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Abstract
Described for the first time in 1906, Alzheimer’s disease (AD) remains the most prevalent form of
dementia throughout the world. AD is a complex neurodegenerative disease characterised by the
progressive decline in cognitive functions, neuronal cell loss, and by the presence of amyloid beta
(Aβ) plaques and neurofibrillary tangles that are composed of hyperphosphorylated tau, in the brain.
Only a small percentage of the AD cases can be attributed to mutations in key genes that are
involved in the pathophysiology of the disease. The vast majority of AD cases are sporadic, and the
aetiology of these cases remains unknown. However, there is evidence that an alteration in
epigenetics is involved in the pathophysiology of AD. Amongst the epigenetic markers, 5methylcytosine (5mC) has been the most studied in AD. Previous human studies reported both
increases and decreases in the level of 5mC at specific loci of genes that are involved in the
pathophysiology of AD. However, only a few studies have investigated 5mC at global levels, and
reported DNA hypomethylation in the AD brain. 5-hydroxymethylcytosine (5hmC), the oxidised form
of 5mC, has been recently recognised as an epigenetic marker. The involvement of 5hmC in AD has
not been investigated yet. In the present study, specific antibodies were used to study 5mC and 5hmC
at global levels in two brain regions that are vulnerable to AD: the middle frontal gyrus and the
middle temporal gyrus. Immunohistochemistry combined with high-throughput image analysis was
used as the method to quantify levels of 5mC and 5hmC in post-mortem human brain tissue. The
results demonstrated that DNA was globally hypermethylated and hyperhydroxymethylated in
neurons from the AD brain. Increased levels of 5mC and 5hmC were significantly correlated with Aβ,
tau, and ubiquitin loads; thus, demonstrating that these epigenetic changes were related to the
progression of the disease. Dnmt1 and Dnmt3b, two of the enzymes involved in the regulation of
5mC were studied using the same approach as for 5mC and 5hmC. Results demonstrated that Dnmt1
was increased in the AD MTG, whereas Dnmt3b was decreased in the AD MTG. In vitro models of
human brain cells were validated for the study of 5mC and 5hmC, and were used to test the effect of
Aβ and 5-aza-2’-deoxycytidine (AzaC), a well-known demethylating agent, on levels of 5mC and
5hmC.

Results

demonstrated

that

Aβ

can

induce

DNA

hypermethylation

and

hyperhydroxymethylation in human precursor cells, but not in neurons and astrocytes differentiated
from them. Finally, this study provided evidence that in addition to its effect on 5mC, AzaC is a strong
inducer of 5hmC. Altogether, the results obtained in the present study clearly demonstrated the
involvement of 5mC and 5hmC in AD, and provide the basis for the development of new diagnostic
methods and therapeutic approaches.
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Chapter 1:
1.1.

General Introduction

Alzheimer’s disease

The world’s population is ageing rapidly resulting in a demographic transition with the size
of the older population increasing proportionally to that of children and working-age adults
(Prince et al., 2013b). In New Zealand, for example, the number of people aged over
65 years has doubled between 1980 and 2012, and is expected to reach a quarter of the
population in less than 50 years’ time (Bascand, 2012). The discovery of new cures for
infectious diseases, together with control of nutritional and reproductive problems, leads to
increased longevity, and therefore, to a global increase in chronic diseases including
dementia. According to Alzheimer’s Disease International, it was estimated that in 2013,
44.35 million people were living with dementia throughout the world and this number has
been predicted to almost double by 2030. Dementia has a severe financial impact on society
costing more than US$ 600 billion per year. The majority of people with dementia live in low
or middle income countries where health systems are poor (Prince et al., 2013a, b). It is
therefore imperative for research to be undertaken at an international level in order to find
a cure, increase prevention, and improve the quality of life for people affected by dementia.
The first writings related to dementia can be found as early as the 7th century B.C. However,
it was only in 1906 that a German psychiatrist and neuropathologist, named Alois
Alzheimer, described Alzheimer’s disease (AD). Using silver stain, he studied the brain of a
woman who died a few years after developing a clinically unusual dementia at the age of 51.
He observed the presence of tangles within the cytoplasm of neurons accompanied by
neuronal degeneration and noticed the presence of plaque pathology in the brain
(Berchtold and Cotman, 1998). Currently, more than 100 years later, the diagnosis of AD is
still based on the observations made by Alois Alzheimer.
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AD is a slow neurodegenerative disease characterized by a progressive decline of cognition
(Finder, 2010). In the early stages of the disease, people affected by AD slowly experience
memory loss, problems with orientation, difficulties making decisions and carrying out
house-work tasks. Symptoms then progressively worsen with increasing difficulty in
communicating and behavioural changes such as agitation and aggression. At the final stage
of the disease, patients affected by AD are unable to recognise familiar faces and objects,
are no longer capable of eating by themselves, and their mobility becomes severely limited.
At this stage, they are totally dependent on family members and caregivers (Prince et al.,
2013a).
Although AD can be strongly suspected from the presence of symptoms described above, a
definite diagnosis of AD can only be established after histopathological examination of the
post-mortem brain. There is a robust shrinkage of the brain accompanied by synapse and
neuronal cell loss. The three main histopathological hallmarks present in AD brain include:
1) amyloid beta (Aβ) plaques, 2) neurofibrillary tangles (NFT), composed of
hyperphosphorylated forms of tau, and 3) increased loads of ubiquitin (Finder, 2010,
Riederer et al., 2011). These three hallmark characteristics are often investigated separately,
but there is evidence that they are inter-related (Gregori et al., 1995, Lewis et al., 2001,
LaFerla et al., 2007, Tseng et al., 2008, LaFerla, 2010, Ittner and Gotz, 2011, Jin et al., 2011a,
Chabrier et al., 2012). AD brains also present chronic neuroinflammation, with activated
microglia and astrocytes expressing glial fibrillary acidic protein (GFAP) amassing around the
plaques (Lee et al., 2010, Lynch et al., 2010).
1.1.1.

Histological hallmarks of Alzheimer’s disease

1.1.1.1. Amyloid plaques
The presence of Aβ plaques in the brain parenchyma is one of the main histopathological
hallmarks of an AD brain (Finder, 2010). Accumulation of Aβ inside neuronal bodies (LaFerla
et al., 2007) and in blood vessels is also often seen in AD (Smith and Greenberg, 2009).
Although the production of Aβ fragments is ubiquitous, clinically important Aβ deposition
and formation of plaques only occur in the brain (Li et al., 1999). The plaques are mainly
found in the grey matter of the AD brain, but deposits of Aβ also exist in the white matter
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(Duyckaerts et al., 2009). The main constituents of the plaques are small peptides of 40 to
42 amino acid residues called Aβ proteins, or Aβ1-40 and Aβ1-42, respectively. These protein
fragments are generated after enzymatic processing of a transmembrane protein, the
amyloid precursor protein (APP) (Thinakaran and Koo, 2008). The primary function of APP
remains unknown, but different fragments of APP have been implicated with memory
processes (Meziane et al., 1998) and the regulation of gene expression (Belyaev et al.,
2009). APP has other functions which have been reviewed by Thinakaran and Koo (2008).
APP is expressed at high levels in the brain (Rogaev et al., 1994) and in platelets (Li et al.,
1999), but can be found at varying levels in many tissues and different cell types
(Niederwolfsgruber et al., 1998, Li et al., 1999). Cleavage and processing of APP can follow
two different pathways: the non-amyloidogenic and the amyloidogenic pathways (Figure
1.1).
The non-amyloidogenic pathway is predominant in the normal brain and does not generate
Aβ fragments (LaFerla et al., 2007). In this pathway, APP is first cleaved by α-secretase, and
then by γ-secretase, a complex of proteins that includes the presenilin 1 (PS1) or presenilin 2
(PS2) protein. The first cleavage of APP, catalysed by α-secretase, occurs on the extracellular
domain of the receptor within the region containing the Aβ peptide fragment. This cleavage
generates a large and a small fragment. The large fragment is the soluble amyloid precursor
protein alpha (S-APPα), which will be secreted. In contrast, the small fragment, called C83, is
left inside the membrane. The second cleavage of APP, catalysed by γ-secretase, occurs on
C83 and generates P3 and APP intracellular domain (AICD).
The amyloidogenic pathway is another cleavage pathway for APP, which produces Aβ. In
this pathway, APP is first cleaved by β-secretase, now identified as the β-site APP-cleaving
enzyme 1 (BACE1), and then by γ-secretase. The first cleavage of APP, catalysed by βsecretase, occurs on the extracellular domain of APP just above the region containing the Aβ
fragment. This cleavage produces a large fragment, the soluble amyloid precursor protein
beta (S-APPβ), which is released, and C99, a smaller fragment containing the Aβ fragment.
C99, the residual transmembrane fragment, is further cleaved by γ-secretase and generates
Aβ residues, as well as the AICD fragment. The γ-secretase cleaves C99 at multiple different
sites, generating Aβ peptides of different length ranging from 38 to 43 amino acids (LaFerla
et al., 2007). Aβ1-40 constitutes 90% of the generated fragments. Aβ1-42 only accounts for
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10% of the residues generated, but is the most abundant form found in amyloid plaques
from AD brain (Iwatsubo et al., 1994, Thinakaran and Koo, 2008). The proportion of Aβ1-40 to
Aβ1-42 is important because Aβ1-42 is more prone to oligomerise and form fibrils, in
comparison to the Aβ1-40 (Bekris et al., 2010).

Figure 1.1 Proteolytic processing of amyloid precursor protein (APP)
In the non-amyloidogenic pathway, amyloid precursor protein (APP) is cleaved by α-secretase into a large
soluble APP fragment alpha (S-APPα) and a smaller intramembrane fragment (C83), which is further cleaved by
γ-secretase into P3 and APP intracellular domain (AICD). In the amyloidogenic pathway, APP is cleaved by βsecretase into soluble APP fragment alpha (S-APPβ) and C99. C99 is then further cleaved by γ-secretase into Aβ
fragments and AICD. Adapted from LaFerla, FM. et al., (2007).
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1.1.1.2. Tau pathology
The second main histopathological hallmark of AD is the presence of NFT in the
somatodendritic compartments of neurons and in axons. NFT can also be found outside
neuronal cells in regions of the brain severely affected by AD (Duyckaerts et al., 2009).
According to Braak and Braak (1991), the distribution of NFT in different parts of the brain
depends on the stage of the disease and is currently used to evaluate AD severity. In stages I
and II, NFT appear in the entorhinal cortex, then extend to the hippocampus during
stages III and IV, and in stage V and VI, the final stages of the disease, NFT can be found in
the neocortex (Braak and Braak, 1991). NFT are composed of aggregates of the
hyperphosphorylated form of tau (Kolarova et al., 2012). Tau has six isoforms resulting from
alternative splicing of a single gene known as the microtubule-associated protein tau or
MAPT (Deshpande et al., 2008). Tau plays a role in morphogenesis, axonal vesicle trafficking
and extension, in the transport of proteins in neurons, and in neuronal plasticity (Kolarova
et al., 2012). Tau can bind microtubules through specific microtubule binding domains,
composed of three or four repeated sequences (3R or 4R), located in the C-terminal.
Phosphorylation of tau reduces its affinity for microtubules, and therefore, this unbound
pool becomes available to self-assemble and form tangles. Tau phosphorylation is regulated
by protein kinases and phosphatases (Kolarova et al., 2012). In the brain, tau is mainly
phosphorylated by glycogen synthase kinase 3 beta (GSK3β), and dephosphorylated by
protein phosphatase 2A (PP2A) (Figure 1.2) (Nicolia et al., 2010, Qian et al., 2010). In the AD
brain, levels of active protein GSK3β are increased (Leroy et al., 2007), whereas PP2A
expression and activity are decreased (Gong et al., 1995, Vogelsberg-Ragaglia et al., 2001,
Sontag et al., 2004a, Sontag et al., 2004b). These changes in GSK3β and PP2A expression can
lead to tau hyperphosphorylation (Qian et al., 2010). Hyperphosphorylated tau can also be
found in other diseases such as fronto-temporal dementia and progressive supranuclear
palsy (Bekris et al., 2010).
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Figure 1.2 Formation of neurofibrillary tangles in Alzheimer’s disease
Tau phosphorylation is regulated by balanced activity between kinases and phosphatases. Unphosphorylated
tau proteins bind microtubules through their microtubule binding domains, whereas phosphorylated tau
proteins have poor affinity for microtubules. In AD, hyperphosphorylated tau results from increased activated
glycogen synthase kinase 3 β (GSK3β), and decreased protein phosphatase 2A (PP2A) levels.
Hyperphosphorylated tau proteins assemble into paired helical filaments (PHF), which compose neurofibrillary
tangles (NFT).

1.1.1.3. Ubiquitin loads
Proteins can be damaged and constantly need to be repaired or renewed in order to
maintain normal cellular functions. Intracellular degradation of proteins occurs through the
lysosomal and the ubiquitin-proteasome system (UPS). The UPS is an intracellular complex
comprising a series of enzymes (E1 to E4), which ensures protein repair or degradation
through a series of ubiquitination reactions. A summary of the processing of damaged or
mis-folded proteins through the UPS is illustrated in Figure 1.3. Ubiquitin gets activated by
phosphorylation and interaction with the activating enzyme, E1, which then transfers
ubiquitin to the ubiquitin carrier, E2. In the next step, ubiquitin is transferred from E2 to the
substrate, via E3. In order to be degraded by the proteasome, the targeted protein will go
through additional ubiquitination cycles by E4 to finally enter the 26S proteasome, where it
is degraded (Riederer et al., 2011).
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In AD, the UPS is compromised, resulting in accumulation of mis-folded proteins that can
then form aggregates such as Aβ plaques and NFT (Riederer et al., 2011). Ubiquitin loads are
increased in AD brain tissue (Wang et al., 1991) and cerebrospinal fluid (CSF) (Iqbal et al.,
2005, Kandimalla et al., 2011). Ubiquitin can be found in NFT (Perry et al., 1987, Wang et al.,
1991, Garcia-Sierra et al., 2012). In addition to phosphorylation, tau protein can undergo
other post-translational modifications including polyamination, glycosylation, and
ubiquitination. Ubiquitinated tau tends to aggregate and inhibit the UPS. UPS inhibition
could in turn result in accumulation of tau, as well as the accumulation of other proteins
(Riederer et al., 2011). Several proteins involved in the UPS have been found to be altered in
AD. For example, ubiquitin carboxy-terminal hydrolase L1, a de-ubiquitinating enzyme
involved in protein degradation, has been found to be downregulated in AD (Riederer et al.,
2011).

Figure 1.3 Schematic representation of proteolytic degradation through the ubiquitin-proteasome system
Ubiquitin (Ub) gets activated by adenosine triphosphate (ATP)-dependent phosphorylation and interacts with
E1. E1 transfers ubiquitin to the ubiquitin-carrier E2. The transfer of ubiquitin from E2 to the target protein is
directed by E3. Finally, E4 catalyses poly-ubiquitination of the target protein that gets degraded in the 26S
proteasome.
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1.1.2.

Aetiology of Alzheimer’s disease

The risk of developing AD increases significantly with age. Depending on how early the
symptoms appeared, AD can be classified as early-onset AD (EOAD) or late-onset AD (LOAD)
(Bekris et al., 2010). EOAD includes only a small proportion of AD cases and affects people
between 30 and 65 years of age, whereas, LOAD is the most common form of AD, affecting
people over the age of 65 (Bekris et al., 2010). The complexity of AD suggests that the
disease is likely to involve multiple genes and be influenced by environmental factors
(Landrigan et al., 2005, Miller and O'Callaghan, 2008, Bekris et al., 2010).

1.1.2.1. Familial cases of AD
Less than 10% of AD cases are classified as autosomal dominant familial cases, or familial
Alzheimer’s disease (FAD). Mutations have been found in key genes directly involved in the
production of Aβ1-42, such as APP, PS1 and PS2 (Bekris et al., 2010). These mutations are
usually inherited in a Mendelian fashion and lead to EOAD. Mutations in MAPT, the gene
coding for tau, have not yet been genetically linked to AD (Bekris et al., 2010).
Mutations have been identified only in EOAD, however, genetic factors may influence the
susceptibility to LOAD (Jiang et al., 2013). The best example is the ε4 allele of the
apolipoprotein E (ApoE). ApoE is a protein that transports and delivers cholesterol and other
lipids between cells. ApoE exist as three different isoforms, ApoE2, ApoE3, and ApoE4. The
presence of a single copy of APOE4 increases the risk of developing AD by 5-fold, while two
copies increases the risk by 20-fold. The exact mechanism by which ApoE4 increases the risk
of developing AD is not known but might be due to the ability of ApoE4 to directly interact
with Aβ and regulate its degradation (Hauser and Ryan, 2013).

1.1.2.2. Sporadic cases of AD
Most AD cases are sporadic and manifest later in life. The aetiology of these sporadic cases
has not yet been elucidated, but is likely to be multi-factorial and rather complex
(Duyckaerts et al., 2009, Bekris et al., 2010, Bi, 2010, Finder, 2010). An individual’s
susceptibility to disease can only be partially explained by their genes. In monozygotic twins,
the deoxyribonucleic acid (DNA) sequence is identical. Thus, discordance in phenotypes and
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different susceptibility to various diseases between monozygotic twins, cannot be explained
by their genes alone, but may be explained by epigenetic differences (Fraga et al., 2005,
Kaminsky et al., 2009, Mastroeni et al., 2009, Wong et al., 2010). Epigenetic differences
between monozygotic twins already appear in early childhood (Wong et al., 2010), and the
differences are more marked between older monozygotic twins, especially if the twins had
different lifestyles and lived separately for a long period of time (Fraga et al., 2005). This
demonstrates the major influence that factors in the environment may have on differences
in phenotype of individuals with identical genomes (Fraga et al., 2005), and on the individual
susceptibility to a number of diseases, including AD (Landrigan et al., 2005, Miller and
O'Callaghan, 2008, Mastroeni et al., 2009, Perera and Herbstman, 2011).
The Latent Early-life Associated Regulation (LEARn) model aims to explain idiopathic
neurobiological diseases, including sporadic cases of AD, by combining genetics and
epigenetics. According to the LEARn model, AD is a “two-hit” latent disease. This means that
a first aetiological event such as stress or environmental toxins, which occurs early in life, is
not sufficient to produce a disease state. However, this “hit” can modify potential
expression levels of genes associated with the disease in a latent manner. These latent
changes are stably maintained by epigenetic modifications. Later in life, a second hit, or
potentially multiple subsequent hits, would finally lead to the manifestation of the disease
(Lahiri et al., 2009). Environmental factors such as infections, chemicals, stress, tobacco,
obesity, and diabetes, have been shown to increase the risk of developing AD, supporting
this theory (Razay et al., 2007, Lahiri et al., 2008, Miller and O'Callaghan, 2008, Hassing et
al., 2009, Murgatroyd et al., 2009, Perera and Herbstman, 2011, Sims-Robinson et al., 2011).
Most of these environmental factors can interact and modify the epigenome. Therefore,
epigenetics offers a direct mechanistic link between non-genetic factors and the
development of AD later in life (Lahiri et al., 2009, Aguilera et al., 2010).

9

1.2.

Epigenetics

Epigenetics can be defined as “the study of mechanisms that control gene expression in a
potentially heritable way” without changes in the primary DNA sequence (Portela and
Esteller, 2010). These epigenetics markers include modifications that occur on DNA and on
histones and more recently, small non-coding ribonucleic acid (RNA) molecules, microRNA
(miRNA) (Narayan and Dragunow, 2009). These epigenetic markers regulate gene
expression at different levels.
DNA modifications include 5-methylcytosine (5mC), and the more recently discovered DNA
modification, 5-hydroxymethylcytosine (5hmC) (Coppieters and Dragunow, 2011, Dahl et al.,
2011). The presence of modifications on DNA interferes with transcription factor activity,
and thus, directly influences gene transcription. DNA modifications can also recruit proteins
involved in the regulation of histone modifications. In human cells, DNA is wrapped around
proteins called histones to form the chromatin. The chromatin exists in condensed or
relaxed states, known as heterochromatin and euchromatin, respectively. In euchromatin,
DNA is accessible to the transcription machinery, thus, permitting gene expression. In
heterochromatin, DNA is tightly packed and is less accessible to the transcription machinery,
and therefore, gene expression is repressed. Chromatin compaction state is regulated by
modifications on histones. These modifications occur on amino terminal tails of histones,
and include acetylation, ubiquitination, methylation, SUMOylation, and phosphorylation.
Finally, miRNA are small non-coding RNA molecules that regulate gene expression at posttranscriptional levels. These miRNA recognise and anneal with messenger RNA (mRNA)
targets, thereby blocking the process of translation (Narayan and Dragunow, 2009,
Chouliaras et al., 2010). Numerous studies have reported changes for these epigenetic
markers in AD (Graff and Mansuy, 2009, Narayan and Dragunow, 2009, Chouliaras et al.,
2010, Marques et al., 2010, Delay et al., 2012). However, for the purpose of this thesis, the
focus will be on the two DNA modifications, 5mC and 5hmC.
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1.2.1.

DNA methylation

DNA methylation, or 5mC, is sometimes called the “fifth base” of mammalian DNA. 5mC
occurs on the 5th carbon of cytosine residues, and accounts for 3-8% of total cytosine
residues (Figure 1.4) (Siegmund et al., 2007, Portela and Esteller, 2010). 5mC is
predominantly found on cytosine residues followed directly by a guanine base, known as
cytosine phosphate guanine (CpG) dinucleotides. 5mC also occurs at non-CpG sites (Lister et
al., 2009). Sequences rich in CpG dinucleotides, called CpG islands, are generally found in
proximity, or inside, promoter regions. These CpG islands are usually unmethylated, but can
become methylated during development, or cell differentiation, leading to a tissue specific
pattern of methylation (Fulka et al., 2008, Straussman et al., 2009, Portela and Esteller,
2010).
5mC has multiple functions, including regulating gene expression (Portela and Esteller,
2010), cellular differentiation and development (Straussman et al., 2009), preservation of
chromosomal integrity, parental imprinting (Kaneda et al., 2004), and X-chromosome
inactivation (Li, 2002). In concert with other epigenetic markers, 5mC also regulates
memory formation and synaptic plasticity (Levenson et al., 2006, Miller et al., 2008). 5mC
generally inhibits gene expression by two mechanisms. Firstly, the presence of 5mC can
recruit methyl-CpG-binding domain (MBD) proteins, which in turn recruit other proteins
involved in histone-modifying and chromatin-remodelling complexes to methylated sites
(Portela and Esteller, 2010). DNA found in the euchromatin is usually under-methylated,
whereas, heavily methylated DNA is found in heterochromatin (Hermann et al., 2004a).
Secondly, 5mC can inhibit gene expression by prohibiting the interaction of transcription
factors with their target sites (Portela and Esteller, 2010)
5mC is catalysed by a family of enzymes called DNA methyltransferases (Dnmts). Dnmts
comprise Dnmt1, Dnmt2, Dnmt3a, Dnmt3b, and Dnmt3L (Hermann et al., 2004a). As Dnmt2
and Dnmt3L do not directly methylate DNA, only Dnmt1, Dnmt3a, and Dnmt3b, will be
discussed in this thesis.
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Dnmt1, the largest member of the Dnmts family, is the maintenance Dnmt. Dnmt1 has high
affinity for hemimethylated DNA (Hermann et al., 2004b). After cell division, Dnmt1 copies
the pattern of 5mC from the mother strand onto the newly synthesised strand (Hermann et
al., 2004a). Dnmt1 is also recruited to DNA damaged sites to re-establish 5mC during DNA
repair (Mortusewicz et al., 2005).
Dnmt3a and Dnmt3b are called the de novo Dnmts because they catalyse the establishment
of new patterns of 5mC that take place during processes such as embryonic development
(Li, 2002), cell differentiation (Deb-Rinker et al., 2005, Ma et al., 2010), and neuronal
plasticity and memory formation (Day and Sweatt, 2011). The mechanism by which a
specific cytosine from CpG dinucleotides is newly methylated is still poorly understood, but
it is speculated that de novo methylation may be directed by histone modifications (Cedar
and Bergman, 2009). In addition to their main function, Dnmt3a and Dnmt3b collaborates
with Dnmt1 to establish new patterns of 5mC, facilitate 5mC spreading in the genome (Kim
et al., 2002), and potentially correct errors left by Dnmt1 (Jones and Liang, 2009).
All Dnmts use S-adenosyl-L-methionine (SAM) as the donor of methyl groups to methylate
their substrate through a base flipping mechanism (Hermann et al., 2004a). Dnmts pull the
targeted cytosine out of the double stranded DNA helix and catalyse the interaction
between this cytosine and SAM (Cheng, 1995). Demethylation of SAM results in the
formation of S-adenosyl-L-homocysteine (SAH) (Figure 1.4) (Cheng, 1995).
1.2.2.

DNA hydroxymethylation

DNA hydroxymethylation, or 5hmC, resulting from the oxidation of 5mC, was first detected
in the brain (Penn et al., 1972). Since then, 5hmC has been detected at various levels in all
tissues and cell types investigated, with the highest concentrations found in neuronal cells
of the central nervous system (CNS) (Globisch et al., 2010, Szwagierczak et al., 2010). 5hmC
has also been detected in mitochondrial DNA (Shock et al., 2011), and on RNA (BradleyWhitman and Lovell, 2013). Levels of 5hmC vary from 0.03% of total nucleotides in
embryonic stem cells up to 0.7% in the CNS (Kriaucionis and Heintz, 2009, Tahiliani et al.,
2009, Globisch et al., 2010, Munzel et al., 2010, Song et al., 2010, Szwagierczak et al., 2010).
5hmC is found at CpG, as well as at non-CpG dinucleotides, and while CpG islands are poor
in 5mC, it has been found that they are enriched in 5hmC (Ficz et al., 2011). In the brain,
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5hmC mainly occurs at promoter regions, and at intragenic sequences. A smaller proportion
of 5hmC also exists outside gene regions (Jin et al., 2011b).
5hmC plays a role in chromatin structure (Valinluck et al., 2004), gene transcription, ageing
(Song et al., 2010, Jin et al., 2011b, Wu et al., 2011a), and cell death (Jin et al., 2011b,
Wahlin et al., 2013). The presence of 5hmC has generally been associated with increased
gene expression, but has also been associated with the repression of gene expression
(Zhang et al., 2010, Ficz et al., 2011, Pastor et al., 2011, Williams et al., 2011, Wu et al.,
2011a, Wu et al., 2011b). 5hmC regulates gene expression by recruiting proteins with high
affinity for hydroxymethylated cytosines, or by excluding proteins with poor affinity for the
nucleobase (Tahiliani et al., 2009, Iqbal et al., 2011). In addition to being a stable DNA
modification and playing a role as an epigenetic marker, it is now well accepted that 5hmC is
also an intermediate in DNA demethylation pathways (Boorstein et al., 2001, Bhutani et al.,
2010, He et al., 2011, Ito et al., 2011, Maiti and Drohat, 2011).
The ten-eleven translocation proteins (Tets) catalyse the oxidation of 5mC into 5hmC.
Members of the Tet family include Tet1, Tet2, and Tet3. These enzymes use 2-oxoglutarate,
together with Fe (II) and O2, to oxidise 5mC into 5hmC (Figure 1.4) (Tahiliani et al., 2009, Ito
et al., 2010, Zhang et al., 2010).
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Figure 1.4 Regulation of DNA methylation and hydroxymethylation
(1) DNA methyltransferases, Dnmt3a and Dnmt3b, establish new patterns of methylation (5mC). (2) Dnmt1
maintains 5mC after cell division. (1 and 2) All Dnmts use S-adenosyl-L-methionine (SAM) as methyl donor,
which gets converted into S-adenosyl-L-homocysteine (SAH). (3) Ten-eleven-translocation proteins, Tet1, Tet2
and Tet3, catalyse the oxidation of 5mC into 5-hydroxymethylcytosine (5hmC). (4) 5hmC can be converted
back into cytosine (C) through different demethylation pathways.
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1.2.3.

DNA demethylation

Patterns of 5mC are significantly conserved within cell types of individuals of the same
species, but vary in the same organism between cell types (Lister et al., 2009). Methylation
is covalently linked to DNA and it is generally well accepted that 5mC is a stable DNA
modification. However, recent evidence shows that 5mC is dynamic and can rapidly be
regulated in the brain during memory formation (Levenson et al., 2006, Miller et al., 2008,
Miller et al., 2010, Monsey et al., 2011). This underlies the importance of a system capable
of detecting errors in the patterns of 5mC and of detecting the demethylation of
erroneously methylated CpG (Schar and Fritsch, 2011). DNA demethylation also occurs
during specific biological processes such as fertilisation (Ficz et al., 2011, Iqbal et al., 2011,
Wossidlo et al., 2011) and ageing (Siegmund et al., 2007, Takasugi, 2011, Bakulski et al.,
2012). The quest to elucidate DNA demethylation mechanisms only started a few years ago.
Since then, several hypotheses have attempted to explain how removal of 5mC from DNA
can occur, but so far this process still remains unclear. Removal of 5mC could occur through
passive and active processes (Figure 1.5) (Bhutani et al., 2010).
Passive DNA demethylation can occur in a cell-division-dependent manner, through the
sequestration of Dnmt1 in the cytoplasm. The absence of Dnmt1 from the nucleus prevents
the maintenance of 5mC patterns, which results in passive DNA demethylation (Cardoso and
Leonhardt, 1999, Chen and Riggs, 2011). DNA demethylation can also simply result from
inhibition of Dnmts, or by the conversion of 5mC into 5hmC. Indeed, while, Dnmt1 has high
affinity for 5mC (Hermann et al., 2004b), it has low affinity for 5hmC (Valinluck and Sowers,
2007). The loss of interaction of Dnmt1 with DNA containing 5hmC will therefore result in
passive DNA demethylation (Szwagierczak et al., 2010).
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Active DNA demethylation could occur through multiple pathways (Bhutani et al., 2010):
1) The simplest way of 5mC removal would be the existence of direct DNA
demethylase. Enzymes with such activity have been reported. However, there are
doubts over that concept (Schar and Fritsch, 2011).
2) 5mC could directly be de-aminated into thymine by activation-induced cytosine
deaminase (AID). The resulting guanine-thymine mismatch would lead to activation
of a thymine DNA glycosylase (TDG) base excision repair (BER) pathway (Bhutani et
al., 2010).
3) 5hmC could also be de-aminated by AID into 5-hydroxymethyluracil (5hmU). The
resulting guanine-uracil mismatch could activate the TDG/BER pathway and the
uracil residue would be replaced by a cytosine (Boorstein et al., 2001).
4) 5hmC can go through further oxidation reactions catalysed by Tets. This leads to the
formation of derivatives including 5-formylcytosine (5fC) and 5-carboxylcytosine
(5caC). 5fC and 5caC are potential substrates for the TDG/BER pathway, and 5caC
could also be transformed into cytosine by a decarboxylase that is yet to be
identified (Bhutani et al., 2010, He et al., 2011, Ito et al., 2011, Maiti and Drohat,
2011).
5) Results from a recent study suggest that in addition to their DNA methylase activity,
Dnmt3a and Dnmt3b could also directly act as DNA de-hydroxymethylases,
converting 5hmC directly into cytosine (Chen et al., 2012a).
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DNA demethylation can be achieved by passive or active mechanisms. (1) Inhibition or sequestration of DNA methyltransferases (Dnmts) leads to passive demethylation
after cell division or DNA repair. (2) Dnmt1 has low affinity for 5-hydroxymethylcytosine (5hmC). Thus, the presence of 5hmC on DNA induces passive DNA demethylation.
(3) The existence of a DNA demethylase would directly convert 5-methylcytosine (5mC) into cytosine (C). (4) Deamination of 5mC and 5hmC by activation-induced cytosine
(AID) leads to the formation of thymine (T) and 5-hydroxymethyluracil (5hmU). Generated mismatches are targets of the thymine DNA glycosylase/base excision repair
(TDG/BER) pathway. (5) 5hmC can be oxidised by ten-eleven-translocation proteins (Tet) into 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC), which are substrates for
TDG/BER pathway. (6) Dnmt3a and Dnmt3b are potential DNA dehydroxymethylases capable of converting 5hmC directly into C.

Figure 1.5 DNA demethylation pathways

1.2.4.

DNA methylation and hydroxymethylation during early development

Environmental factors can affect the epigenome (Aguilera et al., 2010), providing a
mechanistic link between early-life events and mid- and late-life diseases (Perera and
Herbstman, 2011). According to the LEARn model, early developmental stages are
particularly sensitive to the influence of the environment (Lahiri et al., 2009).
Important changes in 5mC and 5hmC begin in the paternal and maternal zygotes, and
continue during embryo pre-implantation, embryonic development, and cellular
differentiation. Male and female gametes are highly differentiated cells, whereas, cells in
the very early stages of embryo development are totipotent, which means that these cells
can give rise to all cell types (Fulka et al., 2008). The transition between highly differentiated
cells to totipotent cells therefore requires a reprogramming step during which DNA has to
be unmethylated before a new pattern of methylation can occur (Fulka et al., 2004, Fulka et
al., 2008). This almost general demethylation step does not apply to certain DNA regions,
which include centromeric heterochromatin, certain repetitive sequences, and imprinted
genes (Fulka et al., 2008).
In the mammalian zygote, the paternal genome undergoes an active demethylation process,
which precedes DNA replication of the parental genomes (Fulka et al., 2008). This massive
decrease in levels of 5mC corresponds to an increase in levels of 5hmC, 5fC, and 5caC (Laird,
2010, Iqbal et al., 2011, Wossidlo et al., 2011). The opposite pattern is found in the maternal
pronucleus, where the signal for 5hmC is low and the staining for 5mC is intense (Iqbal et al.,
2011, Wossidlo et al., 2011). Despite being exposed to the same environment in the zygote,
the maternal pronucleus does not undergo the same active demethylation process as the
paternal pronuclei. The maternal genome is protected from the oxidation of 5mC into
5hmC, and undergoes a passive demethylation process once the parental genome starts
dividing (Laird, 2010, Iqbal et al., 2011, Wossidlo et al., 2011). Parental chromosomes not
only differ in staining intensity for 5hmC and 5mC, but also in the relative distribution of
both modified nucleobases (Wossidlo et al., 2011).
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During early human embryonic development, there is a sharp decrease in 5mC from the
four- and eight-cell stage (Fulka et al., 2004). In contrary to the active demethylation
process that takes place in the paternal genome, this demethylation step seems to be a
passive process that depends on DNA replication (Fulka et al., 2008). Dnmt1 is sequestered
in the cytoplasm by an unknown mechanism and 5mC gets passively lost during subsequent
cellular divisions (Cardoso and Leonhardt, 1999). It was also proposed that because Dnmt1
has low affinity for 5hmC, oxidation of 5mC could play a role in a passive demethylation
process, despite the presence of Dnmt1 (Iqbal et al., 2011).
Directly after embryo implantation, the 5mC pattern is re-established by Dnmt3a and
Dnmt3b (Okano et al., 1999), while 5hmC disappears during the first cell divisions. The new
patterns of 5mC will be maintained during cell division by Dnmt1, the maintenance DNA
methylation enzyme (Hermann et al., 2004a). Some CpG islands are methylated early during
development and can become unmethylated later during differentiation. However, most
CpG islands are protected from de novo methyltransferase activity and stay unmethylated
until cell-specific methylation occurs (Straussman et al., 2009). After DNA re-methylation,
Dnmt3a and Dnmt3b expression persist, which suggests that de novo methylation processes
still play a role later during development (Okano et al., 1999). Contrary to 5mC, 5hmC is
maintained at low levels in most tissues during development, with the exception of the CNS.
Levels of 5hmC increase during neuronal differentiation (Ku et al., 2011), and were found to
be high in the adult brain and in bone marrow (Globisch et al., 2010, Szwagierczak et al.,
2010, Jin et al., 2011b, Ruzov et al., 2011).

1.3.

DNA methylation in Alzheimer’s disease

Investigating epigenetics in human brains is rather challenging, technically and otherwise.
Therefore, most studies have been conducted in vivo in animal models, or in vitro in cells
from animal or human origins. Nonetheless, some human studies have investigated 5mC at
specific genes in different brain regions from subjects of different ages (Ladd-Acosta et al.,
2007, Gibbs et al., 2010, Hernandez et al., 2011). These studies provide valuable information
on how 5mC is regulated from early developmental stages to advanced age, but are
restricted in studying temporal changes in these individuals. Another limitation for these
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studies is the difficulty in identifying if the observed changes are due to one particular cell
type, or to a shift in the heterogeneity of the cell population observed in the diseased brain
(Ladd-Acosta et al., 2007, Siegmund et al., 2007).
Ageing is “a multifactorial process of the accumulation of molecular alterations driven by
genetic and epigenetic events in the organism that lead to a loss of phenotypic plasticity
over time” (Pogribny and Vanyushin, 2009). It is characterized by oxidative stress, disturbed
calcium homeostasis, chromosomal instability, impaired DNA repair, accumulation of
nuclear and mitochondrial DNA damage (Chouliaras et al., 2010), as well as chronic
inflammation and increased self-reactivity (Agrawal et al., 2010, Lee et al., 2010). It becomes
clear that epigenetics is also altered during the process of ageing (Pogribny and Vanyushin,
2009, Agrawal et al., 2010, Jintaridth and Mutirangura, 2010). This is particularly important
as ageing is the greatest risk factor for developing AD (Bekris et al., 2010).
Acquiring good knowledge of 5mC mapping in the normal ageing brain is particularly
important to establish a baseline for identifying changes that are specific for AD pathology.
Advances in technology permit analysis of 5mC of thousands of CpG sites, in a considerable
amount of samples, simultaneously (Ladd-Acosta et al., 2007, Laird, 2010, Zillner and
Nemeth, 2012). Methodologies for detection of 5mC have been reviewed (Zilberman and
Henikoff, 2007, Laird, 2010, Zillner and Nemeth, 2012). Note that methods based on
bisulfite conversion or methylation-sensitive restriction enzymes do not discriminate
between 5mC and 5hmC (Huang et al., 2010, Jin et al., 2010, Dahl et al., 2011). Thus, the
variation in 5mC could actually reflect the variation of 5hmC. It is therefore important to be
vigilant when analysing results from studies that have used these techniques (Dahl et al.,
2011). Furthermore, appropriate techniques to study 5mC and/or 5hmC should be used in
future experiments (Jin et al., 2010, Robertson et al., 2011).
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1.3.1.

DNA methylation in healthy ageing human brain

Using a method based on bisulfite conversion, Ladd-Acosta et al. (2007) looked at 5mC
levels at more than 1,500 CpG sites across 807 genes coding for proteins involved, among
other things, in cell proliferation and differentiation. They investigated 76 brain samples
derived from the cerebral cortex, cerebellum, and pons. The age of the subjects ranged
from 6 to 89 years old. This study showed that the variation in 5mC levels at gene-specific
sites are correlated to brain regions, rather than to individual differences such as age, sex,
post-mortem interval, diagnosis, or cause of death (Ladd-Acosta et al., 2007). They
concluded that 5mC levels are specific to brain regions in a given individual, and suggested
that the differences between brain regions could be explained by the differing composition
of neurons and glial cells (Ladd-Acosta et al., 2007). This is an important point as there is a
significant neuronal loss and increase in glia cells in AD (Duyckaerts et al., 2009, AndradeMoraes et al., 2013).
Gibbs et al., (2010) investigated 5mC and associated gene expression at more than
27,000 CpG sites in 600 human brain tissue samples, derived from the frontal cortex,
temporal cortex, pons, and cerebellum, of 150 neurologically normal donors. Their results
also showed that 5mC varies between distinct regions of the brain (Gibbs et al., 2010). The
same group then investigated the effect of age on 5mC levels by a method using bisulfite
conversion. They looked at 5mC throughout the human genome in the same brain regions,
in 387 human brains, ranging from as young as 3 months up to 102 years of age. Contrary to
the results reported by Ladd-Acosta et al. (2007), they found that there is a significant
positive correlation between CpG 5mC levels and the chronological age of human brain.
They also found that these age-associated sites were primarily found within CpG islands,
close to genes coding for proteins involved in DNA binding, regulation of transcription, and
morphogenesis. Interestingly, they found that the patterns of 5mC at the age-associated
CpG sites were similar in the frontal cortex and the temporal cortex, but differed in the
cerebellum. To summarise, they concluded that the 5mC levels at specific CpG island loci
increase with chronological age (Hernandez et al., 2011).
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1.3.2.

DNA methylation at specific loci of key genes in Alzheimer’s disease

pathology
It is not really clear if there are changes in APP expression in AD patients compared to
healthy subjects. APP mRNA levels have been investigated in the brain (Goedert, 1987, Chou
et al., 1990, Preece et al., 2004, Causevic et al., 2010), and in different types of blood cells
(Ledoux et al., 1995, Jiang et al., 2003), from AD and control subjects. However,
unfortunately, data obtained from these studies lack consensus. Divergence in reports
about APP mRNA expression could be explained, at least partially, by the existence of
different isoforms of APP (Jiang et al., 2003).
The APP promoter is rich in CpG sites (Rogaev et al., 1994, Li et al., 2010), and APP
expression is, at least partially, regulated by 5mC (Ledoux et al., 1994, Rogaev et al., 1994, Li
et al., 2010). The patterns of 5mC at the APP promoter are permanently established during
early fetal life. The patterns of 5mC are tissue specific, and vary between different regions of
the human brain (Rogaev et al., 1994). It was found that 41 CpG sites are situated on the
APP promoter region. Out of these 41 sites, only 4 CpG dinucleotides were partially
methylated, whereas, the 37 other sites were unmethylated (Li et al., 2010). This underlines
the importance of studying all CpG sites when investigating 5mC of genes, as not
investigating the right site could lead to erroneous conclusions. This observation is further
reinforced by the fact that the modification of 5mC at only one CpG site can be sufficient to
modulate gene expression (Scarpa et al., 2003).
One of the first studies hypothesizing a role for 5mC in the pathophysiology of AD was
published by Yoshikai et al., (1990). Using methylation-sensitive restriction enzymes
combined with Southern-blot, they studied the patterns of 5mC of the APP promoter
regions in the temporal cortex of one control and two AD subjects. They did not find
differences in the patterns of 5mC in the APP promoter regions investigated between AD
and control brains (Yoshikai et al., 1990). Using the same approach, West et al., (1995) were
the first to report an epigenetic alteration in AD. In their study, 5mC was investigated in the
temporal lobe of one AD and one healthy control brain. They found that one of the CpG site
in the APP promoter was methylated in the control brain, whereas it was unmethylated in
the AD brain (West et al., 1995). Results from a later study revealed that the patterns of
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5mC of APP and BACE promoters were the same in the prefrontal cortex of AD and control
cases (Wang et al., 2008). The investigation of 5mC in two distinct regions of the APP
promoter, as well as at the PS1 promoter regions, in the frontal cortex and the hippocampus
of control and AD cases showed no differences in levels of 5mC between AD and controls.
(Barrachina and Ferrer, 2009). Concordantly, levels of 5mC detected in the frontal cortex,
the parietal cortex and the temporal cortex from FAD cases, were similar to the levels
detected in the cerebellum, a brain region largely spared in AD (Brohede et al., 2010).
Mutations in tau have not yet been directly related to AD (Bekris et al., 2010). The MAPT
promoter is rich in cytosine residues and contains CpG islands. The 5mC status of the MAPT
promoter changes with increasing age, with certain sites being hypomethylated, while
others are hypermethylated (Tohgi et al., 1999). Barrachina et al. (2009) investigated 5mC at
a number of sites of MAPT in the frontal cortex and the hippocampus of AD and agematched control subjects. Results showed that the levels of 5mC at investigated CpG sites
did not vary between AD and control brains (Barrachina and Ferrer, 2009).
Thanks to the development of techniques allowing the interrogation of thousands of sites in
a short time, subsequent studies have investigated the 5mC status at genes known to be
involved in AD, in addition to other genes (Siegmund et al., 2007, Wang et al., 2008). The
investigation of 5mC in the temporal cortex of the AD brain reported both hypomethylation
and hypermethylation on distinct promoters. Hypermethylation was found on the promoter
regions of vinexin, a gene coding for a cell adhesion molecule, whereas, hypomethylation
was found at the S100A2 promoter, a member of the S100 family of calcium binding
proteins (Siegmund et al., 2007). A study conducted in the prefrontal cortex of AD and
control cases revealed no differences in levels of 5mC at most genes examined, with the
exception of APOE and Methylenetetrahydrofolate reductase (MTHFR), which were found to
be hypermethylated in AD brains (Wang et al., 2008). In agreement, the investigation of
5mC at more than 27,000 CpG sites in brain samples from the MFG showed that both DNA
hypomethylation and hypermethylation occurred in AD (Bakulski et al., 2012).
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1.3.3.

Global levels of DNA methylation in Alzheimer’s disease human brain

Schwob et al., (1990) investigated 5mC in the frontal cortex grey matter of AD and healthy
controls. Using methylation-sensitive restriction enzymes, they found no significant
differences in the global levels of 5mC between AD and control brains (Schwob et al., 1990).
However, in contradiction to this finding, global DNA hypomethylation was detected in the
temporal cortex of AD brain, compared to healthy controls. For that study, experimental
groups were matched by subject age, gender, and post-mortem delay (PMD). Significant
decrease in immunoreactivity was reported for 5mC and 5-methylcytidine, and also for 5mC
maintenance factors in AD neurons of entorhinal cortex layer II, a brain region showing early
vulnerability to AD pathology. This indicates a global decrease in 5mC in neurons of the
temporal cortex in AD human brain, in comparison to normal human brain (Mastroeni et al.,
2010).
In another study, Mastroeni et al., (2009), they highlighted the potential influence of the
environment on epigenetics, and subsequent development of AD. This study looked at 5mC
in the temporal neo-cortex and the superior frontal gyrus of monozygotic twins, and
revealed that the brain of the twin affected by AD showed decreased immunoreactivity for
5mC, in comparison to the brain of the normal twin. They also looked at 5mC in neurons,
astrocytes, and microglia, and found that 5mC was present in all three cell types in normal
brains, but was decreased in all three cell types in AD brains. This study demonstrates that
DNA hypomethylation in the temporal cortex is global, and is not due to a shift in cell
composition in AD cases (Mastroeni et al., 2009).
Since 2010, additional research has been conducted investigating 5mC at global levels in the
AD brain. These studies will be discussed in chapter 3 in parallel with my research.
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1.3.4.

One-carbon metabolism in Alzheimer’s disease

There is direct evidence for a link between alterations in the one-carbon metabolism (OCM)
and changes in 5mC (Fuso et al., 2011a). The OCM, also referred to as folate metabolism, is
an important biochemical cycle that regulates the availability of methyl groups for
methyltransferases to methylate their substrates, which include DNA (Coppede, 2010).
Alterations in the OCM have been associated with AD (Herrmann and Obeid, 2011), and
might explain the changes in 5mC that occurs in AD (Coppede, 2010).
Homocysteine (HCY), derived from the essential amino acid methionine, is an amino acid
that does not participate in protein synthesis (Tchantchou, 2006). Two pathways are
involved in HCY metabolism and lead to its elimination: 1) the remethylation pathway, and
2) the transsulfuration pathway.


The remethylation pathway consists of a series of methylation reactions.
Methylation of HCY is dependent on vitamin B12 and folate (also known as
vitamin B9), and leads to the formation of methionine. Methionine is in turn
activated by adenosine triphosphate (ATP) in SAM, a methyl donor to a variety of
acceptors including DNA. After transfer of the methyl group to one of its substrates,
SAM becomes SAH, which is subsequently hydrolysed to restore HCY levels.



The transsulfuration pathway involves the condensation of HCY with a serine to
form cystathionine in a reaction that requires the presence of vitamin B6.
Cystathionine is then hydrolysed to form cysteine and α-ketobutyrate (Selhub, 1999,
Tchantchou, 2006).

B vitamins are important for HCY regulation, and therefore, also regulate the levels of SAM
and SAH. Folate, vitamin B12 and vitamin B6 deficiency causes hyperhomocysteinemia
(HHCY), decreases SAM, and increases SAH (Tchantchou, 2006).
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Figure 1.6 The one-carbon metabolism (OCM)
The one-carbon metabolism (OCM) regulates the availability of methyl groups for DNA methylation. In the
transsulfuration pathway, homocysteine condenses with a serine to form cystathionine in a reaction that
requires vitamin B6. Cystathionine is further hydrolysed to form cysteine and α-ketobutyrate. In the
remethylation pathway, homocysteine follows a series of methylation reactions, dependent on vitamin B12
and folate, leading to the formation of methionine. Methionine is then activated by adenosine triphosphate
(ATP) in S-adenosylmethionine (SAM), which transfers its methyl group to DNA methyltransferases (Dnmts),
and becomes S-adenosylhomocysteine (SAH), which finally restores homocysteine levels. Dnmts utilise the
methyl group from SAM to methylate DNA on cytosine. Adapted from (Coppieters and Dragunow, 2011)
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1.3.4.1. Human studies
A summary of the studies conducted up to 2009, found that in AD there are higher levels of
HCY in plasma and CSF, and reduced levels of folate in plasma, compared to controls. No
clear conclusion could be obtained from studies investigating levels of vitamin B6 and
vitamin B12 in AD patients, but, in comparison to controls, there was a tendency for vitamin
B12 to show a decrease in AD plasma. Alteration in OCM is also reflected in levels of SAM,
SAH, and methionine adenosyltransferase, the enzyme that catalyses the conversion of
methionine into SAM. Unfortunately, no clear conclusion could be made from these studies
(Coppede, 2010).
Since 2009, there has been further investigation to determine if there is a link between OCM
alterations and AD. CSF levels of SAM, SAH, HCY and folate as well as plasma levels of folate,
vitamin B12, and HCY, have been compared between 60 AD patients and 60 controls.
Results obtained from that study revealed that there were no significant differences in HCY,
total folate, or vitamin B12, levels in the plasma between AD patients and controls. There
were also no significant differences in HCY or folate levels in the CSF between AD patients
and controls. However, levels of SAM and the ratio SAM/SAH were significantly lower in CSF
from AD patients (Linnebank et al., 2010).
Results obtained from more recent studies still do not allow definitive conclusions on the
existence of an association between OCM alterations and AD, and seem to generally be in
contradiction with previous studies showing higher HCY in AD patients compared to controls
(Coppede, 2010). Nevertheless, the majority of the studies found elevated HCY in blood
(Coppede, 2010), and longitudinal studies demonstrated that elevated HCY precedes the
onset of AD (Seshadri et al., 2002, Hooshmand et al., 2010), thus, demonstrating the
potential use of HCY elevation as biomarker of age-related neurodegenerative diseases,
including AD (Herrmann and Obeid, 2011). For example, a seven-year follow-up study
investigated the plasma levels of HCY, and holotranscobalamin, the fraction of vitamin B12
that completes its biological function, in AD, and compared them to controls (Hooshmand et
al., 2010). Out of the 271 participants, 17 developed AD. The plasma samples, taken seven
years previously, from the 17 participants who developed AD, showed significantly higher
levels of HCY, and significantly lower levels of holotranscobalamin, compared to 254 control
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subjects (Hooshmand et al., 2010). However, due to the range of varied results from many
studies, blood levels of HCY are not likely to provide a specific biomarker of AD, and clearly
more studies are required to establish, or confirm, any link between altered OCM and AD.

1.3.4.2. Animal and cell culture studies
In vitro and in vivo models have also been used to investigate the potential associations
between OCM dysregulation and AD. Alterations in OCM were mimicked by deprivation of
one or more B vitamins through diet deficiency or depleted media (Coppede, 2010). OCM
alterations have been linked to several psychological and pathological hallmarks of AD,
including Aβ production (Scarpa et al., 2003, Fuso et al., 2005, Fuso et al., 2008, Zhuo and
Pratico, 2010, Fuso et al., 2011b), tau phosphorylation (Sontag et al., 2007, Nicolia et al.,
2010, Qian et al., 2010), cognitive impairment (Pirchl et al., 2010, Singh et al., 2011), and
inflammation (Liu et al., 2009a, Politis et al., 2010). Dysregulation of HCY metabolism can
alter 5mC, which in turn can modify expression of genes involved in AD pathology (Fuso et
al., 2008, Fuso et al., 2011b).
Exogenous SAM in SK-N-SH cells, a human neuroblastoma cell line, decreased Aβ1-40
production, down-regulated PS1 expression. and increased 5mC, on at least one CpG site of
the PS1 promoter (Scarpa et al., 2003). In a subsequent study they showed that decreased
levels of SAM, induced by folate and vitamin B12 deprivation, increased PS1 and BACE1
expression and decreased Aβ production. The observed increase of PS1 expression was
again associated with hypomethylation of the PS1 promoter. Importantly, exogenous SAM
could restore PS1 and BACE1 expression (Fuso et al., 2005). The same team investigated the
effect of B vitamins depletion in vivo using the TgCRND8 AD transgenic mouse model. They
found that mice fed on a B-vitamins-deficient diet showed a consistent and significant
increase in HCY concentrations, in plasma, and a significant decrease in the SAM/SAH ratio
in plasma and in the brain. PS1 and BACE1 proteins were also increased and intra- and
extracellular Aβ deposition was accelerated. Levels of 5mC were decreased in the animals’
brains, however, the change in hypomethylation did not reach significance, and therefore,
cannot entirely explain increases in PS1 and BACE1 expression (Fuso et al., 2008).
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Results from another in vivo study done in the Tg2576 AD transgenic mice model also
showed that a diet deficient in folate, vitamin B6, and vitamin B12, induced HHCY and
increased Aβ1-40 and Aβ1-42 levels in the cortex and the hippocampus of the mice (Zhuo and
Pratico, 2010). However, they did not find significant changes in levels of proteins involved
in Aβ pathway such as APP, BACE1, and PS1 (Zhuo and Pratico, 2010). Zhuo et al. (2010)
hypothesised that the differences in results they observed compared to previous studies
could be due to the difference in the mice model used, the fact that HCY levels reached in
Tg2576 mice were lower than in the TgCRND8 mice, or because the diet they used was
different (Zhuo and Pratico, 2010).
To test the effects of elevated levels of SAH on Aβ formation, mouse microglia cells were
incubated with increasing concentrations of SAH. Results indicated that the elevation of SAH
concentrations increased Aβ production. This was accompanied by an increase in APP and
PS1 expression and by hypomethylation at APP and PS1 promoters. These authors also
reported an increase in APP and PS1 protein levels for all SAH concentrations tested, but an
increase in BACE1 protein was only detected for the highest concentration of SAH tested
(Lin et al., 2009). Finally, Fuso et al. (2011) further investigated the effects of folate, vitamins
B6 and B12 deficiency in vitro in the SK-N-BE human neuroblastoma cell line and in vivo in
the TgCRND8 mice. They confirmed that the deficiency of B vitamins increases PS1 levels,
which could be restored by SAM. Furthermore, they showed that 5-aza-2’-deoxycytidine
(AzaC), a demethylating agent, had the same effect on PS1 mRNA levels. Finally they showed
that the decrease of PS1 expression was accompanied by a decrease of 5mC at specific CpG
dinucleotides within the PS1 promoter (Fuso et al., 2011b). A summary of the experiments
conducted in vitro is given in Table 1.1.
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Table 1.1 Effects of homocysteine dysregulation on Alzheimer’s disease-related gene expression, and on
levels of DNA methylation

Model

Homocysteine
dysregulation

Neuroblastoma (SK-N-SH)

↑ SAM (exogenous)

Gene expression changes

DNA methylation

Ref.

↑ PS1 promoter

(Scarpa et
al., 2003)

↓ PS1 promoter

(Fuso et al.,
2005)

↓ Aβ production
↓ PS1 mRNA
↓ SAM
↓ Folate
Neuroblastoma (SK-N-BE)

↑ PS1 mRNA
↓ vitamin B12
↑ BACE1 mRNA
↑ HYC (plasma)
↓ Folate

Mice (TgCRND8)

↓ vitamin B12
↓ vitamin B6

↓ SAM/SAH (plasma and
brain)
↑ PS1 mRNA, proteins

↓ PS1 promoter
(not significant)

(Fuso et al.,
2008)

↑ BACE1 mRNA, proteins
↑ Aβ production

↓ Folate
Mice (Tg2576)

↓ vitamin B12
↓ vitamin B6

↑ HYC (plasma)
↑ Aβ production

N/A

× APP, BACE1, PS1, IDE and

(Zhuo and
Pratico,
2010)

NEP
↑ Aβ production
↓ PS1 promoter

Mouse microglia (BV-2)

↑ SAH (exogenous)

↑ APP mRNA, protein
↓ APP promoter

(Lin et al.,
2009)

↑ PS1 mRNA, protein
↓ Folate
Neuroblastoma (SK-N-BE)

↓ PS1 promoter
↓ vitamin B12

↑ PS1 mRNA

Mice (TgCRND8 )
↓ vitamin B6
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(Fuso et al.,
2011b)

1.3.4.3. Clinical studies
One of the early signs for both EOAD and LOAD is a gradual decline of memory, which slowly
becomes more severe until it profoundly affects the quality of life of AD patients. Short term
memory is first affected, followed by a decline in memory for remote events in later stages
of disease progression (Bekris et al., 2010). Importantly, 5mC seems to play a major role in
learning and memory processes (Liu et al., 2009b, Day and Sweatt, 2011), which is one of
the first activities to decline in older people and in AD (Bekris et al., 2010). An association
between cognitive deficits or dementia and HCY and/or B vitamins levels has been
demonstrated (Selhub et al., 2010).
Many studies have tried to determine if B vitamins could be used to lower HCY plasma
levels, thereby improving cognition (Anderson et al., 2010, Ford et al., 2010, Kwok et al.,
2011). Malouf and Grimley Evans (2008) reviewed published human trials (published
between 2003 to 2007) looking at the potential use of folic acid supplementation, with or
without additional vitamin B12, as prevention and treatment of healthy elderly and
demented subjects. They found that the small number of studies could not provide
consistent evidence for beneficial effects of folic acid supplementation, with or without
vitamin B12, on cognitive functions of unselected healthy or cognitively impaired older
people (Malouf and Grimley Evans, 2008).
A nine-year follow-up study did not find associations between folate intake from food, from
supplements, or from combined sources, and the development of AD (Nelson et al., 2009).
Sun et al. (2007) showed that vitamin B12, vitamin B6, and folic acid supplementation, can
lower HCY concentrations in serum of mild to moderate AD patients. However, despite this,
there was no statistically significant cognitive improvement observed (Sun et al., 2007).
Another group investigated whether taking those supplements over two years could
improve cognitive disorders in hypertensive older men, and reached the same conclusion
that vitamins B12, B6 and folic acid supplementation do not improve cognitive function
(Ford et al., 2010). Folic acid supplementation alone in a dose-response trial was able to
increase serum folate concentrations and could slightly decrease HCY plasma levels, but
could only do so for subjects that had the lowest serum folate levels at baseline (Anderson
et al., 2010). A randomised placebo trial was conducted with 140 subjects in attempt to
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investigate the ability of folate and vitamin B12 to lower HCY, and to see if it could
subsequently slow cognitive decline in older demented subjects. Results showed that B
vitamins supplementation could effectively reduce HCY plasma concentrations, but the
subjects did not show significant improvement of global cognitive function (Kwok et al.,
2011). Altogether, results obtained from multiple human studies show that B vitamins
supplementation does not improve cognition in humans, though such supplementation
does appear to alter HCY levels.
1.3.5.

Environment, DNA methylation and the origin of Alzheimer’s disease

As discussed in previous sections, important epigenetic changes occur during early
development (Fulka et al., 2008), making it a critical period of life that is highly susceptible
to environmental influences (Aguilera et al., 2010, Perera and Herbstman, 2011). The
epigenome is constantly exposed to the environment (Aguilera et al., 2010), but in some
cases it will induce modifications that will affect health later in life (Landrigan et al., 2005,
Miller and O'Callaghan, 2008), and will potentially be passed on to the next generation
(Aguilera et al., 2010). Environmental factors that can modulate 5mC, and have been
associated with AD include, among others, lead (Wu et al., 2008, Li et al., 2010), arsenic
(Dani, 2010, Ren et al., 2011), tobacco (Satta et al., 2008, Breton et al., 2009, Cataldo et al.,
2010), and diet (Gu et al., 2010, Herrmann and Obeid, 2011).

1.3.5.1. Lead
One striking piece of evidence of environmental influences on AD was demonstrated in a
study testing the effects of lead exposure on monkeys (Wu et al., 2008). In monkeys, the
amino acid sequence of APP is almost identical to the human sequence, making it a relevant
model to study AD (Wu et al., 2008). The monkeys were exposed to lead from birth for
400 days before their brains were analysed at the end of the experiment about 23 years
later. The researchers found that the mRNA levels of APP were significantly increased in the
brains of the monkeys exposed to lead, compared to control brains. In addition, they
detected a 100% increase in Aβ1-42 levels. Levels of BACE1 were also elevated, but these
changes did not reach statistical significance. APP and BACE1 gene promoters, which are
rich in CpG dinucleotides, are potentially susceptible for epigenetic reprogramming via 5mC.
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Furthermore, these authors found that the activity of DNMT1 extracted from monkeys
exposed to lead was reduced, in comparison with the activity of this enzyme extracted from
control brains (Wu et al., 2008).
Recent work performed in vitro showed that exposure of the rat pheochromocytoma cell
line (PC12) to lead, for two days or one week, also decreased DNMT1 protein levels and
induced global DNA hypomethylation. Furthermore, APP mRNA levels, as well as APP and
Aβ1-42 protein levels, increased in a concentration-dependent manner. Finally, it was found
that levels of 5mC on the APP promoter were also reduced in a concentration-dependent
fashion (Li et al., 2010). Lead exposure can induce global hypomethylation (Li et al., 2010),
but it has also been reported to increase 5mC at specific genes (Li et al., 2011).

1.3.5.2. Arsenic
Arsenic is a heavy metal found in air, water, soil, and food, and may quickly enter the human
body through ingestion (Jomova et al., 2011). However, arsenic is not an element needed
for human nutrition (Dani, 2010). Millions of people around the world are exposed to
arsenic by drinking contaminated groundwater (Jomova et al., 2011). A study found a
correlation between arsenic concentrations in soil, and the prevalence of AD and the
mortality associated with this disease (Dani, 2010). Ren et al. (2011) have reviewed in vitro
and in vivo studies that looked at the association between arsenic and epigenetics, and
concluded that arsenic can alter global and gene-specific 5mC (Ren et al., 2011). Thus, 5mC
may provide a mechanistic link between environmental exposure to arsenic and the risk of
developing AD.

1.3.5.3. Tobacco
Tobacco smoke affects a large number of people all over the world, and is another example
of early environmental factors that can have a life-long effect on health (Breton et al., 2009).
The association between cigarette smoking and AD has been argued for a long time. A
recent review concluded that tobacco smoke was a significant and substantial risk factor for
AD (Cataldo et al., 2010), rather than being protective against AD development as some
earlier reports suggested. Significant changes in global and gene-specific 5mC were detected
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in children exposed to tobacco smoke in utero (Breton et al., 2009). Injecting nicotine into
mice, for two to four days, at doses that resulted in plasma concentrations of nicotine
similar to that found in heavy smokers, induced a significant decrease in DNMT1 mRNA and
protein levels in the frontal cortex (Satta et al., 2008).

1.3.5.4. Diet
There is some evidence for an association between diet and the development of AD
(Scarmeas et al., 2006, Gu et al., 2010). Gu et al. (2010) analysed the dietary patterns of
more than 2,000 subjects, out of which 253 developed AD. They found that a diet rich in
omega-3 polyunsaturated fatty acids, omega-6 polyunsaturated fatty acids, vitamin E, and
folate, but poor in saturated fatty acid and vitamin B12, was associated with a lower risk of
developing AD. The subjects fitting this dietary pattern also tended to eat more fruits and
vegetables, and less meat. The authors found that their results showed similarities with the
Mediterranean diet (Gu et al., 2010), which was also associated with a low risk for AD
development (Scarmeas et al., 2006). There are several interesting findings in the results
obtained by Gu et al. (2010). There is cohesion in the findings that a diet poor in meat and in
vitamin B12 protects against AD (Gu et al., 2010), as animal products are important sources
of vitamin B12 (Allen, 2009). The potential roles of folate and vitamin B12 in the
development of AD, and their effects on 5mC, have been discussed in previous sections.
Fruits are important sources of vitamin C, which has been associated with AD (Jomova et al.,
2010). Interestingly, vitamin C can modify 5mC patterns in human embryonic stem cell lines,
HES2 and HES3 (Chung et al., 2010). Supplementation of media with vitamin C decreased
5mC especially at CpG near the edge of CpG islands. These changes in 5mC were associated
with altered expression of genes involved in pluripotency and tissue-specific differentiation
(Chung et al., 2010). Furthermore, vitamins C and E seem to function in association, and
have been linked to AD (reviewed in (Jomova et al., 2010)). Thus, although still unclear, it is
possible that various diets and food compositions may affect an individual’s risk for
developing AD, perhaps by the modulation of epigenetic processes.
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1.4.

Aims of the thesis

AD is a complex neurodegenerative disease, for which the aetiology of the vast majority of
cases remains unknown (Finder, 2010). Despite current literature providing strong evidence
for the involvement of 5mC in the pathophysiology of AD, very few studies were conducted
in humans. Both DNA hypermethylation and hypomethylation have been detected at
specific CpG sites within promoter regions of AD-related genes, and at global levels in tissue
samples from AD brain (Chouliaras et al., 2010, Coppieters and Dragunow, 2011).
The number of cases included in previous human studies was often small and insufficient to
perform statistical analysis (Yoshikai et al., 1990, West et al., 1995, Brohede et al., 2010), or
used techniques that do not distinguish between 5mC and 5hmC for the study of 5mC
(Schwob et al., 1990, Siegmund et al., 2007, Wang et al., 2008). Definite conclusion on 5mC
status in AD requires the investigation of more post-mortem tissues from AD and control
brains, using a technique allowing the study of 5mC and 5hmC specifically. The first aim of
this thesis will therefore be to investigate 5mC and 5hmC in two brain regions of AD and
healthy age-matched controls using immunohistochemistry (IHC) combined with a high
through-put analysis method (chapter 3).
Independent research groups investigated the role of the OCM in AD and suggested that
dysregulation of the OCM would lead to alteration in 5mC observed in AD (Coppede, 2010,
Linnebank et al., 2010, Selhub et al., 2010, Herrmann and Obeid, 2011). Results obtained by
these different research groups lacked consensus, and clinical interventions consisting of
supplementation of folate and B vitamins failed to improve memory in AD patients (Sun et
al., 2007, Nelson et al., 2009, Kwok et al., 2011). Altogether, this suggests that other
mechanisms might trigger 5mC changes observed in AD. The second aim of the thesis will be
to study Dnmt1 and Dnmt3b, two enzymes involved in the regulation of 5mC levels, in AD
and healthy age-matched controls brains, using the same approach used to study 5mC and
5hmC (chapter 4).
Important changes in 5mC and 5hmC take place during development and ageing of the brain
(Fulka et al., 2004, Hernandez et al., 2011, Ku et al., 2011). In adults, levels of 5mC and
5hmC vary between brain regions (Ladd-Acosta et al., 2007, Gibbs et al., 2010, Globisch et
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al., 2010, Hernandez et al., 2011) potentially due to the differing composition of neurons
and glial cells (Ladd-Acosta et al., 2007) underlying the importance of studying 5mC and
5hmC in specific brain cells. The third aim of the thesis will be to validate the use of in vitro
models for the study of 5mC and 5hmC during human neuronal development and in adult
human brain cells (chapter 5).
Cells are constantly exposed to internal and external stressors which might interact and
modify the epigenome (Lahiri et al., 2009). Aβ, one of the main hallmarks of AD, has been
shown to induce DNA hypomethylation in vitro (Chen et al., 2009). AzaC, a demethylating
agent used in cancer therapy (Saba, 2007, Karahoca and Momparler, 2013), is widely used in
vitro to study the effects of DNA hypomethylation on biological processes (Chen et al., 2009,
Sunahori et al., 2011). The fourth and last aim of the thesis will be to study the effects of
Aβ1-42 and AzaC on 5mC and 5hmC in mitotic and post-mitotic human brain cells obtained
with one of the in vitro models studied in chapter 5 (chapter 6).
Altogether, this thesis provides valuable information on 5mC and more importantly on the
newly discovered DNA modification, 5hmC, in specific cell types of AD and healthy aged
brain. In addition, data obtained with the in vitro models of human brain cells have
significant implications not only for AD but also for other research fields including cancer.
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Chapter 2:

Materials and Methods

2.1.

General materials and methods

2.1.1.

Post-mortem human brain tissue

Post-mortem human brain tissue was obtained from the Neurological Foundation of New
Zealand Human Brain Bank. The University of Auckland Human Participants Ethics
Committee approved the brain tissue collection protocols (UAHPEC: Ref.2008/279). All the
brains were routinely stained for Aβ, tau, and ubiquitin, and were examined by a
neuropathologist. The consortium to establish a registry for Alzheimer’s disease (CERAD)
classification was used to grade the severity of AD cases (Mirra et al., 1991). All changes
observed in control brains were found to be within the normal age-related range.
A detailed protocol describing the collection and processing of the brains has been
previously published (Waldvogel et al., 2008). Briefly, the protocol is as follows. After being
received by the Brain Bank, the brain is first cut into two hemispheres. Generally, the left
hemisphere is kept fresh, dissected into small blocks, snap-frozen and stored at -80oC, and
the right hemisphere is perfusion-fixed with formaldehyde through the basilar arteries. Both
hemispheres, fixed and unfixed, are cut into blocks that have a thickness of about 1-2 cm.
The dissection is performed in a uniform way, giving the same series of regional blocks
representing functional regions of the brain. (Waldvogel et al., 2008). The middle frontal
gyrus (MFG) and the middle temporal gyrus (MTG), two brain regions vulnerable to AD,
were the regions of interest for these studies (Figure 2.1). Information about each case is
given in Table 2.1 and Table 2.2. AD and control cases were matched for age and PMD.
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Figure 2.1 Regions of the adult human brain investigated in the present study
A) The middle frontal gyrus (MFG) is delineated in blue. B) The middle temporal gyrus (MTG) is delineated in
red. Each brain region is further subdivided into blocks labelled 0 to 3. Adapted from Waldvogel et al, (2006).
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Table 2.1 Characteristics of control cases

Case #

Sex

Age

PMD

TST

H190

F

72

19

1382

4734

M

79

8

H123

M

78

H136

M

H155

COD

MFG

MTG

Ruptured myocardial infarction

+

+

4735

Bleeding stomach ulcer

+

+

7.5

4270

Aortic aneurysm

+

+

75

13

3181

Aortic aneurysm

+

+

M

61

7

2516

Ischemic heart disease

+

+

H152

M

79

18

2576

Congestive heart failure

+

+

4680

M

80

12

4786

Ischemic heart disease

-

+

H160

M

77

23

2243

Ischemic heart disease

-

+

H198

F

67

27

1159

Acute pyelonephritis - Ischemic
heart disease

-

+

H145

M

54

8

2896

Ischemic heart disease

+

+

H196

M

85

15

1248

Colon adenocarcinoma

-

+

H144

M

76

18.5

2911

Aortic aneurysm

+

+

H202

M

83

14

1125

Aortic aneurysm

+

+

H156

M

89

19

2491

Ischemic heart disease

+

+

H148

M

64

7

2743

Ischemic heart disease

+

+

H164

M

73

13

2160

Ischemic heart disease

-

+

6013

F

69

11.5

3615

Aortic aneurysm

-

+

H121

F

64

5

4301

Asphyxia

+

+

H122

F

72

9

4290

Emphysema

+

+

02F/393

F

87

11

3380

Ischemic heart disease

-

+

H187

F

98

15

1428

Caecal carcinoma

-

+

H180

M

73

33

1624

Ischemic heart disease

-

+

H150

M

78

11

2702

Myocardial infarction

-

+

H153

M

76

8

2553

Ischemic heart disease

-

+

H188

M

83

17

1397

Gastrointestinal bleed

-

+

H191

M

77

20

1348

Ischemic heart disease

-

+

H127

F

59

21

4042

Pulmonary embolism

-

+

H139

M

73

5.5

3079

Ischemic heart disease

-

+

H137

M

77

12

3129

Ischemic heart disease

-

+

Averages

8F/21M

75.1

14.1

2734.8

N = 13

N = 29

Age (years); PMD: post-mortem delay (hours); F: female; M: male; TST: tissue storage time (days); COD: cause of
death; MFG: middle frontal gyrus; MTG: middle temporal gyrus.
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Table 2.2 Characteristics of Alzheimer’s disease cases

Case #

Sex

Age

PMD

TST

Gradea

AZ34

F

74

18

4711

C

AZ37

M

83

4

4447

AZ38

M

80

5.5

AZ39

M

74

AZ42

M

AZ43

COD

MFG

MTG

Bronchopneumonia

+

+

B

Bronchopneumonia

+

+

4402

C

Bronchopneumonia

+

+

12

4259

C

Septicemia

+

+

60

7

4032

C

Bronchopneumonia

+

+

M

80

21

3888

B

Bronchopneumonia

+

+

AZ45

M

82

4.5

3692

B

Bronchopneumonia

-

+

AZ46

F

82

22

3672

B

Ischemic heart disease

-

+

AZ52

F

68

36

3340

C

Bronchopneumonia

-

+

AZ55

M

51

4

3206

B

Bronchopneumonia

+

+

AZ57

F

82

14.5

2985

A

Bronchopneumonia

-

+

AZ58

M

75

20

2877

C

Bronchopneumonia

+

+

AZ59

M

83

15

2818

A

Cardiopulmonary collapse

+

+

AZ61

F

87

7.5

2313

C

Bronchopneumonia

+

+

AZ64

M

67

8

2203

C

Bronchopneumonia

+

+

AZ65

F

77

16

1902

C

Bronchopneumonia

-

+

AZ68

F

68

7

1845

C

Bronchopneumonia

-

+

AZ71

F

62

6

1418

C

Bronchopneumonia

+

+

AZ72

F

70

7

1285

C

Lung cancer

+

+

AZ73

F

87

14.5

1234

B

Septicemia

-

+

AZ74

F

85

16

1223

C

Bronchopneumonia

-

+

AZ75

M

81

25

1183

C

Bronchopneumonia

-

+

AZ77

F

81

16

976

B

Bronchopneumonia

-

+

AZ80

M

77

4.5

720

C

Myocardial infarction

-

+

AZ81

F

82

18

654

C

Respiratory failure

-

+

AZ82

F

80

18

426

C

Bronchopneumonia

-

+

AZ83

F

60

16

364

C

Bronchopneumonia

-

+

AZ87

M

73

5

94

C

Bronchopneumonia

-

+

AZ89

F

80

25

70

C

Bronchopneumonia

-

+

Averages

16 F/13 M

75.6

13.6

2284.1

N/A

N = 13

N = 29

Age (years); PMD: post-mortem delay (hours); F: female; M: male; TST: tissue storage time (days); COD: cause of death
a. AD grades are given as age related plaque score with A reflecting a low number of plaques and C reflecting a high
number of plaques; MFG: middle frontal gyrus; MTG: middle temporal gyrus.
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2.1.2.

Cell culture

The NTERA-2/cl.D1 cell line (NT2) is a pluripotent human testicular embryonal carcinoma
cell line (Zillner and Nemeth, 2012). NT2 cells were cultured in complete media (Dulbecco's
Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F12, Gibco), 10% fetal bovine serum
(FBS, Invitrogen) and 1% Penicillin/Streptomycin/Glutamine (PSG, Gibco)), and maintained
in an incubator set at 37oC in 95% air/5% CO2. For general maintenance, cells were passaged
every 2-3 days as follows. First, the supernatant was removed before the cells were gently
rinsed with phosphate buffered saline (PBS), and incubated with 0.25% trypsin in
ethylenediaminetetraacetic acid (EDTA) (Gibco), for 2-5 min, in the incubator at 37oC,
optimal temperature for the trypsin’s enzymatic activity. Complete media was then added
to cells to inhibit the trypsin’s enzymatic activity. Subsequently, the cell suspension was
centrifuged at 1,000 rpm for 5 min after which the supernatant was discarded. Pelleted cells
were resuspended in fresh complete media, and re-plated into culture flasks at a ratio of 1:5
for maintenance. For experiments, cells were counted using a haemocytometer. For this,
cells were mixed at a volume/volume ratio of 1:1, with trypan blue, which is used to identify
and exclude dead cells from total cell count. Cells were plated into multi-well plates at a
density specifically optimized for each set of experiments.
2.1.3.

In vitro model of neuronal differentiation

NT2 cells were differentiated into neurons (hNT) and astrocytes (NT2A) using the protocol
described by Paquet-Durant et al., (2003), with some adaptations suggested by Jain et al.,
(2007) (Paquet-Durand et al., 2003, Jain et al., 2007). A schematic representation of the
main steps of the differentiation process is given hereafter (Figure 2.2). There are four main
steps in this protocol: 1) the formation of neurospheres in 10 cm diameter non-adherent
bacteriological grade Petri dishes (Greiner, GR664102), in the presence of retinoic acid (RA;
Sigma, R2625); 2) the plating of neurospheres in 75 cm2 tissue culture flask (T75) in the
presence of RA; 3) the maturation of hNT cells in the presence of mitotic inhibitors (MI); and
4) the maturation of NT2A cells in the presence of MI.
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Figure 2.2 In vitro model of human neuronal differentiation
NT2 precursor cells can be differentiated into mature neurons (hNT) and astrocytes (NT2A) upon treatment
with retinoic acid (RA) and mitotic inhibitors (MI). (1) NT2 cells were cultured in differentiating media
containing RA in Petri dishes for two weeks during which they assembled to form neurospheres.
(2) Neurospheres were transferred to T75 flasks and maintained in differentiating media for another 7-10 days.
(3) Future hNT cells were selectively trypsinised, seeded into T75 flasks coated with poly-D-lysine (PDL) and
Matrigel (pink), and maintained in MI1 for 7-10 days. (4) Future NT2A cells were maintained in non-coated T75
flasks in MI1 for 7-10 days, in MI2 for two weeks, and finally in MI3 for one week.
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1) Formation of neurospheres:
On day one of the differentiation process, 6 x 106 NT2 cells were resuspended into 10 ml of
complete media and plated into Petri dishes. RA stock was made at 10 mM into dimethyl
sulfoxide (DMSO), aliquoted, and stored at -80oC. On day two, RA was added to the Petri
dishes to a final concentration of 10 µM. Differentiating media (complete media containing
10 µM RA) was replaced every 2-3 days for two weeks. This was achieved by transferring the
cell suspension and spheres to centrifuge tubes. Cells adhering to the surface of the Petri
dishes were gently washed off using PBS, and transferred to the centrifuge tubes already
containing the spheres. Cells and spheres were pelleted by centrifugation at 1,000 rpm for 5
min. The supernatant was discarded, and pellets were resuspended into 10 ml of fresh
differentiating media, and plated into new Petri dishes. It was important to minimise the
trituration to avoid breaking the neurospheres. Indeed, rounded, well defined and
compacted neurospheres typically yielded more neurons (Figure 2.3).

Figure 2.3 Neurosphere formation during neuronal differentiation
(A) Brightfield imaging of NT2 cells assembled into neurospheres, when cultured in Petri dishes with
differentiating media. Neurospheres that gave good yield of neurons typically appeared compact, and round
with well-defined borders. (B) Fluorescent imaging of NT2 cells within neurospheres expressing β III tubulin
(green). Nuclei were labelled with Hoechst (blue). Scale bars represent 100 µm.
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2) Plating neurospheres in T75 flasks:
After two weeks, cells organised into neurospheres were transferred to a T75 flask. Cells
were maintained in differentiating media for an extra 7-10 days, during which media was
refreshed every 2-3 days. From this stage, future neurons and astrocytes were
differentiated separately. Future neurons could easily be distinguished from other cells
based on their morphology under bright field microscopy. Differentiating neurons appeared
as cells with small, round and bright cell bodies with short processes, whereas, underlying
cells appeared as large flat cells with large nuclei. To strictly isolate neurons from future
astrocytes, cells were carefully selectively trypsinised as described below. Future hNT cells,
which were easily identifiable and found on top of the other cells, were harvested first.
To selectively trypsinise hNT cells, the media was decanted, and cells were gently washed
twice with PBS, containing 0.9 mM Ca2+ and 0.5 mM Mg2+. The presence of calcium and
magnesium increases cell adhesion, and was therefore, added to PBS during washes to
prevent detachment of hNT cells before selective trypsinisation. After addition of 0.25%
trypsin-EDTA (Gibco), cells were regularly checked under the microscope, and the flask was
gently tapped in order to selectively harvest hNT cells and avoid contamination from
underlying cells.
Detached hNT cells were collected in differentiating media, transferred to a conical tube,
and centrifuged at 1,000 rpm for 5 min. hNT cells from 3 x T75 flasks were harvested,
pooled, and plated into 1 x T75 flask coated with poly-D-lysine (PDL; Sigma, Cat# P64075MG) and Matrigel (BD, Cat#354234), using the protocol described below. The remaining
underlying cells, the future astrocytes, were further trypsinised with 0.25% trypsin-EDTA,
and the NT2A cells from 1 x T75 flask were seeded into 1 x non-coated T75 flask.
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3) Maturation of neurons in the presence of mitotic inhibitors:
At this stage, hNT cells are post-mitotic neurons that still need to mature and extend their
processes. To stop potential contaminant cells from dividing and overgrowing the neuronal
culture, hNT cells were maintained in media containing mitotic inhibitors (MI1; DMEM/F-12
+ 1% PSG + 5% FBS + 1 µM cytosine β-D-arabinofuranoside (AraC) + 10 µM 5-fluoro-2’deoxyuridine (FUdR) + 10 µM 1-β-D-ribofuranosyluracil (Urd)) for 7-10 days. During this
time, media was refreshed three times per week. At the end of neuronal maturation, hNT
cells were harvested by selective trypsinisation as described above. This time, after being
washed with PBS containing 0.9 mM Ca2+ and 0.5 mM Mg2+, hNT cells were gently detached
with 0.05% trypsin without EDTA, and were seeded on PDL and Matrigel coated multi-well
plates for future experiments. The presence of Ca2+ and Mg2+ in PBS, and the absence of
EDTA from trypsin, facilitated cell adhesion on plastic surfaces coated with proteins
(Takeichi and Okada, 1972). This therefore increased hNT cell adhesion to PDL and Matrigelcoated tissue culture surfaces. Prior to using the differentiated hNT cells in subsequent
experiments, cells were plated in multi-well plates coated with PDL and Matrigel, and
cultured in differentiating media for at least 1 week. This step allowed for neurons to
expand their processes and express more mature neuronal markers including microtubule
associated protein 2 (MAP2).
4) Maturation of astrocytes in the presence of mitotic inhibitors:
NT2A cells were maintained in MI1 for 7-10 days, during which media was refreshed every
2-3 days. At the end of the treatment with MI1, remaining neurons were selectively
trypsinised from the astrocytic culture, and transferred to the neuronal culture. This step
increased the yield of neurons and improved the purity of astrocytes. NT2A cells were replated into new T75 flasks, and cultured in MI2 (DMEM/F-12 + 5 µM FUdR + 10 µM Urd) for
two weeks, and in MI3 (DMEM/F-12 + 10 µM Urd) for one week. Prior to using the NT2A
cells in subsequent experiments, cells were plated in multi-well plates and cultured in MI3
for at least one week. This step allowed astrocytes to expand their processes and express
more mature astrocytic markers including glial fibrillary acid protein (GFAP).
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2.1.4.

Coating of tissue culture vessels with poly-D-lysine and Matrigel

PDL was diluted in sterile water, to a final concentration of 10 µg/ml. T75 flasks or 96-well
plates were coated with diluted PDL and placed at 4 oC overnight (O/N). Excess PDL was
removed, and the tissue culture vessels were dried for 20 min in the fumehood. Matrigel,
diluted at 1:40 in cold DMEM/F12, was added to the PDL coated flask. Then, excess Matrigel
was removed and tissue culture vessels were left to dry for 1 h in the fumehood. Tissue
culture vessels were rinsed with cold DMEM/F12 to remove any impurities, and returned to
4oC until further use.
2.1.5.

Immunohistochemistry

2.1.5.1. Free floating formalin fixed human brain tissue
IHC on free floating formalin fixed tissue (IHC-F) was performed on MFG samples as
previously described (Waldvogel et al., 2006). The protocol has been optimised for postmortem adult human brain tissue, and yields high quality results for a wide range of
antibodies. This protocol has been developed to maximise antibody penetration by using an
O/N permeabilisation step, and prolonged incubation time with primary and secondary
antibodies (Waldvogel et al., 2006).
Briefly, 50-µm thick tissue sections were permeabilised in PBS, containing 0.2% Triton-X100
(PBS-T), O/N at 4oC. If necessary, antigen retrieval (AR) was performed as described below.
Endogenous peroxidase activity was blocked with 1% H2O2 in 50% methanol for 20 min at
room temperature (RT). Sections were incubated with the primary antibodies for three days
at 4oC, and then with the species-specific secondary antibodies. Sections were then
incubated with the corresponding biotinylated secondary antibody (Sigma), at 1:1,000 O/N
at RT. In order to increase sensitivity of the detection, sections were incubated with
ExtrAvidin-Peroxidase (Sigma, E2886), at 1:500 for 1 h at RT. Finally, sections were
incubated in 3,3'-diaminobenzidine (DAB; Sigma, D5637) solution (0.05% DAB and 0.01%
H2O2 in 0.1M PO4), or DAB-nickel solution (0.05% DAB, 0.01% H2O2 and 0.04% ammonium
nickel sulphate in 0.1M PO4), until the reaction reached satisfactory staining, or for a
maximum of 20 min. At the end of the immunostaining, tissue sections were mounted in
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gelatine and air-dried for two days at RT. The sections were subsequently dehydrated in a
series of alcohol (5 min in 75%, 80% and 95% ethanol, 2 x 10 min in 100% ethanol and 3 x 20
min in xylene), and coverslipped with DPX mounting medium (Merck, 1019790500). A no
primary antibody condition was used as negative control. All washes between antibodies
incubations were done with PBS-T. The antibodies and ExtrAvidin-Peroxidase were diluted in
immunobuffer (1% normal goat or donkey serum in PBS-T containing 0.04% thimerosal).
Table 2.3 Antibodies used for immunohistochemistry on free floating formalin fixed tissue

* Denotes antibodies that do not require antigen retrieval (AR), but were used for co-labelling experiments,
and were therefore processed for AR.

2.1.5.2. Tissue microarray
IHC was performed on tissue microarray (TMA) containing paraffin embedded formalinfixed cores of AD (N = 29) and control (N = 29) MTG grey matter. Each core is 2 mm in
diameter. The TMA was designed, prepared, and cut on a microtome at thickness of 7 µm by
Claire Lill (CBR, Biobank, research technician).

Figure 2.4 Representation of a tissue microarray
Cores of middle temporal gyrus grey matter from control (ctrl, N = 29) and Alzheimer’s disease (AD, N = 29)
subjects were arrayed on an immunohistochemistry slide.
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All washes were performed 3 x 5 min with PBS-T. Antibodies, as well as ExtrAvidinPeroxidase, were diluted in immunobuffer. TMA sections were heated for 1 h at 60oC on a
heating block, dewaxed in xylene (2 x 10 min), and rehydrated through an alcohol series (2 x
5 min in 100% ethanol, 2 min in 95%, 80% and 75% ethanol and 2 x 5 min in dH2O). If
required, AR was performed as described below. After the AR step, sections were processed
as follows:
For fluorescent detection, sections were first blocked in 10% normal goat serum in PBS for
1 h at RT, and then incubated with primary antibodies O/N at 4 oC. Sections were then
incubated

with

the

corresponding

fluorochrome-conjugated

secondary

antibody

(Invitrogen), at 1:400, for 2 h at RT. To stain nuclei, sections were incubated with
Hoechst 33342 (Molecular Probes, H3570), at 1:2,000 in PBS, for 1 h at RT. At the end of the
immunostaining, slides were coverslipped with ProLong gold antifade reagent (Invitrogen).
For DAB detection, endogenous peroxidise activity was blocked with 1% H2O2 in
50% methanol for 20 min at RT. sections were the incubated with the corresponding
biotinylated secondary antibody (Sigma), at 1:1,000, for 3 h at RT, followed by incubation
with ExtrAvidin-Peroxidase (Sigma), at 1:500, for 1 h at RT. Finally, sections were incubated
in DAB-nickel solution until the reaction reached satisfactory black staining, or for a
maximum of 5 min. At the end of the immunostaining, TMAs were dehydrated in an alcohol
series (2 min in 75%, 80% and 95% ethanol, 2 x 5 min in 100% ethanol and 3 x 10 min in
xylene), and coverslipped with DPX mounting medium (Merck).
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Table 2.4 Antibodies used for tissue microarray

* Denotes antibodies that do not require antigen retrieval (AR), but were used for co-labelling experiments,
and were therefore processed for AR. N/A: not applicable, indicates that the antibody was not used for that
procedure. HIER: heat-induced epitope retrieval

2.1.5.3. Immunocytochemistry
Cells cultured in 96-well plates were fixed in 4% paraformaldehyde for 15 min at RT, and
were then washed with PBS. Fixed cells were stored at 4 oC in PBS-T containing 0.04%
merthiolate, until further processing. All washes were performed 3 x 5 min with PBS-T, and
all antibodies were diluted in immunobuffer. If required, AR was performed as described in
the appropriate section below. Cells were washed and incubated with 50 µl of primary
antibody O/N at 4oC with gentle rocking. The cells were then washed and incubated with the
corresponding secondary antibody the next day.
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For fluorescence detection, cells were incubated with fluorochrome-conjugated secondary
antibody (Invitrogen), at 1:500, for 3 h at RT, followed by washes. To label nuclei, cells were
washed 3 x 5 min in TNE buffer (10 mM Tris, 200 mM NaCl and 1 mM EDTA, pH 7.4), and
stained with Hoechst 33258 (Sigma-Aldrich, B1155), which was diluted at 20 µM in TNE
buffer, for 15 min at RT while being protected from light. Finally, cells were washed 3 x
5 min with TNE, and plates were protected from the light and stored in PBS-T merthiolate at
4oC.
For DAB detection, cells were incubated with biotinylated secondary antibody (Sigma), at
1:500, O/N at 4oC. Cells were then washed the next day, before incubation with ExtravidinPeroxidase (Sigma, cat# E2886), at 1:500, for 2 h at RT. Finally, cells were washed and then
incubated with a DAB solution, till the reaction reached satisfactory brown staining, or for a
maximum of 20 min. The reaction was stopped by washing cells with PBS-T.
Table 2.5 Antibodies used for immunocytochemistry

* Denotes antibodies that do not require antigen retrieval (AR), but were used for co-labelling experiments,
and were therefore treated with HCl. N/A: not applicable, indicates that the antibody was not used for that
procedure.
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2.1.5.4. Antigen retrieval
Heat-induced epitope retrieval (HIER): Tissue sections that had been mounted on slides,
were incubated in a pressure cooker in sodium citrate buffer (Abcam recipe: 10 mM Sodium
citrate, 0.05% Tween 20, pH 6.0), or Tris-EDTA Buffer (Abcam recipe: 10 mM Tris Base, 1
mM EDTA Solution, 0.05% Tween 20, pH 9.0). In the pressure cooker, the temperature
reached > 120oC, and was maintained for 10 min before the pressure cooker was allowed to
cool down for 2 h.
Formic acid: Slides were incubated in 99% formic acid for 5 min at RT, and then rinsed in PBS
2 x 5 min and in PBS-T 1 x 5 min.
Hydrogen chloride: For IHC, slides or tissue sections were rinsed with PBS 3 x 5 min,
incubated in 2 M HCl for 2 h at RT, then rinsed in PBS 2 x 5 min and in PBS-T 1 x 5 min. For
ICC, cells were washed with 1 x PBS, before being incubated with 4 M HCl for 10 min at RT.
To inhibit the acid, cells were incubated with 100 mM Tris-HCl pH 8.5 for 30 min at RT.
2.1.6.

Image acquisition and analysis

2.1.6.1. Image acquisition for immunohistochemistry on free floating tissue
For randomised imaging, the areas of interest within immunolabelled post-mortem brain
tissue sections were first delineated using a Nikon E800 microscope, coupled with
stereological software (StereoInvestigator 7, MBF Bioscience). Using a 10x objective,
randomised images for sampling (10 images per case) were acquired in the area of interest
with a digital camera (DMX1200F). All imaging parameters and the microscope set-up
conditions were kept constant to allow fair assessment of the differences in the antibody
staining between different cases. In addition, the use of StereoInvestigator software allowed
for imaging at the same tissue depth across all cases, thus, suppressing differences in
staining intensity due to differences in the antibody penetration.
For manual imaging, IHC slides labelled with DAB, were viewed, and then imaged, using a
Leica DMRB microscope with Nikon Digital Sight DS-5M camera attached.
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2.1.6.2. Image acquisition for tissue microarray and immunocytochemistry in
micro-well plates
Discovery-1 (Molecular Devices), which is an automated microscope, was used to acquire
pictures of immunolabelled TMAs or cells plated in 96-well plates. The main advantage of
using Discovery-1 is the ability to rapidly and impartially acquire pictures, across cores of
brain tissue arrayed on a TMA or multi micro-plate wells. For TMA acquisition, pictures of
each core of brain tissue were taken, with a 4x objective, using the “TMA acquisition” tool
and bright-field microscopy. For ICC acquisition, pictures of four adjacent sites per well were
acquired with a 10x objective, using the “screen acquisition” tool and fluorescence
microscopy. Discovery-1 was also used for manual acquisition of individual wells.
For co-localisation studies, all confocal images were recorded using an FV1000 confocal
microscope (Olympus), with a 40x oil immersion lens (NA 1.00).

2.1.6.3. Image processing and analysis
Acquired images were analysed with MetaMorph software (6.2.6 software, Molecular
Devices) as previously described (Narayan and Dragunow, 2010). The image analysis
algorithm “count nuclei” was used to count cells and analyse nuclear staining intensity. Cells
were selected based on nuclei size (by entering coordinates for minimum and maximum cell
diameter), and intensity of the immunostaining (by setting the intensity for local
background). As the “count nuclei” algorithm allows the detection of bright objects, images
from cells fluorescently labelled could be analysed directly, whereas, images of cells labelled
with DAB, which appeared dark, had to be inverted so that the nuclei would appear bright,
and thus be selected. For the purpose of this thesis, measurements logged in an Excel
spreadsheet included: total positive nuclei, total area, and integrated intensity (II) of
detected nuclei. As important neuronal cell loss occurs in AD brain (Morrison and Hof,
1997), the integrated intensity per immunopositive cell (II/C) was used as a measurement
for nuclear staining intensity to suppress the existing variability in cell number between the
control and AD brain.
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2.1.7.

Real-time quantitative polymerase chain reaction

2.1.7.1. RNA extraction
RNA was extracted and purified using columns from RNeasy mini kit (Qiagen, cat#: 79654),
as described by the manufacturer. As recommended, 10 µl of β-mercaptoethanol per mL of
Buffer RLT (lysis buffer) was added to inactivate RNase activity. Cells were directly lysed in
cell-culture wells by adding 350 µl or 600 µl of Buffer RLT. Cells were collected using cell
scrapers, and mixed by trituration. To ensure complete homogenisation, cell lysates were
transferred directly into QIAshredder spin columns, and spun for 2 min at full speed. The
flow-through was processed further using the RNeasy mini kit columns, according to the
manufacturer instructions (see p25 to 30 of the manual for details). At the end of the
procedure, RNA was eluted from the column with RNase/DNase free water. To increase the
yield of RNA, the flow-through was passed a second time through the column. The
concentration and purity of each RNA sample were determined using a spectrophotometer
(Nanodrop 1000). Samples with a 260/280 ratio of 1.8 or above were used in subsequent
experiments. Samples with a 260/280 ratio < 1.8 were further purified as recommended by
Qiagen (see p56 of the manual for details).

2.1.7.2. DNase treatment of RNA and reverse transcription into first strand cDNA
Purified RNA must first be reverse transcribed into cDNA, which will then serve as a
template for quantitative real-time polymerase chain reaction (qRT-PCR). To eliminate
genomic DNA, 3 µg of the RNA sample was first treated with DNase (Promega, cat#:
9PIM610), as described by the manufacturer. At the end of this DNase step, samples were
divided in two in order to have negative-control samples. Each sample, which now
contained 1.5 µg of starting material, was reverse transcribed using the SuperScript® III
First-Strand Synthesis System (Invitrogen, cat#: 18080-051). Random hexamers were used
to make cDNA, according to the instructions provided in the kit. Negative samples were
processed the same way as the other samples, but were treated with RNase/DNase free
water instead of the SuperScript® III RT. At the end of the first strand synthesis, all the
samples, including the negative samples, were incubated with RNase H to remove RNA from
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the cDNA:RNA hybrids. cDNA samples were diluted 1:5 in RNase/DNase free water, and
were used directly thereafter, or stored at -20oC.

2.1.7.3. Real-time quantitative polymerase reaction
Quantification of target sequences was achieved using Platinum® SYBR ® Green qPCR
SuperMix-UDG with ROX (Invitrogen, cat#: 11744). The main components of this mix are a
recombinant taq DNA polymerase and the SYBR® Green I, which is a fluorescent dye that
binds double stranded DNA (dsDNA). During the PCR reaction, the signal emitted by this dye
can be detected by the instrumentation, and is proportional to the amount of DNA
accumulated. For each reaction, diluted cDNA templates were incubated with the SYBR®
Green mix and a set of primers designed to specifically recognise a given mRNA sequence.
Reactions were plated in a 384-well plate, which was then placed in a real-time instrument
(Applied Biosystems, 7900HT) that was programmed to go through a series of DNA
amplification cycles and measure fluorescence at different points of the amplification.
Sequences for the primers used in chapter 4 are given below in Table 2.6
2.1.8.

Statistical analysis

Statistical analysis was performed using GraphPad Prism (version 6.02). This software was
also used to produce graphical representations of the data. D’Agostino and Pearson
omnibus normality test and Kolmogorov-Smirnov test were used to evaluate if data were
normally distributed. The two-tailed unpaired t-test or the Mann-Whitney test was used to
compare two groups with Gaussian or non-Gaussian distributions, respectively. One-way
ANOVA and Holm-Sidak were used for multiple comparisons of datasets with Gaussian
distributions. Kruskal-Wallis and Dunn’s tests were used for multiple comparisons of nonGaussian distributed data sets. Ordinary two-way ANOVA, followed by Dunnett’s multiple
comparison tests, was used when results were influenced by two factors. Pearson’s or
Spearman correlation tests were also used to analyse results. Results were presented with
standard error of the mean (SEM) and statistical significance was set at p < 0.05.
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Table 2.6 Primer sequences used for qRT-PCR

Target

Forward primer

Reverse primer

β III tubulin

AACGCCACGCTGTCCATCCA

GCGCCTCGTTGTCGATGCAGTA

β-actin

AGCCTCGCCTTTGCCGATCC

ACCATCACGCCCTGGTGCC

DNMT1

TACCTGGACGACCCTGACCTC

CGTTGGCATCAAAGATGGACA

DNMT3a

TATTGATGAGCGCACAAGAGAGC

GGGTGTTCCAGGGTAACATTGAG

DNMT3b

GGCAAGTTCTCCGAGGTCTCTG

TGGTACATGGCTTTTCGATAGGA

GAPDH

CATGAGAAGTATGACAACAGCCT

AGTCCTTCCACGATACCAAAGT

GFAP

TGACCGCTTTGCCAGCTACATCG

TCAGCAGCCAGCGCCTTGTTT

MAP2

TCGCAGAGCAGGGAAGAGTGGT

AACTTGGTGGGGTGCCAGGAGT

Nestin

AGCTGGCGCACCTCAAGATGTC

AGGTGTTTGCAGCCGGGAGTT

Tet1

GAAACCGAACCCCATTTTATCTT

AGGAGCGGATGGCATCAG

Tet2

TGGCAGCTCTGAACGGTATTT

GGAGAAAGAAGCAATTGTGATGGT

Tet3

GGCCTGATGGGAGCAACA

CCCCCATTCACCACACACA

2.2.

Validation of tools

2.2.1.

Specificity of anti-5mC and anti-5hmC antibodies

To validate the specificity of anti-5mC and anti-5hmC antibodies, each primary antibody was
pre-absorbed with a set of three synthetic dsDNA (Zymo Research, D5405), or with vehicle
(dH2O). Each dsDNA had identical sequences but contained either non-modified, all
methylated, or all hydroxymethylated, cytosine residues. Antibodies were pre-absorbed
with DNA (0.1 ug of antibodies/50 ng of DNA) O/N at 4 oC, and were subsequently used at
1:1,000 in ICC as described in the appropriate section.
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Immunostaining intensity was significantly decreased when antibodies were pre-absorbed
with their corresponding modified dsDNA. No change in staining intensity was observed
when antibodies were pre-absorbed with either non-corresponding or non-modified dsDNA,
or the vehicle (Figure 2.5). These results confirmed that the anti-5mC and anti-5hmC
antibodies specifically recognised their respective antigen.

Figure 2.5 Anti-5mC and anti-5hmC antibody specificity for their respective targets
(A) Representative images for DNA methylation (5mC; green) and hydroxymethylation (5hmC; red)
immunostaining after pre-absorption of anti-5mC and anti-5hmC antibodies with vehicle (dH2O), DNA,
methylated DNA (mDNA), or hydroxymethylated DNA (hmDNA). Scale bar represents 100 µm. (B and C) Semiquantification analysis of 5mC and 5hmC staining intensity. Results were presented as integrated intensity per
cell (II/C) expressed as percentage to control for 5mC and 5hmC staining intensity, respectively. Error bars
represent the SEM of three replicates from two independent experiments. **** = p < 0.0001
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2.2.2.

Integrity of neuronal and astrocytic cellular markers after acid treatment

AR methods, including acid treatment, enable the retrieval of antigens, but can also mask,
or abolish other antigens. To study DNA modifications in different cell types, co-labelling
experiments were necessary. Therefore, it was important to test if antigens of markers
specific for neurons or astrocytes stayed intact after acid treatment. Thus, following
treatment with 2M HCl, free floating fixed tissue sections were stained for MAP2 and
Neuronal Nuclei (NeuN), two neuronal markers, or for GFAP, a marker specific for
astrocytes. IHC-F was processed as described above, using the conditions from Table 2.3.
Acid treatment did not alter the pattern of staining for any of the targets investigated
(Figure 2.5). Therefore, these results suggest that acid treatment with 2M HCl, which was
required to retrieve 5mC and 5hmC antigenicity, is suitable for double labelling experiments
with neuronal and astrocytic markers.

Figure 2.6 Immunostaining for different cellular markers following acid treatment
Free floating fixed brain tissue sections were treated with water (A-C) or with 2M HCl (D-F), and labelled with
glial fibrillary acid protein (GFAP; A and D), microtubule associated protein 2 (MAP2; B and E), or neuronal
nuclei (NeuN; C and F). No AR: no antigen retrieval. Scale bar represents 200 µm.
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2.2.3.

Validation of the primer efficiencies for qRT-PCR analysis

To study the expression of specific genes, cDNA was synthetized from mRNA, amplified and
quantified as describe above. The two principal methods that can be used to analyse results
obtained by qRT-PCR are an absolute quantification and a relative quantification of gene
expression (Livak and Schmittgen, 2001).
Absolute quantification gives the absolute copy number of a transcript of interest in a given
sample using a standard curve. The standard plot is constructed from known concentrations
of standards such as target sequences amplified by PCR, plasmids containing the target
sequence or synthetic DNA (Livak and Schmittgen, 2001, Dhanasekaran et al., 2010).
Relative quantification presents the change in gene expression of a target gene, for
example Dnmt1, relative to the expression of that gene in the control group. For each
condition within an experiment, the expression of the target gene has to be normalised to
the expression of a reference gene, known as the housekeeping gene. The housekeeping
gene is an internal control used to normalise the amount of RNA loaded in each reverse
transcription reaction. The expression of the housekeeping gene should therefore not be
affected by the treatment. Relative quantification can be obtained by using the 2-ΔΔCT
method or the relative standard curve method.
The 2-ΔΔCT method implies that the amplification efficiencies of the target gene and the
reference gene are relatively equal (Livak and Schmittgen, 2001). Therefore, in order to
validate the use of the 2-ΔΔCT method for qRT-PCR analysis, the amplification efficiency was
calculated for the primer sets used to study Dnmt1, Dnmt3a, Dnmt3b, Tet1, Tet2 and Tet3.
RNA, extracted from untreated NT2 cells, was used as template for reverse transcription. At
the end of the cDNA synthesis, cDNA was diluted 4-fold, from 150 ng down to 0.59 ng, and
amplified by qRT-PCR as previously described with primers specific for each target. The
difference between the threshold cycle values (ΔCT) for the target and the reference gene,
GAPDH, was calculated using the average of triplicates for the CT obtained for each set of
primers and for GAPDH (CT-target - CT-GAPDH). The ΔCT and the log base 10 of cDNA dilutions
were plotted on Y and X axes, respectively (Figure 2.7). In the equation obtained for the
linear trend line, a slope close to zero means that the efficiency of the target gene and the
reference gene are similar, and therefore, indicates that the 2-ΔΔCT method can be used to
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analyse data (Livak and Schmittgen, 2001). As shown in Figure 2.7, the amplification
efficiencies for Dnmt1, Dnmt3a, Dnmt3b, Tet1, Tet2 and Tet3 were similar to that of GAPDH.
The efficiency of primers used to amplify Nestin, β III tubulin, Map2 and GFAP have been
previously validated within the laboratory.

Figure 2.7 Amplification efficiencies of the primer sets
The amplification efficiencies of the target genes Dnmt1 (A), Dnmt3a (C), Dnmt3b (E), Tet1 (B), Tet2 (D) and
Tet3 (F), and the housekeeping gene GAPDH, were investigated by qRT-PCR. The ΔCT (CT-target - CT-GAPDH)
and the log of cDNA dilutions were plotted on Y and X axes, respectively. The linear trend lines and their
equations are given for each primer set.
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To calculate primer’s efficiency, the CT values and log base 10 of the amount of RNA input
were plotted on the Y and X axes, respectively as shown in Figure 2.8.

Figure 2.8 Standard curves for determination of primer’s efficiency
The CT values obtained for GAPDH, Dnmt1, Dnmt3a, Dnmt3b, Tet1, Tet2, and Tet3, and the log of the amount
of RNA input (ng), were used to create standard curves. The equation obtained for each linear trend line will
be used to calculate primer’s efficiency.

The slope and intercept of the trend line can be used to calculate the efficiency of primers.
The efficiency of the primers used to amplify GAPDH, Dnmt1, Dnmt3a, Dnmt3b, Tet1, Tet2
and Tet3 were calculated using Equation 2.1, and the results are given in Table 2.7.
Results showed that the primers’ efficiency were all similar, which confirms that the 2-ΔΔCT
method can be used to analyse the results obtained with these sets of primers.
Equation 2.1 Primer efficiency equation

Where: the slope describes the direction and the steepness of the line
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Table 2.7 Primer efficiency

Primers

Intercept

Slope

Efficiency

GAPDH

19.176

-3.018

114.46

Dnmt1

26.912

-2.9508

118.22

Dnmt3a

27.256

-3.1504

107.69

Dnmt3b

24.521

-2.949

118.32

Tet1

26.933

-2.9369

119.03

Tet2

29.886

-3.0318

113.72

Tet3

29.045

-2.9556

117.94

In conclusion, the primers designed to study Dnmts and Tets have approximately the same
efficiency as GAPDH, and are therefore validated for qRT-PCR. Thus, relative quantification
using the 2-ΔΔCT method was used to study qRT-PCR data in this thesis.

61

Chapter 3: Global increase in DNA
modification in the Alzheimer’s
disease human brain
3.1.

Introduction

AD is a complex neurodegenerative disease involving multiple pathological processes. AD is
characterized by a progressive decline in cognitive functions. The presence of Aβ plaques,
and NFT composed of hyperphosphorylated protein tau, as well as neuronal cell loss, are
features of AD brains (Duyckaerts et al., 2009, Finder, 2010). Though mutations in key AD
genes have been identified in some rare FAD cases, the vast majority of AD cases are
sporadic. Although the exact cause of those cases is generally unknown, environmental
factors have been shown to increase the risk of developing AD, potentially through
interaction with the epigenome (Lahiri et al., 2009, Coppieters and Dragunow, 2011).
In recent years, epigenetic alterations have been shown to be involved in the
pathophysiology of AD (Chouliaras et al., 2010, Bihaqi et al., 2012). 5mC is one of several
epigenetic markers that are altered in AD brain (Chouliaras et al., 2010, Coppieters and
Dragunow, 2011). The exact role that 5mC plays in the brain is not yet fully understood, but
there is evidence that important mechanisms altered in AD, such as synaptic plasticity,
learning and memory, are regulated, at least partially, by 5mC (Day and Sweatt, 2011). In AD
brain, changes in 5mC have been reported at global levels and at specific CpG loci by several
research groups, but results emanating from these studies lack consensus (Schwob et al.,
1990, West et al., 1995, Siegmund et al., 2007, Wang et al., 2008, Barrachina and Ferrer,
2009, Mastroeni et al., 2009, Brohede et al., 2010, Mastroeni et al., 2010).
In recent years, attention has been given to 5hmC, the oxidized form of 5mC (Dahl et al.,
2011). In adults, the level of 5hmC is rather variable, but it is found in all tissues and cell
types investigated to date (Globisch et al., 2010, Szwagierczak et al., 2010). While most
adult tissues, including liver, lung and heart, have low levels of 5hmC, high levels of 5hmC
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are found in the brain (Szwagierczak et al., 2010, Szulwach et al., 2011). In the brain, the
level of 5hmC is low in stem cell areas and high in fully differentiated neurons (Globisch et
al., 2010, Orr et al., 2012). Several findings point towards a role for 5hmC in the
development of diseases including AD. In human brains, genes involved in ion transport,
neuronal development and cell death are enriched with 5hmC (Jin et al., 2011b). There is
also an age-related increase of 5hmC levels in the brain (Munzel et al., 2010, Szulwach et al.,
2011, Chen et al., 2012b, Chouliaras et al., 2012a, Orr et al., 2012), and aging is the biggest
risk factor for AD development. Genes associated with age-related neurodegenerative
disorders, including AD, become enriched with 5hmC during aging (Song et al., 2010). A
single nucleotide polymorphism within the TET1 gene has been associated with LOAD
(Morgan et al., 2008). 5-lipoxygenase, an enzyme that converts arachidonic acid to proinflammatory mediators, is overexpressed in AD brain (Ikonomovic et al., 2008).
Interestingly, increased 5-lipoxygenase expression has been associated with increased 5hmC
at the promoter region and at the first exon/intron sequence of the 5-lipoxygenase gene
(Chen et al., 2012b). These results suggest that increased 5-lipoxygenase expression
observed in AD brain could be regulated by an increase in 5hmC levels.
Most of the previous studies looking at 5mC in AD did not include sufficient subjects in their
research to draw a clear conclusion on the 5mC status in AD (Yoshikai et al., 1990, West et
al., 1995, Mastroeni et al., 2009, Brohede et al., 2010). In addition, these studies used
techniques that do not discriminate 5mC and 5hmC, suggesting that their results might
reflect the status of 5hmC rather than 5mC (Schwob et al., 1990, Yoshikai et al., 1990, West
et al., 1995, Siegmund et al., 2007, Wang et al., 2008, Barrachina and Ferrer, 2009, Brohede
et al., 2010). Indeed techniques using bisulfite converted DNA or methylation-sensitive
restriction enzymes such as HpaII do not discriminate 5mC from its hydroxylated form,
5hmC (Huang et al., 2010, Jin et al., 2010, Nestor et al., 2010).
Therefore, for my research, I opted for a high content analysis method based on IHC
(Narayan and Dragunow, 2010) to investigate global levels of 5mC and 5hmC in the human
brain. IHC has been previously used to evaluate levels of 5mC in human tissue including in
the AD human brain (Piyathilake et al., 2000, Mastroeni et al., 2010). Combined with image
analysis, IHC has been proven to be a reliable tool for accurate semi-quantitative analysis of
protein levels and to investigate epigenetic changes in tissue (Mausset-Bonnefont et al.,
63

2003, Narayan and Dragunow, 2010). Although sensitivity is a limitation of the technique,
IHC has a number of advantages compared to techniques that investigate 5mC and 5hmC at
specific loci. The most important feature of IHC is that it allows investigation of 5mC and
5hmC separately. Furthermore, in addition to promoter regions and inside gene bodies,
5mC and 5hmC are also found in intergenic regions (Jin et al., 2011b). The role of these
modifications outside gene regions has not yet been elucidated, but could be involved in
important cellular functions, and therefore should not be disregarded. Another advantage
that IHC has, in comparison to techniques using a methyl-CpG enrichment step, is that
antibodies will enable the study of 5mC and 5hmC that occurred at CpG dinucleotides, but
also at non-CpG dinucleotides where both 5mC and 5hmC have been detected (Ficz et al.,
2011, Yu et al., 2012, Varley et al., 2013). Thus, the use of antibodies will allow the study of
5mC and 5hmC specifically, and independently of their DNA location. Finally, levels of 5mC
and 5hmC vary between brain regions (Ladd-Acosta et al., 2007, Gibbs et al., 2010, Globisch
et al., 2010, Munzel et al., 2010) and brain cell types (Iwamoto et al., 2011, Orr et al., 2012,
Chouliaras et al., 2013, Nishioka et al., 2013). Thus, using IHC, it will be possible to study
5mC and 5hmC in specific cell types.
In this chapter, the main aim is to study 5mC and 5hmC in two brain regions susceptible to
AD, the MFG and the MTG. IHC will be used as a tool to obtain qualitative and semiquantitative information on 5mC and 5hmC in post-mortem human brain.

3.2.

Materials and Methods

3.2.1.

Human brain tissue samples

A total of 29 neurologically normal and 29 AD post-mortem human brains were used for this
study. Cases were matched between groups for age at death (years, control: 75.1 ± 9.4 vs
AD: 75.6 ± 9) and PMD (hours: 14.1 ± 6.7 vs AD: 13.6 ± 7.9). AD cases have not all been
genetically tested and cases under the age of 65 at death have not been excluded from the
study. Therefore, this study investigates EOAD and LOAD together. Detailed information for
each control and AD case used in this study are given in Table 2-1 and Table 2-2.
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3.2.2.

Immunohistochemistry on free floating formalin fixed tissue

Tissue sections from control and AD MFG were processed for IHC as described in chapter 2,
section 2.1.5.1. Details about AR and antibodies used in this chapter have been given in
Table 2-3. Tissue sections were labelled with primary antibodies against 5mC or 5hmC, and
signal was detected with DAB. A no primary antibody condition was used as negative
control. The antibodies anti-5mC and anti-5-hmC that have been used in the present study
are widely used, and their specificity have been shown in chapter 2, section 2.2.1 by ICC.
These antibodies have also been previously validated by independent researchers, using
immuno-dot blot, ICC and IHC (Huang et al., 2010, Ito et al., 2010, Chouliaras et al., 2013).
3.2.3.

Immunohistochemistry on tissue microarray

IHC was performed on TMAs containing cores of AD (N = 29) and control (N = 29) MTG grey
matter as described in chapter 2, section 2.1.5.2. AR was dependent on the detection
method and the antibody used as indicated in Table 2-4. TMAs were labelled with DAB
nickel for 5mC or 5hmC, and images were acquired with Discovery-1. For co-localization
experiments, TMAs were fluorescently labelled with 5mC or 5hmC, and with ionized
calcium-binding adapter molecule 1 (IBA1), GFAP or NeuN, for microglial, astrocytic and
neuronal

markers,

respectively.

All

confocal

recordings

were

imaged

by

Dr B. Dieriks using an FV1000 confocal microscope (Olympus) with a 40x oil immersion lens
(NA 1.00).
3.2.4.

DNA methylation and hydroxymethylation semi-quantification and

statistical analysis
A high content analysis method (Narayan and Dragunow, 2010) was used for 5mC and 5hmC
semi-quantification in the grey matter of AD and control MFG and MTG as described in
chapter 2, section 2.1.6. Statistical analysis and graphics were achieved with GraphPad
Prism (version 6.02). Agostino and Pearson omnibus normality test was used to evaluate
data distribution. Two-tailed unpaired t-tests and Pearson’s correlation test were used to
analyse data. Results were presented with +/- SEM, and statistical significance was set at p <
0.05.
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3.3.

Results

3.3.1.

DNA methylation and hydroxymethylation in Alzheimer’s disease middle

frontal gyrus
Global levels of 5mC and 5hmC were investigated in the grey matter of AD (N = 13) and
control (N = 13) MFG by IHC. Tissue sections from control and AD brains were randomly
numbered before being processed for IHC. I was blinded to case details. In controls, the
observation of 5mC and 5hmC immunostaining at low magnification appeared as brown and
round structures in the grey and white matter. In the grey matter, 5mC and 5hmC
immunostaining highlighted the different cortical layers. At higher magnification, 5mC and
5hmC immunostaining appeared punctate, and were clearly localised within nuclei,
excluding the nucleolus. 5mC and 5hmC immune-positive nuclei were of variable sizes and
intensities. In the grey matter, intense 5mC and 5hmC staining were generally detected
within large nuclei, whereas, a low signal was detected in small nuclei. In the white matter,
5mC and 5hmC positive nuclei were small and not intensely labelled.
A qualitative comparison of 5mC and 5hmC immunostaining between AD and controls
revealed few differences. In the grey matter, the cortical layers in AD cases were more
compact and not as well-defined by 5mC and 5hmC immunostaining as in controls. In AD,
5mC and 5hmC immunostaining appeared really intense in large nuclei of cells present in
cortical layers III and V. In addition, these intensely labelled cells presented 5mC and 5hmC
immunostaining in the cytoplasm and within processes, whereas, 5mC and 5hmC were not
detected in cytoplasm or processes in control cases (Figure 3.1). No detectable difference in
5mC and 5hmC staining intensity was observed in the white matter between AD and
controls.
To obtain semi-quantification of levels of 5mC and 5hmC, images were randomly acquired in
the grey matter of AD and controls brain tissue sections, and immunostaining for 5mC and
5hmC were analysed by Metamorph software, as described in chapter 2. Nuclei ranging
from 7 µm to 12 µm were selected for the analysis, and II/C was used as a measurement for
levels of 5mC and 5hmC. Results revealed a significant increase in levels of 5mC (p = 0.0304)
and 5hmC (p = 0.0016) in the grey matter of AD MFG compared to controls (Figure 3.2).
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Figure 3.1 DNA methylation and hydroxymethylation immunostaining in the grey matter of control and
Alzheimer’s disease middle frontal gyrus
(A-H) Representative images of DNA methylation (5mC) and hydroxymethylation (5hmC) were acquired in
layer V of Alzheimer’s disease (AD) and control (Ctrl) middle frontal gyrus. In ctrl, 5mC (A and B) and 5hmC (E
and F) immunostaining were exclusively nuclear. In AD, 5mC (C and D) and 5hmC (G and H) immunostaining
mostly appeared nuclear, but was also found in the cytoplasm (black arrows) and processes (red arrows) of
cells with large intense nuclei. Scale bars represent 100 µm and 10 µm for images taken at low magnification
and high magnification, respectively.
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Figure 3.2 Semi-quantification of DNA methylation and hydroxymethylation in the grey matter of
Alzheimer’s disease and control middle frontal gyrus
(A) Levels of DNA methylation (5mC) were significantly increased in Alzheimer’s disease (AD) middle frontal
gyrus (MFG; N = 13) compared to controls (Ctrl; N = 13; p = 0.0304). Images are representative of 5mC
immunostaining in control (C) and AD MFG (F). (B) Levels of DNA hydroxymethylation (5hmC) were
significantly increased in AD MFG (N = 13) compared to controls (N = 13; p = 0.0016). Images are
representative of 5hmC immunostaining in control (D) and AD MFG (F). Arrows point to the Pia mater. The
scale bar represents 250 µm. Error bars represent the SEM within each group. * = p < 0.05; ** = p <0.01.
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3.3.2.

Characterisation of tissue microarrays for the study of Alzheimer’s

disease

TMAs allow the comparison of a given immunostaining between cores of tissue arrayed on
the same slide. Therefore, this technique eliminates potential staining variations between
cases due to, for example, the duration of antibody or DAB incubation. The TMA used in the
present thesis has been designed to study changes occurring in AD MTG. Each TMA section
contains cores of post-mortem human MTG grey matter from AD (N = 29) and control (N =
29) brains. To validate the use of this technique to study changes specific to AD, TMA
sections were labelled for the three main hallmarks of AD: Aβ, tau and ubiquitin. Images of
each cores of grey matter were acquired with Discovery-1, and analysed with Metamorph
software, as described in detail in chapter 2.
Aβ immunostaining appeared as deposits or plaques in the parenchyma. Tau
immunostaining appeared as tangles and was mainly detected intracellularly. To a certain
extent, ubiquitin immunostaining resembled Tau patterns of staining, which is in agreement
with previous literature showing that ubiquitin can be found in NFT (Wang et al., 1991,
Garcia-Sierra et al., 2012). Aβ, tau and ubiquitin immunostaining were detected at variable
levels in AD cases, and were found at low levels in few control cases. All control cases, which
were stained for Aβ, tau and ubiquitin, came from patients that were mentally healthy at
death. These brains were declared normal after pathological examination by a
neuropathologist, and were therefore not excluded from the study.
As the patterns of immunostaining for all three AD hallmarks appeared diffuse, the
percentage of total area was used to estimate Aβ, tau and ubiquitin loads in each core of
MTG grey matter. Results showed that Aβ, tau and ubiquitin loads were significantly
increased (p < 0.0001) in AD MTG, compared to controls (Figure 3.3). Therefore, these
results validated the use of this TMA as a tool to study changes occurring in AD. Sections of
this TMA were then used to study 5mC and 5hmC in the grey matter of AD MTG.
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Figure 3.3 Amyloid beta, tau and ubiquitin loads in Alzheimer’s disease middle temporal gyrus
TMAs, arrayed with cores of control (Ctrl) and Alzheimer’s disease (AD) grey matter middle temporal gyrus
(MTG), were labelled for Amyloid beta (Aβ; A-C), tau (D-F) or ubiquitin (G-I) using IHC. Aβ, tau and ubiquitin
loads, expressed as percentage (%) of total area, were significantly increased in AD MTG compared to Ctrl.
Images are representative of Aβ, tau and ubiquitin immunostaining in Ctrl (B, E and H) and AD (C, F and I) MTG,
respectively. Scale bars represent 250 µm. Error bars represent the SEM within each group. *** = p < 0.001.
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3.3.3.

DNA methylation and hydroxymethylation in Alzheimer’s disease middle

temporal gyrus
To confirm the findings showing increased levels of 5mC and 5hmC in AD MFG, levels of
5mC and 5hmC were investigated in MTG, another brain region susceptible to AD
(Duyckaerts et al., 2009). Immunostaining for 5mC and 5hmC in the MTG were the same as
observed in the MFG. As DAB nickel was used to detect 5mC and 5hmC, nuclei appeared as
round shapes of variable intensities ranging from grey to black. Similarly to the observations
made in the grey matter of AD MFG, 5mC and 5hmC immunostaining were found in the
cytoplasm and processes of cells with intense nuclei in AD cases. This type of staining was
not observed in cores of control MTG grey matter suggesting that these changes are
disease-specific.
Each core was acquired with Discovery-1, and all the images were analysed with
Metamorph software, as described in detail in chapter 2. II/C was used as a measurement
for levels of 5mC and 5hmC detected in each core of grey matter. Cores lost or damaged
during the immunostaining procedure were excluded from each analysis. For 5mC analysis,
the cases excluded from the study were H196, AZ39 and AZ52. 5mC was therefore
investigated in AD (N = 27) and control (N = 28) MTG. For 5hmC analysis, the cases excluded
from the study were H196, AZ59, AZ64, AZ39 and AZ52. Thus, 5hmC was investigated in AD
(N = 25) and control (N = 28) MTG.
As shown in Figure 3.4, levels of 5mC were significantly increased in AD MTG, compared to
controls (p < 0.0001). Levels of 5hmC were significantly increased in AD MTG (p < 0.0001),
compared to levels found in controls (Figure 3.4). Therefore, results obtained with the TMA,
confirmed data obtained in the MFG, and demonstrated that DNA is hypermethylated and
hyperhydroxymethylated in the grey matter of AD MTG, in comparison to controls.
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Figure 3.4 Global levels of DNA methylation and hydroxymethylation in the grey matter of Alzheimer’s
disease and control middle temporal gyrus
(A and B) Integrated intensity per cell (II/C) was used as a measurement for levels of DNA methylation (5mC)
and hydroxymethylation (5hmC) in the grey matter of Alzheimer’s disease (AD) and control (Ctrl) middle
temporal gyrus (MTG). (A) Levels of 5mC were significantly increased in AD MTG (N = 27) compared to Ctrl (N =
28; p < 0.0001). (C and E) Images are representative of 5mC immunostaining in the grey matter of Ctrl (C) and
AD MTG (E). (B) Levels of 5hmC were significantly increased in AD MTG (N = 25) compared to Ctrl (N = 28; p <
0.0001). (D and F) Images are representative of 5hmC immunostaining in the grey matter of Ctrl (D) and AD
MTG (F). The scale bar represents 200 µm. Error bars represent the SEM within each group. *** = p < 0.001.
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3.3.4.

Correlation

analyses

between

levels

of

DNA

methylation/

hydroxymethylation and case variables
Previous research reported an age-dependent increase in 5mC and 5hmC in mammalian
brains (Siegmund et al., 2007, Hernandez et al., 2011, Chen et al., 2012b, Chouliaras et al.,
2012a, b), whereas no correlation was found between levels of 5mC and individual variables
such as age, sex, and PMD, in the human brain (Ladd-Acosta et al., 2007). While AD and
control cases were matched for age, sex, and PMD, in this study, I performed Pearson
correlation tests to test if levels of 5mC or 5hmC were correlated with any of the case
variables in the two brain regions that were investigated. The case variables tested included
age, PMD, and tissue storage time (TST).
MFG: As shown in Figure 3.5, no significant correlation was found between levels of 5mC or
5hmC and age (5mC: ctrl r = -0.0862, p = 0.7794 and AD r = -0.0097, p = 0.9750; 5hmC: ctrl r
= -0.1944, p = 0.5246 and AD r = -0.1449, p = 0.6367), PMD (5mC: ctrl r = -0.3135, p = 0.2970
and AD r = -0.0939, p = 0.7604; 5hmC: ctrl r = 0.0218, p = 0.9437 and AD r = -0.1005, p =
0.7439), or TST (5mC: ctrl r = 0.2329, p = 0.4438 and AD r = 0.2324, p = 0.4448; 5hmC: ctrl r =
0.077, p = 0.8027 and AD r = 0.3122, p = 0.2991). The influence of sex on levels of 5mC and
5hmC was not investigated in the MFG due to small sample size.
MTG: As shown in Figure 3.6 and Figure 3.7, no significant correlation was found between
levels of 5mC or 5hmC and age (5mC: ctrl r = -0.2347, = 0.2293, and AD r = 0.1815, p =
0.3648; 5hmC: ctrl r= -0.1378, p = 0.4843 and AD r = 0.2250, p = 0.2795), PMD (5mC: ctrl r =
-0.2696, p = 0.1654 and AD r = 0.1722, p = 0.3904; 5hmC: ctrl r = -0.0375, p = 0.8496 and AD
r = 0.1035, p = 0.6224), or TST (5mC: ctrl r = 0.1739, p = 0.3761 and AD r = -0.1591, p =
0.428; 5hmC: ctrl r = 0.0337, p = 0.865 and AD r = -0.2187, p = 0.2936), for either AD or
control MTG.
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An unpaired two-tailed t-test was used to compare levels of 5mC and 5hmC between males
and females in control and AD groups separately. There were no significant differences in
the expression levels of 5mC and 5hmC between males and females, in each group (5mC:
ctrl group: p = 0.5864; AD group: p = 0.7604; 5hmC ctrl group: p = 0.9268; AD group: p =
0.1423).

Figure 3.5 Correlation analyses between levels of DNA methylation or hydroxymethylation detected in the
middle frontal gyrus and case variables
(A-F) Two-tailed Pearson correlation tests were performed with a 95% confidence interval. (A-C) No significant
correlation was found between levels of DNA methylation (5mC) and age (A), post-mortem delay (PMD; B), or
tissue storage time (C), in AD (dashed line) or control (solid line) groups. (D-F) No significant correlation was
found between levels of hydroxymethylation (5hmC) and age (D), PMD (E), or tissue storage time (F), in
Alzheimer’s disease (AD; dashed line) or control (Ctrl; solid line) groups. ns: not significant.

74

Figure 3.6 Correlation analyses between levels of DNA methylation detected in the middle temporal gyrus
and case variables
(A-C) Two-tailed Pearson correlation tests were performed with a 95% confidence interval. No significant
correlation was found between levels of DNA methylation (5mC) and age (A), post-mortem delay (PMD; B), or
tissue storage time (C), in Alzheimer’s disease (AD; dashed line) or control (Ctrl; solid line) groups. (D) Twotailed unpaired t-tests were used to determine if levels of 5mC differed significantly between females (F) and
males (M), in each group (5mC: Ctrl, F (N = 8) and M (N = 20), or AD, F (N = 15) and M (N = 12)). Levels of 5mC
did not significantly differ between females and males. ns: not significant.
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Figure 3.7 Correlation analyses between levels of DNA hydroxymethylation detected in the middle temporal
gyrus and case variables
(A-C) Two-tailed Pearson correlation tests were performed with a 95% confidence interval. No significant
correlation was found between levels of DNA hydroxymethylation (5hmC) and age (A), post-mortem delay
(PMD; B), or tissue storage time (C) in Alzheimer’s disease (AD; dashed line) or control (Ctrl; solid line) groups.
(D) Two-tailed unpaired t-tests were used to determine if levels of 5hmC differed significantly between
females (F) and males (M), in each group (5hmC: Ctrl, F (N = 8) and M (N = 20), or AD, F (N = 15) and M (N =
10)). Levels of 5hmC did not significantly differ between females and males. ns: not significant.
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3.3.5.
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analyses

between

levels

of

DNA

methylation

and

hydroxymethylation
5hmC results from an oxidation reaction of 5mC catalysed by the TET enzymes (Dahl et al.,
2011). Thus, the presence of 5hmC directly depends on the pre-existence of 5mC suggesting
that mechanistically there may be a link between levels of 5hmC and 5mC in cells. Levels of
5mC and levels of 5hmC found in MFG and MTG were correlated using Pearson correlation
tests. As shown in Figure 3.8, results revealed that the levels of 5mC positively correlated
with the levels of 5hmC, in the grey matter of human MFG (N = 26; r = 0.4757, p = 0.014)
and MTG (N = 53, r = 0.82, p < 0.0001). The correlation between levels of 5mC and levels of
5hmC was stronger in the MTG, in comparison to the MFG.

Figure 3.8 Correlation analyses between levels of DNA methylation and levels of hydroxymethylation
detected in the middle frontal gyrus and the middle temporal gyrus
(A and B) Levels of DNA methylation (5mC) and hydroxymethylation (5hmC) detected in control and AD cases
were significantly correlated with each other in the MFG (A) and MTG (B), within each group.
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3.3.6.

Localization study of DNA methylation and hydroxymethylation within

nuclei from Alzheimer’s disease and control grey matter

The levels of 5mC correlated with levels of 5hmC in the grey matter of the MFG, as well as in
the cores of grey matter of the MTG. These results provided information on the relationship
between 5mC and 5hmC within a mixed population of brain cells, rather than in individual
cells. Accordingly, the localization of 5mC and 5hmC within the nucleus of a given cell was
studied in AD and control MTG using a TMA section. The TMA section was double labelled
for 5mC and 5hmC, and Hoechst staining was used to detect all nuclei.
Confocal microscopy analysis revealed 5mC and 5hmC immunostaining that was frequently
punctate. Typically, 5mC was detected at the inner edge of nuclei and in the
heterochromatin, but could also be found in the euchromatin compartment. Conversely,
5hmC was mostly found in the euchromatin compartment, but was also present in the
heterochromatin in some nuclei. Interestingly, the patterns of 5mC and 5hmC
immunostaining differed between nuclei, particularly for 5mC. Though nuclei containing
high levels of 5mC also contained high levels of 5hmC, the staining of the two DNA
modifications rarely co-localised within a single nucleus. In an individual cell, 5mC and 5hmC
staining only co-existed at rare loci, as indicated by white arrows (Figure 3.9).
The patterns of 5mC and 5hmC immunostaining were compared between cells from a given
core of grey matter. The comparison revealed intercellular differences occurring in AD, as
well as in control cases. No clear difference in the pattern of nuclear 5mC and 5hmC
immunostaining could be observed between control and AD brains by IHC. However, the
immunostaining intensity for 5mC and 5hmC was increased in AD cases (Figure 3.9).
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3.3.7.

Identification of cell types presenting changes in DNA methylation and

hydroxymethylation in Alzheimer’s disease

In the human brain, levels of 5mC and 5hmC vary between brain regions and between cell
types (Ladd-Acosta et al., 2007, Gibbs et al., 2010). Double fluorescent immunolabelling was
used to determine if increased levels of 5mC and 5hmC observed in human AD brain were
global, or specific to a cell type. Thus, TMA sections, from both AD and control cases, were
co-labelled with anti-5mC or anti-5hmC antibodies and other antibodies that recognise
different cell types. NeuN, GFAP and IBA1 were used as markers for neurons, astrocytes and
microglia, respectively, and Hoechst was used to label all nuclei.
The first observation was that not all nuclei, which were identified by Hoechst staining, had
detectable levels of 5mC or 5hmC. Furthermore, nuclei with weak or no signal for 5mC or
5hmC were often small and found in cells co-labelled for GFAP or IBA1. Cells with intense
5mC and 5hmC immunostaining frequently had large nuclei and were mostly NeuN
immuno-positive cells. Together these results indicate that in the human MTG, levels of 5mC
and 5hmC are high in neurons, and low astrocytes and microglia (Figure 3.9). These cell-type
specific expressions of 5mC and 5hmC were seen in both control and AD cases. However,
the levels of 5mC and 5hmC in neurons from AD cases were higher than in control cases.
Thus, in AD MTG, neurons had high levels of 5mC and 5hmC, and astrocytes and microglia
had low levels of 5mC and 5hmC. Therefore, these results demonstrated that DNA
hypermethylation and hyperhydroxymethylation in AD mostly occur in neurons.
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Figure 3.9 Co-localisation of DNA methylation and hydroxymethylation in nuclei from Alzheimer’s disease
and control middle temporal gyrus grey matter and cell type specific expression
(a) Overview image of control (Ctrl) middle temporal gyrus (MTG) grey matter: DNA hydroxymethylation
(5hmC; red) and methylation (5mC, green). (b) Details of box (in fig 3.9 a). (c) Overview image of Alzheimer’s
disease (AD) MTG grey matter: 5hmC (red) and 5mC (green). (d) Details of box (in fig 3.9 c). (e-f) Co-labelling of
5mC (e, green) and 5hmC (f, green) with microglial (IBA1, red), astrocytic (GFAP, red) or neuronal (NeuN, red)
markers (indicated with yellow arrows). Asterisks (*) indicate lipofuscin or non-specific staining. Scale bars
represent 10 µm.
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3.3.8.
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levels

of

DNA

methylation

and

hydroxymethylation and Alzheimer’s disease hallmarks

Aβ, tau and ubiquitin are three hallmarks commonly used to diagnosis AD in post-mortem
brain tissue. Aβ, tau and ubiquitin accumulate in the brain during the progression of the
disease, and can be used to grade the severity of AD. Thus, correlation analyses performed
between levels of 5mC or 5hmC, and Aβ, tau and ubiquitin loads, will determine if the
increase in levels of 5mC and 5hmC observed in AD brain is related to the disease
progression.
Some of the control cases, which were clinically mentally healthy at death, presented a
small amount of Aβ, tau and ubiquitin in the brain, suggesting that these could be early
cases of AD. The correlation analysis with the inclusion of these cases, provide a wider range
of AD grades, and might help determine if these changes in 5mC and 5hmC occur early in
the disease progress and could potentially be used as early marker for AD. Thus, all cases
presenting staining for the studied hallmarks were included in the correlation analysis,
independently of their disease status at death.
The data for Aβ, NFT and ubiquitin loads were expressed as a percentage of total area.
Correlation analyses were performed between levels of 5mC (or 5hmC), and Aβ, tau and
ubiquitin loads measured in cores of grey matter MTG arrayed on the TMA. As shown in
Figure 3.10, levels of 5mC and 5hmC detected in the MTG were positively correlated with
Aβ (5mC: r = 0.4196, p = 0.007; 5hmC: r = 0.4503, p = 0.0046), NFT (5mC: r = 0.4089, p =
0.0088; 5hmC: r = 0.4767, p = 0.0025), and ubiquitin loads (5mC: r = 0.4344, p = 0.0051;
5hmC: r= 0.4328, p = 0.0067). These results demonstrated that DNA hypermethylation and
hyperhydroxymethylation is related to AD, and suggest that these changes might be used as
early markers for AD.
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Figure 3.10 Correlation analyses between levels of DNA methylation and hydroxymethylation and amyloid
beta, tau, and ubiquitin loads in middle temporal gyrus
(A-C) Levels of DNA methylation (5mC) detected in the middle temporal gyrus (MTG) were significantly
positively correlated with amyloid beta (Aβ; A), tau (B), and ubiquitin loads (C). (D-F) Levels of DNA
hydroxymethylation (5hmC) detected in the MTG were significantly correlated with Aβ (D), tau (E), and
ubiquitin loads (F).
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3.4.

Discussion

Prior to my thesis, only three studies investigated 5mC at global levels in AD human brain
(Schwob et al., 1990, Mastroeni et al., 2009, Mastroeni et al., 2010), and 5hmC had not yet
been investigated at all. The first study conducted by Schwob et al., (1990) used a method
based on methylation-sensitive restriction enzymes to study 5mC in the frontal cortex of AD
subjects, and did not find significant changes in the levels of 5mC in AD compared to
controls (Schwob et al., 1990). In the second study, Mastroeni et al., (2009) used IHC to
investigate 5mC in the temporal and frontal cortex of a pair of monozygotic twins. They
found DNA hypomethylation in both brain regions of the twin with AD, compared to levels
of 5mC detected in the non-demented twin (Mastroeni et al., 2009). In the third study, the
same research group investigated 5mC in the entorhinal cortex of AD brain, and reported
DNA hypomethylation in AD compared to controls (Mastroeni et al., 2010).
In the present chapter, I used a high content analysis method based on IHC (Narayan and
Dragunow, 2010) to study levels of 5mC and 5hmC in control and AD MFG (AD: N = 13; ctrl:
N = 13), and MTG (AD: N = 29; ctrl: N = 29), two brain regions that are vulnerable to AD.
Results showed that in comparison to controls, 5mC and 5hmC immunostaining were
significantly and dramatically increased in AD MFG and MTG. Therefore, my results
contradict these earlier studies (Schwob et al., 1990, Mastroeni et al., 2009, Mastroeni et
al., 2010), as well as a later study conducted by the same research group (Chouliaras et al.,
2013). In the later study, 5mC and 5hmC were investigated by IHC in the hippocampus of AD
and

control

brains.

They

reported

global

DNA

hypomethylation

and

hypohydroxymethylation in glia cells and neurons from the hippocampus of AD brains
(Chouliaras et al., 2013). Additionally, two independent recent studies showed increased
5mC and 5hmC in AD brain (Rao et al., 2012, Bradley-Whitman and Lovell, 2013), in
agreement with my findings. Rao et al., (2012), investigated global levels of 5mC in the
frontal cortex of AD brain using an ELISA-based method, and found DNA hypermethylation
in AD compared to controls (Rao et al., 2012). In agreement, Bradley-Whitman and Lovell
(2013) demonstrated that levels of 5mC and 5hmC were significantly increased in the
hippocampus of AD brain using immuno-dot blot (Bradley-Whitman and Lovell, 2013). A
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summary of the studies that investigated 5mC and 5hmC at global levels in AD is given in
chronological order in Table 3.1.
The reasons for the discrepancy between studies are not clear at present. Levels of 5mC and
5hmC vary between brain regions, and between cell types (Ladd-Acosta et al., 2007, Gibbs
et al., 2010, Globisch et al., 2010, Munzel et al., 2010), which suggests that results can vary
according to the brain region that has been investigated. The present study reported global
hypermethylation in the MFG and the MTG of AD brain, which was also reported in the
frontal cortex and the hippocampus of AD brain by two independent studies (Rao et al.,
2012, Bradley-Whitman and Lovell, 2013). Thus, the brain regions studied are unlikely to be
the cause of divergence between my results and those showing decrease in 5mC and 5hmC
in the entorhinal cortex and hippocampus of AD brains (Mastroeni et al., 2010, Chouliaras et
al., 2013).
The differences that exist between my study and the two studies from Mastroeni
(Mastroeni et al., 2010, Chouliaras et al., 2013) showing global decrease in 5mC and 5hmC
levels could be explained by differences in tissue processing and immunostaining protocols,
such as AR, permeabilisation and antibody incubation steps. For IHC, the method of fixation
is critical and can induce variability in tissue staining intensity and quality (Beach et al.,
1987, Lavenex et al., 2009). In the two studies showing decreased levels of 5hmC and/or
5mC in AD, brains were fixed by immersion, whereas, the brains used in our study were
perfusion-fixed. Human brain tissue fixed by perfusion gives better staining than when fixed
by immersion. In immersion-fixed brain tissue, staining for specific antibodies showed a
depth-dependent gradient of variability, with dark staining on the edges and pale staining in
the interior of the sections. Uniformity of staining is particularly important for quantitative
comparisons of staining in a given brain region between normal and pathological brains
(Beach et al., 1987). In addition, patterns of staining are less consistent in immersion-fixed
tissue (Lavenex et al., 2009).
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Table 3.1 Summary of the studies investigating DNA methylation and/or DNA hydroxymethylation
at global levels in Alzheimer’s disease brain

Brain region

Frontal cortex

Epigenetic

Method

change

methylationsensitive
restriction
enzymes

Reference



No change
in 5mC

(Schwob et al., 1990)

IHC



↓ 5mC

(Mastroeni et al., 2009)

(AD: N = 20;
Ctrl: N = 20)

IHC



↓ 5mC

(Mastroeni et al., 2010)

Frontal cortex

Elisa based
method



↑ 5mC

(Rao et al., 2012)



↓ 5mC
and ↓
5hmC

(Chouliaras et al., 2013)

↑ 5mC
and ↑
5hmC

(Bradley-Whitman and Lovell,
2013)

↑ 5mC
and ↑
5hmC

(Coppieters et al., 2014)

(AD: N = 44
Ctrl: N = 20)

Hippocampus and
frontal cortex
A pair of monozygotic twins

Entorhinal cortex

(AD: N = 10
Ctrl: N = 10)

Hippocampus
(AD: N = 10
Ctrl: N = 10 + a pair of
monozygotic twins)

IHC

Hippocampus

Immuno-dot
blot

(AD: N = 12
Ctrl: N = 5)



Middle frontal cortex
(AD: N = 13
Ctrl: N = 13)

Middle temporal cortex



IHC

(AD: N = 29
Ctrl: N = 29)

Nonetheless, my results are supported by two recent and independent studies using nonhistochemical techniques (Elisa assay and by immune-dot blot), thus, further removing any
variability that could occur during tissue fixation and subsequent IHC (Rao et al., 2012,
Bradley-Whitman and Lovell, 2013). In my study I used a TMA to investigate 5mC and 5hmC
in the MTG, and randomised image sampling in the MFG grey matter. These two
approaches, which are based on IHC, permitted unbiased investigation and analyses of
these epigenetic markers in AD human brain.
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The origin of changes in 5mC and 5hmC observed in AD brain might result from interactions
between environmental factors and the epigenome, as suggested by models such as the
LEARn model (Lahiri et al., 2009). In that model, environmental factors, such as lead
exposure (Wu et al., 2008) and diet (Gu et al., 2010, Fuso et al., 2011b), can alter epigenetic
markers including 5mC, increasing the risk of developing AD later in life (Lahiri et al., 2009).
Changes in 5mC levels can normally be repaired, but a recent study by Bradley-Whitman
and Lovell (2013) showed that the pattern of methylation/demethylation was impaired in
the AD hippocampus, prior to clinical symptoms. They found that global levels of 5mC and
5hmC were significantly increased, whereas, 5fC and 5caC, two intermediates in the
demethylation steps, were significantly decreased. Therefore, the absence of a mechanism
to restore alterations in 5mC/5hmC pattern following an environmental insult could result in
accumulation of 5mC and 5hmC (Bradley-Whitman and Lovell, 2013).
The consequences of global DNA hypermethylation and hyperhydroxymethylation may
result in enhanced cell death. Indeed, spontaneous mutations regularly occur throughout
the genome, but are usually repaired by mechanisms such as base excision repair (Mazin,
2009). These DNA repair mechanisms are impaired in AD brain (Weissman et al., 2007), and
the presence of methylation on cytosine residues increases the risk of mutation occurrence
at these sites (Mazin, 2009). Thus, increased levels of 5mC, in addition to impaired DNA
repair mechanisms (Weissman et al., 2007), may increase the rate of mutation in AD brain,
which could contribute to neuronal cell loss (West et al., 1994, Duyckaerts et al., 2009,
Padurariu et al., 2012). In support of this hypothesis, increased levels of 5mC have been
shown to precede apoptosis in motor neurons (Chestnut et al., 2011). Interestingly, 5hmC
has also been linked to cell death. A study done in human frontal cortex showed that
intragenic sequences enriched in 5hmC were associated with genes coding for protein
involved in cell death, amongst others (Jin et al., 2011b). In addition, in a mouse model of
mild stroke, levels of 5mC were increased in the ischemic striatum and cortex. Inhibition of
Dnmt1 activity, genetically and pharmacologically, reduced lesion size and prevented
neuronal cell death (Endres et al., 2000, Endres et al., 2001). However, decreased levels of
5mC have also been linked to decreased neuron survival (Fan et al., 2001, Hutnick et al.,
2009, Rhee et al., 2012), indicating that changes, both the increase and decrease, in 5mC
levels may lead to neuronal cell death.
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To confirm that levels of 5mC and 5hmC were not correlated with any of the variables
existing between cases, Pearson correlation analyses were performed between levels of
each DNA modification that was investigated, with age, PMD, TST, and sex. No significant
correlation was found between levels of 5mC or 5hmC and any of the variables investigated.
This is in agreement with previous results showing that age, PMD, and sex, has no influence
on 5mC levels (Ladd-Acosta et al., 2007, Mastroeni et al., 2010). However, other research
groups have reported an age-related increase in 5mC and 5hmC levels in mammalian brains
(Siegmund et al., 2007, Hernandez et al., 2011, Szulwach et al., 2011, Chen et al., 2012b,
Chouliaras et al., 2012b, a). Results do not exclude the increase in 5mC and 5hmC levels with
age, but as the major increase in 5mC previously described occurs between early
development and 60 years old (Hernandez et al., 2011), the age-range used in my study with
the absence of younger cases might explain the absence of correlation with age. In fact, the
age of samples used in previous human studies ranged from 17 weeks of gestation to 104
years old in the Siegmund (2007) study, and from 1 to 102 years old in the Hernandez (2011)
study (Siegmund et al., 2007, Hernandez et al., 2011). Within samples used in this chapter,
ages ranged from 51 to 89 years old in MFG cases and from 51 to 98 years old in MTG cases.
Levels of 5mC and 5hmC were positively correlated with each other in both brain regions
investigated, which is in agreement with the results obtained in mouse hippocampus
(Chouliaras et al., 2012a). Although levels of 5mC and 5hmC were positively correlated, it
has been previously shown that the two modifications do not usually co-exist on DNA (Jin et
al., 2011b). In the brain, 5mC usually co-localizes with heterochromatin whereas 5hmC has
been found to co-localize with euchromatin (Chouliaras et al., 2012a, Kubiura et al., 2012,
Mellen et al., 2012). In the present study, the pattern of 5mC and 5hmC immunostaining
were analysed in different cell types from control MTG grey matter and compared to what
was found in AD brain. As reported previously, 5mC and 5hmC did not often co-exist in the
same DNA region of a given cell. Both 5hmC and 5mC staining frequently appeared to be
punctate and was found in euchromatin as well as in heterochromatin but co-localised at
rare intra-nuclear loci. Patterns of 5mC and 5hmC staining varied between nuclei within the
same case, but no obvious difference in nuclear 5mC and 5hmC staining patterns were
observed between control and AD cases. This suggests that although levels of 5mC and
5hmC are increased in AD, their distribution in the genome may not be affected. The finding
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that global levels of 5mC and 5hmC positively correlated with each other, despite rare colocalisation on DNA from individual cells, is interesting. The distribution of 5mC and 5hmC
differs throughout the genome. For example, CpG islands are poor in 5mC, but are enriched
in 5hmC (Ficz et al., 2011). Furthermore, in the human brain, 5hmC is mostly found at
promoter regions, while, 5mC was mainly found at intragenic regions. In addition, 25% of
5mC were not associated with genes, whereas, only 6% of 5hmC were detected in intergenic
regions (Jin et al., 2011b). Therefore, within an individual cell, levels of 5mC and 5hmC were
either both high, or both low, at their respective loci without co-localisation.
In agreement with previous studies, I found that levels of 5mC and 5hmC varied between
cell types, which were discriminated by nuclei size (Ladd-Acosta et al., 2007, Gibbs et al.,
2010). Although not all nuclei were immunopositive for 5mC or 5hmC, the two DNA
modifications might still be present at levels below the limit of IHC detection. Changes in
5mC and 5hmC levels observed in AD brain could occur in all cell types or be cell-type
specific. Results revealed that levels of 5mC and 5hmC were low or undetectable in
astrocytes and microglia. No difference was seen between normal and AD cases suggesting
that increased levels of 5mC and 5hmC found in AD brain were not occurring in those cell
types. Using NeuN as a neuronal marker, neurons were identified as the cell type that
presented the highest levels of 5mC and 5hmC in AD and normal brains. In several AD cases,
5mC and 5hmC immunostaining were visible in the processes of neurons with intense
nuclear staining. Although this has not been described before, RNA has been found to be
hydroxymethylated, and levels of 5hmC RNA were significantly increased in the temporal
cortex of AD compared to controls (Bradley-Whitman and Lovell, 2013). In summary, both
DNA modifications appear to be high in neurons and low in astrocytes and microglia.
Therefore, these results indicate that levels of 5mC and 5hmC are cell-type dependent.
Correlation analyses were performed to investigate if changes in 5mC and 5hmC were
related to the progression of the disease. Levels of 5mC and 5hmC were correlated to Aβ,
NFT, and ubiquitin, three different hallmarks of AD. The ubiquitin proteasome system is an
intracellular system that regulates protein repair and degradation. This system is altered in
AD, and its role in AD has recently been reviewed (Riederer et al., 2011, Ihara et al., 2012).
Ubiquitin is present in NFT from AD brain (Perry et al., 1987, Wang et al., 1991, Garcia-Sierra
et al., 2012), and is increased in brain tissue (Wang et al., 1991) and cerebrospinal fluid from
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AD patients (Iqbal et al., 2005, Kandimalla et al., 2011). Levels of 5mC and 5hmC positively
correlated with Aβ, NFT, and ubiquitin loads, found in MTG suggesting that increases in 5mC
and 5hmC are associated with disease progression.

3.5.

Conclusion

In summary, I found that levels of 5mC and 5hmC were significantly and dramatically
increased in neurons from the MFG and MTG of AD brain, with no apparent influence of
age, PMD, sex, or TST. In addition, levels of 5mC and 5hmC detected in the MFG and the
MTG positively correlated with each other. Using double fluorescence immunolabelling, I
found that in control and AD brains, levels of 5mC and 5hmC were low in astrocytes and
microglia, and were elevated in neurons. In addition, the co-localisation study showed that
5mC and 5hmC mostly do not co-exist, within the same nuclei. Although global levels of 5mC
and 5hmC immunostaining were increased in AD brain, no evident difference in the patterns
of nuclear 5mC and 5hmC staining were observed between control and AD brains. Levels of
5mC and 5hmC also positively correlated with Aβ, NFT, and ubiquitin loads, which suggest a
link with the severity of the pathology. Further investigations are required to assess if
increased levels of DNA modifications in the brain could be used as an early marker of AD,
and if drugs capable of reversing these changes could improve AD pathology. Increased
levels of 5mC and 5hmC could be a cause or a consequence of AD disease. Two potential
causes of increased levels of 5mC and 5hmC will be investigated in the next chapter: 1)
Levels of Dnmt1 and Dnmt3b will be investigated in AD MTG by IHC; and 2) The effect of Aβ
on 5mC and 5hmC will be tested in vitro.
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Chapter 4:

Dnmt1 and Dnmt3b in

Alzheimer’s disease brain
4.1.

Introduction

Global levels of 5mC and 5hmC are significantly increased in AD brain (Rao et al., 2012,
Bradley-Whitman and Lovell, 2013, Coppieters et al., 2014). The origin of global DNA
hypermethylation and hyperhydroxymethylation is not clear at present. It could be the
result of an increase in methylation and hydroxymethylation activities, or a decrease in
demethylation and dehydroxymethylation activities, or a combination of both. Dnmts
catalyse the methylation of cytosine into 5mC, which can subsequently be oxidised by the
Tets into 5hmC. Tets can then further oxidise 5hmC into 5fC and 5caC, which can be
processed in the TDG-initiated BER pathway to finally restore cytosine residues (Bhutani et
al., 2010, He et al., 2011, Ito et al., 2011, Maiti and Drohat, 2011). Changes in expression or
in levels of activities of one or more Dnmts and/or Tets enzymes would directly affect levels
of 5mC and 5hmC.
The first focus of this chapter will be to study levels of Dnmts in the MTG of AD using IHC,
combined with high-throughput analysis with Discovery-1 and Metamorph software. Within
the Dnmts group, Dnmt1 is primarily involved in the maintenance of DNA methylation,
whereas de novo methylation is mainly regulated by Dnmt3a and Dnmt3b (Jurkowska et al.,
2011).
Dnmt1 has a preference for hemimethylated DNA and maintains patterns of methylation
during cell division (Jurkowska et al., 2011). There is also evidence that Dnmt1 interacts with
Dnmt3a and Dnmt3b to establish de novo methylation (Kim et al., 2002, Jurkowska et al.,
2011). Dnmt1 plays important roles during early development, maintains the imprinting
signal, is involved in stable X chromosome inactivation, and plays a crucial role in
mammalian development, cell differentiation, cell proliferation and cell death (Jurkowska et
al., 2011, Simmons et al., 2013). In addition, Dnmt1 is involved in regulating 5mC after DNA
repair (Mortusewicz et al., 2005, Palii et al., 2008, Mazin, 2009). This function is particularly
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relevant in the brain where post-mitotic cells undergo DNA damage, and therefore,
constantly need DNA repair (Martin, 2008). Dnmt1 is ubiquitously expressed (Robertson et
al., 1999), and is found at high levels in mitotic neural precursor cells and in post-mitotic
neurons of the adult brain (Feng et al., 2005).
Dnmt3a and Dnmt3b, de novo methylation enzymes, are responsible for establishing new
methylation patterns during early development and during cell differentiation (Okano et al.,
1999, Jurkowska et al., 2011). In addition to their de novo methylation main activity,
Dnmt3a and Dnmt3b have been shown to form complexes with Dnmt1, collaborating to
establish new patterns of methylation and maintain pre-existing methylation (Okano et al.,
1999, Kim et al., 2002, Liu et al., 2003). It has also been suggested that Dnmt3a and Dnmt3b
are involved in correcting errors left by Dnmt1 (Jones and Liang, 2009). Finally, Dnmt3a and
Dnmt3b have been identified as potential 5hmC dehydroxymethylases (Chen et al., 2012a).
Dnmt3a and Dnmt3b are expressed at high levels during early embryonic development and
in germ cells, and at low levels in most adult somatic tissues (Okano et al., 1998, Okano et
al., 1999, Robertson et al., 1999, Feng et al., 2005, Simmons et al., 2013). Dnmt3a and
Dnmt3b are both expressed in the adult brain (Robertson et al., 1999, Simmons et al., 2013).
Dnmt3a is expressed in post-mitotic neurons, oligodendrocytes, and at low levels in
astrocytes (Feng et al., 2005).
In chapter 3, the levels of 5mC and 5hmC detected in the MTG were found to be
significantly correlated with Aβ, tau, and ubiquitin loads. These results indicated that
increased levels of 5mC and 5hmC were related to AD, but did not reveal if these changes in
epigenetics preceded the presence of Aβ, tau, and ubiquitin in the brain, or were induced by
one or more of these AD hallmarks. According to the amyloid cascade hypothesis,
deposition of Aβ occurs early in AD brain, triggering the formation of NFT and neuronal cell
death (Hardy and Higgins, 1992, LaFerla, 2010). Accumulation of Aβ occurs intracellularly
and in the parenchyma of AD brain (Li et al., 1999, LaFerla et al., 2007, Finder, 2010). The
effects of extracellular Aβ on different biological processes such as oxidative stress, and
synaptic dysfunction, as well as on epigenetics have been tested in vitro and in vivo (Chen et
al., 2009, Chen et al., 2010, Chabrier et al., 2012, Carrillo-Mora et al., 2014).
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The second main focus of the present chapter will be to use synthetic Aβ peptides in cell
culture to determine if that early AD hallmark can trigger an increase in levels of 5mC and
5hmC, similar to the levels observed in the AD brain. Levels of 5mC and 5hmC will be
studied by ICC combined with high-throughput methods. Finally, the effects of Aβ on Dnmts
and Tets expression will also be investigated using qRT-PCR.

4.2.

Methods

4.2.1.

Human brain tissue samples

A total of 29 neurologically normal and 29 AD post-mortem human brains were used for this
study. Cases were matched between groups for age at death (years, control: 75.1 ± 9.4 vs
AD: 75.6 ± 9) and PMD (hours, control: 14.1 ± 6.7 vs AD: 13.6 ± 7.9). AD cases have not all
been genetically tested, and cases under the age of 65 at death have not been excluded
from the study. Therefore, this study investigates EOAD and LOAD together. Detailed
information for each control and AD case used in this study are given in Table 2-1 and Table
2-2.
4.2.2.

Cell culture

NT2 cell lines were cultured as described in detail in chapter 2, section 2.1.2. Cells were
plated at 4,000 cells per well in 96-well plates 24 h prior to treatment to allow cells to
adhere to the plate and recover from being passaged.
4.2.3.

Amyloid beta treatment

As previously described, Aβ (1-42) protein (Aβ1-42; Bachem, H-1368) stock was prepared by
dissolving the peptide in distilled water to 500 µM. Aβ1-42 working stock was prepared by
diluting the working stock 1:1 (v/v) in PBS just before addition to cell culture (Smith et al.,
2010b). For ICC experiments, cells were treated with 2.5, 10 or 25 µM of Aβ 1-42 for 24, 48 or
72 h. For qRT-PCR experiments, cells were treated with 10 µM of Aβ1-42 for 72 h.
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4.2.4.

Immunohistochemistry

IHC was performed on TMA containing cores of AD (N = 29) and control (N = 29) MTG grey
matter as described in chapter 2, section 2.1.5.2. Details for all primary and secondary
antibodies as well as AR methods used in the present chapter were given in Table 2-4.
Primary antibodies used in the present chapter included anti-Dnmt1 and anti-Dnm3b, and
DAB nickel was chosen as the method of detection.
For qualitative analyses of Dnmt1 and Dnmt3b immunostaining, individual images were
manually taken using a Nikon E800 microscope combined with a digital camera
(DMX1200F). For semi-quantification analysis of levels of Dnmt1 and Dnmt3b in the MTG,
images of each core of brain tissue present on the TMA were acquired at 4x magnification
with Discovery-1, and analysed with Metamorph software. Total nuclei and integrated
intensity were recorded in an Excel sheet and II/C was used to estimate levels of Dnmt1 and
Dnmt3b by IHC. For more details see chapter 2, section 2.1.6.
4.2.5.

Immunocytochemistry

At the end of each treatment, cells were fixed with 4% PFA and immunolabelled as
described in chapter 2, section 2.1.5.3. Details for all primary and secondary antibodies as
well as AR methods used in the present chapter were given in Table 2-5. Primary antibodies
used for ICC included anti-5mC and anti-5hmC, and fluorescence was chosen as the method
of detection. Images where acquired at 4 sites per well at 10x magnification with Discovery1, and analysed with Metamorph software. Total nuclei and integrated intensity were
recorded in an Excel sheet and II/C was used to estimate levels of 5mC and 5hmC by ICC. For
more details see chapter 2, section 2.1.6.
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4.2.6.

qRT-PCR

RNA extraction, reverse transcription, and real-time quantitative PCR, have been described
in detail in chapter 2, section 2.1.7. Dnmt1, Dnmt3a, Dnmt3b, Tet1, Tet2, and Tet3, gene
expression were investigated upon Aβ1-42 treatment. GAPDH was used as housekeeping
gene. Primers were validated in chapter 2, section 2.2.3, and their sequences have been
outlined in Table 2-6. Results were obtained using the 2-ΔΔCT method and were given as foldchange in mRNA expression relative to the expression in NT2 precursor cells treated with
vehicle.
4.2.7.

Statistical analysis

All statistical analyses and graphs were done using GraphPad Prism (version 6.02).
D’Agostino and Pearson omnibus normality test was used to test for Gaussian distribution.
Two-tailed unpaired t-tests were used for normally distributed samples and Mann-Whitney
tests were used to compare samples that did not follow a Gaussian distribution. Ordinary
two-way ANOVA followed by Dunnett’s multiple comparison tests were used to study the
effect of Aβ1-42 on 5mC and 5hmC, in a concentration- and time-dependent manner. Pearson
correlation tests were used to analyse normally distributed samples, and Spearman
correlation tests were used for samples not following Gaussian distribution. Data were
displayed as mean ± SEM. Experiments were replicated independently three times, unless
otherwise stated, and each condition were performed at least in triplicates. Statistical
significance was set at p <0.05.
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4.3.

Results

4.3.1.

Dnmt1 and Dnmt3b in AD middle temporal gyrus

Dnmt1, Dnmt3a and Dnmt3b are all involved in the regulation of 5mC, and are all expressed
in the adult brain (Robertson et al., 1999, Feng et al., 2005, Mastroeni et al., 2010).
Dysregulation of the expression of one or several of these enzymes could be the cause of
increased levels of 5mC, thus, having an indirect impact on levels of 5hmC. Despite intense
efforts to optimise the Dnmt3a staining in post-mortem human brain tissue, no specific
staining was observed with the anti-Dnmt3a antibody available. Therefore, Dnmt3a was not
investigated in the MTG in this study. However, Dnmt1 and Dnmt3b were investigated by
IHC in the grey matter of MTG, from AD and control brains. DAB-nickel staining was used for
qualitative and semi-quantitative analyses of Dnmt1 and Dnmt3b. Cores lost or damaged
during immunostaining were excluded from each analysis. The cases excluded from the
study of Dnmt1 were: H180, H153, H188, H137, H196, H122, H136, 4680, AZ39, and AZ52.
Therefore, Dnmt1 was investigated in AD (N = 27) and control (N = 20) MTG. For the study of
Dnmt3b, the cases excluded from the analysis were: H153, H196, H152, 4680, and AZ52.
Therefore, Dnmt3b was investigated in AD (N = 28) and control (N = 25) MTG.
As most cores of MTG contained cortical layers I, II and III, the focus will be on layers II and
III for the qualitative analysis of Dnmt1 and Dnmt3b immunostaining. In control cases, at
low magnification, Dnmt1 immunostaining appeared as round structures that were mainly
detected in the cortical layer II. At high magnification, Dnmt1 immunostaining appeared
punctate, and was localised in small nuclei (7-10 µm) in layer II. In layer III, Dnmt1 was
detected at low levels in the cytoplasm, with weak or absent staining in the nuclei. In AD
cases, Dnmt1 was exclusively detected in nuclei, with more intense staining in cortical layers
II and III, compared to control cases (Figure 4.1).
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Figure 4.1 Dnmt1 immunostaining in the grey matter of control and Alzheimer’s disease middle temporal
gyrus
(A and B) Images are representative of Dnmt1 immunostaining in cortical layers I, II and III from control (ctrl;
A), and Alzheimer’s disease (AD; B) middle temporal gyrus (MTG). The black arrow points to Dnmt1 nuclear
immunostaining, whereas the red arrows point to weak cytoplasmic Dnmt1 immunostaining, in cortical layer III
of control cases. Scale bars represent 100 µm and 10 µm for images taken at low magnification and high
magnification, respectively.
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The study of Dnmt3b in control cases showed intense Dnmt3b immunostaining in cortical
layers II and III. At high magnification, Dnmt3b appeared exclusively nuclear. Intense
staining was visible in large nuclei (10-15 µm), with weaker staining in smaller nuclei (< 10
µm). In cortical layer II of AD cases, Dnmt3b was detected in nuclei at lower levels than in
controls. In cortical layer III, Dnmt3b was mainly detected in the nuclei. However, a few cells
with no Dnmt3b nuclear staining showed cytoplasmic staining, and these were visible in
layer III of AD cases (Figure 4.2).

Figure 4.2 Dnmt3b immunostaining in the grey matter of control and Alzheimer’s disease middle temporal
gyrus
(A and B) Images are presentative of Dnmt3b immunostaining in cortical layers I, II and III from control (ctrl; A),
and Alzheimer’s disease (AD; B) middle temporal gyrus (MTG). The black arrows point to Dnmt3b nuclear
immunostaining, whereas the red arrows point to cytoplasmic Dnmt3b immunostaining, in cortical layer III of
AD cases. Scale bars represent 100 µm and 10 µm for images taken at low magnification and high
magnification, respectively.
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Semi-quantification of levels of Dnmt1 and Dnmt3b was obtained by IHC combined with
high-throughput analyses. II/C was used as a measurement for levels of Dnmt1 and Dnmt3b
detected in each core of grey matter. Results showed that Dnmt1 was significantly increased
(p < 0.0001) in AD MTG compared to controls, while Dnmt3b was significantly decreased in
AD brains (p < 0.0008) compared to controls (Figure 4.3). Together, these results
demonstrated that the expression of two of the enzymes that regulate levels of 5mC are
altered in AD MTG.

Figure 4.3 Dnmt1 and Dnmt3b in the grey matter of Alzheimer’s disease and control middle temporal gyrus
(A) Levels of Dnmt1 were investigated in control (Ctrl; N = 20), and Alzheimer’s disease (AD; N = 27) middle
temporal gyrus (MTG); (B) Levels of Dnmt3b were investigated in AD (N = 28) and control (N = 25) MTG. (C - F)
Images are representative of Dnmt1 (C and E), and Dnmt3b (D and F), immunostaining in control (C and D) and
AD (E and F) MTG. Scale bars represent 200 µm. *** = p < 0.001
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4.3.2.

Correlation analyses between levels of Dnmt1/Dnmt3b and case variables

Pearson correlation tests were used to determine if levels of Dnmt1 or Dnmt3b were
correlated with any of the case variables in MTG.
Dnmt1: No significant correlation was found between levels of Dnmt1 and age (Ctrl: r =
0.146, p = 0.539; AD: r = 0.3152, p = 0.1093), PMD (Ctrl: r = 0.3276, p = 0.1585; AD: r =
0.0912, p = 0.651), or TST (Ctrl: r = -0.1154, p = 0.6279; AD r = -0.0419, p = 0.8355). An
unpaired two-tailed t-test was used to compare levels of Dnmt1 between genders within
control and AD groups, separately. There were no significant differences in levels of Dnmt1
between males and females within each groups (Ctrl: p = 0.0569; AD p = 0.8666) (Figure
4.4).
Dnmt3b: No significant correlation was found between levels of Dnmt3b and age (Ctrl: r = 0.0279, p = 0.8949; AD r = -0.0824, p = 0.677), and PMD (Ctrl: r = -0.0661, p = 0.7536; AD r =
0.1274, p = 0.5181). There was no significant correlation between levels of Dnmt3b and TST
in the control group (Ctrl: r = 0.0124 p = 0.953). However, in AD, levels of Dnmt3b were
significantly inversely correlated with TST (AD: r = -0.4194, p = 0.0263). The longer the AD
tissue was stored in the human brain bank, the less intense the staining was for Dnmt3b.
Thus, to ensure that the decrease in levels of Dnmt3b observed in AD MTG was not due to
differences in TST between the AD and the control groups, I performed an unpaired twotailed t-test for TST between the two groups. Results indicated that there were no
significant differences in TST between control and AD cases used to study Dnmt3b (Ctrl:
2726 +/-219.5; AD: 2246 +/- 280.8). Thus, these results suggest that TST is not the factor
regulating lower levels of Dnmt3b in AD compared to controls. Finally, an unpaired twotailed t-test was used to compare levels of Dnmt3b between genders within the control and
AD groups, separately. There were no significant differences in levels of Dnmt3b between
males and females within each group (Ctrl: p = 0.4848; AD: p = 0.4955) (Figure 4.5).
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Figure 4.4 Correlation analyses between Dnmt1 and cases variables
(A-C) Correlation analyses were performed between levels of Dnmt1 detected in Alzheimer’s disease (AD;
black circle) and control (white circle) middle temporal gyrus (MTG), and age (A), post-mortem delay (PMD; B),
and tissue storage time (C). (D) Levels of Dnmt1 detected in females (F) and males (M) from control and AD
groups (Ctrl: F (N = 6), M (N = 14) and AD: F (N = 15), M (N = 12)). ns: not significant.

100

Figure 4.5 Correlation analyses between Dnmt3b and cases variables
(A-C) Correlation analyses were performed between levels of Dnmt3b detected in Alzheimer’s disease (AD;
black circle) and control (white circle) middle temporal gyrus (MTG), and age (A), post-mortem delay (PMD; B),
and tissue storage time (C). (D) Levels of Dnmt3b detected in females (F) and males (M) from control and AD
groups (Ctrl: F (N = 8), M (N = 17) and AD: F (N = 15), M (N = 13)). ns: not significant.
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4.3.3.

Correlation analyses between levels of Dnmt1/Dnmt3b and levels of DNA

methylation/hydroxymethylation
Using TMA, I demonstrated that Dnmt1 was significantly increased, and Dnmt3b was
significantly decreased in AD MTG. To test if these changes in Dnmts expression could be
related to increased levels of 5mC and 5hmC observed in AD brain, Pearson correlation
analyses were performed with data obtained for control and AD MTG, separately. In control
cases, levels of Dnmt1 were not correlated with levels of 5mC (N = 20, r = 0.0231, p = 0.923),
or 5hmC (N = 20, r = -0.0667, p = 0.78). However, in AD cases, levels of Dnmt1 were
significantly positively correlated with levels of 5mC (N = 25, r = 0.8541, p < 0.0001), and
5hmC (N = 25, r = 0.5656, p = 0.0032). Levels of Dnmt3b detected in control MTG were
significantly positively correlated with levels of 5mC (N = 25, r = 0.6633, p = 0.0003), and
5hmC (N = 25, r = 0.6924, p = 0.0001). However, in AD cases, no correlation was found
between levels of Dnmt3b and levels of 5mC (N = 27, r = 0.2513, p = 0.2061), or 5hmC (N =
25, r = 0.0285, p = 0.8925) (Figure 4.6).
4.3.4.

Effects

of

amyloid

beta

on

levels

of

DNA

methylation

and

hydroxymethylation in vitro
Global levels of 5mC and 5hmC were positively correlated with Aβ loads in control and AD
MTG (chapter 3, section 3.37). Previous studies have reported that Aβ can induce DNA
hypomethylation at global levels, and hypermethylation at specific loci (Chen et al., 2009,
Hodgson et al., 2013). However, the effect of Aβ on 5hmC has not yet been reported. Thus,
the effects of Aβ on levels of 5mC and 5hmC were tested in vitro, in the human NT2 cell line.
While, Aβ1-40 peptides were used in the earlier studies, I opted for Aβ 1-42 as it is the most
abundant form of Aβ found in Aβ plaques in the AD brain (Steiner et al., 1999, Thinakaran
and Koo, 2008), and generally has more biological effects than Aβ1-40 (Carrillo-Mora et al.,
2014).
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NT2 cells were treated with 2.5, 10 or 25 µM of Aβ1-42 for 24, 48 or 72 h. Before harvesting
each plate at the corresponding time-point, cells were observed under a bright field
microscope. Cells in wells treated with Aβ1-42 appeared less confluent than cells from control
wells. The presence of rounded floating cells strongly suggests that Aβ 1-42 induced cell death
as previously reported (Chen et al., 2009). At the end of the treatment, cells were fixed and
processed for ICC with antibodies specifically targeting 5mC, or 5hmC. Images were acquired
with Discovery-1, and analysed with Metamorph software.

Figure 4.6 Correlation analyses between levels of Dnmt1 and Dnmt3b and levels of DNA methylation and
hydroxymethylation
(A and B) Correlation analyses between levels of Dnmt1 detected in Alzheimer’s disease (AD; black circle) and
controls (Ctrl, white circle), and DNA methylation (5mC), or hydroxymethylation (5hmC), respectively. (C and
D) Correlation analyses between levels of Dnmt3b detected in AD (black circle) and ctrl (white circle), and 5mC,
or 5hmC, respectively.
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Hoechst could not be used to detect nuclei because the dye bound non-specifically to Aβ1-42.
Thus, the effect of Aβ1-42 on total cell number was evaluated by using “total count nuclei”
for 5mC positive cells. Results were expressed as percentage relative to vehicle. After 48 h
of treatment, the total cell number was reduced by 19% when treated with 10 µM of Aβ 1-42
(p = 0.0498), and by 33% when treated with 25 µM (p = 0.0002). After 72 h, the number of
cells was further reduced by 36% when treated with 10 µM of Aβ1-42 (p < 0.0001), and by
50% when treated with 25 µM of Aβ1-42 (p < 0.0001). Therefore, these results show that the
treatment of NT2 cells with Aβ1-42 significantly reduced the cell number, in a concentrationand time-dependent manner (Figure 4.7).

Figure 4.7 Effects of amyloid beta on cell number in vitro
NT2 cells were incubated with 2.5, 10 or 25 µM, of amyloid beta (Aβ) for 24, 48 or 72 h. Cell number
represents the number of 5-methylcytosine (5mC) positive nuclei, and is expressed as a percentage relative to
control. Error bars represent SEM from triplicates, and results are representative of two independent
experiments. * = p < 0.05, *** = p < 0.001, **** = p < 0.0001.
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As the number of cells was reduced upon Aβ1-42 treatment, II/C was used to suppress the
influence of cell number on global levels of 5mC and 5hmC. Results were expressed as a
percentage of control, and this was used as a measurement for levels of 5mC and 5hmC.
Using ICC, I found that the treatment of NT2 cells with Aβ1-42 induced a significant increase
in levels of 5mC after 72 h of treatment with 10 µM (p <0.0001) and 25 µM (p <0.0001)
(Figure 4.8).

Figure 4.8 Effects of amyloid beta on levels of DNA methylation in vitro
1) NT2 cells were treated with 2.5, 10 and 25 µM, of amyloid beta (Aβ) or vehicle (PBS) for 24, 48 or 72 h.
Levels of 5mC were investigated by ICC and II/C, expressed as a percentage of control, and used as a measure
of the level of 5mC expression. 2) Images are representative of 5mC immunostaining in NT2 cells treated for 72
h with vehicle (A and B) or 25 µM of Aβ (C and D). Error bars represent the SEM of six replicates, and results
are representative of two independent experiments. Scale bars represent 25 µm. ** = p < 0.01, *** = p <
0.001.
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The treatment of NT2 cells with Aβ1-42 also induced changes in levels of 5hmC. A significant
increase in levels of 5hmC occurred after 48 h of treatment with 25 µM of Aβ1-42, the highest
concentration tested (p = 0.0415). After 72 h, levels of 5hmC were significantly increased in
cells treated with 10 µM (p = 0.0001) and 25 µM (p <0.0001) of Aβ1-42 (Figure 4.9).
Altogether, these results indicated that Aβ1-42 induces significant increases in levels of 5mC
and 5hmC in a concentration- and time-dependent manner.

Figure 4.9 Effects of amyloid beta on levels of DNA hydroxymethylation in vitro
1) NT2 cells were treated with 2.5, 10 and 25 µM, of amyloid beta (Aβ) or vehicle (PBS) for 24, 48 or 72 h.
Levels of 5hmC were investigated by ICC and II/C, expressed as a percentage of control values, and were used
as a measure of 5hmC expression levels. 2) Images are representative of 5hmC immunostaining in NT2 cells
treated for 72 h with vehicle (A and B) or 25 µM of Aβ (C and D). Error bars represent the SEM of six replicates,
and results are representative of two independent experiments. Scale bars represent 25 µm. * = p < 0.05, ***
= p < 0.001.

106

4.3.5.

Effects of amyloid beta on Dnmts and Tets expression

To test if increased levels of 5mC and 5hmC upon Aβ1-42 treatment occurred through
changes in Dnmts or Tets expression, NT2 cells were treated with Aβ1-42 and Dnmts and Tets
mRNA levels were subsequently analysed by qRT-PCR. As 72 h of treatment with Aβ1-42 at 10
µM was sufficient to induce a significant increase in levels of 5mC and 5hmC, the same
conditions were chosen to study the effects of Aβ on Dnmts and Tets expression. At the end
of the treatment, RNA was extracted and Dnmt1, Dnmt3a, Dnmt3b, Tet1, Tet2 and Tet3
mRNA levels were investigated by qRT-PCR. GAPDH was used as the housekeeping gene. As
shown in Figure 4.10, the treatment of NT2 cells with Aβ1-42 did not induce any significant
changes in Dnmts or Tets expression at the durations and Aβ1-42 concentrations tested
(Figure 4.10).

Figure 4.10 Effect of amyloid beta on levels of Dnmts and Tets in vitro.
Levels of Dnmt1 (A), Dnmt3a (B), Dnmt3b (C), Tet1 (D), Tet2 (E) and Tet3 (F) were investigated in NT2 cells
treated for 72 h with 10 µM of amyloid beta (Aβ; black columns) or vehicle (white columns). GAPDH was used
as housekeeping gene, and fold change in mRNA expression was calculated relative to vehicle. Error bars
represent the SEM of three independent experiments.
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4.3.6.

Correlation analyses between levels of Dnmt1/Dnmt3b and amyloid beta,

tau or ubiquitin loads
The presence of Aβ in vitro did not induce changes in Dnmt1 and Dnmt3b expression.
However, Aβ could induce changes of Dnmt1 and Dnmt3b at protein levels or modify their
activities. Correlation analyses were performed between levels of Dnmt1 or Dnmt3b, and Aβ
loads. All control and AD subjects presenting detectable levels of Aβ were included in the
correlation analysis. Results indicated that there was poor correlation between Aβ loads,
and levels of Dnmt1 (N = 33, r = 0.3081, p = 0.0811) or Dnmt3b (N = 38, r = -0.2169, p =
0.1909). To test if levels of Dnmt1 and Dnmt3b were linked with other AD hallmarks,
correlation analyses were performed between levels of Dnmt1 or Dnmt3b, and tau and
ubiquitin loads. Levels of Dnmt1 were significantly correlated with tau (N = 34, r = 0.3752, p
= 0.0288) and ubiquitin (N = 35, r = 0.4423, p = 0.0078) loads, whereas there was no
correlation between levels of Dnmt3b, and tau (N = 38, r = 0.0767, p = 0.6470) or ubiquitin
(N = 38, r = -0.2151, p = 0.1947) loads (Figure 4.11).
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Figure 4.11 Correlation analyses between levels of Dnmt1 or Dnmt3b and amyloid beta, tau or ubiquitin
loads in middle temporal gyrus
(A-C) Correlation analyses were performed between levels of Dnmt1 and amyloid beta (Aβ; A), tau (B) or
ubiquitin loads (C). (D-F) Correlation analyses were performed between levels of Dnmt3b and Aβ (D), tau (E) or
ubiquitin loads (F). ns: not significant.
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4.4.

Discussion

There is a global increase in levels of 5mC and 5hmC in AD brain (Rao et al., 2012, BradleyWhitman and Lovell, 2013, Coppieters et al., 2014). In addition, levels of 5mC and 5hmC
were correlated with Aβ loads in the MTG. In the present chapter, I investigated whether
increased levels of 5mC and 5hmC in the MTG could result from alteration in Dnmt1 or
Dnmt3b expression. The effects of Aβ1-42 on levels of those two DNA modifications were
tested in vitro to determine if DNA hypermethylation and hyperhydroxymethylation are
consequences of AD pathology.
4.4.1.

Dnmt1 and Dnmt3b expressions are altered in Alzheimer’s disease middle

temporal gyrus

Dnmt1, Dnmt3a and Dnmt3b are the three main enzymes regulating methylation at cytosine
residues (Jurkowska et al., 2011). All three enzymes are expressed at different levels in most
adult tissues (Robertson et al., 1999). In the adult brain, Dnmt1 is found at high levels,
whereas Dnmt3a and Dnmt3b are only expressed at low levels. Dnmt1 works together with
Dnmt3a and Dnmt3b to establish and maintain new patterns of 5mC (Kim et al., 2002, Rhee
et al., 2002). Several studies have investigated levels of 5mC, and more recently 5hmC, in
AD. However, surprisingly, the literature on Dnmts and Tets in AD is almost non-existent.
Only one study investigated a member of the Tet family, Tet1 in AD brain. Bradley-Whitman
and Lovell (2013) studied Tet1 in the hippocampus and the cerebellum of preclinical AD,
late-stage AD, and controls, and found that levels of Tet1 were increased in both brain
regions of preclinical and late-stage AD compared to controls (Bradley-Whitman and Lovell,
2013).
Within the Dnmts, Dnmt1 has been studied by IHC in neurons from cortical layer II of the
entorhinal cortex of the AD brain. Results showed a reduction of more than 80% of Dnmt1
immuno-positive neurons in AD compared to control (Mastroeni et al., 2010). In a later
study, the same group found that Dnmt1 was also decreased in the hippocampus of AD
subjects. Moreover, they found that in the AD brain Dnmt1 was sequestered in the
cytoplasm of neurons (Mastroeni et al., 2013). In contradiction with results obtained from
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these two studies, I found that levels of Dnmt1 were significantly increased in AD MTG.
Furthermore, I found that in control cases, Dnmt1 staining was found at moderate levels in
nuclei in cortical layer II, and at low levels in cytoplasm and nuclei in cells from layer III.
However, in cortical layers II and III from AD brain, Dnmt1 staining was intense and found
exclusively in nuclei. It was previously shown that increased levels of Dnmt1 preceded global
increases in 5mC in adult brain (Chestnut et al., 2011). Therefore, it is possible that
increased Dnmt1 expression and relocalisation of Dnmt1 in the nucleus contributes to DNA
hypermethylation detected in the AD brain.
To my knowledge, Dnmt3b has not yet been investigated in AD brain. Here I found that
levels of Dnmt3b were significantly decreased in AD MTG grey matter compared to controls.
In AD, Dnmt3b was detected in the cytoplasm of few cells within cortical layer III, whereas
Dnmt3b was exclusively nuclear in controls. Dnmt3b has been hypothesised to check and
correct mistakes left by Dnmt1 (Jones and Liang, 2009). Further, in addition to its main
function of de novo methylation enzyme, Dnmt3b has been identified as a potential 5hmC
dehydroxymethylase (Chen et al., 2012a). Thus, decreased levels of Dnmt3b and its
exclusion from the nucleus could result in altered 5mC patterns and increased levels of
5hmC.
4.4.2.

Discordance exists between levels of Dnmts and global levels of DNA

modifications

In mammals, there is discordance between Dnmts expression and global levels of 5mC.
Using in situ hybridisation, Simmons et al., (2013) studied the expression of Dnmt1, Dnmt3a
and Dnmt3b in various regions of the rat brain during development. They found that all
three Dnmts were expressed at their highest levels one week postnatally, with a subsequent
decrease during aging. Conversely, global levels of 5mC, were found to be low shortly after
birth, but then gradually increased during development (Simmons et al., 2013). In the
present chapter, I found that levels of Dnmt1 were not correlated with levels of 5mC or
5hmC detected in the MTG of control cases. However, in AD brains, levels of Dnmt1 were
significantly correlated with levels of 5mC and 5hmC indicating that Dnmt1 could play a role
in increased levels of 5mC and 5hmC observed in AD brain. In contradiction to Dnmt1, levels
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of Dnmt3b were significantly correlated with levels of 5mC and 5hmC in controls, whereas
no correlation was found in AD cases.
The discordance that exist between Dnmts expression and global levels of 5mC can be
explained by different factors including the stabilisation and maintenance of 5mC by other
epigenetic markers such as histone deacetylases (Simmons et al., 2013), or alteration in
demethylation pathways that would lead to passive accumulation of 5mC (Bradley-Whitman
and Lovell, 2013). Finally, enzymes other than Dnmt1 and Dnmt3b, which are involved in the
regulation of 5mC and 5hmC, might also be altered and contribute to increased levels of
5mC and 5hmC in AD brain. This is in agreement with results from a recent study showing
that levels of Tet1 were increased in the hippocampus and the cerebellum of AD brain
(Bradley-Whitman and Lovell, 2013). Therefore, it would be interesting to investigate
Dnmt3a together with Tet2 and Tet3 in AD brain, to determine if global hypermethylation
and hyperhydroxymethylation could result from their dysregulation.
4.4.3.

Amyloid

beta

induces

an

increase

in

DNA

methylation

and

hydroxymethylation in vitro
Accumulation of Aβ in the brain is one of the main hallmarks of AD (Finder, 2010). However,
the biological functions of Aβ and the consequences of the presence of elevated Aβ in the
pathological brain are still unclear. Aβ is mainly known to be toxic, however, at physiological
doses, soluble forms of Aβ do produce positive effects, for instance, by acting as
antioxidants, and eliciting neuroprotective properties (Carrillo-Mora et al., 2014). The
presence of high concentrations of Aβ can induce changes in gene expression, potentially
through epigenetic alterations (Chen et al., 2009). Indeed, Aβ can induce changes in 5mC at
global levels and at specific loci (Chen et al., 2009, Hodgson et al., 2013, Taher et al., 2014).
The treatment of murine cerebral endothelial cells with 25 µM of Aβ1-40 for 48 h induced
significant hypomethylation at global levels, and hypermethylation at specific loci. Aβ1-40
induced hypermethylation on the neprilysin promoter region, leading to a decrease in
neprilysin mRNA levels (Chen et al., 2009). In agreement with those results, 24h of
treatment with soluble Aβ oligomers induced global hypomethylation in human
neuroblastoma (Hodgson et al., 2013). In contradiction, the treatment of human neuronal
cells with 25 µM of Aβ1-40 for 48 h did not induce significant changes in global levels of 5mC
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(Taher et al., 2014). Consistent with the latter study, I found that 24 h and 48 h of treatment
with Aβ1-42 did not induce significant changes in 5mC. However, a longer incubation (72 h),
with 10 µM and 25 µM of Aβ1-42, induced significant global DNA hypermethylation and
significantly increased levels of 5hmC in the human NT2 cell line. To the best of my
knowledge, my study is the first to investigate and report an effect of Aβ on levels 5hmC.
Discrepancies between my findings and results from other research groups might arise from
the form of Aβ used in each study, or the length of the treatment. For instance, as opposed
to Aβ1-40 or soluble mixed Aβ oligomers used by other research groups, I used Aβ1-42
peptides in my study (Chen et al., 2009, Hodgson et al., 2013, Taher et al., 2014). While Aβ140

is the most common form of Aβ in humans (Bekris et al., 2010), Aβ1-42 is the most

abundant form of Aβ peptides that form the Aβ plaques in the AD brain (Iwatsubo et al.,
1994). Additionally, Aβ1-42 peptides have more biological effects and is more toxic than Aβ140

(Klein et al., 1999, Carrillo-Mora et al., 2014). Furthermore, in the present study, Aβ1-42

induced an increase in 5mC and 5hmC after 72 h of treatment. This is a longer period of
incubation than those used in previous studies (Chen et al., 2009, Hodgson et al., 2013,
Taher et al., 2014). Altogether, these findings indicated that high concentrations of Aβ1-42 for
a long period of time can induce DNA hypermethylation and hyperhydroxymethylation in
vitro. Therefore, these findings support results from chapter 3 showing that levels of 5mC
and 5hmC detected in the human MTG were significantly positively correlated with Aβ loads
(chapter 3, section 3.3.7). Note that in the present chapter, I used NT2 cells which are
undifferentiated neuronal precursors. NT2 cells were initially chosen for their ability to
differentiate into neurons and astrocytes upon RA treatment. It is possible that NT2 cells do
not respond to Aβ the same way as adult brain cells would. Thus, the effect of Aβ on 5mC
and 5hmC will be tested in human brain cells differentiated from NT2 cells in chapter 6.
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4.4.4.

Amyloid beta does not alter Dnmts and Tets expression in vitro

The treatment of cells with Aβ can alter levels of 5mC and induce change in gene expression
(Chen et al., 2009, Hodgson et al., 2013). Hodgson et al., (2013) studied the effects of
soluble Aβ oligomers on the expression of genes involved in the regulation of methylation
reaction. Within those genes, they found that Dnmt3a was significantly decreased in
neuroblastoma treated with Aβ for 24 h (Hodgson et al., 2013). In contradiction, I found that
the treatment of NT2 cells with Aβ1-42, at conditions that induced global DNA
hypermethylation and hyperhydroxymethylation, did not cause changes in Dnmts or Tets
expression. These results do not exclude changes in Dnmts and Tets occurring at protein
levels. However, the absence of correlation between levels of Dnmt1 or Dnmt3b and Aβ
loads in the MTG suggest that this is unlikely to be the case. Further investigation of the
effects of Aβ on Dnmts and Tets should be aimed at studying protein levels and activities of
all Dnmts and Tets in the presence of Aβ.
Despite the lack of correlation between levels of Dnmt1 and Aβ, the level of Dnmt1 was
positively correlated with tau and ubiquitin loads detected in human MTG. The relationships
that exist between Aβ, tau, and ubiquitin, are complex and likely to be multidirectional
(Tseng et al., 2008, Jin et al., 2011a, Chabrier et al., 2012). For example, Jin et al., (2011)
found that soluble Aβ dimers isolated from AD brain can increase tau phosphorylation and
showed that the presence of tau enhances the neurotoxic effect of Aβ in rat neurons (Jin et
al., 2011a). Furthermore, Aβ can block the proteasome, thus inhibiting the degradation of
ubiquitinated proteins (Gregori et al., 1995, Tseng et al., 2008). Inhibition of the proteasome
in vitro and in vivo triggers the pathological accumulation of Aβ and tau (Tseng et al., 2008).
Dnmt1 degradation occurs at least partially through the proteasome system (Patel et al.,
2010, Yuan et al., 2011). Therefore, it is possible that sufficient amounts of Aβ would block
the proteasome, which in turn would block Dnmt1 degradation, resulting in accumulation of
Dnmt1 in AD brain.
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4.5.

Conclusion

In conclusion, I found that Dnmt1 was significantly increased, while Dnmt3b was
significantly decreased, in AD MTG. In addition, my results revealed that prolonged
incubation of NT2 cells with pathological concentrations of Aβ 1-42 induced global DNA
hypermethylation and hyperhydroxymethylation, without inducing changes in Dnmts and
Tets at mRNA levels. This was further supported by the poor correlation between levels of
Dnmt1 and Dnmt3b with Aβ loads in the MTG. Levels of Dnmt1 were positively correlated
with tau and ubiquitin loads, suggesting that increased Dnmt1 expression could be part of
the AD disease process leading to neuronal DNA hypermethylation. The results presented in
this chapter were obtained in undifferentiated NT2 cells. Thus, in subsequent chapters, in
vitro models of human brain cells will be tested for the study of 5mC and 5hmC (chapter 5)
and will be used to test the effects of Aβ in differentiated neurons and astrocytes
(chapter 6).
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Chapter 5:

In vitro studies of DNA

modifications in human brain cells
5.1.

Introduction

In the adult human brain, levels of 5mC and 5hmC varied between different brain cell types.
Both DNA modifications were found at high levels in neurons, and at low levels in astrocytes
and microglia, in the adult human MTG (chapter 3, section 3.3.6). In AD, there is a decrease
in neuronal cell number, together with an increase in non-neuronal cells (West et al., 1994,
Duyckaerts et al., 2009, Andrade-Moraes et al., 2013). This highlights the importance of
studying individual brain cells, especially in the context of AD where shifts in cell populations
occur (Andrade-Moraes et al., 2013). Despite the complexity of the human brain, in vivo and
in vitro models have been developed to study brain cells under physiological and
pathological conditions, especially in the context for preclinical drug screening and
development (Dragunow, 2008, Gibbons and Dragunow, 2010).
Brain cells behave differently in different species (Dragunow, 2008, Gibbons and Dragunow,
2010, Smith et al., 2010b, Smith and Dragunow, 2014), which strongly encourages the use of
human in vitro models, rather than animal models to study brain cells. In the present
chapter, two human in vitro models extensively used in our laboratory were chosen to study
5mC and 5hmC in brain cells. The first model consists of a mixed population of cells isolated
from biopsy cortical brain tissue (Smith et al., 2013a). These cells include microglia,
astrocytes, and fibroblast-like cells that were recently characterised as pericytes (Gibbons et
al., 2007). The second model involves the human NT2 cell line, which can be differentiated
into neurons and astrocytes upon treatment with RA and mitotic inhibitors (Pleasure et al.,
1992, Paquet-Durand et al., 2003, Hill et al., 2008, Dhanasekaran et al., 2010, Zillner and
Nemeth, 2012). The differentiation process can be achieved with NT2 cultured as
monolayers in tissue culture flasks (Pleasure et al., 1992), or as neurospheres (PaquetDurand et al., 2003). The neurosphere method was chosen as it is a more rapid
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differentiation process and yields neurons as well as astrocytes (Paquet-Durand et al., 2003,
Dhanasekaran et al., 2010).
Both human in vitro models present advantages and disadvantages, and can therefore be
used in parallel for the study of DNA modifications in human brain cells Primary cells
obtained from adult human brain may retain some features of the brain they have been
isolated from, and therefore may be used to study healthy and diseased brain cells (Smith
and Dragunow, 2014). The heterogeneity of primary culture offers the advantage of better
modelling the mix of cells present in vivo (Gibbons and Dragunow, 2010). The response of
primary cells to various stimuli can differ between cell types (Smith et al., 2013b).
Consequently, the use of primary cells requires cautious analysis of results issued from
mixed cultures for example by using markers specific for each cell type (Smith et al., 2013a).
Previous studies reported that it is possible to culture adult human neurons from normal
and diseased brains (Gibbons and Dragunow, 2010). However, the isolation of human
primary cells from biopsy tissue as prepared in our laboratory does not yield neurons
(Gibbons et al., 2007).
Nonetheless, neurons can be obtained with the second model, the NT2 cell line. Neurons
differentiated from NT2 cells can easily be selected, yielding almost pure neuronal cultures
(Paquet-Durand et al., 2003). The NT2 cell model also allows the study of astrocytes
(Dhanasekaran et al., 2010). However, microglia, which are immune cells of myeloid origin
(Smith et al., 2013b), cannot be obtained by this model. Another advantage of the NT2 cell
line is that cells can be differentiated as required, whereas, the accessibility to primary cells
depends on brain tissue donation and availability of samples (Gibbons and Dragunow,
2010). In human primary culture there is also variability between cases (Gibbons et al.,
2007, Dragunow, 2008, Smith et al., 2013b, Smith and Dragunow, 2014). However, despite
human primary cultures presenting a variety of genetic backgrounds, this model has been
shown to produce reliable and reproducible results (Smith and Dragunow, 2014). In
contrast, brain cells differentiated from NT2 cells originate from the same cell line, thus,
minimising variability between experiments (Shahhoseini et al., 2010).
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Human primary cells have been used to investigate many processes such as neurotoxicity,
inflammation, cell viability, and phagocytosis (Gibbons and Dragunow, 2010, Smith et al.,
2013a, Smith et al., 2013b). The NT2 cell line has been widely used as an in vitro model to
study processes such as neuronal differentiation and neurogenesis (Przyborski et al., 2000),
to express exogenous proteins in differentiated neurons (Pleasure et al., 1992), and to test
developmental neurotoxicity (Hill et al., 2008). NT2 cells can also be used to study human
CNS development (Hill et al., 2008), and were used to study epigenetic changes during
human neuronal differentiation (Deb-Rinker et al., 2005, Shahhoseini et al., 2010).
The validation of a model to study epigenetics during neuronal differentiation would be a
particularly interesting tool for the study of AD etiology. The origin of the vast majority of
AD cases is unknown, but there is evidence that early life events can trigger the
development of late life neurodegenerative diseases including AD, potentially through
interaction with the epigenome (Landrigan et al., 2005, Miller and O'Callaghan, 2008, Wu et
al., 2008). Significant changes in 5mC and 5hmC take place during early embryogenesis
(Fulka et al., 2008), and neuronal differentiation (Deb-Rinker et al., 2005, Yeo et al., 2007).
Environmental factors such as chemicals, stress and tobacco can interact with the
epigenome (Aguilera et al., 2010). Thus, life events occurring during early development may
compromise the establishment of epigenetic hallmarks and impact on health, both lifelong
and trans-generationally (Aguilera et al., 2010, Perera and Herbstman, 2011). An in vitro
model mimicking epigenetic changes that occur during human neuronal differentiation
would therefore provide a great tool to study how environmental factors can interact with
the epigenome, and increase the risk of developing AD later in life.
The main aims of this chapter will be to validate the use of human primary culture and NT2
cell line as in vitro models to study 5mC and 5hmC in human brain cells. Furthermore, the
NT2 cell line will be used to study Dnmts and Tets expression during human neuronal and
astrocytic differentiation processes.
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5.2.

Methods

5.2.1.

Cells

NT2 precursor cells were maintained and differentiated into hNT and NT2A cells using the
optimised protocol described in detail in chapter 2, section 3.3.6. Human primary cell
cultures were isolated, plated and fixed in 4% PFA as previously described (Smith et al.,
2013a).
5.2.2.

Immunocytochemistry

Cells were fixed and immunolabelled as described in chapter 2, section 2.1.5.3. Details for all
primary and secondary antibodies as well as AR methods used in the present chapter have
been outlined in table 2.5. Fluorescence was used as the method of detection. The
percentage of each cell types present in NT2, hNT, and NT2A, cell populations was
estimated by calculating the number of nestin, β III tubulin, or GFAP positive cells,
respectively, and expressed as percentage of total nuclei identified by Hoechst staining.
5.2.3.

qRT-PCR

RNA samples were extracted from undifferentiated NT2 cells, differentiated hNT, and NT2A
cells. In addition, RNA samples were collected during the differentiation process at different
time-points indicated on Figure 5.1. Levels of mRNA of specific genes were evaluated using
the protocol described in chapter 2, section 2.1.7. The sequences of the primers used in this
chapter were given in table 2.6. GAPDH and β-actin were used as housekeeping genes.
Results were given as fold-change in mRNA expression, relative to the expression in NT2
precursor cells (see chapter 2, section 2.2.3 for more details).
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Figure 5.1 Collection of RNA samples during neuronal differentiation of NT2 cells
RNA samples were collected at different time points during the differentiation process (arrows). The first three
samples of RNA were common for the neuronal and astrocytic differentiation (brown arrows). From the end of
the retinoic acid (RA) treatment, RNA samples were extracted from hNT (orange arrows) and NT2A (yellow
arrows) cells separately. The number of days (d) after which RNA samples were extracted is indicated in
brackets. MI: mitotic inhibitors. T75 flasks coated with PDL and Matrigel were represented in pink.

5.2.4.

Image analysis and statistical analysis

For ICC, images were acquired at four sites per well at 10 x magnification with Discovery-1
and analysed with Metamorph software to obtain total nuclei counts and average intensity
of the staining. For IHC-F, images were acquired with a Leica DMRB microscope coupled
with a digital camera (Nikon, Digital sight DS-5M).
All statistical analyses and graphs were achieved with GraphPad Prism (version 6.02).
D’Agostino and Pearson omnibus normality tests were used to test for Gaussian distribution.
As all samples were normally distributed, two-tailed unpaired t-tests were used to compare
samples. Data were displayed as mean ± SEM. Experiments were replicated independently
at least twice, and each condition was replicated at least three times. Statistical significance
was set at p <0.05.
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5.3.

Results

5.3.1.

DNA methylation and hydroxymethylation in human primary cell culture

Human primary cell culture isolated from biopsy cortical tissue consists of a mixed cell
culture containing post-mitotic cells and mitotic cells. The post-mitotic cells do not divide
and include microglia and astrocytes. The mitotic cells are the pericytes, which were
previously known as “fibroblast-like cells” or “leptomeningeal cells” (Gibbons et al., 2007,
Smith et al., 2013a) as they expressed fibroblast markers such as prolyl 4-hydroxylase and
fibronectin (Gibbons et al., 2007). Based on the fact that these cells were likely to originate
from neurovasculature and express pericytes markers, these cells that were previously
classed as “fibroblast like cells” have been recently re-baptised pericytes (Park et al., 2012,
Smith et al., 2013b). Contrary to microglia and astrocytes, pericytes present in human
primary culture have the capacity to proliferate and consequently to take over the culture
after passage 5 (P5) or greater (Gibbons et al., 2007). Thus, as the number of microglia and
astrocytes decreases with passage number, early passage (P2) cells were used to assure the
presence of these cells for the study of 5mC and 5hmC in microglia and astrocytes.
Cell markers specific for each cell type were used to study 5mC and 5hmC in microglia,
astrocytes, and pericytes. As anti-5mC and anti-5hmC were raised in different species it was
not always possible to use the same cell markers for each cell type. Transcription factor PU.1
was used to label microglia nuclei when studying 5mC, whereas, protein tyrosine
phosphatase CD45 was used to label microglial processes when studying 5hmC. GFAP was
used to study 5mC and 5hmC in astrocytes. Finally, collagen-synthesising enzyme prolyl 4hydroxylase subunit alpha-1 (P4HA1) and alpha smooth muscle actin (αSMA), both of which
label pericytes cell bodies, were used to study 5mC and 5hmC, respectively (Park et al.,
2012, Smith et al., 2013a). Results are representative of experiments obtained from three
different epilepsy cases all fixed at P2.

121

As shown in Figure 5.2, 5mC was detected in small and large nuclei present in primary
culture. Staining intensity varied between nuclei of different sizes suggesting that the level
of 5mC was cell type specific. Small 5mC-positive nuclei were intensely stained, whereas,
large nuclei were lightly stained. Small intense 5mC nuclei co-labelled with PU.1, indicating
that 5mC was found at high levels in microglia. 5mC-positive nuclei of GFAP-positive
astrocytes appeared larger than PU.1-positive nuclei. Their staining intensity varied between
astrocytes, and was generally less intense than staining detected in microglia. Pericytes,
identified by P4HA1, possessed the largest 5mC positive nuclei, and also presented the
lowest 5mC staining intensity, in comparison to levels detected in microglia and astrocytes.
In conclusion, all cell types presented variable levels of 5mC; generally, high levels of 5mC
found in microglia, intermediate levels in astrocytes, and low levels in pericytes.

Figure 5.2 DNA methylation immunostaining in human primary cell culture
(A, D and G) Images are representative of DNA methylation (5mC, green) immunostaining, and cell-specific
markers (red) for microglia (Pu.1, B), astrocytes (glial fibrillary acidic protein (GFAP), E) and pericytes (prolyl 4hydroxylase subunit alpha-1 (P4HA1), H). Merged images for 5mC and specific cellular markers are given on
the right hand side panel (C, F and I). The scale bar represents 100 µm.
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Similarly as for 5mC, 5hmC was detected in all nuclei, small and large, present in primary
culture. There was a marked difference in staining intensity between nuclei. Small and large
nuclei presented intense and light 5hmC staining, respectively. The cellular marker CD45 has
been shown to be a good marker for microglia (Smith et al., 2013a). Unfortunately, because
pre-treatment of cells with HCl was necessary for the detection of 5hmC, the quality of
CD45 staining was not as good as previously obtained in human microglia (Smith et al.,
2013a, Smith et al., 2013b), making it difficult to identify all 5hmC positive nuclei in
microglia with certainty. Nevertheless, within clearly identified microglia, 5hmC mostly
appeared weak. In GFAP-positive cells, nuclei labelled with 5hmC were large and intense,
whereas pericytes, labelled with αSMA, had large nuclei that were weakly labelled with
5hmC. In conclusion, 5hmC was found at high levels in astrocytes, at intermediate levels in
microglia, and was barely detectable in pericytes (Figure 5.3).

Figure 5.3 DNA hydroxymethylation immunostaining in human primary cell culture
(A, D and G) Images are representative of DNA hydroxymethylation (5hmC, green) immunostaining, and cellspecific markers (red) for microglia (CD45, B), astrocytes (glial fibrillary acidic protein (GFAP), E), and pericytes
(alpha smooth muscle actin (αSMA), H). Merged images for 5hmC and specific cellular markers are given on
the right hand side panel (C, F and I). The scale bar represents 100 µm.
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5.3.2.

Characterisation of NT2 precursor cells, differentiated neurons and

differentiated astrocytes
The NT2 cell line was differentiated into hNT and NT2A cells using the protocol described in
detail in chapter 2, section 2.1.3. At the end of the differentiation process, NT2 and hNT, or
NT2A cells were seeded side by side on the same 96-well plate, thus allowing direct
comparison of markers specific for each cell type. The NT2 cell line is a well-characterised
human embryonal carcinoma cell line derived from a human teratocarcinoma (Zillner and
Nemeth, 2012). NT2 cells share many features with human embryonic stem cells and
express pluripotent and stem cell markers including the octamer-binding transcription
factor 4 (Oct4) (Schwartz et al., 2005). NT2 cells also expressed proteins found in
neuroepithelial precursor cells such as nestin and vimentin, two intermediate filament
proteins (Pleasure and Lee, 1993). Nestin is highly expressed in NT2 cells soon after RA
treatment, and then decreases during neuronal differentiation (Shahhoseini et al., 2010,
Tegenge et al., 2011). Therefore, nestin was used as a marker for undifferentiated NT2 cells.
On the other hand, hNT cells are post-mitotic neurons that express several neuronal
markers including MAP2, neurofilament, neuron-specific enolase, and β III tubulin (PaquetDurand et al., 2003, Dhanasekaran et al., 2010, Tegenge et al., 2011, Zillner and Nemeth,
2012). β III tubulin and MAP2, which both label neuronal processes, were chosen as
selective markers of neurons. Finally, GFAP, an astrocytic marker, is expressed by NT2A cells,
and was used to detect the presence of astrocytes in cell culture (Dhanasekaran et al.,
2010).
Under bright-field microscopy, undifferentiated NT2 cells appeared as phase-dark cells. The
characterisation of NT2 cells by ICC revealed that nestin was expressed by all the precursor
cells, while they did not express detectable levels of β III tubulin, MAP2, or GFAP (Figure
5.4).
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At the end of the neuronal differentiation, two different nuclei sizes were detected by
Hoechst staining suggesting the presence of at least two distinct cell types in the hNT
population. The vast majority of cells present in the hNT population appeared as phasebright cells with a small cell body and numerous long processes. These cells were positively
labelled with β III tubulin and MAP2, confirming that most of these cells were neurons. Cells
with large nuclei were positively stained for nestin, and did not stain for GFAP, suggesting
that these cells were undifferentiated NT2 cells. Similar to stem cells, NT2 cells might divide
into daughter cells capable of differentiating into neurons and into cells retaining the
parental phenotype (Pleasure and Lee, 1993). This mode of division could explain the
persistence of cells presenting undifferentiated NT2 phenotype in the hNT population.
In the NT2A cell population, all nuclei detected by Hoechst staining appeared large
suggesting the presence of one cell type. However, labelling of NT2A cells with different
cellular markers revealed that only a few cells were GFAP-positive astrocytes. Within GFAPnegative cells, some labelled positively with nestin suggesting the presence of remaining
precursor cells. Β III tubulin and MAP2 were not detected indicating that there were no
neurons present in the NT2A population (Figure 5.4).
As the ICC results indicated that the neuronal and the astrocytic populations were
heterogeneous, the purity of each population was estimated using nestin, β III tubulin, and
GFAP, as markers for undifferentiated cells, neurons, and astrocytes, respectively. In the
undifferentiated NT2 population, 100% of the cells were nestin-positive, with no expression
of neuronal or astrocytic markers. As previously reported, more than 80% of the cells
present in the hNT population expressed β-III tubulin (Tegenge et al., 2011). About 13% of
the residual cells existing in the neuronal culture were nestin-positive, whereas no cells
expressed GFAP. In the NT2A population, less than 10% of the cells were positive for GFAP,
more than 20% were labelled for nestin, and the remaining cells did not express β III tubulin
(Figure 5.5). Thus, the identity of the residual 70% of cells found in the NT2A population
remained unknown.
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Figure 5.4 Characterisation of NT2, hNT and NT2A cells by immunocytochemistry
Images are representative of Nestin (A-C), β III tubulin (D-F), microtubule associated protein 2 (MAP2; G-I), and
glial fibrillary acidic protein (GFAP; J-L), immunostaining in undifferentiated NT2 cells (left panel), hNT (middle
panel), and NT2A (right panel) cells. Nuclei were labelled with Hoechst (blue). The scale bar represents 100
µm.
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Figure 5.5 Heterogeneity of neuronal and astrocytic populations
The purity of NT2 (A), hNT (B), and NT2A (C), cell populations were tested by counting the number of nestin
(black), β III tubulin (grey), and glial fibrillary acidic protein (GFAP; white), expressed as percentage of total
nuclei detected by Hoechst. Error bars represent the SEM of at least four different wells from two independent
differentiation experiments.

NT2, hNT and NT2A cells were then characterised at mRNA levels. RNA was extracted from
each cell population and analysed by qRT-PCR with primers specific for nestin, β III tubulin,
MAP2, and GFAP. Gene expressions were normalised to β-actin, and given as fold-change
relative to gene expression in NT2 cells. Similar to the observations by ICC, at the protein
levels, NT2 expressed high levels of nestin, and low levels of β III tubulin, MAP2, and GFAP.
Nestin mRNA levels were decreased by almost two-fold in hNT cells and were further
decreased in NT2A cells. As expected, hNT cells expressed high levels of the neuronal
markers, β III tubulin and MAP2. Unexpectedly, hNT cells also expressed high levels of GFAP.
NT2A cells expressed low levels of β III tubulin, and high levels of MAP2 and GFAP (Figure
5.6). Results obtained by qRT-PCR in hNT and NT2A cells were somewhat diverged from
results obtained by ICC. These differences could be due to the variable purity between
batches used for ICC and qRT-PCR analyses, or indicate that while some of these genes were
expressed, they were not translated.
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Figure 5.6 Characterisation of NT2, hNT, and NT2A cells by qRT-PCR
mRNA levels of Nestin (A), β III tubulin (B), microtubule associated protein 2 (MAP2; C), and glial fibrillary acidic
protein (GFAP; D), were investigated in NT2 (black), hNT (grey), and NT2A (white) cells. Β-actin was used as
housekeeping gene and mRNA expression was calculated relative to undifferentiated NT2 cells. Error bars
represent the standard deviation between triplicates of two independent experiments.

5.3.3.

DNA methylation and hydroxymethylation in brain cells differentiated

from NT2 cells
Levels of 5mC and 5hmC are high in neurons and low in microglia and astrocytes from the
human cortex (Coppieters et al., 2014). The NT2 cell line was used as a model to study 5mC
and 5hmC in human brain cells. As maturation of NT2A cells requires an additional three
weeks compared to hNT cells, it was not practical to plate hNT and NT2A cells side by side.
Therefore, NT2 cells, and hNT or NT2A cells, were seeded on the same plate, and acquired
with Discovery-1 to fairly compare global levels of 5mC and 5hmC in neurons and astrocytes,
relative to NT2 cells. Important differences in nuclei sizes and staining intensities for 5mC
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and 5hmC existed between NT2 and hNT cells. Thus, to take the nuclei size into account, I
used the average intensity, which was calculated by dividing the integrated intensity by the
number of objects (the total number of nuclei), with a subsequent division by the average
area. Therefore, this measure takes into account the difference in nuclei size and is a more
appropriate measure to compare staining intensity between NT2, and hNT or NT2A cell
nuclei. As shown in Figure 5.7, 5mC immunostaining appeared significantly more intense in
hNT than in NT2 (p < 0.0001), suggesting that global levels of 5mC was significantly higher in
neurons. In NT2A, 5mC staining appeared fainter than staining in NT2 cells, and results
revealed that 5mC average intensity was significantly lower in NT2A (p = 0.017) than in NT2
cells.

Figure 5.7 Levels of DNA methylation detected in hNT and NT2A compared to NT2 cells
(A-C) Levels of DNA methylation (5mC) were investigated in hNT cells (B), and compared to levels detected in
NT2 cells (A). (D-F) Levels of 5mC were investigated in NT2A cells (E), and compared to levels detected in NT2
cells (D). Images are representative of 5mC staining detected in NT2 (A and D), hNT (B), and NT2A (E) cells.
Error bars represent the SEM of five replicates. Results are representative of at least three independent
differentiation experiments. Scale bars represent 100 µm. * = p < 0.05; *** = p < 0.001
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Next, 5hmC staining was investigated in hNT and NT2A cells relative to NT2 cells. The results
revealed that 5hmC staining was significantly more intense in hNT than in NT2 cells (p <
0.0001), suggesting that global levels of 5hmC were significantly higher in neurons. In NT2A
cells, 5hmC staining was significantly more intense than staining in NT2 (p = 0.0002). hNT
and NT2A cells were not seeded on the same plate, which made it impossible to directly
compare 5mC and 5hmC staining intensities between hNT and NT2A cells. Nevertheless,
relative to the levels detected in NT2 cells, the levels of 5mC and 5hmC were both higher in
hNT than in NT2A cells, which is consistent with results obtained in the adult human brain
(chapter 3, section 3.3.6.).

Figure 5.8 Levels of DNA hydroxymethylation detected in hNT and NT2A compared to NT2 cells
(A-C) Levels of DNA hydroxymethylation (5hmC) were investigated in hNT cells (B), and compared to levels
detected in NT2 cells (A). (D-F) Levels of 5hmC were investigated in NT2A cells (E), and compared to levels
detected in NT2 cells (D). Images are representative of 5hmC staining detected in NT2 (A and D), hNT (B), and
NT2A (E) cells. Error bars represent the SEM of five replicates. Results are representative of at least three
independent differentiation experiments. Scale bars represent 100 µm. *** = p < 0.001
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5.3.4.

Dnmts and Tets expression during neuronal and astrocytic differentiation

Levels of 5mC and 5hmC in differentiated neurons and astrocytes differed from levels
detected in precursor cells, suggesting that Dnmts and Tets expression might vary during
neuronal and astrocytic differentiation. Therefore, levels of Dnmt1, Dnmt3a, and Dnmt3b,
were investigated by qRT-PCR in NT2 cells, and at various stages during neuronal and
astrocytic differentiation, as illustrated in Figure 5.1.Upon treatment with RA and mitotic
inhibitors important changes in Dnmts expression occurred (Figure 5.9).
Levels of Dnmt1 were stable during neuronal differentiation and maturation. In contrast,
Dnmt1 expression decreased during astrocytic differentiation, and continued to decrease
during astrocytic maturation. In comparison to levels of Dnmt1 detected in undifferentiated
NT2 cells, Dnmt1 was expressed at similar levels in fully differentiated hNT cells, and was
expressed at lower levels in NT2A cells.
Levels of Dnmt3a increased during the early stages of the differentiation of NT2 cells into
hNT and NT2A cells. Thereafter, levels of Dnmt3a further increased during neuronal
differentiation, whereas its expression decreased during astrocytic differentiation and
maturation. In comparison to levels of Dnmt3a detected in undifferentiated NT2 cells,
Dnmt3a was expressed at higher levels in fully differentiated hNT cells, and was expressed
at similar levels in NT2A cells.
Levels of Dnmt3b dropped dramatically at the earliest stage of differentiation, and
remained low during neuronal and astrocytic differentiation and maturation. In comparison
to levels of Dnmt3b detected in undifferentiated NT2 cells, Dnmt3b was expressed at low
levels in fully differentiated hNT and NT2A cells.
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Figure 5.9 Dnmts expression during neuronal and astrocytic differentiation
Levels of Dnmt1 (black columns), Dnmt3a (grey columns), and Dnmt3b (white columns), were investigated
during differentiation of NT2 cells into hNT (A) and NT2A (B) cells. The absolute expression of each gene was
given as a fraction of GAPDH expression. Error bars represent the SEM of triplicates and results were obtained
from two independent differentiation experiments. I: phase common to neuronal and astrocytic
differentiation. II and III: phases during which neurons (II) and astrocytes (III) were maturated and cultured
separately.

Next, Tet1, Tet2, and Tet3, mRNA levels were investigated during NT2 differentiation into
hNT and NT2A cells. The expression of all three Tets varied considerably during neuronal
and astrocytic differentiation.
Levels of Tet1 increased during the first stage of the differentiation, and continue to
increase during neuronal differentiation. Contrary to this, levels of Tet1 decreased during
astrocytic maturation. Compared to levels of Tet1 detected in undifferentiated NT2 cells,
Tet1 was expressed at higher levels in fully differentiated hNT cells, and was expressed at
lower levels in NT2A cells.
Levels of Tet2 and Tet3 followed the same patterns of expression as for Tet1. However,
these changes were more important. At the end of the differentiation process, all three Tets
were expressed at higher levels in hNT cells than in NT2 or NT2A cells. In NT2A cells, Tet2
and Tet3 were expressed at higher levels than in NT2 cells (Figure 5.10).
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Figure 5.10 Tets expression during neuronal and astrocytic differentiation
Levels of Tet1 (black columns), Tet2 (grey columns), and Tet3 (white columns), were investigated during
differentiation of NT2 cells into hNT (A) and NT2A (B) cells. The absolute expression of each gene was given as
a fraction of GAPDH expression. Error bars represent the SEM of two independent differentiation experiments.
I: phase common to neuronal and astrocytic differentiation. II and III: phases during which neurons (II) and
astrocytes (III) were maturated and cultured separately.

5.4.

Discussion

In the adult brain, levels of 5mC and 5hmC vary between brain regions (Ladd-Acosta et al.,
2007, Gibbs et al., 2010, Globisch et al., 2010, Munzel et al., 2010, Szwagierczak et al.,
2010). The composition of neurons and glia cells vary between distinct brain regions, thus
suggesting that levels of these two DNA modifications vary between brain cell types (LaddAcosta et al., 2007). In the adult human brain, I found that levels of 5mC and 5hmC were
high in neurons and low in astrocytes and microglia in the MTG (chapter 3, section 3.3.6).
These findings underlined the importance of studying cells individually when testing the
effects of stressors on levels of 5mC and 5hmC in the brain. In the present chapter, I studied
two human in vitro models to determine if these models could be used to study 5mC and
5hmC in human brain cells.

133

5.4.1.

DNA methylation and hydroxymethylation in human primary cell culture

The first human in vitro model used to investigate 5mC and 5hmC in human brain cells was
the human primary cell culture. Cells present in this cell culture included fibroblast-like cells,
now known to be pericytes, astrocytes, and microglia. Levels of 5mC and 5hmC were lower
in pericytes compared to levels detected in microglia and astrocytes. This observation was
more pronounced for 5hmC than for 5mC, which is consistent with studies showing low
5hmC levels in most adult tissues, with the exception of the brain and the bone marrow
(Globisch et al., 2010, Szwagierczak et al., 2010, Ruzov et al., 2011), whereas, 5mC is found
at similar levels in all adult tissue (Globisch et al., 2010). Astrocytes and microglia identified
with GFAP, and PU.1 or CD45, respectively, presented intense 5mC and 5hmC nuclear
staining. These observations do not corroborate the results obtained by IHC in the human
MTG showing that levels of 5mC and 5hmC were low in astrocytes and microglia (chapter 3;
section 3.3.6). Several factors might explain this discrepancy.
Firstly, cells were isolated from biopsy tissue and cultured in a two-dimensional controlled
microenvironment (Gibbons et al., 2007). Compounds contained in the culture media such
as serum and oxygen levels can modify levels of 5mC and 5hmC (Hartley et al., 2013,
McEwen et al., 2013). Therefore, it is possible that the difference between levels of 5mC and
5hmC detected in astrocytes and microglia from primary culture, and levels detected in
astrocytes and microglia from the adult MTG were induced by the cell culture environment.
Secondly, levels of 5mC and 5hmC in each cell type were estimated relative to each other.
As neurons were absent from the human primary culture used in the present study, levels of
5mC and 5hmC in astrocytes and in microglia were estimated relative to levels detected in
pericytes. As pericytes have low levels of 5mC and 5hmC, these two DNA modifications
might appear high relative to levels detected in pericytes.
Thirdly, the primary cells were isolated from the temporal lobe of epileptic patients
presenting drug-resistance (Smith et al., 2013a). Previous studies have reported aberrant
gene expression in epilepsy tissue or after induction of seizure. Some of these changes in
gene expression have been linked to altered patterns of 5mC (Miller-Delaney et al., 2012,
Kaas et al., 2013, Kobow et al., 2013, Machnes et al., 2013). Using a mouse model, MillerDelaney et al., (2012) studied the role of 5mC in altered gene expression in epileptic
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tolerance and in status epilepticus. As the majority of genes differentially expressed in
epileptic tolerance are down-regulated, they hypothesised that levels of 5mC could be
increased at the promoter of these genes. However, their results showed that only a small
number of genes were indeed hypermethylated, whereas more than 90% were
hypomethylated (Miller-Delaney et al., 2012). In agreement with the results of the latter
study, flurothyl-induced seizures in mice significantly decreased levels of 5mC and 5hmC
(Kaas et al., 2013). Kobow et al., (2009) found that the Reelin promoter region was
hypermethylated overall in human temporal lobe epilepsy (Kobow et al., 2009). In a later
study, they used a rat model of chronic temporal lobe epilepsy to study correlations
between gene expression and levels of 5mC. Whole-genome 5mC profiling revealed that
both increases and decreases in the levels of 5mC occurred in the brain of epileptic animals,
with the majority of change being DNA hypermethylation. In addition, they found that the
majority of altered 5mC were not associated with a change in gene expression (Kobow et al.,
2013). Machnes et al., (2013) used kainic acid to induce epileptiform seizures in mouse
cultured hippocampus slices and study changes in levels of 5mC. Their results indicated that
the kainic acid treatment induced DNA hypermethylation, which was further increased after
one week of drug-free medium. They further confirmed their results in vivo by inducing
status epilepticus in Wistar rats by intraperitoneal injection of kainic acid (Machnes et al.,
2013). In addition to changes in 5mC and 5hmC, studies have reported alteration in Dnmts
expression in epilepsy tissue (Miller-Delaney et al., 2012, Zhu et al., 2012). Zhu et al., (2012)
investigated Dnmt1 and Dnmt3a by IHC and WB and found that both proteins were
increased in the temporal lobe of drug-resistant epileptic patients (Zhu et al., 2012). In
addition, the induction of status epilepticus in animal models led to an increase in Dnmt1
expression (Miller-Delaney et al., 2012). Altogether, these results suggest that high levels of
5mC and 5hmC detected in astrocytes and microglia present in the primary culture may
reflect the disease status of the brain tissue.
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5.4.2.

DNA methylation and hydroxymethylation in neurons and astrocytes

differentiated from the NT2 cell line
The protocol used to differentiate NT2 cells into hNT and NT2A cells has been optimised to
obtain a high yield of pure neurons and astrocytes (see chapter 2, section 2.1.3.). Nestin, β
III tubulin, Map2, and GFAP, were used to characterise NT2, hNT and NT2A cells, and to
evaluate the purity of neurons and astrocytes in each cell population before investigating
levels of 5mC and 5hmC in each cell type. Undifferentiated NT2 cells expressed nestin, at
protein and mRNA levels. Nestin is an intermediate filament protein expressed during early
CNS development, thus, confirming the neuronal fate of these cells (Hill et al., 2008). None
of the neuronal and astrocytic markers were detected by ICC or qRT-PCR in the NT2
population.
Within the neuronal population, most of the cells appeared as phase-bright cells, with a
small cell body and numerous long processes. Most of these cells expressed β III tubulin (>
80%) and Map2, indicating that these cells were differentiated neurons. The remaining nonneuronal cells present in the neuronal culture had large nuclei and stained for nestin, and
more rarely for GFAP, indicating the presence of remaining undifferentiated NT2 and
contaminant astrocytes. While GFAP-positive contaminant astrocytes were only rarely
present in the neuronal population when detected by ICC, GFAP mRNA was expressed at
higher levels in the neuronal population than in the astrocytic population. Primary neuronal
progenitors from the subventricular zone and the subgranular zone of the dentate gyrus of
the adult brain, where neurogenesis occurs, express GFAP before differentiating into
neurons (Garcia et al., 2004, Liu et al., 2010). Therefore, the expression of GFAP in the
neuronal population might reflect the presence of neurons that are not fully differentiated.
Nonetheless, the expression of high levels of β III tubulin and Map2 by the hNT cells, as well
as their cellular morphology, indicate that most of the cells present in the hNT population
are neurons.
Cells present in the astrocytic population appeared as large flat dark-phase cells, with large
nuclei detected by Hoechst staining. Within fully differentiated NT2A, only 10% of these
cells labelled with GFAP, while the remaining cells stained for nestin (< 25%), or remained
unidentified. These nestin-positive cells could either be undifferentiated cells as previously
136

reported (Pleasure et al., 1992), or immature astrocytes. Indeed, primary astroglia cells can
express nestin without expressing GFAP. During astrocytic maturation, levels of nestin
decrease while GFAP expression increases (Carpenter et al., 1999). In agreement, the results
from the present study show that NT2A cells expressed low levels of nestin and high levels
of GFAP, in comparison to NT2 cells. The morphology of these nestin-positive cells detected
in the neuronal and astrocytic populations differed from nestin-positive NT2 precursor cells.
They appeared as large star-shaped cells with numerous processes. Altogether, this suggests
that these nestin-positive cells could be immature astrocytes, rather than undifferentiated
NT2 cells. Further experiments are needed to confirm this hypothesis. The identity of the
residual 70% of cells found in the NT2A population remained unknown. The expression of
GFAP is commonly accepted as marker for astrocytes. However, GFAP is a marker of reactive
astrocytes, and there is evidence that GFAP can be expressed by other cell-type than
astrocytes. Furthermore, there is evidence that GFAP-negative cells can be astrocytes (Walz
and Lang, 1998, Kimelberg, 2004). Therefore, it is possible that GFAP-negative cells present
in the NT2A population are in fact astrocytes.
After characterisation of NT2, hNT, and NT2A cells, levels of 5mC and 5hmC were
investigated in each cell type. The results revealed that levels of 5mC and 5hmC were
significantly higher in neurons compared to levels detected in NT2 cells. In contrast, levels of
5mC detected in astrocytes were significantly lower, and levels of 5hmC were significantly
higher than levels detected in NT2 cells. Consistent with results obtained in the adult human
MTG, levels of 5mC and 5hmC were higher in neurons than in astrocytes, therefore
supporting the use of this model to study 5mC and 5hmC in neurons and astrocytes.
5.4.3.

Dnmts and Tets expression during human neuronal differentiation in

vitro
NT2 cells can be used to study CNS development (Hill et al., 2008), and has been used as an
in vitro model to study epigenetic changes during human neuronal differentiation (DebRinker et al., 2005, Shahhoseini et al., 2010). Global levels of histone modifications were
analysed during the differentiation of NT2 cells, and results revealed that significant changes
in global levels of acetylation and methylation occurred on histone H3. These changes in
histone modifications were detected on the regulatory regions of Nanog and Oct4, and
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were in accordance with their levels of expression (Shahhoseini et al., 2010). Furthermore,
levels of 5mC at specific loci within the promoter region of OCT4 and Nanog were
investigated during neuronal differentiation. Levels of 5mC progressively increased upon RA
treatment, which was consistent with a sequential decrease in gene expression (Deb-Rinker
et al., 2005).
Changes in levels of 5mC during neuronal differentiation suggest that the expression of
Dnmts and Tets may vary. The investigation of Dnmts and Tets mRNA levels showed
important changes that occurred in Dnmt and Tets expression during neuronal and
astrocytic differentiation. One research group published results showing changes in Dnmts
and Tets expression occurring in NT2 upon RA differentiation, while the present study was
being conducted. However, in their study, the investigation of Dnmts and Tets expressions
was limited to the RA phase, whereas in the present study, the expression of these enzymes
was followed during neuronal and astrocytic maturation and in fully differentiated neurons
and astrocytes (Bocker et al., 2012). As described below, results obtained in this chapter are
in agreement with the current literature (Bocker et al., 2012, Kim et al., 2014).

5.4.3.1. Dnmts during human neuronal differentiation in vitro
Upon RA treatment, important changes in Dnmts mRNA levels occurred and continued
during neuronal and astrocytic maturations.
Dnmt1 expression did not vary profusely during neuronal differentiation, and maturation of
NT2 cells into hNT cells. These results indicate that Dnmt1 mRNA is maintained at high levels
during neuronal differentiation and in mature neurons. Consistently, no major changes in
Dnmt1 protein levels occur during brain development (Chestnut et al., 2011), and Dnmt1 is
mainly expressed in neurons of the adult human temporal neocortex (Zhu et al., 2012).
During astrocytic differentiation, the levels of Dnmt1 progressively decreased and continued
to decrease during astrocytic maturation. At the end of the differentiation, Dnmt1 mRNA
level was more than two-fold lower in NT2A cells, in comparison to levels found in NT2 cells.
During early neuronal development, the expression of GFAP is repressed by the presence of
methylation on its promoter. During astrocytic maturation, the promoter becomes
unmethylated and GFAP is expressed (Teter et al., 1996). Interestingly, deletion of Dnmt1
138

during CNS development induces early onset of astrogliogenesis through decrease in 5mC
levels (Fan et al., 2005). Altogether, these findings suggest that decreased Dnmt1 expression
is required for astrocytic differentiation and maturation.
Dnmt3a expression increased during the early phase of differentiation common to neuronal
and astrocytic differentiations. These results are supported by previous findings showing
that levels of Dnmt3a increase during brain development (Chestnut et al., 2011). During
neuronal differentiation and maturation, levels of Dnmt3a were further increased.
Contradictory to this finding, I found that during astrocytic maturation, Dnmt3a expression
decreased and returned to levels similar to levels detected in NT2 cells. Interestingly, Feng
et al.,(2005) found that Dnmt3a expression increases in the cortex during development then
decreases rapidly, except in a subgroup of positive mature neurons (Feng et al., 2005). In
addition, Dnmt3a is mainly expressed in neurons in the adult human temporal neocortex
(Zhu et al., 2012).
Dnmt3b was expressed at high levels in NT2 precursor cells and was subsequently rapidly
and severely down-regulated during neuronal and astrocytic differentiation and maturation.
At the end of the differentiation process, Dnmt3b was expressed at considerably low levels
in differentiated hNT and NT2A cells compared to undifferentiated NT2 cells. However,
relative to each other, Dnmt3b was expressed at higher levels in hNT than in NT2A cells.
These findings are in agreement with data from previous studies (Schwartz et al., 2005,
Bocker et al., 2012, Kim et al., 2014), and are consistent with results from chapter 4 showing
that Dnmt3b could be detected in large nuclei of cells present in the grey matter of the
adult human brain (chapter 4, section 4.4.1).
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5.4.3.2. Tets during human neuronal differentiation in vitro
All three Tets were expressed in undifferentiated NT2 cells. Upon RA treatment, important
changes in Tets mRNA levels occurred and continued during neuronal and astrocytic
maturations. The expression of all three Tets followed a similar pattern of expression during
neuronal and astrocytic differentiation.
Tet1 expression increased during the early phase of neuronal and astrocytic differentiation,
and then progressively decreased during astrocytic maturation. Tet2 and Tet3 expression
followed similar patterns; however, these changes were more pronounced than changes
observed for Tet1. At the end of the differentiation process, all three Tets were expressed at
higher levels in neurons compared to levels detected in undifferentiated NT2 and NT2A
cells. These findings are consistent with results from a recent study obtained in NT2 (Bocker
et al., 2012), and with other current literature (Kim et al., 2014). Tet1 is expressed in
neurons of the hippocampus, and was detected at low levels in astrocytes (Kaas et al.,
2013). More importantly, it was recently reported that Tet2 and Tet3 were up-regulated
during adult neurogenesis, and were more highly expressed than Tet1 in the adult cortex
(Ku et al., 2011).

5.5.

Conclusion

In conclusion, both in vitro models used in this chapter offered distinct advantages. Brain
cells from human primary culture can be used to study epigenetics in astrocytes and
microglia, and might be a useful tool to study epigenetic alteration in brain cells isolated
from diseased tissue. Results obtained with the NT2 cell line indicate that changes in Dnmts
and Tets observed during NT2 differentiation into neurons and astrocytes were similar to
changes previously described during human neuronal differentiation and during
neurogenesis. In addition, the NT2 cell line is a great source of neurons and astrocytes and
can be used to study 5mC and 5hmC in vitro. Therefore, this in vitro model will be used in
chapter 6 to study the effect of Aβ on 5mC and 5hmC in brain cells, and to test the effect of
5-aza-2’-deoxycytidine, a well-known demethylating agent, on 5mC and 5hmC.
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Chapter 6:

Effects of amyloid beta

and 5-aza-2’-deoxycytidine on DNA
methylation and hydroxymethylation
6.1.

Introduction

In the AD brain, Aβ accumulates intracellularly and in the parenchyma where it forms
plaques (Li et al., 1999, LaFerla et al., 2007, Duyckaerts et al., 2009). In chapter 3, I found
that global DNA hypermethylation and hyperhydroxymethylation occurring in the AD brain
were correlated with Aβ loads (chapter 3, section 3.3.7). In chapter 4, I demonstrated that
the treatment of NT2 cells with Aβ1-42 induced a significant reduction in cell number, and a
significant increase in both levels of 5mC and 5hmC in vitro (chapter 4, section 4.4.4). These
results suggested that Aβ deposition could trigger the increased DNA modifications in
neurons, leading to cell death. However, these observations were made using NT2 cells,
which are only neuronal precursor cells, and therefore, might not respond to Aβ in the same
way brain cells would. Therefore, in the present chapter, the effect of Aβ1-42 will be tested in
human post-mitotic neurons and astrocytes differentiated from NT2 cells to determine if
the findings obtained in NT2 cells are also likely to occur in human brain cells.
Despite intensive research, to date, treatments approved for AD include four
acetylcholinesterase inhibitors, and one NMDA receptor antagonist. Unfortunately, these
drugs target the symptoms rather than the cause of the disease, and do not improve
memory, or cognitive and executive functions, in AD patients. Epigenetics has been
previously suggested as a therapeutic target for the treatment of AD (Adwan and Zawia,
2013). In chapter 3, the results demonstrated that levels of 5mC and 5hmC were globally
increased in the AD brain. Results from animal studies suggested that 5-aza-2’-deoxycytidine
(AzaC) could be a good candidate to reduce levels of 5mC in the human brain. Indeed, AzaC
can cross the blood-brain barrier (Chabot et al., 1983), and induce DNA hypomethylation in
adult brain (Miller and Sweatt, 2007, Miller et al., 2010). In addition, AzaC can reduce brain
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injury that occurs after a stroke. The induction of brain ischemia in mice induced a
significant increase in levels of 5mC in the cerebral cortex. Direct injection of AzaC into the
mouse brain reduced the brain injury by more than 50% (Endres et al., 2000).
AzaC is a cytosine analogue in which the carbon in the fifth position has been replaced by
nitrogen (Karahoca and Momparler, 2013) (Figure 6.1). AzaC, derived from 5-azacytidine,
specifically incorporates into DNA (Christman, 2002). AzaC is also known by its generic
name, Decitabine, and is a demethylating agent approved for the treatment of
myelodysplastic syndrome. It is currently also under investigation for the treatment of acute
myeloid leukemia and other types of cancer (Saba, 2007, Karahoca and Momparler, 2013).
AzaC can cross the blood-brain barrier and reach cytotoxic concentrations in the
cerebrospinal fluid (CSF) of mammals (Chabot et al., 1983). Additionally, there is evidence
that AzaC interferes with memory formation and induces DNA hypomethylation in the adult
brain (Levenson et al., 2006, Miller and Sweatt, 2007, Miller et al., 2010).

Figure 6.1 Molecular structure for 2’ deoxycytidine and 5-aza-2’-deoxycytidine
In 5-aza-2’-deoxycytidine (AzaC), the carbon 5 of 2-deoxycytidine is replaced by nitrogen (red).
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AzaC is the inactive form of the drug and has to be processed intracellularly to be activated.
The pro-drug rapidly enters cells through equilibrative nucleoside transporters found on the
surface of the cell. Once inside the cell, AzaC goes through a series of phosphorylation steps
to become activated. During cell division, activated AzaC interacts with DNA polymerase α
and gets incorporated into DNA, where it replaces cytosine residues at random sites
(Momparler, 2005, Qin et al., 2009). Once AzaC is incorporated into DNA it forms adducts
with Dnmts. Under normal circumstances, Dnmts transiently form covalent bonds with DNA
and are released at the end of the methylation reaction. However, when AzaC is present in
DNA, Dnmts become irreversibly bound to DNA (Liu et al., 2003, Patra et al., 2008). While all
Dnmts are capable of forming adducts with AzaC, Dnmt1 and Dnmt3b have the highest
degree of adduct formation with the drug (Liu et al., 2003, Oka et al., 2005).
There are two main consequences of Dnmt-AzaC adduct formation. Firstly, Dnmts trapped
onto DNA reduces the pool of soluble Dnmts, which leads to genome-wide hypomethylation
and consequent gene activation (Palii et al., 2008). Interestingly, the pattern of
demethylation induced by AzaC has been reported to be highly specific and reproducible
(Hagemann et al., 2011). In addition to regulating 5mC, Dnmts are involved in other
biological processes through their direct interaction with other proteins. For example,
Dnmt1 directly binds the proliferating cell nuclear antigen (PCNA) (Chuang et al., 1997,
Mortusewicz et al., 2005) that is involved in DNA replication and repair, and the tumor
suppressor protein 53 (p53) (Esteve et al., 2005). Dnmts also interact with each other for the
maintenance and/or establishment of new methylation patterns (Kim et al., 2002, Rhee et
al., 2002). Therefore, sequestration of Dnmts on DNA not only results in passive
demethylation, but also changes Dnmt-protein interactions, which in turn alters
downstream activities such as DNA repair and apoptosis. Secondly, the presence of DnmtAzaC adducts leads to DNA damage (Beyrouthy et al., 2009), cell cycle arrest (Palii et al.,
2008), activation of DNA repair mechanisms (Maslov et al., 2012), and cell death by
apoptosis (Oka et al., 2005). For instance, Dnmt-AzaC adducts activate repair pathways
resulting in increased levels of histone H2AX phosphorylation, a marker of double-strand
(DSB) and single-strand DNA breaks (SSB) (Qin et al., 2009, Maslov et al., 2012).
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While the effects of AzaC on 5mC have been widely studied (Christman, 2002, Oka et al.,
2005, Palii et al., 2008, Hagemann et al., 2011), its effects on 5hmC have not yet been
reported. As 5hmC is the oxidised derivative of 5mC (Dahl et al., 2011), changes in levels of
5mC induced by AzaC would also affect levels of 5hmC. Furthermore, Tet1 and Tet3, but not
Tet2, contain an N-terminal CXXC domain, also found in Dnmt1, that has high affinity for
unmethylated CpG dinucleotides (Tahiliani et al., 2009, Zhang et al., 2010). The presence of
this domain suggests that, similar to Dnmts, members of the Tet family could form adducts
with DNA containing AzaC.
In chapter 5, the NT2 cell line was validated as a model to study 5mC and 5hmC in human
brain cells. In the present chapter, I used this model to study the effects of Aβ and AzaC on
levels of 5mC and 5hmC in human differentiated neurons and astrocytes.

6.2.

Methods

6.2.1.

Cell culture

NT2 cells were maintained in DMEM F-12 (Gibco) supplemented with 10% FBS and 1% PSG,
as described in chapter 2. hNT and NT2A cells were differentiated from the NT2 cell line
using the optimised protocol described in detail in chapter 2, section 3.3.6. hNT and NT2A
cells were maintained and treated in differentiating media MI1 and MI3, respectively. NT2
cells were seeded at 4 x 103 cells per well (c/w) in 96-well plates, 24 h prior to treatment.
hNT cells were seeded at 3 x 104 c/w in 96-well plates at the end of the neuronal
differentiation, and were maintained in MI1 until treated. NTA cells were seeded at 1 x 10 4
c/w in 96-well plates at the end of the astrocytic differentiation, and were maintained in
MI3 until treated.
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6.2.2.

Amyloid beta treatment

As previously described, Aβ1-42 (Bachem, H-1368) stock was prepared by dissolving the
peptide in distilled water to 500 µM. Aβ1-42 working stock was prepared by diluting the
working stock 1:1 (v/v) in PBS just before addition to cell culture (Smith et al., 2010b). Aβ1-42,
or vehicle (PBS), was added to the wells at a final concentration of 10 µM, and cells were
incubated for 72 h before being processed for ICC.
6.2.3.

5-aza-2’-deoxycytidine treatment

AzaC (Sigma, A3656) was dissolved in DMSO at 10 mM stock and single use aliquots were
kept at -80oC. Media was refreshed every 24 h during treatment due to the high instability
of AzaC in aqueous solution (Momparler, 2005). For ICC experiments, NT2 cells were treated
with 0.01, 0.1, 1 and 10 µM of AzaC, or with matching concentrations of vehicle (0.0001,
0.001, 0.01 and 0.1% DMSO), for 6, 24, 30, 48 and 72 h. For the study of AzaC in human
differentiated neurons, hNT cells were treated with 0.1, 1 and 10 µM of AzaC, or with
vehicle (0.1% DMSO). For qRT-PCR experiments, NT2 cells were treated with 0.1, 1 and
10 µM of AzaC, or with vehicle (0.1% DMSO), for 24 and 48 h.
6.2.4.

Immunocytochemistry

All cell types were fixed in 4% PFA at the end of the treatment and labelled with anti-5mC or
anti-5hmC, and detected with fluorochrome conjugated secondary antibodies, as described
in chapter 2; section 2.1.5.3 and section 2.1.5.4 (see Table 2.5). The specificity of anti-5mC
and anti-5hmC antibodies for their respective antigen has been validated by ICC (see
Chapter 2, section 2.2.1). Nuclei were labelled with Hoechst staining as described in chapter
2, section 2.1.5.3. Images were acquired at four sites per well at 10 x magnification with
Discovery-1, and analysed with Metamorph software, to obtain total nuclei counts and
integrated intensity of the staining (see chapter 2; section 2.1.6.2). II/C was used as a
measurement of levels of 5mC and 5hmC.
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6.2.5.

Real-time quantitative PCR (qRT-PCR)

NT2 cells were plated at 1, 2 x 105 c/w in 6-well plates 24 h prior to treatment. At the end of
the experiment, RNA was extracted and processed for qRT-PCR analysis (see chapter 2,
section 2.1.7). Sequences of the primers designed to amplify GAPDH, Dnmt1, Dnmt3a,
Dnmt3b, Tet1, Tet2, and Tet3, were given in Table 2-6.
6.2.6.

Statistical analysis

All statistical analyses and graphics were completed with GraphPad Prism (See chapter 2,
section 2.1.8). Results were displayed as mean ± SEM. Experiments were replicated
independently at least twice, and each condition was tested in at least three replicates.
Statistical significance was set at p < 0.05.

6.3.

Results

6.3.1.

Effects of amyloid beta on DNA methylation and hydroxymethylation in

human post-mitotic neurons and astrocytes
In order to test the effect of Aβ on 5mC and 5hmC in human brain cells, NT2 cells were
differentiated into hNT and NT2A cells. The number of conditions that could be used to test
Aβ was limited as there was only a small yield of neurons and astrocytes generated at the
end of each differentiation experiment. The treatment of NT2 cells with 10 µM of Aβ 1-42 for
72h

was

sufficient

to

induce

significant

DNA

hypermethylation

and

hyperhydroxymethylation (chapter 4, section 4.4.4). Therefore, the same conditions were
used to test Aβ1-42 in hNT and NT2A cells. NT2 cells were seeded on the same plate as hNT or
NT2A cells, and were used as positive controls.
The effect of Aβ1-42 on total cell number was evaluated by using “total nuclei” for 5mC
positive cells, due to non-specific Hoechst stain binding to Aβ1-42. Results were expressed as
percentage relative to vehicle treated NT2 cells. The results revealed that the total number
of NT2 cells was significantly decreased (> 25%) when treated with Aβ 1-42 (p = 0.0036), which
is in agreement with findings from chapter 4, section 4.4.4, confirming that the experiment
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was performed correctly. However, the same treatment did not induce significant changes
in total number of hNT or NT2A cells, which indicates that differentiated neurons and
astrocytes are less sensitive to Aβ1-42 than neuronal precursor cells (Figure 6.2).

Figure 6.2 Effect of amyloid beta on NT2, hNT and NT2A cell number
NT2 (A), hNT (B) and NT2A (C) were treated for 72 h with vehicle (PBS, white column), or with 10 µM of
amyloid beta (1-42; Aβ1-42; black column). Total cell number was given as percentage cells treated with vehicle.
Error bars represent the SEM of three replicates from two independent experiments. ns: not significant,
** = p < 0.01.

Next, the effects of Aβ1-42 on levels of 5mC and 5hmC were evaluated in NT2, hNT and NT2A
cells using II/C as a measure for levels of 5mC and 5hmC (Figure 6.3 and Figure 6.4). Results
were expressed as a percentage of cells treated with vehicle. The treatment of NT2 cells
with Aβ1-42 induced a significant increase in 5mC (p < 0.0001) and 5hmC (p < 0.0001), thus
confirming results from chapter 4, section 4.4.4. However, the same conditions used in hNT
and NT2A cells, did not induce detectable changes in neither 5mC (hNT, p = 0.273; NT2A, p =
0.3074), or 5hmC (hNT, p = 0.0911; NT2A, p = 0.1981). Altogether, these results indicate that
cells with the same genetic background but presenting a different phenotype, do not
respond the same way to the same treatment. This reinforces the importance of using
appropriate in vitro models to test various stimuli in relation to a disease process.
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Figure 6.3 Effect of amyloid beta on DNA methylation in human post-mitotic neurons and astrocytes
NT2 (A-C), hNT (D-F) and NT2A (G-I) cells were treated with vehicle (A, D and G), or with amyloid beta (1-42;
Aβ1-42) at 10 µM (B, E and H) for 72 h. II/C was used as a measure of levels of DNA methylation (5mC) detected
in NT2 (C), hNT (F) and NT2A (I) cells treated with Aβ1-42 (black columns), or with vehicle (white columns).
Results were expressed as the percentage relative to vehicle. Error bars represent the SEM of five replicates
from two independent experiments. Scale bars represent 100 µm. ns: not significant, **** = p < 0.0001.
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Figure 6.4 Effect of amyloid beta on DNA hydroxymethylation in human post-mitotic neurons and astrocytes
NT2 (A-C), hNT (D-F) and NT2A (G-I) cells were treated with vehicle (A, D and G), or with amyloid beta (1-42;
Aβ1-42) at 10 µM (B, E and H) for 72 h. II/C was used as a measure of levels of DNA hydroxymethylation (5hmC)
detected in NT2 (C), hNT (F) and NT2A (I) cells treated with Aβ 1-42 (black columns) or with vehicle (white
columns). Results were expressed as percentage relative to vehicle. Error bars represent the SEM of five
replicates from two independent experiments. Scale bars represent 100 µm. ns: not significant,
**** = p < 0.0001
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6.3.2.

Effect of 5-aza-2’-deoxycytidine on cell number in undifferentiated NT2

cells
AzaC treatment induces cell cycle arrest and cell death by apoptosis (Oka et al., 2005, Palii et
al., 2008). At dosages used in clinical studies, plasma concentrations of AzaC can reach
between 0.04 and 15 µM (Karahoca and Momparler, 2013). Results from in vitro studies
indicate that the sensitivity of different cell lines to AzaC is variable. Generally,
concentrations of AzaC required to induce 50% cell inhibition in vitro range from 0.05 to 100
µM (Qin et al., 2009, Karahoca and Momparler, 2013). Thus, NT2 were treated with 0.01,
0.1, 1 and 10 µM of AzaC, or with matching concentrations of vehicle (0.0001, 0.001, 0.01
and 0.1 % of DMSO) for different lengths of time (6, 24, 30, 48 and 72 h).

The first observation is that AzaC treatment induced a decrease in cell number, through
concentration-dependent NT2 cell death, as shown morphologically with Hoechst stain.
Apoptotic nuclei appeared condensed and fragmented (Figure 6.5)

Figure 6.5 The treatment of NT2 cells with 5-aza-2’-deoxycytidine induces apoptosis
The image is representative of Hoechst staining in NT2 cells treated for 72 h with 10 µM of 5-aza2’deoxycytidine. Circles indicate apoptotic nuclei. The scale bar represents 100 µm.
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Total cell number was then investigated by counting the number of Hoechst positive nuclei
using Metamorph software. Results revealed that AzaC induced a significant decrease in
total cell number after 48 h of treatment at all concentrations tested, and cell number was
further decreased after 72 h (Figure 6.6). In contrast, DMSO did not induce a significant
change in total cell number, which indicates that the decrease in cell number observed in
wells treated with AzaC was specific to the drug. In order to take into account the decrease
in cell number that follows AzaC treatment, II/C will be used as a measure of levels of 5mC
and 5hmC in the following experiments.

Figure 6.6 Effect of 5-aza-2’-deoxycytidine treatment on cell number
NT2 cells were treated for 6, 24, 30, 48 and 72 h with 0.01, 0.1, 1 or 10 µM of 5-aza-2’-deoxycytidine (AzaC), or
matched concentrations of dimethyl sulfoxide (DMSO). (A) Images are representative of Hoechst staining in
NT2 cells after 72 h of treatment with AzaC, or matched concentrations of vehicle (DMSO). Scale bar
represents 100 µm (B) Total cell count was obtained by counting the number of Hoechst-positive nuclei. Error
bars represent SEM of three replicates from three independent experiments.
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6.3.3.

Dimethyl sulfoxide does not induce changes in levels of DNA methylation

or hydroxymethylation under the conditions tested
DMSO has been previously shown to induce both increases and decreases in 5mC at specific
loci (Iwatani et al., 2006). In addition, DMSO was recently reported to be a strong inducer of
5hmC in vitro (Thaler et al., 2012). Therefore, the effect of DMSO on 5mC and 5hmC was
tested in vitro. NT2 cells were incubated with 0.0001, 0.001, 0.01 and 0.1 % of DMSO for 6,
24, 30, 48 and 72 h. ICC combined with Discovery-1 and Metamorph software was used to
study levels of 5mC and 5hmC upon DMSO treatment. The results indicated that DMSO did
not induce detectable changes in 5mC and 5hmC at any of the concentrations or treatment
durations tested (Figure 6.7). Thus, DMSO at 0.1% will be used as control when testing the
effect of AzaC on 5mC and 5hmC.
6.3.4.

Effects of 5-aza-2’-deoxycytidine on levels of DNA methylation in NT2 cells

AzaC has been widely used in vitro as well as in vivo for its ability to induce DNA
hypomethylation. The effects of AzaC on 5mC differ between cell types, and strongly vary in
a concentration-dependent manner (Qin et al., 2009). NT2 cells were treated with 0.01, 0.1,
1 and 10 µM of AzaC, or with vehicle (0.1 % of DMSO) for different lengths of time (6, 24, 30,
48 and 72 h), and results were analysed by ICC combined with Discovery-1 and Metamorph
software. The treatment of NT2 for 6 h did not induce detectable changes in 5mC intensity
at any of the concentrations tested. After 24 h of treatment with AzaC, levels of 5mC were
decreased for the three highest concentrations (0.1, 1 and 10 µM) tested; however, these
changes were not statistically significant. However, after 30 h, the treatment of NT2 cells
with 0.1, 1 and 10 µM of AzaC induced a significant decrease in levels of 5mC. After 48 h,
the level of 5mC detected in cells treated with AzaC was similar to the level found in control
cells, for all concentrations tested, indicating that the level of 5mC had increased again.
After 72 h, levels of 5mC were significantly increased upon AzaC treatment at all
concentrations tested. Therefore, these results indicate that the effect of AzaC on levels of
5mC in NT2 cells is highly dependent on the concentration and duration of treatment. More
importantly, a short incubation time with AzaC induced DNA hypomethylation, whereas a
longer incubation time induced DNA hypermethylation (Figure 6.8)

152

Figure 6.7 Effect of dimethyl sulfoxide on levels of DNA methylation and hydroxymethylation
NT2 cells were treated for 6, 24, 30, 48 and 72 h with 0.0001, 0.001, 0.01 and 0.1 % of DMSO. (A) Images are
representative of DNA methylation (5mC; green) and DNA hydroxymethylation (5hmC; red) staining in NT2
cells after 72 h of treatment with dimethyl sulfoxide (DMSO). Scale bar represents 100 µm. (B and C) II/C,
expressed as percentage to untreated cells, was used as a measure of levels of 5mC (B) and 5hmC (C). The
frames indicates the time point chosen for the representative pictures of 5mC (green frame) and 5hmC (red
frame). Error bars represent SEM of three replicates, and results are representative of three independent
experiments.
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6.3.5.

Effects of 5-aza-2’-deoxycytidine on Dnmts expression in NT2 cells

AzaC has been shown to induce changes in Dnmts expression at protein and at mRNA levels
(Ghoshal et al., 2005, Kundakovic et al., 2007, Palii et al., 2008, Ding et al., 2012). Therefore,
the mRNA level of Dnmt1, Dnmt3a and Dnmt3b were investigated by qRT-PCR to assess if
changes in 5mC induced by AzaC were accompanied by changes in Dnmts expression. NT2
cells were treated with increasing concentrations of AzaC (0.1, 1 and 10 µM), or with vehicle
(0.1% DMSO), for 24 or 48 h, before RNA was extracted and analysed by qRT-PCR. Results
revealed that Dnmt1 expression was decreased in NT2 cells treated for 24 h with AzaC
relative to cells treated with DMSO. After 48 h, levels of Dnmt1 detected in NT2 cells treated
with AzaC were similar to levels detected in the control indicating that Dnmt1 expression
increased again after longer incubation with AzaC. Therefore, changes in Dnmt1 expression
preceded changes in levels of 5mC detected after AzaC treatment. Dnmt3a expression was
not affected by either the 24 h or 48 h duration of treatment with AzaC, at any of the
concentrations tested. Dnmt3b mRNA levels were decreased after 24 h with increasing AzaC
concentration, and were further decreased after 48 h of treatment (Figure 6.9).
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Figure 6.8 Effect of 5-aza-2’-deoxycytidine on DNA methylation in NT2 cells
NT2 cells were treated for 6, 24, 30, 48 and 72 h with 5-aza-2’-deoxycytidine (AzaC), or vehicle (0.1 % of
DMSO). (A) Images are representative of DNA methylation (5mC) staining after 30 h (green) and 72 h (red) of
treatment with increasing concentration of AzaC or vehicle. Scale bar represents 100 µm. (B) II/C, expressed as
percentage to vehicle, was used as a measure of levels of 5mC. The frames indicate the 30 h (green) and the 72
h (red) time points chosen for the representative pictures given in A. Error bars represent SEM of three
replicates and results are representative of three independent experiments. *** = p < 0.001, **** = p <
0.0001.
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Figure 6.9 Effect of 5-aza-2’-deoxycytidine treatment on Dnmts expression in NT2 cells
NT2 cells were treated with 0.1, 1 or 10 µM of 5-aza-2’-deoxycytidine (AzaC) for 24 h (A, C and E) or 48 h (B, D
and F) and levels of Dnmt1 (A-B), Dnmt3a (C-D) and Dnmt3b (E-F) were investigated by qRT-PCR. GAPDH was
used as housekeeping gene and gene expression was given as fold change relative to vehicle. Error bars
represent the SEM of three independent experiments.
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6.3.6.

5-aza-2’-deoxycytidine is a strong inducer of DNA hydroxymethylation

Whereas the effect of AzaC on 5mC has been studied for more than 30 years (Christman,
2002), effects of AzaC on 5hmC have not yet been published. The effect of AzaC on 5hmC
was therefore tested using the same approach as for 5mC. NT2 cells were treated with 0.01,
0.1, 1 and 10 µM of AzaC or with vehicle (0.1 % of DMSO) for different lengths of time (6, 24,
30, 48 and 72 h) and results were analysed by ICC combined with Discovery-1 and
Metamorph software. Treatment of NT2 cells with AzaC resulted in significant increase in
5hmC levels in a concentration and time dependent manner. The shorter incubation times
(6 and 24h) with AzaC induced an increase in levels of 5hmC with increasing concentrations
of AzaC. However, these changes did not reach statistical significance. After 30 h, levels of
5hmC were significantly increased in cells treated with 0.1, 1 and 10 µM and was further
increased after 48 and 72 h for all concentrations tested (Figure 6.10). Thus, this experiment
demonstrated that in addition to its ability to alter 5mC, AzaC is a strong inducer of 5hmC.
6.3.7.

5-aza-2’-deoxycytidine alters Tets expression

In order to determine if increased levels of 5hmC observed after AzaC treatment were
occurring through change in Tets gene expression, NT2 cells were treated with 0.1, 1 or 10
µM of AzaC for 24 or 48 h. At the end of the treatment, RNA was extracted and Tet1, Tet2
and Tet3 mRNA levels were investigated by qRT-PCR.
The results revealed that levels of Tet1 expression were decreased after 24 h of AzaC
treatment at all concentrations tested. However, after 48h, levels of Tet1 in cells treated
with 0.1 µM of AzaC were similar to levels in control and were only slightly decreased in
cells treated with 1 and 10 µM. Tet2 and Tet3 mRNA levels were slightly increased after 24h
of treatment and were further increased after 48h in a concentration dependent manner
(Figure 6.11). These results therefore suggest that increased levels of 5hmC occurring upon
AzaC treatment might occur at least partially through increase Tet2 and Tet3 expression.
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Figure 6.10 Effect of 5-aza-2’-deoxycytidine on DNA hydroxymethylation in NT2 cells
NT2 cells were treated for 6, 24, 30, 48 and 72 h with 5-aza-2’-deoxycytidine (AzaC) or vehicle (0.1 % of
dimethyl sulfoxide (DMSO)). (A) Images are representative of DNA hydroxymethylation (5hmC) staining after
30 h (green) and 72 h (red) of treatment with increasing concentration of AzaC or vehicle. Scale bar represents
100 µm. (B) II/C, expressed as percentage to vehicle, was used as a measure of levels of 5hmC. The frames
indicate the 30 h (green) and the 72 h (red) time-point chosen for the representative pictures given in A. Error
bars represent SEM of three replicates, and results are representative of three independent experiments.
* = p < 0.05, *** = p < 0.001, **** = p < 0.0001.
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Figure 6.11 Effect of 5-aza-2’-deoxycytidine treatment on Tets expression in NT2 cells
NT2 cells were treated with 5-aza-2’-deoxycytidine (AzaC), or vehicle (dimethyl sulfoxide (DMSO)) for 24 h (A, C
and E), or 48 h (B, D and F), and levels of Tet1 (A-B), Tet2 (C-D) and Tet3 (E-F) were investigated by qRT-PCR.
GAPDH was used as housekeeping gene, and gene expression was given as fold change relative to vehicle.
Error bars represent the SEM of three independent experiments.
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6.3.8.

Effects

of

5-aza-2’-deoxycytidine

on

DNA

methylation

and

hydroxymethylation in human post-mitotic neurons
During cell division, AzaC becomes incorporated into DNA and induces DNA
hypomethylation (Karahoca and Momparler, 2013). There is evidence that AzaC can induce
DNA hypomethylation in the absence of cell division (Miller and Sweatt, 2007, Miller et al.,
2010), and interfere with memory formation (Levenson et al., 2006, Han et al., 2010,
Monsey et al., 2011, Aydin et al., 2012). In the present chapter, hNT cells were used to
determine if AzaC can alter 5mC and 5hmC in human post-mitotic neurons. The treatment
of NT2 cells with 0.1, 1 and 10 µM of AzaC for 72 h significantly reduced NT2 cell number,
and increased levels of both 5mC and 5hmC. Therefore, these conditions were selected to
test the effect of AzaC on levels of 5mC and 5hmC in post-mitotic neurons. NT2 cells were
seeded on the same plate as hNT cells, and were used as a positive control.
First, the effect of AzaC on total cell number was evaluated by using “total nuclei” for 5mC
positive cells. Results were expressed as a percentage relative to control. As shown earlier in
this chapter (section 6.3.2), the number of NT2 cells decreased significantly with increasing
concentrations of AzaC (p < 0.0001). The same treatment did not induce significant changes
in hNT cell number (AzaC 0.1 µM, p = 0.9827; AzaC 1 µM, p = 0.4524; AzaC 10 µM, p =
0.751), which suggests that the conditions of AzaC tested in this experiment were not toxic
for hNT cells (Figure 6.12).
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Figure 6.12 Effect of 5-aza-2’-deoxycytidine on NT2 and hNT cell number
NT2 (A) and hNT cells (B) were treated for 72 h with vehicle (0.1% dimethyl sulfoxide (DMSO)), or with
increasing concentrations of 5-aza-2’-deoxycytidine (AzaC). Total cell number was given as a percentage of
cells treated with vehicle. Error bars represent the SEM of three replicates. Results are representative of two
independent experiments. **** = p < 0.0001.

Next, the effect of AzaC on levels of 5mC and 5hmC was tested in hNT cells using NT2 cells
as a positive control (Figure 6.13 and Figure 6.14). II/C was used as a measure for levels of
5mC and 5hmC, and results were expressed as a percentage relative to control. The
treatment of NT2 cells with 0.1, 1 and 10 µM of AzaC for 72 h induced a significant increase
in levels of 5mC (p < 0.0001) and 5hmC (p < 0.0001), thus confirming results obtained in
section 6.3.4 from the present chapter. The same AzaC treatment applied to hNT cells did
not induce significant changes in 5mC (AzaC 0.1 µM, p = 0.9827; AzaC 1 µM, p = 0.4524;
AzaC 10 µM, p = 0.751), or 5hmC (AzaC 0.1 µM, p = 0.9827; AzaC 1 µM, p = 0.4524; AzaC 10
µM, p = 0.751). Altogether, these results revealed that AzaC does not induce changes in 5mC
or 5hmC in human post-mitotic neurons under the condition tested.
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Figure 6.13 Effect of 5-aza-2’-deoxycytidine on DNA methylation in human post-mitotic neurons
NT2 and hNT cells were treated for 72 h with increasing concentrations of 5-aza-2’-deoxycytidine (AzaC), or
dimethyl sulfoxide (DMSO). (A) Images are representative of DNA methylation (5mC) staining in NT2 (top
panel) and hNT (bottom panel) cells with AzaC, or 0.1% DMSO. Scale bar represents 100 µm. (B and C) II/C,
expressed as a percentage relative to vehicle, was used as a measure of levels of 5mC in NT2 (B) and hNT (C)
cells. Error bars represent SEM of three replicates, and results are representative of three independent
experiments. *** = p < 0.001, **** = p < 0.0001.
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Figure 6.14 Effect of 5-aza-2’-deoxycytidine on DNA hydroxymethylation in human post-mitotic neurons
NT2 and hNT cells were treated for 72 h with increasing concentrations of 5-aza-2’-deoxycytidine (AzaC), or
dimethyl sulfoxide (DMSO). (A) Images are representative of DNA hydroxymethylation (5hmC) staining in NT2
(top panel) and hNT (bottom panel) cells with AzaC, or 0.1% DMSO. Scale bar represents 100 µm. (B and C)
II/C, expressed as a percentage relative to vehicle, was used as a measure of levels of 5hmC in NT2 (B) and hNT
(C) cells. Error bars represent SEM of three replicates, and results are representative of three independent
experiments. **** = p < 0.0001.
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6.4.

Discussion

Despite the presence of blood-brain barrier, adult brain cells are exposed to external and
internal stimuli. Some of these factors can interact and modify the epigenome, which
include DNA modifications. In this chapter, I tested the effects of Aβ, an internal factor, and
AzaC, an external factor, on levels of 5mC and 5hmC in undifferentiated mitotic cells (NT2
cells), and in post-mitotic neurons (hNT cells) and astrocytes (NT2A cells).
6.4.1.

Amyloid

beta

do

not

alter

levels

of

DNA

methylation

or

hydroxymethylation in differentiated human brain cells

The results obtained in chapter 4 revealed that treatment of NT2 cells with 10 µM of Aβ1-42
for 72h was sufficient to induce a significant decrease in cell number, and induce global DNA
hypermethylation and hyperhydroxymethylation. In the present chapter, the same
conditions were used to test whether Aβ1-42 would generate the same effect in human
neurons and astrocytes, which were differentiated from NT2 cells. The study of 5mCpositive cell number by ICC revealed that Aβ1-42 did not induce changes in the number of
hNT or NT2A cells. This finding is in agreement with a previous study. Jin et al., (2011)
isolated Aβ dimers from AD cerebral cortex and treated hippocampal neurons from rat for
three days. The treatment with Aβ dimers, which are essentially composed of Aβ 1-42,
resulted in neurite degeneration, but did not induce significant cell death by apoptosis (Jin
et al., 2011a).
Furthermore, the treatment of hNT and NT2A cells with Aβ1-42 did not induce detectable
changes in levels of 5mC or 5hmC at the conditions tested. The technique that I used to
study 5mC and 5hmC was chosen to obtain information on global levels of DNA
modifications, and is not sensitive to small changes. Therefore, it is possible that changes in
5mC and 5hmC occurred at levels below the level of detection of the technique used.
Nevertheless, Taher et al., (2014) reported similar findings with a different in vitro model of
human neuronal cells. In the later study, cholinergic IMR-32 human neuroblastoma cells
were differentiated into neuronal cells and treated with 25 µM of Aβ 1-40 for 48 h. The
treatment did not alter global levels of 5mC, but induced significant changes in 5mC at
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specific loci. Both DNA hypomethylation and hypermethylation occurred at specific loci at
genes involved in neurogenesis, neuronal differentiation, and apoptosis. As changes in 5mC
occurred at genes associated with differentiation, they compared the effects of Aβ 1-40 on the
pattern of 5mC occurring at those genes between differentiated neurons and their
undifferentiated counterpart. Interestingly, changes in 5mC that arose in undifferentiated
IMR-32 exposed to Aβ1-40 were opposite to the changes observed in differentiated neuronal
cells (Taher et al., 2014). Therefore, these results support the findings that undifferentiated
NT2 cells do not respond to the Aβ1-42 treatment in the same way as differentiated hNT and
NT2A cells. Aβ toxicity is mediated by different mechanisms including oxidative stress,
synaptic dysfunction, mitochondrial dysfunction, and interaction with receptors and with
membranes (Carrillo-Mora et al., 2014). Undifferentiated NT2 cells share the same genome
as differentiated hNT and NT2A cells, but these cell types have different epigenome.
Important changes in DNA modifications and histone modifications take place during
differentiation of NT2 into hNT neurons and astrocytes (Bocker et al., 2012). At the end of
the differentiation process, basal levels of 5mC and 5hmC are higher in hNT than in NT2A
and NT2 cells (see chapter 5, section 5.3.4). These cells also present different cellular
morphologies and express different proteins (Pleasure and Lee, 1993, Dhanasekaran et al.,
2010, Tegenge et al., 2011), and are therefore also likely to respond differently to a given
stimuli.
Levels of 5mC and 5hmC detected in AD MTG were positively correlated with Aβ loads, as
well as with tau and ubiquitin loads (chapter 3; section 3.3.7). Here I showed that Aβ alone
did not induce significant changes in 5mC and 5hmC in neurons or in astrocytes in vitro.
These results suggest that a combination of several AD hallmarks could modify the
epigenome, rather than Aβ alone. It is also possible that DNA hypermethylation and
hyperhydroxymethylation increase the risk of developing AD. These DNA modifications may
actually precede the manifestation of AD hallmarks, rather than just being the result of the
disease. In agreement, it has been recently demonstrated that DNA hypermethylation and
hyperhydroxymethylation were detected in the hippocampus of preclinical AD brain
(Bradley-Whitman and Lovell, 2013).
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6.4.2.

Dimethyl sulfoxide does not induce changes in DNA methylation or

hydroxymethylation in NT2 cells under the conditions tested
AzaC is relatively unstable in water (Momparler, 2005), and was therefore diluted in DMSO.
DMSO is an amphipathic molecule, which means that it is soluble in both aqueous and
organic solutions. DMSO is commonly used as solvent for scientific research despite the
reports of side effects. DMSO affects cell cycle arrest, differentiation, and apoptosis (Santos
et al., 2003). Here, I found that the treatment of NT2 cells with DMSO did not induce
significant changes in cell growth at the condition tested. Therefore, these results confirmed
that decreased cell number upon treatment with AzaC was specific to the drug, rather than
DMSO.
DMSO can also induce changes in 5mC (Iwatani et al., 2006, Thaler et al., 2012), and was
recently reported to be a strong inducer of 5hmC (Thaler et al., 2012). In the present
chapter, no significant effects of DMSO on levels of 5mC or 5hmC were observed in NT2
cells under the concentrations and incubation times that were tested. This is not
unexpected as DMSO concentrations used in the present study were at least five times
lower than the concentrations reported to increase 5hmC (Thaler et al., 2012). Therefore,
these results demonstrated that any changes in cell number or in levels of 5mC or 5hmC
induced by AzaC were specific to the drug, rather than the vehicle.
6.4.3.

5-aza-2’-deoxycytidine induces DNA hypomethylation followed by DNA

hypermethylation in NT2 cells
AzaC is used in cancer therapy for its capacity to induce DNA hypomethylation (Karahoca
and Momparler, 2013). AzaC is also commonly used in vitro and in vivo to study the role of
5mC in the regulation of gene expression (Endres et al., 2000, Levenson et al., 2006, Miller
and Sweatt, 2007, Miller et al., 2010, Fuso et al., 2011b). Using AzaC at conditions previously
shown to induce cell cycle arrest and apoptosis (Oka et al., 2005, Karahoca and Momparler,
2013), I found that AzaC significantly decreased NT2 cell number. In addition, AzaC induced
changes in 5mC in a concentration- and time-dependent manner. Significant DNA
hypomethylation
hypermethylation

occurred
was

after

30 h

of

detected

after

prolonged
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treatment,

whereas

incubation

significant
with

AzaC.

DNA
DNA

hypermethylation induced by AzaC treatment correspond to the moment when a significant
decrease in cell number occurred. AzaC induces DNA damage and mutations, including point
mutations, genome rearrangements, and DNA double strand break, which lead to cell cycle
arrest and apoptosis (Palii et al., 2008, Maslov et al., 2012). Accumulation of DNA damage
and mutations can in turn lead to cell death by apoptosis (Mazin, 2009). Global
hypermethylation has been associated with increased apoptosis (Endres et al., 2000, Mazin,
2009, Barzideh et al., 2013, Wahlin et al., 2013), and might be a mechanism used by AzaCtreated NT2 cells to ‘commit suicide’.
AzaC is known to act as a demethylating agent at low concentrations, and to be cytotoxic at
high concentrations (Qin et al., 2009). Here, I showed that the length of AzaC treatment is
also important for its effect on 5mC. This is consistent with clinical studies that reported
that the outcome of cancer treated with AzaC strongly depends on the dosage-schedule
designed for the treatment (Karahoca and Momparler, 2013). These results underline the
importance of optimising both the concentration and duration of AzaC treatment when
studying DNA hypomethylation in vitro and in vivo, and more importantly when being used
in clinical studies.
6.4.4.

5-aza-2’-deoxycytidine alters Dnmts expression

The effects of AzaC on Dnmts have been investigated at the protein and mRNA levels by
several research groups. Results obtained from these studies varied with the cell line and
the experiment design used to study the effect of AzaC (Ghoshal et al., 2005, Oka et al.,
2005, Kundakovic et al., 2007, Palii et al., 2008, Patel et al., 2010, Ding et al., 2012). Goshal
et al., (2005) tested the effect of AzaC on Dnmt expression in different cell lines. Their
results showed that the treatment of mouse lymphosarcoma cells and Hela cells with 2.5
µM of AzaC for 12 h induced a significant decrease in levels of Dnmt1 protein. Further, they
showed that decreased levels of Dnmt1 did not occur through a decrease in Dnmt1
expression, but was rather due to degradation of Dnmt1 through a proteasomal pathway
(Ghoshal et al., 2005) which was confirmed by a later study (Patel et al., 2010). In addition,
Goshal et al., (2005) found that the AzaC treatment inducing a decrease in Dnmt1 did not
affect Dnmt3a or Dnmt3b protein expression (Ghoshal et al., 2005). In contradiction, the
treatment of human multipotent stem cells with AzaC for seven days reduced the
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expression of all three Dnmts at the protein and mRNA levels (So et al., 2011). Similar results
were obtained from an in vivo study testing the effect of AzaC in mouse embryo
implantation. The results revealed that the treatment of mice with 0.5 mg/kg of AzaC for
three days induced a significant decrease in all three Dnmts at protein levels (Ding et al.,
2012).
In the present study, the effect of AzaC on Dnmts expression was studied at the mRNA level.
The results obtained by qRT-PCR revealed that the treatment of NT2 cells with 0.1, 1 and 10
µM of AzaC decreased levels of Dnmt1 after 24 h. However, after 48 h, the level of Dnmt1
had increased back to level detected in NT2 cells incubated with vehicle alone. The results
from a recent study showed that the treatment of mouse embryonic fibroblasts with AzaC
induces point-mutations and genome rearrangement (Maslov et al., 2012). As Dnmt1 is
required at DNA repair sites (Mortusewicz et al., 2005), the increase in levels of Dnmt1 after
longer period of AzaC treatment might reflect the need for DNA repair.
The treatment of NT2 cells with AzaC strongly reduced Dnmt3b expression in a
concentration- and time-dependent manner suggesting that DNA hypomethylation induced
by AzaC in NT2 cells could be mediated through decreased Dnmt3b expression.
Interestingly, knockdown of Dnmt3b in HCT116, a colon cancer cell line, increased the cell’s
sensitivity to AzaC in a clonogenic survival assay (Palii et al., 2008). In contradiction, the
absence of Dnmt3b in mutant mouse embryonic stem cells increases resistance to AzaC
(Oka et al., 2005). In support of these findings, Beyrouthy et al., (2009) compared the
sensitivity of several cell lines to AzaC and demonstrated that high Dnmt3b expression
mediates AzaC sensitivity (Beyrouthy et al., 2009). The current literature, together with my
findings, demonstrates that Dnmt3b plays a central role in mediating AzaC activity.
The treatment of NT2 cells with AzaC did not alter Dnmt3a expression at the concentrations
and treatment durations tested. As AzaC can alter Dnmts protein levels without changes in
gene expression (Ghoshal et al., 2005), it is possible that the treatment of NT2 cells with
AzaC induced changes in Dnmts at the protein level.
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6.4.5.

5-aza-2’-deoxycytidine is a strong inducer of DNA hydroxymethylation in

vitro
While current literature is rich in studies investigating the effect of AzaC on 5mC, its effect
on 5hmC has not yet been investigated. AzaC can induce DNA hypomethylation and
decrease Dnmt1 expression in absence of DNA replication (Ghoshal et al., 2005, Miller and
Sweatt, 2007, Miller et al., 2010), which means that 5mC decrease could also probably occur
through an active DNA demethylation process. In addition to being an epigenetic marker,
5hmC is involved in active DNA demethylation through the base excision repair pathway
(Guo et al., 2011). Results obtained in NT2 cells, revealed that AzaC induced a significant
increase in 5hmC starting at the same time as DNA hypomethylation was detected.
Therefore, these results suggest that AzaC-induced DNA hypomethylation can occur, at least
partially, through an active demethylation process involving 5hmC. AzaC also triggered a
decrease in Tet1 and an increase in Tet2 and Tet3 expression, which suggests that Tets are
involved in the regulation of 5hmC upon AzaC treatment. Additional mechanisms might
regulate 5hmC levels after AzaC treatment. For example, beside its main DNA methylase
activity, Dnmt3b can act as DNA dehydroxymethylase and directly convert 5hmC into
cytosine (Chen et al., 2012a). Thus, sequestration of Dnmt3b on DNA containing AzaC (Liu et
al., 2003), and the decrease in Dnmt3b expression that occurs after AzaC treatment, would
primarily deplete Dnmt3b, and secondarily lead to an increase in 5hmC levels.
If 5hmC was only an intermediate step of an active demethylation process, one would
expect that increased 5hmC would only be transient. First, 5mC oxidation into 5hmC would
result in decreased signal for 5mC and increased signal for 5hmC. Next, 5hmC would be
further oxidised and replaced by cytosine through a BER mechanism, which would
ultimately result in a decreased signal for 5hmC. However, in contradiction, 5hmC signal
increased from 30 h and continued to increase over time in a concentration-dependent
manner suggesting that 5hmC remained stable, and is more than just an intermediate step
in the DNA demethylation process. Interestingly, there is evidence that 5hmC is involved in
cell

death

by

apoptosis

(Jin

et

al.,

2011b,

Wahlin

et

al.,

2013).

DNA

hyperhydroxymethylation in AzaC-treated NT2 cells preceded the decrease in cell number
suggesting that increased 5hmC occurred in NT2 cells entering apoptosis.
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The finding that AzaC is a strong inducer of 5hmC is an important discovery for the scientific
community as well as for clinical studies. AzaC is frequently used to study the role of 5mC in
the regulation of gene expression. As 5hmC is also involved in the regulation of gene
expression and is altered by AzaC, future studies using AzaC should consider 5mC and 5hmC
together. Interestingly, AzaC is efficient for the treatment of myelodysplastic syndrome, in
which Tet2 is often mutated. Additionally, myelodysplastic syndrome is associated with high
levels of 5mC and low levels of 5hmC (Ko et al., 2010). Therefore, the effect that AzaC has
on 5hmC levels could be as important, if not more important, than its effect on 5mC levels.
6.4.6.

Differentiated hNT cells are not sensitive to 5-aza-2’-deoxycytidine

treatment
AzaC can cross the blood-brain barrier and reach cytotoxic concentrations in the
cerebrospinal fluid (CSF) of mammals (Chabot et al., 1983). Infusion of AzaC in the mouse
hippocampus induced DNA hypomethylation and blocked memory consolidation (Miller and
Sweatt, 2007). Another study reported that direct infusion of AzaC into the cortex interfered
with remote memory by altering 5mC levels (Miller et al., 2010). The induction of cerebral
ischemia in the mouse resulted in increased levels of 5mC in the ischemic striatum and
cortex, relative to the contralateral tissues. Direct injection of AzaC into the brain reduced
brain-injury by more than 50% (Endres et al., 2000). Finally, AzaC induces Dnmt1
degradation in the absence of DNA synthesis (Ghoshal et al., 2005). Altogether, these
studies provide evidence that AzaC can alter 5mC in post-mitotic cells and that it can alter
memory formation in the adult brain (Levenson et al., 2006, Miller and Sweatt, 2007, Miller
et al., 2010).
Despite evidence from these in vivo and in vitro studies that AzaC induces DNA
hypomethylation in the absence of cell division, the treatment of hNT cells with AzaC did
not induce detectable changes in 5mC or 5hmC. Furthermore, contrary to the results
obtained in NT2 cells, AzaC did not lead to decreases in hNT cell number. These findings
indicate that hNT are less sensitive to AzaC than their undifferentiated counterpart. hNT
cells are post-mitotic neurons and were maintained in media containing mitotic inhibitors.
The absence of cell division could partially explain the resistance of hNT to AzaC, but current
literature suggests that other mechanisms might be involved (Ghoshal et al., 2005).
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Basal Dnmts and Tets expression differed between NT2 and differentiated hNT cells. The
most important difference was observed for Dnmt3b, which was found to be more than 80
times lower in differentiated hNT than in NT2 cells (see chapter 5; section 5.3.5).
Interestingly, AzaC cytotoxicity is primarily mediated by Dnmt3a and Dnmt3b (Oka et al.,
2005), and Dnmt3b knockdown in NT2 cells significantly increased their resistance to AzaC
(Beyrouthy et al., 2009). Thus, lower expression of Dnmt3b in hNT cells compared to NT2
cells might explain their resistance to AzaC treatment.
As basal levels of Dnmt3b alone do not predict sensitivity to AzaC, it is likely that additional
specific factors reduce hNT cells sensitivity to AzaC (Beyrouthy et al., 2009, Qin et al., 2009).
hNT cells express higher levels of Tets compared to NT2 cells, with Tet2 being the most
highly expressed member of the Tet family (see chapter 5; section 5.3.5). Interestingly, AzaC
is effective for the treatment of myelodysplastic syndromes in which somatic Tet2
mutations are frequently observed (Ko et al., 2010). Therefore, it is possible that the high
levels of Tet2, in addition to low levels of Dnmt3b, detected in hNT cells increase the
resistance to AzaC.
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6.5.

Conclusion

In conclusion, the results obtained in this chapter revealed that neuronal precursor cells and
differentiated brain cells present different sensitivity to two different stimuli, Aβ 1-42 and
AzaC. Aβ1-42 induced a significant decrease in cell number and significant DNA
hypermethylation and hyperhydroxymethylation in NT2 cells. In contradiction, Aβ 1-42 did not
affect cell number and did not alter levels of DNA modifications in differentiated neurons
and astrocytes. The treatment of NT2 cells with AzaC induced both DNA hypomethylation
and hypermethylation, and decreased Dnmt3b expression. These changes were highly
dependent on the concentrations and durations of AzaC treatment that were tested. More
importantly, AzaC was found to increase levels of 5hmC and increase Tet2 and Tet3
expression, providing evidence, for the first time, that AzaC could potentially alter 5hmC
through a change in Tets expression. Results obtained in hNT cells revealed that human
post-mitotic neurons are highly resistant to AzaC. Altogether, these findings highlight the
importance of testing stimuli in appropriate in vitro models when studying brain cells. The
NT2 cell line appeared to be a useful tool to compare the response to various stimuli
between neuronal precursor cells and differentiated brain cells.
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Chapter 7: General discussion and
future perspectives
AD was first described in 1906 by Alois Alzheimer, a German psychiatrist and
neuropathologist (Berchtold and Cotman, 1998). Now, more than a century later, AD still
affects a large number of people worldwide. In 2013, it was estimated that 44.35 million
people were living with dementia throughout the world (Prince et al., 2013a). The incidence
of AD continues to increase each year, urging the scientific community to find a cure for this
disease. Unfortunately, the complexity of the disease and the difficulty to diagnose AD at its
early stages render the task of finding a treatment challenging. Despite intensive research,
reliable early markers of the disease are still lacking (Guzman-Martinez et al., 2012) and
curative treatments have yet to be discovered.
Only a minority of AD cases appear to have an aetiology that is primarily genetic, whereas
the origin of most AD cases is likely to involve interactions between environmental factors
and the epigenome (Landrigan et al., 2005). Alteration in epigenetics has been
hypothesised, since the early nineties, to be involved in the pathophysiology of AD (Schwob
et al., 1990, Yoshikai et al., 1990). Amongst recognised epigenetic markers, 5mC has been
the modification that has been most studied in the context of AD. Earlier studies reported
alteration in the patterns of 5mC at specific loci of key genes that are involved in the
pathology of AD, as well as changes at global levels. Results emanating from these studies
demonstrated that both the increase and decrease in levels of 5mC can be detected at
specific sites in the AD brain (West et al., 1995, Wang et al., 2008, Barrachina and Ferrer,
2009, Brohede et al., 2010, Bakulski et al., 2012). The small number of human studies
investigating 5mC at global levels prior to my thesis did not allow a definitive conclusion on
the global status of 5mC in AD brain to be drawn (Schwob et al., 1990, Mastroeni et al.,
2009, Mastroeni et al., 2010).
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7.1.

General discussion

Less than five years ago, 5mC was the only DNA modification studied in the context of
epigenetics in AD. Since then, 5hmC, and more recently 5fC and 5caC, have been added to
the list of DNA modifications acting as epigenetic markers (He et al., 2011, Ito et al., 2011).
The direct links that exist between these different DNA modifications, as well as their effects
on gene expression, strongly indicate that these DNA modifications should be studied in
parallel, rather than as individual epigenetic markers. Most of the early studies that aimed
to investigate 5mC in AD included insufficient numbers of AD subjects (Yoshikai et al., 1990,
West et al., 1995, Brohede et al., 2010), or generated results based on techniques that do
not discriminate between 5mC and 5hmC (Schwob et al., 1990, Siegmund et al., 2007, Wang
et al., 2008). Thus, these early human studies were not adequate for drawing conclusions
from. Therefore, it was imperative to investigate 5mC in parallel with 5hmC in a sufficient
number of brains in order to confirm 5mC status in AD, and to determine if 5hmC is involved
in AD.
Prior to my work, there was only one published human study looking specifically at 5mC at
global levels in a sufficient number of AD cases. Using IHC combined with observation and
manual cell counting, Mastroeni et al, (2010) reported global DNA hypomethylation in
neurons of the entorhinal cortex (Mastroeni et al., 2010). During the course of my PhD,
other research groups reported alterations in global levels of 5mC and 5hmC in the AD brain
(Rao et al., 2012, Bradley-Whitman and Lovell, 2013, Chouliaras et al., 2013). Rao et al,
(2012) used an ELISA-based method to study 5mC specifically and found global DNA
hypermethylation in the frontal cortex of AD brain compared to controls (Rao et al., 2012).
In another study, 5mC and 5hmC were investigated by immuno-dot blot in the hippocampus
and the cerebellum of AD and control brains. They reported global DNA hypermethylation
and hyperhydroxymethylation in the hippocampus of AD cases compared to controls,
whereas no changes were detected in the cerebellum, a brain region not commonly
affected in AD (Bradley-Whitman and Lovell, 2013). In contradiction, Chouliaras et al.,
(2013) found that global levels of 5mC and 5hmC were significantly decreased in the
hippocampus of AD subjects using IHC (Chouliaras et al., 2013).
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In my thesis, 5mC and 5hmC were investigated in the MFG and the MTG of AD and healthy
control brains. IHC, combined with Discovery-1 microscopy and Metamorph image analysis
software, was used as a high-throughput method to specifically semi-quantify levels of 5mC
and 5hmC. My results clearly showed that DNA is globally hypermethylated and
hyperhydroxymethylated in neurons from AD MFG and MTG, two brain regions that are
susceptible to AD. Therefore, my results are in agreement with those of Rao et al., (2012)
and Bradley-Whitman and Lovell (2013). My research, together with other current
literature, provides evidence that 5hmC is involved in the pathophysiology of AD (Rao et al.,
2012, Bradley-Whitman and Lovell, 2013, Chouliaras et al., 2013), and challenges previous
theories based on the presence of DNA hypomethylation in AD.
Previous studies set out to identify links between alterations in the OCM and DNA
hypomethylation observed in AD. The OCM regulates the availability of methyl groups for
SAM, the methyl donor for Dnmts (Coppede, 2010). Fuso et al., (2011), provided direct
evidence that alterations in the OCM induce changes in 5mC (Fuso et al., 2011a). Results
from animal and cell culture studies also established links between alterations in the OCM
and changes in 5mC in the context of AD (Scarpa et al., 2003, Fuso et al., 2005, Sontag et al.,
2007, Fuso et al., 2008, Nicolia et al., 2010, Pirchl et al., 2010, Zhuo and Pratico, 2010, Fuso
et al., 2011b, Singh et al., 2011). However, results that emanated from human studies are
variable and do not permit any definite conclusion on the presence of alterations in the
OCM in AD patients (Seshadri et al., 2002, Coppede, 2010, Hooshmand et al., 2010,
Linnebank et al., 2010). In addition, most clinical studies testing the use of B vitamins
supplementation for the prevention or the treatment of AD patients failed to show
satisfactory results (Sun et al., 2007, Malouf and Grimley Evans, 2008, Nelson et al., 2009,
Kwok et al., 2011). However, two studies from the same research group reported beneficial
effects of B vitamin supplementation for the reduction of brain atrophy in AD (Smith et al.,
2010a, Douaud et al., 2013). The first study reported that B vitamin supplementation, which
included folic acid, vitamins B6, and B12, slowed down the rate of brain atrophy in patients
with mild cognitive impairment (Smith et al., 2010a). They confirmed their results in a later
study, and reported that higher HCY plasma levels at baseline were associated with faster
grey matter atrophy. Furthermore, they reported that B vitamins could lower HCY plasma
levels resulting in reduced grey matter atrophy in brain regions susceptible to AD (Douaud
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et al., 2013). The beneficial effects of B vitamins on brain atrophy might occur through 5mCindependent mechanisms. Folate is required for purine synthesis, and a study conducted in
rat in the context of colon cancer showed that folate depletion impairs DNA excision repair
mechanisms. In addition, folate supplementation helped recovery after induced DNA
damage (Choi et al., 1998). In agreement, Kruman et al., (2002) demonstrated that folic acid
deficiency and homocysteine increase neuronal cell death, and increase the sensitivity of
neurons to Aβ treatment by impairing DNA repair mechanisms (Kruman et al., 2002). Thus,
B vitamin supplementation might be beneficial for the prevention of AD by recovering base
excision repair mechanisms, rather than through 5mC-dependent mechanisms.
In my study, I found that in the MTG, levels of 5mC and 5hmC correlated with Aβ, tau, and
ubiquitin loads; thus indicating that these changes are related to AD. In contradiction,
Chouliaras et al., (2013) reported that the decrease in levels of 5mC and 5hmC, that they
observed in the hippocampus, were inversely correlated to Aβ loads (Chouliaras et al.,
2013). The effect of Aβ on 5mC has been previously tested in vitro (Chen et al., 2009,
Hodgson et al., 2013, Taher et al., 2014), whereas its effect on 5hmC has not yet been
investigated. Thus, my study is the first to investigate the effect of Aβ1-42 on levels of 5hmC.
Results emanating from earlier studies testing the effect of Aβ on 5mC lack consensus. The
treatment of human neuroblastoma cells with soluble Aβ oligomers for 24 h induced global
DNA hypomethylation (Hodgson et al., 2013). In another study, it was shown that the
treatment of murine cerebral endothelial cells with 25 µM of Aβ1-40 for 48 h induced global
DNA hypomethylation and hypermethylation at specific loci (Chen et al., 2009). In
contradiction, the same conditions tested in human neuronal cells did not induce changes in
5mC (Taher et al., 2014). In agreement with the latter study, I found that the treatment of
neuronal precursor cells, the NT2 cells, with 10 and 25 µM of Aβ 1-42 for 48 h did not induce
significant changes in the global level of 5mC. However, the same treatment sustained for
72 h induced global DNA hypermethylation and hyperhydroxymethylation, together with
decreased cell number. It is important to note that the treatment of differentiated neurons
or differentiated astrocytes with 10 µM of Aβ1-42 for 72 h did not induce significant changes
in 5mC or in 5hmC. Nevertheless, I demonstrated that Aβ 1-42 can induce DNA
hypermethylation and hyperhydroxymethylation in vitro. These in vitro results, in addition
to the positive correlation between levels of 5mC and 5hmC and Aβ loads, suggest that
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accumulation of Aβ1-42 in the AD brain might be a cause for increased levels of 5mC and
5hmC observed in AD brain.
Throughout life, cells are exposed to various factors, such as tobacco, metals and stress,
which are capable of inducing cellular changes including changes in epigenetics (CorySlechta et al., 2008, Satta et al., 2008, Wu et al., 2008, Breton et al., 2009, Aguilera et al.,
2010). Under normal circumstances, alterations in the patterns of 5mC can be repaired
through mechanisms such as the BER mechanism (Schar and Fritsch, 2011). Unfortunately,
some of these DNA repair mechanisms are altered in the AD brain (Weissman et al., 2007),
and might contribute to accumulation of 5mC and 5hmC in AD (Bradley-Whitman and Lovell,
2013). Indeed, Bradley-Whitman and Lovell (2013) found increased levels of 5mC and 5hmC
in the hippocampus in AD, and decreased levels of 5fC and 5caC, which are two
intermediates in the methylation/demethylation pathway (Bradley-Whitman and Lovell,
2013). Consequently, in the absence of a functional demethylation pathway, alterations in
the pattern of 5mC and 5hmC, caused by factors such as Aβ, will gradually accumulate and
could potentially lead to global DNA hypermethylation and hyperhydroxymethylation.
Dnmts and Tets are the enzymes that directly regulate 5mC and 5hmC (Hermann et al.,
2004a, Ito et al., 2011). Thus, the dysregulation of one or more Dnmts or Tets might have an
impact on the levels of 5mC and 5hmC. Mastroeni et al., (2010) investigated Dnmt1, the
maintenance Dnmt, in the AD brain. Using IHC, they found that Dnmt1 was reduced in
neurons from the entorhinal cortex (Mastroeni et al., 2010). In a later study, the same
research group reported that Dnmt1 protein expression was decreased in neurons from the
hippocampus and sequestered in the cytoplasm (Mastroeni et al., 2013). In contradiction
with these studies, I found that Dnmt1 expression was increased in the AD MTG, another
brain region that is affected by AD. In my study, I used IHC on TMAs to investigate Dnmt1
and Dnmt3b expression in the AD MTG. Immunostaining revealed that the expression of
those two proteins are altered in the AD MTG. Dnmt1 was significantly increased, whereas
Dnmt3b, one of the two de novo Dnmts, was significantly decreased in the AD brain. In AD,
levels of 5mC and 5hmC correlated with levels of Dnmt1, but did not correlate with levels of
Dnmt3b. These results indicate that increased Dnmt1 might be implicated in DNA
hypermethylation, and potentially hyperhydroxymethylation, observed in the AD brain. The
reason for the discordance that I found between levels of Dnmt3b and levels of 5mC in the
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AD MTG is not clear. It has been suggested that Dnmt3b might correct errors made by
Dnmt1 (Jones and Liang, 2009). Dnmt3b has also been identified as a potential DNA
dehydroxymethylase (Chen et al., 2012a). Therefore, decreased levels of Dnmt3b might
result in increased levels of 5mC. Altogether, I found that Dnmt1 and Dnmt3b expression
were altered in AD MTG, and that this might contribute to the DNA hypermethylation.
Bradley-Whitman and Lovell (2013) demonstrated that changes in Tets expression might
also contribute to increased levels of 5hmC. They investigated Tet1 expression in the
hippocampus and the cerebellum of AD subjects by western blot, and found that Tet1 was
expressed at higher levels in the hippocampus of AD compared to controls. They found that
Tet1 expression was also increased in the cerebellum of the AD brain, but to a lesser extent
(Bradley-Whitman and Lovell, 2013). These results indicate that increased Tet1 expression
might contribute to increased levels of 5hmC in the AD brain.
Increased Dnmt1 and Dnmt3a expression, and DNA hypermethylation, precede apoptosis in
neurons (Chestnut et al., 2011). Chestnut et al., (2011) used in vitro and in vivo models to
demonstrate the involvement of 5mC in the regulation of motor neuron cell death. They
used NSC34, a mouse hybrid cell line, as an in vitro model to study apoptosis in motor
neuron-like cells. They treated NSC34 cells with camptothecin, an inducer of DNA singlestrand breaks and apoptosis, and studied Dnmt1 and Dnmt3a expression by western blot.
Their results revealed that levels of Dnmt1 and Dnmt3a significantly increase shortly after
treatment with camptothecin, as cells entered into apoptosis. Using ICC they also found
DNA hypermethylation in cells treated with camptothecin. Next, they used a mouse model
of motor neuron apoptosis to study the contribution of Dnmts and 5mC in neuronal cell
death in vivo. The induction of apoptosis in motor neurons by unilateral sciatic nerve
avulsion resulted in increased levels of Dnmt1 and Dnmt3a, and a global increase in 5mC.
Importantly, the use of Dnmt inhibitors protected cells from apoptosis, and blocked DNA
hypermethylation in vitro and in vivo (Chestnut et al., 2011). In agreement with the latter
study, levels of 5mC increase in the ischemic striatum and cortex of a mouse model of mild
stroke. The inhibition of Dnmt1 resulted in a reduction of the lesion size and prevented
neuronal cell death (Endres et al., 2000, Endres et al., 2001). There is evidence that 5hmC
might also be involved in cell death. For example, results obtained in the human frontal
cortex revealed that intragenic sequences in genes coding for proteins involved in cell death
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are enriched in 5hmC (Jin et al., 2011b). A study investigating 5mC and 5hmC by IHC during
programmed cell death of retinal neurons, which takes place through normal retinal
development, provides additional evidence that 5hmC is involved in cell death. They found
that levels of 5mC and 5hmC were increased in apoptotic retinal neurons, which were
positive for the terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL)
staining, a marker of DNA fragmentation occurring during apoptosis (Wahlin et al., 2013).
Altogether, these findings suggest that increased levels of 5mC and 5hmC in neurons from
AD might precede neuronal cell death.
In support of these findings, I found that the treatment of NT2 cells with AzaC, at
concentrations known to induce cell death, induced a significant decrease in Dnmt3b
expression,

in

cell

number,

and

led

to

global

DNA

hypermethylation

and

hyperhydroxymethylation. AzaC is currently used for the treatment of myelodysplasia
syndrome because of its demethylating properties. The effect of AzaC on 5mC has been
widely studied in vitro and in vivo (Endres et al., 2000, Christman, 2002, Oka et al., 2005,
Miller and Sweatt, 2007, Palii et al., 2008, Miller et al., 2010, Hagemann et al., 2011).
However, until recently, its effect on 5hmC had not yet been investigated. Therefore, I
tested the effects of AzaC on 5mC and 5hmC in mitotic cells, the NT2 cells, and in postmitotic cells, hNT cells. The treatment of NT2 cells with AzaC induced changes in levels of
5mC and 5hmC in a time- and concentration-dependent manner. Short treatment with AzaC
(< 30 h) induced DNA hypomethylation, whereas longer treatment (72 h) induced DNA
hypermethylation and cell death. The effect of AzaC on 5hmC differed from its effect on
5mC. AzaC induced an increase in levels of 5hmC as early as 6 h after the beginning of the
treatment, but this increase only reached statistical significance after 30 h of treatment.
Levels of 5hmC continued to increase in a concentration- and time-dependent manner. In
agreement with these results, a study published during the production of my thesis
observed that the treatment of mouse neural stem cells with 2.5 µM of AzaC for 48 h
induced a slight increase in 5hmC, which was not statistically significant (Liyanage et al.,
2013). In my research, I also studied the effect of AzaC on Dnmts and Tets expression. The
treatment of NT2 cells with 0.1, 1 and 10 µM of AzaC for 48 h resulted in decreased Dnmt3b
and Tet1 expression, and increased Tet2 and Tet3 expression, with increasing AzaC
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concentrations. My research is the first to report that AzaC induces significant DNA
hyperhydroxymethylation and that it alters the expression of Tets in mitotic cells.
In contradiction, the treatment of post-mitotic cells, hNT cells, with 0.1, 1 and 10 µM of
AzaC for 72 h did not induce changes in cell number, and did not affect levels of 5mC and
5hmCat any of the concentrations tested. The resistance of hNT cells to AzaC treatment
might be explained by the post-mitotic state of those cells. Indeed, AzaC is a cytosine
analogue that incorporates into DNA (Momparler, 2005, Karahoca and Momparler, 2013).
Thus, in the absence of cell division, AzaC cannot incorporate into DNA. However, there is
evidence from in vitro and in vivo studies that AzaC can induce biological effects in the
absence of cell division (Ghoshal et al., 2005, Levenson et al., 2006, Miller and Sweatt, 2007,
Miller et al., 2010). The response of cells to AzaC was previously shown to be highly cellspecific (Qin et al., 2009), suggesting that neurons and astrocytes might be less sensitive to
AzaC than their counterpart undifferentiated NT2 cells. Thus, neurons and astrocytes might
respond to higher concentrations and/or longer periods of incubation with AzaC, than NT2
cells. This hypothesis is supported by a study showing that undifferentiated human stem
cells were 20 times more sensitive to AzaC than their differentiated derivatives
(Wongtrakoongate et al., 2014).
Interestingly, the strongest effect of AzaC on Dnmts and Tets expression I observed was for
Dnmt3b, which was massively decreased. There is now evidence in the literature that
Dnmt3b is involved in the regulation of apoptosis (Zhao et al., 2013, Wongtrakoongate et
al., 2014). Two independent research groups reported that apoptosis induced by AzaC is
mediated by Dnmt3b. They showed that the deletion of Dnmt3b induced resistance to AzaC
(Oka et al., 2005, Wongtrakoongate et al., 2014). In contradiction, silencing of Dnmt3b in
two different cell lines of human stem cells induced a two-fold increase in the number of
apoptotic cells, suggesting that Dnmt3b was an anti-apoptotic gene (Wongtrakoongate et
al., 2014). In agreement, inhibition of Dnmt3b increased the apoptotic effect of
staurosporine, which induces apoptosis and has been shown to decrease Dnmt3b mRNA
and protein levels. Deletion of Dnmt3b in the presence of staurosporine increased
apoptosis, when compared to staurosporine alone (Zhao et al., 2013). These findings
suggest that decreased levels of Dnmt3b detected in nuclei from cells present in the grey
matter of AD MTG might coincide with increased neuronal cell death occurring in AD brain.
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To summarise my research, I propose a model based on the LEARn model, which integrates
the main findings of my thesis and the current literature. This model aims to explain the role
of DNA hypermethylation and hyperhydroxymethylation in the development of sporadic
cases of AD (Figure 7.1). The LEARn model postulates that early life events, which occur at
the developmental stage, predispose one to diseases such as AD. These early life stressors
interact and modify the epigenome leading to perturbation of gene expression, but these
alterations are latent and manifest only later in life when the organism is exposed to
subsequent risk factors. The LEARn model is a theory that is based on DNA hypomethylation
induced by environmental stressors, and does not take 5hmC into consideration (Lahiri et
al., 2008, Lahiri et al., 2009). Important changes in 5mC and 5hmC occur during early life and
during development (Okano et al., 1999, Fulka et al., 2004, Laird, 2010, Iqbal et al., 2011,
Ruzov et al., 2011, Wossidlo et al., 2011). As methylation is covalently linked to cytosine, it
was believed that 5mC is a permanent modification. There is now evidence that 5mC can be
labile, particularly in the brain during memory formation (Miller and Sweatt, 2007, Miller et
al., 2008, Monsey et al., 2011). Most cells in the brain are post-mitotic, thus, implying the
existence of mechanisms that are capable of detecting and correcting errors in the pattern
of 5mC, even in the absence of cell division (Boorstein et al., 2001, Bhutani et al., 2010, He
et al., 2011, Ito et al., 2011, Maiti and Drohat, 2011, Schar and Fritsch, 2011).
Throughout life, cells are constantly exposed to internal and external stressors that can
interact with the epigenome and modify 5mC and 5hmC. Some examples of these factors
include diet (Chung et al., 2010, Chouliaras et al., 2012a, b, Minor et al., 2013), alcohol
(Tammen et al., 2014), tobacco (Breton et al., 2009), Aβ ( see chapter 4), and drugs such as
AzaC ( see chapter 6). Alteration in the pattern of 5mC or 5hmC can lead to a change in gene
expression (Portela and Esteller, 2010, Zhang et al., 2010, Williams et al., 2011). Altered
gene expression might return to normal through the re-establishment of the patterns of
5mC and 5hmC by the Dnmts or Tets (Hermann et al., 2004a, Ito et al., 2010, Zhang et al.,
2010), after cell division (Chen and Riggs, 2011), or by activation of still unknown
mechanisms. The presence of 5mC in DNA increases the risk of mutations and DNA strand
breaks (Mazin, 2009). Under normal conditions, alterations in the patterns of 5mC can be
recognised and repaired by active demethylation pathways (Boorstein et al., 2001, Bhutani
et al., 2010, He et al., 2011, Ito et al., 2011). However, some of these DNA repair
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mechanisms are altered in the AD brain (Weissman et al., 2007, Martin, 2008), which might
cause accumulation of 5mC and 5hmC (Bradley-Whitman and Lovell, 2013). The
accumulation of 5mC and 5hmC above a certain level might activate apoptotic pathways
leading to neuronal cell death (Chestnut et al., 2011, Wahlin et al., 2013), and finally to the
clinical manifestation of AD.

Figure 7.1 Summary of the main findings of my thesis in relation to the current literature
Blue pathway: Organisms are constantly exposed to internal and external stressors such as amyloid beta (Aβ),
oxidative stress, and drugs. These stressors can alter levels of DNA methylation (5mC) and hydroxymethylation
(5hmC), which results in altered gene expression and an increased risk of mutations and DNA double strand
breaks. Altered gene expression might return to normal after re-establishment of 5mC and 5hmC patterns
through a change in Dnmts or Tets expression, cell division, or other unknown mechanisms. Accumulation of
mutations and DNA double strand breaks induces an increase in Dnmt1, which in turn activates DNA repair
mechanisms such as the base excision repair (BER) mechanisms. Finally, in the normal brain, the patterns of
5mC and 5hmC can be re-established (blue pathway). Red pathway: In Alzheimer’s disease (AD), the BER
mechanism is altered, leading to an accumulation of 5mC and 5hmC, which in turn activates apoptosis
pathways, by potentially decreasing Dnmt3b. This leads to neuronal cell death and the clinical manifestation of
AD.
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7.2. Future directions
In my study I found DNA hypermethylation and hyperhydroxymethylation in neurons from
the AD MFG and MTG (chapter 3). The same changes were observed in the hippocampus of
preclinical AD patients, which suggests that increased levels of 5mC and 5hmC could be used
as early markers of AD (Bradley-Whitman and Lovell, 2013). Therefore, future studies should
investigate the 5mC and 5hmC status in cells, present in CSF or blood samples, from AD
patients. This may provide evidence for the presence of reliable biomarkers for AD.
The investigation of Dnmt1 and Dnmt3b by IHC revealed that Dnmt1 is increased, while
Dnmt3b is decreased in the AD MTG (chapter 4). A study looking at Tet1 in AD brain showed
that there is an increase in Tet1 in the hippocampus and the cerebellum of AD cases,
compared to controls (Bradley-Whitman and Lovell, 2013). However, no information on
Tet2 and Tet3 in AD is available. Thus, it would be interesting to study all three Dnmts and
all three Tets in different regions of the AD brain. The results would determine if the
expression of all these enzymes are altered in AD and would establish how widespread
these epigenetic changes are in the AD brain.
To test the validity of the model I described above, the NT2 cell line could be used as a
human in vitro model to study the influence of internal and external factors on 5mC and
5hmC during neuronal and astrocytic differentiation. In addition, this model could be used
to study the effects of accumulation of 5mC and 5hmC on expression of genes implicated in
AD and their role in the activation of apoptotic pathways.
The finding that AzaC is a strong inducer of 5hmC is an important discovery for the scientific
community, as well as for clinical studies. Interestingly, AzaC is efficient for the treatment of
myelodyplastic syndrome, in which Tet2 is often mutated. In addition, myelodyplastic
syndrome is associated with high levels of 5mC and low levels of 5hmC (Ko et al., 2010).
Therefore, the effect that AzaC has on 5hmC levels could be as important, if not more
important, than its effect on 5mC. Thus, it would be interesting to consider levels of 5hmC in
tumours as a predictor for the response to the treatment with drugs like Decitabine.
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Overall, these future studies will provide further information on 5mC and 5hmC in AD. In
addition, these results might help in determining if these two DNA modifications could be
used as biomarkers for early detection of AD, or as a target for the development of new
therapeutic approaches.
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