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1. INTRODUCTION

Each human being is unique. The inter-individual differences can be attributed to genetic
variants which, besides environmental factors, play an important role in the development of
human traits. In this context, the term ‘genetic variability’ refers to differences in the genetic
information which is encoded in the deoxyribonucleic acid (DNA) of each individual. Its entity,
also denoted as ‘genome’, comprises a sequential order of molecular bases. Substitutions at
single-base level, so-called single nucleotide polymorphisms (SNPs), account for about 80% of
the genetic variants in humans (Wang et al. 1998; HapMap Consortium 2003; 2005) and occur in
about one out of 300 bases (Li & Sadler 1991; Wang et al. 1998; Cargill et al. 1999; HapMap
Consortium 2003; 2005). Structural variants such as insertions or deletions, duplications,
translocations or complex rearrangements provide with at a lower frequency. However, as they
usually comprise larger numbers of bases, often in the range from one kilobase (kb) to several
megabases (Mb), they are also of relevance (Feuk et al. 2006; Redon et al. 2006).

Most of the genetic variability does not have grave consequences at the phenotypic level, but
some of the changes in DNA sequence confer risk for human diseases. These variations are of
special interest in the field of human molecular genetics. In monogenic disorders, single
mutations directly cause a pathogenic phenotype. These diseases are inherited according to
Mendelian laws, however, their prevalence in the general population is very low (less than
1/1,000). In contrast, multifactorial heritable or so-called ‘genetically complex’ disorders appear
at relatively high frequencies, in the range of several percent. In these common diseases, several
mutations in the genome contribute to a certain disease phenotype. Hereby, the specific risk
provided by each of these variants is variable.

Among this group of common diseases is dyslexia, a specific neurodevelopmental disorder
(Shaywitz 1998; Shaywitz & Shaywitz 2005). Dyslexia is characterized by severe impairments in
learning to read and to spell which are unexpected with regards to general intelligence, level of
education and visual or auditory skills (Schulte-Koérne et al. 2001b). Affected individuals often
suffer from secondary symptoms such as attention-deficiency / hyperactivity disorder or
depression, and show high rates of scholar dropouts and unemployment (Shaywitz 1998).
Given its prevalence rate of 5 — 12% in the general population (Shaywitz et al. 1990; Katusic et al.
2001), dyslexia belongs to the most common of the neurodevelopmental disorders, thus also
representing a social burden for the economic systems in developed countries.

Although a familial clustering of dyslexia has been observed already a hundred years ago

(Hinshelwood 1907; Stephenson 1907), the genetic studies on dyslexia have so far identified a
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limited number of candidate genes which only explain a small fraction of the dyslexia cases in
the population (Williams & O'Donovan 2006; Schumacher et al. 2007). Hence, one main goal of
research is to identify new genes and to further characterize genes that might contribute to
dyslexia susceptibility. Recent advances in high-throughput technologies, international joint
efforts and the inputs from functional studies increase the chance of identifying true candidate
genes.

The cognitively complex nature of the dyslexia phenotype allows the genetic analysis of
dyslexia as categorically defined disorder, but also offers the possibility to correlate genetic
variants with particular quantitative measures that enable reading and spelling skills in
humans. A more precise knowledge of the genetic causes of dyslexia will increase our
understanding of the biological mechanisms that underlie reading and spelling. It will also shed
a light on more general aspects of the evolutionary events that contributed to the development
of brain architecture, human cognition and language. The correlation of specific genetic variants
with particular cognitive processes will help to precisely determine the reason for the particular
impairment in each dyslexic child and, thus, increases the chance for successful individual

remediation and therapy.
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2. BASIC PRINCIPLES

2.1 Developmental dyslexia

Developmental dyslexia, also referred to as ‘reading and spelling disorder” or ‘dyslexia’, is one
of the most common neurodevelopmental disorders and belongs to the family of learning
disabilities. It is a severe and specific impairment in the acquisition of reading and spelling
skills, which is unexpected in relation to other cognitive abilities (Schulte-Korne et al. 2001b).
Dyslexia affects about 5 - 12% of school-aged children (Shaywitz et al. 1990; Katusic et al. 2001)
and occurs in all languages, however, the specific prevalence rate might vary with language-
specific characteristics and the application of different diagnostic criteria (Paulesu et al. 2001;

Ziegler et al. 2003).

2.1.1 Clinical classification

Dyslexia (OMIM 600202) has been included in the International Classification of Diseases (ICD-10;
(WHO 1993)) and the Diagnostic and Statistical Manual of Mental Disorders (DSM-1V; (APA 1994)).
The ICD-10 describes dyslexia as “a disorder manifested by difficulties in learning to read
despite conventional instruction, adequate intelligence and sociocultural opportunity”. To
diagnose a child with dyslexia, according to ICD-10 criteria, the child’s performance in reading
has to be below the level that would be expected based on the child’s age, intelligence quotient
(IQ) and schooling. This discrepancy score can alternatively also base on the children’s spelling
ability, which is used in most German studies (Schulte-Kérne & Remschmidt 2003).
Importantly, dyslexia has to be distinguished from general learning impairments that are not
caused by a developmental deficit such as, for instance (e.g.), inadequate schooling or
neurological disorders.

Longitudinal studies have shown that dyslexia involves an extremely stable developmental
disorder that, in contrast to general popular opinion, does not disappear with adolescence
(Shaywitz et al. 1999). Compared to what would be expected according to their level of
intelligence, affected individuals lifelong suffer from psychosocial consequences such as a lower
educational level and higher rates of unemployment (Strehlow et al. 1992; Maughan 1995; Bruck
1998). In childhood, about 20% of dyslexic children present with symptoms of attention-
deficiency / hyperactivity disorder (ADHD; (August & Garfinkel 1990; Purvis & Tannock 1997;
Shaywitz 1998; Willcutt et al. 2000; Kaplan et al. 2001)). During their later life, affected
individuals often develop depressive disorders and disorders of social behaviors (Frauenheim

& Heckerl 1983; Naylor et al. 1990; Schulte-Korne et al. 2001b).
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2.1.2 Neurocognitive theories

A number of theories have been suggested that try to explain the impairments in reading and
writing in dyslexic individuals. The most prominent theory, which is supported by most of the
investigators in the field, is the phonological theory (Liberman et al. 1989; Ramus et al. 2003). It
suggests the presence of a general deficit in the processing of phonological aspects of language.
In order to learn to read and to spell, children have to develop a phonological awareness of how
language is structured, and that spoken language can be segmented into smaller elements
(= phonemes) that correlate to a defined set of symbols (= graphemes). It has been shown that
this awareness is impaired in dyslexic individuals (Bradley & Bryant 1978; Wagner & Torgesen
1987; Bruck 1992; Torgesen 1995; Shaywitz 2003), and that a training of phonological awareness
improves the process of learning to read (Castles & Coltheart 2004). However, also individuals
affected with dyslexia but intact phonological abilities have been reported (Castles & Coltheart
1996; Valdois et al. 2003). This illustrates that dyslexia cannot always be explained by the
phonological deficit theory alone, but that at least some subgroups presenting with other
deficits do exist. Several alternative hypotheses such as the ‘rapid auditory processing deficit
theory’ or the ‘magnocellular theory’ have been suggested, and arguments for each of the

hypotheses have been critically reviewed elsewhere (Ramus et al. 2003).

2.1.3 Neurobiological studies

First insights into the neurobiological basis of dyslexia were given by anatomical studies
performed on postmortem brain specimen obtained from dyslexic individuals (Galaburda &
Kemper 1979; Galaburda et al. 1985). Subtle cortical anomalies such as nests of neurons and
focal microgyria were identified, which located to cortical regions in the left hemisphere of the
brain (Shaywitz & Shaywitz 2008).

Static structural measurements in human brain have identified differences between dyslexic
and non-impaired readers in three brain regions: the left tempo-parietal, left frontal and the left
occipito-temporal region (Fig. 1; (Eliez et al. 2000; Klingberg et al. 2000; Brown et al. 2001)).
Subsequently, functional imaging studies have started to examine which brain functions are
triggered during the performance of particular cognitive tasks, e.g. reading, and which of them
are altered in dyslexic individuals. The use of functional magnetic resonance imaging (fMRI),
for instance, is non-invasive and can be used repeatedly, which makes it an ideal tool for
9000000000V VOOVOVOVO0V0000000000000(Shaywitz & Shaywitz 2005). FMRI measurements
based on the fact that the neural system gets activated in specific brain regions when
performing a particular cognitive task. This activation requires energy and can therefore be

monitored by measuring changes in brain metabolic activity (e.g. changes in the cerebral blood



2. Basic principles 5

flow and the utilization of metabolic substrates such as glucose). In a fMRI study involving the
reading of pseudowords (= non-words), significant differences in brain activation patterns were
found between dyslexic and non-impaired children: the non-impaired children showed greater
activation in left hemisphere sites such as the parieto-temporal and middle temporal / middle
occipito-temporal region (Fig. 1; (Shaywitz et al. 2002)). These findings were in concordance
with results from other brain imaging studies that also provided evidence for a failure of the left
hemisphere posterior brain systems in dyslexic individuals, in reading tasks (e.g. (Horwitz et al.
1998; Brunswick et al. 1999; Temple et al. 2000; Paulesu et al. 2001; Shaywitz et al. 2002)) and in
non-reading visual processing tasks (Eden et al. 1996; Demb et al. 1998).

Fig. 1: Brain regions involved in normal and impaired reading. The left hemisphere of a human brain is
schematically represented, with the main brain regions separated by white lines (A - frontal lobe, B — temporal lobe,
C - parietal lobe, D — occipital lobe, E — cerebellum). On the left side, the three neural systems for reading are
indicated by their activation patterns in non-impaired readers. On the right side, the ‘neural signature for dyslexia’ is
shown. In dyslexic readers, no activation is seen in the two posterior systems (yellow, violet in the non-impaired
readers), while the anterior system is overactivated (indicated by the enlarged green Broca’s area). This is suggested
to be the compensatory mechanism in impaired readers. Figure modified (Shaywitz & Shaywitz 2008).

Some other functional methods such as positron emission tomography (Paulesu et al. 1996;
McCrory et al. 2005; Dufor et al. 2007) and magnetoencephalography (Salmelin et al. 2000;
Wehner et al. 2007) have also contributed to our understanding of cognitive processes in
dyslexia. Results from these studies support the aforementioned fMRI findings and further
strengthen the hypothesis that disruptions of (i) the parieto-temporal and (ii) the occipito-
temporal left hemisphere reading systems are the neurobiological reasons why dyslexic
children fail to develop adequate reading skills. The pattern of underactivation in these two
posterior regions of the left hemisphere is now denoted as the ‘neural signature for dyslexia’
(Shaywitz & Shaywitz 2008). However, there is evidence that the brain of impaired readers

develops some kind of compensatory mechanisms that seem to involve areas around the
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inferior frontal gyrus in both hemispheres, as well as the right occipito-temporal region

(Shaywitz & Shaywitz 2005).

2.1.4 Dyslexia and related endophenotypes

On the cognitive level, dyslexia is a compound disorder which is characterized by the
disturbance in at least one of the specific cognitive processes that enable reading and spelling.
Cognitive components involved in reading and spelling include visual processing, phonological
awareness, verbal short-term memory, phonological decoding, orthographic processing and
rapid naming (Tab. 1). Each of these different cognitive dimensions eases the separate skills of
reading and spelling, however, it is assumed that any single of these cognitive impairments is
neither necessary nor sufficient to cause the disorder (Plomin et al. 1997). Dyslexic individuals
each provide with a particular combination of some of these disturbances, resulting in an
individual, partial representation of the general, entire dyslexia cognitive spectrum. Therefore,
the analysis of single neuropsychological measures in dyslexia probands as quantitative traits
can be used to further dissect the complex dyslexia phenotype. A detailed description of these

dyslexia-related endophenotypes is given in Tab. 1.

Tab. 1: Endophenotypes of the dyslexia cognitive spectrum.

Component Description

Reading requires the magnocellular system to respond to stimuli of low spatial frequency
Visual processing | and low contrast. An impaired perception of these stimuli has been found repeatedly in
dyslexic individuals. The exact nature of this deficiency is not yet clear.

Phonemes are the smallest meaningful sound units of spoken words. The ability to perceive,

. segment and manipulate them is crucial to construct an acoustic speech flow. The capaci
Phonological & P P pacity

for phonological awareness describes an oral language skill that is required to learn the
awareness

letter-sound correspondences that are characteristic for the respective language. It is often
tested through a phoneme deletion task.

Various aspects of memory are required for reading and spelling. For many known words,
Verbal short-term . S . .
no dissection into phonemes is needed anymore. Instead, they are recalled directly from

memory
memory.
Phonological coding describes the ability to first put together the phonemes and then
Phonological verbally express words which have never been previously read or heard. The skill
decoding demonstrates an understanding of letter-sound correspondences. Impaired individuals have
difficulties in the reading of pseudowords.
Orthographic coding refers to the process of recognizing a word by its holistic form. It is
Orthographic measured by a pseudohomophone task where an orally presented word has to be compared
processing with a visual representation of two phonologically indistinguishable words, of which only

one is correctly spelled (e.g. "Wachstum" and "Waxtum").

Rapid naming is a measure of the speed of processing and describes the temporal aspect of
Rapid naming the cognitive events related to reading and spelling. This skill is often associated with
reading fluency.

Table adapted (McGrath ef al. 2006; Schumacher et al. 2007).

In addition to the cognitive components that are directly related to reading and writing skills as
described in Tab. 1, there are additional subdimensions that are expected to correlate with

certain aspects of the written language system. The left-right asymmetrical function of the brain,
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for instance, is a conserved feature of vertebrate central nervous systems (Rogers & Andrew
2002) and has been suggested to underlie many aspects of behavior, cognition and emotion in
humans (Hughdal & Davidson 2003). One measure of changes in brain asymmetry is the
preferred usage of one hand in daily practice, i.e. left- or right-handedness. Additionally, a
serious deficit in the acquisition of numerical abilities and calculation skills often co-occurs in
dyslexic children (Dirks et al. 2008). Although the reason therefore still remains elusive, there is
substantial evidence that arithmetic and literacy skills depend on similar cognitive factors

(Hecht et al. 2001; Geary & Hoard 2002).

Electrophysiological measurements are another approach to assess some of the cognitive
endophenotypes of dyslexia (Shaywitz & Shaywitz 2008). Among these, the mismatch
negativity (MMN) is considered to be the neural correlate of speech perception and has been
found impaired in dyslexic children (Schulte-Korne et al. 1998a). The MMN can be derived from
electroencephalography (EEG) measurements and is generated by the automatic response of the
brain to any change in auditory stimulation. The MMN is a negative curve, obtained by
subtracting an event-related potential (ERP) to a standard stimulus (e.g. /da/) from the ERP to a
certain deviant stimulus (e.g /ba/). It has been shown that MMN measurements present with
both, a strong heritability and high retest reliability, respectively (Hall et al. 2006). The speech
MMN is also altered in dyslexic adults (Schulte-Korne et al. 2001a), which provides further
evidence that it is an excellent candidate trait marker for an important perceptual process in

dyslexia. The generation of MMN data is presented in Fig. 2.

Stimulus
A
0%
3 ) !{:}1 N Fig. 2: Event-related potentials (ERPs) and mismatch
E B i \‘“ ;\\ negativity (MMN) curves. On the x-axis, the time course
2 r." \ of the EEG measurement is indicated, and the event-
g N f '"I:_‘:.\.\% related action potential is shown on the y-axis. At time-
;i 0 Y A = B P point 0, the standard or the deviant stimulus is applied.
L% , \ ’{"' Time (A) Grand average of the standard (dotted line) and
74 deviant (dashed line) curves. The red bar schematically
B represents the distance used for calculation of the
g[‘:\; e MM mismatch values. (B) Over the entire time course, this
*;,i ' /\ results in a negativity curve. Dyslexic individuals show
205 attenuated MMN values in particular in the time
;;M . /\ /50\0'\ windows 180 — 300 ms (MMNa) and 300 - 710 ms
g T Tgiam“”: y (MMND). Figure modified (Roeske ef al. 2009).
o 05
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2.1.5 Therapy and remediation

Therapeutic approaches to treat reading and spelling disability can be split into two main
methods, namely prevention and intervention programs. Prevention is based on the hypothesis
that a successful treatment in childhood should start as early as possible. These programs
address at-risk children who show first behavioral aspects that can be seen as correlates of a
subsequent development of dyslexia. First studies investigating the outcome of pre-school
screenings have provided evidence that weak reading and spelling abilities in 2" grade of
school can be precisely predicted in kindergarten-age (Jansen et al. 2002; Maurer et al. 2009).
Prevention methods have been shown to be of efficient benefit to the children if they are
administered correctly and in an intensity required by the particular child (Clay 1985; Torgesen
et al. 1999; Denton & Mathes 2003; Tunmer & Chapman 2003; Vellutino et al. 2003).

In contrast to prevention programs, intervention programs are administered to school-aged
children who have already been diagnosed with dyslexia. One distinguishes between pure
linguistic approaches, which try to remediate the impairments on the phonological level, e.g. by
training grapheme-phoneme correlations (Alexander & Slinger-Constant 2004), and the second
group of neurobiological-based therapy approaches. The latter aim at improving the functional
performance of affected neuronal systems by taking advantage of the neuronal plasticity of the
human brain (Eden & Moats 2002). Although first studies indicate that, following intervention,
many dyslexic children improved their reading and also demonstrated an increase in activation
of at least some of the neural systems required for reading (Temple et al. 2000; Temple et al.
2003; Eden et al. 2004; Shaywitz et al. 2004), there is still a considerable number of children who
are resistant to nowadays’ treatment. These children represent a challenge for future
identification of other factors required for an optimal therapeutic outcome (Alexander &

Slinger-Constant 2004; Riisseler 2006).

2.2 Identification of causal genes in human disorders

The sequence of the human nuclear genome has been unraveled by a joint effort of an
international consortium, the Human Genome Project (HGP). In 2001, the first draft assembly of
the human haploid genome was presented to the public (Lander et al. 2001; Venter et al. 2001).
Up to today, most of the remaining missing parts of the DNA sequence have been filled in, and
a general reference sequence for the human genome is publically available. Current estimates
suggest that about 22,000 genes are encoded in the human DNA, however, they are expected to
only account for 1 - 2% of the entire DNA sequence (Lander et al. 2001; Levine & Tjian 2003).

Although the function of the remaining parts is not fully understood yet, it is assumed that a
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large fraction is involved in regulation of gene activity and might be responsible for structural

aspects of the cell.

2.2.1 Genetic variability

The DNA sequence is characterized by a considerable, individual variability. Currently, it is
assumed that about 98% of the human genome is similar between two randomly compared
individuals. Given an average sequence length of the human genome of about 3.2 billion base
pairs, this suggests that the variable part of the genomic information still comprises several
million bases (Shianna & Willard 2006). This human genetic variability contributes to inter-
individual differences, together with external factors such as environmental influences (Li &
Sadler 1991; Sachidanandam et al. 2001, WTCCC 2007). In most cases, genetic variants emerge
from errors that occur during replication of DNA or the correction of DNA damages (Cooper &
Krawczak 1993). Most of the genetic variations do not have grave consequences on phenotypic
level. In this case, variants are referred to as ‘polymorphisms’. However, a part of them are
directly causing for or contributing to human diseases. In case of monogenic (Mendelian)
disorders, these causal variants are described as ‘mutations’. In genetically complex,
multifactorial diseases, in which different genetic variations interact with environmental factors,
the border between ‘mutations” and ‘polymorphisms’ is less clear cut. Polymorphisms, although
they do not contribute to disease risk, are of considerable value for biomedical research, as they

can be used as genetic markers in the search for the genetic factors underlying human diseases.

The genetic architecture of traits

All human traits, regardless of being diseases or phenotypic traits such as height or eye color,
are at least partially genetically determined. Thereby, the phenotypic manifestation of a given
variant mainly depends on its genetic effect (penetrance) (Hirschhorn & Daly 2005). Most of the
monogenic disorders are caused by rare mutations with high genetic penetrance, making
mutation carriers directly develop the phenotype. In contrast, common disorders are genetically
complex and interact with externtal factors. Here, the penetrance of the genetic variants is low.
An overview of the correlation of allele frequencies and penetrance is given in Fig. 3.

Initially, it was expected that most of the complex disorders would underlie the ‘common
variant — common disease’” hypothesis (Lander 1996; Cargill et al. 1999; Chakravarti 1999). It
predicts that the genetic risk for common diseases will often be related to disease-predisposing
alleles with relatively high frequencies (Reich & Lander 2001). This has been proven to be true
for at least some examples such as the APOE &4 allele in Alzheimer’s disease (Corder et al. 1993)

or the PPARYy Prol2Ala variant in type II diabetes (Altshuler et al. 2000). However, in the last
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years, a second competing theory has arisen. The ‘rare variant — common disease’ hypothesis
suggests that multiple rare variants, which mostly occur de novo, are responsible for disease
susceptibility (Pritchard 2001). As shown in Fig. 3, the identification of these rare variants will

require large samples and, most efficiently, whole-genome sequencing.

high
- Mendelian diseases
. - very few examples
(rare, monogenic) .
. o . - highly unusual for
- linkage analysis in family .
) . common diseases
o pedigrees
c
o
‘© modest
c
& » L - common disorders . . .
difficult to identify ) Fig. 3: The architecture of human traits.
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Allele frequency

Single nucleotide polymorphisms

The most abundant type of genetic sequence variants, representing about 80% of genomic
variability, is the exchange of single bases (single nucleotide polymorphisms, SNPs; (Wang et al.
1998; HapMap Consortium 2003; 2005)). Up to now, at least 10 to 11 million SNPs that occur
with a minor allele frequency (MAF) of at least 1% have been identified in the human genome
(HapMap Consortium 2005). Information on these is accessible in publically available databases
such as the National Center for Biotechnology Information (NCBI) or HapMap. SNPs are
abundant in both, coding and non-coding regions of the genome. Depending on their location,
they can have different impacts at the phenotypic level: SNPs in protein-coding regions of a
gene may either be synonymous, yielding the same amino acid (aa), or non-synonymous. The
latter situation results in an amino acid change which might alter the structure and / or the
function of the respective encoded protein. In contrast, SNPs in regulatory regions, such as
introns or the promoter-regions up- and downstream of a gene, might alter its expression and,
subsequently, can influence the amount of the protein that is generated.

Besides SNPs, other types of variable elements include gained (insertion) or lost (deletion)
genetic material, different forms of repetitive elements such as e.g. microsatellites (short tandem
repeats (STRs) with 1 to 9 bp motifs) and copy number variants (CNVs). Although they show
lower frequencies in the genome compared to SNPs, they comprise longer DNA sequences and

are thus also of interest (Feuk et al. 2006; Redon et al. 2006).
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The haplotype block structure of the human genome

Given the large number of SNPs, it is rarely possible to genotype all of them in individual
samples. Genetic research therefore takes advantage of the fact that the human genome is
organized in so-called ‘haplotype blocks’. As shown by systematical investigations,
recombinations do not occur at random positions in the genome, but are specifically restricted
to certain loci (Jeffreys et al. 2001, HapMap Consortium 2003; 2005; Myers et al. 2005). In
consequence, SNPs located between two recombinational hot spots are rarely separated from
each other during meitotic recombinational events. They are dependent from one another and
therefore provide with the same genetic information. This observation has been implemented as
concept of linkage disequilibrium (LD). The number of SNPs that are needed to be analyzed in
each individual to capture its genetic variability can now be dramatically decreased, as it is
possible to design tagging SNPs (tSNPs) for each haplotype block (Johnson et al. 2001; Becker
2007; Steemers & Gunderson 2007). To determine the extent to which two SNPs are linked, the
measures ‘17’ and ‘D" have been implemented, which both can take values from 0 (no LD) to 1
(perfect / complete LD; (HapMap Consortium 2005; Steemers & Gunderson 2007)). Two SNPs
are in ‘perfect’ LD if r2=1, which indicates that the alleles of the two SNPs always show the
same state and provide with equal frequencies. A ‘complete’ LD is shown by D’ =1, which
represents that the two SNPs have not been separated by recombination (Skipper et al. 2005).

LD is not only observed between two adjacent SNPs but can also include a large number of
SNPs, which makes some LD blocks extend over several hundred base pairs. Based on this
organization of the human genome, it is currently estimated that about 300,000 to 1,000,000
tSNPs are sufficient to capture the majority of genetic variation within a population (Gabriel,
2002). This knowledge has facilitated the design of genetic experiments that aim at investigating

the genetic variants which underlie human disorders.

2.2.2 Linkage and association analysis

In linkage analyses, highly polymorphic microsatellite markers are used to track the inheritance
of different chromosomal regions within families. Large pedigrees are screened for a joint
appearance of a specific genetic variant and a disease. In systematic linkage scans, the entire
genome is evenly covered with about 400 microsatellites. Genotype data for each of the
investigated markers are analyzed with respect to linkage by using either parametric or non-
parametric approaches. Parametric linkage analyses require precise knowledge about the
genetic model underlying the trait of interest, such as mode of inheritance (recessive, dominant)
and penetrance. This approach is often used in monogenic disorders where formal genetic

studies have suggested a specific genetic model, e.g. cystic fibrosis (Zielenski & Tsui 1995). In
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contrast, non-parametric approaches are performed without any prior knowledge about the
underlying genetic model. This makes them a valid statistical tool for the analysis of complex
disorders, in which genetic heterogeneity and the additional impact of environmental factors
make it more difficult to find markers that co-segregate with the trait of interest. As only a few
variants contributing to complex diseases have been conclusively identified by linkage analyses
so far, it has become clear that the application of this approach in the analysis of complex traits
is limited (Altmiiller ef al. 2001).

Another systematical approach for the identification of disease loci is the method of association
analyses, which search for population-wide correlations between a phenotype and specific
allelic variants of SNPs (Cardon & Bell 2001). Association analyses do not require extended
family pedigrees, however, they are based on a large number of unrelated individuals in so-
called case-control studies. Here, allele or genotype frequencies are compared between groups
of affected (cases) and unaffected individuals (controls) of ethnically similar populations. In
contrast to linkage analyses, association studies provide an increased resolution: while linkage
regions are often several megabases (Mb) in size (and thus contain a large number of potential
candidate genes), an associated region generally maps to some thousand to hundred thousand
base pairs.

Association studies can also be applied as family-based designs using familial trios, which
comprise at least one affected child and its parents. This type of analysis additionally offers the
possibility to investigate parent-of-origin (= imprinting) effects. In genomic imprinting, paternal
and maternal alleles of a gene have different levels of activity and, in some cases, one of the
alleles is even completely silenced (Reik & Walter 2001). The underlying molecular mechanisms
involve epigenetic events such as methylation or histone modifications (Delaval & Feil 2004),
and imprinted genes have already been shown to be involved in cognition and behavior (Isles &

Wilkinson 2000).

Apart from genotyping each DNA of large case or control samples individually, association
studies can also be performed on DNA pools. In this approach, large numbers of DNA samples
(cases or controls) are pipetted in one pooled sample which is subsequently genotyped. This
method allows for an estimation of genome-wide allele frequencies in large samples, with the
data pointing towards genomic regions that contain markers with differences in allele
frequencies between cases and controls. Although the absolute values are not necessarily
correct at the quantitative level, they do suggest markers that should be taken into subsequent

individual genotyping. Pooling is a cost-efficient method to detect general allele frequency
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differences between cases and controls, and its utility as first screen in order to detect genetic

susceptibility variants has already been demonstrated (Kirov et al. 2008; Shifman et al. 2008).

2.2.3 Genotyping technologies

Given the complexity of the human genome and the large number of samples needed for
genetic analyses in complex disorders, robust high-throughput genotyping methods are
required. During the last years, advances in the field of technology have led to the development
of systematical methods that allow for simultaneous analysis of some ten up to several
hundreds of thousands markers in one assay, often with parallelizing also the number of

individuals included.

Genotyping based on BeadArray Technology

The most established platforms for parallelized analysis of thousands of markers are provided
by Affymetrix and Illumina. The Affymetrix system is based on randomly chosen SNPs that are
analyzed after an oligonucleotide-based amplification of the DNA (Matsuzaki et al. 2004). In
contrast, the BeadArray technology of Illumina is based on a whole-genome amplification
without a prior polymerase chain reaction (PCR), and SNPs included in this method are tSNPs
that were chosen to capture as much of the genetic variation within each individual as possible
(Gunderson et al. 2005). The quality of data generated by Illumina technology has been shown
to be superior to the Affymetrix data in terms of reproducibility and success rate (Suarez et al.

2005; Kim et al. 2009).
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Fig. 4: Schematic representation of Illumina Infinium-II assay. (A) Overview of the basic principle of the
BeadArray technology. (i) Whole-genome amplified DNA fragments hybridize to their complementary
oligonucleotides that are immobilized on beads. After single-base extension, (ii) an immunohistochemical staining is
performed to provide fluorescent allele-specific signals. (B) Single-base extension. Following successful
hybridization, the oligonucleotide attached to the bead is extended of one base in accordance with the particular
allele of the DNA fragment. Hereby, the nucleotide is modified so as to provide the basis for the subsequent staining.
Figure adapted (Steemers & Gunderson 2007).

As shown in Fig. 4, the principle of Illumina’s BeadArray is a direct hybridization of amplified
DNA fragments to sequence-specific oligonucleotides that are 50 bases long and end directly
adjacent to the target SNP. The oligonucleotides for each SNP are linked to micro beads of 3 um

size, which are immobilized on a BeadChip (Steemers et al. 2006). Following the sequence-
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specific hybridization, an enzymatically catalyzed single-base extension (SBE) with labeled
nucleotides takes place (Steemers & Gunderson 2007). During this reaction, one single
nucleotide is added to the oligonucleotide that is attached to the bead, depending on the allele
of the hybridized strand. The labeled nucleotides are subsequently stained based on immuno-
histochemical reactions using Cy5 (green, C/G) and Cy3 (red, A/T) fluorochromes. Thus, the
[llumina system is a two-color system which is not able to analyze A/T and C/G SNPs.
However, according to information provided by the company, these SNPs only account for
about 17% of the genomic variants in the human genome, and most of them can be replaced by
other SNPs in high LD (Steemers & Gunderson 2007). To read the genotype calls, BeadChips are
scanned using a confocal laser scanner (BeadArray Reader), and data are analyzed using the

BeadStudio software (Fig. 5).
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Fig. 5: HumanHap300K and the corresponding analysis by BeadScan / BeadStudio software. (A) Illumina’s
HumanHap300K BeadChip. (B) Scanning process. One section is read (left). The yellow square indicates the area that
is enlarged in the middle figure. On the right side, single beads located within the selected area are shown for the two
different laser channels (red, green), and an overlay is presented at the bottom. Beads that appear yellow in the
overlay image represent heterozygous genotypes. (C) Example of a cluster plot as shown by BeadStudio analysis
software. For SNP 15264591, the total number of 100 individuals is split into groups of homozygous AA (n=32),
heterozygous AB (n =48) and homozygous BB (n = 20) individuals.

The SNP content is designed by the company itself, based on respectively current HapMap
data. As the BeadArray technology has been further optimized during the last years, the
number of SNPs that can be analyzed per person on one BeadChip has increased from 300,000
(HumanHap300) to around 1 million (Human1M-DUO) till date. In the last years, genome-wide
association studies using Illumina BeadArray technology have identified a large number of
disease-associated loci (Duerr et al. 2006; Winkelmann et al. 2007; Hillmer et al. 2008; Birnbaum
et al. 2009).
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Genotyping based on MassExtend Reaction

For candidate gene-, finemapping- or replication studies, it is often required to focus on a
selected number of SNPs (i.e. 10 — 100) in an increased number of individuals. Herefore,
genotyping based on MassExtend reactions and MALDI-ToF-MS (matrix assisted laser
desorption / ionization time of flight mass spectrometry) by Sequenom is one state-of-the-art
technology (Tang et al. 1995; Haff & Smirnov 1997). The iPLEX Gold MassEXTEND platform
enables parallel analysis of up to 40 SNPs in one single assay (plex).

An initial multiplex PCR step with standard primers specific for each SNP of the plex is
required. The primers generate amplicons of 80 — 120 bp in size. To prevent residual nucleotides
from being incorporated during the subsequent single-base extension (SBE) reaction, they are
enzymatically inactivated using shrimp alcaline phosphatase (SAP; (Oeth et al. 2005)). For each
of the target SNPs, SBE takes place during a second PCR. In this reaction, mass-modified dNTPs
and SNP-specific extension primers (unextended primers (UEP)) are used. As molecules with
high masses are more difficult to accelerate in the final MS measurement, UEP primers are used
in four groups of different concentrations (=‘primer adjustment’). During the SBE reaction,
primers anneal directly adjacent to the SNP of interest and are elongated by one nucleotide,
according to the allele present in the respective strand (Haff & Smirnov 1997; Ross et al. 1998).
This extension reaction yields a mixture of extended and unextended products of different
lengths and, accordingly, of different masses (Blondal et al. 2003).

As the final analysis takes place in an electrical field, cationic molecules need to be removed
from the assay. Therefore, the mix is purified by an ion-exchange resin (Oeth et al. 2005). The
purified mix is subsequently spotted on a SpectroChip. Its matrix consists of an organic acid (3-
hydroxypicolin acid) that is available in 100 — 1,000 fold excess as compared to the spotted

material. Analysis of the reaction takes place in a mass spectrometer under vacuum (Fig. 6).

Fig. 6: The principle of MALDI-ToF-MS. (A) Mass spectrometer by Sequenom. (B) Schematic representation of the
working principle. Analyte molecules are ionized by a laser impulse and extracted from the matrix. With different
speed, they fly in an electric field until they reach the detector. The time of flight correlates with the molecule’s mass.
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A short laser impulse on the sample provides the energy required by the matrix to ionize the
analyte molecules, and to let them detach from the matrix (desorption / ionization). The ionized
molecules are accelerated in the electrical field that is provided in the vacuum flight channel of
the mass spectrometer (Cotter 1992; Ragoussis et al. 2006). Depending on their respective
masses, molecules show different flight times until they reach the detector: the larger the mass,
the longer the time of flight. The previously performed primer adjustment allows for a good
signal-to-noise ratio.

The Sequenom technology enables accurate measurements of molecules with masses in the
range from 4,500 to 9,000 Da (Ragoussis et al. 2006). By using the system’s analysis software
(Typer 3.4 and 4), the time-of-flight measurements are converted into the respective masses of
the molecules, and the resulting genotypes can be determined. A graphical representation of

such SNP analysis is depicted in Fig. 7.
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Fig. 7: Graphical representation of SNP genotyping using MassExtend technology. The analysis is depicted for
SNP rs133885. (A) Cluster plot. All individuals of one analysis are represented with their individual genotypes.
Individuals carrying the homozygous “GG” genotype are shown by blue triangles, while homozygous “AA” samples
are depicted in green triangles. Heterozygous “AG” carriers are clustered in the middle (yellow squares). (B) Mass
spectrum. The spectrum represents the masses that have been measured for one individual (heterozygous “AG”,
encircled in white in (A)). The unextended primer, with a mass of 5120 Da, is marked in red. No peak is visible at this
mass, indicating that the UEP primers have been entirely converted into analytes. Along the x-axis, different grey-
labeled masses are depicted. They correspond to mass peaks generated by other SNPs in the multiplex reaction. At
5367 Da, which corresponds to the expected mass for the G allele of rs133885, a distinct peak is indicated by a yellow
line. The mass corresponding to the A allele (5448 Da) is also detected, indicating that the corresponding DNA
sample has a heterozygous AG genotype.

2.3 Genetics of dyslexia

The dyslexia phenotype was first described in 1895 (Hinshelwood 1895). Only some years later,
it was suggested that dyslexia clusters in families (Hinshelwood 1907; Stephenson 1907), and
this observation was confirmed in many subsequent studies (Hallgren 1950; Walker & Cole
1965; Owen et al. 1971; Rutter & Yule 1975). Since then, numerous studies have been conducted
to assess its epidemiology and to identify genetic loci and candidate genes that confer

susceptibility for reading and spelling disability.
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2.3.1 Formal genetics

Most of what is known about the epidemiology of dyslexia comes from family-, twin- and
adoption studies. A child with an affected parent has a risk of 40 - 60% to develop dyslexia,
with the risk being further increased when other family members are also affected (Stephenson
1907; Hallgren 1950; Stevenson 1991; Olson et al. 1994; Schulte-Korne et al. 1996; Ziegler et al.
2005). Compared to the prevalence rate in the general population, first degree relatives of
affected individuals have a 4 to 10fold increased risk, and this number is even higher when
stricter diagnostic criteria are applied (Ziegler et al. 2005).

Twin studies allow for an estimation of the contribution of both, environmental and genetic
factors, to disease development. For dyslexia, it has been shown that concordance rates in
monozygotic twins are higher than in dizygotic twins, indicating that the trait is highly
heritable (DeFries et al. 1987; Stevenson et al. 1987; Olson 2002; Plomin & Kovas 2005). The
proportion of inherited factors involved is estimated to range between 40 and 80%, with the
highest numbers being reported for the phenotypic subdimensions word reading (up to 58%)
and spelling (70%; (Gayan & Olson 2001; Olson 2002; Plomin & Kovas 2005)). The effect of
shared and non-shared environmental factors has been suggested to be low for word reading,
however, it is substantially higher for correlated traits such as phonological awareness (Gayan
& Olson 2001).

Recent evidence points to a two-fold increase of risk for male children (Shaywitz et al. 1990;
Rutter et al. 2004). This sex ratio has been suggested to be influenced by severity, IQ and
assessed cognitive profiles (Olson 2002). Two studies investigated whether sex has an influence
on dyslexia heritability: although results from the Colorado Twin Study showed similar
heritability between the sexes (Wadsworth et al. 2000; Hawke et al. 2006), the London Twins
Early Development Study (TEDS) found a higher heritability for boys compared to girls
(Harlaar et al. 2005). However, it still remains elusive whether the latter findings are attributable

to sex-specific genetic factors or environmental influences.

2.3.2 Dyslexia susceptibility loci

Linkage studies for dyslexia have suggested nine chromosomal regions (DYX, dyslexia
susceptibility loci) which are expected to harbor dyslexia candidate genes. They are listed as
DYX1 to DYX9 by the HUGO Gene Nomenclature Committee (HGNC) and are described in
Tab. 2. In addition, it was tried to correlate quantitative endophenotypes with one or more of
these general linkage regions, but there is only little support from independent studies so far
(Williams & O'Donovan 2006; Schumacher et al. 2007). Nevertheless, there is an impressive

consistency of linkage findings for dyslexia as compared to other neuropsychiatric disorders.
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This is especially true for the dyslexia susceptibility loci on 1p34-p36 (DYX8), 6p21-p22 (DYX2),
15g21 (DYX1) and 18q11 (DYX6), as they have received support from at least two large family

samples. A summary of the linkage findings for dyslexia is given in Tab. 2.

Tab. 2: Dyslexia susceptibility loci DYX1 to DYX9.

Locus Sample description Qualitative trait or endophenotype References
9 multiplex families, USA Reading (Smith et al. 1983)
DYX1 |6 multiplex families, USA Single-word reading (Grigorenko & Chang 1997)
(15921) | 7 families, Germany Spelling (Schulte-Korne et al. 1998b)
90 families, USA Single-word reading (Chapman et al. 2004)
19 multiplex families, USA | Dyslexia (Cardon et al. 1994)
82 families, UK Orthographic and phonological processes | (Fisher et al. 1999)
DYX2 | 79 families, USA Orthographic and phonological processes | (Gayan et al. 1999)
(6p21- | 89 families, UK Phonological decoding (Fisher et al. 2002)
6p22) | 119 families, USA Phonological decoding (Fisher et al. 2002)
104 families, USA Orthographic and phonological processes | (Kaplan et al. 2002)
8 multiplex families, USA Single-word reading, phoneme awareness | (Grigorenko et al. 2003)
1 multiplex family, Norway | Dyslexia (Fagerheim et al. 1999)
DYX3 89 families, UK Orthographic choice (Fisher et al. 2002)
(2p15 - 119 families, USA Phonological awareness (Fisher et al. 2002)
2p16) 96 families, Canada Phonological coding, spelling (Petryshen et al. 2002)
P 11 multiplex families, Dyslexia (Kaminen et al. 2003)
Finland
DYX4
(6q11- | 96 families, Canada Phonological coding, spelling (Petryshen et al. 2001)
6q12)
DYX5
(8p12- | 1 multiplex family, Finland | Dyslexia (Nopola-Hemmi et al. 2001)
3q13)
DYxe |89 families, UK Single-word reading All (Fisher et al. 2002)
(18p11) 119 farr.ﬂ.lies, USA Single-word reading
84 families, UK Phoneme awareness
bYX7 100 families, Canada Dyslexia (Hsiung et al. 2004)
(11p15) ’ ]
DYX8 9 families, USA Dyslexia (Rabin et al. 1993)
(1p34- 8 multiplex families, USA Single-word reading, phonological (Grigorenko et al. 2001)
1p36) decoding
100 families, Canada Spelling, phonological coding (Tzenova et al. 2004)
DYX9 |1 multiplex family, Dyslexia (de Kovel et al. 2004)
(Xq26- | Netherlands
Xqg27) | 89 families, UK Single-word reading (Fisher et al. 2002)

Table modified (Schumacher et al. 2007). Linkage of dyslexia has also been reported to other genomic regions,
however, the findings still lack replication in independent samples. These loci include linkage on 13q12 for word
reading (Igo et al. 2006), 2q22 for phonological decoding efficiency (Raskind et al. 2005) and 4p12 and 12p for non-
word repetition (Brkanac et al. 2008).

Different studies have also been conducted to assess pleiotropic effects on dyslexia and ADHD,
two frequent comorbid childhood disorders. One study investigating dyslexia families with
ADHD symptoms identified linkage regions on 14q32, 13q32 and 20q11 (Gayan ef al. 2005), and
a second study involving families with ADHD provided evidence for linkage with reading
ability on 10ql1, 16p12 and 17q22 (Loo et al. 2004). Although the nature of those linkage

findings still remains elusive, it is likely that these loci harbor candidate genes which could at
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least partially explain the comorbidity observed between the two frequent childhood disorders

dyslexia and ADHD.

2.3.3 Dyslexia candidate genes

Given the relatively consistent linkage findings for dyslexia, there was initially great hope that
at least one candidate gene would be identified in each of the susceptibility loci. Based on
finemapping studies and breakpoint mapping in translocation families, candidate genes have
been suggested for four of the linkage regions, and even for those, findings are not consistent

across studies. Currently, there are six candidate genes discussed in the field.

DYX1: DYX1C1
DYXI1C1 (dyslexia susceptibility 1 candidate 1, chr. 15: 53,497,246...53,587,724 bp, NCBI build 36)

has been identified by breakpoint mapping in a Finnish two-generation family. Here, a
translocation t(2;15)(q11;,q21) was linked to reading-associated problems in four family
members (Nopola-Hemmi et al. 2000; Taipale et al. 2003). Studies assessing whether DYX1C1
also explains the general linkage findings at DYX1 provided some evidence for association
(Taipale et al. 2003; Bates et al. 2009). DYX1C1 is expressed in many tissues including those of
the central nervous system (Taipale et al. 2003), and in vivo RNA interference (RNAi) studies in
rats indicate that its rodent homologue is involved in neuronal migration (LoTurco et al. 2006;
Wang et al. 2006). Interestingly, the final neuronal outcome in these rodent brains resembles the
picture observed in human postmortem dyslexic brains (Galaburda et al. 2006). Very recently, it
has been shown that DYX1CI might be involved in the regulation of estrogens, implicating
effects of hormonal pathways in dyslexia (Massinen et al. 2009). However, replication of the
initial genetic findings failed in a number of independent association studies carried out to date

(Scerri et al. 2004; Bellini et al. 2005; Cope et al. 2005b; Marino et al. 2005; Meng et al. 2005a).

DYX2: DCDC2 and KIAA0319

Most consistent evidence for an involvement in dyslexia has been described for two genes
located within DYX2, namely DCDC2 (doublecortin domain containing protein 2, chr. 6:
24,279,962...24,491,499 bp) and KIAA0319 (chr. 6: 24,652,311...24,754,362 bp). Both genes map
within a region of 500 kb on chromosome 6p22, and each of them is located in a cluster of three
genes (VMP/DCDC2/KAAGI and KIAA0319/TTRAP/THEM?2). First evidence for association of
these two gene clusters with dyslexia was obtained by LD mapping in the linkage region of
DYX2, in a set of US-American families (Deffenbacher et al. 2004). Two subsequent studies
provided evidence for DCDC2 to be the causative gene (Meng et al. 2005b; Schumacher et al.
2006). This, however, could not be replicated in two UK samples (Cope et al. 2005a; Harold et al.



2. Basic principles 20

2006). In terms of causality, Schumacher and colleagues postulated a two-marker haplotype
located in intron 7 of DCDC2 to confer dyslexia risk (Schumacher et al. 2006). In contrast, Meng
and colleagues suggested an intronic deletion of 2,445 bp in DCDC2, comprising putative brain-
associated transcription factor binding sites, to be the causal variant (Meng et al. 2005b).
Functional evidence for either of the theories has not yet been presented. DCDC2 belongs to the
family of doublecortin domain containing genes (Reiner et al. 2006). In mice, it has been shown
that two functioning copies of two members of this family, Dcx and Dclk, are required for
axonal growth and for neuronal migration in the cerebral cortex (Deuel et al. 2006; Koizumi et al.
2006). The comparison of both, biochemical and cellular properties of Dcdc2, with Dclk and Dcx
suggests shared functional features (Coquelle et al. 2006) and, indeed, it has been shown that an
RNAi-mediated local loss of Dcdc2 in rodents leads to an interruption of normal neuronal
migration in the neocortex (Meng et al. 2005b).

Evidence for the second candidate gene at this locus, KIAA0319, has been presented in two
independent UK studies (Francks et al. 2004; Cope et al. 2005a). There was no replication of these
findings in two studies including samples from Germany (Schumacher et al. 2006) and the US
(Meng et al. 2005b). Notably, variants in KIAA0319 have been found to be associated with
reading skills in the general UK population (Paracchini et al. 2008). It has been suggested that
the causal variant, localized near of or within exon 1, causes a reduced expression of KIAA0319
in lymphoblastoid and neuronal cell lines (Paracchini et al. 2006; Dennis et al. 2009). Similar to
Dcdc2, a downregulation of the rodent homologue Kina0319 induced by RNAi results in

disturbed neuronal migration (Paracchini et al. 2006).

DYX3: MRPL19 and C20rf3
MRPL19 (mitochondrial ribosomal protein L19, chr. 2: 75,727,417...75,751,387 bp) and C2orf3 (chr. 2:
75,742,802...75,791,830 bp) have been identified in a LD mapping study of the 2p12 dyslexia

candidate region, in Finnish families and a German sample (Anthoni et al. 2007). A two-marker
haplotype was found to be overtransmitted to affected probands, and it was shown that the
findings were significantly stronger when the samples were stratified for severity (Anthoni et al.
2007). The associated markers map to a region of 16.6 kb which contains MRPL19 and C2orf3.
Functional data for both genes are not yet available, however, MRPL19 and C2orf3 have found
to be strongly co-expressed in various tissues of the adult human brain, and this expression
pattern correlated with those found for the other candidate genes (Anthoni ef al. 2007). MRPL19
is a highly conserved gene and has been suggested to act in mitochondrial energy metabolism
(Kenmochi et al. 2001). This might be in accordance with the fact that energy production is

critical in the active brain for the performance of cognitive processes (Anthoni et al. 2007).
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DYX5: ROBO1

ROBO1 (roundabout 1, chr. 3: 78;729,080...79,721,751 bp) was first identified by breakpoint
mapping in one dyslexic Finnish individual carrying a t(3;8)(p12;ql1) translocation (Hannula-
Jouppi et al. 2005). The breakpoint disrupted the coding region of ROBOI, however, the
evidence is still weak as one sibling of the affected individual also presented with the
translocation but did not show any dyslexic symptoms. Thanks to its identification in axon-
patterning mutants in Drosophila melanogaster, the role of ROBO1 in neuronal development is
well understood (Kidd ef al. 1999; Andrews et al. 2006), and it has been shown that the gene and
its vertebral homologues are important in axon growth, pathfinding, branching and interneuron

migration (Yuan et al. 1999; Erskine et al. 2000; Andrews et al. 2006).

In summary, the present data suggest that the proteins encoded by DYX1C1, KIAA0319, ROBO1
and DCDC2 may be functionally linked in pathways involved in neuronal migration and axon
growth. They provide first insights into the molecular processes underlying dyslexia, however,
for none of the genes a direct functional link of specific genetic variants to particular processes
in the developing and mature human brain has yet been established.

The current state of knowledge regarding the chromosomal regions harboring dyslexia

susceptibility loci and candidate genes, respectively, is summarized in Fig. 8.
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Fig. 8: Dyslexia susceptibility loci and candidate genes. The chromosomal regions which have been reported for
dyslexia in linkage studies are shown in blue vertical lines (DYX1-9). Horizontal lines represent dyslexia candidate
genes: 1 — MRPL19, 2 — C20rf3, 3 - ROBO1, 4 - DCDC2, 5 - KIAA0319, 6 - DYX1C1. Figure modified (Schulte-K&rne et
al. 2007a).
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2.4 The NeuroDys Consortium

According to the prevalence rate of 5 to 12% (see section 2.1), it is estimated that approximately
2,500,000 children in the European Union (EU) are affected with dyslexia. Given this high
number and the social problems that co-occur with the disorder, dyslexia also constitutes a
substantial economic problem for the societies within the EU.

In 2006, the ‘NeuroDys’ consortium started as a multicentre, multidisciplinary project with the
main goals to (i) identify the genetic factors that confer dyslexia susceptibility and (ii)
investigate the biological basis of dyslexia at different levels. The envisaged approaches
involved genetic studies as well as the analysis of the impact of environmental factors and the
integration of different levels of neurosciences (structural and functional brain studies). The
coordinative European effort comprised four molecular genetic laboratories and statistical
departments (Bonn / Munich, Cardiff, Oxford, Stockholm), three neuroimaging laboratories
(Maastricht, Salzburg, Ziirich) and four electrophysiological laboratories (Budapest, Jyvaskyla,
Munich, Toulouse). Additional expertise was included from the field of phenotypic dimensions
(Paris) and environmental interactions (London, Jyvaskyla).

One major focus of the NeuroDys project was the collection of a large, well characterized
European dyslexia sample in which standardized inclusion criteria and quantitative measures
were applied similarly in all participating countries. The sample collected over a period of 2.5
years consists of dyslexia individuals and unaffected controls from France, Hungary, England,
Sweden, Austria, Switzerland, the Netherlands and Germany. At the end of 2008, the European

NeuroDys sample consisted of about 1,500 cases and 2,200 controls.
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2.5 Scope of the doctoral thesis

Although formal genetic studies suggest a large genetic contribution to dyslexia susceptibility,
the number of candidate genes identified to date is still limited (Williams & O'Donovan 2006;
Anthoni et al. 2007; Schumacher et al. 2007). The first aim of the present thesis was to identify
further genes that confer risk for the development of dyslexia as categorically defined trait.
Additionally, it was intended to decompose the dyslexia cognitive spectrum into its single
components and to perform genetic analyses on these dyslexia-related, quantitative
endophenotypes. This was expected to increase the chance to identify genetic variants that
contribute to particular cognitive processes which might be disturbed in subgroups of dyslexia
patients.

In a candidate gene approach, available literature and databases were to be screened for genes
that have been suggested to contribute to (i) cognitive abilities in the general population or (ii)
comorbid traits such as attention-deficiency / hyperactivity disorder. In addition, the well
replicated dyslexia susceptibility locus DYX2 was to be further analyzed in order to explore the
causal variants that could explain the associations found for the two candidate genes DCDC2
and KIAA0319. Using Sequenom technology, the respective hypotheses were analyzed in the
German dyslexia sample comprising about 400 parent-child trios. Findings from these studies
have already been published (Ludwig et al. 2008a; Ludwig et al. 2008b; Ludwig et al. 2009a;
Ludwig et al. 2009Db).

In a second part, a first genome-wide association analysis (GWAS) for dyslexia was to be
carried out in order to identify new genomic loci. Using Illumina’s Bead Array technology, 200
German dyslexia cases were assessed on a genome-wide level, and the frequencies of genetic
variants were compared to German controls. Subsequently, data from a large European
consortium (NeuroDys) were to be integrated, in order to increase the power of the study.
Additionally, within the dyslexic cases only, the allelic contribution to quantitative
endophenotypes was analyzed. Associated markers from either of the two approaches were to
be reanalyzed in independent sample sets and, if replicated, were to be followed-up to dissect
their functional mechanism. Results from these studies have also been published (Roeske et al.

2009) or will be available soon (Ludwig et al. in preparation).
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3. MATERIAL AND METHODS

3.1 Devices

Autoclaves - Systec D-150, Systec GmbH

- Varioklav® 135 S Dampfsterilisator, H+P Labortechnik GmbH
Cell culture device - Neubauer improved counting chamber, BRAND AG
Centrifuges - Megafuge 1.0 R; Biofuges stratus/ fresco/ pico, Heraeus GmbH

- Concentrator 5301, Eppendorf AG

- Vacuum centrifuge VR-mini, Thermo Fisher Scientific Inc.
Concentration measurement device

- NanoDrop® ND-1000 Spectrophotometer, Peqlab Biotechnologie

GmbH

DNA storage system - 2D CYPHER™ system (1.2 ml tubes, cluster racks, SmartScan
solo, SmartScan™ 96), Thermo Fisher Scientific Inc.

Drying chamber - T 20 P, Heraeus GmbH

Electrophoresis chambers - WIDE MINI-SUB® CELL GT, Bio-Rad Laboratories GmbH
- Sub-Cell Model 96, Bio-Rad Laboratories GmbH
Gel documentation - Gel Doc™ XR System, Bio-Rad Laboratories GmbH
Genotyping systems - BeadStation 500GX System, Illumina® Inc.
- Infinium Plus Whole-Genome Genotyping Starter-Manual
Option Package, Illumina® Inc.
- MassARRAY™ Nanodispenser, SAMSUNG Techwin Co. Ltd. for
Sequenom®
- MassARRAY™ Compact Analyzer, Bruker Daltonics Inc. for
Sequenom®
Isolation of nucleic acids - Chemagen AG stand 2x12, Chemagen AG
Mix and stir devices - Thermomixer comfort, Eppendorf AG
- Vortex Genie 2, Scientific Industries Inc.
- ARE Heating Magnetic Stirrer, VELP® Scientifica Srl.

pH meter - inoLab pH 720, Wissenschaftlich-Technische Werkstatten
GmbH

Pipettes - Research® variable pipette set (0.1-2.5 ul, 0.5-10 pl, 2.0-20 pl,
10-100 pl, 20-200 pl, 100-1000 wl, 500-5000 ul), Eppendorf
GmbH

- Eight channels pipettes 0.5-10 pl, 10-100 pl, Eppendorf GmbH
- Transferpette®-8/-12 electronic, BRAND GmbH & Co.KG

- Finnpipette® 16 channels, VWR International GmbH

- Multipette® plus, Eppendorf AG

- Transferpette® electronic, BRAND GmbH & Co. KG
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Pipette robot systems
Pipette support
Power supply

Scales

Sequencing device
Shaking devices
Sterile hood

Sterilization oven

Thermal cycler

Vacuum systems

- Biomek® Laboratory Automation Workstations NX MC and
NX S8G, Beckman Coulter GmbH

- Cell Mate II, Matrix Technologies Corporation, Thermo Fisher
Scientific Inc.

- PowerPac Power Supplies, Bio-Rad Laboratories GmbH

- TE3102S / TE3135-DS, Sartorius AG

- 3130x1 Genetic Analyzer, Applied Biosystem Deutschland
GmbH

-REAX 2 / TITRAMAX 101 / UNIMAX 1010, all Heidolph
Instruments GmbH & Co. KG

- HERAsafe, Heraeus GmbH

- UT 6000, Heraeus GmbH

- PTC-200 and PTC-100, M] Research Inc.

- ABI Prism®7900HT Fast real-Time PCR System, Applied
Biosystems Deutschland GmbH (TaqgMan)

- MZ 2C Membran Vacuum Pump, Vacuubrand GmbH

- Heto Vacuum centrifuge, Thermo Fisher Scientific Inc.

3.2 Chemicals and reagents

If possible, high quality reagents and chemicals “pro analysis” were used.
- Acetic acid (C2H40Oz2), Merck KGaA
- Agarose low EEO (Agarose Standard), AppliChem GmbH
- AmpliTaq DNA polymerase [5 U/ul], Applied Biosystems Deutschland GmbH
- 5 x Big Dye Terminator 3.1 sequencing buffer, Applied Biosystems Deutschland

GmbH

- BioTherm DNA polymerase [5 U/ul], GeneCraft®, Ares Bioscience GmbH

- Boric acid, Invitrogen Co.

- Bromphenol blue, Sigma-Aldrich Co.

- Diethyl pyrocarbonate (CeH1005) (DEPC), Sigma-Aldrich Co.

- Dimethyl sulfoxide (C2HsSO) (DMSO), Sigma-Aldrich Co.

- dNTPs [10 mM], GeneCraft®, Ares Bioscience GmbH

- Ethanol absolut (C2H50H) (EtOH) (100%), AppliChem GmbH

- Ethidium bromide (C21H20N3Br) (EtBr) (1%), Merck KGaA

- Fetal calf serum (FCS), Biochrom AG

- FicollTM 400, Amersham Pharmacia Biotech Inc.

- Formamide (CH3NO), AppliChem GmbH

- Fungizone (250 pg/ml amphotericin B, 205 pg/ml sodium deoxycholate),

Invitrogen Co.

- HotStar Taq DNA polymerase [5 U/ul], Qiagen GmbH
- Hydrochloric acid (HCI) (32%), Merck KGaA
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- Isopropanole (CsHsO), AppliChem GmbH

- L-Glutamine [200 mM] (100 x), Invitrogen Co.

- Magnesium chloride (MgClz) [50 mM], GeneCraft®, Ares Bioscience GmbH
- Magnesium chloride (MgClz) [25 mM], Qiagen GmbH

- Magnesium sulfate (MgSOs), Merck KGaA

- .-Mercaptoethanol (C2HsOS) (8-ME), Serva Electrophoresis GmbH
- Potassic hydrogen carbonate (KHCO:s), Merck KGaA

- PCR bulffer containing MgCl2[15 mM] (10 x), Qiagen GmbH

- PCR buffer without MgCl2 (10 x), GeneCraft®, Ares Bioscience GmbH
- Penicillin/Streptomycin (Pen/Strep) (100 x), Invitrogen Co.

- Phenol (CsHeO), Sigma-Aldrich Co.

- Phosphate buffered saline (PBS) (10 x), Invitrogen Co.

- 3130 POP7- polymer, Applied Biosystems Deutschland GmbH

- RPMI 1640 (2.0 g/l NaHCOs, without L-Glutamine), Biochrom AG
- Sodium acetate (CH3COONa), Merck KGaA

- Sodium chloride (NaCl), Merck KGaA

- Sodium hydroxide (NaOH), Merck KGaA

- Sodium hypochlorite (NaOCl) (13%), AppliChem GmbH

- Titriplex III (C1oH14N2Na20s * 2 H20) (EDTA), Merck KgaA

- Tris, ICN Biomedicals GmbH

- Tris-BASE (NH2C(CH20H)s3) (Trizma), Sigma-Aldrich Co.

- Ultrasol F, MEDICENT GmbH

3.3 Solutions

Until mentioned otherwise, solutions, dilutions and buffers were prepared using H20 dest.

Loading buffer (bromphenole blue buffer):
10 ml 10 x TBE, 10 ml 0.1% bromphenole blue, 40 ml 20% Ficoll, added up to 100 ml

EDTA [1 mM], 0.1% DEPC:
500 pl1 0.5 M EDTA, added up to 250 ml, 250 pl DEPC

Ethanol (EtOH, 85%, 70%):
850 ml (700 ml), added up to 1 1 with H20

Formamide [95%]/ 1 mM EDTA:
9.5 ml 100% formamide, 480 pul H20, 20 ul EDTA

Sodium acetate [3 M], pH 5.2:
123 g sodium acetate, added up to 500 ml with H20

Sodium hydroxide [0.1 M]:
1 g NaOH and 250 ul DEPC, added up to 250 ml with H20, shaking o.n. at 37°C

0.4% sodium hypochlorite:
15.4 ml NaOCl, 484.6 ml H20
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10 x TBE buffer:
0.01 M EDTA pH 8.4 with NaOH [5 M], 1 M Tris, 0.9 M boric acid

Tris-Cl [10 mM], pH 8.0:
0.6 g Tris-BASE, 500 ml H2O

Tris-EDTA (TE*):
0.1 mM EDTA, 10 mM Tris-Cl pH 8.0

3.4 Commercial systems

- AMPure Kit, Agencourt Bioscience Co.

- Big Dye terminator cycle sequencing kit v3.1, Applied Biosystems Deutschland
GmbH

- Blood & Cell Culture DNA Kit, Qiagen GmbH

- Chemagic DNA Blood Kit, Chemagen AG

- CleanSEQ Kit, Agencourt Bioscience Corporation

- Custom TagMan® Gene Expression Assay “SLC2A3-1ex2”, Applied Biosystems
Deutschland GmbH

- DNA Ladder 100 bp and 1 kb, GeneCraft®, Ares Bioscience GmbH

- DNA Ladder 100 bp and 1 kb, New England Biolabs Inc.

- GenElute™ Agarose Spin Columns, Sigma-Aldrich Co.

- GEX PCR DNA and Gel Purification Kit, Amersham Biosciences GmbH

- Infinium-II Whole-Genome Genotyping Kit, [llumina® Inc., including BeadChips
HumanHap300v1.1, HumanHap550v3 and HumanHap1M-DUO v3.0

- iPLEX™ Gold Reagent Kit, Sequenom® GmbH

- Micron YM-100 centrifugal units, Millipore Co.

- Multi tissue cDNA panels Human I and Fetal I, Clontech Laboratories Inc.

- Oragene™ DNA self collection kit, DNA Genotek Inc.

- Proteinase K, Qiagen GmbH

- QIAprep® Spin Miniprep Kit, Qiagen GmbH

- Ready Reaction Mix 3.1, Applied Biosystems Deutschland GmbH

- RNeasy Micro Kit, Qiagen GmbH

- RNase-free DNase Set, Qiagen GmbH

- SpectroCHIP® Arrays and Clean Resin Kit, Sequenom® GmbH

- Super Script III First-Strand Synthesis SuperMix, Invitrogen Co.

- TagMan® Universal PCR Master Mix, No AmpErase® UNG, Applied Biosystems
Deutschland GmbH

- TagMan® Endogenous Control Assay Human Cyc (Cyclophilin, “4326316E”),
Applied Biosystems Deutschland GmbH
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3.5 Bioinformatic tools

3.5.1 Software

Applied Biosystems - File Builder 3.0
- GeneScan 3.1.2
-SDS2.2.2
- 3130x1 Data Collection v3.0
Beckman-Coulter - Biomek® Software 3.2
Biocomputing Platforms - BC/Gene v2.5.5
Bio-Rad - Quantity One®
Chip Bioinformatics Tools - http://snpper.chip.org/
Conor McCarthy - Chromas Lite Version 2.0
DNASTAR Inc. - SeqMan II Version 5.0
HapMap - HaploView 4.0
Illumina - BeadScan v3.1

- BeadStudio v3.2, including genotyping module 3.3.4

Paul Stothard (The Sequence Manipulation Site)
- http://bioinformatics.org/sms/index.html

Peqlab Biotechnologie - NanoDrop® ND-100 v3.3.0
Primer3 - http://frodo.wi.mit.edu/
Restriction mapping - http://www restrictionmapper.org/
Sequenom - Assay Design 3.1

- Typer v3.4 and v4.0

- SpectroPoint

- RT-Workstation 3.3 and FLEXcontrol
Thermo Fisher Scientific Inc.

- ABgene 2D CYPHER™ Pilot Databases

- ABgene SmartScan 96

- ABgene SmartScan Solo

3.5.2 Databases

CEPH human genome diversity project
- ftp://ftp.cephb.fr/hgdp_suppl/
Database of genomic variants

- http://projects.tcag.ca/variation/

Ensembl - http://www.ensembl.org/index.html
GENEVAR database - http://www.sanger.ac.uk/humgen/genevar/
HapMap - http://www.hapmap.org/

Imprinting catalogue - http://igc.otago.ac.nz/home.html

mRNA-by-SNP browser - http://www.sph.umich.edu/csg/liang/asthma/
Myers Lab - http://labs.med.miami.edu/myers/LFuN/data.html
NCBI - http://www .ncbi.nlm.nih.gov
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SwissProt - http://beta.uniprot.org/uniprot
UCSC Genome Bioinformatics
- http://genome.ucsc.edu/
Whole brain atlas - http://www.med.harvard.edu/AANLIB/home.html

3.6 Study probands

From 2000 to 2005, dyslexia probands were recruited at the Departments of Child and
Adolescent Psychiatry and Psychotherapy at the Universities of Marburg and Wiirzburg. The
resulting German sample of dyslexia probands (German DYS-sample) was used as basis for the
present thesis. From 2006 to 2009, sample recruitment strategies were unified on a European

level within the NeuroDys consortium (NeuroDys sample).

3.6.1 German dyslexia (DYS-) sample

Children considered as potential dyslexia probands were referred to the clinics by parents,
teachers, special educators or health professionals on the basis of a prior diagnosis of dyslexia

or observed difficulties in learning to read and to spell.

Diagnosis of dyslexia and inclusion criteria

The proband’s spelling ability was used as the diagnosis criterion. Spelling was measured using
an age-appropriate German spelling-test (writing to dictation; (Brahler et al. 2002)). The subject’s
intelligence quotient (IQ) was assessed with one of two ‘Culture Fair Tests” (CFT-1 or CFT-20),
depending on the age of the proband (Weifs & Osterland 1997; Weifs 1998). The two measures of
‘spelling’ and ‘IQ)" were then used to calculate an observed spelling score, based on an assumed
correlation of 0.4 between the proband’s IQ and spelling ability. Children were classified as
‘affected” when there was a discrepancy of at least one standard deviation (sd) between the
observed spelling score and the one expected based on the child’s IQ and age (= spelling
discrepancy score).

Families were excluded if the proband or a sibling showed symptoms of attention-deficiency /
hyperactivity disorder (ADHD), according to a standardized clinical interview with the
proband’s mother (Unnewehr et al. 1998). Families were also excluded in cases where the
proband had experienced a bilingual education or presented with an intelligence quotient < 85,
an uncorrected disorder of peripheral hearing or vision, or a psychiatric or neurological
disorder with a possible impact on the development of reading and spelling ability.

Written informed consent was obtained from all participating individuals or their parents if the

proband was aged 12 years or younger.
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In total, the German DYS-sample consisted of 400 probands and their parents, all of German
origin. If available, also siblings of the affected children were included. In the case of two
probands, only the mother participated in the study. Probands were recruited at an age
between 8 and 19 (mean =11.99, sd =2.30). Based on the spelling discrepancy score, the sample
was divided into four subgroups of different degrees of severity (SD). The exact composition of

the German DYS-sample is presented in Tab. 3.

Tab. 3: The German DYS-sample.

SD>1.0 SD>1.5 SD>2.0 SD>2.5
total 400 367 250 116
male 289 273 188 93
female 111 94 62 23

The total number of probands is given for the entire sample (SD>1.0) and the

different severity groups. The respective numbers of male and female individuals

are shown in italics. Data for siblings are not shown, as they are not part of the main

German DYS-sample. SD - degree of severity.
Clinical assessment of related endophenotypes
Following the initial diagnosis of dyslexia and inclusion in the sample, probands were assessed
using a wide battery of psychometric tests. The tests are based on the measures presented in
Tab. 1. and they allow for discrimination between specific dyslexia-related endophenotypes.
Additional tests targeted more abstract phenotypes (handedness, event-related potentials,
arithmetic abilities) to extend the endophenotypic spectrum. Children were trained with some
practice items prior to starting the test, in order to ensure that the respective task was fully

understood. During the trials, no feedback was given. A more detailed description of the

phenotypic measures and test batteries has been published (Schulte-Korne et al. 2001b).

Word reading and phonological decoding

The ability to fluently read words was assessed using the standardized “Salzburger Lese- und
Rechtschreibtest” (Landerl et al. 1997) in cases where the probands attended school from 27 to
4% grade. Children at or above 5" grade underwent a non-standardized reading test, which
consisted of a list of 48 words (Schulte-Koérne 2001). For both versions of the test, the number of
words read correctly in one minute was used as quantitative measure.

A similar test set up was used to address the proband’s ability of phonological decoding. In
contrast to the word reading task, children were now presented a list of 48 pseudowords (non-

words, e.g. “sesa”, “mume”). Again, the quantitative measure was made up of the number of

pseudowords that were read correctly in one minute.
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Phonological awareness

Children from 2 to 4t grade were administered three tests targeting (i) phoneme deletion, (ii)
phoneme segmentation and (iii) phoneme reversal. Each of the tests was presented aurally, while the
probands had to respond orally.

In the phoneme deletion test, children were asked to repeat the presented word without the first
phoneme (e.g. ‘Ball” without first phoneme /b/, n = 15). To assess phoneme segmentation, children
had to split a pseudoword (n = 10) into its phonemes. The phoneme reversal test consisted of an
exchange of phonemes: children were instructed to switch the first two phonemes of a known,
real word (e.g. ‘Leder” was to become “elder’, n = 15). For children attending grade 5 or above,
the tasks were similar but contained more complex items, in order to avoid ceiling effects due to
low task difficulty. For each of the two age groups (2" to 4t grade / 5" grade and above), the
outcomes of all three tests were combined. The average was used as measure of phonological

awareness.

Orthographic processing

The ability of orthographic processing was measured by using real words (e.g. “Wachstum”)
and their respective pseudohomophone (“Waxtum”). Hereby, the children’s ability to
discriminate between correct and incorrect spelling was targeted.

Each word was presented to the children via headphones. Thereafter, the correctly spelled word
or its pseudohomophone appeared on the screen, and subjects were asked to decide whether

the word was orthographically correct or not (n = 35).

Rapid naming

The tasks assessing rapid naming were developed based on a previous study (Denckla & Rudel
1974). Four different trials were conducted, and each of them contained a different series of
items which were presented printed on a sheet of paper. Children were asked to name them as
quickly and accurately as possible:

1. Rapid naming of numbers: one-digit numbers (7, 2, 9, 6, 4)

2. Rapid naming of letters: single vowels or consonants (p, s, a, o, d)

3. Rapid naming of objects: line drawings of common objects, in color (scissors,
candle, comb, key, clock)

4. Rapid naming of colors: circles of five different colors (red, green, brown, blue,
black)

The respective raw scores of the naming of numbers and letters were used as single measures,
as both of them are reflecting speed and fluency. The single raw scores of naming objects and
colors were joined into a combined score. This measure represents a purer measure of simple

naming speed as it is not influenced by letter- or number knowledge (Meyer et al. 1998).
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Verbal short-term memory

To measure phonological short-term memory, a standardized digit span test was used (German
adaptation of the WISC-R-test; (Tewes 1983)). Probands were read increasingly long series of
numbers. The series had to be repeated in both directions, namely forwards and backwards.
While the forward digit span reflects pure storage and recall in short-term memory, the
backward digit span requires the processing of information and thus presents with additional

aspects of working memory.

Basic mathematical abilities

The assessment of the proband’s mathematical abilities was performed based on a previously
published test battery (Landerl et al. 2004). The test consisted of three different trials that
addressed (i) number comparison, (ii) addition and (iii) multiplication, respectively.

Number comparison (NC) was assessed as follows: Randomly arranged dots from one to nine
were presented to the child on the left part of a computer screen, and a written number was
shown on the right half of the screen. Children had to decide whether the number of dots
corresponds to the written number or not (n=32). To measure mental arithmetic abilities,
simple additions and multiplications (n=24 each) were presented in two separate blocks.
Numbers included in the addition task reached from one to 19, single-digit numbers (two to
nine) were used for multiplication. Calculations were presented on a computer screen such as
“6+2=8", and children were asked to decide as quickly as possible and without making
mistakes, whether the result of the addition / multiplication was correct or not. Results of the
two subtests were combined, and the corresponding variable was termed ‘exact calculation’
(EC). Based on the measures for NC and EC, a previous principal component analysis had
generated a combined arithmetical variable, the basic mathematical factor (BMF), which

represents a general measure of mathematical skills (Schulte-K&rne et al. 2007b).

Handedness

For each proband, the preferred use of the left or the right hand in common day practice was
assessed using a self-report handedness questionnaire. It provided extensive information on
different aspects of the preferred use of hands and was transformed into a quantitative measure
(Schulte-Korne et al. 1998a). For all tests that required button press, children were asked to

perform the tasks with the hand they had declared their preferred one in the questionnaire.

Electroencephalography (EEG) measurements

The neuropsychological functions of the probands were assessed and analyzed by experienced

staff at each of the two clinical centers. All devices, materials and methods used for these data
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are in place at the two sites. Therefore, the clinical assessment procedure will only be described
in brief.

For each proband, an electroencephalography (EEG) was recorded during a passive oddball
paradigm with synthetic syllables (1700 standards /da/ and 300 deviants /ba/). Stimulus length
was 240 ms, with an inter-stimulus interval set at 740 ms. The EEG was recorded at 250 Hz
sampling. Signals were averaged into epochs of 1100 ms, including a prestimulus baseline of

100 ms. An overview of the single electrode positions is given in Fig. 9.

Fig. 9: Electrode arrangements as used for the
probands. The head of a child is shown from the top-
view, with the position of the nose indicated. Electrodes
are arranged based on an extended version of the
international 10/20 system (Jurcak et al. 2007). Apart
from the 29 electrodes that were used for the main
analysis, additional electrodes were attached below the
subjects” right and left eyes, in order to measure ocular
movements (electrooculogram), and at the right
mastoid. The reference electrode was attached at the left
mastoid.

Based on the EEG data, the mismatch negativity (MMN) was calculated as the difference
between the averages of deviant and standard trials (see section 2.1.4). For the two components
of the MMN, namely MMNa and MMND (Fig. 2), the mean of the nine fronto-central electrodes
F3, Fz, F4, FC3, FCz, FC4, C3, Cz and C4 was taken into further analysis.

3.6.2 Probands of the NeuroDys sample

NeuroDys criteria for sample collection were as follows: Children had to attend school in grade
3 or 4, resulting in an age of 8 to 12 years. Potential probands were either selected based on
results from classroom-tests (e.g. Munich, Salzburg) or were referred to the clinics by
practioners (e.g. Paris), but were excluded from participation in the study if they experienced a
bilingual education or presented with symptoms of ADHD. Children had to perform a one-
minute reading test whose result was used to classify the respective child as affected proband
(reading score 1.25 sd below the mean of the age) or as unaffected control (reading score 0.85
above the mean). Regardless of being included in case or control group, subjects were further
phenotypically characterized. The subsequent test batteries assessed the proband’s spelling

ability (exclusion of controls if ranked < 20% of general mean), intelligence quotient (exclusion if
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IQ < 85) and most of the endophenotypes presented in section 3.6.1. An overview of the
NeuroDys sample including sample sizes, country and the experiments in which single samples
were used is given at a later stage, after description of the controls and the experimental setups

(Tab. 5, section 3.7.3).

3.6.3 Control individuals

The external control individuals used in this work have not been assessed with respect to
reading and spelling performance (= population-based controls). Thus, it is assumed that about
5-12% of the control individuals also present with symptoms of dyslexia, according to the

prevalence rate in the German population.

Heinz-Nixdorf recall study controls

The Heinz-Nixdorf recall (HNR) study has been performed at the University Hospital of Essen,
and was initiated in order to ascertain a large longitudinal sample addressing population-based
incidences of cardio-vascular diseases (http://www.recall-studie.uni-essen.de/). The entire
sample comprised about 4,500 men and women aged 45 to 75 years. Probands included in this

thesis were of German descent and have been randomly chosen among the entire HNR-cohort.

Munich Antidepressant Response Signature controls

The control sample collected within the Munich Antidepressant Response Signature (MARS)
study (http://www.mpipsykl.mpg.de/research/) contained 550 healthy individuals, aged 18 to
75 years, who lived in the Munich area and were randomly chosen among all inhabitants
officially registered in the city. Probands had passed a telephone interview to exclude known
neurological, medical or psychiatric diagnoses. For this study, only probands with German

ancestry were used.

Controls from the ‘“Nationales Genomforschungs Netz' (Germany)

In a project funded by the German ‘Nationales Genomforschungs Netz’ (NGFN), DNA samples
were collected for genetic studies in psychiatric disorders. Besides probands affected with any
of the psychiatric disorders of interest, also adult control samples were recruited in cooperation
with the Central Institute of Mental Health in Mannheim. They were classified among the
controls after they had passed extensive clinical examinations to exclude possible psychiatric
disorders. Samples included in this thesis were randomly chosen among the about 1,000

individuals available.
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Hair donor controls

For validation of expression findings, 37 adult control RNA samples derived from blood were
used. They were taken from a sample of 121 male hair donor controls that have been recruited
at the Institute of Human Genetics in Bonn for a study investigating hairless disorders. The
choice of individuals was genotype-driven. Individuals were aged between 20 and 40 years,
and had given 35 ml of blood that was used for isolation of both, DNA and RNA. As gene
expression levels vary during day time, sampling had only been conducted between breakfast

and lunch. An overview of the samples used in this thesis is given in Tab. 4.

Tab. 4: Control samples used in this thesis.

HNR MARS NGFN Hair donor
total 383 543 685 37
male 224 246 286 37
female 159 297 399 -
3.7 Protocols

3.7.1 Preparation of nucleic acids

The structural difference between double-stranded genomic DNA and single-stranded mRNA
has fundamental impact on their respective stability. DNA is little susceptible to spontaneous
degradation by catalytic hydrolysis and can be stored from -20°C up to room temperature (RT).
Working with DNA does not require highly pure reagents, however, to avoid DNA
contamination or degradation, pipette tips and reaction tubes should be autoclaved and free of
DNases. In contrast, RNAs are easy targets for spontaneous degradation by RNAses, which
appear ubiquitously, are very stable and renature quickly after autoclaving (Sela et al. 1957).
Even a partial degradation of RNA molecules has profound impact on RNA experiments such
as expression analysis. A continuous working on ice is required, and RNA samples have to be
stored at -80°C. It is important to ensure that all devices, chemicals and the lab bench are free of
RNAses. H2O was either RNase-free as provided in the commercial kits, or has been
individually prepared by adding 0.1% DEPC, shaking o.n. at 37°C and subsequent autoclaving.
DEPC is known to be a strong inhibitor of RNases (Fedorcsak & Ehrenberg 1966).

Isolation methods

Isolation from proband samples

Probands participating in the genetic studies provided either a blood or a saliva sample for
extraction of genomic DNA. As sample recruitment was performed over a period of several

years, different techniques were applied to extract DNA. For the manual isolation of DNA from



3. Material and Methods 36

peripheral blood, 10 ml of sample were used as input for the salting-out method (Miller et al.
1988). Its principle is a first lysis of the cells, a subsequent digestion of proteins by Proteinase K
and a final precipitation of the DNA by ispropanol. For the automatic procedure, the ‘chemagic
DNA Blood Kit special” based on the Chemagen AG Stand 2x12 system was used. Here, DNA
extraction is medicated by an interaction between magnetic particles and the negatively charged
DNA molecules. The input consisted of 5 — 10 ml peripheral blood. While the manual isolation
yielded about 100 pg genomic DNA, the automatic isolation method provided with 150 - 300
ug. For saliva samples, the Oragene™ DNA Self-Collection Kit was used. Two ml of spit saliva
were required for an extraction of about 50 ug genomic DNA. Although the output of DNA
isolated from blood is generally of better quality and higher yield than from saliva, the latter

method is non-invasive and is therefore particularly suitable when working with children.

Isolation from Eppstein-Barr virus transformed cell lines

At the stage of recruitment of the German DYS-sample, blood serum was taken to generate
lymphoblastoid cell lines. Immortalization was performed by transforming the cells with
Eppstein-Barr virus (EBV), which is an effective procedure for inducing long-term growth of
human B-lymphocytes. Cells were maintained in the presence of RPMI 1640 medium which
was spiked with growth factors contained within the fetal calf serum. Penicillin, streptomycin
and amphotericin B were added for protecting the cell culture from bacteria and fungi. The cell
lines were cultivated in cell culture flasks at 37°C in the presence of 5% COz. Three times a
week, the medium was changed or filled up, depending on the cell’s nutrient uptake rate which
was indicated by a color change of the medium.

Isolation of DNA was performed with the Blood & Cell Culture DNA Mini Kit (Qiagen), and
RNA was extracted using the RNeasy Micro Kit (Qiagen). Both isolation methods were
performed according to the protocols provided by the manufacturer. The input consisted of
5 x 10¢ cells for DNA, and of about 1.8 x 10° cells for RNA extraction, respectively. The number
of cells was determined using a Neubauer counting chamber. To remove any possible genomic
contamination that could interfere with the experiments, RNA was cleaned up using the
protocols ‘DNase Digestion of RNA before RNA Cleanup’ and ‘RNA Cleanup and

Concentration” as described in the RNeasy Micro Kit manual.

Determination of concentration and quality

Quantity and quality for both, RNA and DNA, were determined based on photometrical (UV)
measurements at wavelengths of 230, 260 and 280 nm. Measurements were performed using a
NanoDrop ND-1000 spectrophotometer which, compared to other standard devices, presents

with the advantage of a very low sample volume (1 ul) required for accurate measurements.
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Using the software of the NanoDrop ND-1000 device, an easy switch between RNA and DNA
measurement parameters is possible.

The maximal absorption wavelength for nucleic acids is 260 nm. Based on the Beer-Lambert law
which predicts a linear correlation between absorbance and concentration, the optical density
(OD) at 260 nm is used for calculation of sample concentration. For DNA, one unit (1.0) of OD
corresponds to 50 ng/ul, while for RNA, one unit of OD is considered to be equivalent to 40
ng/ul. For analysis of quality, the samples’ absorbance values at 230 nm and 280 nm were
determined. Impurities such as phenol or aromatic compounds absorb at 230 nm, while
proteins show their absorption maximum at 280 nm. Thus, calculation of the ratios at (i)
260 nm /230 nm and (ii) 260 nm /280 nm allow for an accurate prediction of the samples’
purity. For high quality nucleic acid samples, the ratio at 260 nm / 280 nm should be around 1.8
for DNA and 2.1 for RNA samples.

Extracted DNA was subsequently prepared in two different working dilutions (100 ng/ul,
20 ng/ul) which were used for the standard experiments. Tubes containing 100 ng/ul were
stored at -20°C, 20 ng/ul dilutions were stored at 4°C, in order not to freeze and thaw the
samples too often. All working dilutions were prepared in 2 ml ABgene tubes and were

managed using a 2D-barcode system. Remaining DNA was stored as “stock’-DNA at -80°C.

Generation of DNA pools

A genome-wide DNA pooling setup was used for the analysis of three case-control
combinations from Central Europe, the UK and Finland, respectively. The numbers of samples
included in each pool are provided in Tab. 5.

For preparation of the Central European case and control pools, only suitable DNA samples
were used (successful prior PCR amplification, no whole-genome amplified samples and high-
quality spectrometric ratios). Samples were diluted in plates to 5 ng/ul and, after equilibration
on., DNA concentrations were measured and adjusted to the target concentration. The
individual DNA samples were then combined in two pools (case or control). Finally, pools had
to be concentrated to 50 ng/ul, which was performed using Micron YM-100 centrifugal units.
The preparation of the DNA pools from Finland and the UK was performed in partner

laboratories using similar protocols.

3.7.2 Processing of nucleic acids

Design of primers for DNA / cDNA amplification was performed either using the publically
available online program Primer3 (primers for PCR, sequencing and expression analysis), or

software tools provided by Sequenom® (primers for genotyping using MassExtend reaction).
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For Primer3, the genomic DNA /cDNA sequence was retrieved from online databases
(Ensembl, UCSC), and standard parameters were administered.

Primers were synthesized at Metabion (Martinsried, Germany) in standard quality. Primers for
MassExtend reactions were additionally MALDI-ToF-checked. Primers and probes required for
quantitative Real-Time PCR analysis (TagMan assays) were designed and generated by Applied
Biosystems (ABI, Darmstadt). All primers and their corresponding sequences are presented in

Attachment I.

Polymerase chain reaction

The polymerase chain reaction (PCR) enables the exponential amplification of specific DNA
segments that normally just appear in one or some few copies (Mullis & Faloona 1987). The
basic principle of a PCR is the cyclic change of different temperatures. An initial step of 90 —
95°C (denaturation) is followed by a step of 45 - 65°C (annealing of primers, temperature is
primer-dependent) and a final elongation step of 72°C (DNA synthesis, mediated by a
thermally stable Taq polymerase). Depending on the structure of the primers, the length of the
DNA region of interest and the experimental question, the number of cycles and the duration of
each of the above mentioned steps can be varied in order to obtain a successful, specific
amplification. As template for PCR reactions, genomic DNA as well as reversely transcribed
cDNA can be used.

A standard PCR assay was performed in a total volume of 25 pl, as follows:

Volume Final concentration

PCR mix 15.3 ul H20 dest.

2.5 ul 10 x PCR buffer with MgCl2[15 mM] | 1 x buffer with 1.5 mM MgCl

4.0 pl nucleotide mix [1.25 mM each] 0.2 mM of each dNTP

1 pl F-primer [10 pmol/pl] 0.4 pmol/ul F-primer

1 pl R-primer [10 pmol/pl] 0.4 pmol/ul R-primer

0.2 pl Taq DNA polymerase [5 U/ul] 0.04 U/ul Tag DNA polymerase
DNA 1.0 pl ([20 ng/ul], for genomic DNA) 20ng
Final volume 25.0 ul

With exception of the template, all components of the PCR assay were mixed together in a
mastermix. Twenty-four ul of the mix were distributed into 0.2 ml PCR reaction tubes, and
1.0 I of nucleic acid template was added individually. After brief vortexing and a
centrifugation step, the PCR reaction was carried out in a thermal cycler. A standard protocol

for PCR reactions was as follows:

5 min 95°C Initial denaturation
30 sec 95°C Denaturation
35 cycles 30 sec 60°C Annealing of primers
1 min 72°C Elongation of primers
5 min 72°C Final elongation
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Attachment I provides information on all primers and, if applicable, particular modifications in

the assay composition and / or the PCR protocol.

Agarose gel electrophoresis

PCR amplicons were verified on agarose gels. Agarose is a polysaccharide which, after
solidifying, forms a three-dimensional network that allows for migration of DNA molecules.
Briefly, if an anode is attached to the system, negatively charged PCR products migrate through
the agarose pores based on the effect of molecular sieving. Thereby, the fragments show
different migration speeds that depend on the following parameters: the applied voltage, the
size of the DNA fragments and the concentration of agarose. To make the migrated products
visible, ethidium bromide (EtBr) was added. During the migration process, EtBr incorporates
into the DNA double helix and provides fluorescent shiny bands upon excitation with ultra-
violet light (366 nm).

In general, gels of 1.5% agarose concentration were used for the analysis of 200 — 500 bp long
fragments. In order to later make the PCR products visible, 6 ul of 1% EtBr were added. Five ul
of PCR product were mixed with 1 ul of 6 x loading buffer, and applied to the wells of the
solidified gel. 1 x TBE was used as running buffer. Two ul of a length standard, chosen among a
100 bp and a 1 kb ladder with respect to the size of the PCR product, were added in at least one
slot to compare the position of the bands with the length standard. This allows for analysis of

the size of the PCR product.

3.7.3 Genotyping of DNA samples

Genotyping based on BeadArray Technology (Illumina®)

Whole-genome genotyping was performed using the Illumina BeadArray genotyping system
(see section 2.3.4). The Infinium-II Whole-Genome Genotyping Kits for single sample analysis
on HumanHap300vl.l1 and HumanHap550v3, respectively, were used for individual
genotyping. The High Density Gemini assay (HumanHap1M-DUO, two samples per chip) was
applied for genotyping of the DNA pools (see section 3.7.1).

The HumanHap300v1.l1 was the first BeadChip for genome-wide analysis provided by
[lumina. It contained 317,503 tSNPs that were spread over the entire human genome. In
genomic regions containing genes, conserved elements and the area of the Major
Histocompatibility Complex (chr. 6), the SNP density was increased. 7,300 of these SNPs were
non-synonymous. The average intermarker distance on the HumanHap300v1.1 BeadChip was
9.27 kb. The HumanHap550v3 was introduced as second BeadChip on the market and provided
a set of 561,466 tSNPs. Although the general HapMap-based chip design remained the same,
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mitochondrial SNPs, SNPs on the Y-chromosome and SNPs within known CNV regions were
added. The overlap between this new chip and the HumanHap300v1.1 was 307,795 SNPs.
Given the increased number of markers on the HumanHap550v3, the average intermarker
distance decreased to 5.3 kb.

In the following section, the protocol of an Illumina Infinium-II assay is described as applied for
HumanHap300v1.1 and HumanHap550v3. For the HumanHaplM-DUO chips (HD Gemini
assay), the protocol differed slightly. The respective modifications of the protocol are given in
(parentheses). Both assays were conducted as described in the respective protocols by the
manufacturer. Therefore, only a brief description of the most important steps is given. Prior to
processing, all required reagents were mixed well and centrifuged briefly at 1,300 rpm. In
parallel to each step, a tracking worksheet was filled in with information about each step, the lot

numbers of the reagents and incubation times, in order to monitor possible processing errors.

1. Whole genome amplification:

- Ina96 well plate, 15 pl (8 ul) of DNA sample (50 ng/ul) are mixed with an equal
amount of 0.1 M NaOH and incubated at RT for 10 min.

- 270 ul (135 pl) of MP1 (neutralization mix) and 300 pl (150 pl) of AMM (amplification
mix) are added, the plate is sealed with a cap mat and inverted at least 10 times to mix
contents, before pulse centrifugation.

- The mix is incubated in a hybridization oven for 20 to 24 hours at 37°C.

2. Fragmentation and precipitation

- The plate is removed from the oven and briefly centrifuged at 600 rpm.

- Each well containing sample is split into four (two) wells (150 pl per well).

- 50 ul of fragmentation mix (FRG) is added to each well, and the plate is sealed.

- The plate is vortexed for 1 min at 1,600 rpm and centrifuged at 600 rpm, followed by an
incubation step for 1 h at 37°C.

- The plate is centrifuged (600 rpm), and 100 ul of precipitation agent (PA1) is added.

- After sealing, the plate is vortexed (1 min at 1,600 rpm) and centrifuged at 600 rpm.

- Anincubation step for 5 min at 37°C is performed, followed by another centrifugation
for 1 min at 600 rpm.

- To precipitate the fragmented DNA, 300 pl of isopropanol (100%) are added to each
well. The plate is sealed with a cap mat, and inverted at least 10 times.

- The mix is incubated in the fridge (4°C) for 30 min, and then centrifuged at 4,000 rpm
for 40 min.

- Immediately thereafter, the cap mat is removed. The supernatant is decanted by
quickly inverting the plate. Blue pellets, containing the fragmented and precipitated
DNA samples, remain stuck at the bottom of the wells.

- To entirely remove the solutions, the plate is tapped firmly on absorbing paper towels
for 1 min. The inverted plate is dried at room temperature for 1 h.
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3. Resuspension

- 45 ul of RA1 (resuspension, hybridization and wash solution) are pipetted into each
well that contains sample.

- The plate is heat sealed with foil and incubated in the hybridization oven for 1 h at
48°C.

- The plate is vortexed at 1,800 rpm for 1 min and pulse centrifuged at 1,300 rpm.

4. Denaturation of samples and hybridization

- Samples are denatured for 20 min at 95°C.
- After centrifugation at 1,300 rpm, the heat-sealed foil is carefully removed.
- The four (two) wells containing the same sample are reunified in one well and the

entire volume is concentrated at the bottom of each well by centrifugation for 1 min at
1,300 rpm.

The subsequent hybridization procedure differs slightly between Infinjum-II and HD Gemini
assay. Therefore, it is described in two separate parts:

a) Infinium-II assay:
Preparation of the BeadChips for subsequent hybridization:

The DNA samples are hybridized to Illumina BeadChips via glass back plates.
Prior to use, they have to be cleaned with 70% EtOH and completely dried.

Two wash dishes are prepared: one is filled with 200 ml EtOH (100%), the second
one with 200 ml PB1 (wash solution).

The hybridization chambers (each providing space for up to four chips) are
prepared, such as that 200 pl of PB2 is pipetted into the reservoirs.

BeadChips are unpacked one after the other and submerged into 100% EtOH,
using the respective wash dish and a chip holder.

By moving up and down (10 x), chips are washed. This step is repeated twice after
5 and 10 min.

The chip holder is transferred into the wash dish containing PB1. Again, after
moving up and down, the washing is repeated twice after 2.5 and 5 min.
BeadChips are assembled into ‘Flow Through Chambers’. Therefore, the chips are
dried by centriguation for 1 min at 1,300 rpm and assembled using spacers, glass
back plates and two metal clamps.

The ‘Flow Through Chambers’ are transferred into the ‘Chamber Rack” on the
TeFlow system.

Just before loading the samples on the chips, the BeadChips are prepared by
pipetting 150 ul 100% formamide into the ‘Flow Through Chambers’, followed by
two rounds of 150 ul RA1.

160 pl of each DNA sample is now transferred onto the chip.

After 1 min, the DNA has spread over the entire surface of the BeadChip. “The
Flow Through Chambers” are now removed from the ‘Chamber Rack” and put into
the prepared hybridization chambers.

b) HD Gemini assay:

BeadChips are placed into a ‘Hyb Chamber insert’. The two sample sides are separated from
one another via a foil that is coated onto the chip.

84 ul of each DNA sample is transferred into the appropriate BeadChip inlet port.

‘Hyb Chamber inserts’ containing the BeadChips are placed in the prepared hybridization
chambers.
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Finally, for both assays, the chambers are well closed and incubated in the hybridization oven
for 16 to 24 h at 48°C (o.n.). Hereby, the rocker is set at shaking level 5. As preparation for the
next day, the coating agent XC4 has to be prepared by adding 330 ml 100% EtOH and intensive
shaking.

Assembly of "Flow Through Chambers” after hybridization (HD Gemini assay only):

- BeadChips are removed from the hybridization oven and ‘Hyb Chamber inserts’.

- The foil stuck to the chips is pulled off in a rapid motion. Immediately thereafter, the chip is
submerged in a wash dish containing 200 ml of PB1.

- After all BeadChips have been treated likewise, the chip holder is moved up and down for
10 times.

- One after the other, the BeadChips are now assembled into Flow Through Chambers while
they are submerged in PB1, using the alignment fixture. The assembly is performed
according to the protocol for Infinium-I1.

5. Single-base extension, staining and signal amplification

A solution of 95% formamide/1 mM EDTA is freshly prepared, and all required downstream
reagents are centrifuged for 5 min at 4,000 rpm. The Chamber Rack is preheated to 44°C.
- The hybridization chambers are removed from the oven (for Infinium-II assay only),
and the ‘Flow Through Chambers’ are placed into the ‘Chamber Rack’.
- 150 ul of RA1 is pipetted on each ‘Flow Through Chamber’. This step is repeated five
times.
- With inter-incubation times of 10 minutes, XC1 and XC2 (450 pl each) are added one
after the other.
- 200 pl of the two color extension mix (TEM) are pipetted to each ‘Flow Through
Chamber’, followed by an incubation step for 15 min.
- 450 pl of 95% formamide/1 mM EDTA are added. After 1 min, the step is repeated and
the mix is further incubated (5 min).
- The “Chamber Rack’ is cooled down to the temperature marked on the LTM (labeling
two color mastermix) tube.
- Meanwhile, 450 ul of XC3 are added to the ‘Flow Through Chambers’. This step also is
repeated, and the last incubation is left until the Rack reaches its set temperature.
- 250 pl of LTM are added and incubated for 10 min.
- 450 pl of XC3 are added, followed by an incubation for 1 min
- Again, 450 pl of XC3 are added and incubated for 5 min.

Subsequently, a sandwich-like procedure of signal labeling and amplification is performed two
times. Each step consists of:

- Addition of 450 pl of anti-stain two color mastermix (ATM), incubation for 10 min.

- Addition of 450 ul of XC3, incubation for 1 min.

- Addition of 450 ul of XC3, incubation for 5 min.

- Addition of 250 ul of LTM and incubation for 10 min.

- Addition of 450 ul of XC3, incubation for 1 min.

- Addition of 450 ul of XC3, incubation for 5 min.
In a next step, the BeadChips are prepared for the scanning procedure. Herefore, a wash dish is
filled with 310 ml PB1.
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- 'Flow Through Chambers” are removed from the Chamber Racks and disassembled.

- The BeadChips are placed into the chip holder and submerged into PB1. After moving
up and down for at least 10 times, the chips are incubated in PB1 for 5 min.

- A second wash dish is filled with 330 ml of XC4. The chip holder with the chips is
transferred into this dish and moved up and down at least 10 times.

- After incubation for 5 min, the chip holder is smoothly removed from the dish and
placed horizontally on the work bench, with the hybridized surface of the BeadChip on
top.

- BeadChips are placed on a rack and dried under vacuum for 50 — 55 min.

6. Imaging of BeadChips and data analysis

- BeadChips are introduced into the Bead Array reader and scanned for about 3 hours
using the BeadScan software.

- Hereby, the system assigns the corresponding decoding data to each chip via its
barcode.

- For analysis, the raw data are used as input for the BeadStudio software, which
transforms them into genotypes according to the manifest files of the respective chip

type.
In total, 200 German dyslexia cases were individually genotyped on HumanHap300v1.1. Two
sets of controls (383 HNR controls, 543 MARS controls) were analyzed using the
HumanHap550v3, and the overlapping SNP content (n=307,795 SNPs) was statistically tested
for association. In a second, independent step, DNA pools of dyslexia cases and controls were

genotyped using the Illumina HumanHap1M-DUO.

Genotyping based on MassExtend Reaction (Sequenom®)

The Sequenom iPLEX Gold assay together with MassExtend reaction and MALDI-ToF
technology was used for genotyping of a limited set of markers in a large number of
individuals. For selected SNPs (under use of their rs-number), genomic data were exported
from databases using the SNPper-application (CHIP bioinformatics). These data included
flanking sequences, chromosomal positions and genetic locations. The orientation of the
flanking sequence was checked in terms of identical orientation as provided in the official
database dbSNP. In case of discrepancy, the sequence was converted into its reverse
complement using the online ‘Sequence Manipulation Site’. Next, the final data set was
processed using the online tool PreXTEND, which is provided by Sequenom’s RealSNP
browser. This program validates SNPs and their flanks in terms of uniqueness in the genome,
and designs primers for amplicons of 80 bp to 120 bp length. The PreXTEND output file was
used as input for the software Assay Design 3.1, which arranges the primers into multiplex
reactions (maximal number of SNPs per plex=40) and designs the corresponding

oligonucleotides (standard and UEP primers). For assay design, standard parameters of the
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SBE-method were applied. Information on all SNPs, plexes and primers used in the experiments
are given in Attachment I.

Individual DNAs were arranged in 4 x 96-well format using the ABgene system. The samples
were diluted to 10 ng/ul, using the Beckman NX-S8G robot. For quality control, three controls
(negative, positive and double DNA samples) were added on each plate. The dilution plates
were combined into one 384-well plate by transferring 1 ul of each sample (=10 ng) with the
Beckman NX-MC. After centrifugation, the DNA was dried o.n. at RT.

In each plex, the standard primers were diluted to a final concentration of 500 nM each. For the
UEP primers, mass groups were generated using the primer adjustment tool of the software
Typer 3.4. Based on these results, the respective amount of each primer within a group was
added to the primer mix (7 uM, 9.3 uM, 11.6 uM and 14 uM). Primer groups are also given in
Attachment I.

In the following sections, the protocol for a representative Sequenom® iPLEX Gold reaction is
described for one 384-well plate. As pipette robot systems were used, an overhang was
included for preparation of each mix. If more plates were used, the volumes were adjusted

accordingly. All reagents were mixed and centrifuged prior to their use.

Protocol for a standard PCR mix:

Volume per reaction (1x) Final volume per plate (480x)
PCR mix 2.7 ul H20 dest. 1,296 ul H20 dest.
0.63 ul 10 x PCR buffer Qiagen, MgCl[15 mM] | 300 ul 10 x PCR buffer Qiagen, MgClz[15 mM]
0.25 pl ANTP mix Nextec [10 mM each] 120 pl ANTP mix Nextec [10 mM each]
0.325 ul MgClz [25 mM] 156 pl MgClz [25 mM]
1.0 ul PCR-primer mix [500 nM each] 480 pl PCR-Primer mix [500 nM each]
0.1 pl Taq DNA polymerase [5 U/ul] 48 ul Tag DNA polymerase [5 U/ul]
DNA 10 ng (dried) 10 ng per well
Final volume 5.0 pul 2,400 pl

Twenty-five ul of the PCR mix were manually pipetted into each well of a 96-well plate. Using
the Biomex NC-MX, 5 ul of the standard PCR mix were then transferred to each well of the 384-
well plate containing the dried DNA samples. After sealing with an adhesive foil, the plate was
vortexed and briefly centrifuged. The plate was put in a thermal cycler, and the following

cycling parameters were used:

15 min 95°C Initial denaturation
20 sec 95°C Denaturation
45 cycles 30 sec 56°C Annealing of primers
1 min 72°C Elongation of primers
3 min 72°C Final elongation

After the PCR was finished, three samples were checked on an agarose gel. Residual dNTPs had
to be neutralized by dephosphorylation so that they could not be incorporated during the
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following reactions. For this purpose, a digestion step using shrimp alcaline phosphatase (SAP)

was performed.

Protocol for SAP digestion:

Volume per reaction (1x) Final volume per plate (480x)
SAP mix 1.53 ul H2O dest. 734.4 ul H20 dest.
0.3 ul SAP enzyme 144 pl SAP enzyme
0.17 pl 10 x SAP buffer 81.6 ul 10 x SAP buffer
Final volume 2.0l 960 ul

For distribution of the SAP mix into the plate containing the standard PCR mix, the Biomek NX-
MC was used. Ten ul of SAP mix were first manually pipetted into each well of a 96-well plate,
and the robot system dispensed 2 ul into each well of the 384-well plate. The reaction protocol

for SAP digestion was as follows:

40 min | 37°C | SAP digestion
5 min | 85°C | SAP inactivation

In the subsequent extension PCR reaction, the UEP primers were elongated for one single base

and thereby generated allele-specific analyte molecules.

Protocol for extension reaction:

Volume per reaction (1x) Final volume per plate (490x)

UEP mix 0.619 ul H20 dest. 303.31 ul H20 dest.

0.2 pl 10 x iPLEX Gold buffer 98 ul 10 x iPLEX Gold buffer

0.2 pl Termination mix 98 ul Termination mix

0.94 ul UEP primer mix 460.6 pul UEP primer mix

0.041 ul iPLEX Gold enzyme (sequenase) | 20.09 ul iPLEX Gold enzyme (sequenase)
DNA - -
Final volume 2.0 ul 980 ul

The distribution of 2 pl of the reaction mix into each well of the 384-well plate was performed

similar to the distribution of the SAP mix. Cycler conditions were as follows:

30 sec 94°C Initial denaturation
1x 5 sec 94°C Denaturation
45 cycles 5 cycles 5 sec 52°C Primer annealing
5 sec 80°C Primer extension
3 min 72°C Final extension

In a next step, the reaction mix was purified using an ion exchange resin. For this purpose, 16 ul
of H20 and 6 mg of dried resin had to be given to each well of the plate. This was performed
using a separate 384-well plate into which the resin was added. The 384-well plate containing
the analyte mix was inverted and placed on the resin plate. Thereafter, turning both plates
resulted in the resin falling out of the matrix and into the analyte mix. After sealing, the plate
was mounted into a plate inverting device, and was continuously shaked for 5 min. Finally, the

plate was centrifuged for 5min at 4,000 rpm. The UEP analytes were then spotted on a
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SpectroCHIP (Sequenom), using the Nanodispenser and the SpectroPoint software. The chip
was entered into the Sequenom analyzer and measured using the MassArray RT workstation
software 3.3. Data were exported into Typer 3.4 / 4.0, respectively, and automatically generated
genotype calls were manually checked.

In this thesis, genotyping by MassExtend reaction was used for individual genotyping in the
replication steps and for validation of DNA pools. For the latter application, data analysis
differed slightly. Here, the ratios of the area below the allele-specific peaks are used as estimator

for allele frequencies (Bansal et al. 2002; Shifman et al. 2008).

Tab. 5 summarizes the use of the different technologies throughout this work. It also provides

information on the single samples that were analyzed in each of the steps.

Tab. 5: Samples and technologies included in the different stages of the GWAS.

Initial GWAS® Replication study2 Pooling analysis1 Repllcatl?n ffter
Country pooling
cases | controls cases | controls cases | controls cases | controls
Austria - - 170 147 116 181 186 208
Germany NeuroDys - - 108 194 104 188 207 214
Germany DYS-sample | 200 383 (HNR) 200 685 (NGFN) 196 400 (NGFN) 200 685 (NGFN)
543 (MARS)
Switzerland - - 26 43 25 40 27 44
Hungary - - 5 39 - - 78 154
Netherlands - - 115 106 100 103 153 174
France - - 92 - - - 161 204*
UK Cardiff 385 1406 209 268 426 219 187 219
UK Oxford 328 288 327 359
Finland - - 156 189 286 321 - -
Sum 585 2326 1409 1959 1253 1052 1526 2261

All individuals in subsequent stages are part of the previous ones (except for pooling, where DNA quality is crucial and samples
had been excluded). In italics: samples with less than 100 individuals in one group. ! - Illumina technology, 2 - Sequenom
technology. GWAS — genome-wide association study (individual genotyping), * - Controls are a mixture of both, population-
based and non-dyslexic individuals.

3.7.4 Sequencing of DNA fragments

Sequencing allows for precise determination of the successive order of nucleotides. Possible
applications include e.g. the confirmation of the correct identity of an amplified DNA fragment,
the confirmation of ambiguous genotypes for particular individuals or the identification of
novel mutations by sequencing coding genomic regions. Using a successfully amplified DNA

fragment as template, sequencing was performed as follows, in four consecutive steps.

1. AmPure purification after PCR

A PCR product was first purified from residual components in the PCR reaction, using the
AmPure Kit (Agencourt). It is based on the ,,Solid Phase Reversible Immobilization” (SPRI™)
technology (DeAngelis et al. 1995) where, under particular buffer conditions, DNA binds to

paramagnetic beads and can be separated from other molecules in the solution via attachment



3. Material and Methods 47

to a magnetic plate. After some washing steps, the addition of a solvent allows the DNA
fragments to detach from the beads.

Protocol for AmPure purification:

1. Per volume of the PCR reaction, 1.8 x volume of AmPure buffer, containing the
magnetic beads in solution, is added to the PCR reaction.

2. Mixing by pipetting up and down (10 times).

3. The mixture is placed onto the magnetic plate, for 5 — 10 min.

4. The supernatant is discarded.

5. 200 pl of 70% EtOH is pipetted into the reaction tubes.

6. After incubation for 30 sec, the supernatant is removed and discarded. Steps 5 and 6
are to be repeated for a second time.

7. The beads, with the purified PCR products attached, are air-dried for 20 — 30 min.

8. 40 pl of TE* are added, and PCR fragments are dissolved by mixing up and down.

2. Cycle sequencing reaction

The purified PCR products were next used as template for the subsequent cycle sequencing
reaction, in which dideoxynucleotides (ddNTPs) are incorporated into an extending PCR
fragment according to the principle implemented by Sanger (Sanger et al. 1977). This technique
is based on the PCR principle, with the exception that the extension is performed in only one
direction (forward F or reverse R). The reaction mixture consists of normal dNTPs and
fluorescently labeled ddNTPs which compete for incorporation in the elongating strand. As
soon as a ddNTP is incorporated, the fragment is not further extended, and a fluorescently
labeled PCR fragment of particular size is obtained. Hereby, the endstanding color label is
complementary to the particular position within the DNA fragment. As thousands of fragments
are formed during the cycle sequencing reaction, it is statistically ensured that ddNTPs are
incorporated at different positions in different fragments, resulting in a mixture of fluorescently
labeled fragments of different size. The set up of a standard cycle sequencing reaction was as

follows:

Volume per reaction

13.75 ul H20 dest.
Cycle sequencing mix 3.75 ul 5 x Big Dye Terminator v3.1 sequencing buffer
0.5 pl Big Dye - ready reaction mix v3.1

1.0 ul Primer F (or R) [3.2 pmol/ul]

Template 1.0 pl Purified PCR product [approx. 10 ng PCR product]
Final volume 20.0 ul
1 min 96°C Initial denaturation
10 sec 96°C Denaturation
25 cycles 5 sec 50°C Annealing of primers

4 min 60°C Elongation of primers
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3. CleanSEQ purification after cycle sequencing

Prior to sequencing analysis, the cycle sequencing products were purified in order to remove
impurities that interfere with the fluorescent signal during capillary electrophoresis. Similar to
the AmPure purification previously described, a purification system based on magnetic beads
(CleanSEQ) was used.

Protocol for CleanSEQ purification:

—_

10 pl of CleanSEQ (with resuspended magnetic beads) are added to each reaction.
62 pl of 85% EtOH are added, and the reaction is mixed by pipetting up and down.
The reaction tubes are placed onto the magnetic plate.

After incubation for 3 min, the supernatant is removed and discarded.

100 pl of 85% EtOH are added to the beads, and the mixture is incubated for 30 sec.
The supernatant of the washing step is removed and discarded.

The reaction is air-dried for 10 min.

40 pl of H20 are added to the wells.

In order to fully resuspend the fragments, the mixture is incubated for 5 min.

S T

4. Capillary electrophoresis and data analysis

The resuspended cycle sequencing product was subjected to sequencing electrophoresis using
the automatic 16-capillary sequencing device 3130x1 (Applied Biosystems). A standard capillary
length of 36 cm allows for the separation of DNA fragments up to 700 bp in length. Ten ul of
purified product were used as template, and the fragments contained in the mix were
electrophoretically separated. At the end of the capillary, a laser beam excitates the fluorescent
molecules, and a detector registers the fluorescent signals of subsequently arriving fragments.
Thereby, an electropherogram is generated. The results of the sequencing electrophoresis were

analyzed using the software “Chromas Lite 2.0” and “SeqMan II”.

3.7.5 Expression analysis

Functional assays were conducted either using commercial cDNA panels of multiple human
tissues, or based on RNAs that have been extracted from EBV-transformed cell lines or were
available from blood donor controls. While cDNA panels can be used directly, RNA has to be
first transcribed into cDNA.

Reverse transcription from mRNA to cDNA

Total RNA from cell culture or lymphocytes was reversely described into cDNA using ‘Super
Script III First-Strand Synthesis SuperMix (Invitrogen)’, according to the protocol provided by
the manufacturer. In principle, oligo(dT)-molecules that bind specifically to the poly(A)-tail of
mRNAs are used as anchor primer, and a retroviral reverse transcriptase uses single-stranded

RNA as template to synthesize a complementary DNA (cDNA) strand. RNA samples that



3. Material and Methods 49

showed an insufficient concentration for reverse transcription were up-concentrated using a

centrifugation step under vacuum.

Protocol:

1. In order to denature secondary structures of RNA, a premix is generated as follows,
and heated to 65°C:

Volume per reaction
Premix 1 1.0 pl Oligo(dT) [50 uM]

1.0 ul ANTP-mix [10 mM]

filled up to 10 ul using H.O [RNase-free]
mRNA 1,000 ng

Final volume 10.0 pl

2. The reaction mix is incubated on ice for 1 min.
3. The premix is filled up with the following reagents:

Volume per reaction

Premix 2 2.0 pl 10 x RT-buffer

4.0 ul MgCl2 [25 mM]

2.0 ul DTT [0.1 mM]

1.0 ul RNase OUT [40 U/u]

1.0 pl SuperScript™ III RT enzyme [200 U/ul]
Premix 1 10 ul

Final volume 20.0 pl

4. For cDNA synthesis, the reaction mix is placed at 50°C for 50 min.
5. Incubating the mix at 85°C takes place for 5 min, in order to stop cDNA synthesis.
6. 1.0 ul RNase H is added, for degradation of residual RNA.

Finally, cDNA is stored at -20°C or, if used immediately, can be kept on ice.

Qualitative expression analysis in cDNA panels

To assess whether a gene transcript is present in a tissue of interest, commercially available
multiple tissue cDNA panels of both, fetal and adult human tissues, have been analyzed. Here,
analysis of cDNA panels has been applied for expression analysis of two different transcripts of
MYO18B. The analysis of cDNA panels using PCR only provides semi-quantitative information

on whether the gene is expressed in a particular tissue or not.

Quantitative Real-Time PCR analysis

To address relative expression levels, a quantitative PCR was performed as Real-Time PCR,
using the TagMan device (Applied Biosystems). Such a quantitative method is considered to be
a highly sensitive approach to detect transcripts and to estimate their total abundance in the
sample of interest (Livak et al. 1995; Nolan et al. 2006). After each cycle of a specific PCR, the
number of amplified products is registered (‘real time”’). By comparing the amplification rate of
a ubiquitously expressed, known reference gene with the one of the transcript of interest, one
can draw conclusions on the present amount of template (cDNA). Hereby, the choice of the

reference gene is of crucial importance (Bustin 2002).
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The quantification is enabled by a hybridization probe that is specifically designed for the
transcript of interest. For multi-gene exons, this probe is designed over exon boundaries to
ensure selective analysis of cDNA. At its 5" end, the hybridization probe is coupled to a reporter
fluorescent dye, and the 3’ end carries a non-fluorescent quencher. Based on these molecules,
the assay works according to the fluorescence-resonance-energy-transfer (FRET) technology
(Cardullo et al. 1988), whose principle is explained in Figure 10: Schematic representation of the

FRET method. .

Polymerization (A = Reporter
(@ = Quencher
Primer ® ©
5 > 3
3 5
5 3
D Reverse s
Primer
Strand displacement @
N @ Figure 10: Schematic representation of the FRET
5 » 3 method. Hybridization of the probe occurs during the
¥ 5 annealing step of each cycle. As the probe has a
5’ 3 higher melting temperature compared to both
~ 5" primers, this allows an earlier binding. After
\ excitation, the reporter emits light of a specific wave
Cleavage *‘:éé" length. As long as both molecules are located close to
) She T @ one another, the light emission is transferred on the
g, ” s 5 non-fluorescent quencher that absorbs the energy.
6 s During the extension step of the PCR, the Taq

polymerase, by using its 5-3" exonuclease activity,

A
aw

fragments the probe. Reporter and quencher are
separated, and the light emitted by the reporter can be
\ detected by the TagMan device. The intensity of the
:Cﬁi*, - s (;) fluorescence signal is proportional to the number of
7y V. ¥ cDNA-strands. Taken from Applied Biosystems
TagqMan Universal PCR Master Mix Protocol.

Polymerization completed

For quantification of the amount of template, the cycle threshold (ct-) value is calculated. This
value represents the specific cycle, in which the amplification of the target fragment changes
from steady into exponential phase. The ct-value is automatically determined via a threshold
which is the same for all samples.

The PCR reaction assay was mixed together as follows:

Volume per reaction

PCR mix 10.0 ul 2 x TagMan Universal PCR Master Mix

1.0 ul 20 x Assay mix (specific for target transcript)

1.0 ul 20 x Assay mix (Endogenous Control Cyc, “4326316E”)
add H.O dest. to 20 ul

c¢DNA template 1.0 ul of cDNA

Final volume 20.0 ul
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An exact pipetting is a crucial requirement for this experiment, as smallest deviations or
contaminations might lead to non-reproducible, wrong results (Ding & Cantor 2003). For the

analysis, the used standard amplification program had the following settings:

| 10 min | 95°C | Denaturation
40 cvcles 15 sec 95°C Denaturation
Y 1 min 60°C Annealing of primers and extension reaction

In the present thesis, functional analysis using TagMan was performed for the determination of
allele-specific expression of SLC2A3. The corresponding sequence of the RNA and positions of
the exon-spanning primers are given in Attachment II. Three independent RT reactions were
performed, with each of them yielding 21 pl. The reference gene cyclophilin (TagMan assay
4326316E) was measured in the same reaction. For the assay, 1ul of cDNA was used as

template. Measurements were performed in 384-well format, in triplicates for each sample.

3.8 Statistical analysis

Large-scale genotyping as performed here requires robust quality control and subsequent
statistical analysis of the results, in order to provide information on the genetic correlation
between the tested markers and the trait of interest. Statistical analyses presented within this
thesis have been performed in cooperation with the Department of Statistical Genetics at the

Max-Planck-Institute of Psychiatry in Munich.

3.8.1 General concepts

Quality control

Quality control (QC) refers to the measures applied to ensure high quality datasets. They
include (i) technical controls (e.g re-sequencing of individuals for given alleles, comparison of
double samples) and (ii) bioinformatic approaches, which address genotyping biases such as
wrong clustering or genotyping errors due to low sample quality. The use of strict QC criteria

helps to generate clean, powerful datasets and decreases the risk of false-positive results.

Call rates

For each sample and each SNP that is included in a study, call rates are calculated in order to
assess the quality of the genotyping and / or the samples. One distinguishes between a call rate
per sample (CRsampie) and a call rate per SNP (CRsne). Both types of call rates provide a tool to
estimate the quality of an assay or a sample. In the presented studies, a call rate of 98% was set

as inclusion threshold.
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Hardy-Weinberg-equilibrium

In an ideal population, frequencies of alleles and genotypes remain constant over thousands of
generations. This concept is described as Hardy-Weinberg-equilibrium (HWE; (Hardy 1908;
Weinberg 1908)). Although such an ideal population does not exist due to evolution processes
and the genomic haplotype structure, the HWE can be used to detect allele-specific imbalances
in analyzed samples. A large deviation from HWE can provide a hint on possible genotyping
errors, but can also point towards a biological process of interest. Therefore, HWE was only
assessed in control samples. Markers were excluded from statistical analysis if they presented

with a strong deviation from HWE (P < 0.00001).

Minor allele frequency

Only SNPs with a minor allele frequency (MAF) higher than 5% were analyzed. Lower MAFs
were not considered due to power issues: To identify a genetic effect mediated by a SNP with a
low allele frequency, a very large number of samples would be required to obtain sufficient

information on allelic and phenotypic correlation in cases and controls.

Mendelian errors

In family-based data sets, the analyses of Mendelian transmission patterns provide an
additional tool to check for allelic inconsistencies that are derived from genotyping errors or
from wrong parent-child trios. For all SNPs that passed the QC measures above, Mendelian
inheritance was checked. In case of genotype inconsistencies, the respective calls were either
zeroed (if this inconsistency only occurred once per SNP or parent-child trio), or the

SNP / family was completely taken out of the data set in case of several inconsistencies.

Correction for multiple testing

In large data sets, some of the markers will show statistically significant results simply by
chance. Such results represent false-positives and introduce interpretation errors in studies.
Therefore, the number of statistical hypotheses has to be taken into account (Balding et al. 2007),
a procedure known as ‘correction for multiple testing’. The most conservative method is the
correction according to Bonferroni, who postulated that in the presence of n independent tests
(hypotheses), the nominal significance level should be adjusted accordingly (Bonferroni 1937).
That is, for P = 0.05, the significance level for n tests would then be Psont = 0.05/n.

Alternative concepts for adequate correction have been suggested (Balding 2006; Dudbridge &
Gusnanto 2008; Rice et al. 2008), e.g. that the interconnection of markers (e.g. SNPs in high LD)
and traits (e.g. closely related endophenotypes) should be taken into account (Westfall & Young
1993; Nyholt 2004). Notably, the level of significance is also influenced by the fact whether there
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is a prior statistical hypothesis or not. In a hypothesis-free study (e.g. GWAS), P-values are
calculated two-sided. In contrast, replication studies are hypothesis-driven, thus those P-values

are calculated one-sided.

3.8.2 Association studies of qualitative traits

Case-control studies

Case-control studies are performed either on genome-wide level, or in restricted data sets (e.g.
replication experiments, candidate gene studies). The main difference hereby is the number of
markers that are investigated. In both approaches, allele or genotype frequencies are compared
between affected and unaffected individuals using different genetic models. Given two alleles
A and B, the ‘allelic model’ compares the differences in allele frequencies, i.e. A vs. B. The
‘genotypic model’” refers to the comparison of AA vs. AB vs. BB. Also recessive / dominant
mechanisms are possible in biological traits. These carrier-models compare frequencies between
AA/AB and BB (carrier-A) or AA vs. AB/BB (carrier-B; (Ziegler & Konig 2006)).

For the analysis of the German GWAS case-control data, the genotypic model as implemented
in the Armitage-trend test (ATT) was applied. P-values were combined with corresponding UK
data in a meta-analysis, using logistic regression. This method allows for correlation of binary
traits (e.g. case-control) with predictors (e.g. genotypes) under consideration of covariates, such
as country of origin. The inclusion of covariates provides the possibility to correct P-values for
population stratification or country-specific effects. Apart from country of origin, also the first
four axes of variation of a multi-dimensional scaling analysis, which models ancestry
differences explicitly, were included as covariates.

Similar to logistic regression, the Cochran-Mantel-Haenszel (CMH) test also allows for the
inclusion of covariates. However, this test provides the opportunity to calculate the genetic
effects for the single data sets alone and, subsequently, combines these results. The CMH is
therefore particularly suitable for the combined analysis of different samples, and has been used
for the analysis of our replication data.

Pooled case-control samples, which were run in at least four replicates each, were analyzed
based on normalized green and red fluorescence data. For each SNP, the ratio between green
and red signal intensity indicates the ratio between the two alleles. Mean allele frequency
estimates (AFEs) were calculated for each pool, by combining the results from the single
replicates. For each of the analyzed SNPs, AFE values in the control pools were compared to
HapMap data (Kirov et al. 2006), and SNPs showing the 10% worst correlations (i.e. 5% in each
direction) were excluded. SNPs were further excluded if they presented with a MAF < 0.05 or
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varied extremely between the replicates (coefficient of variation > 0.5). AFEs were compared
between case and control pools for each country separately, as previously suggested (Sham et al.
2002), and P-values of pools from the distinct populations were finally combined using Fisher’s
Product method. Top SNPs were identified based on an association (or the trend of it) that was
in the same allelic direction in all three populations. Additionally, if the SNP was also available

in the initial GWAS, it was also required to show the same direction in this individual analysis.

Odds ratio and relative risk

The comparison of allele frequencies between cases and controls permits an estimation of the
effect range which a given marker contributes to disease development. This estimation can be
given as odds ratio or as relative risk. The odds ratio indicates whether in the presence of a
given allele, the disease appears more often (OR > 1) or less often (OR < 1) than predicted by the
general prevalence rate. Thus, the odds ratio is a measure to demonstrate the contribution of an
allele to the disease of interest (Ziegler & Konig 2006) and is generally referred to the risk allele.
In contrast, the relative risk describes the probability for an individual to develop the disease in

the presence of a given, associated allele within a specific time window (Thomas 2004).

Interaction and haplotype analyses

Statistical interactions are present if the genetic effect of a certain allele / haplotype is changed
in presence of a specific allele / haplotype at a second locus. For this analysis, data sets are
conditioned on the first SNP and are statistically reanalyzed.

Haplotype analyses are performed to investigate the causality of a given marker. In situations
where the causative variant is located on a haplotype background, lower P-values than in the
single marker analysis are obtained. Haplotypes were assessed for nominally associated SNPs,
or by using a sliding-window approach. Here, two to five consecutive SNPs surrounding an
associated marker were included in the statistical analysis. Interaction and haplotype analyses

can also be performed in data sets including families and / or quantitative traits.

Family-based association tests

In contrast to case-control studies, family-based data do not present with the issue of
population stratification, as the non-transmitted alleles within a family are used as control
alleles (Balding et al. 2007). The concept that disease-associated alleles are unequally transmitted
from parents to their affected offspring has been introduced in 1993 (Spielman et al. 1993). In
such a transmission disequilibrium test (TDT), it is checked whether a particular allele of a
given SNP is transmitted significantly more often from parents to their affected child than

would be expected based on unbiased Mendelian inheritance. In case of ‘no association’
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between the investigated marker and the trait, each of the two parental alleles has the same
chance to be transmitted to the child. However, if an allele is associated with an increased risk
for development of the disease, it will be transmitted more often than expected by chance
(Thomas 2004).

Additionally, the availability of information on parental alleles allows for the detection of
possible parent-of-origin effects (imprinting). Herefore, statistical analysis was restricted to
maternally or paternally derived alleles. In situations where an imprinting effect was suggested,
the phenotypic distribution in children to whom a certain allele was transmitted maternally or
paternally, respectively, was compared to the phenotypic distribution in children to whom it
was not.

In this thesis, family-based association tests have been conducted for all studies that involved

the German DYS-sample, which consisted of 400 parent-child trios.

3.8.3 Analysis of quantitative endophenotypes

The endophenotypic data available in the German DYS-sample were used to correlate the
children’s performances in each of these quantitative measures with genotypic information. In
case of the GWAS data, this type of analysis does not require controls and was performed via
an analysis of variance (ANOVA). In ANOVAs, means of quantitative endophenotypes are
compared between the different genotypic groups, and different genetic models are taken into
consideration (see section 3.8.2).

To perform family-based statistical analysis for the endophenotype measures, an adaption of
the TDT was used. The quantitative transmission disequilibrium test (QTDT) allows for the
analysis of quantitative measures in parent-child trios and has, for some of the experimental
questions, advantages over the analysis of binary traits (Ziegler & Konig 2006). Similar to the
TDT, parent-of-origin effects and their phenotypic consequences were also assessed using the
quantitative measures available.

In situations where a SNP was found to be associated with a quantitative measure, it was
analyzed how much of the phenotypic variability of this trait could be attributed to the given
variant. This estimation of a variant’s effect size was performed using the r> goodness-of-fit

measure.
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4. RESULTS

4.1 Candidate gene approach

Literature was screened for genes or proteins that (i) have been suggested to be involved in
human cognitive performance, or have been found associated with (ii) single cognitive
processes related to reading and writing, or (iii) a dyslexia comorbid disorder. Genes of interest
were then assessed in databases in order to identify additional functional evidence. Candidate
genes identified by this approach were next analyzed in terms of their genetic contribution to
dyslexia or some of the related endophenotypes in the German DYS-sample. The genetic

variability at the candidate loci was tried to be captured using haplotype tagging SNPs (tSNPs).

For already published dyslexia candidate genes, we performed replication studies to either
confirm previous findings, or we attempted to identify the causal variants at these loci. As
single studies within this thesis were conducted at different points in time, the number of
included samples varied between 396 and 400 parent-child trios. Also, the separate analysis of
subgroups, comprising individuals of different affection grades, contributes to differences in

sample numbers between studies.

4.1.1 Investigation of genes within the DYX2 locus

An intronic deletion in DCDC2 as causal variant

Meng and colleagues (2005) reported a deletion region of 2,445 bp, located in intron 2 of
DCDC2, to be causative for dyslexia in an US sample (Meng et al. 2005b). The deletion harbors a
compound short tandem repeat (STR) polymorphism (GenBank accession no. BV677278) that is
composed of variable copy numbers of (GAGAGGAAGGAAA)n and (GGAA)- repeat units.

A total of 1188 individuals of the German DYS-sample were included in our analysis. The
experimental design was similar to the original study (Attachment III). In brief, one forward
and two reverse primers were included in one PCR reaction, yielding products of 525 bp for
non-deleted and 215bp for deleted alleles. The non-deleted product was subsequently
sequenced to determine STR alleles. Eight individuals were homozygous for the deletion and
184 individuals provided with a heterozygous state. Sequencing of the STR revealed nine
different alleles in the German DYS-sample (Tab. 6). One individual failed sequencing analysis,

resulting in 2374 alleles that were used for statistical calculations.
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Tab. 6: Distribution of the DCDC2 intron 2 deletion / compound STR polymorphism alleles.

Compound STR, GenBank accession number BV677278 Allele TDT results
frequency*
. Repeat Repeat Repeat Repeat n=1582
Alleles Repeat unit 1 unit 2 SNP unit 3 unit 4 unit 5 alleles T/NT  P-value
1 (GAGAGGAAGGAAA)2  (GGAA)7 (GGAA)2 (GGAA)4 (GGGA)2 | 0.606 150/175 0.165
2 (GAGAGGAAGGAAA)1 (GGAA)9 DelGAAA (GGAA)0 (GGAA)A (GGGA)2 - - -
3 (GAGAGGAAGGAAA)L  (GGAA)6 (GGAA)2 (GGAA)4 (GGGA)2 | 0.055 37/31  0.467
4 (GAGAGGAAGGAAA)2  (GGAA)6G (GGAA)2 (GGAA)4 (GGGA)2 | 0.106 72/61  0.340
5 (GAGAGGAAGGAAA)2 (GGAA)8 (GGAA)2 (GGAA)4 (GGGA)2 0.043 32/26 0.430
6 (GAGAGGAAGGAAA)2  (GGAA)S (GGAA)2 (GGAA)3 (GGGA)2 | 0.048 31/28  0.696
7 (GAGAGGAAGGAAA)2  (GGAA)S (GGAA)L (GGAA)4 (GGGA)2 - - -
8 (GAGAGGAAGGAAA)2 (GGAA)7 DelGAAA (GGAA)D (GGAA)A (GGGA)2 - - -
9 (GAGAGGAAGGAAA)L (GGAA)7 (GGAA)2 (GGAA)4 (GGGA)2 0.008 3/7 0.200
10 (GAGAGGAAGGAAA)2  (GGAA)4 (GGAA)2 (GGAA)4A (GGGA)2 | 0.043 32/24 0.284
19 (GAGAGGAAGGAAA)2  (GGAA)9 (GGAA)2 (GGAA)3 (GGGA)2 | 0.003 3/1 0.306
20 (GAGAGGAAGGAAA)2 (GGAA)9 (GGAA)2 (GGAA)4 (GGGA)2 0.004 2/4 0.410
Deletion X X X X X X 0.086 52 /57 0.632

The STR consists of five differently structured repeat units which differ in their respective numbers between the alleles. Between
repeat units 2 and 3, a GAAA-deletion is present in two of the alleles (2, 8). In the deletion allele, all repeat units are deleted (x).
Alleles suggested by Meng and colleagues which could not be identified in the German DYS-sample are marked (-). * - Frequency
among parents only, TDT — transmission disequilibrium test, T/NT — ratio of transmitted (T) and non-transmitted (NT) alleles.

In Tab. 6, the deletion and the different alleles of the STR that were observed in the German
DYS-sample are summarized. Allele frequencies in the general population were estimated
based on the parental alleles. With a frequency of 60.6%, allele 1 was the most common allele
observed in the German population. In addition, two other STR alleles (3, 4) and the deletion
itself also represented common alleles with frequencies > 5%. Three rare alleles (9, 19, 20) were
also identified.

Subsequently, a transmission disequilibrium test (TDT) was performed for the alleles observed
in the German DYS-sample. As shown in Tab. 6, this analysis did not yield any significant
associations with dyslexia as qualitative trait. The lowest P-value was observed for the common
allele 1, with P=0.165. Combining the rare alleles (frequency <5%) and the deletion, as
proposed in the original study, was also not significant (P=0.227). Applying the
endophenotype measures ‘reading’ and “spelling” did not improve upon the results (data not

shown).

Genetic interaction between KIAA0319 and DCDC2

In 2006, an association of dyslexia with seven SNPs located in and around exon 1 of KIAA0319
was reported in two UK samples (Harold et al. 2006). In the same study, evidence was found for
a genetic interaction between two of these SNPs (rs4504469, rs761100) and the two-marker
haplotype of DCDC2, previously postulated by our group ([rs793862-rs807701 (A-C)];
(Schumacher et al. 2006)). Replication of these findings was now attempted in the German DYS-
sample, using parent-child trios with a severely affected child (SD =2, n=244) in order to

increase power. Six of the seven SNPs were included in the assay, as rs4504469 had already
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been genotyped previously, in the Schumacher et al. (2006) study, where it had not provided

any significant results.

The results for the remaining six SNPs analyzed in the current study are presented in Tab. 7.

Tab. 7: Results of the TDT for SNPs within KIAA0319 and interaction analysis with DCDC2.

Marker in KIAA0319 Single marke'r TDT analysis Interaction analysis
by affection grade DCDC2 risk haplotype [rs793862-rs807701 (A-C)]
SNP-ID Position® (nSE ;24) (SnDjli'j) dyslexia spelling  word reading pr;oer;cc),ldoiizal
rs4504469° ¢ 24,696,863 - - 0.0553 0.2334 0.2382 0.6269
rs2179515 24,736,182 0.5430 0.9156
rs761100°¢ 24,740,621 0.3055 0.4859 0.3567 0.0912 0.0351 0.3437
rs7766230 24,741,408 0.4828 0.8997
rs17491230 24,753,676 0.0579 0.3757
rs1555090 24,756,086 0.6346 1.0
rs3212236 24,756,434 0.4794 1.0

Transmission disequilibrium test (TDT) results are presented for six of the seven KIAA0319 markers as rs4504469 has already been
analyzed in Schumacher ef al. (2006). Interaction analyses were performed applying the allelic model and are restricted to the two
KIAA0319 markers with significant interactions in the original study. Results are presented for dyslexia as qualitative trait
(dyslexia) and the three endophenotypes most comparable to the ascertainment criteria in the UK data set. P-values are in bold if
significant. 2 - Position according to dbSNP129, b - SNP previously included in Schumacher ef al., < — SNPs showing significant
interaction P-values in Harold et al.

None of the six markers in KIAA0319 showed significant association with dyslexia or any of the
endophenotypes in the TDT, neither for the entire data set nor when restricting the analysis to
the most severely affected patients (SD >2.5; Tab. 7). The lowest P-value observed was
P =0.0579 for rs17491230.

Testing for interactions between SNPs in KIAA0319 and the DCDC2 risk haplotype was only
performed for KIAA0319-SNPs rs4504469 and rs761100, as these combinations were postulated
as significant by Harold and colleagues (2006). For dyslexia as qualitative trait, no significant
result was obtained (Tab. 7). However, a trend of association was observed for the risk
haplotype and rs4504469, with P =0.053. Analysis of the related endophenotypes revealed a

nominally significant interaction for the quantitative endophenotype “word reading’ (rs761100;

P =0.0351).

4.1.2 Investigation of GRIN2B and short-term memory

Variations in the gene coding for the N-methyl-D-aspartate receptor subunit 2B (GRIN2B) have
been suggested to be involved in memory-related aspects of human cognition (de Quervain &
Papassotiropoulos 2006) and attention-deficiency / hyperactivity disorder (ADHD; (Dorval et al.
2007)). Additional evidence was provided by the UCSC genome browser which maps GRIN2B
within a linkage region of the dyslexia-related endophenotype “phonological memory” (Brkanac
et al. 2008). GRIN2B was therefore analyzed for dyslexia per se and the cognitive endophenotype

‘short-term memory’.
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397 parent-child trios were included in the analysis. Given the large genomic size and complex
linkage disequilibrium (LD) structure of the GRIN2B locus, the region of interest was evenly
covered using an intermarker distance of 20 kb, including 100 kb up- and 50 kb downstream of
the gene. The density of SNPs within introns 2 and 3 of GRIN2B was increased, as the positive
findings from the two candidate gene studies overlapped in these regions. Also, it was
attempted to include the associated SNPs reported in the original studies, which was successful
for all SNPs except rs1805474. In total, 66 SNPs were included in the assay, and genotyping was
successful for 61 SNPs (Attachment IV).

Sixty-one SNPs were first tested for association with dyslexia as qualitative trait using TDT
analysis. Only one SNP showed a nominally significant P-value in the overall German DYS-
sample (n=397, P=0.013 for rs933614). Stratifying the sample for severity or haplotype
analyses did not provide any evidence for a genetic contribution of SNPs at this locus to
dyslexia (data not shown). In a next step, the quantitative phenotype ‘short-term memory” was
analyzed by applying the quantitative transmission disequilibrium test (QTDT). Four
significant association signals were obtained (rs1012586, rs2268119, rs2216128, rs2192973), with
the lowest nominal P-value observed being P =0.0243 for rs2268119 (see Attachment IV). We
subsequently stratified our sample for severity, and analyzed the four nominally significant
markers in differently affected groups. Results for the four SNPs showing significant P-values

for association with short-term memory in the QTDT are given in Tab. 8.

Tab. 8: QTDT results and effect sizes for short-term memory.

Marker all (n =397) SD 2 1.5 (n =365) SD 2 2.0 (n = 249)
SNP-ID Position® P-value Effect size P-value Effect size P-value Effect size
rs1012586 13,746,899 0.0401 0.0058 0.0411 0.0068 0.0587 0.0171
rs2268119 13,763,901 0.0243 0.0064 0.0289 0.0073 0.1879 0.0068
rs2216128 13,774,281 0.0406 0.0064 0.0158 0.0142 0.0536 0.0253
rs2192973 13,787,822 0.0381 0.0080 0.0150 0.0156 0.0683 0.0205

The quantitative transmission disequilibrium test (QTDT) was performed across different severity groups (all (SD > 1.0), SD> 1.5,
SD > 2.0). P-values (bold if < 0.05) are given for nominally significant SNPs. Effect sizes are presented for each of the SNPs for each
of the severity groups, according to the r2 goodness-of-fit measure.

Tab. 8 is structured with respect to the subgroups of the German DYS-sample which were
constructed based on the affection grades of the probands. Although group size decreased with
higher affection status, P-values for the four SNPs remained significant or borderline
significant. All four SNPs are located in intron 3 of GRIN2B and only show moderate LD with
another. In order to investigate how much of the phenotypic measures can be explained by each
of the four SNPs, we calculated effect sizes across different severity groups. As shown in Tab. 8,
effect sizes range from about 1% in the overall group to about 2% in more severely affected

individuals (SD 2 2.0).
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To further investigate the genetic model underlying the given association, the four SNPs were

analyzed with respect to a possible biased parental transmission (Tab. 9).

Tab. 9: Analysis of imprinting effects for short-term memory.
all (n=397) SD 2 1.5 (n = 365) SD 2 2.0 (n = 249)

Pmat. Ppat. Ptest Pmat. Ppat. Ptest Pmat. Ppat. Ptest
rs1012586 0.0001* 0.5518 0.0006* | 0.00006* 0.5062 0.0030 0.0001* 0.5586 0.0004*
rs2268119 0.0026 0.7532 0.0136 0.0060 0.9747 0.0417 0.0062 0.6833 0.0131
rs2216128 0.0089 0.6438 0.0289 0.0037 0.7624 0.0256 0.0246 0.9828 0.1212
rs2192973 0.0086 0.3850 0.0143 0.0039 0.4879 0.0144 0.0343 0.5745 0.0491

Nominal significant SNPs in the QTDT were analyzed across different severity groups (all (SD > 1.0), SD > 1.5, SD 2 2.0). P-values

are presented for maternal transmissions (Pmat), paternal transmissions (Ppat) and the test for significant differences between the

parental transmissions (Prst). P-values are bold if < 0.05. P-values that withstand correction for multiple testing (4 SNPs, 9 test
statistics) are indicated by an asterix (¥).

Marker

In the overall group, we observed significant maternal effects for all four SNPs (Pmat-values
<0.01, Tab. 9), but not for the alleles transmitted from the father. To show whether the
transmission rate is significantly biased between the two parental alleles, Pws-values were
calculated. They were statistically significant for all four SNPs. The most significant SNP,
rs1012586, withstands correction for multiple testing (Pmatcorr. = 0.0036). Stratification for severity
revealed similar results for all four SNPs across different affection grades, with again rs1012586
remaining significant after correction for the number of comparisons (SD > 1.5, Pmat.cor. = 0.0022;
SD > 2.0, Pmat.corr. = 0.0036).

We next investigated the phenotypic consequences of the significant maternal effects.

Fig. 11: Boxplots for short-term memory performance with respect
to transmission of the G allele of rs1012586. The performance in
short-term memory tasks is shown for individuals carrying a

Short-term memory performance
2]
1

. maternally transmitted G allele (left) versus those in whom the G
allele has not been transmitted maternally (right). Middle black line
4 i - median, rectangle - the quantiles (75%, top line; 25%, bottom line),

dashed vertical lines - distribution (minimum to maximum) of the

2 4 performance scores, circle - outliers (more than 1.5fold inter-quartile

transmitted non-transmitted diStanCE).
Maternal effects for the G allele of rs1012586

The phenotypic measures for ‘short-term memory’ in individuals carrying maternally
transmitted alleles were compared to individuals that carried non-maternally transmitted
alleles. For the most significant SNP, rs1012586, 113 mother-child trios were genotypically
informative. The G allele was observed to be maternally transmitted in 60 individuals and not
transmitted in 53 individuals. Fig. 11 shows that individuals with a maternally inherited G

allele performed significantly better in short-term memory tasks in comparison to individuals
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where the G allele had not been maternally transmitted. The difference in the mean for short-
term memory was 0.7 sd, resulting in a P-value of 0.0001. Similar results were obtained for

rs2268119, rs2216128 and rs2192973 (see Attachment V).

4.1.3 Investigation of LRRTM1 and human handedness

It has been suggested that variations within the leucine-rich repeat transmembrane neuronal 1 gene
(LRRTM1) contribute to the lateralization of the human brain (Francks et al. 2007). More
precisely, association was found with respect to the parental origin of a three-marker haplotype
upstream of the gene.

14 SNPs within the genomic locus of LRRTM1 were analyzed in 398 parent-child trios of the
German DYS-sample, including available siblings of the probands. Selected SNPs comprised the
three haplotype-forming markers (rs1446109, rs1007371, rs723524), as identified by Francks and
colleagues, and 11 tSNPs (Tab. 10). Genotyping was successful for all SNPs.

Tab. 10: Quantitative trait analysis for handedness and SNPs located in LRRTM]1.

Marker 10T QTDT for handedness _
(1) QTDT (2) Parent-of-origin effect
SNP-ID Position* P-value P-value Pt Ppat. Prest
rs13019601 80,367,436 0.1794 0.0462 0.2040 0.4709 0.6776
rs1930 80,368,183 0.2700 0.0136 0.9792 0.1610 0.2480
rs1446110 80,371,264 0.3668 0.0235 0.0826 0.9082 0.2656
rs10170020 80,373,325 0.1400 0.0782 0.0505 0.7801 0.2011
rs6718055 80,373,709 0.6107 0.0174 0.8597 0.4592 0.4544
rs2862286 80,374,852 0.6205 0.0055 0.8312 0.3018 0.3259
rs6712681 80,377,689 0.6107 0.0426 0.3263 0.6266 0.8213
rs6733871 80,383,467 0.9475 0.0376 0.0160 0.6632 0.0974
rs1446109° 80,391,930 0.6014 0.2685 0.0322 0.8251 0.0396
rs11126755 80,396,062 0.2534 0.1714 0.0476 0.3829 0.2546
rs6755232 80,398,998 0.8005 0.5310 0.6138 0.7978 0.8198
rs767587 80,399,434 0.9068 0.8300 0.5556 0.1830 0.2853
rs1007371° 80,406,856 0.9287 0.2054 0.0364 0.9967 0.0627
rs723524° 80,435,312 0.8005 0.3139 0.1060 0.7492 0.3398

SNPs within LRRTM1 are presented with their respective positions (in bp) according to dbSNP129 (*). P-values are given for the
TDT with dyslexia as qualitative trait, and for the QTDT analysis with ‘handedness’. Here, (1) refers to the nominal results of the
QTDT analysis, and (2) to the imprinting effects (Pma. - maternal / Ppat. - paternal transmissions). Prest refers to whether the
difference beween the two parental transmissions is also significant. 2 — Markers forming the significantly associated haplotype in
Francks et al. 2007. P-values in bold if < 0.05.

As shown in Tab. 10, TDT analysis on dyslexia as qualitative trait revealed no significant
P-values. The lowest P-value observed was P =0.14 for rs10170020. The QTDT analysis using
‘handedness’ as continuous trait yielded seven SNPs with nominal significant P-values (Tab. 10,
lowest P-value = 0.0055 for rs2862286). Although none of these results withstood correction for
multiple testing, the number of significant SNPs was more than the expected number of false-
positives (14 x 0.05=0.7). The significant SNPs included none of the upstream haplotype-
forming markers, but the coding SNP rs6733871. Of the seven nominally significant SNPs,

rs6733871 was the only one showing an imprinting effect in the subsequent analysis of parental
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effects (P =0.0160). This P-value was the lowest among the five SNPs showing significant
maternal effects, and rs6733871 also provided with a trend of significance for the difference
between the parental transmissions (Ptst =0.0974). No significant paternally-driven association
was found for any of the 14 SNPs. A sufficiently powerful haplotype analysis was not possible
due to the limited number of left-handers in our sample (n=63) and the relatively low
frequency of the previously associated three-marker haplotype.

We next assessed the phenotypic consequences of the maternal transmission effect, comparing

the phenotypic measures for maternally transmitted and non-transmitted alleles for rs6733871.
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Maternal effects for the C allele of rs6733871

From Fig. 12 it can be deduced that children with a maternally transmitted C allele showed a
stronger tendency towards left-handedness, with mean values of 1.18 for the maternally

transmitted group, and 1.58 for the maternally non-transmitted group.

4.2 Genome-wide approach

To identify new susceptibility loci for dyslexia, a genome-wide analysis was performed. 200
dyslexia probands of the German DYS-sample were genotyped on HumanHap300K BeadChips.
These data were subsequently analyzed with respect to two different questions:

i) In context of the NeuroDys consortium, a genome-wide association study (GWAS) was
conducted. Herefore, data of the 200 German cases were compared to 926 population-based
German controls and subsequently combined with genome-wide data from a UK sample (385
cases, 1406 controls) in form of a meta-analysis.

ii) Endophenotypes such as event-related potentials (MMN as neural correlate for speech
perception) and arithmetic skills were not part of the joint European effort. The genome-wide
data of the 200 German individuals were therefore independently correlated with these

quantitative measures.



4. Results 63

4.2.1 Association analysis of dyslexia as qualitative trait

All German individuals provided with call rates >98%, thus no sample had to be excluded.
P-values generated by the Armitage-trend test were subsequently combined with the results
from the independent UK GWAS. After quality control for SNPs available in both data sets,
290,809 SNPs remained and were included in the joint analysis. To exclude that population
stratification between UK and German samples would affect statistical analysis, a multi-
dimensional-scaling (MDS) analysis was performed. No individual outlier in either of the
samples was detected. To account for small population differences observed, the main axes of
variation from the MDS analysis as well as country of origin were included as covariates in the

final logistic regression model. The top SNPs of the analysis are depicted in Tab. 11.

Tab. 11: Top SNPs of the joint German-UK dyslexia GWAS (NeuroDys).

Location (dbSNP129) German data UK data Joint data
SNP Gene Chr. Position P-value MAF MAF P-value MAF MAF P-value Risk Rank
ca co ca co allele
rs10513829 LPP 3 189,971,027 | 0.0064 0.268 0.339 | 3.3x10% 0.279 0.368 | 6.00x10™® T 1
rs7840675 8 34,075,414 | 0.0829 0.102 0.079 | 4.8x10%” 0.157 0.096 | 1.40x10* c 2
rs11117425 IRF8 16 84,529,772 | 0.0034 0.270 0.347 | 0.0003 0.265 0.333 | 1.62x10" c 3
rs7202472 IRF8 16 84,535,003 | 0.0005 0.156 0.234 | 0.0026  0.180 0.228 | 1.75x10™ G 4
rs747783 11 15,670,132 | 0.0029 0.316 0.243 | 0.0002 0.310 0.242 | 2.59x10% T 5
rs2836341 ERG 21 38656627 | 0.0532 0.464 0.470 | 4.6x10% 0.486 0.461 | 4.10x10% G 6
rs9465637 MBOAT1 6 20,222,087 | 0.0064 0.316 0.354 | 0.0023  0.335 0.376 | 5.01x10% G 7
rs10123957 Corf5 9 110,900,239 | 0.0069 0.449 0.525 | 0.0002 0451 0.527 | 5.26x10* c 8
rs4887111 L0c388135 15  71,815338 | 0.0025 0.344 0.427 | 0.0006 0312 0.379 | 7.52x10°° A 9
rs366078 IRF8 16 84,522,064 | 0.0036 0.114 0.175 | 0.0184 0.141 0.169 | 7.98x10% T 10
rs10816767 CYorf5 9 110,822,491 | 0.0033 0.434 0517 | 0.0006 0.450 0.519 | 8.00x 10 A 11
rs4327894 ARHGEF10 8 1,740,904 0.0007 0.148 0.224 | 0.0034 0.203 0.254 | 8.57x10% G 12

SNPs showing P-values < 10-% are depicted in order of significance in the joint data set. For each of the two subsamples (Germany,
UK), P-values and minor allele frequencies (MAF) in cases (ca) and controls (co) are represented. One SNP, rs2836341, appeared
among the top SNPs although allele frequencies showed opposite directions between both samples (in italics). Thus, this SNP
(ranked #6) was excluded from further analysis. For the remaining SNPs, risk alleles were the same in both samples. Ranks were
deduced from the combined P-values. P-values are given in bold if significant.

The joint analysis did not reveal any SNP that reached genome-wide significance. 12 SNPs
yielded nominal P-values < 10-%, the lowest P-value observed was P =6.0 x 10 for rs10513829.
One SNP (rs2836341) showed opposite allelic effects in both samples and was excluded from
further analysis. Among the top hits were two loci with multiple hits (IRF8 (rs11117425,
157202472, rs366078) and C9orfs (rs10123957, rs10816767)). Besides the 12 top hits, 51 further
SNPs showed P-values < 10 (data not shown). Thus, in total, 63 SNPs provided with P-values

< 10%and were considered for the next step of independent replication in one iPlex reaction.

Replication of initial GWAS results

For assay design, SNPs were prioritized with respect to their respective rank in the joint GWAS.
Except rs2836341, each of the 12 top SNPs was included, and the assay was then filled up with
additional SNPs showing P-values < 10%. High-ranking SNPs (top 20) that could not be
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included in the assay due to technical reasons were tried to be replaced by tSNPs based on

HapMap data. In total, 34 SNPs were included in the assay (Tab. 12).

Tab. 12: Replication of the NeuroDys GWAS.

Location ( dbSNP129)

Results GWAS combined

Results replication

SNP? 4 combined : P-v?lue
Gene Chr. Position Rank P-value Risk P-value Risk combined**
allele allele*

rs10513829 LPP 3 189,971,027 | 1 6.00 x 10 T 0.636
rs7840675 34,075,414 | 2 1.40 x 10 C 0.5450
rs11117425 06

(ro11648084) IRF8 16 84,529,772 3 1.62 x 10 C 0.5360
rs7202472 IRF8 16 84,535,003 | 4 1.75x 10 G 0.0858
rs747783 11 15670,132 | 5 2.59 x 10 T 0.2550
rs9465637 06

(rsl3191158 ) MBOAT1 6 20,222,087 7 5.01x10 G 0.0503
rs10123957 C9orf5 9 110,900,239 | 8 5.26 x 10 C 0.0952
rs4887111 L0c388135 15  71,815338 | 9 7.52x 10 A 0.6290
rs366078 IRF8 16 84,522,064 | 10  7.98x10 T 0.0456 C 0.2526
rs(lrg%gzgzs) coorfs 9 110822491 | 11  8.00x 10 A 0.1220
rs4327894 ARHGEF10 8 1,740,904 | 12  857x10" G 0.8300
rs6136213 20 17,798,340 | 13  1.09x10% A 0.0587
rs1181841 5 128,580,605 | 14  1.12x10% G failed
rs10518444 05

(r$2271081) 4 125945654 | 16  1.34x10 G 0.3020
rs12454776 18 56,706,020 | 17  1.43x10™ C failed
rs10512712 5 39,728,089 | 18  1.56x10% C 0.0147 c 1.19x 10"
rs1429411 ANKRD44 2 197,852,247 | 19  1.60x10% T failed
rs6984900 LOC727677 8 128,373,451 20 1.66 x 10'05 T 0.2810
rs9662100 05

(rs9659751) FMN2 1 238645882 | 21 1.90 x 10 G 0.3930
rs902025 15 61,019,454 | 22 1.99x10% C failed
rs7623540 LPP 3 189,972,234 | 23  2.09x10% C failed
rs4747165 CDH23 10 72,969,308 | 24  2.13x10% G 0.5220
rs2077268 RYR3 15 31,661,043 | 25  2.28x10% C failed
rsﬁi’fi?gg 65) | o 9 110855161 | 30 2.74x10% T 0.1970
rs6498274 L0c92017 16 12,273,877 | 43  4.50x10” A 0.3020
rs1872285 11 15,621,628 | 44  4.51x10% T 0.3470
rs1892577 21 32,353,866 | 46  4.95x10% T 0.1490
rs7411544 PLXNA2 1 206428793 | 47  5.54x10% T 0.8270
rs460420 ADAMTS1 21 27,105,523 | 48  5.68x 107 C 0.4920
rs3821173 ADAM23 2 207,186,405 51 6.32 x 10-05 A 0.5680
rs958877 2 356,410 52 6.34x10% A 0.1530
rs9529688 13 69,663,347 | 54  6.89x10% G 0.0845
rs7541094 1 6853682 | 56 7.85x10" G 0.4820
rs905950 L0C92017 16 12,265,707 | 64  9.95x 10" C 0.2810

34 SNPs were included in the replication, based on their ranking in the combined GWAS data (as indicated in ‘rank’). 2- SNPs in
parentheses are tSNPs used in the replication assay. Replication results are only given if the SNP was genotyped successfully in
all subsamples (else ‘failed’). *- Risk alleles are presented for SNPs that showed nominal significance in the replication sample. ** -
Combined P-values are given for SNPs that were significant in the replication sample. P-values in bold if < 0.05.

Replication was performed in independent DNAs of the European NeuroDys sample (1409

cases, 1959 controls). Genotyped along were the 585 UK and German dyslexia cases of the

GWAS, to ensure genotype consistencies between platforms and tSNPs. Statistical analysis of

the replication data was performed using the Cochran-Mantel-Haenszel (CMH) test, with the

different samples (= country of origin) analyzed as a covariate.
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As shown in Tab. 12, genotyping was successful for 28 of the 34 SNPs. Two SNPs (rs7623540,
rs2077268) did not reach CRsxes of 90% in the overall sample and were excluded. Another four
SNPs (rs1181841, rs124547796, rs1429411, rs902025) failed genotyping in one of the populations
and were also excluded. Quality control for the 585 samples genotyped on both platforms
(IIlumina and Sequenom) revealed concordancy rates >99% for identical SNPs, and high LD for
GWAS SNPs and their respective tSNPs genotyped on Sequenom (12 > 0.98, data not shown).

Statistical analysis of the 28 SNPs remaining after QC revealed two SNPs (rs366078, rs10512712)
that provided with nominal significant P-values in the NeuroDys replication sample.
Comparing the risk alleles between GWAS and replication identified the opposite direction of
association for rs366078 (chr. 16: 84,522,064 bp, IRF8). For rs10512712 (chr. 5: 39,728,089 bp,
intergenic), the risk allele was the same in both studies. The combined P-value of 1.19 x 107,
however, did not reach genome-wide significance. Calculation of the odds ratio for rs10512712

revealed an OR of 1.266 (CI = 1.158 - 1.384) for the risk allele C.

Replication after integrating pooling data

The method of pooling allows for an estimation of genome-wide allele frequencies in large
samples, without the immense effort of genotyping DNAs individually. This approach helps to
prioritize SNPs from the individual GWAS that should be taken into replication. As, for many
SNPs, allele frequencies are expected to be different between populations, we classified the
NeuroDys sample into three main population-based groups, and constructed DNA pools for
Central Europe (532 cases, 912 controls; see Tab. 5, section 3.7.3), UK (426 cases, 219 controls)
and Finland (286 cases, 321 controls). The pools contained samples from the NeuroDys
consortium with the exception of the 585 samples that were part of the initial joint GWAS. Pools
were analyzed genome-wide for 1,199,187 markers using HumanHaplM-DUO Illumina
BeadChips. An overview of the most significant hits is represented in Attachment VI. These
data were used to prioritize SNPs from the initial GWAS for a second step of replication. SNPs
were chosen according to the following criteria:

i) SNPs with lowest P-values in joint pooling analysis and significant P-values in at least two
populations, ii) SNPs with significant P-values in the joined pooling analysis and in the initial
GWAS, iii) functional SNPs and SNPs in gene pathways and iv) SNPs with multiple additional
hits in the same gene. This strategy for assay design resulted in one iPlex assay comprising 40 of
the top SNPs. They were next individually genotyped in the entire European NeuroDys sample
(1526 cases, 2261 controls), and statistical analysis was performed using CMH. Results are

presented in Tab. 13.
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Tab. 13: Results of replication including GWAS and pooling data.

Location according to dbSNP129 Pooling GWAS Results replication combined
SNP . P-value .
Gene Chr. Position [bp] combined P-value P-value Risk allele*

i) SNPs with significant P-values in both, initial GWAS and pooling

rs1569012 STON2 14 80,923,160 1.36x 10 0.0246 0.5493

rs268598 TRAM1 8 71,677,425 1.93x 10 0.0284 0.7904

rs1350317 0DZ3 4 183,649,628 | 1.38x10" 0.0428 0.3456

rs1581413 VEPH1 3 158,532,859 | 2.94x10" 0.0061 failed®
ii) Top-SNPs of pooling

rs10932727 DIRC3 2 218,313,957 | 8.67x10™° 0.280 0.0502

rs12290752 11 115,939,639 | 9.00x 10 n.a. failed’

rs12344734 TMC1 9 74,383,363 7.65x10% n.a. 0.0016 A

rs10509910 MXI1 10 111,991,750 | 8.73x10™% 0.914 0.5514

rs6812487 0DZ3 4 183,697,713 | 2.07x10” n.a. 0.6237

rs7934218 FAM168A 11 72,884,377 | 2.75x10” n.a. 0.1971

rs2311445 16 17,456,460 | 4.69x 10" 0.999 0.2328

rs705790 6 166,286,499 | 5.07 x 10" n.a. 0.0485 A

rs12352208 9 14,563,137 | 5.57x10” 0.823 0.8739

rs2817764 cDC2L6 6 111,087,345 | 5.99x10" n.a. 0.6110

rs16932422 | DNAJC5B 8 67,103,552 | 7.06x10"” 0.477 0.1636

rs7904542 CEP55 10 95,245,571 7.43x10” n.a. 0.1962

rs17615558 6 12,463,160 1.17 x 10 n.a. 0.1299

rs16900429 RIPK2 8 90,845,430 | 1.26x10° n.a. 0.0143 C

rs9397276 6 156,298,468 | 1.70x10 n.a. 0.0837

rs7381 FBLN1 22 44,375,446 1.80x 10 0.432 0.0029 A

rs3736403 CCDC108 2 219,613,491 | 3.65x10°% n.a. 0.2334

rs7686728 4 184,541,581 | 3.84x10™ n.a. 0.0140 G

rs4330611 SGCE 7 94,109,934 | 4.94x10° 0.746 0.5620

rs11232875 11 81,191,362 5.98 x 10 n.a. failed®

rs10821663 ANK3 10 61,480,286 | 7.86x10™ 0.086 0.5228

rs1546929 BCKDHB 6 81,104,278 7.86 x 10 n.a. 0.3900

rs2189167 4 104,953,292 | 8.00x 10 n.a. failed®

rs9324005 14 98,565,680 8.14x10" n.a. failed®

rs4436151 8 114,902,482 | 8.47x10° n.a. 0.0240 C

rs9916926 18 12,908,318 | 9.84x10™ 0.069 0.1342

rs34871518 19 63,046,077 | 9.87x10°% n.a. 0.2389

rs9535442 13 49,821,641 1.01x10* 0.985 0.1151

rs4510693 6 156,270,620 | 1.10x10% n.a. failed®
iii) SNPs with significant P-values in pooling approach and at least two further hits at same locus

rs12743401 | PPPIR128 1 200,743,271 | 1.38x10% n.a. failed’

rs6687859 PTGER3 1 71,135,175 4.19x 10 n.a. 0.0599

rs2289191 IARS2 1 218,366,658 | 2.27x10% 0.641 0.6825

rs4655653 WDR78 1 67,104,024 | 3.80x10% n.a. 0.0123 A
iv) SNPs with significant P-values in pooling approach and functional evidence”

rs461119° GRIK1 11 40,740,032 1.30x 10 0.465 0.0015 C

rs945386 KIAA1984 9 138,813,417 | 1.89x10% n.a. 0.2446

rs5063 NPPA 1 11,830,235 1.99x 10 n.a. 0.1699

The table is structured with respect to the reason why SNPs were included in the replication assay (i — iv). Functional evidence (*)
was defined based on expression data (UCSC browser). 33 SNPs were included in statistical analysis (else ‘failed’, for reasons of ! -
deviation from HWE, 2 - minor allele frequency < 0.05, or 3- call rate < 90%). Some SNPs were not available in the GWAS (n.a.). * -
risk allele only given for SNPs that showed nominal significance in the replication, = - rs420121 (GWAS, pooling) was replaced in

the replication by tSNP rs461119. P-values are given in bold if < 0.05.

Genotyping was successful for 33 of 40 SNPs, which were statistically analyzed. As presented in

Tab. 13, seven SNPs could be replicated. After statistical correction for 33 SNPs, one SNP
remained with a significant P-value (rs461119, Peor. = 0.0485). Two additional SNPs (rs7381,

rs12344734) provided with nominal P-values <0.003 which, at corrected level, still showed

suggestive evidence (Pcorr. < 0.1).
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As these three SNPs presented the strongest evidence for being true findings, they were
subsequently analyzed in the single samples, in order to exclude that findings were only

triggered by single populations (Tab. 14).

Tab. 14: Frequencies of candidate SNPs in different populations within the NeuroDys sample.

samples rs461119, GRIK1 rs12344734, TMC1 rs7381, FBLN1
Cases Controls P-value Cases Controls  P-value Cases Controls P-value
i) Pools
Central Europe 0.39 0.33 0.21 0.14 0.20 0.15
UK 040 032 130x10%| 028 022 7.65x10%| 018 013 1.80x10%
Finland 0.37 0.33 0.21 0.17 0.13 0.10
ii) Replication sample
Austria 0.30 0.28 0.12 0.11 0.06 0.06
Germany NeuroDys 0.33 0.30 0.12 0.11 0.09 0.06
Germany DYS-sample | 0.31 0.28 0.14 0.10 0.08 0.06
Switzerland 0.29 0.34 0.19 0.16 failed
Hungary 0.34 0.31 0.0015 0.15 0.11 0.0016 0.05 0.06 0.0029
Netherlands 0.28 0.28 0.10 0.08 0.10 0.06
France 0.30 0.29 0.10 0.11 0.06 0.06
UK Cardiff 0.28 0.20 0.10 0.06 failed
UK Oxford 0.33 0.25 0.12 0.10 0.08 0.07
OR [CI. 95%] " 1.18[1.07 - 1.31] 1.27 [1.09 - 1.47] 1.32[1.10- 1.58]
replication

Minor allele frequencies in the groups of cases and controls, respectively, are given for each of the three SNPs showing
Peor <0.1. The table is separated in (i) results based on pooling (allele frequency estimates) and (ii) the individual genotyping
(true allele frequencies). ‘Failed’ SNPs refer to QC exclusion criteria (MAF < 0.05). OR - odds ratio, CI - confidence interval.

The replication data did not present with exclusively consistent results over all samples. As
indicated by the allele frequencies (Tab. 14), for each of the three SNPs, one population showed
opposite effects between cases and controls compared to the other samples (Switzerland for
rs461119, France for rs12344734, Hungary for rs7381). For all other countries, the three
candidate SNPs provided the same allelic direction. Calculation of the odds ratios (OR) for each
of the SNPs revealed effect sizes ranging from OR =1.18 to 1.32 for each respective risk allele
(Tab. 14).

4.2.2 Genome-wide analysis of dyslexia-related endophenotypes

We aimed at correlating quantitative traits within the dyslexia cognitive spectrum to the
genome-wide data of the 200 cases of the German DYS-sample. As analysis of measures directly
involved in reading and writing belonged to the general intellectual property of the NeuroDys
consortium, we analyzed two more abstractly related endophenotypes, i.e. event-related
potentials (ERPs) as measured by mismatch negativity (MMN) and arithmetical skills (see
section 2.1.4).

Analysis of event-related potentials
After quality control in the German DYS-sample, 297,086 SNPs were tested for association with
the two components of MMN, namely MMNa and MMNDb, using analysis of variance
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(ANOVA). As depicted in Tab. 15, two SNPs showed genome-wide significant associations with
the early component of MMN, MMNa (rs1365152: Prom. =4.27 x 10%, Pcorr. = 0.013; rs2114167:
Prom. =1.17 x 107, Peorr. = 0.035). 17 other SNPs provided with nominal P-values < 10- for at least
one of the two MMN components. These 19 SNPs were taken for replication in 186 independent

cases from the German DYS-sample.

Tab. 15: Results of GWAS and replication for association with mismatch negativity (MMN).

SNP Location (dbSNP 129) MMN Geneticl: P-values
Gene Chr. Position component Model GWAS Replication combined

rs2487742 MGC16664 1  177,994,375| MMNa carrier-T 2.77x10°% 0.3020

rs11300 MPP4 2 202,273,815| MMNb allelic 8.47x10" 0.0760

rs1365152 CLSTN2 3 141,213,956 MMNa allelic 427x10"% 0.8300

carrier-A | 9.02x10" 0.9860

rs2114167 CLSTN2 3 141,262,049 MMNa allelic 1.17 x 10" 0.0868

carrier-G 9.02x 10"’ 0.9861

rs7683638 4 154,227,903 MMNa carrier-G | 4.60x10™ failed”
rs4234898 4  157,217,991| MMNb allelic 3.29x10 0.0049  1.44x10”
carrier-T 6.20x 10 0.0014 5.14x10%

rs4704133 5 73,667,082 MMNb carrier-C 7.56 x 10 failed?

rs9390586 6 148,962,045 MMNb | genotypic | 2.24x10°% 0.4890

carrier-T 4.79x 10" 1

rs7793973 MEOX2 7 15,697,062 MMNa genotypic | 9.78x 10 0.3540

rs1607924 SAMD12 8 119,671,788 MMNb carrier-A | 9.91x10% 0.9100

rs965670 ENPP2 8 120,666,727 MMNb allelic 1.53x 10 0.8950

rs10996111 10 66,391,943 MMNa carrier-G 9.54x 10 failed®

rs4751178 TXNL2 10  131,882,235| MMNb genotypic | 7.25x 10 0.0861

carrier-G 1.30x 10 0.1080

rs1777697 14 82,206,283 MMNa genotypic | 9.83x10” 0.5710

allelic 1.16 x 10 0.5410

carrier-T | 3.36x10™ 0.6950

rs4238922 HS3ST4 16 25,694,112 MMNa genotypic | 7.48x 10 0.8440

carrier-A 1.20x 10 0.5670

rs11871364 17 42,538,151 MMNa carrier-C | 9.69x10™ 0.7840

rs7217223 raptor 17 76,260,258 MMNb carrier-C 4.57 x 10 failed®

rs2612570 18 41,228,148 MMNb carrier-C | 4.42x10 0.7720

rs1736148 21 15,735,083 MMNa allelic 1.93x 10 0.0985

P-values are depicted for 19 SNPs that were included in the replication analysis for association with mismatch negativity (MMN).
Four SNPs were excluded from statistical analysis (‘failed’). For SNPs providing nominal significant associations in the
replication, a combined P-value was calculated. ! - all genetic models yielding P-values < 109 in the GWAS are shown, with their
corresponding P-values in the replication sample. 2 — SNPs excluded due to CR <98%, 3 - SNPs failed genotyping. P-values bold if
significant.

As shown in Tab. 15, only rs4234898 was significantly associated with one MMN component
(MMND, Prom. =0.00146, Pcorr. = 0.028) in the replication sample. Subsequent combination of the
data from both samples (nwt = 386) yielded P = 5.14 x 10 for the carrier-T model. This result is
genome-wide significant (Peorr. =0.015). In addition, the combined analysis using the allelic
model is also significant after correction for multiple testing (Pcor.=0.043). To address the
phenotypic consequences of the given association, we compared the phenotypic measures for

MMND between the two groups (carrier-T vs. non-carrier-T).



4. Results 69

A — i B
5 70 T
s ! !
2 T —_
2 60 i i
= ! !
T 1
g |
Z 50 i
S ‘
] :
£ ! 1
Q40+ ' !
= i ! :
3 o |
% 7 T : ____ Fig. 13: Boxplot for the MMNDb measures with respect to
g N - 154234898 genotype in (A) initial and (B) replication sample.
o 2 i ° For each group, the median (middle black line) and the quantiles
S R E (75%, top line; 25%, bottom line) are represented by the
10 T T ' T T rectangle. The dashed vertical lines illustrate the distribution of
CcC CT/ITT CcC CTITT

the performance scores. Outliers, showing more than 1.5fold

Genotypes for rs4234898 . . . .
interquartile distance, are represented by a circle.

As shown in the boxplot (Fig. 13), individuals that were homozygous for the C allele showed a
larger MMNDb than individuals who carried at least one copy of the T allele. This was true for
both samples.

To further investigate the association findings with rs4234898, haplotypes at this locus were
tested using a sliding window approach. In the initial sample, a significant two-marker
haplotype consisting of rs4234898 and rs11100040 was identified (P =2.79 x 10-% for the allelic
combination T-T). This finding was confirmed in the replication sample (P =0.0058). In the
combined sample, the association P-value for the two-marker haplotype was observed to be
P=6.71 x 10,

rs4234898 (chr. 4: 157,217,991 bp, NCBI build 36) is located in a gene desert. We therefore
assessed potential regulatory effects using a publically available dataset, the “mRNA-by-SNP-
browser’ (Dixon et al. 2007). Affymetrix-probe '202497_x_at’ showed the most significant
association (P =1.1x10%) with rs4234898 alleles, with the C allele being associated with a
higher abundance of the probe in lymphoblastoid tissue. This probe represents the sequence of
transcripts of SLC2A3 (solute carrier family 2 member 3). Five other probes, representing partial
transcripts of SLC2A3, were also significantly associated with rs4234898 (P-values from
4.7 x 10 to 1.5 x 1004,

We aimed at replicating the regulatory effects of rs4234898 on SLC2A3 expression levels. 17
EBV-transformed cell lines, prepared from peripheral blood of our dyslexic children, were
included in a functional assay (7 x CC, 10 x CT/TT for rs4234898). To investigate expression
patterns in adults, mRNA from blood samples of 37 adult individuals were also analyzed
(20 x CC, 17 x CT/TT). The abundance of SLC2A3 transcripts was measured using quantitative
RealTime-PCR (TagMan).
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As shown in Fig. 14, we detected a significant lower expression of SLC2A3 in cells from children
carrying at least one T allele, in comparison to children that were non-T-carriers (P =0.028).
Overall, expression levels in children were lower compared to adults. In the adult samples, no
significant associations of SLC2A3 mRNA levels with rs4234898 genotypes were found.

We next analyzed whether the rs11100040 - rs4234898 two-marker haplotype also contributes to
different expression levels of SLC2A3 in our functional data. Herefore, we compared children
with an unambiguous T-T haplotype for rs4234898 - rs11100040 (n =4) to all other individuals
included in the experiment (n = 13). It was observed that individuals carrying a T-T haplotype
showed a significant lower expression level of SLC2A3 (P =0.005, one-sided) as compared to
non-T-T-carriers. As the T-T group consisted of only 4 individuals, the haplotype T-T status was
permuted and the P-value was recalculated. 55 of 10,000 permutations yielded better results
than the original dataset, corresponding to an empirical P-value of 0.005 (95% CI=0.0042 -
0.0073).

Analysis of arithmetical skills

The genome-wide data were also tested for association with performance in (i) exact calculation
(EC), (ii) number comparison (NC) and (iii) the basic mathematical factor (BMF). As depicted in
Tab. 16, analysis of variance identified three SNPs that fulfilled the criterion of genome-wide
significance with at least one of these three mathematical phenotypes. Rs1399428 (chr. 9:
119,700,389 bp, lowest P-value=3.19 x 10%) and rs4837521 (chr. 9: 119,694,282 bp, lowest
P-value = 2.08 x 10-%) showed significant associations with ‘number comparison’, while rs133885
(chr. 22: 24,489,289 bp) provided a genome-wide significant result for the basic mathematical
factor in the carrier-A model (P = 5.78 x 10%).
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Tab. 16: Results for arithmetical abilities.

SNP Location according to dbSNP129 Genetic P-values
(Phenotype) Chr. Position Gene model* GWAS Replication combined
rs1399428 genotypic | 2.40x10™® 0.4670 7.01x10%
9 119,700,389  LOC100129489 . .
(NC) het. /hom. | 3.19x10™% 0.2540 1.09x 10
tyi 1.53x 107" 0.0997 5.67x 10"
rs4837521 9 119,694,282  L0C100129489 | BEMOPY'C X e X
(NC) het. /hom. | 2.03x10 0.0402 8.46 x 10
133885 genotypic | 4.39x10% 0.0089 2.75x 10
rs(BMF) 22 24,489,289 MYO18B allelic 1.24x10% 0.0024 9.83x10”
carrier-A 5.78x 10 0.0098 8.81x10™

In the GWAS, three SNPs provided with genome-wide significance in at least one genetic model (*). The associated phenotypes
are given below SNP-IDs (NC — number comparison, BMF — Basic mathematical factor). P-values are highlighted in bold if they
are genome-wide significant (GWAS) or withstand correction for multiple testing for 3 SNPs (P < 0.016). het. — heterozygous, hom.
~homozygous.

The three SNPs were chosen for replication in 186 independent individuals from the German
DYS-sample. As shown in Tab. 16, rs4837521 and rs133885 were also nominally significant
associated with the respective quantitative measure in this second sample. However, only
rs133885 remains significant after correction for multiple testing (Peorr. = 0.0294). Combining the
data from initial GWAS and replication showed that, for the two SNPs on chromosome 9
(rs1399428, rs4837521), higher P-values than in the initial GWA study were obtained. For
rs133885, the combined analysis provided with a P-value of 8.81x 107 for the basic
mathematical factor. This result withstands conservative correction for the number of SNPs and
three mathematical phenotypes (Pcor. =0.00079). In each sample (initial and replication), the
single measures ‘exact calculation” and ‘number comparison’ also showed significant
associations with rs133885, however, P-values were less significant than for the combined
mathematical factor (data not shown). Haplotype analysis did not yield any haplotype that
improved P-values as compared to rs133885 alone.

Next, the effect size for rs133885 on mathematical performance was estimated in the combined
data set, using r? goodness-of-fit measure. This analysis revealed an effect size of 9.2% in the
overall group (SD >1.0). Stratifying the subsample for severity of dyslexia yielded stronger
effects with increasing dyslexia severity (9.8% for SD >1.5, 10.4% for SD >2.0). In the most
severely affected group (SD 2 2.5), effect size for rs133885 was observed to be 18.4%.

As depicted in Fig. 15, correlating genotypes for rs133885 and the measures of arithmetical skills
revealed that A-carriers perform better in mathematical tasks compared to non-A-carriers. This
was observed in both samples, even though the group difference was larger in the initial GWAS

sample.



4. Results 72

high | A

- Fig. 15: Boxplot for the arithmetical skills with respect
— to rs133885 genotype in (A) initial and (B) replication
sample. For each group, the median (middle black line)
and the quantiles (75%, top line; 25%, bottom line) are
represented by the rectangle. The dashed vertical lines
illustrate the distribution of the performance scores.
' ° ' ' ' Outliers, showing more than 1.5fold interquartile

AAAG GG AA/AG GG distance, are represented by a circle.
Genotypes for rs133885

Arithmetical skills
®

é—

-10-

low

In a next step, the findings of rs133885 were to be replicated in two independent samples that
provided similar arithmetic measures, namely a dyslexia sample from Austria (n =510) and the
population-based cohort of the Twin Early Development Study (TEDS, n=1,081). In the
Austrian sample, data on “dot counting’ and “exact calculation” were available. ANOVA on the
combined mathematical measure yielded P =0.046 for the carrier-A model (one-sided). In the
TEDS sample, data on reading, spelling and mathematical skills were only available at ordinal
scale (ranked in levels from 1 to 5), not as quantitative measure. Here, the distribution of
rs133885 genotypes was compared for the mathematical performance between individuals that
appeared in the worst-performing writing group (level 1, n=78), to children in the four other
levels. This analysis yielded a borderline significant, one-sided P-value of P = 0.055.

In both samples, correlating genotypic and phenotypic measures revealed the same direction of
effect as in the German sample, with A-carriers performing better in mathematical tasks as
compared to individuals homozygous for the G allele. Combining results from all three samples
using Fisher’s Product revealed a P-value of P =1.27 x 10, This value withstands conservative
correction for multiple testing (297,086 SNPs, three phenotypes), yielding Pecorr. = 0.011.

Rs133885 is a non-synonymous variant within myosin 18B (MYO18B), coding for a substitution
of glutamic acid (E) to glycine (G) at protein level. Database search in SwissProt suggested the
existence of two different isoforms, Q8IUG5-1 (MYO18B_long) and Q8IUG5-2 (MYO18B_short).
These isoforms share the entire amino acid sequence of MYO18B_short (= MYO18B core), but
MYO18B_long has an extended set of 483 aa at the N-terminus of the protein. The amino acid
exchange E/G, coded for by rs133885, is located at position 44 of MYO18B_long (E44G).
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Expression of MYO18B_short and MYO18B_long was analyzed in cDNAs derived from multiple
human tissues from both, fetal and adult stages, respectively. PCR products for MYO18B_short
were obtained in all tissues investigated, regardless of their developmental stage. To specifically
address the expression pattern of MYO18B_long, we investigated the same tissues with a primer

pair uniquely addressing the N-terminus. A PCR product of 418 bp length was expected.

Fetal tissues Adult tissues

418 bp

Fig. 16: Expression analysis of MYO18B_long. The abundance of the long MYO18B isoform was analyzed in diverse
human tissues from two developmental stages (fetal, adult). Note the distinct expression change for brain tissues
(marked in bold). Tissue order in both panels differs due to different tissue contents. Ladder = 100 bp ladder.

As shown in Fig. 16, MYO18B_long is expressed in all fetal tissues. In adults, MYO18B_long is
expressed in most of the investigated tissues (kidney, pancreas, skeletal muscle, lung, liver,
heart; Fig. 16). Notably, no expression signal is observed in adult brain tissue.

In an external cooperative study conducted at the Max-Planck Institute of Psychiatry in Munich,
it was analyzed whether the associated variant contributes to anatomical brain changes in 79
healthy controls, using structural MRI. Analysis was restricted to the intraparietal sulcus (IPS), a

brain area involved in numerical processing, and results are presented in Fig. 17.
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Fig. 17: Rs133885 genotype-dependent differences of intraparietal sulcus (IPS) morphology. (A) Three
representative brain cases are shown in standard views. Right IPS segmentations and central sulcus have been
automatically assigned. (B) The depths of the right and left IPSmain is compared between rs133885 non-A-carriers
and A-carriers. The central sulcus is used as control. (C) Analysis of sulcus volumes, with respect to rs133885 A-
carriers and non-A-carriers. *P <0.05; **P <0.0063 (Bonferroni correction). Bars show estimated means after
correction for age, gender and hemisphere average sulcus depth or total sulcus volume, respectively, and one

standard error of mean. Figure by P. Saemann (Ludwig et al. in preparation).

As depicted in Fig. 17, the group of rs133885 non-A-carriers showed significantly lower depth

of the right intraparietal sulcus (IPSmain segmentation) as compared to A-carriers (P =0.0010).

Right Left
Central sulcus

This P-value was obtained after adjustment for age, gender and depth average. A trend effect

was found for the depth of the left IPSmain (P =0.0587). Similar, the right IPSmain also showed

significantly lower volume in non-A-carriers as compared to A-carriers (P=0.0334). After

correction for multiple testing, only the depth of the right IPSman remained significant

(Peorr. = 0.0080). No genotype-dependent effects were seen for depth or volume of the central

sulcus, which was used as control structure.
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5. DISCUSSION

5.1 Genetic factors for dyslexia as qualitative trait

In the general human population, reading and writing skills are normally distributed, and some
children perform at the very bottom-end of this Gaussian curve (Shaywitz et al. 1992; Shaywitz
et al. 1995). If other causes such as hearing problems, neurological disorders or inadequate social
environments can be excluded, it is probable that these children are affected with dyslexia, one
of the most common neurodevelopmental disorders (Shaywitz et al. 1990). Dyslexia, also known
as reading and spelling disability, is defined as an impairment of reading and writing skills
which (i) are unexplained given a child’s general intelligence, sociocultural opportunity and
educational environment (Schulte-Korne et al. 2001b) and (ii) do not disappear with adolescence
(Shaywitz et al. 1999). The disorder has been shown to cluster in families (Hinshelwood 1907;
Stephenson 1907), which suggests the general presence of genetic factors. However, since it is
also known that environmental factors play a role in its etiology, dyslexia is best described as a
human complex disorder of multifactorial origin (Schumacher et al. 2007).

Linkage scans in dyslexia families have identified nine chromosomal loci (DYX1 — DYX9) that
were expected to harbor candidate genes conferring susceptibility for dyslexia (Williams &
O'Donovan 2006; Schumacher et al. 2007). As the results of the linkage studies were pretty
consistent between different studies, it was assumed that a limited number of common genetic
variants would be involved in dyslexia susceptibility. So far, genetic variations in six candidate
genes have been reported to increase risk for dyslexia (Anthoni et al. 2007; Schumacher et al.
2007). Functional studies have suggested that at least three of them (DCDC2, KIAA0319,
DYX1C1) are involved in the process of neuronal migration (Galaburda et al. 2006). The
migration of neurons to their final location in the highly structured cerebral cortex is a key
process during brain development. Disturbed neuronal migration has been proposed to be a
neurological mechanism implicated in dyslexia development by both, postmortem brain studies
(Galaburda et al. 1985) and functional analyses (Chang et al. 2005). A fourth gene, ROBOI, is
known to be involved in axonal guidance and thus also exhibits a particular function that can be
associated with dyslexia symptoms (Galaburda et al. 2006). The functions of the remaining two
genes, MRPL19 and C2orf3 (Anthoni et al. 2007), still remain elusive, however, an action in
energy metabolism has been suggested by the authors.

Although the current data suggest a dyslexia-related functional role for at least four of the six
candidate genes, the functional variants causing the given genetic association findings have not

yet been conclusively identified. For DCDC2, Meng and colleagues (2005) had reported a
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deletion of 2,445 bp in intron 2 to be of putative causative function (Meng et al. 2005b). This
deletion contains a sequence of different short tandem repeats (STRs) with variable numbers of
the single repetitive elements. This compound STR marker harbors potential binding sites for a
number of transcription factors. If the deletion or the compound STR marker would be truly
causative for dyslexia, a significantly biased transmission for any of these alleles would be
observed in our familial dyslexia (DYS-) sample. We therefore genotyped the intronic deletion
region and sequenced the different STR alleles in our German parent-child trios of the DYS-
sample.

To assess whether population differences between Germany and the initial US-sample are
present, we first compared the frequency of the deletion and the STR alleles for the parental
chromosomes. In the German DYS-sample, we could not observe three of the alleles that were
present in the US-sample (alleles number 2, 7, §; see section 4.1.1). However, we identified two
new alleles (19, 20) that had not been found in the US-study by Meng and colleagues (2005). As
each of these alleles provided with a very low allele frequency in its respective sample (< 0.5%),
the failure of detection in the other sample was in accordance with our expectations. For alleles
observed in both samples, allele frequencies were similar between the two studies, indicating
that no population-specific effects are present and statistical results are comparable.
Transmission disequilibrium test (TDT) did not yield significant P-values for the deletion or any
of the STR alleles in our data set (lowest P-value observed for allele 9, P = 0.2, see section 4.1.1).
Also, combining the minor alleles as suggested in the initial study (Meng et al. 2005b) did not
reveal any obvious association. In their US-study, Meng and colleagues had suggested that the
deletion and different alleles of the STR marker would alter the sequence of transcription factor
binding sites such as those for two brain-specific factors, PEA3 (binding site AGGAAA) and
NF-ATp (AGGAAG; (Meng et al. 2005b)). PEA3 has been found involved in peripheral motor
neuron arborization (Laing et al. 2000), and NF-ATp is suggested to mediate embryonic axon
extension that is necessary for the formation of neuronal connections (Graef et al. 2003). Given
the failed replication in our sample, we cannot support the hypothesis raised by Meng and
colleagues (2005b) and exclude the intronic deletion or any of the STR marker alleles to be
causative for dyslexia in the German population.

We ourselves have previously reported a two-marker risk haplotype, located in intron 7 of
DCDC2, to be associated with dyslexia ([rs793862-rs807701 (A-C)]; (Schumacher et al. 2006)). It
was proposed that, given its intronic location, the risk haplotype might have a regulatory effect
on DCDC2 expression levels (Schumacher et al. 2006). In the same study, we also investigated
whether SNPs within KIAA0319, the second candidate gene within the dyslexia susceptibility

locus DYX2 on chr. 6p22, would confer genetic risk for dyslexia. We could not show any
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association with dyslexia as qualitative trait, suggesting that variants in KIAA0319 do not
contribute to the dyslexia phenotype in the German population (Schumacher et al. 2006).
However, our analysis at that time had not included all SNPs that were subsequently reported
to be associated with dyslexia in a joint analysis of two UK samples (Harold et al. 2006). In that
study, nine SNPs predominantly located in and around exon 1 of KIAA0319 showed significant
P-values for both, dyslexia as qualitative trait and various dyslexia-related endophenotypes.
The strongest associated SNP was rs761100 (P = 0.00004). To avoid that the failed replication of
KIAA0319 in our first study (Schumacher et al. 2006) was only caused by low linkage
disequilibrium (LD) with the true causal variant, we performed a second investigation of the
KIAA0319 locus and included all KIAA0319 SNPs that were (i) significant in Harold et al. (2006)
and (ii) had not been analyzed in our sample previously. For none of these six KIAA0319 SNPs,
significant P-values for an association with dyslexia were obtained in this new investigation of
the German DYS-sample. We were thus not able to replicate the findings by Harold et al. (2006)
and, even though we further extended the SNP set, could not find any evidence for a
contribution of KIAA0319 to dyslexia in the German population. However, given the consistent
findings for SNPs in KIAA0319 to be associated with dyslexia in English-speaking populations
(Francks et al. 2004; Cope et al. 2005a; Harold et al. 2006), KIAA0319 cannot be generally
excluded as dyslexia candidate gene. It might be possible that KIAA0319 contributes to a
different subgroup of dyslexia patients, and that the specific ascertainment strategies or
recruitment criteria biases the samples towards the one or the other genetic variant. The
involvement of a language specific effect (German / English) is rather unlikely, as the findings
for KIAA0319 also failed replication in an US-American study (Meng et al. 2005b).

As mentioned before, KIAA0319 and DCDC2 show functional similarities, as both genes are
involved in neuronal migration (Galaburda et al. 2006). Using RNA interference assays in
murine embryos, it was demonstrated that a lack of Kiza0319 and Dcdc2 results in an
interruption of the normal direction of the elongating neurons in the developing brain (Meng et
al. 2005b; Paracchini et al. 2006). Hereby it is not yet known whether both genes act
independently from one another, or whether they show interaction effects in particular steps of
the same pathway. To obtain a clearer picture of this, we performed a statistical interaction
analysis on the available SNP data. Statistical interaction is observed in situations where the
genetic variant at one locus modifies the genetic effect at a second locus. Such epistatic effects
are likely to occur between genes involved in same pathways or regulatory networks (Carlson
et al. 2004). Harold and colleagues (2006) had reported first evidence for interaction between
two SNPs in KIAA0319 (rs761100, rs4504469) and the DCDC2 intronic risk haplotype (lowest



5. Discussion 78

P-value = 0.007). We thus investigated the same marker combinations in our German DYS-
sample.

No significant interaction P-values were found for dyslexia as qualitative trait. However, we
observed a trend of interaction (P<0.1) for the DCDC2 two-marker risk haplotype and
rs4504469, located in exon 4 of KIAA0319 (P =0.053). Although this P-value does not reach
significance at statistical level, this is a remarkable finding given the limited sample size, and
provides some further evidence for the presence of interaction between KIAA0319 and DCDC2.
Additionally, we found a significant interaction for the DCDC2 two-marker risk haplotype and
rs761100, located in intron 1 of KIAA0319, for the quantitative subdimension ‘word-reading’
(P =0.0351). This nominally significant P-value, which does not require correction for multiple
testing as we replicated a specific hypothesis, is of particular interest, as the quantitative
measure ‘word reading’ reflects the main inclusion criteria for the UK sample. As the German
DYS-sample is ascertained based on spelling ability, the results suggest that an analysis of the
subdimension ‘reading’ is better comparable to the UK sample and thus provides with more
power to detect a genetic effect. These results suggest that in presence of the intronic DCDC2
risk haplotype, the genetic effect of rs761100 is modified and a contribution of KIAA0319 can
also be seen in the German DYS-sample. Our interaction findings thus replicate the results of
the original study (Harold et al. 2006) and, therefore, they can be seen as further evidence for an
interaction between KIAA0319 and DCDC2 for the particular endophenotype. Given that both
genes share functional similarities in the process of neuronal migration, one possible
explanation for this epistatic effect could be that a lower expression level of KIAA0319 (as
mediated by the intronic variant rs761100) alone does not cause dyslexia, but would do so in
individuals where, additionally, DCDC2 is also expressed at very low amounts due to the
presence of the two-marker risk haplotype. This would be a synergistic episatic effect between
the two loci which is difficult to detect with single marker analysis (Carlson et al. 2004). This
provides an explanation why the analysis of KIAA0319 SNPs alone has not yielded any
significant results in our German DYS-sample. Notably, epistatic interactions have already been
observed in other diseases such as Hirschsprung disease (Bolk et al. 2000) and myocardial
infection (Tiret et al. 1994; Butt et al. 2003), implementing that interaction mechanisms might
generally contribute to human disease susceptibility.

The effect size that each of the dyslexia candidate genes known to date has on dyslexia
susceptibility is considered to be rather small (Fisher & Francks 2006), which suggests that
other, so far unidentified genetic factors do exist. The identification of new genetic variants that
confer risk for dyslexia as categorically defined trait was therefore attempted using a genome-

wide association study (GWAS). This approach, in which frequencies of genetic variants are
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compared between groups of affected and unaffected individuals, provides a systematic tool for
the correlation of genetic variants with disease status over the entire human genome. One main
advantage hereby is that no prior hypotheses on potential genomic locations or candidate genes
are required. Thanks to recent advances in the field, with international consortia building
extensive SNP and haplotype maps of the human genome (HapMap Consortium 2003; 2005),
and companies such as Affymetrix and Illumina developing new high-throughput genotyping
technologies, the performance of large-scale GWAS became feasible in the last years. In our
study, 200 individuals of the German DYS-sample were analyzed genome-wide for about
300,000 SNPs. Allele frequencies in the group of cases were compared to those in 926
population-based controls, and results were combined with genome-wide data from the UK
(385 cases, 1406 controls) in a meta-analysis, to increase power. In order to control for
population stratification, statistical control measures such as multi-dimensional-scaling (MDS)
were included in the analysis (Li & Yu 2008; McCarthy et al. 2008). Interestingly, MDS analysis
between the UK and German data did not reveal any individual outliers at sample level. Some
negligible differences between the populations were shown to exist, which is in accordance with
previous findings (Heath et al. 2008; Neale et al. 2008), however, their extent indicated that
population stratification between the two samples would not affect statistical results
considerably. It was thus decided to include the information on ‘country” as covariate in the
statistical analysis, to control for these minor population stratifications.

The statistical analysis of the combined data from 585 cases and 2326 controls did not yield any
SNP to show genome-wide significance (P <7.2 x 10%; (Dudbridge & Gusnanto 2008)), and only
a limited number of SNPs showed consistent results between the two single samples from the
UK and Germany. It is likely that ascertainment strategies and language-specific characteristics
such as different orthographic transparencies (which presumably also partially involve some
different cognitive performances) might account for part of the inconsistencies and for the
limited power. However, 63 SNPs provided with P-values below 10-* (see section 4.2.1). Using
two different strategies, markers for replication in the European-wide NeuroDys sample were
chosen. While the first approach was a top-down strategy based on the list of the
aforementioned top SNPs, the second approach involved a large separate genome-wide pooling
analysis on about one million SNPs. The two replication rounds included all different
NeuroDys samples that were available at the respective points in time (section 3.7.3, Tab. 5).

For the first replication, 28 SNPs derived from the top list of 63 markers were successfully
genotyped in 1409 cases and 1959 controls. Statistical analysis yielded one marker, rs10512712,
to be significantly associated with dyslexia in the replication sample (P =0.0147). Combining
GWAS and replication data revealed a P-value of P=1.19 x 107. This was lower than the
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P-value provided by the GWAS data set alone (P =1.56 x 10-%%), which is accepted as additional
measure for independent replication and confirms that the association found in both samples
referred to the same risk allele (Skol et al. 2006). Calculation of the odds ratio (OR) for the C
allele of rs10512712 in the combined sample revealed an OR of 1.2 [CI =1.16 - 1.38], indicating
that rs10512712 provides with a small but distinct genetic effect on dyslexia susceptibility. This
OR is in the range of many other risk variants which have been identified in complex disorders
(Altshuler et al. 2008), suggesting a true contribution of rs10512712 to dyslexia risk.

Rs10512712 is located in an intergenic region on chr. 5p13.1. Flanking genes reported so far are
the homo sapiens disabled homolog 2, mitogen-responsive phosphoprotein (DAB2) gene, which is
located 300 kb in telomeric direction, and the prostaglandin E receptor 4 (PTGER4) gene, almost
1 Mb distant centromerically. DAB2 has been found expressed in normal ovarian epithelial cells
and showed significant downregulation in ovarian cancer cell lines (Mok ef al. 1994). The
protein encoded by PTGER4 is one of four receptors known to bind prostaglandin E2 (PGE2),
thus participating in prostaglandin signaling (Regan et al. 1994). Knockout studies in mice
suggest that PTGER4 is involved in the formation of the circulatory system (Segi et al. 1998) and
in the initiation of skin immune responses (Kabashima et al. 2003). Variation within PTGER4
have previously been found associated with Crohn disease (Libioulle et al. 2007), a disorder that
causes inflammation of the gastrointestinal tract. Thus, neither DAB2 nor PTGER4 shows an
explicit function that would directly imply an involvement in the neurocognitive aspects of
dyslexia. However, it is possible that rs10512712 executes its function through yet unidentified
genes within the region or through long-range cis- or trans-effects.

With rs10512712, only one out of 28 GWAS top SNPs was successfully replicated. This suggests
that dyslexia as qualitative trait is far more heterogeneous than was initially thought based on
the consistent linkage findings (Schumacher et al. 2007). The inclusion of roughly 600 dyslexia
cases and almost four times as many controls seems not to be enough to detect moderate risk
variants with reasonable power. This is in concordance with current estimates, which suggest
that the detection of a risk allele of 20% frequency and an effect size of 1.2 with 90% power
would require about 8,600 samples (Altshuler et al. 2008). The respective sample size would be
further increased if variants with lower allele frequencies or smaller genetic effect sizes are
addressed. We therefore assumed that in our sample, power issues prevent the true causative
variants from appearing among the top SNPs of the GWAS. Thus, SNPs showing the lowest
P-values in the GWAS are likely to be false-positives, explaining the low rate of replicated
markers in our study.

To circumvent the need to individually genotype several thousands of top markers in the

replication sample, we performed a second, independent GWAS using large numbers of pooled
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cases and controls. This method has been shown to be an effective first genome-wide screening
(Kirov et al. 2008) and was performed by genotyping pools of three different populations,
namely Finland (286 cases / 321 controls), UK (426 cases / 219 controls) and Central Europe (532
cases / 912 controls). Splitting the NeuroDys sample in three groups was performed in order (i)
to control for allele frequency biases due to population stratification, and (ii) to use them for
replication purposes as independent sets of cases / controls. Allele frequency estimates (AFEs)
were calculated based on the allele-specific fluorescent ratios (see section 3.8.2).

Statistical analysis of the pooling data yielded a list of SNPs showing allele frequency
differences in the same direction in all three populations. In combination with results from the
individual GWAS data, pooling results were used to prioritize SNPs for a second step of
replication. Additionally, SNPs being highly significant in the pooling analysis alone or
providing functional evidence / multiple hits at one locus were included. In the second
replication, 33 SNPs were successfully genotyped in 1526 cases and 2261 controls from the
NeuroDys sample. To assess the concordance between pooling and individual genotyping, we
compared the estimated allele frequencies (pooling data) and the true frequencies (based on
individual genotyping) for these SNPs. This analysis revealed obvious frequency differences
between the two data sets. Reasons therefore are expected to be mainly due to technical errors,
which include differential allelic amplification, pool formation errors and frequency
measurements (Jawaid & Sham 2009). Furthermore, it points out that pooling contributes to an
over- or underestimation of allele frequencies, thus increasing the risk for both, false-positive
and false-negative findings. While false-positive findings would be identified by subsequent
individual genotyping and can be removed, false-negative findings cannot be corrected for and,
thus, will result in the miss of true association findings.

Of the 33 SNPs, seven SNPs were significantly associated with dyslexia in the replication
sample. One SNP, rs461119, provided with a significant P-value even after correction for
multiple testing (P =0.0015, Pcor. =0.0485). Two other promising SNPs, rs12344734 (P = 0.0016)
and rs7381 (P=0.0029), remained with a trend of significance after statistical correction
(Peorr. £0.1, see section 4.2.1). For each of these three candidate SNPs, the calculated ORs were in
the expected range for complex disorders (rs461119, OR=1.18 [1.07 -1.31]; rs12344794,
OR =1.27 [1.09 - 1.47]; rs7381, OR =1.32 [1.10 - 1.58]). Notably, neither of the three SNPs (or
their respective tSNPs) appeared among the top SNPs of the individual GWAS (P =0.465
(rs420121, as tSNP for rs461119), P = 0.432 (rs7381), P = 0.86 (rs9942926, as tSNP for rs12344734)).
This further supports the aforementioned power issues and illustrates the limited size of our

initial GWAS sample.
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Rs461119 is located on chr. 21q21.3, in intron 1 of the ionotropic glutamate receptor, kainate 1
(GRIK1) gene. GRIK1 belongs to the gene family coding for ionotropic glutamate receptors
which are considered to be the predominant excitatory neurotransmitters in the mammalian
brain (Bowie 2008). They are activated in a variety of neurophysiologic processes, so e.g. during
the induction of short- and long-term potentiation (Contractor et al. 2001). Notably, GRIK1I is
subject to alternative splicing and, particularly, massive RNA editing within its second
transmembrane domain (Barbon & Barlati 2000). RNA editing is a posttranscriptional
mechanism by which mRNA sequences are enzymatically modified by deamination (removal of
an amino group) or transamination (addition of an amino group; (Chan 1993)). These
modifications lead to a change in the mRNA sequence, as for instance adenosine is transformed
into the guanosine-like inosine, or cytosine becomes uracil. As consequence, the diversity of
mRNAs and proteins increases (Schaub & Keller 2002). RNA editing also contributes to the
regulation of gene expression levels as has been suggested for non-coding RNAs (Kurokawa et
al. 2009) and small RNAs (Carthew & Sontheimer 2009). The influence of RNA editing on
mammal brain and cognition and its contribution to neurodevelopmental disorders has already
been demonstrated (Sodhi et al. 2001; Rula et al. 2008; Iwamoto et al. 2009). Rula and colleagues
(2008) showed that the ratio of edited / non-edited forms of the mRNA coding for the alpha3
subunit of the gamma-aminobutyric acid (GABA(A)) receptors in murine brain is regulated in a
spatiotemporal manner. The authors also observed that the non-edited form is more rapidly
activated and more slowly deactivated as compared to the edited form, which might reflect the
excitatory robustness that is critical for normal synapse formation. In an earlier study, Sodhi
and colleagues (2001) had already shown that the serotonin-2C receptor shows a reduced RNA
editing level in frontal cortex samples obtained from schizophrenia patients, as compared with
control samples. The RNA editing of GRIK1 is suggested to alter the calcium flow regulation
and has been shown to be of different extent in specific brain regions (Paschen & Djuricic 1994).
Together, these results provide evidence for a possible functional impact that might be
mediated by the observed association of rs461119 with dyslexia.

Rs12344734 (chr. 9q21.13) locates to an intronic region within the transmembrane channel-like 1
(TMC1) gene. Although its particular function is not well established, TMC1 is known to be
required for normal function of the hearing system, as mutations in TMCI have been found
associated with both, postlingual hearing loss (OMIM 606705) and profound prelingual
deafness (OMIM 600974; (Kurima et al. 2002)). A normal functioning of the hearing system is
required for an appropriate development of reading and spelling skills, as the segments of
spoken language have to be matched to their appropriate visual representation, i.e. the written

graphemes (Wallace 2009). This process is disturbed in some, even though not all dyslexic
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children (Galaburda et al. 1994), and the present data suggest that subtle variations within
TMCI might contribute to dyslexic subgroups that mainly suffer from impairments in some
aspects of auditory processing.

The third candidate SNP, rs7381, is located within the fibulin 1 isoform D (FBLN1) gene on chr.
22q13.31. This gene codes for a secreted glycoprotein that is predominantly found in human
connective tissues (Argraves et al. 1989). In situ hybridization revealed that the mouse
homologue Fbinl is expressed in multiple tissues during embryonic organogenesis, including
also mesenchymal parts of the central nervous system (Zhang et al. 1996). Mice with targeted
homozygous inactivation of Fbinl died at birth due to ruptures of small blood vessels,
malformations of kidney and a delayed development of lung alveoli (Kostka et al. 2001). In
humans, the entire FBLN1 gene is deleted in the 22q13.3 deletion syndrome, a complex
malformation syndrome which is additionally characterized by marked speech and language
delay (Cusmano-Ozog et al. 2007). Although a direct connection between the FBLN1 gene and
the speech-related impairments in this syndrome has not yet been established, the current data
provide support for a potential involvement of the gene in cognitive aspects which might also
be of importance for the development of dyslexia.

By combining pooling and individual genotyping data, we were able to identify three
additional new candidate SNPs located in genes with putative dyslexia-related biological
relevance. These findings provide promising new starting points for further functional
investigation, however, some limitations have to be considered. Replication has not been
performed in an independent sample, as a part of the individuals included in the replication
study overlapped with those contained in the pooling analysis. Also, for each of the three
associated SNPs, one NeuroDys sample failed to replicate the direction of effects. Notably, these
samples provided with very small sample sizes and can therefore be considered as false-
negative findings.

All together, the GWAS performed in this thesis suggests four new dyslexia susceptibility
variants (rs10512712, rs461119, rs7381, rs12344734). Replication in independent samples will
now be the next step to support these findings and to identify the underlying biological

mechanisms.

5.2 Quantitative measures of dyslexia-related endophenotypes

The analysis of dyslexia as categorically defined trait provided evidence for four SNPs to be
associated with this neurodevelopmental disorder in the European population. Although the

effect sizes for each of these new candidate markers were in the range that is expected for
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complex disorders (Altshuler et al. 2008), the SNPs only explain a small fraction of dyslexia
cases. This suggests that dyslexia is among the more heterogeneous human traits, and that the
analysis of the qualitative trait, so far, lacks the power to detect the underlying common genetic
risk variants (Gottesman & Gould 2003). It has been postulated that the correlation of
quantitative endophenotypes, of which a complex phenotype is made up, would increase the
chance for true findings, as heterogeneity could be restricted and the measures would be more
direct than their combination in compound disorders (Gottesman & Gould 2003). We thus
correlated some of the quantitative measures that are associated with reading and spelling with
genotypic data on both, candidate gene and genome-wide level.

Several studies have shown that individuals with dyslexia have marked weaknesses in
phonological working memory and perform poorly in memory-related tasks (Baddeley &
Wilson 1993; Palmer 2000; Swanson 2006). A typical task used to investigate verbal working
memory is a digit span task, which requires a subject to temporarily store digits and then
retrieve them from phonological memory in order, in both forward and backward direction.
This quantitative measure is stable even in adults, and is thus considered to be one cognitive
correlate within the complex dyslexia phenotype (Hulslander et al. 2004).

In 2006, it was shown that the N-methyl-D-aspartate receptor subunit 2B (GRIN2B) gene
contributes to human memory performance in the general population (de Quervain &
Papassotiropoulos 2006). GRIN2B is located within the chr. 12p12-p13 region that had provided
suggestive, but replicated evidence for linkage to phonological memory in US-American
families (Brkanac et al. 2008). The gene has also been found to be associated with attention-
deficiency / hyperactivity disorder (ADHD) in a Canadian sample (Dorval et al. 2007). ADHD is
a comorbid disorder of dyslexia, as approximately 25% to 40% of children with dyslexia also
present with symptoms of ADHD (Pennington 2006). This comorbidity may, at least partially,
be attributable to common genetic influences (Willcutt et al. 2007). Working memory is among
the cognitive processes suggested to be shared between the two disorders (Tiffin-Richards et al.
2008). We therefore considered GRIN2B a candidate gene for memory-related aspects in
dyslexia, and analyzed the genetic variation within this gene in the German DYS-sample.

We did not find any evidence for an association between markers in GRIN2B and dyslexia as
categorical trait, as only one nominal significant P-value was obtained (rs933614, P =0.013).
However, we found four SNPs to be significantly associated with the quantitative
subdimension ‘verbal short-term memory” (rs1012586, rs2268119, rs2216128, rs2192973; lowest
P-value = 0.0243 for rs2268119, see section 4.1.2). All four associated SNPs are located in intron 3
of GRIN2B, in close proximity to the markers suggested for general human memory

performance (de Quervain & Papassotiropoulos 2006) and for ADHD (Dorval et al. 2007).
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As there is increasing evidence that parent-of-origin effects play a role in human brain, behavior
and cognition (Cattanach & Kirk 1985; Isles & Wilkinson 2000), we also considered parent-of-
origin effects in our study. This strategy was supported by some controversial evidence for
imprinting effects in ADHD (Hawi et al. 2005; Laurin et al. 2007). We thus followed-up the
positive signals of the single marker analysis and found that for each of the four
aforementioned SNPs, a statistical significant biased transmission for ‘short-term memory” was
observed when maternal transmissions only were considered (lowest P-value=0.0001 for
rs1012586). Probands who inherited the risk allele from their mother displayed a significantly
better performance in the respective memory tasks. This suggests the presence of a maternal
parent-of-origin effect for GRIN2B on memory performance in dyslexic children.
Parent-of-origin effects refer to the silencing of one parental allele during early development
which, in its most extreme, result in monoallelic gene expression (Isles & Wilkinson 2000). The
underlying imprinting mechanisms probably involve allele-specific DNA methylation and / or
histone modification (Delaval & Feil 2004), however, the specific silencing procedure for
GRIN2B remains to be identified. A contribution of imprinting mechanisms to human cognitive
performance has already been demonstrated, for instance for Angelman syndrome and Prader-
Willi syndrome. Both disorders present varying degrees of cognitive impairments and have
been shown to be associated with an imprinted gene cluster located on chr. 15q11 — q13 (Isles &
Humby 2006).

GRIN2B shows a distinct expression pattern in human brain, with high levels being found in the
frontal cortex as well as in hippocampal pyramidal cells (Schito et al. 1997). The gene was also
shown to influence synaptic plasticity (Kutsuwada et al. 1996). An overexpression of Grin2b in
the forebrain of mice results in an increased activation of N-methyl-D-aspartate (NMDA)
receptors, with mice displaying a superior performance in learning and memory tasks (Tang et
al. 1999). Interestingly, according to the UCSC genome browser, the genomic region of GRIN2B
contains several expressed sequence tags (ESTs) that do not belong to any known exons of
GRIN2B. Two of them, CD514667 and AL133734, are located in the region between the four
associated SNPs (rs1012586 and rs2192973), and have been detected in white matter and
amygdala, respectively. It is therefore also possible that the causal variant of the given
association findings for GRIN2B and verbal short-term memory might be attributable to other
yet uncharacterized expressed sequences within the genomic region of GRIN2B.

Notably, in the study by Dorval and colleagues (2007) on ADHD, no significant P-values were
observed for the endophenotype measure ‘short-term memory’, even though that study had
applied exactly the same measures as were used in the present study (digit span forwards /

backwards). This suggests that the effect of GRIN2B on memory performance is more
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prominent in, if not exclusive to, children with dyslexia. Alternative hypotheses may be that the
Dorval et al. (2007) study failed to find this association because they did not include any of the
four markers found to be significantly associated in our study, or that different variants within
the same gene are causative for ADHD and dyslexia. To further follow-up this question, it
would be interesting to see whether the four significant markers from our study show
association with memory performance in the Canadian ADHD sample.

Our findings of genetic imprinting effects within GRIN2B in the German DYS-sample adds to
the increasing evidence that parent-of-origin effects play an important role in human cognition
(Isles & Wilkinson 2000; Wilkinson et al. 2007). In another study included in this thesis, we
analyzed parent-of-origin effects within a novel imprinted gene on chr. 2p12, the leucine-rich
repeat transmembrane neuronal 1 (LRRTM1I) gene. LRRTM1 was considered a dyslexia-related
candidate gene because variation within the gene has been suggested to contribute to human
brain asymmetry and schizophrenia (Francks et al. 2007). Asymmetrical brain function is
pronounced in humans and has been implicated in human cognition, behavior and emotions
(Hughdal & Davidson 2003), and several studies have reported that a disturbed lateralization
can be found in dyslexic brains (Eckert & Leonard 2003; Wijers et al. 2005; Penolazzi et al. 2006).
As brain asymmetry cannot be easily assessed in probands, the measure of ‘relative hand skill’
has been suggested as respective intermediate phenotype: Left-handedness in humans is
associated with reductions or reversals of normal brain asymmetries, and has been shown in
particular for cerebral cortex areas implicated in the language system (Geschwind et al. 2002;
Mevorach et al. 2005).

Our German DYS-sample also provides with quantitative data on the extent of left- and right-
handedness in the dyslexic probands and their siblings. We used these data to analyze whether
imprinted genetic variants at the LRRTM1 locus are involved in asymmetrical brain function in
dyslexic patients.

Fourteen SNPs were genotyped. Three of them constituted the associated three-marker
haplotype (rs1446109, rs1007371, rs723524) as suggested by Francks and colleagues (2007), and
11 tSNPs captured the genetic variation at the entire locus. After statistical analysis using TDT,
none of the markers revealed evidence for an involvement of LRRTM1 in dyslexia as qualitative
trait, which is in accordance with previous reports that also did not reveal any association with
dyslexia per se (Francks et al. 2007). However, seven out of 14 markers showed significantly
biased transmission when ‘relative hand skill' was analyzed (lowest P-value=0.0055,
rs2862286). This is more than would be expected by chance alone, indicating that LRRTM1
might generally contribute to handedness. The fact that none of the P-values withstands

correction for multiple testing could be explained by the limited power of our sample, due to
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the low number of left-handed individuals (n=63). Alternatively, the seven nominally
significant SNPs could also provide a haplotypic background for the true causative variant
which had not been included in our study.

The subsequent analysis of potential imprinting effects provided evidence for a maternal effect
for five out of 14 SNPs. Among these SNPs were two of the three haplotype-forming markers
(rs1446109, P=0.0322; rs1007371, P=0.0364) and a non-synonymous variant, rs6733871
(P =0.016). For the haplotype-forming SNPs, the analysis of the phenotypic direction revealed
that the minor alleles were significantly overtransmitted from the mothers to left-handed
individuals. This is in the opposite direction compared to the initial study, so the findings
reported by Francks and colleagues (2007) could not be replicated in our approach. Our
findings for rs6733871, which codes for an amino acid substitution (Asp330Ser) of the LRRTM1
protein, provide new evidence for the contribution of a structural variant to human brain
lateralization. However, rs6733871 was also analyzed in the initial study by Francks and
colleagues (2007) but did not show a significant effect. This might be due to different
ascertainment criteria of the samples or could be explained by the fact that neither of the two
studies has identified the true causative variant. LRRTM1 is predominantly expressed in human
forebrain regions such as thalamus and cerebral cortex (Francks et al. 2007). The encoded
peptide LRRTM1 is a transmembrane protein that induces presynaptic differentiation in
contacting axons (Linhoff et al. 2009). Lrrtm1(-/-) mice show an altered distribution of the
vesicular glutamate transporter (VGLUT1; (Linhoff et al. 2009)), which provides evidence for
LRRTM1 to be involved in synaptic signaling mechanisms. Although the biological functions
that are mediated by rs6733871 still have to be identified, our findings suggest a new imprinted
structural variant within LRRTM]1 to contribute to human brain asymmetry.

Apart from the candidate gene approach, we also analyzed quantitative measures in genome-
wide data of 200 German dyslexia individuals. As traits closely related to reading and writing
were protected from independent analysis by the NeuroDys consortium agreement, we focused
our approaches on more distantly related endophenotypes. These analyses do not require any
control samples, as genetic variants are correlated with quantitative measures that are available
within the dyslexia probands.

Some cognitive endophenotypes of dyslexia can be assessed by electroencephalography (EEG)
measurements such as mismatch negativity (MMN), in which the automatic response of the
brain to any change in auditory stimulation is represented (Schulte-Korne et al. 1998a). MMN is
considered to be the neural correlate of speech perception and has been repeatedly found
attenuated in dyslexic children (Schulte-Korne et al. 1998a; 2001a; Lachmann et al. 2005; Alonso-

Bua et al. 2006; Corbera et al. 2006). Analyzing the genome-wide data with respect to
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performance in both components of MMN, namely MMNa and MMNDb (see section 2.1.4,
Fig. 2), yielded 19 SNPs showing P-values <10®. These SNPs were included in a subsequent
replication study in an independent set of 186 children.

In the initial GWAS comprising 200 individuals of the German DYS-sample, two SNPs
(rs1365152, P =4.27 x 10-%; rs2114167, P =1.17 x 10") were strongly associated with the earlier
component of the mismatch negativity, MMNa. Both SNPs are located on chr. 3q23 within the
genomic region of calsyntenin 2 (CLSTN2), a gene coding for a post-synaptic membrane protein
(Hintsch et al. 2002). Genetic variation within CLSTN2 has previously been found associated
with verbal working memory in the general population (Papassotiropoulos et al. 2006). CLSTN2
shows a cell-type specific expression pattern and was suggested to play a role in excitatory
synaptic transmission (Hintsch et al. 2002). The two SNPs are highly correlated (D" =1, 2= 0.91),
indicating that they are not transmitted independently from one another and thus depict the
same genetic effect. The initial findings on both SNPs could not be replicated in the second
independent sample of 186 German dyslexics (rs1365152, P = 0.83 ; rs2114167, P = 0.09). This was
unexpected, as the initial results provided with genome-wide significance and were thus
considered to be true findings. The failure of replication might be explained by the different
dyslexia severity grades of the individuals used in both samples: The children included in the
replication step were less severely affected with dyslexia compared to the probands of the
initial sample. It is thus possible that the genetic effects of rs1365152 and rs2114167 on MMNa
are restricted to children who are severely affected with dyslexia.

Rs1365152 and rs2114167 are located in intronic regions of CLSTN2. It can thus be suggested
that they provide with regulatory effects on CLSTN2 expression levels. If this regulation occurs
in a spatially-restricted manner, e.g. in synapses, it is envisageable that CLSTN2 contributes to
different transmission rates, and the gene could be involved in the automatic brain response to
auditory stimulation. Evidence for a region-specific expression difference in brain has indeed
already been suggested by Hintsch and colleagues (2002), who showed that CLSTN2 mRNA
levels vary between different types of neurons (Hintsch et al. 2002). The genetic data, together
with the functional evidences described above, make CLSTN2 remaining a promising candidate
gene for an involvement in some aspects of MMN measurements, at least in severely affected
dyslexic children.

Another SNP, rs4234898, was found to be significantly associated with MMNDb in both, the
GWAS (P =6.20 x 10) and the replication sample (P =0.00146). The association result in the
combined sample (n=386) withstood genome-wide correction for multiple testing
(Peorr. = 0.015), making rs4234898 a highly probable genetic variant for a contribution to MMN
performance. A second SNP at the same locus (rs11100040, 8.5 kb distant from rs4234898) was
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also significantly associated with MMNDb in the GWAS sample (P=0.0006). However, this
P-value did not make rs11100040 appear among the top SNPs that were initially chosen for
replication. We thus subsequently genotyped rs11100040 in the replication sample and
confirmed the initial results, with P =0.03. Both SNPs, which show neither interaction nor high
LD, form a two-marker haplotype which is also significantly associated with MMNb
(P=6.71x10"). As this P-value is not as low as for rs4234898 alone, this indicates that
rs11100040 does not contribute to the given association independently from rs4234898.
Rs4234898 lies within a gene desert region on chr. 4q32.1, with the nearest genes (cathepsin O
preproprotein (CTSO), trypthophan 2,3-dioxygenase (TDO2) and platelet-derived growth factor C
(PDGFC)) being more than 150kb away. Given its intergenic location, we hypothesized that
rs4234898 might mediate its biological function via regulatory effects on either neighbouring
(cis) or more distant (trans) genes. To address this question, an expression data set based on
Dixon et al. (2007) was analyzed, the ‘mRNA-by-SNP browser’. This database contains genome-
wide genotypes of 400 children which are correlated with Affymetrix-based expression data
obtained from lymphoblastoid cell lines of the same individuals. These data thus provide
valuable information on allele-specific expression.

This in silico analysis yielded evidence for a trans-regulational effect on the solute carrier family 2
member 3 (SLC2A3). We subsequently confirmed this finding experimentally in EBV-
transformed blood cell lines from children of our German DYS-sample. In both data sets,
individuals carrying at least one T allele at rs4234898 showed lower expression levels of
SLC2A3. For rs11100040, the second associated SNP at the locus, similar results were found in
both, the ‘mRNA-by-SNP browser’ and our own expression data. To further strengthen our
observation, we also analyzed a potential effect of the rs4234898-rs11100040 haplotype in the
EBV-transformed cell lines. As expected, individuals carrying the T-T haplotype showed lower
SLC2A3 expression levels than individuals without the T-T haplotype. Given the small sample
numbers included in this analysis (4 vs. 13), statistical simulation using permutation was done,
and the results indicated that the findings were indeed true.

In our expression data, the two-marker haplotype was more significantly associated with the
expression levels of SLC2A3 as compared to rs4234898 alone. Given the small sample numbers,
this effect could either be random, or it could indicate that the two markers provide a
haplotypic background for the true causal variant. However, the latter is not reflected in the
genetic data where the haplotype was less significantly associated than rs4234898 alone. This
discrepancy will have to be assessed in further studies, and the respective results will provide
insight into whether rs4234898 is the causal variant, or whether the latter resides on the

haplotypic background formed by rs4234898 and rs11100040.
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SLC2A3 belongs to the family of facilitative glucose transporters (SLC2A) and, among these, it
is the predominant member abundant in neurons, where it has been suggested to provide
energy for synaptic transmission (Maher & Simpson 1994; McCall et al. 1994). Mouse studies
have shown that the rodent homologue of SLC2A3, Glut3, plays a role in axonal and / or
dendritic transport (Mantych et al. 1992). Members of the SLC2A-family show high sequence
similarities with one another (Joost & Thorens 2001). We thus compared the sequences of the
probes used within Dixon et al. (2007) to the different SLC2A-sequences and identified that they
did not exclusively bind to SLC2A3. Instead, based on their sequence, they were also able to
detect transcripts of other genes of the SCL2A group, in particular SLC2A14. Therefore, in our
functional assay, we designed the probe in a 5 region that is specific for SLC2A3 and
distinguishes this specific variant from other members of the family. As we observe similar
effects in our data as compared to Dixon and colleagues (2007), the trans-regulational effect of
rs4234898 seems to be specific to SLC2A3.

One important consideration in interpretation of our expression results is that the functional
analyses refer to expression in cells or cell lines that were extracted from blood. As samples
from human brain, the target tissue for dyslexia-related findings, are not easily available,
analysis of blood offers the possibility to provide first hints for putative regulational effects.
However, the question remains whether the given findings on SLC2A3 expression can be
transferred to human brain. Currently, only one genome-wide expression data set of human
postmortem cortical brain samples does exist (Myers et al. 2007). Neither rs4234898 nor
rs11100040 were available in this data set, due to the different SNP-contents of Illumina and
Affymetrix SNP-chips. Six proximal SNPs were available on the Affymetrix chip, but they
provided with too low LD in order to be considered as tSNPs for rs4234898 (0.001 <r?2 < 0.5). An
analysis of the trans-regulational effect in brain tissue was therefore not possible.

Recent genome-wide data revealed that trans-regulated genes can be found widespread in the
human genome, however, their abundance compared to cis-elements is estimated to be rather
low (Cheung et al. 2005; Dixon et al. 2007; Myers et al. 2007). Several possible mechanisms for
trans-effects can be imagined. For instance, loci or genes on different chromosomes could locate
close to one another in the three-dimensional space of the nucleus, a mechanism refered to as
‘interchromosomal interaction” (Spilianakis et al. 2005). A second way of regulation in trans are
indirect effects mediated by intermediate proteins: The causal variant at the rs4234898 locus
could regulate transcription factors which, subsequently, would bind to promoter regions of
SLC2A3. As we did not detect any regulatory effects apart from SLC2A3, it might be that such
intermediate transcription factor is not expressed in blood and, thus, could not be targeted. This

hypothesis is supported by findings in murine brain which showed that the brain-derived
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neurotrophic factor (Bdnf), located on mouse chr. 2, increases Glut3 (mouse chr. 6) expression in
developing cortical neurons (Burkhalter et al. 2003). As BDNF is not expressed in blood, we
were not able to identify this effect. Again, this illustrates the limitations that arise if it is not the
correct target tissue that is analyzed. Apart from Bdnf, also other trans-activators of Glut3
expression such as Sp1l and Sp3 have been described, which regulate the transcription of Glut3
in cultured murine neuroblast cells (Rajakumar et al. 1998; Rajakumar et al. 2004).

Both, the ‘mRNA-by-SNP-browser’ and the experiments in EBV-transformed lymphoblastoid
cell lines, provided expression results only for children. In a next step, we thus investigated
whether the trans-regulational findings could also be replicated in adults. However, neither the
publically available data set GENEVAR (Stranger et al. 2007), nor the blood samples of 37 adults
yielded evidence for a trans-regulational effect of rs4234898 on SLC2A3 expression in grown-up
human individuals. This suggests that the trans-regulational effect mediated by the 4q32.1 locus
is developmentally restricted to human childhood. Although this finding is astonishing at first
glance, there are indeed several arguments supporting this observation. In mice, it was shown
that the expression levels of Glut3 in brain vary between different developmental stages (Khan
et al. 1999). In that study, low amounts of Glut3 mRNA were detected during prenatal phases,
and a maximum was reached in the first two to three weeks after birth. Thereafter, mRNA
levels of Glut3 declined and then remained constant during adulthood. Notably, the time point
of maximal Glut3 expression was directly correlated with the developmental stage in which
synaptogenesis takes place in the murine brain (Aghajanian & Bloom 1967; Sachs et al. 1986). In
human brain, synaptogenesis starts during embryonic development and continues at high
levels until approximately two years of age (Huttenlocher 1979). Thereafter, until adolescence,
unused synapses are degraded and the general synaptic density decreases (Huttenlocher 1979;
Huttenlocher & de Courten 1987). The plasticity of synapses is reorganized during that time,
with new branches that form and new synaptic connections that are established (Johnston 2003).
This reorganization of the synaptic structures until adolescence well correlates with the
developmental time point at which our analyses were undertaken.

Additionally, studies using positron emission tomography in humans have shown that the
cerebral utilization of glucose rises from birth to an age of four years, to a level which is then
maintained until approximately 10 years of age. Thereafter, the metabolic rates of glucose
utilization gradually decline (Chugani 1998). Thus, cell migration processes such as elongating
of axons, branching of synapses or formation of synaptic connections rather take place in 4 to 10
year old children than in adults. These processes trigger an increased demand of glucose in the
human brain (Deza & Eidelberg 1967; Maher & Simpson 1994). A lower expression level of
SLC2A3 mediated by rs4234898, as suggested by our findings, might thus result in reduced
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cerebral amount of glucose. Such an interrelation has indeed already been demonstrated by Liu
and colleagues (2008), who showed that a decreased mRNA level of SLC2A3 is responsible for
the impaired glucose metabolism observed in patients suffering from Alzheimer’s disease (Liu
et al. 2008). In rats, an induced glucose deficit was reported to immediately cause slower
reaction times and modified amplitudes in EEG measurements (Suh et al. 2003). These findings
suggest that children with reduced glucose levels, caused by lower abundance of the glucose
transporter SLC2A3, might show slower reaction times upon representation of a stimulus. This
could explain the attenuated speech MMN and provides a pathological mechanism for the
observed association between rs4234898, SLC2A3 expression levels and MMN.

Apart from MMN as cognitive endophenotype, we analyzed a second dyslexia-related trait in
terms of underlying genetic factors. Epidemiological studies have indicated that between 11%
and 56% of dyslexic children also present with serious impairments in the acquisition of
arithmetical abilities (Dirks et al. 2008), and it has been suggested that arithmetic and literacy
skills depend on similar cognitive factors (Hecht et al. 2001; Geary & Hoard 2002). As formal
genetic studies suggest a genetic contribution for both, arithmetic abilities alone and their
comorbidity with dyslexia, respectively (Gillis et al. 1992; Alarcon et al. 1997), we correlated our
genome-wide data with different mathematical measures established in the German DYS-
sample. Three SNPs (rs1399428, P =3.19 x 10, rs4837521, P =2.03 x 10%, both chr. 9933.1; and
rs133885, P =5.78 x 10, chr. 22q12.1) provided with genome-wide significant associations with
at least one of the three investigated measures, namely ‘exact calculation’, ‘number comparison’
and the principal component extracted from both (‘basic mathematical abilities factor’, see
section 3.6.1). None of the three SNPs showed association with dyslexia per se in the German
sample (rs1399428, P =0.456; rs4837521, P =0.594; rs133885, P =0.115), indicating that the
findings are restricted to mathematical skills only or represent the comorbidity between the two
learning impairments.

The two associated SNPs of the 9933.1 locus (rs1399428, rs4837521), which were genome-wide
significant in the GWAS, are located in a region devoid of any known genes. They show an
intermarker distance of about 6.1 kb and considerable LD (r2=0.71, D’ = 0.88). However, both
SNPs failed replication in the independent German sample set of 186 cases, which was
unexpected given the genome-wide significant P-values in the GWAS. As for our MMN-study,
children included in the initial sample were more severely affected with dyslexia compared to
children in the replication sample, again suggesting that the effect of the 9q33.1 locus on

mathematical abilities is restricted to more severely affected dyslexic individuals. A second
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possible explanation would be that the two markers appeared among the top hits simply by
chance, without a true contribution to the quantitative trait analyzed. Given these controversial
findings, further experiments will have to be conducted in order to dissect the contribution of
the 9933.1 locus on arithmetic abilities.

The third SNP that showed a genome-wide significant association in the GWAS was rs133885
(P =5.78 x 10), located on chr. 22q12.1. This finding could be fully confirmed in the replication
study (P =0.0098). In both samples, we found the effect to be in the same direction, with
children homozygous for the G allele performing worse in mathematical tasks than carriers of
at least one A allele (Pcombined = 8.81 x 10-%). Our primary association finding was with the basic
mathematical abilities factor, however, also the underlying single measures ‘exact calculation’
and ‘number comparison’ showed significant associations with rs133885 throughout different
genetic models (data not shown). Calculating the effect size for rs133885 on mathematical skills
revealed an effect range of 9% to 18% for different severity groups, suggesting that the
identified variant provides with a large genetic contribution to mathematical abilities. The effect
size was observed to increase with higher dyslexia affection status, indicating that the extent of
comorbidity has an influence on risk. This could be explained by the fact that although
dyscalculia and dyslexia have separate cognitive deficits, these are overlapping in children with
both disorders (Landerl et al. 2009). Thus, with a more severe degree of dyslexia, less
compensatory mechanisms for arithmetical skills are available, and it can be suggested that
rs133885 contributes to this specific cognitive aspect.

Two other children samples, the Austrian dyslexia sample and the English Twin Early
Development Study (TEDS), also provide qualitative information on their proband’s skills in
reading, spelling and mathematical abilities. These two samples were used for further
independent replication of our association finding. Although sample ascertainment and applied
test batteries differed between the samples, they provided further support: We detected an
association with rs133885 in the same direction, although the P-values were only borderline
significant (Paustria = 0.046, Preps = 0.055). In these samples, the effect of rs133885 on mathematical
skills in children with general reading / writing inabilities was not as strong as in the German
discovery sample.

As the probands included in the Austrian and the TEDS sample were not exclusively dyslexic
individuals, analysis of their arithmetic skills provided the possibility to dissect the given
association in terms of whether the underlying trait is (i) general arithmetic ability or (ii) the

comorbid aspect. When we analyzed the arithmetic skills without considering the proband’s
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reading and writing skills, we did not find any evidence for an association. As already
suggested by the increasing effect size with higher dyslexia severity grade in the German DYS-
sample, this observation adds to the evidence that the given association contributes to the
comorbidity between dyslexia and impairments in mathematical skills, and not to isolated
arithmetics.

Rs133885 is located within the genomic region of myosin 18B (MYO18B). The cellular function of
MYO18B, which belongs to the family of unconventional myosins, has been predominantly
related to myocardial structures (Salamon et al. 2003). Myosins are generally known as actin-
based molecular motors which are ubiquitously expressed in all eukaryotic cells (Hasson &
Mooseker 1995; Sellers 2000). Differences between members of the myosin family are related to
altered amino acid sequences, which cause modified protein structures and interaction
properties (Sellers 2000). For MYO18B, database research revealed the existence of two distinct
isoforms, MYO18B_short (Q8IUG5-2) and MYO18B_long (Q8IUGS5-1), which vary in the
abundance of the 483 N-terminal amino acids (aa). Rs133885 is located in exon 3 of MYO18B,
where it codes for a non-synonymous change of glutamic acid (Glu, A allele) to glycine (Gly, G
allele) on position 44 of the MYO18B protein. The SNP thus exhibits its effect only in the long
MYO18B isoform. The exchange from Glu to Gly results in the loss of a COOH group within the
N-terminus of MYO18B_long. In silico analysis of MYO18B revealed that the middle area of the
MYO18B N-terminus contains the conserved amino acids Vall53Leul54, which have been
identified to be essential for binding of actin filaments in co-sedimentation experiments (Ajima
et al. 2008). It has further been hypothesized that many ligands for F-actin contain proline-rich
domains (Witke 2004), which can also be found in the N-terminus of MYO18B. The Glu44Gly
substitution is located close to this proline-rich region, and a loss of the carboxy-group might
thus influence the binding properties of MYO18B.

Although microarray data (UCSC browser) suggested an ubiquitous expression pattern of
MYO18B, we analyzed the expression of MYOI18B_long in various tissues, at different
developmental stages. We were able to show that MYO18B_long is ubiquitously expressed in all
human fetal tissues (see section 4.2.2, Fig. 16). The highest rates were observed in myocardial
structures such as heart and skeletal muscle, which is in accordance with previous findings
(Salamon et al. 2003). The abundance of MYO18B_long in fetal brain seems to be less strong than
in most of the other tissues, however, one has to keep in mind that the PCR-based expression
analysis provides only semi-quantitative results. Given that MYO18B_long would truly be lower

expressed in whole brain tissue, this could point towards a regional specificity of MYO18B_long
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expression in particular regions of the fetal brain. In adult tissues, expression was observed in
all tissues but brain. Given this expression difference between the two different developmental
stages, it can be hypothesized that the long isoform of MYO18B plays an important role in the
structural development of the brain.

We next assessed potential impacts of the given rs133885 association using structural brain data.
In previous studies, the right intraparietal sulcus (IPS) was identified as one brain structure
involved in mathematical processing: Fias and colleagues (2007) had shown that the IPS plays a
crucial role in the cognitive representation of numerical quantity (Fias et al. 2007). Additionally,
morphological analysis of the right IPS had revealed an abnormal length, depth and sulcal
geometry in patients with Turner Syndrome, a complex X-linked disorder that has served as
model for genetically influenced dyscalculia (Molko et al. 2003). In our study, structural
magnetic resonance imaging (MRI) in 80 healthy German controls provided evidence that
individuals homozygous for the G allele of rs133885 show a lower depth of the right IPS when
compared to carriers of the A allele (P =0.0010, see section 4.2.2). No such effect was found for
any of the control sulci, suggesting that this observation was specific for the IPS. As an
involvement of the IPS in numerical processing was shown in young children and remained
continuous into adulthood (Cantlon et al. 2006), it can be suggested that the underlying
structural networks develop prior to birth or during childhood. This correlates well with our
expression findings, indicating that the rs133885 genotype-dependent effect manifests during
brain development. Given the present data, a functional mechanism for the observed
association between rs133885 and the impaired arithmetical skills in dyslexic children can
conclusively be suggested. Together with the results presented for the cognitive MMN
phenotype, we were thus able to successfully apply the GWAS approach for the identification

of new genetic variants for two dyslexia-related quantitative endophenotypes.
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6. SUMMARY

Reading and writing are abilities that are unique to the human species. Acquiring these skills
involves a complex network of cognitive processes (e.g. visual processing, phonological
decoding or orthographic processing) which have to interact efficiently and in a time-constraint
manner. Deficits in at least some of these cognitive functions contribute to the development of
dyslexia, one of the most prominent neurodevelopmental disorders. It is widely accepted that
genetic factors herefore play an essential role. In this thesis, genetic analyses have been
conducted in order to further investigate known genetic variants which have been reported in
the context of dyslexia, and to identify new genetic variants that would explain the heritability
observed for both, dyslexia as qualitative trait and dyslexia-related quantitative
endophenotypes.

We and others have suggested two dyslexia candidate genes on chromosome 6p22, namely
DCDC2 and KIAA0319. Causal susceptibility variants have been reported for both of these
genes, however, these findings required replication in an independent sample. In our German
dyslexia (DYS-) sample, we were not able to replicate prior reports on an intronic deletion or a
compound STR marker in intron 2 of DCDC?2 to be causative for dyslexia. Also, the analysis of
further common variants in and around the first exon of KIAA0319 did not provide evidence for
a genetic effect in the German DYS-sample. However, we were able to confirm previous
findings on epistatic gene-gene interactions between an intronic DCDC2 two-marker risk
haplotype and SNPs within KIAA0319. This suggests that genetic variation within KIAA0319
might provide with small modifying effects on dyslexia susceptibility in the presence of the
DCDC2 risk haplotype.

We also analyzed quantitative measures in the dyslexia sample, using candidate-gene
approaches. Dyslexic children often perform poorly in verbal short-term memory tasks, and
GRIN2B has been reported to play an important role in human memory and cognition. Our
genetic results provide evidence that variation within intron 3 of GRIN2B contribute to the
weak performance of dyslexic children in verbal short-term memory. Notably, the effect was
shown to involve genomic imprinting, with children inheriting the associated allele from their
mothers performing significantly better in memory-related tasks. Although the exact
mechanisms behind this observation still remain to be identified, the results contribute to our
understanding of memory-related cognitive processes and might partly explain the comorbidity

observed between dyslexia and ADHD.
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A non-synonymous variant within a second gene, LRRTM1, was found to be associated with
relative hand skill. We were able to show that carriers of a maternally inherited C allele of
rs6733871 show a stronger tendency towards left-handedness. This measure represents a
correlate for asymmetrical brain function, which has been suggested to partly underlie the
neural signature of dyslexia.

We also attempted to identify new variants or genes contributing to the development of
dyslexia using a genome-wide association approach. As the number of individuals included in
this study provided only limited power, we combined individual genotyping with large
pooling efforts to choose SNPs for subsequent replication. Our study revealed four new
susceptibility loci on chr. 5p13.1, 9921.3, 21q21.3 and 22q13.31. Promising candidate genes
within these regions include GRIK1, TMC1 and FBLNI1. As each of the identified variants only
provides with a small effect size, replication in large, independent samples will be required to
confirm our findings.

The application of the genome-wide approach on quantitative dimensions of dyslexia has led to
the identification of new susceptibility variants for two dyslexia-related endophenotypes. We
present strong evidence for an association of rs4234898, an intergenic marker on chromosome
4q32.1, with mismatch negativity, a neural correlate of speech perception. Our data indicate that
the locus mediates its function via trans-regulational effects on the expression level of SLC2A3, a
member of the facilitative glucose transporters expressed in brain. We were able to show that
the associated effect is functionally relevant during human childhood, when an increased
amount of glucose substrate is required for the formation of synaptic connections and
branching in the human brain.

In a second quantitative analysis using the genome-wide data, we found that arithmetical skills
are associated with rs133885, a non-synonymous marker in the long isoform of MYO18B. This
isoform was found to be expressed in human fetal brain but did not appear in adult brain
tissue, which suggests a predominant function in structural brain development. This was
subsequently confirmed by structural MRI data, which provided evidence that in contrast to the
non-risk group, carriers of the risk allele show a lower depth and volume of the right
intraparietal sulcus (IPS), a structural entity involved in numerical processing.

To our knowledge, the latter two studies are the first ones which investigated the genetic basis
of dyslexia and some of the related endophenotypes on a genome-wide level. The new findings
presented within this thesis might contribute to a better understanding of dyslexia
susceptibility, genetic effects on related endophenotypes and the functional mechanisms that

underlie human reading and writing skills.
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7. OUTLOOK

During the last years, research in the field of dyslexia has led to the identification of a number
of dyslexia susceptibility loci and candidate genes. However, many of them failed replication in
independent samples, and none has yet provided with a true causative variant. The genome-
wide association study conducted in the context of this thesis is the first dyslexia GWAS known
to date. We revealed suggestive evidence for four new common variants that confer
susceptibility for the development of dyslexia. Replication in independent samples is now
required to confirm the present findings. Potential further samples include a large population-
based sample from Iceland (deCODE) or samples from the Twin Early Development Study
(TEDS), which both provide ordinal measures for reading and spelling ability. Replicated
variants would then provide a starting point for the identification of the responsible causative
variants, by using finemapping and targeted resequencing approaches. They would also be
excellent candidates for functional analyses such as allele-specific expression and / or MRI
studies, which will be conducted to further understand the pathological mechanisms of
dyslexia. Interdisciplinary collaborations that combine expertise from a variety of fields are
strongly required to identify the biological consequences of risk variants and to understand the
cognitive mechanisms underlying the found associations.

As the large genetic heterogeneity of dyslexia and phenotypic differences between the samples
seem to contribute to the limited power of our analyses, a further identification of other
susceptibility variants will require larger sample numbers and an extension of analysis
strategies towards structural variants (CNVs) and pathway information. Additionally, rare
variants with alleles occurring at frequencies below 1% should also be addressed. New
technologies such as Next-Generation Sequencing will contribute to accurately map these low-
frequency variants at both, structural and single-base level, and will offer new possibilities in
the search for disease candidate genes.

Apart from investigating dyslexia as qualitative trait, it will become more and more important
to analyze the underlying endophenotypes with respect to genetic contribution. Quantitative
measures, if they are ascertained in a clinically appropriate and comparable manner, provide
with higher power to detect risk variants in complex disorders, as genotype-phenotype
correlations are more direct than in compound diagnoses. Based there upon, it was now
decided to analyze the quantitative measures ‘reading’ and ‘spelling’ within the entire GWAS
data of the NeuroDys consortium. This collaborative study is currently undergoing and will

hopefully provide new susceptibility variants for dyslexia.



7. Outlook 99

Another aim of future research will be to establish a better understanding of both, gene-gene
and gene-environment interactions. It is currently assumed that environmental factors such as
pre-school trainings or the literacy environment at home might contribute to the development
of dyslexia, but only some of these factors have been conclusively identified so far. If such
factors can be modulated, future dyslexia prevention and individual genetic risk profiling could
be envisaged. For affected dyslexic individuals, a precise knowledge of exact genotype-
phenotype correlations allows for an appropriate classification of individuals into subgroups
based on their specific cognitive impairments. This, in turn, would enable the development and
application of personalized therapeutic approaches that are individually adapted for each
patient and will increase the chance for successful remediation of the young affected dyslexia

patients.
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10. ATTACHMENTS

Attachment I: Overview of primers used in the present thesis.

Primers are depicted with their respective sequences in 5" - 3" direction. For SNPs included in Sequenom assays, the
two standard primers (1%, 2"¥) and the UEP primers are given for each SNP. The column ‘UEP conc.” refers to the
concentration of the UEP primers in uM, based on previous primer adjustment. Different mass groups per assay are
separated by grey — white shadings. cont. — Table continued, FAC3 — Working title for basic mathematical factor.

A) Primer sequences for PCR and TaqgMan assays

Locus Name Sequence 5' - 3" Product size i Re‘marks / PCR conditions
(bp) differing from standard protocol
Myo18B_Fn GCCATCTCATCACGCCTCGC
MYO18B - 418 bp -
Myo18B_Rn TGGTTGGTGTCGCACTGGAGC
Cyc_F unknown
Cyclo- - unknown
philin Cyc_R unknown ABI TagMan assay 4326316E
Cyc probe unknown probe
SLC2A3_UTR/ ex2F ACCCCTAGATCTTTCTTGAAGACTTGA
SLC2A3 | SLC2A3_UTR/ex2R | GATTGTAGCAACTGTGATGGCAAAT 98 bp Custom ABI TagMan assay
- SLC2A3-1ex2
SLC2A3_ex1/2 CAGAAGGTCACCCCAGCTC probe
Del_F_original TGTAAAACGACGGCCAGTAGCCTGCCTACCACAGAGAA 215 bp
DCDC2 | Del_R_original TCACACAGGAAACAGCTATGACTGAAACCCCGTCTCTACTGAA SZ(STJISt((:i)n» Protocol as in Meng et al. 2005b
Del_C_original TCACACAGGAAACAGCTATGACGGAACAACCTCACAGAAATGG deleted)
B) Primer used in Sequenom assays
UEP
Assay SNP-ID 1st primer (sequence 5' - 3') 2nd primer (sequence 5' - 3') UEP primer (sequence 5' - 3') conc.
(M)
rs3212236 | ACGTTGGATGCAAATGTCCCAACCAAAAGC ACGTTGGATGATATGCCAGACACTGCAAG ACACTGCAAGAGGTAG 7
rs1555090 | ACGTTGGATGGAGTACCTGTGGAATGCCAT ACGTTGGATGTCTGATTCCAAGACTCTCCC AAAAGACACTTCCTCCTTTCT 9.3
rs761100 ACGTTGGATGAGACCAGACTCATTTTCATC ACGTTGGATGTGTGGCTCACCATTCAGAAG CTTAAGTTTCCAGTTTCTCC 9.3
KIAR0319 rs7766230 | ACGTTGGATGCTGGTGAAGGGTTAGCAAAG ACGTTGGATGATCTCCCTGATTAGTGCACC TGCATATGCAGAGATACTGTTG 11.6
rs17491230 | ACGTTGGATGTTCCCAACCTCACGAATTGC ACGTTGGATGGCAAATAATAGGAAAGATCAC gCACATAAATAGTTCTGAATGAA 11.6
rs2179515 | ACGTTGGATGTTACTCAGTTCATTTTGCCC ACGTTGGATGCATGTCCTGAATGTAGGAGC ATGTAGGAGCCTCCTTCCAAATACTGC 14
rs6718055 | ACGTTGGATGCTCTGCTCCATAGTGATTGC ACGTTGGATGAAAATAAAAGAAACACAGTC CAACACAGTCTCAGTT 7
rs10170020 | ACGTTGGATGTATAAATGATTGCACCTGCG ACGTTGGATGCTCTCATGGTGAGTCTGATA TAGTCCTCTTGAGAATG 9.3
rs2862286 | ACGTTGGATGGGCAGACATAAACTTGTCCC ACGTTGGATGGCAAGCTACTGAACCTTTTC CAGATTTGAGTCTTCTTG 9.3
rs6755232 | ACGTTGGATGCAACCTGGACTTTGCTCTTG ACGTTGGATGTTTGTTTCTGTGTGCCCCTC CCCTGTTTTCCTTTATGCC 9.3
rs11126755 | ACGTTGGATGCTCAAGTGTCCATGATCAAC ACGTTGGATGAATTGCCATCCCTGTGAGTG CATCCTGGATTGTCCAGTCTTC 11.6
rs13019601 | ACGTTGGATGGGGTACAACATCCACATACA ACGTTGGATGGGAAGACTTTGCTACACCTG CTACACCTGTGTTATAGTAT 11.6
rs1446109 | ACGTTGGATGTACATAATGCCAAATTGTC ACGTTGGATGGCAGCAAAGCAACTATTGAG GGATGAAAAGTGTGAAATCTT 11.6
LRRTM1 rs767587 ACGTTGGATGTTTGTGAAGCTGGGCCTTTC ACGTTGGATGCTTGTCTGCATTGCTCTACG GGGCTTGGAAAGAATCCTA 11.6
rs1007371 | ACGTTGGATGAGCATGGCAGTTTTTGGATA ACGTTGGATGCAAATTAGGGAAAGTGGATGC AGGGAAAGTGGATGCTATTGTTT 14
rs1446110 | ACGTTGGATGTACAACATATCTGTGGTAT ACGTTGGATGCCCCTTGAAAATACTATTTAG gTTTTCCTAATTACTCCCCCTCCCTG 14
rs1930 ACGTTGGATGGGATGACACTGATGGTGACG ACGTTGGATGATTTTGCACATGCTGGGCAC gTCAGTAAGTGTTATTACTATC 14
rs6712681 | ACGTTGGATGATGCAGGACTCTGCCAATAG ACGTTGGATGGGGTCGGACTGAATGTACTG GGACTGAATGTACTGGCCATTTCT 14
rs6733871 | ACGTTGGATGATTGCGGGCGCAACGTGTGT ACGTTGGATGACTGCAAGTTGCCATCGTAG aATCGTAGCGCCCCTGGAAGTTG 14
rs723524 ACGTTGGATGTACATGACTTGATCATGTG ACGTTGGATGATCTCCCACATGCTGTGTTG CTGTGTTGGAAATATATTTCCCTAT 14
rs7974275 | ACGTTGGATGGAAACTCTTGCTGAATTTTG ACGTTGGATGGACTAATGTAACAACCAACTG CCAACTGGTCTCCAT 7
rs220557 ACGTTGGATGTTCAGGTTTTGTCCTCCCAG ACGTTGGATGCTTCGATGCCCAGGACAATG TGAGGTAGCTTGGTG 7
rs2284418 | ACGTTGGATGAGTCTGAAGTTCCTACTGTG ACGTTGGATGTGGTTTGAAGGGGCATGGTC GCATGGTCACTGTTCA 7
rs2192973 | ACGTTGGATGCTAAACAAAAGTGCCTGAAAG ACGTTGGATGCTCAGAGGTATTTCCAGACA CcgTTCCAGACACTCCCA 7
rs220549 ACGTTGGATGAGGAGTGACTAAAATACGGC ACGTTGGATGGGGACTCCTCAAATTGAGC acTGAGCTATTGTGCCC 7
GRIN2B - | rs17220663 | ACGTTGGATGAGCCTGAACATGGAATTCCC ACGTTGGATGCTGAGCTTGGGCTTTCAAGG GCTTTCAAGGTGGTTAA 7
Plex1 rs2284424 | ACGTTGGATGGTTCAACTATGAAGAAGAAG ACGTTGGATGCTCTTCCTCCTCTCTCAAAC gCTCTCAAACCTCCCTTA 7
rs1158541 | ACGTTGGATGTTGGCAAGGCAGAGAGTAGG ACGTTGGATGACAGGCATGGAAACCATCAG CATCAGAGGAAGCATACA 9.3
rs2284425 | ACGTTGGATGGTCCTGAACTGGATCTTTTC ACGTTGGATGCTGAAGATACAGGTTAACTAC gacCAATGCAGTCCCCAAC 9.3
rs2268120 | ACGTTGGATGTACTGTTTCAGATGAAGGGG ACGTTGGATGTGGTGTCTAGGACATAGCAG tgGGACATAGCAGGTCCCC 9.3
rs220597 ACGTTGGATGAGATAGGCAGCAGACATTTG ACGTTGGATGGGCTGAATCTCAGTACCAAT TGAGGAAAAGTACCCTGAG 9.3
rs2193150 | ACGTTGGATGTTCAGATATGGTGCCATCGC ACGTTGGATGCTTCTGCTCCCAATTAGCTG CTCCCAATTAGCTGTGTAAC 9.3
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UEP
Assay SNP-ID 1st primer (sequence 5' - 3') 2nd primer (sequence 5' - 3') UEP primer (sequence 5' - 3') conc.
(um)
rs220563 ACGTTGGATGTACCTGTCATGCCTGCCTTG ACGTTGGATGTAGATAGAGGTAGAGGAATC GAGGTAGAGGAATCATATTG 9.3
rs1805555 | ACGTTGGATGGCAATCCAGGCTAACAAAAC ACGTTGGATGTTTGAAGCTCTCATTGGAGG gCTTGGAGGATAAGAAGGAA 9.3
rs2300252 | ACGTTGGATGCTGAACAGTACTGCAAGAAG ACGTTGGATGCATACACAGAGAGGTTAATC gttcTCCAAGGTGACAGGTAT 11.6
rs2300242 | ACGTTGGATGGGGAGTTTCAAGTCAAAGTG ACGTTGGATGGGATAATATCTTGGTTCTCC agATCTTGGTTCTCCTTATACA 11.6
rs2110984 | ACGTTGGATGGCAGACTTAGCAGCAAAGAG ACGTTGGATGACTTCGCACTCTCTCTTGTC CtaACTCTCTCTTGTCACTCTGA 11.6
rs2216127 | ACGTTGGATGGATCAGTTTATCAGTGTATC ACGTTGGATGCATACCAAACAAGGGAGATG ATTCTATTGTACTTGACTGTAAG 11.6
rs765688 ACGTTGGATGAGGCTCCAGAGTAACATGTC ACGTTGGATGTTTACCATAATGGCCCAAGG aCCAAGGAATCAATAATGATTAG 11.6
GRIN2B - | 7966866 | ACGTTGGATGAGCCTAACCATATCAGGTTG ACGTTGGATGGTCTTCCAATCTCAATTTC TCCAATCTCAATTTCATAAGTTTC 11.6
(:Le::) rs11055582 | ACGTTGGATGGGGAGAGCATCAGGAAAAAC ACGTTGGATGCCTATCAACCCATCACCTAAA caacCCCATCACCTAAATATTAAGC 11.6
rs12809496 | ACGTTGGATGGTACCTGGGAATTGGAGAAG ACGTTGGATGAATGCCCCATGACTGATTTC CCCtTGATTTCAGTGGAATATCTTC 14
rs11612284 | ACGTTGGATGAAGGAATGTAGCTGGAGTGC ACGTTGGATGACCATGATGATGAAGCCACG gattATGAAGCCACGGATCTCAAAT 14
rs1861452 | ACGTTGGATGACAAAGCCCATTTACTATG ACGTTGGATGATGAAACCACAGCTGGCTGA ggccTAGCAAGAGGTACAAAAGCCA 14
rs2268119 | ACGTTGGATGTTCCAAAGGGACAAGTTAGC ACGTTGGATGCACATAGCTACTTTTTGCATC CCtCTACTTTTTGCATCTTTACATTG 14
rs11055593 | ACGTTGGATGCTGAAGATTGGGGAGAAATG ACGTTGGATGCAGCCTCATGACCACATTAC gACTATTTTCTTATCTCTCTGATAAAT 14
rs17833967 | ACGTTGGATGTTTTCCCCGTGTCTATCTTC ACGTTGGATGGAAGTCTAGCCAAATAAACA GAACAAAGAATAATACTTTACTAAATG 14
rs2300251 | ACGTTGGATGTGAGCACTTATTTATGCTA ACGTTGGATGCTTGTATGTAATAGGAAAATG ATGTAATAGGAAAATGATATTTTATAG 14
rs10845837 | ACGTTGGATGAGACTTGCATGGCAGTCCAC ACGTTGGATGAAGGAGAGTAAGACACAAAG CATATGCCACGACAAG 7
rs220583 ACGTTGGATGCTGTGAGACGGACTCAGAAG ACGTTGGATGGGCTTCTTAAAAAAGGGCAC CACCAAGTCAAGGACTG 7
rs2268122 | ACGTTGGATGCTTTATTGGGTGTTTTGTTC ACGTTGGATGATGAAAGCTGGCTAAAGAAG GGCTAAAGAAGAGAGGG 7
rs2216128 | ACGTTGGATGACACTTCAGACTGAGAGACT ACGTTGGATGTGAGGAACAGTGAGGAAGTG TGGCCTGGGGATGCTTCA 9.3
rs1012586 | ACGTTGGATGGGAAAGCCACTCTTTAACTC ACGTTGGATGCCAGGGATTCAACTCACTTC CCAAATACCCCATAAAGAC 9.3
rs7970407 | ACGTTGGATGGAGGAATTCCAAGGTTATGC ACGTTGGATGAAATCAGATCGATCCAGAGG ACTAATAGTGGCAATGCTA 9.3
GRIN2B - | rs17833639 | ACGTTGGATGCTGTGAAATCCCTTTCCCAC ACGTTGGATGGGAAATCAGGGCTATTACAC AGGGCTATTACACTATGTAT 11.6
Plex2 rs2300273 | ACGTTGGATGCCATTTGCAGGCTGGCAATC ACGTTGGATGTGCCTTACCTCACTAAACAC CCTCACTAAACACTCTGTCCA 11.6
rs11055616 | ACGTTGGATGGCCTGTATTTATTGTCCCTC ACGTTGGATGTAAAAGGGCCCGTTCAAGAG TTCAAGAGTGCCTAGTCCTCC 11.6
rs11055608 | ACGTTGGATGAGAGGGAAACCAGATTGATT ACGTTGGATGGTACTGTATAATATCATAGGG ATAGGGAATATAATCCTGTTAG 14
rs2300245 | ACGTTGGATGAGGGCTGTAAAAAGCCTGTG ACGTTGGATGATTGTCCCTGATGCCATCAC CCCTGATGCCATCACCATAAAGA 14
rs220599 ACGTTGGATGTAACCCTCACAGCTACATAC ACGTTGGATGAGGTCCACCCTCTCAGTTAG GTAAAAGATCTAAACATAATCAATC 14
rs2160734 | ACGTTGGATGTGAGCTGGCATCTTCTAGGG ACGTTGGATGAGCTGGGAGAATTCTCAGTG TGGGAGAATTCTCAGTGTTTATTAA 14
rs1005549 | ACGTTGGATGTCGTTAGCACAAGTCAATAC ACGTTGGATGAATAACAAATATTCATTTGG ATAACAAATATTCATTTGGTATAAATA 14
rs1805247 | ACGTTGGATGTGGGCTGCCTGAAGAAGTAG ACGTTGGATGCAAAACCCTTTCATCCCCAC CCAGTGCTTGCTCCA 7
rs7301328 | ACGTTGGATGTCGCCCAGATCCTCGATTTC ACGTTGGATGATTATCATAGAGGAGCCCCC GTGGATGCCCAGGAT 7
rs12830358 | ACGTTGGATGGTCTTGGTCAGTTGGAGGTA ACGTTGGATGCAAATAGGGCCTGAGGTAAC CcAACCTCCAGCTTCTGC 7
rs2192977 | ACGTTGGATGCATCTAGATGAGAAAAACCAC ACGTTGGATGATAAGATGTGGGTTTGACTG ACTTTTGACCAGCACTT 7
rs10845838 | ACGTTGGATGGACTTTTGCTTACTTTGTG ACGTTGGATGAAAGATGGATAACCTGGGGC gcCCTGGGGCAAAGTAC 7
rs11055711 | ACGTTGGATGGGTTAAAAATACATAAAACTC ACGTTGGATGTTATTTCTTCTGCCAAAGGG gaCAAAGGGGGACATCG 7
rs219876 ACGTTGGATGCCAGGAAGTGATAGAAACAG ACGTTGGATGAGTTGAATACCTCTGCCTTC TCTGCCTTCTCTTTGTCAT 9.3
rs2284416 | ACGTTGGATGCTCTTCTCACCATTCTTAGG ACGTTGGATGGAAATTATTGACGATGTTCC CGATGTTCCTTAAATGCCA 9.3
rs2284411 | ACGTTGGATGACATGACTTTTTTCCCCTAC ACGTTGGATGGTCTGCTAGGAGCATAAAAG CATAAAAGGAGAGCATCAA 9.3
rs17820659 | ACGTTGGATGACAGTTTGCAGAATAGCTTC ACGTTGGATGCTCTTATCACTCAAACCACC CTCAAACCACCTCACAGATC 9.3
rs12818068 | ACGTTGGATGGGTTACGTGATGTAGATCC ACGTTGGATGCTCTGGGCTTCATCTTCAAC aaTTCATCTTCAACTCGTCGA 9.3
GRIN2B - | rs11055557 | ACGTTGGATGTCTTTCGTTTATTCAGCAGG ACGTTGGATGATCATCACTGTCCTCAGCAC ATTCCTGACTCCTGATTGTTG 9.3
Plex3 rs3026160 | ACGTTGGATGATGGCTCTCAGCCTCATCAC ACGTTGGATGCACCCATAAAGCAATGTCGG aTGCCAATAGAAAAGGTGTTC 11.6
rs2268115 | ACGTTGGATGGAAACTAACACTACTATATG ACGTTGGATGCAAAATAGAGGGCATTTCGC CcCCTATCATTCCATTCCTGTC 11.6
rs1805482 | ACGTTGGATGTGTTCTAACCCTGAGCACTG ACGTTGGATGCATCACAAACATCATCACCC CACATCATCACCCATACGTCAGC 11.6
rs2300256 | ACGTTGGATGGGAATAGTCTTGCTCTGAAG ACGTTGGATGAGTGTTTACTGCATGTTAC ttCATGTTACTTTTCCTAAGAGT 11.6
rs2041986 | ACGTTGGATGTCTATTATCTTGTCTGCAGC ACGTTGGATGACCTCCCAAAGAGGTTATAG ggCCAAAGAGGTTATAGCTATTC 11.6
rs9971835 ACGTTGGATGCACTGCTCCAGAAGGGAAGA ACGTTGGATGACTCCTTCTTCGGGTCACTC ACCAAACATTTCTAGATTCCATGA 11.6
rs1421109 | ACGTTGGATGTTTTTTCCTCACCTGGGGTA ACGTTGGATGCAAAAAGATCCACTTGAGGG CGGGACTCGAAGAGATAGATAAAA 14
rs12828473 | ACGTTGGATGCTCACCCACTTTTAATTTCTG ACGTTGGATGCTGTCTAATATGTTGTGTTC catcTGTTGTGTTCATTATAAAGCA 14
rs1806201 | ACGTTGGATGGGATGTTGGAGTGTGTGTTG ACGTTGGATGAGCGCCAGTCTGTAATGAAC CGCCAGTCTGTAATGAACTCCCCCAC 14
rs933614 ACGTTGGATGATGAGGTGGAGTGTGCTTAC ACGTTGGATGCAGAATGGTAGGCACTGTTA CgtCACTGTTAAAATAATGAGGTAAA 14
rs2284407 | ACGTTGGATGGTGCCTGAAATTGATTGGCT ACGTTGGATGACTCATTGAGAGAGAGGAAG gaaggGAAAGTCAGCTATTTTGAGAG 14
rs7964322 | ACGTTGGATGTCTGCTGCCCCATAATGTAG ACGTTGGATGCACAGAGCTTCTTGAGCAAT CCTTATCAGGTTTGTTCAATTCACAGC 14
rs958877 ACGTTGGATGGGCATCAATTTACTGATGCG ACGTTGGATGGCACCCAAATGTTCTCTGGC CCTCAGGCTCTGTGG 7
rs9465637 | ACGTTGGATGAAAAAATAAAATTGAAATTC ACGTTGGATGTTACTGTTGACCACCCATAC TGCTGGGTTGGTGTT 7
rs1003346 | ACGTTGGATGTGTAGAATGGTGGTAAGGGT ACGTTGGATGCATAGAGCTCACTGTGTACC CTGTGTACCAGGCAAT 7
NeuroDys - rs6498274 | ACGTTGGATGAGGTATCTGTGTCCTGGTTG ACGTTGGATGCACTTAGCCATGGGACTTAG AGAGCAGTGGAGCCCG 7
Replication | rs366078 ACGTTGGATGACACTTTCCTTAGTGAGGGC ACGTTGGATGCAGAGGAGGCAGCGTGTGG GAGCGTGTGGTAAGTG 7
rs10123957 | ACGTTGGATGAGCCATCTATCTTCCCTTAG ACGTTGGATGGCCTACTCTACAGATACAAG GTTGCTTAGCTCTGTGG 7
rs4327894 | ACGTTGGATGCATTTCAACATCATCCCCTC ACGTTGGATGCTTCCTTGTACAGGTGAGTG TAGGTGAGTGAGAGACC 7
rs4887111 | ACGTTGGATGAATGCCCAGTGCCTAGCACG ACGTTGGATGTGGAACCTGGTGATGGAGAG GTGATGGAGAGAAGTCA 7




10. Attachments X
UEP
Assay SNP-ID 1st primer (sequence 5' - 3') 2nd primer (sequence 5' - 3') UEP primer (sequence 5' - 3') conc.
(um)
rs11117425 | ACGTTGGATGTCTAACTGATTCAGGGCTGG ACGTTGGATGGCGGGCCATTTGCAGAACAT TGCAGAACATTCCTTTGA 9.3
rs2077268 | ACGTTGGATGAGGGAATGTTGGCCCTTGTC ACGTTGGATGTGCAATCCCTGCAAAGTGTG GTGCTACGCTATTGTAGA 9.3
rs10512712 | ACGTTGGATGTCTCCCTCCAGTGGTCAATC ACGTTGGATGAGGTATTTTAGGCAGGTAGC GAGCAGCAGGTGAAAAGC 9.3
rs1872285 | ACGTTGGATGAGTGGATGGTTTTCAGGCAG ACGTTGGATGGTTGGAAGTTGAAAGTAATGC TTGAAAGTAATGCATGCAC 9.3
rs6984900 | ACGTTGGATGTCTAGAGGCACACAGTAGAG ACGTTGGATGGATGGATCTAGAATTCATTCC TTTTCCTTTTCACCTTAACT 9.3
rs9529688 | ACGTTGGATGACTGACCTGGTGATCTTATC ACGTTGGATGTCTTGCTCAAGAGAAAGGAC CAAGATCCTTTGCTAACCTA 9.3
rs7840675 ACGTTGGATGAGCATCACCACAAATGTGAG ACGTTGGATGATTCCTGTTGCCTAGTGCTG GCCAACATAATGTGGTACTG 9.3
rs1429411 ACGTTGGATGTACAATACCAGGGAGCCTAC ACGTTGGATGATGCTGTTTCTCAGGCCATC AAAGGACAAATGACGTTTTA 9.3
rs10816767 | ACGTTGGATGGGGAGTTGGTTCATCTTTTC ACGTTGGATGAAACTAAGGACGAAAAGAGG GACGAAAAGAGGAAAAAAAG 9.3
rs7623540 | ACGTTGGATGGTAAATAACTGTACCAGGGC ACGTTGGATGCAAGTTAGGCAAAATTCTCTC CAAATTCTCTCTTGCAGATTT 11.6
rs10513829 | ACGTTGGATGAATTACCCAGCTGTAGCGTG ACGTTGGATGCTCCTGAGAATGAAGAGTAG TCGTTTAGGAGACCGTACTAA 11.6
rs4747165 | ACGTTGGATGTTAGACGCATGTCAAGCCTG ACGTTGGATGGAAATGGGAGATAAAAGGAG GGGAGATAAAAGGAGCTGTTA 11.6
Neur.oDYS " | rs10518444 | ACGTTGGATGAGATGAGAGAACTCCATCTG ACGTTGGATGATCATAAGCCTAAGATTCC GCCTAAGATTCCTAATGATATT 11.6
Re(p::l;att-l)on rs12454776 | ACGTTGGATGCCCCATTTAGAATAGTCTAC ACGTTGGATGGTGCTTACTGTTGAACTAAC CAATTCAAAAGGAGACAAACTC 11.6
rs6136213 | ACGTTGGATGGTGCTGCAATGGGACAGACT ACGTTGGATGGGTCTCCACTCCTCGTTATG CCTCCTCGTTATGGTAACTCTCG 11.6
rs1181841 | ACGTTGGATGCACTAAGAGTAGAAGAATAC ACGTTGGATGGTTTGCTAAAATTGTATGAC ACAAAATTGTATGACAAGCCTTC 11.6
rs747783 ACGTTGGATGTGGTTCTTCTACAACCGGTG ACGTTGGATGTCTTAGTAGTCTTGCTCTGG GGAATGCTGACATTATTGATTCA 11.6
rs902025 ACGTTGGATGATGATGTTGCCTACACCCAG ACGTTGGATGCTCATTTAGAGTCAGACAAGG TTAGAGTCAGACAAGGAAGTTCA 11.6
rs7541094 ACGTTGGATGCTCCCTGGATGAAAATCAGC ACGTTGGATGCTGGAGAGCAGACTGTATGG TGGGTGGGCAAGAGCAGCAGGGA 14
rs9662100 | ACGTTGGATGGGGCCTAGACATTTCTGGAG ACGTTGGATGACAGAAGACATGGCTTGAGG AGGTTAATAGACTGCTTCTAATAC 14
rs905950 ACGTTGGATGAGCCTTCCTCGGGAAATTAC ACGTTGGATGATCCTCTGCATGGGCTTTTG GAAGGTTCTCTTCTTAAGGGCAGG 14
rs7202472 ACGTTGGATGGCTCCATGACTCAGAGTCAC ACGTTGGATGGACACACTAACTGTTCTGCC GTTCTGCCTAAAGAAGAGCCATGGA 14
rs460420 ACGTTGGATGTCCAACAGATTAACTCACAG ACGTTGGATGTCTCCTGTTTGTTTCTGGGC AGGGTTGGAGATAAGATCATCTATA 14
rs1892577 | ACGTTGGATGGGACAGTTAGAGTGTACAGC ACGTTGGATGCAGCTGGTAATTGGCAAAAT ATTATACAACTCAAGTCTTTCTGGGA 14
rs3821173 | ACGTTGGATGATTAGTCGTAGAGTCCCAGG ACGTTGGATGCCACATGCCTATGTTCGTTT GGGATTTCATAGAGAAATTCCTAAGA 14
rs7411544 | ACGTTGGATGGTGACTTCTGAAACTGCAGG ACGTTGGATGGAGAGGAGAAATGTGAGAGT AGTATACTGCATACTGCAATGTGTAAA 14
rs7686728 | ACGTTGGATGGGAAGTATGAGAAAATGACC ACGTTGGATGGGAAAGGGAAAACCATCAGT CCATAGCACCTACGG 7
rs10932727 | ACGTTGGATGGACGCACAGCAAGTGAAAAC ACGTTGGATGACGAGACAGCTGTGCGGAAG GGAAGCTGTGATGCC 7
rs3736403 | ACGTTGGATGTTGATTTCATCTGAACGTCC ACGTTGGATGTACTGTGCTAGGCACCAGAC AGGCTCCTACCTCCAA 7
rs461119 ACGTTGGATGAACAGCAAAATAGCACACAG ACGTTGGATGAAAAGGGCAACAGGAAAGGC GCTGCTCCATGGTGAG 7
rs16900429 | ACGTTGGATGGGGATTGCTAACTCCTGGAA ACGTTGGATGTGTGATCATGGAGACAAGGG AGGGAGAGAAGTGCTC 7
rs1581413 | ACGTTGGATGTTGGTTGCCAAGAGCTAGGA ACGTTGGATGCCATCACCCTAAATGGAACC ACTGGAACCCCCACATC 7
rs9397276 | ACGTTGGATGATCCTAAAACAAGAAACGGG ACGTTGGATGGGAGACAAGGAAGATCTTGC AGCCAAGTTTTTGCCTC 7
rs4655653 ACGTTGGATGCATGTTTTCTGCAAGTGGAC ACGTTGGATGAGGAGAAGGAATGAAGCTCG TTGAAGCTCGGTCATTT 7
rs9535442 | ACGTTGGATGTGCATGACCAAGAAAGGTG ACGTTGGATGTATCAACTGGGAAGGATGAG GACCTTGGTCAAGATCAT 7
rs2289191 ACGTTGGATGCAAAAGCATGTCAGGTACAC ACGTTGGATGCATTTTCTGAAGACTTTTGGG ACTTTTGGGGTACAGTAT 7
rs10509910 | ACGTTGGATGGTTACACAGCCTGTGTGAGT ACGTTGGATGGATCATAAAGACCCATGGTG CCCATGGTGTTAGAGAAA 9.3
rs12290752 | ACGTTGGATGAATCAGGGCTGCACAAACAC ACGTTGGATGCCTCCTGAAACGATGTCAAG CCCCACTCTAAAGCCAACA 9.3
rs9916926 | ACGTTGGATGTCCATTCTCCTGAAGTTGCC ACGTTGGATGAAACCAGAAATGGCACCACC CCTCATAAAACTGTCACAA 9.3
rs6812487 | ACGTTGGATGTGAGTGCTCAAGTGCTATTC ACGTTGGATGCAAACCTGGTTTACACATCC CACATCCAATATCTTCCTTC 9.3
rs1350317 | ACGTTGGATGCACTAGCCATAAATGTTTTTG ACGTTGGATGCTACATACCAAAACTACCAC CCAAAACTACCACAGTATCA 9.3
NeuroDys - | rs5063 ACGTTGGATGGCCCTACCTTGAAATCCATC ACGTTGGATGAGGTCAGACCAGAGCTAATC CCCCCTCCCATGTACAATGCC 9.3
Replication rs945386 ACGTTGGATGGATGTTGCTGCGCAGGAGG ACGTTGGATGTCGGGCACTCCAGATCCAAG CCAAGGGGTGAAAGAGAATA 9.3
int:;:z:ing rs705790 ACGTTGGATGAATTCTGAAGTGAAGCAGGG ACGTTGGATGACAAAAAGGGAGCTCAGCAG CAAACACGGATTTTCATTTTA 9.3
pooling rs2817764 ACGTTGGATGTCCAAAGCTGGTATTTCTGC ACGTTGGATGCATGTTTCTGCATAGTGTCC GGGATTGTCCTTTCAATGCCT 9.3
data rs34871518 | ACGTTGGATGAGGATTCAATGACAGAAGGC ACGTTGGATGACAGGAGAGCTGTCACTACG GAAATGCCTTTTGAATGTAAT 9.3
rs7904542 ACGTTGGATGGTCCGCTAGCATTCATAATC ACGTTGGATGCACAGCAGGGAGTGTTAACG AAGTGAGTGTTAACGGGAGAG 11.6
rs7934218 | ACGTTGGATGGAGGTGGTATCTTGGTGTAG ACGTTGGATGCCAACAAGCGTATGAAGGTA AGGAAGGTATGTTCAACATCAT 11.6
rs12743401 | ACGTTGGATGGGAAATTCACTAGAATGTTA ACGTTGGATGAGCTAAGAAAAAATTGTCC CATTGTCCATAACCATCCATAAC 11.6
rs4510693 | ACGTTGGATGCAACACTAGGATCAGCTGAG ACGTTGGATGAAGTCACTGGTCACTCATCC CACCGGTCACTCATCCAGACTTA 11.6
rs1569012 | ACGTTGGATGCTAGAGATAGTCAGGAACAC ACGTTGGATGACCTAAACCCATCTCATGTC ACCGCATGTCTTATTCACGTTGA 11.6
rs4436151 | ACGTTGGATGATGTAAGTCAGTTCAGCCAC ACGTTGGATGGTGGGTCAAATGGTAGTTATG TAGTTATGTTTTAACTCCTTTGA 11.6
rs12344734 | ACGTTGGATGTACAGACTTTGCCGTAGGAC ACGTTGGATGTTTGTAACCTCCCTCCTGTC TCCCATCCCTCCTGTCACTAGCTC 11.6
rs9324005 | ACGTTGGATGTACCATGCCACTGGACTTTG ACGTTGGATGTGATGGGCACTTCTGGATAC ATGGATACATGGTCACTTATTAGC 11.6
rs4330611 | ACGTTGGATGGGGATATTCCACTATCCAGC ACGTTGGATGCCATTCCAACCTCCAACTGA CCTACAACCTCCAACTGATTTACAG 11.6
rs1546929 | ACGTTGGATGTAAGTCAAAACAGGCATACG ACGTTGGATGTTCTCATTGGTCCAAGGAGC AATCCTGATTTATCAGATAATCCTA 11.6
rs11232875 | ACGTTGGATGAGGAGTCATGAGGCTTCAAC ACGTTGGATGTGCTTTGAGATGTCTCTGTC GGGATGAAACTAATGTACTTCTTAC 14
rs6687859 | ACGTTGGATGAGGGAAAGAAATCCAGCGTC ACGTTGGATGGTGTTTCAGACCCAAACCTC CACATCAGAAAATATCCCACAATATG 14
rs268598 ACGTTGGATGGCAATGTCACATATTAAGC ACGTTGGATGTCTCCTTTCCCTATGGGAAC GCCTATGGGAACTATATAAATAGTCA 14
rs17615558 | ACGTTGGATGGCTATGCACTTGGACAATTA ACGTTGGATGGAGCTGATCACCGGCTAGAA GGGTTGATCACCGGCTAGAATTTATA 14
rs10821663 | ACGTTGGATGTCTTGACACTTTGGGATTGG ACGTTGGATGACTGCCCTAGAGAGAAAGAG AGAGAAAGAGGAAGAGAATATCTATT 14




10. Attachments XI
UEP
Assay SNP-ID 1st primer (sequence 5' - 3') 2nd primer (sequence 5' - 3') UEP primer (sequence 5' - 3') conc.
(um)
NeufODYS - | rs2311445 | ACGTTGGATGAGGCACAAAAGAGTACAGAC ACGTTGGATGCTATCGTGACTTCTAACCCC CCCAACAGGTACTTTTGCCTCTTTTTA 14
Repal;:::lon rs16932422 | ACGTTGGATGTGAGGTTGGAGAGATGAGTG ACGTTGGATGCAGTTCTTCCTGCTGCCAC CTCTTCTGGGCCCTCATCTCCTCATCTT 14
integrating | rs2189167 | ACGTTGGATGCAACTTCAATCTCTAGCACC ACGTTGGATGGTGTTTACTATATTTCCATTC GGTTTACTATATTTCCATTCTTGTTTAC 14
pt;olting rs12352208 | ACGTTGGATGCAAACATGGAGTGTCTGCTG ACGTTGGATGATGGAAGGAAGTACTCCAGC ACTAGTTCATATGACCAGCATCCAATAC 14
(coama:_) rs7381 ACGTTGGATGTAAGGACATGGCTGCTGTAG ACGTTGGATGGCATTCTGTCATGCTGCTTC CGGATTCTGGGGATAATTTATCATCCAC 14
rs4234898 | ACGTTGGATGCTCTGGGTGGTTTTCACTGT ACGTTGGATGGCTGGCATCTTCAAGTTTTC TCTGCCATGTCCCCCTC 7
rs2114167 | ACGTTGGATGAGGACACTCAGACAGCCAG ACGTTGGATGTGTAGATTCCAGGAAATCCC GAAATCCCTGGTCCTC 7
MMN - rs133885 ACGTTGGATGGGGCTTCATTAAGCAACTGG ACGTTGGATGAGGCGACAGCTAACTGCTTC TGGCCTCTTTTTCAGTC 7
F;l\::l- rs1365152 ACGTTGGATGACACAGGCTAAGAGTCGAAG ACGTTGGATGGACAGGCTGTCCAGAGCTT GGAGCTTGGTGGCGATGC 9.3
rs4837521 ACGTTGGATGACAGGCTTTTAGTAGCTGAC ACGTTGGATGCTCCTGCCACTGGTTTAATG GGTTGCTATAAGCAAAAGG 9.3
rs1399428 | ACGTTGGATGGCTAGGAACTCTTGGAGTAG ACGTTGGATGCTACTTTAGATGATGATGAC ATGATAACTATGATTCGATGA 11.6
rs9307938 ACGTTGGATGGAATGGCATAAAAGTGAAGTG ACGTTGGATGCCAGTGGTTTATACACAGGC CAGGCAACGGTTAGG 7
rs12500004 | ACGTTGGATGGGGATTATGTAAGGAGTCCA ACGTTGGATGAGTTATTTGCTTTCTCCCTC TTTCTCCCTCTCCCTTTC 9.3
rs4555581 ACGTTGGATGCCTCAGGAAGCTTCTAATCG ACGTTGGATGCTGTGACTATCTCTCTTGGC CATGAGACACATTTGCTC 9.3
MMN - rs4690853 | ACGTTGGATGAAAGAACACTGACCCACAGG ACGTTGGATGTGCTCAAAACAGCCTGTGCC CAGACAATGTCATCACACA 9.3
Plex2 rs6845616 | ACGTTGGATGTATTTGGGGAGTACAATAC ACGTTGGATGGGAGTCCTGAATTCAAAGCC GAATTCAAAGCCTAGTACAT 11.6
rs11100040 | ACGTTGGATGAACACAGTTGTTTACAGGAC ACGTTGGATGGTAAGGAAAATGACAGTAGC AAAATGACAGTAGCACTATC 11.6
rs4600965 | ACGTTGGATGCACCTAGATTTGTATAAAG ACGTTGGATGCCATGTGTGTTTCTTGGGTC TGTTTCTTGGGTCTTTTAAGTTA 11.6
rs4256192 | ACGTTGGATGAAATGCCAGTCCAGTTGTCC ACGTTGGATGATGGCAATCAGTTAATCTC AGAGATGTTGGCTTTTCAATAAA 14
rs13058434 | ACGTTGGATGTCCTTTCCAGTATCTGTGGC ACGTTGGATGCAAGCCAGAGAAGACTCATC CCCATGACGCCCCCC 7
rs542162 ACGTTGGATGCCCACTTTCTGGAATCTAGG ACGTTGGATGTGTGGCTGGAGGAACACAAG AGGACCTCATGGCTC 7
rs4822644 | ACGTTGGATGGGTCACAGGGATGGATTTTC ACGTTGGATGAACTGGAGAACAGGCCTATG AGGCCTATGCGTGTT 7
rs9624894 | ACGTTGGATGTGGTGGCCATTTGGGGAATC ACGTTGGATGTCCCACACTCAAACCCACAG CCTCCTGTCCTTAGGC 7
rs4822661 ACGTTGGATGTCTCCACCCCTAGAACTCAC ACGTTGGATGCAAGTGAAATTGTCAAGGGC TGAGTCGAGCAGAGGT 9.3
rs133866 ACGTTGGATGGGACATCAGAAATCTCTGCC ACGTTGGATGTGAACAGTTAGAAATGAGCC TAGAAATGAGCCTGAGAA 9.3
FPA|::2- rs133903 ACGTTGGATGTTTAGATGGCTCCAGAGCAC ACGTTGGATGTAAACCAGCAAATGGCACCG GCCCATCTTCTACCTTACAC 11.6
rs9620553 | ACGTTGGATGTGCCTCGTCAGCTGCTGTTT ACGTTGGATGAGACTCGCGATTTTATACCG TTTATACCGTGAATTCCAAA 11.6
rs4822649 | ACGTTGGATGATCTTGGACAATGCCAGCAC ACGTTGGATGGTTTGAATGCAAGAGGAGGG AGGGGGAGAATCCCAGATTCC 11.6
rs3859865 | ACGTTGGATGCTTATCAAGAACCTCTGTGC ACGTTGGATGATCTCCTTTGAATTCCTCCC TTGAATTCCTCCCTTATCAGTT 14
rs133847 ACGTTGGATGACAAACATCCACTGAGCACG ACGTTGGATGCAGAGAAAGTCCCACTGAAG TACAGTGACTGTTACAGTCCAC 14
rs133871 ACGTTGGATGTGACTGTAGCATTGAAAGAG ACGTTGGATGCTGCGAATTGGAGGTACTCT TGACATTCTCTAGTTATCGGACTTC 14
rs3848858 | ACGTTGGATGGAAGGATGCTGCTTGCAGAC ACGTTGGATGGGGATCCCTCTGCATCTGA GGGATCCCTCTGCATCTGAGGTGAC 14




10. Attachments XII

Attachment II: Custom TaqMan assay for SLC2A3.

The cDNA sequence for SLC2A3 is represented based on RefSeq annotation (chr. 12: 7,963,092...7,980,159 bp, NCBI
build 36), from its 5’'UTR until beginning of exon 5. Exons are given in alternating blue and black-colored letters, with
codons separated by blue-white shadings. 5" and 3’ UTRs are given in red-colored letters and are highlighted by blue
shadings. The probe is shown in yellow, while the flanking primers are marked in green. The TagMan assay was
designed in a region that distinguishes SLC2A3 from other closely related members of the SLC2-protein family.

GTGGGGTGGGGTGGGGCTGGCGGCTTGTCGCCCTTTCAGGCTCCACCCTTTGCGGAGA
TTATAAATAGTCATGATCCCAGCGAGACCCAGAGATGCTGTAATGGTAAGACTTTGGA
TCCTTCCTGAGGACGTGGAGAAAACTTGCTGCTGAGAAGGACATTTTGAAGGTTTTGT
TGGCTGAAAAAGCTGTTTCTGGAATC ATTAG
ATTACAGCGATGGGGACACAGAAGGTCACCCCAGCTCTGA
GGCTCTTTCCAATTTGGCTACAACACTGGGGTCATCAATGCTCCTGAGAA
GATCATAAAGGAATTTATCAATAAAACTTTGACGGACAAGGGAAATGCCCCACCCTCT
GAGGTGCTGCTCACGTCTCTCTGGTCCTTGTCTGTGGCCATATTTTCCGTCGGGGGTA
TGATCGGCTCCTTTTCCGTCGGACTCTTCGTCAACCGCTTTGGCAGGCGCAATTCAAT
GCTGATTGTCAACCTGTTGGCTGTCACTGGTGGCTGCTTTATGGGACTGTGTAAAGTA
GCTAAGTCGGTTGAAATGCTGATCCTGGGTCGCTTGGTTATTGGCCTCTTCTGCGGAC
TCTGCACAGGTTTTGTGCCCATGTACATTGGAGAGATCTCGCCTACTGCCCTGCGGGG
TGCCTTTGGCACTCTCAACCAGCTGGGCATCGTTGTTGGAATTCTGGTGGCCCAGATC
TTTGGTCTGGAATTCATCCTTGGGTCTGAAGAGCTATGGCCGCTGCTACTGGGTTTTA

SLC2A3_ex1/2

Attachment III: Setup for DCDC2 deletion screening.

(A) The deletion region covers 2,445 bp in intron 2 of DCDC2. Within the deletion, a STR marker consisting of
different numbers of repeats is located. The positions of the primers are indicated. In presence of the deletion, the R2
primer cannot bind and a product is formed between R1 and F (product size 215 bp). For non-deleted alleles, R2 and
F primer form the product, as R1 is too far away given the used PCR conditions (525 bp). (B) PCR results for non-
deleted (wt) and deleted (del) alleles. Non-deleted alleles were sequenced to assess STR alleles.
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10. Attachments X111

Attachment I'V: Summary of the statistical analysis for SNPs included in the GRIN2B study.

66 SNPs were included in the assay, 5 SNPs failed genotyping (‘failed’). SNPs are presented in consecutive order,
with the results of the TDT (dyslexia as qualitative trait) and the QTDT (‘short term memory’).* — Position according
to dbSNP129. Minor allele frequencies (MAFs) are given for the parental chromosomes (n.a. — not analyzed for failed
SNPs). ' — SNPs with P<0.1 in Dorval et al., 2 — SNPs contained in multi-SNP cluster in de Quervain &
Papassotiropoulos, 3 — SNP corresponds to hCV2682119 in de Quervain & Papassotiropoulos, * - SNP corresponds to
hCV3289602 in de Quervain & Papassotiropoulos. P-values are bold if < 0.05. SNPs shaded in grey showed nominal
significant P-values for short-term memory performance and were taken forward into subsequent analysis.

Marker P-values
MAF
SNP-ID ‘ Position* TDT QTDT 'short-term memory'
rs17820659 13,580,175 0.101 0.3673 0.5825
rs1805247 13,607,242 0.082 0.5806 0.7065
rs1806201 13,608,775 0.271 0.2733 0.1650
rs3026160 13,611,310 0.121 0.5834 0.4174
rs1805482 13,656,041 0.319 0.1275 0.1597
rs11055557 13,680,094 0.327 0.0901 0.2417
rs11055582 13,720,442 0.093 0.8648 0.8175
rs17833639 13,721,044 0.076 0.2564 0.5915
rs765688 13,721,348 0.218 0.756 0.6990
rs2193150 13,722,606 0.183 0.2772 0.8518
rs2192977° 13,730,269 0.414 0.7935 0.3924
rs2300242 13,731,564 n.a. failed failed
rs2300245 13,732,562 0.234 0.8527 0.3717
rs2284407" 13,733,473 0.399 0.8742 0.2365
rs1158541 13,737,940 0.35 0.4593 0.6070
rs7966866 13,745,523 n.a. failed failed
rs1012586 13,746,899 0.286 0.6506 0.0401
rs11055593 13,748,274 0.066 0.4235 0.2185
rs12809496 13,749,176 0.377 0.8378 0.5344
rs17220663 13,750,851 0.055 0.5784 0.6272
rs2300251 13,752,862 0.437 0.9606 0.3589
rs2300252 13,752,951 0.306 0.7872 0.3523
rs2284411" 13,757,439 0.356 0.7564 0.3575
rs2300256" 13,759,677 0.495 0.8043 0.7036
rs2268115" 13,760,992 n.a. failed failed
rs2268119 13,763,901 0.204 0.7054 0.0243
rs2110984 13,766,847 0.225 0.6695 0.0727
rs11612284 13,766,943 0.18 0.6985 0.3603
rs7970407 13,768,117 n.a. failed failed
rs2268120 13,769,155 0.099 0.4957 0.6637
rs10845837 13,771,435 0.3 0.6229 0.5799
rs2216128 13,774,281 0.225 1 0.0406
rs10845838%% 13,785,663 0.243 0.8559 0.4900
rs2192973 13,787,822 0.203 0.8510 0.0381
rs2268122 13,788,728 0.139 0.3096 0.9736
rs1005549 13,793,082 0.224 0.3338 0.5373
rs1805555 13,799,334 0.031 0.7728 0.9037
rs1861452 13,800,997 0.144 0.2825 0.2009
rs11055608 13,804,693 0.45 0.8821 0.1981
rs2284416 13,810,481 0.449 0.9205 0.1911
rs2216127 13,825,676 0.156 0.5355 0.5854
rs220549 13,828,587 0.431 0.8797 0.1528
rs11055616 13,831,108 0.24 0.7638 0.1900
rs2284418 13,834,895 0.201 0.183 0.0674
rs220557 13,839,047 0.343 0.4985 0.8289
rs220563 13,841,135 0.203 0.368 0.7412
rs7974275 13,841,844 0.284 0.2858 0.0510
rs17833967 13,846,345 0.084 0.1721 0.0584
rs220583 13,852,010 0.257 0.2433 0.2123
rs220597 13,859,453 0.359 0.9569 0.4367
rs220599° 13,866,565 0.328 0.34 0.5548
rs2160734 13,875,616 0.455 0.5076 0.9323
rs2284424 13,880,137 0.294 0.2482 0.6380
rs2284425 13,880,286 0.292 0.1876 0.7553
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Marker P-values
MAF
SNP-ID Position* TDT QTDT 'short-term memory'
Table continued
rs2300273 13,881,701 0.443 0.7213 0.8750
rs7301328 13,910,044 0.398 0.4691 0.9025
rs12818068 13,910,424 0.121 0.1744 0.2282
rs2041986 13,929,237 n.a. failed failed
rs9971835 13,953,134 0.357 0.5604 0.1063
rs219876 13,972,890 0.078 0.5672 0.1176
rs12828473>* 13,996,995 0.474 0.3708 0.7249
rs1421109” 14,024,078 0.029 0.1119 0.4576
rs11055711 14,044,935 0.059 0.6275 0.6229
rs7964322 14,070,657 0.064 0.833 0.5338
rs12830358 14,091,910 0.181 0.3494 0.4625
rs933614 14,111,149 0.174 0.0130 0.4285

Attachment V: Short-term memory performance in relation to maternal transmissions for rs2192973, rs2216128 and
152268119. As for rs1012586, individuals with maternally transmitted alleles for three significant SNPs rs2192973,
rs2216128 and rs2268119 performed better in short-term memory tasks. The figure illustrates the phenotypic
differences for each of the three SNPs, always representing performance of individuals with maternally non-
transmitted alleles (NT) and maternally transmitted alleles (T). For all three SNPs, the difference between the groups
is significant, with P <0.01. Numbers of transmitted / non-transmitted alleles are as follows: 62 T vs. 52 NT
(rs2192973), 68 T vs. 63 NT (rs2216128), 55 T vs. 48 NT (rs 2268119).
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Attachment VI: Results of the pooling approach using allele frequency estimates.
Pooling results are depicted for SNPs providing P-values < 10-* in the combined analysis of all three pools (Fisher’s
Product). SNPs showing nominal significant P-values in at least two of the three pools were considered for analysis.
For each of these SNPs, functional evidence based on UCSC expression data was assessed (x).

Location (dbSNP129) P-values of the different populations Combined Functional
SNP Gene | Chr | Position Finnish pools | German pools | UK pools | Fisher's P-value | evidence
rs36019094 5 40,273,131 4.15x 10" 5.06 x 10™° 3.28x10™ 3.38x10™
rs3817222 PPP1R12B 1 200,731,383 9.21x10™ 3.59x 10 8.97x10™ 1.32x10™°
rs10932727 DIRC3 2 218,313,957 4.26x10% 5.48x 10”7 9.58 x 10 8.67x10™
rs11661017 18 9,865,106 1.41x10” 4.89x 10 5.55x 10" 1.43x10”
rs12290752 11 115,939,639 4.04x10% 1.74x 10" 4.00x 10 9.00x 10
rs13297028 9 76,729,283 2.13x10* 9.25x 10" 1.53x10% 9.62x10™°
rs420121 GRIK1 21 30,068,479 7.29x10% 7.23x10” 7.96x 10 1.30x10% X
rs1569012 STON2 14 80,923,160 7.48x10 1.47 x 10 4.01x10" 1.36x10% X
rs6687859 PTGER3 1 71,135,175 7.69x 10 8.80x 10 2.22x10" 4.19x10%
rs12344734 T™MC1 9 74,383,363 3.53x10™ 9.31x10% 8.81x10” 7.65x10° X
rs10509910 MXI1 10 111,991,750 2.25x10™ 3.17x10 4.70x 10 8.73x10°®
rs6812487 0oDz3 183,697,713 2.09x10” 1.92x10% 2.15x10* 2.07x10” X
rs13261597 ADRA1A 26,684,235 3.99x10* 1.02x10% 2.16x10™ 2.10x 10" X
rs7934218 FAM168A 11 72,884,377 6.53x 10 2.93x10% 6.18x 10* 2.75x10"”
rs6992898 8 126,629,069 8.90x 10 1.72x10% 9.52x 10 3.33x10”
rs16918472 11 92,441,542 1.47x10" 1.40x 10 1.03x10% 4.67x10%
rs2311445 16 17,456,460 2.24x10° 8.26x 10 1.15x 10" 4.69x10”
rs705790 6 166,286,499 9.36x 10 433x10% 5.72x10% 5.07x 10"
rs12352208 9 14,563,137 1.18x10% 5.77x 10 3.79x10* 5.57x10"
rs2817764 cDC2L6 111,087,345 6.43x10™ 437x10% 9.92x10" 5.99x 10"
rs16932422 DNAJC5B 67,103,552 1.28x10% 1.01x10% 2.59x10*" 7.06x 10"
157904542 CEP55 10 95,245,571 1.04x10* 1.48x10* 2.29x10™ 7.43x10"”
rs12919062 16 83,122,879 1.79x10% 1.66 x 10 1.32x10" 8.16x 10"
rs17022928 2 83,081,762 8.65x 10" 5.44x 10" 1.03x10% 9.88x 10"
rs2001363 NLRP1 17 5,403,378 2.80x10* 2.63x10°% 7.79x 10" 1.15x10%
rs17615558 12,463,160 1.13x10% 1.25x10* 4,16 x 10 1.17x10%
rs16900429 RIPK2 90,845,430 1.64x10% 4.07x10™ 9.56x 10 1.26x 10%
159397276 156,298,468 7.03x10° 1.69x 10% 7.51x10* 1.70x 10%
rs7381 FBLN1 22 44,375,446 2.01x10™ 5.30x 10” 8.90x 10 1.80x 10%
rs17203209 OSBPLIA 18 20,137,360 2.30x10™ 7.30x10% 5.70x 10 1.82x10%
rs7121541 11 12,247,388 3.61x10™ 3.00x 10" 9.22x10™ 1.89x10%
rs752527 SNX29 16 12,491,562 1.87x10* 2.38x10% 3.46x 10 2.77x10°
rs3736403 CCcDC108 2 219,613,491 1.65x10% 2.82x10% 4.47 x 10 3.65x10°°
157686728 4 184,541,581 2.33x10™ 6.67x 10" 1.42x 10 3.84x10°°
rs9361115 6 77,462,787 1.87x10" 1.04x10% 1.20x10% 4.02x10%
rs4330611 SGCE 7 94,109,934 1.86x 10" 1.66 x 10 9.51x10% 4.94x10%
rs6805519 GLB1 3 33,057,192 9.64x10" 9.97x10* 3.27x10° 5.26x 10
rs3744749 22 44,832,872 1.96 x 10 8.41x 10" 2.19x10% 5.95x 10
rs11232875 11 81,191,362 1.10x 10% 3.85x10°% 8.59x 10" 5.98x 10
rs2280711 TAOK3 12 117,134,337 2.18x10™ 8.05x 10% 2.28x10% 6.53x 10
157627525 UBE2E2 3 23,440,163 2.53x10™ 4.64x10 3.91x10* 7.38x10°°
rs11575489 DDC 7 50,511,385 7.80x10™ 2.81x10" 2.10x10* 7.39x10° X
rs1546929 BCKDHB 6 81,104,278 1.58x 10 3.18x 10 9.51x 10" 7.64x10°°
rs10821663 ANK3 10 61,480,286 7.84x10™ 6.39x 10" 9.84x 10 7.86x 10 X
rs9324005 14 98,565,680 1.80x 10 2.80x 10 1.02x10% 8.14x10
rs1959967 LOC728755 14 27,175,888 7.36x10" 7.43x10°% 9.39x 10" 8.15x 10
rs4436151 8 114,902,482 4.66x10% 231x10% 4.99x 10" 8.47x10°
rs1036196 5 150,992,450 3.94x10" 1.64x10% 9.34x10" 9.42x 10
rs9916926 18 12,908,318 8.22x10" 1.57x 10* 4.92x10% 9.84x 10
rs34871518 19 63,046,077 2.80x 10 2.65x10% 8.59x 10" 9.87x 10
rs6751361 TRAF3IP1 2 238,920,448 3.61x10™ 3.49x10% 5.14x10% 1.00x 10%
rs9535442 13 49,821,641 1.58x 10" 4.92x10% 8.41x10"% 1.01x10%
rs7291798 SGSM1 22 23,568,729 2.37x10 7.21x10% 4.01x10™ 1.05x10% X
rs4510693 6 156,270,620 1.22x10% 9.03x10°% 6.51x 10" 1.10x10%
rs17542525 MS4A5 11 59,958,103 4.20x10% 1.63x10% 1.06 x 10 1.10x10%
rs10499129 NKAIN2 6 124,975,906 2.39x10* 4.94x 10 8.14x10™ 1.42x10%
rs945386 KIAA1984 9 138,813,417 1.34x10* 4.80x 10 2.06x 10 1.89x10%
15268598 TRAM1 8 71,677,425 7.00x10% 1.59x 10 1.23x10% 1.93x10%
rs5063 NPPA 1 11,830,235 1.02x10* 1.02x10” 1.35x 10" 1.99x 10%
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Table continued
rs2289191 IARS2 1 218,366,658 9.80x 10 458x10" 3.64x10" 2.27x10%
rs4655653 WDR78 1 67,104,024 3.14x10" 6.85x 10™ 1.37x10% 3.80x 10
rs2254143 KIAA1984 9 138,820,929 1.99x10* 5.12x 10" 8.25x 10 9.48x 10
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