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Mental and neurological disorders of degenerative and 
developmental nature, particularly Alzheimer’s disease (AD), 
schizophrenia (SZ) and bipolar disorder (BP), are nowadays 
among the most challenging health problems as they remain 
practically incurable due to lack of effective treatment strategies. 
The need for efficient therapeutic and diagnostic options is 
more urgent than ever now that the aging population is all the 
more increasing and that socio-political factors cause higher 
discrimination between social strata as well as among individuals 
with diverse ethnic backgrounds. 

The pathological profile and symptomatology of each of these disorders is 
rather unique, but collectively they are among the leading causes of cognitive, 
emotional and social disability in younger and older populations. The prevalence 
of these disorders in numbers are 4% of the aging population for AD and 1% 
of the population worldwide for any of the two psychiatric disorders, SZ or BP 
[1, 2]. The noted dysfunction in these domains significantly reduces the quality 
of life, depriving the afflicted individuals from a normal life with adequate social 
support from their families and loved ones. Additionally, the universal research 
effort devoted into discovering effective treatment has yet to yield encouraging 
outcomes, resulting in a relentless increase in economic and human costs. 

The common denominator of ineffective treatment and delayed diagnostic 
options is the inconclusive knowledge on the aetiology of the disease. Genetic 
studies have identified genes responsible for the Mendelian inheritance pattern 
and have shed ample light in the basic underling biological processes. Many 
of these genes have also been validated via meta-analyses and additionally 
polygenic scores have been developed for each disease in order to predict case/
control status [2-4]. However, genome-wide studies (GWAS) have indicated that 
in all these diseases, the common generic variants account for a very small 
percentage of the attributable risk, while the rare ones have larger effects. On 
top of that, while subtypes of these diseases are highly heritable, observations of 
discordant disease outcomes from concordant twins come to establish the notion 
of “heritability gap”. 
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Cumulative evidence has indicated that environmental influences throughout the 
lifespan and in particular during development are linked to disease phenotypes. 
The breadth of the definition of “environmental influences” includes infectious 
agents, pathogens and pollutants, illicit compounds, traumatic brain injuries as 
well as nutritional deficiencies but also physiological, psychological and social 
stressors, such as maternal stress during pregnancy, low birth weight, childhood 
trauma, socioeconomic injustice and status, etc. Environmental risk factors in toto 
or individually influence susceptibility to mental illnesses. However, their role is 
considered contributory rather than causative, since exposure to them does not 
always infer deviant, disease-related pathology. It has been suggested that a 
defective genetic make-up could induce differential interindividual vulnerability 
to environmental stressors, or vice versa, an environmental risk factor could have 
different effect in individuals with different genotypes, both scenarios leading to 
disease manifestation. This notion is now a tenet of modern science, referred to 
as “gene x environment interactions”. Therefore, the aetiology of a disease seems 
to lie beyond genetic predisposition, and/or environmental influences per se and 
additional mechanisms are operative. 

Epigenetic modifications have been proposed as one of the mechanisms filling 
in the “heritability gap” and mediating “gene x environment interactions”. To 
date, knowledge collected from epigenetic research including epigenome-wide 
association studies (EWAS) complements the established genetic and polygenic 
approaches, and offers new hope for elucidating the complex biological 
mechanisms underlying disease aetiology and pathology. In the following 
chapters, an introduction to epigenetics is provided as well as their involvement 
in AD, SZ and BP.

Epigenetics with a focus on DNA methylation 

While the term epigenetics was originally coined by Conrad Hal Waddington 
in 1942 [5] in order to define the study of causal mechanisms of development 
mediating the expression of specific cellular phenotypes, it was only used with 
its current meaning as from 1996. Riggs and Russo then defined epigenetics as 
“the study of mitotically and/or meiotically heritable changes in gene function 
that cannot be explained by changes in DNA sequence” [6]. This definition has 
been complemented since then, currently including notions of reversibility of these 
changes [7] and transient mechanisms that are involved in the initiation of the 
new epigenetic state that are different from the ones required to maintain them 
[8] (see [9]). Extending beyond normal cellular development and differentiation, 
epigenetic modifications can transiently imprint environmental effects on gene 
expression throughout the life span. The umbrella term, epigenetic modifications, 
e.g. covers DNA methylation and hydroxymethylation, chromatin remodelling 
and non-coding RNA (ncRNA) regulation. And while each one of them has 
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a different function, they all are highly interdependent, with for example DNA 
methylation working in harmony with histone modifications and microRNAs 
(miRNA) to regulate transcription and to ensure the maintenance of transcriptomic 
homeostasis in the brain.

Epigenetic DNA modifications conventionally refer to the addition of a 
chemical group to cytosines (C) throughout the genome, hence establishing 
five distinct cytosine states:  unmodified cytosine (C), 5-methylcytosine (5mC), 
5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-carboxylcytosine 
(5caC) (Figure 1A). DNA methylation, the most studied epigenetic modification, 
commonly refers to the addition of a methyl group to an unmodified C at the 
5’ position on the pyrimidine ring, forming 5mC, by DNA methyltransferases 
(DNMTs). Methylation is catalysed and initially established by the de novo 
DNMT3a and DNMT3b during early embryogenesis and it is maintained by 
DNMT1, which acts by recognizing and copying methylation patters during 
cellular division. While this modification occurs with higher frequency at cytosine-
phosphate-guanine (CpG) islands across the genome, non-CpG methylation 
has recently been confirmed [10, 11]. The effect of DNA methylation on gene 
transcription is highly dependent on its location in or around the genetic locus 
[12]. Generally, high levels of DNA methylation in CpG islands located within the 
5’ gene promoter are associated with disruption of the transcriptional machinery 
and, thus, gene silencing[13]. This is achieved via the disruption of the binding of 
transcription factors [13] and the attraction of methyl-binding proteins (MBP) that 
subsequently activate the histone tail modifying machinery eventually initiating 
chromatin compaction [11]. In contrast, gene body methylation is generally 
implicated in active gene expression [14-18], while intragenic DNA methylation 
has been shown to modulate alternative splicing [19-22]. The exact mechanisms 
mediating these differential effects remain to be elucidated.

While research in the realm of DNA methylation was initially approached with 
traditional biochemical approaches, recent scientific breakthroughs in epigenomic 
technology have boosted the field of neuroepigenetic studies. The advent of 
the Illumina microarray technology decisively changed the status of epigenetic 
research by providing cost-effective, high throughput methods for interrogating the 
genome systematically at a single base resolution to the scientific enterprise. The 
first HumanMethylation27 (27k array) BeadChip which interrogated < 27k CpG 
sites, was replaced in 2013 by the HumanMethylation450 (450K) BeadChip, 
examining more than 450k sites, which in turn is currently succeeded by the 
MethylationEPIC BeadChip, covering more than 850k CpG sites genome-wide. 
All these platforms follow the same rational; they quantify the methylated (M) 
and unmethylated (U) signal intensities of a single cytosine and they calculate a 
customary index of DNA methylation fraction at this specific CpG site (β value)
[3]. The input for the BeadChip can be either bisulfite (BS)- or oxidative (oxBS)-
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converted DNA. Briefly, sodium BS treatment of denaturated DNA leads to 
deamination of unmethylted cytosine to uracil, which subsequently is amplified 
as thiamine via PCR reaction. On the contrary, 5mC and 5hmC get amplified as 
cytosines. In oxBS treatment, with the addition of an extra step, 5hmC is oxidised 
to 5fC before BS conversion, allowing for direct measurement of a specific 5mC 
signal as well as providing an indirect method for measuring 5hmC (Figure 1B).

Functional roles of DNA methylation within the CNS include brain development 
and neurogenesis, as well as the regulation of synaptic plasticity and long-term 
potentiation. Distinct DNA methylation signatures were reported in different brain 
regions, an observation which led to the hypothesis of methylation-regulated 
region-specific functional specialization of brain structures [34]. Further, this fact 
indicates that extensive de novo DNA methylation occurs during neural maturation 
and that these modifications are potential determinants of cell fate. With respect 
to neurogenesis, epigenetic factors have been accredited for maintenance of 
neural stem cell renewal as well as the proliferation and differentiation of new 
mature neurons [35]. Additionally, DNMTs are required for synaptic plasticity and 
facilitation of learning and memory via the induction of long term potentiation within 
the hippocampus [36]. And while hydroxymethylation was originally considered 
a mere intermediate product of DNA demethylation, vital physiological roles 
have been attributed to this modification in the meantime. Nowadays, 5hmC is 
associated with neuronal proliferation and maturation as well as synaptogenesis, 
and, more generally, with learning and memory processes [37-39]. 

Undoubtedly, the functional gamut of methylation and hydroxymethylation marks 
regulates crucial biological mechanisms in the CNS. Therefore, an epigenetic 
disequilibrium could influence brain homeostasis and trigger pathological 
cascades that lead to neurodevelopmental and neurodegenerative disorders. 
Moreover, while genetic and environmental factors have been repeatedly 
reported to contribute to the underlying cause of such disorders, notions holding 
aberrant DNA methylation (co-)responsible for the aetiology and progression of 
these pathological conditions have garnered much attention recently. To this end, 
the underpinning pathological events linked to neuropsychiatric disorders such as 
AD, SZ and BP have been associated with dysregulated epigenetic machinery.

Alzheimer’s Disease 

AD is a chronic, neurodegenerative disorder and the main cause of dementia. 
By now, its ever-increasing prevalence in combination with the lack of effective 
therapeutic solutions makes AD one of the most burdensome diseases for society, 
the economy and, at a more personal level, patients’ families and relatives. 
While the clinical manifestation of the disease is discernible at approximately 
the 6th decade of the lifespan, with cognitive impairment, memory loss and day-
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to-day debilitation, it is suggested that the incipient stages may start, yet remain 
asymptomatic, in young adulthood. 

The main hallmarks of AD remain the extracellular amyloid beta (Aβ) plaques, 
which form degradation-resistant aggregates, and hyperphosphorylated tau 
protein that leads to the formation of intraneuronal neurofibrillary tangles (NFTs). 
Theories on the pathogenesis of the disease support that these two characteristic 
hallmarks lead to synaptic dysfunction and eventually neuronal cell loss, causing 
dramatic cortical and subcortical atrophy. Along with these hypotheses, many 
more have been added to the aetiological spectrum of the disease, namely energy 
metabolism, inflammation, and cell cycle control dysregulation, elucidating part of 
the pathophysiology underlying AD, but at the same time arresting development 
towards a unifying hypothesis for the pathogenesis of AD. 

Human AD pathology is majorly detained within the CNS [40, 41]. There, 
the pathology propagates in a rather selective spatial and temporal manner 
with some regions being highly vulnerable to the aforementioned hallmarks 
at specific time points and others relatively resilient [42]. It is remarkable that 
the pathology particularly targets very specific neuronal types, which share 
long, late-myelinating and weakly myelinating axons [42, 43]. Thus, the initial 
manifestation of abnormal tau material is observed in the brainstem, and, more 
specifically, in the magnocellular nuclei of the basal forebrain, the oral nuclei of 
the brainstem raphe nuclei and the locus coeruleus (LC) [42-69]. From there, one 
can follow the propagation of the pathology to highly vulnerable subcortical 
areas and, later on, to high-order association areas of the neocortex [42, 49, 
70]. Once cortical areas are damaged, the curtailment of intellectual functions 
begins, gradually leading to deterioration or even loss of executive functions, 
annotating the clinical phase of AD. Based on the observed tau progression, 
Braak and Braak introduced a 7-point system for staging AD representing the 
spreading pattern of tau pathology [51]. 

In AD, individual disease risk is determined by genetic, environmental and 
demographic factors, as well as interactions between them. From a genetic 
point of view, AD can be classified in two categories; the familial (fAD) and the 
sporadic (sAD) one. While the symptomatology and the progression of both 
forms are comparable, the aetiology is fundamentally different [71]. fAD accounts 
for only 1-5% of the disease cases and the existence of genetic mutations in 
specific genes is able to explain the majority of them. Mutations in the amyloid 
precursor protein (APP) gene and the presenelin (PS) genes PS1 and PS2 have 
been associated with fAD [72-79]. While APP is an Aβ precursor, PS1 and 
PS2 represent γ-secretase-associated proteins, responsible for the cleavage of 
APP. Thus, loss-of-function detected mutations as seen in fAD promote Aβ1-42 
production, i.e. the Aβ species that is more prone to aggregate [80]. 
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Sporadic AD, the most prevalent form of AD, usually has a late-onset (> 65 
years) and bares non-Mendelian traits. Most of the genes and genetic variants 
that emerged from GWAS have been robustly associated with AD, but only 
account for a fraction of susceptibility risk [[81]; for specific GWAS results see 
[82-85]]. Moreover, the mechanisms by which they influence the development 
and progression of AD remain to be elucidated. Indeed, even for the genetic 
risk factor with the highest population-attributable risk for sAD, the ε4 allele of 
the Apolipoprotein E (APOE) gene, the mechanism behind its action has not yet 
been discovered [86]. Mounting evidence suggests that the increased levels 
of brain APOEε4 messenger RNA (mRNA) in AD patients are associated with 
dysfunctional clearance and aggregation of Aβ via various speculated, yet not 
proven, mechanisms affecting cerebral energy metabolism, neuroinflammation, 
neurovascular function, neurogenesis and synaptic plasticity [87]. In contrast to 
the approximately 12-fold increase in sAD occurrence in two ε4 allele carriers, 
differential effects of other APOE isoforms have been shown, with the APOEε2 
allele conferring protection against sAD, increased longevity and improved 
cognitive health [88].  

Notwithstanding the highlighted connection between both familial and sporadic 
forms of AD with Aβ misprocessing, dysfunctional tau has also been suggested 
as the proximate cause of neurotoxicity in AD. Tau is a cytoskeletal protein largely 
associated with the stabilization of axonal microtubules in the CNS [89, 90]. In 
AD, hyperphosphorylated tau aggregates at the somatodendritic compartment 
of neurons forming paired helical filaments (PHF), which mainly constitute the 
NFTs [91-93]. NFTs are held responsible for defective neuronal function by 
means of microtubule dissociation and, consecutively, cytoskeletal deterioration, 
neuronal dysfunction and, ultimately, cell death. Tau misprocessing was for a long 
time considered a ubiquitous condition associated with ageing, since a similar 
pathological process is observed in other tauopathies [94]. Nevertheless, recent 
evidence has proven the opposite, i.e. that specific pathologic tau inclusions are 
AD-related. Tau derived from NFTs from AD patients can sequester normal tau 
and other microtubule-associated proteins (MAPs) and, furthermore, can cause 
the formation of new tau inclusions that are not only remarkably stable, but also 
produce single cell strain as opposed to other tauopathies [95]. Additionally, AD 
is not characterized by any mutations in the MAP tau (MAPT) gene, a common 
case in other general tauopathies [96, 97]. 
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Despite the strong association between hallmark appearance and the incidence 
of AD, many individuals may carry the most salient risk factors for AD, as well 
as express profuse Aβ and tau pathology, but yet never clinically develop 
the disorder [76, 98-100]. Interestingly, even monozygotic twins can have 
discordant AD outcomes [99]. Such phenomenon can only be explained by a 
crucial dysregulation of the epigenetic machinery. Thus, in-depth knowledge on 
epigenetic modifications in AD, particularly DNA methylation, is ever increasing, 
elucidating the complex architecture of the disease. 

In order to reveal the involvement of DNA modifications in the pathogenesis and 
physiology of AD, three different research strategies have been employed. Firstly, 
studies have examined global DNA methylation and hydroxymethylation levels 
in post-mortem brain tissue. Some of these studies showed a global decrease in 
DNA modifications within the hippocampus, temporal neocortex and entorhinal 
cortex [99, 101-103], while others reported elevated levels in the middle temporal 
and frontal gyrus [104]. The most recent one provided evidence for early stage 
modifications, but no global changes in methylation or hydroxymethylation in the 
entorhinal cortex during the later stages of the disease [105]. These reported 
results might have been highly inconclusive, but they mainly highlighted a potential 
role for the epigenetic machinery in AD and, furthermore, the tissue specificity of 
epigenetic modifications. Secondly, the (hydroxy)methylation profile of targeted 
genes, associated with disease pathology has been examined. The genetic 
locus of APP has been the focus of many research lines; yet, the outcomes are 
highly inconsistent with reported hypomethylation [106], hypermethylation [107] 
or no AD-related methylomic changes [108, 109] in the gene promoter. Beyond 
APP methylation profiles, a wide range of other candidate genes have been 
studied and differential methylation patterns have been detected in a number 
of them, namely PP2AC, S100A2, SORBS3, BDNF, SYP, NF-κβ, COX-2, 
TREM2 and MAPT (reviewed by [23, 76]). Thirdly, the advent of high-throughput 
methodologies led to the era of EWAS in AD. The first ever EWAS utilized the 
Illumina Infinium Methylation 27K array and identified 948 CpG frontal cortex 
positions harbouring 918 unique genes associated with late-onset AD, with the 
most significant probe residing in the TMEM59 gene [110]. Use of the same 
technology revealed four different loci annotating for DUSP22, CLDN15 and 
QSCN [111]. Upgrading towards the currently most widely used method for 
EWAS, the Illumina Infinium Methylation 450K array, the literature has been 
complemented with genetic loci that have been validated by independent studies 
[112-114]. The work presented in this thesis is the first EWAS to ever utilize the 
state-of-the-art technology of EPIC array and thoroughly distinguish and profile the 
methylome and hydroxymethylome, as well as outline the state of the unmodified 
cytosines in AD.
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Schizophrenia 
SZ is a diagnostic category of the psychosis spectrum disorders. The traditional 
diagnostic category of SZ comprises a combination of symptoms and has 
generally been conceived as a chronic neurodevelopmental disorder affecting 
approximately 1% of the population worldwide. The nature of some of the 
symptoms (e.g. paranoia, bizarre delusion, and disturbed reality testing) and 
the early onset of the disorder, in combination with its medication-refractory 
character in a proportion of patients and the stigma in society highly debilitates 
the patient’s lifestyle and creates an enormous burden for the affected people 
and their relatives. The symptoms of this disease spectrum highly vary, but, overall, 
the disability stems from negative symptoms, portrayed by the lack or loss of e.g. 
a normal emotional range, social activities, and motivation, positives symptoms, 
which include executive dysfunction, hallucinations and delusions as well as 
cognitive impairment [115]. The relapse of positive symptoms in conjunction 
with numerous health comorbidities and concomitant suicide ideation usually 
result in a decreased lifespan by approximately 15 years [116]. Importantly, 
the social stigma associated with SZ undermines the public opinion concerning 
disease manifestation and weaves it with a hopeless chronic brain disease as 
well as notions of “split personality”, most of the times resulting in extreme social 
isolation of the afflicted. To this end, it has been recently suggested that the term 
"schizophrenia" should be replaced with “psychosis spectrum syndrome” [117]. 

The main suspect for the pathophysiological abnormalities is aberrant 
neurotransmission, mainly involving the dopaminergic, serotonergic and 
glutamatergic systems [116]. Dopaminergic dysregulation is more closely 
associated with the symptomatology. Briefly, low nigrostriatal dopamine levels are 
linked to motor symptoms, and low mesocortical levels are more closely connected 
to negative and cognitive deficits. Increased mesolimbic dopamine levels on the 
other hand play a role on the positive symptoms. The involvement of the other 
two systems, i.e. the serotonergic and glutamatergic neurotransmitter systems, 
was discovered by the schizophrenia-like symptoms that LSD and ketamine/
phenylciclidine, respectively, were shown to induce. To this end, pharmacological 
compounds antagonizing both dopaminergic and serotonergic receptors were 
more effective in mitigating a wider range of symptoms. Additionally, dampening 
of SZ-associated NMDA receptor activity can alleviate from the negative and 
cognitive symptoms. 

The aetiology of SZ, despite the body of research dedicated to it, still remains 
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highly elusive. The multifaceted character of the various endophenotypes 
encompassed in the spectrum allow for multiple underlying aetiologies, including 
genetic susceptibility and environmental influences. The high heritability rates 
suggest a genetic underlying cause, though GWAS have highlighted common 
genetic variants with small effects and rare genetic variants with higher yet 
not aggregated effects of risk for developing SZ. Furthermore, environmental 
and social factors have been reported to contribute to the development of SZ 
to individuals susceptible to the disease. Such factors are childhood trauma, 
minority ethnicity, urbanicity and lifestyle stressors such as drug abuse, social 
isolation as well as discrimination [115]. And while the naïve eye would assume 
that the genetic basis and the environmental stressors account for the aetiology 
of the disorder, twin studies bring epigenetics in the spotlight. The concordance 
rate between monozygotic twins for schizophrenia ranges from 40-65%, and 
empirical evidence cannot clearly credit non-shared environmental stressors 
as the factors explaining the remaining variation [118]. To this end, epigenetic 
involvement in the aetiopathogenesis of SZ is gaining ground, as epigenetic 
modifications could be both precipitants of the illness and susceptibility modifiers 
by bridging gene x environment interactions [119]. 

Studies using candidate-based approaches have identified differential methylation 
patterns in the vicinity of COMT, RELN, DRD2 and SOX10, although replication 
studies failed to demonstrate similar patterns in COMT and RELN [120-123]. 
The first ever EWAS performed on the frontal cortex of SZ patients used a CpG 
island microarray and thus interrogated approximately 12,000 sites across the 
genome and illustrated disorder-specific methylation modifications in genes 
involved in neuronal development as well as glutamatergic and GABAergic 
neurotransmitter systems [124]. Two additional studies, utilizing the 450k array, 
focused on examining SZ-associated methylomic variation across brain regions 
(frontal cortex, hippocampus, striatum and cerebellum). The first study identified 
prefrontal cortex-specific loci that were significantly differentially methylated in SZ 
(GSDMD, RASA3, HTR5A, PPFIA1) and, most importantly, they highlighted that 
clusters of co-methylated genes associated with the diagnosis of schizophrenia 
were enriched for neurodevelopmental pathways [125]. In the second study, while 
no global methylation changes were detected, specific probes with significantly 
differential methylation exhibited consistent patterns across the brain regions 
under examination [126]. Four of these probes, GSDMD, RASA3, PPFIA1 and 
MYT1L were common with the first study. Finally, the only study exploring the role 
of DNA hydroxymethylation in schizophrenia was performed in blood by using 
5hmC- and 5mC-specific dot blots, where no significant changes were detected 
[127]. The work later presented in this book constitutes the first EWAS in the field 
of schizophrenia utilizing the EPIC array.
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Bipolar Disorder 
BP is a life-long disorder affecting approximately 1% of the population without 
discriminating among sex, ethnic origin, socio-economic status and similar 
factors that have been reported to affect the differential prevalence of other 
mood disorders. The initial manifestation of the symptomatology dates in early 
adulthood and is characterized by polarity between mania and hypomania with 
concurrent depression. The frequency and severity of mood changes has led 
to the classification of two types of BP; BP-I and BP-II, with the former involving 
periods of severe mood swings from mania to depression, while the latter is 
characterized by milder mood elevation, from episodes of hypomania to severe 
depression [128]. To this end, afflicted patients of both types present functional 
and cognitive deficits, and particularly BP-II patients often face suicide ideations 
as well as other psychiatric comorbidities, which significantly decrease their 
quality of life. 

Early research lines were treating BP as a mood disorder solely, attempting 
to unveil underlying monoaminergic disequilibrium as the main suspect of the 
pathophysiology. Nevertheless, such dysregulation was not profoundly supported 
by empirical data. Mostly reduced neuronal resilience due to altered synaptic 
and neural plasticity has been observed in brain tissue from BP patients. This 
phenomenon has been mainly attributed to decreased expression of brain-derived 
neurotrophic factor (BDNF) and dysregulated neurotrophic and downstream 
pathways [129]. On the same time, other pathways affecting neuronal plasticity 
and connectivity subsume mitochondrial dysfunction, neuroinflammation and 
oxidative stress [130]. 

All the more insight is provided in the pathology and underlying molecular and 
cellular mechanisms of BP, yet its aetiopathogenesis remains elusive. According 
to some reports, BP is among the most heritable psychiatric disorders, but oddly 
enough the “heritability gap”, particularly between concordant twins remains a 
puzzling factor [131]. GWAS have reported and replicated many risk alleles that 
have a small effect, and interestingly they do overlap with SZ (i.e. CACNA1C, 
TENM4, and NCAN), contributing to the establishment of the polygenic risk score 
for BP [132]. The model most optimally explaining the variation in heritability in 
this disorder is a multifactorial one interlacing genetic and environmental factors 
[133]. Differential propensity of various environmental stressors in combination 
with genetic variants to disease manifestation have been reported in literature, 
including factors such as childhood trauma, stressful life events, lack of social 
support, obstetric complications, (maternal) smoking as well as Toxoplasma 
gondii exposure ([134]; reviewed by [135]). 
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As for AD and SZ, a composite factor able to explain both the “heritability 
gap” and the imprint of environmental stressors on the genome in light of BP 
is epigenetic mechanisms, and empirical evidence has already indicated that 
histone and DNA methylation changes are profound in BP patients. Focusing 
on DNA modifications, targeted approaches interrogating the profile of “usual 
suspects” have identified differential methylation patterns in proximity of the BDNF 
genetic locus [136-140], serotonin transporters genes [141-143] as well as SZ-
associated genes, namely RELN [144, 145] and MB-COMT  [146]. Global 
methylation studies main not have shown consistent results, still they highlighted 
the region-specific nature of methylation modifications in BP but also how prone 
they are to the effect of environmental stimuli such as insulin resistance, second-
generation antipsychotics use and smoking [147]. 

Extensively analysed are the epigenome-wide modifications, as the conducted 
studies have profiled peripheral blood tissue [148-153] and post mortem one, 
i.e. (pre)frontal cortex [154-156], anterior cingulate gyrus [156] and cerebellum 
[157]. The majority of the studies have been performed in blood where various 
differentially methylated positions have been identified, elucidating further the 
pathophysiology of the disease as well as paving the way towards disease 
biomarkers. Recently one of these studies showed that BP patients exhibit 
accelerated epigenetic aging, in comparison to control, a phenomenon partially 
associated with aberrant mitochondrial DNA [153]. The “epigenetic clock” 
normally can predict the chronological age of the individual, but lately it has been 
shown to be highly vulnerable to cumulative lifetime stress [158] and therefore 
its acceleration can be a predictor of late life mortality risk [159]. Examination 
of post mortem brain tissue gives rather inconsistent results, mainly due to the 
different methodologies used in each study. A common point among the majority 
of these studies though is that methylation is not as enriched in promoter and 
active transcription sites as it is in intronic regions and long intergenic non-coding 
RNAs [154, 156]. Additionally, in one study, a high correlation between the 
transcriptome and the methylome was demonstrated [157], overall hinting at a more 
subtle regulatory function of methylation potentially linked with other epigenetic 
mechanisms such as microRNAs. Such theories can perspectively be tested and 
deeper understanding of the role of methylation changes in BP pathology can be 
provided with more extensive research on the methylation patterns across brain 
areas as well as within cell types. This thesis highly contributes to this cause by 
providing data from the first ever EWAS utilizing the EPIC array on post mortem 
cerebellum tissue.
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The role of epigenetics in neurodegenerative and 
neurodevelopmental disorders
This empirical narrative vividly illustrates that the epigenetic machinery, and more 
specifically DNA modification processes, are involved in the pathophysiology of 
the aforementioned representative trio of disorders that are all characterized by 
cognitive, emotional, social and executive dysfunction. The exact role of DNA 
modifications however has yet to be elucidated. Nonetheless, more extensive 
research into the epigenetic mechanisms has paved the way to the formulation 
of theories that could finally close the “heritability gap”. Epigenetic mechanisms 
have three strong properties: (i) they can modulate gene transcription, (ii) they 
are an intercellular regulatory hub interconnecting genomics, epigenomics and 
transcriptomics, (iii) they can be transgenerationally inherited. Thus, with respect 
to the aetiopathogenesis of AD, SZ and BP, epigenetic mechanisms could 
convey the effect of environmental exposures into modified gene expression thus 
inducing a catastrophic cascade of intracellular events leading to pathology, 
or a dysregulated epigenetic machinery could either directly prompt aberrant 
transcription or modify the resilience to environmental stressors, making the 
individual more susceptible to developing the disease. 

Whether epigenetic mechanisms are makers or markers of disease pathogenesis, 
is a critical answer that should soon be responded, if we wish to offer effective 
therapeutic and diagnostic alternatives and thus alleviate the socioeconomic 
burden that these diseases impose. The dawn of the affordable Illumina array 
technology era in combination with advanced bioinformatics analysis pipelines 
provide a unique opportunity for scientist worldwide to profile the peripheral 
and central epigenome. Subsequently, state-of-the-art methodologies such as 
epigenetic editing by means of CRISPR/Cas9 could provide an optimal platform in 
order to successfully define the role of DNA modification in the aetiopathogenesis 
of such disorders. 

Overview of thesis 
This thesis is a collection of research lines mainly merging towards profiling 
epigenetic modifications in three mental and neurodegenerative disorders, 
namely AD, SZ and BP. The first three chapters focus on the involvement of 
diverse epigenetic mechanisms in AD, while the fourth presents an EWAS in 
relation to SZ and BP. Finally the last chapter deals with a slightly different topic, 
still within the realms of AD pathology. 
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After a brief yet concise introduction on DNA modifications and the current status 
quo of their involvement on the pathology of specific neurological disorders, 
CHAPTER 2 reviews the advancements in epigenomic technology and their 
application in AD-centered research. On the same chapter, questions of temporal 
and spatial causality of AD pathogenesis are raised and the brainstem is set in 
the spotlight as a structure of particular interest in the incipient stages of AD. 

Following on that notion, CHAPTER 3 sets the dorsal raphe nucleus (DRN) as 
the cornerstone for interrogating early-stage AD epigenetic signatures. State-of-
the-art methodology is used and the methylome as well as the hydroxymethylome 
profile of the DRN is presented. Differentially methylated, hydroxymethylated, and 
unmodified positions as well as altered genomic regions are detected in relation 
to the progression of the disease as portrayed by the Braak stage escalation. 
Moreover, biological networks associated with aggravation of AD pathology 
were identified based on modules of co-methylated genomic positions.  

CHAPTER 4 reflects a different approach on epigenetics in AD as it focuses on 
the interplay between methylation and expression of microRNAs (miRs). To this 
end, the central and peripheral methylome of MIR137 is profiled and associated 
with AD diagnosis, as well as levels of Aβ and tau pathology. Additionally, the 
expression levels of miR-137 were examined within a specific brain region of AD 
patients and age-matched controls.

In search of DNA methylation changes associated with psychotic-related 
phenotypes, CHAPTER 5 presents an EWAS performed in cerebellar tissue of 
patients diagnosed with SZ and BP. The two disorders were examined jointly 
under the umbrella “major psychosis” but in isolation too. Common and distinct 
signatures were therefore identified and replicated by a second independent 
EWAS performed again in cerebellar tissue from relevant subjects from a different 
cohort.

The final study presented in CHAPTER 6 takes a step away from epigenetic 
research while still focusing on AD. This research line represents an attempt to 
provide a therapeutic alternative to the main symptom of AD, memory impairment. 
The memory restoring properties of a synthetic agonist targeting the neurotrophin 
signaling system were therefore challenged in a mouse model of AD. 

The key outcomes and findings of this thesis are summarized in CHAPTER 7. 
Overall strengths and limitations of this thesis are then presented along with 
critical points concerning mainly the research field of epigenetics. Finally, future 
perspectives are provided.
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Figure 1: (A) Cycle of cytosine modifications. 
Unmethylated cytosine (UC) is converted into 
5-methylcytosine (5mC) via DNA methyltransferases 
(DNMT). Consecutively, ten-eleven translocation 
enzymes (TET) catalyse the active demethylation 
of 5mC to 5-hydroxymethylation (5hmC), 
5-fomylcytosine (5fC), and 5-carboxylcytosine 
(5caC). Finally, 5fC and 5caC are decarboxylised into 
UC by thymine–DNA–glycosylase (TDG)-catalysed 
base excision and DNA base excision repair (BER). 
(B) Overview of the procedure to detect unmodified 
cytosines (C), 5mC, and 5hmC. The DNA samples 
under interrogation are divided in two; the first 
half is treated with bisulfite (BS), and the second 
first gets oxidized (ox) and then undergoes the BS 
conversion. BS treatment of the first half converts 
the C into thymines (T) while all other modified C 
are protected against this conversion and thus are 
read as a C on the array. The extracted BS signal 
from this step is the combined signal from 5mC 
and 5hmC. Oxidation preceding the BS treatment 
converts the 5hmC to 5fC, retracting the protection 
of 5hmC to the action of BS conversion, and therefore 
turning it into T as well. To this end, oxBS signal 
represents only the fraction of 5mC. Therefore, the 
5hmC fraction can be captured by subtracting 
the oxBS signal from the BS signal, and further 
the unmodified C fraction can be determined by 
subtracting the BS signal from 1. 
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Abstract 
Even though the aetiology of Alzheimer’s disease (AD) remains 
unknown, it is suggested that interplay among genetic, 
epigenetic and environmental factors is involved. An increasing 
body of evidence pinpoints that dysregulation in the epigenetic 
machinery plays a role in AD. Recent developments in genomic 
technologies have allowed for high throughput interrogation of 
the epigenome, and epigenome-wide association studies (EWAS) 
have already identified unique epigenetic signatures for AD in the 
cortex. Considerable evidence suggests that early dysregulation 
in the brainstem, more specifically in the raphe nuclei and the 
locus coeruleus, accounts for the most incipient, non-cognitive 
symptomatology, indicating a potential causal relationship with 
the pathogenesis of AD. Here we review the advancements in 
epigenomic technologies and their application to the AD research 
field, particularly with relevance to the brainstem. In this respect, 
we propose the assessment of epigenetic signatures in the 
brainstem as the cornerstone of interrogating causality in AD. 
Understanding how epigenetic dysregulation in the brainstem 
contributes to AD susceptibility could be of pivotal importance 
for understanding the aetiology of the disease and for the 
development of novel diagnostic and therapeutic strategies.  

Keywords: Alzheimer’s disease; Locus Coeruleus; Raphe Nuclei; 
Epigenetics; DNA methylation; DNA hydroxymethylation

EPIGENETICS IN MENTAL AND NEURODEGENERATIVE DISORDERS;  
THE UNUSUAL SUSPECTS38



Background 
Alzheimer’s disease (AD) is a chronic, neurodegenerative disorder that currently 
accounts for 60-80% of dementia cases [1,2]. The prevalence of AD is expected 
to increase dramatically with the exponential increase in the aging population 
and a lack of effective therapeutic options. Recent evidence suggests that the 
incipient stages of the disease may start in young adulthood where they remain 
asymptomatic until advanced age [3,4]. Throughout its progression, AD deprives 
patients of their quality of life, by negatively impacting upon emotional control, 
cognition, memory, and language skills, converting them to highly dependent 
reflections of their past selves, and substantially decreasing their life expectancy. 
The pathogenesis of AD is associated with amyloid beta (Aβ) plaques, which 
form degradation-resistant aggregates, and hyperphosphorylated tau protein that 
leads to the formation of intraneuronal neurofibrillary tangles (NFTs) [2,5]. These 
two characteristic hallmarks are believed to lead to synaptic dysfunction and 
eventually neuronal cell loss, causing dramatic cortical and subcortical atrophy 
[6-9]. While the hypotheses about the preliminary appearance of one of the two 
hallmarks are raging, a definite mechanism has yet to be provided (i.e.[10,8]). 
To date, the Aβ burden has mainly been associated with the neurobiological 
underpinning of AD whereas tau pathology is positively correlated with the 
progression of cognitive deterioration in the patients [10,11,3]. 

In AD, individual disease risk is determined by genetic and environmental factors, 
as well as complex interactions between them. From a genetic perspective 
AD can be classified into two subtypes, familial or sporadic, and while the 
symptomatology and the progression of both forms are comparable, the etiology 
is fundamentally different [12]. Familial AD accounts for only 5-10% of the disease 
cases and is related to the existence of genetic mutations in specific genes, 
such as those encoding amyloid precursor protein (APP) and presenilin (PSEN) 
1 (PSEN1) and PSEN2 [13-20], which are all involved in the production of Aβ.  
Sporadic AD is the most prevalent form of AD, usually occurs later in life (> 65 
years) and bares non-Mendelian traits. In recent years, common genetic variants 
have been robustly associated with sporadic AD via genome-wide association 
studies (GWAS) and subsequent meta-analyses ([21]; for specific GWAS results 
see [22-26]), although these only account for a third of disease susceptibility risk 
[21]. Therefore, more recent research efforts have focused on a potential role for 
epigenetic mechanisms in disease etiology [27]. 

To date, even though there is a strong association between hallmark appearance 
and the incidence of AD, the pathogenesis of the disease remains uncertain. 
Moreover, evidence has shown that some individuals may carry the most salient 
genetic risk factors for AD and also express profuse Aβ and tau pathology, but 
yet never develop the disorder [17,28-30]. Strikingly, even monozygotic twins can 
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have discordant AD outcomes [29], and as such it has been suggested that these 
phenomena could be explained by epigenetic mechanisms [27]. The epigenetic 
machinery induces reversible changes in gene expression via covalent interactions 
with mainly the chromatin components. These modifications in gene activity, while 
ever-changing, are more pronounced during development and remain more stable 
in differentiated cell types. Hence, normal dynamic changes in the epigenetic 
machinery are responsible for cellular development and differentiation, but also 
for transiently imprinting environmental, behavioral as well as social effects on 
gene expression, maintaining genomic homeostasis throughout the lifespan. The 
umbrella term, epigenetic modifications, covers a gamut of mechanisms, namely 
DNA modifications (5-methylcytosine [5-mC], 5-hydroxymethylcytosine [5-hmC], 
5-formylcytosine [5-fC], and 5-carboxylcytosine [5-caC]), chromatin remodeling 
by means of remodeling complexes and post-translational histone modifications, 
and non-coding RNA (ncRNAs; long ncRNA [lncRNA], short ncRNA [sncRNA]). 
Currently, the best-characterized epigenetic modifications are DNA modifications, 
with DNA methylation within CpG islands being the most extensively studied. 
Contrary to popular belief, DNA methylation is not solely associated with gene 
repression, but the differential effect on gene activity depends on the location 
of the epigenetic modification on the gene or its proximity [31]. Additionally, the 
newly characterized DNA modifications, 5-hmC, 5-fC, 5-caC, were originally 
thought to be transient  marks in the demethylation pathway; however, recent 
evidence suggests that 5-hmC may represent an independent epigenetic mark 
and has been associated with active gene transcription [32]. In AD, recent 
epigenome-wide association studies (EWAS) have identified robust changes in 
DNA methylation patterns in specific genes; yet whether this remains a cause or 
a consequence of the disease is not currently known. 

This review provides a thorough update on the fast-pacing advancements in (epi)
genomic technology with a main focus on its application to AD-related research. 
Moreover, by reviewing recent evidence on the early involvement of the brainstem 
in the non-cognitive early symptomatology of the disease, it discusses the need to 
systematically assess epigenetic dysregulation in this brain region to identify novel 
dysfunctional pathways. Ultimately, this review aims to raise critical questions of 
temporal and spatial causality of AD pathogenesis and how the answer may be 
found in innovative brain structure targets with the assistance of state-of-the-art 
genomic technology.

Epigenomic technology advancements in AD
Over the past decade, the number of publications investigating the role of 
epigenetic mechanisms in AD has dramatically increased, which have substantially 
contributed to our understanding of the disease (reviewed by Lardenoije et al. 
[17]). Major advances in genomic technology have helped overcome numerous 
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hurdles that were faced in the early years of neuroepigenetic studies [27]. Such 
caveats involved the limited available techniques, the specificity and reliability 
of the epigenetic methodology used, as well as issues concerning genomic 
coverage, tissue cell-type composition, and sample sizes.

Towards genome-wide sequencing of the AD brain
It is evident that genomic studies in AD have now progressed from restricted, 
targeted antibody-based techniques to genome-wide arrays and sequencing 
technology with single CpG site resolution. In 1995, the first empirical studies in 
AD  used methylation-specific restriction enzymes and Southern Blot technique 
demonstrated hypomethylation in the APP gene promoter region [33]. Since 
then, several approaches have emerged, involving immunohistochemistry, 
methylation-specific polymerase chain reaction (PCR), bisulfite (BS) conversion, 
high performance liquid chromatography (HPLC), pyrosequencing and various 
methylation assays [34]. The imperative need for more concise and collective 
results shifted epigenetic research in AD to more systematic genome-wide 
approaches. In 2012, Baluski and colleagues were the first to utilize Illumina 
microarray technology, Infinium HumanMethylation27 Beadchip assay, enabling 
quantification of DNA methylation at > 27,000 CpG sites, and detected AD-
associated DNA methylation differences in the prefrontal cortex of late-onset 
sporadic AD patients in comparison to cognitively normal controls [35]. More 
recently, studies have employed the more extensive, current workhorse for 
epigenetic studies, the Infinium HumanMethylation450 BeadChip assay (450K), 
detecting > 485,000 methylation sites at a single-nucleotide resolution, covering 
approximately 1.5% of total genomic CpG sites, mainly amidst promoter regions  
[36,37,26,38,39]. The first-two large-scale EWAS in AD identified overlapping 
differentially methylated CpG loci, namely ANK1, RPL13, CDH23, and RHBDF2 
[40]. This year, a further Illumina Infinium microarray (Illumina MethylationEPIC 
Beadarray) was launched, covering > 850,000 CpG sites [41], although it has 
yet to be utilized in AD. The continuous advancements in microarray technology, 
combined with their cost effectiveness have made this approach the most 
widely utilized EWAS method in large sample cohort studies. However, such 
methodologies only cover a small percentage of CpG sites and thus whole-
genome sequencing techniques remain the best option for in-depth genome-
wide examination. Only recently, the first whole-genome bisulfite sequencing 
(WGBS) was conducted with much wider coverage than just the promoter 
proximal CpGs (20% of total genomic CpG sites) [42]. In addition, the first 
low(er)-cost deep sequencing reduced representation bisulfite sequencing (RRBS) 
kit recently became available with a high coverage of up to 4,000,000 CpGs 
in human samples [43], and as such the use if these technologies in AD tissue is 
anticipated. 
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Beyond DNA and CpG specific methylation
Epigenomic studies have been largely focused on DNA (cytosine) methylation, 
overlooking additional epigenetic signatures. To date, further methodological 
improvements have allowed the detection of demethylation marks (5-hmC, 5-fC, 
5-caC), post-translational histone modifications as well as deregulated ncRNAs. 
New advancements have allowed the discrimination of 5-hmC and 5-fC by 
employing oxidative bisulfite sequencing (oxBS-Seq) and reduced bisulfite 
sequencing (redBS-Seq), respectively [44-47]. More recently, researchers have 
made use of this chemistry and coupled it with the 450K array, presenting the 
oxBS-450K method [48]. This method was used successfully to identify differential 
DNA hydroxymethylation patters across different anatomical region of the human 
brain but also and most importantly to accurately quantify “true” methylation 
levels that up until now were confounded by hydroxymethylation levels [49]. 
Application of oxBS-arrays or oxBS sequencing on human AD samples will 
hopefully not only highlight the importance of DNA demethylation in cognitive 
processes but also confirm the hypothesized crucial role of 5-hmC in AD as 
hinted by immunohistochemical studies [50-53] (reviewed in [54]). Whilst for 
the DNA modifications  5-fC and 5-caC, there are currently only two studies 
examining their levels in AD with disparate results; Condliffe et al. [51] did not 
detect AD-associated differences whereas Bradley-Whitman et al. reported a 
decrease in the hippocampal area in preclinical AD samples [55]. Therefore, 
studies using redBS-Seq or comparable techniques will elucidate the levels of 
these modifications in AD at single nucleotide resolution. 

While traditional epigenetic research has focused on methylation of a cytosine 
within a CpG dinucleotide, largely within CpG islands, more recent studies 
have begun examining intermediate/low CG-content regions as well as non-
CpG DNA methylation. An increasing number of targeted AD studies nowadays 
examine the methylation status of more than just CpG-rich gene promoter areas 
[38]. The newly developed WGBS method provides adequate information 
about intergenic CpGs distal to gene promoters as well as non-CpG methylation 
[42]. Thus, it is expected that implementation of this technique in AD studies will 
contribute to a deeper understanding of DNA methylation to the pathophysiology 
and will highlight further regions on the genome that display differential DNA 
methylation in disease.  

Although genome-wide histone modification analysis using chromatin 
immunoprecipitation (ChIP) techniques are available, to date no studies have used 
this approach in AD. In fact, only three published studies have directly connected 
histone modifications to AD. Zhang and colleagues found downregulated 
H3K18 and H3K23 acetylation when comparing temporal lobe samples from 
AD patients to those of controls by using monitoring liquid chromatography-mass 
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spectrometry [56]. Mastroeni and colleagues immunohistochemically detected 
aberrant extra-nuclear localization of H3K4 tri-methylation at the most incipient 
stages of the disease [57]. Whilst, Graff and colleagues detected increase in 
the protein levels of histone deacetylase 2 (HDAC2) in AD brains [58]. Finally, 
while micro-RNAs (miRNAs) are very well studied with targeted and genome-
wide array-based methods, other ncRNAs have been generally understudied. 
Recently though, AD-associated lncRNAs have been identified for the first time 
by re-annotating previously probed uniquely mapped lncRNAs [59]. Among the 
most significantly dysregulated lncRNAs were n341006 and n336934, lncRNAs 
involved in protein ubiquitination and cholesterol homeostasis respectively [59]. 

Cross regional and blood differences in epigenetic 
modifications
One caveat when examining epigenetic as opposed to genetic variation is the 
need to investigate changes in a tissue-specific manner. To date, studies have 
largely utilized tissue from various cortical regions given that these are the site 
of neurodegeneration and dysfunction observed with advanced progression of 
the disease   (hippocampus, frontal cortex dorsolateral prefrontal cortex, the 
entorhinal cortex, the superior temporal cortex, the medio-temporal gyrus, the 
superior temporal gyrus), although a handful have also included the cerebellum 
[38,51,36,37]. The use of cerebellum is rather interesting in such studies as it is 
relatively spared from AD pathology, even at the late stages of the disease, and 
thus serves as an internal control tissue. 

The investigation of tissue-specific epigenetic signatures in the brain allows the 
elucidation of the underlying mechanisms in the pathophysiology of AD, whilst 
interrogation of epigenetic variation in the blood is of pivotal importance in order 
to develop novel molecular biomarkers for the early diagnosis of AD. To date only 
a handful of studies have investigated DNA methylation changes in blood from 
AD patients; D’Addario’s team showed global DNA hypermethylation in blood 
samples of sporadic AD patients, while Lunnon et al. detected DNA methylation 
differences at specific loci in ante-mortem blood samples from sporadic AD 
patients. Altogether, these results encourage further research to identify AD-
related epigenetic signatures as biomarkers in larger sample cohorts. 

Cell-specific epigenetic changes
While the identification of AD-related epigenetic changes in post-mortem brain 
tissue is highly important for a better understanding of the pathophysiology, the 
cellular heterogeneity constitutes a major caveat in interpreting the results. It is well 
described in the literature that AD-related neurodegeneration is highly specific 
towards selected neuronal cell types and is also accompanied by glial activation, 
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which could confound the interpretation of epigenetic studies on brain tissue in AD. 
Steps to specify cell type composition can be taken in early experimental stages 
with a range of methods available to isolate specific cell types. Such methods 
involve density gradients, laser capture microdissection (LCM), fluorescent-
activated cell sorting (FACS), magnetic affinity cell sorting (MACS) and, more 
recently, isolation of nuclei tagged in specific cell types (INTACT) [60,61]. The 
INTACT method is specifically adapted for interrogating epigenetic marks ranging 
from DNA methylation to histone modifications by means of selectively capturing 
nuclei that express an antibody-tagged protein [60]. Hence, its application will 
be very fruitful for unravelling neuron or glial specific AD-related epigenetic 
signatures. LCM has recently been employed for the characterization of amyloid 
plaques [62] as well as gene expression via RNA sequencing comparing AD 
and control brain tissue [63].  Encouraging data from the latter study imply that 
LCM could be used for specific cell type isolation in epigenetic studies, since it 
does not appear to induce disease-unrelated transcriptional changes. Interesting 
applications of this methodology would be not only targeting the epigenetic 
profiling of neurons either in the vicinity of AD hallmarks (namely gliosis and 
amyloid plaques), or severely affected by tau pathology, but also assessing 
the differential epigenetic signatures of AD-pathology spared neurons. Finally, in 
already collected datasets on unsorted tissue, bioinformatic analyses can also 
correct for neuronal/glia composition utilizing published algorithms [64]. This 
approach has already been used in the analysis of 450K array data generated 
in AD tissue enabling the researchers to control for cellular heterogeneity bias 
[37,38]. 

Sample size caveat; loophole through validation cohorts?
Regardless of the technological improvements that have assisted a deeper 
investigation of the epigenetic machinery in AD, there is still one caveat that 
persists; the sample size of the cohorts used. To date, there is a circumscribed 
amount of EWAS studies on AD [36-38,65,66,35], and only two of them have 
a sample size exceeding 100 [36,37]. A fortunate phenomenon in the limited 
number of EWAS studies in AD, performed to date, is that a considerable number 
of epigenetic alterations have a replicable effect in independent cohorts from 
other studies (i.e. finding from [37] have been replicated by [36,38]). The falling 
cost of whole-genome studies in combination with the exponential increase in 
high quality brain tissue available from brain banks worldwide will probably 
reinforce studies with larger sample size. Nevertheless, one should be cautious 
with the predilection of tissue from AD patients. It was recently suggested that 
DNA methylation profiles of various neurodegenerative disorders, including 
AD, involve similar early epigenetic-associated pathogenic mechanisms, which, 
over time evolve into divergent clinical cases with distinct molecular and cellular 
underpinnings [65]. This concept was also supported by the latent early-life 
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associated regulation (LEARn) model of Lahiri and colleagues which proposes 
that neurobiological disorders share a similar mechanistic etiology [67]. More 
specifically, according to this hypothesis, early life stressors modify the expression 
levels of disorder-associated genes, a change that is transiently maintained by 
epigenetic mechanisms and is shared among a wider spectrum of neurobiological 
disorders. The differential expression of these genes remains within physiological 
range, until, later in life, multiple “hits”, i.e. environmental agents, dietary factors, 
and lifestyle habits, accumulate, leading to aberrant-pathological changes in 
expression [67,68]. Evidently, these notions should be taken into consideration 
for longitudinal studies in populations at high risk of developing AD [69]. Further, 
research on incipient stages of AD might not be in conflict with other confounding 
factors, but as the pathology worsens, the epigenome seems to change 
dramatically. Moreover, recent evidence showed that once proper bioinformatic 
analysis is employed - i.e. correcting not only for technical issues and sex, but also 
for common neuropathologies seen in the elderly population - the total number 
of age-dependent CpG methylation profiles is reduced by approximately 40% 
[70]. Therefore, large sample sizes with a thorough medical history of medication, 
information on concurrent neuropathologies as well as epigenetic-modifying 
environmental exposures, together with the reciprocal advances in bioinformatic 
analysis tools, would hone current EWAS studies in AD. 

Integrative genetic and epigenetic analyses 
Even from the restricted number of EWAS studies thus far published, a common 
locus, BIN1 [36,26], is found to overlap with GWAS results, leading the way 
for integrated analysis of genomic and epigenomic data that could essentially 
address causality in AD (for a thorough review see [71]). It has already been 
shown that genetic variants can influence DNA methylation [72]. In this respect, 
application of the Mendelian randomization (MR) method could strengthen the 
causal assumption, and help in elucidating the interplay among genetic variation, 
epigenetic modifications and environmental factors. For example, with the 
recently described two-step epigenetic MR method, firstly the causal impact of 
a risk factor in an epigenetic modification is interrogated using a genetic variant 
as intermediate for the risk factor, and then the causal effect of the investigated 
epigenetic change, is examined on the desired outcome (i.e. AD) [73]. To 
date, EWAS data can assist identifying the risk factor-epigenetic modification 
association at the first step and GWAS data can provide the genetic variant 
proxy. Interestingly, with the identification and study of methylation quantitative trait 
loci (mQTL) in the human brain [74], it will be possible to trace SNPs associated 
with methylation at specific genomic regions and use them as proxy [73]. An 
additional integrative analysis of genomic, epigenomic and enviromic data called 
longitudinal epigenome/envirome/exposome-wide association study (LEWAS) 
was suggested by Lahiri and Maloney [75]. The rationale of this approach is the 
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combination of genomic information with repeatedly-collected information of the 
patient’s envirome and the epigenome [76,75]. Therefore, changes in epigenetic 
markers could be linked to the transient changes measured prior to the clinical 
manifestation of a disease [75]. All these approaches would allow the exploration 
of new disease mechanisms in order to ultimately start to answer the question: “Is 
epigenetic dysregulation a cause or consequence of AD?” Nevertheless, at this 
point, it is important to note that while the MR approach is feasible practically, 
LEWAS remains a rather theoretical method due to the in-depth interrogation of 
the patient’s environmental exposures as well as the high costs it would require to 
conduct such a study [reviewed by Maloney and Lahiri [76]]. 

One key issue that is yet to be addressed is the temporal and spatial causality 
of AD pathogenesis, for example whether the “state-of-the-art” technology that is 
being applied in the field is being done so in relevant brain regions at appropriate 
time points. Nowadays, ante-mortem AD diagnosis is mainly based on cognitive 
deficits associated with hippocampal and cortical dysfunction, as well as with 
imaging studies, primarily focused on the size of the hippocampus, which also 
makes these brain regions primary targets for GWAS and EWAS studies. Despite 
the catalytic involvement of hippocampal neurodegeneration and dysfunction 
in the progression of the disease, it is speculated that once the pathology has 
reached these structures, the deleterious effects on brain integrity are already 
irreversible [77]. Therefore, the interrogation of (epi)genetic modifications at that 
stage mainly contributes to a mechanistic understanding of the progression rather 
than the cause of the disease. A full mapping of epigenetic changes in a range 
of different brain structures at the appropriate stage(s) of disease is more likely 
to offer insight into the disease course, from the initial stages to the extensive 
neurodegeneration of cortical and subcortical areas. Such an approach could 
prompt early-stage biomarkers and novel therapeutic targets for the most incipient 
stages of the disease, in addition to providing predictive models for the expansion 
of the disease. 

Brainstem: where it all starts?
Human AD pathology is primarily confined to the central nervous system (CNS) 
[78,79]. There, the pathology propagates in a rather predictable, selective 
spatial and temporal manner with some regions being highly vulnerable to the 
aforementioned hallmarks at specific stages and others relatively resistant [7]. 
It is remarkable that the pathology vastly targets very specific neuronal types, 
which share long, late-myelinating and weakly myelinating axons [7,8]. Thus, 
the earliest detection of abnormal hyperphosphorylated tau protein has been 
observed in the brainstem, and more specifically in the magnocellular nuclei of 
the basal forebrain, the raphe nuclei and the locus coeruleus (LC) [7,8,80-86,3,87-
103,4,104]. From there, pathology propagates to highly vulnerable subcortical 

EPIGENETICS IN MENTAL AND NEURODEGENERATIVE DISORDERS;  
THE UNUSUAL SUSPECTS46



areas, i.e. the entorhinal cortex and hippocampus, and, subsequently, to high-
order association areas of the neocortex [85,7,105]. Once cortical areas are 
affected, the curtailment of intellectual functions begins, gradually leading to 
deterioration or even loss of executive functions, annotating the clinical phase of 
AD. 

The well-orchestrated propagation of hallmarks from subcortical to cortical regions 
has allowed staging of the various preclinical and clinical phases of AD and has 
facilitated the definition of neuropathological diagnostic criteria. Among the most 
widely used are the modified criteria based on NFT propagation described 
by Braak and Braak [106]. The original staging scheme of 1997 included four 
stages: Braak stage 0 (no NFTs); Braak stages I/II, with NFTs amidst the (trans)
entorhinal cortex area; Braak stages III/IV, with NFTs expanding over to the 
hippocampus and the amygdala as well as cortical areas; and Braak stages V/
VI, with pronounced NFTs over the isocortex [107]. In 2011, the aforementioned 
scheme was updated with the addition of the preclinical stages a-c and 1a-1b. 
Indicative of stages a-c is non-fibrillar abnormal tau pathology in the brainstem, 
mainly becoming traceable during teenage years [3]. Stages 1a-1b concern 
cases with early abnormal tau pathology at pyramidal cells in the transentorhinal 
cortex. Finally, extensive research complements the Braak staging providing 
associations with Aβ pathology measurements as well as AD clinical assessment 
tools, i.e. the mini-mental stage examination (MMSE) [7].

Increasing evidence that the brainstem may be the starting point of the 
propagation of AD pathology has triggered an ever-increasing scientific 
interest in the involvement of the brainstem in AD and numerous studies have 
investigated a central role of the brain serotonergic and noradrenergic systems 
in its pathophysiology (reviewed by [103,7,87]). The brainstem in AD patients 
was recently shown to be subjected not only to significant volume reductions, 
but also structural deformations in a magnetic resonance imaging (MRI) study 
[108]. Further, the early occurrence of various non-cognitive, behavioral and 
neuropsychological symptoms in AD, such as depression, general disturbances 
in mood, emotion, appetite, respiratory and circadian rhythm, suggests brainstem 
involvement, and more specifically that of the raphe nuclei and the LC [87,3,109]. 
Moreover, brainstem nuclei are affected by AD pathology, particularly tangles, in 
very early, presymptomatic stages [3,110,103,87,111,7]. Interestingly, despite their 
vulnerability to tau pathology, the death of NFT-bearing neurons is not imminent 
during the presymptomatic stage and even at the final stages these neurons seem 
to be more resilient to degeneration [112-114,99,115,92,103,7]. Nevertheless, at 
that time, their function is highly impaired, impacting on the brain’s neurochemical 
balance [103]. 
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The raphe nuclei and AD
The raphe nuclei, and in particular the dorsal raphe nucleus (DRN) contains long 
projecting neurons that are abundant in serotonin (5-hydroxytryptamine; 5-HT), a 
monoamine neurotransmitter synthesized out of tryptophan [116]. The serotonergic 
system has been implicated in almost every type of basic physiological behavior, 
including appetite, sleep, emotional, cognitive as well as well as motor and 
neuroendocrine functions [116]. This widely distributed network in the brain 
mainly innervates the prosencephalon, including key areas for cognitive function, 
such as the frontal cortex, hippocampus, striatum, hypothalamus and amygdala 
[117,118]. 

One study has found that more than 20% of Braak stage 0 individuals and 100% 
of Braak stage 1 individuals have detectable NFTs in the DRN, indicating that 
the DRN is affected by AD pathology even before the transentorhinal cortex 
[119]. Accordingly, it has been suggested that the development of pathology 
in the brainstem might trigger a transneuronal spread of NFTs changes to 
interconnected cortical brain areas affected at later Braak stages [110]. Even 
if tau “seeding” is still poorly understood, a suggested mechanism is that, once 
released, intracellularly formed tau aggregates extracellularly and is transferred 
to neighboring cells, thereby inducing the production of abnormal tau at those 
sites [120]. Several hypotheses on the formation and propagation of neurotoxic 
Aβ species have ensued from this hypothesized “seeding” effect. In particular, 
Braak and Del Tredici suggested that Aβ may originate from projection neurons 
with abnormal tau within the brainstem nuclei. Observations of accumulated toxic 
Aβ species in the vicinity of somatodendritic compartments of neurons as well as 
in the terminals of their axons in brain structures well-innervated by NFT-bearing 
5-HT/NA projections could justify the fine pattern of Aβ propagation and suggests 
that toxic Aβ species are produced and released from such projection neurons 
[8]. Nevertheless, this hypothesis remains to be tested.

The severity of AD pathology in the DRN has been correlated not only with 
serotonergic denervation but interestingly also with behavioral changes in AD 
patients [104,103,121]. For example, the NFT-associated lesions that are present 
in the DRN even in the early phase, are largely held responsible for explaining 
mood symptoms such as depression and aggression, in prodromal AD [104]. 
Plaque and NFT load in the DRN and the median raphe nuclei (MRN) of AD 
patients has been shown to correlate with the progression of clinical symptoms 
[121,122]. Additionally, a dysregulated serotonergic system has been linked not 
only to cognitive decline, but also to disturbances in the circadian rhythm seen in 
prodromal AD stages [123,124]. 
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From an anatomical point of view, post-mortem immunohistochemically stained 
AD brain samples (Braak stage V and VI)  have shown a decreased number 
of serotonergic neurons in the DRN and the MRN [103]. This observation was 
recently replicated and enhanced with correlation analysis that exhibited an 
age-dependent 5-HT cell loss in particular nuclei [103,7]. Interestingly, there 
seems to be a predilection for neurodegeneration in the caudal part of the DRN, 
which predominantly projects to the septum and the hippocampal area [98,121]. 
Supporting evidence for the involvement of the 5-HT system in AD has been 
provided by imaging studies. Positron emission tomography (PET) studies have 
found that 5-HT1A receptors were reduced in the hippocampi and raphe nuclei 
and that the decrease was strongly correlated with deterioration in the MMSE 
scores [125]. Moreover, while in MCI patients a hippocampus-specific increase 
in 5-HT metabolism and receptors (5-HT1A) has been observed, in advanced 
stages of AD, serotonergic receptors are dramatically downregulated in cortical 
areas [103]. Interestingly, functional genetic coding variants in the brain-specific 
tryptophan hydroxylase-2 (TPH2) and the 5-HT transporter (5-HTT) have been 
significantly associated with frontal lobe symptoms in AD [126]. 

Complementary research on the role of the serotonergic system in AD has 
yielded interesting results concerning 5-HT system function and AD pathology. 
Preclinical studies have demonstrated that an increase of 5-HT levels via e.g. 
pharmacological activation attenuates Aβ pathology. Both acute and chronic 
administration of selective serotonin reuptake inhibitors (SSRIs) induces reduction 
in the production of toxic Aβ species in brains of APPswe/PS1dE9 mice, a widely 
used an AD mouse model [127,128]. The acute administration of SSRIs is directly 
impacting on Aβ synthesis rather than the clearance rate of the plaques, the 
main mechanism of action of the ineffective drug bapineuzumab, a humanized 
monoclonal antibody targeting Aβ, developed for the treatment of AD [129]. 
In addition, intrahippocampal infusion of 5-HT as well as dietary enrichment 
of tryptophan in the same AD mouse model is associated with a reduction in 
the formation of Aβ plaques. Furthermore, treatment of non-cognitive impaired 
elderly participants with SSRIs for 5 consecutive years has been associated with 
less cortical amyloid deposition as revealed by a positron emission tomography 
(PET) study. Moreover, a reduction in the production as well as levels of Aβ 
was detected in the cerebrospinal fluid (CSF) of healthy volunteers treated with 
citalopram, a commonly used SSRI [128]. Finally, while 5-HT1A, 5-HT4 and 
5-HT6 receptor ligands are known to modify cognitive functions [130], they were 
also shown to favor the production of non-amyloidogenic Aβ precursors that do 
not aggregate, with administration of 5-HT4 receptor agonists increasing the 
levels of soluble APP (sAPP-Α) [131]. 
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The locus coeruleus and AD
The LC is the principal site for brain synthesis of noradrenaline (NA). NA is a 
catecholamine synthesized from tyrosine by a series of enzymatic steps that lead 
to the formation of dopamine, which is finally converted to the final product by 
dopamine beta-hydroxylase (DBH) [103]. Similar to the 5-HT system, the NA 
system consists of long projection neurons that are widely distributed throughout 
the brain [8]. Nevertheless, patterns of regional specificity arise as the frontal and 
parietal cortices are richly innervated [132]. Functionally, NA has been implicated 
in wakefulness and attention as well as the endocrine response to stress, while 
more recent evidence has also linked it to cognition, pain, aggression as well as 
energy homeostasis and blood flow control [132]. 

With regard to the role of the LC in AD, Braak and colleagues revealed that 
tau pathology is present in the LC prior to any other structure and even before 
any clinical symptoms or amyloid pathology manifestation was evident [3]. 
Histopathological observations of the LC using post-mortem AD brains have 
identified signs of atrophy, including swollen cell bodies, contracted dendrites 
and significantly decreased detection of NAergic markers [133,112,90,134,135
,103,91,105]. The deformation of the LC and the associated impairment in NA 
neurotransmission have been linked to the onset, severity, disease duration, speed 
of cognitive decline as well as with the appearance of AD pathology [103]. 
Concerning the latter, loss of NA neurons has been associated with increased Aβ 
deposition as well as an increased amount of cortical NFTs, strongly supporting 
the seeding-like propagation pattern previously suggested [8]. 

The noradrenergic system appears to be highly dysregulated in AD. Post-mortem 
studies have demonstrated reduced NA synthesis and availability in the frontal 
and temporal cortex as well as in the hippocampal area [136,137,90]. The rate 
of reduction in NA levels has been positively correlated with the severity of AD 
[133,136,138,139]. Additionally, Vermeiren and colleagues showed significantly 
decreased levels of 3-methoxy-4-hydroxyphenylglycol (MHPG), a metabolite of 
NA degradation, in the prefrontal cortex of AD patients suffering from depression 
[140]. Nevertheless, other studies have reported an increase in NA and MHPG 
plasma and CSF levels solely in advanced AD cases [141,142]. Another study did 
replicate the increased NA concentration in the CSF but failed to detect changes 
in the levels of MHPG [143]. Notably, one should be cautious interpreting results 
from CSF studies to brain function, as NA normally cannot cross the blood brain 
barrier (BBB), while its metabolites like MHPG, are able to do so [144]. Thus, 
CSF concentrations of MHPG reflect a sum of central and peripheral levels and 
are unlikely to reflect the most conclusive markers of the disease progression 
[145]. 
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Studies have also indicated a decrease in DBH activity in the neocortex and 
the hippocampus of post-mortem tissue from patients at early AD stages [146]. 
This observation has been recently replicated by Mustapic and colleagues 
who additionally showed a gradual  decrease in enzymatic activity with the 
progression of the disease and deterioration of cognitive functions [147]. Further, 
the reported decrease could explain the decreased NA levels and the loss of 
noradrenergic neurons [147].  

Restoration of NA levels via e.g. exercise or pharmacological manipulation has 
shown beneficial effects on cognition in AD. Segal and colleagues demonstrated 
that exercise-mediated activation of the NAergic system can enhance memory 
consolidation in MCI patients and controls [148]. Moreover, administration of 
L-threo-dihydroxyphenylserine (L-DOPS), a prodrug for NA, enhances contextual 
and recognition memory in NA-deficient mouse models. Moreover, once 
administered to AD mouse models, restoration of spatial memory performance 
as well as a reduction in amyloid plaque number and size in the cortex and 
hippocampus were observed [149,150]. 

Looking to the future
Despite the increasing interest in brainstem dysfunction in AD, it still remains poorly 
understood whether the previously described structural, chemical, and functional 
alterations are causally involved in the pathogenesis of AD or whether they merely 
represent a consequence of the deleterious progression of the disease, or an 
epiphenomenon. The appearance of tau pathology with the early non-cognitive 
symptomatology suggests that the brainstem may reflect the initial structure affected 
by AD pathology in the brain. Bearing in mind the functional importance of the 
raphe nuclei and the LC as signaling hubs of top-down neuromodulatory input to 
high-order cortical areas as well as their vulnerability to AD neuropathology, it is 
tempting to speculate that they have a crucial role in the etiopathogenesis of AD. 
Furthermore, the lack of genetic attributes interlacing dysregulations in brainstem-
specific neurotransmission with AD progression or pathology may furthermore 
hint at an environmental and/or epigenetic involvement. Indeed, both the nuclei 
have been repeatedly investigated as targets of epigenetic control in various 
developmental stages as well as in neurological disorders. The noradrenergic 
developmental genes of the LC for instance have been reported to be under 
epigenetic control suggesting the vulnerability of the nucleus to environmental 
input [151,152]. Moreover, it has been previously shown that functioning of the 
i.e. 5-HT system is sensitive to gene-environment interactions (e.g. stress)[153-
156]. Thus the sensitivity of both the nuclei to environmental stimuli and epigenetic 
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regulation in combination with the evidence that the brainstem is one of the first 
structures to present AD pathology and that robust epigenetic changes are seen 
in the latter effected cortical regions in AD offer fertile ground for further research 
in to studying epigenetic dysfunction in the brainstem in the most incipient stages 
of AD.

The complex and yet elusive nature of sporadic AD allows for various hypotheses 
to explain the pathogenesis of the disease. To date, none of these hypotheses 
have been confirmed despite the advancements in genomic technology that 
provide deeper insight in to the molecular underpinnings of AD. A possible reason 
is the temporal discrepancies between the biological and the clinical onset of the 
disease. Furthermore, the majority of research studies focus on brain structures 
vastly associated with the clinical phase of the disease thereby overlooking the 
preclinical manifestations of pathology. Such studies are invaluable in enriching 
the fundamental knowledge about the pathophysiology during the progression 
of AD, but it is unlikely that they will result in any of the two imperative societal 
needs: early, reliable, non-invasive and inexpensive biomarkers and effective 
treatment options that target the disease in its most incipient stages, much earlier 
than the first manifestations of cognitive curtailment. 

Peripheral disease-associated epigenetic signatures have already been 
successfully employed as diagnostic tools for different cancers, and are currently 
being studied in neurological/psychiatric disorders [157-160]. As mentioned 
above, the advancements in genomic technology allows for high throughput 
interrogation of the epigenome and the extensive study of the correlation between 
brain and blood epigenetic signatures will contribute to the emergence of non-
invasive and inexpensive biomarkers. Thus, epigenetic profiling of the brainstem 
of (sporadic) AD patients and its pairing with blood epigenetic signatures in the 
same individuals could potentially lead to the discovery of novel biomarkers that 
are able to detect either subtle changes at the very early stages of the disease, 
when the pathology is believed to be still reversible, or even an early peripheral 
response to AD pathology. Yet another exceedingly valuable asset of the study of 
epigenetic dysregulation in the brainstem is the fact that various pharmacological 
interventions impacting on either the epigenetic machinery ([161]; reviewed by 
Maloney and Lahiri [76]) or the 5-HT/NA system have already been developed 
and clinically approved; hence they could be implemented rapidly as a novel 
intervention for AD. Collectively, scrutinizing the interactions between the early 
AD-affected brainstem and the local epigenetic modifications will be of pivotal 
importance not only for understanding  the pathogenesis of AD and the  causal 
or consequential relationship of epigenetic alterations with AD, but also for the 
development of highly-demanded early, reliable biomarkers and novel therapeutic 
strategies.
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Conclusion
The preclinical manifestations of AD, governed by non-clinical symptoms, 
suggest a crucial involvement of brainstem nuclei in the pathophysiology and 
most importantly in the pathogenesis of AD. Meanwhile, distinct, yet consistent, 
epigenetic signatures emerging from EWAS studies indicate a central role for the 
epigenetic machinery in the progression of AD. To date, while the exponential 
increase of AD-related research lines offers disparate interpretations in the cause 
of AD, the lack of effective diagnostic and/or therapeutic tools suggest that the 
etiology of the disease remains shrouded. With this review we wish to perturb 
the status quo of AD, that is the genomic and epigenomic interrogation of brain 
regions like the hippocampus and cortex. We suggest that the temporal and 
spatial manifestations of the disease should be aligned and thus advocate that 
the two key nodes of the early stages of AD should be scrutinized. The pairing of 
brainstem pathology with deviant epigenetic regulation, indicative of the incipient 
stages of AD pathology, could serve as excellent candidate targets for further 
research that could lead to the development on early biomarkers as well as early 
treatment alternatives that could halt or even reverse the deleterious progression 
of AD. 
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Abstract 
Alzheimer’s disease (AD) is a lethal neurodegenerative disease 
that affects brain integrity and functionality, resulting in 
progressive cognitive deterioration. And while cognitive 
impairment is the symptom most commonly associated with 
the clinical manifestation of the disease, early, preclinical 
symptomatology involves non-cognitive, neuropsychological 
features, functionally associated with brainstem structures. In 
the present study, the first of its kind, the dorsal raphe nucleus 
(DRN)-specific genome-wide patterns of methylated (5mC), 
hydroxymethylated (5hmC) as well as unmodified (UC) cytosines 
were investigated by means of the Illumina MethylationEPIC 
array, in relation to disease progression as characterized by Braak 
staging scores. The discrimination among the three methylation 
states was achieved by parallel treatment of the samples 
with bisulfite (BS) and oxidative bisulfite (oxBS), allowing 
for distinction of the true methylation signal from the global, 
methylation and hydroxymethylation one. Moreover, weighted 
gene co-expression analysis (WGCNA) was employed in order to 
investigate the association of co-methylated probes with disease 
progression in a systems-level and subsequent pathway analysis 
was performed for the identification of biological pathways 
differentially regulated with the aggravation of the pathology. 
Notably, some reported modified and unmodified genomic 
positions and regions have not been reported in epigenome-
wide studies yet, but the genes affected have been previously 
shown to be involved in the pathophysiology of AD, specifically 
with respect to amyloid beta pathology. This study represents 
the first systematic epigenetic analysis, distinguishing among 
5mC, 5hmC and UC in the DRN of AD patients making use of 
EPIC array technology. To this end, a unique structure-specific 
epigenomic profile in association with Braak stage progression 
was underlined. 

Keywords: Alzheimer’s disease; Brainstem; Dorsal raphe nucleus; 
Epigenetics; DNA methylation; DNA hydroxymethylation
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Introduction
With the ever-increasing lifespan of the human population, 10 million new 
cases of Alzheimer’s disease (AD) are reported annually [1], a number likely 
to multiply due to lack of effective therapeutic treatment options. Currently 
available treatment strategies only temporarily alleviate some symptoms but 
fail to suspend the deleterious underlying molecular and cellular events and 
thus are considered suboptimal. The disease is characterized by progressive 
accumulation of amyloid plaques and neurofibrillary tangles in the brain, which 
ultimately lead to neurodegeneration including widespread neuronal atrophy 
and cell death. The anatomical propagation of these hallmarks follows different 
patterns. Amyloid pathology exhibits a rather heterogeneous distribution and is 
weakly associated with the symptomatology of AD, hinting that it might trigger 
neurodegenerative cascades independently of its spreading [2]. On the other 
hand, tau pathology propagates in an orchestrated and predictable ascending 
pattern, from subcortical to cortical structures, and seems to be rather selective 
to specific neuronal networks [3, 4]. Based on the latter observation, Braak and 
Braak introduced a 7-point system for staging AD representing the spreading 
pattern of tau pathology [5]. The conveyance of the pathology to higher cortical 
areas marks the manifestation of clinical symptoms and the time point where 
therapeutic treatment is provided. However, at that relatively advanced stage, 
the diseased brain appears to be unresponsive to therapy [6]. Strikingly, the 
first reported signs of tau pathology appear as early as the fourth decade of 
life, within the brainstem, more specifically in the magnocellular nuclei of the 
basal forebrain, the raphe nuclei and the locus coeruleus (LC), structures highly 
overlooked in present AD research lines [7-10]. This observation substantiates 
the preclinical symptomatology that involves non-cognitive, behavioral and 
neuropsychological phenotypes, such as depression, general disturbances in 
mood, emotion, appetite, respiration and circadian rhythm [3]. Understanding the 
pathophysiology of AD in these brain areas is imperative for the development of 
an effective treatment and for elucidating the rather enigmatic facet of the onset 
of AD would facilitate scientific breakthroughs in diagnostics and therapeutics. 

To date, the long-prevailing theories of genetic contribution to AD susceptibility 
do not adequately explain the pathogenesis of the disease, regardless the high 
heritability estimates (58-79%)[11]. Outcomes from genome-wide association 
studies (GWAS) have indicated multiple genetic variants associated with an 
elevated risk of developing AD, yet these identified single nucleotide polymorphisms 
(SNPs) are reported to account only for 24-33% of attributable risk in AD [12]. 
Thus, while genetic factors clearly play a role in the pathogenesis of AD, other, 
non-genetic factors are of utter importance for the initiation and progression of 
the disease. To this end, epigenome-wide association studies (EWAS) have 
been employed in order to identify epigenetic changes in AD and examine the 
importance of epigenetic dysregulation in disease onset and progression, either 
in conjunction with or independently from genetic and environmental factors.
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Epigenetic processes mediate reversible changes in gene expression via 
covalent interactions mainly impacting upon chromatin structure. Normal 
dynamic modifications in the epigenetic machinery are responsible for cellular 
development and differentiation, regulating the unique phenotype of each 
individual and additionally for transiently imprinting environmental, behavioral 
as well as social effects on gene expression, maintaining genomic homeostasis 
throughout the lifespan [13]. The best characterized epigenetic modification is 
DNA methylation, the addition of a methylation tag on a cytosine (C) at cytosine-
phosphate-guanine (CpG) sites, i.e. regions of DNA where a C nucleotide is 
followed by a guanine (G) nucleotide in the linear sequence of bases, by DNA 
methyltransferases, forming 5-methylcytosine (5mC). Contrary to popular belief, 
DNA methylation is not solely associated with gene repression, but the differential 
effect on gene activity depends on the location of the epigenetic modification 
within the genetic locus [14]. The rapid development of improved epigenomic 
technologies has considerably assisted researchers to gain more insight in DNA 
demethylation variations. The more recently described demethylation intermediate, 
5-hydroxymethylcytosine (5hmC), is speculated to have independent functional 
roles as it has been shown that 5hmC is enriched in the cerebellum and other 
brain regions, particularly in synapse-regulating genes [15]. To date, EWAS have 
identified AD-associated (hydroxy)methylation signatures in various loci, within 
the hippocampal formation and neighboring cortical areas, broadening the 
knowledge about the molecular mechanisms of AD [16, 17]. Yet, as these brain 
structures are particularly affected in more advanced stages of AD, epigenetic 
signatures identified therein, are more likely to reflect the progression (i.e. 
consequence), rather than the origin (i.e. cause) of this disorder. Therefore, the 
interrogation of the (hydroxy)methylome within brainstem nuclei could potentially 
provide important insight in how AD pathology starts and  spreads.

Aiming to understand the role of epigenetic modifications within the brainstem 
and their impact on the development and progression of AD, we conducted a 
study using (oxidative) bisulfite-converted DNA combined with the use of Illumina 
MethylationEPIC arrays enabling us to distinguish between DNA methylation 
and hydroxymethylation interrogating the (hydroxyl)methylation status of more 
than 850,000 CpGs across the genome. We identified differentially unmodified 
and modified (methylated and hydroxymethylated) positions and regions in the 
dorsal raphe of AD patients over the progression of the disease. Consecutively, 
we examined the correlation of AD-associated (hydroxy)methylated positions 
throughout the genome and we unveiled biological pathways in which genes 
harboring these probes are involved. The technology used as well as the focus on 
the DRN makes this study highly innovative. By investigating (hydroxyl)methylation 
changes over Braak stages, this study attempted to model the epigenetic changes 
associated with AD progression in a timely manner and therefore would facilitate 
the translation towards more valid diagnostic and therapeutic discoveries. 
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Methods
Sample Information and preparation 

Brain samples were obtained from the London Neurodegenerative Disease 
Brain Bank (LNDBB;http://www.kcl.ac.uk/ioppn/depts/bcn/Our-research/
Neurodegeneration/brain-bank.aspx). Samples were provided with informed 
consent according to the Declaration of Helsinki (1991) and ethical approval 
for the study was provided by the NHS South East London REC 3. DRN tissue 
samples from 95 post-mortem brains from both AD patients and neurologically 
normal controls were provided. Demographic and relevant information about 
the samples are provided in Table 1. Subjects were distributed to the relevant 
Braak stage upon screening for AD neurofibrillary pathology. All samples were 
dissected by trained specialists, snap frozen, and stored at -80 oC. For each 
sample, genomic DNA was extracted from 50 mg of tissue using a standard 
phenol-chloroform extraction method. 

Bisulfite (BS) and oxidative-bisulfite (oxBS) treatment

The TrueMethylTM 24 Kit version 2.0 by CEGXTM (Cambridge Epigenetix 
Limited, Cambridge, UK) was used for bisulfite (BS) and oxidative bisulfite (oxBS) 
conversion of genomic DNA (gDNA). All laboratory procedures were performed 
at GenomeScan (GenomeScan B.V., Leiden, the Netherlands), according to 
the manufacturer’s instructions. Prior to the conversion, high molecular weight 
genomic DNA (HMW gDNA) was quantified using a PicoGreen assay 
(Invitrogen, Carlsbad, California, USA), and gel-electrophoresis was performed 
to assess gDNA quality. All samples were of sufficient quantity and quality. A 
volume of 1 µg HMW gDNA was used per sample, which, after purification and 
denaturation, was split into two samples which underwent either DNA oxidation 
(oxBS samples) or mock DNA oxidation (BS samples). Subsequently, all samples 
were BS treated, and the yield of the samples was assessed by a Qubit ssDNA 
assay (Invitrogen). An additional restriction quality control was performed for a 
qualitative assessment of 5hmC oxidation and BS conversion.

Illumina Infinium MethylationEPIC BeadArray

From each BS/oxBS-treated DNA sample, 8 µL was amplified and hybridized on 
the Infinium MehtylationEPIC BeadChip (EPIC array; Illumina, Inc., San Diego, 
CA, U.S.A.). All samples were randomized with respect to sex and disease status 
in order to avoid batch effects and were processed in batches of 24 BeadChips. 
BS and their matching oxBS samples were run on the same chip. Illumina iScan 
was used for imaging of the array. Sample preparation, hybridization, and 
washing steps for the Illumina Infinium II Methylation Assay of the BeadChip 
arrays were performed according to the manufacturer’s protocol. 
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Quality control (QC) and data normalization

Illumina Genome Studio software was used to extract the raw signal intensities, 
visualized by Illumina iScanner. Further computations and statistical analyses were 
performed using R (version 3.3.2; https://www.r-project.org) and RStudio (version 
1.0.153). The methylumi package was used in order to import the GenomeStudio 
reports into the R statistical environment [18]. Four samples were dropped out 
as they underperformed, according to the report provided by GenomeScan. 
Initial quality control assessment was performed using functions in the methylumi 
package to check concordance between reported and genotype-based gender 
in oxBS and BS samples. An additional quality control test was performed to filter 
out 6 samples displaying inefficient BS conversion (< 75%). Further preprocessing 
was conducted using the wateRmelon package [19] by applying a p-filter, which 
removed 4 samples having more than 1% probes with a detection p-value greater 
than 0.05, in addition to removing 317 probes with a beadcount lower than 3 in 
more than 5% of samples, and 15098 probes having more than 1% of samples 
with a detection p-value greater than 0.05. Finally, in order to identify the most 
optimal normalization strategy from the wateRmelon package, 13 functions were 
assessed and ranked based on three performance metrics [19]. Dasen, which 
performed consistently well, was subsequently chosen for data normalization 
(Supplementary table 1). Non-CpG SNP probes, probes that have been reported 
to contain common (MAF >5 %) SNPs in the CG or single base extension position, 
or probes that were non-specific or mismapped [20, 21], were flagged and 
disregarded in the evaluation of our results, leaving 92 BS-converted, 84 oxBS-
converted samples and 778,408 probes for analysis. The distribution of beta (β) 
values from each dataset can be found in Supplementary figure 1. 

Data analysis
DNA methylation and hydroxymethylation levels 

For this study, we examined three cytosine states; unmodified C (UC), methylated 
C (5mC), and hydroxymethylated C (5hmC). DNA methylation levels were 
determined by the oxBS signal (βoxBS), whereas DNA hydroxymethylation 
levels of each sample were determined by subtracting the oxBS signal from the 
BS signal (βBS-βoxBS) for each probe in each sample. The remaining fraction 
(1-βBS) represented UC levels. While the oxBS treatment distinguishes true DNA 
methylation of cytosines from DNA hydroxymethylation, this method for defining 
hydroxymethylation does not exclude the co-existence of other DNA demethylation 
intermediates such as 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC). 
Nevertheless, these oxidative bi-products are not enriched in the brain [22].  
Due to technical variation, some 5hmC values were negative. In order to solely 
detect true hydroxymethylation, only 5hmC values of those probes displaying 
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significantly higher average BS when compared to oxBS levels, as assessed 
using a paired t-test, were used [23]. To this end, 329,671 probes survived the 
filtering for 5hmC.

Regression model

Differentially methylated, hydroxymethylated, and unmodified cytosine positions 
(DMPs, DHPs, DUPs) associated with disease progression were identified. A 
linear regression analysis was performed with the extracted 5mC, 5hmC and 
UC signals as outcome and Braak Stage as predictor (used as a continuous 
variable). Surrogate variable analysis (SVA) was performed in order to determine 
and estimate variation stemming from unknown sources, a common phenomenon 
in high-throughput experiments [24]. The identified surrogate variables (SVs) were 
then correlated with variables known to affect methylation status, i.e. age, gender, 
cell type composition, post mortem interval, and five SVs, the ones explaining 
most of the variation, were included as covariates in the model along with age 
and sex, factors known to influence methylation levels (Supplementary figure 2). 
The fit of the model generated was assessed based on the lambda (λ) value 
and the respective QQ plot (Supplementary figure 3). P-values were adjusted 
for multiple testing using the Benjamin-Hochberg, false discovery rate (FDR) 
procedure. Probes were ordered based on a combined p-value and regression 
estimate/coefficients ranking. Illumina EPIC array probes were annotated using 
the Illumina UCSC gene annotation. 

Differentially (hydroxy)methylated and unmodified regions In order to identify 
differentially (hydroxy)methylated and unmodified regions (DHR, DMR, DUR), 
comb-p was used [25]. With this package, the p-values of DHP, DMP and DUP 
with nominal p-values lower than 0.001 were combined in sliding windows of 
1000 base pairs and were spatially correlated across the genome. Obtained 
p-values were Stouffer-Liptak-Kechris (SLK) corrected for adjacent p-values, and 
were subsequently corrected for multiple testing using the Šidák correction.

WGCNA and Gene ontology (GO)

WGCNA was used to identify modules of highly co-methylated probes [26, 
27]. Probes were filtered based on in (hydroxyl)methylation variation and the 
subset above the median was selected as input for further analysis (n = 384,911 
probes for the 5mC dataset, n = 164,835 for the 5hmC dataset, n = 389,204 
for the UC dataset). Modules were identified from their pairwise correlations, 
using a signed block-wise network construction at power 4 for the BS and 5hmC 
datasets and  at power 5 for the 5mC (data not shown). Modules identified were 
assigned a colour name, and a weighted average-methylation profile, known 
as a module eigengene (ME), was calculated for each. Correlations between 
the MEs, Braak stage, phenotypic traits (age and sex) and surrogate variables 
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included in the regression model were used to identify modules associated 
with these variables. The relationship between each probe and each module 
was assessed through calculation of module membership (MM), the absolute 
correlation between a probe’s DNA methylation status and the ME, allowing 
the identification of the subset of probes with the strongest membership to each 
module. Probe significance (PS), the absolute value of correlation between 
each probe and Braak stage, was calculated to quantify the association of 
the methylated probes with disease progression. For downstream explanation 
of the biological meaning of the modules more highly associated with Braak 
stage, genes associated with probes with an absolute MM value of ≥0.65 were 
selected. The gene annotation from Illumina was converted into ENTREZ-ID using 
the MissMethyl package [28] and gene ontology (GO) terms were downloaded 
and annotated to these probes. 

Results
Differentially modified and unmodified cytosine profiles in the DRN 

Firstly, DUPs, DMPs and DHPs associated with the progression of AD, as described 
by Braak stage, were identified (Table 2). Within the dataset of the unmodified 
cytosines, 5.9% of the probes (45,883) were significantly associated with Braak 
stage progression (p ≤ 0.05). After FDR correction, 2 DUPs remained statistically 
significant, i.e. IFFO2 (cg11237901, nominal P = 1.47E-09, q = 0.0011) and 
PLCL2 (cg22927063, nominal P = 1.16E-07, q = 0.043) (Figure 1). Focusing 
on modified cytosines, methylation status of 5.2% of the probes (40,458) and 
hydroxymethylation status of 5.9% of the probes (19,272) was significantly 
associated with the progression of the disease. No DMPs or DHPs reached 
statistical significance after FDR correction. Detailed list of the most significant 
DUPs, DMPs and DHPs can be found in Table 2 and the respective Manhattan 
plots in Figure 2. 

Subsequently, DURs, DMRs and DHRs were additionally identified based on 
the spatial correlation of probes with a significance threshold of 0.001 within 
a 1000 bp window, using comb-p. After Šidák correction, 27 DURs, 4 DMRs 
and 1 DHR were found to be significantly modified with the aggravation of tau 
pathology. Two genes (DNAJB13, PLYRP1) were shared between the unmodified 
and methylated datasets, whereas the remaining regions were unique. Detailed 
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presentation of these results can be found in Table 3.

WGCNA and GO

WGCNA was employed in order to characterize the association of DNA 
methylation changes with disease progression on a systems-level. As a general 
pipeline for each dataset, discrete modules of co(hydroxy)methylated positions 
were created and associated with Braak stage progression using the ME. 

For the dataset with the UC, 384,911 probes were used as input and 39 modules 
were identified (Figure 3A). Thirteen modules were significantly correlated with 
Braak stage progression, but all failed to pass significance level after multiple 
testing correction (adjusted p ≤ 0.0013). The most significant “salmon” module 
(4,035 probes, r = - 0.3, nominal P = 0.006, q= 0.23) was correlated with 
probe significance, indicating an association between Braak stage progression 
and DNA methylation (r = 0.07, p = 0.0032; Figure 3B). 

For the 5mC dataset, 389,204 probes were considered and 22 modules were 
identified (Figure 4A), from which only the “lightyellow” was significantly correlated 
with Braak stage progression, but failed to pass multiple testing adjustment of the 
p value (721 probes, r = 0.2, nominal P = 0.04, q= 0.88). Module membership 
within this module was correlated with probe significance (r = 0.08, p = 0.034; 
Figure 4B). 

For the 5hmC dataset, 164,835 probes were considered and 6 modules were 
identified (Figure 5A). Four of them correlated with Braak stage progression, and 
the yellow module was the closest in surviving multiple testing correction (1,073 
probes, r = 0.05, nominal P = 0.01, q= 0.06). Module membership within this 
module was correlated with probe significance (r = -0.1, p = 0.002; Figure 5B).

The core members of the aforementioned modules that displayed a high module 
membership (absolute MM ≥ 0.65) were extracted for further examination of their 
biological significance. For the UC dataset, 690 probes in the salmon module 
were mapped to 495 unique genes. Highly enriched biological processes in this 
module included potassium transport-associated terms and postsynaptic cellular 
components. More specifically, pathways were related to cellular potassium 
ion transport processes (GO:0071804; nominal P = 5.66E-05, pbon = 0.19 
and postsynapse cellular components (GO:0098794; nominal P = 0.00013, 
pbon = 0.19). For the 5mC dataset, 138 probes in the lightyellow module were 
mapped to 104 unique genes, involved in processes concerning regulation of 
synapse assembly (GO:0051965; nominal P = 0.001, pbon = 1). Finally, 40 
unique genes harbouring 58 probes in the yellow module of the 5hmC dataset 
were identified, and enriched processes within involved catenin regulation 
(GO:0035414; nominal P = 0.0003, pbon = 1), membrane hyperpolarization 
nominal (GO:0060081; P = 0.0005, pbon = 1) and cytokine production 
(GO:0002720; nominal P = 0.0017, pbon = 1). In Table 4, the terms associated 
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with the aforementioned modules are presented. 

Discussion
In the present study, we identified the AD-associated methylome and 
hydroxymethylome of the DRN, displaying unique epigenetic signatures among 
the different cytosine states. Interestingly, while studying the levels of UC, two 
previously unreported CpGs reached genome-wide significance. Furthermore, 
we discovered differentially epigenetically modified regions, clusters of significant 
CpGs, associated with the progression of AD, indicated by increasing Braak 
stages. Finally, several biological processes were found to be enriched in AD 
based on WGCNA and GO analysis. 

The present study represents the first of its kind to characterize the methylomic and 
hydroxymethylomic profile of the DRN in AD. Where the great majority of previous 
DNA methylation studies in AD had made use of regular BS conversion and hence 
were unable to discriminate between DNA methylation from hydroxymethylation, 
the current approach specifically explored the methylome and hydroxymethylome, 
by means of parallel oxBS and BS treatment. Therefore, we were able to quantify 
the levels of three different cytosine states among the interrogated CpGs, and 
thus attempted to identify Braak stage-specific differences at these loci. Overall, 
it was observed that the three distinct cytosine states were outlined by largely 
different epigenetic profiles. 

Focusing on unmodified (versus modified) cytosines, we reported two genes that 
showed significant differential levels of UC with disease progression, i.e. IFFO2 
and PLCL2. IFFO2 (intermediate filament family orphan 2) is a gene associated 
with structural molecule activity and its expression is highly enriched in the brain, 
more specifically the cortex, hippocampus and cerebellum [29]. With respect to 
AD, it has been reported to be over-expressed in the frontal cortex of patients 
in comparison to neurologically normal controls [30], an effect attributed to 
regulation by microRNAs, i.e. miR-2110 and miR-214. Otherwise, little is known 
about this gene and its function in general. The fact that this IFFO2 probe passes 
genome-wide significance levels urges for further research into its involvement in 
AD. Further, PLCL2 (phospholipase C like 2), a phospholipase C-like protein that 
lacks phospholipase catalytic activity, is mainly associated with immune system 
functions [31]. Peripherally, it is expressed in hematopoietic cells and centrally in 
the hippocampus and to a smaller extent in the cortex, caudate and cerebellum 
[32]. Up to date, PLCL2 has not been linked to any pathological neurological 
conditions.  Interestingly, PLC-delta, a homologous enzyme to PLCL2, has been 
found to accumulate amidst neurofibrillary tangles in AD brains in advance of the 
aggregation of fibrillary deposits [33]. Among the other DUPs nearly reaching 
genome-wide significance after correcting for multiple testing, HDAC4 was 
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ranked 5th. This histone deacetylase is a usual suspect in the list of genes/
proteins associated with AD, as it is significantly overexpressed in the frontal 
cortex of AD patients [34]. Moreover HDAC inhibitors have been shown not to 
only rescue cognitive impairment but to exert pro-cognitive effects in preclinical 
studies [35]. The fact that its own epigenetic signature may be altered suggests 
an intricate multi-level dysregulatory epigenetic circuit in AD.

Reporting on differentially (hydroxy)methylated positions is useful for better 
understanding of the epigenetic machinery at the single base level, but 
interrogating differentially (hydroxy)methylated regions is more informative for 
identifying functional regions possibly involved in gene transcription regulation 
and deciphering the collective effect of DMPs in health and disease. Here, we 
report 27 DURs, 4 DMRs and one DHR associated with Braak stage progression. 
The top DUR spans 800 bp and the 22 DUPs included in this locus are within 
the coding sequence of TNXB. A more extended region of 1.3k bp, including 
the discovered DUR, has been previously reported in literature to be differentially 
unmodified [36] in the entorhinal cortex of AD patients from the same cohort used 
in this study. Such finding signifies the role of TNXB in the pathophysiology of 
AD. TNXB is a gene expressing tenascin-X (TN-X), a protein with anti-adhesive 
properties, initially linked to schizophrenia [37]. While its functional role in the 
brain has yet to be identified, a study has associated SNPs within the locus 
with progressive supranuclear palsy, a tau-related disorder [38]. Furthermore, a 
transcriptomic study associated four SNPs residing in the TNXB locus (rs3130285, 
rs3130286, rs185819, rs3130287) with increased risk of developing AD [39]. 
Among them, rs3130286, has been associated with AD in another, independent 
study [40]. Therefore, we strongly advocate that TNXB plays a critical role in 
the pathogenesis of AD, possibly affecting neuronal resilience to the tau-related 
insults, and further interrogation of the interplay between epigenetic modification 
and genetic variants shall shed more light in the exact function of this gene. 

Other noteworthy DURs are found within the CAST, RHBDL4, BMP6 and 
BCAR3 genes. Calpastatins, the product of CAST gene, are known to protect 
against neuronal death induced by Αβ [41, 42]. RHBDL4 is responsible for 
efficiently cleaving APP inside the cell, inducing alternative processing bypassing 
amyloidogenesis and thereby reducing Aβ levels [43]. BMP6 is highly upregulated 
within the hippocampus of patients with severe AD impacting on neurogenesis, 
an observation speculated to be provoked by accumulation of Aβ [44]. Finally, 
BCAR3 has not only been associated general cognitive ability and memory [45], 
but, more importantly, a CpG (cg02342148) within the DUR was reported to be 
differentially methylated in AD based on the EWAS conducted by De Jager and 
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colleagues [16, 46]. 

Examining the DUR, DMR and DHR results collectively, we observe a couple 
of hits that are common among cytosine states. More specifically, two genetic 
loci were shared between the unmodified and methylated cytosine state, 
namely DNAJB13 and PGLYRP1, underscoring an important role for active DNA 
demethylation. To this end, the same 4 probes within the DNAJB13 locus have 
higher levels of unmodified and simultaneously decreased levels of methylated 
cytosines. DNAJB13 is a member of the heat shock protein family 40 (Hsp40), 
proteins reported to impede the amyloidogenic cascade by preventing Aβ 
aggregation [47, 48]. The reported DUR within the PGLYRP1 locus extends over 
508 bp and 8 out of the 11 unmodified positions display decreased levels of 
methylation. Similarly, Lunnon and colleagues have described a slightly more 
extended region (576 bp) containing 10 probes within the same locus to be 
differentially unmodified with Braak stage progression in cortical areas of two 
independent cohorts [R]. PGLYRP1 is an activator of TREM-1 [49], a protein 
capable, when overexpressed, to induce microglial-mediated Αβ clearance 
and restore AD-related cognitive impairment [50]. Whether there is a functional 
connection, direct or indirect, between the reported methylation patterns and 
TREM1 efficacy remains to be investigated. 

WGCNA was used in order to identify clusters of highly correlated probes in 
each dataset that were then linked to disease progression. The probes from the 
most prominent modules created were then annotated for harbouring genes and 
GO analysis was performed in order to find biological processes disrupted in 
AD. Specifically, the highest ranked terms emerging from the UC dataset were 
related to potassium transport, a term previously described by De Jager to be 
altered in terms of methylation in AD [16]. Enriched terms emerging from the 
correlation analysis within the 5mC dataset involved synaptogenesis, a process 
known to be highly impaired in AD [51-54]. Finally, biological processes unveiled 
from the 5hmC dataset involved intranuclear catenin transport, membrane 
hyperpolarization as well as cytokine production. The transport of beta-catenin 
in the nucleus is the defining step for downstream gene expression in the Wnt/
beta-catenin signalling pathway, a pathway largely known to be dysregulated in 
AD [55]. Cytokine production and especially IL-1beta is characterized as part of 
the neuropathological cascade of AD and has been linked to the pathological 
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APOE4 genotype [56]. 

Altogether, to our knowledge, this is the first study to use oxBS conversion in 
conjunction with the MethylationEPIC array in order to study the effect of Braak 
stage progression within the brainstem. Despite its relatively low samples size 
when compared to GWAS, this study undoubtedly is unique in its kind, presenting 
novel results, with some probed even passing genome wide significance levels. 
Notably, cut-off values applied after multiple testing correction might in fact be 
too conservative for EWAS, considering the high correlation among cis-CpG 
sites [57]. Hence, correcting for each one of them might lead to false negative 
results, a notion that is often overlooked.

An interesting outcome of this study is the demonstration of mostly unique “hits” 
that have not been reported in previous AD EWAS, conducted on cortical and 
hippocampal tissue. Such observation further advocates an explicit role of the 
brainstem in AD pathophysiology and a rather distinct epigenomic profile of 
the DRN in particular. To this end, the majority of the emerged genes have 
been biologically and functionally linked to AD and related pathology based 
on e.g. studies addressing genetic variation. According to our observations, we 
now speculate that epigenetic changes stemming from the tau-infested brainstem 
nuclei could initiate the deviant cascade of Aβ pathology. Further interrogation 
on the observed epigenetic changes in a spatiotemporal context will test this 
hypothesis and illuminate whether the observed epigenetic modifications are 
cause or consequence of these pathological hallmarks. 

Moreover, the three distinct profiles of cytosine states reported in this study 
strengthen the notion that there are different functional roles attributed to each one 
of them and urge for further characterization of these modifications in health and 
disease. For a more comprehensive understanding of the biological function of 
each cytosine state of the genes emerging from this study as well as endorsement 
of the reported results, further studies with validation cohorts and/or targeted 
approached by means of pyrosequencing should be performed. Finally, the novel 
use of oxBS-based technology allowed for the segregation of methylation from 
hydroxymethylation and, therefore, it should be stressed that previously reported 
results, utilizing regular BS conversion technologies, should be interpreted with 
caution. Finally, it cannot be overlooked that the WGCNA analysis employed 
here and elsewhere [27] was conceptualized in order to create networks of co-
expressed genes, and its suitability for assessing either multiple-probes-one-gene 

ARTEMIS IATROU
87

1 | 2 | CHAPTER 3 | 4 | 5 | 6 | 7 | 8 | 9 | 10 | 11 | 12



data, like EPIC array datasets, or data of such length/volume (~340k probes) 
remains to be confirmed.

In conclusion, this study represents the first one to interrogate the methylome and 
hydroxymethylome of the brainstem in AD and to this end, we demonstrated a 
unique epigenomic profile of the DRN in association with Braak stage progression 
Regardless the small sample size of the present study, two probes harboring 
genes previously associated with AD in the human brain survived multiple 
testing correction, prompting for further interrogation into the functional role of 
the methylomic changes within these loci. Furthermore, several of the identified 
DURs and DMRs have been reported in different brain regions of the same 
cohort used here, indicating a systemic effect of these methylation signatures in 
advanced stages of AD. From a methodological perspective this study displays 
a bioinformatics pipeline for quality control and analysis of EWAS data is 
compatible with downstream data from the EPIC array and is applicable for all 
cytosine states. Altogether, the outcomes advocate the redirection of attention to 
brain structures closely related to the early presymptomatic stages of the disease, 
such as the brainstem as it outlines a unique profile of the disease previously 
unreported. Complementary studies focusing on distinct co-methylation networks 
and methylation quantitative trait loci across different brain regions, following the 
timeline of disease progression, are of pivotal importance in order to describe 
the biological phenomena of AD in a topographical yet chronological manner 
which will allow for deeper insight in the pathogenesis of the disease. Validating 
and deciphering the functional outcomes of the observations presented here 
would assist verifying the fundamental hypothesis that the brainstem is of pivotal 
importance for disease onset. Ultimately, a meticulous characterisation of the 
epigenome, genome and transcriptome of the brainstem will fill knowledge gaps 
concern the aetiopathogenesis of AD and in turn novel therapeutic as well as 
diagnostic targets will emerge, accelerating the developments towards treating 
and preventing this devastating disease.
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Table 1: Cohort demographics. Dorsal raphe nucleus tissue from individuals with different 
Braak stages (0-VI) was obtained from the London Brain Bank. The number of samples in 
each stage as well as the distribution of sex, age and postmortem interval
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Table 2: The ten top-ranked Braak-associated differentially unmodified and modified 
(methylated and h ydroxymethylated) positions. Displayed for each probe are the regression 
estimate for the Braak-associated analysis (Estimate), the corresponding p value, the 
FDR-corrected p value (q value), the residing chromosome as well as the Illumina gene 
annotation (Gene Name)
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Table 3: Identification of probes in differentially unmodified and modified (methylated and 
hydroxymethylated) regions associated with Braak stage score. Displayed for each probe 
are the chromosomal position (genome build 37), the number of probes in the region (Nr 
Probes), the p-value and multiple testing-corrected p (Šidák-p), UCSC gene name, gene 
feature, and directionality of modification changes with the progression of Braak stage (up 
or down). TSS, transcription start site; utr5, 5’ untranslated region; cds, coding sequence.
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Figure 1: Unmodified cytosine (UC) levels with the progression of Braak stage score. 
Regressed UC values of the two top-ranked probes, cg11237901 and cg22927063, residing 
within the IFFO2 and PLCL2 genetic loci, respectively.
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Figure 2: Manhattan plots of the unmodified, 
methylated and hydroxymethylated cytosine 
regression analyses. The blue line indicates the 
nominal significance threshold of 0.05 and the 
red one illustrates the genome-wide significance 
threshold.
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Figure 3: Probe modules of co-unmodified 
cytosines with the progression of Braak stage. 
(A) Heatmap representing the correlation 
between module eigenvalues (ME) and Braak 
stage, age as well as sex. Each row represents 
a module, as indicated on the y axis and each 
column a trait, namely Braak stage score, age 
and sex. As shown in the color scale bar, strong 
positive correlation is indicated by dark red, 
strong negative correlation is indicated by dark 
blue, and white indicates no correlation. Each 
cell contains the correlation coefficient and the 
p value given in the parentheses. The salmon 
module is the most significantly associated 
with the progression of Braak stage (p = 0.006). 
(B) The module membership is correlated with 
probe significance for Braak stage score (r = 
0.071, p = 0.0032).
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Figure 4: Probe modules of co-methylated 
cytosines with the progression of Braak stage. 
Heatmap representing the correlation between 
module eigenvalues (ME) and Braak stage, age 
as well as sex. Each row represents a module, 
as indicated on the y axis and each column a 
trait, namely Braak stage score, age and sex. 
As shown in the color scale bar, strong positive 
correlation is indicated by dark red, strong 
negative correlation is indicated by dark blue, and 
white indicates no correlation. Each cell contains 
the correlation coefficient and the p value given 
in the parentheses. The Lightyellowmodule is 
associated with the progression of Braak stage (p 
= 0.04). Furthermore, the module membership is 
correlated with probe significance for Braak stage 
score (r = 0.079, p = 0.034).
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Figure 5: Probe modules of co-
hydroxymethylated cytosines with the 
progression of Braak stage. Heatmap 
representing the correlation between 
module eigenvalues (ME) and Braak stage, 
age as well as sex. Each row represents 
a module, as indicated on the y axis and 
each column a trait, namely Braak stage 
score, age and sex. As shown in the color 
scale bar, strong positive correlation is 
indicated by dark red, strong negative 
correlation is indicated by dark blue, and 
white indicates no correlation. Each cell 
contains the correlation coefficient and 
the p value given in the parentheses. 
The Yellow module is associated with 
the progression of Braak stage (p = 0.01). 
Furthermore, the module membership 
is correlated with probe significance for 
Braak stage score (r = 0.096, p = 0.0016).
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Table 4: Gene Ontology (GO) enrichment analysis results for the probes included in the 
most significant modules for each cytosine state (salmon for unmodified; lightyellow for 
methylated; yellow for hydroxymethylated). Each GO term is presented along with the ID, 
name, type, the number of genes in the pathway and the represented ones in the input 
list, the p-value, the FDR-corrected p value (q value) as well as the names of the genes. 
Displayed are the 10 highest ranked terms based on p-value for each cytosine state. BP; 
Biological Process, MF; Molecular Function, CC; Cellular Component
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Supplementary Table 1: Overall rank scores of each wateRmelon preprocessing 
normalization method. The test metrics were used to quantitatively determine the best 
performing preprocessing method in comparison to raw data from raw bisulfite
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Supplementary Figure 1: Density plots of normalized 
beta values for unmodified (A), methylated (B) and 
hydroxymethylated (C) cytosines. Plots include all 
probes used for the analysis. The unmodified beta 
values are computed by subtracting the normalized 
beta values obtained from bisulfite converted 
DNA (BS; containing signals from both 5-mC and 
5-hmC), from 1. The methylation beta values directly 
correspond to the normalized beta values from 
oxidative bisulfite converted DNA (oxBS), and finally 
the hydroxymethylation beta values are determined 
by subtracting the normalized oxBS beta values from 
the BS beta values and considering solely the probes 
that display significantly higher average BS when 
compared to oxBS levels, as assessed using a paired 
t-test.
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Supplementary Figure 2: Correlation matrix of the identified 
surrogate variables (sv) and variables known to affect methylation 
status. Color and size-coded circles on the upper right diagonal 
represent the correlation coefficients shown in the lower left 
diagonal of the table. Strong positive correlation is indicated by 
blue color and on the contrary, strong negative correlation by 
red. BS, beta values from bisulfite converted DNA; N_pos, NeuN 
positive cells representing neurons; N_neg, NeuN negative cells 
representing glial cells.
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Supplementary Figure 3: QQ plots of 
the unmodified (A), methylated (B) and 
hydroxymethylated (C) cytosine regression analyses. 
 The fit of each model was evaluated by the genomic 

inflation factor lambda (λ), which is depicted on the 
right side of each plot
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Abstract 
MicroRNAs (miRNAs) are small noncoding RNAs primarily 
involved in the posttranscriptional control of gene expression. 
Recently, their critical role in neurodevelopment and aging has 
gained momentum, associating them with Alzheimer’s disease 
(AD). MiR-137 has a functional role in presynaptic vehicle release 
as well as synaptic strength within the adult hippocampus and 
its expression is regulated by genetic factors as well as epigenetic 
modifications. Genetic variants of miR-137 have been linked to 
severe cognitive impairment in schizophrenia. In AD, decreased 
expression of miR-137 has been associated with pronounced 
amyloid beta (Aβ) production, one of the main hallmarks of the 
disease. Here, we investigated the role of miR-137 in AD and 
more specifically the locus-specific methylomic changes in AD 
patients. Making use of Illumina’s HumanHT-12 v4 BeadChip 
and Infinium 450K Beadarray, we profiled the expression and 
methylation patterns of MIR137, respectively, in brains of AD 
patients and age-matched controls. Additionally, we interrogated 
blood methylation changes of MIR137 over time in a cohort of 
healthy aged individuals, some of which that converted to AD. 
Our findings show subtle methylation changes of MIR137 in the 
blood of AD patients as well as a significant association between 
MTG methylation and AD hallmark aggravation. Furthermore, 
we show that miR-137 expression is highly affected by the post 
mortem interval of the processed tissue, suggesting that miR-
137 mRNA has a rather fast decay rate. Altogether, our study is 
the first one to investigate the methylomic profile of MIR137 in 
the brain and blood of AD patients, fundamentally indicating that 
methylation of the specific locus is a stable marker, regardless the 
port mortem interval variation. Specifically the reported MIR137 
methylation patterns are correlated with AD pathology centrally 
and there is a tendency towards decreased global methylation of 
MIR137 with AD diagnosis peripherally.

Keywords: Alzheimer’s disease; microRNA; miR-137; Epigenetics; 
DNA methylation
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Introduction
MicroRNAs (miRNAs) are small, non-coding RNAs, 18-22-nucleotide long, 
functioning as endogenous master regulators of gene expression [1] and thus 
are fundamental components of the epigenetic machinery. MiRNA expression 
is in turn regulated by epigenetic mechanisms, including DNA methylation. 
MiRNAs are implicated in a wide range of biological functions, including 
neurogenesis, neuronal development and differentiation, as well as synaptic 
plasticity [2, 3]. Such processes are highly altered in pathological conditions, 
hinting at a generalized involvement of miRNAs in various neuropsychiatric and 
neurodegenerative disorders, such as Alzheimer’s disease (AD) [4, 5]. MiR-137, 
the expression of which is enriched in the brain and especially the dentate gyrus 
(DG) of the hippocampus, is located at 1p21.3 within the noncoding RNA gene 
AK311400, embedded in a CpG island (Figure 1) [5-7]. Its expression has been 
reported to be regulated by an epigenetic-based system consisting of methyl-
CpG binding protein 2 (MeCP2), the transcription factor Sox2, and the histone 
methyltransferase enhancer of zeste homolog 2 (Ezh2) [8, 9].

To date, the MIR137 host gene (MIR137HG) locus has attracted a lot of attention 
as genome-wide association studies (GWAS) have identified genetic variants 
in miR-137 that are associated with cognitive impairment in schizophrenia[3]. 
Additionally, lower episodic as well as working memory performance and 
general cognitive capacity have been associated with the MIR137 locus [10]. 
To this end, decreased levels of miR-137 induced by chromosomal microdeletion 
of 1p21.3 have been reported to be associated with intellectual disability [11]. 
Concerning AD, Geekiyanage and colleagues showed decreased central and 
peripheral miR-137 expression  in sporadic AD patients, that they later associated 
with increased levels of ceramide, a lipid known to increase beta amyloid (Aβ) 
production [12, 13].

In the present study, we attempted to provide insight in the role of miR-137 in 
AD and, more specifically, interrogate how epigenetic variation in MIR137 
may contribute to the disease. To this end, we investigated methylation and 
expression patterns of the MIR137 locus in the mediotemporal gyrus (MTG), a 
brain region affected by AD pathology. Furthermore, we evaluated longitudinal 
DNA methylation changes of MIR137 in blood cells from a large aging cohort 
of elderly (>75 years) who had no signs of dementia at baseline and whose 
progression towards dementia was monitored over time [14]. Using this design, 
converters that developed dementia at follow-up examinations, and non-
converting controls could be compared, both longitudinally even including a 
stage before the presence of clinical dementia, to gain insight into the potential 
use of blood MIR137 methylation as a biomarker for AD.
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Material and Methods
Patient cohorts

Brain and blood samples were provided by the Banner Sun Health Research 
Institute (BSHRI) in Sun City, Arizona, U.S.A., and the German Study on Ageing, 
Cognition and Dementia in Primary Care Patients (AgeCoDe), respectively, as 
described below. The medical ethics committee at each centre approved the 
relevant studies. All patients provided informed consent. Detailed demographic 
specification of the samples used can be found in Table 1. 

BSHRI Cohort 

Post-mortem middle temporal gyrus (MTG) brain tissue from AD and neurologically 
normal controls was obtained from the Brain and Body Donation Program by the 
BSHRI. A total of 80 post-mortem DNA samples (39 males, 41 females) were 
analysed. Participants were followed over the course of several years before 
death. AD diagnostic criteria followed guidelines for the National Institute on Aging 
(NIA)-Reagan Institute criteria (The National Institute on Aging & Reagan Institute 
Working Group on Diagnostic Criteria for the Neuropathological Assessment 
of Alzheimer’s Disease, 1997). Post-mortem diagnosis, plaque and tangle load 
as well as Braak stage [15] had been collected by certified neurologists and 
neuropsychologists. Exclusion criteria included comorbidity with any other type 
of dementia, cerebrovascular disorders, brain trauma, or any disorder related to 
cognitive impairment (such as schizophrenia or Parkinson’s disease). 

AgeCoDe Cohort

Demographic information as well as whole blood DNA methylation data from 
97 participants (27 males and 70 females were provided by AgeCoDe [16] 
cohort. All individuals aged 75 years and older were non-demented at baseline. 
Of these, 55 converted and were thus diagnosed with AD at follow-up, after 
~4.5 years and in case of 13 individuals up to 11 years after baseline [17].
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Methylation data acquisition and analysis
BSHRI Cohort 

Bisulfite (BS) and oxidative bisulfite (oxBS)-treated genomic DNA (gDNA) extracted 
from the MTG with standard phenol-chloroform protocol, was amplified and 
hybridized on the HumanMethylation450k BeadChip (Illumina, Inc., San Diego, 
CA, U.S.A.), and the Illumina iScan was used for imaging of Infinium BeadArray. 
Sample preparation, hybridization, and washing steps for the Illumina Infinium 
II Methylation Assay of the BeadChip arrays were performed according to the 
manufacturer’s protocol. The raw beta values were extracted and normalized 
with dasen from the wateRmelon package [18]. The two treatments (BS, oxBS) 
applied allow the discrimination of three cytosine states: unmodified (1-βBS), 
methylated (βoxBS) and hydroxymethylated (βBS-βoxBS). From each of the 
three resulting dataset 5 probes annotating the MIR137 locus (cg04293733, 
cg05423529, cg10489614, cg14783814, cg22333214; Figure 1) were 
extracted. Linear regression was used to evaluate the levels of MTG MIR-137 
locus cytosine modifications between AD patients and controls and p values 
were adjusted with Bonferroni correction test. A correlation test was performed 
to evaluate the association of methylation of each probe and expression of the 
miR-137. Additionally, correlation tests were ran between each tested probe and 
PMI, plaque load as well as tangle load separately. The regression models 
designed were corrected for sex and age as well as 5 surrogate variables (SVs) 
that were detected from surrogate variable analysis (SVA) [19]. 

 

AgeCoDe Cohort

BS-treated gDNA was extracted from blood samples with standard phenol-
chloroform protocol. As previously, gDNA was amplified and hybridized on the 
HumanMethylation450k BeadChip according to the manufacturer’s protocol. 
Upon normalization, the 5 probes harbouring the MIR137 locus were extracted. 
Once the data frame was split by time point, to baseline and T1, two regression 
models assessing the methylation levels of miR-137 between AD converters 
and controls at baseline and T1 (4.5 years later) corrected for age and sex 
and 5 SVs were created. Accordingly, mixed model regression analysis was 
performed with the nlme package [20] in order to evaluate peripheral MIR-137 
methylation changes with disease diagnosis overtime. Multiple testing correction 
was performed with the Bonferroni correction test. 
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Gene expression data acquisition and analysis
Raw MTG expression data for the miR-137 probe was provided by the BSHRI 
using Illumina’s HumanHT-12 v4 BeadChip. Total RNA extracted from frozen 
MTG was isolated with RNEasy Mini Kit (Qiagen) starting with at least 60 mg 
of tissue. The raw data was exported from Illumina’s GenomeStudio (version 
2011.1) with the Expression Module (v1.9.0) for further analysis in R. Of the 82 
subjects passing the exclusion criteria, 1 case was not included on the expression 
array, and 3 additional cases were excluded after quality control of the data, 
due to extreme outlying values or failed reads, leaving 78 subjects for further 
analyses. Data was further normalized using the lumi package [21]. A linear 
regression model corrected for sex, age and post mortem interval (PMI) was 
applied in order to evaluate the miR-137 expression with disease diagnosis. A 
correlation test was performed to evaluate the association of methylation of each 
probe and expression of the miR-137. Furthermore, the expression changes were 
correlated with plaque and tangle load. All computations and statistical analyses 
for this study were performed using R (version 3.3.2; https://www.r-project.org) 
and RStudio (version 1.0.153)[22]. 

Results
DNA Methylation

Hydroxymethylation levels of all tested probes were not detectable and thus 
disregarded for any analysis performed (data not shown). Note that genome-
wide methylation levels of the MIR137 locus, as assessed by the BS signal, will 
be mentioned as methylation henceforth. Since little is known about the stability 
of methylation marks of microRNAs in post-mortem brain tissue, and specifically 
miR-137, we assessed whether PMI affected the methylation profile of MIR137. 
Across the range of PMIs used in the present study, no correlation for any of 
the tested probes was observed (data not shown). Therefore, age, sex and SVs 
(but not PMI) were used as covariates in the regression models for methylation 
assessment for the analysis performed. MTG MIR137 methylation levels were 
compared between AD patients and unaffected controls (BSHRI cohort), while 
the blood methylation levels were compared between non-converting controls 
and converters (AgeCoDe cohort) i) at baseline (T1),  ii) follow-up (T2) as well 
as iii) over time.

Overall, after multiple testing correction, no differentially methylated cytosines in 
the vicinity of MIR137 in the MTG were identified by our analysis when comparing 
AD patients and age-matched controls (Figure 2). However, the methylation profile 
of probe cg10489614 was significantly correlated with temporal lobe plaque 
load (r = 0.31, nominal P = 0.005; Figure 3A) and temporal lobe neurofibrillary 
tangle load (r = 0.23, nominal P = 0.044; Figure 3B). 
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In the blood, overall, baseline methylation in the MIR137 locus did not predict 
AD diagnosis and, furthermore, MIR137 methylation status did not change 
with disease diagnosis.  However, methylation levels for the same probe were 
associated with pathology in the brain (cg10489614) tended to be lower in 
the converter subgroup at T2, although this difference did not reach statistical 
significance post multiple testing correction (p = 0.07). Detailed methylation 
profiles of all tested probes can be found in Figure 4. 

MTG miR-137 expression in AD

An exploratory approach was followed in order to identify the factors that 
alter miR-137 expression. Correlation analysis revealed that the PMI had a 
significant effect on expression (r = -0.265, p = 0.022; Figure 5A), and thus was 
used as a covariate for subsequent analysis alone with age and sex. A linear 
regression model was generated to assess differential miR-137 expression with 
disease diagnosis in the MTG. No expression changes with disease diagnosis 
were found (Figure 5B). Nevertheless, we identified a tendency for decreased 
expression with increased plaque load (r = -0.21, nominal P = 0.056; Figure 
5C) and neurofibrillary tangle load (r = -0.2, nominal P = 0.071; Figure 5D). 
No correlation between MTG methylation and expression of miR-137 was found 
(data not shown). 

Discussion
Two main outcomes emerge from this study. First, a specific MIR137 locus position 
tended to be differentially methylated in the blood of AD patients, and further, the 
same probe was associated with Aβ plaque and neurofibrillary tangle load in 
the MTG. Second, miR-137 expression, but not methylation, was highly affected 
by the PMI, suggesting miR-137 expression profiles in post-mortem tissues should 
be interpreted with caution, and that methylation may be a more stable measure 
in this respect.

Here, we show that there is a tendency for variable methylation pattern of the 
MIR137 locus in blood specimen between controls and individuals diagnosed 
with AD. Within the MTG of AD patients, no methylation differences were detected 
in the MIR137 region studied. To date, along with this study, there is one more 
interrogating DNA methylation of miRNAs in AD [23]. That study followed a 
similar method with considerably smaller sample size (N = 10), conducting a 
targeted analysis with all probes annotated for microRNA genes in the temporal 
cortex and, consistent to our results, no differential methylation was reported for 
the MIR137 locus. 
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Nevertheless, our study shows a strong association between aggravation of 
AD hallmarks and increased methylation of probe cg10489614 was shown. 
Concerning AD pathology, aberrant regulation of multiple miRNAs has been 
shown to affect cascades related to AD progression. MiR-29a/b-1 and miR-106 
directly target amyloid precursor protein (APP) and/or beta-secretase 1 (BACE1) 
thus promoting Aβ metabolism [24, 25]. Further, miR-15, miR-26b as well as miR-
125b modulate tau hyperphosphorylation [26-28]. Up to date miR-137 expression 
has been indirectly linked to Aβ [12], and this study is the first one to hint at 
a connection between MIR137 methylation and AD pathology. Currently the 
underlying mechanism of action remains uninvestigated. Differential methylation 
of MIR137 locus could induce changes to the binding affinity of transcription 
factors on adjacent promoters. More specifically, a newly characterized 
promoter located within the MIR137 locus at chr1:98511662-98511917 is a 
binding site for repressor element-1 silencing transcription factor (REST) [29], a 
gene reported to have neuroprotective properties, via repressing pro-apoptotic 
genes [30]. In relation to AD, REST is highly dysregulated in the early stages of 
the disease, making neurons more vulnerable to oxidative stress, Aβ toxicity and 
hence leading to degeneration [30]. Therefore, it can be hypothesized that the 
reported correlation between methylation levels and hallmark pathology could be 
mediated by differential binding of REST onto the MIR137-neighboring promoter 
thus hindering the neuroprotective action of REST and promoting AD-related 
pathology. Further research on the link between methylation and pathology is 
vital in order to test this hypothesis and elucidate the exact mechanism of action. 

In this study we indicate that while there is a tendency for decreased methylation 
in the MIR137 locus peripherally, this modification does not follow the same 
pattern centrally. In the brain the differential methylation of the same position is 
more closely associated with aggravated disease hallmark manifestation. At this 
point it should be mentioned that one should not -necessarily- expect to notice 
comparable methylation fluctuations in brain and blood specimens. Indeed, 
using the Blood Brain DNA Methylation Comparison Tool [31] we can check 
the expected methylation pattern in blood and brain of the five studied probes 
under investigation. Since this online tool provides information for 4 specific brain 
areas (PFC, entorhinal cortex, superior temporal gyrus and cerebellum), we 
considered the superior temporal gyrus as the most spatially relevant structure 
to the MTG for further analysis. According to the tool, no significant correlation 
between brain and blood methylation patterns is to be expected in any of the 
tested probes (Supplementary Table 2). Regarding the significant correlation of 
the MTG methylation with the aggravation of the neuropathology, one should 
consider that quantitative measurements of pathological hallmarks might be more 
accurate and more representative of disease status than the case-control binary 
classification system. Here in order to compare the blood-brain methylation 
patterns we used the same analysis parameters, considering AD diagnosis as the 
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predictor, possibly disregarding that some individuals did not reach the definite 
criteria for diagnosis but have signs of rather advanced pathology.

Previously, Geekiyanage et al. showed significantly downregulated miR-137 
levels in the cortex and serum from AD patients, which they associated with an 
increase in β-amyloid levels via an increase in serine palmitoyltransferase [12, 13]. 
Additionally, decreased levels of miR-137 induced by chromosomal microdeletion 
of 1p21.3, the locus that hosts MIR137HG, have been associated with intellectual 
disability, a phenotype that is characterized by cognitive impairment [32]. The 
latter observation is vastly associated with the symptomatology of AD, rather than 
the pathology per se. Our results do not show differential miR-137 expression in AD, 
but they do indicate a tendency for decreased expression with the aggravation of 
AD pathology, as interpreted by amyloid plaque and neurofibrillary tangle load. 
Here, the tissue available for miR-137 quantification was post-mortem material. 
While the general consensus in literature is that miRNAs are stable molecules 
and have lower decay rates in post-mortem tissues [33], we show that the PMI, 
as low as it is in the current study, highly affects the detected expression of miR-
137. To date, the turnover profile of miR-137 has not been identified but it has 
been speculated in literature that its half-life is rather short [34]. Interlacing our 
observations with this hypothesis, we suggest that variation in PMI influences 
the decay rate of the molecule and hence quantification of expression in post-
mortem material should be performed and interpreted with caution. Instead, for 
a more stable measurement we suggest using the methylation levels of MIR137, 
which is not affected by this variable.

Overall, in this study, subtle methylation and expression changes were detected 
in the MTG of AD patients. The specific structure is not yet well-characterized 
with respect to AD progression. A recent study by Ray and Zhang showed that 
the MTG is less severely affected in AD than the hippocampus and the entorhinal 
cortex and, thus, they advocate that its pathological status is more indicative 
of early AD pathology [35]. Indeed here we demonstrate that aggravation 
of AD-related pathology in the temporal lobe, a brain area highly infested by 
plaques and tangles can capture these differences in methylation and expression 
more efficiently. Therefore, it could be speculated that while studying the MTG 
contributes highly to the collective knowledge about AD, it might not be the   
most characteristic structure to unveil AD-associated methylation and expression 
profiles of miR-137. It is tempting to speculate that more distinctive patterns and 
higher variation in miR-137 expression and methylation between AD and controls 
will be observed in the hippocampus, a structure severely affected by disease 
pathology and more importantly, a structure which cellular physiology is highly 
regulated by miR-137, namely neurogenesis and neuronal differentiation [36]. 
Thus it would be of high interest to co-examine the hippocampal methylomic and 
transcriptomic profile of miR-137 as part of a perspective study.
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Recent research lines have started elucidating the role of miR-137 in the 
pathophysiology and symptomatology of AD, focusing primarily on the expression 
levels of the miRNA in a binary manner, control vs. AD. In the same vein as the 
reported approaches, this study examined MTG and blood methylation as well 
as MTG expression changes of miR-137, and overall did not show any differences 
when comparing AD and unaffected controls. However, we do demonstrate a 
strong correlation of increased methylation of a single probe and decreased 
expression of miR-137 with aggravation of AD-related pathology. This outcome 
suggests that transcriptional-epigenetic mechanisms within the MIR137 locus are 
associated with AD hallmarks, either as markers of the disease progression or 
as causal factors of the hallmark accumulation. To our knowledge, this is the first 
study to expand this research line beyond the genomic level and interrogate the 
methylomic profile of MIR137 in AD. Complementary research lines employing 
cohorts with higher sample sizes should be conducted in order to define the exact 
role of miR-137 methylation in AD and unveil additional molecular mechanisms 
that might mediate its effect on AD pathology. Further, our results prompt for 
careful consideration of covariates, like PMI, that might influence the decay of the 
mRNA molecules leading to false positive or false negative results. 

In conclusion, this study shows subtle shift towards increased site-methylation and 
decreased expression of the MIR137 within the MTG with aggravation of the 
pathological hallmarks of AD. Additionally, the same probe exhibits decreased 
methylation levels in blood with disease diagnosis. The reported results, while 
not profound, they hint towards an involvement of miR-137 and its methylation 
state in the progression of AD and thus spur for an in-depth interrogation of the 
biological repercussions this mechanism could have. Perspectively, comparable 
studies in brain structures more closely related with disease pathology as well 
as the biological function of miR-137, namely the hippocampus and the frontal 
cortex, could be conducted. To this end not only would it be possible to globally 
characterize the profile of the specific miRNA but also ultimately  assess whether 
it has a causal or resulting role in the aggravation of the pathological hallmarks 
of AD.
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Figure 1: Genomic location of the MIR137 locus and relevant positions of the probes under 
examination in this study (adjusted from Genome Data Viewer, NCBI).
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Table 1: Demographic information of the Banner Sun Health Research Institute (BSHRI) 
and the German Study on Ageing, Cognition and Dementia in Primary Care Patients 
(AgeCoDe) cohorts. Middle temporal gyrus tissue from AD patients and non-demented 
controls was obtained from BSHRI and in the table are presented the sample size, the 
distribution of sex, age, postmortem interval (PMI; hours), Braak stage score and total 

plaque and tangle load, i.e. the sum of average amyloid-β plaque and tangle densities, 
respectively, in the entorhinal cortex, hippocampus, parietal lobe, temporal lobe and 
frontal lobe cortex). Blood samples from controls, who showed no signs at baseline or 
follow-up (controls), and converters who showed no signs of dementia at baseline, but were 
diagnosed with AD dementia at follow-up (AD patients) were obtained from AgeCoDe. 
DNA samples were collected at baseline and follow-up for both groups. Displayed is the 
number of samples in each group, and the distributions of sex and age at baseline.
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Figure 2: MTG methylation changes of the 
five probes annotated for the MIR137 gene 
between AD patients ad controls. The y – 
axis represents beta values regressed for 
age, sex and 5 surrogate variables.
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Figure 3: MIR137 (cg10489614) methylation changes within the MTG with plaque (A) 
and tangle (B) load aggravation.
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Figure 4: Blood methylation changes of the five probes annotated for the MIR137 
gene between AD patients ad controls overtime. The y – axis represents beta values 
regressed for age, sex and 5 surrogate variables.
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Figure 5: (A) Correlation between miR-137 expression and post mortem interval in the BSHRI 
cohort. (B) miR-137 expression changes within the MTG between AD patients and controls. 
(C-D) miR-137 expression changes within the MTG with plaque and tangle load aggravation, 
respectively.
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Table 2: Correlation between blood and superior temporal gyrus (STG) methylation 
changes on probes annotated for the MIR137
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Abstract 
Intensive research on the aetiopathogenesis of disorders within 
the major psychosis spectrum, namely schizophrenia (SZ) and 
bipolar disorder (BP) has highlighted a critical role of epigenetic 
processes in the development of these disorders. Furthermore 
contemporary approaches for a global understanding of the 
pathophysiology of major psychosis have provided sufficient 
clinical and experimental evidence to support an important role 
of the otherwise overlooked cerebellum in psychosis-related 
cognitive and emotional dysfunctional networks. Building on 
these research lines, this study aimed to identify cerebellar 
DNA methylation signatures associated with major psychosis 
phenotypes by following an epigenome-wide approach. Post 
mortem cerebellar tissue from patients diagnosed with SZ, BP 
or controls was used in order to identify psychosis or disease-
specific methylomic signatures, by means of the Illumina 
Infinium MehtylationEPIC BeadChip (EPIC) array. While no 
collective cytosine methylation changes were observed, two 
regions at the ZFP57 and PM20D1 loci were significantly 
hypermethylated in both SZ and BP. The region associated with 
ZFP57 emerged as a BP-related methylation signature in an 
independent replication cohort. Our study represents the first 
analysis of epigenetic variation associated with major psychosis 
leveraging the EPIC technology. To this end, it highlights that the 
BP-afflicted cerebellum is imprinted with distinct methylation 
signatures, a finding consistent between two independent 
cohorts.

Keywords: Major psychosis; Schizophrenia; Bipolar Disorder; DNA 
methylation; Cerebellum
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Introduction
Mental disorders are characterized by severe distress, impaired personal 
functioning and behavioural abnormalities, that may persist and significantly 
impact the quality of life of the affected individual. Schizophrenia (SZ) and 
bipolar disorder (BP), while on the one hand considered separate pathological 
entities with a differential aetiopathogenesis, are also both categorized under 
the umbrella term major psychotic disorders, with a partially shared underlying 
aetiology [1, 2]. SZ, or psychosis spectrum disorder [3], affecting people in 
their late adolescence or young adulthood,  is characterized by delusions 
and hallucinations as well as disturbed emotional responses, reasoning and 
concentration [4]. BP, is characterized by a constellation of symptoms that 
interchange from episodes of mania or hypomania to periods of depression [4]. 

The aetiology of major psychosis still remains rather elusive, regardless the 
increasing body of research dedicated to unravel it. While highly heritable (70-
90% for SZ and 60-80% for BP)[5], common genetic variants fail to account for 
disease aetiology, and at the same time, rare genetic variants cannot sufficiently 
explain the attributable risk [6]. Yet again, disease-discordant monozygotic 
twin percentages have been reported as high as 41-65% for SZ and 60% 
for BP  [7, 8], which cannot be solely explained by environmental influences. 
Thus, the prevailing theory for interpreting disease causality endorses a genetic 
diathesis combined with in-utero and/or childhood and adolescent exposure to 
environmental risk factors. Contemporary notions of an epigenetic involvement 
are becoming all the more popular, since this mechanism could not only bridge 
gene x environment interactions but also affect gene expression and structure in a 
stochastic manner. To this end, the role of epigenetic mechanisms as susceptibility 
mediators has been interrogated in both SZ and BP. Epigenome-wide association 
studies (EWAS) have profiled the methylome of blood [9-11] as well as frontal 
cortex [2, 12, 13], striatum [13], hippocampus [13], anterior cingulate [12] and 
cerebellum [14] from patients with either or both disorders. Furthermore, cross-
tissue studies have highlighted that DNA methylation alterations highly depend 
on distinct brain regions [12, 13]. 

Although overlooked for a long time, recently, an important role has been attributed 
to the cerebellum with respect to neuropsychiatric disorders [15]. Anatomically, 
reduced cerebellar volume has been reported as a trait-related characteristic 
in BP [16]. Functionally, reduced activation has been associated with major 
psychosis [17-20] and dysfunctional cortico-thalamic-cerebellar connections have 
been connected to cognition-related networks in SZ [21]. Complementary to the 
latter, there is increasing evidence of the role of the cerebellum as a regulator 
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of emotional and cognitive responses, traits impaired in both disorders [15, 
22, 23]. At a molecular level, differential cerebellar expression of N-methyl-D-
aspartate (NMDA) receptor subunits and reduced γ-aminobutiric acid (GABA)
A and GABAB expression have been observed in patients with SZ [24] and 
major psychotic disorders [25, 26], respectively. Moreover, the expression of 
various genes encoding neuronal ion-channel subunits is downregulated in the 
cerebellum of SZ patients [27]. Finally, a genome-wide expression and methylation 
study performed on cerebellum samples from individuals with major psychosis 
identified numerous differentially expressed genes (PIK3R1, BTN3A3, NHLH1, 
and SLC16A7), concomitant with deviant methylation patters within the cis region 
of these genetic loci [14]. Nevertheless, no explicit methylomic signatures were 
associated with SZ or BP or major psychosis.  

In the present study, we examined psychosis-specific cerebellar methylation 
signatures in two cohorts by conducting two independent EWAS. Furthermore, 
we endeavored to disentangle the general effects of the major psychosis 
phenotype and attribute them to either SZ or BP. To this end, three analysis 
models were generated in order to profile the methylome of SZ, BP as well as 
major psychosis.  Post-mortem cerebellar tissue from the Array Collection was 
used as the discovery sample, whereas comparable tissue samples from the 
Neuropathology Consortium served as a replication sample. Our study is unique 
as it is the first to use the Illumina Infinium MehtylationEPIC BeadChip (EPIC 
array) technology in order to profile the methylation status of more than 850K 
CpGs across the genome of the cerebellum in major psychosis. Overall, no 
global methylation differences were observed when comparing controls and any 
of the three analyses performed. However, we demonstrate that there are two 
regions at the ZFP57 and PM20D1 loci that are significantly hypermethylated 
in both SZ and BP. Most importantly, a region associated with ZFP57 emerged 
as a significant methylation signature for BP both in the discovery and replication 
cohort. All in all, our data indicate that distinct neuropsychiatric-related epigenetic 
modification are imprinted in the afflicted cerebellum and reinforce further research 
towards testing the hypothesis that epigenetic changes play an important role in 
the pathophysiology of neuropsychiatric disorders. 

ARTEMIS IATROU
137

1 | 2 | 3 | 4 | CHAPTER 5 | 6 | 7 | 8 | 9 | 10 | 11 | 12



Methods
Sample Information 

Cerebellum tissue from two different cohorts, the Array Collection and the 
Neuropathology Consortium , was provided by the Stanley Medical Research 
Institute (SMRI) [28]. The Array Collection consists of post-mortem material of 35 
individuals in each of three diagnostic groups: SZ, BP and unaffected controls, 
and for this study, cerebellum tissue from 95 samples was used (see Table 1 for 
details). The cerebellum tissue from the Neuropathology Consortium used in this 
study consisted of 15 SZ, 15 BP and 15 unaffected controls. These specimens 
were collected, with informed consent from next of kin, by participating medical 
examiners, between January 1995 and June 2002. Additional information on 
inclusion and exclusion criteria can be found at the original publication of the 
SMRI [28]. Detailed demographic information can be found in Table 1.

DNA isolation and sodium bisulfite treatment

Genomic DNA (gDNA) from both cohorts was isolated by overnight digestion 
of approximately 100 mg fresh-frozen cerebellum tissue at 55°C using cell lysis 
buffer (100 mM Tris.HCl pH 8.5, 5 mM EDTA, 0.2% SDS, 200 mM NaCl) 
and fresh proteinase K (20 µg/µL), followed by RNase A (100 mg/mL, Qiagen) 
treatment and DNA extraction using a phenol, chloroform, isoamyl and ethanol 
mixture. After precipitation and washing with ethanol, samples were resuspended 
in 50 µL TE buffer (pH 8.0) and stored at -20°C. From the samples that passed 
quality control, 500 ng DNA was treated with sodium bisulfite (BS) using the 
Zymo EZ-96 DNA methylation kit (Zymo Research, CA, USA) according to the 
manufacturer’s protocol. 

Genome-wide DNA methylation analysis

BS-treated DNA from the discovery cohort (SMRI Array Collection) and the 
replication cohort (SMRI Neuropathology Consortium) was assessed using the 
Illumina Infinium MethylationEPIC BeadChip (850K; EPIC) array and Illumina 
Infinium 450K Methylation BeadChip (450K) array (Illumina, Inc., CA, USA), 
respectively, and was further quantified using an Illumina HiScan System (Illumina, 
CA, USA). All samples were assigned a unique code for the purpose of the 
randomized with respect to sex and disease status to avoid batch effects. Illumina 
Genome Studio software was used to extract the raw signal intensities of each 
probe (without background correction or normalization).
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Quality control (QC) and data normalization

Raw signal intensities extracted with Illumina Genome Studio were imported into 
the R statistical environment with function from the methylumi package [29] and 
further processed using the wateRmelon package [30]. The pipeline for quality 
control (QC) was consistent for both array types, unless stated otherwise. Initial 
QC assessment was performed using functions in the methylumi package to check 
concordance between reported and actual gender, based on interrogation of 
the sex chromosomes. From the discovery cohort, one sample was dropped out 
as it displayed inefficient BS conversion, identified with function in the watermelon 
package, (≤ 85%) and one additional according to the guidelines of SMRI. 
Moreover, two more had to be dropped due to gender mismatch, thus resulting 
in 91 samples. No samples were dropped out from the replication cohort. Further 
preprocessing was conducted using the wateRmelon package by applying a 
p-filter [30]. Probes having more than 1% of samples with a detection p-value 
greater than 0.05 and a beadcount lower than 3 in more than 5% of samples. 
Finally, the filtered data were normalized with dasen [30]. Non-CpG Single 
nucleotide polymorphism (SNP) probes, probes that had been reported to 
contain common (MAF >5 %) SNPs in the CG or single base extension position, 
or probes that were non-specific or mismapped [31, 32], were flagged and 
disregarded in the evaluation of our results. Additionally, from the EPIC dataset, 
probes flagged by Illumina were also disregarded. The resulting datasets for 
further analysis consisted of 91 samples and 836,055 probes for the discovery 
cohort, and, 45 samples and 420,115 probes for the replication cohort. The 
distribution of beta values from each dataset can be found in Supplementary 
Figure 1. 
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Statistical analysis
For downstream statistical analysis, three different models were considered for 
both cohorts: one with the two disorders pooled together and hence distinguishing 
between psychiatric and non-psychiatric/control phenotypes (PSY), one for the 
bipolar disorder versus controls (BP) and one for the schizophrenia patients versus 
controls (SZ). 

Surrogate variable analysis

Surrogate variable (SV) analysis (SVA) was performed in order to determine and 
estimate variation stemming from unknown sources, a common phenomenon in 
high-throughput experiments [22]. For each dataset, 5 SVs were identified and 
were then correlated with variables known to affect methylation status, as well as 
lifestyle variables provided by the SMRI. SVs that explained most of the variation 
were selected to be included in subsequent analyses as covariates. 

Regression model and differentially methylated positions

Differentially methylated cytosine positions (DMPs) associated with major 
psychosis phenotype or disease diagnosis were identified. A linear regression 
analysis was performed with the beta values from each of the three subsets (PSY, 
BP, SZ) as outcome and psychiatric phenotype or disorder diagnosis as predictor, 
respectively. Five SVs from each dataset were included as covariates in the model 
along with age, sex and batch effect as defined by chip barcode. The inflation 
rate of the generated model was assessed based on the lambda (λ) value and 
the respective QQ plot generated with function from the qqman package [33]. 
P-values were adjusted for multiple testing using the Benjamin-Hochberg false 
discovery rate (FDR) procedure with functions from the qvalue package [34]. 
Probes were ordered based on a combined p-value and regression estimate/
coefficients ranking, and then the highest ranked DMPs were selected (Table 
2-4). The Manhattan and QQ plots for the three analyses from each of the two 
cohorts can be found in Figure 1 and 2, respectively. Illumina EPIC and 450K 
array probes were annotated using the Illumina UCSC gene annotation.

Differentially methylated regions

In order to identify differentially methylated regions (DMRs), the Python module 
comb-p was used [35]. With this package, p-values smaller than 0.001 are 
correlated in order to detect groups of more than 3 spatially correlated CpGs 
within a 1000 base pair sliding window across the genome. Obtained p-values 
were Stouffer-Liptak-Kechris (SLK) corrected for adjacent p-values, and were 
subsequently corrected for multiple testing using the Šidák correction.
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Gene ontology (GO) enrichment analysis was conducted using the missMethyl 
package (version 1.8.0) [36], which takes into account potential bias due to 
different number of probes for each gene. Probes with an uncorrected p ≤ 0.001 
were used (NPSY = 858, NBP = 753, NSZ = 897) enrichment analysis, whereas 
probes included in the regression analysis were used as background lists. The 
highest ranked GO terms can be found in Supplementary Table 1-3.

Results
Discovery stage - SMRI Array Collection 

For the discovery stage of our analysis, we used cerebellar tissue from 105 
individuals from the SMRI Array collection, equally distributed over 3 conditions: 
bipolar disorder (BP, n = 35), schizophrenia (SZ, n = 35) and controls (CTR, n 
= 35). The core of the analysis applied here was to identify DMPs and DMRs in 
major psychosis (PSY) associated either with BP or SZ. 

Focusing on PSY, 5.08% of the tested probes (42,438 probes) passed nominal 
significance levels (uncorrected p ≤ 0.05) but neither of them reached statistical 
significance after FDR correction. Among the top-ranked DMPs (Table 2), probes 
annotating to non-coding genes and genes related to neuronal development can 
be found (Table 2). Worth mentioning are probes cg01684722 (#9, nominal P 
= 1.72E-05, FDR p value = 0.9) and cg21865845 (#29, nominal P = 3.71E-
05, FDR p value = 0.9)) that are annotated to TIAM2 and ROBO1, respectively. 
SNPs in both genes have been previously associated with schizophrenia [37, 38]. 
Additionally, five DMRs surviving multiple testing correction were identified (Table 
5), with the one on ZFP57 including 20 probes (nominal P = 2.49E-14, Šidák p 
= 2.81E-11). Additionally, the PTPRF gene was top-ranked in both the DMP and 
DMR analysis. Notably, all detected DMRs displayed hypermethylation in cases 
when compared to controls. 

When analyzing the results based for each disorder separately, 4.7% and 5.2% 
of the probes for BP and SZ, respectively, passed nominal, but not FDR-adjusted 
significance levels (Table 3-4). Among the nominally significant probes, 7,190 
were shared between the two disorders. The top-ranked BP-and SZ-associated 
DMPs are shown in Tables 3 and Table 4, respectively. Interesting “hits” detected 
in BP were probes in the vicinity of GNB1L, a candidate gene for BP and SZ 
[39], and KIF3, a gene expressing an interactive protein of DISC1 [40], a usual 
suspect in major psychosis [41]. Similarly, noteworthy SZ-associated DMPs were 
located within the KCNQ1 gene, which is associated with elevated risk for mental 
disorders [42], and CACNA2D4, where deletions have been associated with 
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psychiatric phenotypes [43]. The DMR analysis revealed 3 BP-associated and 
7 SZ-associated regions that survived correction for multiple testing (Table 5). 
The highest ranked one in both datasets was PM20D1, while ZFP57 was also 
affected in both disorders. These DMRs were all hypermethylated in cases versus 
controls.

Concerning the GO-term enrichment analysis on the SZ subset, two terms were 
significantly enriched post-FDR correction (GO:0007156; P nominal = 2.27E-
08, FDR p value = 1.8E-04;  GO:0098742; P nominal = 1.84E-07, FDR p 
value = 7.28E-04). These SZ-enriched terms are both related to cell-cell adhesion 
biological processes, which involve cadherin-related genes. Interestingly, 
both these terms have been recently associated with pathological features of 
schizophrenia and psychosis [44-46].

Replication stage - SMRI Neuropathology Consortium

An independent EWAS was conducted on the SMRI Neuropathology (NP) 
Consortium cohort which consisted of cerebellar tissue from 45 individuals, equally 
distributed over 3 conditions: bipolar disorder (BP, n = 15), schizophrenia (SZ, n 
= 15) and controls (CTR, n = 15). A similar analytical line as the aforementioned 
in the discovery cohort was followed: first we considered the existence of a 
psychiatric phenotype as predictor and then we studied each disorder separately. 

For the first approach, 24,977 probes (5.95%) emerged as nominally significant. 
Among them (Table 6), two probes (cg20483962, cg01221018) reached 
statistical significance post FDR correction (cg20483962: effect size β = -0.013, 
nominal P = 1.26E-07, FDR p value = 0.04; cg01221018: effect size β = -0.038, 
nominal P = 1.93E-07, FDR p value = 0.04). Probe cg20483962 is located on 
chromosome 17, 215 bp upstream the transcription start site of DVL2 (Dishevelled 
Segment Polarity Protein 2), which encodes a protein that acts as intracellular 
mediator of Wnt signalling pathway [47]. Notably, reduced expression of DVL2 
has been associated with the severity of negative symptoms in psychosis [48]. The 
second probe, cg01221018, is located on chromosome 14, 606 bp downstream 
of the transcription start site of MDP1 (magnesium-dependent phosphatase-1). 
The top highest ranked 30 methylated loci can be found in Table 6 and the 
methylation changes of the two highest ranked probes when comparing major 
psychosis and unaffected individuals are depicted in Figure 3. Additionally, 5 
DMRs were identified to be associated with psychiatric phenotype (Table 9). 
Among them was a region consisting of 7 CpGs, annotated for BAIAP2 (brain-
specific angiogenesis inhibitor 1-associated protein 2) gene, (nominal P = 4.30E-
08, Šidák p = 2.90E-05). BAIAP2 encodes an adaptor protein, involved in 
membrane and actin dynamics in dendritic spines [49], and rare mutations within 
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the locus have been associated with SZ [49-51]. Recently, a study focusing on 
the mediotemporal gyrus showed that methylation in this specific gene was also 
associated with SZ-related pathology [52]. There, following the same approach, 
two probes within BAIAP2 gene body (cg01276536, cg23261327) were 
detected hypomethylated, suggesting a region specific, yet important role for this 
genetic locus. 

Focusing on BP, 4.5% of the tested probes displayed nominal significant 
differential methylation, with no probes reaching FDR-adjusted significance levels 
(Table 7-8). Similarly, no SZ-associated probes passed FDR-adjusted significance 
levels, but 5.7% of the tested probes were nominally significant. Top 30 BP 
and SZ-associated DMPs are presented in Table 7 and 8, respectively. Among 
the nominally significant probes, the two disorders shared 944 out of 18,990 
differentially methylated positions. When assessing regions displaying differential 
methylation, 2 BP-associated and 12 SZ-associated DMRs were identified (Table 
9).

Shared DMPs and DMRs

We proceeded with correlating the uncorrected beta values from the common 
probes of the discovery and the replication cohort that passed nominal 
significance levels (uncorrected p ≤ 0.05). The two datasets shared 1,114 
psychiatric phenotype-associated probes, 885 BP-associated probes and 1,125 
SZ-associated probes out of the entirety of the probes interrogated by the EPIC 
array. Among them the ones with the most significant beta values (uncorrected p 
≤ 0.01) were selected for subsequent correlation analysis. No correlation was 
detected between the probes associated with psychiatric phenotype (n = 44, r 
= 0.18, p = 0.24) and BP (n = 27, r = 0.11, p = 0.57). However, SZ-associated 
DNA methylation scores for the 59 shared most significant probes  from the two 
datasets were significantly correlated (n = 59, r = 0.26, p = 0.046; Figure 4).  

Focusing on the DMR analysis, the BP-associated region annotating the ZFP57 
gene that emerged from the discovery cohort was also replicated by the 
replication cohort. More specifically, in the discovery cohort, an intergenic region 
located on chromosome 16 spanning from 29,648,345 bp to 29,648,605 
bp contained 12 hypermethylated CpGs (nominal P = 8.74E-07, Šidák p = 
0.00028), an observation that was reproduced in the replication cohort (16: 
29,648,161-29,648,757, 18 hypermethylated probes, nominal P = 3.78e-26, 
Šidák p = 2.664e-23). 
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Discussion
This is the first EWAS conducted on the cerebellum of patients with bipolar 
disorder and schizophrenia, using the EPIC array. Our approach aimed to study 
these disorders in conjunction as well as separately in order to identify both 
mutual and disease-specific epigenetic signatures. To this end, we demonstrate a 
rather distinctive methylome between the disorders with few common “hits”. More 
importantly, we provide evidence for cerebellum-specific hypermethylation within 
the ZFP57 gene, associated with both major psychosis in general, but more 
specifically in BP. 

The DMR located in the ZFP57 gene was significantly more methylated in psychotic 
patients, in particular patients suffering from BP. It is of high importance that the BP-
associated ZFP57 hypermethylation was additionally identified by an independent 
EWAS conducted on the replication cohort. ZFP57 encodes a zinc finger protein 
preferentially expressed early in development [53, 54] and downregulated upon 
differentiation, yet with detectable levels at oligidendrocytes [54]. The ZFP57 
protein is of particular importance as it is crucial for survival during the embryonic 
stage. Interestingly, ZFP57 is closely entwined with the epigenetic machinery 
as it is auxiliary to the maintenance of both maternal and paternal imprinting 
marks during development by indirectly targeting DNA methyltransferases [55]. 
Hence, ZFP57 plays a very important role in human development. Additionally it 
is a repressor of activated transcription and is mainly associated with repression 
of the promoter regions of Schwann cell myelin-associated genes [54]. This is 
directly relevant to the increasing scientific evidence supporting the involvement 
of epigenetically-dysregulated glial cells to the pathogenesis of neuropsychiatric 
disorders [56]. Therefore, functionality-wise, aberrant ZFP57 methylation and/or 
dysregulated expression could be associated with the neurodevelopment aspects 
of psychosis and contribute to its pathogenesis

The past years, the methylomic profile of ZFP57 has been the centre of attention 
in studies focusing on psychiatric and neurodevelopmental disorders. Most 
recently, Rivollier et al. indicated hypermethylation at exactly the same DMR that 
we report here in the blood of individuals with psychosis, mainly schizophrenia, 
that were exposed to diethylstilbestrol [57]. This observation is in accordance 
with our hypermethylated SZ-associated DMR in the ZFP57 gene. Furthermore, 
Ladd-Acosta et al. described a DMR within the ZFP57 gene, which includes the 
probes reported here, to be significantly more methylated in the temporal cortex 
of patients with autism spectrum disorder [58]. Although two distinct disorders, 
autism and schizophrenia bare multiple common phenotypic traits, and, as they 
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co-occur, it has been speculated that they share pathological features of deviant 
neurodevelopment and plasticity [59]. Finally, Rutten et al. reported a similar 
DMR linked to post-traumatic stress disorder (PTSD) [60]. Altogether, based on 
our results and evidence from the literature, differential ZFP57 methylation seems 
to play a role in psychiatric disorders, what once elucidated will provide more 
insight in the pathogenesis of the disorders. We speculate that since ZFP57 
is a transcriptional regulator, it acts as a hub protein and, thus, methylomic 
changes within its locus may cause a chain reaction of transcriptional changes in 
neurodevelopmental regulatory genes, contributing to the pathogenesis of these 
diseases.

To date, many research lines have focused on elucidating the methylomic profile of 
various brain structures as well as peripheral tissue, in relation to major psychosis, 
SZ and, to a lesser extent, BP [2, 12, 61-63]. Yet, the cerebellum remains a highly 
under-investigated structure, regardless increasing evidence of its involvement in 
all aforementioned disorders, with only one successful EWAS conducted using 
Illumina Infinium HumanMethylation27 arrays, which have a substantially smaller 
coverage (27k probes) [14]. In this study, nominally significant probes with 
differential methylation patterns were detected in much smaller percentages to 
the ones reported here (7.74% in PSY vs. CTR; 2.35% in SZ vs. CTR; 3.98% in 
BP vs. CTR). Moreover, no probes from each of the three tested models reached 
significance level post FDR correction. However, when following a validation 
approach, one of the highest ranked probes, cg15021292, harbouring PIK3R1, 
was reported to show significantly differential methylation in major psychosis 
patients.

To our knowledge, our study is the first to deeply profile the cerebellar methylome 
in SZ and BP using the EPIC array. The inconsistencies between these two studies 
could be due to the different coverage, as the 27k array includes only about 5% 
of the CpGs covered by the EPIC array. Yet another reason behind the lack of 
replication could be the statistical pipeline used in either study (preprocessing, 
filtering and quality control), and more importantly the covariates used in the 
regression models. To this end, correcting for cellular composition of the tissue is 
nowadays considered a default covariate. And while to date there are algorithms 
correcting for cellular heterogeneity [64], when applied to cerebellar tissue, 
they underperform. This could be explained by the fact that the cerebellum, 
and especially its cortex, lacks uniformity and its cytoarchitecture is highly 
heterogeneous [65]. Even if the two cohorts studied here were from the same 
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brain bank and possibly processed in a similar manner, it cannot be excluded 
that the samples provided are dissimilar concerning cellular composition. Here, 
in order to circumvent this caveat, we employed a surrogate variable analysis 
approach in order to capture this heterogeneity, making our analysis more optimal 
than those used previously. 

Overall, we illustrate a list of methylomic “players”, different from the ones reported 
previously in cortical areas [2, 12, 21]. Such observation is to be expected 
as it has been previously noted that the cerebellum exhibits distinct methylomic 
profiles in comparison to cortical and subcortical structures, but also blood [66]. 
Therefore, we support that this study is invaluable as it allows deeper insight in the 
involvement of epigenetic mechanisms within the cerebellum in neuropsychiatric 
disorders. Some limitations of the study concern the phenotyping of the samples. 
Recently, the idea that SZ constitutes a single categorical disorder has faded 
and, inspired by van Os and others, SZ is now considered a syndrome within the 
psychosis spectrum [3]. Similarly, for BP, two differential phenotypes have been 
described, namely bipolar I with episodes of mania and bipolar II, with episodes of 
hypomania. Hence, narrowing down the psychosis spectrum to a single diagnosis, 
as for SZ and BP in the present study, conceals all the various endophenotypes 
that might be a result of diverse and district pathological/molecular mechanisms. 
In order to bypass such matter, additional clinical information would be crucial 
for the most accurate interrogation of each psychiatric phenotype/profile. 

In conclusion, this study represents the first ever conducted EWAS on the 
cerebellum of patients with major psychosis, using the EPIC array, and further 
advocates the epigenetic theory of major psychosis by identifying genetic loci 
with aberrant methylation patterns in the cerebellum of BP and SZ in comparison 
to neurologically healthy controls. One of these loci, ZPF57, was replicated 
in a second, independent cohort. Such outcome suggests that this gene might 
contribute to the pathogenesis of major psychosis and could be an interesting 
candidate for further investigation especially in BP-related research lines. Hence, 
our study urges research not only on the functional repercussions of differential 
ZFP57 methylation in psychiatric deviant disorders, but also on the role of the 
cerebellum in the development and course of these disorders. 
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Table 1: Demographic information from the two independent cohorts used in this study. 
Cerebellum tissue from individuals diagnosed with bipolar disorder and schizophrenia, 
as well as controls was obtained from the Stanley Medical Research Institute. Displayed 
are the number of the samples per diagnosis, the distribution of sex, age and postmortem 
interval (PMI; hours).

EPIGENETICS IN MENTAL AND NEURODEGENERATIVE DISORDERS;  
THE UNUSUAL SUSPECTS148



Table 2: The thirty top-ranked major psychosis-associated methylated positions from 
the discovery cohort. Displayed for each probe are the regression estimate for the major 
psyhcosis-associated analysis (Estimate), the corresponding p value, the FDR-corrected p 
value (q value), the residing chromosome as well as the Illumina gene annotation (Gene 
Name) and the location of the probe within the genetic locus. 5’UTR, 5’ untranslated regions; 
TSS, transcription start site
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Table 3: The thirty top-ranked bipolar disorder-associated methylated positions from 
the discovery cohort. Displayed for each probe are the regression estimate for the bipolar 
disorder-associated analysis (Estimate), the corresponding p value, the FDR-corrected p 
value (q value), the residing chromosome as well as the Illumina gene annotation (Gene 
Name) and the location of the probe within the genetic locus. 3’UTR, 3’ untranslated 
region; 5’UTR, 5’ untranslated region; TSS, transcription start site
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Table 4: The thirty top-ranked schizophrenia-associated methylated positions from the 
discovery cohort. Displayed for each probe are the regression estimate for the schizophrenia-
associated analysis (Estimate), the corresponding p value, the FDR-corrected p value (q 
value), the residing chromosome as well as the Illumina gene annotation (Gene Name) 
and the location of the probe within the genetic locus. 5’UTR, 5’ untranslated region; TSS, 
transcription start site
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Table 5: Identification of probes in differentially methylated regions associated with major 
psychosis, bipolar disorder and schizophrenia from the discovery cohort. Displayed for 
each probe are the chromosomal position (genome build 37), the number of probes in 
the region (Nr Probes), the p-value and multiple testing-corrected p (Šidák-p), UCSC gene 
name, gene feature, and directionality of modification changes with the progression of 
Braak stage (up or down). TSS, transcription start site; utr5, 5’ untranslated region; cds, 
coding sequence.
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Table 6: The thirty top-ranked major psychosis-associated methylated positions from 
the replication cohort. Displayed for each probe are the regression estimate for the major 
psyhcosis-associated analysis (Estimate), the corresponding p value, the FDR-corrected p 
value (q value), the residing chromosome as well as the Illumina gene annotation (Gene 
Name) and the location of the probe within the genetic locus. 5’UTR, 5’ untranslated regions; 
TSS, transcription start site
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Table 7: The thirty top-ranked bipolar disorder-associated methylated positions from the 
replication cohort. Displayed for each probe are the regression estimate for the bipolar 
disorder-associated analysis (Estimate), the corresponding p value, the FDR-corrected p 
value (q value), the residing chromosome as well as the Illumina gene annotation (Gene 
Name) and the location of the probe within the genetic locus. 5’UTR, 5’ untranslated 
region; TSS, transcription start site
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Table 8: The thirty top-ranked schizophrenia-associated methylated positions from the 
replication cohort. Displayed for each probe are the regression estimate for the bipolar 
disorder-associated analysis (Estimate), the corresponding p value, the FDR-corrected p 
value (q value), the residing chromosome as well as the Illumina gene annotation (Gene 
Name) and the location of the probe within the genetic locus. 3’UTR, 3’ untranslated region; 
5’UTR, 5’ untranslated region; TSS, transcription start site
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Table 9: Identification of probes in differentially methylated regions associated with major 
psychosis, bipolar disorder and schizophrenia from the replication cohort. Displayed for 
each probe are the chromosomal position (genome build 37), the number of probes in the 
region (Nr Probes), the p-value and multiple testing-corrected p (Šidák-p), UCSC gene name, 
gene feature, and directionality of modification changes with the each relevant psyhciatric 
diagnosis. TSS, transcription start site; utr5, 5’ untranslated region; cds, coding sequence.
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Supplementary Figure 1: Density plots of normalized beta values for methylated cytosines 
from the discovery (A) and replication (B) cohort. Plots include all probes used for the analysis.

ARTEMIS IATROU
157

1 | 2 | 3 | 4 | CHAPTER 5 | 6 | 7 | 8 | 9 | 10 | 11 | 12



Figure 1: Manhattan and QQ plots of the global methylation regression analyses from 
the discovery cohort. In the Manhattan plots (A-C) the blue line indicates the nominal 
significance threshold of 0.05 and the red one illustrates the genome-wide significance 
threshold. For the QQ plots (a-c) the fit of each model was evaluated by the genomic 

inflation factor lambda (λ), which is depicted on the right side of each plot. (A,a) Psychiatric 
Phenotype, (B,b) Bipolar Disorder, (C,c) Schizophrenia
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Figure 2: Manhattan and QQ plots of the global methylation regression analyses 
from the replication. In the Manhattan plots (A-C) the blue line indicates the nominal 
significance threshold of 0.05 and the red one illustrates the genome-wide significance 
threshold. For the QQ plots (a-c) the fit of each model was evaluated by the genomic 

inflation factor lambda (λ), which is depicted on the right side of each plot. (A,a) 
Psychiatric Phenotype, (B,b) Bipolar Disorder, (C,c) Schizophrenia
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Figure 3: Methylation changes with the diagnosis of major psychosis of the two top-ranked 
probes (cg20483962 [A], cg1221018 [B]) annotating for DVL2 and MDP, respectively. The y 
– axis represents beta values regressed for age, sex, batch effect and 5 surrogate variables.
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Figure 4: Schizophrenia-associated DNA methylation estimates for the top-ranked 
DMPs shared between the Array discovery cohort and the Neuropathology replication 
cohort are significantly correlated (r = 0.26, p = 0.046). SZ, schizophrenia
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Supplementary Table 2: Gene Ontology (GO) enrichment analysis results for the top 
858 major psychosis-associated top-ranked differentially methylated positions. Displayed 
for each GO term is the ID, description, the ontology type, the number of genes in the 
term, the number of the genes altered from the input list as well as their names, p-value 
(p) and FDR corrected p value (FDR). BP, biological process; CC, cellular component; MF, 
molecular function
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Supplementary Table 3: Gene Ontology (GO) enrichment analysis results for the 
top 753 bipolar disorder-associated top-ranked differentially methylated positions. 
Displayed for each GO term is the ID, description, the ontology type, the number of 
genes in the term, the number of the genes altered from the input list as well as their 
names, p-value (p) and FDR corrected p value (FDR). BP, biological process; CC, cellular 
component; MF, molecular function
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Supplementary Table 4: Gene Ontology (GO) enrichment analysis results for the top 
897 major psychosis-associated top-ranked differentially methylated positions. Displayed 
for each GO term is the ID, description, the ontology type, the number of genes in the 
term, the number of the genes altered from the input list as well as their names, p-value 
(p) and FDR corrected p value (FDR). BP, biological process; CC, cellular component; MF, 
molecular function
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Abstract 
Enhancing the dysregulated brain-derived neurotrophic factor/
tropomyosin-receptor-kinase B (BDNF/TrkB) signalling pathway 
has been suggested as a promising therapeutic strategy for 
restoring cognitive impairment in Alzheimer’s disease (AD). 
A growing body of evidence supports that TrkB agonists 
attenuate and even reverse cognitive deficits associated with 
the progression of the disease in murine models of AD. In this 
study, we investigated the memory restoring action of TB001, a 
novel synthetic compound specifically designed to activate TrkB 
receptors, and we compared it to 7,8-dihydroxyflavone (DHF), 
a commonly tested but unspecific TrkB agonist. Our findings 
indicate that TB001 can rescue AD-related memory deficits in 
vivo on APPswe/PSEN1dE9 mouse model of AD. As such, acute 
as well as chronic administration of TB001 was able to restore the 
genotype-dependent memory deterioration in the object location 
task. In contrast, solely chronic treatment with DHF was able 
to partly restore the observed memory deficits. Altogether, this 
study further advocates the use of TrkB agonists as treatment 
options for AD. Particularly, we show that TB001 displays 
promising therapeutic properties, characterized by cognitive 
restoring properties and a rather fast mechanism of action which 
makes it a good therapeutic alternative in order to alleviate the 
most common AD-related symptomatology.

Keywords: Alzheimer’s disease; TrkB agonist; TB001; BDNF; 
DHF; Memory Restoration
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Introduction

Alzheimer's disease (AD) is a chronic, neurodegenerative disease clinically 
associated with severe cognitive impairment. Its main hallmarks are  the presence 
of oligomeric beta amyloid (Aβ), which form degradation-resistant aggregates 
termed plaques, and hyperphosphorylated tau protein that leads to the formation 
of intraneuronal neurofibrillary tangles (NFTs). Despite the large body of research 
dedicated to elucidate the underlying pathology and its aetiology, both still 
remain highly elusive,  spurring the scientific community to find additional support 
for existing hypotheses and to generate new views on the pathogenesis of AD. 
With the passage of time, one of the most prevailing theories is that aggregation 
of Aβ, in a variety of forms, induces a molecular cascade leading to a calamitous 
sequence starting from synaptic dysfunction, synaptic loss, NFT formation and, 
ultimately, neuronal death [1]. Varations to this theory have been developed in 
order to explain the mechanisms underlying synaptic atrophy, and one of the most 
prominent hypotheses is related to disturbances in brain-derived neurotrophic 
factor (BDNF) / tyrosine receptor kinase B (TrkB) signalling [2]. In line with the 
neurotrophin hypothesis of AD, a dysregulated BDNF/TrkB signalling system 
could decrease neuronal resilience to hallmark insults, such as Aβ, concomitant 
with disintegrated synaptic structure and function. 

BDNF is a neurotrophin, which, through the TrkB receptor, activates three main 
signalling pathways in order to induce cellular proliferation, differentiation and 
survival [3]. In both AD patients and mouse models of AD, BDNF has been 
shown to be dysregulated, i.e. generally downregulated either in the periphery 
or centrally [4]. Furthermore, delivery of BDNF in the brain exerts neuroprotective 
actions and partly restores cognitive deficits in diverse animal models of AD [5]. 
Accordingly, it has been suggested that BDNF-targeting treatments could have 
therapeutic potential for AD treatment. However, BDNF itself has a very poor 
pharmacologic profile characterized by a very short half-life and inability to cross 
the blood-brain barrier (BBB), hampering its direct application as a therapeutic 
agent [6, 7]. Loopholes to this problem have been provided by various research 
groups who have developed and tested molecules or synthetic compounds that 
can mimic the effect of BDNF. 

One of the most studied compounds is 7,8-dihydroxyflavone (DHF). DHF is a 
flavonoid first described as an antioxidant but later characterized as a TrkB 
agonist with profound effects on TrkB activation [8]. Pharmachologically, while it 
penetrated the BBB it has a rather poor oral bioavailability [9, 10]. In murine models 
of AD, many studies showed a beneficial effect of DHF on memory performance 
[8, 11-16], although some failed to exhibit memory-restoring properties [17]. The 
inconsistent performance of DHF has raised questions in relation  its mechanism 
of action and its specificity as a TrkB agonist.

EPIGENETICS IN MENTAL AND NEURODEGENERATIVE DISORDERS;  
THE UNUSUAL SUSPECTS176



In pursuit of a compound that could specifically activate TrkB, our collaborators at 
University of Strasbourg employed a structure-based in silico screening approach 
and manufactured a synthetic molecule, TB001 [18]. More specifically, a 3D 
pharmacophore was derived from the X-ray structure of the BDNF loop L4. Due 
to the specific binding nature of the compound as well as its mimicking of the 
BDNF structure, TB001 is a promising therapeutic candidate for disorders that 
would benefit from enhanced BDNF/TrkB signalling, among which AD. 

Based on the convincing evidence endorsing a role of dysregulated BDNF/
TrkB signalling in AD, as well as the design of small synthetic molecules with the 
potential to normalize this system, the present study focused on assessing TB001 
as a therapeutic intervention in memory decline, particularly associated with 
AD. We thus aimed to evaluate the memory- restoring properties of TB001 and 
compared them to those of DHF. Spatial memory of a transgenic mouse model of 
AD, i.e. APPswe/PSEN1dE9 (APP/PS1) mice, was assessed in acute and chronic 
treatment paradigms, with the use of the object location task (OLT). Furthermore, 
working memory post chronic compound administration was evaluated by means 
of the alternating version of the Y-maze. 

Materials and Methods
Animals

All experimental animal research was executed according to protocols provided 
by the local Animal Ethical Committee of Maastricht University, Maastricht, the 
Netherlands (UM-DEC 2014-034) and governmental guidelines. 

Five-month old APP/PS1 and wild-type (WT) C57BL/6J female mice, derived 
from an in-house breeding program (parental cohort: C57BL/6J and APP/PS1 
purchased from Charles River, France and Jackson, ME, USA, respectively), 
were used. The double transgenic APP/PS1 line 85 carries a co-integrate of 
1) chimeric human/mouse APP695 carrying the Swedish mutation (K594M/
N595L) and 2) human PS1 with deletion of exon 9, each under control of a 
mouse prion protein promoter [19]. The APP695 Swedish mutation leads to a 
2-3 fold overexpression of the APP protein, while the PS1dE9 mutation causes 
an increase in the production of Aβ42 over Aβ40, thereby leading to plaque 
deposition from 4 months of age [20]. The mice were housed according to 
their genotype in groups of 2-4 per ventilated standard Makrolon cage under 
standard conditions (22 °C, 60% humidity, 12:12h light/dark cycle [19:00 lights 
on], food and water ad libitum) and background noise provided by a radio. 
All experimental procedures were conducted during the animals’ active phase. 
Weekly weight monitoring, and frequent coat state evaluations served as general 
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well-being indicators. 

Drug treatment

At 5.5 months of age, the transgenic animals received daily i.p. injections of either 
TB001 (2 mg/kg), 7,8-DHF (DHF; 5 mg/kg) or their vehicle (2% Tween-80, 0.5% 
Tylose and 0.9% NaCl) [21], creating 6 experimental groups: WT-TB001 (N = 
15), WT-DHF (N = 15), WT-Veh (N = 15), AD-TB001 (N = 12), AD-DHF (N = 
12), AD-Veh (N = 9). Of note, DHF is soluble to organic solvents, and in literature 
protocols utilizing DMSO as solvent are most commonly encountered. On a 
previous study conducted by our group we observed DMSO-induced cognitive 
deficits (Sup. Fig.1) in naïve mice and therefore an alternative dissolution method 
was followed for this project. The administration period lasted for 30 days. The 
first injection was performed 1h prior to the first testing session of the OLT in order 
to assess the acute effects of the given compounds on memory consolidation 
processes. For the remainder of the administration period, the compounds were 
administered approximately 15h prior to any experimental procedure to exclude 
acute effects (see Fig.1  for the timeline of the behavioural batteries). 

Object location task
Apparatus

The apparatus consisted of a polyvinyl chloride circular arena (diameter: 48 
cm) with a 40 cm high wall. During all procedures, the testing room was dimly 
illuminated (8 lux). For each trial, two identical objects were placed in predefined 
positions as described below. The four different sets of objects used were: (1) 
a cone made of brass (maximal diameter 6 cm and total height 3.8 cm), (2) a 
transparent glass bottle (diameter 2.7 cm, height 8.5 cm) filled with sand and 
water,  a massive metal cube (2.5 cm × 5 cm × 7.5 cm) with two holes (diameter 
1.5 cm), and (4) a massive aluminium cube with a tapering top (4.5 cm × 4.5 
cm × 8.5 cm) [22]. The weight of the objects made it impossible for the animals 
to displace them.

Testing procedures

Prior to testing, the mice were habituated to the experimenter, the injection protocol, 
the arena, the objects as well as the testing sessions. Each testing session consisted 
of two 4-minute trials, the familiarization (T1) and the probe trial (T2). During T1, 
the mouse was introduced into the arena, which contained 2 identical objects in 
fixed diametrical positions, by facing the middle of a wall. When the 4 min had 
passed, the mouse was placed back in its home cage. After the familiarization 
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trial, using predetermined inter-trial intervals (ITIs), T2 was conducted. At T2, the 
mouse was placed back into the arena in which one of the objects had shifted 
location. The novel location of the object was randomized in a balanced manner 
over the groups and the different sessions in order to reduce potential bias due 
to preference for a particular location [23]. The exploration time during T1 and 
T2 (E1 and E2, respectively) was recorded and analysed manually using video 
recordings. Exploratory behaviour was specifically defined as the direction of 
the nose at a distance no more than 1 cm and/or touching the object with the 
nose or front paws [23]. Any observed climbing or sitting on the object was 
not considered exploration. The olfactory cues from the arena and the objects 
were extinguished with 70% ethanol in between sessions. The exploration time 
at both sessions (E1, E2) was considered as a locomotion indicator as well as 
an indirect anxiety measurement. Cognitive performance was assessed with the 
discrimination index D2, which is defined as the ratio of the difference between 
the exploration time of the new and the old location, and the total exploration 
time during T2 (E2). Thus, this ratio indicates whether the mouse spent relatively 
more time in the novel location than the old, which is considered an indication of 
spatial memory. For all memory performance measurements, a comparison with 
no discrimination between the two objects, i.e. a D2 score of 0, was performed. 
A minimal total exploration time of 6 seconds was set as an inclusion criterion 
[23, 24].Three intervals were tested at baseline, before treatment, i.e. 2h, 3h, 
and 4h, in order to identify the optimal ITI for the rest of the experimental period. 
Based on the results from the baseline study, a 3h ITI was used for the acute and 
chronic experiments. 

Y-maze

Spatial working memory at APP/PS1 mice was assessed by using the Y-maze 
spontaneous alternation test, as previously described [24]. Each testing session 
consisted of a 5 min exploration trial. During this trial, the mouse was placed in 
the centre of the Y-maze and was free to explore the arena. The number as well 
as the order of the entries in the various arms was recorded. An entry was only 
registered when the mouse had all 4 paws placed in the arm. A successful triad 
was registered when the animal would visit all three different arms consecutively. 
The olfactory cues from the arena and the objects were extinguished with 70% 
ethanol in between sessions. The outcome parameter for working memory was the 
percentage of successful alternations the mouse performed and was calculated 
as the number of the 14 first triads divided by the total number of alternations 
(i.e. the total number of entries minus 2) x 100. A percentage higher than 50% 
signifies functional working memory.
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Statistical analyses

Two- way analysis of variance (ANOVA) was performed for comparison between 
groups accounting for the main and interactive effects of genotype (WT, APP/
PS1) and treatment (vehicle, DHF, TB001). One-way ANOVA was performed for 
comparison among treatments (vehicle, DHF, TB001) within the APP/PS1 group. 
As indications for memory performance, a one-sample t-test was performed for 
the Y-maze spontaneous alternation test and the OLT, with reference values 50 
and 0, respectively. Statistical significance was set at a Α-level of 0.05. Statistical 
analyses were performed within the R statistical environment (version 3.3.2) and 
GraphPad Prism (version 6, GraphPad Software, San Diego, CA, USA).

Results
Object location task

At baseline, APP/PS1 mice showed higher exploration times during the first 
trial when compared to WT littermates (E1: t(64) = 2.551, p < 0.05) (data not 
shown). Repeated measures ANOVA on E2 of the OLT performed after chronic 
administration of the compounds revealed an overall effect of the genotype x 
treatment interaction (F(2,56) = 6.3, p < 0.01) (Table 1), indicating that the APP/
PS1 mice tend to explore more the objects when treated with TB001 or DHF.

For assessing memory performance, the D2 scores were analyzed (Fig.1). The 
optimal ITI used for the acute and chronic version of the OLT was selected 
among three different intervals tested at baseline (2h, 3h, 4h; data not shown). 
At the 2h ITI, intact spatial memory was observed in all animals, whereas at a 
4h ITI all groups had forgotten the original object location. Moreover, the 3h ITI 
was able to accurately discriminate between genotypes, i.e. displaying intact 
and impaired memory performace in WT and APP/PS1 mice, respectively, and, 
hence, was used for the experiments addressing the acute and chronic effects 
of the TrkB compounds. At baseline, using the 3h ITI, APP/PS1 mice performed 
significantly worse than WT mice (t(55) = 2.594, p < 0.05) and could clearly 
not distinguish between the novel and the old location of the object (one-sample 
t-test; t(21) = 0.9062, p > 0.05) (Fig.2A). The results of the acute version of the 
OLT showed that only vehicle-treated WT and TB001-treated APP/PS1 could 
distinguish the familiar and the novel location (t(28) = 2.073, p < 0.05 and t 
(20) = 2.960, p < 0.01, respectively; Fig.2B). After chronic administration of the 
compounds, WT mice treated with vehicle (t(24) = 2.131, p < 0.05) and DHF 
(t(22) = 2.804, p<0.05), as well as the TB001-treated APP/PS1 mice (t(17) = 
2.714, p < 0.05) were able to distinguish between the familiar and the novel 
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location of the object (Fig.2C). Thus, both acute and chronic administration of 
TB001 restores memory impairment in the APP/PS1 mice.

Y-maze spontaneous alternation test

Working memory was evaluated by comparing the percentage of alternations 
per group to chance level of 50% (Fig.3). It was shown that solely the TB001-
treated mice performed significantly better than chance level (t(≥10) ≥ 2.815, 
p<0.05), suggesting functional working memory. Overall, no significant effects 
of genotype, treatment or genotype x treatment could be observed for the 
percentage of alternations. Additionally, no significant effects of genotype, 
treatment or genotype*treatment was observed for the number of arm entries. 

Discussion
This study focused on evaluating the memory-restoring properties of TB001, a 
synthetic TrkB agonist, by means of a spatial and working memory assessment. 
Overall, our results highlight its memory restoring nature in a transgenic animal 
model of AD, APP/PS1 mice. Such observations further strengthen the notion 
postulated previously in the literature concerning the beneficial effects of regulating 
BDNF/TrkB signaling in AD. However, in contrast to the majority of the studies 
reporting on the unique memory-restoring effects of DHF, here, we particularly 
observe such effects with the administration of TB001.

The main outcome from this study is that TB001 can restore AD-associated 
memory deficits. In order to counteract the genotype-associated memory 
impairment, TB001 and DHF were administered and their acute and chronic 
action was evaluated. TB001 clearly attenuated spatial and working memory 
impairment in APP/PS1 mice both in acute and chronic conditions. Empirical 
research on synthetic TrkB agonist compounds, including DHF, has shown that 
they have an impact on enhancing and rescuing cognitive function. Specifically, 
in vitro work on DHF has indicated that this outcome is mediated by the effect 
of the compound on synpatic structure and plasticity [16, 25]. Nevertheless, 
the acute effects of such compounds are poorly studied. Previously, we had 
shown that acute administration of TB001 on naïve mice leads to enhancement 
of cognitive performance in a similar experimentation paradigm (Sup. Fig.). 
Here, we indicate that TB001 exerts its beneficial effects, even after one single 
administration, on APP/PS1 mice as well. Memory considlidation is executed by 
a two-step mechanism characterized by an early protein synthesis-independednt 
step followed by a late (>3h) protein sythesis-dependent one [12]. Both phases 
are associated with synaptic plasticity, which is mediated partly by a BDNF 
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dependent mechanism, the hippocampal long-term potentiation (LTP) at the 
CA3-CA1 synapses [26]. The late-phase (L-LTP) is accompanied by changes in 
synaptic strength and by structural reorgnisation of the actin cytoskeleton as well 
as protein synthesis [27]. Such activity-dependent structural plasticity has been 
found to be dependent on phosphorylation of the TrkB receptor [27]. Based 
on our experimental paradigm of acute administration, the effect of TB001 on 
memory performance is more likely due to priming of synaptic strength rather than 
molecular changes targeting AD-related pathological cascades. Thus, the acute 
beneficial effects observed in APP/PS1 mice reflect a symptomatic mechanism of 
actions rather than a pathology-therapeutic one.  Overall, the results extracted 
from this experiment strongly advocate that administration of TB001 impacts 
on memory consolidation, thereby improving optimal cognitive functioning and 
restoring memory deficits associated with the pathophysiology of AD. 

On the other hand, DHF showed less consistent results throughout. A single dose 
of DHF was not sufficient to rescue cognitive deficits in APP/PS1 mice. Further, a 
4-week treatment of DHF seemed to restore memory function, although this effect 
did not reach statistical significance. While most studies attribute positive effects 
of DHF on memory function [11, 14], other, more recent ones did not present 
comparable results [17]. A closer look at the former studies indicates that DHF 
restored memory deficits in 12 to 15-month-old 5xFAD transgenic mice after 10 
days and 4 months of administration at 5 mg/kg [10, 14, 16] as well as in a 3,5 
to 5-month-old mouse model of neuronal loss after 2 weeks of administration using 
the same dose [13]. Additionally, another study assessing memory performance 
in the OLT showed a beneficial effect after a single administration of DHF at 
a dose of 0,1 mg/kg both in WT and APP/PS1 mice at 7 month of age using 
a 24h ITI [12]. However, in a different mouse model of AD, i.e. 4 to 6-week-
old APP23/PS45 mice, DHF did not alleviate cognitive deficits after a 2-week 
treatment at 5 mg/kg [17]. Similarly, in 9 month old APP/PS1 mice, a single dose 
did not improve spatial memory impairment while a 30-day administration did 
rescue it [28]. Altogether, it appears that DHF has different effects depending 
on the mouse model as well as the way and duration of administration, which 
may explain the modest effect in the present study. Another difference between 
the aforementioned studies and ours is that we used female mice that have been 
reported to acquire the AD phenotype earlier than males of this APP/PS1 strain. 

Another notion raised by our data is that both TrkB agonists, TB001 and DHF, may 
have anxiolytic properties on APP/PS1 mice. DHF has been previously reported 
to exert beneficial effect on anxiety-like mouse models [29-31]. Our assumption 
is made on the basis of the observed increase in E2 exploration time in treated 
AD groups in the chronic OLT paradigm. While this outcome measurement of 
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the OLT has not been formally validated as anxiety-related stress, it is commonly 
used to draw qualitative preliminary conclusions for the stress levels of the animals 
[32]. Therefore, chronic administration of TB001 and DHF could potentially have 
anxiolytic properties with effects discernble when applied on the disrupted 
BDNF/TrkB signaling system.

Conclusion 
To date, the involvement of the BDNF/TrkB system in the pathogenesis of AD still 
remains elusive. Could impaired BDNF/TrkB signalling directly impact upon Aβ 
formation leading to neurodegeneration or does it, indirectly, affect the resilience 
of neurons to amyloid or tau insults?  Our study shows that molecules mimicking 
the action of BDNF have beneficial effects on cognitive functions in an animal 
model of AD. Here, TB001, a synthetic TrkB agonist, yields encouraging results 
as a memory restoring compound. When administered acutely, we support that 
the mechanism of action of TB001 is mainly symptomatic and possibly does 
not directly address the cause of AD. However the persistent effect on memory 
function after chronic administration connotes a more intricate mechanism of 
action, that should be elucidated in order to capitalize the use of TB001 to its 
full extent. En masse, TB001, exhibiting therapeutic properties against memory 
impairment, appears to be more effective than DHF, the most well-studied TrkB 
agonist. 

The clinical potenital and exploitation of TB001 as a novel treatment option for AD 
could be highly profitable. According to the outcomes of this study supplementary 
read-out parameters investigated suggest that single administration of TB001 can 
be considered free of side effects, as far as well-being, locomotion and anxiety-
like behavior is concerned. Further, chronic administration could potentially elicit 
anxiolytic effects on the APP/PS1 mice, an effect that should be verified by 
designated behavioural batteries. 

Overall, it can be concluded that TB001 is an appealing pharmacological 
candidate for regulating memory functions in AD. Further investigation on 
the underlying mechanisms of action in a molecular level will assist in better 
characterizing the molecule per se, but also optimize the mode and duration of 
administration. Finally, it cannot be excluded that TB001 has anxiolytic properties 
and thus its application on disorders such as depression and PTSD should be 
also addressed in perspective research lines.
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Figure 1: Timeline of the experiment. Training for the object location task (OLT) started 
at 5 months of age (20 weeks) and the baseline data were obtained from week 21-23. 
Intraperitoneal (i.p.) administration with 7,8-dihydroxyflavone (DHF), TB001 or vehicle 
started at week 23, where acute measurements were reported, and continued for 4 
weeks daily. At week 26-27 we investigated the effects of the chronic administration of 
the compounds on spatial and working memory, by means of the OLT and the Y maze 
spontaneous alternation test (Y maze alt).

Figure 2: Object location task (OLT) was used in order to evaluate the differential effect 
of the administered compounds (vehicle, 7,8-dihydroxyflavone (DHF), TB001) on spatial 
memory performance. Displayed are the D2 scores of the different treatment groups and 
genotypes throughout the different sessions of the OLT with a 3h intertrial interval (ITI). 
(A) Spatial memory performance evaluation between wild-type (WT) and AD mouse model 
(APP/PS1), N = 25-35 per genotype; Acute (A) and chronic (B) effects of the administered 
compounds on WT and APP/PS1 mice, N = 9-15 per treatment. Bars represent mean + 
S.E.M. per group; ^: Significantly different from 0 in one-sample t-test, p < 0.05; ^^: p < 
0.01
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Figure 3: Y maze spontaneous alternation test was used to evaluate the effects of the 
administered compounds (vehicle, 7,8-dihydroxyflavone (DHF), TB001) on working memory 
performance of wild-type (WT) and AD (APP/PS1) mice. Data are expressed as mean + 
S.E.M. ^: Significantly different from 50% in one-sample t-test, p < 0.05; ^^: p < 0.01.

Table 1: Mean, and S.E.M, of exploration times in the object location task (OLT) (E2: 
average exploration time T2) and number of entries the Y-maze. 2x3 Genotype*Treatment/
Genotype: significant genotype*treatment interaction/genotype effect in 2-way ANOVA. 
WT, wild-type; AD, Alzheimer’s disease mouse model; DHF, 7,8-dihydroxyflavone
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Supplementary Material
Prior to the study presented in this paragraph, an experimental paradigm was 
set up in order to assess the cognitive enhancing properties of TB001 on naïve 
mice. While the two studies are independent, findings from the latter provided 
guidelines for the design of the main project presented here and thus will be 
briefly described. 

Methods
Animals

All procedures involving animals and their care were conducted in conformity with 
their institutional guidelines that are in compliance with nation and international 
laws and policies (Council directive 87-848, October 19, 1987, Ministère de 
l’Agriculture et de la Fôret, Service Vétérinaire de la Santé; permissions 006269 
to L.L.).

C57BL/6J male mice (Charles River Laboratories, l’Abresle, France) were used. 
Upon arrival to the laboratory, the mice were housed in groups of four per 
cage under standard conditions (22 °C, 60% humidity, 12:12h light/dark cycle 
[19:00 lights on], food and water ad libitum) ) and background noise provided 
by a radio, for 1 week prior to any experimental procedure. Experiments were 
performed with 2 month old mice (12-13-week-old). All experimental procedures 
were conducted during the animals’ active phase. Weekly weight monitoring, 
and frequent coat state evaluations served as general well-being indicators. 

Drug administration 

At 2 months of age, WT mice received a single intraperitoneal (i.p.) injection of 
TB001 (2 mg/kg), ANA-12 (TrkB antagonist; 0.5 mg/kg) and vehicle solutions, 
subsequently creating 4 experimental groups: the two experimental groups 
receiving either TB001 (TB, N = 20) or ANA-12 (in 1% DMSO, 1% Tween-80, 
0.9% NaCl; ANA, N = 20; (Maybridge, Thermo Fisher Scientific, Illkirch, 
France) and their respective control groups receiving TB001 vehicle injections 
(SAL, N = 20), the second control group receiving ANA-12 vehicle (1% DMSO, 
1% Tween-80, 0.9% NaCl; DMSO, N = 20). The administration paradigm 
followed a crossover experimental design with an injection interval based on the 
washout period of the drug, known from preliminary screening data. Therefore all 
animals received by the end of the experiment four injections of different solutions 

EPIGENETICS IN MENTAL AND NEURODEGENERATIVE DISORDERS;  
THE UNUSUAL SUSPECTS190



(Vehicles, TB001, ANA-12). The injection was performed 1 hour prior to the first 
testing session of the OLT, in order to target the acquisition phase of memory and 
evaluate its impact on general memory performance as tested by the OLT as 
decribed above. 

Statistical analysis

The exploration times were similar across conditions during the T1-familiarization 
session (E1; F(3,284) = 1.68, P = 0.17). Similarly, a two-way ANOVA on 
exploratory behaviour during the T2- testing session (E2) revealed no significant 
effect of either treatment (F(3, 201) = 1.37, p = 0.25), ITI (F(2,201) = 0.27, p 
= 0.78) or interaction (F6,201 = 0.9, p = 0.5) (Only average E1 and E2 data 
shown in Table 2). 

Results
Two-way ANOVA on the D2 scores in the 1h, 4h and 24h ITI showed a significant 
effect of treatment (F(3,18) = 11.22, p < 0.01, Supplementary Fig. 1). This effect 
was explained by the 4h ITI, where Bonferroni’s multiple comparisons revealed 
significantly better performance of the TB001-treated group in comparison with 
its control (t = 3.03, p < 0.05). Detailed analysis of the D2 scores overtime 
indicated that administration of saline and ANA-12 does not have an impact on 
hippocampus-dependent memory performance among the intervals. Additionally, 
the performance of these groups follows a normal delay-dependent “forgetting”-
like curve. On the contrary, administration of 1% DMSO tends to affect the D2 
scores overtime (Bonferroni’s multiple comparisons: t1h-24h = 2.04, p > 0.05, 
Supplementary Fig. 1). Administration of TB001 tends to enhance cognitive 
performance from 1h to 4h interval (Bonferroni’s multiple comparisons: t1h-4h 
= 1.9, P = 0.07), which returns to baseline in the 24h testing session. Thus, this 
effect results in a unique cognitive performance curve that reaches its peak at 4h 
ITI in comparison with the rest of the groups that perform the best in the 1h ITI. 
Focusing on the 4h interval, we observed that the TB001 treated animals perform 
significantly better than the controls (one-way ANOVA followed by Bonferroni’s 
multiple comparisons: t(3,60) = 2,87, p < 0.05). Finally we examined whether 
the different groups can distinguish between the old and the novel location, 
by comparing their D2 scores with 0. We observed that solely the saline and 
TB001-treated animals succeed in recognizing the novel location throughout all 
the intervals. The DMSO-treated group could only distinguish between the two 
objects in the 1h interval.

ARTEMIS IATROU
191

1 | 2 | 3 | 4 | 5 | CHAPTER 6 | 7 | 8 | 9 | 10 | 11 | 12



The results revealed procognitive and memory enhancing properties of TB001 
in vivo, in healthy C57BL/6J mice. A single i.p. injection (2 mg/kg) significantly 
improved spatial memory performance in the OLT, 5 hours post-administration. This 
finding further supports the key-role of BDNF in memory formation that has been 
stated in existing literature. It has been repeatedly reported that the BDNF mRNA 
and protein upregulation as well as phosphorylation of target-molecules in the 
BDNF/TrkB signaling pathway in memory-associated areas is a primary outcome 
of learning and memory procedures in different stages such as acquisition, early 
and late consolidation [33]. Negative manipulation of the levels of BDNF by 
means of intracerebral infusion of antisense BDNF oligonucleotides was shown 
to impair spatial memory performance [34]. On the same tone, intrahippocampal 
administration of BDNF improves spatial memory performance [35]. TB001 
appears to be the only TrkB agonist with spatial procognitive properties on 
naïve mice, detectable 5 hours after an acute injection. Additionally, our results 
suggest that the effect of TB001 treatment prior to acquisition is reflected during 
the early memory consolidation stage. Therefore, it is highly recommended that 
future experimental set-ups focus on different administration paradigms focusing 
on different time points and their effect on diverse memory stages. 

Our study also revealed an interesting effect of DMSO on cognitive performance. 
In fact, the DMSO-treated animals were not able to distinguish between the old 
and the novel object location, at all intertrial intervals. These findings further 
advocate the hypothesis that administration of DMSO is relatively risky. Yet, 
DMSO is the most common solvent for in vivo administration of hydrophobic 
chemical compounds [36]. An extensive study of Hanslick on the effect of DMSO 
on the developing murine CNS revealed that it induced widespread apoptosis 
associated with dramatic elevation of caspase 3-positive neurons, at all ages 
tested [37]. To this end, the dose of DMSO used in this study, but also in our own 
paradigm (1%; 0.3 ml/kg), was reported to induce 150% more apoptotic neurons 
than the control in 4 weeks old mice, 8 hours post-administration. Complementary 
post mortem analysis revealed that the neurodegeneration was restricted to 
cortical regions and the white matter. Another study further examined the effect of 
biologically innocuous concentration of DMSO by means of electrophysiology, 
where they showed that incubation of murine brain slices in DMSO significantly 
changed the intrinsic neuronal excitability especially within the pyramidal neurons 
of the CA1 area of the hippocampus, a main region associated with cognitive 
functioning. Extrapolating these observations back to our study, we support that 
DMSO-treated animals were not able to perform equally to the saline group 
due to presumed deleterious effects of DMSO on prefrontal cortical neuronal 
networks, associated with attention and working memory consolidation [38], 
and/or hippocampal neuronal connectivity. Subsequently, henceforth in our 
experimental pipeline, DMSO was avoided as a solvent and alternatively 2% 
Tween-80, 0.5% Tylose and 0.9% NaCl a validated solvent solution, was used 
[21].
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Supplementary Figure 1: Object location task (OLT) was used in order to evaluate the differential 
effect of the administered compounds (vehicle (SAL), TB001, ANA-12, dimethyl sulfoxide (DMSO)) 
on spatial memory performance. Displayed are the D2 scores of the different groups throughout 
the intervals of the OLT sessions. N = 16 mice/ group. Bars represent mean + S.E.M. per group; *: 
Significant difference at Bonferroni multiple comparisons, p < 0.05; ^: Significantly different form 0 
in one sample t-test, p < 0.05; ^^: p < 0.01; ^^^: p < 0.001.

Supplementary Table 1: Mean, and S.E.M, of exploration times in the object location 
task (OLT) (E2: average exploration time T2). WT, wild-type; sal, vehicle; DMSO, dihydroxy 
sulfoxide; ANA, ANA-12
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The prevalence of mental and neurodegenerative disorders 
definitely constitutes a hurdle in the global contemporary 
progress and evolution. Brain-related disorders like Alzheimer’s 
disease (AD), schizophrenia (SZ) and bipolar disorder (BP) 
represent a ticking bomb under worldwide, and primarily 
Europe’s and Northern America’s, economy; a bomb difficult to 
be dismantled due to the increasing aging population and the 
lack of efficient treatment strategies. In numbers, the annual 
expenses of 2015 dedicated to AD research, healthcare and long-
term care for 44 million patients were estimated to approximately 
$605 billion worldwide, a number that was estimated to reach $1 
trillion by this year. Concerning mental disorders, in 2004 it was 
estimated that the annual economical burden of schizophrenia 
alone was $41 billion and was predicted to increase with a rate 
of $2.6 billion per year, which would mean that currently it has 
surpassed $1.3 billion. As distressing as these numbers are, they 
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cannot be compared to the devastating personal impact of these 
disorders per se. While all three disorders have distinct clinical 
manifestations, every single one of them deprives the afflicted 
individuals of their humane nature, converting them into highly 
dependent beings or social pariahs.  The readily prescribed 
therapeutic treatments are mainly symptomatic and fail to battle 
against the aetiology of the diseases, which are overall highly 
unknown. And even when administered, the social stigma that 
follows the patients hinders even more the recovery. In order to 
face this societal emergency and vindicate the quality of life of 
these patients, the efforts of the scientific community should 
intensify in order to elucidate the aetiopathological underpinnings 
of these three diseases. This thesis, with a fresh and innovative 
perspective on disease mechanisms, contributes to this effort by 
examining the epigenetic mechanisms in relation to these three 
disorders.
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Right from the start, at CHAPTER 1, the question of the heritability gap in mental 
and neurodegenerative disorders is posed, and my assumption that epigenetic 
mechanisms might be able to fill it in drives the rest of this thesis. A brief introduction 
on the epigenetic machinery is provided with a special focus on the most studied 
DNA modifications, DNA methylation and hydroxymethylation. Once the role of 
epigenetic regulation is explicitly stated, it becomes apparent that dysregulation 
at the epigenetic level could have devastating repercussions on the molecular 
and cellular balance and thus lead to pathological conditions. In light of this 
notion, three pathological disorders - AD, SZ and BP- are highlighted and aberrant 
methylomic and hydroxymethylomic patterns are reviewed. 

After this prelude, a thorough review follows in CHAPTER 2, starting with a 
timeline of epigenetic technology spanning from the first ever targeted antibody-
based techniques to state-of-the-art genome-wide arrays and sequencing 
methodologies, and how this technology has been capitalized for AD research. 
Through the use of epigenomic technology, it is now possible to e.g. examine 
epigenetics beyond DNA methylation and CpG-specific methylation, as well 
as to profile cross-regional and cross-tissue epigenetic variation in health and 
disease, with issues such as cell-type heterogeneity been resolved either with 
wet lab or bioinformatics approaches. However, it is suggested that only if all 
potential from epigenomic technology is exploited in brain structures relevant to 
the incipient stages of AD pathology, breakthroughs in therapeutic and diagnostic 
research fields will be achieved. To this end, I illustrate all empirical evidence 
on how AD pathology is reported to stem from brainstem nuclei and I strongly 
encourage a deeper examination of epigenetic signatures in the LC and the DRN 
especially at prodromal stages of the disease. 

Following up on this notion, CHAPTER 3 presents the first study to interrogate 
the DNA methylome and hydroxymethylome of the brainstem in AD. Using 
bisulfite (BS)- and oxidative bisulfite (oxBS)-treated DNA as input, three cytosines 
states were characterized, i.e. unmodified, methylated and hydroxymethylated 
cytosine. A unique (hydroxy)methylomic profile is hence revealed in the DRN with 
the course of the disease, as described by Braak stage progression. Strikingly, 
most of the identified epigenetic signatures, while not being reported in previous 
EWAS studies in different AD-pathology afflicted brain structures, have been 
described in the literature to be associated with Aβ pathology. Such observation 
suggests that the two pathological hallmarks of AD are entwined with epigenetic 
modifications as the disorder advances. Overall, this study demonstrates an 
innovative way of discriminating three states of cytosines and its application in 
AD research where distinct signatures can be observed. 

In CHAPTER 4, another epigenetic mechanism is studied in relation to AD 
diagnosis, i.e. that of microRNAs (miRs). Based on the fundamental role of miR-
137 in neuronal function, its involvement in AD was tested and, more specifically, 
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potential methylomic variation was set under investigation. MIR137 methylation 
and expression patterns were studied in human post mortem tissue from the 
mediotemporal gyrus, a brain structure already affected by AD pathology in 
relatively early stages. In addition to a case-control comparison, these two 
readout parameters were also correlated with beta amyloid and tau pathology 
load. Additionally, in an attempt to bring this research line one step closer to 
the clinics, the blood methylation profile of miR-137 was also examined in a 
longitudinal cohort that included healthy participants of which some converted 
to AD patients over a 4.5 year time period. The outcomes exhibit that a specific 
genomic locus neighboring MIR137 tends to be differentially methylated with 
disease diagnosis in the periphery and furthermore it is highly associated with 
both beta amyloid and tau load centrally. While expression changes are not 
reported here, a novel observation is raised concerning the stability of miR-
137 as post mortem interval severely affects its decay rate. Hence, this study 
suggests that methylation changes in the blood of AD patients should be closely 
interrogated as they could potentially serve as disease biomarkers. On a side 
note, it is obliquely highlighted that miR-137 has a rather fast turnover profile and 
consequently research lines investigating expression changes should be cautious 
and consider the post mortem interval as a covariate to any analysis pipeline.

Expanding the spectrum of brain disorders to neuropsychiatric illnesses, CHAPTER 
5 examined psychosis- as well as disease-specific cerebellar methylation signatures 
in two independent cohorts, which served as discovery and replication cohort. 
No global methylation changes were discovered in schizophrenia and bipolar 
disorder, either when studied together as major psychosis disorder or in isolation, 
in either of the cohorts. Next, differentially methylated positions (DMPs) and 
regions (DMRs) were identified in the discovery cohort and two regions within 
the ZFP57 and PM20D1 genetic loci were significantly hypermethylated in both 
SZ and BP. The significance of this finding is further strengthened by the fact 
that the ZFP57 was found to be hypermethylated in BP at the replication cohort 
as well. These findings reinforce the hypothesis that epigenetic changes play a 
critical role in the pathophysiology of neuropsychiatric disorders and advocate 
an important role for the cerebellum in these conditions.

CHAPTER 6, while still dedicated to the pathophysiology of AD, deviates from 
the epigenetics-centered character of this thesis and presents an in vivo attempt to 
pharmacologically restore memory impairment, the main symptom of AD. TB001, 
a synthetic compound that activates the BDNF/TrkB signaling system, a highly 
dysregulated system in AD, is examined as a potential therapeutic alternative, 
in order to rescue memory deficits in a mouse model of AD. Excitingly, the 
main observation of this study is that the specific compound not only improves 
cognitive performance when administered both acutely and chronically, but also 
outperforms DHF, the most-studied compound with a similar mechanism of action.
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Strengths and Limitations 
The work presented in this dissertation is a collection of studies with a common 
denominator; the interrogation of epigenetic signatures characteristic of disease 
pathology or diagnosis. A major strong point of the projects presented here is 
the methodology used to approach the relevant research questions. Two out 
of four studies leverage state-of-the-art epigenomics technology, namely the 
Infinium MethylationEPIC array, to tackle questions previously interrogated with 
its predecessor, Infinium Human Methylation 450K BeadChip array. To our 
knowledge these studies represent the first application of the EPIC technology 
to mental and neurodegenerative disorders and our results set the pillars for 
more thorough yet affordable interrogation of DNA modifications in pathological 
conditions. Furthermore, the study conducted and described in chapter 2, 
represents the first ever examination of the hydroxymethylome with the EPIC array 
platform. The combination of an inventive way of pre-processing DNA before 
loading on the beadchip with a platform that provides double the coverage of 
the most commonly used one, is a unique way of distinguishing true methylation 
from hydroxymethylation, and a chief asset of this dissertation. Complementary to 
the value of dealing with highly burdensome disorders, this thesis further provides 
alternative perspectives of approaching the pathology. It endeavours to study 
unconventional brain structures, not widely studied in the relevant disorders, 
i.e. AD-brainstem, SZ/BP-cerebellum, and unravel unique signatures previously 
overlooked due to the trending research lines. 

Notwithstanding the aforementioned strengths, this dissertation is also subjected 
to some general as well as more specific limitations. The most common and 
persistent limitation of epigenetic studies is the small to moderate sample size, 
which results in limited power of the study to detect significant changes. This is 
particularly problematic when it comes to the detection of DMPs. An additional 
issue related to DMP detection is the determination of a significance threshold 
for declaring a CpG site as differentially methylated, taking multiple testing into 
account, as 10-7 seems to be rather conservative. This is exemplified in this 
thesis by the results of the EWAS showing that while approximately 8% of the 
tested probes pass nominal significance threshold, they fail to reach genome-
wide significance levels after multiple testing correction. A loophole to this issue 
could be provided via the development of novel statistical correction tools. Such 
bioinformatics approaches, adjusted for EWAS studies, could for instance take 
into consideration the cis correlation among probes harbouring  the same genetic 
locus and disregard these corrections. Alternatively, as mentioned in chapter 
2, a way to strengthen and substantiate results from one study, is to perform 
replication studies, or exploit publically available data that have used the same 
methodologies and conduct meta-analyses. 
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With the advent of affordable Illumina technology, the Infinium Human Methylation 
450K Beadarray and its successor, Infinium MethylationEPIC have been 
established as the workhorse of epigenetic research lines worldwide. Thus, the 
common use of datasets among different groups has been facilitated, allowing 
for replication studies, as in chapter 6, as well as meta-analyses. However, 450k 
and EPIC technology is not limitation-free. While the probes on the chip are 
annotated for most of the known genes, they only substitute a small fraction of all 
CpGs in the genome. Moreover, they only cover CpGs, leaving non-cytosine 
methylation uninvestigated. Therefore, designating studies utilizing this technology 
as “genome-wide” is rather inaccurate, as the genomic coverage is restricted 
to 1.5% of the CpG sites across the human genome. The EPIC array used in 
chapters 3 and 6 comes with improved coverage, especially at enhancer sites, 
but still maintains the CpG restricted features of the 450K array. Therefore, the 
use of methylation sequencing technology should be endorsed on perspective 
epigenetic research lines in order to obtain a wider coverage and thus a deeper 
understanding of disease-related methylomic profiles.  

A major strength that followed the advancement of epigenomic technology is the 
detection of a “true” DNA methylation signal, achieved by the addition of an extra 
oxidative step at the bisulfite conversion, as described in chapter 2 and applied 
in chapter 3. Before the use of the oxBS conversion step, solely the combined 
DNA methylation and hydroxymethylation signal could be extracted. Nowadays, 
the two signals can be distinguished. To this extent, it should be stressed that 
previously reported results, utilizing regular BS conversion technologies, with 
unsegregated signals, should be revisited and interpreted with caution. Yet 
again, the oxBS approach does not take into consideration DNA formulation and 
carboxylation, whose signal is now interlaced with the hydroxymethylation one. 
The low presence of 5-formylcytosine and 5-carboxylcytosine in the brain make 
the aforementioned issue a minor limitation. What constitutes a larger problem 
is the fact that analysis methodologies do not progress with the same pace as 
the development of the technology and to date only indirect approaches for 
determining DNA hydroxymethylation levels are used. As mentioned in chapter 3, 
the approach followed, i.e. subtracting the oxBS from the BS signal, due to noise 
and technical variation results in negative 5-hmC values, which are biologically 
meaningless. In an attempt to exclude these values, strict detection thresholds 
are implemented, resulting in dropping approximately 40% of the probes on the 
BeadChip. 
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Another consideration is that research lines treat methylation and hydroxymethylation 
analyses equally, while these two modifications apart from distinct biological 
roles also appear with different abundance in the brain. To this end, current 
analytical pipelines tend to disdain the latter. This can be exemplified from the 
analysis followed for differentially hydroxymethylated regions (DHR) determination 
in chapter 3. The single DHR that emerged from our data suggest that spatial 
correlation analysis for differentially hydroxymethylated positions (DHP) might 
need to be optimized as hydroxymethylation per se is present but not as enriched 
as methylation in brain tissue and the sliding window might need to be adjusted. 

Two more limitations emerge from the EWAS performed in this thesis. Firsty, the 
WGCNA analysis employed in chapter 3 was conceptualized in order to create 
networks of co-expressed genes, and has not yet be optimized for either multiple-
probes-one-gene data, like EPIC array datasets, or data of such length/volume 
(~340k probes). Secondly, the cellular heterogeneity of the bulk cell populations 
used as input produces differential signals from i.e. neurons and glial cells, 
potentially confounding the outcomes from the analysis followed, an issue also 
mentioned in chapter 2. Deconvolution approaches for cell type heterogeneity 
have been developed, in order to infer the underlying cell type proportions 
of the tissue under interrogation. However, reference-based algorithms are 
only available for the dorsolateral prefrontal cortex (DLPFC) on human brain 
material, and in this thesis the tissue used for EWAS was from the brainstem and 
the cerebellum, structures very different from each other, but, most importantly, 
profoundly different from the DLPFC. In an attempt to overcome this limitation, 
surrogate variable analysis was employed in order to capture patterns of variation 
due to any unmodeled factors. While valid, other more accurate methods able to 
define cell type composition of brain tissue should be developed.

The majority of aforementioned limitations will soon be resolved with the progress 
of bioinformatics procedures, but the question of the biological relevance of 
epigenetic research lines persists. This research era is governed by reductionism; 
scientists tend to deconstruct complex multidimensional questions with the hopes 
that once each element has become implicit, then it would be easier to connect the 
pieces and provide the complete picture of i.e. of a complex disease. However, 
extreme reductionism has shifted the focus from global clarity towards exhaustive 
attention on single cellular pathways, or even single genes of interest and thus 
creating hypotheses of “one gene, one phenotype”. Few are the disorders though 
that follow strict Mendelian heritability paradigms and that indeed one gene is 
responsible for one phenotype. In more complex disorders, it appears to be more 
common that an extensive network of molecular players is responsible. And yet, 
since the keen scientific eye finds it hard to conceive the magnitude of the neuronal 
processes and networks, it still resorts on the oversimplified notion that drivers 
of common diseases are either exclusively common or collectively rare alleles. 
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To this end, the loophole of epigenetics was offered to the scientific enterprise 
to fill in these gaps and add an extra level of complexity. But are epigenetic 
mechanisms treated once again with a reductionism approach: waiting to be 
given detrimental connotations in relation to diseases, either they have functional 
outcomes or not? In order to avoid such evolution of the epigenetic research, 
gene set enrichment analyses as well as pathway construction approaches or 
networks of co-methylated probes by means of weighted correlation gene analysis 
(WGCNA) should be followed, allowing sets of genes with altered epigenetic 
regulation to be identified like in chapter 3 and chapter 6, and further on be 
functionally characterized. Additionally, integrative genomics, transcriptomics 
and epigenomics approaches as suggested in chapter 2 can provide clarity on 
the complex pathophysiology of common disorders. 

Finally, a sign of our times and the biggest limitation that the research is facing 
is publication bias. The dearth of funding as well as professional ambition have 
prompted researcher to submit mainly positive results for publication, as they 
are more likely to be published and cited. This has led to an unforeseen level 
of publication bias, topped with non-replicable studies as well as retraction 
of multiple articles from high impact journals due to scientific misconduct and/
or incorrect data analysis. Therefore, I would like to underline that the lack of 
“conventionally” positive results, as seen in chapter 4, should not discourage 
the researcher to publish the outcomes of the study or to join forces with other 
studies in performing meta-analyses.  Such action would not only save time and 
resources for fellow scientist with similar research queries but would also contribute 
in resolving a major issue that the scientific community is facing: the skewness of 
scientific literature by ignoring negative results. 

Future Perspectives 
Exciting times lie ahead, as all the aforementioned limitations can work as tinder for 
kindling of novel ideas and breakthroughs. Affordable genome-wide technology 
in combination with the exponential increase in high quality brain tissue available 
from brain banks worldwide will probably reinforce studies with larger sample 
size. Until then, approaches utilizing independent cohorts in order to replicate 
findings can be employed to strengthen observations. Furthermore, truly genome-
wide approaches by means of sequencing will be highly beneficial for the field, 
especially if applied on a single-cell basis. However, it shall not be overlooked 
that the technological breakthroughs should be accompanied by advancements 
in related statistical tools to handle the generated data that will serve as a 
backbone. Thus, dry lab techniques based on computational modelling and 
machine learning that are gaining momentum will assist in processing as well as 
taking full advantage of the generated data. Most importantly, in order to provide 
answers to the aetiology and pathophysiology of a disease and thus advance 
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towards developing accurate diagnostic and therapeutic tools, research lines 
should direct their attention towards integrating genomics and epigenomics. By 
employing relevant approaches such as Mendelian randomization (MR) and 
methylation quantitive trait loci (meQTL), described in chapter 2, the interplay 
among genetic variation, epigenetic modifications and environmental factors could 
be elucidated, contributing to bridging the heritability gap. Ultimately, answers to 
whether epigenetics are the cause or consequence of complex diseases could 
be provided and tested using state-of-the-art epigenetic editing methodologies. 

Overall, studies like the ones presented in this dissertation, following fundamental 
research lines with novel approaches, provide more insight into the pathological 
mechanisms that characterize complex diseases. Moreover they set the pillars for 
perspective functional work in order to clearly identify the effect of the identified 
epigenetic signatures in the aetiology and/or progression of the pathology of AD, 
SZ and BP. More importantly, the datasets and results generated here contribute to 
the worldwide epigenetic data collection of each disease. Thus, my work assists 
in an intensive and collaborative effort of the scientific community to structure 
multilevel causal networks of each disease in order to predict personalized 
resilience or vulnerability for disease pathology, and potentially identification of 
disease biomarkers as well as novel targets for therapeutic drug development.
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The work presented in this thesis collectively examines the 
involvement of epigenetic mechanisms in mental and neurological 
disorders, in particular Alzheimer’s disease (AD), schizophrenia 
(SZ) and bipolar disorder (BP). The epigenetic mechanisms under 
interrogation are primarily DNA modifications, and to a lesser 
extend microRNAs (miRNAs).

Summary8

CHAPTER 1 of this dissertation familiarizes the reader with DNA modifications 
and the status quo of their involvement in the pathology and pathogenesis 
of these specific neurological disorders. After this concise introduction,  
CHAPTER 2 unfolds the timeline of epigenomic technology advancements, starting 
from the earliest antibody-based methods and following up to contemporary 
genome-wide arrays as well as sequencing approaches, in the context of AD. 
While the reported technological progress is highly remarkable, it does not come 
limitation-free and therefore limitations as well as suggestions to overcome them 
are also reported. Then, the reader is challenged with the question whether the 
“state-of-the-art” technology, used for AD research, is actually capitalized optimally 
for the discovery of novel therapeutic/preventive and diagnostic strategies. The 
personal, yet rational answer provided, suggests that for a pharmacological 
option to be effective, it should be administered at the most incipient stages of 
the disease in order to target the preclinical pathology and therefore prevent 
the later seemingly unresponsive to treatment phase. Considerable evidence 
suggests that early dysregulation in the brainstem, more specifically in the 
raphe nuclei and the locus coeruleus, accounts for the earliest, non-cognitive, 
symptomatology, indicating a potential causal relationship with the pathogenesis 
of AD, and thus evidence associating these two nuclei with AD is reviewed. The 
take-home message from this chapter is that temporal and spatial manifestations 
of the disease should be aligned and, thus, structures more closely related to the 
prodromal stages of AD should be examined further. Capitalizing the advanced 
and nowadays affordable epigenomics technology, the pairing of brainstem 
pathology with deviant epigenetic regulation could yield novel candidate targets 
for the development of early biomarkers as well as therapeutic alternatives that 
could halt or even reverse the deleterious progression of AD.
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Following on that hypothesis, CHAPTER 3, the first experimental study, sets 
the dorsal raphe nucleus (DRN) as the cornerstone for interrogating early-
stage AD epigenetic signatures. Specific genome-wide patterns of methylated 
(5mC), hydroxymethylated (5hmC) as well as unmodified (UC) cytosines 
were investigated by means of the Illumina MethylationEPIC array, in relation 
to disease progression as characterized by Braak staging. Using an inventive 
approach, genomic DNA extracted from DRN homogenates was treated in 
parallel with bisulfite and oxidative bisulfite, allowing for distinction of the true 
methylation signal from the combined methylation and hydroxymethylation one, 
and thus permitting the examination of three discrete cytosine states. Differentially 
modified and unmodified positions as well as regions emerged which were then 
interrogated at a systems-level by employing a weighted gene co-expression 
network analysis (WGCNA), correlating co-methylated probes with disease 
progression in order to create modules of probes with a significant involvement 
in pathology aggravation. Finally, a pathway analysis was performed for 
the most significant modules for each cytosine state subset in order to reveal 
which biological pathways are associated with aggravation of AD pathology. 
Interestingly, the reported modified and unmodified genomic positions and regions 
have never been identified in epigenome-wide studies previously, but the genes 
affected have previously been shown to be involved in the pathophysiology of 
AD, specifically with respect to beta amyloid pathology. This study represents the 
first systematic epigenetic analysis, distinguishing among 5mC, 5hmC and UC 
in the DRN of AD patients making use of EPIC array technology. To this end, 
a unique structure-specific epigenomic profile in association with Braak stage 
progression was identified.

CHAPTER 4, while remaining focused on examining epigenetic variation in AD, 
deviates from the previous line and sets microRNAs (miRNAs) in the centre of 
the attention. MiR-137 regulates presynaptic vesicle release as well as synaptic 
strength within the adult hippocampus and its expression is regulated by genetic 
factors as well as epigenetic modifications. The connecting link between miR-137 
and AD has been previously detected in AD-associated downregulated MIR137 
expression, centrally as well as peripherally, and, furthermore, in cognitive 
deficits associated with rare genetic variants of MIR137. Thus, this chapter aimed 
to investigate the interplay between methylation and expression of MIR137 in 
relation to AD diagnosis and pathology in brain and blood samples. Making 
use of Illumina’s BeadChip and 450K Beadarray, expression and methylation 
patterns of MIR137 were profiled, respectively, in brains of AD patients and 
age-matched controls. Additionally, increasing the clinical relevance of this 
project, miR-137 blood methylation changes over time were interrogated in a 
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cohort of healthy aged individuals, some of which converted to AD patients 
during  MIR137  tends  to  be,  it  was  highly  associated  with  pathological 
hallmarks of AD. On a side note, it was also demonstrated that MIR137 expression 
is highly affected by the post mortem interval (PMI) of provided tissue, indicating 
that the mRNA decay rate of the specific miR-137 is rather fast, baring into 
consideration that the PMI was less than 4h. Collectively, the reported MIR137 
methylation patterns are correlated with AD pathology centrally and there is a 
tendency towards decreased global methylation of MIR137 with AD diagnosis 
peripherally. The work presented in this chapter is the first of its kind to examine 
the methylomic profile of MIR137 in the brain and blood of AD patients, and 
further advocates that methylation signatures in the blood could potentially serve 
as disease biomarkers.

The experimental pipeline of CHAPTER 5 focused on detecting methylomic 
signatures printed in the cerebellum of patients with major psychosis, as 
defined by the diagnosis of schizophrenia (SZ) or bipolar disorder (BP), and 
replicate them in an independent cohort. The widely overlooked cerebellum 
was the centre of attention in this chapter as psychosis-associated cognitive 
and emotional dysfunctionalities have been attributed to it. We therefore set to 
examine methylation changes associated with major psychosis as an umbrella 
term, and then proceed to identify whether these modifications are more closely 
related to SZ or BP. Utilizing once more the Illumina technology (EPIC array) we 
did not manage to identify cytosine methylation differences between controls 
and psychotic patients. Expanding our analysis to regional methylation analysis 
we detected two regions at the ZFP57 and PM20D1 loci to be significantly 
hypermethylated in both SZ and BP. Following up on this observation, we acquired 
the data from an independent epigenome-wide study and applied the same 
pipeline on them in order to replicate the aforementioned results. To this end, the 
region associated with ZFP57 emerged solely as a BP-related methylation mark, 
hinting that the specific locus is more closely associated with the pathophysiology 
of BP. Our study represents the first analysis of epigenetic variation associated 
with major psychosis leveraging the EPIC technology. To this end, it highlights 
that the BP-afflicted cerebellum is imprinted with distinct methylation signatures, a 
finding consistent between two independent cohorts.

The final experimental part of this thesis is presented in CHAPTER 6 which deviates 
from the epigenetic-centred character of this dissertation while still focusing on AD 
pathology. This study represents an attempt to provide a therapeutic alternative 
to the main clinical symptom of AD, memory impairment. A pharmacological 
approach was followed targeting the brain-derived neurotrophic factor/
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tropomyosin-receptor-kinase B (BDNF/TrkB) signalling pathway, which is highly 
dysregulated in AD. To this end we treated a transgenic mouse model of AD with 
TB001, a synthetic compound  that  activates  the  BDNF/TrkB  signalling  system, 
and we compared its efficacy with the  most-studied  compound  with  a  similar, 
yet less specific,  mechanism  of  action, 7,8 dihydroxyflavone (DHF). Our 
findings indicated that TB001 can rescue AD-related memory deficits in vivo 
upon acute as well as chronic administration. Excitingly, the specific compound 
outperformed DHF, which exhibited partly memory-restoring properties only after 
chronic treatment.

Overall, this dissertation approached fundamental complex disease-associated 
research questions from novel perspectives as well as highly innovative 
methodologies, and provided more insight into the underling pathological 
mechanisms. Therefore, it contributed in an intensive and collaborative effort of 
the scientific community to structure multilevel causal networks of these disorders. 
Such networks will assist the prediction of  personalized resilience or vulnerability 
for disease pathology, and potentially the identification of disease biomarkers as 
well as novel targets for therapeutic drug development.
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“What is your research about?” they ask me.

“Alzheimer’s disease” I respond.

“Ah great! We will definitely need you in a couple of years!” they 
say in a tone mingling excitement and fear for the future.

Valorization9

This is one of the most common reactions I receive once I try to explain what I do 
for a living to my relatives. 

My relatives: middle-aged common people with mostly office jobs receiving 
input of a wide gamut of diseases that might affect them in the coming years, 
and amidst them Alzheimer’s disease, the seemingly most terrifying one. These 
people put their hope in individuals like me in order to treat a disease that could 
gradually erase their lifetime memories and their timeline thus far.

Me: a researcher on my 4th year of working experience attempting to gain a 
little more insight in the widely undiscovered world of epigenetics and complex 
diseases through a computer screen and huge datasets or animal experiments. 
The aforementioned reaction does not put me at ease, as I am aware that should 
any of them develop Alzheimer’s disease in the next decades, there may be 
nothing we can do; the time bomb has most likely been set to go off already and 
although help is on the way, it may be too late for them. 

Currently, on average, for every day of an Alzheimer’s disease researcher’s 
life, 16,437 people are being diagnosed with the disease, which translates 
in a devastating sum of 6 million new cases annually, worldwide, adding an 
immense burden on families, caregivers and financial costs for society [1]. 
Should Alzheimer’s disease get eradicated, annual savings from payments for 
all American dementia patients could pay off the Greek government debt [2]. 
Similarly, burdensome is the scourge of mental illnesses with almost 40% of the 
developed countries population being diagnosed with a mental disorder, which 
corresponds to approximately 164.8 million people affected [3]. The need for a 
therapy is imperative. Nevertheless, this intense global scientific scouting around 
for treatment strategies has not reported back that many encouraging results. 
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While it is a fact that the lack of effective therapeutics is mainly due to the overly 
complicated nature of such disorders, one could also claim that the majority of 
research lines are restricted to pathological observations made decades ago and 
researchers seem rather skeptical to leap towards more innovative hypotheses. 
Scientists supported that their arsenal was lying within the genetic code, and 
expected that upon decoding the whole human genome in 2003, answers 
concerning causality and aetiopathogenesis would emerge. However, they soon 
realized that complex disorders, such as Alzheimer’s disease, schizophrenia, 
bipolar disorder, are not of genetic origin only, but to a big extend depend on 
the impact of the environment, which plays an important role in their onset and 
progression. From then on, the field of epigenetics burgeoned and, thus, empirical 
basis was set for the speculative nature of the implication and mechanisms of 
epigenetic modification on disease pathogenesis. Therefore one might wonder: 
“could it be that for the last 4 decades the scientific world has been fighting the 
wrong adversaries?”.

The work presented in this dissertation attempts to respond to this question 
by examining “unusual suspects” among players of disease pathology and 
pathogenesis. These “unusual suspects” are not only restricted to epigenetic 
mechanisms, but also extend to brain structures with previously underrecognized 
roles in disease pathogenesis and pathology. Most possibly this book will not 
have a directly observable impact on society or economy, but it is highly relevant 
for the academic enterprise. The majority of the chapters represent an exploratory 
body of work applied on human tissue specimens that could serve as pillars and 
thus maneuver future studies towards novel directions. 

To this end, the research presented in CHAPTER 3 is an interrogation of specific 
epigenetic modifications associated with Alzheimer’s disease. The impact of 
this work on the scientific world lies in two levels. Firstly, being among the first 
of its kind to simultaneously examine three cytosine states, it does indicate that 
methylation and hydroxymethylation marks highly differ even in the same genetic 
locus and thus advocates that previously reported studies on methylation which 
looked into the combined signal of methylation and hydroxymethylation should 
be reviewed with caution. Secondly, in retrospect, one could claim that the 
conception of this study is highly relevant for society due to the novel view in a 
different brain structure. In contrast to the majority of the hippocampus/memory 
deficits-targeted research lines, the hypothesis driving this project is tailored to 
the most incipient preclinical disease manifestations that a patient experiences, 
and therefore considers the understudied brainstem structures [4]. While such 
study requires replication in order to highlight the validity of the outcomes, it might 
nominate novel targets, relevant to earlier stages of the disease, that can be used 
for diagnostic or treatment alternatives in future studies. 
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Similarly, the work presented in CHAPTER 5 is an effort to define epigenetic 
signatures associated with mental disorders, namely schizophrenia and bipolar 
disorder. The novelty of this study lays in the interrogation of epigenetic marks in 
the understudied cerebellum. And indeed its impact is rather big as, regardless 
the small sample size of the cohort, the most differentially methylated regions were 
replicated in an independent cohort. Further mechanistic approaches are required 
in order to functionally characterize the meaning of this epigenetic signature at 
a systems level as well as cross-regionally in the brain with the ultimate goal of 
using the identified markers as preventive or diagnostic tools. 

In the interim, the stature of epigenome-wide studies like the ones presented 
in CHAPTER 3 and 5 is the broadening of knowledge until a more holistic 
understanding of the pathological underpinnings of these diseases is reached. 
Novel approaches covering previously underrecognized brain areas while 
employing internationally used methodologies, namely the Illumina arrays, add 
one more brick to this global effort to comprehend the width and depth of the 
biological mechanisms making an individual susceptible to Alzheimer’s disease, 
schizophrenia or bipolar disease.  

The project presented in CHAPTER 4 does not solely focus on brain material, 
but on blood as well, which makes it more clinically relevant as well as more 
possible to have a societal impact. The blood is an easy accessible platform 
to study epigenetic changes throughout the lifespan and thus attempt to model 
epigenetic marker fluctuations during the onset and progression of a disease. 
Furthermore, blood markers could also be indicative of central events related with 
the outbreak of the pathology. To this end, changes in the i.e. methylation state 
of a genetic locus, or, to be more realistic, a combination of them, could indicate 
the conversion of a healthy person to an AD patient and therefore a simple blood 
test could serve as a diagnostic and/or prognostic tool. 

The scientific work concluding this dissertation in CHAPTER 6 tackles the main 
clinical symptom of Alzheimer’s disease, memory loss, with the assistance of 
animal models. Excitingly, the administered compound that targets the BDNF/
TrkB signaling system, managed to restore the memory impairment in a transgenic 
mouse model of Alzheimer’s disease. However, what is the impact of this outcome? 
Perusing the literature, every week, another article gets published suggesting to 
have cured Alzheimer’s disease in animal models. Still, regardless this tremendous 
‘success’ rate, no effective, disease-eradicating treatment has been introduced 
to the market yet [5]. Under no circumstances should the importance of animal 
models be undermined, as they are the impetus of fundamental research, but yet 
again, the current animal models fail to portray the disease in an accurate and 
global manner, crashing the hopes for the successful translation to the human 
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situation.  At this point I would like to clarify  that intervention studies like this one 
cannot provide a shortcut to the cure. However, the significance of this research 
line lies in the fact that modulation of a fundamental signaling pathway seems 
to have beneficial effects in memory performance and therefore adds one more 
piece to the puzzle of the pathophysiology of Alzheimer’s disease. 

So upon reflection of the impact my work will have in various levels, I stay 
puzzled. The environmental stimuli that could influence the vulnerability of our 
genome increase per decade, with the ever-changing pace of life. Worldwide, 
people of similar disciplines make a change for the humankind by finding cures 
for the most common disorders. The lifespan thus is extended; but is the quality of 
the 30-40 prolonged years optimal? What society demands from scientists is a 
solution for all these three disorders, in the form of cure or prevention, as soon as 
possible. Eventually, holistic knowledge of epigenetics will offer novel alternatives 
to therapeutic approaches and/or fast and accurate diagnosis close enough to 
the onset of each disease. Hopefully by that time, personalized medicine will 
have progressed to the point that e.g. targeted epigenetic engineering will allow 
for an intervention that could cure the disease. Will this dissertation yield any 
therapeutic candidates? Wishfully yes. Of course it will not happen from one day 
to the next. Fundamental research is vital to set the pillars for applied research and 
to inspire researchers, generate novel ideas that eventually will lead to scientific 
breakthroughs. And for now, the fact that my research offers another stepping-
stone towards better understanding of the complex nature of the disorders makes 
all the efforts worthwhile.
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of Thrones nights, the raclette nights…so many nice memories that I could have 
only had with you! Thank you so much!

And well, back again in Maastricht for the official start of the PhD. I was very 
lucky to be part of the coolest group in the department, the TNP group (or 
whatever it is called nowadays). From the 1.0 to the 2.0 I had an absolutely 
amazing time with you guys.  
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Nicole, while our time in Maastricht only shortly coincided, I had a very pleasant 
time with you at various extracurricular occasions. Your drive is really inspiring 
and your smile is very heart-warming. Welcome back to Maastricht! Mark, you 
weird specimen of a man! Your name carries so many trademarks: CrossFit, 
avocados, mama’s food, California dreaming and so on. In retrospect it was 
a delight being your office mate! Hope that the Down Under treats you well!  
Magda, I still remember the first day that I met you and we went for vegetarian 
burgers. From the first time your directness, criticism and constructive complaints 
draw me to you and you were always a shelter for me to express my points of 
view about professional life and myself in general. Thank you for all the great 
talks and who knows…we might see each other at the States? Johana, you are 
fun! A special shout out to the time in Barcelona where we got to learn each 
other a bit more. Good luck with all that is following! Lars, my internships here 
and there never really allowed us to collaborate but during the TNParties I was 
absolutely flabbergasted by you. The energy you have in you is remarkable and 
so is your knowledge about whiskeys and beers! Kudos sir! Alix, thanks for letting 
us have a taste of Canadian kindness! Lotta. Girl if only we would have met 
some time ago…we would run Maastricht! Our social impulse was unparalleled! 
You cannot imagine how revitalizing our few meetings were. Thank you for that! 
Laurence, you are among the most kind, considerate and helpful people I have 
met in Maastricht. In my humble opinion you are such an encouraging example 
of a balanced successful female researcher. I am pretty sure you are going to 
do great things in this department. Ehsan. So funny isn’t it? You were the guy that 
was meeting with Gunter before me during my Master’s and you turned out to 
be a friend, a mentor and a consultant all progressively throughout these 4 years. 
Your capricious views on personal and professional terrains leave their mark and 
seem to be working very well for you! I truly enjoyed our attempts to reinitiate the 
Friday drinks that ended up pouring our life stories over lukewarm beer. It was 
a bliss discussing our cultural background at Duke’s with Jameson’s, and having 
weekly potlucks. Thank you for all these moments. I can only wish you the best 
of luck to what is due to come! Janou! I still believe that you were created from 
icing sugar in a bakery. What a delight are you to have around…from whiskey 
cravings at 3am to whiskey tasting at noon. My souvenirs from our time together 
taste like cake, smell like any Islay whiskey and sound like Queen, or maybe 
Beatles. I had the most memorable times with you in the lab (the cell culture 
was our concert hall), or outside…in pubs, in tar barrel festivals, in Gilmore Girls 
nights, in pub quizzes, in cider drinking occasions, in Buzzfeed quizzes (during 
breaks only!), at Nando’s, in Exeter, in Maastricht. It was a bliss being next to 
you through the good times and the challenging ones and may our friendship 
survive the distance!
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The first year of the PhD…these were the days! The most amazing dream team that 
ever existed in the department that embraced me rather fast and made my time 
during and after work most memorable. This is when I started loving Maastricht! 
Your departure hallmarked the end of a chapter in this department. For all the 
memories and adventures I salute you ex comrades of UNS50!

Alejandro, we might have co-existed for a couple of days but your friendly vibe 
captivated me and still does after our meeting in NY! Looking forward to seeing 
you again in SF! Gisela! From stranger to friend in less than a day; what an 
amazing personality you have! Maarten, through ups and downs, even if we did 
not have the most compatible personalities I would be lying if I said that you did not 
mark the department and Maastricht in general!  Nick. I am absolutely fortunate 
to have been the recipient of your kindness, generosity, work-life and real-life 
input as well as your humour throughout the years. We are on this rollercoaster of 
life and it is a hell of a ride! Thanks for tagging along! Sandra, let’s see…what an 
intimidating persona! I am mostly happy that I was among the few that managed 
to sneak peek through your wall and see what I believe to be the real Sandra. I 
deeply appreciate our complaining sessions and I am extremely happy that you 
found your way to less turbulent environments where you can lay back and be 
valued personally and professionally. Joao, you are the first person I met even 
before my arrival to Maastricht. Without your help and support in societal and 
professional issues, I would be lost throughout the first semester of my time in the 
Netherlands. I cannot thank you enough. Now in your final form, the professor 
one, I deeply hope you are very contended by your life and the people around 
you and that you make sure you block us on social media more discreetly! 

And well, last but definitely not least…two of the most special people I met in 
Maastricht, Jo and Yara. Either in Maastricht, Spain, USA or Greece you are 
definitely the people that stand out from the crowd by far. Jo, the scary, at first 
sight, most lovable and knowledgeable person. Yara the friendly smiley gal from 
E-spain that supports Germany in all football matches and votes for the Catalan 
referendum from wherever she is. What a couple! I don’t even know if I can 
clearly recall all the events we have been through together and well it doesn’t 
matter because our relationship evolved in a much deeper one than just parties. 
You both have taught me a lot about science, fun, persistence, tolerance, love, 
sacrifice, respect, and understanding not only through our talks but also through 
your attitude in life. You are definitely my inspiration and I wish that our friendship 
survived through distance and time.
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While at this era, I could not skip mentioning the contribution of the international 
dinner group in my integration in the PhD community and also my foodiness. 
Merhdad, Sanne, Elisa, Joost, Julie, Maarten, Thessely, Giacomo, Paula, Sean 
and Shuan thank you for all the special, yummy, cultural moments we shared.

Half a year in my second PhD year I moved to Exeter for my one-year internship 
and boy was that a challenging time; a real emotional seesaw. Luckily I had 
people next to me to take it one step at a time until everything felt a bit better again. 
Isabel, Stefania, Therese, Joana, Emma thank you very much for incorporating me 
in your team that fast. Jonathan, thank you for giving me the chance to see how a 
fully functional lab group works. It was a true eye-opener! Eilis, thank you for your 
tolerance as well as for making my brain spin a bit faster either computationally 
or for sociopolitical issues.  Bex, you will always have a very special place in my 
heart. Your devotion on social matters, gender equality, animal sheltering, as well 
as your love for cheese, board games and GoT will always fascinate me! Matt, 
well no matter what we have been through you were one of the most supportive 
people in Exeter and I definitely wish you all the best for any lifestyle you choose 
to lead. Nyree and Joe, you are the people encrypted in my fondest memories 
of Exeter. You showed me that leading an alternative lifestyle is bliss. Our hikes 
to the Moores, skank-sitting, snake cuddling or even a round of CAH were very 
cathartic. From the bottom of my heart thank you for everything you did for me. 

Upon my return to Maastricht, I was also greeted by some new faces in the 
department. Roel, Glenn and Perla you reinvigorated the pain group with your 
fascinating personalities! Paul, thanks you for offering us the amazing Amsterdam 
experience…and all the extra beers that we always regretted the next morning. 
Milaine, thank you for comforting my mind with your overworking existence at 
nights, and for not making that much fun of me that night I was contemplating 
analysis of that Jameson bottle. Jeroen, our time in the department didn’t really 
align but yes, you could have been among my favourite people too! Sarah, also 
a huge shout out to you for triumphing through this phase of your life! Shenghua, 
thank you for opening up my cultural perspectives and introducing me to Chinese 
cuisine and lifestyle in general! You have created an amazing family, so hurry up 
with your PhD so that you and Qing can enjoy it to the max! Anne, a big thank 
you goes to you too for your friendship, and assistance in the fragile times…as 
well as sharing your ideas about life over nice Greek food! I am sure you are 
going to rock this next stage of your life! 
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Gusta, you were also one of my last-semester-highlights of Maastricht. You are 
witty, funny, positive, optimistic, hard-working, motivated, energetic, and on top 
of that you like board games and my food! You now possess a special place 
in my heart and believe it or not at the end of every day I always try to trace 
the three positive things that happened! For this and your friendship in general I 
am really grateful! Either we find ourselves picking up kiwis in New Zealand or 
anywhere else on this globe I am pretty sure we will stay in touch!

And off I went again, this time to Barcelona. Another great dream team there! 
Aida, Christina, Anais, Humberto, Miguel, Edi, Modestos I cannot thank you 
enough for integrating a non-Spanish speaker like me to your group that fast. The 
karaoke, the escape rooms, the parties, the cervezas made my short time there 
so rich! A special thank you to Edi, the single most patient and positive person 
I know, for all the knowledge transfer and support and of course to Modestos, 
που εντάξει βρε αδερφέ, όπως και να το κάνουμε το είχαμε το vibe μας.

Just before the epilogue, I would like to thank the people that made the writing 
process of this thesis enjoyable and gave me this extra gear to keep on going till 
the last dot of each chapter: Joshua, Alex and Thom.

The last bit of this chapter is dedicated to really special people, that did not let 
any temporal or spatial variables interfere with our relationship. May you never 
cease to stain my white-bread lives with supernatural ketchup.

Bethy, our friendship was one of the unpredicatble events of this year. Funny how 
the southwest, anxiety, red wine, coffee, workaholism, pathological complaining, 
and love for pressure cleaning devices and doggos bring two seemingly dissimilar 
people together. You are my gal and you know it! Thanks for standing by me 
the past year! Jeroen you have such a sweet and kind heart. Our sober or 
intoxicated chats were absolutely alluring. I am very proud of you and I will 
always wish for the best for you. You have endured and persevered through so 
many calamities that you are way stronger than you think and you now you can 
definately achieve what you set your mind to. And well, I am so thankful that you 
introduced Louie into my life...this cuddly beast that worked as my stress ball more 
times than you could have guessed. 
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Ligia, my Brazilian friend, the person that I know always wishes the best for me. 
And vice verca...I have the most fond, sweet feelings for you and I am sure that 
your life will be full of success, good fortune and love. And don’t you forget our 
deal! Hope to see you and Cecília very soon, enjoy the sun and have some 
brigadeiros! Till then, saudade! Sol, there was something about you since the first 
time I met you. And I was so right, you turned out to be the Venezuelan version 
of myself. We saw ourselves in each other, we trusted each other, we built 
something rather special. I couldn’t be more lucky having this connection with 
you either here in Maastricht or in Barcelona. Thank you for making me feel at 
home by introducing me to your people and family in Barcelona, sharing your 
whiskey, your sashimi and, off the record, being so easy to beat at Tekken! I will 
squeeze in Tim in here as well because his hospitality and kindness significantly 
helped me get through my first couple of months in Barcelona. To both of you, 
you are truly awesome, and I wish you all the best for the awe-inspiring future 
that you are planing!

Roy. You absolutely fascinate me. You are among the smartest, most resourceful, 
sympathetic, sincere people I have in my life. I should apologise at this point 
for challenging the borders of your comfort zone, hugging you (too much to 
your liking), always messing with your recipes, drinking smokey whiskeys from 
the wrong glass, chugging whiskeys when I am supposed to be tasting them 
and being a terrible co-player at any PS4 game, but I will not! Because our 
contrasting yet-peculiarly matching characters made us friends. And a friend 
like you, reliable, trystworthy, honest, empathic, encouraging and with (black) 
humor, is one of the best assets I got out of my time in Maastricht. I don’t want to 
dissapoint you but I think you will be extremely successful in your life so we might 
need to break our promise of collecting oranges in Cuba...bummer!

Marina, Carolin, Shannen...the trips, the food, the wine, the gatherings, the 
parties, the dances....everything! You spiced up my life. Shannen, you sassy ice 
queen! Among these things I also want to say how grateful I was for the Christmas 
dinners we hosted at your place...that was a family moment miles away from 
home. It was an absolute pleasure to share all these special moments with you. 
The breakfast visual after our night out in Malta will always put a smile on my 
face! Cheers! Carolin, apart from a friend, throughout the years you evolved to 
be my mentor. You are passionate, loving, respectful, fair, polite, kind, optimistic, 
consientious, responsible; traits that make you a unique human being in this era. 
Your consious drive and internal motivation in all choices you have made is truly 
inspirational. Thank you for your friendship! I know we are both terrible with 
communication, but I truly believe that we will make it work.
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Marina, chica, you are the person that branded my time in Maastricht the most. 
Friend, flatmate, co-foodie, co-fashion lover, co-traveller, co-psychosomatic 
sufferers, co-‘it’s ok’ers. Together we created the fondest memories: spontaneous 
trips to Paris and Hospitalet, or even New York, meetings in London or Barcelona, 
concert trips to Amsterdam or even London, dancing nights, drinking nights, sofa 
nights, snapchat videos, deep talking nights, superficial nights, wheneverwherever 
hashtags, exploring new restaurants, cooking times, no eating times, BBQ days, 
surprise birthday events, “Felices”, regression, development; all that life is about, I 
experienced it with you. It was absolutely lovely watching you maturing from the 
naive e-Spanish one to the woman that you are today. We are both aware that 
things get rough from time to time, but I still do believe that the foundations we 
set these years will help us persevere and keep the #wheneverwherever promise 
true throughout the years. You are family. 

Freddy, well I could thank you for being a trustworthy proof reader of my thesis 
and grants, for listening to my weird ideas, for pretending not to value epigenetics 
just to make me more stubborn, for always giving good medical advice (“Stop 
taking Ibuprofen!”) but instead I will take a different approach. I will instead thank 
you for surprisingly sharing the same taste in music as me, for lending an ear 
every time my mood was going downhill, for appreciating good whiskey and 
sharing it with me as a productivity boost, for always finding time for a coffee in 
the sun, for helping me start my vinyl collection, for the spark in your eyes and 
the “yum” moment every time you are tasting my food, for the concerts, for the 
trips and for all these other things that made you part of the “Felices”. It might be 
only a year of friendship, but I truly cherish how much you helped me throughout. 
Cheers!

Koen, my oldest Dutch friend. The oldest the relationship the hardest it gets to 
type down some words, so I will go for one: steadfastness. This is the word that 
describes our relationship the best. You have been there for there for me in any 
major event that marked my life the past 5 years. Therefore you would also make 
the best paranymph since you have experienced all the embarrassing ones as 
well. You are definitely one of a kind and you will always be!  

And here, right before switching to Greek, I will close up by thanking people like 
James. These people that pop out of nowhere when you need them the most 
and give you a pat on the back, make you believe in yourself and assist you to 
stand right back on your feet again. People that sit you down, shut you up, wait 
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for you to calm down till you are ready to get along with them again. People 
that challenge you every day with their intellect. People that make your day just 
by smiling your way. People as rare as a can of dandelion and burdock. People 
making a leap of faith with you. People worth stopping the world and getting off 
with them. People that would put the sushi in the fridge and go to the Greek any 
day. People that when I grow old, sitting in my rocking chair with my slippers on, 
they will warm my soul and bring a smirk on my face.  

Και τώρα ήρθε η ώρα για τις εγχώριες ευχαριστίες. 

Το πιο δύσκολο κομμάτι, γιατί δεν είστε άτομα που μπήκατε στην ζωή μου 1-2 χρόνια 
πριν, αλλά είστε αυτοί που σηματοδοτήσατε και συνεισφέρατε στο να προσδιορίσω 
την ζωή μου. Εσείς είστε πράγματι οι αφανείς ήρωες αυτής της διατριβής, γιατί 
ακόμα και αν δεν έχετε ιδέα ποια είναι η δουλειά μου και τι κάνω καθημερινά, είστε 
πάντα δίπλα μου και με υποστηρίζετε. 

Αδελφές Βλάχου, η παρέα σας ήταν ένα ανάλαφρο δροσερό αεράκι στον καύσωνα 
του αγώνα μου να τελειώσω το διδακτορικό! Σας αγαπώ πολύ! Αλέξανδρε, 
Ζούμπι μου, πόσα χρόνια, πόσες αναμνήσεις, πόσες περιπέτειες και πόσα ακόμα 
σκαμπανεβάσματα. Η συμπαράσταση σου, η στήριξη σου και η φιλία σου γενικότερα 
είναι πολύτιμες για εμένα! Σ’ευχαριστώ πάρα πολύ!

Τσαλαβρέττα, μπορεί να έχουμε 99 προβλήματα, αλλά ένα ακόμα τεταρτόξαδερφο 
δεν είναι ένα από αυτά! Είμαι πάρα πολύ περήφανη για ό,τι έχεις καταφέρει στη ζωή 
σου και είμαι σίγουρη ότι όλα θα κυλήσουν ομαλά από εδώ και πέρα. Ξέρεις πόσο 
εκτιμώ την πίστη σου σε εμένα, την συμπαράσταση σου, το ότι δεν μ’αφήνεις ποτέ 
να κερδίσω στο φεύγα και την παρέα σου στις εύκολες, δύσκολες και κρύες στιγμές! 
Eυχαριστώ από τα βάθη της καρδιάς μου.

Ίρις, όπως είχες πει και εσύ, είμαστε η πιο φωτεινή υπενθύμιση του τι έχουμε 
καταφέρει και που μπορούμε να φτάσουμε! Νομίζω ότι είμαστε σε πολύ κάλο δρόμο! 
Όσο περνάνε τα χρόνια θα κοιτάμε πίσω και θα χασκογελάμε ή θα μας βρίζουμε για 
τις επιλογές που έχουμε κάνει, αλλά όπως και να έχει θα έχουμε η μία την άλλη να 
πορευόμαστε σταδιακά προς τους στόχους μας ή να τους επαναπροσδιορίζουμε. 
We have 24 years of friendship to prove that!  

Μάριε και Σοφία, εσείς χρειάζεστε ένα ξεχωριστό κεφάλαιο. Όπου και να 
βρισκόσαστε με βοηθάτε να ξεφεύγω από την πραγματικότητα και να μπαίνω σε 
αυτό το παράλληλο σύμπαν που έχετε δημιουργήσει. Με κάνετε να νιώθω σαν στο 
σπίτι μου και για την ακρίβεια, με κάνετε να έχω ένα σπίτι όπου και να βρίσκεστε. 
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Ευχαριστώ πολύ για το έναυσμα που μου δίνετε πάντα να κάνω το επόμενο βήμα! 
Είστε ξεχωριστοί άνθρωποι, και ελπίζω να παραμείνετε μέρος της ζωής μου 
ανεξαρτήτως της απόστασης. 

Τέλος, θα ήθελα να ευχαριστήσω την οικογένεια μου. Αρχικά εσένα, Γιώργο, που 
είσαι πάντα το πιο λαμπρό παράδειγμα του τι μπορώ να καταφέρω στη ζωή μου! 
Σ’ευχαριστώ πολύ που είσαι πηγή έμπνευσης μέσα από τις επιλογές σου όλα αυτά 
τα χρόνια!

Δήμητρα, η υπέρμετρη πίστη σου σε εμένα μου δίνει ώθηση να συνεχίζω κάθε φορά 
που αντιμετωπίζω δυσκολίες. Σε ευχαριστώ πολύ!

«I would like to thank my wonderful majestic sister for her impeccable wisdom 
and her limitless sense of humour.»

Τάνια, είσαι η πρώτη μου ευχή που βγήκε αληθινή. Έκτοτε είσαι ό,τι καλύτερο συνέβη 
στη ζωή μου. Μου δίνεις δύναμη κάθε μέρα και με κάνεις να είμαι η καλύτερη βερσιόν 
του εαυτού μου για εσένα (ξέρω ξέρω, τα τελευταία χρόνια δεν φαίνεται τόσο αλλά 
πίστεψε με προσπαθώ). Όσο και να μην το πιστεύεις, σε θαυμάζω για το πόσο έχεις 
ωριμάσει και για την προσωπικότητα που έχεις αναπτύξει. Επίσης ζηλεύω λίγο που 
όλο το χιούμορ το πήρες εσύ! Δεν ξέρω πως θα είχαν κυλήσει τα τελευταία χρόνια αν 
δεν είχα εσένα δίπλα μου. Είσαι ο άνθρωπος που μπορώ να μοιραστώ τα πάντα, το 
χαμόγελο μου, η καλύτερη μου φίλη, η αδερφή μου. 

Μαμά και μπαμπά, σας χρωστάω τα πάντα. Είμαι εδώ που βρίσκομαι αυτή τη στιγμή 
επειδή μου δώσατε όλα τα εφόδια για να σταθώ στα πόδια μου. Με αναθρέψατε 
με τον καλύτερο τρόπο και με κάνατε τον άνθρωπο που είμαι σήμερα. Η αγάπη σας 
και η υποστήριξη σας όλα αυτά τα χρόνια μου έχει δώσει φτερά. Η ενθάρρυνση και 
παρότρυνση σας με έχει κάνει να συνεχίζω να παλεύω ακόμα και όταν αμφιβάλλω 
για τον εαυτό μου και τις ικανότητες μου.  Το βλέμμα σας και τα λόγια σας κάθε 
φορά που καταφέρνω κάτι δίνει νόημα στη ζωή μου και με κάνει να πεισμώνω ακόμα 
παραπάνω για να μην σας απογοητεύσω ποτέ. Σας αγαπω πολύ και σας ευχαριστώ 
για τα πάντα!
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