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Changes in Brain Transcripts Related
to Alzheimer’s Disease in a Model
of HFE Hemochromatosis are not
Consistent with Increased Alzheimer’s
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Abstract. Iron abnormalities are observed in the brains of Alzheimer’s disease (AD) patients, but it is unclear whether com-
mon disorders of systemic iron overload such as hemochromatosis alter risks of AD. We used microarrays and real-time reverse
transcription-PCR to investigate changes in the brain transcriptome of adult Hfe−/− mice, a model of hemochromatosis, relative to
age- and gender-matched wildtype controls. Classification by functional pathway analysis revealed transcript changes for various
genes important in AD. There were decreases of up to 9-fold in transcripts for amyloid-� protein precursor, tau, apolipoprotein E,
presenilin 1, and various other �-secretase components, as well as Notch signaling pathway molecules. This included decreased
transcripts for ‘hairy and enhancer of split’ Hes1 and Hes5, downstream targets of Notch canonical signaling. The reductions
in Hes1 and Hes5 transcripts provide evidence that the changes in levels of transcripts for �-secretase components and Notch
signaling genes have functional consequences. The effects appeared relatively specific for AD in that few genes pertaining
to other important neurodegenerative diseases, notably Parkinson’s disease and Huntington’s disease, or to inflammation,
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oxidative stress, or apoptosis, showed altered transcript levels. The observed effects on AD-related gene transcripts do not appear
to be consistent with increased AD risk in HFE hemochromatosis and might, if anything, be predicted to protect against AD to
some extent. As Hfe−/− mice did not have higher brain iron levels than wildtype controls, these studies highlight the need for
further research in models of more severe hemochromatosis with brain iron loading.
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INTRODUCTION

Iron is vital for brain health, being essential for
oxygen transport, mitochondrial energy production,
and many brain-specific functions including produc-
tion of neurotransmitters and myelin. Yet excess iron
can cause dysfunction or death of neurons and other
brain cells [1–3].

Severe brain iron dyshomeostasis can be accompa-
nied by serious neurologic illnesses, such as dementia
or movement disorders [3, 4]. This is exemplified by
the group of diseases referred to as neurodegener-
ation with brain iron accumulation, which includes
pantothenate kinase-associated neurodegeneration and
neuroferritinopathy [5, 6]. Iron abnormalities have also
been detected in brains of Alzheimer’s disease (AD)
patients using various different techniques, includ-
ing histochemical staining for iron [7, 8], magnetic
resonance imaging [9, 10], and spectroscopic, tomo-
graphic, and related techniques [11]. Whether brain
iron abnormalities are a primary cause of the neu-
rologic symptoms in these and other disorders, or
whether brain iron abnormalities are instead secondary
epiphenomena, is still under debate.

A related area of contention is whether neurologic
deficits occur in hemochromatosis, a common disor-
der of systemic iron overload. Hemochromatosis is
characterized by increased iron absorption and iron
loading in the liver and other tissues, leading to organ
damage [12]. Most patients with hemochromatosis are
homozygous for the C282Y polymorphism of the HFE
gene [13]. This gene has roles in regulating dietary iron
absorption in the duodenum as well as iron uptake in
various other tissues [14, 15]. Around 0.5% of people
of Anglo-Celtic descent are homozygous for the HFE
C282Y polymorphism [16, 17]. Not everyone with
this genotype develops an iron overload phenotype
(incomplete penetrance), but 25% or more do even-
tually develop hemochromatosis by ‘gold standard’
biopsy evidence of liver fibrosis or cirrhosis [16–19].

There is little information on the prevalence and
extent of abnormal brain iron deposition in people with

hemochromatosis or HFE polymorphisms. Magnetic
resonance imaging suggests some hemochromatosis
patients may have abnormal iron accumulation in brain
regions such as the basal ganglia [20, 21], and some
asymptomatic individuals with HFE polymorphisms
may also have region-specific increases in brain iron
[22]. However, various dietary or genetic animal mod-
els of iron overload and hemochromatosis show no
measurable change in brain iron levels, despite hav-
ing high systemic iron levels for periods of up to at
least three months [23–28].

The effects of hemochromatosis and HFE polymor-
phisms on brain function and disease risks are also not
well understood. HFE polymorphisms have been pro-
posed as a risk factor for AD as the chromosomal region
6p21 containing the HFE gene has shown genetic
association to AD [29–31], and several studies inves-
tigating epistatic synergy between polymorphisms in
HFE and the transferrin gene have provided evidence
for increased risks of AD in individuals with polymor-
phisms in both genes [32–34]. However, while many
studies have now directly investigated the association
between AD and HFE polymorphisms alone [35–43],
these have provided inconsistent results. A large, well-
powered meta-analysis of eight studies comprising in
total 758 AD cases and 626 controls failed to find a
significant association between AD and any hemochro-
matosis HFE genotype [44]. However, the studies
used for this meta-analysis did not assess penetrance,
i.e., which participants with HFE polymorphisms had
increased body iron status and therefore increased risk
of iron-related disease.

One well established model of genetic iron over-
load and hemochromatosis is the Hfe knockout mouse
model (Hfe−/−), which shows systemic iron loading
[45] and provides a model for investigating the effects
of penetrant HFE polymorphism on the brain. This
model has been shown previously to have motor coor-
dination deficits in the absence of detectable brain iron
loading [26], suggesting that HFE deficiency can lead
to brain perturbations that are not dependent on iron
accumulation within the brain.
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In the present study, we report the results from
pathway enrichment analyses of transcriptome-wide
differences in brain RNA transcript levels in an Hfe−/−
mouse model of hemochromatosis relative to wildtype
control mice. These analyses identify molecular sys-
tems in which high numbers of genes have undergone
expression changes.

MATERIALS AND METHODS

Animals

All Hfe+/+ and Hfe−/− mice [45] were on an
AKR background, which displays a strong iron load-
ing phenotype with regard to liver iron levels and
transferrin saturation [46]. Male mice were sacrificed
at 9-10 weeks of age following anesthesia (50 mg/kg
ketamine, 10 mg/kg xylazine). Organs were collected
following transcardial perfusion with isotonic saline.
Brains were dissected medially into two hemispheres,
immediately snap-frozen in liquid nitrogen, and stored
at −80◦C. Animal work was conducted at the Uni-
versity of Western Australia and all protocols were
approved by the Animal Ethics Committee of the Uni-
versity of Western Australia.

RNA isolation and microarray analysis

Isolation of RNA from brain hemispheres of biolog-
ical replicates (n = 8 mice per group) was performed
using TRI reagent (Ambion). Total RNA was puri-
fied and concentrated using RNeasy MinElute Kit
(Qiagen), quantitated by Quant-iT RiboGreen RNA
Quantification Assay (Invitrogen), and amplified and
biotin labeled for microarray using the Illumina Total-
Prep RNA Amplification Kit (Ambion).

Microarrays were used to assess transcriptome-
wide brain transcript levels in biological replicates
of Hfe−/− mice and wildtype controls (n = 4 per
group). Labeled cRNA samples from biological repli-
cates were hybridized to individual arrays on Illumina
MouseRef-8 v1.1 Expression BeadChips, which probe
over 24,000 transcripts simultaneously. Arrays were
scanned using the Illumina BeadArray Reader and
BeadScan software.

Data analysis

Performing separate microarrays for each mouse
brain sample enabled the wildtype control and Hfe−/−
groups to be statistically compared, in order to identify
genes with significant mean expression differences.

In this paper, the ‘expression changes’ we refer
to are calculated by comparing the mean expres-
sion of a gene in Hfe−/− mice to that in wildtype
controls. As the choice of normalization and analyt-
ical approach can affect the list of genes identified
as differentially expressed, four different combina-
tions of normalization and analytical approaches were
compared. Microarray data were subjected to either
Average or Cubic Spline normalization in BeadStu-
dio v.3 (Illumina) followed by differential expression
analysis using either BeadStudio (error model Illu-
mina Custom, differential score |Diff Score|>13,
equivalent to p < 0.05) or Agilent GeneSpring GX
7.3 (one-way ANOVA, p < 0.05). This resulted in
differentially-expressed gene lists for each of the
four possible combinations of these normalization and
analytical approaches, i.e., Cubic Spline/BeadStudio;
Average/BeadStudio; Cubic Spline/GeneSpring; Aver-
age/GeneSpring. In order to maximize discovery of
real expression changes, the results of differential
expression analyses were not adjusted for multiple
testing [47, 48]. To eliminate probes only detect-
ing non-specific signals, data were filtered to remove
probes that returned a mean detection p value >0.01
for both wildtype control and Hfe−/− groups. Detec-
tion p value is a BeadStudio measure of the probability
of observing a certain level of signal without specific
hybridization of the target to the probe.

Pathway classification and enrichment analysis

Single enrichment analyses were performed
using the Protein Analysis Through Evolutionary
Relationships (PANTHER) Classification System
(http://www.pantherdb.org/) and the Database for
Annotation, Visualization and Integrated Discov-
ery (DAVID; http://david.abcc.ncifcrf.gov/) [49,
50]. PANTHER classifies genes according to its
own curated pathways. DAVID allows the user
to choose from a number of publicly available
pathway classification databases: we selected the
Kyoto Encyclopedia of Genes and Genomes database
(KEGG; http://www.genome.jp/kegg/pathway.html)
which, in our experience, usually classifies a greater
number of genes than the other available options. The
inputs for enrichment analyses with PANTHER and
DAVID were each of the lists of genes identified as
differentially expressed by each of the four different
combinations of approaches listed above. A pathway is
considered enriched if it is more strongly represented
in the list of differentially-expressed genes than would
be predicted by chance alone, based on the total

http://www.pantherdb.org/
http://david.abcc.ncifcrf.gov/
http://www.genome.jp/kegg/pathway.html
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number of genes in the pathway proportionate to the
total number of genes on the array. A statistical test
(PANTHER uses the binomial statistic, DAVID uses
a conservative version of Fisher’s Exact test) is used
to calculate a p value and pathways with values of
p < 0.05 are considered to be significantly enriched
within the list of differentially-expressed genes.

Additional analyses were performed using
Gene Set Enrichment Analysis (GSEA;
http://www.broadinstitute.org/gsea/) [51]. The
GSEA tool differs from PANTHER and DAVID,
which classify a list of genes pre-selected by the user
without considering either the direction or the magni-
tude of expression changes. In contrast, GSEA uses
the normalized data values of all probes in the entire
microarray dataset. Genes in the dataset are ordered
according to the degree of differential expression
between the wildtype controls and Hfe−/− mice to
create a ranked gene list. The GSEA program then
assesses the extent to which members of a particular
pathway are concentrated towards either extreme of
the ranked gene list; that is, have generally higher
expression in control (Hfe+/+) mice than Hfe−/−
mice or vice versa [51].

We performed GSEA on both Average-normalized
and Cubic Spline-normalized array expression
datasets. The database used for GSEA was again
based on KEGG pathways. To correct for multiple
hypothesis testing, the GSEA program randomly per-
mutes either the ‘phenotype’ labels or ‘gene set’ (in
this case pathway) labels. In accordance with the rec-
ommendations in the GSEA user guide for the number
of biological replicates in our study, we used ‘gene set
permutation’ rather than ‘phenotype permutation’ and
performed 1000 permutations. The GSEA user guide
recommends applying a cut-off of FDR q value <0.25
for generating interesting hypotheses but suggests
that a more stringent cut-off may be appropriate when
using ‘gene set permutation’. We therefore focused on
the restricted group of pathways with an FDR q value
<0.15 and a nominal p value <0.05.

The ‘collapse dataset’ option was used for GSEA.
When genes are represented on the array by multiple
probes, this collapses the probe set into a single data
point (the maximum value of the probe set), preventing
multiple probes inflating enrichment scores. This can
cause errors if the collapsed value does not accurately
represent the true value due to inconsistencies between
individual probe signals. However the identification
of the ‘Alzheimer’s Disease pathway’ and the Notch
signaling pathway (see Results) was not due to errors
of this kind as most genes in this pathway were detected

by single probes or, in the case of multiple probes,
showed consistent changes for all probes.

Real-time reverse transcription-polymerase chain
reaction

Select transcript changes were further investigated
by real-time reverse transcription-polymerase chain
reaction (RT-PCR) using additional biological repli-
cates (total n = 8 per group). Reverse transcription of
RNA to cDNA was performed using the High Capacity
cDNA Reverse Transcription Kit (Applied Biosys-
tems). Real-time PCR, using the ABI 7500 Real-Time
PCR System (Applied Biosystems), was performed
in triplicate reactions using Power SYBR Green PCR
Master Mix (Applied Biosystems) and 200 nM sense
and antisense primers (supplementary Table 1; avail-
able online: http://www.j-alz.com/issues/30/vol30-
4.html#supplementarydata02). Levels of transcripts of
interest were quantified relative to levels of transcripts
for two reference genes, Actb and Rpl13a. Statistical
analysis of real-time RT-PCR results utilized t-testing.

RESULTS

As reported previously [52], Hfe−/− mice showed
3-fold higher liver non-heme iron levels than wildtype
Hfe+/+ mice, confirming systemic iron loading, but
no significant difference in total brain non-heme iron
levels, consistent with previous reports of this model
on different background strains [26, 27].

Microarray revealed extensive brain gene expression
changes in Hfe−/− mice relative to wildtype con-
trols, irrespective of the normalization and analysis
approaches used [52]. As a representative exam-
ple, we present the list of transcripts identified
as differentially-expressed by the combination of
Average normalization and BeadStudio differential
expression analysis (supplementary Data).

Functional classification of gene lists into pathways
was initially done using the single enrichment analysis
tools PANTHER and DAVID (Materials and Meth-
ods). Different combinations of approaches and tools
showed some differences in outcomes, reflecting both
differences in the gene lists and differences between
pathway classification tools, making it difficult to gen-
erate a consensus list of enriched pathways. As the
example that we consider most representative of the
other approaches, we present the full list of pathways
significantly enriched within the Average/BeadStudio
gene list (supplementary Table 2). It should be noted
that in the present context, the term ‘pathway’, as used

http://www.broadinstitute.org/gsea/
http://www.j-alz.com/issues/30/vol30-4.html#supplementarydata02
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by these bioinformatics pathway classification tools,
refers to a collection of molecules in interrelated sys-
tems thought to be involved in a particular disease and
does not imply a definitive etiological mechanism.

Notably, several pathways were identified irrespec-
tive of the approach used, suggesting these are robust
findings. These included the general pathway ‘Neu-
rodegenerative Diseases’ or specific pathways for
AD or one or more other neurodegenerative diseases
(specifically Parkinson’s disease (PD), Huntington’s
disease (HD) or amyotrophic lateral sclerosis (ALS);
supplementary Table 3).

One limitation of tools such as PANTHER and
DAVID is that the direction and magnitude of tran-
script changes are not taken into account. We therefore
also analyzed the data using another ontological clas-
sification program, GSEA [51], which takes into
consideration both the direction and the magnitude
of expression changes (see Materials and Methods).
In contrast to PANTHER and DAVID, which use
restricted subsets of genes chosen by the researcher,
GSEA considers the entire normalized microarray
dataset.

As detailed in Materials and Methods, supplemen-
tary Table 4 shows pathways returning a false discovery
rate (FDR) q value below the cut-off recommended
for generating interesting hypotheses. However subse-
quent discussion focuses on pathways passing a more
stringent cut-off in both Average- and Cubic Spline-
normalized datasets (Table 1).

Both the ‘Neurodegenerative Diseases’ and
‘Alzheimer’s Disease’ pathways were identified as
showing an enrichment of transcript differences in a

Table 1
Significantly enriched pathways as determined by gene set enrich-

ment analysis

Pathway NES Nominal FDR q
p value value

Notch signaling pathway 1.98 0 0.0118
Type II diabetes mellitus 1.83 0.0014 0.0522
MAPK signaling pathway 1.78 0 0.0605
Wnt signaling pathway 1.73 0 0.0819
Neurodegenerative diseases 1.61 0.0085 0.1424
Alzheimer’s disease 1.59 0.0201 0.1422
Long term depression 1.57 0.0103 0.1371

A positive enrichment score indicates a tendency toward higher
expression values in the wildtype mice, while a negative enrich-
ment score indicates a tendency toward higher expression values
in the Hfe−/− mice. Pathways shown here passed a filter of FDR
q value <0.15 and nominal p value <0.05 for both Average- and
Cubic Spline-normalized datasets. The table displays representa-
tive enrichment data from the Average-normalized dataset. NES,
normalized enrichment score.

particular direction in Hfe−/− mice (i.e., either mostly
higher or mostly lower expression than control mice),
irrespective of normalization method (Table 1).

Within each pathway identified, GSEA determines
the subset of genes that makes the greatest contribution
to the enrichment score, termed the ‘core enrich-
ment’ group. The full set of ‘core enriched’ genes in
the ‘Alzheimer’s Disease pathway’ for the Average-
normalized dataset is shown in Table 2. Similar
results were obtained when using the Cubic Spline-
normalized dataset (data not shown), with all but one
gene in the core enriched group being identified by
GSEA for both Average- and Cubic Spline-normalized
datasets. (The exception was beta-site-A�PP-cleaving

Table 2
Expression changes for genes in the ‘Alzheimer’s disease pathway’

Gene name and symbol Fold change p value

Presenilin 1 Psen1 ↓5.52 9.6 × 10−6

Amyloid � (A4) protein ↓1.82 1.2 × 10−5

precursor AβPP
Microtubule-associated ↓2.21 0.0003

protein tau Mapt
Apolipoprotein E Apoe ↓1.47 0.0472
Glycogen synthase kinase ↓2.74 0.0006

3 beta Gsk3b
Insulin-degrading enzyme ↓1.78 0.0226

Ide
Caspase 3 Casp3 ↓5.15 0.0032
Complement component ↓3.30 0.0006

1, q subcomponent, A
chain C1qa

Complement component ↓1.63 0.0004
1, q subcomponent, B
chain C1qb

Beta-site A�PP-cleaving ↓1.34 NS
enzyme 2 Bace2

Anterior pharynx
defective 1a homolog
Aph1a

↓2.66 0.0024

Presenilin enhancer 2
homolog Psenen

↓1.37 0.0232

Low density lipoprotein
receptor-related protein
1 Lrp1

↑1.45 0.0193

Expression changes for genes that were included in the core enriched
group of the ‘Alzheimer’s Disease pathway’ (shaded) or those from
the pathway that showed significantly altered expression. Genes that
are included in the GSEA ‘Alzheimer’s Disease pathway’ but did
not show significantly altered expression by microarray were tumor
necrosis factor (Tnf), interleukin 1 beta (Il1b), caspase 7 (Casp7),
synuclein alpha (Snca), alpha-2-macroglobulin (A2m), membrane
metallo-endopeptidase (Mme), amyloid � (A4) protein precursor-
binding, family B, member 1 (Apbb1), beta-site A�PP-cleaving
enzyme 1 (Bace1), nicastrin (Ncstn), lipoprotein lipase (Lpl), and
presenilin 2 (Psen2). The table displays data generated using the
combination of Average normalization and BeadStudio differential
expression analysis. Fold change denotes expression in Hfe−/− mice
relative to wildtype controls. NS, not significant (i.e., p > 0.05).
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enzyme 2 (Bace2), which was identified when Average
normalization was used but not Cubic Spline).

The core enriched group may include some genes
that do not have significantly altered transcripts yet
still contribute to the enrichment score based on
fold-change rank and direction. Conversely, the core
enriched group does not include genes that have signifi-
cantly altered transcript levels in the opposite direction
to most pathway components. Since such genes may
still be relevant (for example, when the genes encod-
ing an inhibitory protein and its target show expression
changes in opposite directions), Table 2 also lists
all other genes with significantly altered transcript
levels in the GSEA ‘Alzheimer’s Disease pathway’.
Of the 24 genes represented on the array which are
classified in the ‘Alzheimer’s Disease pathway’, 50%

showed significantly altered transcript levels, of which
11 showed significantly decreased levels in Hfe−/−
mice relative to wildtype controls for both normaliza-
tion methods, while only one (low-density lipoprotein
receptor-related protein, Lrp1) showed significantly
increased levels. It is therefore important to rec-
ognize that ‘enrichment’ here reflects a generalized
decrease in activity of genes in the ‘Alzheimer’s dis-
ease pathway’ in the Hfe−/− mouse brain, as opposed
to increased activity. The positions in the KEGG
‘Alzheimer’s Disease pathway’ of proteins encoded by
genes showing significantly altered transcript levels are
illustrated in Fig. 1.

Relative to wildtype controls, Hfe−/− mice showed
decreased brain transcript levels for the genes encod-
ing amyloid-� protein precursor (AβPP), presenilin 1

Fig. 1. Altered expression of genes encoding components of the KEGG pathway ‘Alzheimer’s Disease’. Up arrows indicate genes with sig-
nificantly higher expression in Hfe−/− brain than wildtype brain (p < 0.05), down arrows indicate significantly lower expression. Figure was
adapted from KEGG.
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Fig. 2. Real-time RT-PCR validation of expression changes for
genes relevant to Alzheimer’s disease. Relative levels of transcripts
for amyloid-� protein precursor (AβPP), presenilin 1 (Psen1), and
microtubule associated protein tau (Mapt) were determined by real-
time RT-PCR (n = 8 per group). Mean expression for wildtype
controls was set to 1 and all results standardized accordingly. Error
bars represent standard error of the mean. *p < 0.05.

(Psen1), and tau (Mapt) (all p < 0.001, Table 2), all
established to be causally associated with AD or other
dementias by genetic linkage studies. The Hfe−/−
mice also showed decreased brain transcript levels
for anterior pharynx defective 1a homolog (Aph1a)
and presenilin enhancer 2 homolog (Psenen), which
are essential components of the �-secretase complex
with presenilin 1 [53–55]. Significant down-regulation
of AβPP and Psen1 transcript levels in Hfe−/− mice
relative to wildtype controls was confirmed in addi-
tional biological replicates by real-time RT-PCR (both
p < 0.05, n = 8 per group, Fig. 2), although the magni-
tudes of the changes (20–25%) were smaller than those
detected by microarray. The changes in tau transcript
levels detected by microarray were not great enough
to reach statistical significance by real-time RT-PCR
(Fig. 2).

The genes encoding apolipoprotein E (Apoe) and
its receptor (Lrp1) also showed significantly altered
transcript levels by microarray (p < 0.05), as did other
genes relating less directly to AD (Table 2, Fig. 1).

Since the field of AD research is large and very
active, pathway updates do not always keep pace with
discovery. Table 3 gives changes in transcript levels
observed for certain genes not listed in the KEGG
‘Alzheimer’s Disease pathway’ but that are either (i)
found to be associated with AD by genome-wide
association studies (GWAS) [56, 57] or (ii) listed in
the AlzGene database of genes shown through meta-
analysis to contain polymorphisms associated with
susceptibility to AD [58].

Table 3
Genes with altered expression associated with AD susceptibility

Gene name and symbol Fold change p value

Cathepsin S Ctss ↑1.61 0.0219
Cholinergic receptor,

nicotinic, beta
polypeptide 2 Chrnb2

↑1.36 0.0287

Prion protein Prnp ↑1.29 0.0357
Sortilin-related receptor,

LDLR class A
repeats-containing
Sorl1

↓1.57 0.0002

Death associated protein
kinase 1 Dapk1

↓1.59 0.0342

VPS10 domain receptor
protein SORCS 1
Sorcs1

↓1.79 0.0008

Thyroid hormone
receptor alpha Thra

↓5.40 9.2 × 10−9

Transient receptor
potential cation
channel, subfamily C,
member 4 associated
protein Trpc4ap

↓9.65 2.4 × 10−7

Expression changes for genes containing single nucleotide polymor-
phisms that have been associated with susceptibility for Alzheimer’s
disease. This list was compiled from the AlzGene database and sev-
eral GWAS. The table displays data generated using the combination
of Average normalization and BeadStudio differential expression
analysis. Fold change denotes expression in Hfe−/− mice relative to
wildtype controls.

Effects on AD genes appear specific in that
most of the main known causative genes for other
major neurodegenerative diseases (e.g., �-synuclein,
parkin 2, superoxide dismutase, huntingtin) did not
show robust alterations in transcript levels (data not
shown). Identification of other specific neurodegen-
erative disease pathways (PD, ALS, HD) by DAVID
or PANTHER instead usually reflected changes in
transcript levels for genes associated with generic neu-
rodegenerative mechanisms, such as actin cytoskeleton
or microtubule-related genes or genes involved in
mitogen-activated protein kinase (MAPK) signaling.
None of these pathways passed the GSEA FDR filter,
even with the non-stringent q value cut-off of 0.25.

Furthermore, many of the genes driving selection of
the ‘Neurodegenerative Disease pathway’ by GSEA
are also relevant to the ‘Alzheimer’s disease path-
way’ (e.g., Psen1, AβPP, Apoe, Mapt). While the
‘Neurodegenerative Disease pathway’ contains pro-
teins commonly associated with neural cell death (e.g.,
various caspases, Bad, Bax) or reactive astrogliosis
(Gfap), aside from the cytoskeletal and related tran-
script changes mentioned above, there was no clear
evidence of increased transcripts for these proteins
(data not shown). There was also relatively little
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Fig. 3. Interrelationships between different pathways identified as enriched by GSEA. Up arrows indicate genes with significantly higher
expression in Hfe−/− brain than wildtype brain (p < 0.05), down arrows indicate significantly lower expression. The figure was constructed
based on KEGG pathways. AD, ‘Alzheimer’s Disease pathway’.

evidence of changes in transcripts for genes relating
to inflammation or oxidative stress.

Several other pathways potentially important in AD
were identified by GSEA, including type II diabetes
and long-term depression (Table 1). Diabetes is one
of the classical symptom triad associated with severe
hemochromatosis [59–61] and has also been associated
with AD [62, 63]. However the observed expres-
sion changes were relatively non-specific in that they
affected genes involved in ubiquitous molecular path-
ways (e.g., genes encoding calcium channels, MAPK
signaling molecules) and do not provide clear clues as
to potential mechanisms relating to diabetes.

In addition, there were several pathways related to
Notch signaling (Table 1, Fig. 3), which contributes to
many important CNS phenomena, including develop-
mental neurogenesis, cognition, plasticity, and injury
repair [64, 65]. Notch signaling is directly regulated
by intramembraneous cleavage of Notch by presenilin.
This releases the Notch intracellular domain, which
travels to the nucleus and activates target gene tran-
scription. Transcripts for the Notch ligand homolog

jagged 2 were lower in Hfe−/− brain than wildtype
brain (Table 4, Fig. 3) and there was also a reduc-
tion in transcripts for the ligand homologs delta-like 1
and 4, although signals for these transcripts were only
detected at very low levels (data not shown). There
were decreased transcripts for the radical and lunatic
fringe homologs (Table 4, Fig. 3), which modulate
activation of Notch signal transduction [66].

Importantly, two primary target genes of Notch
nuclear signaling by the so-called ‘canonical path-
way’, ‘hairy and enhancer of split’ 1 and 5 (Hes1,
Hes5; Fig. 3), showed decreases in transcript lev-
els of between 1.7- and 2-fold by both microarray
(Table 4) and real-time RT-PCR (Fig. 4). This pro-
vides direct evidence that the observed decreases in
transcript levels for the various Notch signaling path-
way members and �-secretase complex components
have functional consequences in the form of significant
down-regulation of target gene expression.

An important non-canonical function of Notch sig-
naling involves interactions with the wingless/Wnt
pathway [67] and regulation of the actin cytoskeleton,
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Table 4
Other genes of interest showing significant expression changes

Gene name and symbol Fold change p value

Notch signaling pathway
and related genes
Jagged 2 Jag2 ↓4.20 1.04 × 10−5

Radical fringe gene
homolog Rfng

↓8.98 4.08 × 10−11

Lunatic fringe gene
homolog Lfng

↓2.93 0.0468

Notch gene homolog 3
Notch3

↓2.00 0.0042

Hairy and enhancer of
split 1 Hes1

↓1.72 0.0092

Hairy and enhancer of
split 5 Hes5

↓2.04 0.0449

Wnt & MAPK signaling
and cytoskeletal
regulation
Ras homologue gene
family, member A Rhoa

↓3.10 0.0006

Rho-associated
coiled-coil forming
kinase 1 Rock1

↓5.60 0.0012

Rho-associated
coiled-coil forming
kinase 2 Rock2

↓17.11 0.0003

RAS-related C3
botulinum substrate 1
Rac1

↓2.31 5.95 × 10−9

RAS-related C3
botulinum substrate 3
Rac3

↓3.00 0.0039

Mitogen activated
protein kinase 3 Mapk3

↓3.12 0.0008

Mitogen activated
protein kinase 10
Mapk10

↓3.05 8.59 × 10−6

Mitogen activated
protein kinase 14
Mapk14

↓1.52 0.0199

The table displays data generated using the combination of Aver-
age normalization and BeadStudio differential expression analysis.
Fold change denotes expression in Hfe−/− mice relative to wildtype
controls.

in particular axon extension [68]. In addition, the
Notch signaling pathway cross-talks with the recep-
tor tyrosine kinase/Ras pathway, which feeds into the
MAPK signaling pathway [69]. Both the Wnt and
MAPK signaling pathways were identified by GSEA
(Table 1), while regulation of the actin cytoskeleton
was significantly enriched in Average-normalized data
(supplementary Table 4).

Furthermore, there are other, more direct connec-
tions between cytoskeleton regulation and the Wnt
pathway that also tie directly into the MAPK signaling
pathway and again genes relating to these path-
ways showed altered transcript levels in the Hfe−/−
brain (Table 4, Fig. 3). Specifically, a sub-pathway

Fig. 4. Real-time RT-PCR validation of expression changes for
Notch target genes. Relative levels of Hes1 and Hes5 transcripts were
determined by real-time RT-PCR (n = 8 per group). Mean expression
for wildtype controls was set to 1 and all results standardized accord-
ingly. Error bars represent standard error of the mean. *p < 0.05.

of the Wnt signaling pathway generates cytoskeletal
changes through ras homolog gene family, mem-
ber A (Rhoa) and Rho-associated coiled-coil forming
kinases 1 and 2 (Rock1, Rock2) [70]. The Rocks
and Rhoa all showed decreased transcript levels in
Hfe−/− brain, as did RAS-related C3 botulinum sub-
strate (Rac), another member of this Wnt sub-pathway.
Both Rhoa and Rac activate c-Jun N-terminal kinase
(JNK), an important component of the MAPK path-
way, and the JNK subcomponent Mapk10 (JNK3) also
showed reduced transcript levels. Other MAPK path-
way components showing decreased transcript levels
by microarray included subcomponents of both p38
(Mapk14) and extracellular signal-regulated kinase
ERK 1/2 (Mapk3).

DISCUSSION

This study provides the first evidence, by both
microarray and real-time RT-PCR, that functional
deficiency of the hemochromatosis HFE protein can
extensively alter brain transcript levels for genes relat-
ing to AD. The findings appear relatively specific for
AD-related genes in that few key genes in two other
important neurodegenerative diseases, PD and HD,
showed altered transcript levels, although there were
some changes that may be important in general neu-
rodegenerative processes not specific to any particular
disease. The relative lack of effects on genes relating
to inflammation suggests most changes in transcripts
for AD-related genes observed here are not secondary
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to inflammatory changes. A similar lack of effect on
genes involved in oxidative stress suggests that the
changes are also unlikely to be secondary to oxidative
damage.

The observed reductions in brain transcripts for
A�PP, presenilin 1, BACE2, and tau in the Hfe−/−
mouse model of hemochromatosis do not provide
clear support for proposals of increased AD risk in
human hemochromatosis. Decreases in presenilin 1
and BACE2 would not be expected to exacerbate
amyloid-� (A�) pathology [71, 72]. Instead decreases
in expression of the �-secretase complex and its sub-
strate A�PP could conceivably retard A� production.
Decreases in tau transcripts may also protect against
AD pathogenesis [73].

If cognitive phenomena attributable to hemochro-
matosis do occur, these may instead involve
mechanisms which are at least partly independent of
amyloid or tau pathology or other features of AD patho-
genesis. One possibility is that reduced expression of
A�PP, tau, presenilin 1, or other AD-related genes may
affect important brain functions such as neurogenesis,
neuronal function, or brain injury repair throughout life
[71, 74–77].

For example, one essential function of presenilin
is its role in Notch signal transduction [78–80].
Our findings are consistent with the possibility that
decreased expression of presenilin 1 and other �-
secretase complex and Notch signaling pathway
components leads to reduced Notch processing and
signaling in the Hfe−/− brain. The observed decreases
in Hes1 and Hes5 transcripts (key functional out-
comes of Notch canonical signaling), together with
changes in transcripts for genes involved in non-
canonical pathways regulated through Notch, provide
strong evidence for altered Notch signaling. Cor-
responding changes in humans could have acute
consequences at any point in life for memory,
learning and other phenomena involving plastic-
ity, as well as potentially compromising injury
repair.

It has been proposed that A�PP is the neuronal
ferroxidase [81] and might therefore be predicted to
increase in response to brain iron loading. Consistent
with this, the 5′ untranslated region of A�PP mRNA
contains an iron-responsive element [82] which allows
regulation of A�PP translation such that translation
is increased in response to intracellular iron loading.
However, as the Hfe−/− brain does not accumulate
iron relative to the wildtype AKR mouse brain, this
appears unlikely to be relevant in the context of the
present study.

While there is no brain iron loading in the Hfe−/−
mice, there is substantial systemic iron loading.
However, overall, the brain transcript changes
observed here appear unlikely to reflect acute, indirect
effects of systemic iron loading per se, since wild-
type AKR mice fed a short-term (3 weeks) high iron
diet showed no changes in brain transcripts for key
AD genes (A�PP, Psen1, Mapt, Apoe), despite hav-
ing systemic iron levels comparable to Hfe−/− mice
[25]. Possibly there may be other unknown effects
of Hfe deletion, such as perturbations in copper or
other metals, which can also be handled by iron-related
proteins.

It is concluded, both on the basis of the mouse
data presented here and from previous large studies
finding no association between AD and either HFE
genotype [44] or high serum iron measures [83], that
the weight of current evidence does not appear to sup-
port substantiative increases in AD risk in patients with
HFE polymorphisms or high systemic iron levels. The
effects reported here might, if anything, be predicted
to protect against AD to some extent, since there are
no gross changes in brain iron levels in the mouse
model used here. However evidence from a recent
meta-analysis suggests iron supplementation may be
beneficial to attention and concentration across all
age groups irrespective of baseline iron levels. More
knowledge about the complex relationships involved
and the roles of iron and HFE in the brain is there-
fore required before recommending chelation or other
iron-depletion therapies as treatments for neurologic
disease, as this will not necessarily improve neuro-
logic functions and may even be harmful in some
circumstances.
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