refereed published papers

which were at the time original and unpublished data.

The major novel findings of the presented thesis are as follows:

. Hemolysis promotes the release of a novel positive regulator of hepcidin expression,

soluble Hjv.

. Hepcidin generated by hepatoma cells inhibits iron export from co-cultured THPI

monocytes.

Sustained hydrogen peroxide induces iron uptake by TfR1 independent of the iron

regulatory protein/iron-responsive element network
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1. lron Homeostasis

Iron is one of the most useful metals on our planet. Since the middle bronze age,
mankind has always benefited from its abundance and versatile applicability. For
instance, whether in its elemental or steel form, iron has produced innumerable
indispensable tools and destructive weapons. Similarly in biology, all vertebrates utilize
iron as an essential molecular tool and potent weapon. The ruinous power of iron in
organisms is not only observed against a foreign pathogen, but to the host. When present
in excess, iron essentially becomes a toxin capable of inflicting organ damage. On the
other side, a scarcity of iron within an organism prevents multiple biological tools from
carrying out vital survival tasks. To ensure appropriate handling of iron, organisms have
evolved elegant mechanisms to maintain a delicate iron balance, defined as iron

homeostasis.

2. Chemistry of Iron

Iron is essential to all living cells. Iron’s biological importance stems from its
ability to transition between a ferrous (Fe(Il)) (soluble) to ferric (Fe(IIl)) (insoluble) state
where it may either donate (oxidation) or accept (reduction) electrons, respectively. Such
an elemental transition defined as an electrochemical redox potential is vital in carrying
out cellular processes such as oxygen transport, electron transfer and catalytic reactions.
At physiological oxygen tension and pH, Fe(Il) is readily oxidized to Fe(III).
Subsequently, Fe(Ill) is further hydrated to form insoluble ferric hydroxide and oxy-

hydroxide polymers.
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3. Biology of Iron

Iron is au fait for forming a complex with either heme or non-heme proteins.
Heme is an important prosthetic group that is composed of the protoporphyrin IX ring
that constrains iron within its center. The synthesis of protoporphyrin IX occurs in
multiple steps within the cytosol and mitochondria of a cell. The final step incorporates
ferrous iron into the protoporphyrin ring at the inner mitochondrial layer by the enzyme
ferrochelatase. Upon heme-iron assembly in the mitochondrial matrix, heme assimilates
into proteins to form oxygen carriers such as hemoglobin or myoglobin. It also
participates in electron transfer reactions by assembling into cytochromes. Furthermore,
it constitutes the active sites of enzymes such as oxidases, peroxidases, catalases or NO-
synthases. In contrast, iron also interacts with non-heme substrates such as iron-sulfur

clusters, mononuclear iron centers or iron-oxo clusters.

4. lron’s Toxicity

Iron is essential, however when present in excess has the potential to be toxic. Its
toxicity resides in its ability to catalyze the formation of potentially dangerous hydroxyl
(OH") and organic radicals (Fig. 1.). Iron catalyzed generation of OH- is accomplished in
the presence of two reactive oxygen intermediates (ROIs), hydrogen peroxide (H,O,) and
superoxide anion (O,"). ROIs may originate from byproducts of mitochondrial aerobic
respiration or enzyme reactions in the peroxisome, endoplasmic reticulum and cytoplasm.
Iron also reacts with organic peroxides to generate organic radicals such as alkoxyl

peroxyl, thiyl and thiyl-peroxyl.
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Mechanisms have evolved to protect against ROIs such as peroxidases and
catalase which decompose (H,O,). However, if the defense mechanisms against free
radicals are compromised, free radicals will evoke cellular damage via protein oxidation,
membrane lipid peroxidation and nucleic acid damage or mutagenesis. Damage caused
by oxidative stress leads to cell death and tissue degeneration which are both observed in
aging [11] and various pathological conditions such as inflammation, ischemia-
reperfusion injury, diabetes, pulmonary disease, and neurodegeneration [12].

During inflammation (infection induced or not), ROIs are generated as a defense
mechanism against bacteria by membrane bound nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase. This process, defined as an oxidative burst, results in a
direct O, targeted attack against bacteria. Furthermore, in the presence of nitric oxide,
O," may spontaneously form a more potent oxidant called peroxynitrite (ONOO"). Oy~
could also form H,O,, either spontaneously or enzymatically which in turn, may produce
hypochlorite (OCI’) through myeloperoxidase. Thus infection or inflammation induced
production of ROIs serves as a beneficial role in defending against invading bacteria. In
addition, ROIs which arise from by-products of metabolic pathways may function as
important second messengers in various signaling pathways [13]. Taken together, ROIs

may be damaging, protective or direct participants in signaling pathways.

5. Body Iron
Humans contain approximately 3-5 g of iron from which males have 55 mg per
kilogram body weight whereas females have a lesser 45 mg per kilogram body weight.

Both males and females absorb approximately 1-2 mg of iron from a daily western diet of

21



15-20 mg. Iron absorption occurs in enterocytic cells of the duodenum where once
internalized, it may be utilized, stored or exported into the circulation. Exported iron is
delivered to the transporter protein transferrin in the circulation. Once in the circulation,
iron may be distributed to a variety of areas in our body such as the muscle, liver or bone
marrow (Fig. 2). Approximately 3 mg of iron is bound to transferrin in the plasma at any
given time. Turnover of plasma transferrin iron is in the region of 25 mg/24 hour. On
average, 80% of transferrin bound iron is destined mostly to the bone marrow where iron
is used for hemoglobin synthesis during erythropoeisis. Upon release from the bone
marrow and spleen, normal reticulocytes have a life span of 120 days. Senescent or
damaged reticulocytes are erythrophagocytosed by macrophages which in turn break
down hemoglobin and recycle iron back into the circulation. The remaining 20% of
plasma transferrin iron is delivered to non-erythroid tissues namely the muscle and liver.
The muscle contains approximately 300 mg of functional iron in the form of myoglobin.
In addition, transferrin bound iron may be distributed to liver hepatocytes (and to a far
lesser extent liver macrophages) where it is mostly stored. Importantly, only a small
portion of the 1000 mg of iron in the liver is functional.

Iron loss occurs through non-specific mechanisms such as cell desquamation,
bleeding or menstruation and accounts for 1-2 mg per day. There exists no regulated
mechanism for iron excretion. With no specific mechanisms to lose iron, its distribution,

utilization and storage is tightly regulated.

6. lron Absorption

22



Approximately 1-2 mg of ingested iron is absorbed in the duodenum, more
specifically by a mature enterocyte. Approximately 2/3 of the daily ingested iron is heme
iron while the remaining 1/3 is a non-heme form. To date, the mechanisms by which
heme iron absorption occurs remains elusive. In contrast, extensive progress has recently
been made in understanding the means and regulation of non-heme iron absorption.

Iron absorption commences via transport from the duodenal lumen across the
apical membrane of mature enterocytes (Fig. 3). More specifically, ingested Fe(III) is
reduced to Fe(Il) by the apical membrane bound reductase, duodenal cytochrome B
(DcytB).  Following a catalyzed reduction, Fe(Il) is transported across the apical
membrane into the cell by the Divalent Metal Transporter (DMT1). In addition to
importing Fe(Il) into the enterocyte, DMT1 may also deliver the divalent cations Zn*,
Mn2+, C02+, Cd2+, Cu2+, Ni*" and Pb* [14]. Transport across the membrane is pH
dependent and defined as a parallel proton symport. Unlike DcytB, DMT1 expression
has been found in all cell types in which it has been sought [15]. Alongside serving as an
importer at the apical side of an enterocyte, DMT1 is also an iron transporter within a
cell’s endosome. More specifically, iron uptake via the transferrin cycle is released from
an acidified endosome by DMT1. Animal models possessing a mutation in DMT1 such
as the microcytic anemia (MK) mice or Belgrade rats display a severe microcytic anemia
phenotype. Furthermore, humans possessing a DMT1 mutation exhibit a similar severe
microcytic anemia that is observed in mouse models [16]. Taken together, DMTI has a
dual transporter function either in absorption of iron or the transferrin cycle.

Once transported into the enterocyte, iron’s movement within the cell remains

elusive. However, iron is transported out of the enterocyte into the portal circulation via
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ferroportin. Initially identified by 3 independent groups as ferroportin [17], IREG1[18]
and MTP1[19], ferroportin is the sole iron exporter identified to date. Ferroportin is also
expressed in macrophages where it serves to recycle iron obtained from senescent red
blood cells back into the circulation. In addition, the iron exporter is expressed in
placental syncytiotrophoblasts where it serves to deliver iron to the fetus.

Importantly, ferrous iron exported from enterocytes via ferroportin is oxidized by
the blue copper ferroxidase ceruloplasmin (this is true for both heme non-heme iron that
has been absorbed). This ferroxidase is produced in the liver and secreted into the plasma
[20]. Interestingly a Glycosylphosphatidylinositol (GPI) -anchored form co-localizes
with ferroportin on the membrane of astrocytes and neurons [21]. In addition there exists
the membrane bound ferroxidase hephaestin which is a ceruloplasmin homolog.

Ceruloplasmin oxidation of Fe(II) to Fe(III) permits binding onto transferrin’s two
high affinity binding sites. Iron, now in its oxidized and transferrin bound state, is non-
toxic and ready for transport within the circulation. Iron bound to transferrin whether it is
monoferric or differic (~2-3 uM) is referred to as holo-transferrin (holo-Tf) and accounts
for 30% of total transferrin. The remaining 70% of circulating transferrin is called apo-
transferrin. Taken together, approximately 18 uM of the 56 uM of plasma transferrin, is

holo-Tf [22].

7. Cellular Iron Uptake
Circulating holo-Tf delivers iron to target cells via a transferrin/TfR1 mediated
pathway (Fig. 4). More specifically, binding of transferrin to TfR1 initiates endocytosis

via clathrin coated pit formation. Upon internalization, the clathrin coat disassociates
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from the endosome and leads to acidification of this newly formed compartment.
Endosomal acidification occurs via a proton pump that sets the pH to approximately 5.5.
Low endosomal pH permits disassociation of diferric iron from transferrin. Liberated
iron is subsequently exported from the endosome into the cytosol by DMT1 where its fate
will largely depend on the type and state in which the cell is in. Ultimately, iron is
mostly utilized for various metabolic purposes and stored in ferritin when present in
excess.

In addition to TfR1, there exists additional iron uptake mechanisms that are either
transferrin receptor 2 (TfR2) [23, 24] or siderophore mediated. TfR2 is capable of
binding transferrin but at a lower affinity than TfR1. The importance of TfR2 in iron
uptake seems to be relatively minor as illustrated by its inability to rescue the E12.5
embryonic lethality TfR1 -/- [25]. Furthermore, TfR2 does not seem to improve the
microcytic hypochromic erythrocytes phenotype observed in TfR1 +/- mice [25]. In
contrast, bacteria have evolved uptake mechanisms that utilize siderophores.
Siderophore, Greek for iron carrier, is an organic macromolecule that is synthesized and

released by either bacteria or fungi to scavenge iron.

8. lron Storage

Excess of cellular iron that is not utilized for metabolic purposes is stored and
detoxified in the iron storage protein ferritin.

Cytosolic ferritin is ubiquitously expressed and may store approximately 4500
Fe(III) ions in the form of ferric oxy-hydroxide [26, 27]. This storage protein consists of

24 subunits of H- and L chains that form a shell-like structure. The H-chain is expressed

25



mostly in the heart and its ferroxidase activity functions to oxidize iron from the ferrous
to ferric form. Homozygous H-chain knockout in mice reveals embryonic lethality in E3
- E9.5 [28] whereas heterozygous knockouts display no phenotypic abnormalities [29].
In contrast, L-chain ferritin is expressed primarily in the liver and is involved in the
nucleation of ferric iron. The specific signals and mechanisms by which iron is liberated
are not yet fully understood. However, iron liberated to meet metabolic demands may
occur either through structural rearrangements [30] or lysosomal degradation [31].

Mitochondrial ferritin also possesses both oxidase and storage properties [32].
Recently, it was shown that erythroid cells in patients with sideroblastic anemia possess
iron overloaded mitochondrial with high ferritin [33]. This form of anemia is
characterized by inappropriately elevated iron in the mitochondria [33].

A glycosylated and soluble form of ferritin exists in our circulation and has been
shown to contain very little iron [22]. Although its function remains elusive, levels of
plasma iron serve as an indirect measurement of body iron stores. For example, males
exhibit approximately < 300 pg/L whereas females display < 200 pg/L. Understandably,
this is useful in clinically diagnosing patients with anemia or hemochromatosis.
Importantly, this measurement does not reflect body iron stores from those suffering from

acute and chronic forms of inflammation or the hyperferritinemia/cataract syndrome [34].

9. Regulation of Iron Uptake and Storage Proteins
The mechanisms that control the expression of iron uptake and storage proteins
exist at multiple levels including au niveau transcriptional and post-transcriptional.

Regulation at the post-transcriptional level is accomplished by protein/mRNA
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interactions via the cytosolic iron regulatory protein/iron regulatory element (IRP/IRE)
system (Fig. 5). IREs are hairpin structures composed of a 30 nucleotide stem and a 5°-
CAGUGU-3’ looped sequence. Iron regulatory proteins 1 (IRP1) belongs to the family
of iron-sulfur cluster isomerases and is highly homologous to mitochondrial aconitase.
Post-transcriptional control is accomplished through IRP interaction with IRE on the
messenger ribonucleic acids (mMRNA). mRNA containing IREs that exert post-
transcriptional control include proteins such as TfR1, ferritin (H and L), erythroid 5-
aminolevulinate synthase (ALAS2), DMT1, ferroportin and mitochondrial aconitase.

IREs are found in either the 5’ or 3 untranslated region (UTR) of the mRNA
(Fig. 5). 5’ IREs exist in H and L ferritin chains, ALAS2 and mitochondrial aconitase
mRNAs. During periods of low cytosolic iron, IRP binds a single IRE which
subsequently prevents the translational machinery from binding to mRNA. As a
consequence, protein translation is inhibited. Thus, upon IRP/IRE interaction, the
decrease in ferritin, eALAS and mitochondrial aconitase synthesis reflects the cell’s
ability to reduce iron storage, utilization and mitochondrial activity in an iron depleted
cytosol. In contrast, in an iron replete cell, translation of the aforementioned proteins
proceeds which subsequently permits augmented storage and utilization of iron in the cell
(Fig. 5).

Interactions among IRP/IRE may also occur on the 3’ UTR of both TfR1 (5 IREs)
and DMT1 (1 IRE) mRNA (Fig. 5). In contrast to the 5° UTR, translational control of
both TfR1 and DMT1 is at the level of mRNA stability. In an iron depleted cytosol,
IRP/IRE interaction prevents endonucleases from targeted degradation of mRNA.

Aversion of mRNA truncation permits translational machinery to bind and subsequently
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proceed with the expression of both TfR1 and DMT1. As a consequence, an increase in
the expression of TfR1 and DMTT1 in iron depletes cells leads to elevated iron intake. In
contrast to TfR1 and DMT1, the relationship between the IRP/IRE system and ferroportin
remains elusive.

Surprisingly, IRP1 and iron regulatory protein 2 (IRP2) knockout mice display
dramatically different phenotypes. IRP1-/- mice exhibit no phenotypic abnormalities
[35] whereas IRP2 -/- mice possess a progressive neurodegenerative disorder and iron

overload in the intestinal mucosa and central nervous system [36].

9.1. IRP1

IRP1 is ubiquitously expressed and a vital component in the regulation of iron
metabolism [37]. In the cell, IRP1 is capable of providing two highly distinct cytosolic
functions. In iron starved cells, IRP1 serves as an IRE binding protein whereas in iron
loaded cells, it functions as a cytosolic aconitase. The ability to switch from an mRNA
binding protein to an aconitase is mechanistically possible through the use of a 4Fe-4S
iron-sulfur cluster. In conditions of low cytosolic iron, the cleft region between its
domains 1-3 and 4 is narrow thus impeding interactions with IRE through steric
hindrance. Despite the disallowance of IRE binding, IRP recruits an iron sulfur cluster
which subsequently enables the protein to perform aconitase activity. In contrast, during
conditions of high cytosolic iron, the cleft region within the domains 1-3 and 4 is wider
and permits interactions with IRE.

The activation of IRP1 as an IRE binding protein may also occur via an iron

independent manner. For instance, IRP/IRE interactions are elevated when exposed to
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nitric oxide (NO) and/or hydrogen peroxide [38, 39]. The physiological role of NO in the
context of iron metabolism remains unclear, however, it has been suggested that the rise
in IRP1 activation may be due to the direct or indirect dismantling of the 4Fe-4S [40]. It
has also been suggested that NO may somehow influence chelatable iron within the labile
iron pool [40].

Moreover, response to non-iron stimuli may also be achieved via exposure to
hydrogen peroxide (H,O,). The transition of IRP1 into an IRE binding protein via a
H,0, dependent manner is rapid (30-60 min) [41, 42]. Furthermore, IRP1 activation by
H,0O; is not the result of either H,O, acting on the 4Fe-4S cluster or an increase in
intracellular H,O,. Thus the integrity of the cell is required for IRP1 activation through

H,0..

9.2. IRP2

Although the structures of IRP1 and IRP2 are homologous, the functions and
mechanisms by which they are regulated are dissimilar. IRP1 may transition between an
IRE binding protein and mitochondrial aconitase. In contrast, IRP2 lacks aconitase
activity and is regulated at the level of protein stability. In an iron depleted cell, IRP2 is
synthesized de novo and is a stable IRE binding protein [43, 44]. In contrast, in an iron
replete cell, iron has been reported to bind an iron sensing domain of the protein and
subsequently initiate IRP2 degradation [45, 46]. Upon binding and oxidation, IRP2 is
ubiquitinated and subsequently undergoes degradation.

Similar to IRP1, IRP2 and IRE interaction may be influenced in response to non-

iron related stimuli such as NO [38, 39]. The effect of NO on IRP2 binding activity
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appears to vary in response to the type of NO donor and perhaps the cell type [47-51].

Unlike IRP1, IRP2 was unresponsive to extracellular H,O; [52].

10. Iron and Disease

Tightly controlled mechanisms for maintaining systemic and cellular iron
homeostasis is essential in the prevention of iron related disease. Pathological conditions
caused by inappropriate levels of iron may be elicited by either a deficiency or excess of
iron.

Iron deficiency anemia (IDA) is one of the most common diseases in third world
countries and is due to insufficient iron in the diet [53]. Another form of anemia called
“anemia of chronic disease” (ACD) or “anemia of inflammation” (Al) is common in
patients with chronic inflammation, infections, autoimmune diseases and cancer [54]
Contrast to IDA, iron is retained within the reticuloendothelial system which in turn
deprives erythropoiesis of iron.

In contrast to anemia, iron overload is a perturbation in iron homeostasis at the
other end of the spectrum [55, 56]. Iron overload is etiologically categorized into either a
primary or secondary form. Primary iron overload is defined as a genetically
heterogenous disorder with defects in iron absorption and handling. In contrast,
secondary iron overload results from multiple blood transfusions used to correct for
ineffective erythropoiesis.

Taken together, iron may cause disease at both ends of the spectrum, whether it is

anemia or hereditary hemochromatosis (HH). Hepcidin, a circulating hormonal peptide,
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is now widely accepted as the systemic regulator of iron absorption and stores which, if

present in inappropriate amounts, may elicit either anemia or HH.

11. Hepcidin, the master hormonal regulator of iron stores

Hepcidin is an antimicrobial and iron regulatory peptide. It is synthesized mostly
in the liver in response to iron. Upon synthesis, hepcidin is released into the circulation
where it will seek and bind the iron exporter ferroportin on target cells such as
enterocytes and macrophages. More specifically, hepcidin binding leads to ferroportin
internalization and lysosomal degradation. As a consequence of ferroportin degradation,
iron is retained within the cell and thwarted from entering the circulation. The principal
regulators of hepcidin expression are iron, inflammatory cytokines and erythropoietic

activity (Fig. 6).

11.1 Expression and Biochemical Properties

Hepcidin was initially discovered in the plasma ultrafiltrate and labeled liver-
expressed antimicrobial peptide (LEAP-1) [57]. It was characterized as a novel human
antimicrobial peptide synthesized primarily in the liver and containing multiple di-sulfide
bonds [57]. To a much lesser extent, hepcidin expression is localized in the brain and
heart. In humans, the hepcidin gene is 2.5-kilobases (kb) and located on chromosome 19.
A 0.4-kb mRNA is expressed from 3 exons and encodes an 84-amino acid prepropeptide.
Mature hepcidin peptides, isolated in the liver are 25, 22, and 20 amino acids long. The

mechanism, regulation and location of hepcidin processing remain unresolved.
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Nuclear magnetic resonance spectrometry revealed that hepcidin consists of two
beta strands that form a hairpin whose two arms are linked together by 4 disulfide bonds.
Among the disulfide bonds exists a highly strained bond between two cysteines located in
close proximity to the turn of the hairpin. The importance of this highly strained bond
remains elusive.

Hepcidin’s hydrophobic and positively charged side chains are located at opposite
ends of each other. This distal separation is characteristic of antimicrobial peptides
capable of disrupting bacterial membrane walls. In contrast to most antimicrobial

peptides, hepcidin is highly conserved among species.

11.2. Mouse model studies

11.2.1. Hepcidin silencing

In 2001, an unexpected discovery revealed the potency of hepcidin as a regulator
of iron metabolism [58]. Researchers observed that disruption of the murine transcription
factor “upstream stimulatory factor 2” (USF2), also silenced the downstream hepcidin
gene [58]. Excitingly, these USF2-/- mice developed an iron overload phenotype
characterized by multivisceral iron overload, high plasma transferrin saturation and non-
transferrin bound iron accumulation in the pancreas and heart [58]. Furthermore, splenic
iron in USF2-/- mice was significantly lower than in wild type (WT) mice [58]. This
observed iron overload phenotype was strikingly similar to that seen in HFE knockout

mice and patients suffering from HH [58].
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11.2.2. Hepcidin overexpression

In 2002, the same group of scientists developed an overexpressing hepcidin
transgenic mouse model using a liver-specific transthyretin promoter [59]. The majority
of transgenic mice died within a few hours after birth displaying pale skin, diminished
body iron and severe microcytic hypochromic anemia [59]. At the time of publication,
only 3 transgenic mice survived but were severely ill exhibiting reduced body size,
pallor, hairless and crumpled skin [59]. In addition, red blood cell abnormalities such as
anisocytosis, poikylocytosis and hypochromia were markedly observed [59]. Taken
together, the overexpression of hepcidin seemed to display iron metabolism phenotypes

similar to those seen in IDA and Al

11.3. Molecular mechanism of hepcidin action

As illustrated in the aforementioned Section 11.2, the systemic effect of hepcidin
is indisputable and extremely potent. The molecular mechanism by which hepcidin
exerts its effects was unraveled in 2004 with the discovery of the iron exporter ferroportin
as its receptor. In this unique case, ligand-receptor binding leads to internalization and
subsequent degradation of the receptor. Interestingly, this is the first and so far only case

in biology where a hormone binds and initiates degradation of a transporter/receptor.

11.3.1. Regions in the hepcidin peptide important for ferroportin
Determining the regions in hepcidin responsible for the internalization and
degradation of ferroportin utilized an experimental model consisting of overexpressing

mouse ferroportin (green fluorescent protein (GFP) fused to the c-terminus) in 293
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human kidney epithelial cell line and chemically synthesized human hepcidin [6]. This
model allows for the measurement of ferroportin on the cell membrane and iron retention
in cells, before and after hepcidin treatment. More specifically, “hepcidin activity” is
defined as 1) the amount of GFP detected on the cell surface as determined by flow
cytometry and cell sorting analysis; 2) quantity of the iron storage protein ferritin
measured by enzyme-linked immunosorbent assay [60]. Using these methods, a negative
relationship between hepcidin activity and a serial deletion of the first 5 amino acids was
observed [60]. Furthermore, complete deletion of these 5 amino acids resulted in
complete loss of hepcidin activity whereas chemically synthesized 3 and 6 amino acid
peptides from the N-terminal did not exert any hepcidin activity [60]. Mutations in
hepcidin’s cysteines did not effect its function in vitro but appeared to be important when
injected into mice [60]. Lack of activity of the mutated cysteine form in mice is most
likely because it is less stable. Thus, although the first 5 amino acids on the N-terminus

of hepcidin are vital, they are inactive by themselves.

11.3.2. Mechanism of ferroportin internalization and degradation

The precise molecular mechanism by which hepcidin mediates ferroportin
internalization involves a string of events that ultimately leads to ferroportin degradation.
At a concentration as low as 0.1uM, human hepcidin is able to internalize overexpressing
mouse ferroportin-GFP in the 293 cell line within 1 hour [6]. Using this model, it was
determined that upon hepcidin binding, ferroportin undergoes tyrosine phosphorylation at
the plasma membrane [61]. Once phosphorylated, ferroportin is internalized and

undergoes dephosphorylation followed by ubiquitination [61]. The addition of ubiquitin

34



moieties to the internalized transporter enables it to be targeted for degradation in the late

endosome/lysosome, via the multivesicular body pathway [61].

11.4. Hepcidin Stimuli

To date, stimuli controlling the expression of hepcidin in the liver may be
categorized into 3 non-mutually exclusive parts. Hepcidin may by positively regulated
by iron or inflammation (infection induced or not) or negatively regulated by
erythropoietic demand. Mechanisms of misregulation of hepcidin expression by iron or

inflammatory cytokines define the pathophysiology of HH and ACD, respectively.

11.4.1 Hepcidin regulation by iron

The positive regulatory effect of iron on hepcidin has been clearly demonstrated
by 2 simple in vivo experiments. Firstly, iron loaded mice either by oral or parenteral
administration exhibit a strong induction of hepcidin mRNA expression [62, 63].
Secondly, humans who ingest a single dose of 65 mg of FeSO,4 reveal a peak in urinary
hepcidin excretion 24 hours after ingestion [62]. The mechanism by which iron induces
liver hepcidin expression is complex, involves many intermediaries and has been defined
primarily by mapping the multiple genetic defects in patients with the different types of
HH. The different types of the autosomal recessive disorder HH have mutations in either
the HFE, TfR2, hepcidin or HIV genes. All types of HH display a similar phenotype of
varying severity and are summarized in figure 8 [2, 64-66]. Patients with the
aforementioned forms of HH display pathological iron deposits in the parenchyma of the

liver, pancreas, heart and other tissues. Interestingly, these patients retain less iron in
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their macrophages than normal individuals. Furthermore, of most interest, patients
display inappropriately low expression of hepcidin in each type of HH suggesting that

HFE, TfR2 and HJV encode upstream regulators of hepcidin expression.

11.4.1.1. HFE

The most common form of hemochromatosis is type I HH which is widespread
and especially frequent in people of North European Descent. Approximately 1:300
individuals are affected by this disorder. In 1996, researchers identified HFE as the
hemochromatosis gene via linkage analysis [65]. The HFE gene expresses an unusual
major histocompatability complex class I protein. Upon processing in the golgi, HFE is
localized to the plasma membrane where it binds beta 2 microglobulin (2M). The most
common mutation in type I HH patients is C282Y which impedes disulfide interaction
between HFE and B2M. Lack of interaction prevents localization to the plasma
membrane [67]. Patients with this mutation display variable clinical penetrance and
inappropriately low expression of hepcidin. Furthermore, knockout mice [68, 69] or
transgenic C282Y [70] mutants develop progressive iron overload but vary in phenotype
in relation to their genetic strain [71, 72].

In vitro studies revealed that HFE has the ability to bind TfR1 [73, 74] and
prevent transferrin/TfR1 iron uptake [75, 76]. In addition, data have suggested that HFE
may play a role in the programming of crypt cells to mature enterocytes in the crypt-
villus axis of the duodenum [77]. In contrast, a duodenal specific knockout of HFE
revealed no changes in iron metabolism in comparison to WT mice [78]. Thus, to date,

the mechanism by which HFE controls the expression of hepcidin remains unresolved.
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11.4.1.2. TfR2

In 1999, a second receptor for transferrin called TfR2 was identified and cloned
from chromosome 7 [79]. Autosomal recessive mutations in TfR2 are responsible for
type 3 HH in which patients display a similar iron overload phenotype observed in that of
type I. Human TfR2 is expressed highly in the liver and to a lesser extent in the spleen,
muscle, lung, prostate, peripheral mononuclear cells and erythroid precursor cells [79,
80].

TfR2 has the ability to bind (at a much lower affinity than TfR1) and internalize
holo-Tf [81]. In cultured hepatomas, dose dependent treatment of differic iron appears to
stabilize TfR2 [82]. More specifically, holo-Tf binds and stabilizes TfR2 by redirecting
it from a degradation to recycling pathway [83]. In contrast to TfR1, TfR2 does not
respond to intracellular iron stores but to both differic transferrin [82] and in conformity
of the cell cycle [80, 84].

Although TfR2 may internalize iron, it is not sufficient to rescue TfR1 knockout
mice from dying at embryonic day 12.5 due to neurological abnormalities and severe
anemia [25]. TfR2 knockout mice display inappropriately low levels of hepcidin
expression and also fail to achieve hepcidin induction upon iron challenge [85]. Taken
together, the primary function of hepatic TfR2 may be to regulate hepcidin expression by

sensing circulating holo-TT.

11.4.1.3. Hjv
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Homozygous or compound heterozygous mutations of either the hepcidin or Hjv
genes display a severe type of iron overload called JH. Interestingly, patients with Hjv
derived JH and Hjv knockout mice display inappropriately low hepcidin peptide and
mRNA levels respectively [2, 86, 87]. Thus, similar to HFE and TfR2, Hjv is an

upstream regulator of hepcidin expression.

11.4.1.3.1. Expression and Biochemical Properties

Discovered as recently as 2004, the Hjv gene was mapped to chromosome 1q21
[2] and is identical to repulsive guidance molecule ¢ (RGMc) found in mice. Hjv is
expressed primarily in skeletal muscle and to a lesser extent in the liver [2], heart [2] and

esophagus [88].

11.4.1.3.2. RNA encoding Hjv

Initially, using expressed sequence tags (EST) database searches, it was suggested
that the four exons in the human Hjv gene are transcribed and processed into five distinct
mRNAs that contain alternative coding sequences [2]. More specifically, it was
suggested that differentially spliced transcripts encode multiple forms of Hjv that vary in
size [2]. In contrast, using reverse transcription polymerase chain reaction (RT-PCR)
with exon specific primer pairs, differentiating muscle cells displayed only one Hjv
transcript [89]. These new data imply that multiple protein isoforms are expressed from a

single protein precursor [89].

11.4.1.3.3. Hjv protein features
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Full length Hjv is comprised of 426 amino acids and has multiple protein features.
More specifically, its consists of an N-terminal signal peptide, an RGD tri-amino acid
motif, a partial von Willebrand factor (vVWF) type D domain and a GPI-linked site [2, 90].
In addition to these domains, Hjv contains 3 consensus sequences for N-linked
glycosylation, 12 conserved cysteine residues and 1 predicted acid sensitive autocatalytic
cleavage site [90] (Fig. 7).

According to the Signal Hypothesis, initially formulated by Gunter Blobel, Cesar
Milstein and David Sabatini, a signal peptide targets a protein for either secretion or
membrane localization [91]. A signal peptide is approximately 13-46 residues where 7-
13 residues consist of a hydrophobic core flanked by hydrophilic residues that usually
include one or more basic residues close to the N-terminus.

An RGD motif is composed of the amino acids arginine, glycine and aspartate and
is found on proteins of the extracellular matrix. For example, fibronectin (an RGD
containing protein) interacts through integrin to link the intracellular cytoskeleton with
the extracellular matrix. Interestingly, an RGD motif within the C1 domain of the vVWF
activates platelets via integrin binding during coagulation. In addition, RGDs are also in
latency associated peptides (LAPs) which bind integrins [92]. Interestingly, during iron
deprivation integrin a6 is dramatically induced, suggesting a possible role in iron
metabolism [93].

A partial vVWF type D domain exists in the core of full length Hjv. At wound
sites, the function of the multi-domain vWF is to mediate platelet adhesion through

interactions with other factors. The type D domain of the vWF specifically binds to and
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stabilizes factor VIII. Factor VIII remains stable when bound to vWF but through the
action of thrombin, is released and rapidly degraded.

A predicted GPI-linked site is located at the C-terminus of full length Hjv. A
GPI-anchor is a glycolipid located on the C-terminus of a protein that is responsible for
anchoring it to the plasma membrane. The mechanism by which GPI synthesis and
attachment occurs is complex. Essentially, attachment of GPI to a precursor protein is
initiated by GPI transamidase which cleaves off a C-terminal signal sequence. This in
turn forms an enzyme-substrate intermediate linked by a thioester which subsequently
undergoes a nucleophillic attack by the terminal amino group in GPI. In turn, the protein
undergoes inositol deacylation in the endoplasmic reticulum which sensitizes it for

phosphatidylinositol-specific phospholipase C (PI-PLC) cleavage [94].

11.4.1.3.4. Hjv mutations in JH

The onset of the autosomal recessive disease, JH, occurs in patients with
mutations in the Hjv gene that are either homozygous or compound heterozygous.
Within a short time frame since the discovery of Hjv, approximately 33 different types of
mutations have been identified [2, 95-104] figure 9A and 9B. With the exception of
G320V, most mutations are representative of one patient. Whether in homozygous or
compound heterozygous form, the 33 different types of mutations account for 31 possible
combinations. Of the 33 different types of mutations, 17 involve mutations in areas of
the protein described in the aforementioned Section 11.4.1.3.3.. More specifically
(Figure 9A), 2 mutations are located in the signal peptide [101, 102], 4 are cysteine

substitutions [96, 97, 101, 104] which includes an amino acid of an N-linked
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glycosylation site [96], 2 are different substitutions of the G in the RGD [2, 95], 1 is the
first amino acid after RGD [95, 97] and as many as 7 mutations are located within the
partial vVWF type D domain [2, 95, 97, 100] which also includes 1 mutation of the acid
sensitive autocatalytic cleavage site [95].

Most of the families affected by JH possess the G320V mutation. Interestingly,
the G320V mutation is part of a highly conserved LCVXGCP region [105]. The origins
of these families are in Greece [2], Canada [2, 95], Italy [95], France [2, 95], Croatia
[96], Germany [96], Slovakia [96], Ireland [99] and United States [97, 98, 104] (Figure
9B). Interestingly, the sole Italian homozygote lives in an area of southern Italy where
the Greek language and traditions are alive [95]. Families possessing mutations other
than that of G320V are found in the previously mentioned areas (with the exception of
Croatia) and in Australia [95], Great Britain [95, 102], Albania [95], Japan [100] and

Romania [103] (Figure 9B).

11.4.1.3.5. Processing of Hjv

As mentioned earlier, Hjv is primarily expressed in the muscle and to a lesser
extent the liver. Upon translation, Hjv is localized either inside the cell, on the plasma
membrane or in a released soluble form. Thus far, various groups have reported different
data pertaining to the processing of Hjv.

In muscle cells, a full length endogenous Hjv protein is translated from a single
RNA [89]. Full length cellular Hjv is also expressed in cells transfected with full length
cDNA. More specifically, full length cellular Hjv is observed in the transfected cell

lines: HeLa [106], HepG2 [106], Hep3BJ[1], Cos-7 [89], C2 myoblasts [89], C3H10T1/2
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mouse embryonic fibroblasts [89] and HEK293 [1, 90]. Full length cellular Hjv, which
includes all the protein features described above in “Hjv Protein Features” migrates at a
size of approximately 50 kDa [1, 89, 90, 106, 107].

During translation, the signal peptide is removed from cellular Hjv and the
carboxyl-terminus is modified to allow for GPI linked anchorage to the membrane. Upon
translation, cellular Hjv may undergo cleavage at the GDPH site located at amino acids
172-175. Cleavage occurs naturally under mildly acidic conditions presumably in the
late secretory pathway [90]. Other proteins that undergo GDPH cleavage include MUC2
mucin, sialomucin complex and heavy chain 3 of pre-a-inhibitor [90]. Subsequently,
cellular Hjv is either targeted to the plasma membrane or released from cells via the
secretory pathway [89, 90, 106].

Because of the presence of disulfide bonds, different forms of Hjv have been
reported using either reducing or non-reducing gels [89, 90]. As a result of cleavage at
the GDPH site, cellular Hjv forms a heterodimer that localizes to the membrane [89].
The heterodimer consists of both a 15 kDa N-terminal and 35 kDa C-terminal fragments
that were cleaved at GDPH and observed under reducing conditions [89, 90]. These two
fragments are linked together by disulfide bridges but the exact cysteines involved in the
linkage remains to be determined. Under non-reducing conditions, both cellular and
membrane associated Hjv migrate at 50 kDa (35 + 15 kDa fragments still bound by
disulfide bridges). In addition, Hjv may undergo a varying degree of post-translational
modification such as Asn-linked glycosylation [89]. The life span of Hjv within the
whole cell extract and purified membrane fractions in transfected cells is approximately

24 hours and is reduced by roughly 75% in only 4 hours [89].
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Upon localization to the plasma membrane, Hjv may be cleaved by either PI-PLC
or an unidentified protease [89, 90]. When using a non-reducing gel, Hjv either released
from cells or present in rodent serum ranges from 40-50 kDa [1, 89, 106, 107]. This
molecular weight range accounts for the heterodimer linked together by disulfide bonds
(35 + 15 kDa with varying degree of glycosylation). In contrast, when using a reducing
gel, additional 35 and 15 kDa fragments with the 40-50 kDa protein are detected as
soluble Hjv [89, 90, 106]. The appearance of the 35 and 15 kDa fragments is due to the
reduction of the disulfide bonds by a reducing agent found in the separating gel of a
western blot. Interestingly, the presence of the 50 kDa soluble protein, in the absence of
PI-PLC and in the presence of a reducing agent (multiple agents have been tested)
suggests constitutive release of a full length Hjv (minus the signal peptide) via the
secretory pathway independent of proteolytic cleavage [89, 108].  Furthermore,
transfection of Hjv lacking the GPI anchor is also released from cells [89].

Interestingly, in contrast to transfected Hjv found in both whole cell extracts and
purified membrane fraction, the life span of soluble Hjv in the media was found to be

constant for 36 hours [89].

11.4.1.3.5.1 Defective Hjv Processing

The effect of disease associated mutations in Hjv processing was recently studied
using transient transfections of WT and various mutant forms of Hjv in cultured Hela and
HepG2 cells [106]. Transfected WT Hjv was compared with mutants G320V, W191C
and F170S for their glycosylation, autoproteolytic cleavage and cellular localization

[106]. Employing enzymatic deglycosylation assays, it was observed that all 3 cellular
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Hjv mutants displayed differing glycosylation in comparison to WT [106]. Furthermore,
using reducing gels for a western blot, it was shown that WT cellular Hjv displayed 2
bands of 33 and 15 kDa suggesting autoproteolytic cleavage [106]. In contrast, the
mutant forms did not undergo cleavage and exhibited only a 50 kDa form [106].
Interestingly, those proteins incapable of autoproteolytic cleavage were less efficient in
reaching the plasma membrane [106]. In agreement with these data, it was previously
reported using immunocytochemistry in transfected 293T cells that G320V Hjv failed to
reach the plasma membrane [90]. Localization experiments with an electron microscope
showed that these mutants formed a cluster within the endoplasmic reticulum [106].
Taken together, recent in vitro data studying G320V, W191C and F170S Hjv revealed
altered glycosylation, no autoproteolytic cleavage and little localization to the plasma
membrane [106]. Thus, the processing of Hjv in patients with any of these 3 forms of JH

may be affected by these 3 mutations [106].

11.4.1.3.6. Function of Hjv

11.4.1.3.6.1. Regulation of hepcidin

Patients with Hjv associated JH display inappropriately low levels of hepcidin in
the urine [2]. This blunted hepcidin response during iron overload of this magnitude,
suggests that Hjv acts upstream of hepcidin and may positively regulate its expression.
Hjv knockout mice display inappropriately low expression of liver hepcidin thus
confirming observations seen in human patients [86, 87]. Furthermore, presumably as a

result of low hepcidin expression, knockout mice display an iron overload phenotype
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characterized by iron deposition in the liver, pancreas, and heart in addition to depressed
levels of iron in tissue macrophages [86, 87, 109]. Moreover, ferroportin levels were
greatly elevated in both intestinal epithelial cells and macrophages [86]. Taken together,
in vivo, as studied in human patients and knockout mice, Hjv acts as a positive upstream
regulator of hepcidin expression.

Cellular work using cultured hepatomas further corroborates Hjv’s involvement in
regulating hepcidin expression. Using siRNA to silence Hjv expression in cultured
Hep3B hepatomas, hepcidin expression decreased in a dose dependent manner with Hjv
siRNA treatment [1]. This suggests that cellular Hjv is involved in positively regulating
hepcidin expression [1]. The mechanism by which cellular Hjv positively regulates
hepcidin expression in the liver was recently discovered to be via a bone

morphogenic/Smad (BMP/Smad) mediated pathway [3].

11.4.1.3.6.2. Hjv and cell signaling

Hjv belongs to the Repulsive Guidance Molecule (RGM) family of molecules.
Hjv, also called RGMC, is the third member of the family, which includes RGMA and
RGMB (also referred to as DRAGON). Prior to the discovery of Hjv, RGMA and
RGMB were found to be co-receptors that enhance BMP signaling [110, 111]. Signaling
pathways are finely tuned by co-receptors to either enhance signaling or inhibit ligand
binding [112]. Recently, Hjv was identified as a BMP co-receptor capable of enhancing
hepcidin expression in liver cells [3]. More specifically, Hjv activation of a BMP
responsive element (BRE) requires receptors Activin like kinase 3 (Alk3) and Alk®6.

Interestingly, BMP 2 has a higher binding affinity to Hjv than BMP 4 [3]. In addition,
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disease associated mutations G313V (murine G320V equivalent) and G99V of Hjv are
incapable of activating BRE [3]. Furthermore, it was shown that Hjv enhanced BMP 2
mediated induction of hepcidin expression and that enhancement was lost with disease
associated Hjv constructs [3]. Dominant negative Smad]l coexpression with Hjv failed to
induce BRE activity suggesting Smadl involvement in the Hjv pathway [3]. Recently, a
separate group showed that BMP 2, 4 and 9 were capable of stimulating liver hepcidin in
mice independently of HFE, TfR2 and IL-6 (inflammatory stimulus of hepcidin
expression) [113].

In agreement with recent signal transduction data describing hepcidin regulation
by a BMP/Smad pathway, liver specific Smad 4 knockout mice resulted in markedly
decreased liver hepcidin expression and elevated intestinal ferroportin [114].
Furthermore, these mice displayed an iron overload phenotype characterized by iron
accumulation in the liver, pancreas and proximal tubule of the kidney [114]. In addition,
BMP 4 and to a much lesser extent TGF induction of hepcidin in primary hepatocytes
was blunted in these Smad4 knockout mice [114]. Interestingly, in a separate study using
HepG2 hepatomas, Hjv was found not to signal through TGF [3]. Taken together, Hjv
enhancement of BMP mediated induction of hepcidin involves both Smadl and Smad4.

Recently, using freshly isolated murine primary hepatocytes, holo-Tf was shown
to modestly upregulate hepcidin expression in a BMP 2/4 dependent and BMP9

independent mechanism [5]. In addition, recombinant soluble Hjv blunted this response

[5].

11.4.1.3.6.3. Soluble Hjv
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Thus far, 3 types of recombinant soluble Hjv have been used to study its function
[1,4,5].

The first recombinant form is comprised of amino acids 1-402 (from the full 1-
426) which lacks the GPI sequence from human hemojuvelin. It is purified from
baculovirus/insect cells and is linked by disulfide bonds to form a 2 chain structure [1].
This form of soluble Hjv was able to suppress hepcidin expression in primary human
hepatocytes in a dose dependent manner [1]. Furthermore, large doses of recombinant
soluble Hjv (1-3 pg/mL) greatly reversed induction of hepcidin via IL-6 [1].

The second form is comprised of amino acids 33-328 (from the full 1-420) of
murine hemojuvelin. It was purified using a viral overexpressing system in a permanent
human cell line [5]. Interestingly, this recombinant murine soluble Hjv was shown to
block the induction of hepcidin by either holo-Tf or BMP [5].

The third type is a human soluble Hjv fusion protein [4]. More specifically, the
N-terminal signal sequence was replaced with a preprotrypsin fragment, a FLAG tag
supplants the GPI domain and this form was fused to the Fc portion of human IgG [4].
This recombinant/fusion protein inhibits BMP mediated induction of hepcidin expression
in hepatomas [4]. Furthermore, when injected into mice, a decrease in hepcidin
expression, increase in ferroportin expression, mobilization of splenic stores and
increases in serum iron were observed [4].

Taken together, the 3 types of truncated and recombinant forms of soluble Hjv

appear to negatively regulate hepcidin expression.

11.4.1.3.7. Regulation of Hjv
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11.4.1.3.7.1. Hjv and iron

To date, iron has been shown to effect Hjv’s localization to the membrane and
subsequent shedding. More specifically, cultured Hela cells treated with 50 uM of ferric
ammonium citrate increased localization of transiently transfected Hjv to the plasma
membrane whereas G99V and C119F mutants failed to [106]. Membrane shedding in
these same transiently transfected cells was significantly decreased upon treatment with
50 uM of ferric ammonium citrate [106]. In contrast, G320V Hjv shedding was not
significantly decreased upon iron treatment, however, it should be noted that these mutant
transfectants displayed minimal shedding when not treated with iron [106]. Taken
together, Hela cells transiently transfected with Hjv and treated with 50 uM of ferric
ammonium citrate display amplified localization to the plasma membrane and reduced
membrane shedding. Furthermore, disease associated mutations respond differently to
iron treatment than WT Hjv.

Data showing depressed Hjv shedding upon iron treatment was corroborated in
experiments done in transfected 293T and Hep3B cell lines [1]. Holo-Tf treatment of
these cell lines at a concentration range of 30-100 uM significantly decreased soluble Hjv
in a dose dependent manner [1]. A separate group reported that liver HepG2 and muscle
C2C12 cell lines treated with up to 30 uM holo-Tf decreased Hjv shedding [107].
Interestingly, this group saw no effect on shedding upon ferric ammonium citrate
treatment.

The inverse relationship between iron levels and Hjv shedding was recently

shown in vivo [107]. More specifically, mice fed an iron deficient diet displayed
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elevated levels of soluble Hjv and decreased hepcidin expression [107]. Interestingly,
another group reported that upon iron injection into mice, hepatic Hjv mRNA remained

unchanged while the expected hepcidin induction was present [115].

11.4.1.3.7.2. Hjv and inflammation

Hepcidin was initially described as an antimicrobial peptide regulated by
inflammatory cytokines [116, 117]. Since its initial discovery which implied that Hjv is
an upstream regulator of hepcidin expression, various groups sought to investigate
whether Hjv is involved in regulating hepcidin during inflammation. Thus far,
inflammatory mediated induction of hepcidin seems to be independent of Hjv [1].
However, it appears that liver Hjv is negatively regulated by lipopolysaccharide (LPS)
[115]. More specifically, mice administered LPS display depressed hepatic [87, 115] and
unaffected muscle [115] Hjv mRNA. A possible involvement of Hjv in LPS mediated
liver hepcidin induction was ruled out approximately two years ago [87]. More
specifically, Hjv knockout mice administered LPS were still capable of inducing hepcidin

expression to the same extent as WT mice [87].

11.4.1.3.7.3. Hjv and neogenin

As previously mentioned in the “Hjv and cell signaling” section, Hjv shares
significant sequence resemblance with the RGMs [2]. Murine RGMA and RGMB are
mostly expressed in developing and adult central nervous systems [118-120]. RGMA in
mouse embryos is essential in controlling the formation of afferent connections in the

dentate gyrus and cephalic neural tube closure [120, 121]. In addition, chicken RGM, an
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ortholog of mouse RGM is critical in the rectinotectal map formation of chick embryos
[122]. Recently, the chicken and mouse RGMs receptor was identified as neogenin and
that this high affinity interaction is necessary for neuronal survival [123, 124]. With the
exception of the spleen, thymus and pancreas, neogenin is ubiquitously expressed [88].

In 2005, neogenin was found to interact with Hjv in the 293 cell line [90]. In
contrast, disease associated G320V Hjv lacked interaction with neogenin. Furthermore,
co-overexpression of Hjv and neogenin in human 293 cells by transient transfection
brought about iron accumulation within these cells [90]. Neogenin was also recently
shown to mediate Hjv shedding in response to iron [107]. More specifically, iron
treatment significantly depressed Hjv shedding but this inhibition was less when
overexpressed with neogenin. Neogenin mediated shedding of Hjv was also observed in
C2C12 muscle cells [107]. Interestingly, neogenin mediated shedding of Hjv was found

to be independent of the BMP signaling pathway [107].

11.5.1. Hepcidin regulation by inflammation

During periods of infection, foreign pathogens survive by acquiring and utilizing
iron for their metabolic processes. For example, iron is a key constituent for cytochromes
involved in their respiratory chains. Vertebrates have evolved various mechanisms to
protect against microbial invaders by depriving them of their necessary iron.

These mechanisms may be separated into two groups. The first utilizes homologs
of iron distribution and transport proteins to restrict iron from invading pathogens. The
second group initiates a rapid and potent hypoferremic response by stimulation of

hepcidin via inflammatory cytokines.

50



11.5.1.1. Localized responses

Homologs that restrict iron from pathogens in inflammation include natural
resistance-associated macrophage protein 1 (Nrampl) and lactoferrin. Nrampl is a
homolog of the iron transporter DMTI1. Nrampl has been proposed to export iron
removed from pathogens within phagocytic vacuoles [125]. Lactoferrin is a transferrin
homolog and during inflammation is released from both epithelial and white cells. In
addition to these homologs, the recently discovered neutrophil-derived protein neutral
gelatinase-associated lipocalin (NGAL) [126, 127] and lipocalin 2 [128] deliver iron
loaded siderophores into cells. Taken together, vertebrates may employ multiple

localized mechanisms to deprive pathogens of iron.

11.5.1.2. Systemic response

Vertebrates also possess a more systemic response to deprive pathogens of iron by
causing a rapid drop in plasma iron concentration. This rapid hypoferremic response
sequesters and restricts iron to storage sites. The master hormonal mediator of this
response is hepcidin. Clinically, the role of hepcidin in host defence is evident in patients

with HH that are more susceptible to several types of infection [129-131].

11.5.1.2.1. Hypoferremia of inflammation

11.5.1.2.1.1. Cytokine induction of hepcidin
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In humans, as well as in mice and fish, hepcidin is dramatically upregulated
during periods of infection and inflammation [63, 116, 132, 133]. Hepcidin induction
occurs primarily by the cytokine interleukin 6 (IL-6) in human hepatocytes [62]. In
addition, interleukin 1o (IL-1a) [134, 135] and tumor necrosis factor (TNF) o [116] have
been demonstrated to induce and repress hepcidin expression, respectively. Although IL-
la and TNFa are able to modulate hepcidin expression, four key experiments define IL-6
as the most important [62]. Firstly, in the presence of anti-IL-6 antibodies, primary
human hepatocytes treated with either bacterial endotoxins (LPS) or peptidoglycan had a
blunted hepcidin response.  Secondly, anti-IL-6 antibodies prevented hepcidin
stimulation when treated with conditioned media from LPS or peptidoglycan treated
macrophages. Thirdly, IL-6 knockout mice were unable to induce hepcidin expression
upon induction of inflammation via turpentine injection. Fourthly, healthy humans
infused with IL-6 excrete 7.5 fold more hepcidin in the urine than control patients.
Interestingly, IL-6 induced hepcidin expression is independent of HFE [117], TfR2 [117]
and Hjv [1].

Recently it was discovered, using mouse models and primary mouse hepatocytes,
that IL-6 induces hepcidin expression via the IL-6 receptor glycoprotein (gp) 130 and
through Janus kinases/Signal Transducers and Activators of Transcription 3, JAK/STAT3
signaling [136-138]. The signal transduction pathway mediating IL-6 induction of
hepcidin begins with IL-6 binding its membrane bound receptor gp80. Upon binding,
gp80 interacts with gp130 and subsequently leads to phosphorylation of tyrosines in the
cytoplasmic domain of gp130 by intracellular JAKs. Phosphorylation enables gp130 to

dimerize and activate STAT1 and STAT3. Once activated, STAT3 translocates to the
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nucleus and binds base pairs -64/-72 of the proximal promoter region of the hepcidin

gene [137].

11.5.1.2.1.2. Physiology of hepcidin’s action

Upon induction in hepatocytes, hepcidin is secreted into the circulation where it
will target ferroportin on macrophages and enterocytes. In turn, binding will initiate
internalization and subsequent degradation of the iron exporter ferroportin. As a
consequence, iron is retained within these cells and restricted from entering the
circulation. As observed in both mice and humans, inflammation is capable of causing a
remarkable hypoferremic phenotype. More specifically, mice injected with turpentine to
induce inflammation display a severe drop in serum iron [62, 132]. In contrast, no drop
in serum iron is observed when injected into either IL-6 or hepcidin deficient mice. In
agreement with mice data, humans who underwent IL-6 infusion for 3 hours, had a 34%
reduction in serum iron and a 33% decrease in transferrin saturation 2 hours post-infusion
[62]. Such a dramatic and rapid drop in serum iron may be explained by considering the
amount of iron that hepcidin is restraining from the circulation. Every 24 hours,
approximately 20 mg of iron flows through a plasma transferrin compartment that
contains at any moment about 3 mg of iron. Iron flowing in this transit compartment is
derived mostly from iron recycled from senescent erythrocytes. Once in this
compartment, iron transferrin is primarily targeted for erythropoiesis. Taken together,
every 3-4 hours there is a complete turnover of plasma iron at an approximate rate of 0.83
mg/hour. Thus, if hepcidin is capable of causing a 100% inhibition of iron export from

macrophages, this means 0.83 mg of iron will be deprived from the serum every hour.
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Thus, total inhibition of iron export from macrophages by hepcidin can produce a

staggering ~25% plunge in serum iron, every hour.

11.5.1.3. ACD

ACD is the most common form of anemia in hospitalized patients and second
most prevalent form of anemia in humans next to IDA. What distinguishes IDA from
ACD is that serum ferritin (accepted clinical marker of body iron stores) is normal or
elevated in the latter. Thus in this unique form of anemia, iron is both retained and
distributed into iron storage sites, primarily the RES. This hypoferremic state acts to
deprive an invading pathogen of iron. This response arises from either an acute or
chronic activation of the immune system [54, 139, 140]. Immune activation in this
disease leads to inflammatory cells unleashing an oxidative burst against invading

pathogens causing alterations in both systemic iron homeostasis and erythropoiesis.

11.5.1.3.1. Diseases responsible for ACD

ACD in hospitalized patients may originate from infections [141-143],
autoimmune disorders [142, 144-146], cancer [142, 147-149], chronic kidney disease and
inflammation [150] and chronic rejection following solid-organ transplantation [151-
153]. Infections primarily responsible for causing ACD may be acute or chronic and be
of viral, bacterial, parasitic or fungal origin. Autoimmune diseases shown to inflict this
type of anemia are inflammatory bowel disease, rheumatoid arthritis, sarcoidosis,
systemic lupus erythematosus and vasculitis. In addition, cancer patients with solid

tumors or hematologic cancer may develop ACD.
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11.5.1.3.2. Oxidative Burst

Activation of the immune system initiates the mobilization of various defense
mechanisms such as an oxidative burst from inflammatory cells. In a protective role to
kill invading pathogens, neutrophils and macrophages release reactive oxygen species.
More specifically, superoxide is initially produced by the membrane-associated NADPH-
oxidase and then rapidly dismutated to the more stable H,O, by superoxide dismutases
[154]. As a result, surrounding tissue and cells are under chronic exposure to the
potentially dangerous H,O,. In combination with iron, H,O, may form tissue damaging
hydroxyl radicals via the Fenton Haber-Weiss reactions. Thus, tight control of iron
homeostasis during inflammatory conditions is imperative in preventing hydroxyl radical
formation. IRPI is rapidly induced when exposed to transient pulses of H,O, both in
vitro and in mouse models [10, 155-157]. Furthermore, IRP1 activation in cell lines
exposed to transient pulses of H,O, leads to a significant increase in TfR1 expression
[158]. Thus, during inflammation, it has been proposed that H,O, signals an increase in
TfR1 expression which may relocalize iron from the circulation to intracellular

compartments.

11.5.1.3.3. Alterations in iron homeostasis

ACD displays dramatic changes in systemic iron homeostasis. This systemic
alteration is cytokine driven and is defined by an increase in iron retention and uptake in
the RES. Recently, the discovery of hepcidin as being the master hormonal regulator of

iron stores has provided a mechanistic explanation to the observed iron mishandling in
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ACD [116]. Recent data suggest that during inflammatory conditions, IL-6 is
upregulated and induces the expression and release of hepcidin from the liver [62].
Subsequently, hepcidin will target the iron exporter ferroportin in the RES [6, 7]. As a
consequence, iron being recycled through erythrophagocytosis from senescent red blood
cells will be retained within macrophages. As described in detail in the section
“Physiology of hepcidin’s action 11.5.2.1.2”, inhibition of iron export from these cells is
potent enough to enable a hypoferremic phenotype in vertebrates. As a consequence of
this inflammatory driven hypoferremic state, pathogens are deprived of iron that is vital
for their survival.

In addition to hepcidin driven hypoferremia, various cytokines may elicit
redistribution of iron into the RES. In contrast to hepcidin’s iron retention effect,
cytokines such as interferon (IFN) vy, LPS, TNF a and IL-10 are capable of driving iron
accumulation in the RES. More specifically, IFN y, LPS and TNF o upregulate the iron
importer DMT1 in macrophages [159]. In addition, IL-10 may increase iron transferrin
mediated uptake in macrophages [160]. Interestingly, patients with chronic liver
pathologies, such as alcoholic steatohepatitis and hepatitis C display iron accumulation in
the parenchymal cells of the liver [8, 161-165]. Taken together, iron may be deprived
from a pathogen by either an iron retention or accumulation mechanism in both the RES

and parenchyma.

11.5.1.3.4. Alterations in erythropoiesis

ACD exhibits defective erythropoiesis which accounts for patients with a low

reticulocyte count [166, 167]. Although a reduced number of red blood cells exists,
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patients are normochromic and normocytic. The lower than normal count of red blood
cells is defined by diminished proliferation and differentiation of erythroid burst-forming
units and erythroid colony forming units [166]. Inhibition of proliferation and
differentiation of both these erythroid forming units is accomplished through the
inhibitory activity of cytokines IFN a, IFN B, IFN y, TNF a and IL-1 [166]. The
mechanism by which cytokines prevent progenitor cell proliferation is either through
directly initiating apoptosis or reducing expression of hematopoitic factors such as stem
cell factor and erythropoietin [166, 168-170].

In addition to cytokine mediated inhibition of erythropoiesis, ACD induces the
formation of labile free radicals. These toxic radicals are capable of directly damaging

erythroid progenitor cells and erythropoietin generating cells [170, 171].

11.5.1.3.5. Treating ACD

Treatment of patients with ACD is unique to the disease responsible for causing
the infection based anemia. In some cases, treating the underlying disease causing the
anemia is enough to restore normal hemoglobin levels. In addition, treatments such as
erythropoietin administration, oral iron medication and transfusion have been used to

treat ACD patients [54].

11.6.1. Hepcidin regulation by erythropoietic demand
Prior to the discovery of hepcidin, there existed a notion that both a stores
regulator and an erythroid regulator are responsible for controlling iron absorption and

mobilization [172]. More specifically, the stores regulator is responsible for maintaining
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normal iron needs by controlling iron stores and absorption at a range of approximately
1-2 mg/day. On the other hand, the erythroid regulator has a much greater capacity to
alter iron balance. It ensures that iron is continuously providing the needs for
erythropoiesis, regardless of the body iron equilibrium. For example, through the
erythroid regulator, patients with severe anemia may enhance iron absorption up to 40 mg
per day with oral iron supplementation. In contrast, once anemia has subsided, these
patients absorb a normal 2 mg per day, presumably through the stores regulator [172].

Hepcidin expression is negatively regulated in anemia and hypoxemia. The drop
in hepcidin production during these conditions allows for increased iron absorption in the
duodenum and iron release into the circulation from macrophages. Mobilization occurs
by decreasing hepcidin mediated degradation of the iron exporter ferroportin.

The signal (s) responsible for suppressing hepcidin during anemia remains to be
identified. = This long sought erythroid regulator was recently shown to require
erythropoeitic activity to exert its inhibition of hepcidin during anemia [173, 174]. More
specifically, shutting off erythropoiesis with inhibitors such as carboplatin or
doxorubicin, and performing a subsequent ‘phlebotomy induced anemia’ failed to
suppress hepcidin in mice [173]. At the same time, a separate group observed that
irradiation of the bone marrow followed by a phenylhydrazine induced hemolysis
(anemia) also failed to inhibit hepcidin [174]. Interestingly, 16 hours post
phenylhydrazine treatment, a 4 fold induction was observed prior to the suppression of
hepcidin at 48 hours post treatment [174]. In addition, it was further shown that the
suppression of hepcidin was not directly mediated by erythropoietin, anemia or hypoxia

[173]. In contrast, cell culture work using hepatoma cell lines HepG2 and Hep3B
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demonstrated that when cultured in less than 2% oxygen for 24 hours, hepcidin is

dramatically reduced [132].

12. Hemolysis

Hemolysis is defined by the premature destruction of circulating red blood cells
and subsequent release of their contents such as hemoglobin into the plasma. Multiple
factors initiate hemolysis and many mechanisms exist for handling it. However, when
erythropoeisis cannot match the rate of red blood cell breakdown, a number of clinical

problems may occur.

12.1. Mechanisms of Hemolysis

Hemolysis may occur in either the intravascular or extravascular (more frequent)
milieu. Intravascular hemolysis is defined by the breakdown of red blood cells within the
circulation. Damage to erythrocytes may be the result of direct cell destruction or
membrane damage by infectious agents, complement activation on the cell surface or
mechanical trauma. Interestingly, under normal conditions, 10-20% of senescent
erythrocytes undergo hemolysis [175].

Extravascular hemolysis involves the erythrophagocytosis of damaged red blood
cells by macrophages in both the spleen and liver. Erythrophagocytosis is usually a
process that occurs at a constant rate. Abnormally elevated erythrophagocytosis has the
potential to cause anemia such as in hemophagocytic syndrome [176]. Upon
erythrophagocytosis, hemoglobin from the red blood cells is broken down to biliverdin,

iron and carbon monoxide by HO-1 [177]. The iron is primarily recycled back into the
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circulation for use; however a smaller percentage may be stored in ferritin or utilized for

other processes in the macrophage [178, 179].

12.2. Hemoglobin scavenging

Hemoglobin (pro-oxidative) released from red blood cells during hemolysis is
rapidly cleared from the circulation and delivered to macrophages. Clearance of pro-
oxidative hemoglobin is essential in preventing potential oxidative damage. Upon
entrance into the circulation, pro-oxidative hemoglobin is rapidly and more or less
irreversibly bound to haptoglobin [180, 181]. This abundantly circulating protein is
clinically used as a marker for hemolysis. Once bound onto haptoglobin, this
hemoglobin-haptoglobin complex is destined to both macrophages and parenchymal cells
in various tissues. The complex binds receptor CD163 in macrophages and a yet
unidentified receptor in parenchymal cells [182]. Binding of the hemoglobin-haptoglobin
complex to CD163 initiates endocytosis and subsequent lysosomal degradation [182].
Similarly to erythrophagocytosis, hemoglobin is degraded by HO-1 to produce biliverdin,

iron and carbon monoxide.

12.3. Hemolytic anemias

The risk of developing hemolytic anemia exists when the rate of hemolysis
exceeds the rate of erythropoeisis. Hemolytic anemias may be categorized into either
acquired or hereditary types.

Acquired hemolytic anemias may be immune-mediated, microangiopathic or

caused by certain infections. Immune-mediated hemolytic anemias involve direct
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binding of antibodies to antigens on the cell surface of red blood cells such as in
autoimmune disorders, infections or transfusions. Microangiopathic hemolytic anemias
is defined as mechanical disruption of the erythrocyte in circulation that may be caused
by thrombotic thrombocytopenic purpura, hemolytic uremic syndrome, disseminated
intravascular coagulation, preclampsia, eclampsia, malignant hypertension or prosthetic
valves. Hemolysis induced by infections may be caused by malaria, babesiosis and
clostridium [183].

In contrast, hereditary hemolytic anemias may arise from the enzymopathy
Glucose-6-phosphate dehydrogenase (G6PD) deficiency, membranopathy hereditary

spherocytosis or hemoglobinopathies such as thalassemia or sickle cell disease [183].

13. Hypothesis and objectives of this work

In chapter II, we hypothesize that sHjv plays an important regulatory role in
systemic iron homeostasis. Our objectives were to characterize signals involved in the
release of sHjv and whether it has a role in the regulation of hepcidin expression.

In chapter III we hypothesize that hepcidin has an important hormonal functional
in controlling iron release from target macrophages. To address this hypothesis, we
established a co-culture model consisting of hepcidin producing hepatomas and
radioactively labeled iron loaded monocytes. With this model, our objectives were to
monitor 1) iron release from monocytes in presence of physiologically generated
hepcidin and 2) investigate the effects of hepcidin on monocytic iron metabolism.

In chapter IV, we hypothesize that chronic and sustained exposure of H,O, as

observed in various inflammatory conditions serves a significant mechanistic role in
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promoting iron accumulation in parenchymal cells. Our objective was to employ an
enzymatic system for steady-state H,O, generation to monitor the mechanisms

responsible for iron accumulation in these cells.
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366 VLISGDPNFTVAAQAALEDARAFLPDLEKLHLFPSDAGVP
406 LSSATLLAPLLSGLFVLWLCIQ* Figure 7




Type | 1A 11B 11 [\
Gene/Chromosome HFE/6p21.3 HFE2/1921 HAMP/19¢13.1 TfR2/7922 SLC40A1/2932
Gene product HFE Hemojuvelin Hepcidin Transferrin Receptor 2 Ferroportin

Pattern of inheritance
Organs with iron accumulation
Cells with iron accumulation
Age of organ disease onset (years)

Autosomal recessive
Liver, endocrine glands and heart
Parenchymal
40-50

Autosomal recessive
Liver, endocrine glands and heart
Parenchymal
20-30

Autosomal recessive
Liver, endocrine glands and heart
Parenchymal
20-30

Autosomal recessive
Liver, endocrine glands and heart
Parenchymal
40-50

Autosomal dominant
Liver and spleen
Reticuloendothelial
40-50

71

Figure 8




72

Protein Features Affected Mutation Region
SP nt 81G deletion <100
SP Q6H/
G66X
G69-R70 insG
V74fsX113/
Cysteine C80R
S85P
RGD G99R
RGD G99V
1 AA after RGD L101P 100-199
Q116X
N-Glycosylation,Cysteine C119F
11281T
R131fsX245
D149fsX245
VWF A168D
VWF F170S
VWF Acid Sensitive D172E
VWF w191C
VWF S205R/ 200-299
VWF 1222N
VWF D249H
VWF G250V
N269fsX311
R288W
G319fsX341 300-399
Q312X
G320V
Cysteine C321X/
Cysteine C321W/
R326X
S328fsX337
C361fsX366
R385X
G486S >400

HJV Mutation Ethnic Origin

R385X Italian (Ref. 95)

F170S Italian (Ref. 95)

W191C Italian (Ref. 95)
D149fsX245 Italian (Ref. 95)

S205R/G250V Italian (Ref. 95)

V74fsX113/N269fsX311 English (Ref. 95)

R131fsX245 Italian (Ref. 95)
G320V Canadian (Ref. 95), Italian (Ref. 95), Greece (Ref. 2), France (Ref. 2), Croatia (Ref. 96), Germany (Ref. 96)

S85P Italian (Ref. 95)

R288W France (Ref. 95)

D172E/G319fsX341 Italian (Ref. 95)

A168D Australian (Ref. 95),English (Ref. 95)
L101P/G99R Albanian (Ref. 95)
C80R/L101P United States (Ref. 97)

L101P United States (Ref. 97)
1222N/G320V United States (Ref. 97), Canada (Ref. 2)

11281T Greece (Ref. 2)
C361fsX366 Greece (Ref. 2)

G99V Greece (Ref. 2)

G320V/R326X Greece (Ref. 2)
G486S ? (Ref. 98)
G69-R70 insG United States (African American) (Ref. 98)
G320V/Q116X Ireland (Ref. 99)
nt 81G deletion English/Ireland (Ref. 102)
D249H Japan (Ref. 100)
Q312X Japan (Ref. 100)
G320V/S328fsX337 Slovakia (Ref. 96)
C119F Germany (Ref. 96)
C321X/Q6H/1281T China (Ref. 101)
G66X Romania (Ref. 103)
C321W/G320V United States (Caucassian) (Ref. 104)

Figure 9




FIGURE LEGENDS
Fig. 1. Iron-catalyzed generation of hydroxyl radicals inflicts damage on cellular

macromolecules. [184]

Fig. 2. Relative iron distribution in the adult human body [40, 184].

The vast majority (~60-70%) of body iron is utilized in the erythron for hemoglobin
synthesis and is recycled by reticuloendothelial macrophages. A significant portion of
iron (~7-8%) is utilized in muscle myoglobin and the rest (~20-30%) is stored in the liver
parenchyma. Daily absorption of 1-2 mg iron from the diet offset non-specific iron

losses.

Fig. 3. Model for the absorption of inorganic iron by enterocytes [184].

Ingested Fe’" is reduced in the lumen to Fe** via duodenal cytochrome b (Dcytb) and
transported across the apical membrane by the divalent metal transporter 1 (DMT1). The
intracellular iron transport steps remain elusive. The transport of Fe®" across the
basolateral membrane is mediated by ferroportin (Fpn). The delivery of iron to
circulating transferrin (Tf) is coupled by its reoxidation to Fe>" by membrane-hephaestin

(Hp) and soluble ceruloplasmin (Cp) [184].

Fig. 4. Cellular iron uptake via the transferrin cycle [184].
Differic transferrin binds to the transferrin receptor and undergoes endocytosis involving
clathrin coated pits. Acidification of the endosome by a proton pump results in the

release of iron, which is subsequently transported across the endosomal membrane to the
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cytosol by DMTI. Internalized iron is utilized for metabolic purposes and excess is
stored in ferritin. A fraction of intracellular iron is believed to remain within the “labile
iron pool” (LIP). The apo-transferrin/transferrin receptor complex is recycled to the cell

surface, where transferrin is released.

Fig. 5. The IRE/IRP regulatory system [40, 184].

(A) Iron deficiency promoted IRE/IRP interactions. These result in stabilization of TfR1
mRNA and translational inhibition of the mRNAs encoding ferritin (H- and L- chains),
erythroid aminolevulinate synthase (ALAS2) and mitochondrial aconitase (m-aconitase).
Opposite responses occur when iron levels increase.

(B) IRP1 is regulated by an iron-sulfur cluster switch: in iron-loaded cells it assembles a
cubane 4Fe-4S cluster that converts it to a cytosolic aconitase. The cluster is lost in
response to iron deficiency, NO or H,O,.

(C) IRP2 is regulated at the level of protein stability: in iron loaded cells it undergoes
proteasomal degradation by a pathway sensitive to dimethyl-oxalyl-glycine (DMOG), an

inhibitor of 2-oxoglutarate-dependent oxygenases.

Fig. 6. Central role of hepcidin in organismal iron homeostasis [185]

Cell-associated, GPI-linked hemojuvelin (HJV) is proposed to act as a coreceptor for
bone morphogenetic protein (BMP) ligands and BMP receptors (BMP-Rs). Interaction of
HJV with BMP ligands and 2 BMP-Rs on the cell surface generates an active signaling
complex. This complex subsequently activates the intracellular SMAD signaling pathway

to induce hepcidin expression. Hepcidin, a peptide secreted by the liver, promotes
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internalization and degradation of the iron exporter ferroportin (FPN). The pathway by
which HFE and transferrin receptor 2 (TfR2) control the expression of hepcidin is
unclear. Importantly, mutations in HJV, HFE, or TfR2 lead to inappropriately low levels
of hepcidin. This figure is a modified version of that published in [186] copyright

Elsevier; adapted with permission by Alice Y. Chen.

Fig. 7. Protein features of human hemojuvelin

Human hemojuvelin contains an N-terminal signal peptide (red), an RGD motif (green),
partial von willebrand factor type D domain (purple) and a predicted GPI sequence
(orange). Hemojuvelin also contains 3 glycosylation sites depicted in brown. In blue, the

GDPH sequence represents an autoproteolytic cleavage site.

Fig. 8. Different types of hereditary hemochromatosis.

Fig. 9. Disease associated mutations of hemojuvelin

(A) The regions and protein features affected by disease associated mutations in

hemojuvelin.

(B) The ethnic origins of the different disease associated mutations in hemojuvelin.
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CHAPTER II. HEMOLYSIS PROMOTES THE RELEASE OF A NOVEL POSITIVE

REGULATOR OF HEPCIDIN EXPRESSION, SOLUBLE HJV

Bill Andriopoulos, Danai Palaiologou, Carine Fillebeen, Alina Daba, Matthew Robinson,

Alexi Hadjis, George Papanikolaou and Kostas Pantopoulos
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PREFACE

2004 was a remarkable year for iron metabolism research. The receptor for
hepcidin was discovered to be the iron exporter ferroportin [6] and researchers identified
the second gene responsible for JH [2]. That gene was Hjv. Patients with Hjv-derived
type II JH display inappropriately low levels of urinary hepcidin [2]. Furthermore,
hepcidin regulation was compromised and expression was virtually shut off in Hjv
knockout mice [86, 87]. Like HFE and TfR2, it seemed that Hjv was an upstream
regulator of hepatic hepcidin.

Since its discovery, it is well established that Hjv exists in both a cellular and
soluble form [1, 90, 106, 107]. The cellular form is membrane bound by GPI-anchorage
and is expressed primarily in the muscle and to a lesser extent the liver [2]. To date,
cellular Hjv appears to function as a co-receptor involved in enhancing induction of
hepatic hepcidin transcription via a BMP/SMAD mediated pathway [3].

Thus far, most work published investigating the function of soluble Hjv (sHjv)
have utilized a recombinant and truncated form of the protein [1, 3-5]. These works,
published in high profile journals, define Hjv as a negative regulator of hepcidin in both
in vitro [1, 5] and in vivo [4] experiments.

In this chapter we utilize physiologically generated sHjv to show the exact
opposite. Furthermore, we identify a novel and quite unexpected link between sHjv and

hemolysis.
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ABSTRACT

Mutations in the gene encoding Hjv (Hjv) are associated with juvenile
hemochromatosis and lead to low expression of hepcidin, a hormonal regulator of
systemic iron homeostasis. Hjv is primarily expressed in skeletal muscle and the liver,
while a soluble form (sHjv) is present in the circulation. To explore mechanisms for sHjv
shedding and its regulation of hepcidin expression, we engineered H1299 lung cancer
cells for conditional expression of WT Hjv or the disease-associated Hjvgszoy mutant.
Hemin, hemoglobin and human hemolysates promoted robust release of WT and mutant
sHjv within 6-24 h. In contrast, other iron sources or manipulation of intracellular heme
synthesis failed to promote shedding. The mechanism was independent of HO-1, did not
involve the secretory pathway and most likely involves cleavage from the membrane.
Hemin also induced the release of endogenous Hjv from H9C2 myocytes, mimicking a

response of differentiated myotubes.

In vivo, a significant increase of serum sHjv levels and hepcidin expression was
observed 18 hours following treatment of mice with phenylhydrazine, while iron loaded
mice (high iron diet or iron-dextran injection) had no effect on Hjv shedding.
Physiologically generated sHjv promoted a robust induction of hepcidin mRNA in target
hepatoma cells, while the disease-associated sHjvgsoy mutant was considerably less
efficient. Importantly, sera from healthy volunteers containing sHjv also activated
hepcidin expression in target cells, while sera from JH patients containing similar
amounts of mutant sHjv blunted this response. Corroborating a role for sHjv as a positive
regulator or at least a necessity for hepcidin induction, we observed a strong positive

correlation between sHjv and hepcidin expression in developing mice. Taken together,
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our results suggest 1) that the release of sHjv is a regulated process and intravascular
hemolysis may provide a physiological stimulus for this response; 2) a novel function for

sHjv to directly or indirectly enhance hepcidin expression in the liver.
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INTRODUCTION
Juvenile hemochromatosis (JH) is a rare, early-onset hereditary disorder of iron
overload with an autosomal recessive transmission pattern [187, 188]. Iron progressively
accumulates in parenchymal cells, thereby promoting tissue damage. Clinical
manifestations of hypogonadism, cardiomyopathy and diabetes develop mostly in the late
teens and early twenties. The major locus of the JH gene was mapped to the Iq
chromosome [189, 190], but 1g-unlinked genotypes were also identified [191, 192],

underlying the heterogeneity of the disease.

The molecular basis of the 1q-unlinked JH was elucidated first. The disease is
caused by mutations in the hepcidin gene [66], encoding the antimicrobial plasma peptide
hepcidin, which is secreted by the liver in response to increased iron stores or
inflammatory signals, and serves as a key hormonal regulator of systemic iron
homeostasis [193]. Hepcidin interacts with and controls the levels of ferroportin [6], a
transmembrane iron exporter crucial for dietary iron absorption in the duodenum and iron
efflux from reticuloendothelial macrophages [194]. Complete disruption of HAMP leads
to severe JH, while inappropriately low hepcidin expression is documented in milder
conditions of hereditary iron overload, associated with mutations in the HFE [195] and

TfR2 [196] genes.

The 1qg-linked subset of JH is due to a wide range of mutations in the HFE2 gene,
encoding Hjv [2, 95]. Hjv is identical to repulsive guidance molecule ¢ (RGMc). The
RGMa and RGMb family members are expressed in neuronal cells and control the
patterning of retinal axons during development [122]. By contrast, Hjv is primarily

expressed in striated muscle and to a smaller extent in the liver [2], and apparently exerts
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an important regulatory function in systemic iron homeostasis. This view is also
reinforced by the iron overload phenotype of Hjv /™ mice [86, 87], which represents an

animal model for JH.

Hjv-associated JH patients [2] and Hjv /" mice [86, 87] fail to mount an increase
in hepcidin expression despite pathological iron stores, indicating that Hjv acts upstream
of hepcidin and positively regulates its expression (or processing). Hjv functions as a co-
receptor of bone morphogenetic proteins (BMPs) and mediates signaling via the BMP
pathway. More specifically, Hjv interacts with BMP2 and activates hepcidin mRNA
transcription [3]. Likewise, BMP4 and BMP9 also stimulate hepcidin expression [113].
In agreement with these data, mice bearing liver-specific disruption of SMAD4, a
downstream component of the BMP pathway, had low hepcidin levels and developped
iron overload [114]. Hjv also interacts with neogenin [90], suggesting a potential

involvement in additional signaling pathways.

Hjv is associated on the cell surface via a glycosylphosphatidylinositol (GPI)
anchor and is also located in perinuclear compartments [89, 90]. It is glycosylated at Asn
residues [89] and undergoes processing by complex mechanisms [90]. Differentiating
muscle cells release a soluble isoform of Hjv in extracellular media [89], which is also
present in human serum and plasma [1]. A treatment of primary human hepatocyte
cultures with preparations of recombinant soluble Hjv decreased hepcidin mRNA levels
suggesting that cellular (c-) and soluble (s-) Hjv have opposing functions [1].
Furthermore, injection into mice of truncated Hjv that is fused to the Fc portion of IgG
elevates and diminishes expression of ferroportin and hepcidin, respectively. In addition,

injection of this fusion protein also mobilizes splenic iron stores and increases serum iron
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levels [4]. Iron is reported to decrease the shedding of sHjv [1, 106], possibly via
neogenin [107]. We show here that extracellular heme is a potent inducer of sHjv
shedding. Furthermore, we provide evidence that sHjv is necessary for positive

regulation of hepcidin expression.
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MATERIALS AND METHODS

Materials.

Hemin, ferric ammonium citrate, succinyl acetone, brefeldin A, monensin, and
human holo-Tf were purchased from Sigma (St. Louis, MI). Sodium arsenite was from
Fisher Scientific (Waltham, USA) whereas protoporphyrin IX, Sn protoporphyrin IX and
d-aminolevulinic were purchased from Frontier Scientific Inc. (Logan, Utah). Bovine

serum albumin was purchased from BioShop (Ontario, Canada)

Cell culture.

Human H1299 lung cancer cells and rat H9C2 myoblasts were maintained in
Dulbecco modified Eagle medium (DMEM) supplemented with 10% heat-inactivated
fetal bovine serum, 100 units/ml penicillin, and 100 pg/ml streptomycin. Where
indicated, H9C2 were incubated in differentiation media containing 1% horse serum

[197].

Construction of plasmids.

Human Hjv cDNA was kindly provided by Dr. Paul Goldberg (Xenon
Pharmaceuticals). A hemagglutinin (HA) epitope tag was introduced into the C-terminus
of Hjv wusing PCR with the forward 5-GAAGAATTCA TGGGGGAGCC
AGGCCAGTCC-3’ and reverse 5’-CGATCTCGAG CTAAGCGTAA TCTGGAACAT
CGTATGGGTA CTGAATGCAA AGCCACAGAA-3’ primers, which amplified the

full-length sequence and further introduced EcoR1 and Xhol restriction enzyme sites on
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the 5’ and 3’ ends, respectively. The 1.32 kb amplicon was cloned into the pcDNA3.1
vector (Invitrogen) to yield pcDNA3.1-Hjvwr. The Hjv sequence was confirmed by
sequencing. The G320V point mutation was introduced by site-directed mutagenesis with
the ExSite™ PCR-based method (Stratagene, La Jolla, CA), according to the
manufacturer's recommendations. The construct pcDNA3.1-Hjvwr was utilized as
template with the forward primer 5'-CAGCTCTGTG TTGGGGTGTG CCCTCCAAGT
CAG-3' and the reverse complement 5-CTGACTTGGA GGGCACACCC
CAACACAGAG CTG-3". The introduction of the point mutation was confirmed by
sequencing. Finally, WT and mutant Hjv were excised with EcoR1 and Xbal and ligated
into the respective sites of the pUHD10-3 vector, which contains a tetracycline-inducible
hCMYV minimal promoter [198], to yield pUHD-Hjvwr and pUHD-Hjvgs2ov, respectively.

Promoter constructs -900 bp and -600 bp were prepared as published in [199].

Tetracycline-inducible expression of WT and mutant Hjv in H1299 cells.

The pUHD-Hjvwr and pUHD-Hjvgsaov plasmids were co-transfected with the
puromycin resistant pBABE in tTA-H1299 cells [198] by using the Lipofectamine Plus
reagent (Invitrogen). Stable H1299-Hjv and H1299-Hjvgszov clones were selected in
media containing 2 pg/ml tetracycline, 2 pg/ml puromycin and 250 pg/ml G418. The
expression of Hjv was induced by removal of tetracycline (tet-off system) for a period of

48 hours.

Western blotting.
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Cells were lysed in RIPA buffer, containing phosphate buffered saline (PBS), 1%
NP-40, 0.5% sodium deoxycholate, 0.1% SDS and a protease inhibitor cocktail (Sigma).
Cell debris was cleared by centrifugation and protein concentration was measured with
the Bradford reagent (Biorad). Supernatants obtained from cells were concentrated ~18-
fold using Amicon Ultra Centrifugal Filter Devices (Millipore) with a cut-off of 5 kDa.
Cell lysates and concentrated supernatants, each containing approximately 50 pg of
proteins, were denatured for 10 minutes at 95°C. The proteins were resolved by SDS-
PAGE on 12% gels and transferred onto nitrocellulose membranes (Bio-Rad). The blots
were saturated with 10% non-fat milk in PBS containing 0.1% Tween (PBS-T) and
probed overnight at 4°C with following primary antibodies (diluted in PBS-T with 5%
non-fat milk): 1:100 HA (Santa Cruz), 1:500 Hjv (Santa Cruz) or ferritin (Daco), 1:1000
TfR1 (Zymed) or B-actin (Sigma), or 1:2000 HO-1 (Stressgen). Following wash with
PBST, the blots with HA, ferritin, B-actin and HO-1 antibodies were incubated with
1:5000 diluted peroxidase-coupled goat anti-rabbit IgG (Sigma). The blots with Hjv and
TfR1 antibody were incubated with 1:5000 diluted peroxidase-coupled donkey anti-goat
(Santa Cruz) and rabbit anti-mouse IgG (Sigma), respectively. Detection was performed
with the enhanced chemiluminescence ECL® method (Perkin Elmer). Where indicated,
the immunoreactive bands were quantified by densitometric scanning using ImageJ 1,38x

National Institute of Health.

Northern Blotting.

Liver and muscle tissues were homogenized in TRizol reagent (Invitrogen), and

RNA was prepared according to the manufacturer's recommendations. Total cellular
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RNA (10 pg) was electrophoretically resolved on denaturing 1.5% agarose gels,
transferred onto nylon membranes, and hybridized to radiolabeled cDNA probes against

mouse hepcidin RNA or B-actin. Autoradiograms were quantified by phosphorimaging.

Real time PCR.

Total DNA-free RNA was isolated from approximately 2.5 x 10° Huh7 cells using
the Nucleospin RNA II kit (Macherey-Nagel), according to the manufacturer’s
instructions. cDNA was synthesized by reverse transcription of 1.5 pg of quality-checked
RNA using 0.5 pg oligo-dT primers and 200 units of Moloney Murine Leukemia Virus
(MMLV) reverse transcriptase (Invitrogen). Real-time quantification of hepcidin mRNA
transcripts was performed in the LightCycler (Roche) with SYBR Green I fluorescent dye
(Molecular Probes). The values of B-actin mRNA and ribosomal 18S RNA were
determined as internal controls. Following gene-specific primers were used: For hepcidin
5’-ATGGCACTGA GCTCCCAGAT-3* (forward) and 5’- ACTTTGATCG
ATGACAGCA GCCG-3’ (reverse); for B-actin 5~ AGGATGCAGA AGGAGATCAC T-
3’ (forward) and 5’-GGGTGTAACG CAACTAAGTC ATAG-3’ (reverse); and for 18S
RNA 5’-GTTCCGACCA TAAACGATGC-3’ and 5’-AACCAGACAA
ATCGCTCCAC-3’ (reverse). The reaction conditions were as follows: An initial
denaturation at 95°C for 1 min, followed by 40 cycles of amplification (denaturation at
95°C for 1 s, primer annealing at 65°C for 15 s and extension at 72°C for 20 s). Melting
curve analysis and agarose electrophoresis were used to verify the specificity of the

reaction products. Results from triplicate samples were expressed as hepcidin/p-actin and

hepcidin/18S RNA ratios.
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Dual luciferase reporter assays.

Firefly luciferase reporter plasmids -900 bp and -600 bp (4 pg each) were co-
transfected with 4 pg of Renilla reniformis luciferase control vector pRL-CMV
(Promega) into 1 million Huh7 cells in a 10 cm dish by using Lipofectamine™ Plus
reagent (Invitrogen). Twenty-four hours post-transfection, cells were equally split into 24
well plates and allowed to grow and attach for 18 hours. Conditioned media was
subsequently applied for 6 hours and Dual luciferase assays were performed in cell

lysates according to the manufacturer's instructions (Promega).

Preparation of hemolysate.

Peripheral blood (10 ml) from a healthy volunteer was collected in lavender top
EDTA tubes and centrifuged at 2,500 rpm for 15 minutes at 25°C, with the centrifuge
brake off. The plasma was discarded and the cell pellet was washed twice with PBS and
centrifuged at 3,000 rpm for 10 minutes at 25°C. One half of the red blood cell pellet was
subjected to hemolysis by addition of 3 ml double distilled water and incubation for 10
minutes at room temperature. Subsequently, the cell lysates were centrifuged at 12,000
rpm for 10 minutes at 25°C. The supernatant (hemolysate), the cell debris pellet, and the

other half of intact red blood cells were diluted with culture media to 20 ml.

Mouse experiments.
C57BL/6N male mice (Charles River) were aged for 2 to 3 months and were

subjected to a single intraperitoneal injection of phenylhydrazine at a concentration of 50
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mg/kg as described in [174]. For the iron diets and iron dextran experiments, female CD-
1 retired breeder mice were used. To isolate the plasma, 50-75 pl of blood was collected
from the heart of anesthetized mice in a heparinized microhematocrit tube. The tubes
were then spun at 2300 rpm for 3 minutes in a micro-hematocrit centrifuge and the top
phase plasma was subsequently collected and 1 pl was utilized for analysis of sHjv
expression by Western blotting. Serum iron parameters were analyzed at the Hematology
Department at the Jewish General Hospital. Iron dextran and control PBS were injected

into mice as described in [63].
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RESULTS

Hjv isoforms

Full length WT or disease-associated (Hjvgszov) mutant human Hjv cDNA, were
transiently and stably transfected into tTA-H1299 cells. Both Hjv constructs contained a
C-terminal HA epitope tag and overexpression in tTA-H1299 cells was controlled by a
“Tet-Off” system. Upon removal of tetracycline for 48 hours, different Hjv isoforms
were observed when comparing transient and stable transfections. Using RT-PCR, tTA-

H1299 cells were shown to lack endogenous Hjv (data not shown).

In transient transfections, western blot analysis shown in Fig. 1A using a
polyclonal HA antibody revealed the presence of 3 Hjv isoforms that were identical in
both WT (lanes 1-2) and mutant Hjvgszov (lanes 3-4). More specifically, a predominant
~52 kDa band was detected in addition to 2 much weaker bands of approximately ~49

and ~27 kDa.

Stably transfected clones were isolated and analyzed for Hjv expression. The
results from two representative H1299-Hjv and H1299-Hjvgszov clones, which are used
throughout this study, are shown in Fig. 1B. Both WT Hjv (lanes 1-2) and Hjvgsaov (lanes
3-4) were tightly regulated by tetracycline, while the levels of endogenous B-actin were
not affected by the antibiotic (bottom panel). In stably transfected cells, only the major
~52 kDa band was detectable by immunoblotting with the HA antibody and also with Hjv

antisera (Supplementary Fig. 1).

Hemin promotes Hjv shedding
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To evaluate whether the expression of WT and mutant Hjv responds to iron,
H1299-Hjv and H1299-Hjvgsav cells were exposed overnight to either 5 uM holo-
Transferrin (holo-Tf), 50 pg/ml ferric ammonium citrate (FAC) or 100 uM hemin.
Immunoblot analysis of the cell lysates showed that these treatments did not substantially
alter the levels of cHjv (Fig. 2A, top) and cHjvgsov (Fig. 2B, top). However, following
treatment with hemin, soluble forms of WT (Fig. 2A, second panel) and to a lesser extent
mutant (Fig. 2B, second panel) Hjv emerged in concentrated cell supernatants. Both
proteins co-migrated with sHjv from mouse serum (lanes 1), with an apparent molecular
mass of ~50 kDa. They were detected with Hjv antisera and did not cross-react with the
HA antibody, indicative of a processing event at the C-terminus. Hjv antisera also
recognizes a ~52 kDa band in H1299-Hjv and H1299-Hjvgsov cells (supplemental Fig.1
A) and a ~ 45 kDa band in mouse muscle tissues and to a much lesser degree in the liver
(Fig.11B, 12C and 12D). To rule out clonal specificity, a second isolated WT clone

displayed hemin induced shedding of sHjv (supplementary Fig. 1C).

As expected, the expression of cellular TfR1 and ferritin, which are involved in
iron uptake and storage, respectively, were also regulated by hemin, while control B-actin
was not (panels 4-6). Interestingly, under these experimental conditions, neither holo-Tf
nor FAC had any effect on sHjv release, even though they both induced ferritin
expression, albeit to a lesser degree than hemin. Holo-Tf at concentrations of 5-30 uM
failed to elicit any sHjv release (Fig. 3A and 3B). A dose dependent treatment of heme
revealed that sHjv and sHjvgsaov shedding occurs at approximately 50-100 uM (Fig. 3C

and 3D).
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Treatments known to modulate intracellular heme levels (Fig. 2A and 2B) such as
addition 6-aminolevulinic acid (lane 7), protoporphyrin IX (lane 8), succinyl acetone

(lane 9) and FAC plus 6-aminolevulinic acid (data not shown) did not affect sHjv release.

We conclude that extracellular hemin promotes the shedding of sHjv and

sHjvgsa0v from transfected H1299 cells.

Kinetics of hemin-induced sHjv shedding

The kinetics of hemin-mediated sHjv release was determined in a pulse-chase
experiment. We took advantage of the inducible Hjv expression system and analyzed the
decay (in the cells) and the release (in the media) of a defined Hjv (or Hjvgsaov) pool, in
the absence or presence of hemin, following re-addition of tetracycline. In this setting, the
half-life of cHjv and cHjvgsaov (Figs. 4A and 4B, respectively) was approximately 6 h
and was not affected by hemin. WT and mutant sHjv were detectable in media after 2 h
and their levels peaked after 24 h of hemin treatment. Even though the release of WT
sHjv was generally more robust, the eventual accumulation of sHjvgszov seems to exclude
a major defect in the processing of the mutant protein. Overall, the above results suggest
that the release of both WT and mutant sHjv is subjected to regulation and identify hemin

as an inducer.

Mechanism of hemin-induced sHjv shedding

Hemin (the Fe’* oxidation product of heme) is a potent inducer of heme

oxygenase-1 (HO-1) (Figs. 5A and 5B, second panels). This enzyme metabolizes heme
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(and hemin, following its reduction into heme) into biliverdin, iron and carbon monoxide,
which in turn activates various signaling cascades [200]. To explore a possible
involvement of HO-1 signaling in the mechanism of sHjv release, we blocked HO-1
activity with excess tin protoporphyrin IX (SnPPIX), a substrate analogue of heme and
inhibitor of HO-1 (lanes 3-4). This, however, failed to inhibit hemin-mediated shedding
of sHjv (third panels). Moreover, the hemin-independent induction of HO-1 by arsenite
was not sufficient to elicit sHjv release, indicative of a HO-1-independent mechanism
(lanes 5-6). Thus, the shedding of sHjv (WT and mutant) in response to hemin does not
depend on HO-1 activity. The arsenite treatment was associated with a conversion of

cHjv and cHjvgsaov to the ~49 kDa isoforms (top panel); the reason for this is unclear.

The mechanism for hemin-induced shedding of sHjv could involve the secretory
pathway. However, neither brefeldin A nor monensin, which block the secretion of
glycoproteins [201], prevented the accumulation of sHjv (Fig. 5C) or sHjvgsaov (Fig. SD)
from hemin-treated cells. As expected, both brefeldin A and monensin induced the
phosphorylation of the translation initiation factor elF2a (third panels), which, is
indicative for activation of the PERK kinase due to ER stress [202]. These results suggest
that the hemin-mediated release of sHjv is independent of the secretory pathway and may

involve cleavage from the plasma membrane.

We next sought to gain insight into the factors responsible for membrane cleavage
during hemin treatment. In cell culture, factors involved in hemin-induced shedding may
originate from either the media’s fetal bovine serum or the cells themselves. To address
this, H1299-Hjv and H1299-Hjvgsyov cells were treated with hemin in the presence of

either fetal bovine serum or 10% albumin. As a result, hemin mediated shedding of sHjv
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was observed in both WT and mutant cells, regardless if they were cultured with media
supplemented containing either fetal bovine serum or albumin (Fig. 5E and 5F).
Interestingly, in the absence of both fetal bovine serum and albumin, hemin precipitated
and did induce release of sHjv and sHjvgsaov (supplementary Fig. 1C). Thus, the
factor(s) responsible for hemin induced shedding of sHjv and sHjvgszov most likely
originates from H1299-Hjv and H1299-Hjvgsyoy cells. Taken together, the mechanism
by which sHjv is most likely shed from the membrane is independent of HO-1, the

secretory pathway and factors present in fetal bovine serum.

Hemin-regulated shedding of endogenous sHjv from H9C2 myoblasts

Since Hjv is primarily expressed in skeletal muscle, we investigated whether
hemin is capable of inducing sHjv release in a muscle cell line. The growth of HOC2
myoblasts in low-serum (1% horse serum) differentiation media was associated with the
release of endogenous sHjv (Fig. 6A and 6B) indicative of differentiation as illustrated in
the data obtained with C2 and C2AS12 myoblasts. Importantly, hemin but not its
precursor protoporphyrin IX triggered the release of endogenous sHjv from
undifferentiated H9C2 cells (Fig. 6B, lanes 3-4) and this effect was more pronounced
when the cells were grown in differentiation media (lanes 6-7). A higher loading of the
blot indicates that the shedding of sHjv triggered by hemin is dramatic, compared to the

differentiation response.

Shedding of sHjv in response to a human hemolysate
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Having established that hemin induces shedding of transfected and endogenous
sHjv, we sought to recapitulate this effect under more physiologically relevant
conditions. More specifically, peripheral blood from a healthy volunteer was obtained
and subjected to hemolysis. Subsequently, the hemolysate was cleared by centrifugation
and incubated with H1299-Hjv and H1299-Hjvgsaov cells. The hemoglobin- and heme-
rich soluble fraction of the hemolysate induced the release of sHjv (Fig. 7A, lane 4) and
sHjvgsov (Fig. 7B, lane 4), while the pellet (lanes 5), or intact red blood cells (lanes 3)
failed to do so (observations supported by a second donor, data not shown). In addition,
dose dependent treatment of hemoglobin revealed sHjv and sHjvgsoy release at
approximately 50-100uM (Fig. 7C and 7D). These data imply that the release of sHjv

may constitute a pathophysiological response to intravascular hemolysis.

Phenylhydrazine-induced hemolysis in mice is associated with prolonged and
transient increases in serum sHjv levels and hepatic hepcidin expression,

respectively.

Thus far, in vitro experiments reveal that shedding of sHjv from transfected and
muscle cells occurs when treated with human hemolysate, hemoglobin or hemin. The
next step was to validate our cell culture data with an in vivo model. More specifically,
mice were injected with a single intraperitoneal injection of phenylhydrazine (PHZ) to
induce hemolytic anemia. PHZ treatment promoted a statistically significant (p<<0.05) 2.1
fold increase in serum sHjv levels and a (p<0.05) 2.4 fold induction of hepatic hepcidin
mRNA after 18 hours (Fig. 8). As expected, hepcidin expression subsequently dropped to

below basal levels at 48 and 72 hours post injection. As expected, % hematocrit was
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significantly lower 18 hours after injection. Other serum parameters are presented in
Table 1. Taken together, it is possible that sHjv released 18 hours post-PHZ injection
may positively regulate hepcidin expression. We next investigated whether sHjv is

capable of inducing hepcidin expression.

WT sHjv released from H1299-Hjv cells activates hepcidin expression in target

hepatoma cells

The compromised hepcidin response in humans and animals with Hjv deficiency
prompted us to evaluate how sHjv affects the expression of this iron regulatory peptide.
Huh7 hepatoma cells were cultured with conditioned media for 6 hours from control tTA-
H1299, H1299-Hjv or H1299-Hjvgaov cells, previously treated with hemin to release
sHjv. Exposure of Huh7 cells with media containing WT sHjv was associated with a ~4-
fold increase in hepcidin mRNA levels; however, media containing sHjvgsoy failed to

elicit an analogous response (Fig. 9A).

To determine if these responses occur at the level of transcription, hepcidin
promoter activity in treated Huh7 hepatomas was measured. Hepcidin promoter regions -
600 and -900 base pairs (bp) were each fused to firefly luciferase reporters and transiently
transfected into Huh7 hepatomas. Approximately 40 hours post-transfection, hepatomas
were treated with conditioned media for 6 hours from tTA-H1299, H1299-Hjv or H1299-
Hjvaaaov cells, previously treated with hemin to release sHjv. No significant difference in

luciferase activity was observed in each promoter under all conditions (Fig9B).

Taken together, these data suggest that sHjv is required to positively regulate

hepcidin expression and that this response is blunted in the disease associated sHjvgsaov.
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Furthermore, regulation of hepcidin expression was independent of promoter activity at

600 and 900 bp upstream from the start of translation.

Sera from healthy volunteers but not JH patients induce hepcidin expression in

hepatoma cells

To further assess the function of sHjv, HepG2 hepatoma cells were incubated
with media containing either fetal bovine serum, or a mixture of sera from either healthy
volunteers or JH patients bearing Hjv mutations. Sera from healthy volunteers stimulated
the expression of hepcidin mRNA by ~3-fold and this response was blunted with sera
from JH patients (Fig. 10a). Importantly, immunoblot analysis of serum samples from a
healthy volunteer and a JH patient (genotyped with Hjvgsoy mutation) revealed the
presence of WT or mutant sHjv, respectively (Fig. 10b); sHjv was repeatedly
undetectable in commercial fetal bovine serum. We conclude that WT sHjv from healthy
human sera is necessary to activate hepcidin expression, while mutant sHjv present in
patient sera is not. Putative confounding factors in patient sera, such as inflammatory
cytokines, though not measured, would have resulted in increased hepcidin expression.

Therefore, the blunted response is apparently due to the absence of functional sHjv.

High iron diet or iron dextran injections modulate hepcidin expression independent
of sHjv in mice

In vitro findings suggest that hemolytic driven shedding of sHjv is a positive
regulator of hepcidin expression. Furthermore, elevated serum sHjv in mice may be the

inducer of hepcidin expression, 18 hours post-PHZ-injection. Because patients and mouse
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models with Hjv defects display misregulated hepcidin expression and severe iron
overload, we utilized two mouse models that mimicked the iron overload phenotype. The
purpose, more specifically, was to monitor if sHjv plays a role in regulating hepcidin
expression during this state of elevated iron levels in the animal.

The iron overload models were mice either fed a high iron diet for 1 month (Fig.
11) or injected with iron-dextran (Fig. 12). After a 1 month high iron diet and 7 days
after iron-dextran injection, mice from both mouse models exhibited similar levels of
elevated serum iron, total iron binding capacity, transferrin saturation and serum ferritin
Tables 2 and 3. Furthermore, liver ferritin and HO-1 were elevated in high iron diets and
iron dextran treatments . Interestingly, muscle ferritin and HO-1 responded identically in
the liver upon iron dextran treatment (Fig. 11B) but were absent in the muscles of mice
with a high iron diet (Fig. 12C and 12D. In addition, significant hepcidin induction was
present in both mice. sHjv was unaltered in both models and in mice fed a low iron diet.
This suggests that in these iron overload mouse models, hepcidin induction was

independent of sHjv.

Positive correlation between hepatic hepcidin and sHjv in developing mice

It has been reported that throughout mouse development, hepatic hepcidin is
differentially expressed. To further investigate the role of sHjv in the regulation of
hepatic hepcidin, 3 mice were sacrificed at different stages of life. Liver hepcidin
expression and levels of sHjv were measured at the different developmental time points
and compared with each other. As illustrated in Fig. 13, a Spearman correlation

coefficient of 0.7 was measured and is indicative of a strong positive association. In
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accordance with previous reports [59, 203], hepcidin expression exhibits a pattern of low
expression in embryonic stage, followed by a slight elevation until a dramatic decrease at
days 8 and 15. Following this decrease, hepcidin expression is potentiated until day 56.
sHjv appears to positively correlate with hepcidin until day 15. Following day 15, sHjv
is unchanged whereas hepcidin continues to increase until day 56. This correlation
further corroborates that sHjv is involved in positively regulating hepcidin expression, at

least until day 15.
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DISCUSSION

Hjv is a recently discovered and still incompletely characterized protein that plays
an important role in systemic iron homeostasis [204] by controlling the expression of
hepcidin [2, 3, 86, 87]. In order to better understand its regulation and function, we
expressed WT Hjv and the JH-associated Hjvgszoy mutant in heterologous H1299 cells,
under the control of a tetracycline-inducible promoter. We searched for signals that may
affect Hjv expression in this system and found that micromolar concentrations of
extracellular hemin, but not perturbations of intracellular heme levels, promote the
shedding of a soluble isoform of the protein from the cells into the media (Fig. 2). We
observed no basal shedding or inhibition by iron treatment, as previously reported [1,
106, 107]. Our data suggest that sHjv released upon hemin treatment is via a different

mechanism from those reported in the past.

The release of WT sHjv was generally more robust, compared to sHjvgsaov,
especially considering that the expression levels of the mutant in the transfected cells
were ~3.7-fold higher than those of WT (Fig. 2). This may be related to defective
intracellular processing of sHjvgsaoy, as recently described [106]. Nevertheless, in this
experimental setting, high levels of sHjvgsov eventually accumulated in the cell
supernatants following prolonged hemin treatments (Fig. 4), suggesting that even though
the response is delayed, it can be completed. These findings demonstrate that heme

induces the shedding of both WT and mutant sHjv.

A possible involvement of HO-1 in the mechanism can be excluded by the failure
of its substrate analogue tin protoporphyrin IX to inhibit, and the inability of hemin-

independent induction of this enzyme to promote sHjv and sHjvgsaov release (Figs. SA
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and 5B). Because the inhibitors monensin and brefeldin A were unable to antagonize
sHjv and sHjvgsaov release in hemin-treated cells (Figs. 5C and 5D), it appears that the
mechanism does not require an intact secretory pathway. We speculate that the
mechanism rather involves proteolytic cleavage of plasma membrane-bound Hjv or,
alternatively, cleavage of its GPI anchor by a phospholipase by heme-induced enzymes.
Since brefeldin A and monensin disrupt the secretory pathway, Hjv shedding due to
hemin could only originate from the pool of Hjv that accumulated 48 hours prior to
treatment. Previously published data illustrated that the life span of membrane associated
Hjv is 12-24 hours [89]. Thus, accumulation of membrane associated Hjv for 48 hours

prior to treatment is stable during the 12 hour inhibition of the secretory pathway.

Furthermore, we exclude fetal bovine serum as possessing any hemin-activating
factors that are involved in our observed regulated shedding of sHjv (Fig. SE and 5F).
Taken together, we propose that hemin activated factor(s) originate from the cell and are
responsible for cleavage of membrane associated Hjv. Currently, work is under way to

isolate these potential factors.

Because all experiments establishing the regulated shedding of sHjv were
performed with transfected cells, it was important to examine how cells naturally
producing Hjv respond to hemin. The data in Fig. 6 confirm the release of endogenous
Hjv from hemin-treated HOC2 myoblasts. Interestingly, since myoblast cells release sHjv
during in vitro differentiation into myotubes [89] (see also Fig. 6) it appears that the
regulation of Hjv by hemin mimics a biological response. In quantitative terms, hemin is

clearly the most potent stimulus for sHjv shedding identified thus far. Furthermore, in
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vitro and in vivo experiments presented in this report, rule out any significant relationship

between sHjv shedding and different sources of iron.

Aiming to explore the physiological relevance of the above findings, we found
that not only “free” extracellular hemin and hemoglobin but also a human hemolysate
induces sHjv (and sHjvgs0v) release with similar efficiency (Fig. 7). A hemolysate is rich
in heme that is bound to hemoglobin and degradation intermediates. Considering that
intravascular hemolysis normally occurs for 10%-20% of the red blood cells [175], these
results suggest that the shedding of sHjv in response to heme can be a (patho)physiologic
process. Experimental support for this hypothesis is provided by the prolonged increase
of serum sHjv levels starting at 18 hours post-PHZ-injection in mice (Fig. 6).
Interestingly, a transient increase in hepcidin expression was also observed 18 hours post-
injection followed by an expected suppression [173, 174, 205]. It is well established that
upon PHZ injection, a lag period exists until an increase in duodenal iron absorption is
observed [205]. Recently, it was discovered that the lag period is due to a delayed
hepcidin response [205]. More specifically, approximately 1-3 days post-PHZ-injection,
hepcidin is suppressed to below basal levels which leads to increased iron absorption and
mobilization of stores to meet erythropoietic demand. What has received little attention
is the early transient increase in hepcidin following injection [174, 205]. Our data
suggest that following PHZ-injection, sHjv is increasingly shed from the membrane and
targets the liver to directly or indirectly induce transient hepcidin expression. Hepcidin
inhibition of both iron absorption in the duodenum and release from macrophages could
favor the reutilization of heme iron for erythropoiesis by the haptoglobin and hemopexin

scavenging systems [206]. Furthermore, we propose that the subsequent robust
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suppression of hepcidin in these mice is due to the overriding effect of the yet to be

identified erythroid regulator [173, 174].

We propose that sHjv is a positive upstream regulator of hepcidin. Conceivably,
recombinant sHjv [1, 5] or Hjv-Fc fusion protein [4] may not share similar properties
with our full length sHjv that undergoes cellular processing and glycosylation. To address
this, we are currently purifying sHjv released upon hemin treatment. We speculate that
sHjv may transcriptionally activate hepcidin via a BMP or neogenin signaling pathway,
by analogy to cHjv in a promoter region upstream of -900bp [3, 90]. It is also possible
that 1) sHjv stimulates other pathways or that 2) sHjv is a necessary co-factor for an
unidentified soluble activator of hepcidin expression. The presence of sHjvgszov in a JH
serum sample (Fig. 10b) denotes that the misregulation of hepcidin expression in Hjv-
associated JH patients [187] is due to defective signaling from mutant sHjv, again by
analogy to its cellular precursor [3]. Based on the Hjv mRNA expression pattern [2] and
our blots (Fig. 11b, 12¢ and d), skeletal muscles are the major source of circulating sHjv
and this tissue thereby appears to play an unexpected regulatory role in handling
hemolysis. Our results are consistent with a novel function of muscle-derived sHjv to
directly or indirectly activate hepcidin in the liver. Hjv mRNA is also expressed in the
liver [2]; however, the expression of cHjv is weak [88] (Fig. 11b, 12¢ and d) and very
likely restricted to periportal areas [87], while its target hepcidin is ubiquitous within
hepatocytes [207]. Circulating sHjv would offer a regulatory signal for hepcidin in

hepatocytes lacking cHjv.

Taken together, the function of physiologically produced sHjv in response to

hemolysis may be to positively regulate an early transient increase in hepcidin
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expression. However, positive regulation of hepcidin expression by sHjv may not only

be restricted to hemolytic conditions, as observed in the mouse developmental study.
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Hours Post Injection % Hematocrit Serum Iron (uM) TIBC (uM) % Tf Iron Saturation  Serum Ferritin (ug/L)

0 46.68 £ 0.64 31£5.35 4525+£25 68.75+10.21 139.25+£14.73

18 38.69 £ 2.13** 46.75 £6.95 55+5.72 85.25+12.42 229.25 + 27.66**
24 37.57 £2.08** 21.75+£2.5* 51.75 £3.59* 42.25 £5.74* 321.5 £ 40.55**
48 35.31 + 1.86*** 19.75 £ 6.85 56.5+9 34.75 £ 9.91* 316.5+77*
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Serum Iron (uM) TIBC (uM) % Tf Iron Saturation  Serum Ferritin (ug/L)

Control Buffer 32.33+7.5 52.33 +13.42 63.3+14 287.6 £ 211
Iron Dextran 52 + 6.55* 53 +£6.56 98 +£0 5867 + O***

120 Table 2



Serum Iron (uM) TIBC (uM) % Tf Iron Saturation  Serum Ferritin (ug/L)

Low Iron Diet 155+6.71 62 + 8.88 26.3+13 133+30.2
High Iron Diet 46.33 £ 3.2%** 48.33 £ 3.2* 95.6 £ 4*** 5867 £ 0***

121 Table 3



FIGURE LEGENDS
Fig. 1. Tetracycline-inducible expression of Hjv in H1299 cells displays different

isoforms of WT and mutant sHjv.

Human tTA-H1299 cells were transiently transfected with cDNAs encoding HA
epitope-tagged WT Hjv, or the disease-associated Hjvgszov mutant (A). Stable H1299-
Hjv and H1299-Hjvgszov clones were isolated and utilized in subsequent experiments (B).
The cells were grown for 48 h in the absence or presence of 2 pg/ml tetracycline (tet).
The expression of WT and mutant Hjv were analyzed by Western blotting with an
antibody against the HA epitope tag. The membranes were also probed with a B-actin

antibody (bottom panels).

Fig. 2. Hemin promotes release of sHJV whereas other sources of iron and heme
precursors had no effect on release.

H1299-Hjv (A) and H1299-Hjvgsav (B) cells were grown in the absence of
tetracycline for 48 hours and then treated with 2 mM succinyl acetone, 100 uM
protoporphyrin IX, 2 mM J-aminolevulinic acid, 5 puM holo-tranferrin (holo-Tf), 50
pg/ml ferric ammonium citrate (FAC) or 100 uM hemin for 12 hours. Cell lysates were
analyzed by Western blotting for the expression of cHjv (top panels), TfR1 (third panels),
ferritin (fourth panels) and B-actin (bottom panels). sHjv (second panels) was detected in
concentrated culture media. 1 pl of serum obtained from C57B6 mice was loaded on lane
1 as a positive control for sHjv. The apparent increase of Hjvgszov in lane 4 was not

consistent in multiple experiments and denotes experimental variability.

Fig. 3. Dose curves for holo-Tf and hemin treatment of H1299-Hjv and H1299-

HjVngoV cells.
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H1299-Hjv (A and C) and H1299-Hjvgszov (B and D) cells, grown in the absence
of tetracycline for 48 h, were treated with the indicated concentrations of holo-Tf (A and
B) and hemin (C and D) for 12 h. The expression of cHjv (top panels) and B-actin
(bottom panels) and the release of sHjv (middle panels) were analyzed by Western

blotting.
Fig. 4. Kinetics of hemin mediated release of WT and mutant sHjv.

H1299-Hjv (A) and H1299-Hjvgsav (B) cells were grown in the absence of
tetracycline for 48 h. Tetracycline (2 pg/ml) was added back to H1299-Hjv and H1299-
Hjvasaov cells and incubation in the absence or presence of 100 uM hemin was continued
for the indicated time intervals. The expression of cHjv (top panels) and B-actin (bottom

panels) and the release of sHjv (middle panels) were analyzed by Western blotting.

Fig. 5. Mechanism of Hemin-induced sHjv release is independent of HO-1 activity,

the secretory pathway and fetal bovine serum.

(A and B) H1299-Hjv (A) and H1299-Hjvgszov (B) cells, grown in the absence
tetracycline for 48 h, were either left untreated, or treated for 12 h with 100 uM hemin in
the absence or presence of 200 uM tin protoporphyrin IX (SnPPIX) or 20 uM arsenite.
The expression of Hjv (top panels), HO-1 (second panels) and B-actin (bottom panels)
and the release of sHjv (middle panels) were analyzed by Western blotting. (C and D)
Likewise, H1299-Hjv (C) and H1299-Hjvgsov (D) cells were either left untreated, or
treated for 12 h with 100 uM hemin in the absence or presence of 10 pM monensin or
brefeldin A. The expression of cHjv (top panels), phosphorylated (at Ser-51) elF2a (third

panels) and B-actin (bottom panels) and the release of sHjv (second panels) were
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analyzed by Western blotting. (E and F) H1299-Hjv (E) and H1299-Hjvgsaov (F) cells
were grown either in the presence of fetal bovine serum (FBS) or albumin and treated
with or without 100 uM hemin for 12 h. The expression of cHjv (top panels), and B-actin
(bottom panels) and the release of sHjv (middle panels) were analyzed by Western

blotting.

Fig. 6. Hemin promotes the release of endogenous sHjv from H9C2 myocytes.

The cells were grown in the presence of either 10% fetal bovine serum (FBS) or
1% horse serum (HS) for 72 hours. Subsequently, the cells were either left untreated or
treated with 100 uM hemin or protoporphyrin IX for 12 hours. The release of sHjv was
analyzed by Western blotting. Mouse serum (1 pl) was loaded on lanes 1 as a positive

control for sHjv. In (B), the lower panel depicts higher loading of the samples.

Fig. 7. Human hemolysate and hemoglobin promote the release of sHjv.

H1299-Hjv (A) and HI1299-Hjvgsov (B) cells, grown in the absence of
tetracycline for 48 h, were either left untreated, or treated for 6 h with 100 uM hemin,
intact red blood cells (RBC), the pellet fraction or the supernatant of a human
hemolysate. H1299-Hjv (C) and H1299-Hjvgszov (D) cells were also treated with the
indicated concentrations of hemoglobin. The expression of Hjv (top panels) and B-actin
(bottom panels) and the release of sHjv (second panels) were analyzed by Western

blotting.

Fig. 8. Increase in liver hepcidin and serum sHjv in response to mice treated with

phenylhydrazine (PHZ).
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Mice received a single intraperitoneal injection with 50 mg/kg PHZ. (A)
Quantification of serum sHjv and hepcidin/B-actin mRNA levels from western and
northern blots respectively, were compared to a normalized time 0. 4 mice were
sacrificed and analyzed for each time point and treatment. * p<0.05 and ** p<0.01

(Student’s t test).

Fig. 9. WT sHjv released from H1299-Hjv cells activates hepcidin expression in

target Huh7 hepatoma cells independent of -600 and -900 bp hepcidin promoters.

(A and B) Parent tTA-H1299, H1299-Hjv and H1299-HjvG320V cells were
treated for 15 h with 100 uM hemin. Subsequently, the conditioned media were collected
and applied to Huh7 hepatoma cells for 6 h. (A) The expression of hepcidin mRNA was
quantified by using real time RT-PCR with the AACt quantification method; values were
normalized to those of B-actin. All treatments were performed in triplicate; * p<0.05 and
** p<0.01 (Student’s t test). (B) -600 and -900 bp hepcidin promoters were cotransfected
with a Renilla luciferase control vector, pRL-CMYV, into Huh7 cells. Upon treatment with

conditioned media, cell lysates were analysed by dual luciferase assays.

Fig. 10. Sera from healthy volunteers but not JH patients induce hepcidin

expression in HepG2 hepatoma cells.

(A) HepG2 cells were cultured in media containing either 10% FBS, or a mixture
of sera from either healthy volunteers or JH patients. The expression of hepcidin mRNA
was quantified by using real time RT-PCR with the AACt quantification method; values
were normalized to those of PB-actin. All treatments were performed in triplicates; *

p<0.05 and ** p<0.01 (Student’s t test). (B) FBS (lane 1), serum from a healthy volunteer
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(lane 2) and serum from a JH patient with a HjvG320V mutation (lane 3) were analyzed

for sHjv expression by Western blotting.

Fig. 11. Mice treated with iron dextran exhibit an increase in liver hepcidin

independent of a sHjv reponse.

(A and B) Mice received a single subcutaneous injection of iron-dextran at a dose
of 1 g of iron/kg of body weight. 7 days post-injection, 6 mice in total (3 for each
injection) were sacrificed and subsequently analyzed. (A) Quantification of serum sHjv
and hepcidin/B-actin mRNA levels from western and northern blots respectively, were
compared to a normalized control buffer injection. (B) In addition, protein extracts from
liver and muscle tissues were analyzed for the expression of cHjv (top panels), TfR1
(second panels), ferritin (third panels), HO-1 (fourth panels) and B-actin (bottom panels)

by Western blotting. ** p<0.01 (Student’s t test).

Fig. 12. Mice fed a high iron diet display robust hepcidin induction independent of

a sHjv response.

(A-D) Mice were fed either a low or high iron diet for a period of 1 month. 4
mice per each diet were subsequently sacrificed and analyzed. Quantification of serum
sHjv (A) and hepcidin/B-actin mRNA (B) levels from western and northern blots
respectively, were compared to the normalized low iron diet. (C and D) Furthermore,
protein extracts from liver (C) and muscle (D) tissues were analyzed for the expression of
cHjv (top panels), TfR1 (second panels), ferritin (third panels), HO-1 (fourth panels) and

[B-actin (bottom panels) were analyzed by Western blotting. ** p<0.01 (Student’s t test).
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Fig. 13. Levels of sHjv positively correlate with liver hepcidin expression during the

course of a mouse’s development.

At each time point of the mouse’s development, 3 mice were sacrificed and
analyzed. Quantification of serum sHjv (A) and hepcidin/B-actin mRNA (B) levels from
western and northern blots respectively, were compared to the normalized age 0 of the
mice. A comparison between the levels of sHjv and hepatic hepcidin mRNA at different

stages of their development revealed a Pearson's Correlation Coefficient 0.7.
Supplementary Fig. 1.

(A) Hjv antisera detected 1 major ~52 kDa, similar to that detected with a

polyclonal HA antibody in Fig. 1A and 1B.

Stable H1299-Hjv and H1299-Hjvgszov clones were grown for 48 h in the absence
or presence of 2 ug/ml tetracycline (tet). The expression of WT and mutant Hjv were
analyzed by Western blotting with an antibody against the Hjv antisera (top panels). The

membranes were also probed with a -actin antibody (bottom panels).
(B) Hemin promotes the release of sHjv from a second H1299-Hjv (clone #8).

H1299-Hjv cells were grown in the absence of tetracycline for 48 hours and then
treated with 100 uM hemin for 12 hours. Cell lysates were analyzed by Western blotting
for the expression of cHjv (top panels), B-actin (bottom panels). sHjv (second panels)

was detected in concentrated culture media.

(C) Hemin induced release of soluble Hjv is blunted in FBS-free media.
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H1299-Hjv and H1299-Hjvasaov cells, grown in the absence tetracycline for 48 h,
were either left untreated, or treated for 12 h with 100 uM hemin in the absence or

presence of (FBS) for 12 h. The release of sHjv was analyzed by Western blotting.

Table 1: % Hematocrit and serum iron parameters in mice untreated and PHZ

injected mice at different time points.

% Hematocrit, serum iron, TIBC, Tf iron saturation and serum ferritin was
measured in control mice and mice sacrificed 18, 24 and 48 hours post-PHZ injection.
There are 4 mice for each time point and the results are presented as a mean * standard
deviation. Statiscal p values compared time 0 preinjection with time points 18, 24 and 48

hours.
* p<0.05, ** p<0.01 and *** p<0.001 (Student’s t test).
Table 2: Serum iron parameters in control and iron dextran injected mice.

Serum iron, TIBC, Tf iron saturation and serum ferritin was measured in mice
injected with either a control buffer or iron dextran. There are mice for each time point

and the results are presented as a mean =+ standard deviation.
* p<0.05 and *** p<0.001 (Student’s t test).
Table 3: Serum iron parameters in mice fed either a low or high iron.

Serum iron, TIBC, Tf iron saturation and serum ferritin was measured in mice fed
either a low or a high iron diet. There are 4 mice for each time point and the results are

presented as a mean * standard deviation.

* p<0.05 and *** p<0.001 (Student’s t test).
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CHAPTER III. HEPCIDIN GENERATED BY HEPATOMA CELLS INHIBITS IRON

EXPORT FROM CO-CULTURED THP1 MONOCYTES

Bill Andriopoulos and Kostas Pantopoulos

129



PREFACE
In the previous chapter II, we provided evidence that sHjv is involved in the
induction of hepcidin expression. In the following Chapter III we investigate the
functional properties of hepcidin. More specifically, we establish a co-culture model
consisting of hepcidin producing hepatomas and monocytes. Using this system, we

monitor the functional effects of hepcidin on iron handling in the RES.
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ABSTRACT

The antimicrobial peptide hepcidin is generated in the liver and released into the
circulation in response to iron, oxygen and inflammatory signals. Hepcidin serves as a
hormonal regulator of duodenal iron absorption and iron trafficking in the RES. The aim
of this study is to explore the effects of this regulatory peptide in macrophage iron
metabolism.

Hepcidin-mediated iron efflux and parameters of cellular iron homeostasis were
studied in THP1 monocytic cells co-cultured with hepcidin-producing hepatic cells.

Stimulation of hepcidin expression in Huh7 cells with interleukin-6 promoted a
significant ~30% decrease in > Fe efflux from THP1 cells, previously loaded with *’Fe-
transferrin. Similar results were obtained with HepG2 cells transfected with a hepcidin
cDNA. Importantly, hepcidin expression from Huh7 cells elicited a decrease in the levels
of the iron-sensitive post-transcriptional regulator IRP2 in THP1 cells, accompanied by
de novo synthesis of the iron storage protein ferritin.

Physiologically generated hepcidin inhibits iron efflux and promotes iron
accumulation in monocytic cells, mimicking a pathophysiological response commonly
observed in the anemia of inflammation. Our results highlight the crucial role of hepcidin

in the control of macrophage iron homeostasis.
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INTRODUCTION

Hepcidin, a conserved cysteine-rich peptide of 20-25 amino acids, is produced in
the liver and functions as the principal hormonal regulator of body iron homeostasis
[208-210]. Hepcidin negatively regulates iron absorption in the duodenum and transport
in reticuloendothelial cells by controlling the levels of the iron exporter ferroportin [6,
61]. The expression of hepcidin is turned off in response to low body iron stores, anemia
or hypoxia [132]. On the other hand, hepcidin is induced by iron overload [63] or by
inflammatory signals via interleukins IL-1 or IL-6 [62, 135]. Misregulation of hepcidin
expression is associated with a broad spectrum of iron-related disorders.

Genetic mutations leading to complete silencing of hepcidin are etiologically
linked to a rare form of juvenile hemochromatosis [66], an early onset disease of iron
overload characterized by pathological iron absorption and deposition within
parenchymal cells with a relative sparing of macrophages [211]. More common forms of
hereditary hemochromatosis (caused by mutations in HFE, TfR2 or HJV) [211] correlate
with various degrees of hepcidin deficiency [2, 195, 196, 212]. Likewise, hepcidin is
suppressed in patients with thalassemia syndromes but increases in patients with
“ferroportin disease” [213]. Similar phenotypes have been described in mouse models of
hemochromatosis [58, 85-87, 214-216] and thalassemia [217]. Transgenic mice over-
expressing hepcidin from a liver-specific promoter show profound defects in materno-
foetal iron transport and display severe iron deficiency anemia [59].

Hepcidin levels are normally elevated following iron ingestion or infection [62].
The upregulation of hepcidin expression by inflammatory signals is tightly linked to the

“ACD” (ACD) or “anemia of inflammation” (AI) [218, 219]. This condition is
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characterized by hypoferremia due to iron retention within macrophages and decreased
iron absorption. The withholding of iron may be protective against growing bacteria but
eventually limits erythropoiesis. Even though the development of ACD depends on
multiple factors [219], hepcidin is considered as the key mediator for the diversion of
iron traffic by controlling the stability of ferroportin [6, 61], which is unique in its
capacity to export iron from macrophages and intestinal cells [194].

The experimental evidence supporting this mechanism was based on the direct
binding of human hepcidin to transfected mouse ferroportin-GFP in HEK293 and HeLa
cells, promoting its internalization and lysosomal degradation [6, 61]. In a separate study,
synthetic human hepcidin inhibited iron export and decreased the levels of transfected
murine ferroportin in J774 macrophages [7]. These data are consistent with a function of
hepcidin as a principal regulator of iron efflux from macrophages.

Considering that the effector (hepcidin) and the target (ferroportin) are expressed
in different cell types, the above mechanism would require cell-to-cell communication
between hepcidin-producing hepatocytes with macrophages. To further validate the
molecular basis of hepcidin regulatory activity under physiologically relevant conditions,
we establish here a co-culture model of Huh7 or HepG2 hepatoma and THP1 monocytic
cells. We demonstrate that hepcidin generated by hepatoma cells is capable of regulating

iron metabolism in neighboring monocytes.
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MATERIALS AND METHODS
Materials.
Hemin, IL-6 and ceruloplasmin were purchased from Sigma (St. Louis, MI).
Desferrioxamine (DFO) was from Novartis (Dorval, QC, Canada). High molecular
weight desferrioxamine (HMW-DFO), a non-permeable hydroxyethyl starch conjugate

[220], was obtained from Biomedical Frontiers (Minneapolis, MN).

Cell culture.

Human Huh7 and HepG2 hepatoma cells and H1299 lung cancer cells were
grown in Dulbecco's modified Eagle's medium supplemented with 10% heat-inactivated
fetal bovine serum, 100 units/ml penicillin, and 100 pg/ml streptomycin. Media for Huh7
and HepG2 cells also contained 1% non-essential amino acids. Human THP1 monocytic

cells were cultured in supplemented RPMI.

Co-culture experiments.

2x10° THPI1 suspension cells were inserted into a co-culture cartridge (BD
Falcon), which was placed on top of 6-well dishes containing monolayers of 0.2x10°
Huh7, HepG2 or H1299 cells. Co-culture experiments were performed in serum-free

RPMI to avoid possible interference of serum transferrin on iron uptake and release.
Generation of HepG2 hepcidin transfectants.

Human hepcidin cDNA (kindly provided by Dr. M. Muckenthaler, University of

Heidelberg, Germany) was digested out of the parent pPDNR-LIB vector with EcoR1 and
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Xhol and ligated into pcDNA3. The construct was transfected into HepG2 cells by
Lipofectamine Plus (Invitrogen) and stable clones were selected and maintained in the

presence of 500 pg/ml G418 (Invitrogen).

Iron release assays.

**Fe-labelled transferrin (Tf) was prepared as previously described [158]. THPI
suspension cells were loaded overnight with 5 pM *’Fe-Tf in serum-free RPMI.
Subsequently, the cells were harvested by centrifugation at 4°C and washed 4x with ice-
cold RPMI to remove traces of soluble *’Fe-Tf. Under these conditions, less than ~0.1%
of radioactivity could be extracted after the second wash, indicating complete removal of
non-internalized transferrin. Aliquots of 2x10° cells were resuspended in pre-warmed
serum-free RPMI containing 100 uM HMW-DFO and immediately placed into a CO,
incubator at 37°C either alone, or in co-culture with other cells. Radioactivity in the
supernatant, corresponding to * Fe release, and in THP1 cells was monitored at specified
time intervals on a y-counter. To calculate the percentage of *°Fe release, the amount of
soluble radioactivity was divided by the total amount of radioactivity in media and THP1

cells.

Western blotting.

Cells were lysed in cytoplasmic lysis buffer (1% Triton X-100, 300 mM NaCl and
50 mM Tris/HCl; pH 7.4). Cell debris was cleared by centrifugation and protein
concentration was measured with the Bradford reagent (BioRad). Cell lysates (15 pg)

were resolved by SDS/PAGE and proteins transferred onto nitrocellulose filters. The
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blots were saturated with 10% non-fat milk in Tris-buffered saline (TBS) and probed
overnight at 4°C with 1:500 diluted ferritin (DakoCytomation Inc.) or IRP2 [221]
antibodies. After 3x washes with TBS containing 0.1% (v/v) Tween 20, the blots were
further incubated for 2 h at room temperature with 1:5000 diluted goat anti-rabbit IgG
(Sigma). Detection of the peroxidase-coupled secondary antibodies was performed with

the ECL® method (Amersham). The blots were quantified by densitometry.

Metabolic labeling with *S-methionine/cysteine and immunoprecipitation of
ferritin.

THP1 cells were metabolically labeled during co-culture with (50 pCi/ml) trans-
[**S]label, a mixture of 70:30 **S-methionine/cysteine (ICN). Cytoplasmic lysates (160
pug) were subjected to quantitative immunoprecipitation with 5 pl ferritin antibody
(Roche). Immunoprecipitated proteins were analysed by SDS/PAGE and visualized by

autoradiography. Radioactive bands were quantified by phosphorimaging.

Northern Blotting.

Cells were lysed with the Trizol reagent (Invitrogen) and RNA was prepared
according to the manufacturer's recommendations. Total cellular RNA (10 pg) was
electrophoretically resolved on a denaturing agarose gel, transferred onto nylon
membranes, and hybridized to **P-labeled human hepcidin or B-actin ¢cDNA probes.

Autoradiograms were quantified by phosphorimaging.

Statistical Analysis.
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Data are shown as meanstSD. Statistical analysis was performed by one-way

ANOVA test with the Prism GraphPad Software (version 4.0c).
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RESULTS
*Fe uptake and release from THP1 monocytic cells.

Human THP1 monocytic cells were utilized as a model to study the effects of
hepcidin on the regulation of macrophage iron metabolism. We first established
conditions for iron release assays. The cells were loaded overnight with *’Fe-Tf and the
efflux of “Fe in serum-free media was measured on a y-counter. In preliminary
experiments we noticed that ~20% of released radioactivity could not be recovered and
remained attached to the plastic dish. Complete solubilization of released Fe was
accomplished by employing HMW-DFO as an iron acceptor. The addition of bovine
ceruloplasmin at concentrations of 0.2 or 0.6 pg/ml did not appreciably alter the amount
of soluble radioactivity (data not shown). A typical time course experiment under
optimized conditions is shown in Fig. 1. The efflux of >’Fe was fast and reached a plateau
within 45-60 min, possibly due to the absence of other iron sources in the serum-free
media. The plateau was maintained for up to 5 h. The fraction of released radioactivity
corresponded to ~16% of the amount of internalized *’Fe. Thus, under these experimental
conditions, iron efflux from THP1 cells only occurs for 45-60 min following termination

of external iron supply.

Generation of hepcidin by Huh7 or HepG2 hepatoma cells inhibits *°Fe release from
co-cultured THP1 monocytes.

Because hepcidin is exclusively produced by hepatocytes [208-210], we utilized
Huh7 hepatoma cells as physiological source of the peptide. As expected [116], a

treatment with 20 ng/ml IL-6 for 2 h dramatically induced hepcidin mRNA expression in
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Huh7 cells, but not in control H1299 lung cancer cells (Fig. 2A). In a time course
experiment, hepcidin mRNA levels peaked within 1-2 h and remained elevated after 6 h
of IL-6 treatment, while under these conditions the expression of control B-actin mRNA
did not change (Fig. 2B). We next examined how physiologically generated hepcidin
controls macrophage iron efflux. Huh7 cells, previously treated with IL-6, or not, or
H1299 cells, were co-cultured with [*Fe-Tf]-loaded THP1 monocytes. When co-cultured
with [IL-6]-treated Huh7 cells, THP1 monocytes released ~30% less *°Fe as compared to
control (Fig. 2C). The effect was statistically significant (p<0.05) and suggests that
hepcidin generated by Huh7 cells in response to IL-6 inhibits iron efflux from THPI
monocytes. In co-cultures with untreated Huh7 cells, which express low levels of
hepcidin mRNA (Fig. 2A), a ~15% decrease in *’Fe release from THP1 monocytes was
observed. Trypan blue exclusion assays showed that under all experimental conditions
cell viability was not affected, confirming that the release of *’Fe was not due to cell
decay.

It could be argued that the above described inhibition in *’Fe release may not be
directly mediated by hepcidin but rather depend on other, possibly pleiotropic effects of
IL-6. To achieve high levels of hepcidin expression in the absence of IL-6 stimulation, a
hepcidin ¢cDNA was transfected into HepG2 hepatoma cells and stable clones were
selected. Northern blot analysis shows that hepcidin mRNA expression is dramatically
upregulated in HepG2 clone #6 (Fig. 3A). The effects of hepcidin on iron release were
evaluated in co-culture assays of HepG2 #6, parent HepG2, or control H1299 cells with
[*Fe-Tf]-loaded THP1 monocytes. In the presence of HepG?2 #6, the release of **Fe from

THP1 monocytes was statistically significantly (p<0.05) decreased by ~35% as compared
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to control (Fig. 3B), in agreement with the data obtained with [IL-6]-stimulated Huh7
cells. Likewise, in co-culture with parent HepG2 cells, a smaller (~14%) decrease in > Fe
release was apparent, as with untreated Huh7 cells. Taken together, the results in Figs. 2
and 3 suggest that physiologically produced hepcidin inhibits iron efflux from target

monocytes.

Hepcidin generated by Huh7 cells elicits responses to iron loading in co-cultured
THP1 monocytes.

The hepcidin-mediated inhibition of *°Fe release from THP1 cells implies that
physiologically generated hepcidin may have the capacity to alter their overall iron status.
To examine this, THP1 cells were co-cultured with Huh7 hepatoma or control H1299
cells and the expression of the cytoplasmic post-transcriptional regulator IRP2, which is
sensitive to proteasomal degradation in response to iron loading [40], was analyzed by
Western blotting. The co-culture with [IL-6]-stimulated Huh7 cells promoted a profound
(~66%) decrease in the steady-state levels of IRP2 in THPI cells (Fig. 4). The decrease
was more modest (~13%) in the absence of IL-6 treatment (lane 2). Consistently with the
data in Fig. 2, a treatment of control H1299 cells with IL-6 did not affect IRP2 levels in
co-cultured THP1 cells (supplemental Fig. 1A). These findings support the idea that
hepcidin-mediated inhibition of iron efflux results in accumulation of intracellular iron
within THP1 cells, which is sensed by IRP2 and promotes its degradation.

The reduction of IRP2 levels is expected to de-repress ferritin mRNA translation;
this in turn leads to storage and detoxification of excess iron [40, 209]. An

immunoprecipitation assay with ferritin antibodies following metabolic labeling of the
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co-cultured cells with *>S-methionine/cysteine revealed that [IL-6]-stimulated Huh7 cells
triggered a 2.1-fold increase in de novo ferritin synthesis in THP1 cells (Fig. 5, lanes 1-
3). As expected, a treatment with hemin fully de-repressed ferritin synthesis by 5.3-fold
(lane 4), while a co-culture with [IL-6]-stimulated control H1299 cells did not affect
ferritin mRNA translation in THPI cells (supplemental Fig. 1B). We conclude that
physiologically generated hepcidin modulates iron homeostasis and yields an iron-rich

phenotype in THP1 monocytes via inhibition of iron efflux.
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DISCUSSION

The antimicrobial peptide hepcidin has emerged as a major hormonal regulator of
systemic iron homeostasis. Overwhelming genetic data, suggested that hepcidin
negatively regulates dietary iron absorption in the duodenum and the recycling of iron
from senescent red blood cells via reticuloendothelial macrophages [208, 210, 218].
Biochemical experiments revealed that hepcidin binds to transfected GFP-ferroportin and
regulates its subcellular localization and stability [6, 61]. The iron exporter ferroportin
mediates iron efflux from macrophages, which is crucial for the maintenance of a
dynamic pool of transferrin-bound iron in plasma and the delivery of the metal to
developing erythroid cells and other tissues [209]. The potential of hepcidin to control
ferroportin expression provides a framework to understand the function of this peptide.
Nevertheless, the functional characterization of hepcidin is far from completed and
important physiological aspects remain largely unexplored. This prompted us to study the
effects of hepcidin on macrophage iron efflux and on overall macrophage iron
metabolism.

Because hepcidin is generated by hepatocytes and serves as a signal to target
macrophages (and enterocytes), we established a physiologically relevant co-culture
model of hepcidin-producing hepatoma cells and target THP1 monocytic cells. We
previously optimized conditions for an iron release assay: THP1 cells were loaded with
*Fe-Tf and the release of *’Fe in serum-free media was monitored in the presence of
HMW-DFO as an iron acceptor (Fig. 1). The induction of endogenous hepcidin by Huh7
cells in response to stimulation with IL-6, or the over-expression of a hepcidin cDNA in

transfected HepG2 cells, appreciably reduced the release of *Fe from co-cultured THP1
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monocytes by 30-35% (Figs. 2 and 3). These statistically significant values (p<0.05)
compare to * Fe release in control co-culture experiments with H1299 lung cancer cells.
A consistent, yet smaller decrease (~15%) that did not reach statistical significance was
apparent when *’Fe release from THP1 monocytes was compared between co-cultures
with control H1299 cells that do not express any hepcidin (Fig. 2A), and co-cultures with
unstimulated Huh7 or untransfected HepG2 cells. This effect could be attributed to basal
expression of hepcidin in the hepatic cells.

The data in Figs. 2 and 3 directly demonstrate that physiologically generated
hepcidin controls iron efflux from monocytic cells. They also corroborate biochemical
experiments documenting inhibition of iron efflux due to hepcidin-mediated
relocalization and lysosomal degradation of transfected ferroportin [6, 7, 61]. Moreover,
they strongly suggest that hepcidin produced by hepatoma cells likely targets endogenous
ferroportin from co-cultured THP1 cells for degradation. Experiments are underway to
validate this hypothesis, which is further supported by recent data showing that exposure
of bone marrow-derived macrophages to synthetic hepcidin decreases levels of
endogenous ferroportin [222].

Importantly, the capacity of physiologically generated hepcidin to inhibit *Fe
release from THPI1 cells correlates with a reduction of IRP2 levels (Fig. 4) and the
concomitant de-repression of ferritin synthesis (Fig. 5). Because IRP2 is sensitive to iron-
dependent degradation [40], assessment of its steady-state levels serves as a reliable
marker of cellular iron status [6]. Thus, low IRP2 levels are indicative of an iron-replete

state. The observed increase in de novo synthesis of ferritin, that stores and detoxifies
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excess intracellular iron [223], is in agreement with the well-established function of IRP2
as a repressor of ferritin mRNA translation [40, 209].

In summary, the data presented here show that hepcidin generated by hepatic cells
inhibits iron efflux from target monocytes and activates homeostatic responses in these
cells to handle iron accumulation. These findings are fully consistent with a function of
hepcidin in controlling the degree of iron load in macrophages and with the proposed

causative relationship of pathological hepcidin expression with the development of ACD.
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FIGURE LEGENDS
Fig. 1. Kinetics of *°Fe release from THP1 monocytic cells.

The cells were loaded with 5 pM *Fe-Tf for 16 h and the release of Fe in
serum-free media was measured at the indicated time intervals. The media contained 100
uM HMW-DFO to capture and solubilize *’Fe. Iron release is expressed as percentage of
the total amount of soluble *°Fe in media divided by *’Fe in both media and cells. Values

correspond to triplicate experiments (mean £SD).

Fig. 2. The expression of hepcidin from Huh7 hepatoma cells inhibits **Fe release in
THP1 monocytes.

(A) Huh7 hepatoma and H1299 lung cancer cells were treated with 20 ng/ml IL-6
for 2 h and the expression of hepcidin mRNA was analyzed by Northern blotting. (B)
Huh7 cells were treated with 20 ng/ml IL-6 and the expression of hepcidin (top) and B-
actin (bottom) mRNAs at the indicated time intervals was analyzed by Northern blotting.
(C) THP1 monocytes were loaded with 5 uM *’Fe-Tf for 16 h and co-cultured for 4 h
with H1299 or Huh7 cells, previously treated with 20 ng/ml IL-6 for 2 h or not. The
release of *Fe was monitored in serum-free media containing 100 pM HMW-DFO. Iron
release, calculated from the total amount of soluble *’Fe in media divided by *’Fe in both
media and cells, is expressed as percentage of control (co-culture with H1299 cells).
Values correspond to triplicate experiments (mean £SD).

* p<0.05 versus control (one-way ANOVA test).
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Fig. 3. The expression of hepcidin from HepG2 hepatoma cells inhibits *°Fe release
in THP1 monocytes.

(A) Northern blot analysis of hepcidin (top) and B-actin (bottom) mRNAs in
parent HepG2 cells and in HepG2 #6, stably transfected with a hepcidin cDNA. (B)
THP1 monocytes were loaded with 5 uM *°Fe-Tf for 16 h and co-cultured for 4 h with
either control H1299 lung cancer cells, parent HepG2 cells, or HepG2 #6. The release of
**Fe was monitored in serum-free media containing 100 pM HMW-DFO. Iron release,
calculated from the total amount of soluble *’Fe in media divided by *°Fe in both media
and cells, is expressed as percentage of control (co-culture with H1299 cells). Values
correspond to triplicate experiments (mean £SD).

* p<0.05 versus control (one-way ANOVA test).

Fig. 4. The generation of hepcidin by Huh7 hepatoma cells decreases IRP2 levels in
THP1 monocytes.

THP1 monocytes were co-cultured for 4 h with either control H1299 lung cancer
cells, Huh7 cells, or Huh7 cells previously treated with 20 ng/ml IL-6 for 2 h. The
expression of IRP2 (top) and B-actin (bottom) in THP1 cells was analyzed by Western
blotting. IRP2/B-actin ratios were quantified by densitometry.

* denotes an apparently non-specific band

Fig. 5. The generation of hepcidin by Huh7 hepatoma cells stimulates ferritin

synthesis in THP1 monocytes.
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THP1 monocytes were co-cultured for 2 h with either control H1299 lung cancer cells, or
Huh7 cells, or Huh7 cells previously treated with 20 ng/ml IL-6 for 2 h. Subsequently,
the co-cultured cells were metabolically labeled with (50 pCi/ml) trans-[>>S]label for 2 h.
Lysates from THP1 cells were subjected to quantitative immunoprecipitation with ferritin
antibodies. Immunoprecipitated material was analyzed by SDS-PAGE on a 15% gel and
newly synthesized ferritin (arrow) was visualized by autoradiography. The relative band

intensities were quantified by phosphorimaging.

Suppl. Fig. 1.
Pre-treatment of control H1299 cells with IL-6 does not affect IRP2 expression (A) and
ferritin synthesis (B) in co-cultured THP1 monocytes. Experimental conditions were as

described in Figs. 4 and 5, respectively.
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PREFACE

In the previous Chapter III, we concluded that increased levels of circulating
hepcidin leads to increased retention of iron within the RES. The purpose of this action
is to deprive an invading pathogen of its necessary iron. As a consequence, as observed
in patients with ACD, increased hepcidin may cause hypoferremia. Interestingly, various
inflammatory conditions such as hepatitis C or alcoholic steatohepatitis exhibit iron
deposits within the liver parenchyma, in addition to increased RES retention.

In Chapter IV we sought to unravel the molecular mechanisms responsible for

iron accumulation in liver parenchyma.
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ABSTRACT

Local and systemic inflammatory conditions are characterized by the
intracellular deposition of excess iron, which may promote tissue damage via Fenton
chemistry. Because the Fenton reactant H,O, is continuously released by inflammatory
cells, a tight regulation of iron homeostasis is required. Here, we show that exposure of
cultured cells to sustained low levels of H,O, that mimic its release by inflammatory cells,
leads to upregulation of transferrin receptor 1 (TfR1), the major iron uptake protein. This
results in increased transferrin-mediated iron uptake and cellular accumulation of the
metal. Although under these conditions iron regulatory protein 1 (IRP1) is transiently
activated by H»0O,, this response is not sufficient to stabilize TfR1 mRNA and to repress
the synthesis of the iron storage protein ferritin. The induction of TfR1 is independent of
transcriptional activation via hypoxia inducible factor 1o (HIF-1a), or significant protein
stabilization. Pulse experiments with [*°S]-labeled methionine/cysteine revealed an
increased rate of TfR1 synthesis in cells exposed to sustained low H,O; levels. Our results
suggest a novel mechanism of iron accumulation by sustained H,O,, based on the
translational activation of TfR1, which could provide an important pathophysiological link

between iron metabolism and inflammation.
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INTRODUCTION

Systemic iron homeostasis undergoes typical changes during inflammatory or
infectious conditions. A decrease in plasma iron concentration limits the availability of
the metal for erythropoiesis, ultimately leading to the so-called anaemia of chronic
disease [224]. Besides iron retention, parenchymal cells also accumulate iron under
inflammatory conditions [225-231] and this iron deposition has been identified as
important factor in tissue damage by free radicals [232]. In addition, hepatic iron
accumulation appears to be an important cofactor in the development of fibrosis and end-
stage liver disease in such common chronic liver pathologies such as chronic hepatitis C

or alcoholic steatohepatitis [227-231].

Significant progress has been made towards understanding the molecular basis of
iron retention within the reticuloendothelial system (RES) during inflammation [233-
235]. The mechanism involves the IL-6-mediated induction of the iron-regulatory peptide
hepcidin [236, 237], which inhibits iron efflux from macrophages and intestinal
enterocytes [238, 239] by binding to and promoting the degradation of the transporter
ferroportin 1 (IREG1 or MTP1) [240]. The ensuing hypoferremia is thought to be part of
a physiological defence strategy to deplete invading bacteria from the growth-essential

iron.

The possibility that inflammation-mediated accumulation of iron in parenchymal
cells may also contribute to hypoferremia has not received much attention thus far.
Nevertheless, the expression of TfR1, the major iron uptake protein is induced in several

models of inflammation [225, 241].
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Upon activation, inflammatory cells such as neutrophils and macrophages undergo an
‘oxidative burst’ that results in the release of large amounts of reactive oxygen species to
kill invading bacteria [242]. The membrane associated NADPH-oxidase (NOX2) first
generates superoxide that is rapidly dismutated to the more stable H,O, by superoxide
dismutases [154]. Thus, during inflammation, cells and tissues are exposed to sustained
concentrations of H,O, demanding a tight regulation of iron homeostasis to prevent tissue
damage via Fenton and Fenton-like reactions. The activation of IRP1 (IRP1) by H,O, has
been proposed as a regulatory link between cellular iron homeostasis and inflammation.
IRP1 regulates the expression of several proteins by post-transcriptional mechanisms. In
iron deficient cells, the mRNA of TfR1 is stabilized upon binding of IRP1 and IRP2 to
‘iron responsive elements’ (IREs) within its 3’ untranslated region [243]. Earlier work
showed that the IRE-binding activity of IRP1 is induced by H,O, [244, 245]. Thus,
exposure of cultured cells or intact rat liver to H,O, at quantities that are commonly
released by inflammatory cells rapidly activate IRP1 within 30-60 min [246, 247].
Importantly, IRP1 activation by H,O, was sufficient to increase TfR1 expression in B6
fibroblasts [248]. TfR1 expression is also controlled transcriptionally; one mechanism
involves the hypoxia-inducible factor la (HIF1a) which binds to a conserved binding

site within the TfR1 promoter [249, 250]. HIF 1« is activated in response to hypoxia. The

upregulation of HIFlo has also been linked to mitochondria-derived oxidative stress

[251].

Transient pulses of H,O, are commonly employed to study the effects of this
reactive oxygen intermediate in biochemical pathways. Such conditions, however, hardly

mimic the continuous release of H,O, from inflammatory cells since H,O; is degraded
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rapidly by cultured cells [252]. We have previously employed an enzymatic system for
H,O, generation at steady-state levels based on glucose oxidase (GOX) and catalase
(CAT) [247, 252-254]. For methodological reasons, however, these studies were
restricted to relatively short time intervals [246, 247]. In an optimized setting, we expose
here cultured cells to a sustained flux of H,O, at low, non-toxic concentrations that
mimic the H,O, release by inflammatory cells in terms of time and dose response. We
show that such conditions induce the expression of TfR1, which is associated with
increased transferrin-mediated iron uptake and intracellular iron accumulation. Neither
IRPI nor HIFla are involved in the upregulation of TfR1 in response to such sustained
low levels of H,O,. Moreover, H,O, does not block TfR1 turnover. We demonstrate that
H,0; significantly stimulates TfR1 expression at the translational level. We suggest that
H,0, mediated iron uptake via translational induction of TfR1 could be a general
mechanism that contributes to iron accumulation and tissue damage under conditions of

inflammation.
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MATERIALS AND METHODS

Reagents

Luminol, NaOCl, phosphate buffered saline (PBS), HANKS buffer, H,O,, catalase,
tetrazolium salt (MTT), glucose oxidase and sodium azide were purchased from Sigma
(Deisenhofen, Germany). Dulbecco’s modified Eagle’s medium (DMEM), McCoy’s 5A
medium and penicillin/streptomycin were purchased from Gibco (Germany). Foetal calf
serum was purchased from Greiner Labortechnik (Germany). Stock solutions of luminol,
NaOCl and H,0, were prepared as described recently [254].

Cell culture

Human HepG2, HeLa, and HT29 cells were grown in DMEM supplemented with
2 mM glutamine, 4.5 g/l glucose, 100 units/ml penicillin, 0.1 ng/ml streptomycin, and
10% fetal calf serum. Human colonic carcinoma HCT116 cells were grown in McCoy's
5A medium and murine B6 fibroblasts were grown in supplemented DMEM containing

1000 mg/1 glucose. Cells were maintained in an incubator at 37°C with 5 % CO..
Determination of enzymatic activities for catalase and GOX

Enzymatic activities of GOX and catalase were determined at very low H,0,
concentrations prior to the experiment using a sensitive chemiluminescence technique
[253, 255]. Continuous measurements on supernatants of cultured cells confirmed the

maintenance of steady-state concentrations of H,O, during each experiment [252].

Electrophoretic Mobility Shift Assay (EMSA)
EMSAs were performed as described previously using a radiolabeled human
ferritin H-chain IRE probe [256]. RNA-protein complex formation was quantified by

densitometric scanning of the depicted autoradiographs.
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Western blotting

Cells were solubilized directly in RIPA lysis buffer and lysates were immediately boiled
for 10 min. Equal aliquots were resolved by SDS/PAGE on 8% gels and proteins were
transferred on to nitrocellulose filters. The blots were saturated with 5% non-fat milk in
PBS and probed with 1:4000 TfR1 (Zymed Laboratories Inc., San Francisco, CA), 1:250
HIF-1a mouse (Biosciences, Heidelberg, Germany), or 1:500 B-actin (Sigma) antibodies.
After washing with TBS containing 0.05% (v/v) Tween 20, the blots were further
incubated with HRP-conjugated secondary antibodies using the following dilutions: TfR1
monoclonal antibodies with rabbit anti-mouse IgG 1:6000, B-actin antibodies with goat
anti-rabbit IgG 1:10000, HIF-1o. mouse antibodies with goat anti-mouse IgG 1:10000
dilution. Glucose oxidase was detected with a previously developed anti-GOX polyclonal
antibody [257] in conjunction with an HRP-conjugated anti-guinea pig secondary
antibody (Dianova, Hamburg, Germany) at a dilution of 1:3000. Detection of the HRP-
coupled secondary antibodies was performed with the ECL® method (Amersham,
Piscataway, NJ). The blots were quantified by densitometric scanning using the TotalL.ab

software version 1.11 (Nonlinear Dynamics Inc., Durham, NC).

Determination of the labile iron pool (LIP)

LIP was measured using a modified technique based on the metal-sensitive
fluorescence probe calcein [258, 259]. We modified the technique to allow LIP detection
of attached cells. Briefly, cells were first treated for over 24 hours in the presence of
H,0; or the membrane-impermeable iron chelator desferal (desferrioxamine). Cells were

then washed twice with PBS and loaded with calcein-acetoxymethyl ester at a final
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concentration of 5 uM for 30 min (from a 10 mM stock solution in dimethyl sulfoxide).
First fluorescence readings (F1) were taken using a Fluostar (BMG Labtechnologies
GmbH, Offenburg, Germany) in bottom read technique with a fluorescein optical filter
(excitation, 465-495 nm; emission, 505 nm). Subsequently, cells were depleted of iron in
the presence of the membrane permeable iron chelator salicylaldehyde isonicotinoyl
hydrazone (SIH) for 30 min [260], and a second measurement of fluorescence was
performed (F2). After background subtraction, this protocol allowed us to determine the
F2/F1 ratio as relative indicator of LIP independent of the cell number and distribution

within the wells.

Northern blotting
RNA prepared with the Trizol® reagent (Invitrogen) was analyzed by Northern

blotting with **P-radiolabeled mouse TfR1, hepcidin or rat B-actin cDNA probes [245].

Oxygen measurements and induction of hypoxia

Oxygen was measured using a computer-driven oxygen electrode Oxi 325-B
(WTW, Weilheim, Germany). The electrode was calibrated with air saturated water
(21%). Permanent magnetic stirring was necessary to facilitate oxygen exchange at the
membrane side of the oxygen electrode. To induce hypoxia, a custom-made oxygen
chamber was used and equilibrated with a prepared gas mixture of 3% oxygen, 5%

carbon dioxide and 92% nitrogen (Lifegas, USA).

Iron uptake experiments
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Transferrin-mediated iron uptake experiments were carried out as described in
[261]. Briefly, uptake experiments of *Fe-labeled diferric transferrin (holo-Tf) were
performed in 6-cm dishes at 37°C for 30 min in 1 ml of buffer A (140 mM NaCl, 5 mM
KCL, 1 mM CaCl,, 1 mM MgCl,, 5 mM NaH,PO,, and 5 mM HEPES pH 7.4). Cells
were washed five times with ice-cold PBS and then lysed with 1 ml of 1 M NaOH.
Radioactivity of lysates was determined using a Cobra II Auto Gamma counter (Canberra
Packard, Meriden, CT). For all uptake experiments, controls were incubated on ice to
determine nonspecific binding of holo-Tfto the cell membrane. The 0°C values were

subtracted from the 37°C values to determine net uptake rates.

Analysis of TTR1 mRNA levels by quantitative RT-PCR

Total RNA was isolated from cell culture using the Trizol® reagent (Invitrogen).
TfR1 and control B-actin mRNA transcripts were quantified by a 2-step reverse
transcriptase-polymerase chain reaction (RT-PCR) with the Applied Biosystems 7500
Real-Time PCR System. cDNA synthesis was performed with the First Strand cDNA
Synthesis Kit for RT-PCR (Invitrogen), according to manufacturer's instructions.
Transcripts were amplified in duplicates with specific sense and antisense QuantiTect®
primers (Qiagen). The thermal cycler profile consisted of a total reaction volume of 50 ul
that underwent a 95°C activation for 10 minutes, followed by 40 repetitions of the
following 3 steps: 95°C denaturation for 15 seconds, annealing at 55°C for 30 seconds
and a 33 second extension period at 72°C. Transcripts were detected with the QuantiTect
SYBR® Green kit. TfR1/B-actin ratios were calculated using LightCycler Sequence

Detection Software v1.2.
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TfR1 protein stability and synthesis

For protein stability, cells were metabolically labeled for 1 hour with (50 uCi/ml)
trans-[>°S] label, a mixture of 70:30 *>S-methionine/cysteine (ICN) in RPMI
methionine/cysteine free media prior to GOX treatment. Following the 1 hour pulse, cells
were chased with cold media in the absence or presence of GOX treatment. In contrast,
the rate of protein synthesis was determined by first incubating the cells in cold media
with or without GOX and subsequently metabolically labeling the cells for 1 hour.
Following both the protein stability and synthesis studies, the cells were lysed with RIPA
buffer and 1 mg of lysates were subjected to quantitative immunoprecipitation with 2 ul
of mouse monoclonal TfR1 (Zymed Laboratories Inc., San Francisco, CA).
Immunoprecipitated proteins were analysed by SDS/PAGE and visualized by

autoradiography. Radioactive bands were quantified by phosphorimaging.

Cytotoxicity studies

Cell viability was determined with the MTT assay [262]. Briefly, conversion of
the tetrazolium salt (MTT) into a blue formazan product was detected using a 96-well
plate reader (Fluostar, BMG Labtechnologies GmbH, Offenburg, Germany) at 570 nm.
Cells were treated with different activities of glucose oxidase and catalase in culture
medium for 24 hours in 96-well plates at 37°C. After two washing steps with PBS, MTT
was added to each well (0.5 mg/ml), cells were incubated for further 4 hours at 37°C and,
finally, 10% SDS in 0.01 M HCI was added to lyse the cells. Samples were incubated

overnight and the absorbance was measured.
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RESULTS

Generation of sustained H,O; in cultured cells at non-toxic conditions

Optimization of the previously developed GOX/CAT system [252-254] allowed
us to expand H,O, exposure times up to several days, thus mimicking, with respect to
oxidative stress, a chronic inflammatory response. Using an ultra-sensitive H,O, assay
[252, 263], we show (Fig. 1A) that the rate of H,O, generation by GOX resembles that of
activated leukocytes in vivo (0.2 pM s™) [263]. H,0, is maintained at a constant
concentration of ~5 uM over the entire time interval of 24 h, indicating that GOX
remains stable under these experimental conditions and the substrates glucose and
oxygen are not depleted. Cell cultures could be exposed to GOX/CAT over several days
and such experiments were only limited by cellular confluence and eventual growth
arrest. The media were always replaced every twelve hours to renew GOX and substrates.
We then examined whether under the above experimental conditions toxicity/growth
inhibition was associated with flux or concentration of H,O, by varying GOX amounts or
ratios of GOX/CAT [254, 264]. As demonstrated in Fig. 1B, toxicity depended solely on
the levels of H,O, and was independent of the flux. Both GOX 1x and GOX 5x inhibited
cell growth when H»O, levels exceeded a concentration of 10 uM H,0O,. Interestingly, B6
cells that were incubated with increasing GOX without additional external catalase, also
showed growth inhibition at a steady-state concentration of 10 uM H,0O, due to the low
cellular catalase activity of 0.001 s™' [253]. Thus, toxicity of a GOX/CAT system only
depends on the concentration of H,O, (defined by the ratio of GOX/CAT) and not the
H,O, generation rate (defined by the GOX activity), which could be linked to

consumption or other metabolites. No changes in cell growth were observed with H,O,
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concentrations below 1 uM and these non-toxic conditions are tolerated well over 24

hours.

Sustained exposure of cultured cells to non-toxic H,O, concentrations induces TfR1
expression

Long term exposure of B6 fibroblasts over 48 hours to low H,O, concentrations
was accompanied by a strong induction of TfR1 expression (Fig. 2A). A slight increase
(40%) of TfR1 steady-state levels was observed after 8 hours, while maximal activation
(~3.5 fold) was manifested after 24 h and sustained up to 48 h. Thus, H,O, not only
antagonized the previously reported inhibiting effect of cell groWTh on TfR1 expression
[265] but further increased TfR1 expression. The ratios of TfR1 densities from H,0,-
treated and control cells are shown at the bottom panel of Fig. 2A. In contrast to iron
depleting conditions, the iron storage protein ferritin was slightly upregulated in H,O,
treated cells and more so with iron loading with hemin (see Fig. 2B). Thus, prolonged
exposure of B6 cells to non-toxic H,O, concentrations strongly activates TfR1 expression
and slightly upregulates ferritin. Importantly, these data were corroborated in additional

cell lines of various tissue origin (HeLa, HepG2, HCT116, HT29).

TfR1 up-regulation in cells exposed to GOX/CAT is mediated solely by H,O, and not
hypoxia

In the GOX/CAT system, the ratio of GOX/CAT activities determines the
concentration of H,O,, while GOX defines the consumption rate of oxygen [252]. At

higher concentrations, GOX significantly decreases oxygen levels in the culture medium
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(Fig. 3A). Since hypoxia [249, 250] and oxidative stress [251] have been shown to induce
TfR1 expression via the transcription factor HIF-1a, we next studied whether exposure of
cells to sustained H,O, under our conditions increases expression of HIF1a. Hepatoma
HepG?2 cells that express HIF-1a in response to hypoxia [266], were exposed for 6 hours
to different concentrations of H,O, generated by the GOX/CAT system that are known to
induce TfR1 (see Fig. 2) and HIF1a was determined by Western blotting (Fig. 3B). Cells
that were incubated with 3% oxygen using an oxygen chamber served as control. As
expected, HIF-1a expression is only induced at 3% oxygen (lane 2) while the application
of GOX/CAT at an H,O, flux that results in TfR1 activation (as in Fig. 2) did not
stimulate HIF-1o. expression (lane 3 and 4). We conclude that sustained H,O, activates

TfR1 specifically and in the absence of hypoxia.

H,0,-mediated increase of TfR1 expression is functional and results in intracellular
accumulation of iron.

We next addressed whether TfR1 upregulation in response to a sustained H,O, flux
is physiologically significant. Transferrin mediated iron uptake was measured by exposing
B6 cells to various non-toxic steady-state H,O,-concentrations over 24 hours in the presence
of *’Fe-loaded and purified transferrin. Fig. 4A demonstrates a significant H,O,-dependent
increase in ~’Fe uptake by 2.4 times. We then assessed the effects of the prolonged H,0,
treatment on the labile iron pool (LIP) using a modified calcein assay [258, 259]. Iron
depletion by desferrioxamine was used as negative control. Fig. 4B shows that the LIP is
clearly increased in response to exposure of B6 fibroblasts to a H>O, flux over 24 hours.

Similar responses of LIP were found with all other cell lines (data not shown).
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Stimulated iron uptake by sustained H,0O; is independent of the IRE/IRP regulatory

system.

Earlier studies showed that H,O, rapidly activates IRP1 in cultured cells [244,
245] and in perfused rat liver [246], and that H,O,—mediated activation of IRP1 was
sufficient to increase TfR1 mRNA and protein levels [248]. A threshold of ~10 uM was
defined as the minimal concentration required for IRP1 activation within 30-60 min
[247]; however, methodological constraints did not allow H,O, exposure times longer
than 60 min. The optimized H,O, models presented herein enabled us to evaluate IRP1
activity by EMSA after prolonged H,0O, treatments. Exposure of B6 cells to steady state
concentrations of ~5 uM H,0O, was associated with an initial modest activation of IRP1
that was detectable up to 6 hours (Fig. 5A, lanes 1-2). However, IRP1 activity declined
within the next 24 h of H,O, treatment (lanes 3-4), to the same degree observed in
response to iron-loading with hemin (lane 5). As expected, the iron -chelator
desferrioxamine drastically activated IRP1 (lane 6). In contrast to iron overload with
hemin, however, incubation of cell lysates with 2-mercaptoethanol that activates IRP1 in
vitro indicated also decreased IRP1 protein levels. Moreover, TfR1 mRNA levels were
not increased in response to H,O, as determined by quantitative RT-PCR (Fig. 5B). Thus,
it appears that the sustained exposure of cells to such low, non-toxic H,O, concentrations
only modestly and transiently induces IRP1 activity, and this response is not sufficient to

stabilize TfR1 mRNA.
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Increased levels of TfR1 during sustained H,O, is independent of TfR1 stability but
involves stimulation of TfR1 synthesis.

Expression of TfR1 is typically controlled at the level of transcription or
stabilization of its mRNA via IRPs. Since these mechanisms were excluded, we next
studied whether TfR1 levels were affected by either protein stability or synthesis. To
measure protein stability in cells with or without sustained H,O, treatment, B6 cells were
pulsed with *S-methionine/cysteine for 1 hour (time 0) and chased for 1, 6.5 and 24 h
(fig 6). The cells were then lysed and TfR1 levels were determined by quantitative
immunoprecipitation and autoradiography. After 1 and 6 h of chase, TfR1 expression
appeared to be slightly higher in cells treated with H,O, than in control cells. However, a
24 h treatment with H,O, did not affect the stability of TfR1. We conclude that the surge
of TfR1 levels during H,O, treatment is independent of TfR1 stabilization. We next
addressed whether the rate of protein synthesis played a role in the elevated levels of
TfR1 during H,O, treatment. Cells were treated with GOX for 1, 6, 12 and 24 hours and
subsequently pulsed with the **S-methionine/cysteine for 1 hour (fig 7). The cells were
then lysed and TfR1 synthesis was analyzed by quantitative immunoprecipitation and
autoradiography. As shown in Fig. 7, the rate of TfR1 synthesis was relatively unchanged
in comparison to non-treated cells following 1 and 6 h of GOX treatment. In contrast,
TfR1 mRNA translation was dramatically upregulated in H,O,-exposed cells after 12 h of
GOX treatment. These findings indicate a novel mechanism, by which sustained H,O;

increases iron uptake via translational stimulation of TfR1.
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DISCUSSION

The typical changes of iron homeostasis during acute inflammation are considered
to be part of the defensive immune response. In chronic inflammation, however,
parenchymal cells often show increased deposits of iron that may aggravate disease
progression and promote further tissue damage. Under these conditions, iron becomes
especially harmful because it catalyzes the generation of free radicals from reactive
oxygen species released by inflammatory cells. Here, we show that the exposure of
various cell types to sustained H,O, results in the induction of TfR1 expression and
accumulation of iron. We also provide evidence that the mechanism for TfR1 activation
by H,0, is translational.

The levels of sustained H,O, utilized in our experiments are non-toxic and mimic
inflammatory conditions. Thus, our experimental system provides a tool to study the
alterations of iron homeostasis observed in chronic inflammation. A diversion of iron
from circulation into intracellular compartments is well established. This is associated
with impaired erythropoiesis, which eventually leads to the ACD [224, 226, 267, 268].
The antimicrobial peptide hepcidin inhibits iron efflux from macrophages via ferroportin
1 [240, 269]. Considering that hepcidin expression is induced by the pro-inflammatory
cytokine IL-6, this pathway is expected to promote tissue iron accumulation and thereby
plays a key role in the development of ACD (ACD). It is, however, possible that besides
inhibition of iron efflux, increased iron uptake may also contribute to tissue iron
accumulation in ACD. Our results suggest that the HO,-mediated increase of TfR1 may

account for this response.

171



Importantly, increased expression of TfR1 has been observed in animal models of
inflammation [225, 241]. In humans, direct evidence of TfR1 upregulation has been
recently found in patients with acute respiratory distress syndrome (ARDS)[241]. During
acute inflammation, the upregulation of TfR1 may reduce the availability of essential iron
to invading bacteria, and is probably beneficial for the host. However, in chronic
inflammation, accumulation of iron in tissues is associated with toxicity [232] and seems
to drive progression of fibrosis and end-stage liver disease in such common liver
pathologies such as chronic hepatitis C or alcoholic liver disease [227-231].

What is the mechanism for TfR1 activation by low, non-toxic doses of H,O,? We
first explored the role of HIF1la that is known to transcriptionally activate TfR1 [249,
250] and also responds to reactive oxygen species independently of hypoxia [251, 270].
However, our data clearly show that the GOX system can be calibrated to generate H,O,
steady-state levels in the absence of hypoxia (Fig. 3A-B). Moreover, the H,O,—mediated
activation of TfR1 expression does not require the induction of HIF-la. Second, we
hypothesized that the mechanism may involve TfR1 mRNA stabilization by IRP1, which
is rapidly activated by H,O, within 30 min to bind to IREs [244, 245, 256]. As shown
previously in B6 fibroblasts, IRP1 is activated by a bolus of 100 uM H»O, [248]. In the
present study, B6 and other cells were exposed to sustained ~5 uM H,O, (Fig. 1) and
IRP1 was only partially and temporarily activated (Fig. 5A), very likely due to H,O,
signaling. The absence of full IRP1 activation under these conditions, is fully consistent
with previous findings, showing that a concentration of ~10 uM H,0, was a minimum
requirement to elicit the complete response [247]. Notably, IRP1 activity decreased at

later time intervals (24 h) of GOX treatment, possibly due to increased intracellular iron
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accumulation. The observed modest alterations in IRE-binding activity did not affect
TfR1 mRNA levels (Fig. 5B), suggesting that the increase in TfR1 expression in GOX-
treated B6 cells (Fig. 2A) is independent of IRP-mediated mRNA stabilization. H,O; has
been shown to differentially affect protein degradation in mammalian cells [271, 272].
However, pulse-chase experiments with **S-methionine/cysteine indicate that H,O, does
not affect the stability of TfR1 (Fig. 6). Studies of 35S-rnethionine/cysteine incorparation
demonstrate that H,O, directly stimulates TfR1 synthesis.

The direct stimulation of TfR1 protein synthesis by low levels of H,O; is
somewhat unexpected. Proteomics data showed that H,O, induces the expression of
proteins that are important for translation and RNA processing [273]. However, only few
studies on the oxidative modulation of translation exist, which show a rather complex
response depending on cell type and conditions [273-278]. H,O, was shown to inhibit
translation [273, 274] by mechanisms such as the inhibition of the 70-kDa ribosomal
protein S6 kinase [273], dephosphorylation of the eukaryotic initiation factor (elF) 4E-
binding protein 1 (4E-BP1), or increased binding of this repressor protein to elF4E and
concomitant loss of elF4F complexes [273, 278]. Translation can also be inhibited by
H,O, via phosphorylation of the elongation factor eEF2 [273] which was either mediated
by activation of the eEF-2 specific, Ca**/calmodulin-dependent protein kinase III [276] or
reversible inhibition of the protein phosphatase 1 [277]. On the other side, H,O; has been
shown to stimulate translation in cell-free systems [279], plants [280], bacteria [281] and
mammalian cells [275]. The latter study interestingly indicated that the effect of H,O, on

translation depends on the levels of H>O; and the cell sensitivity towards H,O,. Thus, in
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Huh7 cells that are moderately sensitive towards H,O,, translation was upregulated even
at low levels of H,0,.

In summary, our study establishes that sustained, non-toxic concentrations of
H,0, stimulate TfR1 expression by a novel translational mechanism. Thus, H,O; is able
to stimulate TfR1 expression both at the posttranscriptional level via IRP1 and at the
translational level which points to a potentially general mechanism of iron internalization
in the presence of H,O,. In addition to the role of hepcidin and ferroportin on iron
homeostasis during inflammation [240, 269], H,O, mediated iron uptake could provide
an alternative local mechanism that removes iron from the inflammatory battle field and
prevents unspecific collateral tissue damage. Under conditions of chronic inflammation,
however, the continued accumulation of iron could itself impose a threat to cells and
tissues [225-232]. In addition, translational stimulation of TfR1 expression by H,O,
could participate in the toxicity of chemotherapeutic anticancer agents such as
doxorubicin that are known to increase TfR1 expression [282, 283]. Our work underlines
the importance to study the expression of proteins in clinical and animal trials that are
commonly focusing on the mRNA levels because of limited tissue availability. Our novel
tool of a sustained exposure of cultured cells to H,O, will help to better understand
molecular mechanisms related to oxidative stress in future studies that should also

include the complex redox-sensitive regulation of translation.
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FIGURE LEGENDS
Fig. 1. Exposure of cultured cells to sustained non-toxic H,O..

(A) Combination of glucose oxidase and catalase (GOX/CAT) is able to maintain
stable H,O, concentrations over 24 hours in culture medium (DMEM). H,O, was
determined at different time points using the luminol/hypochlorite assay (see materials
and method). The medium was replaced every twelve hours. Final enzyme activities:
kear = 4.8x107 s and kgox = 2.4x10° M 5™

(B) B6 fibroblasts were exposed to varying stable concentrations of H,O, for 24 h
in the presence of either 1:20.000 GOX (kgox = 1.2x107 M s'l) or 1:100.000 GOX (kgox
= 2.4x10® M s™) and cell viability was determined with the MTT assay. Variation of
H,0, concentration at the fixed amounts of GOX were achieved by increasing activities

of external catalase. Each point reflects the average of eight measurements; bars, SD.

Fig. 2. Sustained H,0, induced expression of TfR1 without repression of ferritin.

(A) B6 fibroblasts were exposed to stable concentrations of 5 uM H,0, similar as
described in Fig. 1A and expression of TfR1 was analyzed by Western blotting (upper
panel). The middle panel shows TfR1 expression of the untreated control. The lower
panel shows the ratio of H,O,-treated versus untreated controls as obtained by
densitometry. The depicted experiment is representative of 3 independent measurements.
(B) B6 fibroblasts were treated for 24 h with the iron chelator desferroxamine (D),
hemine (H), two different sustained concentrations of H,O, and expression of TfRI,

ferritin and B-actin was determined by Western blotting. In contrast to iron depletion by
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desferroxamine, sustained HO, slightly increases ferritin levels in addition to TfRI

induction. The depicted experiment is representative of 3 independent measurements.

Fig. 3. GOX induces TfR1 expression by H,O, in the absence of hypoxia.

(A) GOX activities that are sufficient to induce TfR1 (GOX 1x) do not change
oxygen levels while high activities of GOX (GOX 10x) are able to induce hypoxia in the
cell culture medium. Oxygen levels were measured with an oxygen electrode in the
presence of varying GOX activities in a 10 cm culture dish containing 45 ml medium and
25 mM glucose. GOX 1x corresponds to kgox = 3.0x10® M s™. (B) Expression of HIF-
la was measured in HepG2 cells that were exposed to different levels of sustained H,O».
An oxygen chamber (6% oxygen) was used as positive control. HIFlo was rapidly
induced within 4 hours. No HIFla induction was observed with the GOX/CAT system
(GOX 1x) generating 1 or 10 uM of sustained H,O, although TfR1 is induced under
these conditions (see Fig. 2). Catalase was used to adjust H,O, levels. Lanes (medium
volume, kgox, Kear ): lane 1 — 10 ml, 0,0; lane 2 — 10 ml, 3% oxygen , lane 3 — 10 ml,
2.4x10% M s7'2.4x10? s, lane 4 — 10 ml, 4.8x10® M s™', 4.8x10” s”. The depicted

experiment is representative of 3 independent measurements.

Fig. 4. TfR1 expression is functional and leads to accumulation of the intracellular
labile iron pool (LIP).
(A) The uptake of *Fe-labeled diferric transferrin is induced in the presence of

continuous release of H,O, over 24 hours. B6 fibroblasts were exposed to GOX/CAT to
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obtain sustained H,O, concentrations as indicated. Each point reflects the average of five
measurements; bars, SD.

(B) Increase of labile iron pool in the presence of a continuous non-toxic flux of
H,0, over 24 hours in B6 fibroblasts. Conditions are similar as described in Fig. 1. 100
uM desferal was used as negative control to deplete B6 fibroblasts of iron. The depicted

experiment is representative of eight independent measurements; bars, SD.

Fig. 5. H,O, induces TfR1 expression in B6 cells independently of the IRE/IRP

network.

(A) Cytoplasmic extracts (25 pg) were analyzed by EMSA with 25,000 cpm of
32p_labeled IRE probe (upper panel) or presence of 2% 2-mercaptoethanol (medium
panel). The lower panel shows the ratio of 2-mercaptoethanol-treated (loading control)
versus untreated lysates as obtained by densitometry. IRP1 activity was assessed in the
absence or presence of H,O, for 6 or 24 h (lanes 1-4). Treatments with 100 um
desferrioxamine or hemin were used as positive and negative control, respectively (lane 5
and 6). Other conditions are as described in Fig. 1. The depicted results are representative
of 3 independent experiments.

(B) Mouse B6 fibroblasts were treated with sustained H,O, using a GOX/CAT
system as in Fig. 1. TfR1 mRNA levels were analyzed by quantitative RT-PCR and
expressed relative to B-actin mRNA. Data from 3 independent experiments are shown
(mean +£SD). Iron depletion in the presence of 100 uM desferrioxamine served as positive

control strongly inducing TfR1 mRNA via IRP1 as shown in Fig. 5A.
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Fig. 6. H,O, induces TfR1 expression in B6 cells independently of protein stability
B6 cells were pulsed for 1 hour with [S*°] methionine and subsequently either
treated or untreated with GOX for 1, 6, 12 or 24 hours. Immunoprecipitated TfR1 was
analysed by SDS/PAGE and visualized by autoradiography (A). Radioactive bands were
quantified by phosphorimaging (B). Densitometry data is represented as ratio of a chase

time point over time 0.

Fig. 7. H,O, induces TfR1 expression in B6 cells via direct stimulation of
translation.

B6 cells were either treated or untreated with GOX for 1, 6, 12 and 24 h.
Following the indicated time points, cells were pulsed for 1 hour with [S**] methionine.
Immunoprecipitated TfR1 was analysed by SDS/PAGE and visualized by
autoradiography (A). Radioactive bands were quantified by phosphorimaging (B).

Densitometry data is represented as GOX treated cells over untreated cells.
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CHAPTER V. DISCUSSION
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In 2004, the discovery of Hjv [2] as the second gene responsible for JH led us to
engineer overexpressing cell models for both WT and disease associated mutant G320V
Hjv. This system was used to observe how Hjv reacts to different sources of iron.
Surprisingly, the only detected effect of these treatments was the release of sHjv upon
hemin treatment. Interestingly, modulation of intracellular heme failed to promote sHjv
release.

As observed in Chapter II, Fig. 2A, 2B, 3E and 3F, ferritin induction upon
treatment with different iron sources did not match that of 100 uM hemin treatment. In
fact, Fe-SIH was the only iron source to match a 100 uM hemin induction of ferritin but
caused no release (data not shown). Taken together, the iron status in the cell as reflected
by ferritin levels does not modulate sHjv release.

Previously published data reported that basal shedding of sHjv was inhibited by
holo-Tf treatment [1, 106, 107]. In contrast, the overexpressing cell models used in
Chapter II lacked basal release of sHjv. However, continuous release was observed in
our differentiated muscle cells. We speculate that the reason for this discrepancy may be
linked to the levels of neogenin in our H1299 cells. Neogenin has been shown to mediate
shedding of sHjv [107].

During the early stages of hemin treatment, it seems that the release of WT sHjv
is more pronounced than in the mutant form. However, in a prolonged 24 hour treatment,
the amounts of released WT and mutant Hjv were similar. This is indicative that the rate
of processing during regulated release of sHjv is compromised. This is consistent with
previous work illustrating defective processing of G320V mutant Hjv in transiently

transfected cells.
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Although not completely resolved, we gained valuable insight into the
mechanisms that mediate hemin induced release of sHjv. The involvement of HO-1
activity and the secretory pathway in sHjv release were ruled out. This suggests that the
mechanism of release is most likely by cleavage from the plasma membrane and is
currently being addressed with localization experiments. Cleavage from the membrane
may occur through either PI-PLC or a number of proteases. The origin of these
proteolytic factors was not in the fetal bovine serum used in cell culture. This implies
that hemin may promote the activation of a factor(s) that originates from the cell.

Under more physiologically relevant conditions, sHjv release was observed in
muscle cells and upon treatment with human hemolysates. Although the marked release
of sHjv upon hemin treatment was intriguing, the physiological significance behind this
phenomenon was metagrobolizing. Having established that hemolysis (represented
experimentally by hemin, hemoglobin and human hemolysate), was a potent promoter of
sHjv release, we turned to animal models to understand the physiological relevance.

Injection of mice with the hemolytic inducing agent PHZ, promoted a significant
and prolonged increase in serum sHjv. The elevated and sustained levels of sHjv were
consistent with our in vitro data. To see if this increase had any physiological impact on
iron metabolism we measured hepcidin expression. Consistent with previously published
reports [174, 205], a robust transient increase in hepatic hepcidin followed by a
significant suppression was observed in these hemolytic mice. It is well established that
the suppression of hepcidin following a lag upon injection occurs by an unidentified
erythroid regulator. This erythroid regulator is thought to mobilize iron stores and

increase absorption to meet the demands for erythropoiesis. In contrast, the transient
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increase observed in past reports received very little attention. Physiologically, this
induction could favor reutilization of heme iron from haptoglobin and hemopexin
scavenging systems for erythropoiesis. We propose that the early induction of hepcidin
expression occurs through a novel positive regulatory role for sHjv.

This proposal contradicts previously published reports suggesting that sHjv is a
negative regulator of hepcidin expression. However, it should be carefully noted that all
work previously published studying the function of sHjv have utilized truncated and
recombinant forms [1, 4, 5]. Please refer to section “11.4.1.3.6.3. Soluble Hjv” in
Chapter II for a comprehensive review of the different forms used to illustrate negative
regulation of hepcidin expression by sHjv.

To address this conflicting issue, conditioned media containing physiologically
made WT or G320V sHjv from hemin treated cells was applied to target hepatoma cells.
We demonstrate that conditioned media with WT sHjv significantly induced hepcidin
expression in hepatomas, whereas this acclivity was attenuated with G320V sHjv.
Furthermore, liver cells treated with sera from healthy volunteers displayed augmented
hepcidin mRNA levels, though sera from diseased patients blunted this response. In
addition, a blot of sera from healthy volunteers and JH patients revealed that sHjv was
present in relatively similar amounts. This suggests that G320V is a mutation affecting
the function of sHjv. Taken together, sHjv released upon hemin treatment is necessary to
positively regulate hepcidin expression where this response is blunted in JH patients with
the G320V mutation.

This observation brings novel and unique insight into understanding the

pathophysiology of JH. Intravascular hemolysis normally occurs in 10%-20% of red
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blood cells [206], which suggests that sHjv shedding in response to heme may have a
(patho) physiological role. This further alludes that JH patients with a G320V mutation
lack this handling mechanism of hemolysis which may contribute to their iron overload
pathology.

Importantly, positive regulation of hepcidin by sHjv was not only restricted to
hemolytic conditions but also during development.

During the course of a developing mouse, hepcidin and Hjv mRNA expression in
the liver have been shown to be differentially regulated [59, 115, 203]. We observed that
the unique expression pattern of hepcidin from E14.5 to day 56 of its life, significantly
correlated with sHjv levels present in the circulation. It should be noted that the positive
correlation was strongest up until day 15. We speculate that other overriding factors take
over after day 15 and are responsible for hepcidin induction until day 56 (and possibly
beyond).

Mice injected with iron dextran or fed either a low or high iron diet displayed no
changes in sHjv levels. These results were consistent with our in vitro data which
showed no effect of sHjv release when treated with different sources of iron. This
observation is in contrast to a previously published report where mice on an iron deficient
diet for 21 days had significantly lower circulating sHjv [107]. When comparing our data
with those reported, we observe two differences that may explain this discrepancy.
Firstly, we are using different mouse strains from those published in the report. Secondly,
transferrin saturation during a low iron diet in the reported mice was significantly lower

than ours.
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Taken together, we provide evidence of a novel function of predominantly
muscle-derived sHjv to either directly or indirectly activate hepcidin in the liver during
periods of hemolysis.

Chapter III takes a more in depth look at the molecular mechanisms of
hepcidin/macrophage interaction. A co-culture system was used which consisted of
hepcidin producing hepatomas and monocytes. Hepcidin production was achieved by
either IL-6 stimulation or overexpression in hepatomas. Consistent with a previous
report [62], we observed a significant increase in hepcidin expression 1-2 hours after IL-6
treatment.

As illustrated in Chapter III, hepcidin producing hepatomas are capable of
inhibiting iron export by ~30-35% in co-cultured monocytes. The mechanism of iron
export inhibition is probably via hepcidin binding, internalizing and degrading the iron
exporter ferroportin. To date, in vitro data have failed to produce a 100% hepcidin
derived inhibition of iron export from macrophages. More specifically, macrophages
treated with chemically synthesized hepcidin undergo a maximum 51% inhibition of iron
export in comparison to untreated cells [7]. The 51% inhibition was accompanied by a
significant decrease in the iron exporter ferroportin in these macrophages [7]. If we
assume that in vivo, a robust induction of hepcidin is capable of exerting a maximum
inhibition of ~ 50%, then serum iron is expected to drop by 12.5% every hour. To
calculate 12.5%: every 24 hours, approximately 20 mg of iron flows through a plasma
transferrin compartment that contains at any moment about 3 mg of iron. Thus, every 3-4
hours there is a complete turnover of plasma iron at an approximate rate of 0.83 mg/hour.

A 100% inhibition of plasma turnover would cause a ~25% decrease in serum iron/hour
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(0.83 mg/hour divided by 3 mg equals ~0.25, multiplied by 100% is ~25%). Hence, 50%
inhibition would be 12.5% serum iron/hour. This rate of 12.5% serum iron/hour is
almost in range with a 34% reduction in serum iron observed in humans 2 hours after IL-
6 infusion [62].

Importantly, inhibition of monocytic iron export by physiologically generated
hepcidin further resulted in increased ferritin synthesis in an IRP2 dependent mechanism.
Taken together, we illustrate through co-culture studies that hepcidin is a potent inhibitor
of macrophage iron export. Furthermore, hepcidin induced iron retention within
macrophages is the most likely the cause of hypoferremia in patients with ACD.

Hypoferremia observed in patients with ACD have increased iron retention in the
RES. Containment and redistribution of iron into the RES deprives invading pathogens
of their necessary iron. In addition, iron may also accumulate in the parenchyma of the
liver which can drive the progression of fibrosis and end-stage liver disease in common
liver pathologies such as chronic hepatitis C or alcoholic steatohepatitis.

In Chapter IV, we show that cells exposed to chronic H,O, undergo changes in
iron homeostasis.  More specifically, we developed a glucose oxidase/catalase
(GOX/CAT) system that generated non-toxic levels of H,O, for a prolonged period of
time. The 5 uM H,O, generated in this system was similar to those produced by
leukocytes in vivo (<10 uM) [284]. B6 fibroblasts and Huh7 hepatomas exposed to these
levels, dramatically upregulated TfR1 levels in an IRP/IRE independent mechanism. In
contrast, previous work illustrated that a transient and high dose treatment of H,O;
rapidly induced IRP1 binding activity which was sufficient to increase TfR1 levels [158].

However, since H,O; is rapidly degraded, transient pulses of H,O, does not reflect the
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continuous release by inflammatory cells. Thus our GOX/CAT system, which provides
sustained and non-toxic levels of H,O; to cells, mimics a chronic inflammatory condition.

Having ruled out an IRP/IRE dependent mechanism of TfR1 induction, we
explored other possibilities. Because GOX activity requires the consumption of oxygen,
the possibility of HIF-la dependent induction of TfR1 as a result of hypoxia was
investigated. Even at high concentrations of GOX, % oxygen was not sufficiently
decreased to promote HIF-1a levels. Thus, TfR1 induction was not a result of hypoxia.
Furthermore, elevated TfR1 levels exposed to sustained and non-toxic levels of H,O;
were independent of increased protein stability.

Interestingly, the mechanism in which H,O, increased the levels of TfR1 was via
direct stimulation of translation. Oxidative stress has previously been shown to modulate
translation but this control is complex and depends highly on conditions and cell type
[273-278]. Work is currently underway to further define the translational activation of
TfR1 under these inflammatory conditions.

TfR1 upregulation by H>O, was shown to be functional and resulted in iron
accumulation. Although a modest increase in ferritin was observed, a more significant
increase in the labile iron pool and uptake of radioactively labelled holo-Tf was detected.

Taken together, during inflammatory conditions, chronic exposure to H,O;
released by inflammatory cells may induce iron accumulation in the liver parenchyma via
direct stimulation of TfR1 translation. This accumulation on one hand serves as a
protective mechanism to deprive pathogens of iron. On the other hand, continued

accumulation could damage the cells themselves.
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In conclusion, iron overload in the liver may be defined as elevated iron retention
in the RES or increased iron accumulation in the parenchyma. In ACD, the body
responds to an invading pathogen by restricting iron in the RES by increasing hepcidin
production. Certain types of inflammatory conditions such as those that develop fibrosis
or end-stage liver disease, display increased iron accumulation in the parenchyma. The
mechanism of increased iron uptake in the parenchyma is mediated by H,O, stimulation
of TfR1 translation. Dangerous iron deposits in the parenchyma are also observed during
JH. Patients with this genetic disease, express inappropriately low levels of hepcidin. As
a consequence, elevated ferroportin levels increase iron mobilization from stores (and
increased iron absorption) and subsequently saturates serum transferrin.

When all is said and done, many non-mutually exclusive molecular mechanisms

drive the alterations in iron homeostasis observed during hemochromatosis and anemia.
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Hepcidin generated by hepatoma cells inhibits iron export from
co-cultured THP1 monocytes™
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Background/Aims: The antimicrobial peptide hepcidin is generated in the liver and released into the circulation in
response to iron, oxygen and inflammatory signals. Hepcidin serves as a hormonal regulator of duodenal iron
absorption and iron trafficking in the reticuloendothelial system. The aim of this study is to explore the effects of this
regulatory peptide in macrophage iron metabolism.

Methods: Hepcidin-mediated iron efflux and parameters of cellular iron homeostasis were studied in THP1
monocytic cells co-cultured with hepcidin-producing hepatic cells.

Results: Stimulation of hepcidin expression in Huh7 cells with interleukin-6 promoted a significant ~30% decrease
in >’Fe efflux from THP1 cells, previously loaded with **Fe-transferrin. Similar results were obtained with HepG2 cells
transfected with a hepcidin cDNA. Importantly, hepcidin expression from Huh?7 cells elicited a decrease in the levels of
the iron-sensitive post-transcriptional regulator IRP2 in THP1 cells, accompanied by de novo synthesis of the iron
storage protein ferritin.

Conclusions: Physiologically generated hepcidin inhibits iron efflux and promotes iron accumulation in monocytic
cells, mimicking a pathophysiological response commonly observed in the anemia of inflammation. Our results

highlight the crucial role of hepcidin in the control of macrophage iron homeostasis.
© 2005 European Association for the Study of the Liver. Published by Elsevier B.V. All rights reserved.

Keywords: Ferroportin; Hemochromatosis; Anemia of chronic disease; HFE; Hemojuvelin

1. Introduction

Hepcidin, a conserved cysteine-rich peptide of 20-25
aminoacids, is produced in the liver and functions as
the principal hormonal regulator of body iron homeostasis
[1-3]. Hepcidin negatively regulates iron absorption in the
duodenum and transport in reticuloendothelial cells by
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controlling the levels of the iron exporter ferroportin [4,5].
The expression of hepcidin is turned off in response to low
body iron stores, anemia or hypoxia [6]. On the other hand,
hepcidin is induced by iron overload [7] or by inflammatory
signals via interleukins IL-1 or IL-6 [8,9]. Misregulation of
hepcidin expression is associated with a broad spectrum of
iron-related disorders.

Genetic mutations leading to complete silencing of
hepcidin are etiologically linked to a rare form of juvenile
hemochromatosis [10], an early onset disease of iron overload
characterized by pathological iron absorption and deposition
within parenchymal cells with a relative sparing of macro-
phages [11]. More common forms of hereditary hemochro-
matosis (caused by mutations in HFE, TfR2 or HJV) [11]
correlate with various degrees of hepcidin deficiency [12-15].
Likewise, hepcidin is suppressed in patients with thalassemia
syndromes but increases in patients with ‘ferroportin disease’
[16]. Similar phenotypes have been described in

0168-8278/$32.00 © 2005 European Association for the Study of the Liver. Published by Elsevier B.V. All rights reserved.
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mouse models of hemochromatosis [17-23] and thalassemia
[24]. Transgenic mice over-expressing hepcidin from
a liver-specific promoter show profound defects in materno-
foetal iron transport and display severe iron deficiency anemia
[25].

Hepcidin levels are normally elevated following iron
ingestion or infection [9]. The upregulation of hepcidin
expression by inflammatory signals is tightly linked to the
‘anemia of chronic disease’ (ACD) or ‘anemia of
inflammation’ (Al) [26,27]. This condition is characterized
by hypoferremia due to iron retention within macrophages
and decreased iron absorption. The withholding of iron may
be protective against growing bacteria but eventually limits
erythropoiesis. Even though the development of ACD
depends on multiple factors [27], hepcidin is considered
as the key mediator for the diversion of iron traffic by
controlling the stability of ferroportin [4,5], which is unique
in its capacity to export iron from macrophages and
intestinal cells [28].

The experimental evidence supporting this mechanism
was based on the direct binding of human hepcidin to
transfected mouse ferroportin-GFP in HEK293 and HeLa
cells, promoting its internalization and lysosomal degra-
dation [4,5]. In a separate study, synthetic human hepcidin
inhibited iron export and decreased the levels of transfected
murine ferroportin in J774 macrophages [29]. These data
are consistent with a function of hepcidin as a principal
regulator of iron efflux from macrophages.

Considering that the effector (hepcidin) and the target
(ferroportin) are expressed in different cell types, the above
mechanism would require cell-to-cell communication
between hepcidin-producing hepatocytes with macro-
phages. To further validate the molecular basis of hepcidin
regulatory activity under physiologically relevant con-
ditions, we establish here a co-culture model of Huh7 or
HepG2 hepatoma and THP1 monocytic cells. We demon-
strate that hepcidin generated by hepatoma cells is capable
of regulating iron metabolism in neighboring monocytes.

2. Materials and methods

2.1. Materials

Hemin, IL-6 and ceruloplasmin were purchased from Sigma (St Louis,
MI). Desferrioxamine (DFO) was from Novartis (Dorval, QC, Canada).
High molecular weight desferrioxamine (HMW-DFO), a non-permeable
hydroxyethyl starch conjugate [30], was obtained from Biomedical
Frontiers (Minneapolis, MN).

2.2. Cell culture

Human Huh7 and HepG2 hepatoma cells and H1299 lung cancer cells
were grown in Dulbecco’s modified Eagle’s medium supplemented with
10% heat-inactivated fetal bovine serum, 100 units/ml penicillin, and
100 pg/ml streptomycin. Media for Huh7 and HepG2 cells also contained
1% non-essential amino acids. Human THP1 monocytic cells were cultured
in supplemented RPMI.

2.3. Co-culture experiments

THP1 suspension cells were inserted into a co-culture cartridge (BD
Falcon), which was placed on top of 6-well dishes containing monolayers of
0.2X10° Huh7, HepG2 or H1299 cells. Co-culture experiments were
performed in serum-free RPMI to avoid possible interference of serum
transferrin on iron uptake and release.

2.4. Generation of HepG2 hepcidin transfectants

Human hepcidin ¢cDNA (kindly provided by Dr M. Muckenthaler,
University of Heidelberg, Germany) was digested out of the parent pPDNR-
LIB vector with EcoR1 and Xhol and ligated into pcDNA3. The construct
was transfected into HepG2 cells by Lipofectamine Plus (Invitrogen) and
stable clones were selected and maintained in the presence of 500 pg/ml
G418 (Invitrogen).

2.5. Iron release assays

3Fe-labelled transferrin (Tf) was prepared as previouslg described [31].
THPI suspension cells were loaded overnight with 5 pM *’Fe~Tf in serum-
free RPMI. Subsequently, the cells were harvested by centrifugation at 4 °C
and washed 4 X with ice-cold RPMI to remove traces of soluble °Fe—Tf.
Under these conditions, less than ~0.1% of radioactivity could
be extracted after the second wash, indicating complete removal of non-
internalized transferrin. Aliquots of 2X10° cells were resuspended in
pre-warmed serum-free RPMI containing 100 uM HMW-DFO and
immediately placed into a CO, incubator at 37 °C either alone, or in co-
culture with other cells. Radioactivity in the supernatant, corresponding to
3Fe release, and in THP1 cells was monitored at specified time intervals on
a y-counter. To calculate the percentage of *°Fe release, the amount of
soluble radioactivity was divided by the total amount of radioactivity in
media and THP1 cells.

2.6. Western blotting

Cells were lysed in cytoplasmic lysis buffer (1% Triton X-100, 300 mM
NaCl and 50 mM Tris/HCl; pH 7.4). Cell debris was cleared by
centrifugation and protein concentration was measured with the Bradford
reagent (BioRad). Cell lysates (15 ng) were resolved by SDS/PAGE and
proteins transferred onto nitrocellulose filters. The blots were saturated with
10% non-fat milk in Tris-buffered saline (TBS) and probed overnight at
4°C with 1:500 diluted ferritin (DakoCytomation Inc.) or IRP2 [32]
antibodies. After 3 X washes with TBS containing 0.1% (v/v) Tween 20,
the blots were further incubated for 2 h at room temperature with 1:5000
diluted goat anti-rabbit IgG (Sigma). Detection of the peroxidase-coupled
secondary antibodies was performed with the ECL® method (Amersham).
The blots were quantified by densitometry.

2.7. Metabolic labeling with *°S-methionine/cysteine
and immunoprecipitation of ferritin

THP1 cells were metabolically labeled during co-culture with
(50 uCi/ml) trans-[**S]label, a mixture of 70:30 >3S-methionine/cysteine
(ICN). Cytoplasmic lysates (160 pg) were subjected to quantitative
immunoprecipitation with 5 ul ferritin antibody (Roche). Immuno-
precipitated proteins were analysed by SDS/PAGE and visualized by
autoradiography. Radioactive bands were quantified by phosphorimaging.

2.8. Northern blotting

Cells were lysed with the Trizol reagent (Invitrogen) and RNA was
prepared according to the manufacturer’s recommendations. Total cellular
RNA (10 pg) was electrophoretically resolved on a denaturing agarose gel,
transferred onto nylon membranes, and hybridized to **P-labeled human
hepcidin or B-actin cDNA probes. Autoradiograms were quantified by
phosphorimaging.
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Fig. 1. Kinetics of *°Fe release from THP1 monocytic cells. The cells
were loaded with 5 pM “Fe-Tf for 16 h and the release of °Fe in
serum-free media was measured at the indicated time intervals. The
media contained 100 pM HMW-DFO to capture and solubilize 5Fe.
Iron release is expressed as percentage of the total amount of soluble
Fe in media divided by *Fe in both media and cells. Values
correspond to triplicate experiments (mean & SD). [This figure appears
in colour on the web.]

2.9. Statistical analysis

Data are shown as means & SD. Statistical analysis was performed by
one-way ANOVA test with the Prism GraphPad Software (version 4.0c).

3. Results

3.1. °Fe uptake and release from THP1 monocytic cells

Human THP1 monocytic cells were utilized as a model to
study the effects of hepcidin on the regulation of macrophage
iron metabolism. We first established conditions for iron
release assays. The cells were loaded overnight with *°Fe—Tf
and the efflux of *°Fe in serum-free media was measured on a
y-counter. In preliminary experiments we noticed that ~20%
of released radioactivity could not be recovered and remained
attached to the plastic dish. Complete solubilization of
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*Fe release from THPI cells

1127

released *°Fe was accomplished by employing HMW-DFO
as an iron acceptor. The addition of bovine ceruloplasmin at
concentrations of 0.2 or 0.6 pg/ml did not appreciably alter the
amount of soluble radioactivity (data not shown). A typical
time course experiment under optimized conditions is shown
in Fig. 1. The efflux of *°Fe was fast and reached a plateau
within 45-60 min, possibly due to the absence of other iron
sources in the serum-free media. The plateau was maintained
for up to 5h. The fraction of released radioactivity
corresponded to ~ 16% of the amount of internalized >°Fe.
Thus, under these experimental conditions, iron efflux from
THP1 cells only occurs for 45-60 min following termination
of external iron supply.

3.2. Generation of hepcidin by Huh7 or HepG2 hepatoma
cells inhibits *°Fe release from co-cultured THPI
monocytes

Because hepcidin is exclusively produced by hepatocytes
[1-3], we utilized Huh7 hepatoma cells as physiological
source of the peptide. As expected [33], a treatment with
20 ng/ml IL-6 for 2 h dramatically induced hepcidin mRNA
expression in Huh7 cells, but not in control H1299 lung
cancer cells (Fig. 2A). In a time course experiment, hepcidin
mRNA levels peaked within 1-2 h and remained elevated
after 6 h of IL-6 treatment, while under these conditions the
expression of control B-actin mRNA did not change
(Fig. 2B). We next examined how physiologically generated
hepcidin controls macrophage iron efflux. Huh7 cells,
previously treated with IL-6, or not, or H1299 cells, were
co-cultured with [59Fe—Tf]-loaded THP1 monocytes. When
co-cultured with [IL-6]-treated Huh7 cells, THP1 mono-
cytes released ~30% less *’Fe as compared to control
(Fig. 2C). The effect was statistically significant (p <0.05)
and suggests that hepcidin generated by Huh7 cells in
response to IL-6 inhibits iron efflux from THP1 monocytes.

(% of ctrl)

HI1299 HI299 +IL-6

Huh7 Huh7 + IL-6

co-culture

Fig. 2. The expression of hepcidin from Huh?7 hepatoma cells inhibits °Fe release in THP1 monocytes. (A) Huh7 hepatoma and H1299 lung cancer
cells were treated with 20 ng/ml IL-6 for 2 h and the expression of hepcidin mRNA was analyzed by Northern blotting. (B) Huh7 cells were treated
with 20 ng/ml IL-6 and the expression of hepcidin (top) and B-actin (bottom) mRNAs at the indicated time intervals was analyzed by Northern
blotting. (C) THP1 monocytes were loaded with 5 uM **Fe-Tf for 16 h and co-cultured for 4 h with H1299 or Huh?7 cells, previously treated with
20 ng/ml IL-6 for 2 h or not. The release of *’Fe was monitored in serum-free media containing 100 yM HMW-DFO. Iron release, calculated from the
total amount of soluble **Fe in media divided by **Fe in both media and cells, is expressed as percentage of control (co-culture with H1299 cells).
Values correspond to triplicate experiments (mean 1+ SD). *p <0.05 versus control (one-way ANOVA test).
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Fig. 3. The expression of hepcidin from HepG2 hepatoma cells inhibits
5Fe release in THP1 monocytes. (A) Northern blot analysis of hepcidin
(top) and B-actin (bottom) mRNAs in parent HepG2 cells and in
HepG2 #6, stably transfected with a hepcidin ¢cDNA. (B) THP1
monocytes were loaded with 5 uM **Fe-Tf for 16 h and co-cultured for
4 h with either control H1299 lung cancer cells, parent HepG2 cells, or
HepG2 #6. The release of *Fe was monitored in serum-free media
containing 100 pM HMW-DFO. Iron release, calculated from the total
amount of soluble °Fe in media divided by *Fe in both media
and cells, is expressed as percentage of control (co-culture with H1299
cells). Values correspond to triplicate experiments (meanZ+SD).
*p <0.05 versus control (one-way ANOVA test).

In co-cultures with untreated Huh7 cells, which express low
levels of hepcidin mRNA (Fig. 2A), a ~15% decrease in
Fe release from THP1 monocytes was observed. Trypan
blue exclusion assays showed that under all experimental
conditions cell viability was not affected, confirming that
the release of *Fe was not due to cell decay.

It could be argued that the above described inhibition in
*Fe release may not be directly mediated by hepcidin but
rather depend on other, possibly pleiotropic effects of IL-6.
To achieve high levels of hepcidin expression in the absence
of IL-6 stimulation, a hepcidin cDNA was transfected into
HepG2 hepatoma cells and stable clones were selected.
Northern blot analysis shows that hepcidin mRNA
expression is dramatically upregulated in HepG2 clone #6
(Fig. 3A). The effects of hepcidin on iron release were
evaluated in co-culture assays of HepG2 #6, parent HepG2,
or control H1299 cells with [59Fe—Tﬂ-10aded THP1
monocytes. In the presence of HepG2 #6, the release
of *°Fe from THP1 monocytes was statistically significantly
(p<0.05) decreased by ~35% as compared to
control (Fig. 3B), in agreement with the data obtained with
[IL-6]-stimulated Huh7 cells. Likewise, in co-culture with

parent HepG2 cells, a smaller (~14%) decrease in *°Fe
release was apparent, as with untreated Huh7 cells. Taken
together, the results in Figs. 2 and 3 suggest that
physiologically produced hepcidin inhibits iron efflux from
target monocytes.

3.3. Hepcidin generated by Huh7 cells elicits responses to
iron loading in co-cultured THP1 monocytes

The hepcidin-mediated inhibition of *’Fe release from
THP1 cells implies that physiologically generated hepcidin
may have the capacity to alter their overall iron status. To
examine this, THP1 cells were co-cultured with Huh?7
hepatoma or control H1299 cells and the expression of
the cytoplasmic post-transcriptional regulator IRP2, which is
sensitive to proteasomal degradation in response to
iron loading [34], was analyzed by Western blotting.
The co-culture with [IL-6]-stimulated Huh7 cells promoted
aprofound (~66%) decrease in the steady-state levels of IRP2
in THP1 cells (Fig. 4). The decrease was more modest
(~13%) in the absence of IL-6 treatment (lane 2).
Consistently with the data in Fig. 2, a treatment of control
H1299 cells with IL-6 did not affect IRP2 levels in co-cultured
THP1 cells (supplemental Fig. 1A). These findings support the
idea that hepcidin-mediated inhibition of iron efflux results in
accumulation of intracellular iron within THP1 cells, which is
sensed by IRP2 and promotes its degradation.

The reduction of IRP2 levels is expected to de-repress
ferritin mRNA translation; this in turn leads to storage and
detoxification of excess iron [2,34]. An immuno-
precipitation assay with ferritin antibodies following
metabolic labeling of the co-cultured cells with **S-meth-
ionine/cysteine revealed that [IL-6]-stimulated Huh7 cells

IB: aIRP2
co-culture H1299 - - -
co-culture Huh7 - + +
IL-6 (20 ng/ml) - - +

[RP2 — SR S

» D S —

B-actin. —m- SEEE——

IRP2/B-actin 1 .87 34

Fig. 4. The generation of hepcidin by Huh7 hepatoma cells decreases
IRP2 levels in THP1 monocytes. THP1 monocytes were co-cultured for
4 h with either control H1299 lung cancer cells, Huh7 cells, or Huh?7
cells previously treated with 20 ng/ml IL-6 for 2 h. The expression of
IRP2 (top) and B-actin (bottom) in THP1 cells was analyzed by
Western blotting. IRP2/B-actin ratios were quantified by densitometry.
*Denotes an apparently non-specific band.
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Fig. 5. The generation of hepcidin by Huh7 hepatoma cells stimulates
ferritin synthesis in THP1 monocytes. THP1 monocytes were co-
cultured for 2 h with either control H1299 lung cancer cells, or Huh7
cells, or Huh7 cells previously treated with 20 ng/ml IL-6 for 2 h.
Subsequently, the co-cultured cells were metabolically labeled with
(50 pnCi/ml) trans-[>*S]label for 2 h. Lysates from THP1 cells were
subjected to quantitative immunoprecipitation with ferritin antibodies.
Immunoprecipitated material was analyzed by SDS-PAGE on a 15%
gel and newly synthesized ferritin (arrow) was visualized by
autoradiography. The relative band intensities were quantified by
phosphorimaging.

triggered a 2.1-fold increase in de novo ferritin synthesis in
THP1 cells (Fig. 5, lanes 1-3]. As expected, a treatment
with hemin fully de-repressed ferritin synthesis by 5.3-fold
(lane 4), while a co-culture with [IL-6]-stimulated control
H1299 cells did not affect ferritin mRNA translation in
THP1 cells (supplemental Fig. 1B). We conclude that
physiologically generated hepcidin modulates iron homeo-
stasis and yields an iron-rich phenotype in THP1 monocytes
via inhibition of iron efflux.

4. Discussion

The antimicrobial peptide hepcidin has emerged as a
major hormonal regulator of systemic iron homeostasis.
Overwhelming genetic data, suggested that hepcidin
negatively regulates dietary iron absorption in the duode-
num and the recycling of iron from senescent red blood cells
via reticuloendothelial macrophages [1,3,26]. Biochemical
experiments revealed that hepcidin binds to transfected
GFP-ferroportin and regulates its subcellular localization
and stability [4,5]. The iron exporter ferroportin mediates
iron efflux from macrophages, which is crucial for the
maintenance of a dynamic pool of transferrin-bound iron in
plasma and the delivery of the metal to developing erythroid
cells and other tissues [2]. The potential of hepcidin to
control ferroportin expression provides a framework to
understand the function of this peptide. Nevertheless, the
functional characterization of hepcidin is far from com-
pleted and important physiological aspects remain largely
unexplored. This prompted us to study the effects of

hepcidin on macrophage iron efflux and on overall
macrophage iron metabolism.

Because hepcidin is generated by hepatocytes and
serves as a signal to target macrophages (and enterocytes),
we established a physiologically relevant co-culture model
of hepcidin-producing hepatoma cells and target THP1
monocytic cells. We previously optimized conditions
for an iron release assay: THP1 cells were loaded with
Fe—Tf and the release of *’Fe in serum-free media was
monitored in the presence of HMW-DFO as an iron
acceptor (Fig. 1). The induction of endogenous hepcidin
by Huh7 cells in response to stimulation with IL-6, or the
over-expression of a hepcidin cDNA in transfected HepG2
cells, appreciably reduced the release of *°Fe from co-
cultured THP1 monocytes by 30-35% (Figs. 2 and 3).
These statistically significant values (p <0.05) compare to
*Fe release in control co-culture experiments with H1299
lung cancer cells. A consistent, yet smaller decrease
(~15%) that did not reach statistical significance was
apparent when >°Fe release from THP1 monocytes was
compared between co-cultures with control H1299 cells
that do not express any hepcidin (Fig. 2A), and co-
cultures with unstimulated Huh7 or untransfected HepG2
cells. This effect could be attributed to basal expression of
hepcidin in the hepatic cells.

The data in Figs. 2 and 3 directly demonstrate
that physiologically generated hepcidin controls iron efflux
from monocytic cells. They also corroborate biochemical
experiments documenting inhibition of iron efflux due to
hepcidin-mediated relocalization and lysosomal degra-
dation of transfected ferroportin [4,5,29]. Moreover, they
strongly suggest that hepcidin produced by hepatoma cells
likely targets endogenous ferroportin from co-cultured
THPI cells for degradation. Experiments are underway to
validate this hypothesis, which is further supported by
recent data showing that exposure of bone marrow-derived
macrophages to synthetic hepcidin decreases levels of
endogenous ferroportin [35].

Importantly, the capacity of physiologically generated
hepcidin to inhibit *°Fe release from THP1 cells correlates
with a reduction of IRP2 levels (Fig. 4) and the concomitant
de-repression of ferritin synthesis (Fig. 5). Because IRP2 is
sensitive to iron-dependent degradation [34], assessment of
its steady-state levels serves as a reliable marker of cellular
iron status [4]. Thus, low IRP2 levels are indicative of an
iron-replete state. The observed increase in de novo
synthesis of ferritin, that stores and detoxifies excess
intracellular iron [36], is in agreement with the well-
established function of IRP2 as a repressor of ferritin mRNA
translation [2,34].

In summary, the data presented here show that hepcidin
generated by hepatic cells inhibits iron efflux from target
monocytes and activates homeostatic responses in these
cells to handle iron accumulation. These findings are fully
consistent with a function of hepcidin in controlling the
degree of iron load in macrophages and with the proposed
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causative relationship of pathological hepcidin expression
with the development of ACD.
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Local and systemic inflammatory conditions are character-
ized by the intracellular deposition of excess iron, which may
promote tissue damage via Fenton chemistry. Because the Fen-
ton reactant H,O, is continuously released by inflammatory
cells, a tight regulation of iron homeostasis is required. Here, we
show that exposure of cultured cells to sustained low levels of
H,O0, that mimic its release by inflammatory cells leads to up-
regulation of transferrin receptor 1 (TfR1), the major iron
uptake protein. The increase in TfR1 results in increased trans-
ferrin-mediated iron uptake and cellular accumulation of the
metal. Although iron regulatory protein 1 is transiently acti-
vated by H,O,, this response is not sufficient to stabilize TfR1
mRNA and to repress the synthesis of the iron storage protein
ferritin. The induction of TfR1 is also independent of transcrip-
tional activation via hypoxia-inducible factor 1« or significant
protein stabilization. In contrast, pulse experiments with 3°S-
labeled methionine/cysteine revealed an increased rate of TfR1
synthesis in cells exposed to sustained low H,O, levels. Our
results suggest a novel mechanism of iron accumulation by sus-
tained H,0,, based on the translational activation of TfR1,
which could provide an important (patho)physiological link
between iron metabolism and inflammation.

Systemic iron homeostasis undergoes typical changes during
inflammatory or infectious conditions. A decrease in plasma
iron concentration limits the availability of the metal for eryth-
ropoiesis, ultimately leading to the so-called anemia of chronic
disease (1). In addition to iron retention within the reticuloen-
dothelial system, parenchymal cells such as hepatocytes also
accumulate iron under inflammatory conditions (2—-8), and
this iron deposition has been identified as an important factor
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in tissue damage by free radicals (9). In addition, hepatic iron
accumulation appears to be an important cofactor in the devel-
opment of fibrosis and end stage liver disease in such common
chronic liver pathologies such as hepatitis C or alcoholic steato-
hepatitis (4—8).

Significant progress has been made toward understanding
the molecular basis of iron retention within the reticuloendo-
thelial system during inflammation (10—12). The mechanism
involves the interleukin-6-mediated induction of the iron-reg-
ulatory peptide hepcidin (13, 14), which inhibits iron efflux
from macrophages and intestinal enterocytes (15, 16) by bind-
ing to and promoting the degradation of the transporter ferro-
portin 1 (IREG1 or MTP1) (17). The ensuing hypoferremia is
thought to be part of a physiological defense strategy to deplete
invading bacteria from the growth-essential iron. Thus far, the
possibility that inflammation-mediated accumulation of iron in
parenchymal cells may also contribute to hypoferremia has not
received much attention. Nevertheless, the expression of trans-
ferrin receptor 1 (TfR1),”> the major iron uptake protein, is
induced in several models of inflammation (2, 18).

Upon activation, inflammatory cells such as neutrophils and
macrophages undergo an “oxidative burst” that results in the
release of large amounts of reactive oxygen species to kill invad-
ing bacteria (19). The membrane-associated NADPH-oxidase
(NOX?2) first generates superoxide that is rapidly dismutated to
the more stable H,O, by superoxide dismutases (20). Thus,
during inflammation, cells and tissues are exposed to sustained
concentrations of H,O, demanding a tight regulation of iron
homeostasis to prevent tissue damage via Fenton and Fenton-
like reactions. The activation of iron regulatory protein 1 (IRP1)
by H,O, has been proposed as a regulatory link between cellular
iron homeostasis and inflammation. IRP1 regulates the expres-
sion of several proteins by post-transcriptional mechanisms. In
iron-deficient cells, the mRNA of TfR1 is stabilized upon bind-
ing of IRP1 and IRP2 to iron-responsive elements (IREs) within

2 The abbreviations used are: TfR1, transferrin receptor 1; CAT, catalase; EMSA,
electrophoretic mobility shift assay; GOX, glucose oxidase; IRE, iron-re-
sponsive element; IRP1, iron regulatory protein 1; LIP, labile iron pool; HIF,
hypoxia-inducible factor; PBS, phosphate-buffered saline; MTT, 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; DMEM, Dulbecco’s
modified Eagle’s medium; RT, reverse transcription.
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its 3’-untranslated region (21). Earlier work showed that the
IRE binding activity of IRP1 is induced by H,O, (22, 23). Thus,
exposure of cultured cells or intact rat liver to H,O, at quanti-
ties that are commonly released by inflammatory cells rapidly
activate IRP1 within 30—60 min (24, 25). Importantly, IRP1
activation by H,O, was sulfficient to increase TfR1 expression
in B6 fibroblasts (26). TfR1 expression is also controlled tran-
scriptionally; one mechanism involves the hypoxia-inducible
factor 1a (HIF-1e), which binds to a conserved binding site
within the TfR1 promoter (27, 28). HIF-l« is activated in
response to hypoxia, but up-regulation of HIF-1« has also been
linked to mitochondria-derived oxidative stress (29).

Transient pulses of H,O, are commonly employed to study
the effects of this reactive oxygen intermediate in biochemical
pathways. Such conditions, however, hardly mimic the contin-
uous release of H,O, from inflammatory cells because H,O, is
degraded rapidly by cultured cells (30). We have previously
employed an enzymatic system for H,O, generation at steady-
state levels based on glucose oxidase (GOX) and catalase (CAT)
(25, 30 -32). For methodological reasons, however, these stud-
ies were restricted to relatively short time intervals (24, 25). In
an optimized setting, we expose here cultured cells to a sus-
tained flux of H,O, at low, nontoxic concentrations that mimic
the H,O, release by inflammatory cells in terms of time and
dose response. We show that such conditions induce the
expression of TfR1, which is associated with increased trans-
ferrin-mediated iron uptake and intracellular iron accumula-
tion. Neither IRP1 nor HIF-1« are involved in the up-regulation
of TfR1 in response to such sustained low levels of H,O,.
Moreover, H,O, does not block TfR1 turnover but signifi-
cantly stimulates TfR1 expression at the translational level.
We suggest that H,0,-mediated iron uptake via transla-
tional induction of TfR1 could be a general mechanism that
contributes to iron accumulation and tissue damage under
conditions of inflammation.

EXPERIMENTAL PROCEDURES

Reagents—Luminol, NaOCIl, phosphate-buffered saline
(PBS), Hanks’ buffer, H,O,, catalase, tetrazolium salt (MTT),
glucose oxidase, and sodium azide were purchased from Sigma.
Dulbecco’s modified Eagle’s medium (DMEM), McCoy’s 5A
medium, and penicillin/streptomycin were purchased from
Invitrogen. Fetal calf serum was purchased from Greiner
Labortechnik. Stock solutions of luminol, NaOCl, and H,O,
were prepared as described recently (32).

Cell Culture—Human HepG2, HeLa, and HT29 cells were
grown in DMEM supplemented with 2 mm glutamine, 4.5 g/li-
ter glucose, 100 units/ml penicillin, 0.1 ng/ml streptomycin,
and 10% fetal calf serum. Human colonic carcinoma HCT116
cells were grown in McCoy’s 5A medium, and murine B6 fibro-
blasts were grown in supplemented DMEM containing 1000
mg/liter of glucose. The cells were maintained in an incubator
at 37 °C with 5% CO.,,.

Determination of Enzymatic Activities for Catalase and GOX—
Enzymatic activities of GOX and catalase were determined at
submicromolar H,0O, concentrations prior to the experiment
using a sensitive chemiluminescence technique (31, 33). Con-
tinuous measurements on supernatants of cultured cells con-
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firmed the maintenance of steady-state concentrations of H,O,
during each experiments (30).

Electrophoretic Mobility Shift Assay (EMSA)—EMSAs were
performed as described previously using a radiolabeled human
ferritin H-chain IRE probe (34). RNA-protein complex forma-
tion was quantified by densitometric scanning of the depicted
autoradiographs.

Western Blotting—The cells were solubilized directly in
radioimmune precipitation assay lysis buffer, and lysates were
immediately boiled for 10 min. Equal aliquots were resolved by
SDS/PAGE on 8% gels, and proteins were transferred on to
nitrocellulose filters. The blots were saturated with 5% nonfat
milk in PBS and probed with 1:4000 TfR1 (Zymed Laboratories
Inc., San Francisco, CA), 1:250 HIF-1a mouse (Biosciences,
Heidelberg, Germany), or 1:500 B-actin (Sigma) antibodies.
After washing with Tris-buffered saline containing 0.05% (v/v)
Tween 20, the blots were further incubated with horseradish
peroxidase-conjugated secondary antibodies using the follow-
ing dilutions: TfR monoclonal antibodies with rabbit anti-
mouse IgG 1:6000, B-actin antibodies with goat anti-rabbit IgG
1:10000, and HIF-1a mouse antibodies with goat anti-mouse
IgG 1:10000 dilution. Glucose oxidase was detected with a pre-
viously developed anti-GOX polyclonal antibody (35) in con-
junction with an horseradish peroxidase-conjugated anti-
guinea pig secondary antibody (Dianova, Hamburg, Germany)
ata dilution of 1:3000. Detection of the horseradish peroxidase-
coupled secondary antibodies was performed with the ECL®
method (Amersham Biosciences). The blots were quantified by
densitometric scanning using the TotalLab software version
1.11 (Nonlinear Dynamics Inc., Durham, NC).

Determination of the Labile Iron Pool (LIP)—The LIP was
measured using the metal-sensitive fluorescence probe calcein
(36, 37). We modified the technique to allow LIP detection of
attached cells. Briefly, the cells were first treated for over 24 h in
the presence of H,O, or the membrane-impermeable iron che-
lator desferal (desferrioxamine). The cells were then washed
twice with PBS and loaded with calcein-acetoxymethyl ester at
a final concentration of 5 uM for 30 min (from a 10 mM stock
solution in dimethyl sulfoxide). First fluorescence readings (F1)
were taken using a Fluostar (BMG Labtechnologies GmbH,
Offenburg, Germany) in bottom read technique with a fluores-
cein optical filter (excitation, 465—495 nm; emission, 505 nm).
Subsequently, the cells were depleted of iron in the presence of
the membrane-permeable iron chelator salicylaldehyde isonic-
otinoyl hydrazone for 30 min (38), and a second measurement
of fluorescence was performed (F2). After background subtrac-
tion, this protocol allowed us to determine the F2/F1 ratio as
relative indicator of LIP independent of the cell number and
distribution within the wells.

Northern Blotting—RNA prepared with the TRIzol® reagent
(Invitrogen) was analyzed by Northern blotting with **P-radio-
labeled mouse TfR1, hepcidin, or rat B-actin cDNA probes (23).

Oxygen Measurements and Induction of Hypoxia—Oxygen
was measured using a computer-driven oxygen electrode Oxi
325-B (WTW, Weilheim, Germany). The electrode was cali-
brated with air-saturated water (21%). Permanent magnetic
stirring was necessary to facilitate oxygen exchange at the
membrane side of the oxygen electrode. To induce hypoxia, an
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custom-made oxygen chamber was used and equilibrated with
a prepared gas mixture of 3% oxygen, 5% carbon dioxide, and
92% nitrogen (Lifegas).

Iron Uptake Experiments—Transferrin-mediated iron uptake
experiments were carried out as described in Ref. 39. Briefly,
uptake experiments of *°Fe-labeled diferric transferrin (holo-
transferrin) were performed in 6-cm dishes at 37 °C for 30 min
in 1 ml of buffer A (140 mm NaCl, 5 mm KCI, 1 mm CaCl,, 1 mm
MgCl,, 5 mm NaH,PO,, and 5 mm HEPES, pH 7.4). The cells
were washed five times with ice-cold PBS and then lysed with 1
ml 1 M NaOH. Radioactivity of lysates was determined using a
Cobra II Auto Gamma counter (Canberra Packard, Meriden,
CT). For all of the uptake experiments, the controls were incu-
bated on ice to determine nonspecific binding of holotrans-
ferrin to the cell membrane. The 0 °C values were subtracted
from the 37 °C values to determine net uptake rates.

Analysis of TfRI mRNA Levels by Quantitative RT-PCR—To-
tal RNA was isolated from cell culture using the TRIzol® rea-
gent (Invitrogen). TfR1 and control B-actin mRNA transcripts
were quantified by a two-step RT-PCR with the Applied Bio-
systems 7500 real time PCR system. cDNA synthesis was per-
formed with a first strand cDNA synthesis kit for RT-PCR
(Invitrogen), according to the manufacturer’s instructions.
Transcripts were amplified in duplicates with specific sense and
antisense QuantiTect® primers (Qiagen). The thermal cycler
profile consisted of a total reaction volume of 50 ul that under-
wenta 95 °C activation for 10 min, followed by 40 repetitions of
the following three steps: 95 °C denaturation for 15 s, annealing
at 55 °C for 30 s, and a 33-s extension period at 72 °C. Tran-
scripts were detected with the QuantiTect SYBR® Green kit.
TfR1/B-actin ratios were calculated using LightCycler
sequence detection software v1.2.

TfR1 Protein Stability and Synthesis—For protein stability,
the cells were metabolically labeled for 1 h with (50 wCi/ml)
trans-3°S label, a mixture of 70:30 [**S]methionine/cysteine
(ICN, Irvine, CA) in RPMI methionine/cysteine-free medium
prior to GOX treatment. Following the 1-h pulse, the cells were
chased with cold medium in the absence or presence of GOX
treatment. In contrast, the rate of protein synthesis was deter-
mined by first incubating the cells in cold medium with or with-
out GOX and subsequently metabolically labeling the cells for
1 h. Following both the protein stability and synthesis stud-
ies, the cells were lysed with radioimmune precipitation
assay buffer, and 1 mg of lysates was subjected to quantita-
tive immunoprecipitation with 2 ul of mouse monoclonal
TfR (Zymed Laboratories Inc., San Francisco, CA). Immuno-
precipitated proteins were analyzed by SDS/PAGE and visu-
alized by autoradiography. Radioactive bands were quanti-
fied by phosphorimaging.

Cytotoxicity Studies—Cell viability was determined with the
MTT assay (40). Briefly, conversion of the tetrazolium salt
(MTT) into a blue formazan product was detected using a
96-well plate reader (Fluostar, BMG Labtechnologies GmbH,
Offenburg, Germany) at 570 nm. The cells were treated with
different activities of glucose oxidase and catalase in culture
medium for 24 h in 96-well plates at 37 °C. After two washing
steps with PBS, MTT was added to each well (0.5 mg/ml), the
cells were incubated for further 4 h at 37 °C and, finally, 10%
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FIGURE 1. Exposure of cultured cells to sustained nontoxic H,0,. A, com-
bination of glucose oxidase and catalase (GOX/CAT) is able to maintain stable
H,O, concentrations over 24 h in culture medium (DMEM, high glucose).
H,O, was determined at different time points using the luminol/hypochlorite
assay (see “Experimental Procedures”). Final enzyme activities: kcar = 4.8 X
10 %s "and kgoyx = 3 X 10~ 8ms ™ ". B, B6 fibroblasts were exposed to varying
stable concentrations of H,0, for 24 h in the presence of two different GOX
concentrations with GOX 1X corresponding to kgox = 3 X 10 8ms™ . Cell
viability was determined with the MTT assay. Variation of H,O, concentration
at the fixed amounts of GOX were achieved by increasing activities of external
catalase. Each point reflects the average of eight measurements. Bars, S.D.

SDS in 0.01 M HCl was added to lyse the cells. The samples were
incubated overnight, and the absorbance was measured.

RESULTS

Generation of Sustained H,O, in Cultured Cells under Non-
toxic Conditions—Optimization of the previously developed
GOX/CAT system (30-32) allowed us to expand H,O, expo-
sure times up to several days, thus mimicking, with respect to
oxidative stress, a chronic inflammatory response. Levels and
flux of H,0O, by GOX are lower or resemble those of activated
leukocytes in vivo (0.2 um s~ ' or <10 um) (41). Using an ultra-
sensitive H,O, assay (30, 41), we show (Fig. 14) that H,O, is
maintained at a constant concentration of ~5 um over the
entire time interval of 24 h, indicating that GOX remains stable
under these experimental conditions and the substrates glucose
and oxygen are not depleted. Cell cultures could be exposed to
GOX/CAT over several days, and such experiments were only
limited by cellular confluence and eventual growth arrest. The
media were always replaced every 12 or 24 h to prevent glucose
depletion. We then examined whether under the above exper-
imental conditions toxicity/growth inhibition was associated
with H,O, concentrations or flux by varying GOX amounts or
ratios of GOX/CAT (32, 42). As demonstrated in Fig. 1B, tox-
icity depended solely on the levels of H,O, and was independ-
ent of the flux. Both GOX 1X and GOX 5X inhibited cell
growth when H,O, levels exceeded a concentration of 10 um
H,O,. Interestingly, B6 cells that were incubated with increas-
ing GOX without the additional external catalase also showed
growth inhibition at a steady-state concentration of 10 uMm
H,0, because of the low cellular catalase activity of 0.001 s™*
(31). Thus, toxicity of a GOX/CAT system only depends on the
concentration of H,O, (defined by the ratio of GOX/CAT) and
not the H,0O, generation rate (defined by the GOX activity),
which could be linked to consumption or other metabolites. No
changes in cell growth were observed with H,O, concentra-
tions below 5 uMm, and these nontoxic conditions are tolerated
well over 24 h.

Sustained Exposure of Cultured Cells to Nontoxic H,O,
Concentrations Up-regulates TfR1—Long term exposure of
B6 fibroblasts over 48 h to low H,O, concentrations was
accompanied by a strong induction of TfR1 expression (Fig.
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FIGURE 2. Sustained H,0, up-regulates TfR1 without repression of ferri-
tin. A, B6 fibroblasts were exposed to stable concentrations of 5 um H,0,
similar as described in the legend to Fig. 1A, and expression of TfR1 was ana-
lyzed by Western blotting (top panel). The middle panel shows TfR1 expression
of the untreated control. The bottom panel shows the ratio of H,0,-treated
versus untreated controls as obtained by densitometry. The depicted experi-
ment is representative of three independent measurements. B, B6 fibroblasts
were treated for 24 h with the iron chelator desferroxamine (D), hemine (H),
two different sustained concentrations of H,0,, and expression of TfR1, ferri-
tin, and B-actin was determined by Western blotting. In contrast to iron
depletion by desferroxamine, sustained H,0, slightly increases ferritin levels
in addition to TfR1 induction. The depicted experiment is representative of
three independent measurements.

2A). A slight increase (40%) of TfR1 steady-state levels was
observed after 8 h, whereas maximal activation (~3.5-fold)
was manifested after 24 h and sustained up to 48 h. Excess of
catalase completely blocked TfR1 up-regulation (not
shown). Thus, H,O, not only antagonized the previously
reported inhibiting effect of cell growth on TfR1 expression
(43) but further increased TfR1 expression. The ratios of
TfR1 densities from H,O,-treated and control cells are
shown in the bottom panel of Fig. 2A. In contrast to iron-
depleting conditions, the iron storage protein ferritin was
slightly up-regulated in H,O,-treated cells and more so with
iron loading with hemin (Fig. 2B). Thus, prolonged exposure
of B6 cells to nontoxic H,O, concentrations strongly acti-
vates TfR1 expression and slightly up-regulates ferritin.
Importantly, these data were corroborated in additional cell
lines of various tissue origin (HeLa, HepG2, HCT116, and
HT29).
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FIGURE 3. GOX induces expression of TfR1 via H,0, in the absence of
hypoxia. A, GOX activities that are sufficient to induce TfR1 (GOX 1X) do not
change oxygen levels, whereas high activities of GOX (GOX 10X) are able to
induce mild hypoxia in the cell culture medium. The oxygen levels were
measured with an oxygen electrode in the presence of varying GOX activities
in a 10-cm culture dish containing 45 ml of medium and 25 mm glucose. GOX
1X corresponds to kgox = 3.0 X 1078 m s~ . B, expression of HIF-1a was
measured in HepG2 cells that were exposed to different levels of sustained
H,0,. An oxygen chamber (3% oxygen) was used as positive control. HIF-1«
was rapidly induced within 6 h. No HIF-1« induction was observed with the
GOX/CAT system (GOX 1X) generating 1 or 5 um of sustained H,0,, although
TfR1 is induced under these conditions (see Fig. 2). Catalase was used to
adjust H,0, levels. Lanes (medium volume, kgoy, kcar): lane 1,10 ml, 0, 0; lane
2,10ml, 3% oxygen;lane3,10ml,3 X 10 8ms ™ ',2.4 X 10" ?s ';lane 4,10 ml,
3X 10 8ms ",4.8 X 107 3s ". The depicted experiment is representative of
three independent measurements.

TfR1 Up-regulation in Cells Exposed to GOX/CAT Is Medi-
ated Solely by H,0O, and Not Hypoxia—In the GOX/CAT sys-
tem, the ratio of GOX/CAT activities determines the concen-
tration of H,O,, whereas GOX defines the consumption rate of
oxygen (30). At higher concentrations, GOX significantly
decreases oxygen levels in the culture medium (Fig. 3A).
Because hypoxia (27, 28) and oxidative stress (29) have been
shown to induce TfR1 expression via the transcription factor
HIF-1«, we next studied whether exposure of cells to sustained
H,O, at our conditions increases expression of HIF-1c. Hepa-
toma HepG2 cells that express HIF-1« in response to hypoxia
(44) were exposed for 6 h to different concentrations of H,O,
generated by the GOX/CAT system that are known to induce
TfR1 (Fig. 2), and HIF-1a was determined by Western blotting
(Fig. 3B). The cells that were incubated with 3% oxygen using an
oxygen chamber served as a positive control. As expected,
HIF-1a expression is only induced at 3% oxygen (lane 2),
whereas the application of GOX/CAT at an H,O, flux that
results in TfR1 activation (as in Fig. 2) did not stimulate HIF-1«
expression (lane 3 and 4). We conclude that sustained H,O,
activates TfR1 specifically and in the absence of hypoxia.

H,O,-mediated Up-regulation of TfR1 Is Functional and
Results in Intracellular Accumulation of Iron—We next
addressed the question of whether TfR1 up-regulation in
response to sustained H,O, is physiologically significant.
Transferrin-mediated iron uptake was measured by exposing
B6 cells to various steady-state H,O, concentrations over 24 h
in the presence of *’Fe-loaded and purified transferrin. Fig. 44
demonstrates a significant H,O,-dependent increase in *°Fe
uptake 2.4-fold. We then assessed the effects of the prolonged
H,O, treatment on the LIP using a modified calcein assay (36,
37). Iron depletion by desferrioxamine was used as negative
control. Fig. 4B shows that the LIP is clearly increased in B6
fibroblasts upon exposure to a H,O, flux over 24 h. Similar
responses of LIP were found with all other cell lines (data not
shown).
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FIGURE 4. Sustained H,O, increases transferrin-mediated iron uptake
and the intracellular LIP. A, the uptake of *°Fe-labeled diferric transferrin is
induced in the presence of continuous release of H,0, over 24 h. B6 fibro-
blasts were exposed to GOX/CAT to obtain sustained H,O, concentrations as
indicated. Each point reflects the average of five measurements. Bars, S.D.
B, increase of labile iron pool in the presence of a continuous nontoxic flux of
H,O, over 24 h in B6 fibroblasts. The conditions are similar to those described
in the legend to Fig. 1. 100 um desferal (desferrioxamine) was used as nega-
tive control to deplete B6 fibroblasts of iron. The depicted experiment is rep-

resentative of eight independent measurements. Bars, S.D.

Stimulated Iron Uptake by Sustained H,O, Is Independent of
the IRE/IRP Regulatory System—Earlier studies had shown that
H,O, rapidly activates IRP1 in cultured cells (22, 23) and in
perfused rat liver (24) and that H,O,-mediated activation of
IRP1 was sufficient to increase TfR1 mRNA and protein levels
(26). A threshold of ~10 um was defined as the minimal con-
centration required for IRP1 activation within 30 — 60 min (25);
however, methodological constrains did not allow H,O, expo-
sure times longer than 60 min. The optimized H,O, models
presented herein enabled us to evaluate IRP1 activity by EMSA
after prolonged H,O, treatments. Exposure of B6 cells to
steady-state concentrations of ~5 um H,O, was associated
with an initial modest activation of IRP1 that was detectable up
to 6 h (Fig. 54, lanes 1 and 2). However, IRP1 activity declined
within the next 24 h of H,0, treatment (lanes 3—4), to the same
degree observed in response to iron-loading with hemin (lane
5). As expected, the iron chelator desferrioxamine drastically
activated IRP1 (lane 6). In contrast to iron overload with hemin,
however, incubation of cell lysates with 2-mercaptoethanol that
activates IRP1 in vitro indicated also decreased IRP1 protein
levels. Moreover, TfR1 mRNA levels were not increased in
response to H,O, as determined by quantitative RT-PCR (Fig.
5B). Thus, it appears that the sustained exposure of cells to such
low, nontoxic H,O, concentrations only modestly and tran-
siently induces IRP1 activity, and this response is not sufficient
to stabilize TfR1 mRNA.

Increased Levels of TfR1 during Sustained H,O, Is Independent
of TfR1 Stability but Involves Stimulation of TfRI Synthesis—
Expression of TfR1 is typically controlled at the level of tran-
scription or stabilization of its mRNA via IRPs. Because these
mechanisms were excluded, we next studied whether TfR1 lev-
els were affected by either protein stability or synthesis. To
measure protein stability in cells with or without sustained
H,O, treatment, B6 cells were pulsed with [**S]methionine/
cysteine for 1 h (time 0) and chased for 1, 6.5, and 24 h (Fig. 6).
The cells were then lysed, and TfR1 levels were determined by
quantitative immunoprecipitation and autoradiography. After
1 and 6 h of chase, TfR1 expression appeared to be slightly
higher in cells treated with H,O, than in control cells. However,
a 24-h treatment with H,O, did not affect the stability of TfR1.
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FIGURE 5. Sustained H,O0, up-regulates TfR1 independently of the IRE/
IRP network. A, cytoplasmic extracts (25 ng) were analyzed by EMSA with
25,000 cpm of 32P-labeled IRE probe (top panel) or presence of 2% 2-mercap-
toethanol (middle panel). The bottom panel shows the ratio of 2-mercaptoeth-
anol-treated (loading control) versus untreated lysates as obtained by densi-
tometry. IRP1 activity was assessed in the absence or presence of H,0, for 6 or
24 h (lanes 1-4). Treatments with 100 um desferrioxamine or hemin were
used as positive and negative controls, respectively (lane 5 and 6). Other con-
ditions are as described in the legend to Fig. 1. The depicted results are rep-
resentative of three independent experiments. B, mouse B6 fibroblasts were
treated with sustained H,O, using a GOX/CAT system as in Fig. 1. TlRT mRNA
levels were analyzed by quantitative RT-PCR and expressed relative to B-actin
mRNA. Data from three independent experiments are shown (means * S.D.).
Iron depletion in the presence of 100 um desferrioxamine served as positive
control strongly inducing TfRT mRNA via IRP1 as shown in Fig. 5A.

We conclude that the surge of TfR1 levels during H,O, treat-
ment is independent of TfR1 stabilization. We next addressed
whether the rate of protein synthesis played a role in the ele-
vated levels of TfR1 during H,O, treatment. The cells were
treated with GOX for 1, 6, 12, and 24 h and subsequently pulsed
with the [**S]methionine/cysteine for 1 h (Fig. 7). The cells
were then lysed, and TfR1 synthesis was analyzed by quantita-
tive immunoprecipitation and autoradiography. As shown in
Fig. 7, the rate of TfR1 synthesis was relatively unchanged in
comparison with nontreated cells following 1 and 6 h of GOX
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FIGURE 6. TfR1 up-regulation by H,0, is independent of protein stability.
B6 cells were pulsed for 1 h with [>**SImethionine/cysteine and chased for 1,
6.5, or 24 h with or without additional GOX. Immunoprecipitated TfR1 was
analyzed by SDS/PAGE and visualized by autoradiography (top panel). Radio-
active bands were quantified by phosphorimaging (bottom panel). Densitom-
etry data are represented as ratio of chased time versus time 0 h and reflect
three independent experiments.
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FIGURE 7. Sustained H,0, induces TfR1 synthesis via direct stimulation of
translation. B6 cells were treated with GOX for 1, 6, 12, and 24 h and subse-
quently pulsed with the [>**SImethionine/cysteine for 1 h. Immunoprecipi-
tated TfR1 was analyzed by SDS/PAGE and visualized by autoradiography (top
panel). Radioactive bands were quantified by phosphorimaging (bottom
panel). Densitometry data indicate the ratio of TfR synthesis of GOX treated
versus control from three independent experiments.

treatment. In contrast, TfR1 mRNA translation was dramati-
cally up-regulated in H,O,-exposed cells after 12 h of GOX
treatment. These findings indicate a novel mechanism by which
sustained H,O, increases iron uptake via translational stimula-
tion of TfR1.

DISCUSSION

The typical changes of iron homeostasis during acute inflam-
mation are considered to be part of the defensive immune
response. In chronic inflammation, however, parenchymal cells
often show increased deposits of iron that may aggravate dis-
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ease progression and promote further tissue damage. Under
these conditions, iron becomes especially harmful because it
catalyzes the generation of free radicals from reactive oxygen
species released by inflammatory cells. Here, we show that the
exposure of various cell types to sustained H,O, results in the
up-regulation of TfR1 expression and accumulation of iron. We
also provide evidence that the mechanism for TfR1 activation
by H,O, is translational.

The levels of sustained H,O, utilized in our experiments are
nontoxic and mimic inflammatory conditions. Thus, our exper-
imental system provides a tool to study the alterations of iron
homeostasis observed in chronic inflammation. A diversion of
iron from circulation into intracellular compartments is well
established. This is associated with impaired erythropoiesis,
which eventually leads to the anemia of chronic disease (1, 3, 45,
46). The antimicrobial peptide hepcidin inhibits iron efflux
from macrophages via ferroportin 1 (17, 47). Considering that
hepcidin expression is induced by the pro-inflammatory cyto-
kine interleukin-6, this pathway is expected to promote tissue
iron accumulation and thereby plays a key role in the develop-
ment of anemia of chronic disease. It is, however, possible that
in addition to inhibition of iron efflux, increased iron uptake
may also contribute to tissue iron accumulation in anemia of
chronic disease. Our results suggest that the H,0O,-mediated
increase of TfR1 may account for this response.

Importantly, increased expression of TfR1 has been observed
in animal models of inflammation (2, 18). In humans, direct
evidence of TfR1 up-regulation has been recently found in
patients with acute respiratory distress syndrome (18). In addi-
tion, levels of soluble TfR receptor are associated with inflam-
mation independent of the degree of erythropoiesis, the
hypoxic response and iron status (48). During acute inflamma-
tion, the up-regulation of TfR1 may reduce the availability of
essential iron to invading bacteria and is probably beneficial for
the host. In chronic inflammation, however, accumulation of
iron in tissues is associated with toxicity (9) and seems to drive
progression of fibrosis and end stage liver disease in such com-
mon liver pathologies such as chronic hepatitis C or alcoholic
liver disease (4—8).

What is the mechanism for TfR1 activation by low, nontoxic
doses of H,0,? We first explored the role of HIF-1« that is
known to transcriptionally activate TfR1 (27, 28) and also
responds to reactive oxygen species independently of hypoxia
(29, 49). However, our data clearly show that the GOX system
can be calibrated to generate H,O, steady-state levels in the
absence of hypoxia (Fig. 3). Moreover, the H,O,-mediated acti-
vation of TfR1 expression does not require the induction of
HIF-1a. Second, we hypothesized that the mechanism may
involve TfR1 mRNA stabilization by IRP1, which is rapidly acti-
vated by H,O, within 30 min to bind to IREs (22, 23, 34). As
shown previously in B6 fibroblasts, IRP1 is activated by a
bolus of 100 um H,O, (26). In the present study, B6 and other
cells were exposed to sustained ~5 um H,O, (Fig. 1), and IRP1
was only partially and temporarily activated (Fig. 54), very
likely because of H,O, signaling. The absence of full IRP1 acti-
vation under these conditions is fully consistent with previous
findings, showing that a concentration of ~10 um H,O, was a
minimum requirement to elicit the complete response (25).
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Notably, IRP1 activity decreased at later time intervals (24 h) of
GOX treatment, possibly because of increased intracellular
iron accumulation. The observed modest alterations in IRE
binding activity did not affect TfR1 mRNA levels (Fig. 5B), sug-
gesting that the increase in TfR1 expression in GOX-treated B6
cells (Fig. 2A) is independent of IRPs. H,O, has been shown to
differentially affect protein degradation in mammalian cells
(50, 51). However, pulse-chase experiments with [**S]methi-
onine/cysteine indicate that H,O, does not affect the stability
of TfR1 (Fig. 6). Studies of [**S]methionine/cysteine incorpora-
tion rather demonstrate that H,O, directly and significantly
stimulates TfR1 synthesis.

The direct stimulation of TfR1 protein synthesis by low levels
of H,0, is somewhat unexpected. Proteomics data showed that
H,0O, induces the expression of proteins that are important for
translation and RNA processing (52). However, only a few stud-
ies on the oxidative modulation of translation exist, and they
show a complex response depending on cell type and condi-
tions (52—57). Thus, H,0O, was shown to inhibit translation (52,
53) by mechanisms such as the inhibition of the 70-kDa riboso-
mal protein S6 kinase (52), dephosphorylation of the eukaryotic
initiation factor 4E-binding protein 1, or increased binding of
this repressor protein to eukaryotic initiation factor 4E and
concomitant loss of eukaryotic initiation factor 4F complexes
(52,57). Translation can also be inhibited by H,O, via phospho-
rylation of the elongation factor eukaryotic elongation factor 2
(eEF2) (52), which was either mediated by activation of the
eEF-2 specific, Ca®>*/calmodulin-dependent protein kinase III
(55) or reversible inhibition of the protein phosphatase 1 (56).
On the other side, H,O, has been shown to stimulate transla-
tion in cell-free systems (58), plants (59), bacteria (60), and
mammalian cells (54). Importantly, the latter study indicated
that the effect of H,0O, on translation depends on the levels of
H,0, and the cell sensitivity toward H,O,. Thus, in Huh7 cells
that are moderately sensitive toward H,O.,, translation was up-
regulated even at a low level of H,O,,.

In summary, our study establishes that sustained, nontoxic
concentrations of H,O, stimulate TfR1 expression by a novel
translational mechanism. Hence, H,O, is able to stimulate
TfR1 expression both at the post-transcriptional level via IRP1
and at the translational level, which points to a potentially gen-
eral mechanism of iron internalization in the presence of H,0,.
In addition to the role of hepcidin and ferroportin on iron
homeostasis during inflammation (17, 47), H,O,-mediated
iron uptake could provide an alternative local mechanism that
removes iron from the inflammatory battle field and prevents
unspecific collateral tissue damage. Under conditions of
chronic inflammation, however, the continued accumulation of
iron could itself impose a threat to cells and tissues (2-9). In
addition, translational stimulation of TfR1 expression by H,O,
could participate in the toxicity of chemotherapeutic antican-
cer agents such as doxorubicin that are known to increase TfR1
expression (61, 62). Our work underlines the importance of
studying the expression of proteins in clinical and animal trials
that are commonly focusing on the mRNA levels because of
limited tissue availability. Our novel tool of a sustained expo-
sure of cultured cells to H,O, will help to better understand
molecular mechanisms related to oxidative stress in future
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studies that should also include the complex redox-sensitive
regulation of translation.
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