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Chapter 1: Introduction and outline

Chapter 1

1.1 Introduction and outline

Psychiatric and mental disorders are diseases of the human brain with an underlying complex
etiology. It is estimated that across 28 European countries with a total population of 466
million, 127 million people or 27% of the adult European population, 18-65 of age, are or
have been affected by at least one mental disorder in the past 12 months (Wittchen and Jacobi
2005). The lifetime risk to develop at least one brain disorder is considered to be 50% for
individuals in the EU population (Wittchen and Jacobi 2005). Mental disorders such as
bipolar disorder (BPD), major depressive Disorder (MDD) and schizophrenia (SCZ) can start
as early as in childhood and adolescence. They typically have adverse effects on school and
professional career, social functioning and somatic health throughout life, and are associated
with great suffering also for the families, partners and friends. As a result of such a high
prevalence of mental disorders combined with the early onset and their life long course, the
total burden for society associated with mental disorders is immense. In 2004, the total cost
for psychiatric disorders was estimated to be around 290 billion Euros in the EU (Wittchen
and Jacobi 2005; Wittchen et al. 2005).

Mental health problems, such as bipolar disorder or major depression are complex in their
etiology as biological, social and psychological factors interact in the course of their
development. Family, twin and adoption studies have established that BPD, MDD and other
forms of severe affective illness are highly heritable. Twin studies are showing markedly
increased concordance rate of BPD by comparing monozygotic with dizygotic twins
(Bertelsen et al. 1977; Cardno et al. 1999). Furthermore, the influence of genetic factors is
supported as biological parents are more often affected than the adoptive parents of BPD
adoptees (Mendlewicz and Rainer 1977). A multitude of linkage and association studies have

been conducted during the past decade (DeLisi et al. 2000; Detera-Wadleigh et al. 1999;
1
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Detera-Wadleigh et al. 1997; Dick et al. 2002; Liu et al. 2003; Stober et al. 2000a; Stober et
al. 2001; Stober et al. 2000b; Stober et al. 2002) and even more susceptibility genes for
psychiatric disorders have been identified (Table 1.1). An extensive combination of linkage-
and association studies and other approaches have been performed to clarify the genetic
mechanism of complex mental disorders. To cope with the high complexity of psychiatric
disorders, the investigation design has also to consider gene x gene and gene x environment
interactions.

Psychosocial stress has been identified as an important modifier of mental and behavioral
disorders. The relationship of mental disorders to stressful life events is well established, both
in epidemiological and clinical samples (Paykel 2003), and virtually all psychiatric disorders
are closely linked with stress (Young 2004). As proposed by the stress diathesis model (Zubin
and Spring 1977) it can be assumed that mental disorders develop when genetic vulnerability
or predisposition interacts with environment and life events. It is a well accepted theory that
behavior and also mood disorders are not caused by single genes or alterations in single
genes, but rather are the result of more subtle alterations in multiple genes, each contributing
partially to the expression of behavior. Furthermore, it can be assumed that classical genetics
alone is not sufficient to explain behavioral outcomes but that the environment makes a
significant contribution to the ultimate phenotype. For instance, the vulnerable phenotype
model proposes that responses to stressors depends on the individual’s genetic predisposition
and is modulated by the individual’s history, in particular prenatally and during early life (de
Kloet et al. 2005). Numerous studies have been conducted, providing evidence that mutations
and/or polymorphisms are associated with psychiatric disorders (Heils et al. 1996; Lesch et al.
1996; Meyer et al. 2001; Meyer et al. 2005; Stober et al. 1996). Furthermore, it was
demonstrated that after experienced childhood adversity, the individual’s outcome is
dependent on the respective genotype (Caspi et al. 2002; Caspi et al. 2003; Kendler et al.

2005). Other studies provided evidence that serotonin transporter (SLC6A4) promoter

2
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genotype moderates amygdala activation in response to threatening environmental stimuli,
like angry or fearful faces (Hariri et al. 2003; Hariri et al. 2002a; Hariri et al. 2002b; Hariri
and Weinberger 2003a; Hariri and Weinberger 2003b). However, the question remains, why
some people who are exposed to similar environmental pathogens, such as psychological
stress, develop mental disorders while others do not. To answer this question, it is becoming
increasingly important to unravel “predisease pathways“ (Singer 2001) and to identify
psychobiological mechanisms linking environmental influences to changes at the molecular
level that predispose to, or sustain, disease processes. As we become better versed in
identifying environmental factors which affect phenotypes, it can be expected that not only
new genes will be identified, but also new polymorphisms and complex mechanisms of gene
regulation and gene x gene and gene X environment interactions.

In this context this work was inspired by two different investigations. The first (Meyer et al.
2005), identifying associations of SLC12A6 polymorphisms with BPD, was based on the
results of a genome wide linkage analysis (Stober et al. 2001), investigating 12 multiplex
pedigrees with 135 individuals (78 healthy and 57 subjects with catatonic symptoms; MIM
181500; Leonhard 1999; APA 1994). Periodic catatonia is characterized by a fluctuating
phenotype, combining akinetic negativism, immobility and mutism, or hyperkinesia with
stereotypies and parakinetic movements as well as increased anxiety, impulsivity and
aggressiveness. According to Tylor et al. (2003), periodic catatonia can be conceptualized as a
subtype of schizophrenia (Leonhard 1999), however, it also is observed in other psychiatric
disorders, especially in BPD. Stober et al. (2001) found evidence for linkage with markers to
chromosome 15015 and a suggestive evidence for linkage to chromosome 22q13. In further
studies, linkage of polymorphic markers between D15S144 and D15S1028 with periodic
catatonia could be confirmed (Meyer et al. 2002; Stober et al. 2002). Consequently,
performing candidate gene approaches, two rare G/A polymorphisms (32418760 G/A and

32416574 G/A; numbering of nucleotide positions are relative to chromosome 15 of the

3
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UCSC hg18 assembly of the human genome, March 2006; no rs numbers available), located
in the 5° regulatory region of SLC12A6 were identified, which showed association with
bipolar disorder in a case control study (Meyer et al. 2005). Interestingly, recessive mutations
in the coding region of this gene, leading to an unfunctional SLC12A6 are causative for the
Andermann syndrome (ACCPN; OMIM 218000) in humans. This syndrome is characterized
by frequent congenital corpus callosum agenesis, mental retardation, psychotic episodes,
peripheral neuropathy, and some dysmorphic features bearing analogy with catatonia
symptoms (Filteau et al. 1991). SLC12A6 being an interesting candidate gene additionally was
supported by the variants’ location in the 5’ regulatory region of the gene. Promoter activity
can be modulated by epigenetic modifications such as DNA methylation, possibly as an
adaptation of the organism to the environment. Interestingly, a single nucleotide
polymorphism (SNP) in the SLC12A6 promoter region creates a methylation site representing
a target for epigenetic modification in the G-specific allele which is not present in the
SLC12A6 A-allele. DNA methylation is a continuous process that allows gene expression
levels to change in specific cells at a specific time, especially during critical periods of
development. Potentially, all genes could be expressed in all cells at any point of time.
However, gene function and regulation is modulated by genetic and epigenetic factors in a
temporal and tissue-specific manner. Epigenetic mechanisms allow short-term adaptation of
genomic DNA and cells to the local environment (Hartl and Jones 2001). In this context, it is
noteworthy that the mature adult nervous system, composed of 10™ synaptic connections,
requires (epi-) genetic and environmental factors, and interactions for proper organization and
stabilization (Tasman et al. 2003). Recent research showed that epigenetic alterations were
found to be highly associated with schizophrenia, thus also explaining discordance between
monozygotic twins (Petronis 2003; Petronis et al. 2003). Interestingly, in several linkage
studies, the suspected chromosomal locations for susceptibility to schizophrenia and mood

disorders are compatible with genetic loci for DNA-methyltransferases and methylated
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domain DNA binding proteins (DNMT1; DNMT2; DNMT3B; DNMT3L; MBD1; MBD2 and
MDB4), which contribute to DNA methylation and chromatin organization (Badenhop et al.
2002; Berrettini 2001; Faraone et al. 1998; Maziade et al. 2001; Nurnberger and Foroud
2000). Additionally, alteration in only a few CpG methylation sites in REELN, 5SHT2RA and
MB-COMT showed high association with psychiatric disorders (Abdolmaleky et al. 2006;

Abdolmaleky et al. 2005; Abdolmaleky et al. 2004a).

The second study, which inspired this thesis, provided the first evidence that regulation of
gene expression can be influenced by environmental factors. Michael Meaney’s group
(Weaver et al. 2004) showed that maternal care influences glucocorticoid receptor (Nr3cl;
Nuclear Receptor Subfamily 3, Group C, Member 1) promoter methylation pattern in a rodent
model. A specific type of mother-pup interaction during the first 10 days of life was found to
affect the offspring’s behavior mediated by the Nr3cl promoter methylation pattern. High
maternal care was associated with low methylation of the Nr3cl promoter, less fearfulness
and reduced hypothalamic-pituitary-adrenal axis (HPA axis) responses to stress in the
offspring. Low maternal care, on the other hand, resulted in high Nr3cl promoter methylation
and enhanced stress response. The HPA axis is a stress responsive system, which mediates the
endocrine stress response, a system being under tight self-regulating control through negative
feedback mechanisms, mediated by the glucocorticoid receptor. Furthermore, almost all
mental disorders have been shown to be associated with dysregulation of the HPA axis, thus
pointing to the glucocorticoid receptor as an interesting candidate gene in the investigation of
stress related psychiatric disorders.

As the existence of different Nr3cl promoter epigenotypes, dependent on early environment
associated with behavior and neuroendocrine alterations in adult life could be shown in

rodents, we aimed to investigate whether similar regulation pattern also exist in humans.
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The regulation of the HPA axis in response to acute and chronic stress is a crucial mediator of
stress exposure and disease processes. As the glucocorticoid receptor is a pivotal mediator of
the HPA axis, much work during the past decades has been done in order to identify
mutations or SNPs located in the NR3C1 in association with diseases. In a recent study,
association of a common NR3C1 promoter SNP (rs10482605) was demonstrated to be
associated with MDD (van West et al. 2006). As regulation of the NR3C1 expression is likely
to be important for HPA axis regulation, the functional consequences of the promoter

polymorphism on NR3C1 promoter activity were investigated.

1.2 Psychiatric disorders

Mental disorders such as bipolar disorders and major depression are complex in their etiology
as biological, social and psychological factors interact in the course of their development. The
American Psychiatric Association (1994) defines bipolar disorders as a group of affective
illnesses characterized by excessive mood shifts. Patients with BPD experience episodes of
either mania (bipolar I disorder) or hypomania (bipolar 11). The manic phase is characterized
by persistent periods of abnormal or irritable mood accompanied by symptoms such as
grandiosity, excessive talkativeness, racing thoughts, and decreased sleep. Similar symptoms
are observed in hypomania, but symptomatology may be shorter and is accompanied by less
associated impairment. Major depression and major depressive episodes are characterized by
either sad mood or loss of interest accompanied by symptoms such as changes in weight,
appetite, sleep and activity, along with fatigue, excessive guilt, impaired concentration and
suicidal thoughts.

Depression, schizophrenia and bipolar disorder are complex inherited diseases with a
considerable genetic contribution, and much work in the last decades has been done in order

to identify mutations and polymorphisms contributing to mental health or disease. Twin and
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Table 1.1: Overview for candidate genes for bipolar disorder (BPD), major depression

(MDD) and schizophrenia (SC2)

Gene Location Functional significance Disorder Reference
DISC1 1942 Neuronal structure protein BPD; SCZ | (Millar et al. 2001)
NR3C1 5q Glucocorticoid receptor; MDD (van West et al.

transcription factor 2006)
SLC6A3 | 5p Mediates reuptake of BPD (Greenwood et al.
dopamine 2001)
HTR4 5q Encodes the HT4 receptor, BPD (Ohtsuki et al.
which influences dopamine 2002)
secretion
NRG1 89 a signaling protein that SCz (Stefansson et al.
mediates cell-cell interactions 2002)
GRIN1 9q Codes for a critical NMDA BPD (Mundo et al. 2003)
receptor subunit
DRD4 11p Dopamine system regulates BPD (Muglia et al. 2002)
emotion and behavior
BDNF 11p Neuronal growth factor BPD, MDD | (Karege et al. 2002;
involved in stress and Sklar et al. 2002)
antidepressant response
DRD2 11q Dopamine system regulates BPD (Massat et al. 2002)
emotion and behavior
TPH2 12q Hydroxylation of tryptophan to | MDD (Zhang et al. 2005)
serotonin
DAOA 13q Involved in glutamatergic BPD; SCZ | (Hattori et al. 2003,
signaling pathway Schumacher et al.
2004)
SLC12A6 | 15013 Cation chloride cotransporter | ACCPN, (Howard et al.
BPD 2002b; Meyer et al.
2005)
SLC6A4 | 17q Promoter alleles affect BPD; MDD; | (Lesch et al. 1996;
transcriptional efficiency of Neuroto- Rotondo et al.
SHTT cism, Harm | 2002)
avoidance
COMT 22q Functional variants affect BPD; MDD | (Lachman et al.
enzyme activity 1996; Rotondo et
al. 2002)
MLC1 22q Cation channel SCZ, MLC | (Meyer et al. 2001)
MAOA Xq Degrades dopamine, serotonin, | BPD, MDD | (Preisig et al. 2000)
norepinephrin

BDNF - brain-derived neurotrophic factor;, COMT — catechol-O-methyl transferase; DAT -
dopamine transporter; DISC1 - disrupted in schizophrenia 1; DRD - dopamine receptor D;
GRIN1 - glutamate receptor, ionotropic, N-methyl D-aspartate 1; DAOA - D-amino acid
oxidase activator MAOA monoamin oxidase; MLC1 - megalencephalic
leukoencephalopathy with subcortical cysts; NRG1 — Neuregulin 1; SLC6A3 — solute carrier
family 6 (neurotransmitter transporter, dopamine), member 3; SLC6A4 - serotonin transporter;
TPH2 - tryptophan hydroxylase 2; HTR - 5-hydroxytryptamine (serotonin) receptor
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adoption studies indicate high heritability in these disorders (Craddock et al. 2005; Craddock
et al. 2006). Linkage studies have shown that almost all chromosomes where found to harbour
susceptibility genes for psychiatric diseases. A large number of genes, possibly contributing
to the diseases have been identified (Table 1.1), but to date association studies are
characterized by non-replication, small effect size and heterogeneity (Petronis 2004), and still
no single specific gene has been identified as responsible for any major psychiatric disorder.
However, investigating large pedigrees, mutations (Meyer et al. 2001; Stefansson et al. 2002),
chromosomal aberrations (Millar et al. 2001), and rare polymorphisms (Meyer et al. 2005) in
the genes encoding MLC1, NRG1, DISC1 and SLC12A6, have been reported as causative for
severe psychiatric disorders in some families, but it still has to be elucidated whether these
DNA variations are located in susceptibility or in modifier genes.

There is a growing body of evidence suggesting that the understanding of the genetic etiology
of psychiatric illnesses, including schizophrenia, will be more successful with integrative
approaches considering both genetic and epigenetic factors. One intriguing possibility is that
certain life events may interact with brain vulnerabilities created by epigenetic modification
of particular genetic regions. Several mechanisms have been proposed for the development of
psychiatric diseases, such as the monoamine model of mood disorder (Schildkraut 1974;
Schildkraut and Mooney 2004), the neurotrophic model of depression (Duman and Monteggia
2006), mitochondrial dysfunction (Konradi et al. 2004), and viral infection during pregnancy
(Brown 2006; Brown et al. 2004). There is also substantial evidence that hyperactivity of the
HPA axis is involved in the pathogenesis of mood disorders (Pariante and Miller 2001).
Reduced NR3C1 expression in the frontal cortex of bipolar, major depressive, and
schizophrenic patients has been described (Webster et al. 2002), providing evidence that
HPA-dysregulation is present in these disorders. Elevated plasma glucocorticoid levels as
seen in major depressive disorder, post traumatic stress disorder, Cushing’s disease, and also

in the phase of a first psychotic episode are often accompanied by hippocampal volume
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reductions (Lawrie et al. 1999; Pantelis et al. 2003). This also reflects the glial deficit
observed in major depressive disorder, bipolar disorder and possibly schizophrenia (Crossin et
al. 1997). In vitro investigations have shown that high levels of glucocorticoid hormones
result in reduced neuronal volume and dendritic arborisation (Sapolsky 2000), a phenomenon
also apparent in schizophrenia and depression.

Altered HPA axis physiology and dysfunction has been consistently found in individuals with
major depression. A disturbed negative feedback regulation of the HPA axis is often found in
psychiatric patients including patients with schizophrenia, mania, and major depressive
disorder compared to healthy controls. There is evidence that maternal stress during
pregnancy has long-term neurodevelopmental effects on the maturation of the infant’s brain
and thus is a predictor for the development of psychiatric disorders in the adulthood. In this
context, it is noteworthy that SLC12A6, which is predominantly expressed in the brain, is
suggested to play an important role in cell growth and in the physiology of myelinisation
(Adragna et al. 2004). Furthermore, rare variants in SLC12A6 were found to represent a risk
factor for bipolar disorder (Meyer et al. 2005). One intriguing possibility is that certain life
events may interact with brain vulnerabilities created by epigenetic modification of particular

genetic regions.

1.3 The potassium chloride cotransporter 3 (KCC3; SLC12A6)

The potassium chloride cotransporter 3 belongs to the cation solute carrier family 12 of ion
channels (SLC12) consistent of 4 members (SLC12A4-7; also known as KCC1-4). The
corresponding proteins are involved in the electrochemically neutral transport of ions (K*/CI")
across the membrane, at which the cotransport of K* and CI" is interdependent with a 1:1
stoichiometry and low affinity constants for both ions. Members of the SLC12 protein family
regulate cell volume, transepithelial salt absorption, renal K* secretion, myocardial K* loss

during ischemia and neuronal CI* concentration, thus modulating neurotransmission.
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SLC12A6 was identified simultaneously by three independent groups (Hiki et al. 1999; Mount
et al. 1999; Race et al. 1999). The gene, which is arranged of 26 exons, is located on
chromosome 15g13-14 and expression was shown in multiple tissues including brain, kidney,
heart and liver. Various SLC12A6 transcripts have been described so far, mostly due to
alternative first exon usage with transcriptional initiation at separate promoters. Initially, the
first identified isoforms were nominated KCC3a (expressed mainly in brain, kidney, muscle
and heart) and KCC3b (most abundant in kidney). The longer 1150 amino acid (aa) SLC12A6
isoform (KCC3a; SLC12A6-1) encodes 5laa not present in the 1099aa KCC3b variant.
Within this 51aa in the NH2-terminal region, seven potential phosphorylation sites for protein

kinase C (PKC) are present, suggesting different posttranslational regulation of KCC3a and

KCC3b.
SLC12A6 transcripts
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Figure 1.1: Alternative SLC12A6 transcripts and splice variants as described by Mercado et al.
(2005) are illustrated, and aligned to the respective chromosomal position on
chromosome 15; “upstream and downstream SNPs” investigated in the study are
indicated with respect to their localisation on chromosome 15.
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In the meantime, six SLC12A6 alternative transcripts have been identified (Mercado et al.
2005), in which SLC12A6-1+3-6 share the same 5’ regulatory region, whereas SLC12A6-2 is
transcribed from a promoter located approximately 18 kb 3* of SLC12A6-1 (Figure 1.1).
SLC12A6-1, and with high probability all SLC12A6 transcripts under control of the upstream
promoter, are expressed in most brain areas, including hypothalamus, cerebellum, brainstem,
cerebral cortex, and white matter. It is also abundant in spinal cord and is expressed at very
low levels in dorsal root ganglia (Le Rouzic et al. 2006; Mercado et al. 2004; Mercado et al.
2005). SLC12A6-1 expression correlates with development of myelin, because expression is
low at birth and increases during postnatal development, similar to the pattern observed for
myelin-binding protein (Pearson et al. 2001).

Mutations and polymorphisms in SLC12A6 were shown to be causative for the Andermann
Syndrome and to be associated with BPD (Table 1.2). Andermann Syndrome is an autosomal
recessive motor and sensory neuropathy with agenesis of the corpus callosum associated with
developmental and neurodegenerative defects and dysmorphic features (Howard et al. 2002a;
Howard et al. 2003; Howard et al. 2002b). Interestingly, some of the clinical manifestations of
the Andermann Syndrome are due to altered neuronal development, while others are due to
neurodegeneration - particularly in white matter. The clinical picture includes deficiencies of
both, central and peripheral nervous system as well as cognitive activity. Most of the
neurological problems seen in Andermann’s disease also are apparent in Slc12a6 knockout
mice (Boettger et al. 2003; Howard et al. 2002b). In 2005, after performance of linkage
analysis two rare G/A SNPs (G/A upstream at position 32418760 and G/A downstream at
position 32416574 on chromosome 15) located in the SLC12A6 5’ region showing high
association with BPD were identified. The role of SLC12A6-1 in neuronal maturation and the
fact that the upstream SNP represents a position for epigenetic modification potentially

triggered by external signals led to the functional SLC12A6 promoter investigation described
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in chapter 3, which combines the study of single nucleotide polymorphisms with epigenetic

modification.

Table 1.2: SLC12A6 mutations and polymorphisms with associated phenotypes
Phenotype Underlying SLC12A6 sequence Reference
variation

ACCPN exon 18 at nucleotide 2436 (Howard et al.
(2436delG); thr813fsX813 2002b)

ACCPN 1 guanine, at positions 1584 and 1585 | (Howard et al.
truncate 619 amino acids from the 2002b)
SLC12AG6 protein (phe529fsX532).

ACCPN 3031C-T transition in exon 22 of the (Howard et al.
SLC12A6 gene, resulting in an 2002b)
arg1011-to-ter (R1011X)

ACCPN 2023C-T transition in exon 15 of the (Howard et al.
SLC12A6 gene, predicted to result in | 2002b)
an arg675-to-ter (R675X)

BPD; periodic catatonia compound heterozygosity of 2 A/G (Meyer et al.
SNPs in the 5’ regulatory region 2005)

ACCPN 1-bp insertion (2031insT) and an 8-bp | (Uyanik et al.
deletion (1478delTTCCCTCT), both | 2006)
are predicted to result in a frameshift

ACCPN 1-bp deletion (901delA) in the (Uyanik et al.
SLC12A6 gene, resulting in premature | 2006)
truncation of the protein at codon 315

ACCPN homozygous 619C-T transition in the | (Uyanik et al.
SLC12A6 gene, resulting in an arg207- | 2006)
to-cys (R207C) substitution

ACCPN 10-bp deletion (nucleotides 2994- (Salin-

3003) in exon 22 of SLC12A6

Cantegrel et al.
2007)

Deafness, locomotor deficits;
severe central and peripheral
neurodegeneration; sensorimotor
gating defects

Slc12a6 knockout

(Boettger et al.
2003; Howard
et al. 2002b)

The evidence that non-functionality of SLC12A6 is associated with mental diseases and the
results of linkage and association studies that supported the importance to investigate the
functionality of the promoter variants identified by Meyer et al. (2005), laid out the rationale
of the study as described in chapter 2. Furthermore, as the variants are located in the SLC12A6

5’ regulatory region, it was hypothesised that promoter activity could be modulated by a
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combination of altered allelic epigenetic and DNA primary structure, thus potentially linking

DNA variation with epigenetic modification.

1.4 Regulation of the HPA
The HPA axis is a central regulatory system of the organism, which evolved to maintain a
dynamic equilibrium, called homeostasis. At any time, this equilibrium is threatened by

external, physical as well as psychological events defined as “stressors”.

HPA axis negative-feed-back regulation

Amygdala Hippocampus
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Figure 1.2: Schematic diagram of the HPA axis, describing regulation and negative feedback (-) of

cortisol via glucocorticoid receptors (modified, according to Juruena et al. 2004).

In response to stress, the brain activates a hierarchical hormone system consistent of the

hypothalamus, the pituitary gland, and the adrenal cortex. Under complex regulation
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originating from hippocampus, amygdala and locus coeruleus, corticotropin releasing
hormone (CRH) and vasopressin (AVP) are secreted by the paraventricular nucleus (PVN) of
the hypothalamus in face of external or internal challenge. After binding to its specific
receptor at the anterior pituitary, CRH leads to cleaveage of pro-opiomelanocortin (POMC)
into adrenocorticotropic hormone (ACTH), beta-endorphin, alpha-, beta-, and gamma
melanocyte- stimulating hormone (MSH) besides others. After release, ACTH is transported
by the bloodstream to the adrenals where it triggers glucocorticoid release (cortisol in humans
and corticosterone in rats) from the adrenal cortex.

Free corticosteroids (90-95% in blood is bound to corticosteroid binding globuline; CBG),
feed back to the HPA system at the level of the PVN and the anterior pituitary to suppress
CRH and ACTH release, respectively (Jacobson and Sapolsky 1991; Mendel 1989; Mendel et
al. 1989). Overall HPA reactivity is controlled by several negative feedback loops, regulated
by mineral- and glucocorticoid receptors (de Kloet et al. 1998). The glucocorticoid receptor
mediates most of the hormone-induced actions after hormone binding in the cytoplasm and
translocation into the nucleus. Furthermore, glucocorticoids have a wide range of
physiological effects via genomic as well as nongenomic pathways. After binding to their
receptors, glucocorticoids exert their function in order to mobilize energy, suppress immune
function, and to potentiate sympathetic nervous stimuli (Sapolsky et al. 2000). As the
glucocorticoid receptor is expressed ubiquitously, dysregulation of the HPA axis is associated
or even causative for the onset of a multitude of psychosomatic and psychiatric diseases

(Chrousos and Gold 1992; Holsboer 1989).

1.4.1 The glucocorticoid receptor (NR3C1)
The NR3C1 gene, which is organized in 9 exons, is located on chromosome 5g31-32 spanning
a 140 kb region (Lu and Cidlowski 2006). It contains 8 coding exons (exon 2-9), and to date

11 alternative first exons have been identified, representing solely the 5’-untranslated region
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(Presul et al. 2007; Turner and Muller 2005). The 1197 bp exon 2 encodes most of the
protein’s N-terminus including the transactivation domain. Exons 3 and 4 (167 bp; 117 bp)
encode the two zinc-finger domains involved in DNA-binding. Exons 5-9alpha/beta represent
the ligand-binding domain as well as the 3’-untranslated region.

Since individual differences in HPA axis stress responses appear to be highly associated with
psychiatric diseases, the investigation of the genetic basis possibly underlying these
phenomena on the level of NR3C1 regulation (as described in chapter 3 and 4) is of major

interest.

1.4.2 From maternal separation and early handling to epigenetic programming

Stress reactivity in the adulthood is modulated by genetic background as well as early
experience. In his pioneering studies, Seymour Levine could show that maternal separation in
rats led to lifelong reduced emotional and neuroendocrine reactivity to common stressors in
the offspring (Dent et al. 2000; Levine 1957; Levine et al. 1957). Investigators could
demonstrate that, additionally to the individual’s genetic make-up early life experience, such
as pre-/ peri- and postnatal mother-offspring interaction, predicts health outcome. More
recently, Michael Meaney’s group have found correlations between the early experienced
environment with the offspring’s behavior in adulthood. They identified a high licking and
grooming and arched back nursing- compared to a low licking and grooming and arched back
nursing maternal behavior to being correlated with attenuated stress-system activity,
improved cognitive performance in a spatial learning test and reduced anxiety-like behavior in
adulthood. Moreover, they could identify physiological, genetic and epigenetic correlates for
behavioral mechanisms dependent on the experienced early environment. Postnatal handling
as well as maternal care increase glucocorticoid receptor expression in the hippocampus
(Meaney et al. 1993; Meaney et al. 1994; O'Donnell et al. 1994), a region that has been

strongly implicated as a critical site for glucocorticoid negative feedback regulation. It could
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be shown that triiodthyronin-mediated, postnatal handling increases 5HT turnover in
hippocampus and frontal cortex (Mitchell et al. 1990a; Mitchell et al. 1990b; Smythe et al.
1994a; Smythe et al. 1994b). Interestingly, these regions are showing altered glucocorticoid
receptor expression after early handling, whereas it remains unaltered in hypothalamus and
amygdala (Smythe et al. 1994a; Smythe et al. 1994b). As illustrated in Figure 3.1, binding of
serotonin to its specific HT; receptor leads to enhanced cAMP turnover. Consequently,
protein kinase A (PKA) is activated and phosphorylates the transcription factors activator-
protein 2 (Ap-2), CAMP response element binding protein (Creb), and nerve growth factor
inducible factor-a (Ngfi-a). Additionally, the expression of these transcription factors in
hippocampus is enhanced after early handling, and the glucocorticoid receptor gene promoter
harbours numerous binding sites for these transcription factors (Meaney et al. 2000). The
characterization of at least eleven alternative Nr3cl mRNAs cloned from rat hippocampus
(McCormick et al. 2000), differing in the usage of alternative first exons most of them under
control of its own promoter further stimulated Nr3cl promoter investigation. Whereas two
alternative first exons specific transcripts were found being expressed in all tissues
investigated (exon 1 and exon 1;p), exons 1s-, 17, and 111 Nr3cl-specific transcripts showed
significant levels in hippocampus and were expressed at either low or undetectable levels in
other tissues. Interestingly, in CNS cells, Nr3cl alternative first exon specific promoter
constructs revealed highest luciferase expression for the exon 1; specific construct.
Additionally, mRNA containing exon 1; in hippocampus was selectively elevated by
postnatal handling. In the first studies, Ap-2 and Ngfi-a binding to Nr3c1 promoter sequences
was demonstrated (Meaney et al. 2000). The epigenetic mechanism of maternal programming
for the first time was described in 2004, and Ngfi-a was identified as the critical transcription
factor mediating environment with cellular adaptation (Weaver et al. 2004). In their study,
Weaver and colleagues (2004) described HPA responsiveness in rodents as a result of early

life experience mediated by DNA (de-) methylation and histone (de-) acetylation. According
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to Michael Meaney’s group, the offspring of high licking and grooming mothers had higher
hippocampal Nr3cl expression compared to the offspring of low caring mothers. They could
show that this effect is mediated through differences in exon 1; specific promoter
methylation, histone acetylation and Ngfi-a binding mediated in dependence of experienced
maternal care. According to their study, high maternal care leads to low Nr3cl 1; promoter
DNA methylation, histone acetylation and enhanced Ngfi-a binding, whereas low maternal
care leads to high Nr3cl 1; specific promoter DNA methylation accompanied by histone
deacetylation and low Ngfi-a binding. Furthermore, they could show that the epigenetic
profile is stable life-long, can be transmitted non-genetically to the next generation, is
reversed by cross-fostering, and can be modulated pharmacologically by trichostatin A (TSA)
treatment (Weaver et al. 2004; Weaver et al. 2005). In this context, the identification of the 5’
organization of the human NR3C1 as described in 2005 (Turner and Muller 2005) was more
than welcomed. Similarly to the situation also described for SLC12A6, and highly orthologous
to the rat 5° Nr3cl organization, alternative first exon usage also was found for NR3C1

(Figure 1.3).

Genomic structure of the NR3C1/ Nr3c1
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Figure 1.3: Nr3cl and NR3C1 genomic regions with respect to the 5° NR3C1 regulatory genomic
regions investigated in the studies
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1.5  Epigenetics / Chromatin modifications

The term epigenetic was introduced by Conrad Waddington in 1942 to describe “The
interactions of genes with their environment that bring the phenotype into being”
(Waddington, 1942). Currently this term is widely used in order to explain cell type-specific
regulation of gene expression. Epigenetics in general is the study of cellular mechanisms,
which control somatically heritable gene expression states without any change in the
underlying DNA sequence (Bird 2002). Epigenetic mechanisms include DNA methylation,
histone modifications such as acetylation and methylation, and control of mRNA expression
by non-coding RNAs (Bird 2002; Jaenisch and Bird 2003). DNA methylation is achieved by a
class of proteins named DNA methyltransferases (DNMTSs), which catalyze the transfer of a
methyl group from the methyl donor S-adenosylmethionine (SAM) onto the 5° position of the
cytosine ring residing in most cases at the dinucleotide sequence CG. To date, three different
DNA methyltransferases have been described such as DNMT1, which is a maintenance
methyltransferase using hemimethylated DNA as a substrate, and DNMT3a and b which are
de novo methyltransferases. Tissue and developmental specific methylation pattern have been
described, accomplished by the interaction of the different DNMTSs.

DNA methylation silences genes by two principle mechanisms. First, CpG methylation
inhibits binding of transcription factors, for example as shown for Ngfi-a (Meaney et al. 2000;
Weaver et al. 2004) or MYC/MAC (Prendergast and Ziff 1991) and second, methylated DNA
recruits methylcytosin DNA-binding proteins such as MECP2 to the gene. These DNA
binding proteins recruit chromatin modification enzymes such as histone deacetylases
(HDACs) and histone methyltransferases (HMTs), which in turn introduce silencing of
chromatin.

The paradigm of a stable DNA methylation pattern formed during embryogenesis and
maintained thereafter by maintenance DNA methyltransferase 1, as shown in imprinted genes

like IGF2 or as observed in X-chromosome inactivation, dominated the thinking of most
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scientists until the beginning of this century. However, the existence of different epialleles in
humans was demonstrated during the past decade. Furthermore, epigenetic differences were
found in monozygotic twins that were discordant for schizophrenia or Beckwidth-Wiedemann
syndrome (Petronis et al. 2003; Weksberg et al. 2002). Interestingly observed epiallelic
differences in MZ twins were the more apparent, the more the inter-individual life styles
differed (Fraga et al. 2005). Additionally, the epigenome was demonstrated to be modified by
external factors such as development, nutrition, medication, early experiences and/or

environment in general.

Hypothetical model for the epigenetic influence on behavior
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Figure 1.4: Different environmental factors trigger DNA methylation pattern. Active chromatin

facilitates DNA demethylation while inactive chromatin facilitates DNA methylation -
both mechanism are discussed to influence behavior (modified, according to Szyf et
al. 2008).

The theory that epigenetic mechanisms may be associated with mental diseases (Petronis et al.

2000) was initiated by the findings that two neurodevelopmental disorders, Angelman- (AS)
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and Prader-Willi Syndrome are caused by disturbed genetic imprinting. Mutations in MECP2
leading to an unfunctional MECP2, a nuclear protein of crucial importance in the epigenetic
control of imprinted genes are responsible for Rett syndrome in 80% of cases. Furthermore, a
number of epimutations in the genes for MB-COMT, RELN, 5HT2R were shown to be
associated with mental diseases, such as BPD, MDD, SCZ and autism spectrum disorder
(ASD; Abdolmaleky et al. 2006; Abdolmaleky et al. 2005; Abdolmaleky et al. 2004b; Costa

et al. 2002; Grayson et al. 2006; Grayson et al. 2005; Mill et al. 2008; Petronis et al. 2000).

1.6 Genetic polymorphisms vs. epigenetic modifications

Gene expression can be modulated by genetic and/or epigenetic mechanisms. DNA
polymorphisms or de novo germ line mutations result in the same genetic change in all cells
of the particular organism. In these cases, change in the DNA primary structure is inert and
unique in the whole organism. However, somatic alterations in DNA methylation pattern
occur cell specifically and were shown to be modifiable by environmental influences.
Inhibitors of DNA methylation such as 5-azacytidine (5-aza; a chemical analogue of cytidine)
or HDAC inhibitors like trichostatin A (TSA) can lead to DNA demethylation and (re-)
activation of genes originally silenced in the cell. As it was shown in cancer research, aberrant
silencing of tumor suppressor genes by DNA methylation can cause severe illness. Therefore,
it can be speculated that alternative DNA methylation also could affect expression of
behavior-regulating genes in the brain. A specific DNA methylation pattern in the brain might
occur as a consequence of either pathological or adaptive physiological mechanisms. It should
also be considered that altered epigenetic states are not only the effect of different behavioral
exposures - they could also affect behavior. This suggests a loop through which social
exposure affects epigenetic states. These epigenetic states in turn could affect social behavior

as well as behavioral pathologies.
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During the past decade, mostly two basic approaches to identify susceptibility genes for
complex disorders were used - linkage and association studies. Linkage studies are a
hypothesis-neutral search for markers that co-segregate with a disease, followed by fine
mapping and positional cloning to identify a gene or a polymorphism responsible for a certain
phenotype or disease. Association studies are used to investigate whether particular variants

of a candidate gene are more prevalent in patients compared to healthy controls.

The studies presented here are combining the benefits of linkage and association studies with
epigenetic and functional analysis of SLC12A6 and NR3C1 promoter elements. As cellular
mechanisms underlying psychopathology are thought to develop over time or under stress
related conditions, it was self evident to investigate promoter methylation and regulation as
these genomic regions dynamically influence gene transcription also subjected to

environmental stimuli.

This Chapter 1 is intended to present and explain the basic ideas this thesis was based on.
Furthermore, the theoretical background on SLC12A6 and NR3C1, their genetic organization
as well as their physiological roles should be highlighted. Additionally, this Chapter is
intended to give an overview on the existing literature on single nucleotide polymorphisms
and DNA methylation in the pathogenesis of psychiatric disorders. In Chapter 2, own
findings on the functionality of SLC12A6 promoter polymorphisms, associated with bipolar
disorders will be presented. Hippocampal NR3C1 promoter methylation pattern as
investigated in 32 postmortem human brain tissues will be elucidated in Chapter 3, followed
by a study presenting functional analysis of a NR3C1 promoter variant that has shown

association with major depression in Chapter 4.
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In Chapter 5, the results will be discussed against the background of existing literature
followed by an outlook delineating future research directions in Chapter 6.

Chapters 2-4 represent manuscripts on different topics which are already published (Chapter 2
and 3) or are accepted for publication (Chapter 4) in scientific journals. Therefore, they also
can be read separately, but also making a certain amount of redundancy unavoidable.
Contribution of collaborating colleagues to the respective manuscript is reflected by the

author list ranking indicated at the beginning of each chapter.
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CHAPTER 2

Functional analysis of a potassium-chloride cotransorter 3 (SLC12A6)

promoter polymorphism leading to an additional DNAmethylation site

Dirk Moser, Savira Ekawardhani, Robert Kumsta, Haukalmason, Christoph Bock,

Zoi Athanassidou, Klaus-Peter Lesch & Jobst Meyer
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2.1  Abstract

The human potassium-chloride co-transporteK@(3, SLC12A6) is involved in cell
proliferation and in electro-neutral movement ofiscacross the cell membrane. The
gene 8.C12A6) is located on chromosome 15q14, a region thatphagously shown
linkage with bipolar disorder, schizophrenia, ral&nepilepsy, idiopathic generalized
epilepsy (IGE), autism and attention deficit/hymeraty disorder (ADHD).
Furthermore, recessively inherited mutationSSo€12A6 cause Andermann syndrome,
characterized by agenesis of e pus callosum, which is associated with peripheral
neuropathy and psychoses. Recently, we have deratetsthe association of two G/A
promoter polymorphisms @LC12A6 with bipolar disorder in a case-control study, and
familial segregation of the rare variants as wsllaatrend towards association with
schizophrenia.

In order to investigate functional consequenceshete polymorphisms, lymphocyte
DNA was extracted, bisulfite modified and subsediyesequenced. To investigate
S.C12A6 promoter activity, various promoter constructs evgenerated and analyzed
by luciferase reporter gene assays.

We provide evidence that the G- allele showed aifsignt reduction of reporter gene
expression. In human lymphocytes, the allele harhguhe rare upstream G nucleotide
was found to be methylated at the adjacent C jposipossibly accountable for tissue
specific reduction in gene expressiarvivo.

Here we demonstrate functionality of a SNP assediatith psychiatric disease and our
results may represent a functional link betweenegervariation and an epigenetic

modification.
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2.2 Introduction

The potassium-chloride co-transporterSBE12A6, formerly KCC3; OMIM %604878)
belongs to a protein family consisting of four it&ed transporters so faB(C12A4-7;
KCC1-4). These transporters are involvedcill proliferation (Shen et al. 2001) and in
the electro-neutral movement of ions across thenpdamembrane, thus controlling
ionic and osmotic homeostasis of various cell tydéw geneSLC12A6 is located on
chromosome 15q13-14 (Hiki et al. 1999; Mount etl&99; Race et al. 199%everal
groups have demonstrated that mutationSLiB12A6 are causative for the recessively
inherited Andermann syndrome (ACCPN, OMIM %?218008)severe neurological
disorder characterized by agenesis of tioepus callosum, peripheral neuropathy
(Howard et al. 2003; Howard et al. 2002b; Uyanikle2006) and psychoses (Filteau et
al. 1991). The chromosomal region 15q13-14 repitsseshared susceptibility locus for
a variety of neuropsychiatric disorders includingripdic catatonia, bipolar disorder,
schizophrenia, rolandic epilepsy, idiopathic geheed epilepsy (IGE), autism and
attention deficit/hyperactivity disorder (ADHD; Esiie 1997a; Elmslie et al. 1997,
Elmslie 1997b; Sander et al. 1997).

Interestingly, approximately 1% of the total poélhmman genes are coding for solute
carrier genes (Gamba 2005). The genes encodingne@ti coupled co-transporters are
grouped together in the SLC12 family. These cogpanters have recently gained
attention in the field of neuroscience as theylitate neuronal response to gamma-
aminobutyric acid (GABA) and glycine (Mercado et a004). Furthermore, several
members of the cation-chloride co-transporter faraik involved in hereditary diseases
such as Gitelman's, Bartter's, Gordon's and Andennsasyndromes, and have shown
associations with bipolar disorder (Bianchetti et1l®92; Dupre et al. 2003; Filteau et
al. 1991; Gamba 2005; Gitelman et al. 1966; Gort#86; Howard et al. 2003; Howard

et al. 2002b; Meyer et al. 2005; Uyanik et al. 200Bhe crucial role of cation co-
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transporters for neuronal development is also suegaby animal studies in which
knockout mice for cation-chloride co-transporteispthy a plethora of symptoms such
as deafness, locomotor deficits, severe centralpamngbheral neurodegeneration, and
sensorimotor gating defects (Boettger et al. 2@&ettger et al. 2003; Hubner et al.
2001).

Hence, S.C12A6 may also be regarded as a valuable candidate f@eneomplex
inherited psychiatric disorders. Initially, two dtr exons denoted®.C12A6-1 and

S C12A6-2 (formerly KCC3a and KCC3b) which are under the control of separate
promoters (Di Fulvio et al. 2001; Mercado et al02)) have been described where the
transcript possessing alternative exon la is prettly expressed in brain. So far, 6
alternative transcripts have been identified $KC12A6 (Mercado et al. 2005). All
transcripts except fdLC12A6-2, are regulated by the same promoter.

Recently, we have reported two G/A polymorphismstha S.C12A6 5' regulatory
region denoted as 32418760 G/A and 32416574 G/Aneuing of nucleotide
positions are relative to chromosome 15 of the UCHT8 assembly of the human
genome, March 2006; no rs numbers available). Thibskes are consecutively referred
to as “upstream G/A” (nt 32418760) and “downstre@m\” (nt 32416574). Both G
variants are rare, with frequencies of about 6 A6 i strong linkage disequilibrium
with each other. They were found to be significaattsociated with bipolar disorder in
a case-control study. Furthermore, in a large famith seven affected members, the
rare variants were co-segregating with periodiatcaia (OMIM %605419), a subtype
of unsystematic schizophrenia according to Leoribacthssification (Meyer et al.
2005).

Apart from investigating genetic variations as rfsktors for psychiatric disease, the
study of epigenetic mechanisms is gaining growingpartance in the field of

neuropsychiatry. Epigenetics comprises all cellad@chanisms that are involved in the
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“structural adaptation of chromosomal regions sdcasegister, signal or perpetuate
altered activity states” (Jaenisch and Bird 2003)e most prominent mechanisms of
epigenetic gene regulation are DNA methylation rish and Bird 2003; Rakyan and
Beck 2006) and histone modifications. It could hEmdnstrated that differences in
epigenetic states such as differential CpG metioyladire affected by environmental
factors, including maternal care and critical kfeents (Fraga et al. 2005; Weaver et al.
2004; Weaver et al. 2005). It was also demonstraited DNA methylation patterns at
specific genes are associated with bipolar dissfdmhizophrenia and major depression
(Abdolmaleky et al. 2006; Grayson et al. 2005).d&is of the reelin geneRELN) and
the catechol-O-methyltransferase gei@ONT) promoter identified key bases that
function in both positive and negative transcripéib regulation depending on their
DNA methylation status. In addition, the methylatipattern of thesecis-acting
elements are significantly different between schimenic and non-schizophrenic
subjects (Abdolmaleky et al. 2005; Abdolmaleky ét2004; Grayson et al. 2006;
Grayson et al. 2005).

The aim of the present study is to investigatefdinetionality of theSLC12A6 promoter
variants. Since cytosines which are directly fokalAby a guanine are target for DNA
methylation, we hypothesized that the presenchefx nucleotide at the upstream G/A
polymorphic site could lead to methylation of tltkazent Cin vivo. We thus analyzed
the DNA methylation state of the upstream CpGisit&ffect patients and testauvitro
methylatedS.C12A6 promoter constructs carrying the G allele or thall&le for their

activity in luciferase reporter gene assays.
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2.3  Materials and Methods

2.3.1 Sample collection

Blood samples of all affected and unaffected memioérfamily 11 were obtained as
described before (Meyer et al. 2005; Stober e2@0D1; Stober et al. 2000), and DNA

was extracted according to the salting out proce@Miller et al. 1988).

2.3.2 Bisulfite modification

Bisulfite modification of DNA was performed as debed elsewhere (Frommer et al.
1992; Grunau et al. 2001) with minor modificatioD$\NA was obtained from affected
and unaffected members of family 11 (Meyer et &05) heterozygous for both
polymorphisms located in tH& C12A6 5' regulatory region. Two pg of genomic DNA
were incubated for 20 min at 42°C in 50 pl of 0.3NMOH solution. Subsequently,
thirty pl of 20 mM hydroquinone (Sigma), and 520 ul of Mgsprepared 40.5 %
sodium bisulfite solution (Sigma) at pH 5 were atilde the denatured samples and
incubated for 16 h at 55°C in the dark. Modified AMas desalted using the Wizard
DNA purification resin (Promega) according to thamafacturer’s protocol and eluted
into 50 ul of water. Modification was completed byaOH treatment (final
concentration, 0.3 M) for 10 min at room temperatiollowed by the addition of 10 M
ammonium acetate to a final concentration of 3 Mdifionally, 10 ug of salmon sperm
DNA were added as a carrier before ethanol pretipit. Finally, DNA was re-

suspended in 25 pl of water and used immediateli?@R or stored at -20°C.

2.3.3 PCR amplification:

The sequence of interest in the bisulfite-treatéARvas amplified by nested PCR with

primers specific for the bisulfite-treated seque(itable 2.1). To control for efficiency
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of the bisulfite modification, PCR was also perfedrwith primers selectively targeting

untreated genomic DNA.

Table 2.1: PCR Primer sequences
Region PCR primers (5— 3), Product
chromosome 15 hybridization temperature length (bp)

MgCl, concentration and DMSO

Accession no.: | Forward genomi c: 418
NM_133647: TGAATCAAGAAACCCAGACT

Reverse genomi c:
32418817 - 32418400 ATTCCATGTTTTCACCACTAC

50°C

1,5 mM
Accession no.: | Forward bisulfite 278
NM 133647 GAGGATGGATGAAAGTTGTGGG
32418842 -32418564) Reverse bisulfite

CCCAAAAACTAACCCCCRAT

57°C;

1,5 mM

5% DMSO
Accession no.: | Forward bisulfite nested 251
NM 133647 GATGGATGAAAGTTGTGGGTT

32418839 - 32418584 Reverse bisulfite nested
CCTAAAATCTTAACTCCTCACAAATAA

54,2°C;

2 mM
Accession no.: | Forward senseKpnl _for Luciferase 2844
NM 133647 ggtaccGTTGGCTGCAGTTCTGCCTTTATCTTA

32419307 -32416464 Reverse senseXxhol rev Luciferase
ctcgagAAGAGCTACCTAGCTAACCCCTCTGGT

64°C

1,5 mM
Accession no.: | Forward anti sensexho_for Luciferase 2844
NM_133647 ctcgagGTTGGCTGCAGTTCTGCCTTTATCTTA

32419307 -32416464 Reverse anti senseKpnl _rev Luciferase
0gtaccAAGAGCTACCTAGCTAACCCCTCTGGT

64°C

1,5mM
S.C12A6 SLC12A6 cDNA specific Prinmer_for 383
cDNA CGGACATAAGAAAGCTCGAAA

11060569 - 11055819 SLC12A6 cDNA specific Prinmer_rev
CAGTCAACATTGTACAGCAGCA

58°C

2mM

Bisulfite-specific PCRs were performed in a finalume of 50 pl containing 5 pl of
bisulfite-modified DNA (2 pl PCR product for neste€R; 100 ng DNA for genomic

PCR respectively), 20 pmol of each primer (10 pwiokach primer for nested and
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genomic PCR), 200 uM of each dNTP, 1.0 or 2.0 mM2Mg50 mM KCI, 10mM Tris
HCI (pH 8.3 at 25°C), 0.0025 mg ThBSA, 0.025% Tween 20 and 2,5 U High Fidelity
Taq Polymerase (MBI-Fermentas). To the first bited$pecific PCR, 5%
dimethylsulfoxide (DMSO) was added.

Amplification was performed in an ABI GeneAft§700 cycler: 5 min at 95°C were
followed by 35 cycles, (30 sec at 95°C, 45 sechatdnnealing temperature listed in
table 1, and 30 sec at 72°C) ending with a finakesion step at 72°C for 7 min.
Controls without DNA were performed for each setP@#R's. PCR products (10 pl)
were separated on a 1.5 % agarose gel, stainedethitlium bromide, and directly
visualized under UV illumination.

Nested PCR products were gel-purified, fluorescdabelled (Big dye terminator Kit;
ABI) and directly sequenced in an ABI 310 automageduencer (Applied Biosystems,

Foster City, USA).

2.3.4 Assembly of luciferase reporter gene plasmids

Reporter gene plasmids were created by cloning284d bp PCR fragments amplified
from the 5'-flanking region ofSLC12A6. Amplicons covered the chromosomal
nucleotide positions nt 32419307 — 32416464 acogrdo UCSC Browser of May,
2004. Primer-specifi&pnl and Xhol recognition sites were added to the PCR products
(see Table 1.1).

The fragments were consistent with ®&C12A6 G- and A variant promoters, covering
both upstream and downstream G/A polymorphic si€3R fragments were digested
with Kpnl- and Xhol and ligated into the appropriate sites of pGL3%iBduciferase
reporter plasmid which was cut by the same enzymd, both allelic sequences
represented in both sense (pGI3-A-A; pGI3-G-G) amtisense directions (pGI3-A-

Ainv; pGI3-G-Ginv). To distinguish between putatifienctional consequences of up-
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and downstream polymorphic promoter sites, a 953fragment (nt 32418869 -
32417927) including the upstream G/A site was éeldty usingStul (see figure 2.1).
Subsequently, the plasmids were re-ligated, remplitn constructs differing solely in
their downstream G/A polymorphic region (pGL3-del4#GI3-del-G). To control for

sequence integrity, all constructs were completetyuenced.

32418760IA 3241(.574IA pGL3-A-A
1 T
G GL3-G-G
e : P PGI3-
. LA pGL3-del-A constructs
, : : G pGL3-del-G
T 1
943 bp Stul
419307 32418760 G/A Chromosome 15 32416574 G/A 32416464
1 | 17 I I
AP-1 GTF2A1 I | |
AP-1 AP-1 .
CEBPA SLCI2A6-1; NM_133647.1 | 435 bp Ll ex2 |

SL(‘12A6-3;NM71)01042494,1| 429 bp I I 192 bp ]
SLC12A6-4; NM4001042495A1| 104 bp I H 192 bp ]
SLCI2A6-5;NM_001042496.1 | 429 bp | i 258 bp |

i ex3 |
i ex2 |

SLCI246-6; NM7001042497.1| 435 bp

c¢DNAclone; BC051709 1648 bp

Figure 2.1: Overview of the SLC12A6 5' regulatory region
Overview of the SLC12A6 5' regulatory region. Luciferase constructs, polymorphic
32418760 G/A and 32416574 G/A nucleotides (Meyer et al. 2005) are indicated.
Transcription factor binding sites, Stul cutting sites, alternative SLC12A6 transcripts
(Mercado et al. 2005) and a putative new SLC12A6 transcript (BC051709) identified by
in silico analysis are shown according to their positions on chromosome 15.

2.3.5 Invitro methylation

S_C12A6 promoter constructs were methylated in vitro bing$ssl methylase and S-
adenosyl methionine under conditions recommendedth®y manufacturer (New
England Biolabs). Complete CpG methylation was @ated by digesting the

methylated DNA with an excess (20 U/mg) of resimictenzyme®BstUl or Tail. Only
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completely methylated DNA preparations were useadtrfansfection under conditions

described below.

2.3.6 Transient transfection and luciferase assays

U373MG glioblastoma-astrocytoma (ECACC 890814()C12A6-expressing cells,
were grown in minimal essential Eagle’s medium \&st), supplemented with 10 %
fetal calf serum (FCS), 2 mM L-glutamine, 1 % pdhigstreptomycin (Pen/Strep) and
1 % non essential amino acids (NEAA) at 37°C iruanified atmosphere at 5 % GO
Cells were transfected by using Fugene6 transfecgagent (Boehringer) in a ratio of
2:1 (ul Fugene6 / pg DNA). Cells were passaged & % confluency and spread in a
density of 1 x 1®cells / ml in 24 well plates. After 24 h of inculme, 0.8 pg firefly
luciferase constructs with 0.2 pg pGL4.74 (HRLUC/Renilla luciferase; Promega), 2
pl Fugene6 and 20 ul serum free medium were adudaetcell culture. The plasmid
expressingRenilla luciferase was used to control for transfectioicieincy. Promoter
activity was tested with and without 50 puM forskeli2 UM phorbol 12-myristate
acetate (PMA), and 50 pM dexamethasone added 24s rafter transfection. As
internal control, pGL3-control and empty pGL3-basiectors were transfected
separately. Cells were harvested in 100 pl Padsrees Buffer (PLB, Promega) 48 h
after transfection. Additionally, U373MG cells weatso transfected after 3 weeks
preincubation with 1 mM lithium (Li), 75 pg/ml vaipc acid or 10 ng/ml Haloperidol,
respectively. Firefly andRenilla luciferase activities were determined sequentaily

20 pl of total cell lysates in 100 pl of luciferagssay reagent followed by addition of
100 pl of Stop & Glo reagent (Promega) per reacti@hemiluminescence was
measured for 10 sec in a liquid scintillation spaghotometer (Berthold)ln vitro

methylated constructs were transfected in a rafiqffugene: DNA) using 0,4pg pGL3-
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S.C12A6 constructs and 0,1ug pGL4.74 control vector. laraie expression was
assayed under basal, dexamethasone and PMA st&dwanditions.

Experiments were done in triplicates and derivennfd independent trials. Promoter
activities are presented as Relative Light UnitsYR) calculated as the quotient of the
individual firefly luciferase driven value (promoteactivity) divided by the
correspondenRenilla luciferase driven value (internal control). Nomgraetric Mann —
Whitney U-Test was used to calculate statisticdfedtnces between the groups
investigated. Calculations were done both with wittout statistical outliers, resulting
in almost identical outcome. The results presetiee@ are based on a sample where

statistical outliers are included.

2.3.7 Pharmacological studies

EBV-transformed lymphocytes of heterozygous patk34 (Meyer et al. 2005) were
cultured in RPMI 1640, supplemented with 15 % FE$p L-glutamine, 1 % Pen/Strep
and 0,2 % NEAA at 37°C in a humified atmospher8& & CQ. Cells were incubated
with and without 1 mM Li, 75 pg/ml valproic acid 80 ng/ml Haloperidol for 21 days.
DNA was isolated and assayed frC12A6 promoter methylation status as described

above.

2.3.8 Bioinformatic analysis

Alternative promoters o8.C12A6 were computationally analyzed using the BIMAS
promoter scan software (BIMAS promoter scan; it -
bimas.cit.nih.gov/molbio/proscan), and by compariadth recent predictive annotation
of default epigenetic states and predicted DNA wyiatton of all human CpG islands

(Bock et al. 2006; Bock et al. 2007). Predictionserev obtained from
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http://neighborhood.bioinf.mpi-inf.mpg.de/CpG_isiignrevisited/. Transcription factor

binding sites were analyzed using TRANSFAC £0.1
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2.4 Results

Polymorphic promoter sites as well as transcriptiotiation sites ofS.C12A6 are
shown in figure 2.1. Location of luciferase-constsy restriction sites, and transcription

factor binding sites revealed by using TRANSFACLl€bftware are indicated.

24. Methylation
Genomic DNA was extracted from blood of patientsydag the rare promoter allele.

Since a CpG site is created in the upstream Geddlgd not the A allele, we examined
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Figure 2.2: Electropherogram of SLC12A6 promoter fragments

Electropherogram indicating directly sequenced PCR products of SLC12A6 promoter
fragments, of bisulfite-modified DNA deriving from individuals homozygous (A/A) and
heterozygous (G/A) for the nt 32418760 SNP. The position of the upstream SNP is
underlined; methylation of the adjacent C nucleotide is indicated by an asterisk.
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the methylation status of the adjacent 5' cytodhue.this purpose, DNA samples were
treated with bisulfite and subsequently sequensedescribed above (for results, see
figure 2.2). DNA of healthy and affected individsdheterozygous for th&LC12A6
promoter variants were assayed for their DNA meitiyh pattern. The Fytosine of
the upstream G variant was found methylated imedilthy controls (853 and 743) and
affected family members (834, 744 and 999; Meyexl.€2005).

Aim of this experiment was to investigate in prpali whether the cytosine
neighbouring the upstream SNP can be found in ahyte#ed state. Therefore,
quantification of DNA methylation (as describedes¥iere; Moser et al. 2007) was not
performed. For reasons of sample availability, DN®Aethylation analysis was
performed on lymphocyte DNA. Since tissue-speddidA methylation seems to be
confined to no more than 5% of human promoters ljgak et al. 2006; Song et al.
2005), we believe that it is plausible to extrapmlaur findings from blood to brain
tissue. To assess the functional effect of bothSN® and its DNA methylation status
on gene regulation, we subsequently analyzed fieetedf the different alleles on gene

expression.

2.4.2 Luciferase Reporter Gene Assays

To investigate the impact of the polymorphic sitesgene regulation, the entire portion
of the promoter as well as sub-fragments were fueed luciferase reporter gene as
described above. As shown in figure 2.3, the peseh G alleles (pGI3-G-G) reduced
basal luciferase expression in comparison to then@dént A alleles (pGI3-A-A;
p<0.001). Dexamethasone significantly stimulated luciferagpression in the presence
of A (pGI3-A-A), but not G alleles (pGI3-G-(39<0.001), thus pointing to selective
glucocorticoid-mediated regulation of the abundammoter variants even as there is

no GRE motif present in the promoter sequence. BlAulates expression of both G
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Relative Light Units (RLU)

Figure 2.3: Basal and induced activity of the =~ SLC12A6 5' regulatory region
Relative light units comparing pGL3-A-A vs. pGL3-G-G-specific SLC12A6 promoter
constructs. (*p<001)

and A alleles but the promoter activity of the Aekd remained significantly higher
(p<0.001). Therefore, protein kinase C-mediated i@ is likely but probably does
not act directly at the polymorphic sites. As thare several activator protein 1 (Ap-1)
binding elements present in tBeC12A6 promoter, increased promoter activity may be
induced by the PMA-induced PKC activation of thesascription factors.

Forskolin did not affect promoter activity, and thesults were almost identical to
unstimulated conditions for bo®LC12A6 promoter constructs. This provides evidence
that PKA-mediated signal transduction pathwaysrexeinvolved in the regulation of
S C12A6 expression. Under forskolin stimulation, activitithe A allele is, as before,
significantly higher compared to the G allelep<@.001). To distinguish the
functionality of the polymorphic sites, the upstre@olymorphic site was deleted as
described. As shown in figure 2.4, deletion of tlespective upstream site [Sul

digestion equalizes expression rates of both A-Gyspecific promoter constructs
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Figure 2.4: SLC12A6 promoter activity in dependence of the upstream polymorphic site
SLC12A6 promoter activity before and after deletion of the upstream G/A polymorphic
site (*p<001).
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Figure 2.5: SLC12A6 promoter activity before and after  in vitro methylation
Basal and induced activity of the SLC12A6 5' regulatory region before (pGL3-A-A vs.
pGL3-G-G) and after in vitro methylation (pGL3-A-Amet vs. pGL3-G-Gmet; all *p<002)
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(pGI3-del-A; pGI3-del-G;p=.16) to a medium level, pointing to functionalengnce
exclusively of the 5' polymorphic site. Interestinghe promoter activity was found to
be decreased for the pGI3-del-A construct, whereagas slightly increased in the
vector carrying the G varianBLC12A6 promoter fragment (pGl3-del-G)n vitro
methylation of pGL3-A-A and pGL3-G-G constructs lexalmost silenced promoter
activity. After in vitro methylation, pGL3-G-G activity was significantlpwer (all
p<.02) compared to that of the pGL3-A-A (Figure)2umder all conditions assessed,

may be due to the additional methylation site e @zallele.

2.4.3 Effects of mood stabilizers and antipsychotic drugs on CpG methylation and
SLC12A6 promoter activity

Since it has been proposed tI&iC12A6 resembles a positional candidate gene for
bipolar disorder and subtypes of schizophreniagiPeland Mount 2002; Meyer et al.
2005), we investigated whether tBeC12A6 polymorphic promoter sites are prone to
stimulation by common mood stabilizers such asuithand valproic acid, which are
both commonly used in the treatment of bipolar iisg and the antipsychotic drug
haloperidol, frequently used in the treatment oycp®ses. However, presence of
haloperidol, valproic acid or lithium had no effemt reporter gene expression in our

test system as they also had no influence on pemno¢thylation (data not shown).

2.4.3 Computional epigenetics

Genes with strong CpG island promoters are oftaquilnously expressed, showing

robust transcription across a wide range of tisgpes (Vinogradov 2005). In constrast,
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Figure 2.6: Predicted CpG Island Strength
Histogram of the predicted CpG island strengths for all CpG islands in the human
genome. The x-axis gives the CpG island strength as predicted by the combined
epigenetic score (Bock et al. 2007), and the y-axis gives a density estimate, normalized
to a total area of one. From left to right, CpG islands are predicted to exhibit a more
open and transcriptional permissive chromatin structure. The orthogonal line marks the
promoter CpG island of SLC12A6.

genes with less CpG-rich promoters are more sugbepb regulation by variable
methylation levels (Eckhardt et al. 2006). By congmn with a recently published
prediction of the strength and expected epigersttite of all CpG-rich regions in the
human genome (Bock et al. 2007), we found 81&112A6 is regulated by a weak CpG
island promoter (Figure 2.6). With a CpG islanesgth prediction of 0.418 on a scale
between zero and one (highlighted by a vertica ImFigure 2.6), it may be sensitive

to a single additional CpG upstream of the coremmter. A recent study of the
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genomic determinants of DNA methylation variati@o¢k et al. 2008) lends further
support to a potential epigenetic function of th& @olymorphism in the upstream
region of S.C12A6. Using the methodology of this study, the genoreigion between
the SNP and the transcription start site was predito exhibit relatively large inter-
individual variation but also consistent consemwatof the DNA methylation status of
specific CpGs (the region’s predictéxl score is 0.03). Furthermore, we note that a
genomic polymorphism thabecomes functional via itgis effect on epigenetic
regulation has been reported previously by a sardeckwith-Wiedemann syndrome
(Murrell et al. 2004), in which loss of imprintireg thelGF2 gene could be associated
with four neighbouring SNPs. In conclusion, whilgigorous proof that the upstream
G/A polymorphism is functional due to epigenetithea than genetic regulatory effects
is still outstanding, we have accumulated severaksl of experimental and
computational evidence that DNA methylation may tdbnte to its effect on gene

expression.
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2.5 Discussion

The potassium-chloride co-transporter 3 gene reptssa strong positional and
functional candidate for psychoses, including hkapotlisorder and schizophrenia
(Delpire and Mount 2002; Meyer et al. 2005; Uyaatkal. 2006). Here, we provide a
functional mechanism for a rare promoter varianB0€12A6, associated with bipolar
disorder (Meyer et al. 2009} could be demonstrated that the less frequealeatif the
investigated SNP can lead to DNA methylation atp&Gite, and was associated with
differences in the regulation of gene expressioouintest system.

As shown by Escher and colleagues (Escher et 8b)2@lasmids can be methylated
after transfection. Therefore we tes®8d”12A6 promoter activity comparing G vs. A-
alleles. To ensure complete plasmid methylatiomstrocts were also assayed after in
vitro methylation. Under all conditions tested tHeC12A6 G promoter allele showed
significantly lower promoter activity compared teetA-allele. Deletion of the upstream
polymorphic region led to equal promoter activit@sboth constructs indicating that
the SLC12A6 upstream promoter SNP is functional and respoaddyl altered promoter
activity. The SNP investigated here was found t@&sociated with bipolar disorder in
a case control study (Meyer et al. 2005). Resllth® present study now demonstrate
functionality of the upstream SCL12A6 promoter SNW/e propose that its
functionality might be modulated by DNA methylatjoknown to be influenced by
developmental and environmental factors in a timé @#ssue dependent manner and
therefore may contribute to the pathogenesis gfcfatric) disorders.

S.C12A6 is involved in cell proliferation processes (Steral. 2004) and mutations of
this gene cause a severe neurological disordeudrdty associated with psychosis
(Filteau et al. 1991; Howard et al. 2002a; Howaréle 2003; Howard et al. 2002b).
The involvement of this gene in psychopathology psuis the developmental

hypothesis of psychoses (Isohanni et al. 2001; SJenteal. 1994; Weinberger 1995)
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which suggests that subtle malfunction of axon goi# processes in the developing
brain may lead to cognitive and behavioral impamtné is noteworthy that we are not
studying novel mutations here but polymorphic vatsaof which the G alleles are rare
but nonetheless present in the gene pool in Hardinldérg equilibrium with their
respective pendants. According to the theory ofmlemdisorder inheritance (Cannon
2005), functional variants of this kind may actetger with others in the pathogenesis
of certain complex diseases and personality t(&itdn 2005). In addition, it has been
proposed (Liu et al. 2005) that rare variants maybimportance to the understanding
of pathogenesis of complex inherited disorders.

Our findings support observations madeSinl2a6 knockout studies revealing a gene
dosage effect ilc12a6 null compared to heterozygous knockout mice (Bmetet al.
2003; Howard et al. 2003; Howard et al. 2002b; slEnt2005; Rust et al. 2006). In
humans, SLC12A6 deficiency leads to Andermann’s syndrome. Intargist,
individuals possessing only one functioSaIC12A6 allele do not show any clinical or
even subclinical phenotype. However, here we pmwgdidence for a gene variant
leading to a DNA methylation site with function@insequences dLC12A6 promoter
activity. Such methylation-sensitive variants magpresent targets for epigenetic
modification induced by environmental factors (Weawet al. 2004), and become
functionally relevant only after the occurrenced$ease precipitating factors such as
chronic stress, critical life events or pathogepasure (Fraga et al. 2005; Weaver et al.
2004; Weaver et al. 2005).

We speculate that the newly identified DNA methgiat site may represent a
polymorphism with ais-regulatory, epigenetic mode of functioning. Sitkce role of
environmental factors in influencing the DNA metybn and other epigenetic
modifications is now well-established (Peaston Wfidtelaw 2006), it seems likely that

the presence of & C12A6 promoter variant, by introducing an additional DNA
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methylation site, might mediate a functional corimecbetween environmental factors
such as psychosocial stress and the increased psibditg to psychopathology
conferred by a genetic variant (de Kloet et al. 00The possible impact of
environmental factors on the epigenotype has rgcbeen demonstrated. For instance,
it could be shown that natural variations in maaéoare (Weaver et al. 2004), nutrition
(Weaver et al. 2005; Wolff et al. 1998) and drugptment (Alonso-Aperte et al. 1999;
Shimabukuro et al. 2006; Weaver et al. 2004) hawvergact on promoter methylation
in rats. Interestingly, the epigenotype shows dififices even in human monozygotic
twins over the life span, reflecting the influencé lifestyle and ageing on the
epigenotype (Fraga et al. 2005).

Promoter activities were found to be decreased d#ketion of a 943bftul fragment
for the pGI3-del-A construct, whereas it slighthcieased in the vector carrying the G
variant . C12A6 promoter fragment (pGI3-del-G). This is supportimgr hypotheses
that CpG methylation adjacent to the upstream G#imorphic site could lead to a
slightly more condensed DNA organization in the IBla, whereas the DNA
organization in the A-allele lies open for tranpton. After deletion of the upstream
polymorphic region, elements available for epigeneatodulation silencing promoter
activity in the G-allele/ enhancing promoter adyivin the A-allele, respectively, were
excised leading to almost identical promoter ati&giof the constructs investigated.

It has to be mentioned as a limitation that, asdwlenot have access to brain tissue of
the appropriate genotype, DNA methylation patterncarriers of the G allele was
investigated in peripheral tissue. Given the higue specificity in gene expression
patterns, brain tissue might have a different DNAtmglation pattern. However, we
could demonstrate in principle that tBeC12A6 upstream G /A SNP can lead to allele
specific methylation and that presence of the lallis associated with reduced

promoter activity— possibly brought about by DNAtmgdation.

44



Chapter 2 Function&_C12A6 promoter investigation

In silico analysis using TRANSFAC 10°1did not reveal altered transcription factor
binding sites comparing A and G-allele. It cannetriled out that unknowais- or
trans-acting factors may affect allele specific promotestivity. As the upstream
palindromic sequence TTAXITT is abolished in the presence of the rare G mticle
(TTACGTT) putative transcription factor binding efficigncould be altered and also
be fine tuned by cytosine methylation in a timsstie and environment dependent
manner.

On the other hand, it was hypothesized that metdgI&NA can facilitate histone
deacetylation by recruiting chromatin remodellimgymes such as histone deacetylases
(HDACS) via the action of methyl-CpG binding domairoteins (MBDs) like MeCP2
(Tsankova et al. 2007). In tt#.C12A6 G-allele, a palindromic sequence of sense and
antisense strand is created (5'BT-3’), possibly representing a MBD binding site.
This putative protein binding site furthermore abube modulated by cytosine
methylation leading to enhanced MBD binding andreéased promoter activity. Both
possibilities, higher binding efficiency for a pi&e regulator of gene transcription in
the A-allele or higher binding efficiency of a néiga regulator in the G-allele may help
explaining the putatively causative effect of thisriant in family 11 (Meyer et al.
2005).

Future studies are warranted to identify putatra@dcription factors selectively binding
in the SLC12A6 upstream polymorphic region. It will need to bariled whether CpG
methylation underlies functionality at this siteifotranscription factor binding is altered
due to the presence of the G allele per se. Evémeifreduction in gene expression is
independent of CpG methylation, this study providasa for the functionality of the
investigated SNP.

Furthermore, as DNA methylation and histone dedatty act in a synergistic fashion

in order to regulate gene transcription (Attwoodakt2002),9.C12A6 SNP-specific
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chromatin immuno precipitation assays (ChiP-ass&ysgentify histone acetylation
pattern influencingSCL12A6 DNA organization are warrantedddditionally, it is
conceivable that alternativBLC12A6 first exon usage, as already described for the
neuronal nitric oxide synthase (NNOS, Reif et &I0& Saur et al. 2004), can be
selectively modulated by promoter SNPs. Thereftissue-specific expressions of the

differentSLC12A6 transcripts have to be elucidated in further stsidi

In conclusion, the present study provides evidehe¢ the upstreansLC12A6 G/A

promoter SNP is functional not only by changing Ei¢A primary structure but also by
influencing the allelic epigenotype and consequyeiy influencing the chromatin
organization. The upstrea®L.C12A6 “G/A” SNP could represent a functional link

between genetic variation and epigenetic modificati
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CHAPTER 3

The glucocorticoid receptor gene exon 1-F promoter isnot methylated at

the NGFI-A binding sitein human hippocampus

Dirk Moser, Anne Molitor, Robert Kumsta, Thomas Scitner, Peter Riederer &

Jobst Meyer
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31 Abstract

Recent research has demonstrated that early Igerence, such as variation in maternal
care, can have a profound impact on the physickbgiod endocrine stress response of
Rattus norvegicus. Low maternal care resulted in increased methyiadif the nerve growth
factor-inducible protein A (NGFI-A, EGR1) bindingtes located in the hippocampal
glucocorticoid receptor geneNi(3cl) exon % promoter, leading to decreaséd3cl
expression, which results in a reduced efficien€yglucocorticoid-mediated negative
feedback on hypothalamus-pituitary-adrenal axisiviglgt The human glucocorticoid
receptor geneNR3C1) has a highly similar 5’ structure compared to ride and the human
alternative exon 1-F is the orthologue to the xatnel;. Based upon the evidence from rats,
and the high sequence identity of the regulatogueeces, we examined the methylation
pattern of the corresponding NGFI-A binding sitetlime human glucocorticoid receptor
exon 1-F specific promoter in post mortem hippocalntissue.

In contrast to the findings in rats, neither of twe CpG motifs within the NGFI-A binding
site was methylated in the 32 subjects investigaldtese observations might reflect

different promoter methylation patterns in humang eats.
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3.2 Introduction

Mental disorders constitute a major burden for etyciAcross 28 European countries with
a total population of 466 million, 127 million pdepor 27 % are affected by mental or
neurological disorders. These disorders figure amibre leading causes of disease and
disability (Fact sheet Europe 03/03: Mental healtthe WHO European Region), and are
associated with immense total costs of over 29biEuros per year (Wittchen and Jacobi
2005). The relationship of mental disorders tosstid life events is well established, both
in epidemiological and clinical samples (Paykel 200 he stress response has evolved as a
highly adaptive reaction that ensures survival wlan organism is confronted with
physiological or psychological challenge. One intaot stress response system is the
hypothalamus-pituitary-adrenal (HPA) axis, whichdiages the endocrine stress response.
HPA axis activity is controlled by negative feedkasechanisms through activation of the
glucocorticoid receptor (NR3C1, GR;(de Kloet et2005; Jacobson and Sapolsky 1991).
Reports from both animal (Howell and Muglia 200@ga&numan studies (Holsboer 2000;
Neigh and Nemeroff 2006; Pariante and Miller 2004ye associated impaired NR3C1
functioning in the etiology of depression or depres-like behaviour, and altered HPA
axis regulation has been associated with many peychand psychosomatic disorders
(Young 2004). Although the relationship of mentelotiders to stressful life events is well
established, the question remains why some people ave exposed to chronic stress
develop mental disorders while others do not.

To answer this question, it is becoming increasimgiportant to identify psychobiological
mechanisms (Singer 2001), linking environmentalugrfices to changes at the molecular

level that predispose to, or sustain disease pseses
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In a rodent model, research has emerged linkindy eamvironmental influence, i.e.
variation in maternal care, to behavioral and nemdocrine alteration in adult life
(Meaney 2001; Weaver et al. 2004). The offspringatfmothers showing high maternal
care were less fearful and showed reduced hypathaigituitary-adrenal (HPA) axis
response to stress. On the molecular level, thecestil HPA axis responsiveness in
offspring of high caring mothers was associatedh witreased hippocampal Nr3cl mRNA
expression and enhanced glucocorticoid (GC) feddbansitivity. Cross-fostering studies
revealed that most of these effects are non-geradmicansmitted from one generation to
the other, suggesting epigenetic mechanisms (Faical. 1999). Weaver and associates
(2004) demonstrated that variation in maternal dak to stable alteration of DNA
methylation pattern. Low maternal care resultednicreased methylation of the early
growth response protein 1, alternatively termedve@agrowth factor-inducible protein A
(EGR1, NGFI-A) binding site located in tHér3cl gene exon A promoter, leading to
decreasedNr3cl expression. Expression of exon nRNA seems to be unique to
hippocampus, so that methylation of exonspecifically reducedNr3cl expression in
hippocampal sites (Weaver et al. 2004).

Given this evidence from animal studies, we exathihe corresponding site of the human
orthologous geneNR3C1) promoter in 32 post mortem hippocampus tissue¢ls mispect
to their methylation pattern. As an internal cohtwee co-examined the methylation pattern
of the Insulin-Like Growth Factor Il gend@F2), a gene that is imprinted on the
maternally inherited allele.

The aim of the present study was to clarify whesisilar epigenetic processes exist for

the human glucocorticoid receptor gene promotehasrved in the rat.
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3.3 Methods:

DNA was isolated from human hippocammest mortem tissue (Gsell et al. 1993 32
subjects (12 males / 20 females, mean age 80,0 yers / 82,6 + 6,3 years with various
diagnoses: Parkinson’s disease (9), presenile deanenAlzheimer's type (2), senile
dementia — Alzheimer’s type (SDAT,; 8), dementig é)d 5 without any diagnoses) using

QIAmp DNA Micro Kit (Qiagen; Hilden).

3.3.1 Sodium bisulfite mapping / methylation specific PCR (M SP):

The humanNR3C1 exon 1-F promoter region (104 bp around the NGHitAding site)
corresponding to the rat exon fegulatory genomic region was investigated (GekBan
accession numbers: AJ877168, AJ271870). One pairsodisulfite-treated (Frommer et
al. 1992; Grunau et al. 2001) hippocampal, genddNMA was subjected to nested PCR
amplification using flanking primers (forward: -1423905- 5-
GTTGTTATTXGTAGGGGTATTGG -3'- 142763883; reverse: 142763770-- 5
AAACCACCXAATTTCTCCAA - 3-142763789; sequence numbering ithwespect to
the nucleotide position on human chromosome 5, rdoup to the sequence published by
the International Human Genome Sequencing CongortiUCSC Genome Browser
Golden Path of May 2004). The thermocycler protaceblved an initial denaturation
cycle (5 min, 94 °C), 34 cycles of denaturation $3@5 °C), annealing (1 min, 56 °C) and
extension (30 s, 72 °C), followed by a final extenscycle (7 min, 72 °C) terminating at 4
°C. The PCR product (136 bp) was used as a temfglataibsequent PCR reactions using
nested primers (forward: 142763876 -5- TDGITTAAGGGGTAGA-3'- 142763859;

reverse: 142763773 — 5 -CCAXAATTTCTCCAATTTC -3°- 142763793). After gel
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purification, the nested PCR products (104 bp;uditlg 9 CpG sites) of all 32 subjects
were directly sequenced for qualitative methylatoalysis.

For methylation quantification, the PCR productdesf subjects (4 Parkinson’s disease; 5
SDAT,; 1 control) were sub-cloned (Original TA clagikit, Invitrogen), and amplified in
bacteria. For each subject, ten plasmids contaithiegcloned\NR3C1 exon 1-F promoter
DNA fragment were sequenced (Big Dye Terminator Rérkin Elmer) using an ABI 310
genetic analyzer.

In order to control for differential methylation tggrn in our post mortem tissue, a 255 bp
fragment of the naturally imprintd@6F2 gene (Ak025719; chromosome 11: pos. 2111299
- 2111553;forward:  5-GGGAAAGGGGTTTAGGATTTTTAT-3'; reverse:- 5'-
ATAATTTACTCCCCCTTCAACCTC -3';(Dupont et al. 2004)as PCR amplified after
bisulfite modification. DNA for control experimentierived from five randomly chosen
subjects (2 Parkinson’s disease; 2 SDAT; 1 contool) of the ten examined for their
NR3C1 methylation status. The thermocycler protocol lagd an initial denaturation cycle
(5 min, 94 °C), 50 cycles of denaturation (30 s,°@), annealing (45 s, 60 °C) and
extension (30 s, 72 °C), followed by a final extenscycle (7 min, 72 °C) terminating at 4
°C. All PCR’s were performed using 10 pmol of eacimer, 200 uM dNTP, 1-2 mM
MgCl,, 50 mM KCI, 10 mM Tris-HCI, 2.5 U Taq Polymerag8ilfco BRL) in a total
volume of 50 pl. The methylation quantification wime as described for thiR3C1 gene
fragments.

Quantification is given in percent according to thethylated cytosines identified out of

ten CpG dinucleotides investigated for each pasitio
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34  Results
As shown in Figure 3.1, a 5-GCGGGGGCG-3' motif,cempassing two CpG sites
(CpG™), is present in the humatR3C1 exon 1-F promoter. This sequence represents the

consensus binding site for the transcription fablGI-A as observed for the rat exon 1

S5HT
SHT.
Receptor
cytosol
cAMP ¥
nucleus
s 2 — 3

142764142 GGGCCCAAAgtacygtatgogoeocgacoococgetatecocgtoocttecetgaagoecteceaa 142764083 E=on 1B
142764082 gagggegtygteagygeogecoggeococgagyogeggoccgagacgetgogycacegtttecgt 142764023
142764022 goaaccoccgtagoococotttogaagtgacacactticacgoaactogygoeoccgygcgycgygcgy 142763963
142763962 cgcgggccactocacgoagetoagecgecgyggagycgococgygotottgtggoecgoeccget 142763903

142763902 gtoacococgoagggygoactyygcgycgo ttycjc:gc?c.‘ﬁﬁgggyc?ﬁgﬁygcgﬁyctc?cgcgagtg 142763844

142763843 g4 tc.‘tggﬁyc?‘cgscggagctgggscggggg7c:gggﬁ555536’1'.4fCCEGEEEEGEAECTGG 142763786 E=mon 1F
1427637685 AGAAACT O GETGE NGFI-A

Figure 3.1: Model for NR3C1 exon 1-F specific activation in hippocampus tissue.
Numbering is with respect to human chromosome 5. Small letters indicate the NR3C1 1-F
regulatory region. The NGFI-A binding site is underlined. Capital letters symbolizing exonic
sequences. CpG dinucleotides are shown in bold letters, italic letters indicate the sequence
investigated; CpG’s investigated in this study are numbered in 5°- 3 direction.
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(Dupont et al. 2004; Turner and Muller 2005; Weaeéral. 2004). Multiple sequence
alignment revealed that this sequence is highlysenred among different species (Fig.

3.2), pointing to a functional relevance of the ifnot

NRICL H.sapiens  TTGCCACCAAGAO0CAGAGCGARCTCCCaAGTAaeTCTAGAGCCACaRAGCTAAGCAAAGRCAREAAGGAGATACCCACARARGAARCTOGAGRAACTCAGTAG - 104
Nrdel P.trog. TT6CCACCARGAG0CRGAGCGAACTCCCaARTGAETCTGAAGCCGCARAGCTAAACEE000CEGANGRAGTAGCEACARGACAARCTAGAGRRACTCARTAG- 104
Nricl R.norv. TGGCTRCCGACCCACHAGGC0GACTCOCGAGCAETTCCA - AGCCTCHRAGCTGAGCA06A3CEACAGCCARCCTOOGACARCAGARACTCRAGRRACTUGRTCE - 103
Nrdel M., T66CEACAGRCOCACHAAGC6AACTCCCRACCARTTCCA- AGCCCAGAGCTRAGCEA0GACAAGAAGERGCCAGGCACARGACARRCTARAGRRACTCGCTTT - 103
Nrdci §.scrofa,  TGGCTGCOGACCCACGEAAC6G5CTCCOGRGCERTTCCA- AGCCTOREACC TG0G000668CaRGACHRARCCTHNSACARGAGARACTARRGRRACTCGTTT - 103
Nrdel G.qgallus.  TGGCTGCCACCCACGA0GCOGGCTCCCGAGCARTTCCA- AGCCTCaRAGCIaHG0a00G8CARACCRARCCTAAGACAAGACARACTARAGRRACTCABTTT - 103

¥ oEd okt ot o kkt RERERAREE % k4 PhEE RRRRERRRERRRARRRAR Y Hidd okkhE REEERRE RAkREEREY 4

= =

=

Figure 3.2: Alignment of the 104 bp NR3C1 1-F-specific regulatory region for 6 species
Alignment was performed using clustalW software; http://www.ebi.ac.uk/clustalw/). The
NGFI-A binding site is underlined. Asterisks indicate 100 % identity. (Accession numbers:
Homo sapiens - NM_000176; Pan troglodytes - NM_001020825; Rattus norvegicus -
NM_012576; Mus musculus - NM_008173; Sus scrofa - NM_001008481; Gallus gallus-
NM_001037826)

3.4.1 Methylation

In contrast to the methylation pattern describedtie rat (Weaver et al. 2004), none of the
two CpG motifs (CpG*"; Fig. 3.3) within the NGFI-A binding site of titR3C1 exon 1-F
promoter isolated from human hippocampal tissue faasd methylated in the 32 subjects
investigated in this study. Furthermore, none efrémaining CpG sites (Cp&3; Fig. 3.3)
present in the promoter fragment investigated, @rdesponding to the orthologous CpG
sites 12 — 17 of the rat exon (Weaver et al. 2004) were found to be methylated i
humans. In contrast, all 15 CpG sites of the cpoeding rat exon 7Lpromoter are

differentially methylated; the extend being higlidgpendant on the intensity of maternal
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care (Weaver et al. 2004). Besides, we found stelyCpG sites being methylated. CpG
(67 basepairs downstream of tHdR3C1 exon 1-F transcription start side) was
unmethylated in 9 subjects, and methylated to 10n% single subject (Figure 3.3),
whereas Cp& located in exon 1-F, was methylated ranging fréén- 100 % in all
subjects.

For the controls, we found methylation levels o# thaturally imprinted GF2 being inter-
individually highly variable (Figure 3.4) but comphle to the data published for
lymphocytes (Dupont et al. 2004; Heijmans et al07)0 confirming that neither age,
dementia or Parkinson’s disease did interfere wigHular methylation in the sample

investigated.
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35 Discussion

Epigenetic processes constitute fundamental mestmsnin development as they ensure
cell differentiation and body compartmentalizatlon differentially silencing or activating
genes. Recently, Weaver and colleagues (Weavel. €€084) provided evidence that
cytosine methylation, one of the key mechanismscealfular programming, could be
considerably influenced by environmental factorshsas the intensity of maternal care in
the rat model. Not surprisingly, the study of Waaand associates was welcomed as one
of the first publications, which points to cellul@echanisms constituting a functional link
between behavioural variation and gene regulafsiifoy et al. 2006; Rakyan and Beck
2006; Weaver et al. 2004; Weaver et al. 2005; Weatval. 2006). Weaver and co-workers
reported on methylation pattern of the exersfiecificNR3C1 promoter in general, and of
two CpG dinucleotides in the NGFI-A binding site particular, where the 5 CpG
displayed differences in methylation dependent @tenmal care, whereas the 3' CpG site
was constantly methylated, independent of materaua.

The ability of this cellular system to serve as adaptive, non-genetic programming
process, capable of ensuring the juvenile, immatureadult individual's coping with
favourable or adverse environments, has since disenssed. In this study, we show that
the mechanism presented by Weaver and associgbeshiably different between humans
and rat, despite the fact that the sequence imatsti here is highly conserved among
different species (Fig. 3.2). We found Cp®cated in the promoter, poorly methylated (10
% in 1 patient), and the adjacent investigated @ptunmethylated in all subjects. The
CpG, located inlNR3C1 exon 1 F, was found highly methylated in all set§énvestigated

(Fig. 3.3). The high exonic methylation observedehe concordant with the literature,as
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coding regions downstream of promoters usually @ontCpG dinucleotides that are
frequently methylated (Attwood et al. 2002). Thmast unmethylated humatR3C1 1-F
promoter points towards differences in glucocorticaeceptor gene methylation between

humans and rats (Weaver et al. 2004; Weaver 208b; Weaver et al. 2001).

NR3C1 1-F specific promoter methylation

% methylation

subjects 10

Figure 3.3: NR3C1 exon 1-F specific promoter methylation
Percent methylation of nine CG dinucleotides investigated for the 104 bp NR3C1 1-F
specific promoter fragment in 10 subjects. Red squares (CG 6+7) are representing the NGFI-
A binding site.

57



Chapter 3 NR3C1 1-F promoter methylation

In the rat, differential methylation in the NGFI4Anding site was observed at the 5 CpG
only, whereas the 3° CpG was constantly methylatddpendent of maternal care. In our
sample, neither the orthologue 5 CpG, nor the BGGCsite of the NGFI-A binding site
were found to be methylated in human hippocampusceSno information on early
environment was available for our subjects, thestjae whether environmental factors
influenced methylation pattern cannot not be ansddy this study. However, since
differences between humans and rats were reveddedfa the CpG with methylation
status independent of maternal care, we hypothdbie basicNR3C1 regulation may
underlie different mechanisms in humans compardtdaagat. The observation that none of
the CpG’s was methylated more likely reflects atampi process leading to an almost
unique epigenotype as observed forNiR8C1 1-F 5’ regulatory region in our sample.
Findings on epigenetic regulation processes art@asrsial. Fraga and colleagues (Fraga
et al. 2005) showed that the methylation statuseokral genes is differentially altered in
monozygotic twins over their life span. They pothtaut that environmental factors exist in
critical time periods of human development, whichymeven influence the individual's
epigenotype in monozygotic twins. Given this evigken differences in theNR3C1
epigenotype of 32 unrelated subjects investigaged bould be expected.

On the other hand, Eckhardt et al. (Eckhardt e2@06) did not find substantial inter-
individual differences for DNA methylation by inw&gting 3 chromosomes with about
1.9 million CpG methylation sites. Furthermore, effects of age were observed. In
contrast to studies performed in humans and rod@mtemga et al. 2005; Weaver et al.

2004), which demonstrated the generation of diffeepialleles during lifetime, our data
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suggest that the huma¥R3C1 1-F promoter DNA methylation is ontogenetically n&o

stable than expected, leading to an almost unnetylpromoter in older human beings.

Additionally, not only variation in maternal caré/éaver et al 2004) but also nutritional
methyl-donating substances such as methioninejnehalitamin B12, and folic acid were
shown to influence the methylation status and esgiom of several genes including the
glucocorticoid receptor gene (Waterland et al. 200&aver et al. 2004; Weaver et al.
2005). Furthermore, different pharmaceuticals suash valproic acid, haloperidol or
trichostatin A (TSA) have an effect on DNA methidat (Alonso-Aperte et al. 1999; Chen

et al. 2002; Manev and Uz 2002; Shimabukuro e2G06).

Profiles of IGF2 gene methylation

100

—— M.Parkinson

.S —=— M.Parkinson
g‘ —— SDAT

= 50

S —— SDAT

€ —e— Control

N

number of CpG dinucleotides investigated

Figure 3.4: Profiles of IGF2 DMR CpG methylation obtained by MSP
Analysis was performed using human post mortem hippocampus tissue (n = 5). Ten clones
per sample were sequenced for analysis
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By analyzing methylation pattern 66F2, we could confirm that neither age, nor dementia
or Parkinson’s disease led to substantial demetbplaDNA demethylation has been
documented in aging salmon, mice, rats, cows amdahs, and occurs in various tissues
including the brain (Richardson 2002; Wilson et B987). Levels oflgf2 expression
decrease concomitantly with the degree and patbérmethylation in aged rat brain
(Kitraki et al. 1993). Since we found that tl@&=2 methylation pattern in aged human brain
is highly variable, we assume that the de-methglIBife3C1 1-F promoter is not based on a
general age-dependent demethylation process.

However, we cannot rule out that epigenetic prognarxg processes similar to that
demonstrated by Weaver et al. (Weaver et al. 26@4) act at different sites of the human
genome in different brain regions, which were myiestigated in this study. For instance,
Weaver et al. (2006) investigated 31,099 hippocarmpascripts with respect to different
early life experiences. They could show that atstled% of the whole mRNA was
differentially expressed depending on intensity oéternal care, TSA treatment, or
methionine application. These results indicate thate is a multitude of genes implicated
in epigenetic programming processes.

The present study was performed in order to ingatti whether similar basic epialleles, as
observed in the rat, also exist in human hippocampNA. Certainly, our investigation is
limited by the availability of human post mortenppocampus tissue and especially by the
lack of data on early childhood, critical life evgnmedication, etc. Therefore, the
questions whether environmental factors modified #pigenome cannot be answered
conclusively. However, we believe that it is unhkéhat all subjects experienced the same

environmental conditions resulting in the highlyngar epigenotype as observed here.
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Therefore, it can be hypothesized thdR3C1 1-F promoter in aged humans is
constitutively unmethylated.

No data exist for glucocorticoid receptor epigepetyfor hippocampi deriving from aged
rats. Therefore, we cannot rule out that a sinmiathylation pattern might also be observed
in aged rats independent of their early life exgrazes. In addition, we cannot exclude
different methylation pattern in earlier life pedsgthat were mediated by the environment
or individual habits and were lost during aging.efiéfore, investigation of hippocampal
tissue deriving from younger donors is warranted.

To conclude, the humaNR3C1 1-F specific methylation pattern seems to be sl
different mechanisms compared to the rat, albeiilar programming effects in general
acting via variations in maternal care - as obsgnvethe rat - cannot be ruled out for

humans.
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Chapter 4

Characterization of a glucocorticoid receptor gendGR, NR3C1) promoter
polymorphism reveals functionality and extends a hglotype with putative

clinical relevance

Dirk Moser*, Robert Kumsta*, Fabian Streit, Jan Mfh Koper, Jobst Meyer & Stefan Wst

*these authors contributed equally

62



Chapter 4 Functionality of a glucocorticoicceptor gene SNP

4.1  Abstract

Hyperactivity of the hypothalamus-pituitary-adrerfellPA) axis has been associated with the
etiology of major depression. One of the factorslartying altered glucocorticoid signalling
might be variability of the glucocorticoid recepigene GR, NR3C1). GR polymorphismsave
been associated with variability in glucocorticoggnsitivity and endocrine responses to
psychosocial stress. Furthermore, a comr@ SNP (rs10482605), located in the promoter
region, has been associated with major depresg¥enperformed functional characterization of
this SNPin vitro using a reporter gene assay under different sétioul conditions. Furthermore,
we genotyped 219 subjects previously genotyped fémr common GR SNPs to further
characteriz&R haplotype structure.

The minor C allele of the rs10482605 SNP showediged transcriptional activity under
unstimulated conditions and under different stiriataconditions in two brain derived cell lines.
Linkage analyses revealed that the rs10482605 ShPhigh linkage disequilibrium with a A/G
SNP in exon 9beta (rs6198), associated with relatjlucocorticoid resistance and increased
GRbeta mRNA stability.

We provide evidence that two functio@R SNPs in linkage disequilibrium are responsible for
both regulation 0GR expression and mMRNA stability. This newly chargztsl haplotype could

increase the risk for the development of stresgedldisorders, including major depression.
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4.2  Introduction

There is a well established link between exposoinesiychosocial stress and the development of
psychopathology (Young 2004). Dysregulation ofigpothalamic-pituitary-adrenal (HPA) axis,
one of the organism’s major stress response systeamdeen implicated in the onset and course
of psychosomatic and psychiatric disorders, inclgdmajor depressive disorder (Holsboer
2000). Numerous findings document HPA axis hypérdgt and altered responses in
neuroendocrine  challenge tests (dexamethasone esgigm test or combined
CRH/dexamethasone test; Holsboer 2001; Nemerof§;1B8riante and Miller 2001), supporting
the hypothesis that alterations in glucocorticd@lC signalling might underlie an increased
vulnerability for the development of major depressi The presumed central role of GR
functioning in the development of psychopathologysupported by the observed correlation of
HPA axis abnormalities with changes in GR functionmajor depression (Pariante 2004).
Furthermore, reduced GR mRNA levels in the hippquasnand the frontal cortex of patients
suffering from mood disorders and schizophreniachbgen observed (Perlman et al., 2004;
Webster et al., 2002). Consistently, several mumoelels with specific GR knockouts indicated
that a primary defect in central GR signalling tesin altered HPA axis regulation and changes
in emotionally relevant behaviour (reviewed in Hdveed Muglia 2006).

The significant heritability of major depressionwén and Cardno 1999) and HPA axis activity
(Bartels et al., 2003; Federenko et al., 2004; Vetist., 2004), the observation that healthy first-
degree relatives of depressed patients show schdlieges of HPA axis function (Modell et al.
1998), and the fact that polymorphism in corticoste receptor genes can modulate the
physiological stress response (Derijk et al., 200émsta et al., 2007; Wist et al., 2004) have
stimulated research linking genetic variation inAH&xis related genes with major depressive

disorder. For instance, Binder et al. (2004) regmbrn association between a polymorphism in
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the GR-regulating cochaperone FKBP5 and increassponses to antidepressant treatment. A
growing number of studies have associated commorg&t SNPs with changes in metabolic
parameters or variability in glucocorticoid sensiyi (Wust et al. 2004) and ACTH as well as
cortisol responses to psychosocial stress. Foanost male homozygous carriers of Bkl G
allele (rs41423247) showed decreased HPA axis nsggo(Kumsta et al., 2007; Wust et al.,
2004) to the Trier Social Stress Test (TSST) wihile AG genotype of the rs6198 A/G SNP
located in exon 9beta (henceforth referred to &B/G) was associated with enhanced ACTH
and cortisol stress responses (Kumsta et al. 2003addition, two studies 0B8R polymorphisms
have revealed an association with major depres§iariers of theBcll GG genotype were at
higher risk of developing a major depressive epsaad carriers of the less frequent allele of the
ER22/23EK polymorphism (located in exon 2; rs618890) showed faster clinical response to
antidepressant therapy (van Rossum et al. 2006. 3wedish sample, the association between
the ER22/23EK SNPs with depression was replicatad (VWest et al. 2006) and furthermore, an
association with major depression was observedaf@NP (rs10482605; NR3C1-1) in the
promoter region of th&R in a Belgian sample (van West et al. 2006). TA@482605 SNP is a
T/C polymorphism, located in the promoter regioratiérnative exon 1C. The frequency of the
minor C allele is 0.12 (dbSNP Build 127; http://wwaebi.nlm.nih.gov).

This promoter polymorphism has not been functignatharacterized so far. Given the
association with major depression, and considettieglocation of the rs10482605 SNP in the
gene’s regulatory region, we sought to examine tthascriptional efficiency of the variant
promoter by performing luciferase reporter genagssinder different signalling conditions in
order to characterize the potential functionality tbe different alleles inGR regulation.
Furthermore, 219 subjects were genotyped for the482605 SNP in order to analyze linkage

disequilibrium to four previously genotyped comm@®R gene variants. Lastly, we aimed to
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reanalyze the previously reported associations émtiER haplotypes and endocrine responses
to psychosocial stress as well as dexamethasonéniattation (Kumsta et al. 2007) now

including the rs10482605 SNP in the analyses.
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4.3  Materials and Methods

431 Genotyping

Initially, 601 subjects were genotyped for BR SNPs ER22/23EK A/G (rs6189, 6190), N363S
A/G (rs6195),Bcll C/G (rs41423247) and 9beta A/G (rs6198). Subsaityye?19 subjects were
selected for phenotyping according to their genetyphe stratification of the sample was
performed in order to obtain roughly equally sigeshotype groups and to allow an investigation
of a sufficient number of the less frequent genesyfKumsta et al. 2007). For the present
investigation, these 219 subjects were additiorgdigotyped for the rs10482605 SNP (van West
et al. 2006). Genotyping was performed using stahddCR method. Primers used for
amplification of a 317 bp RFLP specific PCR prodace shown in Table 4.1. For allelic
discrimination, the amplified PCR products were saquently digested with the restriction

enzymeBdll.

Primer used for genotyping: 5°— 3°
fw: GAGCTCCCGAGTGGGTCT
rev: AACCTGTTGGTGACGCTTG

Primer with restriction enzyme recognition sites (mderlined) used for amplification of
the promoter fragments

fw: GCTAGCAACTCGGTGGCCCTCTTAAC Khel)

rev: CCATGGACAGACACGAGCTCGCAAAAT (Ncoal)

Inverse orientation

fw: CCATGGAACTCGGTGGCCCTCTTAAC

rev: GCTAGAACAGACACGAGCTCGCAAAAT

Table 4.1: NR3CL1 specific primers
Primer designed for genotyping and for amplification of the promoter fragments for subsequent
ligation into the pGI3 vector
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4.3.2 Luciferase assay

Reporter gene plasmids were created by cloning468rbp PCR fragments amplified from the
5-flanking region of GR. Amplicons covered a region from nucleotide positi®42763782 —
142763325 on chromosome 5. Primer-spedifiel- andNcol recognition sites were added to the
PCR products (see Table 4.1). Sequencing confitimetothe amplified fragments were identical
with the genomi&GR sequence for both the T and C alleles. PCR-fragsngateNhel- and Ncol
digested and subsequently ligated into the appatgites of pGL3-Basic luciferase reporter
plasmid, cut by the same enzymes. Both construets Vigated in sense (pGI3-T; pGI3-C)- and

antisense directions (pGI3-Tinv; pGI3-Cinv).

4.3.3 Transient transfection and luciferase assays

U373MG glioblastoma-astrocytoma cells (ECACC 89@&)4were grown in minimal essential
Eagle’s medium (Biowest), supplemented with 10 &dbcalf serum (FCS), 2 mM L-glutamine,
1 % penicillin/streptomycin (Pen/Strep) and 1 % essential amino acids (NEAA) at 37°C in a
humified atmosphere at 5 % @GG5K-N-SH human neuroblastoma cells (ECACC 86012802
were grown under the same conditions using RPMI16dpplemented with 10 % FCS and 1 %
Pen/Strep. U373MG Cells were transfected by usinqge8ect transfection reagent (Qiagen) in a
ratio of 5:1 (ul Superfect / pg DNA) and with aioadf 10:1 for SK-N-SH. In brief, cells were
passaged at ~ 80 % confluency and spread in atdefig x 1¢ cells / ml for U373MG cells and

1 x 10 cells / ml for SK-N-SH, respectively, in 24 welgfes. After 24 h of incubation, 0.8 pg
Firefly luciferase constructs together with 0.2 pg pGLAJARRLUC/TK], Renilla Luciferase;
Promega) in the presence of 5 pl (10 ul for SK-N-Sidperfect and 20 pl serum free medium
were added to the cell culture. The plasmid exjmgdRenilla luciferase was used to control for

transfection efficiency. Promoter activity was &sstunder basal condition and after the addition
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of 50 uM forskolin, 2 uM phorbol 12-myristate adetdPMA), and 50 uM dexamethasone,
added 24 hours after transfection. As internal mdnpGL3-control and empty pGL3-basic
vectors were transfected separately. Cells wereektad in 50 pl Passive Lysis Buffer (PLB,
Promega) 48 h after transfectioRirefly and Renilla luciferase activities were determined
sequentially with 10 ul of total cell lysates in H0 of luciferase assay reagent followed by
addition of 50 ul of Stop & Glo reagent (Promega&r peaction. Chemiluminescence was
measured for 10 sec in a liquid scintillation spggthotometer (Berthold).

Experiments were performed in quadruplicates antveld from four independent experiments.
Promoter activities are presented as Relative Ligiits (RLU's), calculated as the quotient of
the individualFirefly luciferase driven value (promoter activity) divitley the corresponding

Renilla luciferase driven value (transfection eéfiecy control).

434 Statistical Analyses

First, one-way analyses of variance (ANOVAs) weremputed separately for the two
investigated cell lines to compare transcriptioaelivity under basal conditions with activity
after stimulation (dexamethasone, forskolin or PMRpsthoc analyses were performed with
LSD tests. In a second set of one-way ANOVAs thiéedinces in transcriptional activity
between the two alleles (C vs T) in all conditigbasal, dexamethasone, forskolin and PMA) and
in both cell lines were compared. Linkage disequilim among the five SNPs was estimated
with D' and ¢ using HaploView and only haplotypes with a frequewover two percent were
included in the analyses. Unless otherwise statdtsiscal analyses were performed using SPSS

16.0 (Chicago, IL, USA). All results shown are thean + standard error of mean (SEM).
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435 Supplementary Reanalysis

The subjects genotyped for the rs10482605 SNP densively phenotyped for characteristics
of HPA axis regulation. The new genotype informatiwas now added and all previously
performed association analyses were repeated. Aestlblished laboratory stress protocol, the
Trier Social Stress Test (TSST,; Kirschbaum et 883) was used to assess ACTH and cortisol
responses to psychosocial stress, and a low-do2® 1iy) dexamethasone suppression test was
conducted to characterize HPA axis feedback meshemniThe associations between endocrine
responses to the TSST and dexamethasone suppress®meanalyzed using the same methods

as reported in (Kumsta et al. 2007).
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44  Results

441 Reporter gene assay

Luciferase activity is indicated in Figure 4.1 f& and T allele promoter constructs under
unstimulated and stimulated conditions. Reporteregexperiments were performed in two brain

derived cell lines (U373MG and SK-N-SH).

U373MG cell line SK-N-SH cell line
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Figure 4.1: Gene expression activity of NR3C1 C vs T allele promoter constructs
Gene expression activity of C vs T allele promoter constructs of rs10482605 under different
signalling conditions in two brain derived cell lines (*p<.05; **p<.01: ***p<.0001)

In both cell lines, transcriptional activity inceea for both the C and the T allele construct after
stimulation with dexamethasone (Dex) and PMA (U3TBM allele: 54~=3.13, p<.0001, post
hoc: basal vs Dex and basal vs PMA both p<.00Ml|€le: F; 4~=39.90, p<.0001, post hoc: basal

vs Dex p=.08 and basal vs PMA p<.0001; SK-N-SH be#: F;43>42.05 and all p<.0001 for
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post hoc comparisons basal vs Dex and basal vs RdiAboth alleles), while forskolin
stimulation left activity unchanged (Post-hoc basaforskolin p>.05 in both cell lines for both
alleles). Comparison of transcriptional activitytwseen the alleles in the U373MG cell line
revealed that under unstimulated conditions (basa) well as under stimulation with
dexamethasone and forskolin, the T allele showgdifszantly higher transcriptional activity
(basal: k.5=8.47, p<.008; Dex: #5=4.47, p<.046; Forskolin: 1»5=15.37, p<.001). No
significant differences could be observed under PMitulation in this cell line (F5=2.03,
p=0.2). In the SK-N-SH cell line, even more pronoesh, activity of the T allele was significantly

higher under all conditions (alh zz>22.32, all p<.0001).

4.4.2 Haplotype structure
Genotyping of 219 subjects using 5 markers revealetwvel haplotype structure of ti@&R.

Figure 4.2, only showing haplotypes with a frequeoeer two percent, indicates that the minor
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Figure 4.2: NR3CL1 haplotype structure Figure 4.3: GR LD-structure
Genomic organization of the human glucocorticoid receptor gene Linkage disequilibrium
(GR) is indicated in the upper part of the Figure. Boxes indicate (LD) structure of GR
exons and the coding region of the gene is drawn in dark shade. showing r* values (r* colour
5’region of the gene shows multiple exons 1 (capital letters A-I) scheme) and localisation

according to Turner and Muller (2005) and Presul et al. (2007). The of the 5 SNPs analysed.
rs10482605 SNP is located 366 bp from the transcription start site of

alternative exon 1C. The lower part of the Figure shows the observed

haplotype structure and frequencies. Minor alleles are denoted by

bold letters.
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C allele of SNP rs10482605 (NR3C1-1) is restridtegreviously described Haplotypes 2 and 5.

Linkage disequilibrium (LD) between the SNPs iswhoin Table 4.2, indicating very high

linkage between the rs10482605 C allele and thdléBe aof SNP rs6198 in exon 9beta. Figure

4.3 graphically represents the LD plot generatetiagloView.

4.4.3 Reanalysis of association with HPA axis activity phenotypes

One aim of our study was to reanalyze the assooidietweenGR haplotypes and endocrine

responses to psychosocial stress as well as tordglasone administration, taking into account

the newly genotyped promoter SNP in our phenotyqodubrt. Since the LD analysis showed that

L1 L2 D' LOD r
NR3C1-1 R23K 0.926 9.06 0.2
NR3C1-1 N363S 1.0 1.47 0.012
NR3C1-1 Bell 0.948 9.5 0.098
NR3C1-1 9beta A/G 0.965 56.03 0.915

R23K N363S 1.0 0.51 0.0030
R23K Bcll 1.0 1.93 0.025
R23K 9beta A/G 1.0 11.19 0.229
N363S Bell 1.0 2.97 0.039
N363S 9beta A/G 1.0 1.48 0.012
Bcll 9beta A/G 1.0 11.96 0.111

Table 4.2: NR3C1 specific linkage disequilibrium
LD between the five investigated loci (L1=locus 1, L2=locus 2, LOD=logarithm of odds);
NR3C1-1: rs10482605, R23K: rs6190, N363S: rs6195, Bcll: rs41423247, 9beta A/G: rs6198
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the C allele falls entirely on two previously armdg haplotypes no new (but an extended)
haplotype has to be taken into account. Therefbeestatistical results of our previous (Kumsta
et al. 2007) and the current association analysesdantical and will not be presented in detail.
Briefly, the strongest associations were obsereedriale carriers of Haplotype 5 harbouring the
newly analyzed SNP, showing significantly higher € responses to the TSST;@&=5.57,
p=.02) and a relative non-suppression of ACTH fellgy dexamethasone administration
(F156=17, p<.0001). Consistently, a trend was obsereedehhanced cortisol responses to the
TSST (R 56=2.39, p=.1). Although no new patterns of assommstiemerged after the reanalysis,
the finding of increased endocrine responses td@ 8T and the results from the dexamethasone
suppression test in male carriers of Haplotyperblmreassessed from a functional perspective,
given the newly described haplotype structure axlilts on gene expression analysis of the

rs10482605 SNP.
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4.5  Discussion

Genetic polymorphisms located in the 5" -regulatpepe region potentially influence the amount
of translated gene product via differentially exgsed levels of mMRNA. We functionally
characterized a common SNP (rs10482605) locatethenpromoter region oGR that was
previously associated with major depressive disordealyses of transcriptional activity
comparing C and T allele promoter constructs reage#hat, in two CNS tumor cell lines, the C
allele showed lower transcriptional activity. Liaifise expression was analyzed under different
signalling conditions and in the SK-N-SH cell linde C allele showed significantly lower
activity under unstimulated conditions as well asler all stimulation conditions, i.e. under
dexamethasone, forskolin and PMA. In the U373MG lae?, similar results could be observed
except that after PMA no differences in transcoipél activity between the alleles were revealed.
Recent analysis of the 5’ flanking region of thertan GR revealed several transcripts, which are
based on at least nine alternative exon 1s (Pegsal., 2007; Turner and Muller, 2005). Each
alternative exon is under control of its individgabximal promoter region which likely explains
tissue-specificGR expression (Turner et al. 2006). Transcripts dairtg exon 1C and 1B
MRNA show the broadest tissue distribution, andresgion via promoters 1B and 1C seems to
underlie constitutive expression of t&&. Here, we investigated a SNP located in the premot
region of alternative exon 1C. Extensive analydesxon 1C promoter region revealed several
transcription factor binding sites (five sites fp1, one for AP-2; Nobukuni et al. 1995) and one
for Ying Yang 1 (YY1; Breslin and Vedeckis, 1998dditional putative binding sites for Early
Growth Response (EGR-1) are present. No binding trafscription factors has been
experimentally confirmed at the locus of the inigeged SNP. In silico analysis using Transfac
10.1° did not reveal differential binding of mammaliamrtscription factors between the two

alleles. Possibly, binding of an unknowis- or trans-acting factor is involved in allele specific
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promoter activity. Futuren vitro studies using DNA footprinting or electrophoretiobility shift
assays are warranted to identify allele speciéingcription factor binding.

Genotyping of 219 individuals showed that the @lallof the promoter SNP (rs10482605) and
the 9beta G allele (rs6198) are in high linkageealislibrium. The 9beta A/G SNP was first
characterized by DeRijk et al. (2001) and functlestadies revealed a stabilizing effect of this
polymorphism on GRbeta mRN# vitro, possibly leading to enhanced expression of GRbeta
protein. GRbeta is one of several GR protein isofand is generated through an alternative
splicing pathway linking further downstream sequencf exon 9, termed exon 9beta, to the end
of exon 8. In contrast to the functionally activedanost abundant isoform GRalpha (Hagendorf
et al. 2005), GRbeta is unable to bind ligandrasgcriptionally inactive (Yudt et al., 2003) and
exerts a dominant negative effect on transactinaiip GRalpha. Several mechanisms underlying
this dominant negative effect have been describddimandari et al., 2005; Oakley et al., 1999;
Oakley et al., 1996).

Results of our linkage analysis show that two fiomztl SNPs fall on this newly characterized
haplotype. The C allele of the rs10482605 SNP, tégtan the promoter region, leads to
decreased levels of GR mRNA and the G allele cf986located in the 3’-untranslated region,
leads to relatively increased levels of GRbeta mRWA& suggest that presence of this haplotype
leads to a reduced quantity of functional GRalphatgin and to a relatively higher level of
GRbeta protein, potentially increasing the GRbeRdIpha ratio. The expected effects on
systemic level would be a relative GC resistanes tb the functional characteristics of the
GRbeta protein isoform. This assumption is suppoktg a number of findings. For instance,
enhanced expression of the GRbeta was associatiedwi resistance in allergic disease (Hamid
et al., 1999; Leung et al., 1997; Sousa et al.0p0hd a study with rheumatoid arthritis patients

showed a higher prevalence of the 9beta G allggaiients than in controls (Derijk et al., 2001).
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Furthermore, a lower transrepressing activity hasnbreported for the GRbeta protein variant
(van den Akker et al., 2006b) and a lower risk efsistentStaphylococcus aureus nasal carriage

in the 9beta GG genotype was observed, possiblytieg from reduced GC-induced immune
suppression (van den Akker et al. 2006). Furthepstt for a relative GC resistance in carriers
of the 9beta G allele comes from the observatiomedficed central obesity in women, and a
more favourable lipid profile in male G allele dars (Syed et al. 2006). Recently it was shown
that the 9beta G carrying haplotype was associaii¢iil the risk of cardiovascular disease,
possible due a more active proinflammatory systedicated by higher C-reactive protein and
interleukin 6 levels (van den Akker et al. 2008astly, our own data demonstrate sex-specific
association between 9beta AG genotype and HPAragislation, with male 9beta AG carriers
showing increased ACTH and cortisol secretion feitgy exposure to a psychosocial stress
protocol and a relative non-suppression of ACTHera#t low dose (0.25 mg) dexamethasone
suppression test (Figure 4.4). The sex by genatyeeactions are discussed elsewhere in detail

(Kumsta et al. 2007).

120 | 801

—&— Haplotype 5 Carriers 5 | T —&— Haplotype 5 Carriers
—O=Non Carriers g —O—Non Carriers

e
o
o

= (=] :50’
E &0+ 160 £
o 3
- 2 140 =
T = X 40
5 8120 5
2 401 = <
T 100 501
20 - = 80
‘ TSST‘ TSST
0 0 0- <
2 1 10 20 30 20 2 1 10 20 30 20 202 ‘\c.a‘
Time (min) Time (min) W (o

Figure 4.4: ACTH and cortisol profiles in male subjects
a) ACTH and b) cortisol responses to the Trier Social Stress Test and c) 8:00 am ACTH levels
after 0.25 mg overnight Dexamethasone in male Haplotype 5 (rs10482605 TC / rs6198 AG)
carriers carriers compared to male non-carriers. Since genotyping for the rs10482605 SNP did not
result in new haplotypes, the effects shown here are identical to the effect reported before (Figure
modified from Kumsta et al., 2007).
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The role of altered GR function in major depress®wery well established (Holsboer, 2000;
Pariante, 2006). The association between the r&BD8 SNP and major depression can be
reassessed in light of the functional results &ednewly described haplotype structure provided
in the present study. As laid out above, a relafi¢& resistance would be expected in carriers of
Haplotype 5 and this would be consistent with tbéam of altered GR function and/or reduced
GR mRNA number presumed to underlie HPA axis hygesgy in some patients with major
depression. However, in the study by van West efvan West et al. 2006), the association
between rs10482605 and major depression in a Betgimple was driven by a higher number of
C allele carriers in the control group and - onlbype level - by a higher frequency in controls
of a haplotype corresponding to Haplotype 5 in study. The association observed in the
Swedish sample was driven by a higher number &3EX carriers on a genotype level and by a
higher frequency of a haplotype (corresponding &plbtype 2 in our study) in the depressed
group. Despite the well established role of alte®€isignalling in major depressive disorder, the
qguestion if changes in HPA axis regulation are aseaor a consequence of depression has not
been resolved (Neigh and Nemeroff 2006). It coddpeculated that in carriers of Haplotype 5,
the increased HPA axis responses to stress ar@die relative inherited GC resistance and that
the HPA axis is merely regulated at a higher séttpo

Furthermore, it has to be pointed out that it is passible to directly associate enhanced HPA
axis responses following a psychosocial stressopobt— as observed in male carriers of
Haplotype 5 in our healthy sample (Kumsta et ai7JG- to vulnerability of developing a major
depressive episode. The question if carriers of G résistance conferring haplotype are at
increased or decreased risk of psychopathologyifatiis vulnerability is related to HPA axis
responses to psychosocial stress should now bedtudpatients in acute and remittent phases

of depression.
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Glucocorticoid signalling is known to be highlydige specific (van West et al. 2006). Therefore,
the functional consequences of the investigated #&hght vary in different cell types, for
instance due to differential expression of traqmn factors and other cofactors involved in
gene regulation. Analysis of gene expression ofammstructs was tested in brain derived tumor
cells only and not in peripheral cells. Howevercaatral GR signalling is involved in HPA axis
regulation and since changes in central GR sigmplire assumed in major depressive disorder,
the investigation of brain derived cells seemsaaigible choice.

We suggest that carriage of Haplotype 5 possilagdeo lower levels of total GR due to reduced
expression conferred by the promoter SNP as shawvthis study, and to a relative increase in
GRbeta protein levels due to presence of the 9aSNP as shown in the study by DeRijk et
al. (2001) The main goal of this study was to itigege functionality of the promoter SNP and to
further characteriz&R haplotype structure, and RNA samples (from perighglood cells) were
unfortunately not available. Therefore, GRbeta mRBMels could not be assessed.

In summary, we functionally investigated a comn@R SNP that has been associated with major
depression in two brain derived cell lines. It cbble demonstrated that the minor C allele of
rs10482605 had lower transcriptional activity understimulated and different stimulation
conditionsin vitro, possibly leading to a reduction in the amountegpressed GRn vivo.
Furthermore, strong linkage disequilibrium betwéaa C allele of rs10482605 and the G allele
of the 9beta A/G SNP (rs6198) extends a previousgcribedGR haplotype and allows a
reinterpretation of previously reported associaioVe suggest that Haplotype 5 harbours two
functional SNPs with additive effects, leading taedative GC resistance on systemic level,
which may significantly contribute to the individuaulnerability for the development of stress

related disorders, including major depression.
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5. General Discussion

51  Synopsis

During the past decades, a large number of gemesmosome aberrations, mutations and
polymorphisms have been identified, possibly cbuting to the development of psychiatric
diseases (Caspi et al. 2002; de Kloet et al. 1B@8iri et al. 2002; Holsboer 2000; Kumsta et
al. 2007; Lesch et al. 1996; Meyer et al. 2005;idRyeet al. 2000; Rotondo et al. 2002).
Nevertheless, the complex phenomena present inhgdsic diseases cannot readily be
explained by classic genetic features such as DNAations and/or polymorphisms in
susceptible genes alone. To date, psychiatric geretearch has focused mainly on linking
specific chromosomal regions to particular meritakss or aspects of these illnesses, drug
response, sub- or endophenotypes. However, it hagep difficult to find robust genetic
associations. Mental illnesses are complex dissrdaused by the interplay of multiple genes
and environmental factors. Recent findings coulchalestrate that environmental factors can
modulate DNA transcription via epigenetic mechamsigibdolmaleky et al. 2004; Dolinoy et
al. 2006; Mill et al. 2008; Petronis 2003; Petrogtigl. 2000; Szyf et al. 2008; Tsankova et al.
2007; Weaver et al. 2004). Epigenetics can be deghras the interface at which
environmental stimuli and internal factors interadth gene expression. It may also help to
explain MZ twin discordance, as genetically idesticndividuals were shown to display
varying levels of not only disease-relevant gengression (Fraga et al. 2005; Petronis et al.
2003). Furthermore, epigenetic mechanisms suchea& gmprinting or X-chromosome
inactivation have been shown to play a crucial ioleegulating allelic expression levels in
the mammalian genome (Chen et al. 2001; Heijmaias 007; Hogart et al. 2007; Jiang et
al. 2008; Murrell et al. 2004). Therefore, it cap hypothesized that many features of
complex traits, which are observed in mental diseamight be explained by the dynamic
structure of epigenetic hallmarks as well as tharersibility, heritability and time and tissue

specificity.
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The studies presented here show how genetic popmsims and/or epigenetic modification
may play a role in affecting human behavior andsgadg, mental health. Furthermore, these
studies provide evidence of how SNPs by themsekleg/or possibly in combination with

epigenetic modification, might explain inter-indivial variations in human behavior and
mental pathologies by linking genetic polymorphismith social and chemical environmental

exposures to behavioral and physiological outcomes.

5.2  SLC12A6 promoter investigation

The study presented in chapter 2, demonstratingtitumal analysis of differen8LC12A6
promoter alleles was based on studies identifyimkabe for periodic catatonia on
chromosome 15q14. After fine mapping and mutatmeening of candidate loci, genes such
as connexin 36QX36, Meyer et al. 2002a) and nicotinic alpha7 recef@tRNA7, Meyer et

al. 2002b) failed to identify disease-causing matet. In 2005 two rare G/A polymorphisms
located inS_C12A6 5’regulatory region, which were associated witpadbar disorder in a
case control study were identified (Meyer et aD20

There has been a long-lasting debate between istgefvllowing the Common Disease-
Common Variant approach (CDCV) and those suppottisgCommon Disease-Rare Variant
(CDRV; Doris 2002) approach studying complex intarce of psychiatric disorders. The
CDCV approach is based on the assumption that &mt momplex inherited disorders, such
as BPD, MDD or SCZ, inheritance is multifactoriaiktwseveral genetic variants interacting
with each other. Furthermore, the underlying gepetis supposed to be influenced by the
environment and can lead to disease causing citamees under certain conditions. As the
diseases are relatively common, showing similanphges in the affected individuals, it has
been postulated that the causative variants arenoomtoo. However, no common genetic
variant has been shown to be related to any pgyichdisease conclusively, even now. This

might be explained by the high prevalence of thgeseetic variants and by the difficulties in
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the identification of the variants functionalitias each one of them are neither sufficient nor
obligatory to cause the disease.

On the other hand, supporters of the CDRV apprgaopose that disease-causing variants
rather could be identified by the use of specidli@ucases, such as extreme phenotypes
(periodic catatonia), patients with chromosome m@iens, or the study of large multiplex
families. The basic assumption is to find a vari@himajor affect, contributing to a large
extend to the etiology of the respective phenotygech can be identified by simple
Mendelian inheritance. Supporters of this approackh aware that these mutations or
polymorphisms are probably rare and are not ap@i@pto explain most cases of diseases but
harbouring the opportunity for the identificationergs, involved in yet unknown
pathophysiological pathways that are shared by moremon forms of the disorder (Kohn
2005).

The findings on the functionality of the upstre&rC12A6 32418760 G/A promoter SNP
demonstrated here support the CDRV approach foidietification of complex inherited
disorders. Performing linkage analysis for periodatatonia using 12 multiplex families,
linkage to S .C12A6 was confirmed in one family (family 11; see Meyaral. 2005) by
mutation screening which identified two polymorpl@A sites in theSLC12A6 5’ region.
Bisulfite specific promoter investigation revealeetthylation of the 5’ adjacent cytosine at
the allelic SLC12A6 32418760G promoter site but not ti8eC12A6 32418760A site.
Functionality of this promoter SNP introducing athyation site was demonstrated by
performingluciferase reporter gene assays. Under all conditions assdkied_C12A6 G-
allelic constructs were showing significantly dexsed promoter activity compared to the
S .C12A6 A-allelic constructs. These findings confirm thesults described by Meyer et al.
(2005), suggestingS.C12A6 as one of the susceptibility genes responsible tfor
pathogenesis of bipolar disorder and perhaps, gghienia with bipolar features. However,

an intriguing finding is that mutations or rare yrobrphisms in the same gene can lead to
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different forms of neuropsychiatric disorders. Migas in SLC12A6 leading to a non-
functional protein have been described as autosmuaksive causative for ACCPN, whereas
findings on S.C12A6 promoter polymorphisms rather point to an autosodwminant
inheritance (see family 11; Meyer et al. 2005). aady postulated by Kohn (2005), this
might be explained by the variants location in tHeC12A6 promoter region. Variant
promoter genotypes and epigenotypes, as describeldapter 2, can cause changes in gene
expression and may lead to neurodevelopmental désorvhich is progressive with age.
However, the findings of different alleliLC12A6 promoter activities cannot conclusively
exclude the possibility of another disease causmgation distally to theSLC12A6 locus.
Furthermore, this is supported by findings in fam@l (Meyer et al. 2002b), pointing to
linkage between markers D15S1042 and D15S182, wdnmeHocated distally o8LC12A6.
Taken together, findings on alter&lC12A6 promoter activity presented here support the
findings of Meyer et al (2005), but replication tbke association study in a larger sample is
warranted. At the same time, it would be highleresting to identify homozygote carriers of
the SLC12A6 G-specific allele which have not been found yeisgibly due to the low
frequency of these rare variants. As already pat#dlin chapter 2, consequences of the
polymorphisms or8LC12A6 mRNA expression levels or alternative first ex@age should
also be investigated post mortem brain tissue comparing.C12A6 G and A allele carriers.

In principle, we could demonstrate that HeC12A6 upstream G /A SNP can lead to allele
specific methylation and, that the presence of@radlele is associated with reduced promoter
activity— possibly brought about by methylatidm. silico analysis did not reveal altered
transcription factor binding sites comparing A &.dallele, but it cannot be ruled out that any
unknown cis- or trans-acting factors may affect allele specific promogativity. As the
upstream palindromic sequence TTATT is abolished in the presence of the rare G

nucleotide (TTAGTT), putative transcription factor binding efficncould be altered and
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also be fine-tuned by cytosine methylation in aetinissue and environment dependent

manner (Figure 5.1a).

Hypothesised SLC12A6 transcription factor binding efficiency; A vs G Allele

a) A-Allele b) A-Allele
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5/ -TTTACGTTA-3" 5/ -TTT RA -3/
LTI Il 11 | |
3'-AAATGCAAT-5" \ 3\ -AAN ANT -5

silencing

Figure 5.1: a) suggested enhanced binding efficiency of a positive regulator of SLC12A6 gene
transcription at the A polymorphic site; b) suggested higher binding efficiency of a
negative regulator in the SLC12A6 G-allele in dependence of DNA methylation;
thickness of the circles indicating hypothesized altered transcription factor binding
efficiency. Palindromic sequences are indicated in bold letters.

On the other hand, it was hypothesized that metthglaDNA can facilitate histone
deacetylation by recruiting chromatin remodellingzynes such as histone deacetylases
(HDACSs) via the action of methyl-CpG binding domaimoteins (MBDs) like MeCP2
(Tsankova et al. 2007). In th&.C12A6 G-allele, a palindromic sequence of sense and
antisense strand is created (5-BT-3’), possibly representing a MBD binding site.
Furthermore, this putative protein binding site Idobe modulated by cytosine methylation
leading to enhanced MBD binding and decreased piemaztivity (Figure 5.1b). For both

possibilities, higher binding efficiency for a ptg regulator of gene transcription in the A-
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allele or higher binding efficiency of a negativegulator in the G-allele might help
explaining the putative causative effect of thisasmt in family 11 (Meyer et al. 2005).

As already postulated in chapter 2, SNPs introdpoinabolishing methylation sites in genes
regulatory regions could lead to altered bindindgicieincy of silencing or enhancing
transcription factors. Statistically, SNPs can bpeeted at a frequency of about 300 bp
across the genome (Goldstein and Cavalleri 200bg$thore et al. 2008), thus findings as
described forS.C12A6 possibly can be expected to occur in regulatogiores of nearly
every gene. Recently, identification of a new SKR2%531 G/A), located upstream of the 5-
HTTLPR, was reported (Nakamura et al. 2000), td keelowered promoter activity in the G-
allele, which causes an altered transcription fabtoding efficiency, possibly modified by
DNA methylation of the cytosine adjacent to theiaatr guanine. Meanwhile, altered binding
efficiency for the activator protein 2 transcriptidactor (AP-2), which is believed to be a
critical factor in regulating neural gene expressin mammals was reported (Kraft et al.
2005). Interestingly,in silico analysis revealed that in the presence of the5&PR5C
nucleotide a methylation site is created which dosfficiently modify AP-2 binding.
Unfortunately, methylation at this site could noé lbemonstrated by analyzing the
lymphocyte genomic DNA o8L.C6A4 G-allele carriers at the present moment (Mosex.et
unpublished observations). However, using tissuasbduring differential methylation
pattern, such as frontal cortex and germlines,ll@ady demonstrated (Mill et al. 2008), it
cannot be ruled out that ti8:C6A4 allelic G-site will also be found to be methylatedh
putative consequences for brain development arebsstresponse. However, hypothesised
methylation at theSLC6A4 rs25531 G-site could represent a susceptibiligusofor the
linkage of DNA variation with epigenetic modificati for life.

A similar finding was also found in th&PH2 promoter, where the allelic cytosine of
rs7963717 A/C was found to be methylated (Moseralet unpublished observations).

However, functionality of th&PH2 rs7963717 C nucleotide has still to be demonstrated
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further investigation of this SNP is warranted,aabinding motif for the human upstream
transcription factor 1YSF1) is created in the C-allelic site. Furthermoreyas demonstrated

by site-directed mutagenesis and methylation ptiotecstudies that the core palindromic
sequence (CEGTG; the variant cytosine of rs7963717 is highlgghtis essential for USF-

binding and is strongly reduced by the cytosinehyiation of the central CpG dinucleotide
(d’Adda di Fagagna et al. 1995). These observasapport the possibility that SNPs can be
functional not only by themselves, but also enable restrain the possibilities for
epimutations. As these epimutations are susceptlenvironmental factors, they could
functionally link life experiences with epigenetinodification and thus, with behavioral

traits.

In silico analysis of the mous@&( musculus; UCSC mm9 assembly, July 2007) and the rats
(R. norvegicus;, UCSC rn4 assembly, Nov. 2004 cl2a6 promoter regions revealed
polymorphic regions, such as rs13463364 T/G inntheine Scl2a6 promoter, which also
leads to SNP dependent allelic methylation sites future study, one could breed animals of
different9cl12a6 allelic promoter genotypes and compare homozygoimals of genotypes
prone to alternative methylation with animals Ipssne toScl2a6 promoter methylation.
Animals could also be tested in differential sesirafter experiencing differential maternal
behavior, differential nutrition or pharmacologitedatment such as TSA or 5-aza treatment.
Behavioral traits could then be compared to epitieidcl2a6 promoter methylation pattern
in various brain tissues, and also to the levelS.df2a6 mRNA transcripts, with additional
respect to possible alternative first exon usagathErmore, for animals which show
abnormal behavioral phenotypes, they could alsotdsted after the administration of
antidepressants and antipsychotic drugs. Howeteset experiments could only lead to a
better understanding of the putative consequentatievedScl2a6 promoter activities but
not to explain the consequences of the variantsdan human. This can be explained by the
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different SNP localisation in thedcl12a6/S.C12A6 promoters and thus, the different
transcription factor binding and structural chromairganization between the animals and

humans.

5.3 NR3C1 promoter investigation

In chapter 3, findings orNR3C1 1F specific promoter methylation pattern in human
hippocampus are presented. This study was basefindimgs by Weaver et al. (2004)
demonstrating\Nr3cl promoter methylation pattern being dependent otermmal care. Other
studies also demonstrated the epigenotype to bendept on environmental conditions such
as different life-styles and nutrition. We hypotizesl to find different inter-individuaR3C1
1-F specific methylation pattern by investigatipgst mortem hippocampus tissue derived
from 32 unrelated individuals. Our finding of amalst unmethylatetiR3C1 1-F promoter
points towards differences in glucocorticoid recegiromoter methylation between human
and rats. As already described in chapter 3, orgsiigation is limited by the availability of
humanpost mortem tissue, exclusively deriving from older individeand also by the lack of
data on early childhood, critical life events, noadion etc. However, we believe that it is
unlikely that all subjects experienced the samerenmental conditions, resulting in a highly
similar epigenotypes as observed. Therefore, wethgsized thalNR3C1 1F promoter in
aged humans is constitutively unmethylated. Exclgdin age-dependent effect, it would be
highly interesting to investigate Nr3c} dpigenotype for hippocampi deriving from aged rats
too. Furthermore, investigation of humagiost mortem tissue from younger donors is
warranted. If possible, these tissues should derfrem patients with ascertained
psychopathological disorders such as major demmressampared with control subjects (e.g.
victims of accidents vs. subjects committing swegidin this context, studies looking for
similar methylation pattern of peripheral tissuespared to distinct brain areas will be more

than welcome. If similar epigenetic organizatioruldobe identified in peripheral tissue
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compared to distinct brain regions, research waoldonger be restricted to the investigation
of post mortem brain tissue. One could then analyse, for exanipA methylation pattern
of premature birth children, grown up in an incabaturing their first weeks of life compared
to those of normal birth- or even better, if poksibcomparing twin pairs, triplets or
quadruplets, where not all siblings had incubatpeeience.

Furthermore, it could be a challenging animal expent to investigate rats with differential
experienced maternal care in a “learned-helplessmesiel”. According to the literature, one
could postulate differences in depressive-like 9ygms dependent on experienced maternal
care. In analogy to a study by Caspi and colleag2@83) in which an individual's response
to environmental insults is moderated by his or fenetic makeup, it could be highly
challenging to investigate whether a certinBcl-specific epigenotype could function as a

protective or susceptibility factor for the deveailognt of helplessness in rats.

Apart from epigenetic modification, genetic varatiin the genome also takes many forms.
In the study presented in chapter 4, we could deinate the impact of a SNP located in the
5’ regulatory region of the glucocorticoid recepg@ne on promoter activity using anvitro
experimental design. In contrast to the CDRV apghmagescribed in chapter 2, this study was
based on the CDCV theory. Furthermore, the useNRBC1 as a candidate gene for
association studies is not based on linkage arsalyst on its physiological role in the
regulation of stress. Common variants with smaléas, potentially altering the binding
efficiency forcis- or trans-acting factors such as rs10482605 T/C, and locatéide NR3C1
promoter region of alternative exon 1C, could atemtribute to the individual's health.
Hyperactivity of the HPA axis as observed in maratignts with major depression is
normalized by antidepressants medication (HolsBO80; Pariante 2004). Several studies in
cellular and animal experimental systems have shiah antidepressants can enhance GR

function and increase GR expression (Pariante. &08i3; Pepin et al. 1989; Seckl and Fink
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1992; Yau et al. 2004). GR expression in the stuedsented in chapter 4 was tested under
three different stimulation conditions inducing fdient intracellular signalling cascades.
Forskolin, which increases intracellular levels ayiclic AMP, did not increase promoter
activity (consistent with the lack of a CAMP-respiMe element site in the promoter region of
exon 1C). Luciferase expression was increaseddtr wariant alleles under dexamethasone
and PMA stimulation. However, promoter activity wasl significantly higher in the T allele
under dexamethasone (in the U373MG cell line) amteu both dexamethasone and PMA (in
the SK-N-SH cell line). Mood stabilizers such dBilim and valproic acid have been shown
to directly affect signal transduction cascadesr{Mand Lenox 1998) and the stimulation of
GR expression has been shown for various tricyiiidepressants and SSRIs (Juruena et al.
2004). Therefore, it could be speculated that eesriof the investigated SNP react
differentially to antidepressant treatment as hasnbshown for another the ER22/23EK
polymorphism (van Rossum et al. 2006). This couddtésted in futuren vitro studies

including preincubation with different classes nfidepressants.

54  Epigeneticsand psychiatric disorders

The role of epigenetic factors in the origin ofedises has been demonstrated in cancer. For
example, aberrant DNA methylation patterns aredgeiplored for, as biomarkers for cancer
detection, assessment of prognosis and predictisasponse to therapy. DNA methylation
inhibitors as well as HDACs have been shown to ffecve in silencing tumors. By
analogy, pharmacological therapies in mental iBnase likely to benefit from an epigenetic
perspective. For example, drug therapy in mensdrder treatment is known to be effective
only after some weeks of drug administration. B@meple, this has been observed for lithium
and valproic acid, hypothesizing that the effectaymbe mediated by altered gene
transcription. On the other hand, the altered gearescription may be caused by altered gene

promoter organization. Furthermore, this theorgupported by recent findings showing that
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the effects of non-selective monoamine oxidasebitdrs, such as tranylcypromine or the
antipsychotic drug haloperidol, may be mediated histone demethylation/deacetylation
(Karagiannis et al. 2006; Lee et al. 2006). Addi#lby, it can be argued that environmental
and (epi-) genetic factors can also affect the naéitan of brain circuits involved in affective
function, and ultimately, increasing the likelihoodmental disorders in adulthood.

The epigenetic model of psychiatric diseases acwgrid Arturas Petronis (Petronis 2004) is
based upon three general principles. First, lilkke@NA sequence, the epigenome of somatic
cells is mitotically inherited, but unlike the DN#equence, the methylation profile is highly
dynamic. The epigenetic status of the genome Isyg@-specific, developmentally regulated
and influenced by intrinsic genomic and also enwinental factors. Second, as epigenetic
processes are involved in the regulation of ger@ession, epimutations can have a high
impact on phenotypic effects. Epimutations can leatdarmful silencing or over-expression
of certain genes being causative for a certain glype. Thus, epigenetic status can affect the
individual’'s outcome without any change in the uwhdeg DNA primary sequence, such as
mutations or disease predisposing polymorphismsdTeome epigenetic signals, rather than
being reset and erased during gametogenesis, dmelldransmitted meiotically across
generations (Richards 2006). This has obvious reatibns for the identification of the
molecular substrate of inherited predispositionswhich heritable phenotypic variation is
assumed to result exclusively from DNA-sequenceamds. In this context, it is highly
interesting that Mill et al. (2008) identified clgs in DNA-methylation pattern in cells of
the prefrontal cortex as well as in germ cells geassociated with schizophrenia and bipolar
disorder. Furthermore, they found evidence thatlpsygis-associated DNA methylation was
similarly altered in different brain regions, invell in glutamatergic and GABAergic
neurotransmission and brain development. By peilfayngene-ontology analysis, they
identified regional distinctions of DNA methylatiom genes involved in mitochondrial

function, brain development, and stress responsdhgy also detected decreased epigenetic
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modularity in both the brain and the germline dfeeffed individuals, they suggested that
systemic epigenetic dysfunction may be associaiit wajor psychosis. These findings are
supported by the data of th®8.C12A6 promoter presented here, where the additional
methylation site only present in the G-allele mafluence the individual’s outcome by
changingSLC12A6 specific expression in a cell, developmental andrenmental specific
way beginning directly after fertilization.

As Szyf et al. (2008) suggested, epigenetic prograg of gene expression is stable and
long-term but yet responsible and responsive. Aghan epigenotype could have the same
Impact as a genetic polymorphism leading to eiémrancing or silencing of gene expression.
Differences in epigenotypes could thus lead toed#ht phenotypes. Recent data provide
evidence that the DNA methylation pattern in theppleicampus is responsive to
environmental exposures even in the adult. It wvasve by another group (Miller et al. 2007;
Miller and Sweatt 2007), that DNA methylation/ dehgation events are involved in
learning processes in the hippocampus. It was fgieduthat epigenetic mechanisms serve as
a medium for the adaptability of the genome and thitthe organism to altered environments
during life. The well established relationship bet&n socioeconomic status and physical
health might be mediated by factors influencing DN&posability and there is growing
evidence that social environment might sculpt emame through modifying our epigenome.
The impact of DNA methylation on gene activity hlasen explained by two different
mechanisms in literature - the “critical site of tmdation” model and the “methylation
density” model. The significance of the first modelunderlined by the data d&.C12A6
SNP dependent methylation pattern presented hére.ciitical site of methylation model
emphasises that methylation of specific cytosineslutates transcription factor binding and
thus promoter activity and gene expression. ThetHglation density” model of methylation
is supported by th&lR3C1 1F promoter methylation in human post mortem higpagus

tissue described here. Whereas the basic studprpexdl in rats (Weaver et al. 2004) is
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representing a combination of both models - ciiitsige and density of methylation - human
post mortem tissue was harbouring an almost unmethylated Heifsp NR3C1 promoter

(Moser et al. 2007).
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6. Outlook

Differences in the human genome depend not onlgiogle nucleotide exchanges but also
range from large, microscopically visible chromosoanomalies as described iSC1
(Millar et al. 2001; Millar et al. 2000), abundanakesubmicroscopic copy number variation
(Redon et al. 2006), to gene x environment intevadiCaspi et al. 2002; Caspi et al. 2003).
However, the challenge will be to use and to comhime most advanced methods and
technologies from, if possible, all highly spedifjescientific areas and to integrate all the data
in order to draw a complete picture of how the tigabnd ill brain work. Furthermore, it
reflects a growing evidence that complex illnessé$ no longer be solely tractable to
traditional genetic linkage approaches that assMimedelian dominant recessive inheritance
of a single major gene influencing a trait (Ris@9Qa; Risch 1990b; Risch 1990c; Risch
1990d; Risch and Merikangas 1996). Therefore, thegmbstic and Statistical Manual of
Mental Disease (DSM-1V for the fourth and curreditien) and the International Statistical
Classification of Diseases and Related Health robl(ICD, 10th revision, 2007), both very
helpful in the clinical practice, will have to cader the needs of laboratory investigation and
define more discrete (endo-) phenotypes. It is rassu that genetic determination of
endophenotypes is likely to be relatively less clxpthan that of the illness overall
phenotype. Thus, the genetic investigation of ncsly defined endophenotypes may be more

promising for the genetical analysis of behavideterminants in future.

6.1 TheDiagnostic and Statistical Manual of Mental Disease (DSM)

The Diagnostic and Statistical Manual of Mentaldaise, a very helpful tool in the clinical

practice, is considered to have little biologicalidity as the diagnostic criteria give name to
clusters of symptoms that overlap with each otl@r example, schizophrenia, bipolar
disorder, anxiety, depression, and attention dedicd hyperactivity as defined by DSM-1V,

share many symptoms, and clear clinical phenotyipizadhas proven difficult. For instance,
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periodic catatonia according to Leonhard (1999)c@nceptualized as a subtype of
schizophrenia. However, in the current Diagnostitd &Statistical Manual of Mental
Disorders, periodic catatonia is not recognizedc aeparate disorder but is associated with
psychiatric conditions such as schizophrenia (oatattype), bipolar disorder, post-traumatic
stress disorder, depression and other mental disgrds well as drug abuse and/or overdose.
According to DSM, as long as individuals are catemgpal to the same disorder but hardly
share any common feature or symptom, and as lorsgilgghenotypes are conceptualized to
belong to one disorder but also occur in otherrdiscs, it will stay cumbersome or even futile
to identify the disease causing genomic traits.réloee, another categorization for DSM-V
or DSM-VI which introduce endophenotypes as diagoosriteria is warranted. Using
endophenotypes such as biomarkers of specific synmgtdrug response and brain imaging,
rather than a DSM label, could become a very helfgal and emerging model for the
scientific investigation of mental diseases. Idgaindophenotypes have monogenic roots;
but it is likely that many also have polygenic tms€herefore, endophenotypes should be
chosen carefully and fulfilling the following criia (Petronis et al. 2003): Endophenotypes
have to be associated with the illness in the wipolgulation. They should be heritable and
manifestable, whether the iliness is active or motdophenotypes and illness should co-
segregate within families and the endophentypeoim-affected family members should be
found at a higher rate than in the general popmati

Phenotypes and endophenotypes could be analyzeihaexligated by using the instruments
described in the following section in order to drawomplete picture of the various neuronal

dysfunctions underlying and influencing mental dises.

6.2  Brain Imaging/ Imaging Genomics
“Imaging genetics”, a novel research strategy,ngts to identify gene effects on a brain

systems level and has provided significant contigms to the understanding of the complex
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impact of hereditary factors on psychiatric illnegss mental illness and normal brain
function has a hereditary component, it is essktitat the genes relating to different brain
development, mental function and dysfunction havéd considered. The integration of the
imaging data with the rich genetic data resultirgrf the human genome project will enhance
the understanding of brain functions and mentaégkes.

Hariri et al. (Hariri et al. 2002) were the first tombine advanced technologies in order to
investigate regional brain activation in dependeotdifferent underlying genotypes. They
applied a functional magnetic resonance imagingRIfjparadigm comparing homozygous
carriers of theSLC6A4 long and short-allele (Lesch et al. 1996). Aftexgentation of fearful
stimuli they found higher responses in amygdalavaitbn in carriers of the&s.C6A4 short
promoter allele, findings which were replicatedhie meantime by other groups (Canli et al.
2006; Furmark et al. 2004; Pezawas et al. 2005).

Performing imaging genomics f& C12A6 andNR3CL1 also would be of highest interest. To
test individuals of differentSLC12A6 promoter alleles in a brain imaging setting could
represent a highly sophisticated experiment. As lalsfunction mutations in th&8LC12A6
lead to Andermann Syndrome with or without agenesithe corpus callosum (ACCPN), it
would be challenging to investigate whether all&8i€12A6 lowered promoter activity leads
to altered callosal connectivity or even altecerpus callosum size.

Another potential study design could measure nealroactivity, especially in the
hippocampus, in dependence MR3C1 genotype and also putatiéR3C1 epigenotype.
Neuronal activity could be measured in hippocanspaictures of individuals with or without
experienced childhood adversity, thus extendinguayswhich describes the modulating

effect of maternal care on hippocampal size (Buss. 007).
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6.3  Global variation in copy number

Recently, genetic variations in the human genomging from kilobases (kb) to megabases
(Mb) in size have been described (lafrate et d042@ebat et al. 2004). Deletions, insertions,
duplications and complex multi-site variants of emdhan 1 kb in length are collectively
termed copy number variations (CNVSs). It is thouifait CNV's cover approximately 12 % of
the human genome, potentially altering gene dost#igejpting genes or perturbing regulation
of their expression, even at long range distanbiggiyen et al. 2006; Repping et al. 2006).
Thus, variations in copy number can cause diseaserder risk to complex disease traits by
modulating phenotypic variation and adaptabilityolie and Lupski 2002; Shaw-Smith et al.
2004). Appearance of CNVs is highly ubiquitious acmmplex. Different copy number
profiles were shown in monozygotic twins concordast well as discordant for certain
phenotypic features (Bruder et al. 2008), highiiggntthe importance of CNVs for the study
of genetic causes to diseases.

Loss of heterozygosity (LOH) can occur with or witth CNVs. Clinical importance for
CNVs introducing LOH could be demonstrated in aysibrosis, in which a CNV in the
cystic fibrosis transmembrane conductance regufggoe CFTR) leads to the loss of one
allele, thereby unmasking a functional mutatiothia other allele shown to be responsible for
the disease. In tumors, regions of LOH frequentlyidate the presence of an altered tumor
suppressor gene. LOH can also influence diseagggwsion by altering a region affected by
imprinting, as commonly seen in Prader-Willi Syndey Angelman Syndrome and Wilms'
Tumor. There is growing evidence that CNVs are ipbssontributing to a multitude of
phenotypes and diseases; however, traditional rdethiach as linkage analysis often failed to
detect CNVs as they also cannot detect epimutatidossr CNVs may be used in future is
illustrated by two recent reports showing thatagtiion of autism risk loci is likely to involve
rare CNVs rather than SNPs (Sebat et al. 2007 n&zaet al. 2007). Analogous ©ISC1,

identified by performing linkage analysis, thesedss show how the investigation of CNVs
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could lead to the identification of genes that galisease causing polymorphisms. Therefore,
the contribution of CNVs, especially in combinatiaith putative alteration of the resulting
epigenotypes, remains to be elucidated. Duringnthé years, an effort in discovering most
of the common and rare copy number variants irhtirean population can be expected. This
will enable systematic exploration of SNPs and CNMs combination with altered
epigenotypes to identify contributors in the a@iiyl of common disorders and also complex,

multifactorial traits.

6.4 Genomewide association studies (GWAYS)

With the completion of the Human Genome Projec2®3 and the foundation of the Hap
Map project in 2005, researchers now have addititowds to investigate genetic disorders.
For comparison: Human genetic mapping was initiddsed on the restriction fragment
length polymorphism (RFLP) analysis. In order tovstouct a linkage map of the human
genome sequence, variations in the beginning wayeriously assayed by Southern blots
(Botstein et al. 1980; Donis-Keller et al. 1987;ndar and Botstein 1986a; Lander and
Botstein 1986b). This approach was further refinsthg the linkage desiquilibrium (LD)
mapping. This procedure implies that a mutatioshared by affected individuals through
common descent and will be surrounded by sharetealbt nearby loci, thus representing the
haplotype of the ancestral chromosome on whichntiation first occurred. Human LD
mapping flourished as RFLP mapping was replaceth&yPCR-based microsatellite analysis
in the 90s of the last century (Weissenbach €t92).

Genome scans were carried out for a multitude ofmon diseases and traits of complex
inheritance but failed to identify robust, reprothle genetic loci. As it has been proven
difficult to identify high-frequency polymorphismaith small effects by performing family
linkage studies it was argued that associationiesushould be more powerful (Risch and

Merikangas 1996). During the last 10 years, morantiiO million single nucleotide
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polymorphisms have been identified (Goldstein amagtdlleri 2005; Kingsmore et al. 2008).
Furthermore, the International HapMap project hasofyped approximately 4 million
common SNPs (occurring with a minor-allele frequeraf more than 5%) in human
populations and has assembled these genotypes tatimopally into a genome-wide map of
SNP-tagged haplotypes (Consortium 2005). Theseairess, together with array technologies
for massively parallel SNP genotyping and the westiablished epidemiological case-control
association studies, have rendered GWAS feasiblber#és the first generation of
GeneChip® arrays provided possibilities to analysee than 10.000 SNPs (Kennedy et al.
2003; Matsuzaki et al. 2004a; Matsuzaki et al. 2)0the new Affymetrix® Genome-Wide
Human SNP Array 6.0 features for 1.8 million gen@tarkers, including more than 906,600
single nucleotide polymorphisms (SNPs) and more ©%6,000 probes for the detection of
copy number variation at the same time.

Genome-wide association studies examine SNPs atmesgenome, and they represent a
promising way to study complex and common diseasaeghich many genetic variations
contribute to a person’s risk. This approach hasadly identified SNPs related to several
complex conditions including diabetes, Parkinsosedse, heart disorders, obesity, Crohn’s
disease and prostate cancer, as well as genei&tioas that influence response to anti-
depressant medications (Consortium 2007; loanmided. 2007; Zeggini et al. 2008). Using
GWAS, it can be assumed that a lot of genetic leti be identified, contributing to
psychiatric (endo-) phenotypes. Furthermore, asepr® interact with one another within
genetic networks modulating cellular programmingeafic phenotypes are generated and the
identification of specific SNP combinations underty a certain phenotype can be expected.
Additionally, GWAS will also help to understand timeractions between a person’s genetic
makeup and the environment (gene x environmentaatiens), the interplay of proteins

(gene x gene interactions) and also the biocheraitetts of specific drugs.
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Other chip-based advanced technologies will furteepport the investigation of DNA
regulation. Gene expression arrays, ChiP-on-chgdyars and oligonucleotide tiling arrays
will allow the investigation of a person’s tissygesific, whole genome DNA-methylation
pattern, histone-acetylation status, transcripfamtor binding density and the resulting gene
expression very quickly and efficiently.

As the region on chromosome 15q11-15 already hawrstassociation with autism, bipolar
disorder, Prader-Willi syndrome (Jiang et al. 2088¢ to differential methylation (Hogart et
al. 2007; Schanen 2006), and/or copy number polghsms (CNPs), SNPs and also the
association of the allelic methylation 8£C12A6 presented here, are forcing further studies

on chromosome 15 by the use of all the technigtersmentioned.

6.5 Thelarge-Scale DNA Sequencing

DNA sequencing is and will become an increasingipartant part of genetic analysis, with
significant consequences not only for basic resedmat also for fundamental biological
processes such as gene expression, gene regulatidnphylogenetics, and for applied
research such as diagnostics, forensics, and genaply. Sequencing technology have come
a long way from the first DNA sequencing reportsl§&t and Maxam 1973) of a 24 base
pair sequence of the lac-operator. The introduatibthe Sanger sequencing method (Sanger
et al. 1977) revolutionized and dramatically spexthe process and accuracy of DNA
sequencing. At the beginning of this century, abBQityears after Watson and Crick first
described the biochemical structure of the DNA (8@atand Crick 1953), the sequence that
makes up the human genome was proclaimed (Consor2004; Venter 2003). In the
meantime, the entire genomic sequence of two sipglsons, namely James Watson and
Craig Venter, was reported. James Watson’s sequenealed 7.093 non-synonymous SNPs
(nsSNPs), with 2889nsSNPs thought to be benign, &Xibly disease-producing, 286

probably damaging and 201unknown variants. In otdereduce the costs, the large scale
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genome sequencing is already used for the analygsoled DNA samples. Using the 454
Life Science sequencing technology, over 3.000 hes8NPs were identified in a pool of 20
individuals (Albert et al. 2007). It is thought aexpected that this new technology represents
the beginning of a true genomic medicine, basedaortomplete genetic sequence of an
individual. Compared to DNA Chip technology (llluma®; Affymetrix®), large scale DNA
sequencing is also suitable for the discovery o¥ehamutations, rare SNPs or other
polymorphisms, such as insertions or deletions. &l@wr, the challenge will still be to
associate these variants with a specific phenatypeedisposition.

The identification and collection of the individimIDNA impact of information may be
welcomed but caution is warranted to the hypothises collection of sequence information.
For example, a study performed on some 44.000 paarsconcluded that environmental, and
not inherited genetic factors, were the main deiteants of sporadic cancer (Lichtenstein et
al. 2000). The identification of the human genome in 2004 espnted a dramatic
breakthrough in genetic research. However, thdege since then was, still is and will be to
gain insights into that 4 letter primary structugsill, far from all genomic properties being
identified, even lesser is known about their fumtsi or regulation patterns. Additionally, the
complexity in the understanding of the human genom@s enhanced as after intense
investigation of only 1% of the human genome. TIMCBDE researchers in 2007 found
evidence that most of the human genome is trarestrds RNA at some time or another.
Furthermore, they found lots of strikingly consetveegions located far from any genes,
indicating that they have some important functiBir{ey et al. 2007). Therefore, not only the
investigation of the genome, but of the transcripgcand proteome, as well as the regulation
of the enormous changes occurring in an organismdagtwonception and death, represent
the big challenge for genetic research in futwkse.Thomas C. Erren (Erren et al. 2008)

formulated: “Our lives are unrepeatable experimearid every second a myriad external
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factors interact with genetic and epigenetic faxtmd with chance to determine whether we

are well or ill, smart or dull, successes or fahir

6.6  Animal studies

Starting from a defined phenotype in the widelydu&®p-down” approaches in psychiatric
genetics, performing linkage and association stjdiee physiological roles of the genes
identified often remain poorly understood. Durirge tpast decades, a numberiofvitro
techniques have been established to get a bettderstanding of the protein-protein
interactions. In order to better understand thespiggic functionality of proteins, it is now
more common to use a procedure known as “Gene Knttkrhe mouse has been chosen as
a model organism for gene knockouts for severadaest as a mammal, the mouse shares
many similarities with the human not only in deyettent, body plan and physiology but also
in behavior and diseases. Additionally, 99% ofrineuse genes have human orthologues and
the mouse genome supports targeted mutagenesigeaaifis genes by homologous
recombination in embryonic stem cells, allowing gento be altered efficiently. This
additional genetic tool, which was developed inléite 1980s, has led to many insights into
human biology and diseases (Chen et al. 2001; Muapl Lesch 2008).

For instance, a genomic region located on chromes?2nharbouring/LC1 was found to be
highly associated with periodic catatonia in stadié multiplex families (Meyer et al. 2001;
Stober et al. 2000). The investigation of MeC1 knockout mouse (Meyer et al. in prep) will
be of highest interest, (i) to investigate the algmn behavioral tests, (ii) to identify further
association oMLC1 with catatonic features, and (iii) to elucidate gphysiological role of
MLC1. Thus, the combination of these comparativenlim and mouse studies may extend the
opportunities to examine genetic alterations from“b@ttom-up” approach, which is
complementary to the traditional “top-down” genetpproach based upon studies of

individuals with diagnosed neuropsychiatric disosdend their family members.
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6.7 Conclusion

The recent findings on the considerable plastioftythe human genome and epigenome, a
field still in its infancy, might help to explainhpnotypic discrepancies in the penetrance of
genetic traits and/or in the severity of the rasglphenotypesviost epidemiological, clinical
and molecular features associated with mental diéser such as discordances between
monozygotic twins and temporal remission of affeesi are difficult to explain with
traditional gene and environment based approactdiser complexities of psychiatric
disorders include fluctuating course of diseasé) weriods of remission and relapse, cycling
between manic and depressive states, sexual dimarppeaks of susceptibility to disease
coinciding with major hormonal rearrangements, guatent of origin effects. These
observations have led to the epigenetic theoryeital disorders reflecting the importance of
epigenetic factors in mediating susceptibility tsticict mental conditions (Abdolmaleky et al.
2004; Dolinoy et al. 2006; Jirtle and Skinner 20Bégdicayil 2003; Petronis et al. 2000; Szyf

et al. 2008).

In conclusion and to emphasise the complexity angdortance of DNA methylation in
particular, and epigenetics in general , | wouke lto refer to Dana Dolinoy (Dolinoy et al.

2007) proposing:

“... if the genome is compared to the hardware in apcen, the epigenome is the software

that directs the computer’s operation”.
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