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ABSTRACT 
Developmental dyslexia, also known as specific reading disability, is characterized by 
persistent difficulties in learning to read and spell in spite of adequate intelligence, 
education, social environment, and normal senses. It is the most common learning 
disability affecting 5-10% of school-aged children. The core deficit in dyslexia is 
believed to involve phonological processing. Dyslexia has a complex genetic basis, and 
family studies as well as extensive molecular genetic studies have proven the 
importance of genetic factors in the development of this disorder. To date, nine 
chromosomal regions have been identified as susceptibility loci for dyslexia; DYX1–
DYX9. DYX1C1 on chromosome 15q21 was the first candidate gene suggested based 
on the cloning of a translocation breakpoint co-segregating with dyslexia. 
 
The aim of this thesis project was to identify susceptibility genes for dyslexia primarily 
by using a positional cloning approach. Specifically, three candidate loci for dyslexia 
were studied; DYX1, DYX2, and DYX3. Several rounds of genetic mapping within the 
DYX3 region lead to the identification of overlapping dyslexia risk haplotypes in two 
independent sample sets. Carriers of the risk haplotype showed attenuated expression of 
two co-expressed genes within the region, MRPL19 and C2ORF3, indicating a possible 
regulatory effect of the risk variants. Linkage disequilibrium mapping within the most 
replicated susceptibility for dyslexia, DYX2, revealed a strong genetic effect for 
DCDC2 in dyslexic individuals, in particular in more severely affected cases. The 
effect of this gene as a susceptibility factor for dyslexia was confirmed by replication 
analysis in an independent sample set. 
 
Replication efforts of DYX1C1 have shown inconsistent results, and thus its role in the 
development of dyslexia has been considered unsettled. We refined the haplotype 
structure by analyzing additional variants within the DYX1C1 locus. The haplotypes 
showed association with dyslexia in a large sample set, with possible sex-specific 
effects. Refined mapping of another translocation within the DYX1 region co-
segregating with dyslexia located the breakpoint to the complex promoter region of 
CYP19A1 (aromatase). Genetic variation within CYP19A1 associated with speech and 
language measures and dyslexia in three independent sample sets. Variation in the 
highly conserved brain promoter of CYP19A1 altered transcription factor binding. An 
aromatase inhibitor reduced dendritic growth in cultured rat neurons. Brain morphology 
studies of aromatase-deficient mice showed increased cortical neuronal density and 
occasional cortical heterotopias, similar to those observed in human dyslexic brains.  
 
To date, seven candidate susceptibility genes have been suggested for dyslexia. In 
addition to the ones studied in this thesis, KIAA0319 within DYX2 and ROBO1 within 
DYX5 have been indicated in dyslexia. Studies of the dyslexia candidate genes in rats 
and mice implicate neuronal migration and axon guidance as neurobiological 
mechanisms that likely mediate this disorder. Anatomical studies support this 
hypothesis as cortical abnormalities have been observed in dyslexic brains. Functional 
brain imaging studies show that these disrupted areas are involved in phonological 
processing and display abnormal activation in dyslexics. Taken together, our results 
and these studies implicate a biological basis for developmental dyslexia. 
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1 INTRODUCTION 

1.1 DEVELOPMENTAL DYSLEXIA 

Dyslexia was first described as “word blindness” in 1877, when Kussmaul reported a 
man who despite normal intelligence was unable to learn to read even though he 
received an adequate education (reviewed by Richardson 1992). In the end of the 19th 
century, Hinshelwood and Morgan both described word blindness as a congenital 
defect, occurring in children with otherwise normal brains. These reports were based on 
studies of acquired dyslexia, or alexia, where neurological damage to certain brain 
areas result in loss of reading ability. In 1925, Orton described the first theory of 
specific learning difficulty. He hypothesized that the children's reading problems 
stemmed from a failure of the left hemisphere to become dominant over the right, and 
that a deficit in visual processing was the cause for the reading difficulties. He termed 
the disorder “strephosymbolia”, i.e., “twisted symbols” from the Greek words 
[strepho]=twist, and [symbolon]=symbol. The disorder was later more appropriately 
called dyslexia, “difficulty with words” (from Greek [dys]=difficult, [lexis]=words), as 
it was recognized that the condition is language-related, rather than a visual problem. In 
1968 The Research Group on Developmental Dyslexia from The World Federation of 
Neurology recommended the definitions of dyslexia used today, although they have 
since been somewhat specified. The definition of dyslexia set by The International 
Dyslexia Association (IDA) and adopted by the National Institute of Child Health and 
Human Development (NICHD) in 2002 is: 
 
“Dyslexia is a specific learning disability that is neurological in origin. It is 
characterized by difficulties with accurate and/or fluent word recognition and by poor 
spelling and decoding abilities. These difficulties typically result from a deficit in the 
phonological component of language that is often unexpected in relation to other 
cognitive abilities and the provision of effective classroom instruction. Secondary 
consequences may include problems in reading comprehension and reduced reading 
experience that can impede growth of vocabulary and background knowledge.” 
 
 
 

1.2 NEUROCOGNITIVE DEFICITS IN DYSLEXIA  

1.2.1 General reading ability 

Reading is a cognitively complex task, with various component processes contributing 
to the development of this skill. The two main components required for fluent reading 
are word recognition and language comprehension (Vellutino et al. 2004). Word 
recognition can be divided into two components of written language skills; 
phonological decoding and orthographic coding. Written words are the initial input to 
the reading system, which are then converted to explicit speech or sound-based mental 
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representations during silent reading (Snowling 2001). This conversion process for an 
alphabetic language involves storing words in phonologically coded temporal memory, 
language-specific correspondence between letters and sounds, and conscious awareness 
of the sounds in auditory words.  
 
Reading performance depends on a number of phenotypically correlated and 
overlapping factors. Phonological awareness is an oral language skill characterized by 
the ability to dissect a spoken word into its individual speech sounds; the phonemes. In 
order to learn to read, children must be able to recognize and manipulate the individual 
phonemes that correspond to letters (graphemes) in written language. Phonological 
decoding is the conversion of written words into spoken words. This demonstrates an 
understanding of the letter-sound (grapheme-phoneme) correspondence, which is 
critical in learning to read and required for learning new words. Orthographic coding is 
the ability to encode the specific spelling pattern of a word and the recognition of an 
entire written word as a unit. It is required for development of fluent reading. Rapid 
automatized naming is the rapid access to a phonological name code during 
phonological decoding; it is also required for fluent reading. Deficits in one or more of 
these processes are manifested in impaired real-word-reading, or word recognition, an 
indicator of reading disability in children (Vellutino et al. 2004). 
 
 

1.2.2 Reading disability 

Reading ability is normally distributed in the general population, where disability 
(dyslexia) represents the lower tail of the continuous distribution (Shaywitz et al. 1992). 
The prevalence of dyslexia is 5-10% in school-aged children (Shaywitz et al. 1990; 
Shaywitz et al. 1992; Lyytinen et al. 1995), depending on the chosen diagnostic criteria 
as well as on the underlying language. The prevalence is correlated to the complexity of 
the orthographic rules for a given language. In languages with transparent or shallow 
orthography such as Finnish, Italian or even German, the letters or combinations of 
them correspond to the speech sounds occurring in the language. In these regular 
orthography languages, low reading speed is the major and persistent problem for 
dyslexics (Landerl et al. 1997; Zoccolotti et al. 1999; Leinonen et al. 2001). In English, 
which has a more complex orthography, the problems are prominent  also in reading 
accuracy, although reading speed is also severely affected (Ziegler et al. 2003). 
Nevertheless, dyslexics in both regular and complex orthography languages show 
deficits across the same neurocognitive reading-related processes. 
 
Dyslexia is characterized by deficits in accurate and fluent word recognition. Dyslexic 
children show early difficulties in learning to name letters and associate sounds to 
them. These are most probably the result of a deficit in the phonological component of 
language, impairing the ability to segment a spoken word into its underlying 
phonologic elements and link each letter to its corresponding sound (Shaywitz and 
Shaywitz 2005). As a result, the dyslexic reader experiences difficulty in decoding the 
word and then in identifying it, leading to problems in reading and spelling. Secondary 
consequences are problems in reading comprehension and reduced vocabulary and 
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background knowledge (Shaywitz and Shaywitz 2005). Poor phonological awareness is 
among the best early predictors of later reading disability, suggesting a causal role in 
the development of dyslexia (Peterson et al. 2007). Deficits in phonological awareness 
can be demonstrated in children of dyslexic parents already before kindergarten 
(Pennington and Lefly 2001; Snowling et al. 2003; Lyytinen et al. 2004). In 
adolescence or adulthood, most dyslexic individuals compensate for their reading 
disability through experience, but are still deficient in their phonological skills, and 
generally do not reach normal reading ability (Bruck 1992; Shaywitz et al. 1999). 
 
Although the core deficit in dyslexia is most commonly believed to be in phonological 
processing, dyslexic individuals also show impairments in several correlated cognitive 
processes, such as verbal short-term memory and rapid naming (Vellutino et al. 2004). 
Verbal short-term memory is implicated in the transient storing of all the relevant 
representations, thus allowing grapheme-phoneme conversion and assembly of the 
phonemes. A deficit in rapid naming is connected with deficits in reading fluency and 
individuals with a double deficit, i.e., deficits in both phonological awareness and rapid 
naming, have been found to be more impaired on reading-related measures (Lovett et 
al. 2000). It has also been suggested that impairments in different cognitive processes 
lead to diverse subtypes of dyslexia. Based on the dual-route model of reading two 
types of dyslexia have been proposed: surface dyslexia that affects orthographic 
processing, and phonological dyslexia that is characterized by poor phonological 
decoding skills (Castles and Coltheart 1993). Generally, however, dyslexic children are 
impaired in both phonological and orthographic skills, and the validity of this model 
has been criticized. 
 
In addition to the reading and language related deficits, dyslexic individuals often 
manifest also other behavioral symptoms, including sensory deficits in auditory and 
visual domains, impaired balance and motor control, and cerebellar dysfunction 
(Ramus 2003). Thus, in addition to the widely accepted phonological theory, there have 
been several alternative theories proposed for the development of dyslexia. Early 
studies of dyslexia focused on a simple visual processing theory, since it was observed 
that dyslexic individuals commonly made visual confusions between morphologically 
similar letters, especially those that have a symmetrical counterpart (such as b and d). 
However, this simple theory has long been invalidated, as it has been demonstrated that 
the reversal errors are restricted to one’s own language, being linguistic rather than 
visual in nature (Vellutino 1979; Peterson et al. 2007). The visual sensory deficit has 
since been explained by the magnocellular theory, in which a generalized dysfunction 
of cells in the magnocellular pathway results in difficulties with rapidly processing 
visually presented stimuli (Stein and Walsh 1997). Many dyslexics also perform poorly 
on auditory tasks and show abnormal neurophysiological responses to auditory stimuli 
(McArthur and Bishop 2001). The auditory processing theory suggests that the 
phonological deficits in dyslexia are secondary to auditory deficits in the perception of 
short or rapidly varying sounds due to impairment in auditory temporal processing 
(Tallal 1980). The cerebellar theory of dyslexia attempts to explain the phonological 
deficits by a cerebellar dysfunction leading to impairment in motor, balance and 
automation skills. The visual, auditory, and motor deficits have recently been combined 
in a general magnocellular theory for dyslexia (Stein 2001). However, the visual, 



 
 

4 
 

auditory, and motor theories for dyslexia are abated by that these impairments seem not 
to be specific for dyslexia and there is little evidence for a causal relationship between 
sensorimotor dysfunction and reading impairment (Ramus 2003). 
 
 

1.2.3 Comorbidity of dyslexia 

Dyslexic individuals often show symptoms of related neurodevelopmental behavioral 
disorders, e.g., deficits in oral language acquisition, motor coordination deficits, 
visuospatial impairment, and attentional abilities. There exists frequent comorbidity 
between dyslexia and speech sound disorder (SSD), specific language impairment 
(SLI), attention deficit hyperactivity disorder (ADHD), dysgraphia (difficulties in 
writing), dyspraxia (motor coordination deficits), and dyscalculia (difficulties in 
mathematics). All these behavioral disorders manifest in learning problems at an early 
age, despite normal intelligence, that can affect the cognitive and emotional 
development of a child. 
 

1.2.3.1 Speech sound disorder  

SSD is a developmental disorder that is prevalent in childhood, with 15.6 % of pre-
school age children and 3.8 % of 6 year-olds manifesting the disorder (Shriberg et al. 
1999; Campbell et al. 2003). It is characterized by deficits in articulation and the 
cognitive representation of speech sounds (Stein et al. 2006). Children with SSD show 
also deficits in verbal short-term memory (Kenney et al. 2006). As in dyslexia, the core 
deficit is believed to be in phonological processing (Pennington 2006). Articulation is 
crucial in the early stages in learning to read, but not needed for skilled learning. 
Developmental problems in spoken language at a very early age and diagnosed SSD 
before school age have been shown to predict the later emergence of dyslexia in 
families at high risk (Lyytinen et al. 2003; Raitano et al. 2004). In effect, about 50 % of 
SSD probands will develop dyslexia (Stein et al. 2006). 
 

1.2.3.2 Attention deficit hyperactivity disorder 

ADHD, together with dyslexia, is the most prevalent neurobehavioral disorder in 
childhood, affecting 8-12 % of the general population (Faraone et al. 2003). The 
disorder manifests as inattention, hyperactivity, and/or impulsivity (Wilens et al. 2002). 
ADHD and dyslexia are highly comorbid, with estimates of co-occurrence between 15 
and 40 % (Willcutt and Pennington 2000). Measures of ADHD and dyslexia exhibit at 
least some shared factors, as processing speed has shown to be impaired in both 
disorders (Pennington 2006). 
 
 

1.2.4 Diagnosis of dyslexia 

Dyslexia is usually diagnosed in primary school when parents or teachers become 
aware of that the dyslexic child has problems in reading. A family history of dyslexia 
as well as a history of early learning problems, e.g., delay in speaking and difficulties in 
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early letter identification, are strong risk factors for dyslexia and are often first 
evaluated (Grizzle and Simms 2005). Reading and spelling ability are assessed by 
measuring the central impairment in dyslexia, i.e., fluent and accurate word 
recognition, to evaluate if there are unexpected difficulties in reading and spelling 
contrasted by age, intelligence, and level of education. The commonly used criteria 
require a two standard deviations (SD) discrepancy between the observed reading 
ability and that expected on the basis of intelligence quotient (IQ) (Fisher and DeFries 
2002). Commonly used exclusion criteria are a peripheral sensory impairment (e.g., 
deafness, poor vision), a neurological impairment, or other developmental disorders 
such as autism, ADHD, or mental retardation.  
 
Even though the core deficit in dyslexia lies in phonological processing, many dyslexic 
individuals also show deficits in several other reading related components, making it 
difficult to precisely define the dyslexia phenotype. There is a variety of well-
established psychometric tests to measure the reading and spelling ability as well as the 
various subcomponents of dyslexia (Francks et al. 2002b). As dyslexia is a quantitative 
disorder, clinical diagnosis usually derive from applying thresholds to psychometric 
measures that are normally distributed in the general population. Setting a diagnostic 
threshold can be difficult, as an arbitrary threshold of a continuous variable must be 
defined to classify the individual as dyslexic or not. In school-aged children, 
performance on both phonological and orthographic skills is usually assessed. 
Phonological awareness is tested by auditory-oral methods that do not involve the 
visual processing of print. The tasks may include phoneme deletion, or moving specific 
phonemes around within or between words. Phonological decoding is typically 
evaluated through oral reading of pronounceable pseudowords such as ‘joop’. 
Orthographic coding can be measured through oral reading of words that violate 
standard letter-sound conventions (irregular words), such as ‘yacht’.  Another common 
measure is rapid recognition of correctly spelled words versus a phonologically 
identical non-word (‘rain’ vs. ‘rane’). Rapid naming tasks measure the ability to rapidly 
retrieve names for items presented in a series, assessed by the time taken to name an 
array of letters, numbers, colors or objects. Verbal short-term memory is usually 
measured by reciting a string of orally presented numbers (digit span) or unrelated 
nonwords (nonword repetition). However, these are all arbitrary measures and even a 
well-designed test is likely to measure several of the cognitive processes, as they are 
connected and overlapping (Francks et al. 2002b). 
 
Psychometric profiles can vary greatly among people with dyslexia and at different 
developmental stages (Fisher and DeFries 2002). The type of test administered depends 
on the age of the individual and also on the level of education. Adolescents and adults 
that have compensated for their deficit seem to have normal word recognition skills, but 
the underlying phonological deficits persist. These deficits can be measured with 
special tests developed for adults, measuring, e.g., spelling, reading rate, or 
phonological skills (Shaywitz et al. 1999). There are also oral-auditory phonological 
tests available assessing phoneme awareness and phonological skills in young children, 
before reading-age (Grizzle and Simms 2005). These test the child’s knowledge of 
letter sounds, the ability to blend sounds into words, and the ability to name letters 
rapidly. 
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1.3 NEUROBIOLOGY OF DYSLEXIA 

A traditional approach to study reading and reading disability has been to examine the 
consequences of focal brain lesions leading to acquired dyslexia (alexia). In the late 19th 
century, Dejerine suggested that a portion of the posterior brain region (including the 
angular gyrus and supramarginal gyrus in the inferior parietal cortex and the posterior 
part of the superior temporal gyrus) is critical for reading, and that damage to the left 
angular gyrus resulted in reading difficulties (reviewed by Richardson 1992; Shaywitz 
and Shaywitz 2005). Hinshelwood and Morgan, who reported the first cases of 
developmental dyslexia, suggested that the disorder in young dyslexic patients similarly 
resulted from abnormal brain development, particularly of the angular gyrus 
(Richardson 1992). The first pathological examination of the brain of a dyslexic boy by 
Drake in 1968 confirmed this initial hypothesis (reviewed by Habib 2000). Several 
malformations were observed in the cortical gyri of the left inferior parietal region, 
including ectopias in the outer (molecular) cortical layer. More recently, structural and 
functional neuroimaging studies of normal and impaired readers have provided insight 
into the neural systems involved in reading and dyslexia.  
 
Magnetic resonance imaging (MRI) makes use of nuclear magnetic resonance to 
examine gross anatomical features of the brain. Diffusion tensor imaging (DTI) is an 
MRI technique that measures the restricted diffusion of water in tissue. It is 
predominantly used in studies of white matter, where the location, orientation, and 
anisotropy of the axonal tracts are measured. The architecture of the axons in parallel 
bundles and their myelin sheaths facilitate the diffusion of the water molecules 
preferentially along the direction of the axonal tracts. Such preferentially oriented 
diffusion is called anisotropic diffusion. The diffusion coefficient of a particular region 
depends on the number, orientation, and packing density of the axons. Voxel-based 
morphometry is another neuroimaging technique that allows investigation of focal 
differences in brain volume.  
 
In functional brain imaging it is possible to examine brain function during performance 
of a cognitive task. Functional MRI (fMRI) and positron emission tomography (PET) 
measure metabolic activity and blood flow in the brain. Performance of a specific 
cognitive task activates neural systems in specific brain regions, leading to changes in 
metabolic activity, reflected by changes in cerebral blood flow and in cerebral 
utilization of substrates such as glucose. fMRI is commonly used in neurological 
studies of language disorders as it is noninvasive and safe, and hence ideal for studying 
children. It measures changes in blood oxygenation levels due to changes in activity, 
utilizing the different magnetic resonance signals of oxyhemoglobin and 
deoxyhemoglobin. In contrast, PET measures neuronal activity by use of radioisotopes 
and therefore can not be used in children, or repeatedly in adults. Electrophysiological 
techniques such as magnetoencephalography (MEG) and event related potential (ERP) 
measures allow examination of neural function at a much smaller time scale than fMRI 
or PET. However, they do not provide as much information about the location of the 
neural activity.  
 

http://en.wikipedia.org/wiki/White_matter
http://en.wikipedia.org/wiki/Anisotropy
http://en.wikipedia.org/wiki/Axons
http://en.wikipedia.org/wiki/Myelin
http://en.wikipedia.org/wiki/Diffusion
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1.3.1 Neurobiology of reading 

Mature reading is performed by a left hemisphere network of three important systems; 
an anterior system in the left inferior frontal cortex; a dorsal parietotemporal system 
involving the angular gyrus, supramarginal gyrus, and posterior portions of the superior 
temporal gyrus; and a ventral occipitotemporal system involving portions of the middle 
temporal gyrus and middle occipital gyrus (Shaywitz et al. 2002) (Figure 1, see also 
Figure 3A). These systems are responsible for mapping visual (orthographic) 
information onto auditory (phonological) and conceptual (semantic) representations 
(Turkeltaub et al. 2003). The phonological system can be functionally divided into two 
components: the dorsal parietotemporal component (the perisylvian region) and the 
anterior component (Schlaggar and McCandliss 2007). The perisylvian region is 
thought to function as an integrative component linking orthography to phonology. The 
left anterior component includes the inferior frontal gyrus and has been associated with 
speech production and phonological processing of words. The posterior reading system 
in the left occipito-temporal cortex includes the visual word form area involved in 
visual orthographic processing. It is critical for development of skilled reading and 
functions as an automatic, rapid word recognition system (Schlaggar and McCandliss 
2007). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Left hemisphere neural systems involved in reading.  
 
 
Learning to read is associated with two patterns of change in brain activity: increased 
activity in left middle temporal and inferior frontal gyri and decreased activity in right 
inferotemporal cortical areas (Turkeltaub et al. 2003). Activity in the left posterior 
superior temporal sulcus is associated with the maturation of the phonological 
processing abilities, which are crucial for fluent reading. Activity in the left ventral 
inferior frontal gyrus increases with reading ability and is related to phonological 
awareness and phonological naming ability (Turkeltaub et al. 2003). Brain activity in 
the anterior middle temporal gyrus also increases with reading ability. Later acquisition 
of a fluent reading skill is associated with engagement of the left inferotemporal word 
form area. Deficits in the development of these functional pathways may manifest in 
reading disability. 
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1.3.2 Neurobiology of reading disability 

Early neurological studies of dyslexia attempted to identify a single marker that would 
aid in the diagnosis of dyslexia before children learn to read. Several differences have 
been indicated between dyslexic and normal readers, e.g., unusual symmetry of the 
cerebral hemispheres, cortical abnormalities, and different brain activation patterns and 
processing pathways in response to auditory and visual perception tasks. Although 
many areas of the brain are involved in reading, the most consistently disrupted regions 
in dyslexics are the left posterior parieto-temporal and occipito-temporal regions 
involved in phonological tasks. Thus, neurological studies support the cognitive 
theories of a phonological deficit in dyslexia. However, very rarely do measures of 
single anatomical structures distinguish dyslexics from controls; instead, dyslexic 
individuals mostly display a combination of impairments (Eckert 2004).  
 

1.3.2.1 Anatomical studies 

Galaburda and co-workers observed in postmortem studies abnormal accumulations of 
neurons (ectopias) in dyslexic brains, predominantly in the left hemisphere, including 
the perisylvian, temporo-occipital, temporoparietal, and frontal regions (Galaburda and 
Kemper 1979; Galaburda et al. 1985; Humphreys et al. 1990) (Figure 2A). These 
molecular layer ectopias and focal microgyri were suggested to result from deficits in 
neuronal migration. Ectopias are nests of neurons that have missed their target in the 
cortex during neuronal migration in brain development, and have therefore escaped into 
the molecular layer of the cortex, accompanied by mild disorganization of the adjacent 
cortical layers. Microgyri are more severe disturbances in neuronal migration where the 
organization of all layers of the cortex is severely affected. Moreover, Galaburda and 
others observed dyslamination of the cortical layers in the perisylvian language areas 
(Galaburda and Kemper 1979; Galaburda et al. 1985). Since these early postmortem 
studies, brain imaging and morphometry studies have found consistent anatomical 
differences between dyslexic and nonimpaired readers, namely in the planum 
temporale, inferior frontal gyrus, thalamus, corpus callosum, cerebellum, and white 
matter (Figure 2A and B). 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.  Brain regions showing anatomical differences in dyslexic subjects. (A) The distribution of 
cortical ectopias observed in dyslexic subjects is shown by red dots in the two brain hemispheres. (B) A 
coronal section of the human brain. Adapted from TRENDS in Neurosciences, 27; Ramus, Neurobiology 
of dyslexia: a reinterpretation of the data; 720-726. Copyright 2004, with permission from Elsevier. 
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The planum temporale within the posterior superior temporal gyrus forms the heart of 
the Wernicke’s area, one of the most important functional areas for language in the 
perisylvian cortex. Therefore, it has been the most studied brain region in anatomical 
studies of dyslexia. Normally, the planum temporale is larger in the left than in the right 
hemisphere. In contrast, postmortem and imaging studies have observed unusual 
symmetry in the planum temporale of dyslexic subjects (Galaburda et al. 1985; Hynd 
and Semrud-Clikeman 1989). However, later studies have found exaggerated left 
asymmetry in dyslexic subjects or no asymmetry at all (Heiervang et al. 2000; 
Robichon et al. 2000b; Leonard et al. 2001; Eckert et al. 2003). 
 
The inferior frontal gyrus functions in several different language tasks and plays a role 
in integrating different brain regions. Similarly to other language regions, it normally 
shows leftward asymmetry, whereas MRI studies of dyslexic adults have shown a 
larger right inferior frontal gyrus (Robichon et al. 2000b). A voxel-based morphometry 
study reported decreased gray matter in the left inferior frontal gyrus of dyslexic adults 
(Brown et al. 2001). The Broca’s area within the inferior frontal gyrus has long been 
known as a critical region in language development, and it has been suggested that 
anomalous asymmetry relates to phonological segmentation (Robichon et al. 2000b). 
 
The thalamus functions primary in transmission of sensory signals to the cortex. 
Dyslexic individuals show disproportionate number of small neurons in the left medial 
geniculate nucleus (MGN) (Galaburda et al. 1994), and disorganized and smaller cell 
bodies in the magnocellular layers of the lateral geniculate nucleus (LGN) (Livingstone 
et al. 1991). The anomalies in MGN have been hypothesized to be the cause of auditory 
deficits, and the ones in LGN the cause of the visual deficits, supporting the sensory 
deficit theories of dyslexia (Livingstone et al. 1991; Galaburda et al. 1994). 
 
The corpus callosum is a central nerve bundle that allows communication between the 
right and left hemispheres of the brain. Some studies have found differences in the size, 
shape, and position of the corpus callosum in dyslexic individuals, resulting in 
communication deficits between the two hemispheres (Robichon and Habib 1998; 
Robichon et al. 2000a; von Plessen et al. 2002). 
 
The cerebellum plays an important role in the integration of sensory perception and in 
motor control. Disrupted cerebellar pathways and/or primary cerebellar impairment 
have been proposed in the etiology of dyslexia (Nicolson et al. 2001), and reduced 
volume of left cerebellar gray matter has been reported in dyslexic individuals (Rae et 
al. 2002; Eckert et al. 2003). 
 
White matter is composed of myelinated axons which connect various gray matter 
areas. DTI studies have shown bilateral differences between dyslexic and control 
individuals in white matter microstructure underlying the temporal-parietal areas 
(Klingberg et al. 2000; Deutsch et al. 2005). Reading and spelling performance 
correlated with anisotropy of white matter pathways in the left hemisphere, with lower 
anisotropy in the temporo-parietal region of dyslexic subjects. Lower anisotropy could 
reflect decreased myelination or number of axons, or structural disruption of the white 
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matter tracts. These results suggest differences in connectivity between cortical regions 
in dyslexic subjects (Klingberg et al. 2000; Deutsch et al. 2005).  
 
The functional significance or the role in the etiology of dyslexia of many of the above 
mentioned anatomical regions is not yet clear. Functional brain imaging studies have 
attempted to resolve this by studying the differences in brain activation patterns 
between dyslexic and nonimpaired readers during reading- and language-related tasks. 
 

1.3.2.2  Functional brain imaging studies 

Functional brain imaging studies in dyslexic individuals have consistently shown 
impaired function of the left hemisphere posterior brain systems during reading. 
Specifically, dyslexic individuals show a deficiency within the phonological system in 
the temporo-parietal-occipital brain region involved in grapheme-phoneme conversion 
(Shaywitz et al. 1998; Paulesu et al. 2001; Shaywitz et al. 2002) (Figure 3). Also the 
cerebellum and thalamus have shown decreased activity in dyslexics as compared to 
controls during phonological tasks (Brunswick et al. 1999; McCrory et al. 2000). 
Differences in brain activation in the inferior frontal gyrus have also been suggested 
although these results have been inconsistent, as in some studies dyslexics show 
increased activation (Shaywitz et al. 1998; Brunswick et al. 1999; Georgiewa et al. 
2002), and in some reduced activity has been observed (Corina et al. 2001; Ruff et al. 
2002; Shaywitz et al. 2002). Shaywitz et al. (2003) proposed that dyslexic adults with a 
good reading accuracy and poor fluency activate the left inferior frontal gyrus, and 
individuals impaired in both components show decreased activity.  
 
A functional brain imaging study of adult dyslexics from different cultures (English, 
French and Italian) showed same abnormal patterns of brain activation during reading 
and phonological tasks across languages, i.e., reduced activity in the left hemisphere 
(Paulesu et al. 2001) (Figure 3). The region showing most significant reduction in 
activation was the middle temporal gyrus, with marked decrease also in the inferior and 
superior temporal gyri and the middle occipital gyrus. Reduced activation in these 
regions has also been shown in MEG studies of Finnish dyslexics (Salmelin et al. 
1996). These results suggest common neurological mechanisms and an underlying 
phonological deficit regardless of language, while the variation in prevalence could 
reflect difficulties specific to each language, when homogeneous diagnostic criteria are 
applied (Paulesu et al. 2001). However, neuroimaging studies in Chinese dyslexic 
individuals showed no deficit in the left temporo-parietal region (Siok et al. 2004). 
Instead, Chinese dyslexics displayed a functional disruption of the left middle frontal 
gyrus. This suggests that different writing systems, i.e., logographic vs. alphabetic, may 
lead to different neurofunctional organization patterns (Siok et al. 2004). 
 
A common interpretation of the functional brain imaging results in dyslexia is that 
decreased occipitotemporal activity corresponds to deficits in word recognition 
(orthographic coding), decreased temporoparietal activity corresponds to difficulties in 
phonological processing, and increased activity in the inferior frontal gyrus relates to 
compensatory processes (Peterson et al. 2007). Dyslexic children compensate their 
impaired posterior systems by shifting to other ancillary sites, e.g., anterior sites in both 
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hemispheres such as the inferior frontal gyrus, as well as the right hemisphere analogue 
to the left occipito-temporal word form area (Shaywitz et al. 2002). The anterior sites 
are critical in articulation, and may therefore help the dyslexic child to develop an 
awareness of the sound structure of the word by forming the word with his lips, tongue, 
and vocal apparatus and thus allow the child to read, although more slowly and less 
efficiently than if the fast occipito-temporal word identification system were 
functioning (Shaywitz et al. 2002). The right hemisphere may represent sites that allow 
the poor reader to use other perceptual processes to compensate for the poor 
phonological skills (Shaywitz et al. 2002). Phonologically mediated reading 
intervention in dyslexic children has been shown to improve the disrupted function of 
brain regions associated with phonological processing, and produce compensatory 
activation in other brain areas, improving the reading fluency (Shaywitz et al. 2004).  
 
 
 
 
 
 
 
 
 
 
Figure 3. Brain areas activated during reading in normal (A) and dyslexic (B) individuals from three 
countries: UK, France, and Italy. The brain areas that were significantly more active in all normal 
compared to all dyslexic readers are shown in (C). Reprinted from Science, 291; Paulesu et al., Dyslexia: 
cultural diversity and biological unity; 2165-2167. Copyright 2001, with permission from AAAS.  

 
 
 
 
 
 

1.4 GENETICS OF COMPLEX DISEASES 

The completion of the human genome sequencing project in the beginning of the 21st 
century and the generation of high-density catalogues of common genetic variation in 
the human genome have offered considerable advances for the mapping of complex 
genetic traits. The SNP consortium has identified and mapped common variation in the 
human genome (Sachidanandam et al. 2001), and the International HapMap 
Consortium has genotyped these single nucleotide polymorphisms (SNPs) in different 
populations and created a haplotype map of SNPs that tend to be inherited together 
(International HapMap Consortium 2005). Moreover, high-throughput molecular 
genetic techniques have undergone a rapid development in the past decade, making it 
possible to perform large genome-wide scans at high density instead of relying on often 
weak a priori hypotheses.  
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The common diseases in the population, such as diabetes, cardiovascular disease, 
asthma, and the developmental and learning disorders, have a complex basis with 
several interacting genetic and environmental determinants contributing to the disease 
susceptibility. Each gene only contributes a small fraction to the overall heritability and 
allelic variants at multiple loci contribute to an increased risk. The relationship between 
genotype and phenotype is further complicated by genetic and allelic heterogeneity, 
i.e., there are different underlying susceptibility loci and alleles in different families. 
Moreover, in complex diseases there are often individuals carrying the risk variant but 
who do not manifest the trait, as well as affected individuals who do not carry the risk 
variant. These are cases of incomplete penetrance and phenocopies, respectively. 
Finally, some genes function differently depending on the parent-of-origin, known as 
imprinting. All these factors complicate the identification of genes that contribute to 
complex traits.  
 
 

1.4.1 Genetic studies of complex diseases 

The most commonly used approach to unravel the genetic basis of a complex trait is 
‘positional cloning’. The first step towards identifying the susceptibility gene is linkage 
analysis, where the goal is to establish statistically significant genome-wide evidence 
for linkage, followed by refinement of the chromosomal region by association. Finally, 
identification of the causal variant(s) and the etiological mechanism of the putative 
candidate gene provide final proof in its role in the disease under study. 
 
In traditional mapping of genes for Mendelian disorders the usual first step involves the 
localization of a gene to a narrow genetic interval using parametric linkage analysis. 
Because of the strong relationship between genotype and phenotype, very narrow 
intervals can be defined. Identification of coding variants in affected individuals usually 
provides proof for the identity of the disease gene. Thus, many genes underlying 
Mendelian traits have been discovered in genetic mapping studies. However, 
monogenic diseases are rare, in fact it has been suggested that very few traits are truly 
monogenic, most are genetically complex (Nadeau 2001). The mapping of 
susceptibility genes for complex traits is complicated by their complex nature, severely 
limiting the power of traditional genetic linkage analysis which assumes single-gene 
inheritance and relies on precise specification of the transmission pattern, penetrance 
levels and phenocopy rates (Fisher and DeFries 2002). According to the common 
disease/common variant hypothesis many genetic variants that underlie common 
complex diseases are common, and therefore susceptible to detection (Reich and 
Lander 2001). However, there have been arguments against this hypothesis, proposing 
that the genetic contributions to complex diseases arise from many rare variants (Zwick 
et al. 2000). If the genetic variations influencing complex diseases are rare, the required 
sample sizes for identification of an effect are very large (Zondervan and Cardon 2004). 
In any case, as each variant contributes only with a small effect, large sample sizes are 
usually needed to identify the underlying susceptibility genes. 
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A prerequisite for successful genetic mapping is careful assessment of the phenotype. 
The choice of phenotype to be analyzed is not always straightforward. For Mendelian 
disorders, the individuals are usually classified as affected or unaffected. However, for 
complex traits, there is no clear definition of the phenotype. The diagnosis is often 
based on several different tests for multiple component phenotypes, and arbitrary 
thresholds are applied for phenotype classification. The phenotypic measures and 
diagnostic criteria used vary, leading to inconsistencies between studies. Simplifying a 
quantitative trait to a binary phenotype may also lead to loss of power (Fisher and 
DeFries 2002). Recently, many studies have started to use quantitative trait locus 
(QTL) based methods that investigate directly the effects of quantitative measures 
rather than analyzing a dichotomous arbitrary variable. Genetic heterogeneity can also 
seriously affect the power of a study, and may be reduced by limiting the analysis to 
precisely defined subgroups of the disease, or targeting families in isolated populations 
with a homogeneous genetic background (Lander and Schork 1994; Kere 2001).  
 
 

1.4.2 Linkage analysis 

Genetic linkage analysis uses genetic polymorphisms, usually microsatellites, to track 
inheritance of chromosomal regions within families. Microsatellites are short tandemly 
repeated sequences, usually of 2-4 nucleotides, and the number of copies differs 
between individuals. Two genetic loci that are close together on a chromosome tend to 
be inherited together in families, i.e., they are linked. When homologous chromosomes 
pair at meiosis, recombination may occur, separating loci that were previously together 
(Figure 4A). The probability of recombination, the recombination fraction θ, is a 
function of the distance between two linked loci. This genetic distance is expressed in 
centimorgans (cM), where 1 cM equals to a 1% chance of recombination at each 
meiosis, corresponding to approximately 1 Mb of DNA. In linkage analysis the 
recombination fraction between individual markers with known position and the 
disease locus is estimated. The overall likelihood on the two alternative assumptions 
that the loci are linked (recombination fraction = θ) or not (recombination fraction = 
0.5) is calculated, and the ratio of these two likelihoods gives the odds of linkage. 
Linkage is reported as the logarithm of odds (LOD) score. The maximum LOD score is 
obtained by maximizing the estimate of θ. Linkage analysis can be made more 
powerful by use of multipoint analysis, where the location of a disease gene is 
estimated in combination with many linked loci simultaneously and the LOD score is 
maximized with respect to the map position. 
 
In Mendelian disorders, where the mode of inheritance is known, standard parametric 
linkage analysis is used. A model for disease transmission must be specified, i.e., the 
frequency of the disease- and marker alleles, the mode of inheritance, and the 
penetrance of the disease. When studying complex diseases with several genetic 
components contributing to the trait and there is no clear mode of inheritance, model-
free (non-parametric) methods should be used. They do not rely on assumptions of the 
mode of inheritance, allele frequencies, penetrance levels, or phenocopy rates. 
However, they require much larger datasets to yield sufficient power for the 
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identification of a susceptibility gene (Lander and Schork 1994). These methods exploit 
the fact that affected relatives display excess sharing of haplotypes identical by descent 
(IBD) in the region where the susceptibility gene is located. The simplest approach is to 
study affected sib-pairs, where linkage is demonstrated if the siblings share 
significantly more alleles IBD than would be expected by chance. To estimate the 
extent of allele sharing, maximum likelihood methods are applied. Alternative methods 
based on IBD sharing have been developed to analyze families with large numbers of 
affected relatives, as well as for analyzing QTLs. QTL approaches often have 
advantages over a qualitative approach as they directly exploit additional phenotypic 
information that is available from quantitative data (Fisher and DeFries 2002). Simple 
implementations of QTL mapping use regression analysis in sib-pairs to assess 
genotype-phenotype relationships, such as the Haseman-Elston and DeFries-Fulker 
methods (Haseman and Elston 1972; Cardon and Fulker 1994; Fisher and DeFries 
2002). Multivariate linkage methods consider simultaneously each component in the 
context of the other components, allowing estimates for the effect of each trait (Marlow 
et al. 2003). 
 
Genome-wide scans are the most thorough way of investigating genetic linkage. 
Polymorphic markers covering the whole genome are analyzed and IBD sharing is 
estimated by multipoint analysis using information of all markers on a chromosome. 
Single extended pedigrees or large samples of sib-pairs may be used. As multiple 
independently segregating genomic regions are analyzed, stringent thresholds should be 
adopted for declaring significant linkage to avoid false positive findings. Lander and 
Kruglyak (1995) proposed guidelines for considering results statistically significant or 
as suggestive evidence that need further proof. According to these criteria, LOD scores 
of >3.6 (p-value <4.9 x 10-5) should be obtained in linkage analysis of complex traits to 
achieve a genome-wide significance of 5%. A finding should be considered suggestive 
if the probability of occurring by chance is one per genome-wide scan (corresponding 
to LOD >1.9, p-value <1.7 x 10-3). However, genome-wide scans of complex disorders 
rarely yield strong enough results to be considered significant according to the Lander 
and Kruglyak criteria (Altmuller et al. 2001). These criteria assume full information 
content, which is seldom achieved in genome-wide scans. An empirical approach for 
establishing rigorous thresholds for statistical significance is to use permutation testing 
on the exact family structures and markers employed in the study. Nevertheless, several 
results will still be false positives due to chance and multiple testing, so replication of 
the results on an independent sample set is crucial before establishing a genetic effect 
of a particular locus (Lander and Kruglyak 1995). 
 
Because linkage focuses on families with recent ancestry, there are relatively few 
meioses and thus few recombinations. Therefore, disease loci identified by linkage are 
typically large, covering tens of cM. This corresponds to tens of Mb of genomic DNA, 
encompassing tens or even hundreds of genes. Moreover, the location of linkage peaks 
across different studies is usually highly variable (Roberts et al. 1999). Resolution of 
linkage to a finer scale in complex diseases is difficult, as phenocopies, incomplete 
penetrance, and heterogeneity all distort the linkage signal. These regions are therefore 
commonly refined in association studies using high-density linkage disequilibrium 
(LD) mapping of SNPs (Figure 4).  
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Figure 4. Linkage vs. association. Both linkage and association rely on the co-inheritance of adjacent 
DNA variants, which are separated primarily by recombination. Because linkage focuses on families of 
recent ancestry, in whom there have been relatively few opportunities for recombination to occur, disease 
loci that are identified by linkage will often be large (A). In contrast, association studies look at 
population-level recombination over many generations, so disease-associated regions are comparatively 
small (B). The disease locus is denoted by an asterisk. Adapted from Nature Reviews Genetics, 2; Cardon 
and Bell, Association study designs for complex diseases. Copyright 2001, with permission from 
Macmillan Publishers Ltd. 

 
 
 

1.4.3 Association analysis 

Genetic association studies aim to detect association between a polymorphism and a 
trait of interest. In contrast to linkage analysis where inheritance of markers is studied 
in families, association analysis tracks alleles associated with a trait across populations. 
Association analysis makes use of the existence of LD between markers at the 
population level. The most commonly used markers are SNPs, as they are abundant 
within the human genome. As association looks for historical recombination within 
populations across hundreds or thousands of generations, LD between two loci is 
maintained only if they are very close together (Figure 4B). Because LD decays rapidly 
over time and genetic distance, a much greater density of closely spaced markers than 
in linkage analysis is necessary (Cardon and Bell 2001). Other factors influencing LD 
are genetic drift, population growth and admixture, natural selection, recombination, 
and mutation (Ardlie et al. 2002). An observed association between a marker and a trait 
may be either direct, where the marker under study is the actual causal variant, or 
indirect, where the marker is in LD with the causal variant. In association studies of 
complex traits, the causal variants are usually not known and indirect studies are carried 
out.  
 
Association analysis has greater statistical power than linkage analysis for finding 
genes with small effect in complex diseases (Cardon and Bell 2001). The power of 
association studies depends not only on the physical distance between a marker and a 
trait locus, but also on the contribution of the particular locus to the phenotype, i.e., its 
effect size, the allele frequencies for marker and trait loci, allelic and genetic 
heterogeneity, and the sample size (Cardon and Bell 2001). Larger sample sizes are 
needed when the effect sizes are weak, alleles rare, or LD incomplete. Greater power in 
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LD mapping is obtained by use of densely spaced markers and haplotype analysis, in 
which several adjacent markers in LD are considered simultaneously as haplotypes 
rather than individually. This allows the inference of likely historical crossover points, 
which localize the disease locus (Botstein and Risch 2003). Closely linked genetic 
markers are often transmitted as evolutionary conserved haplotype blocks (Gabriel et 
al. 2002). A haplotype block shows strong intermarker LD and limited haplotype 
diversity, whereas between the blocks there is little LD. It has been proposed that 
haplotype blocks are separated by recombination hot-spots, but chance probably plays 
an important role as well (Wall and Pritchard 2003). Although the extent of LD varies 
across genomic regions and populations, block boundaries are relatively consistent 
between populations (Conrad et al. 2006). The International HapMap Consortium has 
generated dense genome-wide SNP maps and has characterized the LD between the 
SNPs in different populations (International HapMap Consortium 2005). This has eased 
the association studies tremendously by limiting the number of markers to be typed to 
haplotype tagging SNPs; the minimum number of SNPs to be genotyped that retain as 
much as possible of the genetic variation (Carlson et al. 2004). When LD is high, 
evidence for association can be found with only a few tagging SNPs, however, 
refinement of the region and the precise localization of the genetic variant may be 
difficult. When LD within a genomic region is low, large numbers of SNPs at a high 
density are needed to identify a potential effect. However, when LD is low, haplotypes 
are useful in refining the SNP-phenotype association only if they help delineate rare 
allele frequencies or if there are significant interactions among the SNPs affecting the 
trait (Palmer and Cardon 2005). In addition, haplotypes may be important as different 
combinations of alleles in the same gene may have different effects on the protein 
product and on transcriptional regulation.  
  
The simplest association study design is to compare marker allele frequencies at a 
genetic locus between affected and control individuals, or between disease 
chromosomes and control chromosomes. A problem in association studies using 
unrelated cases and controls is population stratification; subgroups in a population with 
different allele frequencies independent of disease, which can lead to false positive 
association results or failure to detect true effects. Therefore, careful matching of 
controls is required. Family-based association studies overcome the population 
stratification problem by providing an inherently matched control sample. The most 
commonly used test is the transmission disequilibrium test (TDT) (Spielman et al. 
1993). The TDT compares the frequencies of transmitted vs. untransmitted alleles in 
affected offspring, by using the untransmitted parental alleles as controls. Various 
extensions to the TDT have been developed, such as for handling missing data, 
multiple siblings, or quantitative traits (Clayton and Jones 1999; Abecasis et al. 2000; 
Martin et al. 2000; Dudbridge 2003). 
 
The large number of genotype-phenotype associations tested, i.e., several SNPs and 
haplotype combinations, and often also many phenotypes, creates many false-positives 
by chance. If associations are sought for at the genotype level, several genetic models 
(dominant, recessive, and additive) may be tested. Moreover, one may adjust for sex, 
disease subtype, age, parent-of-origin, or study interaction effects. Any of these tests 
may be entirely justified on the basis of prior biological hypotheses or in an effort to 
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replicate specific previous findings. However, the multiple testing will inflate the false 
positive rate, and must therefore be accounted for. The high degree of correlation 
between all tests can make determination of the extent of correction very difficult 
(Hattersley and McCarthy 2005). The standard Bonferroni correction is often over-
conservative, as it assumes independence of all tests performed. Typically, many of the 
markers studied are not independent as they are in LD with each other. On the other 
hand, haplotype tagging SNPs are chosen to be as independent as possible, and 
therefore need a more stringent correction. The a priori probability of association 
should be accounted for, rather than the number of tests (Thomas and Clayton 2004). 
Bayesian methods allow calculation of a posterior probability of a true association 
when the prior probability of association is known, but they require also knowledge of 
the distribution and size of the underlying effects (Thomas and Clayton 2004). 
Nevertheless, for conclusive proof of an effect, the obtained association results should 
be replicated in independent sample sets, preferably even from different populations.  
 
 

1.4.4 Chromosomal rearrangements 

Balanced translocations and other chromosomal abnormalities co-segregating with a 
disorder are valuable tools for identifying the susceptibility gene. These rearrangements 
may truncate or inactivate the gene at the breakage site. The chromosomal breakpoints 
can be exactly mapped, in contrast to the wide intervals characteristic of linkage and 
even association studies. However, even in families where the breakpoint has been 
mapped, identification of the underlying susceptibility gene is not always 
straightforward. The rearrangement may influence regulatory elements, possibly 
affecting genes hundreds of kb away from the breakpoint by means of long-range 
position effects. Moreover, most chromosomal alterations do not have any phenotypic 
consequences. The effects of the rearrangement may also be restricted to the specific 
family carrying the rearrangement. Nevertheless, a chromosomal abnormality may 
offer a shortcut in finding a candidate susceptibility gene (Taipale et al. 2003; Hannula-
Jouppi et al. 2005). 
 
 

1.4.5 Candidate gene studies 

Candidate genes in complex disorders are generally obtained by positional cloning, i.e., 
on the basis of their position obtained from genetic linkage or association studies. A 
candidate gene may also be suggested on the basis of its function, but for complex 
diseases the precise etiological background is usually not known and there are many 
possible candidates. Thus, selecting candidate genes purely based on function for 
screening is not straightforward in complex disorders. 
 
When an association to a given phenotype is found and verified by replication, it is only 
the beginning of understanding its etiology and function. The QTLs identified are often 
large, containing numerous genes. Often the associated SNP is not the causal variant; 
rather it is in LD with it. To identify the underlying susceptibility gene and separate the 
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causal variants from normal human variation is a difficult task. The ultimate 
demonstration that a gene is responsible for a disease phenotype is the identification of 
mutations in affected subjects. In coding regions the functional consequences of 
missense, nonsense, and splicing polymorphisms can generally be easily assessed. 
However, in a complex disease the causal variants are often non-coding, in a possible 
regulatory region of the gene. Identification of the exact variants in the regulatory 
region may be difficult due to LD, and regulatory elements may be located just 
upstream of the gene, in introns, or more distal even hundreds of kb away. In addition 
to transcription, regulatory variants could affect the stability, splicing, localization and 
translation of mRNA. Functional studies of the candidate gene are required to 
determine the consequences of the causal variants.  
 
The most conclusive evidence for a variant to be causal is to demonstrate its effect on 
the function of the encoded protein, preferably in animal models, or, if possible, by 
measurements in affected individuals. The effects on the phenotype may be difficult to 
prove when the variant is in a regulatory region. The putative causal variant may alter 
gene expression or the function of the protein product. The expression of the candidate 
gene and the function of the encoded protein should be thoroughly studied, and the 
tissue expression patterns and cellular distribution should be appropriate for the 
disorder under study. In vitro functional tests, e.g., reporter assays may be carried out to 
study the effect of the putative variant on gene expression. Animal models may be used 
to study similar phenotypes in other species. However, for many complex disorders, not 
the least for behavioral learning disorders, animal models are not directly comparable. 
The degree of evolutionary conservation is an important predictor of clinical 
significance, as it may highlight important regions intolerant to change, e.g., with 
important regulatory effects. 
 
 
 

1.5 GENETICS OF DYSLEXIA 

The familial transmission of developmental dyslexia has been recognized already in the 
beginning of the 20th century (reviewed by Temple 1997). Hallgren carried out the first 
large-scale family study on dyslexia in 1950, and proposed that transmission was due to 
an autosomal dominant gene. Since then, numerous family and twin studies have 
reported an increased risk of reading disability in relatives of dyslexic probands; ~40% 
in first-degree relatives (reviewed by Grigorenko 2001). In a large twin-study of 
dyslexia the concordance rate was significantly higher in monozygotic (68 %) than in 
dizygotic (38 %) twins (DeFries and Alarcón 1996). To estimate the proportion of 
phenotypic variation that is attributable to genetic effects, family and twin studies have 
investigated both the global phenotype of dyslexia as well as the specific cognitive 
components contributing to the disorder. Significant heritability has been observed for 
reading and the reading-related component processes, with estimates ranging from 44 
to 87 % (DeFries et al. 1987; Wadsworth et al. 2000; Gayan and Olson 2001; Gayan 
and Olson 2003). Both shared and independent genetic effects as well as non-shared 
environmental influences affect the development of these reading-related skills (Gayan 
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and Olson 2003). Heritability estimates vary depending on the analyzed phenotype and 
due to differences in environmental characteristics between samples. Environmental 
factors that have been suggested to affect dyslexia susceptibility are home language and 
literacy environment, education and socioeconomic level (Grigorenko 2001). 
Moreover, a higher IQ and parental education level is associated with higher 
heritability (Knopik et al. 2002; Kremen et al. 2005). The precise inheritance mode for 
dyslexia has not been established. Segregation analysis using a qualitative phenotype 
has indicated evidence of a major gene mode of transmission (Pennington et al. 1991); 
while analyses using quantitative phenotypic measures indicate evidence of one or a 
few major genes and a polygenic component (Lewitter et al. 1980; Gilger et al. 1994; 
Wijsman et al. 2000). Nevertheless, although there are rare families in which dyslexia 
appears to be transmitted in an autosomal dominant fashion (Fagerheim et al. 1999; 
Nopola-Hemmi et al. 2001), the inheritance is  generally complex with several genes of 
small effects and environmental factors contributing to the susceptibility.  
 
Due to the complexity of the phenotype and the lack of a consensus definition, different 
genetic studies on dyslexia have used slightly different diagnostic and ascertainment 
criteria, complicating the comparison of results across studies. Conventionally dyslexia 
has been analyzed as a categorical trait, using a qualitative or quantitative definition of 
the phenotype. Quantitative strategies may provide a more powerful tool in genetic 
analysis, as they exploit all the available phenotypic information. However, quantitative 
measurements provide additional information only if they are stable across time and 
measurements, which may not be true in dyslexia if individuals of different ages are 
considered. Recently, linkage and association have moved to study several 
subcomponents of dyslexia and to look for convergence among the measures. To date, 
genetic linkage studies have identified nine dyslexia susceptibility loci (DYX1-DYX9) 
in the human genome listed by the HUGO Gene Nomenclature Committee (HGNC) 
(Table 1). Initial evidence for many of these loci comes from genome-wide linkage 
scans. Several genetic studies on dyslexia have also analyzed specific chromosomal 
regions based on previous findings or due to a potential candidate gene, i.e., targeted 
linkage studies. 
 

Locus Chromosome Reference (first report and first replication) 

DYX1 15q21 Smith et al. 1991; Grigorenko et al. 1997 

DYX2 6p21-p22 Cardon et al. 1994; Grigorenko et al. 1997 

DYX3 2p15-p12 Fagerheim et al. 1999, Fisher et al. 2002 

DYX4 6q11-q12 Petryshen et al. 2001, Bates et al. 2007 

DYX5 3p12-q13 Nopola-Hemmi et al. 2001, Fisher et al. 2002 

DYX6 18p11.2 Fisher et al. 2002, Bates et al. 2007 

DYX7 11p15.5 Hsiung et al. 2004, Fisher et al. 2002 

DYX8 1p36-p34 Rabin et al. 1993, Grigorenko et al. 2001 

DYX9 Xq27 Fisher et al. 2002, de Kovel et al. 2004 

Table 1. Confirmed dyslexia susceptibility loci within the human genome.  
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1.5.1 DYX1 on chromosome 15q21 

Smith et al. (1983) performed the first linkage analysis for dyslexia by studying 
centromeric heteromorphisms on chromosome 15 in extended families with autosomal 
dominant inheritance. The subsequent linkage study using restriction fragment length 
polymorphisms (RFLPs) mapped the first susceptibility locus for dyslexia to 
15q15-q21 (Smith et al. 1991). Grigorenko et al. (1997) observed significant linkage 
for single-word reading to D15S143 in 15q21 using single-point parametric analysis in 
six extended families from the US. Schulte-Körne et al. (1998) and Nöthen et al. (1999) 
reported multipoint non-parametric linkage (NPL) to the same marker and spelling 
disability in seven extended families from Germany. In a variance components analysis 
on 111 US families, Chapman et al. (2004) found suggestive evidence of linkage for 
phonological decoding and single-word reading to the same region. A genome-wide 
scan in an unselected sample of 403 Australian families found also support for linkage 
within 15q21 with a spelling phenotype (Bates et al. 2007). However, not all studies 
have replicated the evidence for linkage of dyslexia to chromosome 15 (Bisgaard et al. 
1987; Rabin et al. 1993; Fisher et al. 2002; Raskind et al. 2005).  
 
Morris et al. (2000) used a family-based LD-mapping approach and reported significant 
association to microsatellites within the 15q15 region in two sets of triads from the UK. 
As phospholipid metabolism had been suggested to be involved in the development of 
dyslexia (MacDonell et al. 2000), they screened two phospholipase genes within the 
associated region. However, neither contributed to the association signal (Morris et al. 
2004). Marino et al. (2004) confirmed the association of dyslexia to the 15q region in 
an Italian sample set. Figure 5 summarizes the linkage and association results reported 
for the DYX1 locus. 
 
There is also evidence that the DYX1 locus has pleiotropic effects, affecting also related 
developmental disorders with a shared etiology. Specifically, ADHD (Bakker et al. 
2003; Loo et al. 2004) and SSD (Smith et al. 2005; Stein et al. 2006; Miscimarra et al. 
2007) have shown evidence of linkage to the 15q14-q21 region. 
 

1.5.1.1 DYXIC1 – the first candidate gene for dyslexia 

Nopola-Hemmi et al. (2000) described two families co-segregating balanced 
translocations and dyslexia; t(2;15)(q11;q21) and t(2;15)(p13; q22), respectively. The 
translocation breakpoints were mapped in both families to a narrow interval within the 
DYX1 locus, 6-8 Mb apart from each other. Taipale et al. (2003) identified the first 
candidate gene for dyslexia, DYX1C1 (dyslexia susceptibility 1 candidate 1; also 
known as EKN1, en keksi nimeä 1), by cloning the translocation breakpoint in the 
family co-segregating t(2;15)(q11;q21) and dyslexia. By sequencing, eight SNPs were 
identified within the DYX1C1 region and genotyped in two independent Finnish case-
control sample sets (totally 106 cases and 194 controls). The minor alleles of two 
polymorphisms; -3G→A (from here on referred to rs3743205 for clarity) in the 
translation initiation site disrupting three predicted transcription factor binding sites, 
and 1249G→T truncating the protein by the four last amino acids, were associated to 
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dyslexia both in single-marker (P=0.002 and P=0.006, respectively) and in haplotype 
analysis (P=0.015). 
 
Since these initial findings, seven independent groups have attempted to replicate the 
association with DYX1C1 and dyslexia. The results have, however, been inconclusive, 
with either negative or weak positive associations to the opposite alleles reported. Wigg 
et al. (2004) analyzed six polymorphisms within DYX1C1, including the two that were 
initially found associated to dyslexia (Taipale et al. 2003), in 148 Canadian families. 
The two SNPs showed modest evidence of association to the categorical trait of 
dyslexia, but only at the haplotype level and for the opposite alleles as reported by 
Taipale and co-workers. The major allele of rs3743205 was also associated to all 
quantitative traits analyzed. In addition, an intronic SNP (rs11629841) showed 
significant single-marker and haplotype association with dyslexia. Scerri et al. (2004) 
studied the eight variants identified by Taipale and others within DYX1C1 in 264 
nuclear families from the UK using quantitative trait association analysis. Although 
they concluded that DYX1C1 was not associated with dyslexia in their sample set, 
1249G→T showed nominally significant association with orthographic coding, both in 
single-marker and haplotype analysis. Brkanac et al. (2007) found also evidence of 
association of 1249G→T with dyslexia in their sample set of 191 multigenerational 
families from the US. However, these associations were again with the opposite allele 
than described by Taipale et al. (2003). Four studies using samples from the UK (Cope 
et al. 2005b), US (Meng et al. 2005a), and Italy (Bellini et al. 2005; Marino et al. 2005) 
did not find any evidence of association of the two SNPs within DYX1C1 with dyslexia 
as a categorical trait or with any quantitative trait analyzed in single-marker or in 
haplotype analysis. In addition, Cope et al. (2005b) studied the intronic SNP 
(rs11629841) showing association in the Canadian samples (Wigg et al. 2004), but 
again, the results were negative.  
 
The DYX1C1 variants were also investigated in 100 Finnish families ascertained for 
autism, but no evidence for single-marker or haplotype association was observed 
(Ylisaukko-Oja et al. 2005).  
 
 

1.5.2 DYX2 on chromosome 6p21-p22 

Smith et al. (1991) reported the first evidence for a gene on chromosome 6 that might 
influence reading deficits. Subsequently, Cardon et al. (1994) extended the study by 
analyzing an additional sample set from the Colorado twin study of reading disability 
(DeFries et al. 1987), and using targeted linkage analysis within the human leukocyte 
antigen (HLA) region of chromosome 6p, as elevated risk for autoimmune disease had 
been observed in relatives of dyslexic probands (Pennington et al. 1987; Hugdahl et al. 
1990). Using a continuous measure of reading performance, a quantitative trait locus 
(QTL) was mapped to 6p21.3 in two independent sample sets from the US. Analysis of 
more severe deficits in reading performance provided even stronger evidence for 
linkage to this locus. The location of a QTL on chromosome 6p21.3 influencing 
dyslexia was further confirmed in subsequent linkage studies using independent sample 
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sets analyzing the various subcomponents of dyslexia. Grigorenko et al. (1997; 2000; 
2003) analyzed a categorical definition for each subphenotype, and reported significant 
evidence for several reading-related components in their US sample set. Using a QTL 
approach, Gayan et al. (1999) and Fisher et al. (1999) also identified significant linkage 
for reading ability as well as several subcomponents that influence reading and 
language in samples from the US and UK, respectively. Fisher et al. (2002) performed 
the first QTL-based genome-wide scan for dyslexia in three independent sample sets, 
including the previously used samples from the UK (Fisher et al. 1999) and from the 
Colorado study (Cardon et al. 1994; Gayan et al. 1999), as well as additional new 
families from the UK. Although several loci within the human genome showed 
significant evidence of linkage, the DYX2 was one of the most significant, in particular 
in the UK sample set (Fisher et al. 2002).  
 
Kaplan et al (2002) performed a finer-scale linkage and association study in the US 
Colorado sample set (Cardon et al. 1994; Gayan et al. 1999). Consistent with the 
previously reported findings, they observed significant linkage to several reading-
related measures. Quantitative association analysis pointed to a microsatellite marker 
within the KIAA0319 gene on 6p22. Deffenbacher et al. (2004) used an extended set of 
the US Colorado sample (Cardon et al. 1994; Gayan et al. 1999; Kaplan et al. 2002), 
and by selecting for severity, significant linkage was detected to DYX2 for all 
subphenotypes analyzed. They further refined the linkage region by genotyping a dense 
map of SNP markers over a 680 kb covering ten genes with a putative function in the 
central nervous system (CNS). Significant associations were obtained for two clusters 
of genes: VMP/DCDC2/KAAG1 (vesicular membrane protein 1/doublecortin domain 
containing 2/kidney associated antigen 1) and KIAA0319/TTRAP/THEM2 
(KIAA0319/TRAF and TNF receptor associated protein/thioesterase superfamily 
member 2), in particular when selecting probands with extreme scores of reading. 
Francks et al. (2004) genotyped SNPs spanning the KIAA0319/TTRAP/THEM2 locus in 
three sample sets; two from the UK and one from the US Colorado twin study (Fisher 
et al. 1999; Fisher and DeFries 2002). Quantitative association analysis identified a risk 
haplotype for several reading-related components spanning the TTRAP and KIAA0319 
genes in all three samples. Again, the association was strongest with more severely 
affected probands. Turic et al. (2003) genotyped microsatellites within the DYX2 region 
in two independent sample sets from the UK. Association was found with dyslexia and 
several of its subphenotypes. Cope et al. (2005a) performed a high-density LD screen 
encompassing the two gene clusters VMP/DCDC2/KAAG1 and 
KIAA0319/TTRAP/THEM2. First, a pooled case-control sample was analyzed, and only 
the significant SNPs were further genotyped in a family-based sample, all ascertained 
for severe dyslexia. Significant evidence of association with dyslexia was observed for 
several SNPs within KIAA0319. 
 
Although there have been also many negative linkage findings to the DYX2 locus on 
6p22  (Field and Kaplan 1998; Schulte-Körne et al. 1998; Petryshen et al. 2000; 
Chapman et al. 2004; Raskind et al. 2005; Bates et al. 2007), it is the most consistently 
replicated locus for a complex cognitive trait. Figure 5 summarizes the reported linkage 
results for the DYX2 locus. Moreover, the comorbid disorders SSD and ADHD have 
also been linked to the DYX2 locus (Willcutt et al. 2002; Smith et al. 2005). 
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Figure 5. Reported linkage and association findings within DYX1-DYX3. Adapted from European Journal 
of Human Genetics, 14; Williams and O’Donovan, The genetics of developmental dyslexia. Copyright 
2006, with permission from Macmillan Publishers Ltd. 
 
 
 

1.5.3 DYX3 on chromosome 2p15-p12 

Four independent genome-wide scans using different analytical approaches have shown 
linkage of dyslexia to 2p12-p16. Fagerheim et al. (1999) studied a single extended 
Norwegian pedigree, in which inheritance was consistent with an autosomal dominant 
transmission. Parametric linkage analysis found significant evidence of linkage to 
2p15-p16, which was supported by NPL analysis. Fisher et al. (2002) analyzed two 
large sets of nuclear families from UK and US using a quantitative non-parametric 
approach, and found significant single-point linkage results for orthographic coding at 
2p16 in the UK sample and phoneme awareness at 2p13 in the US sample. Multi-point 
analysis showed evidence of linkage to 2p15 for phoneme awareness in the UK sample. 
Kaminen et al. (2003) analyzed a categorical phenotype for dyslexia in 11 extended 
Finnish families. Nonparametric and parametric linkage analysis using an autosomal 
dominant model peaked at 2p11. In their genome-wide scan on Australian families, 
Bates et al. (2007) identified linkage of reading and spelling to several loci in the 
human genome, among them the 2p15-p12 region. Petryshen et al. (2002) performed a 
targeted linkage study in Canadian families by genotyping seven microsatellite markers 
spanning the region on 2p15-p16 reported by Fagerheim et al. (1999). Multipoint 
variance component analysis of different reading-related measures yielded significant 
linkage for spelling. Francks et al. (2002a) genotyped microsatellites in the 2p12-p21 
region and performed a quantitative sib-pair association study in the US twin-bases 
families (Fisher et al. 2002). Two loci at 2p21 and 2p12 yielded suggestive evidence of 
association for a range of reading-related measures. The most significant association 
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was found for word recognition and phonological coding at 2p21. Figure 5 summarizes 
the reported linkage results for the DYX3 locus. As for the other dyslexia loci, there 
have been also negative reports to the DYX3 locus. A variance component linkage 
analysis on 111 US families did not find any linkage to the DYX3 region (Chapman et 
al. 2004; Raskind et al. 2005). 
 
 

1.5.4 DYX4 – DYX9 

1.5.4.1 DYX4 on chromosome 6q11-q12 

Petryshen et al. (2001) reported suggestive evidence of linkage for phonological coding 
and spelling to the 6q11-q12 region in 96 Canadian families. The first independent 
support for this locus came from a genome-wide scan on 403 Australian families, 
where a spelling phenotype showed significant evidence for linkage (Bates et al. 2007). 
 

1.5.4.2 DYX5 on chromosome 3p12-q13 and ROBO1 

Nopola-Hemmi et al. (2001) identified linkage for dyslexia to 3p12-q13 in an extended   
Finnish family with an autosomal dominant inheritance pattern. The gene was 
identified by mapping the translocation breakpoint in an unrelated individual who co-
segregated the t(3;8)(p12;q11) translocation and dyslexia (Hannula-Jouppi et al. 2005). 
The breakpoint disrupted an intron of the human orthologue of the Drosophila gene 
roundabout, ROBO1, on 3p12. Association analysis using SNPs in the extended 
Finnish family identified a dyslexia risk haplotype within ROBO1. The DYX5 locus is 
also supported by QTL-based genome-wide scans for dyslexia, in which single- and 
multipoint analyses showed evidence of linkage in UK and US families (Fisher et al. 
2002). Recently, a genome-wide scan on Australian families found also evidence for 
linkage of reading to the 3p12-q13 region (Bates et al. 2007). The DYX5 locus is also 
pleiotropic for SSD (Stein et al. 2004).  
 

1.5.4.3 DYX6 on chromosome 18p11.2 

As noted already earlier, the first two QTL-based genome-wide scan for dyslexia 
identified several susceptibility loci throughout the human genome (Fisher et al. 2002). 
However, the strongest evidence for linkage was seen for 18p11.2 in two independent 
sample sets from the UK and US. Several reading-related measures showed linkage to 
this locus, although the most significant was seen for single-word reading. The results 
within 18p11.2 were further replicated in a third independent sample from the UK, 
where phoneme awareness showed the strongest evidence for linkage. Chapman et al. 
(2004) and Schumacher et al. (2006) attempted to replicate the findings within 18p11.2, 
but no linkage was observed to any of the quantitative phenotypes analyzed in their 
samples from the US and Germany, respectively. Nevertheless, Bates et al. (2007) 
reported the first independent replication of linkage to DYX6 in a genome-wide scan on 
403 Australian families. 
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1.5.4.4 DYX7 on chromosome 11p15.5 

Hsiung et al. (2004) performed a targeted linkage analysis on 100 Canadian families 
ascertained for dyslexia. The study was based on the location of the DRD4 (dopamine 
receptor D4) gene, which has been implicated in ADHD (Thapar et al. 2005). 
Significant evidence for linkage was observed to DRD4 and to the proximal HRAS 
(Harvey-Ras) gene. LD analysis showed a trend of overtransmission of the ADHD risk 
allele in DRD4, although it did not reach significance. The DYX7 locus is supported by 
the QTL-based genome-wide scan for dyslexia, in which single-point analysis showed 
evidence of linkage in the UK families (Fisher et al. 2002). However, in another 
genome-wide scan on Australian families, no support of linkage was found for this 
locus (Bates et al. 2007). 
 

1.5.4.5 DYX8 on chromosome 1p34-p36 

Rabin et al. (1993) reported suggestive linkage of dyslexia to 1p34-p36 in nine 
extended families of US origin. A targeted linkage study in eight extended dyslexic 
families from the US supported these initial findings (Grigorenko et al. 2001). Tzenova 
et al. (2004) confirmed the presence of a dyslexia susceptibility gene within the DYX8 
region. Both qualitative and quantitative linkage analysis in 100 Canadian families 
yielded significant evidence of linkage. In the genome-wide scan on Australian 
families, Bates et al. (2007) found suggestive evidence of linkage to the DYX8 region. 
Froster et al. (1993) identified a balanced translocation t(1;2)(p22;q31) co-segregating 
with dyslexia and delayed speech in a German family. However, the breakpoint on 
chromosome 1 resides on p22, being much more centromeric than DYX8. The DYX8 
locus seems to exert pleiotropic effects for speech and language, as shown in targeted 
linkage studies of SSD and SLI (Smith et al. 2005; Miscimarra et al. 2007). 
 

1.5.4.6 DYX9 on chromosome  Xq27 

A genome-wide scan in a single extended family of Dutch origin yielded significant 
evidence for linkage of dyslexia to Xq27 (de Kovel et al. 2004). This locus showed also 
linkage in the QTL-based genome-wide scan in the UK sample (Fisher et al. 2002), and 
in the genome-wide scan on Australian families (Bates et al. 2007). 
 

 

1.5.5 Other possible loci for dyslexia susceptibility 

In addition to the nine confirmed dyslexia loci DYX1-DYX9, there is also evidence for 
linkage of dyslexia to chromosomes 2q22.3 (Raskind et al. 2005; Bates et al. 2007), 
4p15 (Bates et al. 2007), 7q32 (Kaminen et al. 2003; Bates et al. 2007), 13q12 (Igo et 
al. 2006), and 17p13 (Bates et al. 2007). Moreover, the genetic loci identified in 
comorbid disorders may also be pleiotropic for dyslexia. Several overlapping linkage 
regions have already been identified for ADHD, speech and language disorders and 
dyslexia. The etiologies of all these neurodevelopmental behavioral disorders are 
complex with several genes and environmental factors contributing to the 
susceptibility, and they share symptoms and risk factors that partly overlap. Thus, there 
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may be shared genes with effects on several neurodevelopmental disorders, affecting 
reading, language, and learning in general.  
 
Dyslexia and the inattention trait of ADHD show significant bivariate heritability 
(Willcutt et al. 2000). To analyze the shared genetic variance between ADHD and 
dyslexia, Gayan et al. (2005) performed a bivariate genome-wide linkage analysis in a 
sample set selected for reading disability but displaying also comorbid ADHD. 
Pleiotropic loci on 13q32, 14q32, and 20q11 were identified, as well as loci specific for 
each disorder. Moreover, ADHD families with comorbid dyslexia have shown linkage 
of a reading phenotype to 10q11, 16p12, 17q22 (Loo et al. 2004). However, not all 
dyslexia loci show linkage to ADHD, and vice versa, as there are expected to be 
independent genetic contributions to each trait as well. 
 

In conclusion, there are many dyslexia loci, of which several have yet to be replicated 
in order to be confirmed. Thus, although some of these may be false positive findings, 
the number of dyslexia loci is likely to increase in the near future. 
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2 AIMS OF THE STUDY 

The overall aim of the study was to map and identify candidate genes for 
developmental dyslexia, and more specifically to: 
 

1. Map and identify the susceptibility gene(s) for DYX3 on chromosome 2 using 
positional cloning (Studies I and II) 

 
2. Map and identify the susceptibility gene(s) for DYX2 on chromosome 6 using 

linkage disequilibrium mapping (Study III) 
 

3. Verify the role of the first candidate gene for dyslexia, DYX1C1, as a true 
susceptibility gene using another population set (Study IV) 

 
4. Identify yet a new dyslexia candidate gene on 15q21 by studying the 

translocation breakpoint t(2;15)(p12;q21) (Study V) 
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3 MATERIALS AND METHODS  

3.1 SAMPLES 

3.1.1 Finnish dyslexia cohort (I, II, V) 

In total, the Finnish dyslexia cohort consisted of 19 Finnish families with 135 subjects 
(55 affected, 63 healthy, 17 phenotype unknown). Thirteen families were recruited 
from the Department of Pediatric Neurology at the Hospital for Children and 
Adolescents, University of Helsinki; three families were from the Association of 
Learning Disabled Individuals of Helsinki (HERO); and three families from the Central 
hospital of Central Finland, Jyväskylä. The inclusion criteria for the probands included 
a normal performance IQ, and remarkable deviation (≥2 years) in reading skills 
compared to chronological age. Children with an IQ <85 or another developmental or 
neurological disorder were excluded. The diagnosis of dyslexia was determined by 
Finnish reading and spelling tests designed for children under 13 years of age and for 
adults. The adult reading assessment included oral text reading, pseudo- and non-word 
reading, and spelling to dictation. All subtests were analyzed for speed and accuracy. 
Neuropsychological tests were used to assess reading-related neurocognitive skills, i.e., 
phonological awareness, rapid automatized naming, and verbal short term memory. For 
a more detailed description of the diagnostic criteria and the ascertainment of 
phenotypes see (Nopola-Hemmi et al. 2001; Nopola-Hemmi et al. 2002). Genomic 
DNA was obtained from blood lymphocytes using a standard non-enzymatic extraction 
method (Lahiri and Nurnberger 1991). 
 
 

3.1.1.1 The t(2;15)(p12;q21) family (V) 

The family co-segregating the translocation t(2;15)(p12;q21) and dyslexia was 
recruited from the Seinäjoki District Hospital, Finland. The father and all three children 
were carriers of the translocation, but only the girl had been diagnosed with dyslexia 
(Figure 6). The father had not been available for neuropsychological testing, although 
he had no history of reading and writing difficulties. All children were tested for 
dyslexia. The diagnosis of dyslexia was determined as described above. The proband 
performed normally in non-verbal psychological tests. In verbal skills, she had 
problems with phonological awareness, resulting in severe impairment in reading and 
writing. The boys had normal reading and language skills. For a more detailed 
description of the family, see (Nopola-Hemmi et al. 2000). 
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Figure 6. Pedigree of the t(2;15)(p12;q21) family. Black-and-white symbols denote unaffected carriers of 
the translocation, whereas the individual indicated with a solid black symbol co-segregates the 
translocation and dyslexia. 

 
 
 

3.1.2 German dyslexia cohort (II, III, IV) 

A total of 376 triads of German descent, including siblings, were recruited from the 
Departments of Child and Adolescent Psychiatry and Psychotherapy at the Universities 
of Marburg and Würzburg. Because clinical studies of dyslexia in Germany usually 
base sample selection on spelling disorder and the previous findings in this sample set 
rest on this criterion (Schulte-Körne et al. 1996; Schulte-Körne et al. 1998; Ziegler et 
al. 2005; Schumacher et al. 2006), the proband’s spelling ability was used for inclusion 
criteria. As a spelling disorder cannot be reliably diagnosed at an early age, only those 
children attending a regular primary school who had reached at least the middle or 
second grade were included in the study. On the basis of an assumed correlation 
between the IQ and spelling of 0.4 (Schulte-Körne et al. 1996; Schulte-Körne et al. 
2001), an expected spelling score was estimated. The child was diagnosed as dyslexic, 
if the discrepancy between the observed and expected spelling score was ≥1 SD. 
Spelling was measured using age-appropriate spelling tests (writing to dictation). 
Probands or siblings who showed symptoms of ADHD were excluded because the 
traits might overlap (Willcutt et al. 2002), and the symptoms of inattention and 
hyperactivity might influence the behavior of the child during the neuropsychological 
examinations. Additional exclusion criteria were a bilingual education; an IQ <85; an 
uncorrected sensory hearing or vision disorder; or a psychiatric or neurological disorder 
influencing the development of reading and spelling ability. Quantitative measures of 
correlated phenotypic dimensions, i.e., spelling, word reading, phonological awareness, 
phonological decoding, orthographic processing, rapid naming (letters; numbers; colors 
and symbols) were analyzed in order to cover the phenotypic dimensions of dyslexia. 
For a detailed description of the diagnostic inclusion criteria and phenotypic measures, 
see (Schulte-Körne et al. 1996; Schulte-Körne et al. 2001; Ziegler et al. 2005; 
Schumacher et al. 2006). Genomic DNA was obtained from blood using a standard 
method (Miller et al. 1988). 
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3.1.3 US dyslexia cohort (V) 

The US dyslexia cohort consisted of 13 Caucasian families of US origin with 60 
subjects (22 affected, 29 healthy and 9 of unknown phenotype). The families were 
recruited and referred through schools, physicians, and community announcements at 
the Center for Clinical and Developmental Neuropsychology (CCDN) at the University 
of Georgia. All qualifying families had at least one proband between the ages of 8 and 
12 years with significant reading problems and no history of neurological impairment, 
traumatic brain injury, psychiatric disorders, or severe pre- and/or perinatal 
complications. The test battery consisted of measures designed to assess intelligence, 
academic achievement, receptive and expressive language, phonological processing, 
memory, reading, spelling, visual-spatial ability, executive functioning, handedness, 
and social-emotional functioning. Genomic DNA was obtained from self-collected 
buccal swabs by a NaOH extraction method (Walker et al. 1999). Whole-genome 
amplification of the extracted DNA was performed by the Improved Primer 
Preamplification method (Hannelius et al. 2005). 
 
 

3.1.4 US speech sound disorder cohort (V) 

The SSD cohort consisted of 118 Caucasian families of US origin with 401 subjects (51 
affected with both SSD and dyslexia, 118 affected with only SSD, 25 affected with 
only dyslexia, 198 unaffected with either SSD or dyslexia and eight of unknown 
phenotype). The proband child was identified through the clinical practices of speech-
language pathologists in the Greater Cleveland area. Probands were enrolled in speech-
language therapy for a moderate to severe speech sound production disorder. Children 
were also required to have normal hearing, as demonstrated by passing a pure-tone 
audiometric screening test; normal intelligence, defined as a performance IQ of at least 
80; and a normal speech mechanism (adequate oral structures for producing speech 
sounds). An extensive battery of standardized speech sound production, receptive and 
expressive language, reading decoding and comprehension, spelling, oral-motor skills, 
memory, and phonological processing measures were administered to all probands and 
their siblings of four years age and older. Affected siblings met the same eligibility 
criteria as the probands. Affection status for parents was based on historical reports of 
speech-language problems and/or treatment. Parent(s) were interviewed concerning 
speech, language, developmental, and academic history for each child employing the 
child history questionnaire developed for the study. Family history information was 
collected on three generations of family members. Affection status for speech, 
language, reading, spelling, learning disabilities, ADHD, stuttering, and apraxia of 
speech as well as education and handedness information were recorded for each family 
member. Socioeconomic status was determined by the Hollingshead Four Factor Index 
of Social Class which employs the amount of formal education each parent has 
completed and the occupational level of each parent to compute a score for social class. 
To compare the SSD and dyslexia phenotypes, we attempted to classify individuals 
ascertained for SSD as affected or unaffected for reading disorder based on criteria 
employed in the US dyslexia cohort. Language, reading, spelling and phonological 
processing were measured in both cohorts, and in several instances the same test was 
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administered. The criteria for dyslexia in the SSD probands were a performance IQ >85 
and a score of <1 SD below the mean in text reading or spelling, as well as on two or 
more of pseudoword reading, orthographic recognition, lexical decision accuracy, 
lexical decision speed, and/or segmentation. Genomic DNA was obtained from self-
collected buccal swabs or blood draws.  
 
 
 

3.2 GENETIC ANALYSIS 

3.2.1 Genotyping (I – V) 

3.2.1.1 Microsatellites (I – III) 

Microsatellite markers were PCR-amplified, pooled, and electrophoresed on an 
automated capillary DNA sequencer (MegaBACE, Amersham Biosciences/GE). The 
alleles were visualized using the Genetic profiler v1.5, Genescan Analysis v2.1.1., or 
the Genotyper v2.0 software. 
 

3.2.1.2 SNPs (I  –  V) 

SNPs were genotyped using matrix-assisted laser desorption/ionization time-of-flight 
(MALDI-TOF) mass spectrometry. PCR assays and extension primers were designed 
using the SpectroDESIGNER software (Sequenom). Extension products were analyzed 
by a Mass ARRAY mass spectrometer (Bruker Daltonik) and peaks were identified 
using the SpectroTYPER RT 2.0 software (Sequenom). In study V, some SNPs were 
also genotyped using 5' exonuclease TaqMan Assay by Design or Assays in Demand, 
and the genotypes were assigned using the SDS 2.0 software. CEPH samples, negative 
controls, and replicates were included on each plate to assure consistency of the 
genotype calls. All genotypes were independently confirmed by two investigators blind 
to the disease status. To identify possible genotyping errors, data were checked for 
Mendelian consistency using Pedcheck (O'Connell and Weeks 1998), and unresolved 
inconsistencies were assigned as missing genotypes. Testing for Hardy Weinberg 
equilibrium proportions was done via a chi-squared goodness-of-fit test, using only the 
founders to eliminate the non-independence owing to family data. Intermarker LD was 
visualized and pairwise R2 values were determined using Haploview v3.2 software 
(Barrett et al. 2005). 
 
 

3.2.2 Linkage analysis (I) 

Non-parametric multipoint linkage analysis was performed using the Genehunter 2.1 
software (Kruglyak et al. 1996). The significance of the NPL score was evaluated by 
simulation. 
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3.2.3 Association analysis (I – V) 

3.2.3.1 Haplotype pattern mining (I) 

Haplotype pattern mining (HPM) was used to narrow down the observed linkage signal 
within the DYX3 locus. HPM is a data-mining-based approach in which frequent 
haplotype patterns associated with a trait are sought (Toivonen et al. 2000). The 
haplotype patterns are sorted by the strength of their association to the trait, and a non-
parametric model is used for localizing the underlying locus. HPM analyses case-
control data using non-transmitted parental chromosomes as controls. The method is 
robust for mutations and missing data, as the haplotypes are allowed to contain gaps.  
 

3.2.3.2 TDT ( II – V) 

TDTs were used to test for single marker as well as for haplotype associations 
(Spielman et al. 1993). The TDT compares the frequencies of transmitted vs. 
untransmitted alleles in affected offspring, by using the untransmitted parental alleles as 
controls. TDTHAP is an implementation of the TDT, that allows for missing data and 
phasing of uncertain haplotypes (Clayton and Jones 1999). Another implementation, 
QTDT, was used for analysis of quantitative component processes of the dyslexia 
phenotype (Abecasis et al. 2000). Various further extensions to the TDT were used to 
maximize power in the different datasets. The pedigree disequilibrium test (PDT) is 
best suitable to large pedigrees, such as the Finnish families (Martin et al. 2000). An 
extension of the PDT, PDTPHASE, was used to deal with missing data and for 
estimation of phase for uncertain haplotypes (Dudbridge 2003). The analysis of 
quantitative phenotypes was performed using QPDTPHASE, which is a quantitative 
trait implementation of the PDT. For haplotypes also global tests were performed, i.e., 
testing the effects for all haplotypes for a given set of SNPs instead of each haplotype 
independently. Statistical significance was estimated by permutation testing. 
 
A variance component model developed for family-based association was used for 
single-marker analysis of quantitative traits in the two US cohorts. This method 
assesses association between a marker and phenotype, while simultaneously estimating 
residual and multifactorial (polygenic, familial, and marital) variance components. The 
method combines the original association method by George and Elston with a TDT-
type analysis (George and Elston 1987; Spielman et al. 1993). To account for multiple 
tests when determining allelic association to a trait Sidak’s correction was used (Sidak 
and Zbynek 1967).  
 
 

3.2.4 DNA re-sequencing (I – V) 

3.2.4.1 Genomic sequencing (II, III, V) 

To characterize the LD in detail and to explore the genetic variation within the 
VMP/DCDC2/KAAG1 and MRPL19/C2ORF3 loci, the non-repetitive DNA segments 
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were PCR-amplified and re-sequenced by dye-terminator Sanger chemistry in dyslexic 
individuals carrying the respective risk alleles at each locus. 
 

3.2.4.2 Mutation screening (I – V) 

TACR1, VMP, DCDC2, KAAG1, LRRTM4, CTNNA2, MRPL19, C2ORF3, CYP19A1 
and DYX1C1 were screened for coding polymorphisms by direct sequencing of all 
exons, exon/intron junctions, and the 5’ and 3’ untranslated regions (UTRs). In 
addition, the promoter sequences of DYX1C1 and CYP19A1 were analyzed. The 
human-specific primers were also used to sequence MRPL19, C2ORF3 and CYP19A1 
orthologues in gorilla (Gorilla gorilla), chimpanzee (Pan troglodytes), pigmy 
chimpanzee (Pan paniscus) and orangutan (Pongo pygmaeus) DNA samples. 
  

3.2.4.3 PCR and sequencing reactions (I – V) 

All fragments were PCR-amplified and sequenced from both directions. Purified 
sequencing products were resolved using a MegaBACE 1000 instrument and 
MegaBACE long-read matrix, visualized using the Sequence Analyzer v3.0 software, 
and assembled and analyzed using the Pregap and Gap4 software 
(www.cbi.pku.edu.cn/tools/staden), comparing to the human database sequence 
(www.ncbi.nih.gov). Sequences were verified visually by two independent readers. In 
addition, a separate viewer compared each FASTA output from sequencing results to 
corresponding genomic sequences using Blast 2 sequences. 
 
 
 

3.3 GENE IDENTIFICATION 

3.3.1 Fluorescent in situ hybridization (V) 

Fluorescent in situ hybridization (FISH) was used for mapping the t(2;15)(p12;q21) 
breakpoint in the dyslexic individual carrying the translocation. Metaphase spreads 
were obtained from EBV-transformed cell lines of the translocation carrier, and 
bacterial artificial chromosome (BAC) clones from chromosomes 2 and 15 were used 
as probes. Probes were fluorescently labeled by nick translation and FISH analyses 
were performed according to standard protocols. 
 
 

3.3.2 Southern blot analysis (V) 

Southern blot analysis was used to map the exact translocation breakpoint in 
t(2;15)(p12;q21). Genomic DNA from the dyslexic individual carrying the translocation 
and from an unrelated control were digested using restriction endonucleases, and 
subjected to electrophoresis and Southern hybridization as previously described 
(Taipale et al. 2003). PCR-amplified genomic fragments from non-repetitive regions of 
the chromosome 15 BAC clone RP11-108K3 were used as hybridization probes. PCR 
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and labeling reactions were performed as previously described (Hannula-Jouppi et al. 
2005). 
 
 

3.3.3 Gene predictions (II, V) 

Putative genes/exons were in silico predicted using Genscan 
(genes.mit.edu/genscan.html) and GrailEXP (grail.lsd.ornl.gov/grailexp). The 
expression of the predicted genes/exons were tested by PCR on human cDNA libraries 
from leukocytes and fetal brain. 
 
 
 

3.4 GENE EXPRESSION STUDIES 

3.4.1 Transcript characterization (I – III, V) 

The gene structures of KAAG1, DCDC2, MRPL19, C2ORF3, FLJ13391 and CYP19A1 
were verified and improved by fully sequencing I.M.A.G.E. clones. The expression 
patterns were studied by PCR on human cDNA libraries from fetal brain and from 
leukocytes. PCR products were visualized by agarose gel electrophoresis and further 
sequenced. Rapid amplification of 5’ complementary DNA ends (5’RACE) using 
Marathon-Ready cDNA from fetal brain tissue was performed to confirm the 5’ end of 
MRPL19, C2ORF3, KAAG1 and DCDC2.  
 
 

3.4.2 Quantitative mRNA expression (II, V) 

Ready-made TaqMan gene expression assays were used to study the expression levels 
of MRPL19, C2ORF3, FLJ13391, CYP19A1, DCDC2, DYX1C1, ROBO1, and 
KIAA0319 in different areas of adult human brain (thalamus, hypothalamus, frontal-, 
occipital-, parietal-, temporal cortex, hippocampus, paracentral-, postcentral gyrus, and 
whole adult and fetal brain). For each tissue, three independent cDNA syntheses were 
performed. Quantitative real-time PCR was performed in quadruplets from each cDNA 
synthesis. Relative quantification of the data was performed using the comparative 

threshold cycle (Ct) method adjusting the Ct values to 18S rRNA. 
 
 

3.4.3 Northern blot analysis (I – III) 

Northern blot analyses were performed to study the expression level, transcript size, 
and potential splice variants of TACR1, DCDC2, KAAG1, MRPL19 and C2ORF3 in 
different human tissues. cDNA probes were radioactively labeled, cleaned from 
unincorporated P32-dCTP, and hybridized to commercial ready-made blots according to 
the manufacturer’s recommendations. 
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3.4.4 Allele-specific expression (II) 

Allele-specific mRNA expression levels of MRPL19 and C2ORF3 were assessed in 
individuals heterozygous for the risk haplotype and for a synonymous SNP in the two 
genes. Five Finnish dyslexic and six normal readers, and three German dyslexic and 
one normal reader were studied using a standard method (Pastinen et al. 2004). cDNA 
synthesis was performed from total RNA extracted from EBV-transformed lymphocyte 
cell lines. Peak heights were compared to genomic DNA and an allelic ratio was 
calculated for each sequence. The cDNA ratio values (unknown proportions) were 
normalized by dividing with the genomic values (1:1 proportion by definition). Data 
were pooled by genotype (risk haplotype heterozygotes vs. non-risk haplotype 
heterozygotes) to evaluate whether the normalized value differed from equal 
expression. 
 
 

3.4.5 Electrophoretic mobility shift assay (IV, V) 

Electrophoretic mobility shift assays (EMSA) were performed o investigate the protein 
binding affinities to different alleles in the promoters of DYX1C1 and CYP19A1. DNA 
probes of 30 bp length for each allele studied were synthesized, annealed to form a 
duplex, and radiolabeled. The labeled probes were incubated with nuclear or whole-cell 
extracts from the neuroblastoma cell line SH-SY5Y. Specifity of the binding was 
confirmed by adding unlabelled oligonucleotide prior to addition of the labeled probe.  
To study the identity of the binding proteins, supershift assays using antibodies for 
TFII-I or Elk-1 were performed. The samples were electrophoresed on non-denaturing 
polyacrylamide gels and the radioactive pattern was visualized by autoradiography. 
Transcription factor binding sites for both alleles of each SNP were in silico predicted 
by the Transcription Element Search System (TESS).  
 
 
 

3.5 FUNCTIONAL STUDIES (V) 

3.5.1 Aromatase knock-out mice  

To study the effects of aromatase during brain development, aromatase knock-out 
(ArKO) mice were generated through breeding heterozygous ArKO +/- mice (Fisher et 
al. 1998). The brains of embryos at day 17.5 (E17.5) and of five-month-old mice were 
dissected and postfixed. After fixation, brains were processed for paraffin (6 µm) 
sections. 
 

3.5.1.1 Immunohistochemistry 

Nissl staining was used to examine the histology of embryonic brains with light 
microscopy. For immunohistochemistry, the polyclonal rabbit anti-EGF and anti-
NeuN, and the mouse monoclonal anti-parvalbumin, were used as primary antibodies. 
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The Cy3-conjugated anti-rabbit IgG and anti-mouse IgG were used as secondary 
antibodies. The number of parvalbumin-positive cells was counted on images in an area 
of 200 × 200 µm in the somatosensory cortex in coronal sections. All pictures were 
location-matched between wild-type and ArKO mice. 
 

3.5.1.2 Commissural measurements 

Five two-month-old male ArKO mice and five wild-type littermates were used for 
commissural measurements. The commissures were visualized by cutting the fixed 
brain in half at the mid-sagittal plane, and staining the myelinated structures with gold 
chloride (Wahlsten et al. 2003). The areas of corpus callosum, hippocampal 
commissure, and anterior commissure were measured with the ImageJ program 
(Abramoff et al. 2004). 
 
 

3.5.2 Process outgrowth of rat hippocampal neurons 

To study the direct effect of aromatase in neurons, hippocampal neuronal cultures were 
prepared from the brains of E17 rat fetuses (Brewer and Cotman 1989). After 24 h 
culture in vitro cells were treated with only solvent; testosterone; testosterone and 
letrozole; testosterone, letrozole and β-estradiol; or β-estradiol. After three and four 
days in vitro, respectively, cells were fixed and immunostained with the neuronal 
marker TuJ1. Neurite outgrowth, tracing all processes, was measured using the Image-
Pro Plus software. 
 
 
 

3.6 EVOLUTIONARY ANALYSIS (II, V) 

The MRPL19, C2ORF3 and CYP19A1 orthologues from chimpanzee (Pan troglodytes), 
pigmy chimpanzee (Pan paniscus), gorilla (Gorilla gorilla) and orangutan (Pongo 
pygmaeus) were screened for variations by direct sequencing with human-specific, 
intronic primers. Evolutionary analysis of the coding sequences were performed with a 
likelihood ratio test (LRT) using the codeml program of the paml3.15 package (Yang 
1997). Mouse (Mus musculus) or dog (Canis familiaris) sequence was used as 
outgroup. Evolutionary comparison of the complete genomic region of CYP19A1, 
covering the full promoter as well as the coding sequence, was performed using the 
GenomeVISTA browser (pipeline.lbl.gov/cgi-bin/GenomeVista). The human sequence 
was aligned with the genomic sequences of dog (Canis familiaris), mouse (Mus 
musculus), opossum (Monodelphis domestica), and frog (Xenopus tropicalis). 
 



 
 

38 
 



 
 

  39 
 

4 RESULTS 

4.1 GENETIC ANALYSIS 

4.1.1 DYX3 (I, II) 

A previous genome-wide scan on eleven Finnish families identified linkage to  a 40 cM 
region within the DYX3 locus on 2p12 (Kaminen et al. 2003) (Figure 7A). NPL 
analysis pointed out to marker D2S2216 at 2p11 with an NPL score of 2.55 (P=0.004). 
Parametric analysis using an autosomal dominant model of inheritance gave a LOD 
score of 3.01 for marker D2S286 at 2p12. In order to refine the linkage region from the 
genome-wide scan, we performed four rounds of fine mapping in an extended Finnish 
sample set (Figure 7B-E). 
 

4.1.1.1 Linkage analysis (I) 

Eighteen microsatellite markers within the 40 cM candidate region from the genome-
wide scan were successfully genotyped in the eleven Finnish families. The genotypes 
were analyzed together with the original genome-wide scan data for chromosome 2 
(Kaminen et al. 2003). The candidate region was narrowed down to 15 cM from 
D2S2110 at 2p12 to D2S2181 at 2p11.1, with NPL scores >2 and nominal p-values 
<0.01 for all markers (Figure 7B). The highest NPL score was seen for the same marker 
as in the genome-wide scan; D2S2216 (NPL score 3.0; P=0.001). Pedigree-wise NPL 
scores were positive for only six of the eleven families. A modest NPL score of 0.91 
(P=0.1) was also observed for D2S2352 located within the original DYX3 linkage 
region at 2p15-p16 reported by Fagerheim et al. (1999). 
 

4.1.1.2 Haplotype pattern mining (I) 

HPM analysis using independent triads from the whole family data did not give any 
significant results. However, significant scores were obtained when selecting triads 
only from the six families contributing to the linkage peak on chromosome 2. Three 
neighboring markers, D2S2110, D2S286 and D2S2116, showed empirical p-values 
≤0.01 for a common haplotype in dyslexic subjects (Figure 7C). The highest score was 
seen for D2S286 (P<0.001). In order to verify the observed association, six SNPs were 
genotyped within the D2S2110-D2S2116 interval. As no significant haplotypes could 
be obtained by HPM analysis of the microsatellites and SNPs combined, this region 
was considered unlikely to contribute to dyslexia. HPM analysis of eight additional 
microsatellite markers within the 15 cM region pointed out to a three-marker haplotype 
pattern D2S286-D2S2116-D2S169 (p-values of 0.001, 0.009 and 0.03, respectively) 
(Figure 7C). Therefore, this ~3.3 Mb region was focused on in the further fine mapping 
studies using high-density LD mapping. 
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4.1.1.3 Linkage disequilibrium mapping (II) 

Linkage regions in complex disorders often remain large due to the lack of detailed 
informativeness in families. Therefore, we narrowed the 2p12 candidate region down 
further using SNPs and association analysis. Two rounds of LD mapping were 
performed in the eleven Finnish families analyzed in the original genome-wide scan 
(Figure 7D and E). In the second stage, eight additional Finnish families were 
genotyped. The genotype data were analyzed for single-marker and haplotype 
associations with dyslexia using TDT. Initially, the 5 Mb candidate region between 
markers D2S2109 and D2S329 was narrowed down to 157 kb by analyzing 24 SNPs 
(Figure 7D). Single-marker TDT yielded significant results for rs917235 (G, P=0.0027) 
and rs730148 (C, P=0.0039). Haplotype analysis showed the most significant results 
for a four-marker haplotype rs1859708-rs1986238-rs2010599-rs730148 (CCAC, 
P=0.0039). In the second mapping stage, marker density was increased to one every 8 
kb over the 157 kb region (Figure 7E). This region covered the associated haplotypes 
from the previous round, as well as the only three genes in this gene-poor region; 
FLJ13391 (TMEM, transmembrane protein 166), MRPL19 (mitochondrial ribosomal 
protein L19), and C2ORF3 (chromosome 2 open reading frame 3). Single-SNP analysis 
did not add any new information, whereas the most significant haplotype covered 
rs917235-rs714039 (GG, P=0.0029). 
 
To confirm the observed association results, we genotyped an independent sample set 
consisting of 251 German families ascertained for spelling disorder. Totally 29 
SNPs/DIPs from the two rounds of LD mapping were genotyped and overlapping risk 
haplotypes in the two populations were observed. In the first stage, a four-marker 
haplotype rs1859708-rs1986238-rs730148-rs721390 was over-transmitted to affected 
subjects (CCCC, P=0.0036) (Figure 7D). In the second round, the most significantly 
transmitted haplotype was rs917235-rs714039-rs6732511 (GGC, P=0.0036) 
(Figure 7E). As a joint analysis of the sample sets should give even more significant p-
values in case of a true association (Skol et al. 2006), we performed a combined 
analysis of the two sample sets. Two overlapping three-marker haplotypes (P=0.0049 
and 0.0013, respectively) covering totally 16.6 kb, delineated the region of association 
in both populations (Figure 7E).  
 
As many studies of dyslexia have reported stronger positive associations with more 
severe phenotypes (Deffenbacher et al. 2004; Francks et al. 2004; Cope et al. 2005a), 
we re-analyzed the most significantly associated haplotype in the German sample set 
(rs917235-rs714039-rs6732511, GGC) by stratifying for severity. Detailed phenotype 
data were not available for the Finnish families. Probands were classified according to 
their discrepancy between the observed and expected spelling scores. The odds ratio 
(OR) increased from 2.2 (95 % confidence interval, CI, 1.4–3.4, global P=0.006) for all 
probands to 5.2 (95 % CI 2.3–18.0, global P=0.00005) for the most severely affected 
individuals (displaying a discrepancy of ≥2.5 SD between the observed and expected 
spelling scores; 72 probands). 
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Figure 7. The mapping stages within the 2p12 dyslexia candidate region. (A) NPL peak from a previous 
genome-wide scan on eleven Finnish pedigrees. (B) The 40 cM candidate region from the first round of 
refinement using microsatellite markers and linkage- and HPM analysis (study I). (C) Additional 
microsatellites genotyped within a 15 cM region and analyzed by HPM (study II and unpublished 
results). (D) SNPs genotyped over a 5 Mb region in the third refinement round and analyzed using TDT 
(study II). (E) The last mapping stage over a 157 kb region, where additional SNPs were genotyped and 
analyzed using TDT. Markers used in a previous mapping stage are shown in italics. The significant 
linkage/association regions from each stage are highlighted by a red bar. The genomic extent and 
orientation of the candidate genes studied in each stage are shown with green arrows.  
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4.1.2 DYX2 (III) 

We studied the most replicated locus for dyslexia, DYX2 on 6p22.1, in two sample sets 
from Germany ascertained for spelling disability. To identify LD within the DYX2 
region, we first genotyped 16 microsatellite markers encompassing a 24 Mb region 
between D6S289 and D6S1610. In the 137 triads analyzed, the most significant 
association was observed for D6S276 (P=0.004). D6S276 is located within the DCDC2 
(doublecortin domain containing 2) gene and in close proximity to KAAG1 (kidney 
associated antigen 1) and VMP (vesicular membrane protein 1). To explore the genetic 
variation within this gene cluster, we re-sequenced the non-repetitive segments at the 
VMP/DCDC2/KAAG1 locus including all coding and most intronic sequences, the 
putative promoters, and the 5’ and 3’ UTRs in two dyslexic individuals carrying the 
risk allele at D6S276, and in one non-carrier. To further refine the LD region and to 
determine its boundaries, we performed TDT analysis with 25 of the identified SNPs, 
encompassing all three genes with constant intermarker distances (Figure 8). 
Significant transmission disequilibrium was observed for rs793862 (P=0.011) located 
within DCDC2. A haplotype analysis using marker combinations of the most-
significantly associated variants strengthened the observed association. Two two-
marker haplotypes at rs28990373-D6S276 and rs793862-rs807701 were highly 
overtransmitted to affected probands (P<0.0001). To confirm the association results, 
we analyzed an independent sample set of German origin consisting of 239 triads 
ascertained for spelling disability. All markers that had shown significance in the initial 
single-marker- or haplotype analyses were genotyped. The haplotype A-C at rs793862-
rs807701 was again overtransmitted to affected probands (P=0.001).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Genomic map over the 570 kb DYX2 locus showing the two gene clusters, the SNPs 
genotyped, and the LD structure. Note that the map is not to scale; the VMP/DCDC2/KAAG1 cluster 
covers ~200 kb, whereas the KIAA0319/TTRAP/THEM2 covers ~150 kb, and the two clusters are 
separated by a ~220 kb gap (//). 
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The initial linkage findings to the DYX2 locus were significantly enhanced when 
selecting for severity (Cardon et al. 1994; Gayan et al. 1999), and association studies 
within DYX2 have reported positive association only in subsets of their sample with a 
more severe phenotype of dyslexia (Deffenbacher et al. 2004; Francks et al. 2004). 
Therefore, we stratified for families with more-severely affected children, and re-
analyzed the three most significantly associated markers. For both markers located 
within DCDC2, the genotype relative risk (GRR) increased continuously with analysis 
of more-severe spelling disorder. In the pooled sample set, the risk haplotype at 
rs793862-rs807701was associated with a GRR of 4.88 (95% CI 3.32– 7.15, P<0.0001) 
for the most severely affected individuals (≥2.5 SD; 111 triads). In contrast, the GRR of 
the VMP variants did not show any increase with the application of more-severe 
dyslexia phenotypes. 
 
None of the quantitative component processes studied (phonological awareness, 
phonological decoding, rapid naming, or orthographic coding) showed evidence of 
association in the initial sample set, not even when the analysis was restricted to more-
severe phenotypes. 
 

4.1.2.1 The KIAA0319/TTRAP/THEM2 gene cluster 

Another gene cluster within the DYX2 locus, KIAA0319/TTRAP/THEM2 ~185 kb from 
VMP/DCDC2/KAAG1, has shown association with dyslexia in UK and Australian 
samples (Francks et al. 2004; Cope et al. 2005a; Luciano et al. 2007). To assess 
whether genetic variation in KIAA0319/TTRAP/THEM2 would contribute to dyslexia in 
the German population, we genotyped SNPs in this gene cluster in the pooled sample 
set of 376 triads, including he most significant SNPs reported by Francks et al. (2004) 
and Cope et al. (2005a) (Figure 8). None of the SNPs showed association with spelling 
disability, and only one SNP (rs2294689) showed borderline significance in the most-
severely affected children (P=0.046). Our analysis had an average power of >95% for 
detection of an effect at the threshold level of 5%. Therefore, genetic variation at the 
KIAA0319/TTRAP/THEM2 locus is most likely not of major importance for the 
development of dyslexia in the German population.  
 
 

4.1.3 DYX1C1 (IV) 

Given the previous inconsistent association findings within DYX1C1 (dyslexia 
susceptibility 1 candidate 1), we aimed to explore the contribution of this locus to 
dyslexia in a large sample set of 366 German families ascertained for spelling 
disability. As the previous studies conducted on DYX1C1 have not considered a 
putative influence of sex, which has been suggested as an important factor in dyslexia 
(Rutter et al. 2004; Harlaar et al. 2005), we extended our statistical analysis and divided 
our sample in female and male proband groups. An initial analysis, using the same 
SNPs as Taipale and co-workers (rs3743205 and 1249G→T), suggested a trend 
towards association at the haplotype level (P=0.08, global P=0.73 in the full sample 
set). Although the global p-value was not significant and we failed to find association at 
the single-marker level, we hypothesized that putative important SNPs and the 
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haplotype structure of DYX1C1 gene had not been fully revealed. We therefore re-
sequenced the whole coding region of DYX1C1 as well as the corresponding 5’ and 3’ 
UTR regions in 10 patients and 10 controls of German descent, all randomly selected. 
This allowed detection of SNPs with a minor allele frequency of >10% with more than 
98% confidence if the SNPs are in Hardy-Weinberg equilibrium (Gregorius 1980). 
Comparison of the analyzed gene regions to the public sequence revealed three 
previously unstudied SNPs, namely rs12899331, rs16787 and rs8043269, all located 
within the promoter region of DYX1C1. Variants rs12899331 and rs16787, rs3743205 
and 1249G→T, and two additional polymorphic sites, rs3743204 (an intronic SNP) and 
rs600753 (572G→A), were selected for further analysis (Figure 9). Although no 
significant point-wise association was observed, haplotypes within DYX1C1 were 
associated with spelling (global P=0.04). Analyzing both sexes separately revealed a 
strong effect in females, with the most significant results for the common three-marker 
haplotype at rs3743205-rs3743204-rs600753 (GGG), which carried an OR of 3.71 
(95% CI 1.44–9.60). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. Genomic structure of the DYX1C1 gene, the genotyped SNPs and the LD structure. Note that 
rs3743205 corresponds to -3G→A and rs600753 to 572G→A.

 
 
No significant haplotypes were observed in the male probands for the dichotomous trait 
of spelling, not even when stratifying for severity. However, when analyzing the 
quantitative subphenotypes of dyslexia, both the full sample set as well as the male 
probands showed significant association with phonological awareness and haplotypes 
within DYX1C1. A two-marker haplotype at rs3743205-rs3743204 (GG) was over-
transmitted to affected subjects, with global p-values of 0.002 and 0.004 for the full 
sample set and for the males, respectively. In the female probands, the same haplotype 
at rs3743205-rs3743204-rs600753 (GGG) that was associated with spelling, showed 
association with short term memory (P=0.005, global P=0.011). 
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Our findings are supported by previous studies where the common alleles at rs3743205 
and 1249G→T increased, although not statistically significantly, the risk for dyslexia or 
related subphenotypes (Scerri et al. 2004; Wigg et al. 2004; Cope et al. 2005b; Marino 
et al. 2005; Marino et al. 2007). To test for composite significance, we combined our 
results and the previous DYX1C1 association findings which were obtained in samples 
with the same ethnic background (Skol et al. 2006). Because raw data were not 
available from the other studies, we performed a Fisher’s combined probability test 
using the haplotypic p-values that were available from the published studies. For the 
overall association, the p-value was 0.009, indicating that the same full-length or partial 
haplotype of DYX1C1 is significantly associated with dyslexia in all studies (Table 2). 
Unfortunately, a combined sex-specific analysis using the different samples was not 
possible, because the raw data were not available. 
 
 

   Haplotypes 

Study size p-value rs
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12
49
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→

T 

12
59

C
→

C
 

Wigg 148  0.03 - - G - - G - 

Marino  158 0.09 - - G - - G G 

Cope  247 0.41 - - G - - G - 

Our study 366 0.04 * A G G G G - 

Pooled  0.009        

 
Table 2. Meta-analysis of the replication studies for DYX1C1 association with dyslexia. Studies not 
included are: Taipale et al. (2003), as no information about the common alleles at rs3743205 and 
1249G→T were reported; Scerri et al. (2004), as p-values were reported only for the significantly 
associated dyslexia subphenotypes; Meng et al. (2005a), as no haplotypic information was reported; 
Marino et al. (2007), as the same sample set was used in the previous study (Marino et al. 2005). For our 
study, the corrected global p-value for all probands is used. Size refers to the no. of triads used in each 
study. Asterisk denotes “any allele” and a minus sign indicates that the SNP is not genotyped in the 
specific material. 

 
 
 

4.1.4 t(2;15)(p12;q21) (V) 

Using FISH and Southern blot analysis, the translocation breakpoint in the individual 
co-segregating t(2;15)(p12;q21) and dyslexia was mapped to the complex promoter 
region of CYP19A1 (cytochrome P450, family 19, subfamily A, polypeptide 1) gene. 
Specifically, the translocation localized between the promoter for skin, adipose tissue 
and fetal liver (I.4) and the promoter for fetal tissue (I.5), ~22 kb upstream from the 
brain-specific exon I.f and its respective promoter (Figure 10). CYP19A1 encodes the 
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cytochrome P450 subfamily enzyme aromatase that catalyzes the formation of estrogen 
from androgens. In most mammals, it is expressed only in the gonads and in the brain, 
whereas in primates it is expressed in several other tissues as well (Bulun et al. 2003). 
CYP19A1 transcripts in primates have numerous untranslated first exons in a tissue-
specific fashion due to differential splicing as a consequence of the use of tissue-
specific promoters. The chromosome 2 breakpoint mapped to an unremarkable region 
~6.5 Mb centromeric from the 2p12 DYX3 locus. This breakpoint region on 2p12 is 
very repeat-rich and contains no known genes. Furthermore, no new genes could be 
cloned from this region by gene prediction programs and PCR on human cDNA 
libraries. The gene desert stretches ~2 Mb on both sides on the breakpoint, suggesting 
that the chromosome 2p breakpoint is not relevant for the phenotype.  
 

4.1.4.1 Association analysis SNPs within the CYP19A1 

Two sample sets ascertained for dyslexia of Finnish and US origin, respectively, and 
one ascertained for SSD (from the US) were analyzed for association within the 
CYP19A1 locus. Both single-SNP and haplotype PDTs yielded significant results for 
several SNPs within the CYP19A1 gene. In both the US dyslexia and SSD populations 
the binary trait dyslexia showed the greatest evidence of point-wise SNP association 
with the T allele of rs11632903 (P=0.025 and P=0.019, respectively). Combining both 
populations using Fisher’s combined probability test, increased the significance of the 
association (P=0.0004). rs11632903 is located 5.8 kb downstream from the 
untranslated brain-specific exon I.f (Figure 10). A risk haplotype spanning the brain 
specific exon I.f and its promoter was also observed in both US cohorts (rs11632903-
rs1902586; TG; P=0.023 and rs1902586-2470176; GCAG; P=0.023, in the dyslexia 
and SSD cohorts, respectively). In the Finnish population there was evidence of 
transmission distortion to dyslexia affected offspring at the haplotype level only 
(rs8034835-rs2899472; GC; P=0.039). An overlapping four-marker haplotype was also 
identified in the US SSD cohort, spanning rs8034835-rs700518 within the coding 
region of CYP19A1 (GCAG, P=0.032).  
 
Several SNPs were associated with quantitative phenotypes in the US dyslexia and 
SSD cohorts using a variance components analysis. A random polygenic effect was the 
only variance component included in the model. Age was included in the baseline 
model as a covariate as it was found to have a significant effect in both populations. At 
each SNP and each trait an additive, dominant, and a recessive allele effect was tested. 
Quantitative measures were not available for the Finnish samples. Of the 
overtransmitted SNPs described above, significant association in both cohorts was 
observed with phonological decoding (P<0.01). In addition, the dyslexia cohort showed 
association with spelling and phonological awareness (P<0.01), and the US SSD cohort 
with phonological short-term memory and oral motor skills (P<0.001). Moreover, 
several SNPs within the coding region of CYP19A1 demonstrated significant 
associations with a number of reading- and language-related measures after correction 
for multiple testing.  
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Figure 10. CYP19A1 gene organization, the translocation breakpoint, the genotyped SNPs and the LD 
structure in the three cohorts analyzed. The coding exons are denoted with bars, promoter regions with 
arrowheads, and the t(2;15) indicates the breakpoint. The brain-specific exon I.f is highlighted with a 
thicker arrowhead. Note that in accordance with the chromosomal orientation, the gene is drawn from 
right (5’) to left (3’). 

 
 
 

4.1.5 Causal variants in the dyslexia candidate genes (I – V) 

4.1.5.1 MRPL19, C2ORF3 and other positional candidates within DYX3 (I, II) 

As the identified risk haplotypes were located in an 80 kb intergenic region between the 
hypothetical gene FLJ13391 and the MRPL19 and C2ORF3 genes, an extensive search 
for novel genes was performed. However, no additional genes could be identified using 
gene prediction programs and analyzing cDNA libraries. As MRPL19 and C2ORF3 are 
in high LD, and the LD extends to the risk haplotypes, we hypothesized that the risk 
haplotypes might lie in a putative regulatory region of the two genes. Therefore, we 
evaluated the allelic expression levels of MRPL19 and C2ORF3 in EBV-transformed 
lymphocyte cell lines of carriers and non-carriers of the risk haplotype. By comparing 
the peak height ratios in genomic DNA and cDNA, we observed a significant 
difference in the expression levels of MRPL19 and C2ORF3 for the two alleles of a 
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synonymous SNP in each of the two genes. In carriers of the risk haplotype, the more 
common allele was significantly less transcribed for both genes. 
 
We hypothesized that there might be two separate mechanisms in the 2p12 region for 
the susceptibility of developing dyslexia, i.e., the risk haplotypes identified in the 
putative regulatory region and/or SNPs within the coding region of one or both of the 
two genes. Therefore, we sequenced all coding exons, the flanking sequences, and 
UTRs of MRPL19 and C2ORF3 in one affected individual from each of the 19 Finnish 
families. Two novel coding SNPs (cSNPs) were identified as heterozygous changes in 
both genes, respectively. We genotyped these as well as all previously known cSNPs 
reported in the dbSNP database, in the two sample sets of Finnish and German families. 
No over-transmissions could be observed to affected individuals, and the allele 
frequencies in affected and unaffected were approximately equal, suggesting that none 
of these variants was functionally relevant. 
 
Our initial fine-mapping effort using microsatellite markers pointed to the marker 
D2S286. The TACR1 (tachykinin receptor 1) gene encompasses the marker D2S286 
and has a role in the CNS; in modulation of neuronal activity, inflammation, and mood 
(Derocq et al. 1996; De Felipe et al. 1998; Kramer et al. 1998). Direct sequencing of 
the full coding region of the gene revealed two already known SNPs in dyslexic 
subjects from the Finnish families. However, these were not associated to dyslexia 
when genotyping the full set of Finnish families. In addition to the FLJ13391, MRPL19 
and C2ORF3 genes, CTNNA2 (catenin alpha 2) and LRRTM4 (leucine rich repeat 
transmembrane neuronal 4) are the only known genes, besides a cluster of pancreatic-
specific genes, within a 5 Mb genomic region from TACR1 to CTNNA2 (see Figure 7 D 
and E). As these two genes are highly expressed in the human brain and thus 
represented also functional candidate genes for dyslexia, they were screened during the 
mapping process in dyslexic subjects of Finnish origin. However, no variants were 
detected in the coding exons or splice sites of either of them. Furthermore, TDT did not 
reveal any signs of association in the LRRTM4 gene in the Finnish or the German 
sample set. 
 

4.1.5.2 DCDC2 (III) 

The coding regions, flanking sequences, and the UTRs of DCDC2 and KAAG1 were 
sequenced in 47 dyslexic and 47 normal readers of German origin. Several variants in 
DCDC2 were identified, including four amino acid substitutions. Of these, one SNP 
(rs2274305; Ser221Gly) seemed to be associated with dyslexia risk as it occurred more 
frequently in cases than in controls (64 vs. 50 %, respectively). However, it seemed 
unlikely that it would be a common risk allele, as it was not specific to the identified 
risk haplotype at rs793862-rs807701. 
 

4.1.5.3 DYX1C1 (IV) 

To understand possible functional consequences of the critical new SNPs in the 5’UTR 
region, EMSAs were performed. Allele-specific differential retardation was detected 
for all three SNPs, suggesting functional effects on transcription or other regulatory 
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factor binding. We searched in silico information on suggested factors with altered 
binding properties. For all three SNPs, differences in the number of hits and also in the 
identity of the factors predicted to bind to the respective alleles were observed. For 
rs12899331, the binding site for the transcription factor Sp1 was altered. For rs16787 
and rs3743205, binding sites of at least three transcription factors were disrupted, 
including GATA1, TFII-I, and Elk-1. 
 

4.1.5.4 CYP19A1 (V) 

Three dyslexic subjects of US origin carrying the risk haplotype at the CYP19A1 locus 
were sequenced over the full coding region of the gene, as well as over the brain-
specific exon I.f. With the exception of the two genotyped variants (rs700519 and 
rs700518), no coding polymorphisms were identified. The SNPs identified in intronic 
sequence or in the 3’UTR did not seem to affect any known splice or regulatory sites. 
In addition to the already genotyped nonsynonymous SNP (rs700519), we sequenced 
the two remaining nonsynonymous SNPs existing in the public database at the time 
(rs2236722 and rs1803154; www.ncbi.nih.gov) in the Finnish and US dyslexia sample 
sets. Neither of these two SNPs could be identified in these families. As the dyslexia-
associated SNPs clustered around the brain-specific promoter and its untranslated exon 
I.f, we searched for additional variation in this region by sequencing the non-repetitive 
sequence over a 20 kb region in one affected individual homozygous for the 
susceptibility haplotype. No additional variation than the already genotyped SNPs were 
found, which is not surprising as a promoter region is generally highly sensitive to 
sequence changes. 
 
Among the dyslexia-associated SNPs, rs11632903 and rs1902586 flank the brain-
specific promoter I.f of CYP19A1. As no additional variants were identified within this 
region, we hypothesized that these SNPs might have causative roles by affecting the 
binding of nuclear protein factors and thus the regulation of transcription of aromatase 
in the brain. In silico predictions of altered transcription factor binding for both SNPs 
indicated differences in the number of hits as well as in the identity of the predicted 
binding factors. In particular, the T allele of rs11632903 abolished TFII-I and Elk-I 
binding sites that were present for the C allele. To verify the predicted effects on 
transcription factor binding, we used each allele of both SNPs as probes in EMSA. 
Both rs11632903 and rs1902586 showed reduced binding to the dyslexia-associated 
alleles. TFII-I, but also Elk-1, bound weaker to the dyslexia-associated T allele of 
rs11632903 as verified by supershift assays with specific antibodies.  
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4.2 EXPRESSION ANALYSIS 

4.2.1 Transcript characterization (I – III, V) 

The gene structure and the exon-intron boundaries were verified in human fetal brain 
and lymphocyte cDNA libraries and I.M.A.G.E. clones. The expression levels and 
transcript sizes were also studied by Northern blots to human tissues (studies I – III). 
For C2ORF3 and TACR1, novel splice variants were identified in addition to the ones 
existing in the public database. C2ORF3 showed a weak expression across multiple 
human tissues, whereas Northern blot analysis of TACR1 and MRPL19 confirmed their 
ubiquitous and abundant expression. The expression pattern of DCDC2 was 
investigated by Northern blot analysis to a panel of different regions of human brain, 
where it was expressed at an equal degree in all brain regions (amygdala, caudate 
nucleus, hippocampus, thalamus, whole brain), except for corpus callosum, where the 
expression was weak.  
 
 

4.2.2 Correlation of mRNA expression across various regions of human 
brain (II, V) 

We studied the expression levels of all dyslexia candidate genes, i.e., MRPL19, 
C2ORF3, DCDC2, KIAA0319, DYX1C1, CYP19A1 and ROBO1, in nine different 
regions of adult human brain as well as in whole adult and fetal brain using quantitative 
real-time RT-PCR. In addition, the expression of FLJ13391 was studied as it is located 
within the 2p12 candidate region. All dyslexia candidate genes were highly expressed 
in all areas of adult brain as well as in whole fetal brain, except CYP19A1 which 
showed a more moderate expression level. High expression levels were observed in 
regions implicated in reading, such as the temporal-, parietal-, and frontal cortex. 
Thalamus and hypothalamus displayed also high levels of expression, especially for 
CYP19A1. More importantly, the pattern of expression across the different brain 
regions was correlated for the dyslexia candidate genes. In particular, CYP19A1 
showed a high correlation with ROBO1 and DYX1C1 (R2=0.72 and R2=0.60, 
respectively), and C2ORF3 with DCDC2 and ROBO1 (R2=0.76 and 0.69, respectively). 
Different from the other dyslexia candidate genes, KIAA0319, and also to some extent 
MRPL19, showed a more even distribution of expression across the different brain 
regions, and thus their expression was correlated (R2=0.47). In contrast, FLJ13391, 
which is not regarded as a dyslexia susceptibility gene, showed a completely different 
expression pattern than any of the dyslexia candidate genes. 
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4.3 FUNCTIONAL STUDIES (V) 

4.3.1 Aromatase knock-out mice 

To study the role of CYP19A1 in brain development, we performed a detailed structural 
analysis of the brains of ArKO mice. Several signs of cortical disorganization were 
observed as compared to wild-type controls. The neuronal density in cortical areas was 
significantly increased at E17.5. ArKO E17.5 mice showed also an increased signal for 
epidermal growth factor (EGF), which plays an important role in the regulation of cell 
growth, proliferation and differentiation. Remarkably, even in five-month old ArKO 
mice, the cortical areas had an increased overall neuronal density as determined by the 
neuron-specific nuclear protein (NeuN) staining. Moreover, an increased number of 
parvalbumin-positive inhibitory interneurons and occasional cortical heterotopias were 
observed. The mid-sagittal areas of the anterior and hippocampal commissures as well 
as the corpus callosum were similar in size in ArKO and wild-type mice. 
 
 

4.3.2 Hippocampal process outgrowth 

To study the effects of aromatase function on undifferentiated neurons, we investigated 
process outgrowth of rat E17 hippocampal neurons in culture. Testosterone and 
estradiol-17β both significantly promoted neurite outgrowth at day four in culture when 
compared to controls. The effect of testosterone was blocked by the aromatase inhibitor 
letrozole. However, letrozole did not block the effects of estradiol and testosterone 
together, indicating that aromatase-dependent conversion of testosterone to estradiol 
enhances neurite outgrowth in cultured hippocampal neurons.  
 
 
 

4.4 EVOLUTIONARY ANALYSIS (II, V) 

We looked for signs of recent selection in the MRPL19, C2ORF3 and CYP19A1 genes 
since the divergence from the orangutan and gorilla branches by sequencing the coding 
regions in four non-human primate species. MRPL19 and CYP19A1 were both highly 
conserved, with only a few amino acid substitutions identified. In contrast, several 
variants were identified in C2ORF3 in all primates analyzed. The predicted C2ORF3 
proteins for pigmy chimpanzee, chimpanzee and gorilla differed by 1.0%, 1.5% and 
1.9% of residues, respectively, as compared to the human homologue. The orangutan 
exons could not be amplified with the human-specific primers used, suggesting a too 
low sequence identity in the flanking intronic sequence.  
 
We calculated the rate of synonymous (dS) and nonsynonymous substitutions (dN) in 
all species studied and applied LRTs to analyze the selection pressure ω=dN/dS during 
primate evolution. For MRPL19 and CYP19A1 the low information content drastically 
reduced the power and the LRTs were not reliable. For C2ORF3, low dN/dS values 
were observed in the primate lineages as compared to the out-group (dog). A two-ratio 
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model with a different ratio for the primates than for the out-group showed a 
significantly better fit to the data than a freely variable ratio, indicating a change in the 
selection pressure from dog to primates. Among the primates no significant 
heterogeneity could be observed, suggesting no change in the selection pressure during 
the evolution of C2ORF3 from non-human primates to the human lineage. However, 
the lowest dN/dS ratios were observed in humans, where there were relatively more 
synonymous than nonsynonymous changes. 
 
A comparative analysis of the complex promoter region of CYP19A1 revealed 
extremely high conservation around the brain-specific promoter across a broad range of 
vertebrates. Moreover, in the untranslated brain-specific exon I.f, we identified one 
SNP that was different in humans compared to all the non-human species analyzed, 
including the sequences available in the public databases. In silico analysis of this SNP 
revealed a larger number of transcription factor binding sites for the human-specific 
variant, and an EMSA showed completely different retardation patterns for the human 
and non-human alleles. 
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5 DISCUSSION 

5.1 GENETIC ANALYSIS OF DYSLEXIA 

5.1.1 The DYX3 locus and MRPL19 and C2ORF3 

A previous genome wide scan on eleven Finnish families identified linkage to the 
DYX3 locus on 2p12 (Kaminen et al. 2003). We refined this initial linkage region to 
157 kb in several rounds of fine-mapping in an extended set of Finnish families. The 
observed association results were replicated in an independent sample set of German 
origin, and a joint analysis of the two sample sets identified overlapping haplotypes co-
segregating with dyslexia in an intergenic region between the FLJ13391 and MRPL19 
and C2ORF3 genes. Stratification analysis of more severely affected cases strengthened 
the associations further, significantly increasing the OR for the most common 
susceptibility haplotype. Since our extensive search for possible novel genes 
throughout the whole ~80 kb region between FLJ13391 and MRPL19 yielded no 
results, it is unlikely that the associated region would harbor a yet unidentified 
susceptibility gene. Instead, we hypothesized that the associated SNPs might be non-
coding variants in a regulatory region of MRPL19 and C2ORF3. In support of this 
hypothesis, our expression data showed that these two closely located genes are highly 
co-expressed in different brain regions. In addition, MRPL19 and C2ORF3 are in 
strong LD with each other belonging to a single haplotype block, and therefore it is 
plausible that they share a common regulatory region. The regulatory effect of the 
associated haplotypes was further established by allele-specific expression analysis 
where the expression levels of the two genes were significantly reduced in carriers of 
the risk haplotypes, as compared to non-carriers.  
 
Because the two independent sample sets supported the association findings, there is 
strong evidence for the involvement of this locus in dyslexia. Other studies have found 
support for this region as well, although the linked/associated loci have been widely 
spread over the short arm of chromosome 2. The original linkage of dyslexia to the 
DYX3 locus was identified in a single large family showing autosomal dominant 
transmission to 2p15-p16 (Fagerheim et al. 1999). Similar to our study, they used a 
categorical phenotype, but our region is 18 Mb centromeric to their reported locus. 
Using quantitative non-parametric linkage analysis, Fisher et al. (2002) identified 
linkage to a number of loci in the human genome, among them several loci on 
chromosome 2. In single-point analysis, they identified linkage to the same locus as we, 
at marker D2S286 (P=0.0003 for phonological awareness in the US families). A locus 
on 2p15 overlapping with the DYX3 locus reported by Fagerheim et al., showed also 
linkage to phonological awareness (P=0.001) in the US families. In the UK sample set, 
linkage was more distal, with peaks on 2p16 and 2p25 for orthographic coding 
(P=0.0007 and P=0.001, respectively). Francks et al. (2002a) performed a quantitative 
sib-pair association study on the same set of 119 US twin-based families to refine the 
chromosome 2p12-p16 locus. Suggestive evidence of association was found to several 
markers and several phenotypes. Although weak, D2S286 showed again association 
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(P=0.049 for orthographic choice), and D2S2114, which is located only 350 kb 
centromeric from our identified dyslexia locus, showed borderline association for all 
tested reading measures. However, the strongest results were seen for more distal 
markers at 2p21. Petryshen et al. (2002) analyzed a qualitative phenotype in Canadian 
families and identified linkage of spelling to 2p15-p16. However, they only genotyped 
markers within 2p15-p16, and therefore could not possibly identify a putative signal at 
the 2p12 locus. Recently, a genome-wide scan on Australian families identified a 
linkage peak at D2S2216 (Bates et al. 2007), the same marker showing the strongest 
linkage in our initial genome-wide scan. 
 
Together, these reported findings suggest that there may be two susceptibility loci for 
dyslexia on chromosome 2p; the original linkage locus on 2p15 and our reported locus 
on 2p12, both supported in the large quantitative genome-wide scan (Fisher et al. 
2002). Alternatively, there is only one locus with an inaccurate definition of its position 
by linkage. Linkage regions in complex disorders are often wide and often not 
completely overlapping between different studies, even though they may reflect the 
same susceptibility locus. As we used a categorical diagnosis of dyslexia both in the 
initial genome-wide scan and in further fine mapping studies, this locus seems to have a 
general effect on dyslexia, i.e., word reading and spelling. This conclusion is further 
supported by the observation of a stronger effect in the more severe cases from 
Germany. Even though Fisher et al. (2002) and Francks et al. (2002a) studied different 
quantitative processes of dyslexia, they found evidence of linkage and association to 
several of these components and approximately the same locus as we report here. 
 
 

5.1.2 Strong evidence for DCDC2 as a susceptibility gene for dyslexia 

The DYX2 locus on 6p22.1 is the most-replicated locus for dyslexia and is thus likely to 
contribute to common forms of the disorder across different populations. However, the 
exact genomic position and the genes contributing to this disorder have been unclear. 
At the linkage level, the effects of the two gene clusters in the region, 
VMP/DCDC2/KAAG1 and KIAA0319/TTRAP/THEM2, have not been resolved. 
Association analyses have provided inconsistent results, with positive findings to either 
cluster in different studies. We identified significant association of markers within 
DCDC2 with spelling disability in two independent sample sets from Germany, in 
particular in more severe phenotypes. The replication on an independent sample set as 
well as the increasing GRR with severity, provide compelling evidence for DCDC2 as 
a susceptibility gene for dyslexia, contributing in particular to severe spelling disability. 
None of the quantitative component processes studied showed evidence of association 
in the initial sample set, not even when the analysis was restricted to more-severe 
phenotypes. Therefore, at the phenotypic level, no component process characterizes the 
genetic effect of the DCDC2 locus in the German sample set more precisely than 
spelling disorder itself. Interestingly, the effect of severity was already reported in the 
initial linkage findings to the DYX2 locus (Cardon et al. 1994; Gayan et al. 1999), and 
many association studies have also found stronger association to DCDC2 or KIAA0319 
in more severe cases for dyslexia (Deffenbacher et al. 2004; Francks et al. 2004; Harold 
et al. 2006). Moreover, as a genome-wide scan for reading and spelling in an unselected 
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sample from the normal population failed to identify linkage to the DYX2 locus (Bates 
et al. 2007), this locus seems to affect the lower tail of the distribution, contributing 
specifically to the development of dyslexia and not to general variation in reading 
ability. 
 
The involvement of DCDC2 is strongly supported by the many positive findings within 
this locus. Although Deffenbacher et al. (2004) found significant association for both 
gene clusters, the strongest association was found with SNPs located in the same 
genomic region within DCDC2 as the association in the German sample sets. This 
region is inherited as a separate haplotype block. Meng et al. (2005b) refined their 
original association study by Kaplan et al. (2002) in the Colorado family sample by 
genotyping SNPs in the two gene clusters. Several SNPs within DCDC2 showed 
significant evidence of association with spelling- and reading-related phenotypes. They 
also identified a large intronic deletion in intron 2 of DCDC2 that encodes repeats of 
putative brain-related transcription factor binding sites (Meng et al. 2005b). Alleles of 
the deletion showed significant LD with several reading-related traits. However, in our 
German sample set, this deletion did not show any evidence for association with 
dyslexia or with the risk haplotype identified in this sample set (Ludwig et al. 
submitted). 
 

However, there have been many negative reports for DCDC2 as well. Most of these 
have identified association to the second gene cluster in the region; 
KIAA0319/TTRAP/THEM2, ~185 kb from the VMP/DCDC2/KAAG1 locus. Cope et al. 
(2005a) performed a high-density screen encompassing the VMP/DCDC2/KAAG1 
locus, and did not detect any association with DCDC2 in their UK case-control sample 
set. Instead, several reading phenotypes showed association with KIAA0319. However, 
as they did not select for disease severity, the power of their sample set may have been 
too small to detect the genetic effect of the VMP/DCDC2/KAAG1 locus, especially with 
the use of a DNA-pooling approach in which no individual genotypes were obtained 
and haplotype analysis could not be performed. Francks et al. (2004) focused only on 
the gene cluster KIAA0319/TTRAP/THEM2 and observed a significant association in 
KIAA0319 and TTRAP in their UK and US sample, in particular in probands with 
severe reading disability. Harold et al. (2006) verified the role of KIAA0319 in these 
UK sample sets, by genotyping also the most significant SNPs identified by us (III) and 
by Meng et al. (2005b) in DCDC2. Significant associations with several quantitative 
traits were observed within DCDC2 in the family-based sample (Francks et al. 2004). 
However, in the more severe cases, only the intronic deletion identified by Meng et al. 
(2005b) showed nominal significance. In the case-control sample no significant 
associations within DCDC2 were observed, consistent with the previous results in this 
set (Cope et al. 2005a). Harold et al. (2006) also analyzed additional SNPs within 
KIAA0319, and could localize the strongest association signal around the first exon, for 
several reading-related components. Statistical interactions between SNPs within the 
two genes were significant, indicating a possible epistatic effect between the two genes. 
Luciano et al. (2007) identified modest association signals within the KIAA0319 and 
TTRAP genes and reading and spelling ability in an Australian sample set. However, 
they did not study SNPs within the DCDC2 cluster. 
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There are several explanations for the inconsistent association results within DYX2. 
Sample ascertainment and phenotyping criteria have slightly varied between studies 
and languages. In our study, dyslexic individuals were selected on the basis of a 
discrepancy between spelling and IQ, whereas others selected dyslexic individuals on 
the basis of a discrepancy between word-reading ability and IQ (Deffenbacher et al. 
2004; Francks et al. 2004; Cope et al. 2005a). Twin studies of dyslexia have indicated 
that the heritability of spelling deficits is higher than that of reading deficits (Stevenson 
et al. 1987). These are different phenotypes, but spelling and reading ability are 
strongly correlated (Schulte-Körne et al. 2007). Thus, different studies may have 
analyzed slightly different subsamples of the dyslexia/reading/spelling spectrum. 
DCDC2 and KIAA0319 may contribute to slightly different subphenotypes, thereby 
providing an explanation for the differing results within this locus. One might speculate 
that the DCDC2 gene has more relevance for spelling ability, whereas KIAA0319 has 
more relevance for word reading. However, Marlow et al. (2003) performed a 
multivariate linkage analysis in UK samples (Fisher et al. 2002), and showed that the 
QTL in DYX2 influences multiple aspects of reading ability, not specific phenotypic 
subdimensions. Population-specific genetic heterogeneity within the DYX2 region 
could also explain the different association findings in different populations. 
Nevertheless, both genes are probably involved in the development of dyslexia. As 
implied by Harold et al. (2006), there may be epistatic interactions between the two 
genes, contributing to the risk. However, these interactions should be verified by 
replication on independent sample sets. Collaborative efforts with large sample sizes 
are required for definite answers about the contribution of each of the two genes within 
this locus to the development of dyslexia. 
 
 

5.1.3 Evidence for DYX1C1 as a sex-specific risk factor for dyslexia 

The DYX1C1 gene on chromosome 15q21 was the first candidate gene proposed for 
dyslexia, based on cloning of a translocation breakpoint co-segregating with dyslexia 
and association of genetic variants in a Finnish cohort of dyslexic individuals (Taipale 
et al. 2003). Since then, seven replication studies have been published on DYX1C1. 
Support for DYX1C1 as a risk factor for dyslexia came from three studies on families of 
European-Canadian, US, and Italian descent, in which SNPs and haplotypes within the 
DYX1C1 gene were associated with dyslexia (Wigg et al. 2004; Brkanac et al. 2007) 
and with short-term memory (Marino et al. 2007). However, in two of these studies 
(Wigg et al. 2004; Brkanac et al. 2007), the observed association was to the opposite 
alleles as observed in the original study by Taipale et al. (2003). In four other dyslexia 
sample sets, mainly of European descent, nominal associations of DYX1C1 SNPs were 
interpreted as negative (Scerri et al. 2004) or no associations  with dyslexia were 
observed (Cope et al. 2005b; Marino et al. 2005; Meng et al. 2005a). The role of 
DYX1C1 in dyslexia has thus been considered unsettled (Fisher and Francks 2006).  
 
Therefore, we aimed to explore the contribution of DYX1C1 to dyslexia in the German 
population and analyzed a large family-based sample of 366 triads. Adding the newly 
identified variants from a re-sequencing effort of DYX1C1 disclosed a refined 
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haplotype structure, showing association with dyslexia. A detailed analysis revealed 
that the identified risk haplotype was associated with the dichotomous trait of spelling, 
in particular in females. When analyzing quantitative subcomponents for dyslexia, 
phonological awareness showed significant over-transmission to dyslexic subjects, in 
the full sample set as well as in males. In females, association was seen for short-term 
memory. Quantitative analysis of subphenotypes may have decreased the heterogeneity 
in our sample set, thereby providing more power to find an underlying effect. However, 
due to the multiple testing of several subphenotypes, as well as the relatively small 
sample size of females, these findings require independent replication before any 
definite conclusions about the sex-specific genetic effect of DYX1C1 can be made. 
Nevertheless, to our knowledge, this study represents the first molecular genetic 
analysis on dyslexia considering an influence of sex on the risk conferred by specific 
genetic variants. Sex is an environmental factor that modifies both penetrance and 
expressivity of a disorder, and gene-environment interactions may have different 
effects on the same variant in men and women. Because differences in prevalence rates 
between females and males have been reported in epidemiological studies, an inclusion 
of sex in genetic analyses of dyslexia is warranted (Rutter et al. 2004; Harlaar et al. 
2005). Interestingly, in a recently published genome-wide linkage study on autism 
(Szatmari et al. 2007), suggestive linkage was reported to 15q21-q25.3 that includes 
DYX1C1, and increased support for this region was obtained from families containing 
affected females. It may be hard to detect effects of genes for complex traits without 
separating the two sexes in analysis, and difficult to replicate in samples with different 
male-female ratios (Weiss et al. 2006). Most, if not all, dyslexia cohorts are enriched 
for male probands, and thus it may be difficult to replicate a female-specific effect 
unless very large sample sets are analyzed.  
 
Several studies reported associations with the same alleles as Taipale et al. (2003), 
although in opposite directions, and were therefore interpreted as negative findings. 
These associations with the opposite alleles are not uncommon in complex diseases, 
where the interplay of multiple loci and environmental factors contribute to the 
susceptibility. Multiplicative or additive effects of multiple risk loci can produce 
associations with alleles in opposite directions due to differences in the correlation 
between the observed variant and other causal variants (Lin et al. 2007). LD patterns 
across the same gene may be highly variable across populations, even in populations of 
same ethnicity (Lin et al. 2007). Different populations may have different alleles in LD 
with the causal variant, as the causal variant may reside on different haplotypic 
backgrounds. Refinement of the block structure and using haplotype analysis aided in 
identification of the true risk haplotypes in our study. For example, Meng et al. (2005a) 
studied only the two originally identified SNPs, and perhaps therefore did not find any 
association within DYX1C1. In contrast, Wigg et al. (2004) studied additional intronic 
SNPs and found evidence of association with dyslexia. Even though Marino et al. 
(2005) found no evidence of association of the two original DYX1C1 variants, in their 
subsequent study with more relaxed criteria for dyslexia they identified significant LD 
with short-term memory in both single-marker and haplotype analyses (Marino et al. 
2007). Interestingly, also Wigg et al. (2004) found association with short-term memory. 
Marino et al. (2007) proposed that DYX1C1 has more effect on short-term memory than 
on the categorical definition of dyslexia itself or other related phenotypes. Our results 
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are also in line of this hypothesis that DYX1C1 affects a more defined subphenotype for 
dyslexia. However, it may also be that the two measures of short-term memory and 
phonological awareness limit the heterogeneity of the disorder, thus allowing for the 
identification of an effect. In fact, phonological awareness is perhaps the strongest 
indicator for dyslexia (Peterson et al. 2007), and problems in verbal short-term memory 
have been linked to the phonological processing deficits (Snowling 2000). Nonetheless, 
a meta-analysis of the comparable published results for DYX1C1 showed that the 
haplotype structures across studies are consistent with a single, common risk haplotype 
in all the studied populations. 
 
 

5.1.4 CYP19A1 is associated with dyslexia and speech- and language 
disorders 

The linkage peaks within the DYX1 locus identified in different studies on dyslexia map 
approximately 8 Mb proximal to DYX1C1 (Figure 11). Given the imprecision of 
genetic linkage for complex disorders, this is not unexpected. However, as the 
breakpoint in another translocation family co-segregating with dyslexia also mapped 
6-8 Mb proximal from DYX1C1 (Nopola-Hemmi et al. 2000), it seemed possible that 
there may be another susceptibility gene for dyslexia within the DYX1 locus. The 
inconsistencies to replicate the DYX1C1 association in some sample sets further 
suggested that DYX1 might harbor another, more general gene for speech and language 
development and dyslexia. There is evidence for more than one susceptibility gene 
within other dyslexia loci as well. For the DYX2 locus, there are already two 
susceptibility genes, as both DCDC2 and KIAA0319 contribute to dyslexia. Within 
DYX3 there may be two separate dyslexia loci, as several studies have identified 
linkage to 2p15, in addition to our reported 2p12 locus.  
 
We refined the location of the translocation breakpoint in the dyslexic individual co-
segregating t(2;15)(p12;q21) and dyslexia to the complex promoter region of 
CYP19A1, ~4 Mb centromeric from DYX1C1 (Figure 11). This suggested that the 
disruption of the regulatory region of CYP19A1 might be the underlying cause of 
dyslexia in this individual. However, all three children and the father in the family 
carried the translocation, but only the female child had been diagnosed with dyslexia 
(see Figure 6). This could be due to reduced penetrance or variable expressivity 
affected by the effects of other genes or environmental factors. Sex-specific effects 
could also affect the variable expression, as already shown for DYX1C1, and was also 
demonstrated for the DYX1 locus in general in a genome-wide linkage study on autism, 
where stronger linkage to the 15q21-q25.3 region was obtained in families containing 
affected females (Szatmari et al. 2007). 
 
To study the role of CYP19A1 in reading and speech- and language functions, we 
analyzed SNPs covering the whole genomic region of CYP19A1 in three sets of 
families ascertained for dyslexia and SSD. These disorders are co-morbid and most 
likely share a common etiology (Pennington 2006). As in dyslexia, the deficit in SSD 
lies in phonological processing. Moreover, the DYX1 locus has also been implicated in 
SSD (Figure 11). We observed significant associations for the binary traits of dyslexia 
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and SSD as well as for a range of reading-related quantitative measures within the 
CYP19A1 locus, particularly in the two US cohorts. In the Finnish cohort, association 
was seen only at the haplotype level. However, as the results were stronger in the two 
US cohorts when analyzing the specific quantitative phenotypes, the power in the 
Finnish sample set may have also been increased if quantitative measures would have 
been available. In the Finnish set, a haplotype associated with dyslexia was observed 
across the coding region of the gene, whereas in the US dyslexia set the haplotype was 
located within the brain-specific promoter. In the US SSD cohort, overlapping 
haplotypes were observed for both these regions. These different haplotypes observed 
reflect the quite different patterns of LD observed across the CYP19A1 region (see 
Figure 10). The Finnish sample set showed stronger LD across the gene than the US 
sets, which is not unexpected as Finland is a relatively homogeneous population 
(Peltonen et al. 1999), and therefore also the precise location of the association signal 
may be more difficult to resolve. The fact that slightly different SNPs show association 
in different sample sets and for different measures, may also be due to stochastic 
variation as a result of relatively small sample sizes and by sample specific patterns of 
missing genotype/phenotype data. In case of a true association, a combined analysis of 
all sample sets should be much more powerful (Skol et al. 2006). However, as the 
analyzed samples were ascertained for slightly different phenotypes, i.e., SSD and 
dyslexia, it was not desirable to pool the data. Instead, we combined the significant 
p-values for the common measures used in the two US cohorts by Fisher’s combined 
method, and obtained stronger association results. 
 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 11. Chromosome 15q showing the relative positions of CYP19A1, DYX1C1 and the linkage peaks 
in different studies of dyslexia (solid lines) and speech sound disorder (double lines). 

 
 
Our results suggest that variation in CYP19A1 may influence a broad phenotype of 
verbal skills, in particular phonological processing, and contribute to the susceptibility 
for both SSD and dyslexia. Genetic variation in CYP19A1 has been associated with 
Alzheimer’s disease (Iivonen et al. 2004; Huang and Poduslo 2006), and now we show 
that CYP19A1 regulates also development of speech- and language functions early in 
life, as well as later reading skills. 



 
 

60 
 

5.1.5 General comments 

In order for any genetic linkage or association to be valid, the results need to be 
replicated on an independent sample set to separate the false positives from the true 
associated variants. In general, if an association is found between the same markers and 
alleles and the same phenotype in an independent study, there is strong evidence for 
true association. However, replication studies in complex disorders have often yielded 
inconsistent results with different subphenotypes, markers, or even different alleles of 
the same marker often associated in the follow-up study. For complex disorders, there 
are multiple susceptibility genes with small to moderate individual effects, which may 
be increased or modified in gene-gene interactions and gene-environment interactions. 
There is also substantial genetic and phenotypic heterogeneity across and within 
populations. Some genes may have a major effect on the trait variance in the samples 
they have been reported, whereas in other sample sets they may have less effect. Thus, 
it is not surprising that different research groups have identified unique locations for 
linkage and association signals and have not always found support for loci reported by 
others. Moreover, the different studies are usually not directly comparable as there are 
differences in the phenotype definition, ascertainment, diagnostic criteria, marker 
selection, and the analysis methods. Therefore, lack of replication does not imply 
exclusion of a locus/gene. Rather, further validation may be required in even more 
sample sets, and functional studies of the candidate gene to validate its role in disease 
etiology. The sample sizes in genetic studies of complex diseases have often been too 
small, resulting in insufficient power to detect small to moderate effects, as well as 
imprecise or incorrect estimates of the magnitude of the observed effects. It is now 
generally agreed that for reliable association results large sample sizes, rigorous p-value 
thresholds, and replication in multiple independent sample sets, are required (Chanock 
et al. 2007). 
 
The ascertainment method, the measures of the phenotype, and frequency and variance 
of the phenotype in the sample, all influence the genetic findings (Pennington 1997). A 
clearly defined phenotype classified by standard criteria should be used to reduce 
misclassification and to aid subsequent replication studies. However, due to the absence 
of a consensus definition for dyslexia, phenotype definitions have varied considerably 
across studies yielding increasing genetic heterogeneity, making it hard to interpret data 
across studies. The inclusion criteria may vary according to the number of affected 
individuals within the pedigree as well as the degree of severity, and different 
phenotypic measures have been used to assess the scores for the quantitative cognitive 
processes involved in reading and dyslexia. As there is substantial heterogeneity, it may 
be advantageous to divide according to severity or into subphenotypes to obtain a more 
homogeneous sample, instead of setting an arbitrary threshold of “affected” for a trait 
that is normally distributed within the general population. With several subphenotypes 
one may, however, loose power as the sample size gets smaller, and inflate the false 
positive rate due to multiple comparisons. However, whereas the probability for 
detection of the susceptibility locus may increase when analyzing more precise 
definitions, most of the dyslexia loci seem to affect reading in general. The correlation 
between the different components of reading and language are high and twin studies 
have shown that there are common as well as independent genetic factors (Gayan and 
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Olson 2003). Although different studies have found association/linkage to the same 
locus with different subcomponents, a multivariate genome-wide analysis in a large 
sample set suggested that each dyslexia locus has an impact on multiple traits (Marlow 
et al. 2003). The differing results observed may only reflect the different phenotypic 
measures used and heterogeneous samples. Some loci may contribute more strongly to 
one component than to another within specific families and populations. Even though 
precisely defined specific subphenotypes are analyzed, each subphenotype is a complex 
phenotype on its own, consisting of several independent processes. Different measures 
may target these subprocesses differently, leading to slightly different traits analyzed 
and thereby also to different results.  
 
 
 

5.2 MOLECULAR MECHANISMS OF DYSLEXIA 

Identification of the molecular mechanism for a susceptibility gene has traditionally 
involved extensive screening of the coding regions, UTRs, splice sites, and the putative 
promoter regions in immediate vicinity of the transcription start site. However, 
complex genetic diseases result more often from non-coding regulatory variants than 
from coding sequence variants (Knight 2005). To screen the entire genomic region of a 
gene in multiple subjects, as well as the often poorly defined promoter and other 
regulatory elements that may stretch over large distances, is a laborious task. Even if a 
putative causal variant is identified, interpreting the consequences of non-coding 
sequence variants is not straightforward, in contrast to nonsynonymous and splice-site 
alterations, as the complexity of gene regulatory regions is not yet fully understood.  
 
So far, no coding variants to provide a simple functional explanation have been 
identified in any of the dyslexia candidate genes. The coding changes that have been 
found in the dyslexia susceptibility genes appear to have little functional relevance. 
Rather, the causal variants are likely to be in regulatory regions affecting the expression 
of these genes. For a subtle effect in the cognitive functions affecting the phonological 
skills it is not expected that the causative variant would be a deleterious coding change, 
rather some milder effect in a regulatory region. There is evidence for already four 
dyslexia susceptibility genes that the causal mechanism affects the regulation of the 
genes. Allele-specific expression analysis of ROBO1 (Hannula-Jouppi et al. 2005) and 
KIAA0319 (Paracchini et al. 2006) and the chromosome 2 candidate genes C2ORF3 
and MRPL19 (II), have suggested that disrupted expression of one copy of the gene can 
predispose to dyslexia, maybe because of reduced amount of protein in the CNS. 
However, it should be noted that as the expression analyses were performed in 
lymphocytes, the effects are not necessary directly comparable to the expression in 
brain. Moreover, these patterns may not reflect the expression during fetal 
development, when the correct expression of dyslexia susceptibility genes is expected 
to be most critical. Allelic variation in gene expression is likely to be present for most 
genes, providing an additional mechanism of human variation and probably also for 
susceptibility to common diseases (Lo et al. 2003). Reduced amounts of functional 
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protein due to, e.g., impaired gene regulation, may well lead to developmental 
disorders. 
 
The original risk alleles identified in DYX1C1 were hypothesized to have a putative 
effect on the encoded protein (Taipale et al. 2003). However, as all replication studies 
have reported association to the opposite alleles than Taipale and co-workers, it is 
unlikely that these are the causal polymorphisms. Instead, they are probably in LD with 
the causal variants, which probably affect the expression and/or regulation of the gene. 
Our re-sequencing approach revealed variants within the DYX1C1 promoter region that 
added new information to the gene-specific haplotype architecture and refined our 
association findings. The fact that we observed allele-specific differential binding in the 
EMSA with the associated SNPs in the promoter region suggest that these SNPs may 
affect the expression level of DYX1C1, providing a molecular mechanism for its role in 
the etiology of dyslexia. In silico searches suggested allele-specific differential binding 
of TFII-I and Elk-1. TFII-I is highly expressed in brain and is deleted in Williams-
Beuren syndrome characterized, e.g., by unusual language functions (Roy 2001; Mervis 
and Becerra 2007). Elk-1 has been shown to have a role in learning and memory in rats 
(Cammarota et al. 2000). Interestingly, the binding of these transcription factors was 
found to be reduced also to the dyslexia-associated alleles in the highly conserved 
brain-specific promoter of CYP19A1. A comparative analysis across several species 
highlighted the importance of the brain-specific promoter, with slight alterations in its 
sequence most likely leading to critical consequences in gene regulation. Thus, the 
SNPs associated with dyslexia and SSD might regulate the expression of CYP19A1. 
The fact that the translocation breakpoint co-segregating with dyslexia is located within 
the complex promoter region of CYP19A1 further supports a regulatory effect as the 
causal mechanism.  
 
Further functional studies are required to determine the underlying causative variants 
and their exact mechanism in the etiology of dyslexia. However, functional studies are 
not always straightforward and the findings should be interpreted carefully, as results 
from particular cell-lines and experimental settings studied may not be valid in vivo. To 
prove causality of a candidate gene requires the functional mutations or regulatory 
variants to be identified and to demonstrate that these mutations disrupt brain 
development in animal models. Finally, it should be shown that dyslexic individuals 
carrying these mutations show disruptions in brain development. An interaction is 
probably required between many gene variants and their protein products in the 
development of dyslexia. Dyslexia is a heterogeneous disorder, with many subtypes at 
the cognitive, neurobiological, and genetic level. Different individuals may have 
different genetic backgrounds and slightly different causal pathways for the disorder. 
Certain combinations of alleles may engender high susceptibility for the disorder, and 
some variants may be of high severity. These genes or alleles are, however, not really 
“genes for dyslexia”, or for reading or language (Pennington 1997). They will probably 
be involved in other developmental disorders as well. Our quantitative expression 
analysis showed wide expression of all the dyslexia susceptibility genes across different 
regions in the human brain, including regions implicated in reading. However, the 
expression was not restricted to language areas. Moreover, their expression is not 
restricted to the CNS either; rather, most of them are ubiquitously expressed. 
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5.3 NEUROBIOLOGICAL MECHANISMS OF DYSLEXIA 

The brain is a highly complex system that requires a complex network of events to 
develop correctly. Small disruptions in this circuitry may result in a 
neurodevelopmental disorder, such as dyslexia. Reading is a complex task and deficits 
may arise from several of the associated cognitive processes. The core deficit in 
dyslexia in the phonological system involves a network of cortical areas (Figure 12). 
The observed structural anomalies reported in dyslexia are located within these regions 
(Figure 12A), and functional brain imaging studies show that the areas involved in 
phonological processing show abnormal activation in dyslexics. The anomalies and 
activation patterns vary between individual dyslexics. The differences may reflect 
variation in the symptoms and subcomponents, as well as the variation in the 
underlying susceptibility genes. Dyslexic individuals often compensate for their 
disability, thereby activating other neural circuits for reading. There may be differences 
in these compensatory mechanisms employed. However, the compensatory 
mechanisms are most likely not as efficient, and thus the problems in fluent reading 
often persist throughout their lives. 
 
 
 A BA B
 
 
 
 
 
 
 
Figure 12. Neurobiological findings in dyslexia. (A) Brain areas activated in oral language tasks that 
exhibit structural differences from controls in studies of dyslexia. Areas in pink are supported by several 
published studies, areas in yellow by only one. (B) Brain areas activated during performance of the main 
phonological skills impaired in dyslexia: phonological awareness (yellow), rapid naming (red), and verbal 
short-term memory (blue). Reprinted from TRENDS in Neurosciences, 27; Ramus, Neurobiology of 
dyslexia: a reinterpretation of the data; 720-726. Copyright 2004, with permission from Elsevier. 
 
 
 

5.3.1 Neuronal migration and dyslexia 

Several lines of evidence support neuronal migration deficits and the resulting cortical 
abnormalities (ectopias and microgyri), as the primary cause of dyslexia. Anatomical 
studies of dyslexic brains show cortical abnormalities, functional brain imaging studies 
show that these areas are involved in phonological processing and show abnormal 
activation in dyslexics, mouse and rat models with ectopias show learning deficits, and 
finally, many of the dyslexia candidate genes are involved in neuronal migration 
(Ramus 2004). 
 
Galaburda and co-workers proposed already in the 1980’s that ectopias and neuronal 
migration would be the causal mechanism for developmental dyslexia (Galaburda et al. 
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1985). However, as there was no attempt to replicate these findings, they have been 
considered inconclusive until recently, when dyslexia susceptibility genes have been 
identified and their function is beginning to be revealed (Ramus 2006). Five of the 
seven susceptibility genes reported for dyslexia so far have been implicated in brain 
development. Dyx1c1, Dcdc2, and Kiaa0319 are involved in cortical neuronal 
migration during development, as indicated by RNAi in utero in rat (Meng et al. 2005b; 
Paracchini et al. 2006; Wang et al. 2006). Interestingly, disruption of Dyx1c1 in utero 
results in brain malformations in adult rats similar to those seen in postmortem brains 
of dyslexics (Rosen et al. 2007). The effects of Dcdc2 and Kiaa0319 have not been 
studied in adult rats, so no comparisons to the dyslexic neocortical phenotype can be 
made. Robo1 is implicated in axonal guidance across the commissures as well as in 
neuronal migration (Andrews et al. 2006). Robo1 knockout mice show cortical 
disorganization characterized by increased neuronal density and commissural defects 
due to altered axonal pathfinding. Interestingly, ArKO mice showed similar cortical 
disorganization and occasional ectopias, indicating an important role of also Cyp19a1 
in brain development, perhaps as well in neuronal migration. Estrogen is actively 
synthesized in the brain by the enzyme aromatase (CYP19A1). Estrogen regulates 
several processes that are necessary for the proper development of brain structures and 
connections, including neuronal migration, survival and death, and synaptic plasticity 
(Beyer 1999). The putative role of MRPL19 and/or C2ORF3 in human brain 
development has not been studied so far. If they are found to cause similar phenotypes 
in brain organization as the other dyslexia susceptibility genes, their role in the 
development of dyslexia is reinforced.  
 
Evidence from studies on mice and rats further support the hypothesis that dyslexia 
results from abnormal neuronal migration resulting in cortical disorganization. 
Induction of microgyri in rats leads to local changes in cortico-cortical connectivity and 
changes of connectivity across corpus callosum (Galaburda et al. 2006). Reduced 
corticocortical connectivity has been reported in dyslexic individuals as well (Paulesu 
et al. 1996; Klingberg et al. 2000). It has been hypothesized that the cortical 
abnormalities observed in dyslexia lead to a disconnection between the different 
language systems, resulting in reduction of activity in the brain areas involved in 
phonological processing (Paulesu et al. 2001). Furthermore, mice and rats with 
spontaneous or induced ectopias and microgyri display a variety of learning and 
memory deficits (Denenberg et al. 1991; Rosen et al. 1995; Boehm et al. 1996; Hyde et 
al. 2000). The location of the cortical disruption influences the specific type of learning 
deficit exhibited (Hyde et al. 2001). Focal cortical malformations are also associated 
with deficits in rapid auditory processing in rodents (Fitch et al. 1994; Peiffer et al. 
2004). The auditory deficits are more marked in young than in adult animals; 
compatible with that the auditory deficits in dyslexic are mostly apparent in children 
only, as the condition improves with age due to compensatory mechanisms (Galaburda 
et al. 2006). Auditory deficits may therefore often be undetectable at the time of 
diagnosis of dyslexia. In others, auditory deficits could remain and the phonological 
problems improve, leading to a diagnosis other than dyslexia (Galaburda et al. 2006). 
Interestingly, RNAi disruption of Dyx1c1 in rats results also in auditory processing 
deficits and impairments in spatial learning (Threlkeld et al. 2007). The important roles 
of estrogen in learning and memory have also been demonstrated by studies on rats and 
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non-human primates, although so far these studies have been performed only on 
ovariectomized, hormone-treated animals (Korol 2004; Hao et al. 2006).  
 
How can a general neuronal migration disorder produce such a specific phenotype as 
dyslexia, rather than, e.g., mental retardation or general learning disability? The 
dyslexia susceptibility genes are probably involved in multiple functions during 
development. A subtle effect in a mild quantitative trait like reading disability would 
not be expected to result from a devastating mutation of a protein critical for neuronal 
development; rather a small change in its expression level. Such change could affect the 
efficiency of neuronal migration. The deficit may be defined only to certain cortical 
areas, such as those that are necessary phonological processing, at a specific time point 
in development. However, the susceptibility genes may lead to more severe 
developmental phenotypes if their function is disrupted more radically, resulting in 
large-scale brain malformations. In addition, it is likely that they may confer risk to 
other, co-morbid learning disorders as well, depending on the precise disruption as well 
as the effect of other genes. 
 
 

5.3.2 A neuronal network model for dyslexia 

Generation of the cerebral cortex is a complex and highly coordinated process. In the 
developing brain, cortical neurons are generated in the ventricular and subventricular 
zones. Postmitotic neurons then migrate along processes of radial glia to form the six 
layers of the cerebral neocortex. The layers are formed in an “inside-out” manner from 
deepest to most superficial, so that each newly generated cohort of neurons must 
migrate past the previously formed neurons. Appropriate neuronal migration and 
positioning during development is essential for proper brain function and the 
construction of a functional synaptic circuitry. 
 
The developmental pathways involved in neuronal migration and axon growth are 
dependent on coordinated changes in cell adhesion and cytoskeletal reorganization. 
Neuronal migration is achieved through a rearrangement of cytoskeletal components 
in response to extracellular cues, mediated by intracellular signaling pathways (Ayala 
et al. 2007). Galaburda et al. (2006) proposed a possible molecular network for the 
dyslexia susceptibility genes in neuronal migration (Figure 13). The role of ROBO1 
orthologues in axonal guidance is well established. In addition, mouse Robo1 guides 
tangential migration of cortical interneurons (Andrews et al. 2006), and maybe also 
radial migration (Ayala et al. 2007). KIAA0319 encodes an integral membrane protein 
which may serve as an adhesion molecule due to its homology to PKD1 which is 
involved in cell adhesion (Paracchini et al. 2006). RNAi studies have suggested that 
Kiaa0319 could mediate the necessary adhesion between neurons and radial glia in 
radial neuronal migration (Paracchini et al. 2006). These two transmembrane proteins, 
ROBO1 and KIAA0319, may relay signals to the intracellular signaling pathways, 
eventually leading to rearrangement of the cytoskeleton and neuronal movement. 
DCDC2 contains two doublecortin homology domains that were originally identified in 
the doublecortin gene DCX. DCX encodes a cytoplasmic protein that directs neuronal 
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migration by regulating the organization and stability of microtubules, and is mutated 
in human X-linked lissencephaly and double cortex syndrome (Reiner et al. 1993; des 
Portes et al. 1998; Bai et al. 2003). Thus, DCDC2 may be involved in modulating 
changes in cytoskeletal dynamic processes involved in neuronal migration. 
Microtubules provide stability to the growing neurites and are crucial for the 
association of the centrosome to the nucleus during nucleokinesis. Thus, it is clear 
that proper regulation of microtubule dynamics is necessary for neuronal migration 
(Ayala et al. 2007). The cellular function of DYX1C1 is unknown, but it contains three 
tetratricopeptide repeat domains, which are known to be involved in protein-protein 
interactions (Taipale et al. 2003). The tetratricopeptide repeat domains of Dyx1c1 are 
necessary and sufficient for normal neural migration (Wang et al. 2006). DYX1C1 is 
rapidly upregulated in injury (Linkai et al. submitted), and may thus be involved in 
dynamical cellular processes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13. Protein domains and possible functions of the dyslexia candidate genes during neuronal 
migration and axonal pathfinding. MRPL19, C2ORF3, and CYP19A1 are missing from the model. 
Reprinted from Nature Neuroscience, 9; Galaburda et al., From genes to behavior in developmental 
dyslexia; 1213-1217. Copyright 2006, with permission from Macmillan Publishers Ltd. 
 
 
The domain structure or cellular localization of C2ORF3 is still unknown. However, in 
our quantitative expression analysis, C2ORF3 was highly co-expressed with the other 
dyslexia susceptibility genes, including ROBO1. Interestingly, microarray data indicate 
that C2ORF3 is highly co-expressed with SRGAP1 (bioinformatics.ubc.ca/tmm). 
SRGAP1 is a SLIT-ROBO1 Rho GTPase-activating protein that interacts with an 
intracellular domain of ROBO1 and is involved in the downstream signaling cascade 
upon binding of the SLIT1/2 ligand to the ROBO1 transmembrane receptor (Wong et 
al. 2001). The Rho GTPases play important roles in regulating the actin cytoskeleton 
and have been implicated in axon guidance, neurite extension, and neuronal migration 
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(Govek et al. 2005). Mutations in these signaling pathways have been reported in 
human neurological disorders, emphasizing their importance in the development and 
proper function of the nervous system (Govek et al. 2005). However, functional studies 
are needed to reveal the cellular localization and possible role of C2ORF3 in neuronal 
development. 
 
Most of the energy requirement for cellular growth, differentiation, and migration is 
met by ATP produced by mitochondria in oxidative phosphorylation. MRPL19 is a 
highly conserved gene that may have a central role in ribosome biogenesis and 
mitochondrial protein synthesis. Minor changes in the protein, leading to marginally 
impaired energy metabolism may have developmental consequences in critical tissues, 
such as impaired neuronal migration during development. Many of the mitochondrial 
ribosomal proteins encoded in the nucleus have been associated with several 
neurological disorders, such as deafness (O'Brien et al. 2005), in accordance to the fact 
that energy production is critical in the active brain. 
 
The neuronal expression of CYP19A1 localizes to the cell soma, axons, dendrites, 
synaptic boutons and the growth-cones (Naftolin et al. 1996; Beyer and Hutchison 
1997). Estrogen regulates the transcription of cytoskeletal proteins that are required for 
neurite growth (Beyer 1999). In addition, estrogens have more direct, rapid-acting roles 
on neural activity by modulating neural signaling transduction pathways, e.g., by 
altering the properties of extracellular receptors (Cornil et al. 2006). Our results support 
an important regulatory role for local aromatase activity and estrogen production in 
brain development, as inhibition of aromatase activity significantly decreased neurite 
outgrowth and branching in rat hippocampal cultures. An effect of estradiol on neurite 
outgrowth has been shown also in cortical neurons (Brinton et al. 1997). Thus, 
aromatase may have an important regulatory role in the neuronal network involved in 
dyslexia. 
 
 
 

5.4 SEX-SPECIFIC EFFECTS OF DYSLEXIA 

Our findings within the DYX1 locus may offer insights into previous reports that 
dyslexia and SSD are more common in boys than in girls, a phenomenon that has 
remained unexplained to date. Although it has been suggested that dyslexia affects 
males and females nearly equally (Rumsey 1992), recent studies have indicated that 
there is an increased risk in males, and at least before 8 years of age, severe risk is more 
heritable in males (Rutter et al. 2004; Harlaar et al. 2005).  
 
The different genetic effects of DYX1C1 that we observed in males and females, 
leading to a slightly different phenotype, are not surprising as several male-female 
differences have been seen in brain anatomy, chemistry and function (Cahill 2006). 
Many factors, such as hormonal influences and interaction with sex-linked genes, may 
affect the sex-specific expression and regulation. Several susceptibility genes for 
common complex traits act differently in the two sexes, even when the trait 
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distributions don’t differ by sex (Weiss et al. 2006), and there is evidence for sex-
specific linkages for psychiatric traits such as autism (Stone et al. 2004; Lamb et al. 
2005; Szatmari et al. 2007).  
 
Although we did not observe a sex-specific effect within the CYP19A1 locus, it does 
not imply that such an effect does not exist. The overall genetic effect of CYP19A1 in 
the development of dyslexia and speech- and language disorders is likely to be small, 
and therefore much larger sample sizes may be needed for the identification of specific 
effects. In association of CYP19A1 variants with Alzheimer’s disease, no sex-specific 
effects for the associated SNPs were observed either (Iivonen et al. 2004; Huang and 
Poduslo 2006), despite a significant difference between the sexes in disease pathology 
(Barnes et al. 2005). Nevertheless, aromatase plays a decisive role in development and 
in the sexual dimorphism of the brain (Colciago et al. 2005). Sexually dimorphic 
phenotypes are evident in ArKO mice, in which males show gender-specific loss of 
dopaminergic neurons in the medial preoptic area and arcuate regions of the 
hypothalamus, as well as gender-specific obsessive compulsive disorder (Hill et al. 
2004; Hill et al. 2007). Rats with cortical microgyri develop similar anomalies in the 
MGN as observed in dyslexic brains, i.e., more small and fewer large neurons (Herman 
et al. 1997; Peiffer et al. 2002a; Peiffer et al. 2002b). In accordance with the hypothesis 
that a disruption of MGN has an impact on the auditory system, these rats are impaired 
in an auditory discrimination task. Interestingly, only male rats and mice with 
microgyri or ectopias were initially found to have an impairment in the auditory system 
(Herman et al. 1997). Later, it was observed that the impairment was dependent on 
hormonal stimuli, as female rats that were injected with testosterone during gestation 
showed disruption of MGN and impaired auditory function (Rosen et al. 1999). 
Interestingly, androgens have been suggested to have effects on early human brain 
development as well, with excess levels impairing auditory temporal processing and  
possibly also phonological processing in the left hemisphere (Beech and Beauvois 
2006). Aromatase shows high expression in thalamus, and the enzyme activity has 
suggested to be higher in males (Lephart et al. 2001). Proper aromatase function could 
play an important regulatory role of the hormonal environment, and enlighten, at least 
in part, the sex-specific effects observed in dyslexia. Developmental differences in 
males and females could explain why more males are generally affected by 
developmental disorders, including dyslexia and SSD (Galaburda et al. 2006). Plasticity 
in cortical development may vary with age and sex, resulting in individual differences 
in the behavioral phenotype.  
 
 
 

5.5 EVOLUTION OF SPEECH, LANGUAGE AND READING 

Although only humans can read, all genes implicated in dyslexia so far are conserved 
across species. While slight alterations in these genes may increase the risk for 
dyslexia, they are not “genes for reading” and did not evolve for reading (Fisher 2006). 
Rather, they are involved in important functions of brain development, such as neuronal 
migration as implicated by RNAi studies in rats and studies of brain morphology in KO 
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mice. However, subtle changes in these neurodevelopmental genes may have been 
involved in the evolution of higher-order cognitive skills in humans. Humans are 
distinguishable from other species in the use of vocal speech, reading and written 
language. There are, however, similarities in the development of human language and 
birdsong that also requires a vocal-learning ability (Doupe and Kuhl 1999). 
Interestingly, aromatase is involved in the control of vocalization for songbird singing 
and in the communication of teleost fish (Forlano et al. 2006). Our results show that 
CYP19A1 also controls the development of related but higher-order skills in humans, 
such as speech, language, and reading. Comparative analysis of the CYP19A1 genomic 
region revealed high levels of conservation within the brain-specific promoter region 
across a wide range of vertebrates. The brain-specific promoter is highly conserved 
even in the songbird (Ramachandran et al. 1999), highlighting its important 
regulatory function. Remarkably, we identified a human-specific SNP within the brain-
specific exon I.f that showed completely different patterns of protein binding than the 
non-human allele. This SNP could therefore have a functional role for altered 
aromatase regulation and/or expression in the human brain.  
 
MRPL19 is also a highly conserved gene with only a few nucleotide changes identified 
between the coding region of human and non-human primates. MRPL19 may have a 
central role in ribosome biogenesis and mitochondrial protein synthesis across a wide 
range of species. Thus, it is not surprising that it is under strong evolutionary constraint, 
although proteins in mammalian mitochondrial ribosomes are evolving more rapidly 
than cytoplasmic ribosomal proteins (O'Brien 2002). In contrast, rather high levels of 
variation were identified between C2ORF3 and its primate orthologues. The non-
primate lineage showed comparatively higher dN/dS ratios, suggesting that C2ORF3 
may be under functional constraint due to an important function in the brain acquired 
during primate evolution. The fact that the human lineage showed the lowest dN/dS 
ratios may indicate an even more specialized and constrained function in humans. 
However, a test for heterogeneity among the primate species revealed no evidence of 
change in the selection pressure during primate evolution of C2ORF3. The relatively 
low dN/dS ratios estimated for C2ORF3 are consistent with previous reports of low 
dN/dS ratios for nervous system genes (Duret and Mouchiroud 2000). However, the 
stringent definition of adaptive evolution (ω>1) in estimations of selection pressure 
may be misleading for many genes expressed in brain, as low dN/dS values may mask 
signs of adaptive evolution. Nevertheless, an accelerated rate of protein evolution in 
primates, especially in the human lineage, has been shown for a subset of genes 
important for nervous system development and function (Dorus et al. 2004; Khaitovich 
et al. 2005). Positive selection during recent human evolution has been suggested for 
the highly conserved FOXP2, a gene implicated in language development and that is 
mutated in a severe form of speech and language disorder (Lai et al. 2001; Enard et 
al. 2002). Interestingly, orthologues of FOXP2 are also involved in the vocal control 
of birdsong (Teramitsu and White 2006), similarly to CYP19A1. The selection 
pressure of ROBO1 has been found to be different between the human, chimpanzee and 
gorilla branches as compared to the orangutan (Hannula-Jouppi et al. 2005), although 
ROBO1 has since been proposed to be a slowly evolving gene due to the large excess 
of silent changes in each primate lineage (Fisher and Francks 2006). Within DYX1C1, 
several coding changes between human and non-human primates have been identified, 
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but no tests for deviation of a normal evolutionary rate have been performed (Taipale et 
al. 2003). The evolution of KIAA0319 and DCDC2 have so far not been studied, 
although also these genes exist in very similar versions in other species, such as in 
rodents. 
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6 CONCLUSIONS AND FUTURE PERSPECTIVES 

When I started this thesis project in year 2002, no candidate genes for dyslexia had 
been published. Since then, there has been a remarkable expansion in the field, with 
currently seven susceptibility genes proposed; DYX1C1, ROBO1, DCDC2, KIAA0319, 
MRPL19, C2ORF3 and CYP19A1. The number is likely to grow even more, as there 
are still several replicated linkage regions within the human genome where no 
candidate gene has yet been identified.  
 
Reading is a complex cognitive process involving a large network of factors, and 
consequently also multiple genes of small to moderate effects. The encoded protein 
products are involved in brain development through a complicated network of 
interactions required for proper function. Slight alterations in this network may lead to 
subtle deficits such as reading disability. The dyslexia susceptibility genes are involved 
in common developmental processes such as neuronal migration and axon guidance, 
suggesting an underlying causal mechanism in dyslexia. Slight alterations in the 
expression of the dyslexia susceptibility genes may alter the neuronal migration 
producing subtle cortical malformations affecting cognitive processes critical for 
learning and reading.  
 
The major challenge is to identify the precise causal variants and distinguish them from 
neutral variants, and to identify the underlying etiology for the disorder. The 
improvement of genotyping and statistical methods and enlargement of cohort sizes in 
large collaborative studies have begun to give more insight into the genetic basis of 
complex disorders. The availability of high-density SNP maps and high-throughput 
genotyping with decreasing costs has made whole-genome association studies 
technically and practically feasible. In the future, complete re-sequencing of the entire 
genome in cases and controls may replace indirect SNP genotyping approaches for the 
identification of susceptibility genes, but so far this is only feasible for single 
individuals. Recently, a large European Consortium, NEURODYS 
(www.neurodys.com), was formed, integrating dyslexia research from various 
disciplines. Large dyslexia cohorts from 10 different countries are genotyped to identify 
new candidate genes and replicate the existing findings. The identified risk-conferring 
genes will also be analyzed for gene-gene and gene-environment interactions, as well 
as gene-specific contributions to a variety of neurobiological correlates of dyslexia. 
These efforts will allow for a deeper understanding of the etiology of dyslexia. 
 
Dyslexia is the best known of the neurodevelopmental disorders, with regard to 
genetics as well as neuropsychology and neurobiology. Understanding the complex 
etiology of dyslexia will greatly aid in understanding also other learning and 
developmental deficits. Several of these disorders are comorbid with shared effects 
contributing to the phenotype. The dyslexia susceptibility genes thus make also good 
candidates for other neurodevelopmental disorders. 
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The ultimate goal for dyslexia research is more effective and earlier diagnosis and 
treatment. Despite the small effect sizes of the dyslexia susceptibility genes, 
understanding the molecular pathogenesis and the complex neural network behind it 
will have large effects on diagnosis and intervention. Early identification and 
intervention of children at risk may substantially improve future reading acquisition 
and even prevent reading difficulties in some cases. Written language is the basis of 
education systems throughout the world, and failure to learn to read fluently is a severe 
handicap with lifelong socioeconomic, mental health, and life satisfaction 
repercussions. 
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