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Abstract

Genetic variation can only explain a small portion of risk to psychiatric disorders,
including major depressive disorder, schizophrenia, and post-traumatic stress
disorder. Epidemiological studies are increasingly showing a link between envi-
ronmental factors and the development of various psychiatric disorders, mainly
mediated by underlying epigenetic mechanisms. DNA methylation is one of the
most studied epigenetic mechanisms in psychiatric disorders. Epigenome-wide
association studies (EWAS) typically used to study changes in DNA methylation
still face methodological challenges and limitations at both the fundamental,
technical, and data analysis levels. In this chapter, we offer a brief overview of
some EWAS studies in different psychiatric disorders and discuss the current
challenges, pitfalls, and future considerations for this field.

Abbreviations

5hmC 5-hydroxymethylcytosine
5mC 5-methylcytosine
BP Bipolar disorder
CpG Cytosine-phosphate-guanine
CRISPR-dCas9 Clustered regularly interspaced short palindromic repeat-

deficient Cas9
DLPFC Dorsolateral prefrontal cortex
DMP Differentially methylated position
DMR Differentially methylated region
DNMT DNA methyltransferase
EWAS Epigenome-wide association studies
GABBR1 GABA-B receptor subunit 1 gene
GWAS Genome-wide association studies
HAT Histone acetyltransferase
HDAC Histone deacetylase
MBD-Seq Methyl-binding domain sequencing
MDD Major Depressive Disorder
MeDIP-Seq Methylated DNA immunoprecipitation sequencing
miRNA microRNA
MOBP Myelin-associated oligodendrocyte basic protein
mQTL Methylation quantitative trait loci
MZ Monozygotic
NGS Next-generation sequencing
PMPS Poly-methylomic profile scores
PTSD Post-traumatic stress disorder
RRBS Reduced representation bisulfite sequencing
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RT-qPCR Reverse transcription quantitative polymerase chain reaction
SCZ Schizophrenia
TET Ten-eleven translocation
WGBS Whole-genome bisulphite sequencing

18.1 Introduction

Over the past two decades, a growing number of genome-wide association studies
(GWAS) has shed light onto the etiology and progression of a range of psychiatric
disorders. However, the estimates on the contribution of genetic variation obtained
from these studies only explain a portion of the heritability (ranging from 40% to
60%) observed in psychiatric disorders such as major depressive disorder (MDD),
anxiety disorders, and schizophrenia (SCZ) [1]. Whereas the symptomatology of
these types of disorders is too heterogeneous to be linked to one gene as an
underlying cause [2], a large number of epidemiological studies has revealed the
importance of environmental factors, both pre- and postnatally, on the development
of mental disorders [3, 4].

Epigenetic mechanisms are key players in mediating the complex interplay
between genetic and environmental factors and, as such, might explain, at least in
part, the missing heritability is psychiatric genetics. Epigenetic processes mediate
dynamic alterations in the expression of genes without affecting the DNA sequence
itself and are the result of developmental, environmental, or stochastic influences
[2]. Epigenetic research offers a promising avenue in filling the knowledge gap in
understanding the complex etiology and symptomatology of psychiatric disorders
and could guide future research into the development of advanced treatment options.

This chapter provides a short overview of the recent literature on the involvement
of epigenetic mechanisms in the development and course of psychiatric disorders,
with a focus on the challenges associated with this line of research and perspectives
for future research in this respect. The first section provides a brief summary of the
most commonly studied epigenetic mechanisms, their relevance for brain develop-
ment, and potential pitfalls associated with psychiatric epigenetics research. Subse-
quently, this chapter summarizes findings from recent epigenetic epidemiological
research on psychiatric disorders, considering the potential challenges of this line of
research and the extent to which these challenges have been addressed in existing
studies. Finally, this chapter discusses future perspectives of psychiatric epigenetics
research.
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18.1.1 Epigenetic Mechanisms in Psychiatry

Epigenetic modifications consist of dynamic processes that can regulate gene
expression, but without involving changes in the underlying DNA sequence
[5]. They are crucial both for the development of the brain, as well as for
experience-driven transcriptional changes [6, 7]. Such modifications affect every
level of transcription, starting with regulating access of, e.g., the transcriptional
machinery to the DNA by means of histone modifications or DNA methylation
changes, as well as post-transcriptional modifications, mediated by, e.g.,
microRNAs (miRNAs), thereby affecting subsequent translation. Often, epigenetic
regulation involves stable changes in the chromatin structure, which is comprised of
DNA wrapped around a histone octamer. The nucleosome consists of two copies of
the core histones H2A, H2B, H3, and H4 [5]. Chromatin structure is modified via
remodeling enzymes such as histone acetyltransferases (HATs) and histone
deacetylases (HDACs), causing either an open, i.e., active or closed, i.e., inactive
chromatin state, respectively. HATs open up the chromatin by adding acetyl groups
to lysine residues of the histone tail, which ultimately allows the transcriptional
machinery access to the associated DNA sequence. HDACs, on the other hand,
promote transcriptional repression by removing those acetyl groups [5]. In addition
to acetylation, many other types of post-translational modifications have been found
at histone residues, such as phosphorylation, sumoylation, methylation, and
ubiquitination. The focus of this chapter will be on DNA methylation, mainly due
to the fact that it is the most and best-studied epigenetic mechanism in relation to
psychiatric disorders to date [8].

DNA methylation of the fifth position of cytosine is one of the best understood
epigenetic modifications and targets the DNA bases directly [5, 9]. DNA is
methylated via DNA methyltransferases (DNMTs), typically occurring at cytosine-
phosphate-guanine (CpG) sites, resulting in the formation of 5-methylcytosine
(5mC). DNA methylation is the most extensively studied mechanism of epigenetic
regulation and has been implicated in the regulation of gene transcription, mainte-
nance of genomic imprinting, X chromosome inactivation, chromatin structure, and
the silencing of transposable elements [10]. Recent findings have shown the impor-
tance of another, closely related, type of DNA modification of the fifth position of
cytosine, i.e., 5-hydroxymethylcytosine (5hmC). It occurs as a result of the oxidation
of 5mC, catalyzed by the ten-eleven translocation (TET) family of enzymes. While
5hmC can be stable on its own, it can also contribute to the process of DNA
demethylation, with two mechanisms that can convert 5hmC back into unmodified
cytosine [11]. While 5hmC is detected in all tissue types, it is most abundant in the
brain, suggesting its important role in brain function [10, 11]. Although an increas-
ing number of studies suggest a role of 5hmC in the brain distinct from that of 5mC,
traditionally used DNA methylation detection methods that make use of sodium
bisulfite treatment cannot distinguish between 5mC and 5hmC. Whereas the great
majority of those papers report the results as if reflecting true DNA methylation, i.e.,
5mC, in reality, these data reflect the combined levels of 5mC and 5hmC.
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In addition to histone modifications and DNA methylation, noncoding RNAs,
specifically miRNAs, have been shown to exert an important role in epigenetic
regulation by modifying protein levels [12]. MiRNAs are 18–25 nucleotide-long
noncoding RNAs that regulate gene expression at the post-transcriptional stage,
where they bind to the untranslated regions of mRNA molecules in order to suppress
protein translation or to stimulate the breakdown of the associated mRNA [12]. Not
only do miRNAs target key enzymes such as DNMTs, HDACs, and histone
methyltransferases, but the expression of miRNAs is also regulated via epigenetic
mechanisms, such as DNA methylation, RNA modifications and histone modifica-
tion, creating a miRNA-epigenetic feedback loop [12, 13]. A single miRNA can
regulate hundreds of mRNAs, while a single mRNA can also be targeted by
numerous miRNAs, making the interpretation of findings from research in this
area particularly challenging. Similarly to the area of DNA methylation, there are
methodological challenges associated with the comparability of miRNA studies,
such as the lack of consensus on the target tissue (such as peripheral blood,
cerebrospinal fluid, or brain tissue), as well as the numerous techniques used
for miRNA detection, such as quantitative reverse transcription polymerase chain
reaction (RT-qPCR), microarray, Northern Blotting, and next-generation
sequencing [14].

18.1.2 Methodological Considerations in Epigenome-Wide Studies

While the field of psychiatry epigenetics offers valuable insight into the underlying
mechanisms of disorders extending beyond the genome, there are important
challenges in epigenetics research that should be considered when conducting and
interpreting epigenome-wide association studies (EWAS) to better understand how
these changes impact key genes underlying psychiatric disorders [5, 15]. Such
potential pitfalls can be found in every step of planning and conducting an EWAS
study, starting with our basic understanding of the epigenome and study design,
through specific methodological considerations regarding the laboratory analysis of
samples and subsequent data pre-processing and statistical analyses. Understanding
the limitations of epigenome-wide research is, therefore, crucial for both the careful
interpretation of existing findings, as well as for the improvement of future studies in
the field (Fig. 18.1).

18.1.2.1 Fundamental Understanding of the Epigenome and Study
Design

Current understanding of the epigenome is still limited, which comes along with
important considerations in terms of designing an EWAS and interpreting associated
findings.

For example, mechanisms involving histone modifications are typically neglected
likely due to challenges in either detecting them or in terms of interpreting the
functional implications of the findings [16]. Accordingly, most of the current
epigenome-wide research has focused on DNA methylation for both biological
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and practical reasons. While most challenges in terms of detecting DNA methylation
have been overcome by now (see below), the functional relevance of differential
methylation is still often unclear though. As such, differential methylation could
indicate increased or reduced transcription depending on the location of the
methylated position, such as the promoter region, which is commonly investigated.
As in certain cases, differential methylation at intergenic CpG shores and intra-genic
CpG islands may be even more relevant for phenotypic variation when compared to
methylation changes at CpG islands located in promoter regions, selecting the
appropriate method to detect DNA methylation, e.g., through arrays or by means
of sequencing, is crucial in view of the desired coverage and genomic location.

Te
ch

ni
ca

l
sisylana

ataD
Bi

ol
og

ic
al Cause or consequence 

of disease?
No straigh�orward case-
control scenario 
Confounding factors

Skewed and/or limited
coverage
Cellular heterogeneity
Lack of power

No differen�a�on between
cytosine modifica�ons

Epigene�c edi�ng tools

Longitudinal design

Control for e.g. sex and age

Select method for desired
coverage 
Cell sor�ng
Increase sample size &
homogenous popula�ons
E.g. oxida�ve-bisulfite 
treatment 

Limited coverage

Cellular heterogeneity

Methods with broader
coverage targe�ng both
DMRs and DMPs
Sta�s�cal method for
correc�on

Fig. 18.1 Challenges of epigenetic-wide association studies (EWAS) in psychiatric disorders.
Several challenges at the biological, technical, and data analysis levels aimed at unraveling
epigenetic mechanisms, in particular DNA methylation in psychiatric disorders, remain. There
are several avenues worth exploring in overcoming these challenges in order to allow optimal
interpretation of the epigenetic data in psychiatry. See text for more details
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Furthermore, as the epigenome is not dynamic, a prospective study design often
offers the most robust findings, allowing for the interrogation of epigenetic changes,
e.g., in response to environmental variation, over time [15]. The timing of sample
collection is crucial in this respect, as epigenetic modifications can be transient in
certain cases. In the case of research into the underlying effects of treatments, as well
as exposure to certain environments, such as military deployment [17], longitudinal
studies can offer valuable insight into the epigenetic modifications in human
populations. Analysis of disease-discordant monozygotic (MZ) twins offers an
excellent tool in the study of epigenetic modifications associated with the disease
phenotype, while its combination with a longitudinal design can provide valuable
insight into the environmental variation impacting upon the etiology of the disease
[15]. Moreover, in view of the important role of the early environment in program-
ming adult mental health and disease, applying a longitudinal design including the
assessment of developmental epigenetic changes, could be of great added value
[15]. A major challenge to this type of design, however, lies in the lack of detailed
phenotyping, a thorough collection of detailed information regarding exposure to
environmental variation and repetitive follow-up and sampling throughout life
[15]. Of note, generally, DNA methylation changes originating during early devel-
opment may have higher inter-tissue concordance than those induced later in
life [16].

In addition, researchers must be wary that the disease process itself as well as its
(e.g., pharmacological) treatment can also cause epigenetic changes and causal
inference into the etiology of the disease, and is therefore problematic when based
solely on findings from human populations [15]. For this purpose, additional in vitro
or in vivo animal studies are often needed [16].

18.1.2.2 Technological Challenges
A major challenge of epigenetic research in humans lies in the access to the tissue of
interest, i.e., the brain, which is typically not available. Unlike genetic research
where the sample tissue is not as relevant, in epigenetics, differences in, e.g., DNA
methylation can be confounded by the sample’s source and its cellular composition,
especially in the case of whole blood samples [16]. While cells share the same DNA
sequence, it is the epigenome that differentiates cell types and, therefore, cellular
composition of the tissue of interest. This may in fact even differ between samples of
the same type of tissue, which is of great importance in epigenetic analysis. Hence,
taking into account potential differences in cell-type composition, either a priori by
using cell sorting or post hoc using bioinformatics tools, is a must. Moreover, using
peripheral tissue as a replacement of the brain can be problematic, especially that
research shows that association between blood or saliva and the brain is quiet limited
[18], and may respond differently to environmental challenges, such as exposure to
stress [19]. One possible solution to optimize the translational ability of EWAS lies
in the use of DNA methylation as a biomarker for mental illnesses [20].

The use of different techniques to detect DNA methylation raises an additional
problem in comparability across studies [16]. Due to the demand for large sample
sizes, researchers have to weigh the benefits of coverage versus precision. While
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there are various methods available to capture methylated DNA, the ‘golden stan-
dard’ in current epigenetic research is the use of bisulfite treatment, followed by
either an array- or next-generation sequencing-based detection [16, 21, 22]. So far,
based on the delicate balance between precision and coverage, most labs involved in
EWAS have made use of commercially available Illumina 450k and EPIC (850k)
Methylation Beadchip microarrays. The 450k array, which is not available anymore,
assessed DNA methylation at over 480 000 CG dinucleotides, mainly covering
promoter regions [22], and providing an affordable option for large-scale epidemio-
logical findings. Its successor, the Infinium MethylationEPIC array, targets over
850 000 CpGs. While being of clear added value, next to the limited coverage, these
platforms lack the possibility to thoroughly assess methylation at non-CpG sites
[20]. Recently, more frequently, next-generation sequencing (NGS) is being used,
which allows for flexibility in this respect, which evidently is more costly and time
consuming. Whole-genome bisulfite sequencing (WGBS) offers almost full cover-
age [16, 21, 22]. Reduced representation bisulfite sequencing (RRBS), while
granting single-base resolution as in WGBS, has lower coverage, including the
great majority of promoters and CpG islands, implying a lower number of reads
necessary to yield accurate sequencing, in addition to lower costs and processing
time compared with WGBS. Other approaches, such as methylated DNA immuno-
precipitation sequencing (MeDIP-Seq) or methyl-binding domain sequencing
(MBD-Seq), make use of means to capture methylated pieces of DNA prior to
sequencing. It is worth noting that while there is high correlation between different
platforms, which is related to the fact that most of the genome is either simply
methylated or unmethylated, there may be substantial differences within loci that
display intermediate methylation levels [16].

As indicated above, accumulating evidence suggests an important role for other
cytosine modifications such as 5hmC in the human brain. However, the great
majority of EWAS published to date made use of sodium bisulfite-treated DNA,
which does not allow to discriminate between 5mC and 5hmC, which may lead to
incorrect interpretation of associated findings. Making use of oxidative-bisulfite
DNA treatment (parallel to classical bisulfite treatment) now allows for simulta-
neously assessing DNA methylation and hydroxymethylation [23].

18.1.2.3 Data Analysis
There are various data analysis strategies available for analysing and interpreting
epigenetic data and, similarly to the methodological problems raised earlier, to date,
no clear consensus on the most optimal approach exists [15]. Most of the current
studies in the literature have investigated individual CpGs to identify differentially
methylated positions (DMPs), as that is also the method most suitable for the
Illumina array-based platforms, owing to their modest coverage. Another approach
is to explore differentially methylated regions (DMRs), which is based on the
assumption that several differentially methylated cytosines in close proximity with
each other are likely to affect chromatin formation and thus the transcription of the
accompanying gene(s) [15]. Methods with greater coverage may be more suitable
for the investigation of DMRs, as there is not clear consensus yet whether the
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number of CpGs covered by the Illumina arrays is sufficient for this type of analysis.
The advantage of DMR analysis is the reduced risk of false-positives due to artifacts
affecting single CpGs, as well as higher power because of the reduced multiple
testing error [15]. Additionally, DMRs may be easier to be interpreted biologically.
It should be noted though, that differential methylation at single CpG methylation
sites can also have important functional consequences. In addition to these two
commonly used methods, Mendelian randomization can be useful for causal infer-
ence and is being applied more regularly nowadays. As such, a methylation quanti-
tative trait loci (mQTL) analysis aims at identifying genetic variants that affect DNA
methylation patterns [24], knowledge of which is of extreme importance, as a certain
degree of epigenetic variation may be caused by genetic variation. Another critical
point to consider is accounting for cellular heterogeneity, especially in blood, which
is crucial in EWAS. For instance, one study showed that cellular composition
accounts for the majority of the detected variability in DNA methylation. It appears
that DNA methylation profiles were both cell type- and age-dependent. This can be
corrected for using a statistical approach as described in Ref. [25].

18.2 Epigenetic Profiles in Psychiatric Disorders

While the following sections include a discussion on numerous EWAS performed to
date, it should be noted that this does not concern a systematic review of the
available literature in this respect, as its aim is to highlight strengths and limitations
of certain approaches in this respect.

18.2.1 Major Depressive Disorder

MDD is one of the most heterogeneous and prevalent psychiatric disorders and
findings from EWAS studies suggest a wide variety of changes in epigenetic
regulation which may underlie MDD [26]. A recent longitudinal study utilizing
the 450k Illumina platform and examining tissue from the dorsolateral prefrontal
cortex (DLPFC) of 608 participants showed epigenome-wide significant association
between DNA methylation changes in certain genes and late-life MDD [27]. The
most significant association found in this study was observed for the YOD1/PFKB2
locus. YOD1 has been found to be involved in the maintenance of the correct
conformation of proteins, more specifically related to inflammatory responses.
Although this study made use of a tissue-specific analysis and a longitudinal design,
it is worth noting that the researchers employed tissue bulk analysis, which was later
corrected for cell-type composition [27]. This notion is relevant, as cell-type com-
position can be different between, e.g., patients and controls in EWAS studies, e.g.,
due to cell loss, when assessing brain tissue, or inflammation, when assessing
blood. This challenges the correct interpretation of results, as cell-type-specific
modifications in one cell-type could, for example, be masked by changes in another.
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In another study, on a cohort of 724MZ Danish twins, making use of whole blood
samples and the Illumina 450k platform, Starnawska and colleagues showed
associations between DNA methylation and MDD for the gene encoding neuropsin,
which is involved in synaptogenesis and has previously been implicated in schizo-
phrenia and bipolar disorder (BP) [28]. The authors also found differential methyla-
tion for the DAZAP2 gene, which is known for inducing stress granule formation.
Although the study utilized peripheral blood samples, it has the strong advantage of a
discordant MZ design, as well as a relatively large sample size [28]. Additionally, the
researchers investigated depression severity amongst the general population, as
opposed to clinical cases. An additional strength of the study is that blood cell
composition proportions were estimated using flow cytometry for a part of the
individuals (n ¼ 471). In another study using a relatively large sample size (N ¼
844), followed by a replication study (N¼ 1339), the relationship between umbilical
cord DNA methylation and maternal depression throughout pregnancy was
investigated, using the Illumina 450k platform [29]. Results from the first cohort
showed a relationship between maternal depression at any point during pregnancy
and 7 DMRs, which was, however, not replicated in the second cohort. The DMRs
were located within genes related to brain development and the formation of the
nervous system, as well as the LYNX1 gene, which was previously shown to be
hypermethylated in the hippocampus of patients with MDD [29].

18.2.2 Suicide

Suicide is the fourth leading cause of death amongst 15–29 year old, with nearly one
million deaths per year globally [30]. The heterogeneity of disorders accompanying
suicide completion poses additional challenges in this line of research, where
researchers investigating the epigenetic changes associated with suicide may either
focus on a specific disorder, exclude individuals with a particular underlying disor-
der, or in some cases compare disorders. Additionally, depending on whether suicide
attempts or suicide completion is being investigated, the sample methods differ, with
tissue-specific samples being the typical choice in the latter case. It should be noted
that while a history of suicide attempts is the strongest predictor of suicide comple-
tion, some studies focus on comparing individuals with a history of suicidal ideation
versus healthy controls, whereas other studies examine post-mortem tissue in suicide
completers. As there may be differences in epigenetic modifications between the two
groups, findings should be interpreted with caution.

Due to high suicide attempt rates amongst individuals with BP, it is the most
studied comorbid disorder in individuals with a history of suicide attempts [31]. In
one such study, the authors investigated the prefrontal cortex of 23 individuals with
BP who died of suicide, 27 who died of other causes, and 31 non-psychiatric controls
[31]. Overall, BP subjects had more hypomethylated DMRs compared to controls,
pooled for cause of death, whereas within the BP group, individuals who died of
suicide showed increased methylation than those who did not. Of specific interest,
ARHGEF38 was hypomethylated in BP associated with suicide, which, while
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relatively unknown, is believed to be involved in the GTPase cycle [31]. It should be
noted that those findings were primarily driven by males with BP who died of
suicide, which suggests that sex differences may be a factor that should be included
in future studies. This is especially relevant since there are known sex differences in
the rates and method of suicide, with males being more likely to die of suicide and
opting for violent methods, whereas females tend to gravitate towards non-violent
tools [32, 33]. Additionally, aggression and impulsivity are known risk factors for
suicide [34], which may also be relevant as there have been sex differences
demonstrated in aggressive behavior, impulsivity, and violent acts [35]. The differ-
ence in suicidal ideation and suicidal completion, therefore, with the former being
more common in women, whereas the latter is more common in men, may suggest
distinct molecular changes associated with each. Work on suicide is further compli-
cated by the heterogeneity of disorders accompanying suicidal ideation, such as
MDD, BP, SCZ, anxiety disorders, substance abuse, and personality disorders
[31, 36, 37]. Finally, the authors showed differences in methylation in axonal
guidance signaling pathways, cardiac beta-adrenergic signaling, and opioid
signaling [31].

Another study by Jokinen and colleagues [37] investigated DNA methylation in
whole blood of individuals with a history of suicide attempt. The researchers used
both the Illumina 450k and the EPIC 850k platforms to investigate DMPs associated
with suicide attempts. They excluded factors such as schizophrenia spectrum
disorders, intravenous drug abuse, dementia, and mental retardation (N ¼ 88 for
cohort 1; N ¼ 129 in the second cohort and N ¼ 93 for the third cohort). Their
findings suggest that individuals with a higher risk of suicide attempt had reduced
levels of methylation in the promoter region of the CRH gene, which is crucial in
HPA-axis regulation [37]. A strength of this study is that the initial findings were
also replicated in the following cohort of adolescents. Yet again, most of the
participants in the study were previously treated with antidepressants which also
influences DNA methylation profiles [38], and there was no clear distinction in
diagnosis in view of the underlying psychiatric illness(es).

In a comparison of depressed individuals who committed suicide versus
non-psychiatric sudden-death controls (N ¼ 75 in total), using brain tissue from
Brodmann areas 11 and 25, Murphy and colleagues [39] showed methylation
changes in several genes. The researchers observed hypomethylation in both cortical
regions in MDD suicide cases for the PSORS1C3 gene, which is thought to be
involved in the regulation of nearby immune system-related genes. In addition, two
other DMRs related to antigen processing (TAPBP) and mitochondrial ATP synthase
function (ATP5G2) were identified. It is worth to note that a limitation of this kind of
design is the lack of medication data, which can be especially crucial when compar-
ing groups with an underlying psychiatric illness with controls, as some of the
methylation changes that are identified may be related to treatment or even result
from the disease progress itself, as opposed to be causally associated with suicidal
ideation specifically. A design including a group of individuals with MDD who died
of other causes could have tackled those limitations. In addition to individuals with
MDD and BP, individuals with SCZ are at increased risk for committing suicide.
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Bani-Fatemi and colleagues conducted two studies in peripheral blood investigating
suicide attempts in individuals with SCZ, in the first of which they did not find
changes in methylation between the group with a history of suicide attempts and
those without [40]. Findings from the second study did show hypermethylation in
both SLC20A1, a sodium-dependent phosphate transporter, and SMPD2, which
encodes for the enzyme sphingomyelin phosphodiesterase 2, in those individuals
displaying suicidal ideation. In both these studies, no records on medication were
available, and a relatively small sample size was used (N ¼ 123 and N ¼
107, respectively).

In addition, in another study investigating suicidal behavior in individuals with
BP, the authors included not only a typical DMP and DMR analysis, but also
correlated DNA methylation age with suicidal behavior [41]. In this study,
individuals with a history of suicidal behavior displayed hypomethylation in
MPP4, which is known to regulate the activity of membrane calcium ATPases,
and TBC1D16, which represents a known activator of Rab4a involved in cell growth
and survival, as well as hypermethylation in NUP133, which is known to be
involved in spindle assembly and nuclear mRNA export [41]. Furthermore,
age-related signatures of DNA methylation showed a weaker correlation in DNA
methylation age and chronological age when compared to controls, where the DNA
of individuals with a history of suicidal behavior was hypothesized to exhibit
accelerated (epigenetic) aging. This study was the first to investigate the relationship
between suicidal ideation and DNA methylation age, although it is worth to note that
the authors did not specifically control for factors that have previously been
associated with changes in DNA methylation age [42].

18.2.3 Schizophrenia

SCZ is a neurodevelopmental disorder characterized by psychosis and altered
cognitive function, which was one of the first targets in the investigation of both
genetic risk factors as well as epigenetic changes associated with disease risk and
progression [43]. Initial twin and family studies have shown the heritability of the
disease, although it does not fully explain its etiology. Together with MDD, it is also
one of the disorders for which there are studies with relatively large sample sizes. In
one such project, Hannon and colleagues [44] investigated methylation changes in
three cohorts, the first of which was a discovery cohort (N ¼ 675), followed by a
replication one (N ¼ 847), and an MZ pair cohort (N ¼ 96 pairs). Findings show the
top-ranked group of pathways associated with SCZ was related to immune function-
ing, with the second-ranked group involved in neuronal proliferation and brain
development [45]. The large sample size, multiple phases and the inclusion of an
MZ cohort make this project an excellent example of a study that aimed to address
the methodological challenges of this line of research.

A more recent study byWakeys and colleagues [46] examined 171 individuals, of
which 57 diagnosed with SCZ, 59 with BP, and 55 healthy controls. In addition to
the DMP analyses, the researchers computed poly-methylomic profile scores
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(PMPS), based on EWAS data and clinical status. All five PMPS computed were
associated with SCZ, where individuals with SCZ showed heightened PMPS relative
to controls. While similarly to the Hannon study [45], the researchers used peripheral
blood for the methylation analyses and the sample size for this cohort was not very
large, a strength of this study was the inclusion of polygenic risk score analysis, as
well as the comparison between individuals with SCZ not only to controls, but also
to BP patients.

A big challenge in the identification of epigenetic changes in SCZ is defining
whether DNA methylation changes are a cause or a consequence of the disease
[47]. That could also be due to the fact that antipsychotics also carry an effect on
DNA methylation profiles [48, 49], and hence any observed EWAS association in
SCZ could also be due to the effects of antipsychotics. That being said, future EWAS
studies must work to include both medicated and drug-naïve patients to detect true
disease phenotypes.

18.2.4 Post-Traumatic Stress Disorder

Post-traumatic stress disorder (PTSD) is a debilitating psychiatric disorder that
typically develops as a result of direct or indirect exposure to a traumatic event
[17]. While most individuals are resilient to the long-term effects of trauma expo-
sure, some develop PTSD with no effective pharmacotherapy being developed to
date. Epigenetic findings from this area can, therefore, not only shed light on risk and
resilience factors, but also on the underlying mechanisms of the disorder directing
further research into advanced treatment options. Due to the nature of the disorder
and its cause, researchers often select military cohorts as their sample, often
comprised exclusively of male individuals. The advantage of such a design is the
possibility to analyze the methylome prior to, as well as in the short and long run
after exposure to trauma, as well as the possibility to identify potential predictors of
resilience. Additionally, the type of stressor that the individuals are exposed to is
typically similar of nature, often related to combat. Evidently, there are also
disadvantages related to the use of military samples, such as the higher number of
male individuals, the potential underreporting of symptoms, as well as the relatively
homogenous type of trauma. Samples drawn from the general population could shed
more light on epigenetic mechanisms underlying PTSD following various types of
traumas, as well as over different periods of time. Thus, while military cohorts may
be more convenient from a methodological perspective, a well-devised longitudinal
study of a community sample could also provide valuable insight into epigenetic
modifications associated with the disorder.

In a large study including three military cohorts, Snijders and colleagues [17]
investigated the peripheral blood of soldiers exposed to trauma, comparing those
who did develop PTSD symptoms with resilient individuals and those not exposed to
trauma. Participants with PTSD symptoms showed an association between DNA
methylation profiles and post-deployment symptoms [17]. The top replicating DMP
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represented an intergenic site near a gene (SPRY4) that codes for a member of the
Sprouty proteins involved in the inhibition of tyrosine kinase signaling. Addition-
ally, the strongest association for the DMR analysis was in a region related to
immune functioning [17]. It should be noted that the individuals in this study were
males only, with those who developed PTSD having been exposed to more traumatic
events. Another study that focused on adolescents (N ¼ 39), the majority of which
female (84.6%), showed two DMPs associated with PTSD symptom severity, one of
which was in the MAML gene, which has been implicated in neuronal plasticity
[50]. In addition, a DMR in the MOBP (myelin-associated oligodendrocyte basic
protein) gene was identified, which has previously been associated with PTSD in the
literature.

While the previous two studies both investigated peripheral blood, Logue and
colleagues [51] used samples from two blood-based cohorts and a brain bank cohort
(N ¼ 513; replication cohort N ¼ 1253; and brain tissue (prefrontal cortex) cohort
N ¼ 72). Analysing DMPs and DMRs, the authors found a negative correlation
between the effect size estimations across the blood-based cohort and the brain bank
samples, suggesting that effects investigated using peripheral blood should be
interpreted with caution. This difference was mainly driven by one site in
OR2AG1, which interestingly displayed the largest effect size in both blood and
brain, but in the opposite direction. OR2AG1 is a gene coding for an olfactory
receptor, whose activation carries consequences for serotonin release [52]. Addition-
ally, in the brain bank cohort, a probe in the CHST11 gene, which was also among
the top 10 results in the discovery cohort, was associated with PTSD. This gene is
involved in, e.g., neuronal plasticity, fear learning, and neuroinflammation. Finally,
an epigenome-wide association in the G0/G1 Switch 2 (GOS2) gene was identified,
where higher methylation was associated with a PTSD diagnosis. Previous findings
have shown cortisol to suppress G0S2 [53] and its expression has been linked to
PTSD in the literature [54, 55]. It should be noted that while this study employs a
much larger sample size and has the strength of multi-tissue type comparison, the
researchers used different platforms for the discovery and replication cohort, namely
Illumina 450k and EPIC 850k arrays, respectively.

In another recent study, Katrinli and colleagues [56] investigated methylation
changes associated with PTSD in two large cohorts (N ¼ 554 and 780), including
correlating the levels of DNA methylation and gene expression. The authors found
two DMRs associated with PTSD, for one of which (HLA-DPB1) the direction of the
effect was in the opposite direction for the two cohorts, with this gene having been
previously associated with PTSD in the literature [17] and is thought to be related to
immune system dysregulation [57, 58]. The function of the other gene (SPATC1L) is
thought to be related to the protection of cells from cell death induced by
DNA-damaging alkylating agents [59], which are by-products of normal cellular
function, as well as oxidative stress and chronic inflammation [60]. Similar to the
previously discussed multi-cohort project, however, this study also used different
platforms for the two cohorts investigated.
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18.2.5 Anxiety Disorders

Due to the heterogeneity of anxiety disorders, the scope of studies that investigate
epigenetic mechanisms associated with anxiety is relatively wide. Research in this
area, therefore, varies both in terms of the type of anxiety investigated, with some
studies including individuals with panic attacks, as well as in view of the stage of life
at which they are being studied, where for example, some studies focus on
transgenerational effects of maternal anxiety on the offspring.

Using a population-based (N¼ 1522) and a clinical cohort (N¼ 300), Emeny and
colleagues [61] identified an association between severe anxiety and increased
methylation at a CpG site located in the promoter of ASB1, a gene associated with
ubiquitin degradation pathways, as well as scaffolding, neurogenesis, and
neuroprotection [62]. While the population-based sample as well as the large sample
size for both cohorts is a particular strength of this study, it should be noted that the
authors used two different questionnaires to assess anxiety and there was no clear
distinction between panic disorder and anxiety symptoms across the cohorts. In
addition to studies that investigate epigenetic changes associated with anxiety in
adults, some focus on the effects of maternal anxiety on DNA methylation in
newborns. In one such study, Vangeel and colleagues [63] evaluated changes in
DNA methylation derived from the umbilical cord blood of newborns whose
mothers exhibited more symptoms of anxiety and correlated that with the cortisol
awakening response measured at 2, 4, and 12 months of age of the infant. Of the
10 DMRs, the top DMR was found in the GABA-B receptor subunit 1 gene
(GABBR1) and associated with prenatal anxiety especially in male newborns.
GABBR1 methylation profile was also associated with newborn cortisol levels at
4 months. These findings highlight the role of GABBR1 in prenatal anxiety, particu-
larly in influencing neuronal plasticity in the face of environmental stressors
[64]. Another important observation points towards taking into account gender
effects when analyzing differential methylation profiles [65].

18.3 Concluding Remarks

Epigenome-wide approaches have garnered much attention in the recent years, with
the primary focus being on DNA methylation. While there is increasing interest in
the role of epigenetic dysregulation in mental health and disease, results from EWAS
studies should be interpreted with caution (Fig. 18.1). Most importantly, for various
reasons, several studies still make use of low sample sizes. In addition, studies often
make use of bulk brain tissue, which does not always allow correcting for cellular
heterogeneity, an issue that can be overcome by, for example, cell sorting. Moreover,
particularly when assessing DNA derived from brain tissue, specific approaches that
are able to discriminate between 5mC and 5hmC should be employed. Future EWAS
studies should also include sex as a determining factor owing to known sex
differences in epigenetic mechanisms. Another consideration would be to include
homogenous populations of a certain disorder, or addressing specific (e.g.,
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behavioral) phenotypes (e.g., panic attacks) so as not to risk missing potential
associations. In the near future, the field could benefit from validating candidate
signatures, by for instance employing (e.g., CRISPR-dCas9-based) epigenetic
editing tools, to determine whether signatures identified in EWAS in fact represent
a causal association. Moreover, multi-omics approaches centered around an integra-
tive analysis of various layers including genetic, epigenetic, proteomic, and
metabolomic data show great promise in the development of novel treatment
strategies and diagnostic and prognostic biomarkers for psychiatric disorders.
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