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ABSTRACT
Cholesterol and iron are essential for a number of cellular processes. Disruption of both
cholesterol and iron metabolism have been independently reported to contribute to
several diseases including Alzheimer disease (AD) and cancer. AD is a debilitating
disease characterized by progressive neuronal loss and memory impairment. Although
the underlying cause(s) of AD are not completely understood, iron accumulation and the
resultant oxidative stress are well established contributors to the development of AD.
Normal iron uptake is mediated by HFE (high iron, also called hemochromatosis protein).
H63D and C282Y are two common variants of the HFE protein that are implicated as
disease modifying risk factors for AD and several cancers, respectively. The main
objective of this thesis was to determine whether a relationship exists between iron and
cholesterol metabolism that could be of relevance for understanding the underlying
mechanism of diseases such as AD and cancer. This goal was achieved by studying the
effect(s) on cholesterol metabolism of two specific variants of HFE (H63D and C282Y)
known to affect iron metabolism.
The H63D variant of HFE, associated with dysregulation of iron homeostasis, has been
implicated as a risk factor for Alzheimer disease (AD). Apolipoprotein epsilon 4
(APOE4), a known risk factor for AD, is associated with disruption of cholesterol
metabolism. Recent studies showed that individuals with both the APOE4 allele and the
H63D variant of HFE had a much greater risk and earlier onset of AD than individuals
carrying either the APOE4 allele or H63D variant of HFE alone. Therefore, the
hypothesis that H63D-HFE is associated with development of cognitive impairment by
disrupting cholesterol metabolism thereby contributing to increased neurodegeneration,
and increased memory deficits was investigated. The effect(s) of H63D-HFE on
expression of cholesterol was studied using SH-SY5Y human neuroblastoma cells
transfected to stably express either wild type (WT-) or H63D-HFE. The ~50% reduction
in cholesterol content in cells expressing H63D-HFE was accompanied by a significant
decrease in expression of 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGCoAR), and
a significant increase in expression of cholesterol hydroxylase (CYP46A1). Consistent
with in vitro studies, H67D-HFE (homologous to human H63D-HFE) knock-in mice,
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showed a genotype and age dependent decline in brain cholesterol relative to WT-HFE
controls and similar changes in expression of proteins regulating cholesterol metabolism.
The reduction in cholesterol in brains of H67D-HFE mice was accompanied by
a significant decrease in expression of synapse and myelin management proteins,
significant

increase

in

caspase-3

expression,

and

cortical

and

hippocampal

neurodegeneration in the brains of 18 and 24 month old mice. Performance on learning
and memory tasks (novel object recognition and Barnes maze) indicated that H67D-HFE
mice had poorer cognitive function than WT-HFE mice. Magnetic resonance imaging of
24 month-old mice showed a greater reduction in the volume of brains in H67D-HFE
mice. Combined these data indicate that the H63D/H67D variant contributes to the
disease process in AD by altering cholesterol metabolism as well as that of iron and that
these changes are accompanied by neuronal loss, brain atrophy, and memory impairment
which are symptoms of AD. The results also provide a possible explanation for why
expression of both APOE4 and H63D-HFE is associated with earlier onset of AD.
Disruptions in the maintenance of iron and cholesterol metabolism have also been
implicated in several cancers. Therefore, in the second part of this work, the effects of
C282Y-HFE on lipid (cholesterol and sphingolipid) metabolism and its possible
relevance to cancer phenotype was also studied. Expression of C282Y-HFE altered
transcription of a number of enzymes involved in cholesterol and sphingolipid
metabolism.

More specifically it was associated with significant changes in the

expression of genes involved in cholesterol metabolism were consistent with significant
elevation in total cholesterol content of C282Y-HFE cells. Of particular interest was the
finding that expression of the enzyme sphingosine kinase 1(SphK) and its pro-survival
metabolite, sphingosine-1-phosphate (S1P) was elevated. These effects may contribute to
the increased risk of colorectal, breast, prostate, ovarian, and brain tumors reported for
carriers of C282Y-HFE and explain why it is considered protective against Alzheimer’s
disease while H63D-HFE is a risk factor for neurodegenerative diseases. Changes in the
gene expression seen for proteins involved in cholesterol metabolism, indicate that
increased uptake of cholesterol is the likely cause for the elevation in cellular cholesterol
content seen in C282Y-HFE expressing cells. Since simvastatin is an inhibitor of
cholesterol synthesis and has been proposed to be beneficial for the treatment of certain
iv

cancers, its effect on the viability of C282Y-HFE cells was ascertained. A higher
concentration of simvastatin was needed to decrease survival of cells expressing C282YHFE than WT-HFE. Because of the significant increase of SphK in C282Y cells, the
effect of a SphK inhibitor (SKI) on cell survival was monitored. Again, WT-HFE cells
were more sensitive to this treatment than C282Y-HFE cells, reflecting the drug resistant
phenotype of C282Y-HFE cells. Treatment of cells with both simvastatin and SKI
revealed a small effect on survival. Collectively, these studies indicated that C282Y-HFE
markedly affected both cholesterol and sphingolipid metabolism and support the
possibility that inhibition of both cholesterol synthesis/uptake and as well as synthesis of
S1P as a potential therapeutic strategy for treatment of cancer in carriers of C282Y-HFE.
Taken together, the studies with both genes variants of HFE provide evidence for the role
of HFE in lipid metabolism, in addition to iron management. These data argue for
stratification of patients in clinical trials based on HFE genotype to better understand
disease mechanism and evaluate therapeutic efficacy of treatments.
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Chapter 1

Iron, Cholesterol, and Alzheimer’s disease

Introduction
Disease and Prevalence
Alzheimer’s disease (AD), first described over 100 years ago by Alois Alzheimer
(Berchtold and Cotman, 1998) is a neurodegenerative disorder characterized by memory
loss, spatial disorientation, and reduced mental abilities. AD is the most common cause of
dementia (50-60% of dementia cases) and the 6th leading cause of death. In the United
States, more than 5.3 million people are living with AD [alz.org]. According to the
current estimates, women (16%) over 71 years old are at a higher risk for developing AD
than men (11%). With the population of people aged 65 and over expected to increase
from the ~12% that it was in 2006 to ~20% in 2030. It is clear that if nothing is done, the
problem will continue to grow and become a greater burden on the health care system.
Though increasing age is the strongest risk factor of AD with the highest prevalence of
the disease in individuals age 65 or over, a subset of younger population is also affected
with AD.
AD is generally categorized as either early-onset or late-onset based on age of
disease onset. Classification of AD is illustrated in the table below. Early-onset AD
(EOAD) accounts for about 5% of the 5.4 million people who experience disease
symptoms and those symptoms can start to appear in people as young as their 30s.
However, late-onset AD (LOAD) cases, symptoms start to appear in their 60s or later,
constitute 95% of population affected by AD. Both types of AD have a significant
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genetic component, with an estimated heritability of 5-25 % for EOAD and 58–79% for
LOAD (Gatz et al., 2006)(Wingo et al., 2012).
Pathogenesis
The characteristic pathological features of AD are the deposition of extracellular senile
amyloid plaques and formation of intracellular neurofibrillary tangles (NFTs).
Accumulation of amyloid β (Aβ) deposits and formation of NFTs (due to hyper
phosphorylation of tau protein) have long been believed to be underlying pathological
events disrupting synaptic communication and promoting neuronal death (Alzheimer et
al., 1995; Selkoe, 2002a; Terry, 1963; Walsh and Selkoe, 2004).
In AD, the areas of the brain that are particularly vulnerable to synaptic loss,
neuronal loss and atrophy are those involved in memory formation and cognition such as
the limbic and association cortices and some subcortical nuclei with large cortical
projections (LaFerla; Walsh and Selkoe, 2004). Imaging and autopsy studies show
atrophy of the hippocampal formation, memory center of the brain, and of the cerebral
cortices along with enlarged ventricles in the brains of AD patients (Perl, 2010; Walsh
and Selkoe, 2004). The entorhinal cortex is the region first affected, followed by
degeneration extending to frontal and temporal cortices (Walsh and Selkoe, 2004).
Clinical stages of disease
AD progression is categorized into six stages: stages I–II represent the clinically silent
involvement of transentorhinal cortex; stages III–IV are characterized by lesions in the
entorhinal/transentorhinal regions and correspond to the phase of mild cognitive decline;
in stages V–VI, there is severe neocortical destruction and fully developed dementia
(Braak and Braak, 1995; Perl, 2010). Mild cognitive impairment (MCI) is considered to
be a transitional stage between normal aging and AD (Grundman et al., 2004; Petersen et
al., 1999).
Diagnosis
Current diagnosis is based on severity of the clinical symptoms of memory loss which is
usually only detected in an advanced stage of the disease. Confirmed diagnosis of AD
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usually comes from autopsy studies showing existence of plaques and tangles or brain
atrophy. Recent advances using magnetic resonance imaging (MRI) technology have
allowed visualization of amyloid plaques in the brain but those are not always associated
with cognitive decline.
Treatment
Despite decades of research there is no cure available for AD. After disease onset,
symptoms are usually progressive. Currently available treatments only manage and slow
progression of symptoms, they do not treat the underlying pathology. Because early
research in patients with AD showed reduction in synthesis of the neurotransmitter
acetylcholine, current therapy options are focused on inhibiting the enzyme responsible
for breakdown of acetylcholine (cholinesterase). Currently approved drugs are
cholinesterase inhibitors: donepezil (Aricept ®), galantamine (Razadyne ®), and
rivastigmine (Exelon ®), and a glutamate inhibitor: memantine (Namenda ®) (Shah et
al., 2008). These drugs are associated with significant side effects that limit their use.
Despite a heavy focus of scientific research in the past few decades on markers of
amyloid and tau pathology, none of the drugs targeted for amyloid and Tau are currently
approved by the Food and Drug Administration (FDA) for clinical use. Several drugs
targeted to reduce amyloid plaques are being tested in clinical trials. Unfortunately, a
recent report showed two of these drugs, bapineuzumab and solanezumab, failed to show
any benefit in two large trials (Callaway, 2012), leading to questioning of the relevance
of the amyloid hypothesis in the etiology of AD. Since, hypercholesterolemia is
considered to be a risk factor of AD, use of statins (class of drugs that inhibit cholesterol
synthesis) has been assessed but these studies have given conflicting results. Some have
reported memory improvement with use of statins while others have shown either no
therapeutic or preventive effects or detrimental effects on memory function. Because AD
is a multifactorial disease with evidence for multiple causes and genetic mutations in
genes with diverse function, it would be beneficial to identify subpopulations responsive
to a certain treatment based on their physiology.

Identification of genetic and

environmental factors and knowledge about their interactions and resulting pathological
markers will allow us to stratify AD patients for improved therapeutic outcomes.
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Genetic risk factors:
Inheritance of mutant forms of a number of identified genes encoding proteins such as
amyloid precursor protein (APP), Presenilin 1 (PS1) and/ or Presenilin 2 (PS2) have been
attributed to EOAD or familial AD (Goate et al., 1991; Selkoe, 1996; Thinakaran, 1999).
Apolipoprotein E4 (ApoE4) is the strongest candidate in conferring risk for late onset AD
(LOAD) and this association was first described in the early 1990s (Corder et al., 1993;
Saunders et al., 1993; Strittmatter et al., 1993a; Strittmatter et al., 1993b). Since then the
APOE gene has been repeatedly implicated in AD via linkage studies and these findings
have been confirmed by Genome-Wide Association Studies (GWAS) (Abraham et al.,
2008; Bertram et al., 2008; Carrasquillo et al., 2009; Coon et al., 2007; Grupe et al.,
2007; Heinzen et al., 2012; Li et al., 2008; Potkin et al., 2009; Reiman et al., 2007). The
contribution of allelic isoforms of APOE to AD will be discussed later. Recently, four
large LOAD GWAS (Harold et al., 2009; Hollingworth et al., 2011a; Hollingworth et al.,
2011b; Lambert et al., 2009; Naj et al., 2011; Seshadri et al., 2010) have replicated
association of APOE to AD and have also identified nine novel loci, collectively
representing 50% of LOAD genetics. These genes and the proteins they encode are CLU–
clusterin, PICALM–

phosphatidylinositol-binding clathrin

assembly protein, CR1–

complement receptor 1, BIN1– bridging integrator 1, ABCA7– ATP-binding cassette
transporter, MS4A cluster – membrane-spanning 4-domains subfamily A, CD2AP– CD2associated protein, CD33– sialic acid-binding immunoglobulin-like lectin and EPHA1–
ephrin receptor A1. Based on the known functions of these genes, the importance of
pathways involving function of the immune system, cholesterol metabolism and synaptic
cell membrane processes in AD has been heightened (Morgan, 2011). While association
of these genes with AD does not strongly implicate the amyloid hypothesis in AD
etiology, it is possible that they play indirect roles in promoting amyloid. Regardless,
these studies provide paradigm shifting evidence and open up avenues for scientific
research to look at additional pathways in the etiology of AD. The one selected for study
in this thesis was whether there is an association between alterations in cholesterol
metabolism and onset of dementia.
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Mechanisms implicated in AD

A number of possible mechanisms leading to the neurodegeneration seen in AD have
been proposed including 1) the amyloid hypothesis (Morishima-Kawashima and Ihara,
2002), Tau hyperphosphorylation (Yankner, 1996; Yankner et al., 2008), 2)
mitochondrial dysfunction (Reddy, 2011), 3) oxidative stress (Cai et al., 2011), 4)
synaptic dysfunction (Arendt, 2009), 5) metal toxicity (Bush, 2003; Connor and Lee,
2006; Connor et al., 2001a; Liu et al., 2006; Maynard et al., 2005; Roberts et al.; Sayre et
al., 2000) and 6) disruption of lipid metabolism (Alessenko et al., 2004; Canevari and
Clark, 2007; Farooqui et al., 2007; Hartmann et al., 2007; Koudinov et al., 2002;
Koudinov and Koudinova, 2003; Koudinov and Koudinova, 2005; Lukiw, 2006). These
pathways will be briefly discussed below with more in depth discussion of the roles of
iron and of lipid metabolism in AD. It is not clear whether disruption of one of these
pathways is the initiating event in the pathogenesis of AD; it is possible that multiple
pathways are interconnected and a disruption in one could affect another, triggering a
chain reaction and worsening of phenotype.

1. Amyloid hypothesis
Proteolytic processing of amyloid precursor protein (APP) gives rise to the β-amyloid
protein (Aβ). This processing is catalyzed by β and γ secretases (Glenner and Wong,
1984) and results in Aβ forms of varying length such as Aβ1–40 and Aβ1–42. Unless
favored by mutations in the APP gene, or genes encoding secretase complex components,
the latter is less prevalent but more hydrophobic. As a consequence of the increased
hydrophobicity, it is more likely to aggregate than the Aβ1–40 isoform (Perl, 2010)
forming amorphous aggregates, soluble oligomers or amyloid fibrils. For a long time,
plaques of insoluble fibrillar Aβ were believed to initiate AD pathogenesis (“amyloid
cascade hypothesis”). This notion, however, was not corroborated by neuropathological
studies because the degree of dementia was not found to be commensurate with the
amount of amyloid plaques (Ingelsson et al., 2004; Nagy et al., 1996; Terry et al., 1991).
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According to current understanding, oligomeric aggregates exert cytotoxic effects
by exposing “promiscuous hydrophobic surfaces” (Hartl et al., 2011). These surfaces are
believed to capture metastable proteins for co-aggregation, thus depleting those that
might function as transcription factors, regulators of translation or as key components of
the architecture of a cell. This scenario is exemplified by the early onset familiar forms of
AD where intraneuronal Aβ oligomers are demonstrably at the origin of a neurotoxic
cascade (Gotz et al., 2004). This cascade includes mitochondrial dysfunction (Amadoro
et al., 2012; LaFerla et al., 2007), formation of reactive oxygen species,
hyperphosphorylation of tau protein (LaFerla and Oddo, 2005; Walsh and Selkoe, 2004),
microgliosis and astrocytosis (Walsh and Selkoe, 2004), impairment of synaptic function
and neurotransmission (Bao et al., 2012; Walsh and Selkoe, 2004). Eventually, this leads
to the known cognitive decline (Arendt, 2009; LaFerla and Oddo, 2005; Walsh and
Selkoe, 2004).

In contrast, what triggers neurotoxicity in the more prevalent, sporadic form of
AD is still a matter of debate (Gotz et al., 2004). In the case of early onset forms of AD,
mutations in APP (De Jonghe et al., 1998; Haass et al., 1995; Mullan et al., 1992; Murrell
et al., 2000; Nilsberth et al., 2001; Suzuki et al., 1994) or β and γ secretases cause
overproduction of Aβ and its aggregation (Selkoe, 2005). It is conceivable that in lateonset AD, different mechanisms are at work, albeit resulting in the same trigger,
oligmeric Aβ. Current knowledge suggests that the collapse of proteostasis in aging
individuals indirectly promotes aggregation due to an impairment of the chaperone
system that prevents aggregation under normal conditions (Gotz et al., 2004). Moreover,
clearance of aggregates by autophagy is also impaired in the ageing process (Hartl et al.,
2011).

2. Tau pathology
On the histological level, AD brains display two characteritics: amyloid plaques and
neurofibrillary lesions. Both are caused by aggregation of proteins. Neurofibrillary
tangles are formed by the hyperphosphorylated form of a microtubule-associated protein
called tau and several proteins that co-aggregate, e.g. ubiquitin (Perry et al., 1987),
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cholinesterases (Mesulam and Moran, 1987) and A4 amyloid protein (Hyman et al.,
1989). Tau mediates assembly and stability of microtubules in axons and thus plays a
crucial role in axoplasmatic transport. Tau phosphorylation regulates its affinity for
microtubules (Perl, 2010). In line with this, the abnormal pattern of tau
hyperphosphorylation observed in AD causes detachment from axonal microtubules and
promotes protein aggregation forming NFTs. As mentioned above, the dysfunction of tau
affects cellular trafficking, in particular the delivery of mitochondria to axons (Reddy,
2011).
There is evidence to suggest that tau aggregation and the resulting neurofibrillary
degeneration occur upstream of Aβ aggregation. Indeed, it was proposed to initiate a
multifactorial, pathogenic response including oxidative damage and glial activation,
mitochondrial dysfunction and neuronal damage (Gotz et al., 2004). On the other side,
upstream events of tau aggregation are just starting to be understood. Several protein
kinases have been reported to share in tau hyperphosphorylation. These include cyclin
dependent kinase 5 (CDK5), glycogen synthase kinase 3β (GSK3β), and extracellular
signal-related kinase 2 (ERK2; (Ballard et al., 2011)).
3. Mitochondrial dysfunction
AD is characterized by pathological calcium fluxes resulting in calcium overload
(Querfurth and LaFerla, 2010). To understand how calcium affects mitochondrial
function in AD, it is necessary to review some basic concepts.
Mitochondria are important sites of calcium storage inside the cell where they are
physically tethered to the endoplasmic reticulum by means of interactions between
mitofusin proteins (Decuypere et al., 2010). This tethering creates a microdomain where
activation of IP(3) receptors results in elevated calcium concentrations(Decuypere et al.,
2010). Calcium is subsequently taken up by the mitochondria in order to stimulate ATP
production. Alternatively, calcium signals can be propagated within the mitochondrial
network, thus shaping the spatio-temporal characteristics of calcium-dependent signaling
cascades (Decuypere et al., 2010). In order to do so, mitochondria have to maintain fused
mitochondrial networks. Mitochondrial morphology is shaped by ongoing fusion and
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division events. Intriguingly, inhibition of mitochondrial division leads to an attenuation
of pathological events in cell culture models of AD (Barsoum et al., 2006; Cho et al.,
2009). At the molecular level, this results in inhibition of dynamin-related protein 1
(Drp1), a GTPase that mediates mitochondrial division (Lackner and Nunnari, 2010).
Besides this “healthy” calcium handling, mitochondria can be adversely and
severely affected by a calcium overload. First, calcium activates calcineurin which in turn
dephosphorylates and activates Drp1 leading to mitochondrial fragmentation and,
ultimately, to apoptosis(Oettinghaus et al., 2012). Second, an excess of calcium disrupts
the integrity of mitochondrial protein complexes. For example, calcium sequesters
cardiolipin, thus depriving the ADP/ATP carrier of a stabilizing and activating proteinlipid interaction. Not only is the ADP/ATP carrier vital, it also associates with respiratory
complexes, enabling the formation of supercomplexes (Klingenberg, 2009). An
impairment in formation of respiratory supercomplexes results in production of reactive
oxygen species which enhance aggregation of tau.
4. Oxidative stress
Numerous studies have implicated oxidative stress as a contributing factor in AD
(Alessenko et al., 2004; Cai et al., 2011; Castellani et al., 2012; Cutler et al., 2004a;
Markesbery, 1997; Perry et al., 2003; Perry et al., 2000; Rottkamp et al., 2000; Uttara et
al., 2009; Yankner et al., 2008). Excessive production of reactive hydroxyl radicals that
when outcompetes cellular antioxidant mechanisms culminate in oxidative stress. In fact,
mitochondrial dysfunction in AD can lead to the generation of reactive oxygen species
(ROS). This is, at least partially, triggered by excessive calcium. Being a divalent cation,
calcium is able to sequester the lipid dimer cardiolipin, thus depriving respiratory
complexes and mitochondrial carriers of stabilizing and activating interactions
(Klingenberg, 2009).
However, respiratory complexes are not the only source of reactive oxygen species. Iron
potentially serves as a major source for hydroxyl radicals as exemplified by the so-called
Fenton reaction (Lloyd et al., 1997).
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Fe3+ + •O2 → Fe2+ + O2 (Step I)

Fe2+ + H2O2 → Fe3+ + OH- + •OH (Step II)

For this reason, iron requires constant “chaperoning” (Richardson et al., 2010) to prevent
toxic effects mediated by ROS. These effects include covalent modifications of nucleic
acids, proteins, and lipids such as oxidation of amino groups, crosslinking, and
peroxidation, respectively (Uttara et al., 2009). Importantly, these modifications are
particularly detrimental for cells of the immune and nervous systems Free radicals, lipid
peroxidation and antioxidants in apoptosis: implications in cancer, cardiovascular and
neurological diseases (Ferrari, 2000). Indeed, ROS have been implicated in neuronal cell
death. For instance, ROS impair lipid metabolism in such a way that ceramides
accumulate which in turn trigger toxic and pro-apoptotic effects (Cutler et al., 2004a).
Interestingly, ROS were reported to abrogate normal calcium signaling in the context of
neuronal cell death (Ermak and Davies, 2002). Thus, iron overload triggers ROS
production and ROS will reinforce dysregulation of calcium signals, creating a vicious
circle-like feedback loop. In summary, ROS establish a pathogenic burden by means of
unspecific oxidation reactions that are able to target virtually all molecules in a cell
including proteins, RNA, DNA, and lipids.
The need to chaperone iron increases during the ageing process because iron – just like
other redox-active metal ions – accumulates in the brains of ageing individuals
(Takahashi et al., 2001). This showed to be important for the development of AD as Aβ
was shown to bind iron, thereby initiating the Fenton Reaction (Opazo et al., 2002). Still,
it has been a matter of debate which oligomeric state of Aβ represents the toxic species.
The current opinion holds that soluble oligomers which are less structured than amyloid
fibrils are the primary toxic species (see section “Amyloid hypothesis”). Since these
oligomers expose “promiscuous hydrophobic surfaces” (Hartl et al., 2011), they are able
to unspecifically bind a multitude of proteins and other molecules that will be subject to
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Fenton-like oxidation processes catalyzed by iron. Of note, certain genetic
predispositions like those causing hemochromatosis favor the accumulation of iron
(Connor and Lee, 2006; Connor et al., 2001a; Connor et al., 1992a; Nandar and Connor)
and will be discussed below in detail.
5. Synaptic failure
The mental decline observed in AD has been consistently correlated with the physical
loss of synapses (Arendt, 2009; Coleman and Yao, 2003; Koudinov and Koudinova,
2001; Koudinov and Koudinova, 2003; Masliah et al., 2001; Querfurth and LaFerla,
2010; Selkoe, 2002b; Sze et al., 1997; Terry et al., 1991; Walsh and Selkoe, 2004).
Several studies indicated that the brains of AD patients have reduced expression of a
number of proteins involved in synaptic vesicle trafficking, with concomitant depletion of
neurotransmitter, altered synaptic transmission, and synaptic/neuronal loss (Arendt, 2009;
Coleman and Yao, 2003; Yao et al., 2003). Aβ oligomers adversely affect synaptic
plasticity such that long-term potentiation (LTP) and long-term depression (LTD) are
dysregulated (LaFerla and Oddo, 2005). Indeed, high levels of oligomers are thought to
undermine synaptic transmission. For instance, Aβ was shown to promote endocytosis of
NMDA and AMPA receptors (LaFerla and Oddo, 2005). Postsynaptic membranes devoid
of these receptors will no longer be able to trigger LTP. On the other hand, Aβ is able to
induce calcium influx through NMDA receptors which leads to elevated intracellular
calcium concentrations and subsequent activation of aberrant signaling cascades which
facilitate LTD. Moreover, Aβ interacts with the receptors of acetylcholine (Ach) and
brain-derived neurotrophic factor (BDNF), thus abrogating Ach signaling and adding to
the depletion of BDNF, respectively (Querfurth and LaFerla, 2010). Dendritic spines are
severely affected in AD because tau hyperphosphorylation impairs maintenance of these
microcompartments by abrogating cytoskeletal transport (Adalbert et al., 2007; Reddy,
2011).
6. Metal toxicity
Numerous studies have implicated metals such as iron, copper, zinc and aluminum in the
pathogenesis of AD (Bush, 2003; Connor and Lee, 2006; Connor et al., 2001a; Liu et al.,

10

2006; Maynard et al., 2005; Roberts et al.; Sayre et al., 2000). Much evidence supports
the role of iron in AD is thought to be mediated by resulting oxidative stress as described
above. Because iron is the most abundant transition metal in the body and is readily
available from several dietary options, it is important to understand how its regulation in
the body is influenced by other factors and how its elevation or depletion affects cellular
processes that could lead to AD pathogenesis. To understand the role of iron in
neurodegeneration, I will first describe its normal function and regulation.
Iron
Iron is essential for a number of cellular processes needed for survival. Iron is a required
cofactor for a number of enzymes involved in cellular energy production (mitochondrial
electron transport chain) (Muhlenhoff et al., 2010), DNA synthesis and repair, ribosome
biogenesis, neurotransmitter synthesis, myelin synthesis and lipid metabolism, and cell
cycle regulation. Iron is also needed for heme production and formation of iron-sulfur
clusters (Rouault and Tong, 2005; Tong and Rouault, 2006). Though these reactions
occur in every organ, the role of iron in the brain is particularly important. Brain has the
highest demand for oxygen consumption of all organs and iron-containing hemoglobin is
essential to meet this high need of oxygen demand. In addition, to maintain the complex
communication network and to establish plasticity, the brain constantly remodels cell
contacts and synapses. These processes rely on protein synthesis by ribosomes which, in
turn, depend on [4Fe–4S] cluster-containing proteins (Kispal et al., 2005). These ironsulfur clusters are also essential for DNA synthesis (Netz et al., 2012). Moreover, iron is
an essential trophic factor that is necessary for myelination. This is because key enzymes
such as HMGCoA reductase, squalene synthase, glucose-6-phosphate dehydrogenase
needed for the biosynthesis of myelin cholesterol and lipids (e.g. 25-30% cerebrosides)
require iron as a cofactor (Lange and Que, 1998; Todorich and Connor, 2004). Role of
iron in such wide range of processes is thought to be due to its ability to 1) donate
electrons needed for redox reactions catalysed by many enzymes, 2) transfer electrons in
mitochondria, and 3) to bind oxygen in heme. But if iron accumulates in an unchelated
form, this same ability of iron to readily exchange electrons can result in formation of
reactive free radicals by the Fenton reaction (Lloyd et al., 1997). In turn, this can lead to
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oxidative stress which can negatively impact a number of cellular processes and disrupt
cell membrane integrity. Because oxidative stress is a leading hypothesis in the etiology
of AD, the role of iron and disorders resulting in iron overload have been under intense
investigation for their potential role in the risk for AD.
Iron in AD
Several studies have reported that brain iron content and expression of iron-regulating
proteins such as Ferritin (Frt; high expression indicates more iron) increase with age, with
a much greater increase in iron content than the protein that stores it i.e. Frt (Bartzokis et
al., 1994; Bartzokis et al., 2007; Connor et al., 1992a; Connor et al., 1995; Connor et al.,
1992b; Hallgren and Sourander, 1958; Hirose et al., 2003; Martin et al., 1998; Milton et
al., 1991). The increase in iron has been proposed to underlie age-related cognitive
decline (Bartzokis, 2009). However, there is substantial evidence that iron accumulation
found in the brains of AD and patients with mild cognitive impairment (MCI) is
significantly higher than in those of age-matched non-demented controls (Ding et al.,
2009). Disturbances in iron metabolism have been found in post-mortem brain tissue, in
cerebrospinal fluid (CSF) and in vivo using magnetic resonance imaging (MRI).
Regions where iron deposition has been found include the hippocampus, basal ganglia
and cortex (Bartzokis et al., 2000; Ding et al., 2009; Loeffler et al., 1995) as well as in
senile plaques and neurofibrillary tangles and cells surrounding them (Connor et al.,
1992a). Moreover, higher brain iron content has also been reported to correlate with the
severity of cognitive impairment. Thus, brain iron evaluation by MRI has been proposed
as a putative marker for assessing disease progression. Excess unchelated iron has been
considered a major cause of oxidative stress that can lead to modification of proteins,
lipids, DNA, and RNA, thereby, inducing several features associated with AD (Ferrari,
2000; Markesbery, 1997). As indicated above, these alterations are toxic to cells because
they result in activation of cell apoptosis pathways and eventually cell death. In fact,
markers of protein oxidation and lipid peroxidation have been consistently found elevated
in the brain and CSF samples of AD and MCI patients who subsequently developed AD
(Brys et al., 2009; Markesbery, 1997; Pratico et al., 2002). Moreover, markers of lipid
peroxidation in ventricular fluid have been correlated with cortical atrophy, reduced brain
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weight and severity of AD (Montine et al., 1999). Several proteins are involved in
maintaining iron homeostatis: these include TfR (iron uptake), Tf (iron transport), Frt
(iron storage), HFE (iron uptake), ceruloplasmin (iron transport; feroxidase- conversion
of Fe2+ to Fe3+), DMT1 (iron export), and ferroportin (iron export). See Figure 1.1 for
schematic showing most key players in iron regulation. Indeed, alterations in the
expression pattern of Tf, Frt, and HFE have been reported in the AD brain and will be
discussed below. Moreover, genetic mutations in Tf (C2 variant; rs1049296) and two
variants in HFE, C282Y (rs1800562) and H63D (rs1799945), shown to affect body iron
status (Bartzokis et al.; Fleming et al., 2000; Kauwe et al., 2010), and indices of oxidative
stress (Lleo et al., 2002; Loeffler et al., 1995)(), have also been associated with increased
risk of AD. There is substantial evidence for the role of iron overload in AD that is
further supported by epidemiological evidence implicating variants of iron management
proteins in AD risk. The AlzGene meta-analysis of the Tf C2 allele (Bertram et al.,
2007) (www.alzgene.org/) currently shows a significant, although low, odds ratio of AD:
1.2 (95% confidence interval, 1.06–1.3) (1 June 2010), with a similar pattern in
Caucasians and east Asians. Recently it was also identified in a large genome wide study
as a loci significantly associated with AD risk. Evidence of the relation of HFE variants
with AD will be discussed below.
Contribution of iron to neurodegeneration in AD has also been proposed to occur by its
ability to influence four pathways implicated in AD: 1) APP metabolism (Bodovitz et al.,
1995; Kuperstein and Yavin, 2003; Mantyh et al., 1993; Rogers et al., 2002; Rottkamp et
al., 2001b; Schubert and Chevion, 1995), 2), the loss of calcium homeostasis (Hidalgo
and Nunez, 2007), 3) the degradation of a subset of microglia (Lopes et al., 2008), and 4)
oxidative stress (Castellani et al., 2007; Castellani et al., 2012; Honda et al., 2004; Liu et
al., 2006; Smith, 2006).
Iron, HFE, and AD
Iron accumulation in the brain is accompanied by an increase in oxidative stress and has
been consistently observed in AD (Connor et al., 1992a; Liu et al., 2005; Markesbery,
1997; Maynard et al., 2005). It is believed that iron mediates its toxic effects due to the
generation of reactive oxygen species (ROS) by the Fenton reaction (Liu et al., 2006;
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Okada, 1996). The hemochromatosis (HFE) gene product primarily regulates iron uptake
into cells by interacting with the transferrin receptor (TfR) to restrict Tf binding (Feder et
al., 1998a). Genetic variants of the HFE gene are unable to maintain iron homeostasis,
and in particular, the H63D variant has been under investigation as a potential risk factor
for neurodegenerative diseases. Several studies have reported an increased frequency of
the H63D mutation in AD patients (Combarros et al., 2003; Connor and Lee, 2006;
Moalem et al., 2000; Pulliam et al., 2003; S. Moalem et al., 2000; Sampietro et al., 2001).
Pulliam et al. found increased levels of markers of oxidative stress in individual with
HFE mutations as compared to controls (Pulliam et al., 2003). It has also been reported
that the H63D mutation is five times more frequent in AD patients younger than 70 years
compared to patients over 80 (Sampietro et al., 2001). Indeed, MRI studies have revealed
increased accumulation of iron in the carriers of HFE mutants (Berg et al., 2000; Nielsen
et al., 1995). Several studies have shown that iron staining is most dense in the proximity
of amyloid beta (Aβ) plaques and in cells associated with plaques (Connor et al., 1992b)
and that iron promotes deposition of Aβ (Rottkamp et al., 2001a). Interestingly, a similar
pattern was observed with respect to HFE expression in AD brains, suggesting a normal
response of HFE is to limit iron uptake (Connor and Lee, 2006).
HFE gene
HFE (High Iron), originally called HLA-H, is a major histocompatibility complex
(MHC) class I-like gene. It is located on the short arm of chromosome 6 and was first
identified by Simon and colleagues in association with an iron overload disorder called
hereditary hemochromatosis (HH)(Simon et al., 1976). In 1996 Fedar et al identified a
mutation (C282Y) in this gene using positional cloning that was present in the
homozygous state in nearly 80% of HH cases (Feder et al., 1996a). HH is characterized
by tissue cirrhosis and damage to liver, heart, and pancreas resulting from excessive and
chronic iron absorption and inability to store iron in iron storage proteins, thereby
allowing free iron to cause oxidative damage (Andrews, 1999; Drakesmith and
Townsend, 2000).
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The three most common single nucleotide polymorphisms (SNPs) in the HFE gene are
H63D (rs1799945 in exon 2), C282Y (rs1800562 in exon 4), and S65C (Le Gac et al.,
2001; Merryweather-Clarke et al., 2000). The H63D variant is caused by a C-to-G
transition at nucleotide 187 that results in a histidine to aspartic acid substitution at the
63rd amino acid (Feder et al., 1996a), while the C282Y variant is caused by a G-to-A
transition at nucleotide 845 that changes cysteine to tyrosine at the 282nd amino acid
(Feder et al., 1996a). The S65C missense mutation results from an A-to T change at
nucleotide 193 causing a serine to cysteine substitution at the 65th amino acid.
Examination of frequency and global distribution of HFE mutations indicated that HFE
variants are most common in Caucasian populations with a frequency of up to 25% for
H63D, 12% for C282Y, and 1.6 to 5.5% for S65C. S65C is not as common as other two
variants (Camaschella et al., 2002) and has not been associated with physiological
changes or diseases (Le Gac et al., 2001).
Not only are the H63D and C282Y variants prevalent, epidemiological evidence
associates them with several neurodegenerative, metabolic diseases, and malignancies.
Though C282Y is less prevalent in the general population than H63D, it is strongly
associated with HH and recently has been under investigation as a risk factor for prostate,
breast, colorectal, and brain tumors (Gannon et al., 2011; Osborne et al., 2010; Shaheen
et al., 2003; Syrjakoski et al., 2006). It has also been found to be protective for
neurodegenerative diseases (Buchanan et al., 2002; Correia et al., 2009). In contrast, the
H63D variant has been found to be a risk factor for several diseases such as AD
(Combarros et al., 2003; Moalem et al., 2000; Percy et al., 2008a; Pulliam et al., 2003;
Sampietro et al., 2001), amyotrophic lateral sclerosis (Goodall et al., 2005; Wang et al.,
2004), and stroke (Ellervik et al., 2007b).
The human HFE gene transcript is approximately 4 kilobases (kb) and contains a 1029
nucleotide open reading frame (ORF) encoding a putative polypeptide of 343 residues
(Feder et al., 1996a). The mouse gene transcript is approximately 1.5 kb with a 1080
nucleotide ORF that encodes a protein of 359 residues (Hashimoto et al., 1997). The
mouse homologue of human HFE is called MR2, and has been found to have significant
homology (66%) and exhibit a similar tissue expression pattern as human HFE. The
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difference in structure between the two arise from the extra eight amino acid residues
between the α1 and α2 domains in mouse HFE, that were likely derived from the intron
sequence because the DNA sequences in exons encoding the α2 domain align between
human and mice (Hashimoto et al., 1997; Riegert et al., 1998). Nonetheless, the evidence
of significant iron overload and disruption of iron homeostasis in HFE knockout mice
similar to what has been observed in individuals with HH indicates the function of
protein is preserved between mice and human and that manipulation of the mouse HFE
gene can provide insight into human diseases related to HFE.
Structure of the HFE protein
The HFE gene encodes a 49kDa membrane glycoprotein that resembles MHC-class1
family of proteins. Crystollography studies by Lebron and collegues indicated that the
434 residue single polypeptide HFE protein consists of a transmembrane domain, three
extracellular domains (α1 α2 and α3) and a cytoplasmic tail (Bennett et al., 2000; Lebron
et al., 1998). The peptide-binding α1‐α2 domains form a platform consisting of eight anti‐
parallel β sheets and two anti-parallel α helices positioned on top of an immunoglobulinlike domain α3 that can bind beta‐2‐microglobulin (β2m) (Lebron et al., 1998). The
feature of the HFE protein that resembles MHC class-I proteins is provided by the
presence of 4 cysteine residues needed to form disulphide bridges in the α1‐α2 domains
needed for the tertiary structure of the protein that allows noncovalent binding to β2m
(Bjorkman and Parham, 1990; Feder et al., 1996b). This structural feature is necessary for
transport of the HFE protein from the endoplasmic reticulum to the plasma membrane
(Miyazaki et al., 1986; Waheed et al., 1997). However, unlike MHC-class I molecules,
the surface area of the groove between the two peptide binding domains is much
narrower in HFE, limiting its binding to peptides for antigen-presentation (Feder et al.,
1997; Lebron et al., 1998). This observation has caused investigators to speculate that
HFE may not play a role in immunity even though Rohrlich and colleagues showed that
αβ cytolytic T cells without antigen‐presenting function recognized human HFE
indicating that it may still function in specific immune responses (Rohrlich et al., 2005).
The presence of a cluster of four histidine residues at the base of the α1 domain (region
that is mediator of pH-dependent interactions based on its pKa) is a feature of HFE

16

protein structure (Lebron et al., 1998) that if investigated further might result in
identification of additional binding partners of the protein and insights into its role in
signaling.
The amino acid change in the α1 or α3 domains that result in the H63D and C282Y
variants, respectively, significantly affect the structure of HFE. In the H63D variant,
substitution of an aspartate at position 63 can disrupt a salt-bridge that is formed between
a histidine at the 63rd position and aspartate at the 95th position in WT-HFE, leading to a
conformational change (Bennett et al., 2000; Lebron et al., 1998). The replacement of
cysteine with a tyrosine in C282Y-HFE disrupts formation of the disulfide bridge
necessary for proper folding of the protein needed for its binding to β2M and transport to
the cell surface. As a result of this change in conformation, C282Y-HFE cannot leave the
ER and move to the plasma membrane. The change in conformation of H63D-HFE still
allows its interaction with β2M and cell surface expression but its interaction with other
proteins such as TfR is altered resulting in defective function (Feder et al., 1998a).
Function of HFE
The best characterized function of HFE is its role in regulation of cellular iron uptake
which it mediates by binding to the transferrin receptor (TfR). Binding affinity of HFE
for TfR is comparable to the binding affinity of iron-loaded transferrin (holotransferrin,
(Feder et al., 1998b). It has been shown that when a cell has enough iron, HFE
competitively binds to the TfR at the site where iron-loaded Tf molecules bind thereby
preventing iron uptake via endocytosis. Formation of the HFE-TfR complex is pHdependent, with a neutral pH allowing tight binding and an acidic pH inhibiting it
(Lebron et al., 1998; Lebron et al., 1999). HFE was shown to prevent endocytosis of TfR
alone by inducing its phosphorylation. This results in higher cell surface expression of
TfR than intracellular expression (Salter-Cid et al., 2000).
The function of HFE in iron regulation is disrupted by mutations causing formation of
H63D- and C282Y-HFE variants. It has been shown that while WT-HFE bound with TfR
allows only one iron bound Tf (Fe-Tf) to bind per TfR and be taken up by cells (Lebron
et al., 1998; Lebron et al., 1999), H63D-HFE allows uptake of more than one molecule of
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Fe-Tf because it does not reduce affinity of Fe-Tf for TfR. This effect of H63D-HFE is
attributed to its slightly abnormal conformation due to the location of the mutation in the
α1 domain preventing its efficient binding to TfR (Feder et al., 1997; Waheed et al.,
2002). Because C282Y-HFE is retained in the trans-golgi complex due to its inability to
bind β2M for cell surface expression, it does not interact with TfR, resulting in more iron
uptake than the WT-HFE (Feder et al., 1997; Waheed et al., 2002; Waheed et al., 1999).
Overall, both variants are associated with cell and tissue iron-overload. Role of HFE and
its variants in iron regulation is depicted below in Figure 1.1 (adapted from Connor and
Lee, 2006).

Figure 1.1: Role of HFE and its variants in iron regulation
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HFE expression
HFE is expressed in a wide range of tissues including liver, intestine, and brain. Parkkila
et al. showed that HFE is expressed in gastric epithelial cells, tissue macrophages, and
circulating monocytes and granulocytes (Parkkila et al., 2000). Earlier studies (Feder et
al., 1996a) did not show expression in brain but (Connor et al., 2001a) showed by
immunohistochemistry (IHC) that HFE is expressed in the choroid plexus, endothelial
cells of the blood vessels, and ependymal cells lining the ventricles of the brain along
with TfR. The expression profile in the brain is consistent with the role of HFE in
mediating iron uptake. The association of HFE with TfR and the expression of TfR at the
BBB support the idea that iron from serum can be taken up in the brain. In addition, HFE
was found to be expressed in neurons surrounding Aβ plaques and NFTs in AD brains
(Connor and Lee, 2006; Connor et al., 2001b). The finding of higher expression of HFE
in brains of AD patients relative to those of controls indicated that its expression might be
induced under conditions of stress (Connor et al., 2001b). Support for this idea was
provided by the finding that treatment of BV2 microglial cells with agents that caused an
inflammatory response induced expression of HFE (Lee and Connor, 2005).

H63D-HFE and AD
Given that HFE expression was elevated in the brains of individuals with AD and that
H63D-HFE resulted in iron overload and elevated oxidative stress, a number of
investigators attempted to assess whether H63D-HFE is a risk factor for AD. The factors
analyzed to assess the association of H63D-HFE with AD were allelic frequencies and
age at disease onset, by gender. A few recent studies also evaluated MCI-to-AD
conversion, analysis of above-mentioned factors by age ranges rather than just mean age,
and disease risk by interaction between HFE variants and other risk factor alleles such as
ApoE4 and the Tf C2 allele. Out of 15 epidemiological studies conducted independently
in different populations between 2000 and 2011, 7 studies implicated H63D-HFE as a
risk factor in AD based on allelic frequencies, age at onset, or interaction with other
genes (Combarros et al., 2003; Correia et al., 2009; Moalem et al., 2000; Percy et al.,
2008a; Pulliam et al., 2003; Robson et al., 2004; Sampietro et al., 2001). Notably,
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Pulliam et al. found increased levels of markers of oxidative stress in individuals with
HFE mutations as compared to controls (Pulliam et al., 2003). It has also been reported
that the H63D mutation is five times more frequent in AD patients younger than 70 years
compared to patients over 80 (Sampietro et al., 2001), suggesting earlier age at disease
onset. Three out of 15 studies showed no association of H63D-HFE with AD (AvilaGomez et al., 2008; Blazquez et al., 2007; Candore et al., 2003). Four additional studies
found no association based on allelic frequency but found trends toward a number of
factors associated with AD risk. For example, Lleo et al found a trend toward higher
frequency of H63D variants in AD (Lleo et al., 2002). Berlin et al. reported a trend of
accelerated rate of conversion from MCI to AD in H63D homozygotes (Berlin et al.,
2004). Although Guerreiro et al, did not find a significant association for increased risk
of AD by allele frequency or age at onset, they did observe an increasing trend for early
age of onset in individuals homozygous for H63D (Guerreiro et al., 2006). Interestingly,
Alizadeh et al. also observed a trend for early age at onset in H63D homozygous
individuals but this effect was more prominent in males with male carriers of both H63D
and the ApoE4 allele having a 5.5 year earlier age of disease onset (Alizadeh et al.,
2009). The interaction between H63D-HFE and ApoE4 and increased risk of AD in
carriers of both mutations was first reported by Moalem et al. and has now been
replicated in 4 studies (Alizadeh et al., 2009; Combarros et al., 2003; Moalem et al.,
2000; Percy et al., 2008a). Recently, a study of epistatic interactions for AD risk
indirectly showed that WT-HFE interacted significantly with another variant of the TF
gene (-2AA) to delay onset of AD in Northern Europeans (Lehmann et al., 2012).
Another important finding from this study was that carriers of H63D alone had a 2 year
earlier disease onset than WT-HFE patients. To account for the smaller sample size in
these studies, two meta-analyses were performed. Again, where Ellervik et al. showed a
weak association of H63D (1.1 fold increased risk) with AD in 66,000 cases and 226,000
controls (Ellervik et al., 2007a), Lin et al. found a protective effect of H63D in a metaanalysis including 2,795 cases and 7,424 controls (Lin et al., 2012). It is important to note
that both studies determined association with AD based on allele frequency in cases and
controls and did not consider age at onset, a factor that was consistently found to be
significantly altered in AD. In summary, studies showing either positive or negative
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association have been reported regarding H63D and the risk of AD. However, given the
extent

of

genetic

and

environmental

heterogeneity,

contradicting

results

in

epidemiological studies are not considered an anomaly (Gorroochurn et al., 2007). It has
been suggested that epistasis interactions could also be the underlying phenomena.
Evaluation of cellular and functional consequences of the implicated gene variants in
mouse models in the absence of environmental confounding variables, followed by
systematic analysis of effects due to other genetic variables and/ or environmental factors
in combination with a less penetrant but high susceptibility gene variants like HFE should
expand our knowledge.

Nonetheless, cellular expression of H63D-HFE has been shown to result in increased iron
accumulation (Lee et al., 2007; Mitchell et al., 2009b), disruption of mitochondrial
potential (Lee et al., 2007), increased influx of intracellular Ca2+ (Mitchell et al., 2009b),
increased glutamate uptake (Mitchell et al., 2009b), increased secretion of MCP1 that has
a role in neuroinflammation (Mitchell et al., 2009a), increased ER stress (Liu et al.,
2011), increased oxidative stress (Lee et al., 2007), increased toxicity to Aβ (Mairuae et
al., 2010), and decreased Pin1 activity (Hall et al., 2010) contributing to increased Tau
phosphorylation (Hall et al., 2011). These findings demonstrate that the expression of
H63D-HFE creates a permissive milieu for processes that can influence other pathways in
neuronal cells such as lipid homeostasis, neurotransmission, and myelination which can
ultimately lead to AD.

22 studies investigated association of C282Y-HFE for risk for AD and none found an
association based only single SNP comparisons, rather a protective effect of C282Y-HFE
with suggested for AD. In contrast, Robson et al. showed increased risk associated with
AD only if individuals carried Tf C2 allele as well as C282Y-HFE (Kauwe et al., 2010;
Lehmann et al., 2012; Robson et al., 2004) and this association was further enhanced in
tri-carriers: C282Y-HFE, Tf C2, and ApoE4.
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7. Lipid dyshomeostasis
Lipid rafts
Lipid rafts, also called detergent-resistent microdomains (DRMs), are specialized cell
membrane

microdomains

enriched

in

cholesterol,

sphingolipids,

and

glycosylphosphatidylinositol (GPI)- anchored proteins. They are thought to affect a
number of functions including membrane fluidity, protein sorting, trafficking of
membrane proteins during endo- and exocytosis, cell migration, and cell adhesion
(Brown and London, 1998; Simons and Toomre, 2000). A cell’s membrane contains both
raft and non-raft domains and proteins can interact with either domain. While cholesterol
is part of both domains, its enrichment in the raft domains allows it to ‘glue’ other lipids
in rafts and create a platform where protein-protein and lipid-protein interactions can
occur (Barenholz, 2002). For example, rafts can modulate enzymatic activity by allowing
an enzyme and its substrate to come in close contact. Due to this property, lipid rafts can
modulate a number of signaling cascades. A number of key receptors and signaling
proteins have been found to localize in rafts, while others could be recruited to rafts to
regulate cellular processes. It is still not understood how rafts are formed but several
models have been proposed. It is generally believed that the inherent affinity of lipids for
other lipids and for some proteins drive the lipid-lipid and lipid-protein interactions that
result in formation of dynamic ordered lipid domains (Lai, 2003; Lingwood and Simons,
2010). Despite the conflicting opinions about how lipid rafts are formed, it is wellaccepted that cholesterol is integral for lipid raft formation and maintenance. Changes in
the composition of rafts by depletion of cholesterol or sphingolipids have been shown to
alter structure (assembly and disassembly) and function of lipid rafts and ultimately,
cellular phenotype (Keller et al., 2004; Veatch and Keller, 2005). Evidence is also
accumulating to support the concept that there is a dynamic equilibrium between
cholesterol and sphingolipids within the rafts and that when levels of one of these
components is altered it affects the concentration of the other within the rafts.

Given the abundance of cholesterol and sphingolipids in the brain, lipid rafts have been
proposed as critical for regulating processes such as neuronal signaling, neuronal cell
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adhesion, axon guidance and neurotransmission required for normal brain function. Lipid
rafts are found in neurons, astrocytes, and oligodendrocytes (DeBruin and Harauz, 2007;
Gielen et al., 2006; Tsui-Pierchala et al., 2002). Rafts have been shown to facilitate
intramembrane proteolysis to activate or inactivate several transmembrane proteins such
as APP and receptors involved in neurotophin signaling (Landman and Kim, 2004;
Vetrivel et al., 2005). In addition, ionotropic receptors, pre-synaptic SNARE complex
proteins (i.e. synaptophysin), as well as, post synaptic receptors (such as NMDA and
GABA), and key proteins involved in myelination (i.e. CNPase, MBP) are known to
localize in lipid rafts and modulation of lipid raft composition has been shown to affect
the function of these proteins (Besshoh et al., 2007; Huang et al., 2007; Marta et al.,
2004; Stetzkowski-Marden et al., 2006; Willmann et al., 2006).

The role(s) of lipid rafts in the brain has been under intense investigation, particularly in
the context of neurodegenerative diseases. Relevant to AD are studies showing loss of
lipid rafts in the temporal cortex (Molander-Melin et al., 2005) and reduced cholesterol in
the rafts from hippocampi of AD patients (Abad-Rodriguez et al., 2004; Ledesma, 2003).
These studies are consistent with findings of significant total brain cholesterol loss in
advanced stage AD patients (Abad-Rodriguez et al., 2004). In addition, a large number of
studies have been focused on investigating the role of lipid rafts and cholesterol content
of lipid rafts in amyloidogenesis and results have been conflicting. It has been shown that
lipid rafts are the sites where APP and presenilin‐1 (enzyme that cleaves APP to generate
toxic Aβ) localize or are recruited to promote amyloidogenesis and that a high cholesterol
content in rafts favors this process (Bouillot et al., 1996; Hayashi et al., 2000; Lee et al.,
1998; Morishima-Kawashima and Ihara, 1998).

Therefore, a popular idea has been to

try to prevent APP localization to rafts by reducing membrane cholesterol, however,
consequences of such an approach on normal APP function are not known. Given that
cholesterol/lipid rafts are essential for several other processes, it is possible that this
approach may cause more harm than good. Contrary to these observations, it has also
been demonstrated in brains of healthy individuals that APP predominantly localizes in
non-raft domains and a very small proportion of presenilin-1 is found in rafts. However,
in the brains of AD patients APP colocalized with presenilin-1 in non-raft domains.
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Furthermore, depletion of cholesterol from neuronal cells expressing human APP resulted
in colocalization of presenilin-1 APP in non-raft domains and increased Aβ production
(Abad-Rodriguez et al., 2004). These findings along with the evidence of low total brain
cholesterol in AD patients support the hypothesis that therapeutic approaches to lower
brain cholesterol could be detrimental to normal brain function. In fact, accumulating
evidence indicates that loss of cholesterol can promote neurodegeneration as lower
serum/ total brain/ membrane cholesterol have been implicated in increased risk of
Parkinson’s disease (Du et al., 2012), ALS (Albert, 2008; Chio et al., 2009), Smith–
Lemli–Opitz syndrome (Jira et al., 2003), Huntington’s (Valenza et al., 2005),
Alzheimer’s (Ledesma, 2003; Wellington, 2004; Wolozin, 2004), and Niemann–Pick
Type C (Vance, 2006) diseases. NPC disease, which is characterized by reduction of
membrane cholesterol and accumulation of cholesterol in the late endosomes and
lysosomes of neuronal and other cells (Karten et al., 2009), highlights the importance of
membrane cholesterol in normal cells. In summary, lipid rafts modulate a number of
cellular processes and neuronal function and alterations in their composition (cholesterol
and sphingolipid content) can influence cellular phenotype. The following sections
describe sphingolipid and cholesterol metabolism under normal conditions and the
contribution of their disruption to AD.

i)

Sphingolipids

Sphingolipids are a class of lipids that contain sphingosine,which is an aliphatic amino
alcohol most often 18 carbons in length with the amino group on C2 and hydroxyls at C1
and C3. Sphingosines are the basic building blocks of sphingolipids which when
substituted with additional moieties can be subdivided into simple (ceramides –
sphingosine with a fatty acid in an amide linkage on C2) and complex (cerebrosides containing additional substituents) sphnigolipids. Other types of glycosphingolipids
include sphingomyelins, sulfatides, and gangliosides). Sphingolipids are synthesized
initially in the ER, sugars added primarily in the Golgi, and found primarily in the plasma
membrane in lipid rafts and in endosomes (Futerman, 2006). In addition to cholesterol
and sphingomyelin, glycosphingolipids are enriched in rafts. Sphingolipids function in
cell-cell recognition, signaling cascades that result in proliferation, apoptosis, stress
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responses, inflammation, differentiation, and axon growth (Hannun and Obeid, 2002;
Lavieu et al., 2006; Snider et al., 2010; Spiegel and Milstien, 2002; Venable et al., 1995)..
Unequivocal

evidence

for the need for

appropriate

synthesis

of sialylated

glycosphingolipids was provided by the finding that the brains of children who lacked the
ability to synthesize GM3 failed to develop normally (Simpson et al., 2004).
Dysregulation of sphingolipid metabolism has also been implicated in a number of
metabolic and neurological diseases such as Fabry disease, Krabbe disease, Gaucher
disease, Tay-Sachs disease, Metachromatic leukodystrophy, Niemann-Pick disease, AD,
and cancer (Haughey et al., 2010; He et al., 2010; Ryland et al., 2011).
Role of sphingolipids in AD
Several studies have shown abnormalities in the lipid content and expression of enzymes
regulating their content in AD brain. For example, the total phospholipid and sulfatide
content in AD was decreased as compared to normal (Cheng et al., 2003; Gottfries et al.,
1996; Han et al., 2002; Pettegrew et al., 2001; Skinner et al., 1989; Soderberg et al.,
1992). Sulfatide, produced by oligodendrocytes in the brain and essential for myelination
is consistently observed to be deficient in AD (Han et al., 2002). It is not understood what
factors cause its depletion. On the other hand, ceramide, a pro-apoptotic lipid has been
found to be elevated in the brain (Cutler et al., 2004b) and CSF of patients with AD
(Satoi et al., 2005). Ceramide can be produced by hydrolysis of sphingomyelin via
sphingomyelinases, or by de novo synthesis from fatty acyl CoA and sphingosine. It has
been proposed that oxidative stress and other age-related factors can contribute to agerelated accumulation of ceramide and induction of apoptotic signaling in neurons and
other cells (Costantini et al., 2005; Cutler et al., 2004b; Kolesnick and Kronke, 1998;
Perez et al., 2005). Recently, a study by He et al. replicated the findings of a reduction in
sphingomyelin and an elevation of ceramide in AD brains (He et al., 2010). In addition,
they also found reduced levels of sphingosine-1-phosphate (S1P), a pro-survival
metabolite, which correlated significantly with the levels of Aβ peptide and
hyperphosphorylated tau protein (He et al., 2010).
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In addition to the sphingolipids mentioned above, the relationship of gangliosides, a subclass of glycosphingolipids, to AD pathogenesis has been investigated. Gangliosides are
found in their highest concentration in the gray matter of the brain, with GM1, GD1a,
GD1b, and GT1b accounting for 65–85% of that content (Schengrund, 2010).
Interestingly, total ganglioside content was found to be reduced in most regions of brains
from early-onset or familial cases of AD, while in cases of late-onset or sporadic AD,
ganglioside reduction was observed only in the temporal cortex, hippocampus and frontal
white matter (Svennerholm and Gottfries, 1994). These observations suggest an agedependent and/or region-specific pattern of distribution that could be differentially altered
in AD.

Though reduction of total brain ganglioside levels in AD has been reported, significant
elevation of certain ganglioside species has also been consistently reported. For example,
GM1, one of the major ganglioside in brain that is also enriched in lipid rafts, was found
to be significantly elevated in brains of AD patients (Svennerholm and Gottfries, 1994)
and also in lipid rafts isolated from their frontal and temporal cortices (Molander-Melin
et al., 2005).

Additional support for the role of gangliosides in AD was provided by the observation
that GM1 stimulated production of Aβ by increasing γ-secretase activity (Zha et al.,
2004), that it binds to Aβ with high affinity (Ariga et al., 2001) and could serve as a
‘seed’ for Aβ aggregation by promoting formation of toxic Aβ fibrils (ChooSmith et al.,
1997; Kimura and Yanagisawa, 2007; Okada et al., 2007; Yamamoto et al., 2007;
Yanagisawa, 2005). Indeed, GM1 was found bound to Aβ in amyloid plaques in AD
brains (Hayashi et al., 2004). GM1 has also been shown to influence AD pathogenesis by
altering calcium homeostasis. It has been shown that plasma membrane-associated GM1
can enhance intracellular Ca2+ levels by increasing influx of extracellular Ca2+ (Ledeen
and Wu, 2002; Wu et al., 2007) which might affect calcium-mediated phosphorylation of
tau and APP (Schengrund, 2010). In addition to affecting APP and Ca2+ homeostasis,
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GM1 has been found to be associated with altered content of other lipids such as
cholesterol. Molander-Melin et al. reported an elevation of GM1 and GM2 in lipid rafts
isolated from AD brains was associated with a concomitant decrease in their cholesterol
(Molander-Melin et al., 2005). Similarly, pharmacological depletion of cholesterol in
murine neuroblastoma cells resulted in significant elevation of GM1 (Petro and
Schengrund, 2007), suggesting an inverse relationship between GM1 and cholesterol.
Collectively, these studies show that sphingolipids play important roles in AD
pathogenesis. Further elucidation of factors that can influence sphingolipid composition
is needed. Factors inducing oxidative stress such iron are potential targets. Therefore, the
effects of H63D-HFE that is associated with iron-overload on sphingolipid metabolism
were investigated as described in chapter 3.

ii)

Cholesterol metabolism and function in circulation

Cholesterol is an essential component of all cell membranes and is needed for
maintaining and structure and fluidity of membranes. It is required for growth and
replication of mammalian cells, exo- and endocytosis, and is a precursor of steroid
hormones and bile acids. Outside the brain, cholesterol is synthesized in the liver through
a series of reactions, depicted in Figure 1.2. (Dietschy and Turley, 2001; Dietschy and
Turley, 2004). The rate-limiting enzyme in cholesterol biosynthesis is 3-hydroxy-3methylglutarylcoenzyme A reductase (HMGCoAR) which catalyzes conversion of HMGCoA to mevalonic acid.
Cholesterol is transported to other organs in the form of lipoproteins with the assistance
of transport proteins called apolipoproteins. Based on lipid and protein content, there are
five types of lipoproteins found in blood: chylomicrons, very-low-density lipoproteins
(VLDL), intermediate-density lipoproteins (IDL), low-density lipoproteins (LDL), and
high-density lipoproteins (HDL). Chylomicrons, VLDL, IDL, and LDL

deliver

cholesterol to cells via the circulation, while HDL remove extra cholesterol from cells
and bring it back to the liver where it can be converted into bile acids by the enzymes
expressed in liver and excreted from the body. Cells of most organs can either synthesize
their own cholesterol or meet their needs by uptake of cholesterol from the circulation.
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Excess cellular cholesterol is stored in the form of cholesteryl esters in lipid droplets. The
esters are formed by the action of an ER-resident enzyme, acyl-coenzyme A cholesterol
acyltransferase (ACAT). Cholesterol can also be obtained from dietary sources.
Therefore, an efficient system is needed to maintain body cholesterol homeostasis.
Indeed, accumulation of cholesterol in arteries leads to blockage of these arteries,
restriction of blood flow, and build-up of plaques that ultimately results in a fatal
condition called atherosclerosis (Dietschy and Turley, 2001; Lutjohann, 2006). Total
plasma cholesterol levels steadily increase with age (20-65 yrs) in both men and women,
but have been shown to decrease in men after age 65 (Ettinger et al., 1992) and plateau in
women after menopause after initially rising (Brown et al., 1993; Tremollieres et al.,
1999). Findings regarding cholesterol content in the plasma in ageing and AD individuals
are inconsistent with regards to whether elevated or lower serum cholesterol is a risk
factor for AD. A consistent observation in human studies is that high serum cholesterol in
mid-life can increase the risk of developing AD later in life, but is associated with
improved cognition in elderly individuals (Schreurs, 2010). Similarly, lower total serum
cholesterol (Kim et al., 2002) and lower HDL cholesterol were found to be associated
with poor cognition in elderly (Atzmon et al., 2002). However, status of brain cholesterol
should be a better predictor of AD pathogensis.
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Figure 1.2: Cholesterol synthesis pathway

Cholesterol is synthesized by a series of reactions as shown. Iron is a required co-factor
for HMGCoAR and CY46A1 (Modified from Bjorkhem 2004).
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Cholesterol metabolism in the brain
In the brain, almost all of the cholesterol is synthesized in situ, with little to none taken
up from the circulation. The insulation of brain from changes in circulating cholesterol is
achieved by the presence of the blood brain barrier (BBB). The highest rate of cholesterol
synthesis in the CNS occurs during early stages of development especially when
myelination is occurring (Jurevics and Morell, 1995; Jurevics and Morell, 1997). The
mature brain continues to synthesize cholesterol but at very low level (Boyles et al.,
1985; Mcmillan et al., 1972). The finding that the half-life of cholesterol in the adult
human brain is very high, approximately 5 years, indicates that an efficient cholesterol
recycling mechanism must exist within the brain (Bjorkhem et al., 1998).

In the brain, oligodendrocytes, astrocytes and neurons are capable of synthesizing
cholesterol (Saito et al., 1987; Suzuki et al., 2007). Most of the cholesterol synthesized
by oligodendrocytes is found in myelin. Neurons also have a very high demand for
cholesterol due to membrane turnover in synaptic transmission, however, but it is
believed that neurons obtain most of their cholesterol from astrocytes (Srivastava et al.,
1997; Stone et al., 1997). So the prevailing view is that in the CNS, astrocytes synthesize
cholesterol and with the help of ApoE, also synthesized by astrocytes (Dolev and
Michaelson, 2004; LaDu, 1998; Pitas et al., 1987b; Pitas et al., 1987c; Schmechel, 1993),
cholesterol is delivered to neurons where it is taken up by cell surface low density
lipoprotein receptors (LDLR) via endocytosis. Though other apolipoproteins are also
found in CNS i.e Apo AI, ApoJ, ApoD, evidence suggests that ApoE is highly abundant
in the brain and is responsible for the shuttling of cholesterol between astrocytes and
neurons (Bjorkhem and Meaney, 2004). A well-accepted model to describe cholesterol
transport in the brain is shown in Figure 1.3 which is adapted from (Bjorkhem and
Meaney, 2004).

In addition to recycling of cholesterol, there is need for removal of excess cholesterol
from the brain. Due to its hydrophobic nature, cholesterol cannot cross the BBB. Two
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mechanisms have been proposed for removal of brain cholesterol; cholesterol
hydroxylation and apoE-dependent efflux. The presence of ApoE-bound cholesterol in
the CSF indicates that some excretion of brain cholesterol occurs this way but the
mechanism is not understood. Based on the rate of CSF renewal and the amount of
cholesterol found in the CSF, it has been estimated that 1 to 2 mg cholesterol may be
eliminated from the brain via the CSF each day (Pitas et al., 1987a). The major
mechanism of cholesterol elimination from the brain is carried out by the cholesterol 24hydroxylase

(CYP46A1)-catalyzed

conversion

of

cholesterol

into

24S-

hydroxycholesterol (24S-HC), a metabolite that can traverse the BBB (Bjorkhem et al.,
1997; Bjorkhem et al., 1998; Lutjohann et al., 1996). This metabolic reaction is
particularly important in increasing the ability of 24S-HC (oxysterol) to cross the
lipophilic membranes: introduction of the hydroxyl group in the side chain of the
cholesterol molecule causes a rearrangement of membrane phospholipids that allows
excretion of the oxysterol in an energetically favorable manner (Kessel et al., 2001). This
is outlined schematically in Figure 1.4. The direction of movement is mediated by the
concentration gradient (Bjorkhem and Meaney, 2004). Because almost all of the 24S-HC
originates from the brain, it has been suggested that it can be used as a marker of brain
cholesterol homeostasis. Consistent with this view, a number of studies have shown
altered levels of 24S-HC in CSF or plasma of patients with neurological diseases such as
AD and multiple sclerosis (Bretillon et al., 2000; Leoni et al., 2002; Lutjohann et al.,
2000). These studies also highlight the importance of steady and normal flux of
cholesterol across the CNS. It has been reported that in healthy humans the flux of
cholesterol across the CNS is much less and equals approximately 0.09 mg/day per kg
(Saito et al., 1987) and 1.4mg/day per kg in mice (Panzenboeck et al., 2002). However, in
humans with AD cholesterol efflux across the CNS is elevated and is proportional to the
severity of dementia (Pfrieger, 2003a). A similar trend was observed in a mouse model of
Niemen Pick C1 disease (NPC1), where the increase in cholesterol efflux from the brain
was associated with increased neurodegeneration (Panzenboeck et al., 2002).
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Figure 1.3: Mechanism of cholesterol transport between astrocytes and neurons in
the brain. Cholesterol is synthesized by astrocytes and is delivered to neurons. Excess
cholesterol is converted into 24S-HC is also an indicator to inhibit cholesterol synthesis
in CNS. This model is proposed by Prieger and colleagues and is considered to be a wellaccepted mechanism of brain cholesterol transport.
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Figure 1.4: Schematic to show redistribution of membrane lipids to allow cholesterol
efflux via 24S-HC.
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Brain vs. plasma cholesterol
With regard to the exchangeability between serum and brain cholesterol, the idea that
under normal conditions cholesterol from serum does not cross into the brain due to the
BBB, is well-established. Support for this concept first came in the early 1940s from
studies showing no incorporation of label into lipids of the brain or spinal cord after
administration of D2O to adult rats (Waelsch et al., 1940). These findings have been
replicated by several investigators (Dietschy and Turley, 2001; Jurevics and Morell,
1995). Furthermore, studies with intravenous injections of

14

C-labeled cholesterol to

healthy volunteers and to pregnant women showed no label in the brains of the healthy
volunteers (Meaney et al., 2001) or fetal brain tissue (Plotz et al., 1968), emphasizing that
almost all of the cholesterol in the brain comes from de novo synthesis with little to none
from plasma under normal physiological conditions. Surprisingly, brain endothelial cells
have been shown to take up a small amount of LDL cholesterol via LDL receptors
expressed on their luminal surface (Dehouck et al., 1994; Dehouck et al., 1997).
However, evidence from isotope experiments did not show significant uptake of
cholesterol. It has been hypothesized that uptake of small amounts of plasma lipoproteins
into the CNS could occur at low levels not detected by current methods (Dietschy and
Turley, 2001). Alternatively, significant uptake of cholesterol from plasma could occur
under pathological conditions where the integrity of the BBB is compromised or in cases
of chronic hypercholesterolemia. This possibility is supported by studies showing a
number of metabolic changes in the brain of individuals/experimental animals fed diets
high in cholesterol. Currently, knowledge is limited in this respect and further studies are
needed to elucidate the effects of dietary cholesterol on brain cholesterol, especially in
cases of neurological diseases.
Role of cholesterol in the brain
In the central nervous system, cholesterol is needed for myelination and synaptic
transmission. In addition, it is an essential constituent of cellular membranes and lipid
raft microdomains, where it can influence signal transduction and cellular processes.
The importance of cholesterol in the brain is evident from the fact that brain has ~25% of
the bodies cholesterol (Bjorkhem and Meaney, 2004). In the brain, cholesterol is found
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primarily in myelin (i.e. oligodendroglia) and it is also present in the membranes of all
other cell types. Notably, myelin consists of ~70% lipids (mostly cholesterol,
phospholipids, and glycosphingolipids i.e. galactocerebroside in molar ratios of ≈4:4:2)
and 30% proteins (Bjorkhem and Meaney, 2004). The high lipid content of myelin is
consistent with the membrane properties required for its role in supporting saltatory
conduction. Myelin is produced by oligodendrocytes (Miller, 2002) and cholesterol
enrichment in myelin reduces permeability to ions allowing the action potential to move
down the axon without diffusing across the membrane (Bjorkhem and Meaney, 2004). It
has been shown that a high cholesterol content is needed for proper myelination (Saher et
al., 2005). Disruption of lipid homeostasis significantly alters CNS structure and
function. Deficiency in cholesterol synthesis by oligodendrocytes has been shown to
delay proper myelination (Marcus and Popko, 2002; Saher et al., 2005). It has also been
shown that cholesterol-rich lipid rafts are crucial for the development and maintenance of
myelin membranes (Colognato et al., 2002; DeBruin and Harauz, 2007; Gielen et al.,
2006).
Several studies have shown that cholesterol is needed for endo- and exocytosis and
thereby plays a crucial role in synapse structure and function (Pfrieger, 2003b; Takamori
et al., 2006). Consistent with this, studies have shown that cholesterol is enriched in
presynaptic terminals and its pharmacological depletion reduced synaptic transmission
(Suzuki et al., 2004). Several key synaptic proteins such as synaptophysin and the
SNARE proteins are either predominantly found in lipid rafts or must be recruited into
rafts in order to effectively interact with other proteins to promote neurotransmitter
release and transmission. These effects are thought to be mediated by direct interaction of
cholesterol with synaptophysin (Thiele et al., 2000), cholesterol-dependent formation of
SNARE complex (Lang et al., 2001; Mitter et al., 2003). Moreover, Suzuki et al. showed
that an increase in the cholesterol content of lipid rafts, induced by treatment with brain
derived neurotropic factor (BDNF), resulted in increased expression of raft-associated
presynaptic proteins, changes associated with synapse development (Suzuki et al., 2007).
Collectively, these studies highlight the importance of cholesterol in regulating
expression of synaptic proteins and for synaptic transmission.
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Cholesterol homeostasis and AD pathology
There is substantial epidemiological, genetic, and molecular evidence of disruption of
cholesterol homeostasis in AD pathogenesis (Shobab et al., 2005; Sjogren et al., 2006).
Mutations in several genes involved in cholesterol uptake, such as LRP and the very-lowdensity lipoprotein (VLDL) receptor (Zerbinatti and Bu, 2005), as well as in enzymes
that regulate cholesterol catabolism such as Cyp46A1 (Vaya and Schipper, 2007;
Wolozin, 2003), have been associated with increased risk of AD. In addition,
epidemiological studies revealed increased susceptibility to AD in patients with elevated
plasma cholesterol levels in mid-life (Jarvik et al., 1995; Notkola et al., 1998; Roher et
al., 1999). However, in comparison to healthy brains, cholesterol levels are much lower
in the brains of patients who had AD when they died (Ledesma, 2003; Ledesma and
Dotti, 2006). This finding not only indicates that the regulation of brain cholesterol is
distinct from plasma; it also suggests that in AD dysregulation of brain cholesterol can
result in a greater loss of cholesterol. Excessive loss of brain cholesterol can be
particularly devastating because the rate of brain cholesterol synthesis decreases with age
and under normal conditions there is no influx of cholesterol from the plasma into the
brain. Therefore, the brain must be able to recycle cholesterol and lipoproteins such as
APOE in order to prevent undo loss of cholesterol from the brain that can lead to
neurodegeneration.
Cholesterol in aging brain
Changes in brain structure and function have been consistently observed with
increasing age (Teter and Finch, 2004) and ageing is the biggest risk factor for AD.
Unlike plasma cholesterol, assessment of brain cholesterol in humans is challenging due
to our inability to detect it in the brains of living individuals. Studies of cholesterol in
brains obtained from animals with AD symptoms and human brain autopsy tissue have
yielded inconclusive results regarding whether high or low cholesterol is a risk factor for
AD. The lack of agreement between studies could be due to analysis of cholesterol
content from different regions/domains i.e. total brain cholesterol vs. membrane
cholesterol vs. cholesterol in lipid raft domains. It has been reported that while the
asymmetric distribution of cholesterol in the plasma membrane of aged mice was reduced
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relative to younger mice, total membrane cholesterol was unaltered (Igbavboa et al.,
1996). However, cholesterol content of lipid rafts from brains of older mice expressing
either human ApoE3 or ApoE4 was greater than in younger animals (Igbavboa et al.,
2005). It has also been reported that brain cholesterol increases in certain conditions with
age i.e. NPC1 (Vance, 2006) while other studies provided evidence for decline in total
brain cholesterol i.e. AD (Ledesma, 2003)and Huntington’s disease (Valenza et al.,
2005). In addition to total brain cholesterol, maintenance of cellular cholesterol content is
crucial in mediating APP processing via alpha and gamma secretases (Bogdanovic et al.,
2002; Cam and Bu, 2006) and therefore it has physiological relevance to AD. Ginsberg et
al. have shown that in AD brains cell membranes are less stable due to altered lipid
composition (Ginsberg et al., 1993a; Ginsberg et al., 1993b). Nonetheless, mechanistic
experimental studies have shown that either abnormally high or low cholesterol can be
associated with pathogenic manifestations seen in neurological diseases.
Cholesterol content of the membrane regulates its fluidity with greater amounts of
cholesterol making them more rigid and lower cholesterol making them more fluid and
allowing more permeability to ions (Barenholz, 2002). Therefore, disruption of
cholesterol distribution in the membrane can affect its function in maintaining normal cell
behavior. Consistent with this view, altered dendritic morphology was observed upon
depletion of membrane cholesterol in cultured neurons (Holtzman et al., 1995). Because
red blood cells (RBCs) come in close contact with certain regions of the brain, it is
thought that the changes in the membranes of RBC could reflect alterations in the brain
and such alterations could be used as biomarkers to diagnose and monitor progression of
neurological diseases. In fact, morphology of RBCs and the protein composition of RBC
membranes from RBCs isolated from AD subjects have been shown to be altered
(Mohanty et al., 2010; Sabolovic et al., 1997). Furthermore, oxidative stress associated
changes in the phospholipid content were observed in RBC membranes isolated from
RBCs from AD patients (Oma et al., 2012).

Taken together, the above-mentioned studies indicate that alterations in
cholesterol homeostasis can affect multiple processes that may affect neurodegeneration,
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thereby influencing cognitive ability. Modulation of cholesterol levels thus becomes a
potential target for the prevention or treatment of neurodegenerative conditions. In this
regard, knowledge of genetic and environmental factors that can influence cholesterol
metabolism should aid in the development of better therapeutics.

ApoE functions and isoform-specific effects relevant to AD pathology
ApoE is a major apolipoprotein and a cholesterol carrier in brain (Mahley, 1988). In the
brain, apoE is synthesized and secreted primarily from astrocytes as part of small dense
cholesterol containing lipoproteins (Dolev and Michaelson, 2004; LaDu, 1998; Pitas et
al., 1987b; Pitas et al., 1987c; Schmechel, 1993). It is responsible for carrying cholesterol
to neurons for regenerative functions (Srivastava et al., 1997; Stone et al., 1997). ApoE
binds to the low density lipoprotein receptor (LDLR) and LDLR-related protein (LRP1)
and taken up by neurons via receptor-mediated endocytosis (Herz and Bock, 2002; Herz
and Chen, 2006). Because there is no influx of ApoE and cholesterol from the plasma to
brain due to the blood brain barrier, both are synthesized locally in the brain (Baskin et
al., 1997; Boschert et al., 1999; Cedazo-Minguez et al., 2001; Ignatius et al., 1986) and
must be retained in the CNS to maintain cholesterol homeostasis. Therefore, maintenance
of efficient cholesterol recycling via ApoE is thought to be crucial for cholesterol
homeostasis in the brain. It is not clear what factors may cause disruption of brain
cholesterol homeostasis seen in association with AD pathology.
In humans, ApoE exists as three isoforms (E2, E3, E4) (Mahley, 1988). The
association of ApoE4 as a strong risk factor for AD has been well established (Corder,
1993; Mahley, 1988; Mahley et al., 2006). Despite advances in knowledge of how ApoE
functions,, the molecular mechanisms whereby ApoE4 dysfunction leads to AD are not
completely understood. In the general population, ApoE3 is the most common isoform
(allele frequency 77-78%), followed by ApoE4 (15%) (Mahley, 1988). However, ApoE4
is present in ~40% of AD patients (Corder, 1993). The three isoforms E2, E3 and E4
differ from one another at residues 112 and 158 and these differences result in differential
effects on lipid and receptor binding properties and other cellular processes (Mahley,
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1988; Mahley et al., 2006). Consistent with increased risk of AD in carriers of the ApoE4
allele, expression of ApoE4 protein in vitro and in vivo has been shown to be more
deleterious than expression of the ApoE3 isoform because ApoE4 is shown to be more
prone to aggregation and is unable to perform a number of functions efficiently including
cholesterol transport, Aβ clearance, and antioxidation (Mahley et al., 2006).
The role of APOE in AD pathology has been heavily investigated in regards to its
ability to influence Aβ metabolism. Several lines of evidence indicate that CNS-derived
APOE-containing lipoprotein particles may not directly influence Aβ synthesis but
promote its clearance and degradation by binding to it (DeMattos, 2004; Koistinaho et al.,
2004; Manelli et al., 2004; Stratman et al., 2005; Trommer et al., 2005). In addition,
increased Aβ burden has been consistently reported in ApoE4 carriers, in both sporadic
(Schmechel, 1993) and genetic AD cases (Bogdanovic et al., 2002), as well as in mouse
models (Dolev and Michaelson, 2004; Hartman et al., 2002). Recently, in vivo and in
vitro studies by Riddell et al. showed that astrocytes specifically degraded ApoE4,
causing a reduction in ApoE secretion and brain levels (Riddell, 2008). Collectively,
these studies emphasize the protective role of ApoE3 in Aβ clearance and suggest a loss
of function for ApoE4.
ApoE isoforms have also been reported to differentially influence tau pathology
with ApoE3 found to prevent its phosphorylation by binding the non-phosphorylated
form in vitro (Strittmater, 1994). In contrast, increased phosphorylation of tau was
observed in mice expressing human apoE4 (Brecht, 2004; Tesseur, 2000). Interestingly,
accumulation of hyperphosphorylated tau was also found in ApoE knock-out mice fed a
high cholesterol diet (Rahman et al., 2005), indicating the need for normal ApoE to
maintain cholesterol homeostasis and appropriate tau phosphorylation.
Under physiological conditions, neurons do not express ApoE, but depend on
ApoE supplied by astrocytes. Neurons take up astrocyte-released ApoE via LRP1
mediated endocytosis (Herz, 1988; Jeon and Blacklow, 2005). Importance of the role of
APOE in distributing cholesterol within the cell membrane was made evident by the
observation of Igbav-boa et al., showing that apoE-deficient mice had twice as much
cholesterol in the extracellular side of the synaptic plasma membrane than the
39

intracellular layer (Igbavboa et al., 1997). In addition, isoform-specific effects in
cholesterol transport were observed with ApoE4 being less efficient than ApoE3 (Gong,
2002; Michikawa et al., 2000; Rapp et al., 2006). There is also evidence that ApoE3expressing astrocytes can supply more cholesterol to neurons than ApoE4 expressing
astrocytes (Gong, 2002). Recent reports about ability of neurons to recycle ApoE and
retain ApoE inside cells (Fazio et al., 2000) have led to the hypothesis that ApoE may
play additional roles in mediating cell signaling and intracellular homeostasis. One such
role is its function as an antioxidant which was found to be due to its ability to bind
certain metals such as copper, iron, and zinc, with the highest binding affinity being for
iron (Miyata and Smith, 1996) . Interestingly, the antioxidant and metal binding activities
of ApoE were found to be allele-specific, with ApoE4 less efficient in binding metals
(Mutter et al., 2004) and reducing oxidative stress than ApoE3 (Miyata and Smith, 1996).
Rationale for thesis
Despite the efforts that have been made to identify factors that can trigger the
pathological events associated with AD we still don’t have a clear understanding of what
they are. It has long been believed that accumulation of Aβ is the triggering event,
preceding NFT formation, and ultimately culminating in synaptic failure and memory
impairment. However, evidence is also available indicating that tau pathology may
precede formation of amyloid plaques. Indeed, evidence of memory decline with
symptoms characteristic of AD, without amyloid plaques and/ or NFTs, leads to
questioning whether these pathological markers are the causative agents. Recently,
evidence has started to accumulate in support of the idea that formation of Aβ may be a
protective event designed to counteract additional insults in the cells. Since molecular
phenotypes such as oxidative stress, synaptic failure, neuronal loss, and cognitive decline,
characteristics associated with AD, have been shown to result from disruption of a
number of the pathways discussed above, one can easily argue that there is no linear
sequence of events that results in AD. Therefore, a multi targeted approach is needed to
study a complex disorder like AD and to develop effective therapeutics. This can be
achieved only when knowledge about interactions between the different pathways and the
potential influence of environmental factors on them becomes available. A good example
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of an interconnection between pathways that may have relevance to AD pathogenesis lies
at the intersection between iron and cholesterol metabolism. Both iron and cholesterol
metabolism have been independently implicated in the etiology of AD as described
above. A large number of studies have established that disruption of cholesterol
metabolism is associated with multiple aspects of AD, including APP metabolism, Tau
phosphorylation, synaptic integrity and transmission, and cognitive function. Iron
dyshomeostasis has also been shown to contribute to the above-mentioned aspects of AD,
suggesting a possible crosstalk between the two pathways that may result in synergistic
deleterious effects contributing to the development of AD. How these pathways may
influence each other is currently unknown. Evidence is accumulating for a potential link
between iron and cholesterol metabolism in the context of atherosclerosis, yet this link
and its relevance to AD remains largely unexplored. There is some evidence to support
this association. 1) Iron is a required cofactor for a number of enzymes involved in
cholesterol metabolism so it is logical to speculate that alteration in iron content could
influence the activity of those enzymes. 2) Iron, ApoE, and cholesterol have all been
found in association with extracellular amyloid plaques and intracellular neurofibrillary
tangles, hallmark features of AD. 3) Iron is a potent source of oxidative radicals which
have been consistently reported to affect membrane lipids and thereby influence lipid
homeostasis. 4) Rabbits fed a cholesterol-rich diet were found to accumulate iron and Aβ
deposits in the brain, and had increased mortality (Ghribi et al., 2006). Finally, and
perhaps most relevant are the recent findings that carriers of both the ApoE4 (cholesterol
transporter) allele and H63D-HFE variant (iron accumulation) had increased risk and
earlier onset of AD (Combarros et al., 2003; Moalem et al., 2000; Percy et al., 2008b;
Sampietro et al., 2001). Collectively, these studies highlight an area of investigation that
could lead to a better understanding of the underlying causes for AD.
Therefore, the overall goal of this thesis was to interrogate the link between iron and
cholesterol and its relevance to diseases. In particular, studies presented in this thesis
focused on understanding how disruption of iron homeostasis could influence cholesterol
and sphingolipid metabolism to affect cellular, molecular, and behavioral processes
characteristic of AD. The association of iron and cholesterol dyshomeostasis to cancer is
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also addressed in this thesis with background information for that topic provided in
chapter 4.

The global hypothesis under investigation in my thesis is that expression of HFE variants
establishes a permissive cellular milieu for pathogenic processes. There are two areas of
investigation in this thesis that focus on the two most prevalent HFE gene variants. For
the studies on neurological function, we have focused on the H63D gene variant because
this is the allelic variant seen most frequently in late onset neurodegenerative diseases.
The specific hypothesis for these studies is that expression of H63D-HFE is associated
with altered cholesterol and sphingolipid metabolism which can lead to disruption of lipid
raft-mediated signaling pathways, culminating in memory impairment characteristic of
AD. The second area of investigation in my thesis focuses on the C282Y allelic variant
and cancer. The hypothesis for these studies is that the expression of C282Y-HFE is
associated with disruption of cholesterol and sphingolipid metabolism. To address the
first hypothesis, I used novel cell culture and mouse models of iron overload due to
expression of H63D-HFE as well as ones that expressed WT-HFE as controls and had
normal iron content. In chapter 2, the effects of H63D-HFE on cholesterol metabolism
and phenotypes associated with AD were investigated. Chapter 3 addressed the impact of
HFE variants (H63D and C282Y) on sphingolipid metabolism. The second hypothesis
was investigated using a novel cell culture model stably expressing C282Y-HFE and
compare with cells expressing WT-HFE. The effects of C282Y-HFE on cholesterol
metabolism and implication of the resulting alterations on cancer are explored in chapter
4. Lastly, because of the importance of cholesterol in membrane integrity and cellular
function, studies were conducted to investigate the lipid composition of red blood cell
(erythrocyte) membranes in children with autism spectrum disorder. Findings from this
study are described in the chapter that is part of appendix.
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Chapter 2

H63D variant of HFE is associated with disruption of
cholesterol metabolism, brain atrophy, and cognitive
impairment: implications for Alzheimer Disease

ABSTRACT
The H63D variant of the hemochromatosis (HFE) gene, associated with deregulation of
iron homeostasis, has been implicated as a risk factor for Alzheimer disease (AD).
Apolipoprotein epsilon 4 (APOE4), a known risk factor for AD, is associated with
disruption of cholesterol metabolism. Recent studies showed that individuals with both
the APOE4 allele and the H63D variant had a much greater risk and earlier onset of AD
than individuals carrying either the APOE4 allele or H63D variant of HFE alone.
Therefore, we tested the hypothesis that H63D-HFE is associated with development of
cognitive impairment by disrupting cholesterol metabolism thereby contributing to
increased neurodegeneration, and increased memory deficits. The effect(s) of H63D-HFE
on expression of cholesterol was investigated using SH-SY5Y human neuroblastoma
cells transfected to stably express either wild type (WT-) or H63D-HFE. The ~50%
reduction in cholesterol content in cells expressing H63D-HFE was accompanied by a
significant decrease in expression of 3-hydroxy-3-methyl-glutaryl-CoA reductase
(HMGCoAR), and a significant increase in expression of cholesterol hydroxylase
(CYP46A1). Consistent with in vitro studies, H67D-HFE (homologous to human H63DHFE) knock-in mice, showed a genotype and age dependent decline in brain cholesterol
relative to WT-HFE controls and similar changes in expression of proteins regulating
cholesterol metabolism. The reduction in cholesterol in brains of H67D-HFE mice was
accompanied by a significant decrease in expression of synapse and myelin management
proteins, significant increase in caspase-3 expression, and cortical and hippocampal
neurodegeneration in the brains of 18 and 24 month old mice. Performance on learning
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and memory tasks (novel object recognition and Barnes maze) indicated that H67D-HFE
mice had poorer cognitive function than WT-HFE mice. Magnetic resonance imaging of
24 month-old mice showed a greater reduction in volume of brains in H67D-HFE
mice. Combined these data indicate that the H63D/H67D variant contributes to the
disease process in AD by altering iron and cholesterol metabolism, which is accompanied
by neuronal loss, brain atrophy, and memory impairment which can promote earlier onset
of AD seen in carriers of H63D.

Introduction
Alzheimer disease (AD), the most common form of dementia, affects more than 5.3
million people in the United States. AD is the seventh cause of death overall and the fifth
cause of death for those over 65. It is estimated that about half of those aged 85 and over
have significant cognitive impairment. While the mechanism(s) that results in the
pathogenesis of AD are not completely understood, disruption of cholesterol homeostasis
(Shobab et al., 2005; Sjogren et al., 2006) and metal-induced oxidative damage (Arosio
and Levi, 2002; Connor and Lee, 2006; Fuhrman et al., 1994; Uttara et al., 2009) have
been consistently reported in AD. Despite advances made in understanding potential
effects of each of these pathways, little attention has been given to the influence of
alterations in each of these pathways on the etiology of this disorder. The observation that
characteristics associated with AD can be induced by either cholesterol or iron
dysregulation, supports the hypothesis that disruption of one pathway could influence the
other. Despite the relevance of disruptions in either the iron or cholesterol pathway to
development of AD, the interactions of these pathways in AD have not been explored.

Disruption of cholesterol homeostasis has been strongly implicated in AD with
the strongest risk factor identified thus far for late onset of AD being the presence of the
apolipoprotein E Ɛ4 allele of the apolipoprotein E (ApoE) gene. The ApoE4 allele which
encodes the ApoE4 protein needed for cholesterol transport is found in more than 40% of
those affected with AD. In contrast, the apolipoprotein E Ɛ2 allele is associated with
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reduced risk of AD while the apolipoprotein E Ɛ3 allele is considered the norm. The lack
of functional ApoE in brains isolated from mice expressing ApoE4 is accompanied by
reduced levels of neuronal cholesterol (Gong et al., 2002) presumably due to the
decreased ability of ApoE4 to deliver cholesterol to them (Bu, 2009). Variations observed
in phenotype (onset, progression, and severity) of disease in ApoE4 allele carriers suggest
the presence of additional genetic modifiers of AD in the population.

One such possible modifier is HFE (high iron protein) which is known to regulate
iron uptake (for a recent review see (Connor and Lee, 2006; Nandar and Connor). Iron
accumulation has been found in the vicinity of amyloid plaques in the brains of patients
with AD (Connor et al., 1992) and its accumulation in brain is accompanied by increased
oxidative stress which is also consistently observed in AD (Connor et al., 1992; Liu et al.,
2005; Markesbery, 1997; Maynard et al., 2005). Iron is thought to induce its toxic effects
by generating reactive oxygen species (ROS) via the Fenton reaction (Liu et al., 2006;
Okada, 1996). The interaction of HFE with the cell surface-bound transferrin receptor
(TfR) limits iron uptake into cells by reducing the affinity of the receptor for iron-bound
transferrin (Tf). The H63D variant of HFE is unable to reduce affinity of the receptor for
iron-bound Tf which results in uptake of more iron by cells. Indeed, MRI studies have
revealed an increased accumulation of iron in carriers of H63D-HFE (Bartzokis et al.;
Burt et al., 1998), and in individuals with hemochromatosis (Berg et al., 2000; Nielsen et
al., 1995). More iron in cells can result in production of toxic oxidative radicals.
Oxidative stress resulting from iron accumulation has been linked to synapse loss and cell
death (Bush, 2003). These observations led to studies of proteins involved in iron
homeostasis and their possible roles in AD with interest focused on HFE and its variants
due to their prevalence, as high as 24%, in certain populations (Adams et al., 2005; Burt
et al., 1998). A number of studies have reported an increased frequency of the H63DHFE variant in AD patients (Combarros et al., 2003; Connor and Lee, 2006; Moalem et
al., 2000; Percy et al., 2008; Pulliam et al., 2003; Sampietro et al., 2001). However, other
studies showed a trend but failed to show significant association between H63D-HFE and
AD (Berlin et al., 2004; Lleo et al., 2002). The apparently inconsistent findings may
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reflect additional gene/environment interactions. Iron exposure can be affected by
differences in life style (ex. smoking and diet) as well as other genetic factors. A
consistent observation is that when the H63D-HFE variant is present in combination with
the ApoE4 allele there is a significant increase in earlier onset of AD (Combarros et al.,
2003; Percy et al., 2008; Pulliam et al., 2003).

Expression of ApoE4 in mice is associated with a lack of functional ApoE and a
reduction in cholesterol delivery to neurons (Gong et al., 2002) which is consistent with
findings in human AD patients (Lambert et al., 2005). Loss of cholesterol content found
in AD brains (Ledesma, 2003; Ledesma and Dotti, 2006) can affect cell membrane
integrity, formation of lipid rafts within cell membranes, and myelination. It can also
result in synapse loss, altered cognitive function, and cell death. In light of the
epidemiological studies showing earlier onset of AD in individuals expressing both
APOE4 and H63D-HFE, we investigated the effect of expression of H63D-HFE on
cholesterol metabolism and its possible association with development of the AD
phenotype. More specifically, we tested the hypothesis that H63D-HFE is associated with
the development of cognitive impairment by disrupting cholesterol metabolism thereby
causing decreased brain volume, and increased memory deficits. To address this
hypothesis, H63D-HFE expressing human neuroblastoma cells and a mouse model
expressing H67D-HFE (analogous to the human H63D variant) were studied. In the
present study, we found that the H63D/H67D-HFE variant induced reduced expression of
cholesterol, altered expression of proteins involved in management of synaptic
transmission and myelination, and poorer memory function.

Experimental Procedures:
Cell culture
Human neuroblastoma SH-SY5Y cells stably transfected to express either WT- or H63DHFE were generated as previously described (Lee et al., 2007). Cells were cultured in
DMEM-F12 medium (Gibco) supplemented with 10% fetal bovine serum (Gemini-
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Bioproducts), 1% non-essential amino acids (Sigma), 1% penicillin-streptomycin
(Invitrogen), sodium bicarbonate (Sigma), and Geneticin (Invitrogen). Cells were
cultured at 37°C in an atmosphere of 5% CO2/95% air.
Gene expression analysis
Total RNA was isolated from SH-SY5Y cells expressing either WT- or H63D-HFE using
the RNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions. Recovered
RNA was quantified by measuring absorbance at 260 nm. Using the RT2 First Strand Kit
(Qiagen), cDNA was prepared by reverse transcription of isolated RNA. For qRT-PCR
reactions, 4 ng cDNA/ well was added to a commercially available 96 well Lipoprotein
signaling and cholesterol metabolism gene array containing primer pairs specific for 96
genes involved in cholesterol metabolism (cat # PAHS-080Z; SABiosciences, Frederick,
MD) along with RT2 SYBR® Green/ROX™ qPCR Master Mix and reactions carried out
according to the manufacturer’s directions. Gene expression of each of the 96 genes was
monitored using an ABI 7800 (Applied Biosystems, USA). Data were normalized to
expression of mRNA for both actin and ribosomal protein L13A.

Biochemical assays
i) Cholesterol measurement
Lipids were extracted from equal numbers of cells (106) of each cell type using
chloroform: isopropanol:Triton X-100 (7:11:0.1). The CHCl3 (bottom) layer was
collected, dried, and the extracted material resuspended in the cholesterol reaction buffer
provided with the Biovision kit. Cholesterol content was measured using the cholesterol
quantification kit according to the manufacturer’s (Biovision) protocol.
ii) Determination of the effect of 24S-hydroxy cholesterol (24S-HC) or simvastatin on
cell survival
Cells treated with 24S-HC (Enzo Lifesciences) or simvastatin (Sigma) were seeded at 105
cells per well in a 96 well plate and allowed to grow for 1 day in regular medium (as
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described above). Cells were then treated with 50µM 24S-HC or 10µM simvastatin for
24 hrs in serum-free medium. Cell survival was measured using the MTS assay according
to the manufacturer’s protocol (Promega).
iii) Western blot analyses
Cell lysates from WT- and H63D-HFE expressing cells were prepared in RIPA buffer
(Sigma) containing a protease inhibitor cocktail (Sigma, S8340). Samples were sonicated
for 10 seconds followed by centrifugation at 10,000g for 1 min at 4˚C and the supernatant
collected. After determining protein content using the Dc Protein assay (BioRad),
samples were diluted in sample buffer (137mM Tris-HCL, pH 6.8, 22% glycerol, 4.4%
SDS, 5% bromophenol blue) to a final concentration of 50µg and boiled for 5 min prior
to separation of protein components on a 10% pre-cast gel (BioRad) by sodium
dodecylsulfate-polyacrylamide

gel

electrophoresis

(SDS-PAGE).

Mouse

brain

homogenates were prepared as described below and samples containing 30µg of total
protein separated in the same manner. Following electrophoresis, proteins were
transferred onto a PVDF membrane (Millipore) using a wet transfer apparatus (BioRad)
with Tris-Glycine, pH 7.4, as the transfer buffer. After allowing the transfer to occur for
~16 hr at 4˚C, membranes were blocked with 5% non-fat dry milk in TBS-T buffer (1M
Tris, 1.54M NaCl, pH 7.4, and 0.1% Tween-20) for 1 hr at room temperature prior to
probing with primary antibodies overnight at 4˚C. Membranes were then washed three
times with TBST prior to a one hr incubation at room temperature with the appropriate
secondary antibody in TBS-T containing 2% non-fat dry milk. After washing membranes
three times with TBST, bands were visualized using either Pico or Femto SuperSignal
West Maximum Sensitivity SubstrateTM (Pierce) and exposure in a Fuji Film LAS 3000.
Antibodies used were: CYP46A1 (ProteinTech; 12486-1-AP), HMGCoA reductase
(Millipore; 07-457 and Biovision; 3952), Synaptophysin (ab8049), SNAP-25(ab53723),
PSD-95 (ab18258), LDLR (ab30532), CNPase (ab6319), Caspr (ab34151), and NogoA
(ab62024) (Abcam), Caspase-3 total and cleaved Caspase-3 (Cell signaling; 9662 and
9661), NeuN (Millipore; MAB377X), and Actin (Sigma; A5441). All primary antibodies
were diluted 1:500 except actin (1:1000). Actin was used as a loading control.
Horseradish peroxidase conjugated anti-mouse or anti-rabbit secondary antibodies
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(1:5000, Amersham Bioscience) were used to monitor bands bound by primary
antibodies. Comparisons were made between samples run on the same blot. Band
intensity was measured using MultiGauge software (FujiFilm). Expression of each
protein studied was normalized to actin and given as a percentage of the samples from
WT-HFE cells/animals. Protein expression studies focused on mice 18 and 24 months of
age because they were the mice used for behavioral studies and brain volume
measurements.

Immunocytochemistry:
For a qualitative analysis of cellular cholesterol, cells were stained with filipin which is
known to bind cholesterol (Miller, 1984). Briefly, 105 cells were seeded per well on
collagen coated 4 well chamber slides and maintained as described previously. When
just confluent, cells were washed with phosphate buffered saline (PBS) prior to fixation
in 4% paraformaldehyde in PBS (30 min, 4˚C). After washing cells with PBS, cells were
stained with filipin (50µg/ml) for 5 min in the dark. After removing excess filipin by
washing the cells three times in PBS cells were visualized by fluorescent microscopy
using a Nikon Eclipse 80i microscope connected to a Nikon Digital Sight camera. Images
were captured using Nikon’s NIS-Elements Br Software,version 3.00.
Animals
All animal experiments were approved by the Penn State Hershey Medical Center
IACUC (protocol #2007-131). H67D knock in mice were generated and genotyped as
previously described (Liu et al., 2011; Tomatsu et al., 2003). For harvesting tissue, mice
were anesthetized with pentobarbital (>100 mg/kg, i.p. administration) or a ketamine and
xylazine mixture (>100 mg/kg ketamine, 10 mg/kg xylazine, i.p. administration). Blood
was collected by cardiac puncture. Serum was collected by centrifuging samples (20 min
at 12000rpm) at 4˚C and was stored at -800C until analyzed. At the end of behavioral
testing, brain and other organs were collected. The right half of each brain was snap
frozen in liquid nitrogen and stored at -80˚C until studied. The left halves of each brain
were fixed overnight in ice cold 4% paraformaldehyde prior to embedding in paraffin and
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then stored at room temperature until analyzed. Brains of both male and female mice of
each genotype were examined at 12, 18, and 24 months of age. For each of the behavior
tests, mice were randomized into groups of 3-4. Mice were kept on a 12 hr light/12 hr
dark cycle.

Preparation of Mouse brain homogenates
Right brain hemispheres of mice were weighed and homogenized in 0.1M phosphatebuffered saline (PBS), pH7.4, containing 0.32M sucrose and a cocktail of protease
inhibitors (Sigma), at 4˚C using a dounce homogenizer. For brain cholesterol analyses,
brains were homogenized in the same buffer minus 0.32M sucrose.

Histological Analyses for determination of neurodegeneration
Serial 8µm-thick coronal brain sections of WT- and H67D-HFE homozygous mice
(stratified n=3 per gender genotype group) between Bregma -2.30mm to -2.46mm were
used for immunohistochemical analyses to assess apoptotic prevalence in the cortex and
hippocampus.
i)

Immunofluorescent staining of cleaved Caspase-3 and neuronal nuclei

Paraffin-embedded 8µm-thick brain sections of male and female mice were
deparaffinized by heating at 55˚C for 25 min and subsequent immersion in xylenes.
Tissue sections were rehydrated in a series of ethanol dilutions ending with distilled
water. Sections were then boiled for five min in 10mM citrate buffer, pH 6.0, prior to
blocking in an aqueous solution containing 10% normal goat serum (NGS; Gibco) and
0.1% Triton X-100 (Sigma) for one hr at 23˚C. Sections were then exposed to rabbit anticleaved caspase-3 polyclonal (Cell Signaling) and mouse anti-neuronal nuclei (NeuN)
monoclonal (Chemicon) antibodies, diluted 1:300 and 1:100, respectively, in a solution
containing 10% normal goat serum (NGS; Gibco) and 0.1% Triton X-100 (Sigma). After
18 hrs at 4˚C in a humidified chamber, unbound primary antibody was removed by 4,
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10min washes with PBS, pH 7.4. Sections were then incubated for one hr at room
temperature with goat anti-rabbit antibody conjugated to AlexaFluor 555 (Invitrogen),
goat anti-mouse antibody conjugated to AlexaFluor 488 (Invitrogen), and DAPI (4',6diamidino-2-phenylindole; Invitrogen) at respective dilutions of 1:200, 1:300 and
1:10,000. Unbound antibody was washed from sections using PBS as described above, a
drop of Fluoromount (Sigma) applied per section and sections sealed with glass
coverslips. Slides were stored in the dark at 4˚C and visualized within 48 hr. Specificity
of both NeuN and cleaved caspase-3 antibodies was confirmed by Western blotting.
ii)

TUNEL assay

The DeadEnd Fluorometric TUNEL System (Promega) was used according to the
manufacturer’s protocol. Sections were deparaffinized via immersion in xylenes and
rehydrated as described above. Sections were then fixed for 15 min in a 4%
paraformaldehyde solution (Sigma) and washed in PBS. Tissues were then permeabilized
by a 10 min incubation with 20 µg/ml Proteinase K. After re-fixing sections in 4%
paraformaldehyde, they were washed with PBS. A positive control was prepared by
incubating one slide for 10 min with 10 units/ml of DNase 1(Qiagen). Tissues were
incubated in equilibration buffer, followed by a two hr incubation in the dark at 37˚C
with recombinant terminal deoxynucleotidyl transferase and a fluorescein conjugated
dUTP mix. The reaction was terminated by immersion in a neutral citrate buffer, and
unincorporated fluorescent nucleotides removed by washing with PBS. Nuclei were
stained by a 15 min exposure of sections to a 1µg/ml solution of propidium iodide.
Sections were then washed thoroughly with distilled water prior to being sealed, and
processed as described previously.

iii) Immunofluorescent imaging and analysis
Immunofluorescent brain sections were visualized using a Nikon Eclipse 80i microscope
connected to a digital camera (Nikon Digital Sight). Images were captured using Nikon’s
NIS-Elements Br Software, version 3.00 at 23˚C in a dark room. The cleaved caspase-3
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and neuronal nuclei colocalization study provided qualitative information, while the
TUNEL assay provided quantitative data.
The number and proportion of healthy versus apoptotic cells were quantified by a blinded
investigator using the Image J Cell Counter to analyze a 431µm by 323 µm region of the
posterior parietal cortex. Similarly, apoptotic cells were quantified in the hippocampal
CA3c area between dentate gyrus pyramidal cell layers in a 150 µm by 325 µm region.
Apoptotic cells were defined by the colocalization of TUNEL and propidium iodide
staining which gave a yellow hue when the images were merged. Brightness and contrast
were adjusted equivalently across all images to reduce background (Adobe Photoshop 7).

Brain volume measurement
Changes in brain volume were measured using 3D T2-weighted scan rapid acquisition
with relaxation enhancement (RARE) magnetic resonance imaging (MRI). Mouse brain
images were obtained using a 7-tesla (300MHz) 70/20as Bruker Biospec MRI
system (Bruker Biospin, Germany). Prior to placement in the animal holder (an Acrylic
Glass® animal cradle equipped with a nosecone and adjustable bite bar), mice were
anesthetized using vaporized isoflurane gas (2-3%), and their eyes lubricated with a
sterile ophthalmic solution. During imaging, animals were exposed to isoflurane gas (12%, 0.8 liters/minute flow rate). To ensure the animal’s safety during the imaging
procedure respiration was monitored using a PC-SAM Model 1025 fiber optic sensor (SA
Instruments, Stony Brook, NY). The flow of the isoflurane gas was adjusted during
imaging in response to the animal’s monitored breaths per minute. A vortex heating
system (Vortex Tube, Exair Corporation, Cincinnati, OH) was used to warm the animals
during imaging. Upon completion of the imaging, the animal was removed from the MRI
system and allowed to recover underneath a 60-watt frosted light bulb. Baseline images
were obtained when the mice were 9 months old. The same animals were scanned again
at 22 months.
After the initial localizer scan was performed, a 3D T2-weighted scan (RARE) of the
entire brain was acquired using the following parameters: TR/TE=2000/16.75ms, 2
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averages, 4 echoes, 256x256x32 matrix, 2.5x2.5x1.5cm FOV, RARE factor=8 and slab
thickness 15mm. Total acquisition time of the scan was 75 min. Images were processed
by qMRI software followed by region of interest (ROI) analysis using MRICro.
Quantitative analyses were performed to obtain total brain volume, ventricle size, and
thickness of corpus callosum.
Learning and memory assessment tests
i)

The novel object recognition test (Kenney et al., 2011) was used to measure the

ability of mice to remember the difference between an old and a new object. Mice with
intact memory prefer to spend more time with a novel object than with an object they
have seen before. The outcome measure for this test is the time spent with each object.
The objects used in this study included a 50ml plastic conical tube, 25ml glass flask,
square-shaped plastic blocks, and small plastic rectangular container. Briefly, on day 1,
each mouse was habituated to a square open field (50cm by 50cm) for 7 min. The
apparatus was cleaned with 70% ethanol between the testing of each subject. On day 2,
each mouse was allowed to explore two identical objects for 7 min in the same square
area. Now both the apparatus and objects were cleaned with 70% ethanol between the
testing of each subject. An hour later mice were exposed to the same environment except
that one of the old objects was replaced with a novel object. The amount of time spent
with each object was measured over a 7 min period. This provided a measure of shortterm memory. On day 3, 24 hr after the mice first saw the objects, object 3 (which was
seen during the post-1hr test period) was replaced with a new novel object. Again, the
amount of time spent with each object during a 7 min test period was recorded. This
measure provided an assessment of long-term memory. Test sessions were recorded and
analyzed using a video camera and Limelight behavior tracking analysis software
(Actimetrics). Object exploration was counted when a mouse was facing towards the
object and sniffing and/or standing near it (<2cm). Preference for the novel object was
calculated by dividing time spent with the novel object by the sum of time spent with
both the familiar and the novel object. Both male and female mice (n=7-17 per genotype)
were used in the study.
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ii)

The novel object location test was performed in the same manner as the novel

object recognition test except, rather than using a novel object, the location of the object
was changed during the test phase. Different sets of objects were used for the object
recognition and object location tests to ensure that the animals did not get too familiar
with them. Visual cues consisting of a big checkered pattern and a triangular pattern were
inserted on opposite walls of the open filed apparatus (Kenney et al., 2011).

iii)

The Barnes maze test was used to assess spatial learning and memory (Patil et al.,

2009). The maze consisted of a circular table with 20 holes, with an escape box, placed
under one hole (Stoelting Co.). When placed on the maze, mice were motivated to search
for the hole leading to the escape box via exposure to a bright light (80-watts bulb; 90cm
above maze) and a loud buzzer (85dB). Mice were pre-trained with use of an escape box
prior to testing. The position of the escape box was kept constant throughout the testing.
To prevent a mouse from following smell cues from a previous mouse, the surface of the
Barnes maze, start chamber, and escape box were washed down with 70% ethanol
between each mouse. Each mouse went through 4 trials per day for 4 days with a 15 min
inter-trial interval. During each trial, the mouse was placed in the center of the maze
under a start chamber for 10 seconds with both the buzzer and light on, then allowed to
explore the maze for 3 minutes. A probe trial on day 5 was used to measure short term
memory, while a probe trial on day 12 measured long term memory. For both probe
trials, mice were allowed to explore the maze for 90 seconds. All sessions were video
recorded. In all trials, time for the mouse to find the escape hole, number of errors, and
distance traveled to reach the escape hole were measured. Primary latency was defined as
the time it took for the mouse to first visit the escape hole. Total latency was the time it
took for a mouse to enter the escape hole. Latency measures were scored manually. Other
outcome measures were analyzed using ANY-maze (Stoelting Co.) video tracking
software.

Statistical analyses
Data were analyzed using a one-way analysis of variance (ANOVA) followed by
Newman-Keuls post-hoc tests to evaluate effects of multiple treatments. A two-way
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ANOVA followed by Bonferroni tests was used to compare the effect of age and
genotype for age-related changes in brain cholesterol of HFE variant mice. Two-tailed
and unpaired Student t-tests were used to compare the effect of genotype using Graphpad
(Prism) software. Behavioral data were analyzed using mixed factorial ANOVAs using
Statistica. Post hoc tests were conducted, where appropriate, using Newman-Keuls tests.
Correlation analyses were performed using Graphpad prism. Error bars in all figures
represent the standard error of the mean. Symbols used to indicate significance were as
follows; *** p<0.001, ** p<0.01, * p<0.05.
Brain iron measurement
Total brain iron content was measured by graphite furnace atomic absorption
spectroscopy (spectrophotometer model 5100 AA, Perkin-Elmer, Norwalk, CT)
according to standard methods (Erikson et al., 1997). Protein content was measured by
Lowry assay according to the manufacturer’s protocol (Bio-Rad) / BCA assay (Pierce).
Iron content was calculated per µg of protein.

RESULTS
Effect of the H63D-HFE variant on total cholesterol content
To study the effects of H63D-HFE on cells, SH-SY5Y cells transfected to stably express
WT- or the H63D-HFE protein (Lee et al., 2007) were used. Because previous studies
indicated that both proteins are associated with lipid rafts and that expression of H63DHFE was accompanied by changes in expression of glycosphingolipids (Ali-Rahmani et
al., 2011), lipids enriched in lipid rafts, we hypothesized that it might also affect
metabolism of cholesterol, another lipid enriched in rafts. Analysis of cellular cholesterol
content indicated that H63D-HFE expressing cells had ~50% less cholesterol than WTHFE cells (Figure 1A). Exposure to filipin, a cholesterol binding dye (Miller, 1984), also
indicated that H63D-HFE cells had less cholesterol than those expressing WT-HFE
(Figure 1B).
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Effect of H63D-HFE on expression of proteins affecting cholesterol metabolism
To investigate the underlying cause(s) of the decrease in cholesterol content of H63DHFE cells relative to those expressing WT-HFE, expression of 96 key genes encoding
proteins involved in cholesterol metabolism was ascertained using a Lipoprotein
signaling pathway focused gene array. Expression of a number of genes was altered in
H63D-HFE cells relative to WT-HFE cells (Table 1). Only genes with a 2-fold or greater
change in expression were considered to be significantly affected. CYP46A1 and AMPK,
the two most highly over-expressed genes (>5 fold), encode the enzymes cholesterol 24hydroxylase and AMP-activated protein kinase, respectively.
Protein expression of CYP46A1 was also elevated in H63D-HFE cells (Figure 1C).
Because activation of AMPK results in inhibition of cholesterol synthesis (Hardie, 2003),
we measured and found that the expression of HMGCoA reductase (HMGCoAR), an
enzyme mediating the rate limiting step in cholesterol synthesis, was reduced in H63DHFE cells (Figure 1D). Though the level of mRNA for HMGCoAR wasn’t significantly
altered in the gene expression study, protein levels were significantly lower in H63DHFE cells. No difference in expression of the low density lipoprotein receptor (LDLR)
was observed between WT- and H63D-HFE expressing cells, indicating that the uptake
of cholesterol by cells was not altered. To determine whether there was an effect of iron
on the cholesterol content of cells, WT- and H63D-HFE cells were treated with 100µM
of the iron-loading compound, ferric ammonium citrate (FAC), or 20µM of the iron
chelator, deferoxamine (DFO) for 24 hr and cholesterol content measured (Figure 1F). To
demonstrate that cells took up iron when treated with FAC and were depleted of iron
upon treatment with DFO, cellular expression of TfR was measured under the same
treatment conditions used to assess cellular cholesterol content (Figure 1E). The
expression pattern of TfR for WT- and H63D-HFE cells after treatment with FAC or
DFO indicated that both treatments were effective; iron-loaded cells showed a significant
reduction in expression of TfR, while iron depleted cells had a significant increase in its
expression relative to untreated controls (p<0.001). Genotype-specific effects were
observed on cholesterol content of cells after manipulation of their iron content. While
iron-loading was accompanied by an increase in cholesterol content in WT-HFE cells (p

103

<0.05), H63D-HFE cells underwent a significant reduction in cholesterol content (p
<0.001) with iron loading treatment relative to the untreated controls (Figure 1F). While
iron chelation significantly elevated cholesterol of WT-HFE cells (p <0.05), cholesterol
content of H63D-HFE cells was not significantly altered relative to untreated controls (p
>0.05). These observations indicate that a decrease in iron in H63D-HFE cells was
accompanied by an elevation in cholesterol content relative to that of iron-loaded H63DHFE cells (p <0.001), suggesting that in these cells there was an inverse effect of iron
content on cholesterol level.

Effect of cholesterol manipulations on survival of H63D-HFE cells
To ascertain whether reduction of cholesterol in H63D-HFE cells had a functional
consequence, survival of cells treated with simvastatin (an inhibitor of HMGCoAR and
therefore of cholesterol biosynthesis) was measured using the MTS assay. Decreased
survival was observed in H63D-HFE cells treated with simvastatin relative to WT-HFE
controls (Figure 2A), indicating that greater reduction of cholesterol in H63D-HFE cells
decreased their survival. To determine whether 24S-hydroxycholetsterol (24S-HC), the
product of the enzymatic action of CYP46A1, affected cell survival, cells were treated
with 50µM 24S-HC in medium containing no serum and cell survival also measured
using the MTS assay. Survival of H63D-HFE cells treated with 24S-HC was reduced by
10% compared to WT-HFE cells treated analogously and by 30% relative to untreated
control

WT-

and

H63D-HFE

cells,

indicating

genotype

dependent

growth

inhibiting/cytotoxic effects of 24S-HC (Figure 2B).

Effect of H67D-HFE (mouse homologue of H63D-HFE) on cholesterol metabolism in
brains of mice
To test the relevance of the in vitro findings, total cholesterol levels in the brains of
transgenic mice expressing either WT- or H67D- (homologous to human H63D) HFE
were determined for mice

12, 18, and 24 months of age. With increasing age, a
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significant reduction (p<0.0001, n=7-19, two-way ANOVA followed by Bonferroni posttests) of total cholesterol was observed in brains from H67D-HFE mice relative to those
from WT-HFE mice (Figure 3A). Consistent with findings from the in vitro studies,
protein expression of CYP46A1 was elevated (p<0.05) while HMGCoAR expression was
significantly (p <0.001) reduced in total brain homogenates of 18 and 24 month old
H67D-HFE mice (Figure 3B & C). No significant difference in expression of LDLR was
observed (Figure 3D). Due to the similar trend of changes in protein expression, only
graphs from 18 month old animals are shown. Combined these changes are consistent
with the decrease in total brain cholesterol found in H67D-HFE mice.

Effect of H67D-HFE on expression of synaptic proteins
Because cholesterol plays a critical role in synaptic vesicle recycling, regulation of
synaptogenesis, and neurite outgrowth (Koudinov and Koudinova, 2005; Linetti et al.,
2010) and the association of cholesterol with synaptophysin is essential during
synaptogenesis (Thiele et al., 2000), we hypothesized that a decrease in cholesterol would
disrupt synaptic machinery in H67D-HFE mice. To determine whether the H67D-HFE
induced reduction in brain cholesterol had an effect on synaptic transmission, we
measured total brain expression of pre- and post-synaptic proteins. Western blot analyses
indicated that brains from H67D-HFE mice had reduced levels of the presynaptic vesicle
proteins synaptophysin (p<0.001) and SNAP-25 (p<0.01), and post-synaptic vesicle
protein PSD-95 (p<0.01) relative to those from WT-HFE mice (Figure 4A-C). Total
brain expression of SNAP-25 positively correlated with brain cholesterol content
(overall: Pearson r=0.7263, p<0.001 and a separate analysis for H67D-HFE mice alone:
Pearson r=-0.8578, p<0.01) (Fig. 10A).

H67D-HFE affects myelination
Because cholesterol is essential for proper myelination of the brain (Saher et al., 2005),
we monitored expression of NogoA, Caspr and CNPase, markers of myelination, in
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homogenates of brains from 18 month old mice. While expression of NogoA and Caspr
was significantly decreased in brains from H67D-HFE mice (p<0.001 and 0.01,
respectively), CNPase expression was not (p>0.05) (Figure 5A-C). Interestingly, volume
of the corpus callosum, a region of the brain primarily involved in myelination (Yates
and Juraska, 2007), was significantly (p<0.001) reduced in brains of 24 month old H67DHFE mice (Figure 7A & B).

Expression of H67D-HFE is accompanied by neuronal loss and a reduction in brain
volume
The significant reduction in expression of both synaptic and myelin proteins supported
the hypothesis of increased neurodegeneration in brains of H67D-HFE mice. Reduction
in expression of the neuronal marker NeuN in brains of H67D-HFE mice (p<0.001)
coupled with the concomitant increase in levels of total and cleaved Caspase-3 in whole
brain homogenates (Figure 6 A-C) further supported this hypothesis. To ascertain
whether the reduction in neuronal markers was due to neuronal loss, hippocampal
sections from brains of 18 month old mice were analyzed for NeuN (nuclear neuronal
protein) and cleaved Caspase-3 using immunohistochemistry. The colocalization of
NeuN and cleaved Caspase-3 indicated neuronal loss in the cortex and hippocampus of
H67D-HFE mice (Fig. 6D & E), a loss corroborated by the increase in TUNEL staining
(Fig. 6F & G) seen in the cortex and hippocampus of brains from 18-month old H67DHFE mice. Quantitative analyses showed ~90% increase in TUNEL positive apoptotic
cells in the cortex and 31% in the hippocampus of H67D-HFE mice relative to WT-HFE
mice (p= 0.034 and p= 0.015, respectively) (Figure 6H).
Because excessive neuronal loss can result in brain atrophy, MRI was used to
measure brain volume of WT- and H67D-HFE mice. Baseline images obtained from 9
month old mice as well as follow-up scans taken at 22 months, showed 6 and 6.5%
decrease in total brain volume of H67D-HFE mice relative to brains of WT-HFE mice
(Fig. 7B; p= 0.02 and 0.002; unpaired t-test used at 9 (n=10 per genotype) and 22 months
(n=8-9 brains per genotype), respectively. Region of interest (ROI) analyses in the brains
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of 22 month old mice showed a 57% increase in ventricle size (p= 0.006) and 22%
decrease in volume of the medial corpus callosum (p=0.0007) in the brains of H67D-HFE
mice (Figure 7 A&B). Consistent with volumetric measurements, total weight of brains
from H67D-HFE mice was significantly less than brains from WT-HFE mice (Fig. 7C;
p<0.0001). Overall, brain volume measured by MRI and wet brain weight correlated
positively (Pearson r=0.53; p=0.03) (Fig. 10B). Brain cholesterol content also correlated
positively with brain volume overall and by genotype (overall: Pearson r=0.91; p<0.001,
WT-HFE: Pearson r=0.86; p=0.0024, H67D-HFE: Pearson r=0.81; p=0.02, respectively)
(Fig. 10C).

H67D mice show impaired recognition and spatial memory
Novel object recognition, novel object location, and the Barnes maze were used to assess
functional effects of the H67D-HFE variant on learning and memory. These tests were
performed in mice at 14 or 18 months and, in a separate group of mice, at 24 months.
Both male and female mice were used for all three tests and data were collapsed across
male and female mice to show the effects of genotype (Figure 8). Effects of gender,
where found, are discussed below. For the novel object recognition and location tests,
testing occurred 1 and 24 hr following initial exposure to the objects and location. Data
were collapsed across male and female mice and across the 1 and 24 hr tests because
performance of both genders in these tests trended in the same direction (Figure 8A & B);
exceptions are discussed below.

Novel Object Recognition: 14 Months. The data were analyzed using a 2 x 2 x 2 mixed
factorial ANOVA varying gender, genotype, and days (1 or 24 hr test). The results of this
ANOVA revealed a significant main effect of genotype, F (1,15) = 10.64, p<0.005,
showing that H67D-HFE mice exhibited less preference for the novel object (i.e., poorer
retention) compared to WT-HFE mice overall. No other main effects or interaction was
statistically significant; p<0.05 (Figure 8A, left panel). Novel Object Recognition: 24
Months. A similar pattern was evident at 24 months, (Figure 8A, right panel). In support,
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the results of a 2 x 2 x 2 mixed factorial ANOVA showed that the main effect of
genotype was significant, F (1,13) = 19.7, p<0.0006. Thus, like the 14-month old
animals, 24 month old H67D-HFE mice exhibited impaired recognition of a novel object.
Unlike the 14 month old subjects, a significant genotype x gender interaction was
observed in 24 month old mice, F (1,13) = 5.74, p<0.03. Post hoc Newman-Keuls tests
indicated that females in the H67D-HFE group actually performed more poorly than the
males, p<0.02 (data not shown). Indeed, female H67D-HFE mice performed significantly
more poorly than did their WT-HFE controls, p<0.001, while male mice in the H67DHFE group did not (p>0.05). Therefore, the effect in the 24-month old subjects was
carried primarily by the female H67D-HFE mice.

Preference for a Novel Location: 14 months. Data for these studies were analyzed as
described for the novel object recognition test. The results showed no statistically
significant main effect of gender, F (1,17) = 2.21, p<0.1, genotype, F (1, 17) = 3.27,
p<0.09, or days, F < 1.0, nor interactions thereof, Fs < 1.0, (Figure 8B, left panel).
Preference for a Novel Location: 24 months. The results of a similar ANOVA for the
24-month old mice revealed a highly significant main effect of genotype, F(1,14) = 14.1,
p<0.002, indicating that the aged H67D-HFE mice had poorer recollection of familiar
objects when presented in a novel location than WT-HFE controls (Figure 8B, right
panel). Neither the main effect of gender, F (1,14) = 2.84, p<0.1, nor the gender x
genotype interaction, F < 1.0, was significant. In contrast, the main effect of day, F (1,14)
= 11.22, p<0.004, and the day x genotype interaction, F (1,14) = 4.79, p<0.05, were
statistically significant. Post hoc analysis of the day x genotype interaction showed that
WT-HFE mice performed better than H67D-HFE mice, but only when tested 1h
following initial exposure to the objects, p<0.05 (data not shown). No other effects were
significant.
Barnes Maze Primary Latency: To assess spatial memory, responses of 18- and 24month old mice were assessed using a non-aversive Barnes maze test. Analysis of data
obtained on days 1-4 was conducted using a 2 x 2 x 4 mixed factorial ANOVA, varying
genotype, gender, and day (1-4). Primary Latency: 18-month old mice. The results
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revealed a significant main effect of genotype, F(1,28)= 15.93, p=0.0004, indicating that
the H67D-HFE mice took longer to find the hole overall relative to WT-HFE controls (
Figure 8C). Neither the main effect of gender, F (1,28) = 2.84, p<0.1, nor gender x
genotype interaction, F < 1.0, were significant. While the main effect of days, F (3,84) =
56.7, p<0.0001 was significant, the days x genotype interaction, F < 1 was not. Primary
Latency: 24 month old mice. Analysis of the data for the 24 month old mice also
revealed a significant main effect of genotype, F(1,17)= 19.31, p=0.0004 ( Figure 8F),
and no significant main effect of gender, F<1. In contrast to 18-month old animals, the
genotype x gender interaction F(1,17) = 4.69, p<0.05 was significant. Post hoc analysis
of the genotype x gender interaction indicated that male H67D-HFE mice took
significantly longer to find the hole than male WT-HFE mice p=0.001. The performance
of female mice however did not differ as a function of genotype p>0.05. Together these
observations indicate that the overall difference in primary latency was driven, primarily,
by behavior of the male mice. The main effect of days, F (3,51) = 17.93, p<0.0001, but
not the days x genotype interaction, F<1.0 attained statistical significance.
Barnes Maze Total Latency: Total latency was defined as the amount of time it took for
the mouse to enter the target hole. Total Latency: 18 month old mice. Analysis of data
as described for tests of primary latency indicated a significant main effect of genotype,
F(1,28)= 5.23, p<0.03 in 18 month-old mice, reflecting the fact that the H67D-HFE mice
took longer to enter the hole than WT-HFE controls ( Figure 8D). Neither the main effect
of gender, F(1,28)=3.26, p<0.1, nor the gender x genotype interaction, F < 1.0, was
significant. The main effect of days, F(3,84)=29.7, p<0.0001 and the days x genotype
interaction, F(3,84)=2.82, p=0.04 were significant (data not shown). Post hoc analysis of
the day x genotype interaction showed that the differences in total latency between WTand H67D-HFE mice were not statistically significant on a day by day basis, but that
there was an overall effect of genotype on performance across days. Interestingly, the
total latency of WT-HFE mice began to improve on day 3 when compared with day 1,
p<0.0004, while H67D-HFE mice did not exhibit improvement in total latency until day
4 relative to day 1, p < 0.05.
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Barnes Maze Total Latency: 24 month old mice. A similar analysis of data obtained
for 24-month old mice also indicated a significant main effect of genotype, F(1,17)=
10.36, p = 0.005 ( Figure 8G), but not of the main effect of gender, F (1,17) = 1.63,
p=0.2, nor the gender x genotype interaction, F (1,17) = 1.97, p<0.2. As occurred with the
18-month old mice, the main effect of days, F (3,51) = 17.73, p<0.001, and the days x
genotype interaction, F (3,51) = 7.37, p=0.0003, were statistically significant showing
that the latency to get to the hole changed over trials as a function of genotype. Post hoc
analysis of the day x genotype interaction revealed that the total latency of H67D-HFE
mice was significantly higher than that of WT-HFE mice on day 4, p=0.004. As found for
the 18-month old WT-HFE mice, total latency for the WT-HFE mice began to improve
on day 3, relative to day 1, and was even shorter on day 4, p=0.002 and p=0.0001,
respectively. Interestingly, the 24-month old H67D-HFE mice did not exhibit
improvement in total latency for any day during the acquisition trials. These data indicate
that at 24 months, H67D-HFE mice exhibit a significant decline in spatial learning ability
and memory retention.

Barnes Maze Mean Latency for probe trials on days 5 & 12: Memory retention was
assessed in probe trials and the data obtained on days 5 and 12 analyzed separately for 18
and 24 month old mice using 2 x 2 x 2 mixed factorial ANOVAs varying genotype,
gender, and days. The results showed that, for both 18- and 24-month old mice, there was
a significant main effect of genotype, F(1,28)=11.43, p=0.002 ( Figure 8E), and
F(1,17)=16.81, p=0.007 ( Figure 8H), respectively. These results indicate that, at both
ages, the H67D-HFE mice took longer to find the hole than WT-HFE controls. No other
interactions were significant.

Barnes Maze Total Distance traveled: The data were analyzed as described for studies
of primary latency using the Barnes maze. The total distance traveled by a mouse to find
the target hole was measured using AnyMaze animal tracking software. For both 18- and
24-month old mice there was a significant main effect of genotype, F(1,30)=5.02, p=0.03,
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and F(1,18)=12.72, respectively, indicating that H67D-HFE mice not only took longer to
find the hole, they also traveled longer distances to find and enter the hole overall relative
to WT-HFE controls ( Figure 9A & E). That said it is important to know that while
differences in latency persisted on day 4 for example i.e. latency for H67D-HFE mice,
the distance traveled between WT- and H67D mice did not differ on day 4, indicating that
difference in latency is not due to mere difference in activity per se. In contrast to 18month old mice for which neither the main effect of gender, F (1,30) = 2.0, p<0.2, nor the
gender x genotype interaction, F(1,30)= 2.1, p<0.2 was significant, both the main effect
of gender, F (1,18) = 8.13, p<0.01, and the gender x genotype interaction, F (1,18)=29.8,
p<0.001, were significant at 24-months. Post hoc analysis of the genotype x gender
interaction showed that 24-month old male H67D-HFE mice traveled a longer distance to
find the target hole than WT-HFE male or female mice, p=0.0002. While the main effect
of days was significant for both 18-month old, F (3,90) = 69.5, p<0.0001 and 24-month
old F (3,54) = 13.42, p<0.0001, mice, the days x genotype interaction, F (3,90)= 1.5,
p<0.2, 18 months; F (3,54)= 1.6, p=0.1, 24-months, was not. Interestingly, there was also
a significant 3-way days x genotype x gender interaction, F(3,54)= 5.98, p=0.001 for 24month old mice and post hoc analysis indicated that the male H67D-HFE mice traveled
significantly more distance on days 1 and 3 p <0.05, while female H67D-HFE mice
traveled a shorter distance than female WT-HFE controls.
Barnes Maze Mean distance traveled for probe trials on days 5 & 12: The mean
distance traveled to reach the target hole was also assessed for probe trials and the data
were analyzed separately for the 18 and 24 month old mice using separate 2 x 2 x 2
mixed factorial ANOVA varying genotype, gender, and days (5 and 12). For both 18- and
24-month old mice, there was a significant main effect of genotype, F(1,28)= 11.43,
p=0.002 and F(1,28)= 17.07, p=0.0006, respectively, showing that overall the H67D
mice took longer to remember and find the hole relative to WT controls ( Figure 9B & F).
No other main effects or interactions were significant.

Barnes Maze Total Errors: 18 months. The data were analyzed using a 2 x 2 x 4 mixed
factorial ANOVA varying genotype, gender, and acquisition trials on days 1-4. When an
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animal poked his/her nose in a hole other than the target hole that was considered an
error. For 18 month old mice, there was no significant effect of genotype ( Figure 9C),
gender, or genotype x gender interaction F<1. However, the main effect of days, F (3,90)
= 41.1, p<0.001 was significant but the days x genotype interaction F <1 was not. Barnes
Maze Total Errors: 24 months. On the other hand, for 24 month old mice there was a
significant main effect of genotype, F(1,18)= 8.08, p=0.01, showing that the H67D-HFE
mice made more errors during acquisition trials overall relative to WT-HFE controls (
Figure 9G). Neither the main effect of gender, F<1, nor the gender x genotype
interaction, F < 1.0, was significant. The main effect of days, F (3,54)=11.32, p< 0.001
was significant but the days x genotype interaction, F=1, did not attain statistical
significance.

Barnes Maze Mean Errors during probe trials on days 5 & 12: For probe trials, the
data were analyzed as described for analysis of Barnes maze mean distance data. Errors:
18 month old mice. No significant differences were observed in these variables or any
interactions thereof, F<1 for 18-month old mice (Figure 9D). Errors: 24 month old
mice. By 24 months, a significant main effect of genotype, F(1,18)= 9.84, p=0.005, was
observed (Figure 9H), indicating that, overall, the H67D-HFE mice made more errors in
finding the target hole than did the WT-HFE controls. While the main effect of days, F
(1,18)=14, p=0.01 was also significant, no other interactions were, p> 0.05.
Collectively, data for all the measures tested here such as primary latency, total latency,
mean latency, distance traveled and total errors made during acquisition and probe trials
indicated that H67D-HFE mice had impaired spatial learning and memory and that some
of the effects were more significant in older than younger mice. In addition, these data
indicate that while female H67D-HFE mice did worse on recognition tasks, male H67D
did worse on spatial tasks.
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Correlations:
Correlation analyses were conducted to determine whether changes in cholesterol
concentration, protein expression, or brain volume of 24 month old mice correlated with
changes in their behavior. The results indicated that cholesterol content correlated
positively with results obtained in the novel object recognition test (overall (both WTand H67D-HFE): Pearson r=0.52, p=0.03; H67D-HFE: Pearson r=0.72, p=0.04) (Fig.
10F) and also for the novel object location test (overall: Pearson r=0.76, p=0.0002;
H67D-HFE: Pearson r=0.76, p=0.02) (Fig. 10G). Overall, brain cholesterol content also
correlated negatively with performance on the Barnes maze task. Lower cholesterol
content was associated with higher primary latency (overall: Pearson r=-0.59, p=0.0005),
higher total latency (overall: Pearson r= -0.4677, p=0.0325), and higher mean latency
(overall: Pearson r= -0.81, p=0.0005), resulting in poorer performance (Fig. 10H-J).
Brain volume also correlated positively with performance on the novel object recognition
task (overall: Pearson r=0.81, p=0.002 and for H67D-HFE: mice Pearson r=0.81, p=0.03)
(Fig. 10K) and negatively with average primary latency on Barnes maze (overall: Pearson
r=-0.74, p=0.006 and for H67D-HFE mice: Pearson r=-0.90, p=0.01) (Fig. 10L).
Together, both of these indicate that smaller total brain volume is associated with
impaired memory function.
Synaptophysin expression correlated positively with both the novel object
recognition (overall: Pearson r=0.79, p=0.0007) (Fig. 10M) and novel object location
tasks (overall: Pearson r=0.6569, p=0.0078) (Fig. 10N) and negatively correlated with
primary, total and mean latencies on the Barnes maze task (overall: Pearson r=-0.63,
p=0.01) (Fig. 10). This means that lower the expression of synaptophysin, lower
preference for the novel object or novel location, and more memory impairment. Because
higher latency on a Barnes maze task means impaired memory, the mouse takes longer to
remember and find the target hole, a negative correlation of synaptophysin expression
with latencies for example would mean that lower synaptophysin expression is associated
with longer latency and more memory impairment. Results of these correlations indicate
that lower total brain expression of synaptophysin is associated with impaired spatial
(increased latency) and recognition memory (lower preference for the novel object).
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SNAP-25 expression also correlated positively with novel object recognition (overall:
Pearson r=0.93, p=0.0001 and for H67D-HFE: Pearson r=0.87, p=0.01) (Fig. 10O) and
with novel object location tasks (overall: Pearson r=0.86, p=0.0001) (Fig. 10P).

Discussion:
In this study, we found that expression of H63D-HFE in cells and the mouse
homologue, H67D-HFE, in mice, was accompanied by a significant reduction in both cell
and brain cholesterol. The direct effects of the H63D-HFE variant on brain cholesterol
metabolism are unknown but in our study the presence of this polymorphism was
associated with a reduction in expression of synaptic proteins and proteins needed for
myelination, an increase in neurodegeneration, and impaired learning and memory. This
is the first study to show that a variant of HFE affects cholesterol metabolism and links
the H67D-HFE phenotype to decreases in learning and memory. Tan et al. found that
HFE knockout mice showed perturbed expression of genes involved in hepatic lipid
metabolism (Tan et al., 2011). We have previously shown alterations in the sphingolipid
metabolism of HFE variant cells (Ali-Rahmani et al., 2011). Both of these observations
support our finding that expression of a variant of HFE (H63D) can affect cholesterol
metabolism.

Epidemiological studies have shown that individuals with elevated plasma cholesterol
may have an increased susceptibility to AD (Jarvik et al., 1995; Notkola et al., 1998;
Roher et al., 1999). On the other hand, lower brain cholesterol levels have been seen in
individuals who died with AD (Ledesma, 2003; Ledesma and Dotti, 2006). These
apparent contradictions may reflect the fact that plasma cholesterol is not transported
across the blood brain barrier, the brain must synthesize its own cholesterol (Dietschy and
Turley, 2001). The increased probability of early onset of AD in people with both the
ApoE4 allele and the H63D-HFE variant (Combarros et al., 2003; Percy et al., 2008)
supports the hypothesis that dysregulation of brain iron and cholesterol may influence the
etiology of AD. Excessive loss of brain cholesterol can be particularly devastating
because the rate of brain cholesterol synthesis decreases with age under normal
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conditions (Thelen et al., 2006a). Therefore, appropriate regulation of cholesterol
metabolism is essential to prevent excessive cholesterol loss from the brain and the
accompanying neurodegeneration. Because cholesterol is an integral component of lipid
rafts, alterations in lipid rafts resulting from loss of cholesterol have been hypothesized to
contribute to the loss of neural function and potentially their cell death in AD
(Gellermann et al., 2005). Consistent with these studies, we found an age-related decrease
in brain cholesterol content, and this decline was significantly greater in H67D-HFE mice
than

WT-HFE

mice

(Figure

3A).

There

was

also

evidence

of

increased

neurodegeneration in the cortex and hippocampus of brains of H67D-HFE mice than
those of WT-HFE mice (Figure 6). Both of these findings are in line with the loss of brain
volume seen in the brains of H67D-HFE mice, demonstrating a link between HFE
genotype, cholesterol, and neuronal survival.

Effect of H63D-HFE on genes involved in cholesterol metabolism
Using focused gene array analysis we found that CYP46A1 and AMPK were
overexpressed in H63D-HFE expressing cells. These genes encode the enzymes
cholesterol 24S-hydroxylase and AMP-activated protein kinase, respectively. Both gene
products have been implicated in AD (Fang and Jia, 2007; Lopez-Lopez et al., 2007).
CYP46A1 is a brain specific enzyme that catalyzes the conversion of cholesterol into
24S-hydroxycholesterol (24S-HC) and its expression can increase as a result of oxidative
stress and traumatic brain injury (Lukiw, 2006). CYP46A1 mediated cholesterol
hydroxylation is the only known mechanism whereby excess cholesterol can be cleared
from the brain (Lutjohann, 2006). Elevation of 24S-HC has been reported in both serum
and cerebrospinal fluid (CSF) from early stage AD patients (Leoni, 2009; Lutjohann et
al., 2000; Papassotiropoulos et al., 2002). Higher protein expression of CYP46A1
correlates with a higher concentration of 24S-HC in the brain (Liao et al., 2010). In our
study, the increase in CYP46A1 protein expression in H63D-HFE neuroblastoma cells
and in the brains of H67D-HFE mice was accompanied by a reduction in expression of
HMGCoAR, shown by others to be inhibited by 24S-HC (Cartagena et al., 2010).
Combined these observations indicate that the decrease in cholesterol seen in
H63D/H67D-HFE cells/mice correlated with increased expression of CYP46A1 and its
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inhibition of HMGCoAR. The neurotoxic effects of 24S-HC, as reported by others
(Yamanaka et al., 2011), were also recapitulated by our observation of decreased survival
of H63D-HFE cells treated with 24S-HC. Another effect of elevated CYP46A1 is the
disruption of glutamate transport caused by dissociation of EAAT2 from lipid rafts and
the concomitant disruption of its function (Tian et al., 2010). We have previously shown
altered glutamate transport in H63D-HFE cells (Mitchell et al., 2010).
Another gene AMPK that is overexpressed by H63D-HFE cells could also affect
cholesterol metabolism. AMPK is a sensor of cell energy status and when energy stores
are depleted, AMPK inhibits ATP-consuming processes such as cholesterol synthesis
(Hardie, 2003) by inhibiting HMGCoAR. Overexpression of both, CYP46A1 and AMPK
is consistent with our finding of reduced cholesterol levels in both H63D-HFE expressing
cells and H67D-HFE expressing mice. The increased expression of AMPK could result
from oxidative stress (Wu and Wei, 2012) and an increase in oxidative stress has been
reported in both H63D-HFE cells (Lee et al., 2007; Mitchell et al., 2010), and in the
brains of aging H67D-HFE mice (Wint et al. unpublished data) Collectively, these results
indicate that expression of H63D/H67D-HFE induces an overall reduction in cholesterol
content by inducing cholesterol efflux and reducing cholesterol synthesis.
Two mRNAs are down regulated in H63D-HFE cells consistent with reduction of
cholesterol synthesis and transport. CYP7A1 encodes cholesterol 7 alpha-hydroxylase or
cytochrome P450 7A1 (CYP7A1) and catalyzes the rate-limiting step in the synthesis of
bile from cholesterol in liver. It is also thought to play a role in cholesterol elimination.
Under conditions of low cholesterol, the expression of CYP7A1 is downregulated by the
action of sterol regulatory element-binding proteins (SREBPs) (Kanayama et al., 2007).
Another gene downregulated in H63D-HFE cells was ApoA1, which encodes
apolipoprotein A1. ApoA1 is a major component of HDL and is involved in cholesterol
transport (Millan et al., 2009). Kawano et al. (1995) found lower plasma levels of ApoA1
and ApoA2 in Japanese patients with late-onset non-familial AD. In addition, lower
plasma ApoA1 levels and cognitive score have been reported in individuals with mild
cognitive impairment. ApoA1 expression in plasma was also found to be the most
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significant predictor of cognitive decline in elderly non-demented individuals (Song et
al., 2012).

Impact of loss of cholesterol due to H63D-HFE
Reduction in the cholesterol content of H63D-HFE cells has multiple effects.
Cholesterol is needed for cell growth and proliferation and we previously found that
H63D-HFE cells grew more slowly than WT-HFE cells (Ali-Rahmani et al., 2011; Lee et
al., 2007; Liu et al., 2011). Here we have shown that depletion of cellular cholesterol by
treatment with simvastatin was particularly detrimental for the survival of H63D-HFE
cells. Because statins are commonly prescribed for middle- and old-age individuals, a
statin capable of crossing the blood brain barrier could be counter-indicated in individuals
expressing the H63D-HFE variant. In addition to lowering brain cholesterol levels
(Butterfield et al.; Kirsch et al., 2003; Lutjohann et al., 2004; Thelen et al., 2006b), statin
treatment has been shown to increase the production of pro-inflammatory cytokines by
microglia (Van Der Putten et al., 2011) and to impair re-myelination (Miron et al., 2009).
Myelin status and cognitive performance have recently been linked in human studies
(Bartzokis et al., 2006; Bartzokis et al., 2007). Consistent with these findings, we found
disruption in the expression of myelin management proteins and memory impairment in
our studies of H67D-HFE mice. Though further in vivo studies are needed to ascertain the
detrimental effects of statin treatment in H67D-HFE variant mice, our findings from cell
culture studies argue for assessment of these variables in human subjects.
Cholesterol is also an essential component of lipid rafts, membrane microdomains
enriched in cholesterol, sphingolipids and proteins involved in signal transduction.
Evidence for the need for membrane cholesterol is provided by the observation that
membranes of cells from AD brains are less stable due to altered lipid composition
(Ginsberg et al., 1993a; Ginsberg et al., 1993b). Alterations in the lipid components of
lipid rafts have been hypothesized to affect cell signaling (Sottocornola et al., 2006) and
protein-protein interactions thereby contributing to the loss of neural function and
potentially the cell death seen in AD (Gellermann et al., 2005). We and others have
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shown that HFE is found in lipid rafts. Though H63D-HFE is also associated with lipid
rafts (Ali-Rahmani et al., 2011), it is possible that its interaction with other proteins and
lipids may be affected due to the reduction in cholesterol content.
Cholesterol is essential for synaptic transmission (Linetti et al., 2010). Lack of
cellular cholesterol can affect protein machinery responsible for regulating synaptic
vesicle transport (Thiele et al., 2000) and can alter neuronal function. Consistent with that
finding, we observed a reduction in expression of the raft-associated synaptic proteins
synaptophysin, SNAP-25, and PSD-95 in brains from H67D/HFE expressing mice
(Figure 4). Our findings are also consistent with studies demonstrating the need for
cholesterol for synaptic vesicle recycling, regulation of synaptogenesis, and neurite
outgrowth (Koudinov and Koudinova, 2005; Linetti et al., 2010).
Cholesterol is essential for proper myelination (Saher et al., 2005). Myelin production
and maintenance play a strong role in cognitive function (Bartzokis et al., 2006;
Bartzokis et al., 2007)). Cholesterol accounts for ~40% of the lipid content of myelin
(O'Brien and Sampson, 1965). Therefore, a reduction in cholesterol in the brains of
H67D-HFE mice would be expected to result in disruption of myelin maintenance.
Consistent with that expectation, we observed a reduction in expression of proteins
(Caspr and NogoA) involved in myelin compaction.

Contactin-associated protein

(Caspr) is an essential component of paranodal junctions (Einheber et al., 1997) and
alterations in its expression and location have been proposed to affect myelin
maintenance. Paranodal junctions are the sites where proteins interact to hold myelin
fibers together and therefore, play an important role in myelin integrity (Coetzee et al.,
1996). Another observation that supports impaired myelination in H67D-HFE mice is the
elevation of iron in the brains of these animals (Figure 3E) as well as elevated oxidative
stress and lipid peroxidation (Wint et a. unpublished data). Interestingly, increased lipid
peroxidation has been associated with more myelin loss in older compared to younger
individuals and in AD patients compared to normal older subjects (Bartzokis et al., 2003;
Bartzokis et al., 2004; Chia et al., 1984; Peters and Sethares, 2002).
Cognitive function also requires appropriate maintenance of cholesterol homeostasis
(Schreurs, 2010). There is a large body of data assessing the role of cholesterol in AD but
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the relative contribution of brain and serum cholesterol to AD is controversial. Several
studies show that high cholesterol in the plasma membrane promotes amyloid beta
production (Refolo et al., 2001) and that inhibition of cholesterol synthesis improves
memory in certain animal models (Kessler et al., 1986). On the other hand, some studies
indicate that lowering brain cholesterol is detrimental to learning and memory (Endo et
al., 1996; Xu et al., 1998) and that learning deficits could be reversed by feeding
cholesterol (Dufour et al., 2006; Micale et al., 2008; Miller and Wehner, 1994; Xu et al.,
1998). Genetic mutations that altered cholesterol levels in mice have also resulted in
conflicting findings; some found that elevation of cholesterol resulted in better memory
function while others reported that reducing cholesterol resulted in better learning and
memory. A consistent observation in human studies is that higher levels of serum
cholesterol are detrimental in middle age, but improve cognition in elderly individuals
(Schreurs, 2010). In addition, lower total serum cholesterol (Kim et al., 2002) and lower
HDL cholesterol were found to be associated with poor cognition (Atzmon et al., 2002).
Consistent with the findings reported by Schreurs and Kim et al., we found higher
amounts of serum cholesterol in 12 month old (middle age) and lower serum HDL
cholesterol in 18 month old (older age) H67D-HFE mice (Fig. 11A & B). Our finding
that the recognition and spatial learning and memory deficits seen in both 18 and 24
month old H67D-HFE mice correlated with their lower brain cholesterol content (Fig. 10)
agrees with observations indicating that lower brain cholesterol levels impair learning
and memory. Together, these observations underscore the importance of cholesterol for
learning and memory and highlight the fact that excessive reduction in cholesterol levels
within the brain can be accompanied by memory impairment.
Changes in regional and total brain volume have been described in a number of
neurodevelopmental and neurodegenerative diseases in both humans and animal models
of the human diseases. Recently, Nieman et al. (2007) reported that 13 transgenic mouse
models with behavioral phenotypes had associated neuroanatomical abnormalities
including volumetric changes as assessed by MRI that were consistent with the human
phenotype. These observations suggest that there is a strong behavior-structure
relationship (Nieman et al., 2007). In line with this we found that the volume of the
mouse brains correlated significantly with measures of brain cholesterol content,
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expression of synaptic proteins, and memory assessment. We found a 6.5% reduction in
total brain volume of 24 month old H67D-HFE mice, as well as a significant enlargement
of ventricles, and a reduction in volume of the corpus callosum. These observations are
consistent with neuroanatomical abnormalities reported in MRI studies of brains of AD
patients (Chan et al., 2003; Thompson et al., 2007). Specially, human AD subjects with
the ApoE4 allele have significantly more loss of gray matter (Spampinato et al., 2011)
and greater atrophy of the hippocampal formation (Pievani et al., 2011). Notably, older
mice expressing human ApoE4 exhibit more brain atrophy and spatial memory deficits
than age-matched WT-HFE mice (Yin et al., 2011). A significant volumetric change
with a magnitude of 4-5% in brain has also been reported in mouse models of Huntington
disease (Lerch et al., 2008) and Prader-Willi syndrome (Mercer et al., 2009) suggesting
that this magnitude of volume change is associated with behavioral phenotype and could
be clinically relevant.
Effect of iron on cholesterol metabolism
Our study suggested an inverse relationship between iron and cholesterol content in the
HFE variant cells and in the brains of mice expressing WT- or H67D-HFE. Our findings
are consistent with those of Brunet et al. (1997) who reported that treatment of rats with
an iron-salicylate complex resulted in an elevation of iron, products of lipid peroxidation,
and reduced total cholesterol in their serum. Treatment of rats with an iron dextran
complex resulted in a decrease in total serum cholesterol regardless of whether the rats
were fed a normal diet or one high in cholesterol (Turbino-Ribeiro et al., 2003). Studies
in rabbits treated with iron dextran complex and fed a normal diet also showed similar
effects (Dabbagh et al., 1997). This inverse relationship between iron and cholesterol
content has also been observed in human studies. Individuals homozygous for C282YHFE, another variant of HFE that causes iron-overload, showed evidence of ironoverload and had a reduction in total and LDL cholesterol (Pankow et al., 2008).
Recently, Du et al. (2012) showed an association between increased brain (nigrostriatal)
iron content and low serum cholesterol in patients with Parkinson’s disease. One possible
explanation for these effects is that they are mediated by iron-induced oxidative stress
and lipid peroxidation. Excess iron has been shown to cause cellular injury by inducing
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oxidative stress (Dabbagh et al., 1994) and elevation of lipid peroxidation (Britton et al.,
1987). Depletion of energy (ATP and NADPH) due to oxidative stress and lipidperoxidation mediated membrane damage has been shown to cause disruption of lipid
synthesis and transport (Kehrer, 1993). In fact, diet-induced iron overload resulted in
reduced expression of HMGCoAR and CYP7A1 (Brunet et al., 1999). Though most of
these studies were focused on effects of excess iron on plasma cholesterol, it is possible
that a similar mechanism exists in the brain. Collectively, these findings provide evidence
for an inverse relationship between iron and cholesterol which merits further
investigation.
In conclusion, we have shown that expression of H63D-HFE in cells and H67D-HFE
in mice, was accompanied by a significant reduction in both cell and brain cholesterol.
We also found that expression of H67D-HFE was associated with a reduction in
expression of synaptic proteins and proteins needed for myelination, an increase in
neurodegeneration, and impaired learning and memory. This is the first study to show
that in addition to affecting iron homeostasis, a variant of HFE affects cholesterol
metabolism and specifically links the H67D-HFE phenotype to decreases in learning and
memory. Our observations also provide an insight into how H63D-HFE may contribute
to earlier onset of AD in people expressing both ApoE4 and H63D-HFE.
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Table 2.1: Expression of genes involved in cholesterol metabolism by H63D-HFEexpressing cells relative to WT-HFE-expressing cells. Pools of total RNA from WT- or
H63D-HFE stably transfected cells were analyzed using the GEArray human target
specific gene array. Changes in mRNA levels are expressed as  (fold increase),  (fold
decrease). The average changes in expression (> 2 folds) are shown.
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Table 2.2: Summary of cellular, biochemical, anatomical, and behavioral findings in
H63D/ H67D-HFE relative to WT-HFE cells and mice
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Figure 2.1: Effect of expression of H63D-HFE on cholesterol and cholesterol
metabolizing enzymes. A) Cholesterol content of SH-SY5Y cells expressing WT- or
H63D-HFE. Lipids were extracted from equal number of cells (106) of each cell type and
cholesterol content measured. *** p<0.0005 (n=3). B) Filipin staining of WT- and H63DHFE cells. C) Immunoblot analysis of cholesterol 24S-hydroxylase (CYP46A1) with
actin as a loading control, and D) HMGCoA reductase (HMGCoAR) normalized to actin
for WT- and H63D-HFE expressing cells. Cumulatively, these data support the
hypothesis that expression of H63D-HFE is associated with decreased cholesterol
synthesis and increased cholesterol catabolism, which could ultimately cause the
reduction in total cholesterol shown in (A). E) Cholesterol content after treatment with
100uM FAC or 20uM DFO. Untreated controls served as controls. F) Immunoblot
analysis of transferrin receptor (TfR) with actin as a loading control, showing iron status
of
cells
treated
with
FAC
or
DFO.
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Figure 2.2: Effect of cholesterol manipulation on survival of HFE-variant cells
A) Treatment of H63D-HFE expressing cells with 10 µM simvastatin resulted in a
significant decrease in survival than seen for control WT-HFE cells treated analogously.
** P < 0.01, n=8). B) WT and H63D expressing cells were treated with 50µM of 24Shydroxycholesterol (24S-HC; product of CYP46A1) for 28 hours (** p <0.01; n=8).
Untreated cells served as control. Decreased cell survival was observed for H63D-HFE
expressing cells relative to expressing WT-HFE after treatment with 24S-HC. These data
show that reduction in cholesterol is also associated with decrease in survival of H63D
cells and further decreases upon treatment with an inhibitor of cholesterol synthesis or a
cholesterol metabolite.
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Figure 2.3: Effect of expression of H67D-HFE on expression of cholesterol and
cholesterol metabolizing enzymes in brains of mice. A) Total cholesterol content of
WT- and H67D-HFE (homologous to human H63D) mouse brains at 12, 18, and 24
months (n=7-17 per group including both male and female mice). Lipids were extracted
from 100µl of brain homogenate, cholesterol content was measured, and normalized to
protein content. The observed, age-related decline in brain cholesterol was more
significant in brains from H67D-HFE mice than those from WTn=7-17). Immunoblot analyses of mouse brain B) cholesterol 24S-hydroxylase
(CYP46A1), C) HMGCoA reductase (HMGCoAR), and D) low density lipoprotein
receptor (LDLR), each normalized to actin (*p <0.05, **p<0.01, p>0.05, respectively;
n=3-5). According to antibody manufacturer, two major bands indicate HMGCoAR. E)
Total brain iron content of 18 month old WT- and H67D-HFE mice. Atomic absorption
analysis of brains of 18 month old mice showed that they had higher levels of iron than
those of WT-HFE mice. This is a paradigm shifting finding which along with recent
human MRI studies [1, 2] indicate that, contrary to traditional paradigms, the brain is not
protected from acquiring excess iron when the H67D-HFE mutation is present.
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Figure 2.4: H67D-HFE alters expression of synaptic proteins. Immunoblot analyses of
total expression of A) synaptophysin, B) SNAP-25, and C) PSD-95 in homogenates of
brains from 18 month old mice (n=7-9 per group including both male and female mice;
**p< 0.01, *** p<0.001). Actin was used as a loading control. Graphs show change in
expression of synaptic proteins normalized to actin as a percentage of WT-HFE
expression (control). According to antibody manufacturer, both bands represent
synaptophysin. Densitometry analysis of both bands shows the same trend of change in
expression between two genotypes. Decrease in the expression of proteins regulating the
synaptic machinery suggests disruption of synaptic function in H67D-HFE mice.
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Figure 2.5: Effect of H67D-HFE on expression of proteins involved in myelin
maintenance. Immunoblot analysis of expression of A) NogoA, B) Caspr, and C)
CNPase in homogenates of brains from 18 month old mice (n=7-9 per group including
both male and female mice; *** p<0.001). Actin was used as a loading control. Graphs
show change in expression of myelin proteins normalized to actin as a percentage of WTHFE expression. The decrease in expression of proteins regulating myelin maintenance
suggests disruption of myelination in H67D-HFE mice.

129

Figure 2.6: H67D-HFE induces neurodegeneration. Immunoblot analyses of total
expression of neuronal marker A) NeuN, B) Total caspase-3, and C) cleaved caspase-3 in
homogenates of brains from 18 month old mice (n=7-9 per group including both male
and female mice; * p<0.05, *** p<0.001). Actin was used as a loading control. Graphs
show change in expression of proteins normalized to actin as a percentage of WT-HFE
expression (control). (D) Parietal cortex and (E) hippocampal CA3 regions of WT and
H67D mouse brain sections (n = 6 mice/group) were coimmunostained with anti-NeuN
(red) and anti-Cleaved Caspase-3 (green) to assess active caspase mediated apoptosis.
Bars represent 20 µm. To confirm regional apoptotic differences, a terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) fluorometric assay was
performed on parietal cortex (F) and hippocampal CA3 (G) regions of WT and H67D
mouse brain sections (n = 6 mice/group). All cell nuclei were stained with propidium
iodide (PI; red) and apoptotic cells indicated by TUNEL (green). Bars represent 50 µm
(F) and 20 µm (G). (H) Apoptotic prevalence in parietal cortex (left panel) and pyramidal
cells of hippocampus (right panel), as indicated by the yellow hue from TUNEL
fluorescence and PI colocalization, was quantified with Image J cell counter and
expressed as a percent of all cells positive for PI ± SEM.
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Figure 2.7: Total brain volume (gray and white matter) of 22 month old WT- and
H67D-HFE expressing mice. A) Representative image of brains of WT- and H67D-HFE
mice showing enlarged lateral ventricles and thinner corpus callosum in the H67D brain,
shown by arrow and arrow head, respectively. B) Quantitative analysis of brain regions.
MRI was done on the brains of 22 month old mice, followed by manual segmentation and
quantification of the entire brain, slice by slice, using MRIcro software. Results show a
reduction in brain volume in H67D-HFE mice compared to brain volume in WT-HFE
mice (n=10 per group; p-value=0.0165 for total brain volume using unpaired t-test). C)
Total wet weight of the brains of mice when harvested after sacrifice. These data indicate
that expression of H67D-HFE is associated with greater loss of brain volume than with
expression of WT- HFE.
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Figure 2.8: Effect of expression of H67D-HFE on learning and memory- Latency
measures. A) Performance of H67D-HFE mice in the novel object recognition task
showed that they had ~30% decrease in preference for the novel object than WT-HFE
mice at both 14 and 24 months of age showing impairment of recognition memory
(n=10-15 mice per group; ** p= <0.01, *** p= <0.001). B) Performance of H67D-HFE
mice in the novel object location task, C) Spatial memory was assessed by the Barnes
maze test. The time a mouse took to find the escape hole is defined as primary latency,
while total latency is the time to enter the escape hole. Primary C) and total latency D) of
18-month old and 24 month old (F,G, respectively) H67D-HFE mice were significantly
greater than those for WT-HFE mice during acquisition trials. Probe trials on days 5 and
12 which are tests of short and long term memory also show memory loss in E) 18 and
H) 24 month old H67D-HFE mice (n=10-15 per group; ** p= <0.01, *** p= <0.001) .
Significance indicated on all graphs shows an overall effect of genotype.
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Figure 2.9: Effect of expression of H67D-HFE on learning and memory-Total
Distance & errors. Total distance traveled on the Barnes maze for the first visit to
escape hole was assessed using ANYmaze behavior tracking software. Both 18 and 24
month old H67D-HFE mice traveled longer distance to find the escape hole during
acquisition trials (A,E) and probe trials (B, F). An error was defined as a nose poke in a
hole other than the escape hole. Unlike 18 month old (C,D), 24 month old H67D mice
made significantly more mistakes during acquisition trials (G) and probe trials (H).
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Figure 2.10: Correlation analysis
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Figure 2.11: Serum cholesterol content of WT- and H63D-HFE mice
.

A) Total serum cholesterol of 6, 12, and 18 month old mice

B) Comparison of total, HDL, and LDL cholesterol in serum of 18 month old mice,
respectively
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Chapter 3
Effect of HFE variants on sphingolipid expression by SH-SY5Y human
neuroblastoma cells

Abstract
C282Y and H63D are two common variants of the hemochromatosis protein HFE. SHSY5Y human neuroblastoma cells stably transfected to express either wild type HFE
(WT-HFE), C282Y or H63D allele were analyzed for effect of expression of the mutant
proteins on transcription of 14 enzymes involved in sphingolipid metabolism. Cells
expressing the C282Y variant showed significant increases (>2-fold) in transcription of
five genes and decreases in two compared to that seen for cells expressing WT-HFE,
while cells expressing the H63D variant showed an elevation in transcription of one gene
and a decrease in two. These changes were seen as alterations in ganglioside
composition, cell surface binding by the binding subunit of cholera toxin, expression of
sphingosine-kinase-1 and synthesis of sphingosine-1-phosphate. These changes may
explain why C282Y-HFE is a risk factor for colon and breast cancer and possibly
protective against Alzheimer’s disease while H63D-HFE is a risk factor for
neurodegenerative diseases.

Introduction
The hemochromatosis gene product, HFE, helps regulate iron uptake into cells by
interacting with transferrin receptors (TfR)1 and 2. TfR1 functions in cellular iron uptake
while TfR2 helps regulate whole-body iron homeostasis (1). Mutations in HFE (H63D)
have been independently implicated as risk factors for neurodegenerative diseases such as
Alzheimer’s (AD), Parkinson’s, and motor neuron disease (2,3) and for breast and
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colorectal cancer [(C282Y) 4]. In contrast to the H63D mutation being a risk factor for
neurodegenerative diseases, the C282Y mutation was recently reported to have a negative
association with AD, supporting a possible protective role for it in neurodegeneration (5).

Retention of the C282Y variant of HFE in the ER (6), results in induction of specific ER
stress responses that can lead to apoptosis (7). In contrast the H63D variant is found on
the cell surface where it can form stable complexes with the transferrin receptor (TfR) but
fails to limit transferrin binding to the receptor (8). We found that cell surface HFE is
associated with lipid rafts (see below), as is TfR2 (1,9) with which it interacts (10). Lipid
rafts are discrete areas in the membrane enriched in sphingolipids and cholesterol relative
to phospholipids as well as proteins involved in signal transduction (11).

Specific

mutations in a raft-associated protein such as HFE may alter its interaction with other raft
components thereby disrupting signal transduction.

Historically it has been found that when cells undergo transformation (spontaneous or
induced) they tend to have alterations in their glycosphingolipid (GSL) composition (eg.
12-14). More recently, we observed (15) that disruption of lipid rafts can affect
subcellular distribution of the ganglioside GM1, a lipid raft marker. Interestingly, gene
expression of ceramide kinase, galactosyl ceramide synthase, and ganglioside GD3
synthase were reported to be significantly altered in carriers of C282Y-HFE (16). In
addition to accompanying the changes in regulation of cell growth seen upon
transformation, glycosphingolipids have been shown to affect neurotransmitter receptor
conformation and function (17), signal transduction (eg. 18,19), and accumulation of
amyloid-ß-protein in Alzheimer’s disease (20-22). While gangliosides have been shown
to induce assembly of amyloid ß-proteins (20,21), inhibition of glycosphingolipid
synthesis was found to reduce secretion of both the ß-amyloid precursor protein and
amyloid ß-peptide (23). Studies with SH-SY5Y human neuroblastoma cells indicated that
enrichment of membrane cholesterol prevented association of Aß1-42 oligomers with GM1
(24). These observations coupled with our observation (unpublished) that SH-SY5Y
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human neuroblastoma cells expressing the H63D mutant of HFE had reduced levels of
cholesterol led us to investigate the sphingolipid composition of cells stably transfected to
express either WT-, H63D- or C282Y-HFE.
After establishing that WT-HFE was associated with lipid rafts, we determined
whether the H63D or C282Y variants of HFE induced changes in transcription of 14
genes involved in the metabolism of sphingolipids since they are enriched in lipid rafts.
We found that cells expressing either the H63D or C282Y mutation transcribed specific
genes differently than cells expressing WT-HFE and also had altered expression of
specific sphingolipids.

Experimental procedures
Materials: SH-SY5Y human neuroblastoma cells, stably transfected (25,26) to express
either FLAG-tagged wild-type-, H63D-, or C282Y-HFE alleles, were grown in
DMEM/F12 containing 10% fetal bovine serum, 1% antibiotics (Penn-Strep, glutamine),
non-essential amino acids, and 1.8g/L NaHCO3 at 37˚C in an atmosphere of 5% CO2.
Alexa-Fluor® 594-conjugated

cholera toxin binding subunit (CTxB, C-34777) was

purchased from Molecular Probes (Eugene, OR), anti-sphingosine kinase 1 monoclonal
antibody from Abnova [(MO1), Clone 1D6, Cat # H00008877-M01)], flotillin-1 mouse
monoclonal antibody (610820) from BD Transduction Laboratories (San Jose, CA), and
anti-FLAG monoclonal antibody (F3165), anti-actin monoclonal antibody (A5441),
HRP-conjugated goat anti-mouse IgG (A4416), and 4’,6-diamidino-2-phenylindole
(DAPI, D9542) were from Sigma (St. Louis, MO). Silica gel 60 high performance thin
layer chromatography (HPTLC) plates were from VWR (Bridgeport, NJ), D-erythrosphingosine from Avanti Polar Lipids (Alabaster, AL), ganglioside standards from
Matreya (Pleasant Gap, PA), collagen coated chamber slides from BD Biosciences (San
Jose, CA), and Halt Protease Inhibitors™ from PPierce (Rockford, IL). The RNeasy
Mini, RT2 First Strand Kit, RT2 SYBR® Green/ROX™ qPCR Master Mix Kit, and the
custom PCR array plate (CAPA1624-6) were obtained from SABiosciences, now part of
Qiagen (Valencia, CA). 10% pre-cast gels were purchased from Bio-Rad (Hercules, CA)
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32

P ATP was obtained from New England Nuclear Cororation (part of DuPont).

Growth curves: Cells were seeded at 6X105 cells per well in six well plates and grown as
described above. Starting at 72hr after seeding cells were harvested every twelve hrs for
the time shown (Figure 1) and trypan blue negative cells counted. Phase contrast
photomicrographs were taken 132 hr after seeding (Figure 1).

Isolation of lipid rafts: Because HFE has been found in association with TfR2, a raft
associated protein, we determined whether WT-HFE was also associated with them.
Rafts were isolated from cells transfected to express WT-HFE essentially as described by
Petro et al (27). In brief, harvested cells were suspended in 25mM Tris-HCl, pH7.5,
containing 150mM NaCl, 5mM EDTA, 1% Triton-X-100 and a 1:100 dilution of Halt
Protease Inhibitors™. After incubation at 4˚C for 30min, the solution was added to an
equal volume of 80% sucrose in 25mM Tris-HCl, pH 7.5 containing 150mM NaCl and
5mM EDTA (TNE) and overlaid first with 30% sucrose and then with 5% sucrose, both
in TNE. Gradients were centrifuged at 4˚C in a Beckman SW41Ti for 19hr at
38,000RPM. One ml fractions were collected from the top of the gradient and proteins
present in an equal volume of each fraction separated by SDS-PAGE, transferred to a
PVDF membrane, and probed with either an anti-flotillin mouse monoclonal or antiFLAG mouse monoclonal antibody, followed by exposure to a HRP-conjugated goat
anti-mouse secondary antibody. Bands were visualized using SuperSignal West Femto
Maximum Sensitivity Substrate™ and exposure in a SynGene Gnome (Frederick, MD).

Immunohistochemistry: Cells were seeded on collagen coated 4 well chamber slides ,
maintained as described previously and taken for analysis when WT cells were just
confluent. Analyses were done as previously described (15). In brief, cells were washed
with phosphate buffered saline (PBS) prior to fixation in 4% paraformaldehyde in PBS
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(20 min, 4˚C). After blocking nonspecific binding sites [PBS-normal goat serum (9:1,
v:v), 1 hr, room temperature] cells were washed with PBS, and exposed to CTxB-594
(5µg/ml) in PBS-NGS (200:3, v:v) overnight at 4°C. After washing to remove unbound
CTxB-594, cells were visualized using a Nikon Eclipse 80i microscope connected to a
Nikon Digital Sight camera and images captured using Nikon’s NIS-Elements Br
Software,version 3.00.

Ganglioside analyses: Cells were harvested when just confluent and an aliquot taken for
protein analysis using the Bio-Rad DC assay with BSA as the standard. Lipids were
extracted from the remainder of the cells using the procedure described by Kasperzyk et
al (28). In brief, cells were extracted with a 10-fold volume of chloroform-methanol (1:1,
v:v), acidic lipids separated from neutral ones by chromatography on DEAE-Sephadex,
(A-25), the acidic fraction dried, treated with mild base, and salts removed by
chromatography on a C18 Bond Elut® column (Varian Inc., USA). Gangliosides were
identified by HPTLC. Plates were developed using chloroform:2-propanol:50mM KCl
(2:13.4:4.6, v/v/v) or chloroform:methanol:0.3% CaCl2•2H2O (60:35:8, v/v/v) and sialic
acid containing bands visualized using resorcinol spray (29). Resorcinol positive bands
were identified by comparison of their migration with that of known ganglioside
standards.

Gene expression: Total RNA was isolated from SH-SY5Y cells expressing either WT-,
H63D-, or C282Y-HFE using the RNeasy Mini Kit according to the manufacturer’s
instructions. Recovered RNA was quantified by its absorbance at 260nm. cDNA was
prepared by reverse transcription of isolated RNA using the RT2 First Strand Kit. For
qRT-PCR reactions, ~4ng cDNA samples were added to a commercially provided 384
well custom array containing primer pairs specific for the 14 genes selected
(SABiosciences, Frederick, MD) and reactions were carried out according to directions
provided with the RT2 SYBR® Green/ROX™ qPCR Master Mix Kit. Gene expression of
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each of the 14 genes was monitored using an ABI 7800 (Applied Biosystems, USA).
Data was normalized to expression of mRNA for both actin and ribosomal protein L13A.

Expression of sphingosine kinase 1 was monitored using Western blot analysis. Proteins
present in cell samples containing 50µg of protein were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on Bio-Rad 10% pre-cast gels,
and then blotted to a PVDF membrane. Following transfer, non-specific binding blocked
by incubating blots in Tris-buffered saline with 0.1% Tween, pH7.4 (TBST), containing
5% nonfat dried milk for an hour at room temperature. The blot was then probed using
the anti-sphingosine kinase 1 antibody followed by a HRP-conjugated goat anti-mouse
IgG antibody in TBST containing 2% nonfat dried milk. Bands were visualized using
SuperSignal West Pico or Femto Maximum Sensitivity Substrate™ and exposure in a
Fuji Film LAS 3000. Blots were then stripped using Restore™ Western blot stripping
reagent and probed for the presence of actin using an anti-actin antibody followed by the
HRP-conjugated goat anti-mouse IgG and visualization as described. Intensity of
acquired bands was determined using Multigauge software.

Analysis of sphingosine kinase 1 (SphK1) activity: Cell lysate SphK1 activity was
analyzed by monitoring the amount of sphingosine 1 phosphate (S1P) synthesized within
a specified time as previously described (30). In brief, after cells were washed with
phosphate buffered saline, they were lysed by incubating in lysis buffer (20 mM Tris pH
7.4, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 10 mM NaF, 1 mM
Na3VO4) containing protease inhibitors (Complete Mini EDTA-Free Protease inhibitor
tablet, Cat. #11 836 170 001, Roche) for 10 min. at 4˚C. After centrifugation (100,000 x
g, 15 min) to remove insoluble material, protein content of each lysate was determined
using the BCA protein assay (Pierce). Lysates prepared as described contained both
cytosolic and membrane-associated SphK1 (31). Lysate samples containing 25µg of
protein were combined with 25 µM D-erythro-sphingosine, 10 mM MgCl2, 2 µM ATP
and 2 µCi [-32P] ATP in a 100 µL final reaction volume of SKAAB buffer (20 mM Tris
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pH 7.4, 1 mM DTT, 1 mM EDTA, 0.1% Triton X-100, 1 mM Na3VO4, 15 mM NaF, 0.5
mM 4-deoxypyridoxine) and incubated, with shaking, at 37˚C for 10 min. Kinase activity
was inhibited by addition of 10µl of 6N HCl and labeled lipids extracted by first adding
400µl of CHCl3:CH3OH (1:2, v:v) followed by addition of 125µl CHCl3 and 125µl 1M
KCl to enhance phase separation. After drying the chloroform phase under N2, recovered
lipids were taken up in 20µl of CHCl3 and analyzed by TLC. Silica gel coated plates
(Whatman, Florham Park, NJ) were developed in butanol:water:acetic acid (3:1:1, v:v:v)
and bands visualized by exposure to x-ray film. Label associated with bands moving
with the same Rf as S1P (0.32) was determined.

Results
To determine whether the H63D- or C282Y-mutations had significant effects on cell
growth and morphology, growth curves were determined and cell morphology visualized
initially by phase contrast microscopy. Morphologically, cells expressing C282Y HFE
did not appear to be as elongated nor to develop the processes seen on those stably
transfected to produce WT-HFE (Figure 1A). While cells expressing H63D-HFE
appeared to be more similar to those expressing WT-HFE, they grew more slowly and
were not as elongated (Figure 1B).

The presence/absence of WT-HFE in lipid rafts was ascertained because it was shown to
associate with TfR2, a lipid raft component. Upon isolation of lipid rafts from SH-SY5Y
cells transfected with WT-HFE, the HFE was found in the same fractions as flotillin
(Figure 2), a lipid raft marker (32).

Because ganglioside content has been implicated in cell migration and differentiation (eg.
33,34, respectively), ganglioside analyses were carried out. The results indicated that the
ganglioside composition differed between cells expressing WT-HFE and those
expressing C282Y-HFE (Figure 3). Those expressing the C282Y-HFE variant expressed
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a resorcinol positive band that migrated close to GM3 while the major resorcinol positive
band in both the WT- and H63D-HFE transfected cells appeared to migrate as GM2.
Interestingly, cells expressing WT-HFE appeared to express more of a resorcinol positive
component that migrated between gangliosides GD1a and GD1b than was present in cells
expressing either the H63D- or C282Y-HFE mutant.

Despite the observation that CTxB can bind to an unidentified protein (35) in addition to
gangliosides, the changes in ganglioside composition led us to look at binding of AlexaFluor®594-CTxB to the surface of cells transfected with either WT-, H63D-, or C282YHFE. Essentially no adherence was seen to the surface of cells expressing C282Y-HFE
compared with that to cells expressing WT- or H63D-HFE . Interestingly, the latter
appeared to have more CTxB adhering to cell processes than cells expressing WT-HFE
(Figure 4).

In light of the observed changes in ganglioside composition, RT-qPCR analyses were
done to determine possible effects of expression of a mutant HFE on sphingolipid
metabolism. The results indicated that transcription of specific genes involved in the
synthesis of sphingolipids differed in cell lines expressing HFE variants. Five of the 14
genes studied (see Figure 5 for reactions catalyzed) were over-expressed (SPHK1,
SGPP1, GalT1, ST3Gal1, and ST8Sia5), in cells transfected with C282Y-HFE and 2
were under expressed (ST8Sia1 and ß4GalNT) by a factor of 2 or more. In contrast, cells
transfected with H63D-HFE over expressed one gene (ST8Sia5) and under expressed two
(ST8Sia1 and SPHK1, Table 1). The reduction in transcription of both GD3 and GM2
synthase is consistent with the ganglioside pattern obtained for cells transfected with the
C282Y-HFE variant, while the decrease in GD3 synthase found for cells expressing
H63D-HFE may account for the relative increase in expression of the band moving as
GM2 relative to that moving between GD1a and GD1b (Figure 3).
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Western blot analyses were done to ascertain whether the increase in transcription of
SphK1 resulted in increased expression of the enzyme relative to actin, one of the two
controls used to determine changes in transcription. It can be seen that the ratio of
SphK1/actin was significantly greater in the cells expressing C282Y-HFE than in cells
expressing either WT- or H63D-HFE (Figure 6). However, it also appeared as though the
expression of actin might be somewhat less in the C282Y-HFE-expressing cells than in
those expressing WT-HFE. To address this possibility, cell lysate synthesis of S1P was
monitored. It can be seen (Figure 7) that significantly more S1P was synthesized by cell
lysates from C282Y-HFE-expressing cells than by those expressing either WT- or H63DHFE.

Discussion
A variety of functions have been identified for sphingolipids. For example, sphingosine
and ceramide, have been implicated as initiators of apoptosis and S1P as a promoter of
cell survival and angiogenesis (36) while glycosphingolipids have been shown to
function in signal transduction (eg. 37), cell proliferation and differentiation (eg. 38), and
Ca2+ transport (39). The association of sphingolipids with lipid rafts allows them to “fine
tune” signal transduction (17) mediated by raft-associated proteins and it is well known
that changes in ganglioside composition are associated with changes in neuronal
development and differentiation (40). Therefore, it is not surprising that mutations in
WT-HFE that perturb its association with lipid rafts might over time induce changes in
the composition of rafts that in turn affect cell behavior in ways other than by altering
iron uptake. For example, elevated levels of GM3 have been shown to disrupt interaction
of the insulin receptor with caveolin-1 causing the cell to become insulin resistant (41),
and a number of reports have described the effects of different gangliosides on various
growth factor receptors that undergo autophosphorylation when bound by the appropriate
ligand (42-44). For neurons, such changes might contribute to the effect of the H63D
mutation on the age of onset of AD (2), or to the putative protective role of the C282Y
mutation in AD (5).
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Results of the studies presented here indicate that while changes induced by expression of
the H63D variant of HFE appeared to be less dramatic than those induced by expression
of C282Y-HFE, it did induce significant (>2-fold) decreases in transcription of SphK1
and GD3 synthase, and an increase in transcription of ST8SIA5. In terms of ganglioside
expression, a marked difference was seen between the relative amount of ganglioside
with the same mobility as GM2 and one with mobility between GD1a and GD1b,
possibly GT1a. Changes in morphology were also noted with cells transfected with
H63D-HFE proliferating more slowly and appearing to express more processes bound by
Alexa-Fluor®-594 conjugated CTxB. The differences in CTxB binding to the surface of
cells expressing the different variants may reflect differences in ganglioside expression.
Surface Plasmon resonance analyses of the binding of cholera toxin to specific
gangliosides indicated that it adhered best to GM1 followed by GM2>GD1a>GM3 (45).
Our analysis of the ganglioside content of C282Y-HFE-expressing cells showed that they
expressed a ganglioside that migrated similarly to GM3 while WT- and H63D-HFEexpressing cells had more of a ganglioside that migrated like GM2, with cells expressing
the H63D variant appearing to express relatively more GM2 than those expressing WTHFE. The relative increase in GM2 could account for the increase in CTxB adherence to
cells expressing the H63D variant while the preponderance of a ganglioside having a
mobility similar to that of GM3 could account for the negligible adherence of CTxB to
cells expressing C282Y-HFE.
In addition to its effect on ganglioside composition, expression of C282Y-HFE in SHSY5Y cells resulted in altered morphology and a significant increase in transcription and
expression of SphK1. The increase in expression of SphK1 was accompanied by an
increase in the amount of the pro-survival lipid, S1P synthesized by cell lysates. High
expression of SphK1 activity in breast cancers and glioblastomas was found to correlate
with poor survival (46,47), an observation that supports the role of cellular S1P as a
bioactive “ pro-survival” lipid (48). The increase in S1P may contribute to the enhanced
drug resistance conferred by the induction of p16INK4A, previously observed in studies
of C282Y-HFE-transfected SH-SY5Y cells (49). Both findings may help to explain why
expression of the C282Y-HFE variant is a risk factor for colon and breast cancers (4).
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These findings also provide support for studying the efficacy of small molecule inhibitors
of SphK1 as potential inhibitors of cancer development (36,50).
While much focus has been placed on the association of expression of C282Y-HFE and
cancer, it was recently shown that there was a significant negative association of this
mutation with AD suggesting that it might have a protective role in neurodegeneration
(5). This could be due to the C282Y-induced changes in sphingolipid composition.
Potential effects of those changes include: 1) increased expression of S1P contributing to
cell survival, 2) altered ganglioside composition reducing the probability of assembly of
amyloid ß-protein variants, 3) lipid changes altering signal transduction, 4) their altering
Ca2+ transport, or 5) a combination of small changes that over time enhance cell survival.
Development of an inhibitor(s) of SphK1 as a treatment for colon or breast cancer does
not mean that the potential protective effect of the C282Y mutation on AD would be
nullified provided the drug did not cross the blood brain barrier. In the case of
glioblastoma multiforme where up-regulation of SphK1 has been linked to poor
prognosis (51), the use of nanovesicles to both transport such an inhibitor across the BBB
and to target it specifically to tumor cells as previously described (52) might provide an
effective therapy.
In conclusion, the results described indicate that both the H63D and C282Y variants of
HFE induced significant changes in the sphingolipid composition of the SH-SY5Y
human neuroblastoma cells in which they were expressed. Knowledge of these
differences coupled with the effects expression of these variants have been found to have
in people may provide insights useful for development of potential therapies.
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Table 3.1: Relative expression of mRNAs for 14 enzymes involved in sphingolipid
synthesis
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Figure 3.1: Cell morphology and growth curves. Phase contrast photomicrographs for
SH-SY5Y human neuroblastoma cells stably transfected with either wild type HFE (WT),
H63D HFE (H63D), or C282Y HFE (C282Y). Cells were seeded at 6X105 per well on a
six well plate and photographed after 5.5 days in culture. The bar on each
photomicrograph indicates 140 microns. Cells were allowed to grow for 72 hr prior to
taking cell counts at 12hr intervals. Green indicates growth of cells transfected with WTHFE; blue, C282Y-HFE; and red H63D-HFE.
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Figure 3.2: Association of FLAG-tagged WT-HFE with lipid rafts. Blots were probed
with a mouse monoclonal anti-flotillin antibody (upper bands) or an anti-FLAG antibody
(lower bands) prior to exposure to a secondary HRP-conjugated goat anti-mouse
antibody. Numbers refer to 1 ml fractions taken from the top (1) to the bottom of the
gradient (10). Bands were visualized using SuperSignal West Femto Maximum
Sensitivity Substrate™ and exposure in and exposure in a Fuji Film LAS 3000. Location
of flotillin visualized on the same samples as the HFE or variant thereof is shown to
account for any variation in the individual gradients or the possible effect of HFE or
variant thereof on its location.
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Figure 3.3: HPTLC analysis of the ganglioside composition of cells transfected with
either WT, H63D, or C282Y variants of HFE. Isolated gangliosides were separated by
HPTLC on plates developed in either A) chloroform:isopropanol:50mM KCl (2:13.4:4.6,
v:v:v); or B) CHCl3:CH3OH:0.3% CaCl2•2H2O (60:30:8, v:v:v).
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Figure 3.4: Binding of Alexa-Fluor®594-conjugated CTxB to the cell surface of SHSY5Y human neuroblastoma cells stably transfected with either WT-, H63D-, or
C282Y-HFE. Nuclei were visualized using DAPI; bars on the photomicrographs indicate
20 microns.
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Figure 3.5: Steps in sphingolipid metabolism catalyzed by the enzymes studied.

,

sialic acid; , glucose;
, galactose; and
, N-acetylgalactosamine. While linkages
are not indicated, the gangliotetaose carbohydrate sequence is Galß1-3GalNAcß14Galß104Glcß1-. See Table 1 for definitions of gene abbreviations. Nomenclature used is
that of Svennerholm (53).
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Figure 3.6: Expression of sphingosine kinase 1. A) Western blot analysis of the
expression of SPhK1 and actin, B) ratio of SphK1/actin (n=3). ** indicates that the
difference between the ratio for C282Y-HFE expressing cells and those expressing WTor H63D-HFE was significant (p<0.001; one way analysis of variance followed by the
Newman-Keuls multiple comparison test).
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Figure 3.7: S1P synthesized by cell lysate SphK1. A) 32P-labeled lipid extracts were
separated by TLC using butanol:water:acetic acid (3:1:1, v:v:v) as the running solvent
and bands visualized by exposure to x-ray film. B) Label associated with S1P synthesized
by cell lysates from cells expressing C282Y-HFE was significantly greater [*p<0.01
(n=3), one way analysis of variance followed by the Newman-Keuls multiple comparison
test] than that for cells expressing WT- or H63D-HFE.
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Chapter 4
C282Y increases cellular proliferation by inducing cholesterol
accumulation

Abstract
Disruptions in the maintenance of iron and cholesterol metabolism have also been
implicated in several cancers. Therefore, the effects of C282Y-HFE on lipid (cholesterol
and sphingolipid) metabolism and its possible relevance to cancer phenotype was also
studied. Expression of C282Y-HFE altered transcription of a number of enzymes
involved in cholesterol and sphingolipid metabolism. More specifically it was associated
with significant changes in the expression of genes involved in cholesterol metabolism
were consistent with significant elevation in total cholesterol content of C282Y-HFE
cells. Of particular interest was the finding that expression of the enzyme sphingosine
kinase 1(SphK) and its pro-survival metabolite, sphingosine-1-phosphate (S1P) was
elevated. These effects may contribute to the increased risk of colorectal, breast, prostate,
ovarian, and brain tumors reported for carriers of C282Y-HFE and explain why it is
considered protective against Alzheimer’s disease while H63D-HFE is a risk factor for
neurodegenerative diseases. Changes in the gene expression seen for proteins involved in
cholesterol metabolism, indicate that increased uptake of cholesterol is the likely cause
for the elevation in cellular cholesterol content seen in C282Y-HFE expressing cells.
Since simvastatin is an inhibitor of cholesterol synthesis and has been proposed to be
beneficial for the treatment of certain cancers, its effect on the viability of C282Y-HFE
cells was ascertained. A higher concentration of simvastatin was needed to decrease
survival of cells expressing C282Y-HFE than WT-HFE. Because of the significant
increase of SphK in C282Y cells, the effect of a SphK inhibitor (SKI) on cell survival
was monitored. Again, WT-HFE cells were more sensitive to this treatment than C282YHFE cells, reflecting the drug resistant phenotype of C282Y-HFE cells. Treatment of
cells with both simvastatin and SKI revealed a small effect on survival. Collectively,
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these studies indicated that C282Y-HFE markedly affected both cholesterol and
sphingolipid metabolism and support the possibility that inhibition of both cholesterol
synthesis/uptake and as well as synthesis of S1P as a potential therapeutic strategy for
treatment of cancer in carriers of C282Y-HFE.

Introduction
Iron and cholesterol are both essential for normal cellular growth and proliferation. They
are also needed for tumor growth and metastasis. In this chapter, the role of iron and
cholesterol in carcinogenesis will be described and data are presented to show the effects
of the C282Y variant of HFE and resulting iron-overload on cholesterol metabolism.
Finally, the relationship between these pathways and its relevance to cancer will be
discussed.
Role of iron in cancer:
Iron is a required co-factor for a number of key cellular enzymes involved in cellular
proliferation including DNA, protein and lipid synthesis as well as for oxygen transport
as a component of heme. Heme is a major component of hemoglobin (red pigment in
blood) and several enzymes. Most of the iron in the body is found in heme, or in ferritin
(Ft), an iron storage protein, or bound to transferrin (Tf), an iron transport protein. The
ability of one molecule of ferritin to bind up to 4500 molecules of iron makes it the major
source of iron (Stojiljkovic and Perkins-Balding, 2002). Tf that has two binding sites for
iron is primarily involved in transporting iron in the circulation. Body iron status is
usually measured indirectly in terms of dietary iron intake, iron supplement intake, serum
ferritin levels, serum iron (also called Tf iron), and transferrin saturation (total iron
binding capacity of Tf).
Evidence for the role of iron in cancer was first reported when intramuscular injection of
iron induced malignant tumors in rats (Richmond, 1959). Moreover, studies by Ba et al
showed that when iron chelation was used to decrease serum iron concentration in
athymic mice, tumor growth was suppressed (Ba et al., 2011), indicating a need for high
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iron levels for cancer growth. Consistent with these experimental findings, patients that
were treated with iron preparations were shown to develop sarcomas (Greenberg, 1976).
In addition, Zacharski et al. reported reduction in the recurrence of cancer or cancerrelated deaths in individuals undergoing frequent phlebotomy (Zacharski et al., 2008).
These observations led to several epidemiological studies, both prospective and retroprospective, the results of which showed increased risk of cancer in patients with
exposure to iron treatment (Graf and Eaton, 1985; Kazantzis, 1981; Selby and Friedman,
1988; Stevens et al., 1986; Stevens et al., 1988). In particular, association of iron with
increased risk of colorectal cancer has been repeatedly identified in epidemiological
studies (Nelson, 2001; Stevens et al., 1988; Wurzelmann et al., 1996). A meta-analysis of
thirty-three studies revealed an association of iron with increased risk of colorectal
neoplasia in 75% of the studies analyzed (Nelson, 2001).
At the mechanistic level, it has been proposed that the presence of excessive iron can be
specifically detrimental to the cell because iron can catalyze production of oxidative
radicals which can cause lipid peroxidation, protein and DNA damage that results in
mutagenesis. In fact, accumulation of oxidative radicals from unabsorbed dietary iron in
the colon has been proposed to be the likely cause for the higher incidence of colorectal
cancer (Lund et al., 1999; Lund et al., 1998). This idea was supported by the findings of
increased proliferation of colonic epithelium as measured in vivo by measuring
incorporation of 3H-thymidine into colonic mucosa of rats fed with heme (Sesink et al.,
1999). Furthermore, animal studies utilizing HFE-knockout mice fed with a standard iron
diet showed increased concentration of malondialdehyde (MDA; indicator of lipid
peroxidation) in colon tissue relative to animals fed a low iron diet, indicating a
synergism between dietary iron content and HFE genotype and increasing oxidative
damage to colon tissue (Stevens et al., 2003). In addition to colorectal cancer, iron
accumulation is also associated with liver cancer. Compared to samples from normal
livers, liver samples from patients with hemochromatosis (an iron-overload disorder) had
significantly higher levels of iron, and showed development of fibrosis, cirrhosis, and
hepatoma (Bassett et al., 1986). Epidemiological studies have shown that in European
countries, where the incidence of hemochromatosis is much higher, individuals with
hemochromatosis were 23 times more likely to develop hepatocellular carcinoma (HHC)
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than individuals without it (Lauret et al., 2002; Milman et al., 2001; Niederau et al.,
1996). The mechanism by which iron accumulation may be a risk factor for cancer is by
induction of oncogenes such as MDM2 (murine double minute 2), which in turn is a
regulator of p53 (Dongiovanni et al., 2010). Iron-induced activation of p53 activity via
MDM2 has been shown to increase risk of liver cirrhosis and HHC in humans
(Dongiovanni et al., 2010), as well as, in a rat model of hepatocarcinogenesis (Mizukami
et al., 2010).

In addition to free iron, elevated body iron stores are also implicated in the risk of cancer.
High amounts of ferritin in the serum are associated with metastasis of hepatocellular
carcinoma (Hellerbrand et al., 2003), renal cell carcinoma (Miyata et al., 2001; Wu et al.,
2004), and cerebrospinal fluid ferritin levels are increased in glioblastoma patients (Sato
et al., 1998). Therefore, studies of genetic mutations resulting in iron-overload such as
that induced by HFE variants should be useful in developing cancer therapeutics.

C282Y-HFE in cancer

Cellular iron uptake is regulated by the hemochromatosis gene product HFE. The wild
type (WT)-HFE protein interacts with the transferrin receptor to limit uptake of ironloaded transferrin into cell. In contrast to WT-HFE, the C282Y-HFE variant is retained in
the endoplasmic reticulum (ER) leading to increased iron uptake (Feder et al., 1997;
Waheed et al., 1997). A number of studies have shown that C282Y-HFE is associated
with accumulation of iron at the cellular and tissue level (Camaschella et al., 2002; Lee et
al., 2007a). C282Y-HFE cells express less TfR; this is an indicator of iron-overload as
the cell tries to limit further iron uptake by reducing TfR expression (Lee et al., 2007a).
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Because C282Y-HFE is the prime suspect in the iron-overload disorder hereditary
hemochromatosis (HH), one of the complications of which is hepatocellular carcinoma,
and iron accumulation has been associated with malignancy, assessment of C282Y-HFE
as a risk factor for different types of cancer is of interest. In fact, carriers of C282Y-HFE
have been found to have an increased risk of breast, ovarian, colorectal, and prostate
cancer relative to WT-HFE carriers (Gannon et al., 2011; Osborne et al., 2010; Shaheen
et al., 2003; Syrjakoski et al., 2006). Considering that the prevalence of homozygosity for
the C282Y mutation varies between 3% and 12% in Caucasians (Fargion et al., 2010) and
the lack of knowledge about its prevalence in different types of cancers, a large number
of people may be at an increased risk of cancer. The mechanism whereby C282Y-HFE
influences the incidence of cancer is unknown.

Though it is unclear how C282Y-HFE can contribute to cancer, evidence from cell
culture studies is accumulating to show effects on key cellular mechanisms. For example,
expression of C282Y-HFE in human neuroblastoma cells resulted in an elevation in
intracellular iron, increased lipid peroxidation, and increased cell proliferation (Lee et al.,
2007b). In addition, cells expressing C282Y-HFE are resistant to induction of
differentiation by retinoic acid and to several chemotherapeutic drugs i.e. doxorubicin etc
as a result of induction of expression of the cyclin-dependent kinase inhibitor, p16INK4a
(Lee et al., 2010). C282Y-HFE expressing cells also exhibit significantly higher
expression of sphingosine kinase 1 (SphK1), its pro-survival metabolite sphingosine 1
phosphate (S-1-P), and increased cellular proliferation (Ali-Rahmani et al., 2011). In line
with the cell culture findings, a recent epidemiological study reported that carriers of the
C282Y-HFE variant had alterations in their serum lipid profile (Adams et al., 2009;
Pankow et al., 2008). Though, these studies suggest a link between iron and lipid
metabolism, current knowledge in this area is very limited. So far, no studies have been
conducted to assess effects of C282Y-HFE on cholesterol metabolism directly. Therefore,
studies were conducted to explore this connection in this thesis. Independent of C282YHFE, the role of cholesterol and other lipids has been investigated and a brief overview is
presented below.
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Role of cholesterol in cancer:
The high proliferation of cancer cells requires large amounts of lipids as building blocks
for biological membranes. Accumulation of cholesterol has been reported to occur in
various malignancies, including prostate cancer and oral cancer (Freeman and Solomon,
2004; Kolanjiappan et al., 2003; Zhuang et al., 2003; Zhuang et al., 2002), myeloid
leukemia, lung, and breast cancers (Bennis et al., 1993; Duncan et al., 2004; El-Sohemy
and Archer, 2000; Li et al., 2003).

Li et al. showed higher levels of membrane

cholesterol and lipid rafts in breast and prostate tumor cells compared with normal cells
from the same tissues (Li et al., 2006). In addition, several tumors were reported to
exhibit increased expression of HMGCoAR and mevalonate (cholesterol precursor)
(Duncan et al., 2004). Administration of mevalonate to nude mice with a mammary
tumor xenograft promoted tumor growth (Duncan et al., 2004), further supporting the
link between elevated cholesterol content and cancer.
A strong link between cholesterol and cancer is also supported by findings that elevated
serum cholesterol increased expression of cholesterol synthesis enzymes in the cancer
cells. The mechanism whereby cholesterol influences cancer growth and/ migration
remains unclear. Recent evidence points at regulation of AKT dependence on cholesterol
and role of lipid rafts Several studies have shown that changes in membrane lipid
composition, either through the generation of sphingosine-1-phosphate or an increase in
membrane cholesterol alters signaling pathways including AKT mediated cell survival
(Oh et al., 2007; Osawa et al., 2005; Zhuang et al., 2002). Akt/protein kinase B (PKB) is
a serine/threonine kinase that is a critical regulator of cell survival and proliferation,
especially in human malignant cancer. Phosphorylation of AKT results in its activation,
which in turn phosphorylates and inactivates its downstream effecters such as proapoptotic proteins. Interestingly, activated AKT can, in turn, affects cholesterol
metabolism by inducing synthesis of the sterol regulatory element binding protein and
transcription of genes such as HMGCoA synthase and HMGCoAR (Freeman and
Solomon, 2004; Porstmann et al., 2005). Akt activation also up-regulates anti-apoptotic
genes such as Bcl-xL and FLICE-inhibitory protein (FLIP) (Cardone et al., 1998; Datta et
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al., 1997; Kane et al., 1999; Panka et al., 2001; Romashkova and Makarov, 1999;
Shimamura et al., 2003). A subpopulation of AKT resides in lipid rafts and mediates cell
survival signaling (Adam et al., 2007; Zhuang et al., 2001). Interestingly, Akt was shown
to induce cholesterol synthesis by inducing sterol-regulatory element binding protein and
transcription of multiple genes involved in fatty acid and cholesterol metabolism,
including HMG-CoAR, HMG-CoA synthase, and fatty acid synthase (Porstmann et al.,
2005).Taken together, these studies have shown that AKT activation is dependent upon
cholesterol content of lipid rafts suggesting the existence of a potential feedback
mechanism, whereby cholesterol-induced recruitment of AKT in lipid rafts and
subsequent activation may result in enhanced cholesterol synthesis, increase in lipid rafts
and increased localization of AKT into rafts (Adam et al., 2007) . These findings indicate
a direct relationship between cholesterol, AKT activation, and cell survival (Adam et al.,
2007; Elhyany et al., 2004; Hill et al., 2002; Oh et al., 2007; Partovian and Simons, 2004;
Zhuang et al., 2001).
In the previous chapter, we have shown that WT-HFE is localized in lipid rafts,
membrane microdomains in the plasma membrane that are enriched in cholesterol and
sphingolipids. Lipid rafts provide a platform for protein-protein interactions and play an
important role in signal transduction mediating cell proliferation etc. We have shown that
C282Y-HFE, unlike WT-HFE, is not associated with lipid rafts (Ali-Rahmani et al.,
2011), indicating that its interaction with other raft-resident proteins could be disrupted.
Based on our previous finding that sphingolipid metabolism was altered in cells
expressing C282Y-HFE, we investigated the effect of its expression on cholesterol,
another lipid enriched in lipid rafts. We hypothesized that the expression of C282Y-HFE
would result in disruption of cholesterol metabolism. To test this hypothesis, we
determined the total cholesterol content and expression of genes involved in cholesterol
metabolism in C282Y-HFE-expressing human neuroblastoma cells. We also tested
whether inhibition of cholesterol and/ or sphingosine kinase affected survival of C282YHFE cells.
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Methods and materials
Cell culture:
SH-SY5Y human neuroblastoma cells, stably transfected (Lee et al., 2007b) to express
either FLAG-tagged wild-type (WT)- or C282Y-HFE alleles, were grown in DMEM/F12
medium containing 10% fetal bovine serum, 1% antibiotics (Penn-Strep, glutamine), 1%
non-essential amino acids, and 1.8g/L NaHCO3 at 37˚C in an atmosphere of 5%
CO2/95% air.
Cholesterol analyses:
Lipids were extracted from equal number of cells (106) of each cell type using
chloroform: isopropanol:Triton X-100 (7:11:0.1). The CHCl3 (bottom) layer was
collected, dried, and extracted material resuspended in cholesterol reaction buffer
provided with the Biovision kit. Cholesterol content was measured using the cholesterol
quantification kit according to the manufacturer’s (Biovision) directions. After
determining protein content using the Dc Protein assay (BioRad), cholesterol content was
normalized to protein content.
Gene expression:
Total RNA was isolated from SH-SY5Y cells expressing either WT- or C282Y-HFE
using the RNeasy Mini Kit (Qiagen, Valencia, CA) according to the manufacturer’s
instructions. Recovered RNA was quantified by its absorbance at 260nm. cDNA was
prepared by reverse transcription of isolated RNA using the RT2 First Strand Kit
(SABiosciences, now part of Qiagen). For qRT-PCR reactions, ~4ng cDNA samples
were added to a commercially available 96 well Lipoprotein signaling and cholesterol
metabolism gene array containing primer pairs specific for the 96 genes involved in
cholesterol metabolism (cat # PAHS-080Z) and reactions carried out according to
directions provided with the RT2 SYBR® Green/ROX™ qPCR Master Mix Kit
(SABiosciences, Frederick, MD). Gene expression of each of the 96 genes was monitored
using an ABI 7800 (Applied Biosystems, USA). Data was normalized to expression of
mRNA for actin, GAPDH, and ribosomal protein L13A.
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Cell survival:
WT- and C282Y-HFE cells differ in morphology and proliferation with the latter being
larger. In order to treat both cell types when they were approximately equally confluent,
3X104 WT- and 1.5X104 C282Y-HFE cells were seeded per well in a 96 well plate and
allowed to grow for 2 days in regular medium (as described above). Cells were then
treated with different concentrations of simvastatin (Sigma; S6196) or sphingosine kinase
inhibitor (SKI; SKI 178 from Dr. Jong Yun (Hengst et al., 2010; Madhunapantula et al.,
2012) or a combination of both. Cells were treated for 24-48 hr in medium containing 1%
FBS. Cell survival was measured at 24 and 48 hr time points using the MTS assay
according to the manufacturer’s protocol (Promega).
Statistical Analysis:
Data were analyzed using the unpaired Student t-test as appropriate. To compare different
treatments, one-way ANOVA followed by the Newman Keuls test was used. Data are
shown as percentage of the untreated control. Each experiment was repeated at least three
times with 3-8 replicates.

Results
Effect of C282Y-HFE on total cholesterol content
To study the effects of expression of C282Y-HFE on cells, SH-SY5Y cells transfected to
stably express WT- or C282Y-HFE protein (Lee et al., 2007b) were used. We previously
found that C282Y-HFE expressing cells had significantly increased cell growth and
altered morphology compared to WT-HFE cells (Ali-Rahmani et al., 2011). We also
showed that while WT-HFE was found in lipid microdomains/rafts, regions of the plasma
membrane enriched in cholesterol, glycosphingolipids and signal transduction molecules,
C282Y-HFE, was not (Ali-Rahmani et al., 2011). In fact, others have shown that C282YHFE stays in the golgi complex and does not localize in the plasma membrane (Waheed
et al., 1997). Previous studies indicated that expression of C282Y-HFE was accompanied
by changes in glycosphingolipid expression (Ali-Rahmani et al., 2011), which led us to
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hypothesize that it might also affect metabolism of cholesterol, another lipid enriched in
rafts. Biochemical assessment of cholesterol content using a cholesterol assay kit
indicated that C282Y-HFE expressing cells had ~18% more cholesterol than WT-HFE
cells (Figure 4.1A).

Effect of C282Y-HFE on expression of genes affecting cholesterol metabolism
To investigate the underlying cause(s) for the increased cholesterol content in C282YHFE expressing cells relative to those expressing WT-HFE, the expression of 96 key
genes encoding proteins involved in cholesterol metabolism was ascertained using a
Lipoprotein signaling pathway focused gene array. Expression of a number of genes was
altered in C282Y-HFE cells relative to WT-HFE cells (Table1). Only genes with a 4-fold
or greater change in expression were considered to be significantly affected. NPC1L1 and
CXCL16, the two most highly over-expressed genes (>300 fold), encode the proteins
Niemann-Pick disease, type C1 gene-like 1 (functions in uptake of cholesterol by cells)
and chemokine ligand 16 (induces cell migration), respectively. Genes with greater than
100 fold upregulation were those encoding apolipoprotein D (APOD), collectin subfamily member 12 (COLEC12), and low density lipoprotein-related protein 1B (LRP1B).
While a number of genes were upregulated, expression of cytochrome P450, family 7,
subfamily B, polypeptide 1(CYP7B1) was decreased 98-fold in C282Y-HFE cells. While
these changes could affect cholesterol metabolism, the genes affected were primarily
involved in transport and uptake. For example overexpression of NPC1L1 would be
expected to enhance uptake of cholesterol by C282Y-HFE-expressing cells and may have
contributed to our finding of increased cholesterol in them.

Effect of cholesterol inhibition on cell survival
Previous studies have shown that C282Y-HFE cells are resistant to chemotherapeutic
drugs such as doxorubicin and agents causing differentiation such as retinoic acid (Lee et
al., 2010). To determine whether the elevation in cholesterol in C282Y-HFE cells was
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responsible for their enhanced proliferation and resistance to therapy, we measured the
effect of simvastatin (inhibitor of HMGCoAR activity) on cell survival. Both WT- and
C282Y-HFE expressing cells were treated with varying concentrations of simvastatin and
cell survival assessed 24 and 48 hr later. At 24 hr, no significant difference was observed
in survival of cells exposed to either 10 or 20µM simvastatin. However, a greater
reduction in survival was observed for WT-HFE cells treated with 40µM simvastatin
(~75%) and C282Y-HFE cells (~50%) relative to the untreated WT and C282Y-HFE
controls, respectively (Figure 4.2A). After 48 hr, 10µM simvastatin was found to reduce
survival of WT-HFE cells by ~20% while 20µM simvastatin was needed to have the
same effect on C282Y-HFE cell survival (Figure 4.2B), indicating a genotype-dependent
response to treatment with simvastatin on cell survival. These observations support the
hypothesis that C282Y-HFE expressing cells may be more efficient at obtaining
cholesterol from serum in the growth medium than WT-HFE cells.

Effect of inhibition of sphingosine kinase on cell survival
Previously we found a significant elevation in mRNA, protein expression, and activity of
sphingosine kinase 1 (SphK1) in C282Y-HFE cells relative to WT-HFE cells (AliRahmani et al., 2011; Lavieu et al., 2006; Snider et al., 2010; Spiegel and Milstien,
2002). A number of studies have shown association of increased cell proliferation and
cell migration with elevation in SphK1 (Bao et al., 2011; Nagahashi et al., 2012; Pan et
al., 2011). Therefore, we hypothesized that inhibition of SphK1 would decrease survival
of C282Y-HFE cells. Cells were treated with different concentrations of sphingosine
kinase inhibitor (SKI) for 24 and 48 hr and survival assessed using the MTS assay. While
a significant reduction in survival of WT- and C282Y-HFE cells was observed after 24
and 48 hr of treatment relative to untreated controls (Figure 4.3A & B), no significant
differences were observed between WT- and C282Y-HFE cells treated the same way for
24 hr. After 48 hr of treatment, survival of WT-HFE cells was 25% and that of C282YHFE cells 55-65% (Figure 4.3A). Interestingly, no significant change in survival of
C282Y-HFE cells was observed between 24 and 48 hr of exposure to the sphingosine
kinase inhibitor (p>0.05) (Figure 4.3A & B).
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Effect of exposure to both SKI and simvastatin on cell survival
Given that treatment of C282Y-HFE cells with either simvastatin or SKI alone showed a
resistant phenotype, effect of combination of both drugs on the survival of C282Y-HFE
cells was tested. Survival of cells treated with both SKI and simvastatin (whether 10µM
or 40µM) was significantly (p<0.001) reduced for WT-HFE cells after 24 hr relative to
that seen when they were treated with SKI alone and by 48 hr that reduction was
markedly enhanced (Fig 4.4A & B and 4.5A & B). The response of C282Y-HFE cells to
the combination treatment did not change significantly after treatment with SKI and
10µM of simvastatin for 24 hr or 48 hr (Fig 4.4 C & D). However, addition of 40µM
simvastatin along with different concentrations of SKI showed a significant (p<0.01)
reduction in survival of C282Y-HFE cells than seen in cells treated with SKI alone after
24 or 48 hr (Fig 4.5 C & D). These data show that WT-HFE cells are more sensitive to
SKI, simvastatin alone or combined than C282Y-HFE cells.

Discussion
An extensive literature search revealed only two studies that looked at the effect of
expression of C282Y-HFE on cholesterol. Those studies indicated that carriers of
C282Y-HFE had low serum total and LDL cholesterol (Adams et al., 2009; Pankow et
al., 2008). Our findings that human neuroblastoma cells transfected to express C282YHFE had significant changes in expression of a number of genes in the cholesterol
pathway are consistent with the human studies. Because a number of the significantly upregulated genes are involved in cholesterol uptake and transport, it can be predicted that
the increased level of cholesterol in C282Y-HFE expressing cells could account for
clearance of cholesterol from the circulation and uptake into cells of individuals
expressing the C282Y-HFE variant.
A prime example of a gene involved in cholesterol transport whose expression
was significantly up-regulated in C282Y-HFE cells is NPC1L1 (increased 333-fold). It
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encodes the Niemann-Pick C1-Like 1 (NPC1L1) transmembrane protein that functions in
uptake of cholesterol via clathrin-mediated endocytosis and is regulated by cellular
cholesterol content (Brown et al., 2007; Ge et al., 2008; Petersen et al., 2008; Yu et al.,
2006).
Additional up-regulated genes involved in cholesterol transport and their
functions include the following: CXCL16 (increased 306-fold) which encodes
CXCL16/SR-PSOX, an interferon-γ–regulated chemokine found in both trans-membrane
and soluble forms, and can function as a scavenger for oxidized low-density lipoproteins
(Matloubian et al., 2000; Shimaoka et al., 2000; Wuttge et al., 2004). LRP1B (increased
198-fold) encodes the low density lipoprotein receptor related protein 1B (LRP1B) which
interacts with the cytoplasmic tail of the LDL receptor and mediates cholesterol uptake
(Li et al., 2002). COLEC12 gene (increased 177-fold) encodes a member of the C-lectin
family of proteins. This protein is known to function as a scavenger receptor and can
recognize oxidized phospholipids and lipoprotein . APOD encodes for apolipoprotein D
(APOD, increased 161-fold) which is associated with high density lipoproteins and
interacts with lecithin cholesterol acyltransferase (Holmquist, 1989). The APOE gene
encodes apolipoprotein E (APOE, increased 71-fold) which interacts with members of
low-density lipoprotein receptor family and plays a key role in lipid transport in the
plasma and in the central nervous system (Elshourbagy et al., 1985; Hatters et al., 2006;
Ladu et al., 2000). Collectively, these changes in gene expression seen in the C282YHFE cells indicate disruption of cholesterol homeostasis, particularly, an increase in
cholesterol uptake which may be the reason for the elevated cholesterol content found in
these cells.

C282Y-HFE, cholesterol, and cancer risk
As indicated previously, individuals that express C282Y-HFE have an increased risk of
breast, colorectal, and prostate cancer relative to WT-HFE carriers. It is possible that this
increased risk is due to the C282Y-HFE variant-induced alterations in lipid metabolism.
In previous work we found that C282Y-HFE cells expressed significantly more S1P (cell
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growth promoter) and significantly fewer gangliosides (lipid raft components) than WTHFE cells (Ali-Rahmani et al., 2011). Here we have shown an elevation in the cholesterol
content of C282Y-HFE cells. Cholesterol is an essential membrane component that plays
an important role in maintaining membrane integrity and fluidity (Silvius, 2003). It is
also critical for formation of lipid rafts where it serves as a spacer between the
hydrocarbon chains of sphingolipids (London and Brown, 2000; Simons and Toomre,
2000). Therefore, it has been hypothesized that alterations in the cholesterol content of
cells changes the composition and properties of lipid rafts. In fact, studies have shown
that depletion of cholesterol from the plasma membrane causes disruption of lipid rafts
and movement of raft-associated proteins into non-raft areas of the membrane. The
change in membrane environment can affect protein function and in turn, cell survival
(Scheel-Toellner et al., 2002; Simons and Toomre, 2000).
Cholesterol inhibition-potential therapy for cancer

Considering the role of cholesterol in cell growth and cancer promotion, it is logical to
predict that cholesterol inhibition/depletion could be beneficial for patients with a cancer
that accumulates cholesterol such as breast and prostate. Support for this hypothesis is
provided by studies showing a reduction in the incidence of prostate cancer in patients on
long-term statin therapy (Graaf et al., 2004)( (Platz et al., 2006). In addition, depletion of
cholesterol from human prostate cancer cells harboring high amounts of cholesterol
resulted in increased sensitivity to apoptosis (Li et al., 2006). Cholesterol depletion using

effects that were reversed by cholesterol repletion. Similar effects were achieved in cells
by treatment with simvastatin (Li et al., 2006) to inhibit HMGCoAR, the rate limiting
enzyme in cholesterol synthesis. Use of statins has been reported to be beneficial for the
treatment of some cancers as well. Though conflicting data have been found for the
effect of statin treatment on the risk of cancer (Dale et al., 2006), several reports have
consistently documented their efficacy, especially for prostate cancer (Solomon and
Freeman, 2008). Our results indicate that while treatment of cholesterol-enriched C282YHFE cells with simvastatin decreased their survival they were less sensitive to

188

simvastatin than WT-HFE cells. The reduced sensitivity of C282Y-HFE cells to
simvastatin may reflect their ability to obtain cholesterol from the medium via
upregulated expression of NPC1L1. These observations may help to explain the
apparently conflicting findings seen in human studies of statin treatment for certain
cancers. It is possible that when the same dose was given to all subjects in a clinical study
without the knowledge of their HFE genotype, the inclusion of C282Y-HFE carriers in
the subject pool affected the outcome. Further prospective studies are warranted to
ascertain whether individuals with C282Y-HFE have elevated levels of cholesterol and
whether a higher dose of statin treatment might be a better treatment option for them.
Nonetheless, our findings along with other studies suggest that cancers whose cells
exhibit an upregulation in expression of enzymes involved in cholesterol synthesis may
be more responsive to statin therapy than those with elevated cholesterol levels due to
overexpression of proteins that enhance its uptake by cells.

Association of cholesterol metabolizing genes with cancer phenotype
Some of the genes we found elevated in C282Y-HFE cells, have been shown to play a
role in cancer phenotypes by others. For example, CXCL16 was found to stimulate cell
proliferation, chemotaxis, and angiogenesis (Darash-Yahana et al., 2009; Lu et al., 2008;
Rabquer et al., 2011). It is found in both trans-membrane and soluble forms and is known
to bind the chemokine receptor, CXCR6, and guide migration of T-cells (Wuttge et al.,
2004). Elevated expression of CXCL16 has been found in atherosclerotic lesions,
suggesting a link between inflammation and lipid metabolism (Darash-Yahana et al.,
2009; Shimaoka et al., 2000; Wuttge et al., 2004). In addition, elevated expression of
CXCL16 was observed in several prostate cancer cell lines with much higher expression
in more aggressive PC3 cells relative to less aggressive LNCaP cells as well as in
prostate tumors from humans (Lu et al., 2008). CXCL16 was also found to induce
prostate cancer cell migration and invasion in a dose-dependent manner. We found
significant upregulation of mRNA and protein expression, as well as, soluble CXCL16 in
C282Y-HFE cells. These data support an association between function of CXCL16 and
phenotype of C282Y-HFE cells.
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A role for NPC1L1 in cancer is unknown but considering the role of accumulated
cholesterol in cancer promotion and known function of NPC1L1 in cholesterol uptake,
future studies focusing on this connection may provide additional targets to inhibit
cholesterol-dependent cancer progression.
Though no significant association has been found between isoforms of APOE and
cancer, a few studies suggest that possibility. For example, macrophages surrounding the
human colonic adenocarcinoma cells have been shown to overexpress APOE (Niemi et
al., 2002; Niemi et al., 2000). In addition, prostate cancer patients carrying the APOE3 or
APOE4 isoform had high serum cholesterol relative to the ones with benign prostate
hyperplasia (Niemi et al., 2000).
ApoD, a component of high-density lipoproteins (HDL), plays a significant role in
cholesterol metabolism and its abnormal expression is implicated in different metabolic
syndromes. For example, Do Carmo et al. reported induction of ApoD expression in
NIH/3T3 cells in response to cellular stress, regardless of whether the stress was caused
by lipopolysaccharide (LPS) stimulation, H2O2 treatment or UV-light irradiation (Do
Carmo et al., 2007). In addition, elevated ApoD production was detected in liver tumors
resected from hepatocellular carcinoma (Vizoso et al., 2007), as well as in invasive
carcinoma of the breast (Gonzalez et al., 2007; Soiland et al., 2009). Collectively, these
studies support the relevance of observed changes in C282Y-HFE cells to cancer
phenotype.
In conclusion, given that cholesterol is accumulated in several tumors and is
implicated in induction of cell survival pathways via activation of AKT, findings from
our studies suggest that the increase in total cholesterol and S-1-P in C282Y-HFE cells
could contribute to AKT activation in these cells. Evidence for the involvement of
cholesterol in AKT activation and cell proliferation and tumor growth, combined with
our findings of elevation of cholesterol content and cell proliferation in C282Y-HFE cells
indicates a potential mechanism to explain the higher incidence and severity of breast,
prostate, and colon cancers in carriers of C282Y-HFE which warrants further
investigation. Our findings, consistent with others, support a role for the C282Y-HFE
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variant in malignancies and argue for stratification of subjects by HFE genotype to access
disease susceptibility and to develop effective therapeutics.
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Table 4.1: Effect of C282Y-HFE variant on the expression of genes involved in
cholesterol metabolism relative to WT-HFE-expressing cells
Pools of total RNA from WT- or C282Y-HFE stably transfected cells were analyzed
using the GEArray human target specific gene array. Changes in mRNA levels are
expressed as  (fold increase),  (fold decrease). The average changes in expression (> 4
folds) are shown.
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Figure 4.1: Effect of expression of C282Y-HFE on cholesterol content relative to
WT- HFE expressing cells
A) Cholesterol content of SH-SY5Y cells expressing WT- or C282Y-HFE. Lipids were
extracted from equal number of cells (106) of each cell type and cholesterol content
- and C282Y-HFE cells.

A.

B.
C282Y-HFE

WT-HFE
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Figure 4.2: Effect of simvastatin treatment on survival of WT- and C282Y-HFE
cells. Both WT- and C282Y-HFE expressing cells were treated with 10, 20, or 40 µM
simvastatin for either 24 or 48 hours and cell survival was measured by the MTS assay.
Untreated cells served as control. A) Cell survival significantly decreased after treatment
with 40uM of statin for 24 hrs for both cell types relative to the untreated controls *** P
< 0.001, n=8. The comparison of 40uM treated C282Y cells with WT-HFE cells treated
analogously is indicated by ϯϯϯ p<0.001 Decreased cell survival was observed for WTHFE expressing cells relative to expressing C282Y-HFE after treatment with simvastatin
for 24 hrs. B) Treatments were done analogously but cells survival was measured after 48
hours.
A.

B.
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Figure 4.3 Effect of sphingosine kinase inhibitor (SKI) on cell survival A) SKI alone
24 hr B) SKI alone 48 hr. Both WT- and C282Y-HFE expressing cells were treated with
1, 5, 10, or 20 µM SKI for either 24 or 48 hours and cell survival was measured by the
MTS assay. Untreated cells served as control. A) Relative to the untreated controls,
survival of both WT- and C282Y-HFE cells was significantly decreased after treatment
with 1, 5, 10, or 20 µM SKI of SKI for 24 hrs and B) 48 hours and indicated by *** P <
0.001, n=8. The comparison of each treatment between WT- and C282Y-HFE cells,
where significant, is shown by ϯ p<0.05; ϯϯϯ p<0.001. After 24 hr treatment, with 5 or
10uM of SKI, C282Y-HFE cells are less sensitive to treatment than WT-HFE cells
treated the same as shown in A. However, after 48 hrs, C282Y-HFE cells are more
resistant ti SKI than WT-HFE cells at all concentration used and shown in panel B.
A.

B.
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Figure 4.4: Effect of combination treatment of simvastatin and sphingosine kinase
inhibitor on cell survival treatment- 10uM of statin Cells were treated with either 1,5,
10, or 20 uM of SKI alone, 10uM of statin alone, or conbination of both for 24 or 48 hrs
before assaying for survival. A) WT-HFE cells, with single or combination treatment,
had decreased survival relative to the untreated controls (*** p<0.001) or relative to
10uM statin treated cells (ʈʈʈ p<0.001). B) WT-HFE were treated as described in A,
except cell survival was measure after treating cells for 48 hrs C) Effects of treatments as
described above on C282Y-HFE cells after 24 hr and D) 48 hr.*** indicates comparison
of treatment group with untreated controls. ʈʈʈ indicates comparison of treatment group
with statin treatment alone (last bar in the graph). Wt-0 is untreated control; WT-1 is
treated with 1uM SKI; WT-1+10 is treated with 1uM SKI plus 10uM statin.
A.

B.

C.

D.
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Figure 4.5: Effect of combination treatment of simvastatin and sphingosine kinase
inhibitor on cell survival treatment- 40uM of statin Cells were treated with either 1,5,
10, or 20 uM of SKI alone, 40uM of statin alone, or conbination of both for 24 or 48 hrs
before assaying for survival. A) WT-HFE cells, with single or combination treatment,
had decreased survival relative to the untreated controls (*** p<0.001) or relative to
40uM statin treated cells (ʈʈʈ p<0.001). B) WT-HFE were treated as described in A,
except cell survival was measure after treating cells for 48 hrs C) Effects of treatments as
described above on C282Y-HFE cells after 24 hr and D) 48 hr.*** indicates comparison
of treatment group with untreated controls. ʈʈʈ indicates comparison of treatment group
with statin treatment alone (last bar in the graph). Wt-0 is untreated control; WT-1 is
treated with 1uM SKI; WT-1+40 is treated with 1uM SKI plus 40uM statin.
A.

B.
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C.

D.
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Chapter 5
Summary and Future Perspectives
Introduction:
The main objective of this thesis was to determine whether a relationship exists between
iron and cholesterol metabolism that could be of relevance for understanding the
underlying mechanism of diseases such as AD and cancer. This goal was achieved by
utilizing novel cell culture and mouse models expressing HFE or its variants. The
characteristic feature of intracellular and brain iron accumulation resulting from the
expression of H63D-HFE allowed us to simultaneously evaluate effects of expression of
H63D-HFE and its associated iron overload on lipid metabolism and memory function
both of which are known to be disrupted in AD. Results presented in this thesis are the
first to establish an association of H63D-HFE with disruption of cholesterol metabolism,
neurodegeneration, and memory impairment. Considering the high prevalence (up to
24%) of expression of H63D-HFE in the general population, especially Caucasians, our
findings could have a significant impact not only on the understanding of mechanisms
underlying memory impairment in carriers of this variant, but results of these findings
could also be extrapolated to understand how changes in environmental factors such as
diet could influence the risk of dementia.
In this thesis, I have provided evidence that the expression of H63D-HFE in cells
and H67D-HFE in mice, was accompanied by a significant reduction in both cell and
brain cholesterol. I also found that expression of H67D-HFE was associated with a
reduction in expression of synaptic proteins and proteins needed for myelination, an
increase in neurodegeneration, and impaired learning and memory. This is the first study
to show that in addition to affecting iron homeostasis, a variant of HFE affects
cholesterol metabolism and specifically links the H67D-HFE phenotype to decreases in
learning and memory and therefore may have implications for AD pathogenesis.
Collectively, my data are summarized in figure 5.1.
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Disruptions in the maintenance of iron and cholesterol metabolism have also been
implicated in several cancers. Therefore, in the second part of this work, studies of the
effects of expression of C282Y-HFE on lipid (cholesterol and sphingolipid) metabolism
and their possible relationship to cancer phenotype are described. Expression of C282YHFE altered transcription of a number of enzymes involved in cholesterol and
sphingolipid metabolism. Of particular interest were the findings that expression of
C282Y-HFE was associated with increased cell proliferation, elevated cholesterol content
and elevated expression of the enzyme sphingosine kinase 1(SphK) and its pro-survival
metabolite, sphingosine-1-phosphate (S1P). These effects may contribute to the increased
risk of colorectal, breast, prostate, ovarian, and brain tumors reported for carriers of
C282Y-HFE and explain why it is considered protective against Alzheimer’s disease.
Collectively, previous reports (introduction of chapter 5) and my findings in this thesis
indicated that C282Y-HFE markedly affected both cholesterol and sphingolipid
metabolism and support the possibility that inhibition of both cholesterol synthesis/uptake
as well as synthesis of S1P could be a potential therapeutic strategy for treatment of
cancer in carriers of C282Y-HFE.
As indicated in figure 5.1, the findings in this thesis have made several important
contributions to the understanding of how HFE variants affect disease processes. My
findings have laid a foundation for several new fields of investigation that should be the
subject of future research. The significance of key findings in this thesis as well as
questions that logically stem from them are discussed below.
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Figure 5.1: Summary of findings from this thesis
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Is there a link between iron and cholesterol metabolism?
Numerous lines of research illustrate a connection between iron, cholesterol, and AD;
however, the interaction of iron and cholesterol and its relevance to AD has not been
specifically investigated. The interplay between iron and cholesterol is of significant
relevance to understanding normal as well as abnormal physiology. This thesis explored
the relationship between iron and cholesterol using cells expressing the clinically
important H63D variant of HFE. I initially hypothesized that because H63D-HFE cells
have increased iron content and iron is a required cofactor for a number of enzymes
involved in cholesterol synthesis (eg. HMGCoAR and squalene synthase), increased
amount of cholesterol would be synthesized by H63D-HFE cells. However, results
obtained were the opposite; H63D-HFE cells expressed less HMGCoAR, had less total
cholesterol and increased expression of CYP46A1. These observations were recapitulated
in studies of the brains of H67D-HFE mice. Strikingly, a significant negative correlation
was found between brain iron and cholesterol content. Our results indicating an inverse
relationship between iron and cholesterol content in the H63D-HFE expressing cells and
brains of mice expressing WT- or H67D-HFE are consistent with those reporting an
association between increased brain (nigrostriatal) iron content and low serum cholesterol
in patients with Parkinson’s disease (Du et al., 2012). Though it is believed that
cholesterol content of serum is not truly reflective of the brain cholesterol, it is however
important to note that in another study it was shown that patients with high serum iron
and low serum cholesterol had the highest risk of PD (Powers et al., 2009), indicating the
relevance of interplay between iron and cholesterol metabolism to neurodegenerative
diseases.
An inverse relationship between iron and cholesterol content was also observed in
several experimental studies. For example, Brunet et al. (1997) reported that treatment of
rats with an iron-salicylate complex resulted in an elevation of iron, products of lipid
peroxidation, and reduced total serum cholesterol. Treatment of rats with an iron dextran
complex resulted in an elevation of iron but decrease in total serum cholesterol regardless
of whether the rats were fed a normal diet or one high in cholesterol (Turbino-Ribeiro et
al., 2003). Similar results had been found in earlier studies in which rabbits when treated
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with an iron dextran complex and fed a normal diet were found to have reduction in
serum cholesterol (Dabbagh et al., 1997). In fact, diet-induced iron overload resulted in
reduced expression of HMGCoAR and CYP7A1 (Brunet et al., 1999). Though most of
the mechanistic studies focused on effects of excess iron on plasma cholesterol, it is
possible that excess iron has similar effects on cells in the brain. Our studies thus provide
the first evidence for such an inverse relationship between iron and cholesterol content in
the brain.
One possible explanation for these effects is that they are mediated by ironinduced oxidative stress (Dabbagh et al., 1994) and lipid peroxidation (Britton et al.,
1987). Depletion of energy (ATP and NADPH) due to oxidative stress and lipidperoxidation mediated membrane damage has been shown to cause disruption of lipid
synthesis and transport (Kehrer, 1993). Our results along with previous studies described
above support the hypothesis that the interplay between iron and cholesterol metabolism
is complex, can affect the course of disease progression, and may involve additional
mediators. One possible mediator in these interactions could be Aβ. The presence of the
iron response element (IRE) in the promoter of the APP gene and the observation of an
iron-concentration dependent increase in APP mRNA provide compelling evidence for
the role of iron in APP expression and possibly Aβ generation (Bodovitz et al., 1995;
Rogers and Lahiri, 2004; Rogers et al., 2002). Numerous reports have shown a link
between elevated membrane cholesterol and increased processing of APP into Aβ
(Canevari and Clark, 2007; Gellermann et al., 2005). In addition, a relationship between
elevated sphingolipids, specifically ceramide or GM1 and increased Aβ accumulation has
been reported (Hartmann et al., 2007; Zinser et al., 2007). Interestingly, there is also
evidence that Aβ can, in turn, modulate cholesterol and sphingolipid metabolism by
regulating the activities of key lipid enzymes (Grimm et al., 2012; Zinser et al., 2007).
Specifically, Aβ has been shown to inhibit cholesterol synthesis by inhibiting
HMGCoAR (Grimm et al., 2012), suggesting that a feedback mechanism exists between
cellular cholesterol and Aβ content. Furthermore, GM1 has been demonstrated to serve as
‘seed’ for Aβ aggregation into toxic fibrils (Hayashi et al., 2004; Okada et al., 2007;
Yanagisawa, 2005). Intriguingly, there is evidence that increase in GM1 can occur from
reduction of cellular cholesterol content. In support of that, I found increased GM1 and
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decreased cholesterol content in H63D-HFE, indicating a complex interplay between
cholesterol, GM1, iron and Aβ.
Taking together findings from this thesis research plus studies of the role of APP
metabolism in AD and its relationship to either iron or cholesterol as described above, I
propose the following model to explain the mechanism by which the effects seen as a
result of expression of H63D-HFE may lead to the symptoms associated with AD.
In my model, the increased cellular iron content induced by the expression of
H63D-HFE elevates cholesterol content in the plasma membrane. The elevated iron and
cholesterol then synergistically enhance Aβ accumulation and together induce oxidative
stress and lipid peroxidation. As Aβ accumulates, it starts to inhibit HMGCoAR
expression resulting in inhibition of cholesterol synthesis. As the cycle of increased iron,
increased Aβ and inhibition of cholesterol synthesis by Aβ continues, the levels of
oxidative radicals supersede the capacity of cell’s antioxidant capacity resulting in
additional pathological processes including mitochondrial dysfunction, secretion of
inflammatory cytokines and other toxic radicals, increase in tau phosphorylation,
increase in intracellular Ca2+, and increase in GM1 and so on. In an effort to survive,
cells may eventually adapt to a state where cholesterol content is reduced in an effort to
limit Aβ production. Over time, possibly due to inability of cells to synthesize cholesterol
and to cope with damages induced by oxidative radicals and other changes, myelin and
eventually synapses disintegrate leading to cell death. Increased neuronal loss by this
mechanism would then impair memory function culminating in AD.
With the exception of Aβ content, all of the pathological effects implicated in this
model have been observed in either cells expressing H63D-HFE or in the brains of
H67D-HFE mice. Cellular studies indicated no difference in the levels of total APP or Aβ
between WT- and H63D-HFE, but increased sensitivity to Aβ treatment was observed in
H63D-HFE cells (Mairuae et al., 2010). However, Aβ content in the brains of H67Dmice has not yet been evaluated and should be assessed in future. It is important to note
that in our cell culture model, cells were stably transfected to express H63D-HFE. These
cells have adapted in a manner that allows them to express H63D-HFE and survive, a
system that may model age-related adaptation seen in humans. Thus, to further elucidate
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the effects on iron on cholesterol synthesis, it is important to investigate these effects in
cells that acutely express H63D-HFE i.e. tetracycline-inducible expression. It is possible
that that acute expression of H63D will result in cholesterol elevation. In support of that
argument, an increase in total brain cholesterol was observed in younger (6 month old)
H67D-HFE mice relative to WT-mice (data not shown) while a significant reduction in
brain cholesterol was observed in older animals (12-24 months). Therefore, further
elucidation of age-related effects of the expression of H63D variant on APP metabolism
in an in vivo model will shed light on the dynamics of HFE, APP, iron, and cholesterol
metabolism, which are all key factors in AD pathogenesis.
As important as it is to study the impact of iron overload on lipid metabolism, it
should also be of great interest to investigate the impact of high cholesterol on plasma
and brain iron metabolism. Particularly, because of the established link between
hypercholesterolemia and atherosclerosis and them being significant risk factors for AD
and substantial evidence of disruption of iron metabolism and atherosclerosis, impact of
high cholesterol on iron management should be studies. In fact, current evidence from
studies in rabbit that were fed a high cholesterol diet showed increased iron accumulation
in the brain (Ghribi et al., 2006; Ong and Halliwell, 2004; Ong et al., 2004) and elevation
of lipid peroxidation products (De La Cruz et al., 2000; Gokkusu and Mostafazadeh,
2003). Though passage of dietary cholesterol into the brain is prohibited by the BBB,
some metabolites, small molecules, and inflammatory cytokines produced by chronic
hypercholesterolemia may still be able to cross from circulation into the BBB and
eventually may even be able to affect the permeability of the BBB to other harmful
substances. The observation of iron accumulation in the brain after long-term feeding on
high- cholesterol diet provides support for this argument and raises the question whether
and how hypercholesterolemia allows increased passage of iron into the brain
parenchyma. The next logical question is then how would individuals with H63D-HFE be
affected by these changes? We know that individuals with H63D-HFE have elevated iron
levels in liver as well as in the brain (Adams et al., 2005; Bartzokis et al., 2010; Waheed
et al., 1997). If these individuals develop hypercholesterolemia, they could have even
more passage of iron into the brain, more oxidative stress and other disease associated
consequences. Interestingly, it has been shown that individuals with ApoE4 allele have
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high serum cholesterol and increased incidence of hypercholesterolemia. This provides
another explanation for why individuals with both ApoE4 and H63D have increased risk
and earlier onset of AD. This also explains why some epidemiological studies failed to
see an interaction between ApoE4 and H63D as it could be that dietary choices and
development of hypercholesterolemia are key determinants of the outcome. Further
elucidation of this mechanism would provide explanation for why atherosclerosis and
hypercholesterolemia- conditions that are far more common in western countries- may
contribute to the development of AD. In relation to that, studies aiming to tease out the
effects of diet (high-iron or high cholesterol, or both) on mice expressing WT-HFE (have
normal iron; able to protect cells from iron overload) should be particularly important
because results from those studies should enable us to determine the extent to which dietinduced changes affect iron and cholesterol metabolism in the brain.

How does H63D-HFE affect interactions between glial and neuronal cells?

Studies presented in this thesis along with previous reports have now established that
H63D-HFE creates a permissive milieu for pathogenic processes (Ali-Rahmani et al.,
2011; Hall et al., 2010; Hall et al., 2011; Lee et al., 2007; Liu et al., 2011; Mairuae et al.,
2010; Mitchell et al., 2009a; Mitchell et al., 2009b). It would be important to test whether
these effects can be recapitulated in neuronal cells isolated from H67D mice.
Nonetheless, the impact of these changes may not be limited to neuronal cells alone.
Therefore, the next question that stems from these findings is how would the effects of
iron accumulation and resulting oxidative stress, elevation of extracellular glutamate,
increased secretion of MCP-1 and 24S-HC on one cell type such as neurons impact other
cells in the brain i.e. astrocytes, oligodendroglia, microglia, and endothelial cells and vice
versa.
The importance of this question is highlighted by the characteristic iron-deficient
phenotype of macrophages in HH patients, a puzzle that has not yet been solved. It has
been shown that although HH patients have a significant iron overload in their livers and
other organs, their macrophages appear to be iron-depleted (Cardoso and de Sousa,
2003). Consistent with this observation, cellular studies have shown that the normal
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function of WT-HFE is not only to manage iron uptake but to also prevent efflux of iron
from cells into the extracellular space (Drakesmith et al., 2002). This function, however,
is impaired in H63D-HFE cells resulting in more iron release from macrophages
(Drakesmith et al., 2002). Considering that microglia in brain function similarly to
macrophages in the circulation, a similar mechanism for regulating the CNS
microenvironment might exist in the brain.

If it does, it is likely that H63D-HFE

expressing microglia would release more iron in the microenvironment of CNS which
could be devastating to other cells especially oligodendrocytes, neurons, astrocytes and
endothelial cells. This argument is supported by a number of studies demonstrating the
deleterious effects of iron on cells in CNS. Zhang et al. showed that iron-loaded
microglia increase the survival of oligodendrocytes by delivering iron in ferritin, which
could contribute to the trophic effects on oligodendrocytes. However, lipopolysaccharide
(LPS) activation of iron-loaded microglia attenuated the trophic effects and caused
release of inflammatory cytokines from microglia (Zhang et al., 2007). In parallel, it has
also been shown that microglial activation and secretion of inflammatory cytokines can
decrease ferritin synthesis via modulatory effects of nitric oxide on the iron regulatory
system (Chenais et al., 2002). It is logical to argue that a decrease in ferritin along with a
pre-existing iron-overload and/or increased iron uptake would result in more free iron
that could exacerbate oxidative damage that is often seen in neuronal and glial cells in
neurological disorders (Hirsch and Faucheux, 1998; Rotig et al., 1997; Smith et al.,
1998). So the question is what can cause microglial activation? Iron accumulation has
been shown to influence glial activation either directly or through induction of other
factors. One such factor is monocyte chemoattractant protein-1 (MCP-1) which is a
chemokine (Rollins, 1997) that has been shown to cause glial activation (Vrotsos et al.,
2009) as well as induction of pro-apoptotic genes and cell death (Zhou et al., 2006). In
fact, previous studies have shown increased secretion of MCP-1 from cells expressing
H63D-HFE (Mitchell et al., 2009a). Therefore, it is likely that iron accumulation within
neurons can affect microglia and dysregulation of iron in microglia, in turn, influences
the function of neuronal and glial cells, thereby creating a vicious cycle of events that
potentiate stress and damage within the CNS. In such a scenario, endothelial cells, the
gatekeepers of the BBB, could also be influenced by these changes. In fact, experimental
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studies have shown that iron accumulation damages endothelial cells by induction of
apoptotic pathways (Carlini et al., 2006). Therefore, maintaining iron homeostasis is
essential for preserving endothelial function that is needed for maintaining integrity of the
BBB and this has been shown to be compromised in several neurological disorders
including AD.

Maintenance of the BBB is crucial for protecting the brain from the harmful
effects of chemicals that can be present in the circulation and to keep a stable flux of ions
into the brain for proper impulse generation and propagation by neurons. It is important
to note that HFE, TfR and LDLR are expressed by the endothelial cells of the BBB.
There is also evidence that iron can be taken up into the brain through the BBB.
However, under normal physiological conditions no uptake of cholesterol from the
circulation into the brain has been reported. Yet, based on the presence of LDLR on the
BBB and evidence of inflammatory changes in the brains of animals fed a highcholesterol diet, the possibility exists that under some pathological conditions circulating
cholesterol or its metabolites or inflammatory cytokines may traverse the BBB. In this
respect, understanding the effects of expression of H63D-HFE on endothelial cells would
allow us to understand not only more of the dynamics of the CNS, but would also help us
predict the impact of dietary components such as iron and cholesterol on brain
metabolism and function.

The changes in iron and cholesterol induced by expression of H63D-HFE have
major effects on the CNS and as such their effects on neuro-glial interactions should be
further investigated. For such investigations, the H67D-HFE mouse model could continue
to be valuable since findings presented in this thesis indicate that the animals expressed
symptoms associated with human AD. It could also be used to study the effects of dietary
manipulations such as high iron or high cholesterol diet, as well as therapeutic
interventions such as statins and iron chelators on learning and memory and would
provide valuable insight into gene-environment interactions which likely contribute to the
pathogenesis of AD.
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Because endothelial cells of brain microvasculature come in direct contact with
the RBCs and exchange material i.e. ions, nutrients, etc, it was postulated that the
characterization of RBCs may provide useful information about the brain metabolism.
The changes in the membranes of RBC could reflect alterations in the brain and such
alterations could be used as biomarkers to diagnose and monitor progression of
neurological diseases. In fact, morphology of RBCs and the protein composition of RBC
membranes from RBCs isolated from AD subjects have been shown to be altered
(Mohanty et al., 2010; Sabolovic et al., 1997). Furthermore, oxidative stress associated
changes in the phospholipid content were observed in RBC membranes isolated from
RBCs from AD patients (Oma et al., 2012). These findings provide support for the notion
that RBC lipid dynamics could be important determinants in neurological diseases.
Accordingly, studies presented in this thesis showed that neuronal cells expressing
H63D-HFE had a decrease in cholesterol that was associated with increased GM1 relative
to the WT-HFE controls (Chapter 2). Moreover, RBC membranes from autistic children
also showed reduced cholesterol and increased GM1 relative to healthy controls
(Appendix). Based on the similar biochemical phenotype observed in neuronal cells
expressing H63D-HFE and RBCs from autistic children, a logical and important future
avenue of investigation would be to analyze lipid and protein composition of RBC
membranes from individuals with H63D-HFE, those that are healthy as well as those with
neurological disorders. Given that it is much easier to obtain a blood sample from
individuals, identification of biomarkers in the blood would be an ideal approach. If
indeed a biochemical profile is identified in RBCs from carriers of HFE variants (control,
MCI, AD) that is associated with disease pathology, we could evaluate whether it could
be used as biomarker to study disease progression. Identification of such a biomarker
would significantly aid in future investigations and possibly treatment. Furthermore, our
finding that decreased brain cholesterol was associated with disruption of myelin and
synapse management as well as cognitive function, provides compelling evidence to
evaluate whether H63D-HFE is associated with increased risk of developing autism
spectrum disorders.
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Potential biomarkers for AD progression
It has been well established that brain lipid content is crucial for maintenance of normal
brain function. However, the brain is a relatively analytically inaccessible compartment
of the human body, especially when it comes to analyzing its lipid content in living
individuals. Due to the magnetic properties of iron, brain iron status can be accessed, at
least indirectly, by MRI (Bartzokis et al., 1999). However, no such tool is available to
monitor the status of brain cholesterol. Owing to the high lipid content of myelin, certain
MRI techniques that measure myelination by way of quantifying white matter tracts may
provide insight into lipid status, but no direct conclusion can be made about brain lipid
content. Therefore, there has been tremendous interest in identifying biomarkers
associated with onset, progression, and response to treatments for brain disorders. With
respect

to

brain

cholesterol homeostasis,

one candidate that

could

be of

pathophysiological relevance is 24S-hydroxycholesterol (24S-HC). Because almost all
24S-HC found in plasma and CSF is known to originate from the brain due to the action
of a brain specific enzyme, CYP46A1, it has been hypothesized that 24S-HC can be used
as an indicator of brain cholesterol turnover (Bjorkhem et al., 1998). This led to a number
of studies, the results of which have shown an elevation of 24-HC either in the CSF or in
the plasma of patients suffering from traumatic brain injury or neurodegenerative
diseases (REF). In particular, it was found that during the early stages of AD or vascular
dementia (Lutjohann et al., 2000) and active periods of multiple sclerosis (MS), high
levels of 24S-HC were present in either the CSF or circulation (Leoni et al., 2002),
possibly due to ongoing demyelination (Bjorkhem and Meaney, 2004). However, in late
stage AD patients CSF levels of 24S-HC were found to be reduced (Bretillon et al., 2000;
Leoni et al., 2002; Leoni et al., 2006; Papassotiropoulos et al., 2002); they were also
reduced in the brains of patients who died from AD (Heverin et al., 2004). The reduction
probably reflected the extensive neuronal loss seen in late stages of AD. Consistent with
these findings, I found an elevation in expression of the neuron-specific enzyme
CYP46A1 that catalyzes conversion of brain cholesterol to 24S-HC in both human
neuroblastoma cells expressing H63D-HFE and in the brains of H67D-HFE mice.
Though I did not measure the amount of 24S-HC in this study, based on the concomitant
decrease in cellular and total brain cholesterol it is likely that H63D/H67D expression
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would be associated with higher levels of 24S-HC in serum or CSF or both providing
further support for the potential use of 24S-HC for tracing the progression of AD and
associated changes in the brain cholesterol content. It would be useful to confirm this
hypothesis using the H67D mouse model. These findings could then provide a rationale
for measuring the levels of 24S-HC in the plasma or CSF of individuals carrying H63DHFE. If a relationship could be established between levels of 24S-HC and incidence or
severity of AD, it could be used as a biomarker.
It is also possible that brain volume as determined by MRI could be used as a biomarker.
This hypothesis is based on the early reports of elevated brain iron in the carriers of
H63D (Bartzokis et al., 2010), as well as on the finding of this thesis that reduced brain
volume in aged H67D-HFE expressing mice, a finding in agreement with the
concomitant neurodegeneration shown by immunohistochemistry. The decline in brain
volume correlated significantly with brain cholesterol, brain iron content, and measures
of learning and memory. Therefore, these findings suggest that the progression of
memory decline could be monitored by using volumetric MRI measurements. These tools
could in turn be useful for accessing the efficacy of treatments as well in patients. In
summary, findings in this thesis have identified two biomarkers that could be beneficial
for monitoring disease progression and possibly treatment efficacy in the carriers of
H63D-HFE.

Is it iron accumulation or expression of the HFE variants that is the culprit?
H63D and C282Y are two most common variants of HFE and expression of either is
known to result in iron overload. Additionally, a number of other cellular processes are
also altered in cells expressing these variants. This raises the question whether observed
changes are resultant of iron accumulation or occur due to the gain-of-function of the
mutation. Epidemiological studies have indicated H63D-HFE as a risk factor for AD and
C282Y-HFE for certain cancers. Results presented in this thesis (summarized in Table
5.1) corroborate those results. The fact that both variants of HFE, H63D and C282Y, are
associated with intracellular iron accumulation, yet result in opposing phenotypes, H63D-
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HFE promoting apoptosis and C282Y-HFE promoting cell survival, indicates that these
mutations by themselves could be playing a role independent/ in addition to their effect
on cellular iron status. Supporting this argument are the findings that cellular localization
of both variants is different. Both WT- and H63D-HFE localize in the plasma membrane,
while C282Y-HFE is retained in ER/golgi. This striking difference is important because
disruption of cellular localization could reflect alteration in protein-protein interactions
and cell signaling. Indeed, I found that while WT-HFE and H63D-HFE were localized in
fractions containing lipid rafts, C282Y-HFE was associated with soluble/ non-raft
domains. Because lipid rafts provide a platform for protein- protein interactions for
activation or inhibition of cell signaling pathways, an intriguing possibility is that
C282Y-HFE may not interact with a protein with which WT-HFE does to maintain
normal homeostasis. Here it is important to note that although H63D-HFE localizes in the
plasma membrane, possibly in regions just outside of rafts, its interaction with TfR is
altered such that it loses the ability to prevent Tf binding to TfR and iron uptake.
Therefore, interactions of both of these mutants with other proteins may be affected.
Currently, other binding partners of WT and mutant HFE proteins are not known. Further
investigation in this area is needed to elucidate the role of HFE in cell signaling. There
may even be a direct, yet unidentified, role for HFE in lipid metabolism that could be
altered as a result of mutation. Nonetheless, current evidence indicates that mutation as
well as resulting iron overload could contribute to the observed effects.
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Table 5.1: Comparison of in vivo and in vitro findings of H63D- and C282Y-HFE

H63D

C282Y

Iron

↑

↑

Oxidative stress

↑

↑

Cellular location

Plasma Membrane

Endoplasmic
Reticulum/ Golgi

Cellular cholesterol

↓↓

↑↑

GM1

↑↑

↓↓

Lipid Raft

Cellular phenotype

Yes (marginally

No

localized)

↓Cell Proliferation

↑Cell Proliferation

Apototic
Disease risk

Cancer;

AD

Protective for AD

↑ in early life
Plasma cholesterol

------

↓ in later life
In Mice

↓ in Humans

Plasma cholesterol
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Another potential area for future investigation would be to identify proteins that serve as
molecular switches in the cell and whose expression and/ or activity are directly regulated
by cellular iron content. This would help us dissect the molecular mechanism underlying
a wide array of processes and diseases such as AD and cancer in which iron is implicated.
One possible candidate is peptidyl-prolyl cis-trans isomerase (Pin1). It is known to play a
key role in regulation of signal transduction pathways (Wulf et al., 2005), in particular,
cellular proliferation (Lu et al., 1996). Phosphorylation of Pin1 determines its activity i.e.
more phosphorylation is indicative of decreased activity. Pin1 modulates the folding,
activity, and stability of target proteins via isomerization. The findings that Pin1 is
downregulated in degenerating neurons from Alzheimer disease patients (Liou et al.,
2003) but its expression/ activity is elevated in many cancers including those of the
breast, prostate, brain, lung, and colon (Ayala et al., 2003; Bao et al., 2004; Ryo et al.,
2001; Wulf et al., 2001), provide support for the argument that Pin1 can serve as a
molecular switch in the cell. Interestingly, varying concentrations of iron were shown to
alter Pin1 phosphorylation and activity in WT- and H63D-HFE cells, indicating that iron
can modulate Pin1 activity (Hall et al., 2010). Therefore, it would be valuable to
investigate Pin 1 expression and activity in cells expressing C282Y-HFE. If higher
expression and/ activity is observed in C282Y-HFE cells, it would provide insight into
the mechanism underlying the cancerous phenotype associated with expression of
C282Y-HFE. Additionally, this knowledge should provide an insight into how iron
overload contributes to both neurodegenerative diseases as well as cancer.

Therapeutic implications: Is statin therapy appropriate for AD?
The treatments of neurological disorders often reflect a “one size fits all” approach,
perhaps because there is insufficient research dedicated towards understanding the
interface different disease pathways and the environment and genetic risk factors.
Because AD is a multifactorial disease with evidence for the involvement of multiple
pathways and genetic mutations in genes with diverse function, it would be beneficial to
identify subpopulations responsive to specific treatments based on their genotype.
Identification of genetic and environmental factors, knowledge about their interactions,
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and resulting pathological markers will allow us to improve therapeutic outcomes.
Therefore, I attempted to ascertain whether there is crosstalk between cholesterol and
iron metabolism and how it may contribute to pathogenesis of diseases. Results presented
in this thesis could have major implications on therapeutic strategies for AD treatment. I
predict that a long-range outcome would be stratification of medical interventions based
on HFE genotype. For example, I propose that H63D-HFE positive patients with AD will
differ from those with WT-HFE in their response to statin therapy based on our
observation that cells with the H63D-HFE allele have lower baseline levels of total
cholesterol and exhibit slower cellular growth relative to cells expressing WT-HFE. Our
finding that treatment of H63D-HFE cells with a statin that can cross the BBB resulted in
decreased cell survival supports this proposal. These data imply that lowering CNS
cholesterol would be deleterious to neuronal function, and more so in the carriers of
H63D-HFE. Further support for this proposal comes from a recent clinical trial that
showed a reduction in right hippocampal volume after 1 year of atorvastatin therapy in
AD patients (Sparks et al., 2008). These findings suggest that in addition to lowering
plasma cholesterol levels in AD patients, statin treatment may have reduced brain
cholesterol possibly resulting in neuronal loss and atrophy of certain brain regions. Thus,
care should be taken when administering to patients statins that can cross the blood-brain
barrier and directly inhibit cholesterol synthesis in brain cells, as a possible consequence
is the perturbation of the numerous physiological functions for which cholesterol is
needed including synaptic transmission and learning and memory. Instead, efforts should
be made to develop drugs that can prevent neuronal loss of cholesterol while reducing its
levels in the circulation.
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Appendix
Cholesterol, GM1, and Autism

Abstract
Disruption of cholesterol metabolism has been hypothesized to contribute to dementia,
possibly due to its role in maintaining membrane fluidity as well as the integrity of lipid
rafts. Previously, we reported an apparent inverse relationship between membrane
cholesterol levels and those of GM1, another lipid that can be found in rafts. This paper
describes the observation that red blood cell (RBC) membranes isolated from blood
drawn from children diagnosed with autism have on the average significantly less
cholesterol and significantly more GM1 than RBC membranes isolated from blood
obtained from control children. While cholesterol in the circulation does not cross the
blood brain barrier, a generalized defect in its synthesis could affect its concentration in
the central nervous system and that, coupled with a change in ganglioside expression,
could contribute to development of the behaviors associated with autism.

Introduction

Autism is defined by an individual’s behavior and is one of several pervasive
developmental disorders. According to NINDS, experts estimate that three to six children
out of every 1,000 will have autism with males four times more likely than females to be
affected [1]. Children with autism have impaired social interaction, abnormal
communication skills, and repetitive behaviors or interests. It is these behaviors that are
used to identify children with autism [usually as set forth in 2]. Because the behaviors
may be subtle, or overlap with typical development in infants and toddlers, it is often not
diagnosed until a child is three years of age or older. Delay in diagnosis is problematic as
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the earlier autism is identified and treatment started, the more likely that improvement
will be noticed.
Analysis of a number of factors including genetic, metabolic and environmental
has failed to identify the primary cause for autism. Studies focused on lipids present in
the blood of affected children have given mixed results. A report by Bu et al [3] on the
fatty acids present in erythrocyte membranes obtained from autistic subjects and controls
did not support the hypothesis that a defect in fatty acid metabolism was the underlying
cause of autism. These observations contradicted those in an earlier paper that reported
the fatty acid composition of erythrocyte phospholipids obtained from a single patient
contained more highly unsaturated fatty acids than controls [4]. The apparent difference
in results emphasizes the need to study multiple samples to determine whether there is a
consistent difference regardless of the conditions under which samples are obtained.
Evidence for alterations in cholesterol metabolism in at least a subset of children
with autism spectrum disorders is accumulating. Kelley [5] found that patients with
Smith-Lemli-Opitz syndrome (SLOS) had elevated levels of 7-dehydrocholesterol, the
immediate precursor in the synthesis of cholesterol, due to a deficiency in 7dehydrocholesterol reductase [6], the enzyme that catalyzes reduction of 7dehydrocholesterol to cholesterol. Because about 50% of SLOS patients meet the criteria
for autism the finding of elevated 7-dehydrocholesterol was hypothesized to serve as a
possible model for understanding the genetic causes of autism and the role of cholesterol
in autism spectrum disorder [7]. Research by Tierney et al [8] in which serum samples
from 100 children with autism were studied indicated that 19 of the samples had
cholesterol levels below the 5th percentile for children over 2 yrs of age. If the level of
free cholesterol found in cell membranes is reduced that could affect development and
possibly formation of lipid rafts – areas of cell membranes known to be enriched in
cholesterol, sphingolipids, and signal transduction molecules. Cholesterol is essential for
myelination [9] and research has indicated that low levels of cholesterol may contribute
to development of neuronal problems [10].
In previous work we observed that acute disruption of cholesterol using either
methyl-ß238

filipin (aggregates membrane cholesterol [12]) was accompanied by changes in
axonogenesis [13], enhanced cleavage of SNAP-25 by botulinum neurotoxin serotype A
[14], and enhanced exo- and endo-cytosis [15] by N2a murine neuroblastoma cells.
Cholesterol has also been shown to affect the oxytocin receptor [16], which when absent
in male mice results in pronounced deficits in social recognition, obesity, and lack of
body temperature control [17], and the G-protein coupling of the serotonin1A receptor
which functions during development to establish anxiety-like behavior [18].

found to affect expression of gangliosides GM1 and GD1a, and enhance association of
GM1 with the nucleus [13]. Interestingly, increased levels of GM1 were found in cerebral
spinal fluid from children with autism spectrum disorders [19] and increased serum levels
of anti-GM1 auto-antibodies were present in children diagnosed with autism [20].
Combined, these observations led us to look at cholesterol and GM1 present in
membranes isolated from red blood cells to ascertain whether they differed in samples
prepared from blood obtained from children with autism relative to levels present in
samples obtained from controls.
Methods
Approval for study of not more than 20 children diagnosed as having autism and
20 controls was obtained from the Human Subjects Protection Office (IRB Protocol #
30838EP) prior to initiation of this study. Children enrolled in the study were evaluated
for symptoms of autism using a two-step procedure. Initially each potential enrollee was
evaluated in the pediatric autism clinic by an experienced developmental pediatrician.
Individuals that met DSM-IV-R criteria to have autism, had their diagnosis confirmed
using an interview specialized for research use, the Autism Diagnostic Interview-Revised
(ADI-R [2]). Scores obtained from this interview were used to grade severity (see Table
1, AD score). Comparison children (controls) were evaluated using the Modified
Checklist for Autism in Toddlers (M-CHAT) for children 3-5 years 11 months and the
Social Responsiveness Scale for children 6 -9 yrs completed by a parent. These
standardized questionnaires were utilized in order to exclude children with symptoms of
autism or other developmental disorders from being included in the control group. The
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children in both groups ranged in age from 3 to 8 years. Sixteen children (1female, 15
males) with autism and 20 comparison children (12 females, 8 males) were analyzed. The
average age for the cohort with autism was 5.13 yrs, while it was 6.0 yrs for the control
group. Participants’ age, sex and AD score, when applicable, are given in Table 1.
Three ml of blood, drawn in tubes with zinc free stoppers/no anticoagulant, were
centrifuged to remove serum and the pellets recovered taken for analysis. Erythrocytes,
dispersed by addition of an equal volume of balanced salt solution (pH7.6) to each pellet,
were isolated by centrifugation on Ficoll-Paque™ Premium (GE Healthcare, Piscataway,
NJ) at 400xG for 30 min at room temperature. Erythrocytes, recovered at the bottom of
the tube, were washed (20mM Tris-HCl containing 0.13M NaCl, pH 7.4) prior to lysis in
cold 5mM sodium phosphate, pH8.0. Membranes were recovered by centrifugation
(14,000xG, 4˚C) and washed until hemoglobin free. Protein concentration was
determined using the Bio-Rad protein assay (Bio-Rad, Hercules, CA) with bovine serum
albumin as the standard. Samples were then stored at -80˚C until used.
Cholesterol was extracted from 0.1mg of isolated membrane protein using
chloroform: isopropanol:NP‐40 (7:11:0.1 by vol). The amount of cholesterol recovered in
the chloroform fraction was determined using the BioVision cholesterol assay (Mountain
View, CA) according to the manufacturer’s instructions. Since membranes contain
cholesterol and not cholesterol esters, cholesterol esterase was not used to catalyze
hydrolysis of fatty acid from cholesterol prior to analysis. In this assay cholesterol
oxidase is used to oxidize the hydroxyl group on cholesterol to the ketone with the
concomitant production of hydrogen peroxide. The hydrogen peroxide reacts with the
probe and the color produced visualized using a wavelegth of 570nm. Known
concentrations of cholesterol were used as standards.
Presence of GM1 in RBC membranes was monitored using slot/dot blot
technology [21, 22]. Two µg of RBC membrane protein was blotted (Minifold® II SlotBlot System, Whatman, VWR International) onto a nitrocellulose membrane according to
the manufacturer’s directions. Each sample was run in duplicate. Membranes were
blocked for 1hr at room temperature using 5% nonfat dried milk in phosphate buffered
saline prior to probing overnight at 4˚C with horse radish peroxidase conjugated binding
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subunit of cholera toxin (CTxB, List Biological Laboratories, Campbell, CA) in PBS
containing 2% nonfat dried milk. Bands were visualized using Super Signal West Femto
Maximum Sensitivity Substrate™ followed by exposure in a Fuji Film LAS 3000.
Multigauge software was used to calculate intensities. GM1 in erythrocytes was
identified chemically by Kundu et al [23].
Results
Gender, age, and ADI-R score are given in Table 1 for children from whom
samples were obtained and used for analysis. Significant differences in cholesterol
content were not observed between samples isolated from RBCs from either control
males or females, nor were age-related differences apparent in the results from samples
obtained from control children ages 4 through 8 yrs. This was important to assess because
of differences between the affected and control groups. There were significantly more
girls in the comparison group and the average age was somewhat older (6.0 yrs for
controls; 5.13 yrs for affected). Based on previous observations indicating cholesterol
levels in blood could be altered in children with autism [5, 8] and because cholesterol is
not only a component of cell membranes but is an essential component of erythrocyte
lipid rafts [24], its level in membranes isolated from RBCs was determined. A significant
decrease (p = 0.012, 2-tailed t-test) was seen in the average amount of cholesterol in
membranes isolated from RBCs from children diagnosed with autism compared to those
isolated from controls (see Figure 1A). No correlation was seen between scores obtained
using the ADI-R and cholesterol levels (Figure 1B).
This observation led us to determine the relative amounts of GM1, a known
component of RBC lipid rafts [25, 26] in membranes of RBCs isolated from both
children diagnosed with autism and controls (* next to the age of children indicated in
Table 1 identifies samples used in these assays). While the sample size was limited, the
results from slot blot analyses (Figure 2) indicate that there was on the average
significantly more (p = 0.019, unpaired, 2-tailed t-test) GM1 in the membranes of RBCs
isolated from children with autism than controls. Analysis of the adherence of the binding
subunit of cholera toxin to blots of proteins separated by SDS-PAGE indicated the
presence of a single positive band that ran at the front of the blot. The observed decrease
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in cholesterol coupled with the increase in expression of GM1 in RBC membranes from
children diagnosed with autism shown in Figure 3, is in agreement with our previous
observations that loss of membrane cholesterol was accompanied by an increase in GM1
[13, 27].
Discussion
Increasingly, autism is hypothesized to be a whole body disorder [eg 28] or to
involve metabolic pathways expressed throughout the entire body, which, if correct,
suggests that it should be possible to detect it using non-neural samples. The concept that
a “neural” problem may reflect a generalized defect of a functional element has been
examined in people with depression where researchers postulated that they could evaluate
treatment for depression by looking at the association of Gs with lipid rafts in platelets
[29] and erythrocytes [30]. Those observations, plus previous studies of blood from
autistic children [eg 8] provided the rationale for monitoring cholesterol and GM1 in
RBC membranes.
The lack of correlation between scores obtained using the ADI-R and cholesterol
levels (Figure 1B) was evident not only for the total score but for subscales that measured
level of impairment of social interaction, limitation of communication and presence of
repetitive and stereotypic behaviors as well. While a relationship would add to the
potential significance of the current observations, the Autism Diagnostic InterviewRevised was devised to provide a clear diagnosis of classic autism for research purposes.
In initial investigations like this one, it is critical to study a sample of children who
clearly have autism as it is currently recognized. Because the ADI-R was not designed to
quantify symptoms in the domains it samples (social atypia, communication dysfunction
and repetitive, stereotypic and restrictive behaviors) in future studies it will be important
to use instruments to evaluate the range of autism-associated symptoms to allow for
potential correlation of behavioral phenotype with lipid profile.
While the results indicate a significant average decrease in cholesterol content of
RBC membranes isolated from children with autism it can be seen that some of the
values were in the normal range, in agreement with previous observations [8] indicating
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that only 19% of children with autism had significantly lower serum cholesterol levels
than controls. Evidence that alterations in cholesterol metabolism may occur in children
with autism is provided by the observation that expression of ApoB-100, a protein needed
for transport of very low density lipoproteins (VLDL) from the liver to the circulation as
well as for uptake of low density lipoproteins (LDL) from the circulation, was lower in
children with autism compared to controls (31). Interestingly, in a case controlled study
of 29 autistic boys and 29 similar male controls [32] no significant difference in the
levels of total serum cholesterol and LDL-cholesterol were observed while a significant
reduction in high density lipoprotein-cholesterol and a significant increase in
triacylglycerides (TAGs) were found. These observations might be explained by failure
of cells to appropriately metabolize TAG-rich VLDLs produced by the liver to LDLs as
well as by a failure of cells to take up the LDLs that are produced. The latter may reflect
altered expression of LDL receptors on the cell surface. Their finding of elevated
LDL/HDL ratios in the autistic cohort supports the observation that adults with autism
spectrum disorder are more apt to be diagnosed with hyperlipidemia and as a result are
considered to be at risk for developing coronary heart disease [33]. While these
observations might appear to contradict the hypothesis that there may be a role for
cholesterol in the treatment of autism [34], that recommendation was made for autistic
children found to be deficient in 7-dehydrocholesterol reductase. Overall, accumulating
evidence supports the fact that a significant number of children diagnosed with autism
spectrum disorder have alterations in cell cholesterol content/metabolism.
Cholesterol accounts for between 25 and 50% of lipid found in plasma
membranes [35] and is the source of detergent resistance of lipid rafts [36]. The latter
point is substantiated by the fact that use of MβCD to acutely deplete membrane
associated cholesterol results in disruption of lipid rafts [37]. We also found that exposure
of N2a murine neuroblastoma cells to MβCD resulted in disruption of lipid rafts and that
this disruption was accompanied by an increase in expression of the ganglioside GM1
[13], another lipid associated with rafts. Because lipid rafts are known to function in
signal transduction and more specifically are necessary for normal functioning of the
oxytocin receptor which can affect behavior [17], it is possible that a generalized disorder
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in expression of cell membrane associated cholesterol and other raft-associated lipids is
associated with onset of developmental disorders identified as autism.
The significant decrease in average cholesterol content of RBC membranes
isolated from blood taken from children with autism was accompanied by a similarly
significant increase in GM1. Recognizing that CTxB has been reported to bind to a small
protein as well as GM1 [38] it is possible that the change in GM1 seen in this study was
actually a change in expression of a small peptide. While this possibility needs to be
addressed, it would not negate our observation that CTxB binding was on the average
enhanced in children diagnosed with autism. Because of its high affinity (found to be
4.61X10-12 using surface plasmon resonance [39]), for GM1, CTxB has been used by
many [eg 40] as a cytochemical marker for GM1 in cells known to express it and it has
been used in studies of erythrocytes [25, 26]. The presence of GM1 in human
erythrocytes, shown chemically by Kundu et al [23], was reported to be the ligand
recognized by CTxB when it bound to lipid rafts in erythrocyte membranes [25, 26]. The
increase in CTxB binding found using slot blot analysis parallels previous observations
indicating that the concentration of GM1, as well as GD1a, GD1b, and GT1b was greater
in cerebral spinal fluid from autistic children than in that from controls [19, 41]. An
increase in expression of GM1 could account for the reported increase in anti-GM1
autoantibodies found in serum from children diagnosed with autism [20].
The average decrease in cholesterol and increase in GM1 agrees with previous
findings that a significant decrease in membrane cholesterol was accompanied by a
significant increase in GM1, again identified by binding of CTxB, in neuroblastoma cells
[13, 14] and in SH-SY5Y human neuroblastoma cells expressing the H63D variant of the
hemochromatosis protein found in lipid rafts [27]. The fact that GM1 is associated with
proteins involved in signal transduction (eg.: cAMP kinase [42], and mitogen-activated
protein kinase [43]) supports the hypothesis that these changes may be indicative of
changes in signal transduction not only in RBCs but in other cells, including those in the
central nervous system.
While the results presented support the concept that changes in lipid composition
may contribute to the autistic phenotype, they also point out the need to ascertain whether
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children with autism exhibit changes in expression of proteins involved in cholesterol
uptake/release by cells, the expression of enzymes involved in glycosphingolipid
metabolism, and whether changes anticipated based on the above results affect expression
of proteins known to affect behavior. As more information about the expression and
underlying metabolism of cholesterol and glycosphingolipids, major lipid components of
membrane associated lipid rafts, by individuals affected with different neurological
problems becomes known it should become possible to identify their specific effects. The
observations presented point out the need for further investigation of lipid metabolism in
autistic subjects the results of which could provide insights into development of new
treatment strategies for autism spectrum disorders.
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Figure 6.1: Cholesterol content of RBC membrane. Samples containing 0.1mg of
protein were used to extract lipids. A) Values obtained for cholesterol present in RBC
membranes isolated from blood from controls compared to those from children with
autism, B) cholesterol values versus autism scores. No consistent trend between
cholesterol content and autism score was noted. On average samples from children with
autism had significantly less cholesterol than those from controls (p<0.05>0.01, unpaired,
two-tailed student t-test).
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Figure 6.2: GM1 expression in the RBC membranes. Relative amount of horseradish
peroxidase conjugated CTxB bound to slot blots of RBC membranes isolated from the
blood of children with autism relative to those from controls. A) Duplicate blots were
prepared using samples of red blood cell membranes containing 2µg of protein isolated
from blood obtained from eleven different children with autism and a similar number of
samples of blood from controls. GM1 was detected using the HRP-conjugated binding
subunit of cholera toxin and bands visualized using Super Signal West Femto Maximum
Sensitivity Substrate™ and exposure using a Fuji Film LAS 3000. B) Intensity is given
as the (average arbitrary units obtained for duplicates of each sample minus the arbitrary
units for the background) X 10-5. Samples from children with autism had significantly
more GM1 than those from controls (*, p<0.05>0.01, unpaired, two-tailed student t-test).
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Figure 6.3: Correlation plot between GM1 (intensity of CTxB) versus cholesterol
content of RBC membrane from autistic children. Plot of the intensity of CTxB
binding to samples from children diagnosed with autism, squares, and controls,
diamonds, versus their cholesterol concentration. Note that while many of the points for
children with autism are higher, even though their cholesterol values may be lower, than
those for controls.
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