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ABSTRACT

Organisms depend on iron to survive. This fact is underscored by the critical
requirement for iron during DNA synthesis and as a cofactor in proteins involved in
respiration and oxygen transport. However, when present in excess of cellular
requirements, iron can be toxic, due to its ability to generate reactive oxygen species
and induce oxidative stress. The physiological significance of iron renders it a target for
the development of iron chelators as therapeutic agents and highlights the potential

problems that can occur when iron regulatory pathways are disturbed in disease.

The rapid rate of neoplastic cell replication and the involvement of iron in cell cycle
progression and DNA synthesis, highlight the potential for using iron chelators for
cancer treatment. Chapter 3 of this thesis demonstrates the broad-spectrum in vifro and
in vivo anti-tumour activity of the novel iron chelator, di-2-pyridylketone-4,4,-dimethyl-
3-thiosemicarbazone (Dp44mT) (Whitnall et.al., Proc Natl Acad Sci USA 2006;
103:14901-6). In vitro results illustrate the potency of Dp44mT over the clinically used
chemotherapeutic agent, doxorubicin, and the ability of Dp44mT to overcome multi-
drug resistance. The unique ability of Dp44mT to up-regulate the tumour growth and
metastasis suppressor, Ndrgl in in vivo experiments, may account for this ligands
selective anti-tumour activity (Whitnall et al., 2006). Collectively, these studies
demonstrate that iron chelators such as Dp44mT, may be valuable anti-cancer

compounds, particularly considering the emergence of multi-drug resistance in tumours.

There is no effective treatment for the cardiomyopathy of the most common autosomal
recessive ataxia, Friedreich’s ataxia (FA). The identification of potentially toxic

mitochondrial iron deposits in FA suggests iron plays a role in its pathogenesis and



merits the use of iron chelation therapy for the treatment of FA. Studies in Chapters 4
and 5 used the muscle creatine kinase (MCK) frataxin mutant mouse model that
reproduces the classical traits associated with cardiomyopathy in FA, to study the
molecular alterations which underlie the pathogenesis of this disease and assess the use
of iron chelation therapy (Whitnall et.al., Proc Natl Acad Sci USA 2008; 105:9757-62).
Studies specifically in Chapter 4 show that the increased mitochondrial iron in the
myocardium of mutants was due to marked transferrin-iron uptake, which was the result
of enhanced transferrin receptor 1 (TfR1) expression. In contrast to the mitochondrion,
cytosolic ferritin expression and the proportion of cytosolic iron were decreased in
mutant mice, indicating the cytosol was iron deficient. These studies demonstrate that
loss of frataxin alters cardiac iron metabolism due to pronounced changes in iron

trafficking away from the cytosol to the mitochondrion.

Further work in Chapter 4 showed that the mitochondrial-permeable ligand, pyridoxal
isonicotinoyl hydrazone, in combination with the hydrophilic chelator, desferrioxamine,
prevented cardiac iron loading and limited cardiac hypertrophy in mutants, but did not
lead to overt cardiac iron depletion or toxicity (Whitnall et al., 2008). However, iron
chelation did not prevent decreased succinate dehydrogenase expression in the mutants
nor loss of cardiac function, indicating that frataxin function must also be replaced in
addition to removing the excess mitochondrial iron. In summary, for the first time,
studies in this thesis demonstrate that frataxin deficiency markedly alters cellular iron
trafficking and that iron chelation limits myocardial hypertrophy in the MCK mutant

model of FA.
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To address the cytosolic iron deficiency in the cardiomyocytes of mutant mice, in
Chapter 5, mice were fed a high iron diet aimed at reconstituting the iron deprived
cytosolic compartment. From these studies, a significant decrease in cardiac
hypertrophy was observed in high iron diet fed mice. Interestingly, while wild-type
(WT) mice responded to the high iron diet by decreasing cardiac TfR1 expression, no
such compensation was observed in high- compared to normal-iron iron diet fed
mutants. Similarly, activity of iron regulatory protein 2 (i.e., IRP2 RNA-binding
activity) was not decreased in high iron diet fed mutants. These findings demonstrate
the mutant heart does not respond to increased iron levels as does the WT animal. An
intriguing and important outcome of dietary iron loading investigations, was the marked
increase in iron concentration observed in the liver, spleen and kidney of mutant mice
that were fed a normal iron diet. The MCK mutant mouse experiences deletion of
frataxin in the heart only, and hence, the increase in iron levels observed in frataxin-
intact tissues such as the liver, indicated that the heart is able to influence systemic iron
metabolism. Supporting this, changes were observed in iron-metabolism proteins such
as hemojuvelin and TfR1 not only in the heart, but in the liver. Collectively, these
results indicate that frataxin knockout in the heart and the alterations in iron metabolism
which lead to cytosolic iron deficiency in the heart, activate a systemic signalling
mechanism, most likely to communicate its need for iron within the cytosolic

compartment.

In the final section of Chapter 5, transmission electron microscopy and magnetic

susceptibility measurements were used to assess the molecular composition of

accumulated iron in the MCK mutants. These studies showed that the iron accumulating

Vii



in the mutant heart is not present within ferritin, but in well crystallised anti-

ferromagnetic mineral aggregates.

In conclusion, the investigations described within this thesis demonstrate the potential
for iron chelators to be used for the treatment of cancer and FA. Moreover, they also
begin to elucidate the marked alterations in the pathways of iron metabolism that occur
on both a cellular and systemic level in FA. In terms of contributing to our
understanding of basic physiological iron homeostasis, they also identify that cardiac

iron status is able to markedly influence systemic iron metabolism.
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CHAPTER 1

GENERAL INTRODUCTION
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1.1 THE BIOLOGY AND IMPORTANCE OF IRON

Iron is an integral and essential part of daily life and arguably, one of the most
important transition metals of the body. This is highlighted by the need for iron and
iron-containing molecules to facilitate key metabolic reactions (Rouault and Tong,
2008, Sheftel and Lill, 2009). For example, iron is required by the iron-containing
enzyme, ribonucleotide reductase, during the rate-limiting step of DNA synthesis
(Thelander and Reichard, 1979). Furthermore, an absence of iron in cell cycle
progression, arrests cells at the G1/S interface and induces apoptosis (Brodie et al.,

1993, Richardson and Milnes, 1997).

Within the energy producing environment of the mitochondrion, iron is required for
iron-sulfur cluster (ISC) (Muhlenhoff and Lill, 2000) and haem synthesis (Ponka,
1997). In turn, ISC and haem prosthetic groups are essential components of many
metallo-proteins. Notable examples of proteins requiring ISCs include: (i) respiratory
chain complexes I and II, also known as NADH dehydrogenase and succinate
dehydrogenase, respectively (Rouault and Tong, 2008); (ii) mitochondrial aconitase of
the tricarboxylic acid cycle (Rouault and Tong, 2008); and (iii) isopropylmalate
isomerase, which is required for amino acid synthesis (Sheftel and Lill, 2009). Notable
haem-requiring proteins include: (i) haemoglobin, which is involved in oxygen transport
(Sheftel and Lill, 2009); (ii) myoglobin, which is involved in oxygen storage (Sheftel
and Lill, 2009); and (i11) c-type cytochromes, which are involved in respiration (Kuchar
and Hausinger, 2004). Superfluous to these ubiquitous pathways, the unique
environment of the brain harbors additional iron requirements to necessitate the

synthesis of myelin and neurotransmitters (Burdo and Connor, 2003).



Indeed, many of these diverse processes are a derivative of iron’s unique ability to
redox cycle via electron exchange. Iron has two stable oxidation states, i.e., ferrous iron
or iron(II), and ferric iron or iron(I11) (Kalinowski and Richardson, 2005). The ability of
iron to shuttle between these two forms, acting as an electron acceptor or donor,
catalyses biochemical reactions such as those mentioned above (Kalinowski and
Richardson, 2005). Paradoxically though, this redox property also renders iron a highly
toxic metal. Interactions between iron and oxygen metabolites, or ‘Fenton chemistry’,
generates reactive oxygen species (ROS), which readily react with some of the cells
most important biomolecules, including proteins, lipids and DNA (Halliwell and
Gutteridge, 2007, Halliwell and Gutteridge, 1999). Ensuing cellular damage and
‘oxidative stress’ involves lipid peroxidation, protein aggregation and unfolding, and
DNA and mitochondrial oxidation, which can impair cellular functions and ultimately

lead to cell death (Barnham et al., 2004, Polla, 1999).

The toxicity of iron, when present in excess of physiological requirements, is evident in
numerous pathological conditions. Iron accumulation and ensuing oxidative stress have
been associated with the common inherited disease, B-Thalassemia (Olivier1 and
Brittenham, 1997) and the severe cardio- and neuro-degenerative disease, Friedreich’s
ataxia (Calabrese et al., 2005, Schulz et al., 2000). Conversely, iron deficiency can also
be detrimental to the cell, due to the countless cellular processes which are dependent
on iron to function. To prevent the consequences of iron overload or deficiency, the
body possesses an extensive collection of proteins and pathways by which it can
regulate iron homeostasis. These important iron metabolism processes, and how we
have come to understand them through the study of disease, are integrally discussed

below.



1.2 PHYSIOLOGICAL IRON METABOLISM

1.2.1 The Source of Iron

For the healthy individual, total body iron approximates 50 mg/kg (Munoz et al., 2009).
The lack of an effective mechanism for excreting iron (McCance and Widdowson,
1938) means that iron levels must be impeccably managed via regulation of dietary iron
uptake and conservation of tissue iron stores. The large proportion of iron for cellular
use, is sourced from internal iron storage sinks such as the cellular iron storage protein,
ferritin, and is recycled by macrophages which phagocytose senescent erythrocytes to
release iron from haem (Dunn et al., 2007). Additionally, a small portion (0.5-2 mg/day)
is also obtained externally from dietary iron absorption through the enterocytes of the
duodenum, primarily to replace iron lost from daily blood losses and epithelial cell

shedding (Sharp and Srai, 2007, Munoz et al., 2009).

1.2.2 Dietary Iron Absorption

The process of dietary iron absorption involves the uptake of iron from the lumen of the
gut, transit across the apical membrane, transcellular trafficking, and release through the
basolateral membrane of the enterocyte, after which iron is incorporated into the serum

for cellular distribution (Munoz et al., 2009).

The uptake of iron across the apical enterocyte membrane occurs via two different
pathways. Dietary non-haem iron is not in a readily bioavailable form, and must be
reduced before it can cross the apical enterocyte membrane. While this role can be
performed by the ferrireductase, duodenal cytochrome-b in vitro (McKie, 2008, McKie
et al., 2001), accurate studies using duodenal cytochrome-b knockout models are

required before we can rule out the presence of other ferrireductases (Frazer et al., 2005,



Gunshin et al., 2005). After this reduction process, iron is transported into the cytoplasm

by the divalent metal transporter 1 (DMT1) (Mims and Prchal, 2005).

On the other hand, dietary iron found in haem, is absorbed via receptor-mediated
endocytosis after haem binds to the apical membrane-bound protein, haem carrier
protein-1 (Shayeghi et al., 2005). Once internalised into the enterocyte, iron is liberated

from haem by haem oxygenase 1 (Hmox1) (Dunn et al., 2007).

Within the cytoplasm of the enterocyte, iron which has been imported by DMTI or
liberated from haem, is metabolised via a common intracellular pathway as discussed in
Section 1.2.3 below. At the basolateral membrane, iron is transported out of the
enterocyte by ferroportinl (Donovan et al., 2005). Ferroportinl is expressed in all iron-
exporting cells and is the only known mechanism of cellular iron efflux (Troadec et al.,
2010). Deletion of ferroportinl is embryonically lethal, and conditional knockout of
ferroportinl leads to increased iron storage in enterocytes, macrophages and
hepatocytes (Donovan et al., 2005). Thus it plays a critical role in iron homeostasis,
regulating intracellular cytosolic iron levels and export of iron to the serum (Troadec et

al., 2010).

1.2.3 Intracellular Iron Metabolism

1.2.3.1 Serum Iron Transport and Cellular Iron Uptake

Under normal physiological circumstances, the movement of iron throughout the serum
is tightly regulated. After it exits the enterocyte, iron binds to the serum glycoprotein,
transferrin (Tf) (Morgan 1981). Each Tf molecule is capable of binding two atoms of

iron, with exceptionally high affinity (Aisen et al., 1978, Morgan, 1981), producing a



diferric-Tf complex. High affinity iron binding, and the abundance of Tf in the serum,
means that little, if any, iron enters the circulation as unbound and potentially toxic
‘“free’ iron (Anderson and Vulpe, 2009). At the plasma cell membrane, circulating
diferric-Tf binds to the cell surface protein, transferrin receptor 1 (TfR1) (Richardson
and Ponka, 1997). Binding induces receptor-mediated endocytosis, which internalises
the Tf-TfR1 iron complex (Richardson and Ponka, 1997), as demonstrated in Figure
1.1. Following a reduction in endosomal pH, iron is released from the complex and
transported into the cytoplasm via DMTI1, while iron-free, apo-Tf-TfR1, is recycled
back to the cell surface and Tf returned to the circulation (Gunshin et al., 1997, Morgan,

1981, Ponka et al., 1998).

While high affinity TfRI-mediated iron uptake represents the primary and most
efficient means by which cells take up iron (Richardson and Ponka, 1997), a number of
other iron uptake pathways have been identified. Hepatocytes in particular express high
levels of the TfR1 homologue, transferrin receptor 2 (TfR2) (Kawabata et al., 2001,
Kawabata et al., 1999). Like TfR1, TfR2 also internalises Tf-bound iron by a receptor-
mediated endocytic process (Graham et al., 2008), although the affinity of this pathway
is up to 30-fold lower than that of TfR1 (West et al., 2000). Interestingly, deletion of
TfR2 does not have a substantial impact on Tf-bound iron uptake in the liver of I{")‘RZ"'
mice, and indeed, the primary role of TfR2 is currently thought to be in systemic iron

regulation as opposed to cellular iron uptake (Chua et al., 2010).

Additionally, the presence of non-transferrin-bound iron (NTBI) has been detected in
the sera of patients with iron overload diseases such as thalassemia (Esposito et al.,

2003, Hershko et al., 1978) and haemochromatosis (Gosriwatana et al., 1999, Loreal et



al., 2000). The pathological appearance of circulating NTBI has been associated with
major ingression of iron into cells by unregulated routes (Cabantchik et al., 2005). The
instance of NTBI is generally thought to occur when iron entering the serum exceeds
the iron-binding capacity of Tf (Anderson and Vulpe, 2009). This may be due to
unregulated dietary iron absorption, or defects in iron-handling proteins (Anderson and
Vulpe, 2009). For example, a congenital deficiency in Tf in the rare iron overload
condition, atransferrinemia, underlies the appearance of NTBI and causes hemosiderosis
in organs such as the liver, heart and endocrine organs (Anderson and Vulpe, 2009,

Beutler et al., 2000).

1.2.3.2 Cytosolic Iron Trafficking and the Intracellular Labile Iron

After it 1s released from the classical Tf-TfR1 endosome (Figure 1.1), the pathways that
traffic cytosolic iron to intracellular organelles and compartments, are not fully
understood. Initially, iron is thought to enter a poorly characterised cytosolic
compartment known as the intracellular labile iron pool (LIP) (Richardson and Ponka,
1997). The molecular nature and composition of the LIP has not been comprehensively
elucidated. Low (Jacobs, 1977) and high (Petrak and Vyoral, 2001) molecular weight
ligands, which bear chelatable forms of iron (Konijn et al., 1999), have been suggested
to be present. Presuming its existence, the LIP most likely functions to transiently bind
iron after cellular iron uptake, before incorporation into other intracellular
compartments (Greenberg and Wintrobe, 1946, Konijn et al., 1999) such as ferritin and

the mitochondrion (Figure 1.1).

Recent studies are challenging the idea of the LIP. Fluorescent confocal and

transmission electron microscopy have demonstrated that in the developing erythroid



cell, there is a direct interorganeller transfer of iron from Tf-containing endosomes to
the mitochondrion (Sheftel et al., 2007). During transient physical contact between the
endosome and mitochondrion, iron is delivered directly from compartment to
compartment, by-passing the LIP, in a mechanism colloquially referred to as the ‘kiss
and run’ hypothesis (Sheftel et al., 2007). The molecular framework of proteins and
docking complexes reasoned to facilitate this compartmental iron transfer were not
identified at the time, but studies using the haemoglobin-deficit (2bd) mouse, identified
the Secl5ll exocyst protein as a possible candidate (Sheftel et al., 2007).
Characteristically, erythrocytes of #bd mice, exhibit decreased haemoglobin synthesis
and recycling of endosomal-Tf, due to a mutation in Sec/5/1, which is a homologue of
the yeast gene that encodes the vesicle docking protein, SEC15 (Lim et al., 2005, White
et al., 2005, Zhang et al., 2006a). That haem biosynthesis machinery and DMT1 were
functionally normal in hbd affected mice, strengthens the possibility that Sec1511 may
play a direct role in endosomal vesicle docking and cargo delivery (Zhang et al., 2006a).
Given these observations were exclusive to the erythroid cell, the existence of a LIP in
other cell types 1s still to be convincingly challenged, and remains a strong, albeit

elusive, intracellular component.

1.2.3.3 Cytosolic Iron Storage

Following transit in the LIP, iron not required for immediate cellular use, is sequestered
into the cytosolic iron storage protein, ferritin (Harrison and Arosio, 1996). Storage of
iron in ferritin is critical to prevent redox interactions and associated toxicity of the
unbound metal (Arosio et al.,, 2009). When metabolic needs increase, iron can be
accessed from this ‘reservoir’ and transported to sites of utilisation. Ferritin exists as a

high molecular weight polymer comprised of heavy (H-ferritin) and light (L-ferritin)



chain subunits (Harrison and Arosio, 1996). Assembly of these subunits forms a 12 nm
wide protein shell and ~8 nm wide core which is capable of storing > 4500 atoms of
iron (Chasteen and Harrison, 1999, Harrison et al., 1974, lancu, 1992). When iron is
sequestered into ferritin, it is oxidised and deposited as ferric oxohydroxide, a
concentrated and compact iron mineral (Arosio et al., 2009). This allows iron to be
stored in a safe yet soluble and bioavailable form, and accounts for the proteins high
iron binding capacity (which is 200 times that of haemoglobin) (Chasteen and Harrison,

1999).

Amino acid sequence identity between H- and L-subunits is ~55%, and the proportion
of these subunits is tissue dependent (Arosio et al., 1978). Approximately two thirds of
the ferritin in the heart and brain (energy producing organs) is comprised of H-ferritin,
whereas 90% of ferritin in the liver and spleen (iron storage organs) is comprised of
L-ferritin (Arosio et al., 1978, Chasteen and Harrison, 1999). This most likely reflects
the differing properties of each subunit. Only H-ferritin possesses ferroxidase activity
and can oxidise iron (Levi et al., 1988, Santambrogio et al., 1996) and thus, anti-oxidant
activity is more pronounced in ferritins which are rich in H-subunits (Arosio et al.,
2009). L-ferritin facilitates nucleation of iron for mineralisation, and thus ferritins rich
in L-subunits are physically more stable, contain a larger amount of iron in the cavity,
and are more suited to long term iron storage (Arosio et al., 2009, Ford et al., 1984,

Rucker et al., 1996).

Interestingly, naturally occurring genetic mutations in H-ferritin appear rare (Arosio et
al., 2009). Only one case has been identified in which mutations in this gene were a

causative factor of disease pathology in humans (Cremonesi et al., 2003, Kato et al.,



2001). Instead, murine models act to highlight the clinical consequences which could
arise from H-ferritin mutations. Conditional knockout of H-ferritin in the liver,
decreases iron storage and induces liver damage (Darshan et al., 2009), and deletion of
H-ferritin in mice is embryonically lethal (Ferreira et al., 2000). Collectively, these
models indicate that the ferroxidase activity of H-ferritin is important for iron storage
and also, essential for life and during embryonic development. Genetic variations in
L-ferritin cause the hereditary neurodegenerative disease, neuroferritinopathy (or
hereditary ferritinopathy) (Curtis et al., 2001). Disease pathogenesis is characterised by
progressive accumulation of iron largely in the central nervous system, and ensuing
oxidative stress which leads to severe neuronal loss, atrophy and cerebellar ataxia
(Barbeito et al., 2010, Vidal et al., 2008). Collectively, these findings highlight that both

L- and H-ferritin are important for healthy iron metabolism.
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Figure 1.1 Schematic diagram of the physiological pathways of cellular iron uptake
and metabolism. Iron (red dot) is transported throughout the serum, bound to the iron
transport protein, transferrin (Tf). At the plasma cell membrane, transferrin-bound iron
(Tf-Fe) binds to the transferrin receptor 1 (TfR1). Receptor mediated endocytosis
internalises the Tf-TfR1 complex, and a decrease in endosomal pH releases iron from
the complex for transport out of the endosome to the cytosol by the divalent metal
transporter 1 (DMT1). Apo-Tf-TfR1 is recycled back to the cell surface, and Tf is
returned to the circulation. Iron is then thought to transiently enter the putative
intracellular compartment known as the labile iron pool (LIP). Subsequently, iron that is
not required for immediate cellular use, can be stored within the cytosolic storage
protein, ferritin. Iron which is required for the metabolic production of iron sulfur
clusters and haem, is transported to the mitochondrion for processing. Intracellular iron
metabolism is regulated by iron regulatory proteins-1 and -2 (IRP1 and IRP2), which
post-transcriptionally control the expression of 7fR/ and ferritin in response to cytosolic

iron levels.

11



1.2.4 Mitochondrial Iron Metabolism

Alternatively to the storage of iron within cytosolic ferritin, iron which is required for
cellular processes, may be trafficked to sites of iron utilisation, such as the
mitochondrion (Sheftel and Lill, 2009). The function of the mitochondrion has
traditionally been linked to the provision of energy for the cell, given that they generate
approximately 90% of the energy that cells (Kidd, 2005) and accordingly tissues, organs
and organisms, need to survive. In addition to its role as an energy powerhouse, the
mitochondrion is now appreciated to be crucial for iron metabolism (Napier et al.,
2005). Indeed, the mitochondrion is the major site for ISC synthesis (Muhlenhoff and
Lill, 2000) and the unique site for haem synthesis (Ponka, 1997). This makes it one of
the most active intracellular consumers of iron. That mitochondria have these special
requirements for iron, supports the notion that specific mechanisms may exist to target
iron to this organelle (Levi and Rovida, 2009, Sheftel et al., 2007, Zhang et al., 2005a).
Although we have a good appreciation of mitochondrial iron usage, less is known of

such iron trafficking pathways which specifically target iron to the mitochondrion.

1.2.4.1 Mitochondrial Iron Uptake

A number of different mechanisms have been proposed which outline how iron may be
transported across mitochondrial membranes, and made available for use in the
mitochondrial matrix. As previously discussed, one possibility is that iron could be
transferred directly into this organelle via endosomal-mitochondrial interactions
following the ‘kiss and run’ hypothesis in co-ordination with Secl511 (Sheftel et al.,
2007, Zhang et al., 2005a). However, this system has only been identified in
erythrocytes (Sheftel et al, 2007). A second mechanism of mitochondrial iron

acquisition, may be via the recently identified proteins, mitoferrinl (Mtfrl) and
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mitoferrin2 (Mtfrn2), which are members of the mitochondrial solute carrier family
(Paradkar et al., 2009, Shaw et al., 2006). Mtfrnl is highly expressed in developing
erythrocytes (Shaw et al., 2006). Preliminary data indicate that the inner mitochondrial
membrane ATP-binding cassette transporter, ABCB10, physically interacts with Mtfrn]
(Chen et al, 2009), and that this association stabilises Mtfrnl and increases
mitochondrial iron import in the developing erythrocyte (Chen et al., 2009, Shaw et al.,
2006). In non-erythroid cells, both Mtfrnl and Mtfrn2 appear to take part in
mitochondrial iron uptake (Paradkar et al., 2009). Deletion of Mtfrnl and Mtfrn2 in
vivo, impairs mitochondrial iron acquisition by greater than 90%, and decreases haem
and ISC synthesis (Paradkar et al., 2009, Shaw et al., 2006, Zhang et al., 2006b).
However, the absence of a lethal deleterious phenotype, indicates that the

mitochondrion might possess further unidentified methods by which it can take up iron.

1.2.4.2 Mitochondrial Iron Storage

The process of respiration inside the mitochondrion generates high levels of intrinsic
ROS (Arosio et al., 2009). This means meticulous pathways must exist to handle iron
entering the mitochondrial matrix, and prevent Fenton chemistry with ROS substrates.
In some cell types, supply and storage of mitochondrial iron is achieved by the recently
identified protein, mitochondrial ferritin (MIT ferritin) (Levi et al., 2001, Santambrogio
et al., 2007). Like cytosolic ferritins, MIT ferritin can bind iron and is capable of
detoxification due its ferroxidase activity (Campanella et al., 2009, Levi et al., 2001).
Additionally, MIT ferritin shares high sequence homology (~80%) and is similar in
crystallographic structure to H-ferritin (Langlois d'Estaintot et al., 2004). However,
expression of MIT ferritin appears to be limited to cell types with high metabolic

activity such as cardiomyocytes and neurons (Santambrogio et al, 2007).
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Immunoreactive tissue staining recently confirmed, on a visual basis, the presence of
MIT ferritin in cells of particularly high mitochondrial density (Snyder et al., 2010).
Although MIT ferritin plays a role in mitochondrial iron storage, its expression is
lowest, if detectable at all, in hepatocytes and other cell types which are directly
involved in iron storage (Santambrogio et al., 2007). This is probably because it serves
as an ‘aid’ for storage of additional iron in cell types which have increased iron

demands due to their increased metabolic processes and active respiration (Levi and

Rovida, 2009).

No diseases have yet been identified which are caused by mutations in MIT ferritin
mutations. In this respect, unlike cytosolic ferritin, MIT ferritin does not appear to be
essential for basic cell survival (Levi et al.,, 2001). However, MIT ferritin has been
demonstrated to be of benefit in some pathological situations. For instance, in cells
which exhibit a phenotype of mitochondrial iron overload, respiratory deficiencies and
oxidative damage, induction of MIT ferritin rescued respiratory function, sequestered
iron, and preserved mitochondrial DNA integrity (Campanella et al.,, 2004). This
suggested that MIT ferritin could play a role in sequestering iron to prevent iron related

toxicity and ROS generation (Campanella et al., 2004).

1.2.4.3 Iron Sulfur Cluster Synthesis

Depending on metabolic demands, iron that reaches the mitochondrial matrix may also
be used in ISC or haem synthetic pathways (Levi et al., 2001). The mitochondrion is the
major site of ISC biosynthesis, providing ISCs for mitochondrial, cytosolic and nuclear
proteins (Gerber and Lill, 2002). It is here that we see how energy production and

mitochondrial iron utilisation are intricately linked. The mitochondrial energy
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producing pathways of the tricarboxylic acid cycle and electron transport chain, both
depend on enzymes with ISC prosthetic groups to function, such as mitochondrial
aconitase and respiratory chain complexes I (NADH dehydrogenase ) and II (succinate

dehydrogenase) (Rouault and Tong, 2008).

The mechanism of ISC biogenesis is a complex process. To date, we have knowledge
that over 20 different proteins are involved in eukaryotic ISC formation and maturation
(Lill and Muhlenhoff, 2008, Rouault and Tong, 2008). The scope of this encompasses
proteins which are involved in initial cluster assembly through to incorporation of
clusters in recipient apoproteins of a mitochondrial, cytosolic or nuclear location
(Sheftel and Lill, 2009). Briefly, ISCs are assembled on the ISC unit scaffold proteins,
Iscul/2 (Richardson et al., 2010), using sulfur provided by the cysteine desulfurase,
Nfsl (Kispal et al., 1999, Land and Rouault, 1998), and iron that is most likely provided
by the inner mitochondrial membrane protein, frataxin (Leidgens et al., 2010, Wang and
Craig, 2008, Yoon and Cowan, 2003). Mutations in FRDA (which encodes frataxin)
cause the severe degenerative disease, Friedreich’s ataxia (Campuzano et al., 1996,
Puccio et al., 2001). In this disease, loss of frataxin causes mitochondrial iron
accumulation and ISC deficiency, and study of this disease provided the first evidence
linking frataxin to ISC synthesis (Richardson et al., 2010). Latter studies have found
that human frataxin can bind up to six or seven iron ions, form a complex with ISC
scaffold proteins, and in an iron-dependent manner, mediate the transfer of iron for ISC
formation in vitro (Yoon and Cowan, 2003). A direct interaction has also been
demonstrated between the yeast ISC assembly protein, Isul, and the conserved
tryptophan in the B-sheet protein structure of the yeast frataxin homologue, Yfhl

(Leidgens et al., 2010, Wang and Craig, 2008).
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Release of ISCs from assembly proteins and consequent incorporation into recipient
mitochondrial apoproteins, involves a host of additional molecules, (e.g., Ssql, Jacl,
Mgel and Grx5) (Levi and Rovida, 2009). Clusters with cytosolic recipients must be
exported out of the mitochondrion. Although it has not been directly demonstrated, it is
thought that the large, inner mitochondrial membrane ATP-binding cassette, ABCB7,
may perform this role (Allikmets et al., 1999, Bekri et al., 2000, Cavadini et al., 2007).
Deletion of the yeast homologue of ABCB7, Atmlp, causes mitochondrial iron
accumulation and hinders assembly of cytosolic ISC-containing proteins, whilst
mitochondrial ISC-containing proteins remain unaffected (Kispal et al., 1999). In
human pathology, missense mutations in ABCB7, cause mitochondrial iron
accumulation and loss of cytosolic ISC proteins in the disease X-linked sideroblastic
anaemia with ataxia (Bekri et al., 2000), supporting the possibility that ABCB7 is an

ISC export molecule.

1.2.4.4 Haem Synthesis

In addition to the ISC synthetic pathway, the haem synthetic pathway is an equally
major consumer of mitochondrial iron. The haem synthetic pathway is in fact exclusive
to the mitochondrion (Ponka, 1997). Similarly to ISCs, haem prosthetic groups are
essential components of many cellular process, such as haemoglobin and myoglobin,
which are used for oxygen transport and oxygen storage, respectively (Sheftel and Lill,
2009). The haem synthetic pathway is well characterised and has been extensively
reviewed (Ajioka et al., 2006, Levi and Rovida, 2009, Ponka, 1997, Sheftel and Lill,
2009). For the purpose of my studies herein, it is important to acknowledge the roles of

frataxin and ferrochelatase (Fech) in the context of haem biosynthesis.
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In the final step of haem synthesis, Fech is responsible for inserting iron into
protoporphyrin IX to produce haem (Napier et al., 2005). In the context of disease, this
observation is supported by the molecular characteristics of the human inherited
disorder, erythropoietic protoporphyria, in which mutations in the gene encoding Fech
and deficiencies in Fech enzyme activity can cause increases in iron free
protoporphyrin, which is associated with a painful skin photosensitivity (Riifenacht et

al., 1998).

The presence of an ISC moiety in the haem producing protein, Fech, underscores the
interdependency of the two major iron consuming pathways of haem and ISC synthesis
(Sheftel and Lill, 2009). In addition to its proposed role as an iron donor in ISC
synthesis, in vitro evidence suggests frataxin also acts as a high-affinity Fech binding
partner, capable of mediating the final step in haem synthesis (Yoon and Cowan, 2004).
Indeed, frataxin-Fech interactions appear to increase the Fech-catalysed insertion of iron
into protoporphyrin IX (Richardson et al., 2010, Yoon and Cowan, 2004). Furthermore,
the potential binding site for an iron donor protein (e.g., frataxin) has been revealed
from the x-ray crystal structure of Fech (Yoon and Cowan, 2004), and NMR
spectroscopy has identified putative interfaces between which Fech and frataxin could

bind (He et al., 2004).

Interestingly, recent research has demonstrated that Fech forms an oligomeric complex
with both the mitochondrial iron importer, Mtfrnl, and the mitochondrial inner
membrane ATP binding cassette protein, ABCB10, in erythroid cells in vitro (Chen et
al., 2010). Considering the high iron requirements of developing erythrocytes, such a

Mtfrn1-ABCB10-Fech complex may represent a unique, efficient and safe mechanism
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for induction of iron into the haem synthetic pathway in this cell type (Anderson and

Vulpe, 2009, Chen et al., 2010).

It 1s unknown how haem i1s exported from the mitochondrion to the cytosol. Though
members of the ATP-binding cassette super-family such as ABCG2 and ABCB10, or
the feline leukemic virus subgroup C receptor, have been identified as possible
candidates to perform this function (Jonker et al., 2002, Quigley et al., 2004, Shirihai et

al., 2000).

1.3 IRON HOMEOSTASIS

As mentioned, body iron stores must be kept impeccably balanced considering the body
has no effective means for excreting iron (McCance and Widdowson, 1938), and that
iron deficiency or excess have serious biological ramifications (Murphy and Oudit,
2010, Rouault, 2006, Rouault and Tong, 2008, Thomas and Jankovic, 2004). To ensure
dietary iron absorption and body iron stores are kept at levels suffice to meet metabolic
requirements, tight and complex regulatory pathways are in place. The intrinsic cellular
environment and systemic circulatory system, possess distinct systems by which they

co-ordinate iron homeostasis (Hentze et al., 2010), as discussed below.

1.3.1 Cellular Iron Homeostasis

Uptake and storage of intracellular iron is largely controlled by iron regulatory proteins-
1 and -2 (IRP1 and IRP2), in coordination with iron-responsive elements (IREs) that are
found within transcripts that encode proteins of iron metabolism (Rouault, 2006). The
IRP-IRE regulatory system responds to changes in cytosolic iron status, and affords

IRP1 and IRP2 post-transcriptional control of cytosolic iron levels to ensure
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homeostasis is maintained within the intracellular environment (Rouault, 2006) (Figure

1.1).

The stem-loop IRE structure is found in either the 3” or 5” untranslated region (UTR) of
mRNA that encodes molecules involved in: (i) iron uptake e.g. 7fRI and DMTI (3’
UTR); (ii) iron storage e.g. H- and L-ferritin (5 UTR); and (iii) iron utilisation e.g.
mitochondrial aconitase and 5-aminolevinate synthase (5° UTR) (Galy et al., 2005,
Hentze et al., 2010, Wallander et al., 2006, Wingert et al., 2005). In iron deficient cells
in vitro, IRP-IRE binding acts to stabilise or repress mRNA translation, depending on
IRE location in either the 3’ or 5> UTR (Hentze et al., 2010). In this manner, IRP
binding at the 3° UTR of TfRI, protects the transcript from degradation, whereas
binding at the 5° UTR within IREs of H- and L-ferritin, interferes with translational
initiation (Hentze and Kuhn, 1996, Rouault and Klausner, 1997, Schneider et al., 1994,
Wallander et al., 2006). Thus, IRPs orchestrate the cellular response to iron depletion by
increasing cellular iron uptake via TfR1, and decreasing cellular cytosolic iron storage
within H- and L-ferritin, as a mechanism to re-equilibrate cytosolic iron levels (Hentze
and Kuhn, 1996, Rouault and Klausner, 1997, Schneider et al., 1994, Wallander et al.,
2006). In cells that are iron replete, IRPs do not bind to IREs (Rouault, 2006). This
allows ferritin and other transcripts which have an IRE in the 5° UTR to be freely
translated, while the TfR1 transcript is cleaved and consequently degraded (Rouault,

2006).

Although IRP1 and IRP2 share high sequence homology (Rouault et al., 1990,

Samaniego et al., 1994, Galy et al., 2008, Meyron-Holtz et al., 2004b), they sense

cytosolic iron levels by different mechanisms (Galy et al., 2008, Meyron-Holtz et al.,
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2004b). IRP1 is a bifunctional protein, and its mRNA-binding activity is determined by
the presence of an ISC (Kuhn and Hentze, 1992, Theil and Eisenstein, 2000). In iron-
replete cells, the presence of an ISC cluster in IRPI, enables IRP1 to function as a
cytosolic aconitase (Hentze et al., 2010), and prevents IRP1-IRE binding (Kwok and
Richardson, 2002). Whereas in iron-deplete cells, IRP1 apo-protein binds IREs with
high affinity (Rouault, 2006). Unlike IRP1, IRP2 does not contain an ISC cluster
(Richardson and Ponka, 1997). Rather, in iron-replete cells, IRP2 is rapidly degraded by

a proteasome-dependent mechanism (Richardson and Ponka, 1997).

The differing mechanisms by which IRP1 and IRP2 act, raises the possibility that these
two proteins may have distinct functions (Galy et al., 2008). Initially, in vifro evidence
derived from a breadth of cell lines, indicated that IRPl1 was the predominant
mammalian regulator of post-transcriptional iron metabolism, though more recently, in
vivo experiments have contradicted this (Galy et al., 2008, Meyron-Holtz et al., 2004a,
Meyron-Holtz et al., 2004b). Constitutive inactivation of both /RPI and IRP2 causes
embryonic lethality in vivo (Smith et al., 2006), and underscores that the IRP-IRE
system is a necessity for cellular viability. But individual knockout models show that
deletion of IRPI alone does not compromise iron metabolism, as IRP2 was able to
maintain iron homeostasis in its place (Meyron-Holtz et al., 2004a). However, deletion
of IRP2 alone, significantly misregulates iron metabolism and causes neurodegeneration
in mice, most likely because IRP1 was not able to compensate for the loss of IRP2
(Meyron-Holtz et al., 2004a). Studies indicate that while IRP1 contributes to basal iron
metabolism, IRP2 dominates post-transcriptional regulation of iron metabolism in vivo
and at physiological oxygen tension (Meyron-Holtz et al., 2004a, Meyron-Holtz et al.,

2004b).
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1.3.2 Systemic Iron Homeostasis

Recent research has identified a number of new molecules which are now understood to
be key regulators of systemic iron levels. Of central importance is the anti-microbial
peptide, hepcidin, that was first identified in human serum (Krause et al., 2000) and
urine (Park et al.,, 2001) at the turn of the 21*" century. Hepcidin is predominantly
synthesised in the liver, initially as an 84 amino acid precursor protein that is encoded
by the human hepcidin gene, HAMP (Lee and Beutler, 2009). Post-translational
cleavage is inferred to produce the biologically active 25 amino acid form, which is
secreted into the serum to systemically regulate the equilibrium of iron (Park et al.,
2001, Pigeon et al., 2001, Valore and Ganz, 2008, Wallace et al., 2006). In addition to
the liver, hepcidin expression has also been identified in the heart, albeit at much lower
levels (Merle et al., 2007). Little is known about the putative role of hepcidin in the
heart. However, initial studies suggest that myocardial hepcidin may have a local, rather
than systemic effect, most likely in the cardioprotection against disease and infection

(Merle et al., 2007).

Hepatocyte secreted hepcidin co-ordinates circulating serum iron levels via interactions
with the iron export molecule, ferroportinl (Lee and Beutler, 2009). In response to
appropriate stimuli such as high iron levels or those mentioned below, hepcidin binds to
ferroportinl on the cell surface, causing ferroportinl to be internalised and subsequently
degraded by the lysosome (Nemeth et al.,, 2006, Nemeth et al., 2004). Loss of
ferroportinl by this mechanism causes intracellular iron retention and regulates the
entry of iron into the serum from major iron-releasing cells such as macrophages,
hepatocytes and intestinal enterocytes (Knutson et al., 2005, Knutson et al., 2003,

Nemeth et al., 2004).
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The complete systemic iron regulatory story has not yet been comprehensively
elucidated. A number of converging systemic stimuli, which act via hepatocyte cell
surface proteins (e.g. hemojuvelin), appear to influence hepatic hepcidin expression
(Hentze et al.,, 2010). Hepatocyte cell surface proteins in turn, activate cell signal
transduction pathways within the hepatocyte to alter transcription of HAMP (Darshan
and Anderson, 2009). Notable regulatory influences on hepcidin include: (i)
erythropoetic signals; (ii) inflammation and infection; (iii) hypoxia; and importantly (iv)
systemic iron levels (Ganz and Nemeth, 2006, Hentze et al., 2010, Peyssonnaux et al.,
2007, Truksa et al., 2007, Verga Falzacappa et al., 2007, Wrighting and Andrews,
2006). Indeed, hepcidin expression is enhanced by dietary or parenteral iron loading, as
a negative feedback loop to prevent further intestinal iron absorption (Hentze et al.,
2010, Pigeon et al., 2001). The precise mechanism by which hepatocytes directly sense

iron to regulate hepcidin expression, is a continuing point of research.

1.4 IRON IN DISEASE

The array of diseases and pathological phenotypes caused by imbalances in iron indeed
underscore the importance of healthy iron metabolism and homeostasis. As mentioned,
the ability of iron to cycle between its two stable oxidation states, facilitates mandatory
metabolic functions, via electron exchange (Kalinowski and Richardson, 2005).

However, this quality also enables iron to cause ha