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Abstract
The early life marks a particularly important period for the development
of an individual during which adverse experiences can have lifelong implications for
health. The experience of early adversities – even before birth – increases the risk to
develop behavioral problems and mental illness. The hypothalamic pituitary adrenal
(HPA) axis, a neuroendocrine axis enabling the adaptation to environmental stressors,
seems to be at the core of this association. The activity of the HPA axis highly
depends on experiences early in life and its dysregulation associates with a range of
psychopathological conditions. Epigenetic modifications, i.e. environmentally
inducible mechanisms that control gene expression, may translate past experiences
into physiological changes and consequently altered behavior and impaired mental
health. This thesis investigates epigenetic modifications of HPA axis genes, DNA
methylation, established in the aftermath of early life adversities and how these relate
to psychological wellbeing.
Following a general introduction about the involvement of epigenetic
modifications in the etiology of stress induced mental illness in chapter I, chapter II
provides a review on the current literature addressing association between epigenetic
modifications and prenatal stress. While the second and the third chapter focus on
stress experienced before birth, the fourth and the fifth chapter address maltreatment
experienced in childhood.
Chapter III demonstrates a long-lasting effect of gestational psychological
stress on DNA methylation in human offspring. By then, such results were only
reported in the context of nutrition or in non-human organisms. In this study, the
methylation of the glucocorticoid receptor (GR) gene, a key regulator of the HPA-axis, was
increased in the blood of 10 to 19 year old children whose mothers experienced
intimate partner violence (IPV) during pregnancy.
Chapter IV evidences an effect of the interaction between the epigenome
and the environment on psychological health. In this study, the simultaneous
occurrence of methylation at the GR gene and the experience of childhood abuse
increased the vulnerability to develop psychopathology in general and to borderline
personality disorder (BPD) in particular. In order to more accurately depict the
subjects’ psychological condition, this study conceptualized psychopathology as
general concept including symptoms of several psychopathological conditions and
behavioral and emotional problems.
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Chapter V further highlights the detrimental consequences of childhood
abuse regardless of the societal and cultural embedding. In societies, in which specific
forms of child abuse are frequent and socially accepted, its consequences have been
argued to be less harmful. The study in chapter V took place in such a cultural setting
– in Tanzania – and demonstrated an association of childhood abuse with both a
worsened mental health and differential DNA methylation of HPA axis genes,
especially the pro-opiomelanocortin (POMC) gene. Differential DNA methylation by
means of childhood abuse could be seen in both blood and saliva, thus suggesting a
system-wide epigenetic response to early adversities.
In summary, all studies conducted in this thesis report persistent
epigenetic modifications in HPA axis genes in response to early adversities. These
effects were evident in peripheral tissues, blood and saliva. These tissues most likely
reflect the epigenetic constitution of the brain, where epigenetic modifications are
thought to affect psychological function. Thus this thesis improves the understanding
of how early adversities may program later psychosocial function.
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Zusammenfassung
Das frühe Leben kennzeichnet eine für die Entwicklung des Individuums
bedeutsame Phase, in der sich bestimmte Ereignisse ein Leben lang auf die Gesundheit
auswirken können. So erhöhen aversive Erlebnisse in der Kindheit und sogar schon
vor der Geburt das Risiko Verhaltensprobleme oder psychische Krankheiten zu
entwickeln. Der Hypothalamus-Hypophysen-Nebenrinden (engl. HPA) Achse, die es
dem Individuum ermöglicht auf Umweltstressoren zu reagieren, kommt dabei eine
zentrale Funktion zu. Stress während früher Lebensphasen moduliert die Aktivität der
HPA Achse und kann zu deren Fehlregulation führen, ein Kennzeichen vieler
psychopathologischer Zustände. Epigenetische Modifikationen – durch die Umwelt
induzierbare Mechanismen, welche die Genaktivität bestimmen – könnten frühe
Erfahrungen in eine veränderte Physiologie und folglich verändertes Verhalten und
psychische Konstitution überführen. Die vorliegende Arbeit untersucht epigenetische
Modifikationen, DNA Methylierung, in HPA Achsen Genen infolge aversiver
Erfahrungen in frühen Lebensphasen und deren Einfluss auf das psychische
Wohlbefinden.
Kapitel I und II bieten eine allgemeine Einleitung über die Involvierung
epigenetischer Modifikationen in die Ätiologie stressinduzierter psychischer
Erkrankungen sowie einen Überblick über die gegenwärtige Literatur bzgl. der
Assoziation zwischen epigenetischen Modifikationen und vorgeburtlichem Stress.
Während sich das zweite und das dritte Kapitel mit vorgeburtlichem Stress beschäftigt,
werden im vierten und fünften Kapitel Misshandlungen in der Kindheit behandelt.
Kapitel III zeigt anhand von Blutproben 10-19-jähriger Personen, dass
psychologischer Stress während der Schwangerschaft einen nachhaltigen Einflusses
auf die DNA Methylierung des Nachwuchses ausübt. Ein Befund, der zu diesem
Zeitpunkt ausschließlich im Kontext der Ernährung bzw. in nicht-humanen
Organismen gezeigt werden konnte. In dieser Studie konnte bei Kindern deren Mütter
partnerschaftliche Gewalt während der Schwangerschaft erfahren haben eine erhöhte
Methylierung des Glukokortikoid-Rezeptor (GR) Gens, ein wichtiges Gen in der
Regulation der HPA Achse, nachgewiesen werden.
Kapitel IV belegt einen Einfluss der Interaktion zwischen dem Epigenom
und der Umwelt auf die psychische Gesundheit. In dieser Studie führte das
gemeinsame Auftreten von Methylierung im GR Gen und die Erfahrung von
Kindesmissbrauch zu einer allgemeinen Beeinträchtigung der psychischen Gesundheit
IV

sowie einer erhöhten Anfälligkeit für eine Borderline-Persönlichkeitsstörung. Um die
psychische Gesundheit der Studienteilnehmer möglichst akkurat darzustellen, wurde
Psychopathologie in dieser Studie als ein mehrdimensionales Konstrukt aufgefasst,
dass sowohl Symptome verschiedener psychischer Krankheitsbilder als auch
Verhaltensauffälligkeiten beinhaltet.
Kapitel V zeigt, dass Kindesmissbrauch auch in Ländern, in denen
bestimmte Formen von Gewalt gegenüber Kindern gesellschaftlich akzeptiert und
üblich sind, verheerende Folgen hat. Einige Autoren argumentieren, dass der Einfluss
von Kindesmissbrauch in solchen Gesellschaften weniger schädlich sei. Die in Kapitel
V beschriebene Studie fand in solch einem kulturellen Umfeld statt und belegt einen
Zusammenhang von Kindesmissbrauch mit sowohl verschlechterter Gesundheit als
auch veränderter Methylierung in Genen der HPA Achse, insbesondere des
Proopiomelanocortin

(POMC)

Gens.

Kindesmissbrauch

beeinflusste

die

DNA

Methylierung sowohl im Blut als auch im Speichel und scheint somit eine
systemübergreifende epigenetische Reaktion hervorzurufen.
Zusammenfassend zeigen alle im Rahmen dieser Arbeit ausgeführten
Studien nachhaltige epigenetische Modifikationen in HPA Axis Genen infolge
aversiver Erfahrungen in frühen Entwicklungsphasen. Diese Effekte traten in
peripheren Geweben, Blut und Speichel, zutage, welche vermutlich die epigenetische
Konstitution des Gehirns wiederspiegeln. Somit trägt diese Arbeit zu einem besserem
Verständnis des Einflusses von Stress während früher Entwicklungsphasen auf die
spätere psychische Konstitution bei.
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I Introduction

I Introduction
Mental health problems are associated with impaired wellbeing and role
functioning, and thus pose major challenges to both the affected individual and the
society at large (WHO, 2003). In accordance with generally high prevalence rates
(Demyttenaere et al., 2004), mental illness accounted for 22.9% of the global non-fatal
burden of disease1 and thus was classified as its leading cause in 2010 (Whiteford et al.,
2013). Depending on the calculation, mental illness was ranked the 3rd (Ferrari et al.,
2014) or 5th (Whiteford et al., 2013) most prevalent category amongst the global disease
burden, which includes both non-fatal and fatal components of disease-burden 2 .
Projections of the World Health Organization (WHO) predict that in 2030, depressive
disorders alone will be the most prominent cause of overall disease burden (Whiteford
et al., 2013). These alarming dimensions of mental illness emphasize the urgent need
for understanding its etiology.
There is a substantial body of empirical evidence showing that exposure to
adversities during early child development, even prenatally, is associated with
vulnerability to mental illness (Heim et al., 2001; Talge et al., 2007). In addition to
severe forms of early adversities such as childhood maltreatment including abuse and
neglect, seemingly milder forms of child adversities such as bullying, parental loss or
low socioeconomic status constitute risk factors for the development of mental illness
(Dube et al., 2003; Kessler et al., 2010). When experienced prenatally, maternal mood
disturbances or stressful events are associated with increased vulnerabilities for
psychopathological states later in life (Stein et al., 2014). From birth onwards, the early
life is characterized by dynamic changes of the body and the brain. The brain is highly
plastic during this period and thus particularly receptive to environmental stimuli.
Adversities during this time might elicit neurodevelopmental paths eventually resulting
in disease. Indeed, all of the aforementioned early life adversities have been reported
to change the neuroendocrine system governing the release of stress hormones.
Epigenetic modifications of genes related to the hypothalamic-pituitary-adrenal (HPA)
may be a driving force of how early life stress (ELS) manifests in such “stress-

1
2

As measured by years lived with disability (YLD)
As measured by disability adjusted life years (DALYs). DALYs combine YLD and premature mortality
as years of life lost (YLLs).
1
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induced” disorders. The following chapters will explore theses findings and potential
mechanisms in greater detail.

I.1. Early life stress and mental illness
To date, most research on postnatal stress has mainly focused on stressors
such as maternal postpartum depression or anxiety, childhood maltreatment, poverty,
loss of a parent and exposure to family conflict and violence (Provençal et al., 2015).
Investigated prenatal stressors are somewhat more diverse in nature but always relate
to in utero exposure to maternal experiences, mental states or habits. These include
social exclusion, mood disturbances such as those related to anxiety or depression,
bereavement (Khashan et al., 2008) or the experience of natural- (Laplante et al., 2008)
or man-made disasters (Kleinhaus et al., 2013; Yehuda et al., 2005), daily hassles
(Grizenko et al., 2012; Rice et al., 2010), smoking (Cornelius et al., 2012; Wakschlag et
al., 2010) or malnutrition (Painter et al., 2006). While a wide range of potential health
outcomes mirrors the diversity of prenatal stress-categories, no specific cause-disease
patterns has appeared (see chapter II). However, the detrimental impact of prenatal
stress on psychological function is well established. As outlined in chapter II prenatal
stress associates with later behaviroal or emotional problems, impaired, cognitive
function, severe psychopathological states such as schizophrenia or autism, as well as
sleep problems, obesity, dermatoglyphic asymmetry, mixed handedness and immune
function (for reviews see Glover, 2014; Talge et al., 2007).
While most studies report neonatal outcomes, prenatal stress can also
affect the individual through to adulthood (Betts et al., 2015; Brown et al., 1995;
Buchmann et al., 2014; Entringer et al., 2009b; Entringer et al., 2008; Neugebauer et al.,
1999; Painter et al., 2006). Unsurprisingly, the undesirable effects of postnatal stressors
may last into adulthood, too. Extensive literature substantiates a tendency towards
adult psychopathology following childhood maltreatment. A common definition of
childhood maltreatment refers to “any act of commission or omission by a parent or other
caregiver that result in harm, potential harm, or threat of harm to a child” (Leeb et al., 2008).
Besides the potential for immediate physical or emotional harm, child maltreatment
causes widespread and lifelong consequence for both physical and mental health. As
repeatedly confirmed by longitudinal studies (Kaplan et al., 2014; Widom et al., 2007),
child maltreatment is associated with emotional and behavioral problems that begin in
childhood and can persist throughout adolescence and adulthood (for a review see
2
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Carr et al., 2013) including depression, anxiety disorders, posttraumatic stress disorder
(PTSD), reduced self-esteem, suicidal behavior, conduct disorder, and aggressive or
delinquent behavior (Catani et al., 2008; Dube et al., 2003; Hermenau et al., 2014;
Sugaya et al., 2012). These conditions in turn might explain the increased rates of
health-risk behavior amongst these individuals, such as smoking alcohol and/or drug
abuse, overeating or sexual behaviors and thus may indirectly expose them to a higher
vulnerability to peripheral medical conditions (Felitti et al., 1998). Accordingly, child
abuse is associated with the later development of chronic diseases such as lung cancer
(Brown et al., 2010), liver disease (Dong et al., 2003) and ischemic heart disease (Dong
et al., 2004).
As described in the previous paragraph, early life stress adversely affects
various functions and behaviors. The variety of brain structures and functions affected
by early life stress might explain for such non-specific burden. Functional and
volumetric changes in the brain areas related to emotionality and behavioral control
are consistently reported in association with childhood maltreatment, thus providing a
link to a range of psychopathological conditions (for a review see McCrory et al., 2010).
For example adults, but not children, with a history of childhood maltreatment
consistently present with reduced hippocampal volume (Carrion et al., 2007; De Bellis
et al., 1999; Tupler et al., 2006). The hippocampus plays a central role in learning and
memory (Gould et al., 1999) and is likely to be the most stress-sensitive structure in the
brain. Moreover, the amygdala and the prefrontal cortex, which are involved in
processes such as emotional- and cognitive processing (Ochsner et al., 2005; Phelps et
al., 2005) also appear to be affected, however the results of previous studies are mixed.
While volumetric reductions and increases have been reported for both structures after
childhood maltreatment, some studies have failed to replicate these findings (for
reviews see McCrory et al., 2010; Teicher et al., 2014b). Although humans are born with
relatively mature brains due to rapid brain growth in the 3rd trimester of intrauterine
life, brain development is far from complete at birth (Dobbing et al., 1979). The
hippocampal formation, the amygdala and the prefrontal cortex undergo major growth
periods that occur until 2 years of age, during until the late 20s and in adolescence
between 8 and 14 years of age, respectively (for a review see Lupien et al., 2009). These
developmental windows have been suggested to represent sensitive periods during
which the respective brain regions are most susceptible to environmental influences
(Andersen et al., 2008a; Lupien et al., 2009). Recent research supports this hypothesis
by roughly linking reduced brain volume to the incidence of childhood maltreatment
3
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in these sensitive periods; depending on whether sexual abuse was experienced
between the ages of 3 to 5 years or between the ages between 14 to 16 years the
hippocampal- or the prefrontal cortex volume was reduced, respectively (Andersen et
al., 2008b). The neurotoxicity hypothesis postulates that these neurodegenerative
processes result from excessive exposure to stress-released glucocorticoids (GC)
(McEwen et al., 2011; Sapolsky et al., 1986). Intriguingly, the previously mentioned
brains structures, especially the hippocampus, are critically involved in regulating the
hypothalamic pituitary adrenal (HPA) axis and consequently the release of
glucocorticoids, its downstream effectors. Dysregulation of HPA-axis presents a likely
candidate in mediating early life stress (ELS) associated mental illness, as it is a robust
finding in both individuals suffering from symptoms of mental illness and/or a history
of ELS. Thus stress exposure might initiate a downward spiral of degeneration and
disease.

I.2. HPA-axis and ELS
The HPA-axis is a major neuroendocrine axis that allows the organism to
deal with stressors, defined as any condition that threatens physical or psychological
integrity. The HPA-axis includes the hypothalamus, the pituitary and the adrenal
glands (Chrousos et al., 1992; de Kloet et al., 2005). Cortisol, which is the main effector
of the HPA-axis in humans, mobilizes energy resources from stored glucose and lipids
and contributes to multiple physiological changes such as inhibition of the immune
system and the reproductive system (for a review see Tsigos et al., 2002). Thus it
prepares the individual to meet the energy demands created by a stressful situation
such as increased vigilance and preparedness to employ defensive strategies. Upon
stress perception, a hormonal cascade is initiated: Corticotropin-releasing hormone
(CRH) and arginine vasopressin (AVP) are released from the paraventricular nucleus
(PVN) of the hypothalamus. These hormones in turn trigger the release of
adrenocorticotropic hormone (ACTH) from the anterior pituitary into the
bloodstream. Finally, ACTH acts on the adrenal gland to synthesize and release
cortisol. As indicated above, chronically elevated cortisol levels are associated with
detrimental health outcomes. Thus, HPA-axis activity is tightly regulated via negative
feedback loops at the level of the hypothalamus and the pituitary. Cortisol binds to
glucocorticoid receptors (GR), which then regulate gene expression and finally
dampen HPA-axis activity. In addition to direct feedback regulation, other brain
4
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regions such as the prefrontal cortex, the amygdala and especially the hippocampus
modulate HPA-axis activity in response to cortisol.
Early life stress (ELS), including prenatal stress, has repeatedly been
shown to enduringly alter the basal and stress-related activity of the HPA-axis,
although the directions of these changes vary considerably. For example, a flattened
diurnal cortisol profile was demonstrated in infants of mothers who experienced the
9/11 terror attacks and subsequently developed PTSD (Yehuda et al, 2005), and in
adolescents exposed to prenatal maternal anxiety (Van den Bergh et al, 2008;
O’Donnell et al, 2013). On the other hand, exposure to prenatal maternal anxiety or
depression is associated with increased awakening cortisol levels in children
(O’Connor et al, 2005) and elevated cortisol responses to acute stress in newborns
(Oberlander et al., 2008), respectively. Childhood stress exerts analagous effects on
HPA-axis function. Both increased (Halligan et al, 2004), and decreased (King et al,
2001) basal HPA-axis activities folowing childhood adversities have been reported.
Furthermore, adults with a history of childhood maltreatment were shown to exhibit
elevated (Heim, 2000) as well as decreased HPA-axis responses to stress (Carpenter et
al., 2007). A recent study demonstrated a decreased stress-related but increased basal
HPA-axis activity in individuals that were sexually abused during childhood (Schalinski
et al, 2015). Although these results seemingly contradict each other, they all point
towards a programming of HPA-axis function by early experiences bearing a
devastating potential for current and future health. Yet, as outlined in further detail in
chapter II, from an evolutionary perspective this process might reflect adaptations to a
hostile environment.
Some studies report decreased hippocampal GR expression that is related
to the advent of childhood abuse in human post-mortem brain tissue (McGowan et al,
2009)(Labonté et al., 2012b; Suderman et al., 2012). However, only animal models
enabled considerable insights into the molecular mechanisms that link pre- and
postnatal stress to mental ill health later in. As in humans, ELS evokes endocrine,
neuronal and behavioral alterations in rodents. Rats exposed to either prenatal or
postnatal stress displayed more anxiety- and depressive like behavior and HPA-axis
hyperactivity (Caldji et al., 1998; Francis et al., 1999; Liu et al., 1997; for a review see
Maccari et al., 2014; Morley-Fletcher et al., 2003a; Morley-Fletcher et al., 2003b), in
addition to differential gene expression in the brain. Various studies have shown that
prenatally or postnatally stressed rodents display decreased hippocampal GR
expression, increased CRH and AVP expression in the paraventricular nucleus (PVN)
5
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of the hypothalamus, increased basal or stress-induced corticosterone levels and
increased anxiety- and depressive-like behaviors (Brunton et al., 2010; Maccari et al.,
2014; Murgatroyd et al., 2009). Also structural and functional alterations in the
hippocampus in the aftermath of exposure to ELS have been reported. Consistent
with impaired spatial learning, prenatally-stressed rodents present with reduced
neurogenesis in the dentate gyrus (Lemaire et al, 2000) and reduction of N-methyl-Daspartate receptor (NMDA) receptor induced long-term potentiation (LTP) in CA1
neurons in vitro (Son et al, 2006). Correspondingly, decreased hippocampal volume and
inhibition of neurogenesis in the dentate gyrus is associated with increased
emotionality and HPA-axis responses in prenatally stress rhesus monkeys (Coe et al,
2003). Postnatal stress, e.g. by means of low maternal care in rats, results in similar
effects on the hippocampus as evidenced by decreased survival in the hippocampal
dentate gyrus (Bredy et al, 2003), shorter dendritic branch length and lower spine
density in CA1 neurons (Champagne et al, 2008). Again these structural alterations are
mirrored in hippocampal functioning, as low maternal care associated with a reduced
capacity to induce LTP in the CA1 area and dentate region in vitro (Bagot et al, 2009;
Champagne et al, 2008). Interestingly these effects only hold under basal conditions. In
these experiments, corticosterone application enhanced hippocampal LTP in rats,
which received low levels of maternal care (Bagot et al, 2009; Champagne et al, 2008).
This suggests a programming effect of maternal care, which ensures cognitive
functioning in a threatening environment facilitating memory formation in a highly
emotional context (see also chapter II).
In addition to genes related to the HPA-axis, differential expression in
genes involved in brain plasticity has been reported. For

example,

expression

of

brain-derived neurotrophic factor (BDNF), which is implicated in neuronal
differentiation, proliferation and plasticity (Park et al., 2013), was reported to be
decreased in the hippocampus of rats that experienced early life stress (Boersma et al,
2014; Liu et al, 2000). ELS also leads to downregulation of NDMA- and α-amino-3hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, both of which are
important modulators of LTP (Malenka and Nicoll, 1999) in the hippocampus, as
evidenced by reduced expression of their subunits (Liu et al, 2000; Yaka et al, 2007).
The afore-mentioned consequences of ELS were evident in adult animals,
thus highlighting their long-lasting legacy. In the past decade epigenetic modifications
have emerged as a promising mechanism by which experiences can be embedded in
changes in gene activity and thus long-term changes in physiology and behavior.
6
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I.3. Epigenetics
The term epigenetics was first coined by the embryologist Conrad H.
Waddington as the “the branch of biology, which studies the causal interactions between genes and
their products, which bring the phenotype into being” (Waddington, 1942, 1968). He
hypothetically described how the genotype of the zygote gives rise to multiple cell
types such as skin or nerve cells through interacting with differentiated cytoplasm and
the external environment (Waddington, 1939). Although, those cells share the same
genome, they vary drastically in terms of their structure and function. Epigenetics can
be regarded as an extra layer of information superimposed onto the genetic
information, which defines patterns of gene activity and thus phenotypic properties,
such as cell identity. During cycles of cell division, the cellular identity is reliably
copied to the daughter cells. A more recent and widely used definition of epigenetics
incorporates this dimension of inheritance: “The study of mitotically and/or meiotically
heritable changes in gene function that cannot be explained by changes in DNA sequence.” (Russo et
al., 1996)
The epigenetic mechanisms provoking these varying patterns of genome
activity can roughly be divided into chromatin modifications and noncoding RNA(ncRNA)

mediated

processes.

Chromatin

modifications

include

chemical

modifications of the DNA, DNA methylation, and associated proteins, histone
modifications (Fig. II-1). The various epigenetic mechanisms do not operate in
isolation but rather interact in determining the chromatin structure and patterns of
gene activity. DNA methylation is probably the most widely studied epigenetic
mechanism. This thesis exclusively investigates DNA methylation, however all of the
epigenetic mechanism will be briefly introduced in order to provide a comprehensive
picture.
Histone modifications
Although the DNA contained in the genome would measure 2 meters if
linearly stretched out, it fits into a cell nucleus of microscopic dimensions. The
structural organization into chromatin, the complex of DNA and proteins, enables
such a high degree of compaction. DNA is wound around eight histone proteins (each
containing two copies of four histone types: H2A, H2B, H3 and H4) to build a
structure called the nucleosome. Like a string of beads, successive repeats of
7
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nucleosomes create the chromatin fiber. Chromatin modifications, covalent
modifications of the histones at amino acid residues on their N-terminal tails, control
the degree to which the nucleosomes are condensed and thus the accessibility of the
DNA strand to the transcriptional machinery. Histone covalent modifications include
acetylation, ubiquitination, or SUMOylation at lysine residues, methylation at lysine or
arginine residues, and phosphorylation at serine or threonine residues, among others
(Kouzarides, 2007). In general, histoneacetylation for example leads to a more open
chromatin structure, euchromatin, and marks transcriptionally active DNA, whereas
covalent addition of methyl groups usually results in the opposite effect,
heterochromatin (Jenuwein et al., 2001).

Fig. I-1: Chromatin modifications

DNA methylation
DNA methylation, the covalent addition of a methyl residue to a cytosine,
marks a further type of chromatin modifications. It predominantly occurs in the
context of CpG-sites, a cytosine nucleotide followed by a guanine nucleotide, but has
also been identified in a non-CpG-context (Lister et al., 2009). The majority of human
gene-promoters are characterized by regions of high CpG density, CpG islands, which
are usually unmethylated (for a review see Jones, 2012). Methylation of a CpG-site
does not alter the genetic code itself, but it does alter the activity of the respective
gene. While DNA methylation in gene bodies is associated with transcribed genes,
DNA methylation in the regulatory region of a gene generally dampens its activity via
direct and indirect mechanisms (Jones, 1999). DNA methylation inhibits gene
8
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transcription either by preventing transcription factors (TF) from binding their target
sequence (Weaver et al., 2004) or by recruiting methyl-CpG-binding domain (MDB)
proteins. MDB proteins in turn recruit histone modifying enzymes resulting in
transcriptional silencing (Lopez-Serra et al., 2008). Thus DNA methylation and histone
modifications are highly intertwined mechanisms.
Non coding RNA
Traditionally, RNA including mRNA, tRNA and rRNA has been
considered to be the intermediate between DNA and protein, providing the template
and infrastructural platform for protein synthesis. Recently, various classes of small
noncoding (sncRNA) and long noncoding RNAs (lncRNA), i.e. RNA molecules not
being translated to proteins, have been post-transcriptionally implicated in regulating
gene expression (Morris et al., 2014). In a process called RNA interference, sncRNAs
of the classes small interfering RNA (siRNA) and mircoRNA (miRNA) bind to
complementary mRNA transcripts, preventing them from being translated into
proteins and/ or causing their degradation (Novina et al., 2004). Their sequence
complementarity to both mRNA and DNA renders sncRNA as good candidates to
guide chromatin modifiaction enzymes to specific loci. Indeed, the association of an
sncRNA with an mRNA transcript can cause DNA methylation and histone
modifications in the corresponding gene (Morris et al., 2004; Morris et al., 2014; Volpe
et al., 2011).

I.4. Epigenetics and stress related disease
Epigenetic processes aren’t limited to cellular differentiation, but also
respond to signals triggered by the external physical and social environment
particularly during early life. Thus, epigenetics can be regarded as an adaptation of the
genome or its activity to environmental conditions (Szyf, 2012). However, under
certain circumstances this mechanism might turn maladaptive and result in a sequela
of physical and mental illness. An elegant series of studies in rats illustrates these
relationships. Rats that experienced low levels of maternal care in their first days of
postnatal life show reduced hippocampal GR expression, increased HPA-axis
responses to stress and increased anxiety related behavior in adulthood (Francis et al,
1999; Liu et al, 1997). These changes have been causally related to increased
methylation and decreased histone acetylation at the GR promoter (Weaver et al, 2004).
These results have been replicated in a human context; postmortem hippocampi of
9
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suicide completers with a history of childhood abuse present with increased GR
methylation and correspondingly decreased GR expression (McGowan et al, 2009).
Following these initial reports, an increasing amount of evidence substantiates the
interaction between epigenetics and the early environment. Accordingly, several of the
afore-mentioned examples of differential gene expression were accompanied by
epigenetic modifications. The BDNF gene displayed increased methylation in the
prefrontal cortex of adult rats exposed to abusive caretakers (Roth et al, 2009) and in
both the hippocampus and amygdala of prenatally stressed adult rats (Boersma et al,
2014). In addition to the findings in the GR (Mueller et al., 2008; Weaver et al., 2004),
which have been extensively replicated (Palma-Gudiel et al., 2015; Turecki et al., 2016),
sustained epigenetic modifications due to ELS in further genes related to the HPA axis
have also been well established. For example, decreased methylation of the CRH gene
was found in the hippocampus and the hypothalamus in rats exposed to maternal
separation (Chen et al, 2012; Wang et al, 2014) and in the amygdala of prenatally
stressed rats (Mueller et al., 2008). Furthermore, maternal separation is associated with
decreased POMC and AVP methylation in the pituitary and the hypothalamus in rats,
respectively (Murgatroyd et al, 2009; Wu et al, 2014).
These studies demonstrate how early adversities become biologically
embedded and thus might interfere with brain development and consequently set the
affected individual at a heightened risk for the development of psychopathology.
Correspondingly, Teicher and colleagues suggested that epigenetic modifications
established in the aftermath of early adversities might reduce synaptic overproducing
resulting in a progressive loss of hippocampal synapses first apparent after puberty
(Andersen et al., 2004; Andersen et al., 2008b; Teicher et al., 2014a). This might explain
the reduced hippocampal volume after childhood sexual abuse (CSA), which only
becomes appearant in adolescence and for the delayed onset of depressive symptoms
that appear at adolescence, even though CSA might have already abated (Teicher et al.,
2009).
Epigenetics and Therapy
Such a delay between the experience of adverstities and resulting disease is
also seen in other psychopathological condtiotions such as PTSD and borderline
personality disorder (BPD) and might represent sensitive periods in which interventive
measures might alleviate the consequences of early adversities. Indeed peripubertal
enrichment was shown to restore initially reduced levels of NMDA-receptor
10
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expression, synaptic density in the hippocampus (Bredy et al, 2004) and cognitive
abilities in rats that received low levels of maternal care (Bredy et al, 2003a). Moreover,
cross-fostering of rats to high caring dams reversed the effects intially created by lowlevels of maternal care, such as increased hippocampal GR methylation, decreased
hippocampal GR expression and increased HPA-responses and anxious-like behaviour
(Weaver et al, 2004). Interestingly the effects induced by low levels of maternal care
could also be reversed by central application of the histone deacetylase (HDAC)
inhibitor trichostatin A (TSA) (Weaver et al, 2004).
There are some promising preliminary results that suggest the monitoring
and manipulation of epigenetic modifications in humans could serve as effective
therapeutic tools. Although in need of replication and validation, a recent pilot study
suggests that prolonged exposure psychotherapy is associated with decreased
methylation of the FK506 binding protein 5 (FKBP5) gene and PTSD remission (Yehuda
et al, 2013). Similarly, decreased BDNF methylation has been observed in the blood of
BPD subjects responding to intensive behavior therapy (Perroud et al, 2013). These
results highlight the potential of epigenetic modifications to serve as biomarkers for
therapeutic success. Furthermore, the administration of HDAC inhibitors (HDCAi)
has been discussed in order to assist psychotherapeutic approaches in anxiety and fearrelated disorders such as phobias or PTSD (Whittle and Singewald, 2014). Enhanced
histone acetylation is involved in long-term memory of fear extinction (Bredy et al,
2007), which is important in exposure therapies targeting anxiety and fear-related
disorders. Impaired extinction of learned fear is suggested to be impaired in PTSDpatients (Blechert et al., 2007; Milad et al., 2009). Rather than erasing learned stimulusfear associations, extinction of fear responses probably occurs through inhibition via
brain regions such as the hippocampus or the prefrontal cortex. Thus, it represents a
form of learning and relies on changes in gene expression in the respective brain
regions. Although human data showing HDCA inhibitors to enhance fear extinction
induced by exposure based therapy are limited to healthy individuals (Kuriyama et al,
2011, 2013), similar results were obtained in an animal model of PTSD. HDAC
inhibitor application enhanced fear extinction. This was accompanied by enhanced
levels of hippocampal histone acetylation and expression in memory related genes
such as the NMDA receptor and calcium/calmodulin kinase II (CaMKII) (Matsumoto et al,
2013).
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Relevance of peripheral Epigenetics
Although some studies investigated DNA methylation in post-mortem
brain tissue of suicide completers, only very few included early life adversities (Klengel
et al., 2014). Differential methylation of the GR gene and the rRna genes was found in
the hippocampus of persons with a history of childhood abuse (Labonté et al., 2012b;
McGowan et al., 2009; McGowan et al., 2008; Suderman et al., 2012). Furthermore,
genome-wide analyses revealed differential methylation as a result of childhood abuse
in several hundred promoters in the hippocampus (Labonté et al., 2013; Labonté et al.,
2012a). However, due to inherent limitations in obtaining brain tissue, human
epigenetic research has mainly utilized peripheral tissue such as blood and saliva, and
has repeatedly identified associations between early life adversities and epigenetic
modifications (Klengel et al., 2015). Whether findings in peripheral tissues represent
purely biomarkers or correlate with the epigenetic constitution of the brain needs to be
further investigated. However, as GR genes are expressed in almost every cell,
glucocorticoids released due to ELS could simultaneously act on the same genes in
different tissues (Klengel et al, 2014; Szyf, 2012, 2013). In this fashion ELS could
evoke system-wide epigenetic patterns that are correlated across tissues. In support of
this theory, treatment of hippocampal progenitor cells with glucocorticoids led to
demethylation in the same region of the FKBP5 gene that was observed to be less
methylated in the blood adults with a history of childhood trauma (Klengel et al, 2013).
Correspondingly, differential DNA methylation by means of differential maternal care
could not only be detected in both blood and the prefrontal cortex but also overlapped
in some CpG sites in rhesus macaques (Provençal et al, 2012). Davies et al reported
inter-individual differences in DNA methylation that were reflected in both blood and
brain tissue, however these were exceeded by intra-individual differences between
these tissues (Davies et al, 2012). Additionally, associations between peripheral DNA
methylation and memory functions (Vukojevic et al., 2014), as well as in vivo measures
of brain serotonin synthesis (Wang et al, 2012) suggest that peripheral epigenetic
measures provide useful information about brain function and are thus relevant in
epidemiological research. A causal involvement of peripheral epigenetic modifications
in psychopathological conditions might be inferred from to the crosstalk between the
immune system and the HPA-axis (Miller et al, 2005). An increase in proinflammatory
cytokines for example is discussed in the etiology of depression or PTSD (Gola et al,
2013; Köhler et al, 2014).
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I.5. Scope of this thesis
This thesis aims to investigate epigenetic modifications of HPA-axis genes
established in the aftermath of early adversities, including both prenatal stress and
stress during childhood, and how these relate to psychological wellbeing. A longlasting effect on DNA methylation in peripheral tissues has been reported for various
forms of early adversities such as low socio-economic-status (Borghol et al., 2012),
parental stressors (Essex et al., 2013), bullying victimization (Ouellet-Morin et al., 2013)
or childhood maltreatment (McGowan et al., 2009; McGowan et al., 2008; Tyrka et al.,
2012). Although epigenetic research concerning early adversities has to date, focused
mainly on postnatal stressors, epigenetic modifications following prenatal stress are
becoming increasingly investigated, too. Chapter II reviews the current literature on
this topic. The great majority of these studies utilized cord blood samples and can thus
demonstrate epigenetic modifications at birth. Additionally, studies on prenatal food
shortage performed in adults up to 6 decades after the event of undernutrition
evidence long-lasting epigenetic modifications in response to prenatal stress. Only
within the last year, persistent epigenetic modifications due to prenatal exposure to
psychological stress have been reported (Cao-Lei et al., 2015). Chapter III investigates
long-lasting epigenetic modifications after intrauterine exposure to maternal
psychological stress.
In addition to early adversities, differential DNA methylation reflects
several psychiatric diagnoses or emotional/behavioral disturbances including for
example suicide attempt (Kang et al., 2013; Murphy et al., 2013), depression (Fuchikami
et al., 2011; Kim et al., 2013; Uddin et al., 2011) and depressive symptoms (Zhao et al.,
2013) and PTSD (Klengel et al., 2014; Rusiecki et al., 2013; Rusiecki et al., 2012). As
outlined in more detail in the following chapters, differential methylation of the GR
gene is for example associated with both early adversities and impaired psychological
wellbeing (for reviews see Palma-Gudiel et al., 2015; Turecki et al., 2016). These parallel
findings suggest a key role of epigenetic modifications in mediating the negative
consequences of early life stress on psychological wellbeing. However, apart from rare
exceptions (see for example Klengel et al., 2013), these mutual relationships have not
properly been tested, as previous research usually focused exclusively on associations
between epigenetic modifications and either early adversities or impaired psychological
wellbeing (for a review see Klengel et al., 2014). Chapter IV investigates how the
interplay between early adversities and DNA methylation affects psychological
13
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wellbeing. So far, research investigating associations between epigenetic modifications
and mental health has been limited to a single measurement of mental health.
However, the specific psychopathology an individual might develop in the aftermath
of early adversities is highly variable and likely depends on various factors such as
timing, type and severity of exposure, genetic background and the presence of
moderating factors, such as the degree of parental support or involvement (Teicher et
al., 2014a). Therefore, in chapter IV impaired psychological wellbeing refers to an
increase of symptoms related to several psychopathological conditions (e.g. symptoms
associated with depression or conduct disorder) and behavioral/emotional problems.
Despite the well documented adverse consequences of childhood abuse
(Heim et al., 2001), it has been argued that specific forms of childhood abuse are less
harmful if taking place in societies or cultural groups in which such practices are
common, socially accepted and legal (Lansford et al., 2005). Chapter V investigates the
consequences of childhood abuse on both psychological wellbeing and DNA
methylation in a country — Tanzania — in which abusive acts towards children are
commonly employed and considered as efficient disciplinary strategy (Tanzania Daily
News, 2013).
Specifically, this thesis addresses the following hypotheses:
1) Both prenatal and postnatal stressors lead to long-lasting epigenetic
modifications in HPA-axis genes. (Chapter III – V)
2) Interactions between the epigenome and the environment determine an
individual’s risk to develop mental illness. More specifically, the
simultaneous occurrence of methylation at the GR gene and childhood
maltreatment constitutes a risk factor for developing psychopathology.
(Chapter IV)
3) These stress-induced epigenetic modifications are also apparent in
societies or social groups, in which specific forms of child abuse are
common practice and socially accepted. (Chapter V)
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II.1. Abstract
Diverse maternal experiences or mood disturbances before birth pose a
substantial risk for poor lifetime mental health outcomes. DNA methylation variation
in response to prenatal stress has been shown in animal model studies. Although
prenatal time represents a sensitive period of development, little is known about the
impact of maternal stress during pregnancy on DNA methylation during the life span
in humans. In this review we provide a brief summary of key human studies that bring
evidence of DNA methylation in association with prenatal stress. We discuss common
findings in the studies such as the type of maternal stress associated to offspring’s
DNA methylation and plasticity/stability of epigenetic variations. We also suggest the
contribution of additional candidate gene approaches and genome-wide DNA
methylation profile, in order to further explore and define the relationship between
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maternal care on DNA methylation as well as the importance of maternal well being
during pregnancy to prevent future health problems are considered.

II.2. Prenatal stress and its consequences for health
Adversities affecting children during early development, even prenatally,
pose major risk factors for psychopathological development, ranging from depression,
anxiety and substance use disorders to axes II diagnoses (personality disorders).
Compared to non-maltreated individuals, psychiatric patients with a history of
childhood maltreatment are characterized by earlier disease onset, greater symptom
severity, more comorbidities and poorer responses to treatments. Adversities during
prenatal life have reliably proven to elicit long-term effects. Epigenetic modifications
in stress-response systems, such as the hypothalamic-pituitary-adrenal (HPA) axis, may
be a driving force producing these maltreatment-induced disorders. There appears to
be limited specificity in terms of disease etiology, as various types of prenatal
adversities have been associated with various types of outcomes. Factors include social
exclusion, maternal mood disturbances such as those related to anxiety or depression,
bereavement (Khashan et al., 2008) or the experience of natural- (Laplante et al., 2008)
or men-made disasters (Kleinhaus et al., 2013; Yehuda et al., 2005), daily hassles
(Grizenko et al., 2012; Rice et al., 2010), smoking (Cornelius et al., 2012; Wakschlag et
al., 2010) or malnutrition (Painter et al., 2006).
While most studies assess infant or child outcomes, manifestations of
prenatal stress in adulthood also occur in adulthood, highlighting the long-term impact
of prenatal stress (Betts et al., 2015; Brown et al., 1995; Buchmann et al., 2014;
Entringer et al., 2009b; Entringer et al., 2008; Neugebauer et al., 1999; Painter et al.,
2006). The diverse nature of stressor types is mirrored by a wide range of different
health outcomes. Several studies report an association between prenatal stress and later
behavioral or emotional problems, such as asocial behavior (Zohsel et al., 2014),
hyperactivity disorder (Grizenko et al., 2012) aggression (Buchmann et al., 2014) or
internalizing and externalizing behavior (Betts et al., 2015). Further consequences, the
findings of which have been well replicated, include impaired cognitive function
(Buitelaar et al., 2003; Entringer et al., 2009a; Field et al., 2002; Huizink et al., 2003; King
et al., 2005; Laplante et al., 2008; Mennes et al., 2006; Niederhofer et al., 2004; Van den
Bergh et al., 2005) and severe psychopathological states such as schizophrenia
(Khashan et al., 2008; Susser et al., 1992; Susser et al., 1996; van Os et al., 1998) or
16
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autism (Beversdorf et al., 2005; Kinney et al., 2008). Finally, prenatal stress is associated
with diverse findings such as sleep problems (Field et al., 2002; O'Connor et al., 2007),
obesity (Ravelli et al., 1998; Ravelli et al., 1999), dermatoglyphic asymmetry (King et al.,
2009) mixed handedness (Glover et al., 2004) or immune function (Veru et al., 2014;
Wright et al., 2010).
Stress acts on several pathways such as the neuroendocrine and immune
systems, which are in turn highly interwoven (Chrousos et al., 1992). Stressful early life
events such as childhood physical and sexual abuse have been associated to long
lasting alteration of hypothalamic–pituitary–adrenal (HPA)-axis activity (e.g. Carpenter
et al., 2007; Heim et al., 2000; Schalinski et al., 2015). Furthermore trauma related
disorders such as PTSD present with both a marked reduction of regulatory T cells
(Sommershof et al., 2009) as well as altered brain function (Elbert et al., 2011).
Moreover dysregulation of these pathways is associated with various diseases and
behavioral problems (de Kloet et al., 2005). Accordingly, rather than focusing on a
specific disease, many studies focused on investigating the physiological or
neurological consequences of prenatal stress that place an individual at higher risk for
disease development. Many studies report altered HPA-axis function in response to
prenatal stress, which can be tilted the one way (elevated Diego et al., 2004; Huizink et
al., 2008; Van den Bergh et al., 2008) or the other (flattening of the rhythym,
Buchmann et al., 2014; O'Donnell et al., 2013; Yehuda et al., 2005). Also brain
development seems to be affected, as indicated by increased right frontal asymmetry
(Diego et al., 2004), reduced gray matter density (Buss et al., 2010) or differential white
matter microstructural organization (Sarkar et al., 2014). Finally, physiological
conditions increasing the vulnerability for metabolic or cardiovascular diseases, such as
insulin resistance, decreased glucose tolerance (Ravelli et al., 1998) or increased blood
pressure (Painter et al., 2006) have been reported after prenatal stress exposure.
This wide range of health outcomes highlights the necessity of having a
multidisciplinary, etiology-based approach in prenatal stress research, incorporating
findings from fields such as mental health, immunology and physiology in order to
more accurately gauge the averse effects of prenatal stress (O'Connor et al., 2014).
Understanding how maternal experience in the social environment can be embedded
in offspring’s biology is of fundamental importance for creating effective
interventions.
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II.3. Adaptive value of prenatal stress?
Via the placenta, which directly connects the in utero environment to the
maternal physiology, the fetus receives signals about the maternal environment. Fetal
programming denotes the concept that such signals can permanently alter the
development of the fetus and the child. Although research has mainly focused on the
adverse aspects in terms of increased disease susceptibility, this process is thought to
be adaptive as it enables the fetus to acclimate to both its current environment and the
one into which it will be born. Maternal constraint, i.e. mechanisms avoiding the
outgrowth of the fetus from the pelvic channel, exemplifies a classic example of the
adaptive values gained by maternal signals (Gluckman et al., 2004b). In the context of
nutrition, the developmental (or fetal) origins of adult disease have been proposed.
This theory states that poor nutrition during fetal development places the individual at
higher risk for the development of cardiovascular diseases and metabolic disorders in
adulthood

(Barker,

2004).

Rather

than

exclusively

attributing

pathological

consequences to physiological alterations induced by prenatal stress, the predictive
adaptive response model assumes that these may be beneficial if the organism
continues to be exposed to stressful conditions in later life (Gluckman et al., 2004a;
Gluckman et al., 2005). However, if the in utero environment fails at predicting the
future environment, the organism is at heightened risk for developing unfavorable
health conditions. Compelling evidence for this model was gathered when comparing
the offspring of women pregnant during either one of two civilian famines of world
war two, the Dutch Hunger Winter (1944-45) and the Siege of Leningrad (1941-44). In
the former case, food was soon available again while the population remained starving
in the latter case. Accordingly, in the Dutch cohort, those children were more
susceptible to a range of metabolic diseases including insulin resistance or obesity
while the latter cohort seemed to be unaffected (Stanner et al., 1997). These
contradictory effects were hypothesized to result from fetal adaptations to a poorly
nourished environment such as insulin resistance ensuring energy allocation towards
the brain. However, in a situation of plenty such conditions rather increase the
vulnerability to metabolic diseases such as diabetes or obesity in individuals in a
situation of plenty (Hales et al., 2001). While the aforementioned concepts and studies
focus on maternal prenatal food availability and cardiovascular and metabolic
consequences, the effects of prenatal stress on neurodevelopment are also likely to
reflect a predictive role in assisting the individual to survive in a dangerous
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environment. From an evolutionary perspective, it has been debated, for example, that
increased levels of aggression, a feature found to be associated with prenatal stress
(Buchmann et al., 2014), may be adaptive in dangerous environments. However, in our
modern society, we are usually not confronted with the types of stressors that demand
an increased willingness for the display of aggressive behavior (for a review see Glover,
2011). Accordingly, adverse effects of incongruence between the pre- and postnatal
environment have been found in a model of maternal depression. Infants of mothers
experiencing inconsistent levels of depressive symptoms show signs of impaired motor
and mental development, even though the incongruence was due to improving
maternal mental health following delivery (Sandman et al., 2012).

II.4. Transmission of prenatal stress to the fetus
A crucial question in understanding the contribution of the maternal
wellbeing during gestation in determining the children’s health concerns the
transmission of maternal stress to the fetus, i.e. the biological correlate of maternal
stress. The maternal HPA-axis constitutes a likely candidate. Glucocorticoids are
critical in normal development of the fetus as they are involved in the growth and
maturation of many organ systems. However exposure of the fetus to increased levels
of cortisol, resulting for example from maternal stress, can lead to long-term
“programming” of HPA function and behavior (Moisiadis et al., 2014). Indeed elevated
cortisol concentration in amniotic fluid were associated with blunted HPA-axis
responses to acute stress and higher basal cortisol (O'Connor et al., 2013).
Furthermore, it predicted decreased cognitive abilities (Bergman et al., 2010). However,
due to the dynamics of placental CRH expression, the maternal HPA-axis functions
differently during gestation rendering maternal cortisol exclusively mediating the
effects of prenatal stress unlikely. In contrast to the cortisol-mediated feedback
inhibition of the HPA-axis, cortisol triggers placental CRH expression culminating in
exponentially increasing maternal CRH and concomitantly cortisol-levels over the
course of pregnancy. Especially during later stages of pregnancy, the maternal HPAaxis becomes less responsive and the association between gestational stress and
maternal cortisol levels is highly debated (for a review see O'Donnell et al., 2009).
Moreover, the placental enzyme 11β-dehydrogenase 2 (11β-HSD2) prevents the fetus
from excess exposure to maternal cortisol by converting it into its inactive form
corticosterone. Consequently, in utero cortisol levels can only partially reflect the
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mother’s cortisol levels and are substantially lower (Gitau et al., 1998; Seckl, 2004).
Lower

placental

11β-HSD2-expression

causing

increased

in

utero

cortisol

concentrations has also been suggested to be involved into the transmission of
prenatal stress. Indeed, placental 11β-HSD2 expression has been shown to be down
regulated by means of prenatal maternal stress (O'Donnell et al., 2012), which seems to
be epigenetically regulated (Conradt et al., 2013; Marsit et al., 2012). A simplified model
of the HPA and Placental Stress System during pregnancy is illustrated in Fig. II-1.

Fig. II-1: Prenatal Stress
Mood disorders (Oberlander et al., 2008), intimate partner violence (Radtke et al., 2011),
war related events and daily psychosocial stress (Mulligan et al., 2012), have been
reported to affect DNA methylation and thus gene expression and lifetime health.
Furthermore aspects of the postnatal environment such as stress and maternal care are
known to induce changes in DNA methylation (Champagne et al., 2008; Provençal et al.,
2012; Tung et al., 2012; Weaver et al., 2004).

The impact of maternal stress during pregnancy on the fetus involves
complex pathways. In addition to the maternal HPA-axis, other mechanisms are also
considered to meditate the effects of gestational maternal stress. However, whether
these can account for later health outcomes remains to be determined. For instance,
reduced uterine blood flow potentially restricting fetal oxygen supply has been
considered a possible correlate of prenatal stress (Teixeira et al., 1999). Via blood vessel
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constriction, maternal catecholamines released following distress may account for this
phenomenon (Resnik et al., 1979). However, recent studies report only low or missing
associations between prenatal maternal stress and uterine blood flow (Mendelson et al.,
2011; Monk et al., 2012), thus questioning the latter as a correlate for maternal stress.
Levels of inflammatory cytokines, which have been shown to be elevated in gestational
stressed women (Blackmore et al., 2011; Coussons-Read et al., 2007), constitute another
alternative. Indirect evidence for the implications of those in the offspring’s
development might arise from findings showing that maternal influenza in pregnancy
is associated with schizophrenia (Brown et al., 2000).

II.5. Epigenetic modifications – molecular mirror of the prenatal environment
Epigenetic mechanisms have been suggested to underlie the interplay
between the environment and gene expression. Epigenetics involves a broad range of
phenomena (dosage compensation, genomic imprinting) and mechanisms (chromatin
organization and histone modifications) whereby DNA methylation is to date the most
extensively investigated mechanism and the focus of this review. Although DNA
methylation was thought to be restricted to early embryonic development, it has been
shown to be plastic throughout life. Exposure to nutritional changes (Vucetic et al.,
2010), chemicals (Onishchenko et al., 2008) and a broad range of environmental
stressors (Roth et al., 2011b; Weaver et al., 2004) occurring during pre- and postnatal
development have suggested that epigenetic regulation of gene expression is a critical
target of experience-dependent changes. Epigenetic reprogramming, when occurring
in primordial cells and during pre-implantation development, leads to almost complete
genome-wide DNA demethylation (Hackett et al., 2012). Nevertheless, evidence
suggests that some epigenetic marks seem to persist across generations (Gapp et al.,
2014). Furthermore, in line with the fetal programming concept, it has been debated
that epigenetic modifications during the intra uterine period responding to adversities
could serve as a possible genome adaptation mechanism, adapting the genome
function to changes in the early environment, occurring in multiple tissues and across
many regions in the genome. A model illustration of prenatal maternal stress, DNA
methylation and gene expression association is summarized in Fig II-2.
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Fig. II-2: Transmission of prenatal Stress
During pregnancy, CRH is released from the placenta into both the maternal and fetal
compartments. In contrast to the negative feedback regulation of hypothalamic CRH,
cortisol increases the production of CRH from the placenta. Placental CRH (pCRH)
concentrations rise exponentially over the course of gestation. In addition to its effects on
pCRH, maternal cortisol passes through the placenta. However, the effects of maternal
cortisol on the fetus are modulated by the presence of p11ß-HSD2 which oxidizes it into an
inactive form, cortisone (modified version from Sandman et al., 2011).

II.6. Candidate gene approach
In candidate studies, the investigated genes are selected based on prior
knowledge concerning their biological function or involvement in certain traits. The
candidate approach allows for gaining further insights on the molecular and biological
mechanisms that underlie the association between DNA methylation and the
environmental stressors. For instance, it can provide information on whether a specific
set of candidate genes is differentially methylated by means of early life stress or on the
effects of epigenetic modification on downstream processes such as gene expression.
A particular endocrine pathway affected by early adverse experiences is the “élite
defence force” against stressors, i.e., the HPA-axis. This pathway involves hormones
secreted by the hypothalamus, pituitary and adrenal glands as well as their receptors
and plays a major role in stress responses. When functioning properly, the HPA-axis
helps in responding to a crisis. When unremitting stress forces the HPA-axis to tilt one
way, the result can be anything from a long-lasting head cold to depression. When
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tilted the other way towards a flattening of the rhythm of stress hormones, the
undesirable consequences may be abdominal fat, loss of muscle mass and mental ailing
(McEwen et al., 2002).
The first line of evidence in an association between early-life experience and changes
in DNA methylation came from a candidate gene study focusing on the glucocorticoid
receptor (GR) in rats. The GR is critically involved in the negative feedback regulation
of the HPA axis. Weaver et al. (2004) showed that variation in maternal care during the
first week of the rats’ life regulates the level of methylation of the GR gene. In mice,
the GR gene was also shown to be differentially methylated in response to prenatal
stress (Champagne et al., 2011).
The impact of prenatal stress on the methylation of the glucocorticoid
receptor gene has also been investigated in humans. DNA methylation has been
associated with different types of prenatal adversities, such as maternal mood disorders
and traumatic events (Turecki et al., 2016) but also the absence of an effect has been
reported (van der Knaap et al., 2014). In a prospective study, maternal suffering from
depression symptoms was reported to be associated with both DNA methylation of
the GR gene in neonatal cord blood and infant cortisol stress responses at three
months (Oberlander et al., 2008). Conradt et al. (2013) extended this work using
placenta tissue and found maternal depression during pregnancy associated with
increased methylation of both the GR and the 11β-HSD2 gene suggestive of elevated
intrauterine cortisol levels and thus a potential mechanism by which maternal stress is
transmitted to the fetus. Accordingly, Hompes et al. (2013) reported an additive effect
of gestational maternal cortisol levels and emotional state on GR methylation in cord
blood. Recently Murgatroyd et al. (2015) reported an interactive effect of prenatal and
postnatal maternal depression. Methylation of the GR gene in infants was elevated in
the presence of increased maternal postnatal depression following low prenatal
depression. More interesting those effects were reported to be reversed by maternal
stroking of the infants over the first weeks of life (Murgatroyd et al., 2015).
Furthermore, an association between war related events during pregnancy and GR
methylation in newborns has been shown (Mulligan et al., 2012). While the studies
cited above investigated differential methylation at birth, these changes seem to persist
into adulthood. In a retrospective study we found that maternal exposure to Intimate
Partner Violence during pregnancy is associated with increased methylation of the GR
gene in children aged 10-19 year old in peripheral blood samples (Radtke et al., 2011).
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The methylation status of several other candidate genes have been
investigated in association to adversities experienced during the prenatal period. For
example in infants’ cord blood, maternal depression during pregnancy was correlated
with DNA methylation at the serotonin transporter gene SLC6A4 but not BDNF
(Devlin et al., 2010) as well as at the differentially methylated region (DMR) controlling
the imprinted IGF2- and H19-genes (Chen et al., 2014). Another study investigating
imprinted genes reported increased methylation at the MEG3 DMR by means of
gestational maternal depression or anxiety but not at the IGF2 DMR (Liu et al., 2012).
However, methylation of the IGF2 DMR in this study was associated with low birth
weight indicative of prenatal stress. Prenatal exposure to the Dutch Hunger Winter
was associated with adult IGF2 DMR methylation (Heijmans et al., 2008) and in the
following genes GNASAS, MEG3, INSIGF, IL10, ABCA1 and LEP (Tobi et al.,
2009). Perceived stress during pregnancy (Vidal et al., 2014) was associated with higher
infant DNA methylation at MEST, a gene relevant to abnormal maternal behavior and
obesity in studies with mice.
While the majority of human epigenetic research investigating the effects
of prenatal stress on DNA methylation focused on molecular findings, a few also
incorporated phenotypic measures further implicating DNA methylation in mediating
the association with prenatal stress. Differential DNA methylation evoked by prenatal
stress was associated with low birth weight (Liu et al., 2012; Mulligan et al., 2012;
Murphy et al., 2012), altered HPA-axis function (Oberlander et al., 2008; Yehuda et al.,
2014), decreased GR expression (Yehuda et al., 2014) and impaired neonatal behavior
and lethargy (Conradt et al., 2013). It has been suggested that the impact of
environmental factors on the type and extent of epigenetic variations is dependent on
the developmental stage of occurrence (Provencal et al., 2015), and particularly early
pregnancy (Heijmans et al., 2008; Hompes et al., 2013; Tobi et al., 2014; Tobi et al.,
2009) seems to play a critical role, although the third trimester has also been implicated
(Oberlander et al., 2008). Interestingly, different types of adversities have been
reported in association with offspring’s DNA methylation: not only maternal exposure
to severe traumatic events (e.g. war related events) or mood disorders (e.g.
depression/anxiety symptoms) but also more common prenatal stressful events, such
as daily psychosocial stress (e.g. Mulligan et al., 2012; Vidal et al., 2014).
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II.7. Epigenome-wide association studies
With recent technological advancements it is now possible to identify
epigenetic variants across the genome and test their association with complex traits
(Tsai et al., 2012). Inspired by the forward genetic approach of genome-wide
association studies (GWAS), epigenome-wide association studies (EWAS) query DNA
methylation at thousands of genomic locations in order to identify associations with a
trait of interest. Unlike candidate gene approaches a genome-scale analysis of
differential DNA methylation enables the unbiased detection of new regulatory
mechanisms that are susceptible to environmental changes. Many of these associated
regions are unsuspected a priori. For example, DNA methylation in novel genes
involved in diverse developmental processes that had not been previously implicated
in responses to tobacco smoke was reported in association with tobacco smoke during
pregnancy (Joubert et al., 2012). Non et al. (2014) performed an EWAS in umbilical
cord blood of neonates exposed to maternal depression and anxiety during pregnancy
and described a gene (COL7A1) linked with a skin condition (dystropich epidermolysis
bullosa) that had not yet been associated with depression or other psychological
experiences. Interestingly biomarkers for prenatal adversity in genome-wide DNA
methylation profiles have been reported also in adolescence and adulthood (Cao-Lei et
al., 2014; Tobi et al., 2014). For instance, Cao-Lei et al. (2014) reported the patterns of
DNA methylation in children whose mothers were pregnant when exposed to the
Quebec ice storm in 1998 and found an association to pathways involved in the
immune system thirteen years later. DNA methylation changes in SCG5 and LTA,
both highly correlated with maternal objective stress, were comparable in T cells,
peripheral blood mononuclear cells (PBMCs) and saliva cells. Tobi et al. (2014)
performed a genome-scale analysis in whole blood of individuals who were exposed to
famine during early gestation at the Dutch Hunger Winter and identified key pathways
related to growth and metabolism associated with malnutrition more than six decades
later. Interestingly, as reported by the candidate gene studies, differentially DNA
methylation was observed in different tissues (e.g. saliva, blood, T cells). The results
support the “system wide” response hypotheses, based on evidence that phenotypic
response to early-life adversity involves multiple phenotypes and thereby involves
multiple systems (Szyf 2012). Concordantly, a recent study compared differential
methylation by means of maternal lifetime depression in two cohorts using cord blood
T lymphocytes and adult hippocampi. This study reported an overlap of 33 genes with
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changes in DNA methylation in the two tissues supporting the idea of lifelong
epigenetic effects in various tissues (Nemoda et al., 2015). Table II-1 summarizes the
list of candidate gene and EWAS studies with humans reported in this review.
Table I-1: Prenatal stress and DNA methylation in Humans
Gene

Study design maternal stressor Age at tissue
collection

Tissue

Authors

GR

Candidate
gene
Candidate
gene

Cord blood

Oberlander et
al. (2008)
Heijmans et al.
(2008)

IGF2

GNASAS, MEG3, Candidate
INSIGF, IL10 and gene
LEP

Depression

Newborn

War-time famine 6 decades after Whole blood
famine prenatally
exposure
War-time famine 51 – 62 years old Whole blood

SLC6A4

Candidate
gene

Depression

Newborn

GR

Candidate
gene

Intimate Partner
Violence

10 - 19 years old Whole blood

Radtke et al.
(2011)

GR

Candidate
gene

War related
events

Newborn

Cord blood

Mulligan et al.
(2012)

MEG3

Candidate
gene

Depression

Newborn

Cord blood

Liu et al. (2012)

GR and 11ßHSD2

Candidate
gene

Depression,
anxiety

Newborn

Placenta

Conradt et al.
(2013)

GR

Candidate
gene
Candidate
gene

Emotional well- Newborn
being, cortisol
Depression,
Newborn
anxiety, perceived
stress
Perceived stress Newborn

Cord blood

Hompes et al.
(2013)
Chen et al.
(2014)

Depression,
anxiety

Newborn

Cord blood

Biological
EWAS
pathways
prominently
featured in
immune function

Ice storm

13 years old

T cells

Biological
EWAS
pathways related
to growth and
metabolism
associated

War-time famine 51 – 62 years old Whole blood

Tobi et al.
(2014)

Genes involved in EWAS
immune system
functions

Depression

Newborn

Cord blood (T
lymphocytes)

Nemoda et al.
(2015)

GR

Depression and
postnatal
maternal
depression and
stroking

5 weeks – 14
months

Saliva

Murgatroyd et
al. (2015)

IGF2, H19

MEST

Candidate
gene
Genes associated EWAS
to regulation of
transcription,
translation and
cell division

Candidate
gene
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Cord blood
(leukocytes)

Tobi et al.
(2009)

Placenta,
umbilical cord
blood
Cord blood

Devlin et al.
(2010)

Vidal et al.
(2014)
Non et al.
(2014)

Cao-Lei et al.
(2014)
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II.8. Maternal rearing as predictor of variation in DNA methylation
Timescale for maternal effects on epigenetic variations is suggested to not
be restricted to the intrauterine environment. Although the prenatal period represents a
sensitive period of development (Pirini et al., 2015), association of parenting and
variations in DNA methylation is suggested to be extended to the entire lifespan,
including before conception, such as nutritional and smoking influence on the gametes
(for a review see Lane et al., 2014) and postnatal period (Champagne, 2008). Indeed
parental care is a strong predictor of postnatal variation in DNA methylation (for a
review see Champagne 2008). It is known that maternal behavior can influence critical
aspects of development such as offspring’s neurobiology and behavior (Harlow et al.,
1974; Sato et al., 1998; Taborelli et al., 2013). Evidence from experiments with animal
models manipulating maternal care received by offspring have been reinforcing the
plasticity idea of epigenetic states in response to variation in the social environment
(Provençal et al., 2012; Tung et al., 2012; Weaver et al., 2004). For instance, as
mentioned before in the experiment of Weaver et al. (2004), maternal care caused
differential DNA methylation of the GR promoter region and correspondingly altered
hippocampal GR expression and behavior. A cross-fostering design excluding genetic
artifacts confirms that these effects were mediated by the quality of the postnatal
environmental, i.e. maternal care. This provides a dynamic mechanism for maintaining
long-term changes in the gene expression and behavior of offspring (Champagne
2008). Consistent with Weaver et al. (2004), rearing was associated with differential
DNA methylation in an experimental investigation of early maternal deprivation on
adult rhesus monkeys (Provençal et al. 2012). Interestingly the differences in DNA
methylation were observed in adulthood, supporting the hypothesis that the response
to early-life adversity can persist into adulthood. Epigenetic changes during adulthood
were also reported in female monkeys when exposed to experimentally controlled
changes in social status (i.e. dominance rank) during adulthood (Tung et al. 2012).
Moreover, when the monkeys moved to a new rank, their gene expression profiles
changed as well, suggesting epigenetic flexibility in responses to the changes in the
social environment (Tung et al. 2012).
In humans, the disruption or lack of adequate nurturing and inadequate
parental care was associated with increased GR promoter methylation (Tyrka et al.,
2012). In addition, epigenetic changes in the proopiomelanocortin (POMC) gene may
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promote HPA axis dysfunction (Ehrlich et al., 2010). In a very recent study we found
that inadequate parental care and maltreatment was associated with children’s
differential methylation in the POMC gene measured in saliva and blood (Hecker et al.,
2016). In a sample of former indentured child laborers who suffered severe childhood
adversities functional annotation clustering suggested several gene clusters were
differentially methylated (Marinova et al. 2015). The genes with hypermethylated CpGs
were related to cellular morphogenesis, neuronal and cell development and
differentiation. Genes with hypomethylated CpGs were enriched in clusters related to
impaired connectivity of neurons. The study indicated that distinct differences in
DNA methylation associated with childhood trauma could be detected in late
adulthood. These findings emphasize the detrimental consequences of inadequate
parental care and child maltreatment.

II.9. Implications of Epigenetic plasticity
The notion of epigenetic plasticity and thus the reversibility of
epigenetically determined health conditions might open new avenues for therapy by
either pharmacological agents or social interventions and the evaluation thereof (Szyf,
2011). Specific drugs such as histone deacetylase inhibitor trichostatin A and
methionine have been shown to reverse early experience associated changes in DNA
methylation and behavioral changes in adulthood (Weaver et al., 2006). Furthermore, a
recent study suggested that the epigenetic state might be changed after psychotherapy
(Yehuda et al., 2013). Therefore, at least certain trauma-associated epigenetic changes
seem to be reversible and positive environment might induce epigenetic variation that
would impact the response to stress (Provencal et al., 2015).
These observations point to a seemingly contradictory scenario. On the
one hand, prenatal stress can have long lasting impact on DNA methylation. On the
other hand, epigenetic modifications are also sensitive to environmental changes
throughout the lifespan. Whether the nature of epigenetic changes is dependent on
windows of sensitivity or is specific to a genomic region (Daskalakis et al., 2014) and
the complex interactions involved in methylation stability, remains to be investigated.
Although evidence of prenatal studies has shown an association between fetal
exposure and maternal stress, there is also a possibility that this influence is indirect.
Maternal stress experienced during the prenatal period compromises maternal care
during the postnatal period and thus influences offspring development (Champagne
2008).
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As reviewed above, a variety of adverse conditions increase the risk for an
impaired development of the children, as reflected at the molecular level. This implies
a great burden not only on the affected individual but also on the greater society e.g.
due to the costs arising from the complications stemming from mental ill health and
the associated mental health care treatments (Soni, 2009). Therefore, preventative
interventions improving the well being of pregnant mothers as means to circumvent
future health problems in their children is crucial and most likely more economically
beneficial than interventions targeting these children after unfavorable health
conditions or molecular patterns have already manifested. While physical attributes
such as diet or avoidance of toxin exposure have been incorporated and proven to be
beneficial in the care of pregnant women (Kirkham et al., 2005), psychosocial risk
factors have been largely neglected. Instruments to identify women confronted with
psychosocial risk factors are fundamental in filling this void (e.g. Austin et al., 2013;
Harrison et al., 2008; Reid et al., 1998; Spyridou et al., 2014, 2015).
Taken together, both candidate gene approach and EWAS can bring
valuable contributions to the field. Focus on target genes contributes to the
understanding of biological events that mediate connections between early stress and
biological function. Furthermore, understanding methylation patterns at the level of
specific candidate genes may be beneficial when assessing the effectiveness of clinical
treatments. Describing the DNA methylation signatures from a genome-scale analysis
associated with a trait is an important step in establishing DNA signatures of prenatal
stress, uncovering new regulatory mechanisms and providing a better understanding of
complex pathways involved in different biological functions that are susceptible to
environmental changes. Hence knowledge of the factors that are involved in the
stability and reversibility of DNA methylation status associated to prenatal stress is
fundamental to contribute to the development of novel specific therapeutic and
preventive interventions.
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III.1. Abstract
Prenatal exposure to maternal stress can have lifelong implications for
psychological function, such as behavioural problems and even the development of
mental illness. Previous research suggests that this is due to transgenerational
epigenetic programming of genes operating in the hypothalamic-pituitary-adrenal
(HPA) axis, such as the glucocorticoid receptor (GR). However, it is not known
whether intrauterine exposure to maternal stress affects the epigenetic state of these
genes beyond infancy. Here we analyse the methylation status of the GR gene in
mothers and their children, at 10 to 19 years after birth. We combine these data with a
retrospective evaluation of maternal exposure to intimate partner violence (IPV).
Methylation of the mothers’ GR gene was not affected by IPV. For the first time, we
show that methylation status of the GR gene of adolescent children is influenced by
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their mother’s experience of IPV during pregnancy. As these sustained epigenetic
modifications are established in utero we consider this to be a plausible mechanism by
which prenatal stress may program adult psychosocial function.

III.2. Introduction
Prenatal stress can have a lasting detrimental impact on psychological
health; however, the molecular mechanisms that transmit this experience to adult
behaviour are not fully characterized (St Clair et al., 2005; Susser et al., 1992; Susser et
al., 1996; Talge et al., 2007; Watson et al., 1999). The hypothalamic-pituitary-adrenal
(HPA) axis is critical for homeostasis – it controls growth, reproduction, metabolism
and behaviour; it is also the primary line of the “defence cascade” which helps humans
to deal with crises. Hyperactivity of the HPA-axis can cause anything from a longlasting head cold to depression. Hypoactivity of the HPA-axis can cause undesirable
consequences such as abdominal fat, loss of muscle mass and mental ill-health (Elbert
et al., 2003; McEwen et al., 2002). Tuning of the HPA-axis and its physiological
pathways is highly susceptible to the influence of early life events. Prenatal stress such
as antenatal exposure to maternal anxiety has sustained effects on HPA-axis function
(O'Connor et al., 2005) and is associated with behavioural and emotional problems
arising during development (O'Connor et al., 2002; O'Connor et al., 2003).
DNA methylation could be a mechanism by which prenatal stress is
translated into changes in gene expression and physiology (Murgatroyd et al., 2009),
and ultimately psychologically vulnerable phenotypes (Gregory et al., 2009; Uddin et al.,
2010). The glucocorticoid receptor (GR), a major regulator of the HPA-axis (de Kloet
et al., 2005), could be involved in such a transmission, controlling many aspects of
development, metabolism and immune function. Landmark experiments in rodents
show that both the hippocampal expression of this gene and the behavioural
responses to stress are modulated by the amount of care mothers invest into their
offspring in the first days of postnatal life (Francis et al., 1999; Liu et al., 1997). This is
likely to be the result of epigenetic modifications, specifically, through methylation of
exon 1F of the GR promoter (Weaver et al., 2004). This exon contains a response
element for the nerve growth factor-inducible protein A (NGFI-A) (McCormick et al.,
2000) and binding of NGFI-A to its response element increases GR expression.
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Methylation of the NGFI-A response element inhibits the association with its ‘ligand’
thereby decreasing GR expression(Szyf et al., 2005; Weaver et al., 2007). Also the
human GR gene is affected by aversive social environments as childhood abuse leads
to increased methylation in exon 1F of the GR promoter (McGowan et al., 2009).
The vast majority of studies analysing the influence of stress on the epigenetic
regulation of the HPA-axis have focussed on postnatal stressors. However, recent
research suggests that the intrauterine environment can also impact the epigenetic state
of HPA-axis genes – prenatal exposure to maternal depressive mood was shown to
correlate with GR promoter methylation in newborns (Oberlander et al., 2008).
Furthermore, increased GR promoter methylation was associated with higher cortisol
responses to stress in this study and could therefore represent fetal programming of
the HPA-axis. However, this study focused on methylation status in umbilical cord
blood. Therefore it is not known, whether epigenetic marks that are established in
utero due to the psychosocial situation of the mother are maintained beyond infancy.
Here we investigate whether gestational maternal aversive experiences can
have a prolonged effect, 10 to 19 years after birth, on DNA methylation of the
offspring based on bisulfite sequencing of DNA from whole blood. Both intrauterine
exposure to marital discord and GR promoter methylation can predict
psychopathology (McGowan et al., 2009; Stott, 1973; Ward, 1991). We aimed to
determine whether prenatal exposure to intimate partner violence (IPV) leads to
increased GR promoter methylation later in life, which might mediate increased
susceptibility to psychopathology.

III.3. Materials and Methods
Participants
The study cohort represents a convenience sample, as there were no
specific criteria that the participants had to fulfil. Mother-child pairs were either
recruited via advertisements or taken from another study (Roth et al., 2011a).
Psychological parameters
We studied the impact of exposure to intimate partner violence (IPV) in
women from a variety of ethnic backgrounds (e.g. Kosovo, Russia, Turkey, etc.), who
reside in Germany (Table III-1). IPV was evaluated using the Composite Abuse Scale
(CAS) (Hegarty et al., 1999) applied as structured interview by experienced clinical
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psychologists. The CAS is a validated (Hegarty et al., 2005) tool, which measures the
degree of domestic violence experienced by an individual in the four dimensions of
severe combined abuse, physical abuse, emotional abuse and harassment (Hegarty et
al., 1999). It consists of 30 items, which are scaled from 0 (never) to 5 (daily). Missing
items, due to problems concerning the translation, were replaced with the mean of the
existing items (1 of 25 interviews). According to previously described methods
(MacMillan et al., 2009; Taft et al., 2009), a resulting ‘sumscore’ of 7 or higher was used
as the criterion for exposure to IPV. In order to match the design of our study, the
CAS was conducted three times separately focusing on the period before, during and
after the pregnancy with the particular child whose blood was analyzed in this study.
For the periods before and after pregnancy, participants were asked to report acts of
domestic violence whenever these happened before or after pregnancy with the
relevant child. These periods were not limited to an absolute time span.
Table III-1: Maternal IPV and sociodemographics
childs’
childs’
age
gender
[years]

maternal exposure to IPV
in relation to pregnancy

label

before

during

after

1
2

no
no

no
no

no
no

no
no

male
male

19
17

3

no

no

no

no

female

13

4
5

no
no

no
no

no
yes

no
yes

male
female

10
16

6

no

no

no

no

female

14

7

no

no

no

no

male

13

8

no

no

no

no

female

14

10
11

no
no

yes
no

yes
yes

yes
yes

female
female

15
12

12

no

no

yes

yes

male

17

13
14

no
no

no
yes

no
no

no
yes

female
female

17
13

17

n.a

n.a.

yes

yes

female

12

18
20

no
no

no
no

no
no

no
no

female
female

13
12

21

yes

yes

yes

yes

male

11

22
23
24
25
26
27

no
no
no
yes
no
n.a.

no
yes
no
yes
no
yes

no
no
no
yes
yes
n.a

no
yes
no
yes
yes
yes

male
female
male
female
female
female

12
10
13
14
17
14

mode of
birth

total
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spont.
spont
emerg.
C-sect.
spont.
spont.
elect.
C-sect.
spont.
elect.
C-sect.
other
spont.
emerg.
C-sect.
spont.
spont.
emerg.
C-sect.
spont.
spont.
elect.
C-sect.
spont.
spont.
spont.
spont.
spont.
spont.

mothers’ mothers’
country
age at
of origin
birth
[years]
19
31

Rus
Pl

25

Tr

29
19

Ger
Irq

28

Ger

28

Rus

27

Rus

29
31

Ger
Rc

21

Ir

26
38

Cs
Rus

18

Irq

29
26

Srb
Srb

23

Srb

20
19
29
24
16
22

Scg
Irq
Srb
Srb
Srb
Tr
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childs’
childs’
age
gender
[years]

maternal exposure to IPV
in relation to pregnancy

label

total

mothers’ mothers’
country
age at
of origin
birth
[years]

before

during

28

yes

yes

yes

yes

female

18

spont.

22

Tr

29

n.a.

yes

n.a.

yes

female

17

spont.

30

Tr

3 (22)

8 (24)

9 (23)

13 (25)

25

25

25

25

n

after

mode of
birth

range
mean ± s.e.m.

10-19

16-38

14.1±.5

25.2±1.

25

Abbreviations: spont., spontaneous; emerg C.-sect, emergency caesarean section; elect.
C-sect, elective caesarean section; Cs., Czechoslovakia; Ger., Germany; IPV, intimate
partner violence; Ir., Iran; Irq., Iraq; Pl., Poland; Rus., Russia; Scg., Serbia and
Montenegro; Sos., Kosovo; Tw., Taiwan; Tr., Turkey.
‘Total’ indicates exposure to IPV regardless of timing of exposure. Whenever IPV was
experienced before, during or after pregnancy ‘total’ was computed as ‘yes’. In three cases
we could not obtain CAS-scores across all periods as indicated by ‘n.a.’.

Sodium bisulfite sequencing
Sodium bisulfite (NaHSO3)-conversion was performed according to
previously described methods(Clark et al., 1994; Frommer et al., 1992) on DNA
extracted from whole blood (DNeasy Blood and Tissue Kit, Qiagen). Briefly, 5 µg
DNA was denatured by incubating in 0.4 M NaOH (Riedel-deHaën) for 30 min at
42°C. After the addition of hydroquinone (Sigma-Aldich) and NaHSO3 (SigmaAldrich) to a final concentration of 0.5 mM and 2.6 mM respectively, the reaction was
incubated at 55°C for 18 h. To remove free NaHSO3, the reaction was cleaned up
using a silica-based method (Boyle et al., 1995), and was eluted in 100 µl ddH2O. To
remove the bisulfite adduct, 11 µl of 4.0 M NaOH was added and the reaction was
incubated at 37°C for 15 min. The reaction was then neutralized by adding 111 µl of
7.5 M ammonium acetate, pH 7.0, (Riedel-deHaën). DNA was precipitated with EtOH
(Sambrook et al., 2001) and resuspended in 30 µl ddH2O.
The converted DNA was amplified with PCR, using FastStart Taq DNA
Polymerase (Roche), with the previously published PCR-primers (Moser et al., 2007):
fwd, -142763905-5’-GTTGTTATTYGTAGGGGTATTGG-3’-142763883 and rev,
142763770-5’-AAACCACCRAATTTCTCCAA-3’-142763789 (sequence numbering is
according to the published nucleotide position on chromosome 5; GenBank accession
number: AJ877168). PCR conditions: 94°C for 5 min, then 34 cycles of denaturation
(30 s, 95°C), annealing (2 min, 56°C) and elongation (30 s, 72°C), plus a final
elongation step (72°C, 7 min). The PCR was designed to amplify a 93 bp fragment in
the GR promoter spanning 10 CpG sites. Products were purified (QIAquick, Qiagen)
and then cloned into pCR4-TOPO-vector using the TOPO TA Cloning kit
(Invitrogen). Positive clones were identified with colony PCR using the primers
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designed to the plasmid: M13-Fwd and M13-Rev primers (Invitrogen). Between 14
and 25 clones were sequenced using the same forward and reverse primers used for
colony PCR (BigDye Terminator 3.1 Cycle Sequencing kit, Applied Biosystems). The
sequences for each individual clone were aligned and analyzed in Sequencher (version
4.2.2., Gene Codes Cooperation).
Statistical Analysis
Statistical analysis was conducted using PASW statistics (version 18.0,
SPSS incorporation). To assign a potential association between maternal exposure to
intimate partner violence (IPV) and the presence of methylation in either the mothers
or the children we conducted Fisher’s exact tests thereby treating methylation as a
bimodal variable. The GR promoter was referred to as being methylated, if a
methylated CpG site was detected in at least one of up to 25 clones that were
sequenced. For the mothers, we did not distinguish between different periods of
exposure to IPV. Therefore we computed an overall variable for exposure to IPV
assigning exposure to IPV whenever it happened before, during or after pregnancy.
For the children, as we were interested in the relationship between methylation and
maternal exposure to IPV before, during and after pregnancy, we performed tests
independently for each interval.
To test for an association between the methylation status of the GR
promoter in the mothers and in the children we used Fisher’s exact test.
To further analyze the direction of the relationship between methylation and maternal
exposure to IPV during pregnancy, we conducted a Man-Whitney-U test with the
exposure to IPV during pregnancy as the between group factor and the percentage of
methylated clones in the children as the dependent variable. The percentage of
methylated clones was calculated according to previously described methods
(McGowan et al., 2009) as the number of clones containing at least one methylated
CpG site divided by the total number of clones. Additionally, we analyzed the
relationship between maternal exposure to IPV before and after gestation and the
percentage of methylated clones in the children in the same way.
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III.4. Results
Maternal stress profiling
Twenty-five women of various ethnic backgrounds (Table III-1)
participated in the study. They were between 29 and 51 years old. All of them had
children aged between 10 and 19 years (Table III-1). We used the Composite Abuse
Scale (CAS) to screen the mothers, but not the children, for exposure to IPV before,
during and after their pregnancies. We identified three women, who were exposed to
IPV in the period before pregnancy, eight women, who were exposed during and nine
after pregnancy. It should be noted, that these groups were overlapping, i.e. for some
women exposure to IPV was apparent in more than one period. In three cases we
could not obtain CAS-values for each period, therefore sample sizes varied slightly in
the statistical analyses (Table III-1).
GR promoter methylation
We examined the methylation status of 10 CpG sites in the GR promoter,
to determine whether there is a link between exposure to IPV and methylation in a
gene that is involved in the HPA-axis. This region was selected because it was
previously shown to contain transcription factor binding sites, whose methylation
statuses are influenced by early life stress (McGowan et al., 2009). The GR promoter
was referred to as being methylated if a methylated CpG site was detected in at least
one of up to 25 clones that were sequenced. We characterized GR promoter
methylation of 25 women and of 24 of their children (for one mother, we could not
obtain a blood sample of any of her children). We detected methylation in 7 of 10
CpG sites (sites 01, 02, 03, 07, 08, 09 and 10) in the GR promoter in our samples. The
degree of methylation in these CpG sites ranged from 0 to 20% of all analyzed clones
(Fig. III-1).
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Fig. III-1: Degree of methylation per individual and CpG site
Each line represents the analyzed fraction of the glucocorticoid receptor gene of a woman
and her child. The rows correspond to individual CpG sites. The degree of methylation for
each individual CpG site, i.e. the number of clones containing methylation in the particular
site divided by the total number of sequenced clones, is colour-coded. In the case of one
child we could not obtain a blood sample as indicated by “no data”.
i: putative NGFI-A-binding site; ii: known NGFI-A binding site

We detected methylation in the GR promoter of 10 mothers and of 7
children in at least 1 clone. There was no association between maternal methylation
status and the methylation status of the children (n=24; p=1.0).
Impact of IPV on maternal methylation pattern
Using fisher’s exact test, we did not find a significant relationship between
exposure to IPV and maternal methylation status (n=25, p=.7), irrespective of when
IPV was experienced.
Impact of IPV on methylation patterns in offspring
The presence of methylated residues was significantly associated with
maternal exposure to IPV during pregnancy (n=23, p<.05). Remarkably, there was no
association between maternal exposure to IPV and the presence of methylation in the
offspring, when IPV was experienced either before or after pregnancy (before: n= 21,
p=1.0; after: n=22, p=1.0). Furthermore, we tested the influence of a variety of third
variables (country of origin; maternal age; age of children; marital status; graduation
from high school, completion of vocational training or academic degree; pregnancy
problems; smoking, alcohol or drug consumption during pregnancy; use of painkillers
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during birth; anxiety, panic or helplessness during birth; skin contact after birth; severe
diseases of children; birth weight; gestational age at birth; mode of birth) on the
methylation status, but did not find a significant relationship (Table S-III-1 and S-III2). According to the guidelines of the world health organization (WHO) none of the
analysed children were of extreme immaturity (less than 28 completed weeks of
gestation, WHO) or extreme low birth weight (birth weight of 999 g or less, WHO).
However, one children was born premature (28 completed weeks or more but less
than 37 completed weeks of gestation, WHO) and four were born with low birth
weights (1000-2499 g, WHO). These children did not show methylation at the GR
promoter. Furthermore, the vast majority of the children (n=17) were delivered
spontaneously, indicating that most mothers did not take any measures to delay or
induce labor. However, six were delivered via caesarean section and one via other
(Table S-III-2). Neither the birth weight, the gestational age or the mode of birth
affected the methylation status of the GR gene (Table S-III-1). This provides evidence
that methylation in the offspring is directly affected by adverse experiences of the
mother during gestation.
We then sought to determine whether gestational exposure to IPV
influenced

the

degree

of

methylation in the GR promoter in
the offspring. To achieve this we
evaluated

the

percentage

of

methylated clones (i.e. the number
of clones containing at least one
methylated CpG site divided by the
total number of clones). This value
ranged from 0 to 20 percent across
all of our experimental subjects. In Fig. III-2: Gestational effects of IPV on
line with our previous analysis, we

methylation of the GR promoter in the
children.

found a significant relationship Mean ± s.e.m. of percentage of methylated clones
between

the

percentage

for the children of women exposed to IPV. IPV only

of associates with increased methylation if maternal
exposure

occurred

during

pregnancy.

The

methylated clones and IPV during percentage of methylated clones was calculated as
pregnancy (n=23, U=30.5, p=.015; the number of clones containing at least one

methylated CpG site divided by the total number of

Fig III-2; S-III-3). Additionally, we clones. *: p<0.05
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did not find an association between the percentage of methylated residues and
maternal exposure to IPV before or after pregnancy (before: n=21, U=25.0, p=.9;
after: n=22, U=55.0, p=.7; Fig. III-2; Fig S-III-2; Fig. S-III-3).

III.5. Discussion
We examined the methylation pattern of the Glucocorticoid Receptor
(GR) promoter in 25 women and their children, and analyzed its association with
maternal stress during gestation. We find a positive relationship between methylation
of the children’s GR promoter and maternal exposure to intimate partner violence
(IPV) during pregnancy, defined as “any behaviour within an intimate relationship that
causes physical, psychological or sexual harm to those in the relationship (Krug et al.,
2002)”. We present evidence that GR methylation is related to maternal stress during
pregnancy, as when IPV is experienced before or after pregnancy, it has no impact on
the children’s methylation. To the best of our knowledge, this is the first study to
demonstrate that prenatal psychological stress can result in sustained, rather than just
short-term alteration of methylation in a regulator gene of the HPA-axis.
We found that maternal gestational IPV is associated with methylation of
exon 1F in the GR promoter of the offspring, which is hence a transgenerational effect
that may exert a lifelong influence on HPA-axis regulation in these individuals. This is
consistent with previous observations that prenatal anxiety is associated with a
sustained elevation of basal HPA activity (O'Connor et al., 2005) as well as with
behavioural/emotional problems that may continue throughout the lifetime
(O'Connor et al., 2002; Seckl et al., 2006). It seems likely that the intrauterine
environment that the fetus experiences can differentially affect the methylation
pattern. Maternal stress may lead to changes in HPA regulatory circuits with an
alteration of catecholamines and glucocorticoids amongst other factors and effects (de
Kloet et al., 2005). Prenatal exposure to either of these hormones is known to
influence the development of the HPA-axis (Kapoor et al., 2006). Therefore in the
fetus, the GR gene, which is a key regulator of the HPA-axis, constitutes a likely target
upon which maternal IPV could be acting. Our data are consistent with observations
in rat, where maternal effects evoke increased HPA-axis activity and fearfulness in
response to stress, which are associated with methylation of the GR promoter in the
hippocampus(Weaver et al., 2004). In these experiments, the first days of postnatal life
constitute a critical period for the manifestation of maternal effects, which
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corresponds to late gestation in humans (Dobbing et al., 1973). Although the observed
increase in methylation was only very subtle, it might be sufficent to alter HPA-axis
function. Subtle increases in methylation in a single CpG site of the GR promoter in
chordblood were reported to correlate positively with the cortsiol stress response in
neonates (Oberlander et al., 2008). This suggests that IPV elicits fetal programming of
the HPA-axis through methylation of the GR gene. However, although a link between
GR promoter methylation in blood and cortisol stress responses has already been
provided (Oberlander et al., 2008), it remains inconclusive whether methylation in
blood cells reflects methylation in the hippocampus or whether it impacts HPA-axis
function. This emphasizes the need for follow up studies, which includes HPA-axis
function and psychological function. This is of particular interest, as blood cells – as
opposed to brain tissue - represents an easily sampled tissue.
The results of our study suggest that maternal stress-induced changes in intrauterine
environment can have an impact on the methylation pattern of the children’s GR
gene, rather than a direct maternal transmission of methylation pattern via the germ
line. The Composite Abuse Scale (CAS) assesses exclusively environmental factors,
episodes of domestic violence in this case, thereby minimizing the influence of genetic
components. However, an individual’s genotype might affect others’ behaviour
towards them, thus their own social environment, or predispose them to seek risky or
unfavourable social environments (Scarr et al., 1983). As this type of indirect effect is
difficult to avoid in studies with humans, we believe that our chosen methods go a
long way to minimizing the influence of underlying genetic background. Hence we
consider gestational IPV to be the main source of variation in our study.
The methodologies employed by our study present some limitations: we have adapted
a commonly used psychological survey – the CAS, to examine the influence of past
events on current methylation patterns of mothers and their children. The
effectiveness of retrospective surveys relies on the accuracy of our participants’
memories. We believe that our use of an event-based analysis tool is particularly robust
due to its reliance on emotionally arousing events, which are known to create longlasting memories (McGaugh, 2003). Our data represent correlative findings and thus
cannot prove a causal relationship between changes in methylation and adverse
experiences. For instance, it might be possible that IPV correlates with aspects of
maternal diet that in turn might have affected the observed methylation patterns. Such
a scenario, however, seems unlikely, as we would then predict an association between
IPV and methylation in the mothers. This, however, was not observed.
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III.6. Conclusions
Our findings show that prenatal exposure to intimate partner violence
(IPV) is associated with a sustained increase in methylation of the human
glucocorticoid receptor (GR) promoter in the blood. Prenatal stress is known to alter
HPA-axis regulatory function later in life (O'Connor et al., 2005). Specifically
gestational marital discord is associated with psychopathology of the offspring (Stott,
1973; Ward, 1991). This is the first demonstration that gestational exposure to
psychological stressors can have a lasting impact on methylation status in human
offspring. Our results provide a potential mechanism – methylation of the GR
promoter – upon which prenatal stress could act, to influence psychological function.
This emphasises the importance of IPV interventions to assure the wellbeing not only
of the mother but also of the unborn child. This mechanism opens up many new
avenues for research on the transgenerational epigenetic effects of stress and
aggression on human behaviour.
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IV.1. Abstract
Stress, particularly when experienced early in life, can have profound
implications for mental health. Previous research covering various tissues such as the
brain, suggests that the detrimental impact of early life stress (ELS) on mental health is
mediated via epigenetic modifications including DNA methylation. Genes of the
hypothalamic pituitary adrenal (HPA) axis – in particular the Glucocorticoid Receptor
(hGR) gene – stand out as key targets for ELS. Even though the link between hGR
methylation and either ELS or psychopathology is fairly well established, the mutually
dependent relationships between ELS, DNA methylation and psychopathology remain
to be uncovered. The specific psychopathology an individual might develop in the
aftermath of stressful events can be highly variable, however most studies investigating
hGR methylation and psychopathology suffer from being limited to a single symptom
cluster of mental disorders. Here, we screened volunteers for childhood maltreatment
and analyzed whether it associates with hGR methylation in lymphocytes and a range
of measures of psychological ill-health. hGR methylation in lymphocytes most likely
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reflects methylation patterns found in the brain and thus provides valuable insights
into the etiology of psychopathology. We find the interaction between childhood
maltreatment and hGR methylation to be strongly correlated with an increased
vulnerability to psychopathology providing evidence of epigenome x environment
interactions. Furthermore, our results indicate an additive effect of childhood
maltreatment and hGR methylation in predicting borderline personality disorder
(BPD) associated symptoms, suggesting that the combination of both ELS and DNA
methylation that possibly represents unfavorable events experienced even earlier in life
poses the risk for BPD.

IV.2. Introduction
Childhood maltreatment affects the development of mental health in
different ways. For example, the experience of childhood adversities significantly
increases the risk of developing multiple psychopathologies including major depressive
disorder, borderline personality disorder (BPD), anxiety disorders and substance abuse
(Crawford et al., 2009; Dube et al., 2003; Teicher et al., 2009; Widom et al., 2007).
Compared to non-maltreated individuals, psychiatric patients with a history of
childhood maltreatment are characterized by an earlier disease onset, greater symptom
severity,

more

comorbidities

and

poorer

responses

to

many

first-line

treatments(Harkness et al., 2012; Nanni et al., 2012; Teicher et al., 2013). Teicher and
others have suggested that biological determinants such as epigenetic modifications in
stress-response systems, especially the hypothalamic-pituitary-adrenal (HPA) axis, may
be the driving force behind the development of these childhood maltreatment-induced
disorders (Teicher et al., 2013).
The HPA axis plays a central role in translating early life stress into
negative long-term mental health outcomes, as it is tuned by experiences occurring
early in life, making it highly susceptible to early life stress (ELS) (Carpenter et al.,
2007; Heim et al., 2001; Heim et al., 2000). Its dysregulation is a key feature of a range
of psychopathological symptoms (Chrousos et al., 1992; de Kloet et al., 2005). Both
human and animal studies suggest that HPA axis function may be stably altered
through aberrant epigenetic modifications resulting from early life stress. In rats,
offspring that have experienced ELS show an increased HPA axis response to stress
(Liu et al., 1997) as well as an increased incidence of fearful behaviors (Francis et al.,
1999). The glucocorticoid receptor (GR) gene and its methylation status are of central
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relevance to this phenotype (Weaver et al., 2004). Genes that display high levels of
DNA-methylation in their promoter regions tend to be less transcriptionally active
(Razin, 1998). The GR initiates the feedback inhibition of the HPA-axis – after binding
its ligand, cortisol, it dampens HPA-axis activity. The human GR (hGR) consists of
eight coding (2-9) and one non-coding (1) exons (Turner et al., 2005) (Fig. IV-1). The
promoter region of the gene, non-coding exon 1, consists of several alternate exons
(1A, 1I, 1D, 1E, 1B, 1F, 1C and 1H) that give rise to multiple transcripts that encode
the same protein (Turner et al., 2005). Previous research has demonstrated that the
methylation of alternate exon 1F seems to be strongly influenced by ELS. Consistent
with increased HPA-axis responses, alternate exon 17 – the murine homologue to
alternate exon 1F – is hypermethylated in the brains of stressed juvenile rats,
concomitant with a decrease in GR-expression(Liu et al., 1997; Weaver et al., 2004).
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Fig. IV-1: Summary of CpG sites in the Glucocorticoid Receptor used in our
investigation
The CpG-sites that were used in principal component analyses are highlighted in red font

Correspondingly, in humans, methylation of the hGR promoter is associated with both
ELS (Hompes et al., 2013; Mulligan et al., 2012; Oberlander et al., 2008; Perroud et al.,
2011; Radtke et al., 2011; Tyrka et al., 2012) and psychopathology. A history of
childhood abuse in suicide victims – a group generally displaying high rates of
psychopathology (Harris et al., 1997) – is associated with increased hGR methylation in
brain tissue (Labonté et al., 2012b; McGowan et al., 2009). Correspondingly, in the
blood of patients suffering from BPD, i.e. in individuals that usually have been
exposed to severe forms of abuse and neglect during development, hGR-methylation
was observed to be increased (Dammann et al., 2011) and to be positively correlated
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with BPD-symptom severity (Martin-Blanco et al., 2014). On the other hand, decreased
hGR-promoter methylation in both saliva and blood seems to be related to more
intrusive memories and an increased risk of developing posttraumatic stress syndrome
(PTSD) when stressors are encountered in adulthood (Labonté et al., 2012b; Vukojevic
et al., 2014). In spite of its importance to the field, none of this previous research has
resolved whether epigenetic processes that alter HPA axis function expose the
individual to a higher risk of developing a psychopathology, or alternatively, whether
these changes are neutral or even serve to adapt the behavior towards survival in a
hostile, abusive environment. All of the afore-mentioned studies that investigated the
contribution of hGR-methylation to the development of psychopathology were limited
to a single measurement of psychological health. Therefore, it is yet unknown how
hGR-methylation contributes to psychopathology more generally.
Here, we investigate the mutually dependent relationships between ELS,
epigenetic modifications and mental health. Utilizing a multivariate approach,
incorporating several psychological dimensions, we aimed to investigate whether the
simultaneous occurrence of ELS and increased hGR-methylation is accompanied by an
increased vulnerability to the development of psychopathology. We predicted that
childhood maltreatment would be associated with a greater range and intensity of
psychopathological symptoms and that this association is modulated via DNA
methylation of the hGR gene.

IV.3. Materials and Methods
Participants
Forty-six participants (Nfemale=28, Nmale=18), aged between 11 and 21 years
(median=15) were recruited, with an emphasis on including individuals that varied in
the degree of childhood adversity experienced. The study cohort represents a
convenience sample from the local community with an announcement that the
investigation would include investigation of potential biomarkers of ELS. A subset
(N=23) had already participated in an earlier study(Radtke et al., 2011). Participants
received a total of 30 Euros and all participated on a voluntarily basis, i.e., free to quit
the interview at any time without giving any reasons and without losing the
reimbursement. The study was approved by the IRB (Ethics Committee) of the
University of Konstanz.
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Childhood maltreatment and psychological ill-health were assessed using
structured interviews by experienced clinical psychologists. Childhood maltreatment
was assessed in detail using a draft version of the KERF-I(Isele et al., 2014b), a
German version of the pediatric MACE(Teicher et al., 2011) interview with good
psychometric properties, which is designed to match the needs of children(Isele et al.,
2014b). It captures the lifetime occurrence of childhood maltreatment up to age 18 in
eight dimensions: parental physical abuse, parental emotional abuse, sexual abuse,
witnessed physical violence toward parents, witnessed violence toward siblings, peer
physical violence, physical neglect and emotional neglect.
Symptoms associated with borderline personality disorder (BPD) were
assessed using the Borderline Symptoms Checklist-23 (BSL-23)(Bohus et al., 2007).
The BSL-23 was constructed according to the Diagnostic and Statistical Manual of
Mental Disorders (fourth edition, DSM-IV) criteria for BPD. It consists of 23 items
that are scored from 0 (not at all) to 4 (very strong). A resulting sumscore of 64 or
higher is indicative of a clinically relevant BPD-diagnosis. Symptoms of depression
and anxiety dimension have been evaluated using the Hopkins Symptoms Checklist-25
(HSCL-25)(Derogatis et al., 1974). Symptoms associated with oppositional defiant
disorder (ODD), conduct disorder (CD) or attention deficit hyperactivity disorders
(ADHD) were evaluated using the respective parts of the Mini-International
Neuropsychiatric Interview (M.I.N.I.)(Sheehan et al., 1998). The perceived health
related life-quality has been assessed using the KIDSCREEN-53 (Rajmil et al., 2006).
The Strength and Difficulties Questionnaire (SDQ)(Klasen et al., 2003)
was administered in order to evaluate strength and difficulties in four dimensions.
Resulting scores of less than or equal to 15, greater than or equal to 16 or greater than
or equal to 20, are classified as being “Normal”, “Intermediate” or “Abnormal”,
respectively.

DNA Methylation.
Blood samples were collected immediately after completion of the
interviews. Lymphocytes were isolated via a Ficoll (Sigma-Aldrich, Saint Louis, USA)
gradient and subjected to DNA-extraction (DNeasy Blood and Tissue Kit, Qiagen,
Hilden, Germany). Genome-wide analysis of DNA methylation was then conducted at
the Barts and the London Genome Centre (Queen Mary University of London,
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London, United Kingdom). 1µg of genomic DNA was bisulfite converted (EZ DNA
Methylation Kit, Zymo) and applied to the Human Methylation 450K array (Illumina).
Samples that exhibited either abnormal methylation profiles across all
CpG sites or signs of unconverted DNA based on the conversion control probes
present on the array were excluded before further processing and analyses (N=0). The
Human Methylation 450K array includes two different bead types associated with two
different chemical assays, the Infinium I and the Infinium II assay. In order to
compensate for this, the raw data were normalized using both the R package lumi and
Beta Mixture Quantile Dilation (BMIQ)(Marabita et al., 2013). To eliminate any
potential biases that may have arisen due to differences in the labeling and scanning
properties of these two bead systems, color adjustment was performed through lumi.
In order to reduce any further systematic biases, quantile normalization was employed
through lumi(Du et al., 2008). To adjust for the probe-type bias BMIQ was performed
on the quantile normalized data. After preprocessing, DNA methylation was assessed
for all probes spanning the hGR gene, which are included on the Human Methylation
450K array, identified according to their genomic positions. This set included a total of
41 probes (Fig. IV-1).

Statistical Analyses
All statistical analyses were conducted in RStudio(RStudio, 2014).
Depending

on

the

distribution,

either

parametric

Pearson-correlations

or

nonparametric Spearman-correlations were performed. Normality was assumed if
skewness was less than an absolute value of two and kurtosis was less than an absolute
value of seven. Our analysis used a false discovery rate of 0.05 to account for multiple
testing across the 41 CpG-sites in the hGR-gene (Benjamini et al., 1995). Adjusted pvalues were computed using the Benjamini-Hochberg procedure. Our metric for a
small effect size was r ≥ 0.10, for a medium effect r ≥ 0.30, and for a large effect r ≥
0.50(Cohen, 1992). Principal component analyses were performed using the psychpackage(Revelle, 2014). In order to avoid multicollinearity the predictors were meanscaled prior to computing the interaction term in multiple regression analyses.
Furthermore, the dependent variable was log-transformed if necessary to fulfill the
assumptions about the residuals in multiple regression analyses.
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Transcription factor binding sites
In order to reveal potential functional properties associated with the CpG
sites included in our study, the sequence 50 bp up- and downstream of the respective
CpG sites have been submitted to the Jaspar database(Mathelier et al., 2014) to predict
known transcription factor binding sites (TFBS). In addition the University of
California Santa Cruz (UCSC) genome browser(Kent et al., 2002) was used to screen
the respective genomic regions for conserved TFBSs or marks usually associated with
transcriptional activity, such as H3K27 acetylation.

IV.4. Results
Table IV-1: Psychometric measurements
n

mean (± sd)

n(childhood
adversities)

46

7.4 (4.9)

perceived health
related life quality

43 201.4 (28.8)

BPD associated
symptoms
strength and
difficulties

46

max
score
possible
1 - 20
35

range

clinically diagnosed
/ classification

clinical cut off
n.a.

n.a.

129 - 239

260

n.a.

n.a.

12.1 (15.0)

0 - 81.6

89

64

1 (2.1%)

45

11.9 (5.6)

1 - 26

40

Intermediate=16,
Abnormal=20

Normal=32 (71.1%),
Intermediate=8
(17.8%),
Abnormal=5 (11.1%)

Anxiety
associated
symptoms

46

6.0 (5.7)

1 - 27

30

8

15 (32.6%)

Depression
associated
symptoms

46

9.4 (8.7)

0 - 37

45

12

14 (30.4%)

ADHD associated
symptoms

45

4.6 (3.8)

0 - 18

18

12

1 (2.1%)

CD associated
symptoms

46

1.0 (1.7)

0-8

15

3

4 (8.7%)

ODD associated
symptoms

46

1.8 (2.0)

0-8

8

4

5 (11.0%)

Abbreviations: ADHD, attention deficit hyperacitvity disorder; BPD, borderline personality
disorder; CD, conduct disorder; n.a., not applicable; ODD, oppositional defiant disorder

Subjects reported that they had experienced between one and 20 different
events of childhood adversities (Table IV-1). The majority of the subjects displayed
sub-clinical values with respect to psychopathological symptoms with some presenting
clinically relevant symptoms of anxiety and/ or depression. The psychometric
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measurements obtained appeared to be randomly distributed amongst the participants,
with no specific symptoms clustering within certain individuals (Fig. IV-S1).

Relationship between hGR-methylation, childhood abuse and psychological illhealth
We investigated DNA-methylation in 41 CpG-sites associated with the
hGR-gene in lymphocytes (Table S-IV-1). Neither of the investigated psychometric
measurements nor childhood maltreatment was associated with average methylation of
all investigated CpGs that were distributed across the whole hGR (data not shown).
However, we observed statistically significant correlations between the methylation of
two specific CpG-sites located in the promoter of the hGR-gene, and stress- or
psychological ill-health related measurements.
We identified a positive correlation between methylation of cg17860381
(located in the alternate exon 1F) and childhood maltreatment, as indicated by the
statistically significant correlations with the number of experienced childhood
adversities (Fig. IV-2, Table S-IV-2). Interestingly, methylation of the same CpG-site
also displayed a highly significant positive correlation to borderline personality
disorder (BPD) symptoms (Fig. IV-2, Table S-IV-2). Additionally, methylation of
cg17860381 was positively correlated to depression symptoms to a degree that
approached statistical significance (Fig. IV-2, Table S-IV-2).
Methylation of a second CpG-site, cg26464411, was also positively
correlated with two measurements associated with psychological health. The
correlation with depression symptoms was statistically significant, while the correlation
with behavioral strength and difficulties approached statistical significance (Fig. IV-2,
Table S-IV-2).

50

IV Childhood maltreatment an hGR methylation

●

●●

●

●

● ● ●

●

●

●

●

●

● ● ● ●

●

●

●●

●

●

● ● ● ● ●

●● ●

●

●

●

●

●

●

●●●●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●● ● ● ●

●

●

●

●

●

●

●

●

●

● ●

●

●●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

● ●

●

CD associated symptoms

●

● ● ●

ADHD associated symptoms

●

●

depression associated symptoms

●

●

anxiety associated symptoms

●

BPD associated symptoms

●

● ●
●

●

● ●

●

●

●

●

●

˙

●●

●

● ●

●

●

●

●

●

●●

●

● ●

˙

●

●

● ●

● ● ● ●

●●

● ●

●

●

●

●

●

●

● ● ● ●

● ●● ●

●● ● ● ●
● ●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

● ●

●

● ●

● ● ●●●

●

●

●

● ●

●

● ● ●

●

●

●

●

●

●

●

●●

●

● ●

●

●

●

●●

● ●

●

●

●

●

●**●

●

●

● ●

●

●

●

●

●

●

●

●

●

● ●

●

● ●

●

●

● ●

●●

● ●

●

●

●

●

●

● ●

●

●

●

●

●

●

●●

●

●

●

● ●● ● ●

●

●

●

● ● ●

●

●

●

● ●

●

●● ● ● ●● ●

●

●

●● ●

●

●

● ● ●

●

●

r / rho

0.5
0.3
0.1
0

●

−0.1

●● ●● ●

●● ●

● ●●

● ●

●*

●

●

●

●●

●

●

●

●

●

●

●

●●●

●

●

●

●●●

●

ODD associated symptoms

health related life qualitiy

●*

●

●

strength and difficulties

●●

●

●

●

●

n(childhood adversities)

●

● ● ●

●

●

●

−0.3

●

7
325
327
cg2 57823
94 453
cg1
7
385
cg0 84679
84
c g 1 586394
6
cg1 3 5 9 9 9
55
cg2 07893
7 1 263
cg2
3
661
cg0 4 2 1 3 2
73 721
cg1
5
884
cg0 33851
77
c g 0 998365
8
cg1 2 7 2 5
712
cg2 952416
6
cg0 21673
65
c g 0 617527
7
cg1 7 5 3 2 9 4
0
873
cg2
6
814
cg1 29244
06 298
cg0
2
115
cg1 19515
80
cg1 860381
7
cg1 1177
411
cg0 10486
59
cg1 45634
56
cg1 68240
80
cg1 464411
6
cg2 968181
6
c g 0 49621
88 9 2 6
cg1
5
633
c g 1 47032
08
cg1 02128
17
cg2 58428
45
cg1 2 6 2 3 0
40
c g 2 48501
36
cg1 4 5 5 9 2
7 3 216
cg2
8
752
cg0 1 8 9 8 4
88
cg0 20913
67
cg2 89972
75
cg0 66613
24
cg1

Fig. IV-2: Correlation between individual CpG sites and stress exposure or
psychological health
The strength of the correlations are depicted by a color gradient, ranging from far blue
(negatively correlated) to far red (positively regulated). The size of the dots represents the
effect size, i.e. the larger the dot the greater the effect size.
The CpG-sites that were used in principal component analyses are highlighted in black
font.
Note: ODD, oppositional defiant disorder; CD, conduct disorder; ADHD, attention deficit
hyperactivity disorder; BPD, borderline personality disorder; ˙:adj p≤0.1; *: adj p≤0.05; **:
adj p≤0.01; adj p: adjusted p value.

Apart from the large effect sizes displayed in the correlations between the
methylation of cg17860381 with BPD-associated symptoms and between the
methylation of cg26464411 and behavioral strengths and difficulties, all of the
remaining aforementioned correlations displayed medium effect sizes. Especially for
small samples, effect size may be the reference of choice, as the p-value heavily
depends on sample size and thus true effects are prone to be missed (Cohen, 1990).
While not being statistically significant by means of p-values, both methylation of
cg17860381 and of cg26464411 negatively correlated with health related life quality at
medium effect sizes. Furthermore, oppositional defiant disorder (ODD) associated
symptoms and behavioral strength and difficulties were positively associated with
cg17860381-methylation, while anxiety associated symptoms correlated with
cg26464411-methylation, each with medium effect sizes. Along the same lines,
considering effect size alone, further associations with medium effect sizes were
observed. The methylation at seven additional CpG sites correlated with psychological
health related measurements including health related life quality and symptoms
associated with ODD, -conduct disorder (CD), -attention deficit hyperactivity disorder
(ADHD), -depression, -anxiety, and -BPD (Fig. IV-2).
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To further investigate the relationship between childhood abuse,
methylation of the hGR-gene and psychological ill-health, we performed two principal
component analyses (PCA). These comprised either variables relating to DNA
methylation, or psychological health. In PCA, the first principal component (PC)
accounts for the largest proportion of the variance created by the included variables.
Therefore, each of the obtained first PCs was used in a subsequent multiple regression
analysis. All psychological health related variables correlating with the methylation of
at least one CpG site with at least medium effect size and the corresponding CpG sites
were considered for PCAs. Using this threshold all of the elevated psychometric
variables (n=8) and nine CpG sites were included in the PCAs. The first PCs relating
to either psychological health or DNA methylation explained 61.7% or 20.5% of the
variance respectively. For the PC comprising psychological ill-health, an exploratory
factor analysis identified absolute factor loadings ranging between 0.68 and 0.88 with
maximum loadings for depression and anxiety associated symptoms (Fig. IV-S1a). For
hGR methylation absolute factor loadings ranged between 0.11 and 0.59 with the
highest loading for cg17860381 (Fig. IV-S1c).
Next, we performed a
linear model using the first PC
comprising psychological ill-health as
outcome

and

the

number

of

experienced childhood adversities, the
first PC comprising hGR methylation
as well their interaction as predictors.
The model explained 63.2% (F(5,
36)=12.4, p≤0.001) of the variance.
Both of the predictors as well their
interaction

impacted

health significantly (βhGR methylation=0.3,
phGR methylation≤0.05,
adversities)

=0.3, pn

βinteraction=0.5,

Fig. IV-3: Relationship between psycho-

psychological logical ill-health, childhood abuse and
βn

(childhood adversities)

(childhood

≤0.05,

pinteraction≤0.001,

Fig. IV-3). To correct for effects
potentially arising from sex or age

hGR methylation
hGR methylation and psychological ill-health are
represented by the first principal components of
a principal component analyses summarizing
nine CpG sites in the Glucocorticoid Receptor
gene
and
all
evaluated
psychometric
measurements, respectively. The color gradient
ranging from purple to red represents the level
of psychological ill-health, i.e. purple for healthy
and red for unhealthy.

(Terry et al., 2011), these variables
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were also included in the model. Neither sex nor age seemed to affect psychological
health (βsex=0.1, psex>0.1, βage=-0.1, page>0.1).

Interaction of childhood adversities and methylation of cg17860381 in the
development of BPD
As both BPD-associated symptoms and childhood adversities correlated
significantly with methylation at cg17860381, we hypothesized that the simultaneous
occurrence of both facilitates the development of BPD-symptoms. To further
investigate a potential interaction between methylation at cg17860381 and childhood
adversities, influencing the subsequent development of BPD-symptoms, we
performed a linear model using these two variables and their interaction as predictors
for BPD-symptoms. In order to
guarantee heteroscedasticity of the
model residuals, BPD-associated
symptoms were log-transformed
prior to the analysis. The model
accounted

for

52.6%

(F(5,

40)=8.87, p≤0.001) of the variance
in BPD-symptoms. Under this
model both of the predictors
impacted
significantly
pcg17860381≤0.01,
adversities)

BPD-symptoms Fig. IV-4: Relationship between
methylation of cg178603981, adverse
(βcg17860381=0.5, childhood experiences and BPD
βn

(childhood

assoctiated symptoms

=0.5, pn (childhood adversities)≤0.01, Relationship

Fig. IV-4), while their interaction
did not exert contribution to BPDsymptoms that reached statistical

between
methylation
of
cg17860381, adverse childhood experiences
and BPD associated symptoms. The color
gradient ranging from purple to red represents
the level of BPD associated symptoms, i.e.
purple for low levels and red for high levels

significance (βinteraction=-0.2, pinteraction≤0.1). To correct for effects potentially arising from
sex or age we also included those as variables in the model. While the former did not
influence BPD-symptoms there was a statistical trend towards an influence of age on
BPD-symptoms (βsex=-0.2, psex>0.1, βage=0.2, page≤0.1). An investigation of the
genomic location did not reveal the presence of a transcription factor binding site.
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IV.5. Discussion
Early life stress (ELS) is known to exert a lifelong detrimental influence on
mental health, and previous studies suggest that this is associated with methylation of
the glucocorticoid receptor (hGR) gene in various tissues (McGowan et al., 2009;
Oberlander et al., 2008; Weaver et al., 2004). However, to date, no study has explicitly
tested

for

a

relationship

between

ELS

and

both

hGR-methylation

and

psychopathology. Moreover, very few studies include analyses of psychopathology in
multiple

dimensions.

Rather

than

discovering

the

etiology

of

particular

psychopathological states, we aimed to unravel the threats posed by ELS to
psychological wellbeing as a general concept. Therefore, in this study, we analyzed
psychological ill-health from several perspectives, including testing for symptoms
associated with oppositional defiant disorder, conduct disorder, attention deficit
hyperactivity disorder, depression, anxiety or borderline personality disorder (BPD). In
addition, we focused on the perceived life quality, functioning and strength and
difficulties, as they are associated with various categories of disorders, such as the ones
mentioned above. By employing a combined approach that incorporated principal
component analysis (PCA) and multiple regression analysis, we identified a strong
relationship between childhood maltreatment, methylation of the hGR gene in
lymphocytes and psychological ill-health. Moreover, we identified an additive effect of
childhood maltreatment and cg17860381 methylation in the hGR promoter on the
development of BPD-associated symptoms.
In addition to an additive effect of both hGR-methylation and childhood
maltreatment, the interaction of these two variables predicted the intensity of
psychopathological symptoms. Thus, the combination of childhood maltreatment with
hGR-methylation by means of the composite methylation of nine CpGs spanning the
entire hGR is associated with impaired mental health, i.e., we observed an epigenome x
environment effect. Given the substantial evidence for gene x environment effects on
psychological wellbeing, we anticipated a similar epigenome x environment effect,
even though – to the best of our knowledge – it had not been demonstrated yet. While
the impact of methylation at single or few CpG sites on gene transcription is debated,
in the case of the glucocorticoid receptor, site specific correlations between DNA
methylation and gene expression and/or early life stress have been repeatedly
reported(Labonté et al., 2014; Labonté et al., 2012b; McGowan et al., 2009; Oberlander
et al., 2008). Moreover, different directions of correlations between childhood abuse
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and DNA methylation have been identified for different regions of the hGR
promoter(Labonté et al., 2012b). In order to avoid canceling out of opposing effects,
we chose a PCA-based approach rather than averaging several CpG’s methylation to
gauge hGR methylation. Indeed, we did not find an effect for average methylation. For
BPD-associated symptoms we focused on its relationship between DNA methylation
at a single CpG site – cg176860381 – and childhood maltreatment. This relationship
seems to be simpler, as it shows a strong additive effect of childhood maltreatment
and cg176860381 methylation while the interaction of those two predictors did not
impact the intensity of BPD-associated symptoms. Interestingly, cg17860381 also
seems to play an important role in the above-described relationship between
childhood maltreatment, hGR-methylation and psychopathological symptoms, as it
exerted the highest influence on the joint principal component summarizing hGR
methylation. This CpG site is part of the alternate exon 1F, which has been previously
found to be associated with early life stress or psychopathology (Dammann et al., 2011;
Hompes et al., 2013; Mulligan et al., 2012; Oberlander et al., 2008; Perroud et al., 2011;
Radtke et al., 2011; Tyrka et al., 2012; Weaver et al., 2004). Due to the location of
cg17860381 in the proximal promoter of hGR, it is plausible that methylation at this
site may influence the dynamics of hGR expression, although it is not located at the
transcription factor binding site (TFBS) recently implicated in the epigenetic regulation
of hGR-expression (Weaver et al., 2004) nor could we detect another TFBS nearby.
Thus the functional implications of cg17860381 methylation need to be further
investigated. In addition, future studies should also evaluate other epigenetic
mechanisms such as histone modifications or gene expression to gain a more cohesive
picture. Our results suggest, that hGR methylation in lymphocytes – either evaluated at
a single CpG site or as the joint profile of several CpGs – represents certain
environmental conditions setting these individuals at a higher risk of developing
psychopathology. Indeed, hGR-methylation in blood or brain tissue was shown to
associate with exposure to prenatal stress(Mulligan et al., 2012; Radtke et al., 2011), a
familial history of posttraumatic stress disorder(Yehuda et al., 2014) or childhood stress
(McGowan et al., 2009; Perroud et al., 2011; Tyrka et al., 2012). However, the exact
causes of hGR-methylation need to be further investigated. Meaney suggested that
hippocampal GR-methylation results from a lack of tactile stimulation (Meaney et al.,
2005). Already Harlow proved that somatosensory deprivation can cause socialemotional disorders (Harlow et al., 1962) that were later suggested to be mediated by
impaired cerebellar development (Prescott, 1971). BPD-patients have frequently been
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exposed to childhood neglect (Crawford et al., 2009), which usually associates with
somatosensory deprivation. Accordingly, BPD was found to associate with decreased
cerebellar vermis size (Schauer et al., in prep) and – hinting towards functional
cerebellar impairment with reduced balance skills (Isele et al., 2014a). Thus, the
differential cg17860381 methylation in our sample might reflect childhood
somatosensory deprivation. Accordingly, we suggest the course of early neglect with
somatosensory deprivation and later childhood abuse as the toxic combination that
promotes BPD symptoms.
Several other studies analyzed childhood maltreatment and hGR
methylation. Perroud et al.(Perroud et al., 2011) showed that childhood sexual abuse
correlates with hGR-methylation in blood drawn from patients suffering from either
BPD or major depressive disorder. However, this study lacked healthy controls, thus
attributing the observed differences in DNA-methylation only to the advent of
childhood abuse. To the best of our knowledge, ours is the first study to provide a
combined contribution of both early life stress and methylation in a regulator gene of
the HPA-axis to psychological health. Three other studies have combined the analysis
of early life stress, hGR-methylation in blood with phenotypic characterizations,
showing that hGR-methylation is associated with both early life stress and either lower
birth weight (Mulligan et al., 2012) or altered cortisol levels (Oberlander et al., 2008;
Tyrka et al., 2012), two features that are predictive for psychopathology.
The methodologies employed by our study present some limitations. Our
data are correlational in nature and thus cannot prove a causal relationship between
child maltreatment and methylation patterns or decreased psychological well-being. In
addition, due the limited sample size, generalizations to the general population must be
regarded with caution. The brain constitutes the most prominent organ into which
differential DNA methylation, and hence differential gene expression, affects behavior.
As epigenetic modifications occur in a tissue-specific manner, it remains unclear at this
point whether DNA methylation measured in blood reflects DNA methylation
patterns in the brain. However, research conducted on the effects of early life stress on
the methylation of the alternate promoter 1F in both blood (Radtke et al., 2011) and
brain tissue (McGowan et al., 2009) points in the same direction, i.e. early life stress
being associated with increased DNA-methylation. In addition a recent meta-analysis
reported methylation patterns in blood and brain tissue to be highly correlated (Tylee
et al., 2013). Accordingly, individual differences in hGR methylation in peripheral
tissue, i.e. saliva, were found to associate with differential brain activity(Vukojevic et al.,
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2014). Together, these findings suggest, that similar patterns of hGR methylation may
be present across tissues and that our results are likely to reflect DNA methylation
patterns present in the brain.

IV.6. Conclusions
Our

results

indicate

an

increased

vulnerability

to

develop

a

psychopathology in general and BPD in particular, if childhood maltreatment is
combined with increased methylation of the hGR gene, as exemplified here in
lymphocytes. Remarkably, rather than being exposed to extreme forms of stress our
participants were exposed to only moderate levels of childhood maltreatment.
Strengthened by the inclusion of epigenetic markers, we emphasize the threats of
moderate stress to psychological well-being. In conclusion, we highlight a plausible
molecular mechanism by which ELS might translate into undesirable consequences on
mental health later in life, and in doing so, greatly strengthen the utility of hGR
methylation in peripheral tissues such as lymphocytes as a potential diagnostic marker
to identify whether victims of childhood maltreatment are at risk of developing severe
psychopathological symptoms later in life.
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V.1. Abstract
Child abuse is associated with a number of emotional and behavioral
problems. Nevertheless, it has been argued that these adverse consequences may not
hold for societies in which many of the specific acts of abuse are culturally normed.
Epigenetic modifications in the genes of the hypothalamic pituitary adrenal (HPA) axis
may provide a potential mechanism translating abuse into altered gene expression,
which subsequently results in behavioral changes. Our investigation took place in
Tanzania - a society in which many forms of abuse are commonly employed as
disciplinary methods. We included 35 children with high exposure and compared them
to 25 children with low exposure. Extreme group comparisons revealed that children
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with high exposure reported more mental health problems. Child abuse was associated
with differential methylation in the POMC gene, measured both in saliva and in blood.
Hierarchical clustering based on the methylation of POMC found two distinct clusters.
These corresponded with children’s self-reported abuse, with two-thirds of the
children allocated into their respective group. Our results emphasize the consequences
of child abuse based on both molecular and behavioral grounds, providing further
evidence that acts of abuse affect children, even when culturally acceptable.
Furthermore, on a molecular level our findings strengthen the credibility of children’s
self-reports.

V.2. Introduction
Child abuse is commonly defined as any act of commission by a parent or
any other caregiver that results in harm, potential for harm, or threat of harm to a
child (Leeb et al., 2008). Child abuse may result in emotional and behavioral problems
that begin in childhood and can persist throughout adolescence and adulthood (Carr et
al., 2013). For example, child abuse increases the risk of developing depression, anxiety
disorders, posttraumatic stress disorder (PTSD), substance abuse, reduced self-esteem,
suicidal behavior, conduct disorder, and aggressive or delinquent behavior (Catani et
al., 2008; Dong et al., 2003; Hermenau et al., 2014; Sugaya et al., 2012), as confirmed by
numerous longitudinal studies (Kaplan et al., 1998; Widom, DuMont, & Czaja, 2007).
Most abused children have been exposed to multiple forms of abuse, and the greater
the number of different forms of abuse, the higher the likelihood of subsequent
psychopathologies (Teicher, Samson, Polcari, & Mcgreenery, 2006). Furthermore,
abused individuals with a psychiatric disorder are characterized by earlier onset of
disease, increased symptom severity, increased comorbidity, increased risk of suicide,
poorer treatment response and shorter interval before recurrence than individuals with
the same diagnoses who were not abused (Harkness, Bagby, & Kennedy, 2012; Nanni,
Uher, & Danese, 2012; Teicher & Samson, 2013). Finally, child abuse is a major
burden not only upon the affected individual but also upon the society at large due to
the high costs associated with the utilization of healthcare, educational, welfare, and
law enforcement services (Fang, Brown, Florence, & Mercy, 2012).
It has been argued that the aforementioned adverse consequences may not
hold for societies or communities in which many of the specific acts of child abuse are
culturally normed and highly prevalent. In other words, abused individuals in
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communities that deem such practices to be socially acceptable and legal would find
the effects to be less harmful than those living in societies in which such practices are
unacceptable or illegal. Lansford et al. (2005) empirically tested this idea in six
countries. They found that more frequent corporal punishment is related to more
aggression and more anxiety in all six countries. However, the strength of the relation
did vary by the perceived normativeness across countries. Many other studies
demonstrated detrimental consequences for the psychological well-being and
development of abused children, regardless of whether or not the surrounding society
deems such practices acceptable (Ani & Grantham-McGregor, 1998; Hecker,
Hermenau, Isele, & Elbert, 2014; Hermenau et al., 2011).
There are many countries in which many of the acts constituting child
abuse are legal and socially accepted. In Tanzania, for example, a national survey with
a representative sample of more than 3700 youths revealed that the great majority
(almost 75%) of both girls and boys had experienced physical abuse and more than
one quarter faced emotional abuse prior to the age of 18 (UNICEF, 2011).
Concordantly, we and others reported the use of harmful physical acts and
psychological tactics on behalf of caregivers towards children to be highly prevalent in
Tanzanian families and schools (Feinstein & Mwahombela, 2010; Hecker et al., 2014).
In April 2013, the Tanzanian Government reportedly confirmed that the use of
corporal punishment in public schools persists (Tanzania Daily News, 2013). Given
such high prevalence of child abuse, it is vital for both individuals and societies to have
a better understanding of the potential effects of abuse. In particular, whether the
negative consequences of physical and emotional abuse of children are diminished in
societies where such acts are legal and socially accepted.
Most studies on mental health problems have been conducted in Western
samples. However, findings from DR Congo, Ethiopia and Nigeria have shown that
various mental health problems such as anxiety disorders, affective disorders and
hyperactivity are also common phenomena in Sub-Saharan Africa (Adelekan, Ndom,
Ekpo, & Oluboka, 1999; Kashala, Elgen, Sommerfelt, & Tylleskar, 2005). Adelekan et
al. (1999) indicated a prevalence rate of internalizing problems of 7.3% and of
externalizing problems of 8% in a representative sample from Nigeria. Kashala et al.
(2005) compared their findings in a study with a representative sample in DR Congo
(Goodman, Meltzer, & Bailey, 1998) with prior findings from Great Britain. They
found that the mean scores on all subscales of the Strength and Difficulties
Questionnaire (SDQ) were significantly higher than the British mean scores of a
60

V Child abuse and POMC methylation
comparable sample. Hence, Cortina, Sodha, Fazel, and Ramchandani (2012) concluded
that child and adolescent mental health problems are also common in Sub-Saharan
Africa.
Child abuse and the HPA axis
The hypothalamic pituitary adrenal (HPA) axis, when functioning
properly, helps us to deal with crises. It describes a set of interactions between the
hypothalamus, the pituitary and the adrenal gland, which results in the release of its
effector cortisol (Chrousos & Gold, 1992; de Kloet, Joëls, & Holsboer, 2005). Upon
stress perception, cortiocotropin-releasing hormone (CRH) and arginine-vasopressin
(AVP) are released from the hypothalamic paraventricular nucleus to activate the
synthesis of pro-opiomelanocortin (POMC) in the anterior pituitary. POMC is
processed into several peptides including adrenocorticotropic hormone (ACTH).
Finally, ACTH is released into the blood stream and triggers the secretion of cortisol
from the adrenal cortex. At each organizational level, the HPA-axis is tightly regulated
by negative feedback loops meditated by glucocorticoid receptors. After binding their
ligand, cortisol, glucocorticoid receptors dampen HPA-axis activity.
Child abuse is translated into negative long-term mental health outcomes
via the HPA axis. It plays a central role, as it is tuned to experiences occurring early in
life, making it highly susceptible to early childhood adversities (Heim & Nemeroff,
2001). For example, adults with a history of childhood maltreatment displayed altered
ACTH- and cortisol-responses following exposure to an acute stressor (Carpenter et
al., 2007; Heim et al., 2000). HPA-axis dysregulation is a key feature of a range of
psychopathological symptoms (Chrousos & Gold, 1992; de Kloet et al., 2005). Both
human and animal studies show that unremitting threat or stress weakens the immune
response, increases abdominal fat, mental ill-health, and depression via alterations of
HPA functioning (McEwen & Lasley, 2002). HPA axis function, and with it behavioral
changes, may be stably altered through aberrant epigenetic modifications, established
as the result of child abuse.

Epigenetic modifications of HPA axis genes
Of the various and complex mechanisms leading to epigenetic
modification, DNA methylation is currently being studied most extensively. In
humans, the relationship between early life adversities and the methylation of the
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glucocorticoid receptor (GR) has been extensively studied. GR promoter methylation
is associated with both child abuse and psychopathology (Dammann et al., 2011;
Hompes et al., 2013; Labonté et al., 2014; McGowan et al., 2009). Suicide victims with a
history of childhood abuse displayed increased GR methylation in brain tissue
(Labonte et al., 2012; McGowan et al., 2009). Higher GR methylation in peripheral
blood mononuclear cells has been observed in patients suffering from borderline
personality disorder, i.e., in individuals who have usually been exposed to severe forms
of abuse during development. Disruption or lack of adequate nurturing, as measured
by child maltreatment and inadequate parental care, was also associated with increased
GR promoter methylation (Perroud et al., 2011; Tyrka, Price, Marsit, Walters, &
Carpenter, 2012). In addition, epigenetic changes in the proopiomelanocortin (POMC)
gene may promote HPA axis dysfunction. Recent studies suggest epigenetic
programming of POMC operates through nutritional cues, such as being underweight
(Ehrlich et al., 2010), while other research suggests an association with alcohol abuse
and dependence via increased craving (Muschler et al., 2010). Animal models
demonstrate epigenetic programming of additional HPA-axis genes such as CRH
(Mueller & Bale, 2008) and AVP (Murgatroyd et al., 2009). Thus, current research has
highlighted epigenetic modifications in genes associated with the HPA axis as being a
possible driving force producing child abuse-induced disorders.
In the present study we investigated associations of child abuse with both
the phenotype and the methylation status of genes related to the HPA axis in
Tanzanian children. We limited our analyses of DNA methylation to the genes coding
for the main components of the HPA axis. That is, the genes coding for argininevasopressin

(AVP),

corticotrophin-releasing

hormone

(CRH)

and

pro-

opiomelanocortion (POMC), from which adrenocorticotropic hormone (ACTH) is
cleaved. In addition we included the gene encoding the glucocorticoid receptor
(NR3C1), as several studies demonstrated its methylation status as being predictive for
childhood abuse (Labonte et al., 2012; McGowan et al., 2009; Perroud et al., 2011;
Tyrka et al., 2012). We hypothesized that (a) exposed children report more emotional
and behavioral problems and (b) display altered epigenetic modifications in the genes
related to HPA axis functioning.
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V.3. Methods
Procedure
In the context of a larger research project, a team of Tanzanian and
German psychologists conducted structured interviews with a sample of Tanzanian
school children (N = 409). Interviewers were taught in interview skills during a twoweek training session. Furthermore, the Tanzanian interviewers were trained to
translate from English to Swahili and back in order to assist the German researchers.
All instruments were translated in written form to Swahili. A valid and accurate
translation into English was ensured through the use of a written, blind, backtranslation. In the total sample, 33 interviews were rated by two independent assessors
to determine high inter-rater reliability. Prior to the interviews we sent a written
informed consent form to all parents or caregivers of the children from class 2 to 7
(age: 6 – 15) explaining the purpose of the study.
Based on these structured interviews, we selected children who had been
exposed to high levels of physical and emotional abuse in their homes and those who
had been exposed to only low levels of physical and emotional abuse. An a priori
power analysis (α =.05, power =.80, d = .80) using G*Power software (Faul, Erdfelder,
Lang, & Buchner, 2007) indicated a required sample size of n = 26 per group to detect
significant group differences. Therefore, we aimed for two groups from the extreme
ends of the abuse continuum (no abuse vs. high levels of abuse) of 30 children each.
As many children, particularly younger children, reported a strong fear of drawing
blood, due to harmful experiences in the Tanzanian health system, we decided not to
include children of 8 years or younger. We sent an invitation and informed consent
form to 96 parents and caregivers of the selected children clarifying that donating
blood and saliva samples would be entirely voluntary and no monetary compensation
would be offered. In total, 64% (n = 61 of 96) of the parents and caregivers signed the
informed consent. We were unable to recruit enough children who had never been
exposed to any type of abuse. This is not too surprising, given that several acts of child
abuse are culturally normed and highly prevalent in Tanzania. In fact almost 75%
reported exposure to physical abuse in a nationally representative sample (UNICEF,
2011). Nevertheless, our sampling approach resulted in two extreme groups; one
group (n = 35) reporting high levels of child abuse (i.e., 6 or more different types) and
one group (n = 25) reporting low levels of child abuse (i.e., 4 or less different types).
In the total sample, 173 (42%) children reported low levels of child abuse with only 8
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(2%) reporting no exposure to any form of child abuse. On the other hand, 175 (43%)
children of the total sample reported high levels of child abuse. Only children with an
informed consent signed by their caregivers and who also assented themselves orally
were included in the study (only one child refused to participate despite parents
informed consent). A trained nurse from the University of Konstanz with extensive
work experience in East Africa collected the blood and saliva samples. The Ethical
Review Board of the University of Konstanz approved the study. Other,
nonepigenomic parts of the data gathered for the total sample are presented in reports
by Hecker et al. (2014), Hermenau et al. (2014), and Hermenau, Eggert, Landolt and
Hecker (2015).

Participants
The children participating in this study were enrolled at a primary school
in a city of approximately 150,000 inhabitants in southern Tanzania. The high
exposure group consisted of n = 35 children (60% girls) who were on average M =
11.31 years old (SD = 1.47; range: 9 – 15). The low exposure group consisted of n =
25 children (56% girls) who were on average M = 11.76 years old (SD = 1.20; range:
10 – 14).

Measures
All instruments were applied as a structured interview in Swahili. The first
part of the interview consisted of socio-demographic information, including age, grade
and gender.
Child abuse: We assessed exposure to abuse at home using the
Maltreatment and Abuse Chronology of Exposure - Pediatric Version (pediMACE;
Isele et al., 2015; Teicher & Parigger, 2015). The pediMACE is a structured interview
for children consisting of 45 dichotomous (yes/no) questions, measuring witnessed or
self-experienced forms of child maltreatment throughout the lifetime. In this study, we
only used the 14 items covering possible forms of physical and emotional abuse (see
Table V-1) by an adult person living in the same household (e.g. parent, relative or
caregiver) or by a minor living in the same household (e.g. housemaid or sibling). In
Tanzania many children not only grow up with their parents in one household, but
also with other members of their extended families. We also focused on minors in the
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household as in urban Tanzania many children are raised by an under-aged housemaid
(12-17) as primary caregiver, while both parents have to work. Using an event checklist
we assessed the presence of different types of abuse but not the frequency. We
calculated an abuse score by totaling up all of the question responses. The possible
score ranges from 0 – 14. Cohen’s Kappa coefficient measuring the inter-rater
reliability was > .99 (.99 – 1).
Table V-1: Occurrence of physical and emotional abuse during the children’s
lifetime
High exposure
% (n)
Physical abuse
1) Has any adult intentionally pinched, slapped, punched or
80 (28)
kicked you?
2) Has any adult spanked you with the palm of his/her hand
74 (26)
on buttocks, arms or legs?
3) Has any adult spanked you with an object such as a
89 (31)
belt, stick, tube, wooden spoon?
4) Has any adult hit you so hard that you were injured?

Low
exposure
% (n)
48 (12)
24 (6)
60 (15)

40 (14)

4 (1)

74 (26)

24 (6)

51 (18)

4 (1)

31 (11)

0 (0)

46 (16)

0 (0)

51 (18)

32 (8)

86 (30)

68 (17)

20 (7)

0 (0)

77 (27)

4 (1)

13) Has any minor yelled or screamed at you?

60 (21)

8 (2)

14) Has any minor called you locked you in a dark &
narrow place (e.g. basement, closet)?

3 (1)

0 (0)

5) Has any minor intentionally pinched, slapped, punched
or kicked you?
6) Has any minor spanked you with the palm of his/her
hand on buttocks, arms or legs?
7) Has any minor spanked you with an object such as a
belt, stick, tube, wooden spoon?
8) Has any minor hit you so hard that you were injured?
Emotional abuse
9) Has any adult called you names or said hurtful things
(e.g. fat, ugly, stupid)?
10) Has any adult yelled or screamed at you?
11) Has any adult called you locked you in a dark & narrow
place (e.g. basement, closet)?
12) Has any minor called you names or said hurtful things
(e.g. fat, ugly, stupid)?

Note. Adult = person living in the same household (e.g. parent, relative or caregiver); minor
= person under the age of 18 living in the same household (e.g. housemaid or sibling).

Mental health: The self-evaluation of internalizing and externalizing
problems was assessed with the Strengths and Difficulties Questionnaire (SDQ;
Goodman, Ford, Simmons, Gatward, & Meltzer, 2000; Goodman et al., 1998). We
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used the self-report version for children in interview form, which consists of 25
statements. The total difficulties score is generated by summing the scores of all items,
except the items for prosocial behavior, and ranges from 0 to 40. A score over 16
indicates an enhanced level of internalizing and externalizing problems. In the present
sample the Cronbach’s Alpha coefficient was .71 and the Cohen’s Kappa coefficient
was .99 (.94 – 1).
The UCLA PTSD Index for Children DSM-IV (Steinberg, Brymer,
Decker, & Pynoos, 2004) was used to screen for symptoms of PTSD, again in
interview form. For each DSM-IV symptom, the frequency of occurrence within the
last month is scored. The PTSD severity score ranges from 0 - 68. In the present
sample Cronbach’s Alpha was .92 and the Cohen’s Kappa .98 (.82 – 1).
The severity of depressive symptoms was assessed by means of the
Children’s Depression Inventory (CDI; Kovacs, 2001; Sitarenios & Kovacs, 1999),
which has already been successfully implemented and validated in Tanzanian settings
(Traube, Dukay, Kaaya, Reyes, & Mellins, 2010; Wallis & Dukay, 2009). For each of its
27 items, the children were offered three statements and asked to choose the one
which best describes their situation. The maximum score possible is 54. A threshold of
12 has been established as being ideal for identifying children at risk of depression
(Kovacs, Goldstein, & Gastonis, 1993; Kovacs, 2001; Traube et al., 2010). In the
present sample the Cronbach’s Alpha was .81 and the Cohen’s Kappa was .99 (.92 –
1).
DNA Methylation: Lymphocytes from blood were isolated via a Ficoll
gradient and stored in a preservation solution (DNAgard® Tissues & Cells, Biomatrica,
San Diego, USA) in order to ensure recovery of high quality DNA. In addition, saliva
samples were collected and stored using the Oragene•DISCOVER (OGR-500) saliva
collection kit (DNA Genotek Inc., Ontario, Canada). The tissue samples were
subjected to DNA-extraction (DNeasy® Blood & Tissue Kit, Qiagen, Hilden,
Germany). Genome-wide analysis of DNA methylation was then conducted at the
Barts and the London Genome Centre (Queen Mary University of London, London,
United Kingdom). 1µg of genomic DNA was bisulfite converted (EZ DNA
Methylation Kit, Zymo) and applied to the Human Methylation 450K array (Illumina).
The raw data were preprocessed using both the R package lumi (Du, Kibbe, & Lin,
2008) and Beta Mixture Quantile Dilation as suggested elsewhere (Marabita et al.,
2013). After preprocessing, DNA methylation was assessed for all of the 41, 26, 14
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and 14 CpG sites associated with the GR gene (NR3C1), the POMC gene, the CRH
gene or the AVP gene, respectively.
Transcription Factor Binding Sites: To reveal potential functional properties
associated with the CpG sites included in our study, the respective sequences were
submitted to the Jaspar database (Mathelier et al., 2014) in order to predict known
transcription factor binding sites (TFBSs). A conservative threshold of 90% sequence
identity was applied.

Data analysis
For the analyses regarding either mental health or exposure to abuse,
parametric Welch’s t-tests were performed. For DNA methylation, individual 2 (abuse)
X 2 (gender) ANOVAs for each CpG site were performed using exposure to abuse
and gender as between group factors. We included gender in these analyses in order to
account for potential effects arising from gender on DNA methylation. For three
CpGs in blood (cg27107893, cg02079741, cg09916783) and one in saliva
(cg23035419), the models did not fulfill the requirement of homogeneity of variances,
as indicated by a significant Levene’s test (Fox & Weisberg, 2011) and are thus not
reported. Non-parametric tests could not be performed as these would not control for
the potential influence of gender. In addition, we computed individual 2 (tissue) X 2
(gender) ANOVAs for each CpG site using tissue and gender as between group
factors. Due to heterogeneity of variances, 25 probes were excluded from the analyses
(NR3C1:

cg06613263,

cg08818984,

cg08845721,

cg10847032,

cg18998365,

cg19457823, cg26720913, cg27107893; POMC: cg02079741, cg03560973, cg08030082,
cg09527270, cg09672383, cg09916783, cg13025668, cg16302441, cg20387815,
cg20807790; CRH: cg00603617 cg23027580; AVP: cg03279206, cg04360210,
cg14065127, cg23035419, cg24257309). Non-parametric tests could not be performed
as these would not control for the potential influence of gender.
All analyses used a two-tailed α = .05. Our metric for a small effect size
was d ≥ .20 or η2 ≥ .01, for a medium effect d ≥ .50 or η2 ≥ .06, and for a large effect d
≥ .80 or η2 ≥ .13. To adjust for multiple testing (for three mental health variables and
across the CpG-sites for each gene), p-values were computed according to BenjaminHochberg (Benjamini et al., 1995) applying a false discovery rate of 0.05. In an
exploratory approach, we also considered the unadjusted p-values. All statistical
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analyses were performed using IBM SPSS Statistics version 21 for Mac or R for Mac
version 3.0.3.

V.4. Results
Mental health
Table V-2 displays the descriptive statistics for both groups. In
concordance with the sample selection, the high exposure group reported a
substantially higher number of different abuse types than the low exposure group. The
differences between the two groups are especially notable for the items indicating that
a minor in the household was the perpetrator of the abuse (see Table V-1). All mental
health variables (SDQ, UCLA, CDI) differed significantly between groups with
medium to large effects (see Table V-2). In total, n = 11 (31%) children in the high
exposure group showed an enhanced level of internalizing and externalizing problems
compared to n = 1 (4%) in the low exposure group. Accordingly, n = 9 (26%) children
in the high exposure group fulfilled the clinical diagnosis for PTSD compared to n = 2
(8%) in the low exposure group. Additionally, n = 10 (29%) children in the high
exposure group were at risk of suffering from depression compared to n = 1 (4%) in
the low exposure group.
Table V-2: Demographic characteristics of children with high and low exposure
to child abuse
High exposure
(n = 35)
M
SD

Low exposure
(n = 25)
M
SD

t

Adj. p

d

Abuse types

7.80

1.26

2.64

1.29

15.47

< .001

4.05

SDQ score

12.31

5.83

7.48

4.83

3.50

< .001

0.81

UCLA score

9.77

11.47

2.04

5.04

3.55

< .001

0.77

CDI score

9.14

5.59

3.64

3.33

4.76

< .001

1.00

Note. M: Mean, SD: standard deviation, t: test statistics based on Welch-t-test, Adj. p:
adjusted p-value based on Welch-t-test corrected for alpha-inflation due to multiple testing,
d: Cohen’s d effect size.

DNA-methylation of genes associated with the HPA axis
We found a group difference between the high exposure and low exposure
group in POMC with higher DNA methylation in children with high exposure. This
effect was particularly evident in saliva. In the saliva of the high exposure group, one
CpG site was significantly hypermethylated in one-tailed tests at an adjusted
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significance level of .05 and three additional CpG sites would be significantly
hypermethylated in one-tailed tests at an adjusted significance level of .10 (Fig. V-1,
Fig. V-2, Table V-3). Considering unadjusted p-values as well, three additional CpG
sites belonging to POMC were differentially methylated in the saliva of the high
exposure group. All of the aforementioned CpG sites displayed medium to large effect
sizes. In saliva, two more CpG sites in POMC displayed moderate effect sizes,
although unadjusted p-values exceeded the significance level of .05. In blood, six CpG
sites in POMC were differentially methylated if unadjusted p-values are considered.
These six CpG sites displayed medium to large effect sizes.

Fig. V-1: Mean methylation differences in high and low exposure groups.
The effect size and the level of significance are color-coded or depicted by the shape,
respectively. AVP = arginine-vasopressin gene, CRH = corticotropin-releasing hormone
gene, NR3C1 = glucocorticoid receptor gene, POMC = proopiomelanocortin gene.

For the remaining HPA axis genes investigated we did not find a clear
group difference in DNA methylation. In saliva, four CpG sites were differently
methylated in GR and one in CRH displaying moderate effect sizes and unadjusted pvalues below .05. In the blood of the high exposure group, one CpG was
hypermethylated in CRH at an adjusted significance level of .05 displaying a large
effect. If uncorrected p-values were considered, one additional differentially
methylated CpG could be found in AVP displaying a medium effect. If only effect
sizes were considered, two additional CpG sites associated with GR differed between
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the groups in blood displaying moderate effect sizes, but no significant p-values were
obtained.

Fig. V-2: DNA methylation of HPA axis genes.
Mean methylation of all analyzed CpG sites. CpG sites are ordered according to their
genomic location (not drawn to scale). For visual purposes, the data were mean centered.
Beneath the scatterplots, the respective CpG sites and their positions in the gene model
are displayed. CpG sites, which revealed at least moderate effect sizes comparing the high
and low exposure groups are highlighted in black and bold font. AVP = argininevasopressin gene, CRH = corticotropin-releasing hormone gene, NR3C1 = glucocorticoid
receptor gene, POMC = proopiomelanocortin gene, se = standard error.
●
: adjusted p < 0.1, *: adjusted p < 0.05; **: adjusted p < 0.01; ***: adjusted p < 0.001
black asterisks/ dots depict tissue comparisons, red asterisks/ dots depict comparisons in
relation to child abuse in blood, blue asterisks/ dots depict comparisons in relation to child
abuse in saliva.

As we found the most pronounced effects in POMC, we inspected the
seven and nine CpGs, which differed between the groups with at least moderate effect
size in blood and saliva, respectively, in more detail. A comparison with the Jaspardatabase (Fox & Weisberg, 2011) revealed that five and six of these CpGs are either
located in or directly flanking a potential transcription factor binding site (TFBS). The
potential TFBSs included TFAP2A, ZEB1, THAP1, YY1, BRCA1, E2F, ZNF354C,
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MZF1 and SPIB. Interestingly, all of these CpGs are located in the 5’promoter, whose
methylation status has been shown to modulate transcriptional activity of the POMC
gene (Newell-Price, King, & Clark, 2001). Our analyses covered eleven and 12 CpGs
in this region in blood and saliva, respectively. In blood, one CpG-site was excluded
from the analyses due heterogeneity of variances. Thus, about one half of the CpGs in
this region differed in their methylation by means of child abuse, and are associated
with TFBSs.
Table V-3: ANOVAs analyzing the effect of childhood abuse on DNA
methylation in CpGs associated with the AVP, POMC, NR3C1 and CRH gene

F

Blood
η
p

cg03279206

5.82

.09

<.05

>.10

0.22

.00

>.10

>.10

AVP

cg14065127

3.56

.06

<.10

<.10

0.82

.01

>.10

>.10

CRH

cg21240762

0.00

.00

>.10

>.10

4.19

.07

<.05

>.10

CRH

cg23027580

9.29

.14

<.01

<.05

0.25

.00

>.10

>.10

NR3C1

cg04111177

3.56

.06

<.10

>.10

0.23

.00

>.10

>.10

NR3C1

cg06521673

0.37

.01

>.10

>.10

4.32

.07

<.05

>.10

NR3C1

cg07528216

0.03

.00

>.10

>.10

5.53

.09

<.05

>.10

NR3C1

cg18849621

0.05

.00

>.10

>.10

4.25

.07

<.05

>.10

NR3C1

cg19457823

1.09

.02

>.10

>.10

4.54

.08

<.05

>.10

NR3C1

cg26464411

3.68

.06

<.10

>.10

0.25

.00

>.10

>.10

POMC

cg00674304

4.88

.08

<.05

>.10

1.30

.02

>.10

>.10

POMC

cg01926269

8.04

.13

<.01

>.10

4.49

.07

<.05

>.10

POMC

cg02716646

2.38

.04

>.10

>.10

3.40

.06

<.10

>.10

POMC

cg11894631

0.32

.01

>.10

>.10

7.93

.13

<.01

<.10

POMC

cg13025668

4.55

.08

<.05

>.10

10.94

.16

<.01

<.05

POMC

cg14170547

4.18

.07

<.05

>.10

0.71

.01

>.10

>.10

POMC

cg17736230

2.32

.04

>.10

>.10

8.22

.13

<.01

<.10

POMC

cg20387815

7.23

.12

<.01

>.10

5.65

.09

<.05

>.10

POMC

cg22900229

3.26

.06

<.10

>.10

0.94

.01

>.01

>.10

POMC

cg24425171

4.20

.07

<.05

>.10

5.28

.08

<.05

>.10

POMC

cg24718866

0.18

.00

>.10

>.10

3.68

.06

<.10

>.10

POMC

cg09916783

NA

NA

NA

NA

6.51

.10

<.05

<.10

Gene

CpG

AVP

2

Saliva
adj. p

2

F

η

2

p

adj. p

Note. F: F statistic for abuse; Adj. p: adjusted p-value ; η = eta square effect size; NA = not
available;
p-values below .05, adj. p-values below .10 and effect sizes above .06 are highlighted in
bold; AVP = arginine-vasopressin gene; CRH = corticotropin-releasing hormone gene;
NR3C1 = glucocorticoid receptor gene, POMC = proopiomelanocortin gene. Only CpGs,
which are differentially either in blood or saliva are displayed.
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DNA-methylation of the POMC gene strengthens children’s self-reports
Post-hoc we hypothesized that we could replicate, on the molecular level,
the group allocation that was originally based on children’s self-reports. We performed
unsupervised hierarchical clustering on methylation of the 26 CpG sites representing
the POMC gene using the Euclidean distance metric and the ward clustering method in
the hclust package in R. To account for the dispersion differences across the
methylation of the CpG sites, data were z-standardized prior to cluster analysis. Both
in blood and saliva, two distinct clusters reflecting the high exposure and low exposure
group could be detected (Fig. V-3). In blood, the analysis allocated n = 39 (68%)
children into their respective group and in saliva n = 35 (60%). A chi-square test
confirmed the significant concordance between the group allocation based on
children’s self-report and based on methylation value in blood (χ2= 5.95, df = 1,
p = .015) and showed a trend in saliva (χ2= 3.49, df = 1, p = .062).

Fig. V-3: Hierarchical clustering dendrogram
Based on the methylation of 26 CpGs present in POMC a hierarchical cluster analysis has
been performed. Two distinct clusters were formed in both blood (a) and saliva (b)
significantly replicating the two groups that are based on children’s self-reports regarding
exposure to child abuse. The parts of the dendrograms highlighted in red represent the
clusters containing mainly children exposed to high levels of child abuse while the
turquoise highlighted segments denote the clusters containing mainly children with low
exposure. The colored boxes next to the final branches denote the exposure to childhood
abuse based on the self-reports (red ≙ high exposure, turquoise ≙ low exposure)
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DNA methylation of HPA axis genes
We additionally compared DNA methylation in the four HPA-axis genes
between the two tissues. Generally, blood tended to show stronger signals of DNA
methylated than saliva (Fig. V-2). The only exception was seen in AVP, in which the
pattern was reversed and saliva was characterized by elevated DNA methylation levels
compared to blood. This tendency was also revealed in the ANOVAs, as we found
three, eight, eighteen and eleven CpG sites in AVP, CRH, POMC and NR3C1,
respectively, which displayed differential methylation between the tissues (Table S-V1).

V.5. Discussion
Child abuse is known to impair mental health across the entire lifespan
(Carr et al., 2013). However, it has been claimed that the effects of specific forms of
child abuse are not as harmful when they take place in societies or cultural groups in
which such practices are common, socially accepted and legal. Lansford et al. (2005),
for example, demonstrated that the relation between corporal punishment and mental
health problems varied with the perceived normativeness of corporal punishment in
the respective country. We and others have, however, already demonstrated the
detrimental effects of child abuse in such societies (Ani & Grantham-McGregor, 1998;
Hecker et al., 2014). Concordantly, in the present study children with high exposure to
child

abuse

showed

decreased

psychological

well-being.

Furthermore,

we

demonstrated that this link manifests itself on a molecular level that cannot be
manipulated by the subject: child abuse was strongly associated with the methylation
of the POMC gene in both blood and saliva. To date, research incorporating child
abuse and the methylation of HPA axis genes has focused mainly on the GR gene (de
Kloet et al., 2005; Labonte et al., 2014; McGowan et al., 2009; Perroud et al., 2011).
Little is known about the physiological and phenotypic consequences of POMC
methylation. The POMC gene is characterized by a 5’ CpG-islands, located at exon 1
and the promoter region, and a 3’CpG-island more downstream around the intron 2
and exon 3 boundary (Gardiner-Garden & Frommer, 1994). Research investigating
various disease traits or stress exposure have mainly reported differential methylation
at the 5’ CpG-island (Mizoguchi et al., 2007; Muschler et al., 2010; Newell-Price et al.,
2001; Stevens et al., 2010), but effects on the 3’ CpG island (Kuehnen et al., 2012)
have also been reported. In cancer tissue that did not belong to the piturity gland that
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caused Cushing’s syndrome (hypercortisolism), differential POMC methylation at the
5’ CpG-island and increased ACTH levels were reported, suggesting HPA axis
dysregulation, a key feature of many mental diseases (Mizoguchi et al., 2007; NewellPrice et al., 2001). Our research supports these previous findings, as the majority of
differentially methylated CpGs in our study were located in the 5’ CpG-island.
Moreover, the respective CpGs colocate with transcription factor binding sites
(TFBS), suggesting transcriptional regulation. These TFBS include an E2F response
element, methylation of which has been shown to suppress POMC promoter activity
in vitro (Newell-Price et al., 2001).
In addition to ACTH, the functionally relevant peptides β-endorphin and
α-melanocyte stimulating hormone (αMSH) are cleaved from the prohormone proopiomelanocortin. Thus, the possible impairment of other systems than the HPA axis
through POMC methylation has to be considered. β-endorphin has anti-nociceptive
effects that are essential for stress, in particular the fight-flight situations. It also was
reported to have rewarding properties and is considered as a factor in stress-related
psychiatric disorders (Merenlender-Wagner, Dikshtein, & Yadid, 2009) and drug abuse
(Roth-Deri, Green-Sadan, & Yadid, 2008). Indeed, POMC methylation was associated
with alcohol craving in patients suffering from alcohol dependence (Muschler et al.,
2010). Thus differential POMC methylation by means of child abuse, as found in our
study, may heighten the risk of the development of abuse-related mental illness (Carr
et al., 2013), including drug abuse (Dube et al., 2003). Abuse seems to affect the
methylation of the POMC gene and may lead to increased emotional and behavioral
problems in the children, which then increase the likelihood for further abuse. In
short, settings of frequent abuse would generate a vicious cycle of further abuse and
behavioral problems. Due to the nature of our study, it was not possible to test this
idea statistically. Future studies using larger samples and ideally longitudinal designs
should test this hypothesis empirically. Nevertheless, our findings are congruent with
prior findings that child abuse is related to worse child mental health, even in a society
in which specific acts of child abuse are common practice.
DNA methylation profiles appear to be tissue-specific (Ollikainen et al.,
2010) and several studies indicated a clear separation of samples derived from saliva
and blood (Smith et al., 2014; Thompson et al., 2013; Wu et al., 2014). Accordingly, we
found significantly different methylation profiles between saliva and blood. Moreover,
there was a general trend of hypermethylation in saliva, which has previously been
demonstrated. However, despite tissue-specific methylation, we demonstrate that
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childhood abuse is associated with DNA methylation in both saliva and blood. Thus
methylation evoked by adverse experiences seems to be preserved across tissues.
Moreover, parents and caregivers often argue that children tend to overreport the exposure to abuse and the resulting harm. Thus the children’s perception of
their experiences is often ignored, as children are not regarded as being mature enough
to accurately gauge their situation (Qvortrup, Bardy, Sgritta, & Wintersberger, 1994).
Hierarchical clustering based on the methylation of POMC, however, allocated twothirds of children into their respective group and a subsequent chi-square test
confirmed the significant concordance between the group allocations based on
children’s self-report and based on methylation value. Therefore, our results
strengthen the credibility of children’s self-reports on a molecular level and support
the conclusion that children are indeed capable of accurately reporting their exposure
to abuse. In the school context of our data assessment, we were unable to include
parents’ reports for logistical reasons. Furthermore, we deliberately focused on the
credibility of children’s reports, as their view has been often neglected in research thus
far. While it is possible that the inclusion of parents’ reports could have further
strengthened our findings, previous studies in resource-poor countries cast doubt on
the validity of parents’ knowledge about their children’s suffering (Elbert et al., 2009).
The methodologies employed by our study present some limitations. Our
data are correlational in nature and thus cannot prove a causal relationship between
child abuse and methylation patterns or decreased psychological well-being. But even
if certain methylation patterns might increase the likelihood of child abuse, the data
still confirm the credibility of children’s subjective reports and with it a wealth of data
showing that abused children are more likely to suffer. However, the sample size and
our study design using extreme group comparisons limit the generalizability of our
findings. In the school context of our data assessment we were unable to include
parents’ reports for logistical reasons. Therefore, we could not gather information
regarding the socio-economic status (SES) of our sample. It remains to be tested
whether SES can impact DNA methylation through other pathways than abuse.
Furthermore, it has been suggested that probes containing single nucleotide
polymorphisms (SNPs) might result in a biased signal (Price et al., 2013). Based on the
1000 Genomes project’s database (The 1000 Genomes Project Consortium, 2012) eight
SNPs colocalize with the target sequence of probes associated with POMC. However,
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the majority of those are very rare in African populations with minor allele frequencies
(MAF) below 0.2% and are thus considered not relevant to our sample. Excluding one
CpGs, whose respective probe contained a SNP in their target sequence at higher
MAF (i.e., 1.0%), did not markedly change the results (data not shown). Furthermore,
this SNP was located more than ten base pairs away from its target CpG, which does
not seem to evoke biased signals (Price et al., 2013). Therefore, we consider our
findings to reflect the epigenome of the participants and not as artifacts of their
genotype.
In summary, we provide further evidence that in societies or cultural
groups in which many specific acts of child abuse are common, legal, and socially
accepted, child abuse is nevertheless detrimental for the psychological well-being of
affected children. Our evidence for such a link is strengthened by the inclusion of
epigenetic information from both blood and saliva. This is the first study reporting the
link between child abuse and modifications of DNA-methylation of POMC.
Epigenetic modifications provide a promising mechanism through which child abuse
could act to influence psychological well-being. In addition, on a molecular level our
study strengthens the credibility of children’s self-reports evaluating their exposure to
abuse. All in all, our findings underscore the need to inform the population at large
about the adverse consequences associated with various forms of child abuse, both
those societally accepted and those not. This holds especially true in societies in which
such practices are commonly employed and generally regarded as effective.
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VI.1. Discussion of the results
In the preceding chapters, I described how early life adversities, by means of
DNA methylation of genes associated to the HPA-axis, become persistently embedded
in the DNA and how this might relate to impaired psychological wellbeing. Chapter
III demonstrated increased methylation of the glucocorticoid receptor (GR) gene after
prenatal exposure to maternal intimate partner violence (IPV) 10 to 19 years after
birth. Although in neonates, others present similar findings after prenatal exposure to
maternal depression (Oberlander et al., 2008) or maternal war experience (Mulligan et
al., 2012), this has been the first demonstration that prenatal psychological stress can
result in sustained alterations in DNA methylation. Four years later, these results have
been replicated on a genome-wide basis as pregnant women’s cognitive appraisal of a
natural disaster (the Québec ice storm) associated with patterns of DNA methylation
in the offspring 13 years later (Cao-Lei et al., 2015). Evidenced in chapter IV, such
alterations in DNA methylation might underlie the reliably reported decrease of
psychological wellbeing seen in the aftermath of early adversities (Heim et al., 2001;
Talge et al., 2007).
In chapter IV, I demonstrate an effect of the interaction between the
environment and the epigenome on the vulnerability to develop psychopathology. In
this study, the co-occurrence of methylation at the GR gene and childhood adversities
increased the vulnerability to developing borderline personality disorder (BPD) in
particular and psychopathology in general as evidenced by heightened rates of both
symptoms related to psychopathological conditions and behavioral and emotional
problems. Although many groups report associations between GR methylation and
either psychopathology or adversities in early life (for reviews see Palma-Gudiel et al.,
2015; Turecki et al., 2016), the combined contribution of GR methylation and early life
adversities on psychological wellbeing has never been tested explicitly. This study
harbors several more key findings. Rather than being limited to a single diagnosis as in
previous studies, this study regards psychopathology as a general concept defined as
the occurrence of several features associated with mental disease such as BPD and
depression or behavioral and emotional problems. I regard this holistic approach to
more accurately reflect the threats to the wellbeing of the participants even though
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they might appear asymptomatic in respect to singular measurements of mental illness.
Furthermore, rather than being exposed to extreme forms of stress, the children
participating in this study experienced relatively moderate levels of childhood
maltreatment. Substantiated by the inclusion of molecular markers, this study
highlights the detrimental consequences of even moderate stress on mental health.
Particularly consequences of child abuse have been argued to be less
pronounced in societies or cultural groups in which such practices are common,
socially accepted and legal (Lansford et al., 2005). Tanzania represents such a country
in which harmful physical acts and psychological tactics towards children are highly
prevalent in families and schools (Feinstein et al., 2010). In accordance with previous
research (Ani et al., 1998; Hecker et al., 2014), in chapter V, I report decreased
psychological well-being in Tanzanian children exposed to high levels of child abuse.
That finding was accompanied by differential methylation of HPA-axis genes,
especially of the POMC gene, hinting towards a dysregulation of the HPA-axis and
thus representing a risk factor for mental health (for a review see Heim et al., 2001).
These results strongly suggest that child abuse perpetrated in societies in which it is a
common practice affects mental health to the same extent as in societies in which it is
less frequent and accepted, although this study did not include data of the latter and
thus cannot infer direct comparisons. However, the study does justify the conclusion
that – in the given societal context of frequent and socially accepted child abuse –
child abuse relates to a worsening of mental health.

VI.2. Implications
In summary, all of the original research articles included in this thesis evidence
persistent epigenetic changes of genes related to the HPA-axis in individuals exposed
to adversities early in life and thus highlight a mechanism by which these might
translate into mental illness. All analyses were conducted in peripheral tissue, blood
and saliva, and not in the brain, where epigenetic modifications are most likely to
affect psychological function. Therefore the results need to be interpreted cautiously.
However, as the glucocorticoid receptor (GR) is ubiquitously expressed across tissues,
stress-released glucocorticoids could elicit similar epigenetic modifications in the brain
and in the periphery (Klengel et al, 2014; Szyf, 2012, 2013). Accordingly, in chapter V,
I found similar associations between childhood abuse and DNA methylation in both
blood and saliva. Such preservation across tissues favors the idea of a system-wide
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epigenetic response to early adversities and highlights the potential of peripheral
epigenetic modifications as biomarkers for identifying individuals both with a history
of early adversities (as shown in chapters III-V) and at a heightened risk to develop
psychopathological symptoms (as shown in chapter V). Such diagnostic potential is
strengthened by studies reporting increased GR gene methylation in blood
concomitant with altered HPA-axis activity in individuals with a history of either
prenatal (Oberlander et al., 2008) or childhood stress (Tyrka et al., 2012). Moreover,
epigenetic modifications in peripheral tissues correlate with those in the brain (Davies
et al., 2012; Tylee et al., 2013) and with brain function (Vukojevic et al., 2014; Wang et
al., 2012). First pilot studies in persons suffering from PTSD (Yehuda et al., 2013) or
BPD (Perroud et al., 2013) show epigenetic modifications in blood in response to
therapeutic intervention in genes related to the HPA-axis (FKBP5) or neuroplasticity
(BDNF). Although these studies are in need for replication, they highlight the potential
of epigenetic modifications in peripheral tissues as biomarkers for therapeutic success.
These findings point at the possibility to assist psychotherapeutic therapies by
pharmacological interventions modifying the epigenome. In animal experiments
hippocampal application of HDAC inhibitors (HDACi) were shown to reverse
epigenetic modifications and behavioral patterns induced by low levels of maternal
care (Weaver et al., 2004) and to enhance fear extinction memory concomitant with
histone acetylation in memory related genes (Matsumoto et al., 2013). Also in humans,
similar mechanisms are conceivable. Narrative Exposure Therapy (NET) for example
aims at contextualizing intrusive memory representations in trauma patients i.a
accomplished through basic mechanisms of learning (Schauer et al., 2011). HDACis
could serve as cognitive enhancers facilitating this process (for a review see Whittle et
al., 2014). A major challenge for pharmacological approaches acting on epigenetic
modifications lies in targeting systematically administrated agents towards the relevant
brain regions. This might be overcome by epigenetic priming, i.e. a more pronounced
effects of HDACis in already activated cell populations and genes (for a review see
Gräff et al., 2013). Learning triggers epigenetic modifications favoring an open
chromatin structure in neuroplasticity genes for example in the prefrontal cortex
(Bredy et al., 2007) and in the hippocampus (Levenson et al., 2004) thus rendering these
genes more accessible to HDACis.

79

VII Final Conclusion

VII Final Conclusion
This thesis shows that early adversities in life associate with sustained
epigenetic modifications in genes associated with the HPA-axis – the POMC gene and
the GR gene – and thus highlights a potential mechanism by which these might
translate into impaired psychological wellbeing. For the first time, I demonstrate that
prenatal psychological stress leads to such persistent epigenetic modifications. The
association of early adversities with GR methylation in blood and similar effects of
childhood abuse on POMC methylation in both blood and saliva strongly highlight the
potential of peripheral epigenetic modifications as biomarkers for early adversities and
associated risks on mental health. Moreover, I demonstrate epigenome x environment
interactions – as manifested in the joint occurrence of GR methylation and childhood
maltreatment – in predicting the vulnerability to develop psychopathology. The
finding that child abuse associates with both impaired psychological well-being and
POMC methylation in Tanzanian children, substantiates the notion that child abuse
harbors detrimental consequences regardless of the societal and cultural embedding.
Finally this thesis emphasizes the importance of interventions targeting intimate
partner violence (IPV) and childhood maltreatment. The latter might be of particular
importance in societies in which practices of child abuse are commonly employed and
generally regarded as effective disciplinary measures.
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Supplements
III Transgenerational impact of intimate partner violence

Fig. S-III-1: Percentage of methylated clones vs CAS-score during pregnancy
Relationship between the percentage of methylated clones of the children and maternal
exposure to partner violence during pregnancy. Partner violence was evaluated by means
of the CAS-score. A CAS-score of seven or higher was used as indicator for IPV exposure.
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Fig. S-III-2. Percentage of methylated clones vs CAS-score before pregnancy
Relationship between the percentage of methylated clones of the children and maternal
exposure to partner violence before pregnancy. Partner violence was evaluated by means
of the CAS-score. A CAS-score of seven or higher was used as indicator for IPV exposure.
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Fig. S-III-3: Percentage of methylated clones vs CAS-score before pregnancy
Relationship between the percentage of methylated clones of the children and maternal
exposure to partner violence after pregnancy. Partner violence was evaluated by means of
the CAS-score. A CAS-score of seven or higher was used as indicator for IPV exposure.
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Table S-III-1: Methylation Status vs. Third Variables

1
2
3
4
5

country of origin (mother)
maternal age*
age of children**
marital status (mother)
graduation from high school, completion of vocational
training or academic degree (mother)

6
7
8
9

Mother
n
p
25 1.00
25 1.00

Children
n
p
24
1.00
24
1.00
24
1.00
24
1.00
24
0.37

25
25

1.00
0.19

pregnancy problems
smoking, alcohol or drug consume during pregnancy

25
25

1.00
0.67

24
24

0.39
0.37

use of painkillers during birth
anxiety, panic or helplessness during birth

24
23

0.68
0.67

23
22

1.00
0.65

10 skin contact after birth
24 0.42
23
0.66
11 severe disease of children
18 0.29
18
1.00
12 birth weight (children)
23 1.00
23
0.53
13 gestational age at birth (children)
25 0.50
24
1.00
14 mode of birth (children)
25 1.00
24
0.45
The relationship between a variety of third variables and the methylation status of both the
women and their children has been tested. Based on statistical analysis using Fisher’s
exact test, none of these variables were found to associate with the methylation status of
women or their children.
* In order to perform Fisher’s exact test maternal age has been categorized into 1) 29-36
years, 2) 37-44 years and 3) 44-51 years of age.
** In order to perform Fisher’s exact test age of children has been categorized into 1) 1012 years, 2) 13-15 years and 3) 16-19 years of age.
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Table S-III-2: Distribution of Third Variables
Mother

Children

n

n

Distribution

Distribution

1

country of origin (mother)

25 Ger: 3, Rus: 4, Pl: 1, Irq: 3,
Rc: 1, Tr: 4, Ir: 1, Cs: 1,
Srb: 6, Scg: 1

24 Ger: 3, Rus: 4, Pl: 1, Irq: 3,
RC: 1, Tr: 4, Ir: 1, Cs: 1,
Srb: 6

2

maternal age [years]

25 29-36: 7, 37-44: 15,
45-51: 3

24 29-36: 6, 37-44: 15,
45-51: 3

3

age of children [years]

4

marital status (mother)

25 single: 2, married: 19,
divorced or separated: 4

24 single: 2, married: 18,
divorced or separated: 4

5

graduation from high school,
completion of vocational training
or academic degree (mother)

25 yes: 17, no: 8

24 yes: 17, no: 7

6

pregnancy problems

25 yes: 11, no: 14

24 yes: 11, no: 13

7

smoking, alcohol or drug consume
during pregnancy

25 yes: 8, no: 17

24 yes: 7, no: 17

8

use of painkillers during birth

24 yes: 10, no: 14

23 yes: 10, no: 13

9

anxiety, panic or helplessness
during birth

23 yes: 11, no: 12

22 yes: 10, no: 12

10

skin contact after birth

24 yes: 13, no: 11

23 yes: 13, no: 10

11

severe disease of children

18 yes: 9, no: 9

18 yes: 9, no: 9

12

birth weight (children)

23 low: 4, normal: 19

23 low: 4, normal: 19

13

gestational age at birth (children)

25 preterm: 2, at term: 23

24 preterm: 1, at term: 23

14

mode of birth (children)

25 spont.: 18,
emerg. C-sect.: 3,
elect. C-sect.: 3 other: 1

24 spont.: 17,
emerg. C-sect.: 3,
elect.C-sect.: 3 other: 1

24 10-12: 6, 13-15: 10, 16-19:
8

In the case of one mother, we could not obtain a blood sample from any of her children.
Therefore sample sizes between mothers and children differs in statistical analysis.
Abbreviations: spont., spontaneous; emerg C.-sect, emergency caesarean section; elect.
C-sect, elective caesarean section; Cs., Czechoslovakia; Ger., Germany; IPV, intimate
partner violence; Ir., Iran; Irq., Iraq; Pl., Poland; Rus., Russia; Scg., Serbia and
Montenegro; Sos., Kosovo; Tw., Taiwan; Tr., Turkey.
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IV Childhood maltreatment and hGR methylation

psychiometric measurements / sd

20

15

10

5

0

Participants
symptom
category:

ADHD

BPD

CD

Anxiety

Depression

health related
life quality

ODD

strength and
difficulties

Fig. S-IV-1Fehler! Kein Text mit angegebener Formatvorlage im Dokument.:
Distribution of psychological health associated measurements
All variables have been standardized by dividing through their standard deviation in order
to allow for a comparison between different scales. As “heath related life quality”
represents rather a measurement for psychological health than ill-health we multiplied it
with minus one prior standardizing.
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Fig. S-IV-2: Principal component analyses (PCA) analyzing psychometric
measurements or hGR methylation
a) Factor loadings of PCA analyzing psychometric measurements; b) Eigenvalues of PCA
analyzing psychometric measurements; c) factor loadings of PCA analyzing hGR
methylation; d) Eigenvalues of PCA analyzing hGR methylation.
Abbr.: PC, principal component; Numbers in brackets in a) and b) denote the amount of
explained variance
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Table S-IV-1: Mean methylation of individual CpG sites
CpG site
cg00629244
cg03857453
cg04111177
cg06521673
cg06613263
cg06952416
cg06968181
cg07528216
cg07589972
cg07733851
cg08818984
cg08845721
cg10847032
cg11152298
cg12466613
cg13648501
cg14558428
cg15645634
cg15910486
cg16335926
cg16586394
cg17342132
cg17617527
cg17860381
cg18019515
cg18068240
cg18146873
cg18484679
cg18849621
cg18998365
cg19457823
cg20753294
cg21702128
cg23273257
cg24026230
cg25535999
cg26464411
cg26720913
cg27107893
cg27122725
cg27345592

mean (methylation) [%] sd (methylation) [%]
3.33
0.58
72.82
6.65
3.82
0.69
2.45
0.56
90.08
2.25
9.00
1.79
5.98
0.82
96.82
1.20
94.55
1.09
36.29
3.32
5.34
1.59
94.63
2.33
2.97
0.48
4.95
0.67
93.41
2.00
9.68
2.33
4.15
0.76
3.61
0.65
7.98
1.35
2.58
0.36
94.96
1.07
91.17
5.30
2.01
0.39
3.60
0.83
2.19
0.39
2.42
0.58
2.48
0.61
93.09
1.92
5.99
1.50
63.97
3.17
90.83
3.58
7.93
1.77
5.30
0.69
97.57
0.75
3.64
0.68
93.06
1.38
4.47
0.92
1.84
0.68
91.90
4.33
14.17
2.66
96.10
0.89
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Table S-IV-2: Correlations between DNA methylation and psychometric
measurements

ODD associated symptoms

46 -0.12

0.21.

0.33..

0.08 -0.13 -0.17

0.34

0.31 -0.24

CD associated symptoms

46 -0.09

0.08.

0.14.. -0.02 -0.05 -0.29

0.34

0.03 -0.05

ADHD associated symptoms

45 -0.19

0.19.

0.30..

0.06

0.05 -0.13

0.16

0.07 -0.32

Anxiety associated symptoms
Depression associated
symptoms
BPD associated symptoms

46 -0.22

0.35.

0.25..

0.06

0.13 -0.25

0.14

0.08 -0.06

46 -0.34

0.41˙

0.41˙.

0.06

0.31 -0.17

0.04

0.12

46 -0.17

0.26.

0.53**

0.16

0.03 -0.20

0.22

0.06 -0.05

strength and difficulties
perceived health related life
quality

45 -0.15

0.50*

0.34... -0.03

0.02 -0.07

0.07 -0.09 -0.02

43

-0.36.

0.08 -0.17

0

0.07

0.31 -0.17 -0.12 -0.09

Only CpG sites correlating with at least one psychometric measurement at medium effect
size are shown. To adjust for multiple testing adjusted p-values were computed according
to Benjamin-Hochberg (Benjamini et al., 1995) applying a false discovery rate of 0.05. Bold
depicted correlation coefficients display at least medium effect sizes. (r/rho > 0.3).
˙:adj p≤0.1; *: adj p≤0.05; **: adj p≤0.01; adj p: adjusted p value
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cg16586394

0.49*. -0.05

-0.42... -0.31 -0.29

cg06613263

0.29.

0.05 -0.08

cg18998365

cg06952416

cg17617527

cg17860381

46 -0.05

0.14

cg20753294

cg26464411

n(childhood adversities)

n

cg06968181

r / rho
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V Child abuse and POMC methylation
Table S-V-1: ANOVAs analyzing the effect of tissue on DNA methylation in
CpGs associtated with the AVP, POMC, NR3C1 and CRH gene
η

2

Gene

CpG

F

AVP

cg02187522

0.96

0.01

>.10

>.10

AVP

cg04632887

14.25

0.11

<.001

<.001

AVP

cg05136169

99.64

0.46

<.001

<.001

AVP

cg11491381

24.27

0.18

<.001

<.001

AVP

cg15189567

4.47

0.04

<.05

<.10

AVP

cg16536918

0.34

0

>.10

>.10

AVP

cg23169111

3.79

0.03

<.10

<.10

AVP

cg25551168

2.84

0.02

<.10

>.10

AVP

cg25673357

0.38

0

>.10

>.10

CRH

cg00269606

0.05

0

>.10

>.10

CRH

cg03405789

20.17

0.15

<.001

<.001

CRH

cg08215831

7.25

0.06

<.01

<.05

CRH

cg15971888

10.42

0.09

<.01

<.01

CRH

cg16664570

15.16

0.11

<.001

<.001

CRH

cg17305181

127.22

0.53

<.001

<.001

CRH

cg18640030

0

0

>.10

>.10

CRH

cg19035496

0.83

0.01

>.10

>.10

CRH

cg20329958

0.12

0

>.10

>.10

CRH

cg21240762

5.34

0.05

<.05

<.05

CRH

cg21878188

5.53

0.05

<.05

<.05

CRH

cg23409074

5.7

0.05

<.05

<.05

NR3C1

cg00629244

2.59

0.02

>.10

>.10

NR3C1

cg03857453

27.31

0.2

<.001

<.001

NR3C1

cg04111177

0.85

0.01

>.10

>.10

NR3C1

cg06521673

7.67

0.06

<.01

<.05

NR3C1

cg06952416

11.9

0.1

<.001

<.01

NR3C1

cg06968181

0.99

0.01

>.10

>.10

NR3C1

cg07528216

18.28

0.14

<.001

<.001

NR3C1

cg07589972

5.97

0.05

<.05

<.05

NR3C1

cg07733851

34.31

0.23

<.001

<.001

NR3C1

cg11152298

1.24

0.01

>.10

>.10

NR3C1

cg12466613

7.48

0.06

<.01

<.05

NR3C1

cg13648501

41.96

0.27

<.001

<.001

NR3C1

cg14558428

0.04

0

>.10

>.10

NR3C1

cg15645634

0.01

0

>.10

>.10

NR3C1

cg15910486

6.66

0.06

<.05

<.05

NR3C1

cg16335926

7.76

0.06

<.01

<.05

NR3C1

cg16586394

6.01

0.05

<.05

<.05
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NR3C1

cg17342132

7.87

0.07

<.01

<.05

NR3C1

cg17617527

0.91

0.01

>.10

>.10

NR3C1

cg17860381

0.66

0

>.10

>.10

NR3C1

cg18019515

3.26

0.03

<.10

>.10

NR3C1

cg18068240

0.72

0.01

>.10

>.10

NR3C1

cg18146873

0.18

0

>.10

>.10

NR3C1

cg18484679

26.71

0.19

<.001

<.001

NR3C1

cg18849621

11.05

0.09

<.01

<.01

NR3C1

cg20753294

6.43

0.05

<.05

<.05

NR3C1

cg21702128

1.74

0.02

>.10

>.10

NR3C1

cg23273257

26.03

0.19

<.001

<.001

NR3C1

cg24026230

0.49

0

>.10

>.10

NR3C1

cg25535999

8.34

0.07

<.01

<.05

NR3C1

cg26464411

0.25

0

>.10

>.10

NR3C1

cg27122725

19.01

0.14

<.001

<.001

NR3C1

cg27345592

53.05

0.32

<.001

<.001

POMC

cg00293936

7.83

0.06

<.01

<.01

POMC

cg00674304

48.82

0.3

<.001

<.001

POMC

cg01926269

230.22

0.67

<.001

<.001

POMC

cg02716646

0.52

0

>.10

>.10

POMC

cg02757179

0.03

0

>.10

>.10

POMC

cg06846259

3.7

0.03

<.10

<.10

POMC

cg10045137

22.19

0.17

<.001

<.001

POMC

cg11894631

19.21

0.14

<.001

<.001

POMC

cg14170547

68.62

0.37

<.001

<.001

POMC

cg14357535

22.22

0.16

<.001

<.001

POMC

cg17736230

16.5

0.13

<.001

<.001

POMC

cg22900229

228.96

0.67

<.001

<.001

POMC

cg23598419

55.59

0.33

<.001

<.001

POMC

cg23809645

4.91

0.04

<.05

<.05

POMC

cg24425171

484.89

0.81

<.001

<.001

POMC

cg24718866

1.47

0.01

>.10

>.10

2

Note. F: F statistic for abuse; Adj. p: adjusted p-value; η = eta square effect size; AVP =
arginine-vasopressin gene; CRH = corticotropin-releasing hormone gene; NR3C1 =
glucocorticoid receptor gene, POMC = proopiomelanocortin gene.
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