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Abstract

Iron is an essential, yet highly reactive, metal that needs to be tightly regulated. Excess
iron in the central nervous system (CNS) can lead to free radical formation and
neurodegeneration. My Ph.D. thesis work is focused on two animal models of
neurodegeneration: one uses a null mutation of ceruloplasmin (CP), which in humans
causes iron accumulation and neufodegeneration in the CNS; and the other is a gain of
function mutation in the superoxide dismutase 1 (SOD/), which causes amyotrophic lateral
sclerosis (ALS) in mice/humans. CP is a ferroxidase that converts highly toxic ferrous iron
to its non-toxic ferric form. A GPl-anchored form of CP (GPI-CP), expressed by
astrocytes, is the major form of CP in the CNS. In my Master’s work, the role of CP in iron
influx and efflux in vitro using astrocyte cultures from CP” and CP™* mice was
characterized and revealed that iron efflux is completely absent while iron influx into
astrocytes is unaffected in the absence of CP.

For my Doctoral thesis, I continued to study the role of GPI-CP in astrocytes and
showed that GPI-CP is physically associated with the iron efflux transporter ferroportin
(FPN). I also assessed whether FPN, a transmembrane protein, is mobilized from non-lipid
raft to lipid raft regions of the membrane in response to cellular iron status. Using astrocyte
cultures incubated in different iron concentrations, I found that under high iron conditions,
there is a rapid relocation of FPN into lipid rafts containing GPI-CP. On the other hand,
cells treated with an iron chelator showed decreased FPN expression on the membrane.
Therefore, formation of the GPI-CP/FPN complex is essential for cellular iron efflux and
the generation of this complex is regulated by cellular iron levels.

To understand how the lack of CP causes iron accumulation and

neurodegeneration, I carried out a detailed analysis of iron accumulation, dysregulation of
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iron homeostasis proteins, and loss of astrocytes and neurons in the cerebellum of CP”
mice during aging. Abnormal iron accumulation is first detected in CP”" mice by 12
months and peaks at 24 months. Iron accumulation occurs in astrocytes, but not in Purkinje
neurons and large neurons in the deep nuclei. The iron importer DMT1 is abnormally
increased in these large neurons but not in astrocytes, while ferritin expression is increased
in astrocytes. There is also a marked loss of astrocytes and Purkinje neurons in CP”" mice
with age. The loss of astrocytes is likely to be related to iron accumulation while the loss
of the Purkinje neurons is likely due to the loss of astrocytic support and lack of sufficient
supply of iron from astrocytes.

To assess the contribution of iron to the pathogenesis of ALS, I studied the
involvement of iron accumulation and the dysregulation of iron homeostasis in a mouse
model of ALS (SODI o3 7R). I found excessive iron accumulation in the large motor neurons
and glia in the spinals cords of 12-month old SOD1 mice. There was dysregulation in the
expression of iron homeostasis proteins, which correlate with the progression of the
disease. This iron accumulation in the motor neurons may be due to impaired anterograde
axonal transport, as evidenced by a nerve ligation study I carried out. Furthermore, purified
mitochondria from SOD/ mice show increased iron accumulation, suggesting a role for
iron in mitochondrial dysfunction. Importantly, treatment with a lipophilic iron chelator
before the onset of clinical symptoms (8 months of age) extended lifespan by an extra 4.8
weeks, thus pointing to an important role for iron in the progression of disease.

Iron in the CNS is thought to play an important role in many neuroinflammatory
conditions due to its redox activity. My work will help further the understanding of how
disruption of iron homeostasis can contribute to cell death wunder various

neurodegenerative conditions.
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Résumé

Le fer est un métal essentiel, mais trés réactif, qui nécessite un réglement tres étroit. Un
exces de fer dans le system nerveux centrale (SNC) peut induire la formation de radicaux
libres et la neurodegénération. Ma theése doctorale c’est concentré sur deux modéles
animale de neurodegénération : le premier modele fut I’utilisation d’une souris avec une
inactivation du géne de la ceruloplasmine (CP), qui chez I’humain cause I’accumulation du
fer et de la neurodegénération dans le SNC; le deuxieme modele fut 'utilisation d’une
souris avec une mutation causant un gain de fonction dans le géne de la superoxide
dismutase 1 (SOD1), qui cause la sclérose latérale amyotrophique (SLA) chez la souris et
I’homme. CP est une ferroxidase qui convertit le hautement toxique fer ferreux en le non
toxique fer ferrique. Une forme ancrée par GPI du CP (GPI-CP), exprimé par les
astrocytes, est la forme majeure de la CP dans le SNC. Mon travaille de theése de maitrise
était de caractérisé le rdle de la CP dans le flux du fer des cultures in vitro d’astrocytes de
souris CP”~ et CP**. Ce travaille a révélé que 1’absence de CP n’affect pas I'influx du fer
mais plutdt abolit compleétement ’efflux du fer des astrocytes.

Pour ma thése doctorale, j’ai continué a étudier le réle de la GPI-CP dans les
astrocytes et j’ai démontré que la GPI-CP est associé physiquement avec la transporteuse
efflux de fer, la ferroportine (FPN). J’ai aussi déterminé si FPN, une protéine
transmembranaire, est immobilis¢ dans les radeaux lipidiques de la membrane
cytoplasmique en réponse au statut du fer cellulaire. En utilisant des cultures d’astrocytes
incubés dans de différentes concentrations de fer, j’ai trouvé que sous haute concentration
il y a une relocalisation de la FPN vers les radeaux lipidiques contentent des GPI-CP.
D’un autre c6té, des cellules traitées avec un chélateur de fer ont démontré une diminution

d’expression de la FPN a la membrane cytoplasmique. Donc, la formation du complexe
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GPI-CP/FPN est essentielle pour le flux cellulaire du fer et la génération de ce complexe
est réglée par les niveaux cellulaires du fer.

Pour comprendre comment un manque de la CP cause une accumulation de fer et
de la neurodegénération, j’ai performe une analyse détaille de I’accumulation du fer, le
déréglement des protéines de la ’homéostasie du fer, et la perte d’astrocytes et de neurones
dans le cervelet, pendant le vieillissement de souris CP”". Une accumulation anormale de
fer est premi¢rement détecté dans les souris CP” 4 12 mois et sommet & 24 mois. Une
accumulation de fer ce produit dans les astrocytes, mais pas dans les neurones Purkinje et
les neurones large des noyaux profonds. L’importatrice de fer DMT1 est anormalement
augmentée dans les neurones larges mais pas les astrocytes, pendant que I’expression de la
ferratine est augmentée dans les astrocytes. Il y aussi une perte d’astrocyte et de neurones
Purkinje chez la souris CP”". La perte d’astrocyte est probablement relié a I’accumulation
de fer, pendent que la perte de neurones Purkinje est probablement relié & un manque de
support des astrocytes et un manque de provision de fer provenant des astrocytes.

Pour évaluer la contribution du fer a la pathogenese de la SLA, j’ai étudié la
participation de I’accumulation du fer et le déréglement de I’homéostasie du fer chez la
souris SODI%*’® un modéle de SLA. J’ai trouvé une accumulation excessive de fer dans
les motoneurones larges et les cellules gliales de la moelle épiniére chez les souris SOD1
agées de 12 mois. 1l y avait un déreglement dans 1’expression de protéines contribuant a
I’homéostasie du fer qui corrélait avec le progres de la maladie. Cette accumulation de fer
dans les motoneurones larges peut €tre du & la détérioration de transport axonale
antérograde, démontré par I’étude de ligature neuronale que j’ai performé. De plus, des
mitochondries purifiées de la souris SOD1 a démontré une augmentation dans

I’accumulation de fer, suggérant un réle pour le fer dans le déréglement des mitochondries.
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Le traitement avec un chélateur de fer lipophilique avant le début des symptomes
cliniques (a ’age de 8 mois) a allonger la longévité par un extra 4.8 semaines, indiquant un
role important pour le fer dans la progression de la maladie.

Dans le SNC le fer, due a sa réaction d'oxydo-réductrice, est cru de jouer un rdle
important dans plusieurs conditions neuroinflammatoire. Mon travaille va aider a
approfondir les connaissances de la ’homéostasie du fer et comment son déréglement peut

contribuer 4 la mort cellulaire dans de différentes conditions de neurodegénération.
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1.

GPI-anchored ceruloplasmin (CP) promotes iron efflux from astrocytes in the CNS and

1s an essential factor for the function of the iron exporter ferroportin (FPN).

. GPI-CP and FPN form an iron efflux complex and the generation of this complex is

regulated by cellular iron concentration. High iron drives translocation of FPN into the

lipid raft regions of the cell membrane where GPI-CP is located.

. I have characterized the changes in the cerebellum of ceruloplasmin null mice during

aging and found these mice to have progressive accumulation of iron starting from 12
months of age. -

CP null mice show age-dependent dysregulation of proteins involved in iron
homeostasis and the pattern of dysregulation was similar to the normal aging process

suggesting an exaggerated aging process in the CP null mice.

. There is an extensive loss of both astrocytes and Pukinje neurons in the CP null mice

cerebellum although large neurons did not accumulate excess iron.

. I have provided the first evidence of abnormal iron accumulation in the spinal cord of

SOD1%*"® mice, which is a mouse model for Amyotrophic lateral sclerosis (ALS). Iron
accumulation was found in both neurons and glia, but the pattern of accumulation was

different in these cells.

. T also discovered that SODI%’® mice showed dysregulation of proteins involved in iron

homeostasis, which followed the caudal to rostral progression of the disease.

. I also show that there is an abnormal increase in mitochondrial ferritin (MtF) expression

in SODI®’® mice, suggesting that excess iron may be one of the possibilities for

mitochondrial oxidative damage. This increase of MfF was found in both neurons and
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glia.

9. I provide the first direct evidence that blockage of axonal transport can cause iron
accumulation in the neuronal cell bodies, also indicating that iron is normally
transported down axons via anterograde axonal transport.

10. I show that treatment with the iron chelator salicylaldehyde isonicotinoyl
hydrazone (SIH) starting before the onset of symptoms is effective in increasing the
lifespan of SODI“*’® mice, indicating the important role of iron in the pathogenesis of

the disease and its potential role in ALS.
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CHAPTER 1

Literature Review
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1.1 Introduction
Iron is an essential element that is required for organisms to live in an oxygen-rich
environment. Iron imparts to haemoglobin its oxygen-carrying capacity by providing
specific binding sites for oxygen [1]. The ability to donate and accept electrons gives
iron the capacity to serve as an important co-factor for various enzymes, such as those
involved in DNA, RNA, and protein synthesis, mitochondrial oxidation reactions, and a
variety of other metabolic processes (reviewed in [2]). However, its redox-active
character allows ferrous iron to generate toxic free radicals that can cause cell and DNA
damage. Therefore, iron needs to be properly handled and shielded to prevent tissue
injury. There are several examples in the literature linking excess iron with
neurodegeneration in the central nervous system (CNS) [3, 4]. My Ph.D. thesis research
is focused on the ferroxidase ceruloplasmin (CP) and a variety of molecules involved in
maintaining iron homeostasis in the CNS. In this introductory chapter, I will provide an
overview of the various proteins involved in iron homeostasis and of various CNS

diseases that show disruption in iron homeostasis mechanisms.

1.2 A double-edged sword
Iron is necessary for life, as it functions as a necessary cofactor for many proteins
containing heme including cytochrome and cytochrome oxidase. Iron is also involved
in adenosine triphosphate (ATP) synthesis in mitochondria, the major energy generator
in cells. Three complexes of the electron transport chain contain iron-sulfur clusters
(Fe-S clusters) as a cofactor. These Fe-S clusters are involved in promoting electron
transfer between proteins [S]. Other Fe-S cluster-containing proteins are involved in

DNA repair (e.g. endonuclease), heme synthesis (e.g. ferrochelatase), and iron



metabolism (e.g. iron-regulatory protein 1) in cytosol as well as in mitochondria
(reviewed in [6]). Other iron-dependent enzymes include ribonucleotide reductase,
which is required for DNA synthesis, succinate dehydrogenase and aconitase of the
TCA cycle [7]. Furthermore, iron is a cofactor for tyrosine hydroxylase and tryptophan
hydroxylase, which are involved in synthesis of neurotransmitters in the CNS [8]. Iron
is also necessary for oligodendrocytes to generate and maintain myelin in the CNS [9-
11].

Although it is clear that iron is important for many normal cellular activities,
excess or inappropriately shielded iron can cause devastating toxic effects. Ferrous iron
(Fe**), which is more soluble at a physiological pH, can react with hydrogen peroxide to
produce ferric iron (Fe’*) leading to the formation of hydroxyl radicals (via the Fenton
reaction). Iron can also react with molecular oxygen to yield superoxide anions,
hydrogen peroxide, and hydroxyl radicals that are potentially toxic to cells (via the

Haber-Weiss reaction).

Fenton reaction

Fe*" + H,0, —» Fe’" + +OH + OH"

Haber-Weiss Reaction
0, +Fe*" — 0y + +Fe”
20, ++2H" — O, + H,0,
Fe*" + H,0, — Fe’" + ‘OH + OH’
These reactive oxygen species are thought to play important pathogenic roles in a

variety of diseases with excess iron such as Parkinson’s and Alzheimer’s diseases [12-



16] (see section 1.7). Free radical formation can trigger lipid peroxidation, DNA
damage, protein oxidation and eventually cause cell death [17-20]. Therefore, the safe
conversion of Fe* to Fe’* is necessary and is mainly carried out by various ferroxidases.
In addition there are a number of other proteins that are involved in the binding,
transport, influx and efflux, and storage of iron that help maintain iron homeostasis and
keep it from producing toxic free radicals. Organisms have developed mechanisms to
prevent increase of the iron-pool while maintaining sufficient levels for metabolic use.
However, these homeostatic mechanisms can become dysregulated and can cause iron

deficiency or iron overload.

1.3 Proteins involved in iron homeostasis
Since iron is essential for cellular metabolism, but can be potentially toxic at the same
time, it is very important for iron homeostasis to be maintained. There are many
proteins involved in transporting and storing iron as well as enzymes that oxidize or
reduce the two forms of iron (ferrous and ferric). I will therefore provide a brief
summary of some of those proteins involved in iron homeostasis. Protein names and
abbreviations in this section are based on the recent recommendations set forth by the

Biolron Society and published in the Society’s website (http://www.bioiron.org).

1.3.1 Transferrin (TF) and transferrin receptor (TfR)

Most of the iron in plasma is bound to transferrin (TF), while very little is associated
with ferritin, albumin or low-molecular weight carriers [21]. It is via TF that much of
the iron is carried to organs and tissues throughout the body. Human TF is a 80kDa

glycoprotein with two iron binding domains that can bind tightly, but reversibly, to two


http://www.bioiron.org

ferric iron atoms [22]. To form diferric-TF, ferrous iron has to be converted into the
ferric form, which can be achieved by the ferroxidase ceruloplasmin, which is abundant
in plasma (see section 1.3.6), or by TF’s own ferroxidase activity [23]. Two different
transferrin receptors (TfR) have been cloned and reported in both human and mouse:
the classical TfR1 is more ubiquitously expressed in many cell types while TfR2 is
mainly expressed in hepatocytes [24]. Mammalian TfR1 is a homodimer of 760 amino
acid subunits connected by disulfide bonds [25, 26]. The binding affinity between TF
and TfR1 depends on the iron status of TF and the pH. Diferric-TF has a high affinity
for its receptor (TfR1) under normal pH but apo-TF has a low affinity for the receptor.
Therefore, diferric-TF/TfR complex formation can occur on the cell surface membrane
and apo-TF can be released back into circulation when it is returned to the cell
membrane (for details, see section 1.4.1). Therefore, transferrin-bound iron can be
rapidly cleared from the circulation (t;, = 1.7h) and TF is recycled more than one
hundred times in the lifetime of the protein [27]. In addition to binding to TF, both TfRs
also bind to HFE, a protein found to be defective in type 1 hereditary hemochromatosis
(HH) [28, 29]. HH patients show increases in iron absorption and accumulation in the
liver (reviewed in [30]). HFE can decrease TfR1-mediated iron uptake by 33% in Hel.a
cells [31], suggesting that it plays a role as a “brake” for TfR-mediated iron uptake.
While most non-CNS mammalian cells, except for duodenal enterocytes, absorb iron
via TF/TfR endocytosis, cells acquire iron through the endocytosis of the diferric-TF
and TfR complex. Iron is released from the TF/T{R complex in the endosome and then
gets translocated into the cytosol and the complex is recycled to the membrane

(reviewed in [32], see section 1.4.1 for more details of this processing).



The intracellular levels of iron mainly regulate the amount of TfR1 expressed by
cells. TfR1 mRNA contains five iron-responsive elements (IREs) in the 3’ untranslated
region. Under iron-deprived conditions, iron-regulatory proteins (IRPs) bind to IREs
and stabilize TfR1 mRNA, thus promoting increased expression of TfR1 [33, 34] and
resulting in increased iron uptake into the cell. The mechanisms through which IRPs are
regulated by intracellular iron level will be discussed later in section 1.5.2. There are no
IREs reported in the mRNA of TfR2 and its expression does not appear to be regulated
by iron [24]. However, mutations in TfR2 have been reported to cause
hemochromatosis with severe liver iron overload [35]. It has been suggested that TfR2
may play a role as an “iron sensor” for hepatocytes and might regulate expression of the
peptide hepcidin, a negative regulator of iron absorption (see below for more details),
but currently the biological roles of TfR2 are unclear.

Endothelial cells in the CNS express TfR1 and are able to import TF-bound iron
([36], for details, see section 1.6.1). TfR1 is also expressed in neurons and
‘oligodendrocytes, although the TF concentration in the CSF is very low compared to
the plasma (about 1/100-200) [37]. Unlike the normal human plasma TF saturation of
between 20-50%, which leaves a significant amount of plasma TF capable of
responding to increases in body iron, TF in the CSF is estimated to be fully saturated
[37]. Interestingly, aside from the CNS, it has been recently repdrted that TF is
expressed in Schwann cells of the peripheral nervous system [38]. The authors showed
that TF mRNA is increased after nerve injury suggesting pro-differentiation role of TF.
Taken together, TF plays an important role in sequestering iron safely in the plasma and

delivering it to cells throughout the body.



1.3.2 Divalent metal transporter 1 (DMTI1, DCT, Nramp2)

DMT1 is a transmembrane protein with 2 glycosylation sites and a consensus transport
motif that is found in common with other cation transporters [39, 40]. Therefore, as
expected, DMT1 transports various divalent metals including zinc, copper, iron and
others [41]. Animal models with DMT1 mutations (mk mice and Belgrade rat) show
problems with intestinal iron absorption and erythrocyte iron utilization resulting in
severe anemia [41, 42]. mk mice not only show iron deficiency but also lower levels of
manganese in the liver [43]. DMT1 is found on the brush border membrane of mature
enterocytes, where its expression is tightly regulated by body iron status [44, 45] and
where it functions as an iron importer. Besides the duodenum, DMT1 transcripts are
found in many other tissues including kidney and brain [41]. To date, at least 4
transcripts of DMT1 have been identified, all of which are generated from one gene by
combination of two sets of alternative splicing (Figure 1, reviewed in [46]). A 3’
alternative splicing generates DMT1 with IRE (+IRE) sequence transcripts that are
regulated by cellular iron levels (see section 1.5.2), and transcripts without IRE (-IRE)
that may be independent of cellular iron status. Interestingly, in two types of neurons
that express both forms of DMTI1, the +IRE form was mainly found in intracellular
vesicles while the —IRE form was found in neurites, the cell membrane, and the nucleus
[47]. It is not clear whether there is any signal to trigger alternative splicing of DMT1
mRNA, but the duodenum, liver and testes all mainly express the +IRE form while
other tissues express both forms, suggesting different roles for the two isoforms.
Another alternative splicing at the 5’ end of DMT1 mRNA generates the 1A and 1B
isoforms, the former having a longer N-terminus than the latter [48]. It is not clear

whether 1A and 1B isoforms have different functions in cells or how they are regulated,



but nitric oxide was reported recently to downregulate only the 1B isoform via the NF-
kB pathway in vitro [49]. DMTI is also involved in the release of iron from the
TF/TfR1 endocytosis pathway in the endosome (see section 1.4.1) [42]. It therefore
plays an important role in the acquisition of iron into the cytosol.

In the CNS, DMT]1 is found in neurons and astrocytes, and weak immunoreactivity
was also detected in oligodendrocytes [50]. Interestingly, strong DMTI
immunostaining was found in ependymal cells lining the third ventricle, suggesting a
role in the transfer of iron across the blood-brain barrier (BBB) possibly releasing
transferrin-bound iron within the endothelial cells (see section 1.6.1). Moreover, it has
been demonstrated recently that NMDA toxicity is mediated through increased
expression of DMT1 in neurons and iron uptake via a nitric oxide regulatory pathway
[51]. Both forms of DMT1 are also upregulated in the neuronal injury model induced
by kainate [52]. Therefore, these data indicate that the non-transferrin-bound iron

transporter DMT1 may play an important role in maintaining CNS iron homeostasis.

1.3.3 Ferrireductases

After the identification of the ferrous iron importer DMT1 in the duodenum, the
existence of a ferrireductase expressed on the brush border of the duodenal enterocytes
was speculated due to the preferred solubility of ferric iron under acidic conditions.
Using a subtractive cloning method, McKie and colleagues identified a ferrireductase in
duodenum whose expression is controlled by body iron status and named the protein
duodenal cytochrome b (DCYTB) [53]. Although DCYTB expression is increased in a

mouse model of hemochromatosis, a mouse model lacking DCYTB did not alter body



iron homeostasis [54, 55], suggesting that there may be other ferrireductases helping
DMTT1 under normal iron conditions.

While transferrin-bound iron is released in the endosome by acidification, this
ferric iron must be reduced to be transported out through DMT1 on the endosomal
membrane (see section 1.4.1). Six-transmembrane epithelial antigen of the prostate 3
(Steap3), a newly identified protein that has ferrireductase activity [56, 57], is highly
expressed in hematopoietic tissue, and co-localizes with endogenous TF and T{R1, and

facilitates TF-bound iron uptake [56].

1.3.4 Ferritin

Ferritin is a multimeric protein composed of 24 symmetrically arranged heavy (FTH)
and light (FTL) chain subunits [58-60]. These polypeptide subunits of ferritin fold into
four helix bundles and assemble into a hollow sphere-like structure that resembles a
small spherical virus (reviewed in [61, 62]). The H to L chain ratio differs in different
tissues [61-63]. One molecule of ferritin can store up to 4500 atoms of iron in this nano-
cavity structure [64]. This high Fe:ferritin ratio (much higher than hemoglobin) makes
ferritin a safe and efficient cytosolic iron storage protein. Studies in vitro show that the
H and L chains of ferritin have different functions; FTH has ferroxidase activity that
converts relatively soluble ferrous iron into the ferric form, while FTL can induce iron-
core nucleation (see below) [65-67]. To incorporate iron into ferritin, two atoms of
ferrous iron enter through one of two entry pores and are transported to the ferroxidase
centre in FTH where they are oxidized to two atoms of ferric iron. They are then
transferred to the inner cavity of ferritin where they interact with FTL and form the

mineralized iron core [68]. It is not clear how iron travels between these sites or how



iron gets demineralized and released from ferritin under low iron conditions. It was
originally shown that degradation of ferritin in the lysosome is necessary for iron to be
released in rat hepatoma cells [69, 70]. More recently, it was shown that iron that is
bound to ferritin can be released autonomously before the protein gets ubiquitinated and
degraded in the proteasome when there is low iron in the cytosol [71]. There are two
iron exit pores in ferritin [72] and mutations in one of these pores enables ferritin to
release iron 30-times faster than wildtype ferritin [73]. Therefore, iron that is bound to
ferritin can be released by at least two different mechanisms.

Although most ferritin is found in the cytosol, a minor proportion in vertebrates is
found in plasma and secretory fluids [74]. This plasma ferritin is a clinically important
index of body iron storage but the mechanism and the role of ferritin release into
plasma is not yet clear. Recently, a receptor for FTH was identified that is expressed in
liver, kidney and B lymphocytes [75]. This receptor called ‘T cell immunoglobulin-
domain and mucin-domain protein2’ (Tim-2) can bind and cause internalization of FTH
but not FTL. Therefore, while it is not a dominant pathway for iron uptake into cells,
some cells might have the ability to take up ferritin-bound iron in the plasma. Another
minor proportion of ferritin is also found in the nucleus that is translocated from cytosol
[76]. This nuclear ferritin is mainly composed of FTH and inhibition of O-glycosylation
decreases the amount of nuclear ferritin in astrocytoma cells [76, 77]. It has been
suggested that this nuclear ferritin may play a role in protecting DNA from iron-
induced oxidative damage [78, 79].

As a major iron storage protein in the cytosol, expression of ferritin is mainly
controlled by intracellular iron status. This iron-based regulation of ferritin expression

is achieved by regulation of an IRE in the 5’ untranslated region of the ferritin mRNA.
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Briefly, under low intracellular iron conditions, IRP binds to the IRE in ferritin mRNA
and blocks the access of ribosomes, which in turn suppresses ferritin synthesis. Under
high iron conditions, IRP no longer binds to the IRE and allows the ribosome to initiate
ferritin synthesis (reviewed in [80, 81], for details see section 1.5.2). Moreover, it has
been reported that nitrogen monoxide can increase translational efficiency of ferritin
before IRE/IRP binding is modified [82]. Besides the translational regulation of ferritin,
there is evidence that ferritin expression is also regulated transcriptionally. Tumor
necrosis factor oo (TNF-a) and interleukin-la (IL-1a) are able to increase ferritin mRNA
expression via the NF-xB pathway [83-85]. Both H and L ferritin mRNAs also contain
an ‘antioxidant responsive element’ (ARE) sequence [86], which is found in the
promoter region and enables a gene to respond to the oxidant stressors. This may
explain how hydrogen peroxide has been shown to increase ferritin mRNA expression
[87]. Moreover, treatment of cells with iron changed not only the IRP binding activity
to IRE and induction of translation of ferritin, but also increased FTL mRNA levels
[88]. This data suggests that many factors, including iron, can regulate ferritin
expression not only translationally but also transcriptionally to obtain iron homeostasis.

In the CNS, most cell types express ferritin, including neurons, although most
ferritin immunoreactivity is found in oligodendrocytes [89, 90]. Strikingly, mutations in
L-ferritin (FTL) cause severe iron accumulation in basal ganglia and low plasma ferritin
levels (see section 1.7.1) [91]. It was also suggested recently that iron-bound ferritin
might cross the BBB and deliver iron into the CNS [92].

A new member of the ferritin family has been reported that is specifically located
in mitochondria [93]. This mitochondrial ferritin (MtF) shares ~80% homology with

FTH, and also has ferroxidase activity. Unlike cytosolic ferritin, which is composed of
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both FTH and FTL, MtF forms homopolymers and does not contain an IRE sequence
for iron-dependent regulation of expression (see section 1.5/.2) [93]. Originally, MtF
was reported to be highly expressed in human testis though a recent study in mice
showed that it is widely expressed in other organs including the heart and brain [94].
Interestingly, the authors also reported that MtF is not found in the liver and spleen
where cytosolic ferritin is highly expressed. MtF incorporates iron with higher
efficiency than cytosolic ferritin [95], and has also been reported to have tumor growth

suppressing activity by reducing cytosolic iron [96].

1.3.5 Ferroportin (FPN, IREG1, MTPI)

Ferroportin (FPN) is a glycoprotein consisting of 571-amino acids which was cloned by
three different groups which is able to efflux ferrous iron in vitro [97-99]. To date, FPN
is the only known ferrous iron exporter found in duodenum, liver, spleen, placenta,
brain and many other tissues which can export iron [50, 99]. Lack of FPN expression in
animal models causes embryonic lethality, likely due to a defect in maternal iron export
to the fetus [98, 100]. Moreover, conditional knock-out mice suppressing FPN
expression postnatally in the duodenum showed duodenal iron accumulation and severe
iron-deficiency anemia [100] confirming that FPN is a major iron exporter from the
small intestine. FPN requires the activity of a ferroxidase to efflux iron [98, 99, 101]. I
have shown in my thesis work that in the CNS, FPN is associated with the GPI-
anchored form of the ferroxidase, ceruloplasmin (GPI-CP), on astrocyte membranes
[101]. The function of GPI-CP in promoting iron efflux and association with FPN will

be discussed in detail in chapter 2.
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It is still not clear how FPN expression is regulated in different cells and tissues.
FPN mRNA transcripts contain IRE sequences in the 5’ end [97, 99] which is likely
regulated by IRP post-transcriptionally by inhibiting access of ribosomes (see section
1.5.2). This IRE sequence in FPN is functional and can compete with ferritin IRE in
vitro. Consistent with the IRP data, iron depletion decreases FPN expression in the liver
[97]. However, iron deficiency increases FPN expression in the duodenum and in a
duodenal cell line showing differences in FPN regulation [97, 99, 102]. In addition to
changes at the protein level, mRNA changes have also been reported following iron
loading [99] suggesting that regulatory mechanisms other than IRE/IRP might also exist.
On the other hand, binding of the anti-bacterial peptide hepcidin (see section 1.5.1), or
lack of GPI-CP on astrocyte membranes, can also cause FPN internalization and
degradation [103, 104]. These differences in regulation of FPN can be due to
differences between intracellular (IRP) and extracellular factors (such as plasma iron,
hepcidin or inflammation). Therefore, cell type-specific regulation of FPN may exist to

meet the need of cells in terms of maintaining global iron homeostasis in the body.

1.3.6 Ceruloplasmin (CP)

The glycoprotein ceruloplasmin (CP, EC 1.16.3.1, [105]) is a ferroxidase that converts
toxic Fe** to Fe’". It is one of the most abundant proteins in plasma (300-450pg/ml,
[106]) and carries about 95% of the copper found in plasma. It is not involved in copper
metabolism, but failure to incorporate copper leads to rapid degradation of the protein
[107, 108]. CP has six domains that are arranged in a triangular shape [109]. Each
domain consists of a B-barrel, composed of eight anti-parallel strands that are similar in

arrangement to other oxidases [109, 110]. There are three mononuclear copper centers
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in domains 2, 4, and 6, and a trinuclear copper center at the interface between domains
1 and 6 (Figure 2, [109-114]). An electron transfer pathway was proposed [109] in
which the mononuclear copper atoms in domains 4 and 6 serve to translocate electrons
from ferrous iron (Fe®*), which binds to a nearby site, to the trinuclear copper center,

resulting in the reduction of dioxygen to two molecules of water [109, 113].

AFe* +4Cu*t — 4Fe* +4 Cut

41" + 0, + 4Cu* — 2H,0 + 4Cu*

Therefore, CP safely converts highly reactive and toxic ferrous iron to ferric iron and
water without any harmful byproducts [114].

Since free radicals and ferrous iron can induce cell damage under inflammatory
conditions, CP expression has been shown to be regulated by inflammatory signaling
molecules. Inflammatory conditions including photic injury [115], and inflammatory
chemokines and cytokines including interferon-y (IFN- y), tumor necrosis factor-a
(TNF- «a), as well as interleukin-6 (IL-6), have been found to increase CP expression
[116-118]. Fox and colleagues reported that there is a translational silencing machinery
sequence in the 3° UTR of the CP gene [119]. They reported that a complex named
GAIT (IFN-y activated inhibitor of translation) is silencing CP by binding to a specific
256 bp sequence in 3’ UTR 24 hours after IFN-y treatment. Interestingly, this complex
was only found in myeloid cells but lysates from non-myeloid cells did not have this CP
silencing effect. Although CP is expected to play a role in maintaining iron homeostasis

(see below) no IRE sequence is found in CP mRNA transcripts like other proteins
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involved in iron homeostasis (see section 1.5.2), and cellular iron levels does not affect
expression of CP in the CNS (for details, see chapter 2).

CP was originally reported as a soluble 132kDa protein secreted by the liver into
the plasma and by the choroid plexus into the cerebrospinal fluid (CSF) [120-128].
Several earlier studies demonstrated the expression of CP mRNA in the brain by
Northern blotting [128-131] and RNase protection assay [129]. While CP is expressed
mostly in astrocytes throughout the brain, its expression appears to be higher in certain
areas, including the brainstem and deep nuclei. The cells of the pia mater, the
ependymal cells lining the ventricles, and the choroid plexus also express CP [128,
129]. Our lab reported that astrocytes and leptomeningeal cells that line the brain and
spinal cord express a membrane-bound glycosylphosphatidylinositol (GPI) anchored
form of CP [132]. GPI-CP is generated by alternative splicing of the primary
ceruloplasmin transcript, and is the major form in the rat brain [133]. GPI-CP is also
present on the surface of Schwann cells in peripheral nerves system [134] and on the
surface of Sertoli cells in the testes [134]. Expression of human GPI-CP has also been
confirmed [135]. These findings suggest that CP is likely to play an important role as a
ferroxidase in a variety of cells and tissues.

Moreover, the role of CP in preventing iron-mediated injury is evident in patients
with mutations in the CP gene, who develop a disease known as aceruloplasminemia,
which is an autosomal recessive genetic disorder with undetectable CP in plasma [136].
Interestingly, while CP is abundant in plasma, it does not cross the blood-brain barrier,
and yet these patients show abnormal CNS iron accumulation and neurological
symptoms suggesting that GPI-CP may play an important role in maintaining iron

homeostasis in the CNS. Detailed discussion about aceruloplasminemia and role of
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GPI-CP in maintaining iron homeostasis in the CNS will follow in section 1.7.1 and

chapter 2, respectively.

1.3.7 Hephaestin (HEPH)

Hephaestin (HEPH) is another ferroxidase and shares 50% sequential homology with
CP, but unlike CP, it is predicted to have one transmembrane domain [137]. It was
originally identified as the gene responsible for a defect in sex-linked anemia (sla) mice
[138]. These mice have microcytic hypochromic anemia due to the inability of the
duodenal enterocytes to release iron into the circulation resulting in abnormal iron
accumulation in duodenal enterocytes. By immunohistochemistry, HEPH has been
shown to be localized to the basolateral membrane of the enterocytes [138]. Dietary
iron is taken into the enterocytes via DMTT1 on the side of the cell facing the lumen of
the gut (the brush border) and then released into the circulation at the basolateral side of
the cell via FPN and HEPH. Therefore, HEPH is expected to play a role in releasing
iron from the duodenal enterocytes probably by partnering with FPN and providing the
ferroxidase activity required to oxidize Fe** released by FPN to Fe**. HEPH and FPN
have also been shown to co-localize in Caco cells in vitro [139]. HEPH is mainly
expressed by mature enterocytes and low expression is also detected in the spleen, lung,
placenta, and CNS [137, 140, 141]. Since no IRE sequence was identified in HEPH
mRNA transcript, its expression does not appear to be regulated by the IRE/IRP
mechanism (see section 1.5.2) but is rather regulated by cellular iron level [140, 142,

143]. How iron regulates HEPH expression is currently unknown.
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1.3.8 Hepcidin (HEPC, LEAP-1)

Hepcidin is a small peptide that was identified in human urine and plasma that is mainly
produced by the liver [144-146]. It is a 25 amino acid peptide stabilized by 4 disulfide
bonds. It also has structural similarities with typical antibacterial peptides such as
porcine protegrins [147] and shows antibacterial activity at a high, non-physiological
concentration range [144]. The role of HEPC was identified in two mouse models: a
mouse model lacking HEPC shows a hemochromatosis phenotype with iron deposition
in the liver, while over-expression of HEPC1 in a transgenic mouse model caused
severe iron deficiency [148, 149]. Moreover, humans with disruption of HEPC show a
severe, juvenile form of iron overload disease (juvenile hemochromatosis) [150].
Therefore, HEPC plays a role as a negative regulator of iron absorption. How HEPC
can regulate iron release from cells will be discussed in detail in section 1.5.1. There are
several factors regulating HEPC expression in hepatocytes: iron concentration, oxygen
concentration and inflammation [151]. HEPC is expressed by neurons and astrocytes in

the murine CNS [152] though its role in the CNS is currently not known.

1.3.9 Other proteins
In the above sections, I have reviewed the major proteins involved in iron homeostasis
in mammals. There are several other proteins also shown to play important roles in

maintaining iron homeostasis in mammals, which for the sake of completeness I have

listed in Table 1.
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1.4 Iron uptake and release by cells

1.4.1 Transferrin-mediated uptake

Most cells acquire the iron that they need from the iron-bound to transferrin (TF).
Transferrin binds two atoms of ferric iron and becomes diferric TF, which has a higher
affinity at physiological pH for its receptor (TfR) than mono-iron or apo forms of TF
(Figure 3) [153]. Therefore, cellular iron uptake can be controlled by the saturation
level of transferrin in the circulation. When diferric TF binds to the T{R, clathrin-coated
vesicles are formed and the TF/TfR complex undergoes endocytosis [32]. Once inside
the cell, the coated-vesicles move within the cytoplasm, likely along microtubules, until
they fuse with trans-reticular Golgi elements to form an endosome [154]. The pH of this
endocytic vesicle is lowered to 5 - 5.5 through a proton (H") pump and the reduction in
pH causes dissociation of iron bound to TF, but the TF/TfR complex remains intact
because of the high affinity of apoTF to the receptor at low pH [153, 155]. There is also
evidence that TfR may help iron release from TF at this step [156]. The iron released
from TF is reduced and translocated from the endosome to the cytosol by an iron
transporter DMT1 [157]. Since iron released from transferrin is in the ferric form while
DMTT1 can only transport the ferrous form of iron, a ferrireductase is required in the
endosoﬁe to transfer iron out of the endosome into the cytosol. Recently, an endosomal
protein called six-transmembrane epithelial antigen of the prostate 3 (Steap3) was
cloned that has ferrireductase activity. Mice lacking this protein show microcytic,
hypochromic anemia [56, 158]. After the release of iron from TF in the endosome, the
apoTF/T{R complex is then returned to the cell surface. Upon encountering neutral pH,

apoTF is released from the receptor, which is then recycled [32, 155]. In erythroid cells,

18



the iron-carrying endosomes have also been shown to be able to directly contact

mitochondria to deliver iron to mitochondria [159, 160].

1.4.2 Non-transferrin-mediated uptake

In cells involved in the acquisition of iron for the body, such as duodenal enterocytes,
iron is available in a non-transferrin bound form (NTBI) or in the heme form.
Therefore, another uptake pathway (the non-transferrin mediated pathway) is found in
duodenal enterocytes and also in several other cell types. These cells take up non-heme
iron through DMT1. This function of DMT1 was identified by phenotypic analysis of
two mutant animals. Microcytic anemia (mk) mice and the Belgrade (b) rat have
mutations in DMT1 and have defects in transporting iron from the lumen of the gut into
enterocytes, and from plasma transferrin to erythroid precursors [41, 42, 157]. DMT1
transports ferrous iron (Fe?*) instead of ferric (Fe’*) iron, which is bioavailable (Figure
4). To facilitate this, the ferric reductase DCYTB is localized in the brush border
membrane and catalyses the reduction of ferric to ferrous iron for transport via DMT1.
In addition, duodenal enterocytes also express a heme transporter that has been reported

to take up heme directly into the cell [161].

1.4.3 Iron release from cells

Iron that is absorbed into a cell can be used by mitochondria for ATP synthesis, heme
synthesis and generation of Fe-S clusters, stored in ferritin or available in the labile iron
pool (LIP). To date, the only known ferrous iron exporter is FPN [97-99]. As described
above, FPN is found in many cell types including CNS cells [98] and FPN cRNA

injected into Xenopus oocytes with DMT1 led to a marked increase in iron efflux.
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Interestingly, these iron export experiments demonstrated that FPN needs either soluble
transferrin and/or ceruloplasmin [98, 99], suggesting that the ferroxidase activity is
necessary for iron efflux from cells. In chapter 2, I show that GPI-CP is necessary for
iron efflux from CNS astrocytes [101]. Another ferroxidase, hephaestin (HEPH), was
identified as the gene affected in the sex-linked anemia (s/a) mouse. Loss of HEPH in
this mouse, which has microcytic hypochromic anemia, leads to iron accumulation in
enterocytes but the absorption from the intestinal lumen is normal [162]. Mutation of
HEPH in the s/a mice causes mis-localization of HEPH in the duodenum and results in
entrapment of iron in the duodenum [138]. Therefore, HEPH is involved in release of
iron from the duodenal enterocytes.

Recently, the heme transporting capacity of the receptor for feline leukemia virus
subgroup C (FLVCR) was reported [163]. This cell membrane protein shows heme
exporting activity in vitro, and inhibition of FLVCR expression causes a decrease in
heme export, impairment in erythroid maturation, and cell death in a haematopoietic
cell line. Therefore, FLVCR might play a role in exporting excess free heme during
erythroid differentiation. ABCG2, a protein that belongs to the ABC transporter family
[164] was also reported to have heme exporting capacity [165]. The protein is also
expressed on the cell surface membrane of haematopoietic cells, liver and intestine.
Interestingly, ABCG2 null mice showed high photosensitivity due to excess
pheophorbide a [166]. Pheophorbide a is a porphyin derived from chlorophoyll and can
function as a phototoxin. ABCG2 was shown to be capable of exporting these
porphyrins. Another study also showed that ABCG2 interacts with heme and protects
cells under hypoxic conditions [167]. Whether these heme transporters are involved in

heme trafficking in cells other than haematopoietic cells is currently not known.
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1.5 Maintaining iron homeostasis
The iron balance for the whole body is maintained by the regulation of iron absorption
from the intestine because there is no regulated pathway for iron excretion. Iron leaves
the body by menstrual blood loss in females and through the sloughing of epithelial
cells, such as the skin. The greatest portion of body iron, ranging from 65-75%, is found
in hemoglobin in red blood cells. Macrophages phagocytose senescent red blood cells
and recycle iron from heme (reviewed in [168]). Therefore, these two bone-marrow
derived cells cycle most of the body iron. Liver stores most of the body’s excess iron,
normally 0.5-1g in a normal adult male. Other tissues use smaller amounts of iron, but
the brain’s iron requirement is relatively high, consistent with its high energy need. The
brain, which only weighs 2% of the total body weight, accounts for 20% of the total
oxygen consumption, making the brain the highest oxygen-consuming organ in the
body [169]. An important aspect of iron metabolism is that although cells in different
tissues have different needs for iron, they appear to share many of the same molecules

and general regulatory mechanisms to maintain iron homeostasis.

1.5.1 Extracellular iron homeostasis.

The average human male acquires about 1-2mg of iron per day, and maintains about 4g
for essential metabolism [170]. As mentioned above, total body iron has to be tightly
regulated due to its redox active nature but there are no particular mechanisms to
release iron from the body. Therefore maintaining iron homeostasis is achieved at the
point of entry - duodenum enterocytes. An important, and as yet unanswered, question
is how the iron storage cells (hepatocytes) and iron absorbing cells (duodenal

enterocytes) communicate with each other. Since the 1960s, it has been thought that
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nascent enterocytes in the crypts of the duodenum detect body (or circulating) iron
levels and get ‘programmed’ to absorb adequate amounts of iron when they mature
(reviewed in [171]). Recently, an antimicrobial peptide hepcidin (HEPC) was identified
that acts as a negative regulator of iron absorption [144, 145]. Systemic injection of
HEPC can decrease plasma iron levels in four hours, showing that it can modulate iron
absorption before crypt cells are matured [172]. Two animal models lacking HEPC
demonstrated that it is not only a negative regulator for iron absorption but that it also
suppresses macrophage iron release [148, 173]. HEPC binds to the iron exporter FPN
and causes internalization and degradation of this iron efflux transporter [104], thus
suppressing iron release from macrophages and enterocytes into the circulation.
Mutations in FPN that are resistant to HEPC regulation cause hemochromatosis, where
iron accumulates in Kupffer cells or hepatocytes [174]. HEPC mRNA does not contain
IREs, suggesting that the body iron status is not signaled through the classical IRE/IRP
regulatory mechanism but by some other mechanism. HEPC expression is decreased in
hypoxic conditions in vitro and in vivo [175]. Under hypoxic conditions, renal
erythropoietkin synthesis is stimulated by the transcription factor hypoxia-inducible
factor (HIF) that in turn stimulates erythropoiesis [176]. Whether this increased
erythropoiesis can directly lead to HEPC down-regulation, or if decreased plasma iron
will lead to HEPC down-regulation, is not clear. HEPC expression increases during ’
inflammation causing a phenomenon called ‘anemia of inflammation’ [177]. This is one
of the body’s defensive mechanisms to fight infection by limiting the supply of iron to
microorganisms and thus prevent their proliferation. Nemeth et al. showed that this

upregulation of HEPC is modulated via IL-6 [178, 179]. Although HEPC has been
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demonstrated to work as a body iron sensor and a negative regulator [175], the exact

sensing mechanism is not known.

1.5.2 Intracellular iron homeostasis.

As mentioned above, the uptake, sequestration, and export of iron must be properly
orchestrated. In mammalian cells, two cytosolic proteins “sense” intracellular iron
levels and regulate expression of iron-regulated proteins. These ‘“‘iron-regulatory
proteins 1 and 2” (IRP1 and IRP2) bind to RNA stem loops known as “iron-responsive
elements” (IRE) found in either the 5’ or 3’ locations within the mRNA transcripts of
proteins involved in iron homeostasis [34]. The IREs are found in proteins whose
expression is regulated by iron, such as ferritin, TfR1, DMTI1, FPN, and erythroid 5-
aminolevulinate synthase (eALAS) [34, 41, 97]. IREs contain a six-membered loop
with the sequence 5’-CAGUGX-3’, where X can be an A, C, or U, but never a G, and a
base-paired stem composed of double helices (reviewed in [180]). In the case of ferritin,
a single IRE is found near the 5’ end of the transcript and binding of IRP to this IRE
inhibits new protein synthesis (Figure 5, [34, 181]). In the TfR1 transcript, there are
five IREs in the 3’ untranslated region (UTR), named A-E [33, 34, 182, 183] and IRP
binding protects the transcript from endonucleolytic cleavage and degradation. As a
result, TfR1 mRNA transcript levels increase, leading to a concomitant increase in
TfR1 biosynthesis [184, 185]. Conversely, under conditions of excess iron, the RNA-
binding activity of IRP is decreased, and TfR1 mRNA is degraded. Treating cells with
an iron source confirmed that the degradation of TfR1 mRNA occurs due to the
destabilization of the 3' UTR instead of shortening of the poly(A) tail [185]. These data

suggest that cellular iron homeostasis is maintained in part by cytosolic iron levels. In
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addition, there is evidence that IRE/IRP binding can be modulated not only by cellular
iron levels but also by chemokines and cytokines via a nitric oxide signaling pathway
[186, 187]. On the other hand, the expression of these IRE-containing proteins can also
be regulated via IRP-independent pathways including cytokines, hydrogen peroxide,
and nitric monoxide and under hypoxia [82, 188-190].

But how do IRPs sense cellular iron status? IRP1 is a bi-functional protein in
which function is determined by the presence or absence of an iron-sulfur cluster, which
1s generally linked to cysteines of the protein [191]. When the iron-sulfur cluster is
formed, IRP1 functions as cytosolic aconitase, an interconverting enzyme for citrate and
isocitrate. Absence of the iron-sulfur cluster causes a conformational change in IRP1,
and the active site of IRP1 then becomes a high-affinity binding motif for IREs.
Although iron is the major regulator for IRP1 and aconitase conversion, the iron-sulfur
cluster can also be disassembled due to oxidation or by phosphorylation [192-196]
despite intracellular iron levels. Moreover, phosphorylation of Ser711 can modulate
aconitase activity of IRP1 [197, 198]. IRP2 differs from IRP1 in the mechanism by
which iron levels are sensed as IRP2 undergoes ubiquitination and proteasomal
degradation in iron-replete cells [199]. Originally, this iron-dependent degradation was
thought to be due to a 73-amino acid sequence called a “degradation domain” that is
unique to IRP2 [200, 201]. It was shown that when this cysteine-rich sequence was
inserted into IRP1, it also acquired the ability to undergo iron-dependent ubiquitination
and degradation [201]. This cysteine-oxidation model has been challenged since
complete deletion of 73-amino acid sequence and specific mutations to cysteine

residues did not alter the degradation kinetics of IRP2 [202, 203]. Alternatively, a 2-
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oxoglutarate-dependent oxygenase-induced IRP2 degradation pathway has recently

been demonstrated [202, 203].

1.6 Maintaining iron homeostasis in the central nervous system (CNS)
As mentioned above, the CNS consumes about 20% of the total body energy at a rate
10 times faster per gram of tissue as compared to non-CNS areas [169]. Therefore, a
high amount of iron is needed in the CNS to fulfill the needs of the mitochondrial
oxidative chain. However, the CNS is isolated by a tight epithelial barrier called the
blood-brain-barrier (BBB), and so the cells in the CNS do not have direct access to
plasma borne iron. Moreover, the CNS is particularly sensitive to oxidative stress due to
the low level of antioxidant enzymes (e.g. glutathione-peroxidase), high levels of
polyunsaturated lipids on the membranes, and generation of high levels of reactive
oxygen species (ROS) during neurochemical reactions such as dopamine oxidation
[204]. It seems likely that the BBB allows the CNS to have exclusive regulatory
mechanisms for iron that are independent from the liver-dependent regulatory
mechanism operational in non-CNS areas. For example, hereditary hemochromatosis
patients with very high iron accumulation in the liver do not seem to have CNS
involvement [30]. On the contrary, patients with aceruloplasminemia resulting form
mutations in the CP gene have iron-overload in the CNS, while the plasma iron level is
often anemic [205]. Therefore, the CNS seems to have a unique mechanism for
regulating the uptake and release of iron to maintain the metabolic needs of this highly

specialized organ.
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1.6.1 Iron uptake into the CNS.

For iron to enter thé CNS, iron must pass through the endothelial cells forming the BBB.
The iron importing protein TfR1 has been reported to be expressed on the luminal
membrane of CNS endothelial cells [36, 37, 206, 207]. Experiments using radiolabeled
or horseradish peroxidase (HRP)-conjugated TF were used to show that TF can enter
CNS endothelial cells [208, 209]. Several reports also showed that non-transferrin
bound iron (NTBI) can also enter into the CNS [210-212]. However, under normal I
conditions, there is very little NTBI available in the plasma. It has also been suggested,
based on in vitro evidence, that ferritin-bound iron might be able to cross the BBB [92].
Therefore, although CNS iron uptake is thought to occur mainly via the transferrin-
bound iron-endocytosis pathway, under certain conditions (e.g., hypotransferrinemic
mice) non-transferrin bound iron uptake might also occur to fulfill the high metabolic
demands of the CNS. 1t is still unclear whether this TF-bound iron is released from the
endosomes of endothelial cells [50, 213] or as has been suggested the Fe/TF complex is
transcytosed and released from the abluminal side of the cells [207, 208, 214]. On the
other hand, once iron is released from the Fe/TF complex within the endothelial cells,
the iron exporter FPN, which is found in the endothelial cells, can efflux iron [215] into
the CNS tissue. However, the expression of FPN in the CNS endothelial cells is still
under debate [210, 216] and the exact localization of FPN on the endothelial membrane
is still not known. Hypotransferrinemic mice with very low TF levels show iron
accumulation in the choroid plexus, suggesting that TF is needed for proper iron

transport into the cerebrospinal fluid (CSF) [217].
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1.6.2 CNS iron circulation.

Most of the CNS capillaries (95%, [218]) are in contact with astrocytic end-feet which
induce the development of tight junctions between CNS endothelial cells that form the
BBB. Once iron has traveled through endothelial cells and been released, most of it
might be imported into the astrocytic end-feet that surround CNS capillaries or bind to
transferrin (TF) in the CSF. This iron buffering capacity of astrocytes will be discussed
further in chapter 3. Although there is TF in the CSF, its levels are very low compared
to the plasma (about 1/100-200; 0.2-0.6uM in human lumbar spinal cord [219-222]) and
is estimated to be fully saturated. Therefore, CNS iron might be either distributed
directly via cell-cell contact or by other carrier proteins or low molecular weight
chaperons in the CSF. One of these transport proteins can be lactoferrin (LF) that is a
member of TF family and has higher affinity for iron than TF. LF uptake is mediated by
a receptor that is found in neurons, cerebral vasculature and some glial cells [223, 224].
Non-transferrin bound, low-molecular weight iron has also been detected in the CSF of

neonatal animals [225].

1.6.3 Iron release from the CNS

Once iron enters the CNS, it seems likely to be conserved within the CNS since there is
very minimal decrease in brain iron content in anemic animal models induced by
switching to the low-iron diet. Furthermore, the CNS cannot lower its iron content in
animal models showing iron overload in the CNS [226, 227]. Therefore, the CNS might
have a mechanism to conserve iron efficiently and also lack a mechanism to efficiently
release iron. The probable route of iron exiting the CNS might be the efflux of iron

from the arachnoid cells that form tight junction and outlining the CNS. Iron can be
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exported via vacuolization of arachnoid villi [218] or actively transported through iron
exporter. It is not known whether these cells express known iron exporting proteins, but
we have previously reported that these cells express GPI-CP that is essential for iron

efflux in astrocytes [228].

1.7 Iron and neurodegenerative diseases
There are a number of diseases that show iron accumulation in the CNS [3, 4, 229,
230]. Some of these are caused by genetic mutations in genes involved in regulating
iron levels, while the reasons for the iron accumulation in others is not fully known and
may be a secondary consequence of the disease process. Nevertheless, the increased
iron accumulation and iron-mediated free radical injury may contribute to the
neurodegeneration seen in these diseases. A brief description of some of these

neurological conditions is provided below.

1.7.1 Neurodegenerative diseases caused by genes involved in iron metabolism

Neuroferritinopathy. As described above, ferritin is an iron storage protein that can
accommodate up to 4500 atoms of iron. The heavy (FTH) and light (FTL) chains of
ferritin form a 24-subunit symmetrical complex to make up ferritin’s barrel-like
structure. The FTH subunit has ferroxidase activity while FTL is involved in stabilizing
the structure (reviewed in [80]). Insertion mutations of FTL in humans cause a basal
ganglia disease with excess iron in various parts of the brain [91]. These patients show
abundant accumulation of iron and ferritin, mainly in the neurons of the globus pallidus,
forebrain and cerebellum. Axonal swellings and cytoplasmic inclusions that are positive

for iron, ferritin and ubiquitin were particularly seen in the globus pallidus and putamen
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but also throughout the CNS [231, 232]. Interestingly, affected patients show low
plasma ferritin while plasma iron, hemoglobin, and transferrin levels are normal [91].
These mutations in the FTL are thought to disrupt its C-terminus structure and affect its-
stability and function, probably resulting in the release of free iron [91]. In vitro studies
have shown that mutant FTL/wildtype FTH heteropolymer ferritin show less active iron
incorporation than normal ferritin [233]. How a mutation in the FTL can cause selective

damage in the CNS is currently not known.

Pantothenate kinase-associated neurodegeneration (PKAN). PKAN (also known as
Neurodegeneration with brain iron accumulation [NBIA]) and previoﬁsly known as
Hallervorden-Spatz syndrome, is a juvenile “neurodegenerative disorder with a large
amount of iron accumulation found in the globus pallidus and the pars reticulata of the
substantia nigra [234]. These patients have extrapyramidal dysfunction showing
rigidity, dystonia, choreoathetosis and characteristic MRI patterns of iron accumulation
in the globus pallidus [235]. This disease is caused by mutation in pantothenate kinase 2
(PANK?2) [236], an essential enzyme for coenzyme A biosynthesis that catalyzes the
phosphorylation of pantothenate. Phosphorylated pantothenate normally condenses with
cysteine, and therefore, unbound cysteine accumulation occurs in PKAN patients [237].
Iron accumulation in PKAN might be due to the iron-chelating activity of cysteine, and
this accumulated iron might cause oxidative damage in affected regions of the CNS
[236]. Interestingly, a mouse model lacking PANK2 showed retinal degeneration, but

did not show any neurological symptoms seen in humans [238].
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Friedreich’s Ataxia. Friedreich’s ataxia is characterized by the degeneration of large
sensory neurons, spinocerebellar tracts, and cardiomyopathy [239]. It is caused by
expansion of a GAA trinucleotide repeat in intron 1 of the frataxin gene (FRDA) that
leads to a reduction in its expression [240]. Frataxin and its yeast homologue Ythlp are
mitochondrial matrix proteins [241-243]. In vitro studies in yeast show that a lack of
Ythlp leads to a 10-fold increase in iron accumulation in mitochondria, which can be
reversed by re-expression of Ythlp [242, 244]. These data imply a role for Ythlp in the
mitochondrial iron export machinery. Frataxin is essential for mitochondrial and extra-
mitochondrial Fe-S cluster formation. Therefore, mutations in frataxin cause
mitochondrial respiratory chain failure due to a lack of Fe-S cluster [245-250]. Taken
together, frataxin may play a role in iron-sulfur cluster assembly by providing iron and
may also be involved in the export of iron-sulfur clusters to maintain mitochondrial iron
homeostasis. An earlier study using an in vitro mitochondrial iron overload model
generated by a heme synthesis blocker showed that treating these cells with an iron
chelator is effective and suggested that this might be a therapeutic approach for
Friedreich’s ataxia [251]. Treatment of ﬁbroblésts from Friedreich’s ataxia patients with
an iron chelator was also shown to prevent oxidant-induced cell death [252]. Recent
reports show that Friedreich’s ataxia patients treated with an iron chelator for 6 months

had reduced neuropathy and improved motor functions [253].

Aceruloplasminemia. Aceruloplasminemia is a rare autosomal recessive disorder in
which mutations of the CP gene lead to almost undetectable levels of CP [254-256].
The human CP gene is located on chromosome 3q21-25 [125, 257] and plasma CP is

encoded by 19 exons spread over 50kb of genomic DNA [258]. To date, more than 10
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different mutations in the human CP gene have been identified. These patients develop
retinal degeneration, diabetes mellitus and neurological symptoms including dementia,
ataxia, and loss of motor coordination between the ages of 45-50 years [254, 256, 259,
260]. Originally, it was considered to be ‘atypical Wilson’s disease’ due to undetectable
levels of CP, but liver biopsy showed accumulation of iron, not copper [254]. Liver
biopsies from these patients showed granular deposits of iron in the cytoplasm of
hepatocytes and Kupffer’s cells [256]. Intracellular iron accumulations in a number of
organs including the liver, pancreas, heart, spleen, and CNS have also been reported in
autopsy material [261]. Iron accumulation in the CNS varied in different regions and
occurred particularly in the deep motor nuclei in the brain. Iron deposits were found in
both glia and neurons. Another striking feature of the pathology is the neuronal
degeneration that occurs in many of the affected regions [256, 262]. Increased levels of
iron and lipid peroxidation have also been observed in the cerebrospinal fluid (CSF) of
these patients [263]. Mitochondrial dysfunction has also been reported in these patients,
which include a decrease of more than 30% in the enzyme activities of complex I and
IV of the respiratory chain [264 376].

Mice lacking CP have been generated that develop high iron accumulation in
various tissues including liver, retina, and cerebellum [265-267]. Like humans with
aceruloplasminemia, these mice also showed mild anemia and low plasma iron levels
[265, 267]. Injecting CP into CP null mice and adding CP to astrocytes from null mice
triggered iron release from hepatocytes and astrocytes, respectively, confirming the
essential role of CP in efficient cellular iron efflux (see also chapter 2) [101, 265].
These mice show deficits in motor coordination as tested with the roto-rod assay [267].

Neonatal cerebellar cells from CP null mice were also shown to be more susceptible to
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oxidative damage in vitro [267]. Interestingly, while CP is one of the major copper
containing proteins, there were no abnormalities in copper metabolism nor
accumulation of copper in CP null mice [108]. As part of this thesis work, I carried out
a detailed analysis of changes in iron homeostasis in the cerebellum of CP null mice
with aging, which will be discussed in chapter 3. In a study carried out by Dunaief’s
group, double transgenic mice for CP and hephaestin (Cp”/Heph™") showed high levels
of retinal iron accumulation in both glia and the retinal pigment epithelium (RPE) and
retinal degeneration [268]. Interestingly, the authors also reported that CP and HEPH
are expressed in RPE, which acts as the BBB in the eye, unlike the BBB endothelial
cells lining the CNS. It is not clear what the role of ferroxidases is in the BBB in the eye,
but these data indicate that they are important in maintaining iron homeostasis in the

CNS.

IRP2 deficient mice. A transgenic mouse with a targeted disruption of the IRP2 gene
(Ireb2) showed neurodegenerative changes at 6 months of age and iron accumulation in
cerebellar white matter, caudate-putamen, thalamus and colliculi [269]. Abnormal
accumulation of ferritin and iron accumulation was detected in degenerating neurons.
Ireb2"” mice showed milder effects than the homozygote null mice, and freb! ™ /Ireb2”
mice showed worse neurological symptoms suggesting a dose-dependent effect by IRP
proteins [270]. Interestingly, IRP1 was not able to repress over-expression of ferritin
mRNA translation in the absence of IRP2. Similar data were reported in a macrophage-
like cell line [271]. Another group generated Ireb2” mice using the cre/lox knock-out
method and reported that these mice do not show iron accumulation nor

neurodegeneration in the brain but increased ferritin expression and reduced the ability
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to stay on the roto-rod assay [272]. It has been suggested that the differences between
these two lines of Jreb2” mice may be due to genetic and technical differences but there

is as yet no satisfactory explanation [272].

1.7.2 Neurodegenerative diseases with abnormal iron accumulation not associated
with mutations in iron homeostasis genes

Parkinson’s disease (PD). Parkinson’s disease is a chronic, progressive movement
disorder also showing muscle rigidity, language problems, and in extreme cases,
akinesia [273]. Loss of dopaminergic neurons and decreased production of the
neurotransmitter dopamine are the hallmarks of the disease, but the cause is still not
known. Numerous studies have confirmed that there is increased iron accumulation in
the substantia nigra pars compacta (SNpc) in the midbrain of PD patients [274-278].
Along with iron accumulation, increased reactive oxygen species have also been
reported in these patients, likely caused by abnormal: iron accumulation [279-282].
Another hallmark of the disease is the presence of Lewy bodies within neurons which
contain an insoluble form of alpha-synuclein (a-syn) [283]. a -syn is found primarily in
brain tissue, and mainly localized to the pre-synaptic nerve terminal. Normally, a-syn is
a soluble protein with an a-helical structure, but it is found in Lewy body in insoluble B-
pleated sheet structure. Interestingly, iron has been shown to interact with a-syn and
enhances the conformational change of the protein into the beta-pleated sheet, thereby
promoting aggregate formation [284, 285]. Iron can, therefore, not only generate
harmful reactive oxygen species but also be involved in aggregate formation in PD

pathology.
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Alzheimer’s disease (AD). AD is a progressive neurodegenerative disease accompanied
by dementia and movement impairment. Like PD, abnormal protein aggregation is also
found in the brain of AD patients. Amyloid plaques found in AD are mainly composed
of amyloid beta (AP) a short peptide that is a proteolytic byproduct of the
transmembrane protein, amyloid precursor protein (APP). Af monomer is normally a
soluble peptide, but it can undergo structural change and become a highly insoluble
beta-sheet structure and form protein aggregates [286]. Formations of these amyloid
plaques appear before the start of clinical symptoms. Interestingly, increased iron and
ferritin accumulation is associated with amyloid plaques in the brain in AD [287-290].
As was described in PD, iron can also bind to AP and facilitate aggregation of the
protein in vitro [291, 292]. Moreover, iron can modulate expression of APP and its
cleavage by alpha-secretase [293, 294], impacting plaque formation. Intracerebral
injection of iron along with AP leads to more severe damage to neurons as compared to

AP alone [295]. It is currently unclear how abnormal iron accumulation occurs in the

CNS in AD.

Huntington’s disease (HD). This is an autosomal dominant neurodegenerative disease
that shows abnormal involuntary body movements, lack of coordination and loss of
mental abilities [296]. The cause of the disease was reported to be a CAG expansion in
the huntingtin (Htt) gene. In vitro studies showed that Htt is involved in the formation
of nuclear and perinuclear organelle structures [297]. In HD, the brain shows increased
iron and ferritin accumulation in the putamen, caudate nucleus, and globus pallidus
[298-300] early in the disease process [301]. Since Htt knock-out cells show abnormal

recycling of endosomal structures, it was suggested that lack of Htt might disturb the
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TF/TfR endocytosis pathway. The expression of Htt is also affected by cellular iron
levels [297]. Furthermore, a recent study in zebrafish lacking Htt showed decreased
hemoglobin synthesis and increased TfR1 synthesis, suggesting a deficit in cellular iron
uptake [302]. The direct mechanism underlying iron accumulation in HD is still not

fully understood.

Amyotrophic lateral sclerosis (ALS). This is one of the most common and lethal
neurodegenerative diseases. ALS patients develop progressive paralysis due to
degeneration of motor neurons in the spinal cord and motor cortex. About 90% of ALS
cases are sporadic, although their symptoms are similar to that of the familial cases.
Among familial cases, almost 20% of the patients have genetic mutation in superoxide
dismutase 1 gene (SODI) [303]. Animal models of the disease have been developed by
inducing the over-expression of various human mutant SOD1s in mice [304]. Currently
the mechanism of how mutant SOD1 causes neurodegeneration is not fully understood
but it appears to be due to a ‘toxic gain of function’ by mutations. Several possible
mechanisms have been proposed including oxidative stress (reviewed in [305]),
cytoskeletal abnormalities and disrupted axonal transport [306], excitoxicity by
glutamate [307], protein aggregation (reviewed in [308, 309]), mitochondrial
dysfunction (reviewed in [306]), and recently extracellular SOD1 toxicity [310]
suggesting more than one mechanism is involved in this complex disease. Interestingly,
it has been reported that there is abnormal iron accumulation in both familial and
sporadic cases [311-314]. Increased expression of lactoferrin and TfR1 in neurons has
been reported, suggesting abnormal iron uptake [315, 316]. Polymorphisms in the

hemochromatosis gene Hfe are also reported in sporadic ALS patients [317, 318],
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suggesting a link between iron-caused toxicity and the etiology of ALS. How these iron

accumulation occur is currently not known and it will be discussed in detail in chapter 4.

GFAP-IL6 mice. An animal model over-expressing interleukin-6 (IL-6) in astrocytes
shows reactive gliosis and defects in the blood-brain-barrier (BBB) [319, 320].
Astrocytic support is very important in forming the BBB during development.
Interestingly, these mice show chronic neurodegeneration and iron accumulation in the
cerebellum starting from 1 month of age. These mice also show increased ferritin
expression and evidence of lipid peroxidation [321]. It is not clear at present if the iron
accumulation in these mice is due to defects in the BBB or dysregulation of iron

homeostasis proteins as a result of the increased cytokine expression.

1.8 Rationale for the studies
The CNS, which is shielded behind a tight BBB, appears to have a unique ability to
acquire and retain iron. Interestingly, many neurodegenerative diseases show signs of
iron accumulation. In some cases, this is primarily due to defects in genes involved in
regulating iron levels, while in other cases iron accumulation appears to occur
secondary to other events that may disrupt normal iron homeostasis in the affected
regions of the CNS. In my Ph.D. thesis research, I carried out experiments designed to
better understand the mechanisms underlying iron homeostasis in the CNS. For this, I
worked on two mouse models of human neurodegenerative diseases: one that involves a
protein that regulates iron oxidation (aceruloplasminemia), and the othér a disease not

directly related to iron (amyotrophic lateral sclerosis).
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As described above, humans lacking CP (aceruloplasminemia) develop a
progressive neurodegenerative disease with iron accumulation in the CNS. Previously,
our laboratory identified a membrane-bound GPI-anchored form of CP (GPI-CP) that is
the major form in the rat brain and is mainly expressed by astrocytes [132]. Although
several studies have examined the role of soluble CP in cellular iron transport in non-
CNS cells [322-324], the role of GPI-CP in the CNS was not known. Therefore, I
studied the role of GPI-CP in iron efflux from astrocytes and how it partners with the
iron transporter FPN. This was done using primary cultures of astrocytes isolated from
wildtype and CP null mice using a series of biochemical and functional cell culture
assays (Chapter 2). Secondly, I carried out ’a detailed analysis of iron accumulation and
changes in expression of a number of proteins involved in regulating iron levels, i.e.,
iron homeostasis proteins during aging in wildtype and CP null mice. The comparison
with the two mouse strains has given us important insights into the important role of CP
in maintaining iron homeostasis in the CNS and how loss of this protein dysregulates
iron homeostasis with age (Chapter 3).

Iron accumulation has also been reported to occur in the CNS in ALS. However,
the molecular mechanisms underlying the accumulation of this redox-active metal in
ALS has not been studied. Importantly, the role of iron in the pathogenesis and
progression of the disease has not been directly evaluated. For this part of my thesis, I
used a well known transgenic mouse model of ALS in which the G37R mutant form of

human SODI1 is over-expressed in mice (SODI%®

), where the mouse develops
hindlimb paralysis at approximately 50 weeks of age. I assessed iron accumulation in

the spinal cords of these mice, examined the changes in expression of a number of iron

homeostasis proteins with age, and assessed the effects of an iron chelator on the
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progression of the disease. These studies provide direct evidence for an important role
for iron in the progression of ALS and provide novel insights into some of the potential

mechanisms by which iron-mediated toxicity contributes to ALS pathology (Chapter 4).
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