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SUMMARY

Developmental dyslexia (DD) is a complex, cognitive disorder, characterised 
by an impairment in reading despite adequate educational, motivational and 
intellectual opportunities and in the absence of any sensory or neurological disability. 
Family and twin studies have shown that genes make a substantial contribution to 
individual variation in risk of DD.

Genetic linkage and association studies have implicated a number of 
chromosomal regions that may harbour susceptibility genes for DD, including 
regions on chromosomes 6p and 15q. The aims of this thesis were to identify novel 
susceptibility gene(s) for DD on chromosome 6p and to replicate the association 
reported between DD and EKN1 on chromosome 15q.

Eleven genes on chromosome 6p were tested for association with DD using 
data derived from DNA pooling assays of 168 SNPs. Nineteen associations were 
observed and a minimum set of 13 SNPs were chosen for individual genotyping in a 
case-control and family-based sample. Nine SNPs revealed association with DD 
(p<0.03) located in PRL (1 SNP), MRS2L (1 SNP), KIAA0319 (4 SNPs), THEM2 (2 
SNP) and 1 intergenic SNP. A haplotype comprising rs4504469/rs6935076 
(KIAA0319) revealed strong evidence for association with DD (p=0.0001). This 
combined with the results of logistic regression analyses suggests that variation 
within K1AA0319 increases susceptibility to DD.

Component phenotype analysis of the rs4504469/rs6935076 haplotype 
suggested that variation on the haplotype may influence a number of components of 
reading. It may also influence single word reading across the normal ability 
spectrum, but for other component phenotypes, variation on rs4504469/rs6935076 
may influence affection status only.

Association between DD and EKN1 was tested in a large family-based 
sample. No association was observed between SNPs previously reported to show 
association with DD (p>0.20). No significant associations were observed between 
EKN1 and component phenotypes of DD.

This study identifies KIAA0319 as a susceptibility gene for DD and suggests 
that EKN1 is unlikely to increase vulnerability to DD.
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CHAPTER ONE 

1. AN INTRODUCTION TO DEVELOPMENTAL DYSLEXIA

‘Dyslexia., .explains why some very smart people have trouble learning to read’
Sally E Shaywitz, 1996

‘ . .1 am not ashamed to declare that I cannot recite the alphabet nor spell.... As I 
grew older and achieved success.. .1 glossed over it and compensated for my 

inabilities.. .1 am striving for success and still have ambitions that drive me to reach 
the highest standards of which I am capable’

Jackie Stewart OBE, 1997

1.1 A HISTORY OF DEVELOPMENTAL DYSLEXIA

Developmental dyslexia (DD) was first reported in 1896 by the general 

doctor, W. Pringle Morgan who described a 14-year-old boy, ‘Percy F’ (Morgan 

1896). He said o f Percy, ‘His great difficulty has been -  and is now -  his inability to 

learn to read... I have no doubt it is due to some congenital defect... he would be the 

smartest lad in the school if instruction were entirely oral’.

James Hinshelwood wrote extensively on ‘word blindness’ (now referred to 

as developmental dyslexia) (Hinshelwood 1900; Hinshelwood 1907; Hinshelwood 

1911; Hinshelwood 1917), noting that ‘word blindness’ could be hereditary and 

seemed to be more common in boys than girls (Hinshelwood 1917). He suggested 

that ‘word blindness’ was a pathological condition caused by damage to a ‘visual 

word-centre’ in the brain (Hinshelwood 1917).

In contrast, Samuel Orton believed that DD was an abnormality of 

physiological development (Miles and Miles 1999). He also suggested that the 

name, ‘congenital word blindness’, overstressed the inherent difficulty and 

underemphasized environmental factors involved in the disorder and recommended 

the disorder be classified as ‘developmental’ since it emphasised both hereditary that
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tendency and environmental forces influencing the individual. He also pointed out 

that there is no blindness for words per se in the disorder. As a result 

‘strephosymbolia’ (‘twisting of symbols’) was suggested as a more informative 

description of the disorder (Orton 1937 / 1989). Hallgren (Hallgren 1950) discarded 

the names of ‘word blindness’ and ‘strephosymbolia’ and penned the term ‘dyslexia’. 

Critchley (Critchley 1981) argued that whilst labels are unimportant if the correct 

recommendations are made to the patient, the term ‘dyslexia’ implies not only a 

delay in learning to read, but expresses a difficulty in the use of words, how they are 

identified and handled and how they are pronounced and spelt.

1.2 DEFINING DEVELOPMENTAL DYSLEXIA

Dyslexia is derived from the Greek ‘dys' meaning ‘difficulty’ or 

‘malfunction’ and the root-word ‘lexis' meaning language, literally translating to 

‘difficulty with words’ and therefore suggests not simply a problem with reading, but 

also with spelling, writing and other aspects of language (Critchley 1981; Thomson

1990). DD (or specific reading disability (RD)) refers to dyslexia where individuals 

fail to develop competent reading skills rather than having lost their ability to read 

competently through the result of brain damage (‘acquired dyslexia’).

Many definitions of DD have been described however no definitive definition 

has been accepted. The World Federation of Neurology in 1968 described DD as:

6A disorder in children who, despite conventional classroom experience, 

fail to attain the language skills o f reading, writing and spelling 

commensurate with their intellectual abilities' (Waites 1968)
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Both the World Health Organisation (WHO, 2003) and the Diagnostic and Statistical 

Manual of Mental Disorders (DSM-IV, 2000) define dyslexia as:

‘... an unexpected, specific and persistent failure to acquire efficient reading skills 

despite conventional instruction, adequate intelligence, and sociocultural

opportunity.’

1.3 CONSEQUENCES OF DEVELOPMENTAL DYSLEXIA

The ability to read is fundamental for success in society (Shapiro 2001). Poor 

reading ability has been linked with failure to graduate high school, unemployment, 

welfare dependency, criminal behaviour and mental disorders (see Schonhaut and 

Satz 1983). That said, many dyslexics have become successful in business, politics, 

literature, science, sport and entertainment.

1.4 DEVELOPMENTAL DYSLEXIA

Studies undertaken to determine whether DD is a pathological condition or 

whether it lies at the extreme end of a normal reading continuum take a number of 

forms. The first compares the two groups of poor readers (discrepant and non- 

discrepant) on reading related tasks. Results from these studies tend to yield 

inconsistent results due to the effect of age, DD definition and choice of outcome 

measures (Shapiro 2001). Other studies compare older children with DD to younger 

non-DD children who read at the same age as them. If the two groups do not differ 

in reading related skills, it is concluded that poor readers are acquiring reading 

normally but at a slower rate than most, supporting the developmental lag 

hypothesis. A third type of study compares children with DD to children of the same 

age chronologically. These studies can identify deviations from normal reading
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ability in DD individuals at a given age, but do not indicate whether a developmental 

lag is present unless a comparison to a group matched on reading ability (i.e. of 

younger aged children) is undertaken.

Using the Connecticut Longitudinal Study (CLS) sample, Shaywitz and 

colleagues (Shaywitz et al. 1992) have suggested that reading ability and reading 

disability occur along a continuum, where dyslexic individuals form the lower tail 

end of the normal distribution. No ‘cut point’ could be used to distinguish children 

with DD from typically normal readers. Later, Shaywitz and colleagues (Shaywitz et 

al. 2001) observed that over time, poor readers and good readers tend to maintain 

their relative positions along the reading ability spectrum.

Badian (Badian 1996) did not observe a difference in reading ability between 

DD children and reading-level matched controls, suggesting DD does not form a 

distinct pathological condition in children aged 6-7 years, however in older children 

(8-10 years) support for a phonological deficit in DD was observed, where the 

reading-discrepant group could be distinguished from the non-reading-discrepant 

group, a finding supported by Meyers and colleagues (Meyer et al. 1998).

Olson and colleagues (Olson et al. 1989) found evidence consistent with DD 

forming a pathological condition, although 20% of individuals suggested that DD 

was a developmental lag in reading. It was posed that developmental deficits rather 

than a lag may be present depending on the remediation of DD, the presence of a 

normal IQ and whether normal reading instruction was experienced (Olson et al. 

1989; Olson et al. 1990; Snowling et al. 2003; Carroll and Snowling 2004). 

Remediation was shown to improve reading related measures (such as phonological 

coding) (Olson et al. 1990) and alter results to suggest a developmental lag in 

reading. Remediation was also found to improve reading in dyslexic readers by
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Hatcher and colleagues (Hatcher et al. 2004).

1.5 EPIDEMIOLOGY OF DEVELOPMENTAL DYSLEXIA

1.5.1 Prevalence of Developmental Dyslexia

DD is the most common of the learning disabilities, accounting for 80% of 

learning disabled diagnoses (Lemer 1989). In clinic and school identified samples, 

DD has a prevalence of 5-10%. In unselected population-based samples of children 

the prevalence is more akin to 17.5% (Shaywitz et al. 1994; Shaywitz 1998) 

depending on DD criteria and sample size.

Yule and colleagues (Yule et al. 1974) reported DD to have a prevalence of 

3.1% in children aged 10 years from the Isle of Wight and 6.3% in 10-year-old 

children from London. Rodgers (Rodgers 1983) estimated the prevalence of DD to 

be slightly less at 2.29% using a British sample. In a US sample, Shaywitz and 

colleagues (Shaywitz et al. 1990) estimated the prevalence of DD to be 5.6% in 1st 

grade children, 7% in 3rd grade children and 5.4% in 5th grade children.

Difference in prevalence rates could be due to the tests used to calculate IQ 

and reading ability in children, the geographical location of the children and the 

definition used to classify children as affected. Although many of the investigations 

have been undertaken using English as the first language of children, the use of other 

languages, particularly transparent languages (such as Welsh, Italian and Spanish) 

rather than the non-transparent languages (such as English and French) may also 

influence the prevalence of DD in a population.
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1.5.2 Gender Differences in Developmental Dyslexia

Hinshelwood (Hinshelwood 1917) suggested DD was more common in 

males. Supporting this, Bakwin (Bakwin 1973) reported that DD was nearly twice as 

common in males than females, a view supported by Finucci and Childs (Finucci and 

Childs 1981) who estimated the prevalence of DD to be 2-4 times higher in males 

than females in a clinic-referred sample. However, even before this study, doubt 

existed over the gender differences with Naiden (Naiden 1976) suggesting the 

increased prevalence of DD in males was the result of sample ascertainment bias.

Summarising gender ratios in five independent studies (DeFries and Decker 

1982; Smith et al. 1983; Stevenson et al. 1984; DeFries et al. 1987; Gilger et al.

1991), Wadsworth and colleagues (Wadsworth et al. 1992) found that only in studies 

with referred or clinical populations (DeFries and Decker 1982; Gilger et al. 1991) 

did the gender ratios differ from 1:1. Research-identified samples (Stevenson et al. 

1984; DeFries et al. 1987; Gilger et al. 1992b) revealed no gender differences.

Supporting Naiden (Naiden 1976), research-identified samples of children 

with DD, show male to female ratios of approximately 1.4:1 (Hallgren 1950; Sladen 

1970; Shaywitz et al. 1990; DeFries et al. 1991; Wadsworth et al. 1992; DeFries and 

Gillis 1993; Flynn and Rahbar 1994; Marlow et al. 2001). Indeed Shaywitz 

(Shaywitz et al. 1990) found no significant difference in the prevalence of DD 

between males and females at either 2nd or 3rd grade in a research-identified sample. 

The identification of significantly more boys with DD (approximately 2-4 times 

more than females) in a school-identified sample in either grade, supported earlier 

observations (Finucci and Childs 1981) and those of a more recent study (Sauver et 

al. 2001). However, given that teachers rate boys significantly more active, 

inattentive and as having more behaviour, language and academic problems than
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females, resulting in more males being referred for help (Shaywitz et al. 1990; Vogel 

1990), evidence suggests that the increased frequency of DD in males may be the 

result of ascertainment bias. Indeed further support for sample ascertainment bias 

comes from family studies of DD. Family studies, for example, Hallgren (Hallgren 

1950) report a ratio of 3.3:1 (males: females) in index cases but only 1.3:1 in affected 

siblings, a finding supported by Vogler and colleagues (Vogler et al. 1985). If DD 

was more frequent in males the ratio of males to females in siblings of index case 

would likely be higher than that observed.

In addition to ascertainment bias, a higher frequency of males with DD than 

females could be the result of a gender bias in the prediction of reading from IQ. 

Share and Silva (Share and Silva 2003) suggested predicted reading scores for males 

were overestimated based on a regression analysis, thus inflating IQ-reading 

discrepancies; for females the opposite was true. When defined separately by 

gender, underachievement in reading was equally prevalent in males and females. 

They suggest that the bias arose from different reading score distribution in males 

and females (males having a lower mean and greater variance than females), thus 

when reading score cut-offs utilised in the definition of DD, based on data pooled 

from males and females, performance results in over-identification of males with DD 

and under-identification of females with DD.

Lykken and colleagues (Lykken et al. 1978) hypothesised that differential 

volunteer rates for males and females in studies may lead to over-representation of 

female monozygotic (MZ) twins in studies such as that by DeFries and colleagues 

(DeFries et al. 1997a).

Symmes and Rapoport (Symmes and Rapoport 1972) proposed that a 

recessive allele on the X chromosome, might explain why more males have DD.
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Although family studies have shown no supporting evidence for this (DeFries and 

Decker 1982; Lubs et al. 1993), recent linkage evidence has shown some evidence of 

a susceptibility locus on the X chromosome (Fisher et al. 2002; Kovel et al. 2004).

Based on the hypothesis of Geschwind and Behan (Geschwind and Behan 

1982), gender difference could be explained by an excess of, or sensitivity to, 

androgens such as testosterone, consequently delaying left-hemisphere maturation 

which could result in abnormalities of neuronal migration, and/or connections during 

gestation and ultimately DD. Males have been shown to be more prone to 

androgenic deviance (Alarcon et al. 1995) and migration abnormalities have been 

observed in a number of dyslexics (Galaburda et al. 1985). The differential rate of 

maturity in males and females could alter interhemispheric connections, which may 

exaggerate learning disabilities in males (Nass 1993).

1.6 DEVELOPMENTAL DYSLEXIA AND COMORBID DISORDERS

A number of disorders have been found to exist in individuals with DD more 

often than in matched controls.

1.6.1 Attention Deficit Hyperactivity Disorder

A high rate of attention deficit hyperactivity disorder (ADHD) is observed in 

children with DD, with ADHD occurring in around 30-50% of DD cases (Gilger et 

al. 1992a; Shaywitz et al. 1995; Willcutt and Pennington 2000a). Comorbidity seems 

higher for the attentive rather than the hyperactive-impulsive form of ADHD (Hynd 

et al. 1991). It is important to note, disruptive behaviour in DD children is 

attributable to ADHD rather than academic frustration (Willcutt and Pennington 

2000a). Twin and family studies on the comorbidity of DD and ADHD have
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suggested that the link is, in part, due to shared genetic underpinnings. Heritability 

of DD and inattention symptoms has been estimated at 0.39, but only 0.05 between 

DD and hyperactivity-impulsivity symptoms (Willcutt et al. 2000). Ninety-five 

percent of the covariance between DD and inattention symptoms had common 

genetic factors whilst only 21% of the overlap between DD and hyperactivity- 

impulsivity symptoms was due to the same genetic factors (Willcutt et al. 2000; 

Friedman et al. 2003).

Willcutt and colleagues (Willcutt et al. 2002) have suggested that the 

comorbidity between DD and ADHD may occur, at least in part to the effects of a 

QTL on chromosome 6p, whilst Loo and colleagues (Loo et al. 2004) have shown 

linkage to chromosomes 16p, 17q and lOq using a sample of children with DD and 

ADHD.

1.6.2 Internalising Symptomatology (Anxiety, Depression and Social 

Withdrawal). External Psychopathology (Aggressive Behaviour and Delinquent 

Behaviour) and Schizotypy

Internalising symptomatology, such as anxiety, depression or social 

withdrawal are associated with DD (Boetsch et al. 1996; Beitchman and Young 

1997). Willcutt and Pennington (Willcutt and Pennington 2000b) observed a higher 

rate of internalising symptoms in DD individuals than those without DD, and to a 

lesser extent, externalising symptoms. Further, the relationship between DD and 

internalising symptoms was largely restricted to females with externalising 

psychopathology being stronger in males.

Positive schizotypal traits (psychotic-like traits in healthy individuals) such as 

unusual cognitive and perceptual experiences (magical ideation and perceptual 

aberration respectively), cognitive disorganisation (for example attentional

- 10-
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difficulties) and social anxiety have been observed in dyslexic individuals 

(Richardson 1994). It has been suggested that these characteristics may indicate a 

predisposition to psychotic disorders (Claridge et al. 1997).

1.6.3 Developmental Coordination Disorder (Dvspraxial

A high degree of overlap (around 30-50%; Richardson and Ross 2000) has 

been suggested between DD and dyspraxia (Kadesjo and Gillberg 1999), an 

impairment in the development of motor coordination, not attributable to a general 

medical condition or mental retardation. Although a relationship between lower 

motor ability, such as hand motor skill and DD has been observed, the genetic effects 

on motor skill are largely or wholly distinct from DD (Francks et al. 2003).

1.6.4 Specific Language Impairment (SLI)

Half the children diagnosed with SLI have comorbid DD. In a recent paper, 

Stein and colleagues (Stein et al. 2004) found linkage of SLI to a region of 

chromosome 3, a region implicated in linkage studies of DD (see Chapter two, 

Section 2.9.4), suggesting a shared genetic aetiology may account for the 

comorbidity between DD and SLI.

Other deficits found in dyslexics other than those associated with DD itself 

include: oral language acquisition (dysphasia), writing abilities (dysgraphia and 

misspelling), mathematical abilities (dyscalculia) (Lewis et al. 1994; Light and 

DeFries 1995; Knopik et al. 1997), postural stability and dexterity, temporal 

orientation (dyschronia) and visuospatial abilities (developmental right-hemisphere 

syndrome). Specific disorders often found comorbid with DD include speech-sound 

disorder (SSD) and auditory processing disorder (APD).
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1.7 THEORIES OF READING DEVELOPMENT AND THE READING 

SYSTEM

The exact nature of how individuals learn to read and the processes involved 

are unknown. Subsequently theories have been developed to try and describe the 

development of reading.

1.7.1 Stage Theories of Reading Development

Stage theories are defined by the belief that children go through a series of 

phases in learning to read (Marsh et al. 1981; Seymour and MacGregor 1984; Frith

1985). Frith (Frith 1985) proposed a theory consisting of three phases. The 

logographic phase involves children learning to recognise sight vocabulary cues for 

words (for example the two ‘tall sticks’ in ‘yellow’). The second, alphabetic phase 

requires the child to acquire phonic knowledge and start to read words using letter- 

sound correspondences. The final, orthographic phase requires children to read 

words as orthographic units. No phonological conversion is used and recognition 

using lexical procedures of letter-letter strings are utilised. DD results from getting 

‘stuck’ in the alphabetic phase (where words from a restricted sight vocabulary can 

be read but new (unfamiliar) and nonsense words can not be read) or orthographic 

phase (where words obeyed by rules learnt by the child can be read but words in 

which the spelling-to-sound relation is irregular are not, unless the word was 

included in the sight vocabulary learnt in the logographic phase) (Frith 1985).

Ehri (Ehri 1989; Ehri 1992) proposed a theory focused on integrative routes 

of word recognition. Phonology and sight and a well functioning, rapid system is 

required to access and retrieve words. Poor phonological recoding skills form the 

basis of the failure to achieve full orthographic representations.

- 12-
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Perfetti (Perfetti 1985; Perfetti and Bell 1991; Perfetti 1992; Perfetti 1994) 

described learning to read as the acquisition of orthographically addressable words 

through the alteration of individual representations using specificity and redundancy. 

Specificity increases the number of position-correct letters in a lexical representation 

whereas redundancy increases the establishment of redundant phonemic 

representations.

In general, the stage theories suggest that as reading skills develop, 

phonological decoding strategies are disregarded in favour of more rapid, 

orthographic representations of lexicons. DD may result from the failure to progress 

through a stage (Frith 1985) or failure to master the strategy of word recognition at a 

particular stage (Ehri 1992).

Beminger and Abbot (Beminger and Abbot 1994) suggested that the term 

‘stage’ may be misleading in development as in adult reading, aspects of numerous 

stages are utilised in order to read, for example, phonological decoding may be a 

more useful strategy than orthographic coding in the recognition of unfamiliar words. 

Further, only simplistic views of the interactions between phonological and 

orthographic coding are described. Integrated models, such as the connectionist 

models of reading development attempt to overcome this problem. No 

acknowledgement is made of the transition between stages and the importance of 

phonological awareness development before reading training. The orthographic 

stage may also be more complex than implied, for example, using context to work 

out how to read a word: ‘the tear in the eye’, ‘the tear in the cloth’. Finally, Ehri 

(Ehri 1992) suggested that skilled readers recognise words as a whole 

(orthographically), which should be classified as a further developmental stage.

- 13-
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1.7.2 The Dual-Route Theory of Reading

The dual-route theories (Coltheart 1978; Morton and Patterson 1980) suggest 

two separate routes, an indirect route and direct route, in the recognition of printed 

words (see figure 1.1). The direct route refers to the identification of words by 

activation of connections between the orthographic representations of words and 

their meaning as a result of extensive practice (Baron 1979). Difficulty in the direct 

route is thought to result in surface dyslexia. The indirect route involves the use of 

phonemes. Letters are translated into sounds, following letter-sound rules, allowing 

the identification of words and thereby giving access to word meaning (Barron

1986). Difficulty in the indirect route is thought to result in phonological dyslexia. 

When both routes have been mastered, one is considered a normally skilled reader 

(Coltheart 1987; Castles and Coltheart 1993). Manis and colleagues (Manis et al. 

1996) noted that whilst the profiles of surface dyslexics were similar to younger 

readers, phonological dyslexic profiles were not, concluding that surface dyslexia 

may be a general developmental delay in word recognition, whereas phonological 

dyslexia is a specific deficit in phonological processing and represents a deviant 

group (see Section 1.4).

Support for the theory originates from individuals with brain injuries. 

Surface dyslexics show impairments in the direct route, whereas phonological 

dyslexics show impairments in the indirect route, leading to difficulties in reading 

words where no previous form-meaning association had been established.

The theory can explain DD in two ways:

1) Individuals with DD often show impairments in reading nonsense and 

irregular words suggesting that the indirect route is less efficient than the 

direct route.

- 14-
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2) The two routes may fail to develop at the same rate as in ‘normal’ readers 

(Frith 1985). Since children differ in the manner in which they learn to read 

(Bryant and Impey 1986; Stuart and Coltheart 1988), the two routes may 

develop at different rates in some and result in symptoms of DD.

Word Word

i i

Semantic System Semantic System

Visual Word Form 
System

Early Visual Analysis Early Visual Analysis

Visual Word Form 
System

Phonological Output LexiconPhonological Output Lexicon

Grapheme-Phoneme Rule 
System

Grapheme-Phoneme Rule 
System

Indirect Route (Phonological / Nonlexical Route)

Direct Route (Visual-Orthographic / Lexical Route)

Figure 1.1 Models of the Dual-Route Theory. Word reading is achieved through 
the indirect route, that requires words to be transformed into their auditory 
counterparts through a grapheme-to-phoneme correspondence then to its meaning, or 
through a direct route, corresponding to the direct association between the visual 
form of the word and its meaning. It has been argued that the visual word-form 
system is dedicated to the direct route only (left), whilst others assume it is common 
to both routes (right). Adapted from Jobard and colleagues (Jobard et al. 2003).

Early versions of these theories suggest that the two routes are independent. 

Later theories however, acknowledge the two routes are dependant on each other in 

terms of knowledge structure and processes, but retain distinction between lexical 

and nonlexical processing.

Humphreys and Evett (Humphreys and Evett 1985) and others (Goswami 

1988; Manis et al. 1990; Gough and Walsh 1991; Stanovich et al. 1997) criticised the 

theory, suggesting the two separate routes were artificial and that skilled reading 

depends on the integration of phonological and orthographic knowledge (Juel et al.



Chapter One: An Introduction to Developmental Dyslexia

1986; Stanovich and West 1989; Manis et al. 1990; Stanovich 1991). Others have 

argued that there are more than two ways to read words, for example words can be 

read by making analogies to known sight words by detecting and pronouncing 

orthographic patterns (Baron 1979; Glushko 1979; Glushko 1981; Goswami 1986; 

Brown 1987). The theory also fails to explain why most children with DD have 

difficulty reading regular non-words and irregular words (Pennington 1999). The 

Dual-Route theory makes no reference to learning processes and is not 

developmental.

It is unlikely that the Dual-Route theory is represented in our brains in the 

form of hard-wired neural units (Ellis 1985; Castles and Coltheart 1993) since it 

would not explain why children can learn to read with alphabetic, syllabic or 

logographic writing systems depending on the culture into which they were bom.

1.7.3 Connectionist Theory of Reading

The connectionist theory of reading (or parallel distributed processing theory; 

PDP) emphasises a single, interconnected system, in which words of all types are 

recognised (Seidenberg and McClelland 1989; Plaut et al. 1996). No representation 

of letter-sound mles is required, although rule-like (i.e. indirect) phonological coding 

is a property as well as whole word recognition. Processing of information occurs 

through the interaction of large numbers of simple processing units (Schneider and 

Graham 1992) and three interconnected layers (Seidenberg and McClelland 1989) 

representing visual word pronunciation. The input layer corresponds to graphemes, 

the middle layer to the correspondence between letters and sounds and the third layer 

to phonemes. The model works by training the network, by repeated trials, to result 

in automatic recognition of words, as a consequence of patterns of phonologic and 

orthographic input features. Weights (how likely a connection is to fire) between

- 16 -
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connections are adjusted until there is near optimal performance in the pronunciation 

of single printed words. Initial connections are made between input and output by 

intermediate units (‘hidden units’). The learning process then optimises the 

connections in a process called backpropagation. Connections are strengthened 

when they are deemed to be correct, and weakened if incorrect (i.e. made less likely 

to fire). When new words are observed the network generalises from its previous 

experiences.

The theory does not take into account the prior knowledge and skills children 

have acquired before learning to read and assumes that the phonological store is 

unstructured below the level of the phoneme when reading acquisition begins. 

Evidence against the assumption that the phonological store is unstructured below 

the level of the phoneme comes from dyslexic individuals who show deficits in pure 

tone perception (Ben-Yehudah and Ahissar 2004; Ben-Yehudah et al. 2004; 

Lachmann et al. 2005).

1.8 THEORIES OF DEVELOPMENTAL DYSLEXIA

Although DD is a neurological disorder with a complex genetic aetiology, the 

underlying biological and cognitive causes are unknown. A number of theories of 

DD have attempted to explain DD and its origins. There are two main ideas within 

the theories of DD; the first that there is a phonological deficit; the second is that 

there is a perceptual/timing deficit. In addition, recent work indicates a possible 

attentional deficit in individuals with DD.

1.8.1 The Phonological Core Deficit Theory of Developmental Dyslexia

The phonological core deficit theory (see figure 1.2) claims that individuals 

with DD have a specific impairment in the representation, storage and/or retrieval of

- 17 -



Chapter One: An Introduction to Developmental Dyslexia

speech sounds from long-term memory. It is based on the belief that learning to read 

requires learning grapheme-phoneme correspondence and that reading comprises of 

two processes, decoding and comprehension. A deficit in the phonologic elements 

impairs the ability to segment a word into its phonologic units and results in 

difficulty to decode and identify words. The phonologic deficit is believed to be 

independent of non-phonologic abilities and so higher-order cognitive and linguistic 

functions (IQ, reasoning, vocabulary) remain intact, and are only blocked by lower- 

order linguistic deficits. Until the lower-order processes have been achieved, 

meaning of a word/text cannot be drawn from the text.

The neurological basis of DD is assumed to be a congenital dysfunction of 

the left-hemisphere perisylvian brain areas which underlie phonological 

representations or connections between phonological and orthographic 

representations (Galaburda et al. 1985; Geschwind and Galaburda 1985; Paulesu et 

al. 1996; Shaywitz et al. 1998; Brunswick et al. 1999; McCrory et al. 2000; Pugh et 

al. 2000; Paulesu et al. 2001; Temple et al. 2001; Shaywitz et al. 2002). Support is 

provided by the observation that dyslexic individuals perform badly on tasks 

requiring phonological awareness. Evidence from verbal short term memory (STM) 

and slow automatic naming in dyslexics suggests that a basic phonological deficit 

exists, possibly in relation to phonological representations or access and retrieval of 

phonological representations (Snowling 2000).

The main problem of the theory is that it does not explain the occurrence of 

sensory and motor disturbances in dyslexic individuals. However it has been 

suggested that such disorders are not part of the core DD deficit and act only as a 

marker of DD (Snowling 2000). Castles and Coltheart (Castles and Coltheart 2004) 

have also criticised the phonological core deficit theory since no study has been able
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to show unequivocal evidence that there is a causal link from ability in phonological 

awareness and success in reading and spelling acquisition.

Figure 1.2 The Phonological Core Deficit Theory of Developmental Dyslexia. 
Bubbles indicate impairments at the neurological (red), cognitive (green) and 
behavioural (blue) levels. Arrows represent causal connections. Taken from Ramus 
and colleagues (Ramus 2003)

1.8.2 Double Deficit Hypothesis of Developmental Dyslexia

The double deficit hypothesis proposes that dyslexics have two core deficits, 

one in phonological processing and one in rapid naming of stimuli (deficits in the 

processes underlying the rapid recognition and retrieval of visually presented 

linguistic stimuli), believed to make independent contributions to reading (Wolf et al. 

1994; Wolf and Bowers 1999). Indeed studies have shown naming-speed deficits 

contribute variance to reading, independent of variance contributed by phonological 

awareness measures (Blachman 1984; Mann 1984; Bowers and Swanson 1991; 

Olson et al. 1994).

Wolf and Bowers (Wolf and Bowers 1999) have discussed the potential 

effects of naming speed deficits on reading. Firstly, deficits in the processes 

underlying naming-speed hinder lower level perceptual requirements that result in
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non-fluency of word identification and hinder comprehension. Secondly, the deficits 

in naming-speed represent a broader system of rate or efficiency-based difficulties 

that affect orthographic and phonological routes and representations.

1.8,3 The Rapid Auditory Processine Theory

The rapid auditory processing theory proposes that phonological deficits are 

secondary to an auditory deficit in the perception of short or rapidly varying sounds 

(not necessarily language sounds) (Tallal 1980; Tallal et al. 1993). Indeed dyslexics 

show poor performance on a number of auditory tasks including frequency 

discrimination (McAnally and Stein 1996; Ahissar et al. 2000) and temporal order 

judgement (Tallal 1980; Nagarajan et al. 1999). Abnormal neurophysiological 

responses to various auditory stimuli have also been observed (McAnally and Stein 

1996; Nagarajan et al. 1999; Kujala et al. 2000; Temple et al. 2000; Ruff et al. 2002).

The failure to correctly identify sounds and fast transitions can cause 

difficulties when the acoustic events are cues to phonemic contrasts, for example, 

/ba/ versus /da/. Poor categorical perception of certain sound contrasts has been 

shown in dyslexics (Mody et al. 1997; Adlard and Hazan 1998; Semoclaes et al. 

2001) indicating they could cause the phonological deficits resulting in the failure to 

read.

Although the theory had no biological basis, the magnocellular theory (see 

Section 1.8.4) provides some suggestion of underlying biological mechanisms. Like 

the visual system (which contains magno- and parvo cells), there is some evidence 

that two types of neurones, fast and slow activating neurones, akin to the magno- and 

parvo cells in the visual system exist in the auditory system (Stein 2000).
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1.8.4 The Magnocellular Theory of Developmental Dyslexia

Stemming from the observation that dyslexic individuals show poor 

thresholds for stimuli of low contrasts, low spatial or high temporal frequencies 

(Lovegrove et al. 1980; Talcott et al. 1998) and poor sensitivity to visual motion 

(Talcott et al. 2000a), the magnocellular theory attempts to integrate these 

observations and other deficits observed in DD. Studies haven suggested that 

children with DD are less sensitive to visual motion and auditory stimuli (Talcott et 

al. 2003) and both vision and audition influence word recognition (Talcott et al. 

2000b).

Stein and Walsh (Stein and Walsh 1997) suggest that magnocellular 

dysfunction is not restricted to the visual pathways but to all sensory modalities. The 

cerebellum receives input from magnocellular systems in the brain and has been 

predicted to be affected by magnocellular defects (Stein et al. 2001). This would 

account for all aspects of DD, including visual, auditory, motor, tactile and 

phonological difficulties (Ramus et al. 2003b). Magnocellular abnormalities have 

been observed in the medial and lateral geniculate nuclei of dyslexic brains 

(Livingstone et al. 1991; Galaburda et al. 1994), although these studies use very few 

brains (five in total).

The magnocellular theory (see figure 1.3) fails to describe why not all deficits 

are observed in all dyslexic individuals (Tallal 1980; Reed 1989; Manis et al. 1997; 

Mody et al. 1997; Adlard and Hazan 1998; Lorenzi et al. 2000; Marshall et al. 2001; 

Rosen and Manganari 2001). The inconsistency of an auditory deficit in ‘rapid’ 

auditory processing, such that ‘rapid’ auditory processing is intact in some tasks 

whilst ‘slow’ auditory processing is impaired in other tasks (Reed 1989; McAnally 

and Stein 1996; Adlard and Hazan 1998; Schulte-Kome et al. 1998b; Witton et al.
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1998; Nittrouer 1999; Lorenzi et al. 2000; Rosen and Manganari 2001) raises 

problems with the theory. It has also been argued that auditory deficits do not 

predict phonological deficits (Mody et al. 1997; Schulte-Kome et al. 1998a; Bishop 

et al. 1999; Marshall et al. 2001; Rosen and Manganari 2001; Share et al. 2002). 

Visual impairments observed in dyslexics, tend to be across a whole range of stimuli 

rather than restricted to the magnocellular system (Skottun 2000; Amitay et al. 2002; 

Farrag et al. 2002). Although Talcott and colleagues (Talcott et al. 2000b) suggest 

both vision and audition influence a childs ability in word recognition, the results 

suggest that vision and audition may separately affect ability to extract phonological 

and orthographic information in reading (Talcott et al. 2000b). Further, Kronbichler 

and colleagues (Kronbichler et al. 2002) observed significant differences between 

DD cases and controls in phonological tests but not in visual, auditory or motor 

tasks, supporting the idea of a phonological deficit but not a deficit in the 

magnocellular system.

The basis of the magnocellular theory, that dyslexic individuals have visual 

motion deficits, is in itself a contentious issue. There is debate into whether the 

visual deficits result from a magnocellular deficit or whether they result from cortical 

dysfunction (Comelissen et al. 1995).
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Figure 1.3 The Magnocellular Theory of Developmental Dyslexia. A general 
magnocellular dysfunction is hypothesised to encompass auditory, visual and 
cerebellar/motor deficits. The auditory deficit in turn causes a phonological deficit 
that triggers the events predicted by the phonological core deficit theory of 
developmental dyslexia. The visual magnocellular deficit is seen as a second direct 
cause of reading problems. Bubbles indicate impairments at the neurological (red), 
cognitive (green) and behavioural (blue) levels. Arrows represent causal 
connections. Taken from Ramus and colleagues (Ramus 2003)

1.8.5 The Visual Theory of Developmental Dyslexia

The visual theory of DD suggests a visual impairment gives rise to problems 

in the processing of letters and words in text, in particular, deficits in the 

magnocellular visual pathway lead to deficiencies in visual processing and, via the 

posterior parietal cortex, to abnormal binocular control and visuospatial attention 

(Stein and Walsh 1997; Hari et al. 2001). Anatomical studies have shown 

abnormalities in the magnocellular layers of the lateral geniculate nucleus 

(Livingstone et al. 1991; Flowers 1993) and psychophysical studies have shown 

decreased sensitivity in the magnocellular range (i.e. low frequencies and high 

temporal frequencies) in dyslexics. However, Skottun has raised questions in the
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validity of tests used to assess evidence for a magnocellular deficit, particularly those 

involving contrast sensitivity (Skottun 2000; Skottun 2001; Skottun 2005).

Although proponents of the theory suggest there is also a phonological deficit 

in DD, no association between the visual deficits and phonological problems are 

made.

1.8.6 The Cerebellar Theory of Developmental Dyslexia

The biological basis of the cerebellar theory is that the cerebellum in 

dyslexics is mildly dysfunctional, resulting in a number of cognitive difficulties. The 

cerebellum plays a role in dexterity, automaticity and motor control and as a 

consequence in speech articulation. Retarded or dysfunctional articulation will lead 

to deficiencies in phonological representations via impaired articulatory skills. The 

cerebellum also plays a role in the automation of tasks; therefore a weak capacity to 

automatise could affect the learning of grapheme-phoneme correspondences.

The observation that dyslexics perform poorly in a number of motor tasks 

(Fawcett et al. 1996), in dual tasks that demonstrate impaired automatisation of 

balance (Nicholson and Fawcett 1990) and in time estimation, a non-motor cerebellar 

task (Nicholson et al. 1995) provide support for the theory. Brain imaging studies 

have shown anatomical, metabolic and activation differences in the cerebellum of 

dyslexics (Rae et al. 1998b; Nicholson et al. 1999; Brown et al. 2001; Leonard et al. 

2001).

Although the theory fails to account for sensory disorders, supporters suggest 

the presence of two distinct subtypes of DD, one involving the cerebellum, the other 

the magnocellular pathways (Fawcett and Nicholson 2001). The theory also relies on 

outdated ideas of the motor theory of speech in order to explain the link between 

articulation and phonology. The idea that phonological representations relay on
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speech articulation has been abandoned since several cases of normal phonological 

development have been observed despite the presence of severe dysarthria or apraxia 

of speech. It is uncertain how many dyslexics have motor problems since some 

studies have failed to find such problems (Wimmer et al. 1998; Daal and Leij 1999; 

Kronbichler et al. 2002) and others find motor problems subgroups of dyslexics (Yap 

and Leij 1994; Ramus et al. 2003a). Finally, the architecture of the memory system 

subserving procedural learning is not restricted to the cerebellum and involves 

interplay between cortical, subcortical and some cerebellar areas during skill learning 

(Doyon et al. 2003). As a result, deficits of procedural learning could result from 

dysfunction of a number of regions of the brain.

It is worthy of note, that much of the evidence supporting cerebellar 

dysfunction in DD has come from investigations undertaken on the same sample of 

individuals from the UK. Very little replication has been completed on other UK 

and/or non-UK samples.

1.8.7 Attentional Deficit Theory of Developmental Dyslexia

The neural processes which allow the processing of stimuli relevant to a 

particular task whilst inhibiting irrelevant stimuli is referred to as attention. In the 

reading of text, processing of both crowded and small printed letters is required. In 

order for this to be undertaken, shifts of attention are required between individual 

letters and letter groups as well as rapid and accurate integration of visual and 

auditory (if reading aloud) cues. Accurate reading also requires the suppression of 

interfering information from the periphery, resulting in a narrowing of focus of 

attention. Deficits in the attending to centrally located stimuli rather than 

peripherally located stimuli, suppressing interfering information and narrowing the 

focus of attention have been observed in dyslexic individuals (Geiger et al. 1994;
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Steinman et al. 1998; Facoetti et al. 2000). Although research into attentional 

deficits tends to focus on the visual system, other sensory dysfunctions are being 

recognised (Hairston et al. 2005).

Further evidence that an attentional deficit in DD may exist is that dyslexic 

children are often easily distracted and often have problems maintaining attention on 

one task for prolonged periods (Keogh and Margolis 1976). Further, ADHD is often 

found to be co-morbid with DD (see Section 1.6.1).

Ramus and colleagues (Ramus et al. 2003b), suggest that it could be possible 

that all the theories of DD are true -  in different individuals with partially 

overlapping subtypes of DD. Alternatively they suggest that one theory may explain 

DD and different manifestations of DD reflect differing markers of the disease (i.e. 

they are associated with DD but not a cause of DD). Ramus and colleagues (Ramus 

et al. 2003b) studied 16 DD cases and 16 controls (university students) using a range 

of psychometric, phonological, auditory, visual and cerebellar tasks. All 16 DD 

cases suffered from a phonological deficit whilst only 10 had an auditory deficit, 4 a 

motor deficit and 2 a visual magnocellular deficit. The phonological deficit was 

found to be present in the absence of any other sensory or motor disorder and was 

aggravated by auditory disorders. However the auditory problems were not solely in 

rapid auditory processing as predicted by the magnocellular theory. No evidence 

was observed to suggest that motor impairments were cerebellar in origin, nor that 

they reflect an automaticity deficit. In summary the results support the phonological 

theory, however the presence of additional sensory and motor disorders in certain 

individuals were are not explained by the theory.
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1.9 NEUROBIOLOGY OF DEVELOPMENTAL DYSLEXIA

The organisation of behaviour and cognitive functions in the brain involves a 

complex network of systems involving many brain areas (Taylor 1958; Luria 1973). 

‘Normal’ cognition and behaviour depends on normal anatomic, physiologic and 

biochemical brain development, taking place throughout infancy, childhood and 

adolescence (Lyon and Rumsey 1996). The development of the brain systems 

involved in cognitive processes such as reading starts with the development of the 

brainstem, motor and sensory areas and proceeds with the development of tertiary 

areas (including the prefrontal cortex and its connections). In these areas neurons 

have the ability to respond to sensory inputs.

1.9.1 Anatomical Studies of Developmental Dyslexia

The planum temporale is located within the sylvian fissure on the superior- 

posterior surface of the temporal lobe. It functions in auditory comprehension and 

possibly in phonologic processing (Frank and Pavlakis 2001). Generally the planum 

temporale is larger on the left side than the right side, with asymmetry forming as 

early as 33 weeks gestation, suggesting a biologic prenatal mechanism. An absence 

of asymmetry has been shown in dyslexic brains, which has been suggested to result 

from enlargement of the right side (Galaburda et al. 1985).

Undertaking microscopic analysis of brain tissue, Galaburda and colleagues 

(Galaburda and Kemper 1979; Galaburda et al. 1985; Humphreys et al. 1990) have 

shown the presence of ectopia, dysplasia and vascular micro-malformations in 

cortical parietal regions of dyslexic brains. However, several individuals showing 

these abnormalities reported oral language delay as well as DD (Cohen et al. 1989). 

Habib (Habib 2000) suggests that the observation of abnormalities in dyslexic brains 

suggests abnormal cortical development.
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There is increasing evidence that cortical abnormalities may have an impact 

on cognitive function. Mice and rats with ectopia and microgyri exhibit a number of 

learning deficits (Denenberg et al. 1991; Schrott et al. 1992; Rosen et al. 1995; 

Balogh et al. 1998) with the specific location of the cortical disruption influencing 

the type of learning difficulty exhibited by the rat/mouse (Hyde et al. 2001; Hyde et 

al. 2002). The presence of an ectopia in the prefrontal cortex impaired learning of 

the Morris maze and Lashley reversal learning, whilst ectopia in the motor cortex 

impaired learning of the Lashley maze. Since the ectopia observed are structurally 

similar to those of dyslexic individuals, the results may suggest, that since ectopic 

mice learn differently than non-ectopic mice, so to do dyslexic individuals compared 

to those individuals without the learning disability. Also, since the location of the 

ectopia is related to learning differences in mice this may reflect the variability in the 

extent of the learning disability in dyslexic individuals. The authors suggest that the 

source of the variability may be the related to the location of the ectopia within the 

cortex of the dyslexic individual (Hyde et al. 2001). Limited support for the 

presence of cortical abnormalities underlying DD also comes from the observation of 

association between DD and EKN1 (see Chapter six), a gene shown to be involved in 

neuronal migration.

1.9.2 Structural Brain Imaging of Developmental Dyslexia

Structural imaging studies of DD have suggested that 70% of dyslexic 

patients have a symmetric planum temporale compared to only 30% of control 

patients, supporting anatomic studies. Although it has been suggested that the 

planum temporale and anterior temporal asymmetry patterns are related to measures 

of language processing, phonologic coding and reading development (Rumsey et al.
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1986; Hynd et al. 1990; Kushch et al. 1993; Semrud-Clikeman 1997), when age 

adjustments are made, no significant differences are observed (Schultz et al. 1994).

The corpus callosum, a communication pathway between the left and right 

hemispheres of the brain, has been studied in relation to DD. In learning and 

reading, transfer of information between the two hemispheres is required. Some 

studies have reported a larger splenium of the corpus callosum in dyslexics, however 

other studies fail to observe such a difference (Larson et al. 1992; Hynd et al. 1995). 

In one study of children, dyslexics (and dysphasics) had a thicker corpus callosum 

than controls (Njiokiktjien et al. 1994).

1.9.3 Functional Brain Imaging in Developmental Dyslexia

In poor readers, deficient patterns of cerebral blood flow activation, often in 

the left hemisphere have been observed (Semrud-Clikeman 1997). During language 

tasks on poor readers, children have shown activation of the temporoparietal region 

located posterior to the left supratemporal region (corresponding to Wernickes’ area) 

(Flowers et al. 1991).

Males undertaking an oral reading task have shown differences in normalised 

regional metabolic activity in the prefrontal cortex and the lingual region of the 

occipital lobe. Whilst controls had an asymmetry in these areas, dyslexic individuals 

showed a more symmetrical pattern (Gross-Glenn et al. 1991). In a series of studies 

(Rumsey et al. 1992; Rumsey et al. 1994; Rumsey et al. 1997), dyslexic individuals 

showed reduced blood flow in the left parietal region near to the 

angular/supramarginal gyri (a region important in the reading process) during rest. 

Reduced activation was also shown in the mid-to-posterior temporal cortex 

bilaterally and in the inferior parietal cortex, mostly on the left side during 

pronunciation and decision-making. In syntactic processing, dyslexic and control
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individuals revealed similar activation. These results support the hypothesis that 

posterior temporal language areas controlling phonologic processing are impaired in 

DD, but areas associated with syntactic processing are typical. Shaywitz and 

colleagues (Shaywitz et al. 1998) extend the study of 1997 (Rumsey et al. 1997) by 

using functional magnetic resonance imaging (fMRI) and reported decreased activity 

in the temporoparietal regions (superior temporal gyrus and angular gyrus) during 

phonological processing tasks.

Paulesu and colleagues (Paulesu et al. 1996) have shown left temporoparietal 

dysfunction in adults undertaking a phonological processing task, results remarkably 

similar to Rumsey and colleagues (Rumsey et al. 1992) and Brunswick (Brunswick 

et al. 1999), particularly since different tasks, subjects (i.e. severely dyslexic versus 

compensated) and analysis techniques were utilised. Positron emission tomography 

(PET) scans have also revealed evidence of a disconnection abnormality between the 

anterior and posterior language regions, possibly because of a dysfunctional left 

insula which, in normal individuals acts as an anatomic bridge between Broca’s area 

and the superior temporal and inferior parietal cortex (Frank and Pavlakis 2001). 

Horwitz and colleagues (Horwitz et al. 1998) also reported an abnormal or absence 

of functional connectivity in adult dyslexics since no correlation was observed 

between regional blood flow in the angular gyrus and in extra-striate occipital and 

temporal lobe regions. In later quantitative magnetic resonance imaging (MRI) 

studies this has been supported by the observation of a smaller insula and anterior 

superior neocortex in individuals with DD (Pennington et al. 1999) (see Section 1.9).

Reduced temporoparietal activity in dyslexics undertaking phonological 

processing tasks was reported by Temple and colleagues (Temple et al. 2001), a 

result similar to those found in adults (Poldrack et al. 1999).
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Magnetoencephalography (MEG) studies of dyslexic children (Poldrack et al. 1999; 

Simos et al. 2000) suggest the adult findings are not due to compensation effects and 

rather reflect a brain dysfunction fundamental to DD.

1.9.4 Tissue Metabolites in Developmental Dyslexia

Magnetic resonance spectroscopy (MRS) is an imaging method allowing the 

study of the concentration of tissue metabolites (Guze 1991). Rae and colleagues 

(Rae et al. 1998a) reported a decreased ratio of choline to 7V-acetylaspartate in the left 

temporoparietal region of dyslexic individuals, indicative of a developmental 

abnormality in the region.

Elevated levels of magnetic resonance lactate have been observed in the left 

anterior quadrant and the left frontal regions of the brain when phonologic 

processing tasks are being undertaken (Richards et al. 1999; Richards et al. 2000; 

Richards et al. 2002).

1.9.5 Electrophvsiological Studies of Developmental Dyslexia

Schulte-Kome and colleagues (Schulte-Kome et al. 1998a) yielded results 

that were suggestive of a deficit in the pre-attentive mechanism required for language 

processes leading to difficulties in learning to read. In a measurement of the 

response to an auditory contrast such as /da/-/ga/, Bradlow and colleagues (Bradlow 

et al. 1999) showed diminished responses in dyslexic children compared to control 

children. When the transition duration of the stimuli was lengthened, the response of 

the dyslexics was similar to that of the controls. Kujala and colleagues (Kujala et al. 

2000) concluded that problems discriminating temporal sound features when they are 

surrounded by other stimuli could be the case in DD with regards to phonemes in 

words.
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In conclusion, the loss of left/right asymmetry in the planum temporale and 

temporal areas involved in the processing of language seem to be consistent across 

neuroradiologic studies and are supported by post-mortem brain studies.

Together, results suggest that reading requires a number of brain areas, in 

both hemispheres and including posterior (phonological processes) and anterior brain 

regions (syntactic processing). Abnormalities in dyslexic individuals tend to lie in 

the posterior regions of the brain including the temporal and inferior parietal cortex, 

angular gyrus and the striate and extrastriate cortex. Functional imaging studies have 

supported these findings.

It is important to note that many neurobiological studies have small numbers 

of participants, often include only adults and controls are often not well matched in 

terms of sex, handedness, intelligence or educational experience. In order to correct 

these problems, studies on larger samples, with homogenous patient populations are 

required. An important aspect in terms of DD is that the criteria/definition of what 

constitutes DD needs to be clarified and made uniform across studies. The study of 

children rather than adults is also of importance, particularly in light of a study by 

Schlaug (Schlaug et al. 1995) who suggested intensive training in language skills can 

modify the symmetry observed in dyslexic individuals, resulting in ‘normalisation’ 

of the brain.

1.10 WHITE MATTER DISRUPTION IN DEVELOPMENTAL DYSLEXIA

The atypical processing in the frontal and posterior brain networks has been 

suggested by some to indicate that DD may be a ‘disconnection’ syndrome, an idea 

supported by neuroimaging studies (Paulesu et al. 1996; Horwitz et al. 1998; Pugh et 

al. 2000). Connection deficits imply that there is a disruption of the white matter in
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the brain as axon projections of white matter function to connect brain regions. 

Visualisation of white matter organisation has failed to show disturbances in DD in 

many studies although Klingberg and colleagues (Klingberg et al. 2000) have 

reported disruption in temporoparietal white matter, a region connecting left 

hemisphere language areas to frontal and posterior brain areas, in dyslexics using 

diffusion tensor imaging (DTI). The degree of white matter disorganisation was 

shown to correlate with reading ability, suggesting white matter may play a role in 

the ability to read.
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CHAPTER TWO 

2. THE GENETIC BASIS OF DEVELOPMENTAL DYSLEXIA

Given the early observations of multiple DD-affected individuals within the 

same families, research has been undertaken to investigate whether there is a genetic 

influence on the presence of DD. Family studies have suggested that DD is familial 

and twin studies have revealed a genetic basis to DD. Although the mode of 

transmission of DD genes has not been elucidated, it is likely to be a complex 

disorder. Linkage and association studies have implicated a number of regions 

across the genome, which may harbour genes involved in DD susceptibility. Studies 

are now being undertaken to refine these regions in order to identify DD 

susceptibility genes.

2.1 FAMILY STUDIES OF DEVELOPMENTAL DYSLEXIA

Familiality, whether a disorder runs in families, is measured by comparing 

the rate of a disorder in relatives of an affected person to the baseline rate found in 

the general population. It is the first step in determining whether a disorder has a 

genetic aetiology but is not itself sufficient to suggest genes are important in the 

disorder since families also share common environment.

Early studies noted familial aggregation of DD (Morgan 1896; Kerr 1897) 

and large family studies have subsequently confirmed DD familiality (Orton 1930; 

Orton 1937; Eustis 1947; Hallgren 1950; Walker and Cole 1965; Owen et al. 1971; 

Yule and Rutter 1975; Lewitter et al. 1980; Pennington 1990; Pennington et al. 

1991; Lubs et al. 1993; Schulte-Kome et al. 1996).
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The first calculation of the magnitude of familial risk (Hallgren 1950) 

revealed a risk of recurrence to siblings of affected probands of 40.8% and 42.4% 

for parents, both considerably higher than the general population risk (5-10%). The 

main problem of the study was that affected individuals were not classified based on 

direct testing and ascertainment biases led to the selection of families with a higher 

than normal proportion of affected relatives. A number of studies have suggested 

self-report data are not reliable (Scarborough 1989; Schulte-Kome et al. 1996). 

Although no control group was included in the first study (Hallgren 1950), similar 

estimates of familial risk (range 34 -  45%) have since been obtained where control 

groups and direct tests have often been used to determine affection status (Walker 

and Cole 1965; Klasen 1968; Rutter et al. 1970; Owen et al. 1971; Naidoo 1972; 

Zahalkova et al. 1972; Finucci et al. 1976; Omenn and Weber 1978; Vogler et al. 

1985; Gilger et al. 1991).

It has been noted that probands collected based on positive DD affection 

status, have parents affected by DD more often than would be expected given the 

population risk of 5-10%. Finucci and colleagues (Finucci et al. 1976) observed that 

18.8% of DD probands had two affected parents (based on IQ and reading tests) and 

62.5% had one affected parent. Vogler and colleagues (Vogler et al. 1985) noted 

male probands reported 29% of fathers being affected and 17% of mothers. Slightly 

higher observations were obtained for females, with 36% reporting an affected 

father and 25% reporting an affected mother. Gilger and colleagues (Gilger et al. 

1991) noted that 50% of probands had one affected parent and only 3% having two 

affected parents. More recently, Wolff and Melngailis (Wolff and Melngailis 1994) 

found 80% of their DD cases came from families with some evidence of familial 

transmission.
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Finucci and colleagues (Finucci et al. 1976) calculated the risk of recurrence 

to siblings of affected probands at 42.5%, whist for parents it was 47.2%, supporting 

early studies (Hallgren 1950) but in contrast to a later study by Gilger and 

colleagues (Gilger et al. 1991) who analysed a bigger sample (39 families) to report 

recurrence rates of 27% in parents and 38.5% in siblings.

Vogler and colleagues (Vogler et al. 1985) asked a slightly different question 

regarding familiality of DD. Using the Colorado Family Reading Study (CFRS) 

sample, they asked what was the risk of having DD given at least one affected 

parent. The relative risk to the children of affected parents for male probands varied 

between 4.9 and 3.9 depending on the parent affected by DD (father and mother 

respectively) and for female probands, between 10.2 and 8.5 (father and mother 

respectively), both indicating that the risk of a child developing DD if a parent 

reports difficulty in learning to read is significantly increased compared to children 

with no affected parents.

The studies by Finucci, Vogler, Gilger and colleagues (Finucci et al. 1976; 

Vogler et al. 1985; Gilger et al. 1991) were the first family studies to have 

adequately large sample sizes, appropriate sampling schemes and a systematic study 

of all ascertained families.

Scarborough (Scarborough 1989) overcame the problems arising from self- 

report data used in early family studies by using reading tests and a discrepancy 

criterion to diagnose DD consistently. However, the advertisement used to recruit 

participants to the study (which asked for “families in which anyone has experienced 

a severe childhood reading problem”) may have inflated results and could indeed 

explain the higher prevalence of DD in the families of this study (67% of DD 

individuals reported a parent or sibling with DD). Further, DD risk may also be
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associated with the severity of DD in relatives since children of dyslexics were more 

likely to be affected if the parent was more severely affected.

2.2 TWIN STUDIES OF DEVELOPMENTAL DYSLEXIA

2.2.1 Twin Concordance Rates

Early twin studies of DD, typically employed a comparison of MZ and 

dizygotic (DZ) concordance rates as a test for genetic aetiology, where the 

concordance rate (based on a categorical definition of DD) is calculated by taking 

the ratio of the number of concordant pairs to the total number of twin pairs. Twin 

analyses such as these rely on a number of assumptions (Harris 1986):

1) That MZ twins share 100% of genes identical by descent (IBD) since they 

result by definition from the splitting of one egg (zygote) and DZ twins share 

50% of genes IBD as they result from the uniting of two ova and sperm

2) Twins, both DZ and MZ, share environment to a similar degree

3) The population risk is the same for both MZ and DZ twins.

Since MZ twins have identical genes and are assumed to share environment to the 

same extent as DZ twins, which share only half their genes, differences in 

concordance between MZ twins and DZ twins is a reflection of genetic influences.

Hallgren (Hallgren 1950) reported 100% DD concordance in MZ twins and 

only 33.3% in DZ twins. Although the results of Hallgren’s study seem to be 

replicated in later studies (Hermann 1956; Hermann and Norrie 1958; note some 

sample overlap), no attempt to distinguish general retardation from specific 

deficiencies in reading was undertaken and sample size was very small. In a review 

of previous twin-studies, Zerbin-Rudin (Zerbin-Rudin 1967) reported concordance 

rates of 100% in MZ twins but 52% in DZ twins. Since many of the samples had
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been referred to clinics and concordant twin pairs are more likely to be reported in 

research than discordant twins (Harris 1986), ascertainment bias resulting in 

inflation of concordance rates are possible. Indeed, lower concordance rates have 

been reported (Bakwin 1973; MZ = 84%, DZ = 29%), although DD definition was 

very vague.

Stevenson and colleagues (Stevenson et al. 1987) and Pennington 

(Pennington 1989) argued that many twin studies suffered from:

1) A lack of independent assessment of reading problems, producing bias in 

the direction of increased concordance rates

2) Lack of an adequate or systematic definition of DD

3) Reliance on volunteers, clinical referrals or retrospective searches 

through reported cases resulting in bias such as over-inclusion of 

‘interesting’ i.e. concordant cases.

4) Failure to determine zygosity adequately

5) Failure to limit DZ twin samples to same-sex twins

A study on 285 twin pairs from the London Twin Study sample by Stevenson and 

colleagues (Stevenson et al. 1984; Stevenson et al. 1987) tried to overcome these 

flaws. Concordance rates of 33-59% for MZ twins and of 29-54% for DZ twins 

were reported (depending on the reading or spelling measure analysed). Stevenson 

and colleagues (Stevenson et al. 1987) hypothesised a ‘developmental dissociation’ 

whereby genetic factors are important in causing reading problems in young readers 

but by 13 years of age, spelling becomes more genetically influenced. The lower 

concordance rates obtained by Stevenson and colleagues (Stevenson et al. 1987) 

from earlier studies (Hallgren 1950; Hermann 1956; Hermann and Norrie 1958; 

Bakwin 1973) may be due to differences in ascertainment, DD definition or zygosity
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determination (Stevenson et al. 1987). Subsequent studies have found similar 

results (Decker and Vandenberg 1985, MZ = 85%, DZ = 55%; DeFries and Gillis 

1991, MZ = 71%, DZ = 49%; DeFries et al. 1997a, MZ = 67%, DZ = 37%; DeFries 

et al. 1997b, MZ = 67%, DZ = 38%).

2.2.2 Twin Concordance Rates for Componential Measures of the 

Developmental Dyslexia Phenotype

Componential measures of DD, like DD defined categorically, have yielded 

higher concordance estimates in MZ twins compared to DZ twins (word recognition, 

MZ = 71%, DZ = 32%; phonological decoding, MZ = 66%, DZ = 29%; 

orthographic coding, MZ = 37%, DZ = 14% and phoneme awareness, MZ = 57%, 

DZ = 26%; Knopik et al. 2002) estimates supported by previous studies (Stevenson 

et al. 1984; Stevenson et al. 1987; DeFries and Gillis 1991; DeFries et al. 1997b).

2.2.3 Heritabilitv Estimation

In the analysis of complex disorders, such as DD, where quantitative 

measures are often used to diagnose reading problems, concordance rate results can 

lead to inaccuracies since data is lost in the categorisation process (Stevenson et al. 

1987; DeFries et al. 1997b). In order to overcome the problems of categorisation, a 

regression technique was developed (DeFries and Fulker 1985) using continuous 

measures of reading and/or componential measures of DD. DD affected probands 

are selected from twin pairs. The extent that the co-twin of the proband regresses 

towards the population mean is examined as a function of the genetic relatedness of 

the twin pairs (i.e. MZ versus DZ). The method assess whether DZ co-twins are 

more similar to the control population than MZ twins. Since the genetic relatedness 

of the DZ twins is 0.5 (compared to 1.0 for MZ twins), the greater the regression of
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the DZ co-twin towards the population mean, the more heritable the disorder, since 

if genetics play a role in the aetiology of DD/componential phenotypes, the MZ 

twins should show significantly less regression towards the population mean. The 

measure of heritability (h g), the proportion of variability that can be attributed to 

genetic factors, is therefore based on the differential regression towards the 

population mean of MZ and DZ twins and is specific for the trait being measured, 

the population under study and the point in time at which it is estimated. Changes in 

environment, genetic diversity or measurement error can alter estimates.

2.2.4 Heritability of Reading Disability

DeFries and Fulker (DeFries et al. 1987) suggested DD had a heritability 

(h2g) of 0.29 indicating approximately 29% of the reading deficit in probands arises 

from heritable factors. In a similar sized sample, LaBuda and DeFries (LaBuda and
'y

DeFries 1988) reported h % at 0.39 for a discriminant function score (based on the 

results of six tests administered to each individual) of reading disability.

Two studies using samples from the Colorado reading project (CRP) have 

suggested that half reading performance deficit, based on performance scores of a 

number of tests, is due to heritable factors (DeFries and Gillis 1991; Pennington and 

Gilger 1996). Alarcon and DeFries (Alarcon and DeFries 1997) suggested more 

than half the deficit could be influenced by genetic factors (h g = 0.82).

Hohnen and Stevenson (Hohnen and Stevenson 1999) have shown 

approximately 60% of variance in literacy is attributable to heritable factors, with 

40-50% of the variance in language and 50-60% in phonological awareness.
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2.2.5 Heritability Estimates Across Age Ranges

Wadsworth and colleagues (Wadsworth et al. 1989) analysed composite 

reading scores by grouping their sample in to young (<11.5 years) and old (11.5 -

20.2 years) participants. Heritability estimates of 0.60 and 0.38 were obtained 

respectively, suggesting heritable influences may influence reading more in younger 

children, conclusions consistent with those of Stevenson and colleagues’ (Stevenson 

et al. 1987) dissociation theory. However, given the heritability for componential 

measures of reading in the same study (word recognition = 0.57 vs 0.36, young and 

old respectively; reading comprehension = 0.68 vs 0.31, young and old respectively 

and spelling = 0.63 vs 0.52, young and old respectively; Wadsworth et al. 1989), the 

lack of a higher heritability for spelling in older individuals does not provide support 

for the dissociation theory.

DeFries and colleagues (DeFries et al. 1997a) also found h2g for reading 

ability was higher in younger participants (h g = 0.61) than older participants (h g = 

0.49). Heritability estimates for word recognition, reading comprehension and 

spelling in the younger sample (0.64, 0.40, 0.52 respectively) and the older sample 

(0.47, 0.39, 0.68 respectively) also suggested higher h g in the younger participants 

for reading recognition. Spelling revealed opposite results, providing support for the 

dissociation hypothesis (Stevenson et al. 1987).

2.2.6 Heritability Estimates for Componential Measures of the Developmental 

Dyslexia Phenotype

2.2.6.1 Phonological Coding

Phonological coding skill has been shown to have a heritable nature, with h g 

estimated at -4.6 in early studies (Olson et al. 1989; Stevenson 1991a). Further
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analyses by Olson and colleagues suggested the heritable precursor to the 

phonological coding deficit was in phoneme segmentation skills (Olson et al. 1989). 

More recently, Olson and colleagues have estimated h g of phonological coding to 

be 0.57 (Olson et al. 1991).

2.2.6.2 Orthographic Coding

Early studies suggested orthographic coding ability was not heritable (Olson 

et al. 1989; Stevenson 1991a). However, subsequent studies have suggested that 

orthographic coding is in part due to genetic influences (h g = 0.29 (Olson et al. 

1991), h2g = 0.58 (Gayan and Olson 2001), h2g = 0.64 (Knopik et al. 2002)).

2.2.6.3 Phonological Awareness

The heritability of phonological awareness has been estimated to be 0.56 by 

Gayan and Olson (Gayan and Olson 2001) and 0.64 by Knopik and colleagues 

(Knopik et al. 2002).

2.2.6.4 Phonological Decoding

Gayan and Olson (Gayan and Olson 2001) noted the h2g of phonological 

decoding as 0.61.

2.2.6.5 Word Recognition

Olson and colleagues estimated h g at 0.62 for word recognition (Olson et al. 

1991). Analyses of word recognition based on deficit severity, estimated h g at 0.51 

and 0.80 for the worst and best scorers respectively, implying the more severe the 

deficit, the less heritable the trait (Olson et al. 1991). More recently Gayan and 

Olson (Gayan and Olson 2001) estimated h g of word recognition between 0.54 -
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0.59 depending on the test utilised, whilst Knopik and colleagues estimated h2g at 

0.60 (Knopik et al. 2002).

2.2.6.6 Spelling

Stevenson and colleagues (Stevenson et al. 1987) estimated 73% of variation 

in spelling ability to be due to genetic factors. Further support for a genetic 

influence in spelling ability has come from DeFries and colleagues (h g = 0.62, 

DeFries et al. 1991), Stevenson and colleagues (h g = 0.47, Stevenson 1991b) and 

Gayan and Olson (h2g = 0.55, Gayan and Olson 2001).

2.3 GENETIC INFLUENCES ON DIFFERENT COMPONENTIAL 

MEASURES OF DEVELOPMENTAL DYSLEXIA AND READING

Although it has been suggested that the more severe the word recognition 

deficit, the less heritable the trait (Olson et al. 1991), the same study also found 

word recognition to be more heritable in individuals performing poorly in 

phonological coding skills (low = 0.74, high = 0.54) and orthographic coding skills 

(low = 0.74, high = 0.54) (Olson et al. 1991).

Genetic correlation analyses, based on predicting a co-twins score on one test 

from a probands score on a different test, revealed that there is a strong genetic 

relationship between phonological coding and word recognition (r = 0.62) and a 

weaker relationship between orthographic coding and word recognition (r = 0.22). 

Phonological coding and word recognition deficits may therefore be due to the same 

genetic factors but orthographic coding due to environmental factors (DeFries and 

Gillis 1991) or different genetic factors. Indeed h g estimates of 0.38 and 0.36 

(Olson et al. 1999) obtained for phonological coding and orthographic coding 

respectively suggest that the genetic influences in the two processes of reading may
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a
not entirely due to the same genetic factors given the slight difference in h g 

estimates.

Twin studies using twin concordance rates and heritability estimates clearly 

suggest a genetic aetiology to DD. The exact extent of the genetic influence, the 

number of genes and to what degree different aspects of cognitive processes 

important in DD are influenced by genetic factors remains uncertain.

2.4 GENDER DIFFERENCES AND DEVELOPMENTAL DYSLEXIA

2.4.1 Twin Concordance Rates

As discussed in Chapter one, Section 1.5.2, the prevalence of DD may differ 

in males and females. The mechanism behind such a difference and the effect of 

any genetic influences on gender remains unknown.

Bakwin (Bakwin 1973) analysed concordance rates across twins according to 

sex and observed a concordance rate of 84% for males and 83% for females (MZ 

twins). In DZ twins the concordance rates were higher for males (42%) than 

females (8%). A major problem was the very small number of individuals included 

thus raising the question, of whether the study was sufficiently powered to detect 

differences.

2.4.2 Heritability Estimates

Alarcon and colleagues (Alarcon et al. 1995) reported higher MZ 

correlations than DZ correlations, suggesting heritable factors are involved in 

reading performance. Male correlations tended to be higher than female 

correlations, although this was not significant. LaBuda and DeFries and LaBuda 

and colleagues (LaBuda and DeFries 1990; LaBuda et al. 1990) tested the
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interaction of gender with h2g of a number of psychometric measures and observed 

significant effects of gender, although it should be noted that the sample size of 

twins used in the former study was small (LaBuda and DeFries 1990).

2.4.2.1 Word Recognition

Olson and colleagues (Olson et al. 1991) found no evidence for a difference 

in h g between males and females for word recognition (males h g = 0.66; females 

h2e = 0.58; p = 0.419).

Although opposite to the findings of Olson and colleagues (Olson et al. 

1991), consistent with the findings of Finucci and Childs (Finucci and Childs 1981), 

at the most extreme end of the word recognition there were more males with word 

recognition problems than females in a study by LaBuda and colleagues (LaBuda et 

al. 1990). The disproportionate number of males to females at this extreme end may 

indicate a differential genetic aetiology in males and females, however this needs to 

be confirmed in a larger sample.

2.4.2.2 Spelling

The h2g of spelling was analysed as a function of gender by DeFries and 

colleagues (DeFries et al. 1991) who observed a non significant difference in males 

and females (h g = 0.66, h g = 0.56 respectively), a result consistent with the finding 

observed by Olson and colleagues (Olson et al. 1991).

2.5 MODE OF TRANSMISSION

Twin studies have shown that there is a genetic influence on DD and DD 

component processes, however these studies do not address the mode(s) of genetic 

transmission. There have been a number of hypotheses about the genetic
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transmission of DD including autosomal dominant transmission (Hallgren 1950; 

Zahalkova et al. 1972; Childs and Finucci 1983), autosomal dominant with 

incomplete penetrance (Sladen 1970), autosomal recessive (Stephenson 1907; 

Sladen 1970) and sex-linked recessive (Symmes and Rapoport 1972). Due to the 

high and similar recurrence rates in parents and siblings, an additive or dominant 

major locus effect has also been postulated (Pennington and Gilger 1996).

Hallgren (Hallgren 1950) concluded that DD had autosomal dominant 

transmission. However no formal tests of diagnosis were utilised and genetic 

heterogeneity was not considered.

In a larger sample, Lewitter and colleagues (Lewitter et al. 1980) found no 

support for a single major locus (autosomal dominant, autosomal recessive or co­

dominant transmission). In families with a female proband, autosomal recessive 

transmission could not be rejected. The authors suggested that the results were 

indicative of genetic heterogeneity, a view supported by Finucci and colleagues 

(Finucci et al. 1976). A major problem of the study by Lewitter (Lewitter et al. 

1980) is that adults with DD who used compensation strategies to help them 

overcome the problems of DD (compensated adults) were not classified as dyslexic.

Evidence of major gene (dominant or additive) transmission with sex- 

dependent penetrance was observed by Pennington and colleagues (Pennington et al. 

1991).

Pennington and Gilger (Pennington and Gilger 1996) looked for sex effects 

on transmission of DD through families (including compensated dyslexics). 

Evidence for transmission from fathers to son was observed, allowing the exclusion 

of a single major X-linked locus and of mitochondrial transmission as the sole cause. 

The average rates of transmission in male and female offspring were equal,

- 47 -



Chapter Two: The Genetic Basis o f Developmental Dyslexia

providing little evidence for sex-influenced transmission. However, the slight 

excess of affected males reported suggests at least some sex-influenced transmission 

(although not necessarily a sex-chromosome). Indeed, majority of the sample 

analysed showed sex-influenced autosomal dominant transmission.

Observations by Wolff and Melngailis (Wolff and Melngailis 1994) 

suggested that a child with two affected parents was more likely to be affected (and 

more severely) than children with only one affected parent, indicating a possible 

additive genetic effect.

2.6 IDENTIFICATION OF DISEASE SUSCEPTIBILITY GENES

In order for the gene(s) for DD to be identified, linkage and association 

studies have been undertaken to elucidate linkage regions and refine them using 

association studies.

2.7 LINKAGE STUDIES

Linkage studies involve the study of co-segregation of genetic markers and a 

phenotype through families, with the aim being to detect departure from independent 

assortment. The genetic distance between a genetic marker and a disease locus is 

estimated by observing the segregation of the marker locus with the 

disease/phenotype status.

Parametric linkage analysis results are often shown in the form of a LOD 

score function (Morton 1955) that is the logarithm of the odds that the locus is 

linked to the trait compared to the odds that the locus is not linked to the trait. For a 

simple genetic disorder a LOD score >3 is considered evidence for linkage, whilst a 

LOD score <-2 rejects linkage to a region (Morton 1955; Lander and Kruglyak
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1995). When LOD scores are calculated with the assumption of heterogeneity they 

are known as HLOD. Model-free LOD scores (MFLOD) do not require the 

specification of disease model parameters and allow data to be analysed 

parametrically (Sham et al. 2000).

The main advantage of parametric LOD-score analysis is that if 

approximately correct models are applied, they have high power to detect linkage 

(Fisher and Smith 2001).

In the case of complex disorders such as DD it often difficult to apply the 

correct model. Consequently non-parametric linkage analysis is commonly used 

(Molenaar et al. 1993). Non-parametric analyses assess allele-sharing IBD between 

relative pairs, most commonly sibling pairs. Allele-sharing IBD increases above the 

chance level when a marker is linked to a variant influencing susceptibility to the 

phenotype/trait.

2.8 ASSOCIATION STUDIES

Association is a statistical statement referring to the co-occurrence of a 

particular allele(s) and a phenotype above a level expected by chance (Edwards 

1965). Fundamentally association and linkage rely on similar principles and 

assumptions (Borecki and Suarez 2001). Both rely on the co-inheritance of DNA 

variants adjacent to each other. However, whilst linkage looks at the information by 

identifying haplotypes that are inherited intact over only a few generations (where 

little recombination has occurred), association looks at the retention of adjacent 

variants over many generations (where lots of recombination may have occurred). 

Generally, regions of association are smaller than linked regions (Hartl and Clark 

1997).
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Association analyses are less sensitive to misdiagnoses, decreased 

penetrance and genetic heterogeneity than linkage analyses (Crowe 1993; Hodge 

1993; Spielman et al. 1993) and have been able to detect loci that linkage has failed 

to identify (Julier et al. 1991). Genes of minor effect are often better investigated 

using association methods as the number of pedigrees required for linkage analysis 

would be too large (Risch and Merikangas 1996).

2.8.1 LINKAGE DISEQUILIBRIUM AND ASSOCIATION STUDIES

If loci do not segregate independently in a population they are said to be in 

linkage disequilibrium (LD). During meiosis, reshuffling of genes reduces the level 

of LD between pairs of loci from one generation to the next. The extent of LD 

varies across the genome and is affected by numerous factors including:

2.8.1.1 Meiotic Recombination

For single nucleotide polymorphisms (SNPs), recombination in prophase I, is 

the primary drive in the breakdown of LD (Tsunoda et al. 2004). Recombination 

rate varies from zero to values as high as 5cM/Mb across the genome (Kong et al. 

2002). On the same chromosome, interspersed regions of several megabases 

displaying unusually low recombination rates (<0.3cM/Mb) or unusually high 

recombination rates (>3.0cM/Mb) have been observed (Kong et al. 2002). An 

inverse correlation between the length of the chromosome and the average 

recombination rate also exists (Consortium 2001; Kong et al. 2002).

Sex-averaged recombination rates have been reported between 1.33cM/Mb 

and l.lcM/Mb (Yu et al. 2001; Kong et al. 2002) with the average rate for males 

being 0.9cM/Mb (higher nearer the telomeres), and for females 1.7cM/Mb (higher
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nearer the centromeres) (Broman et al. 1998; Kong et al. 2002). Since autosomes 

are not known to contain sex-specific differences in sequence, the difference in 

recombination rate suggests that other features may contribute to recombination rate 

(Kong et al. 2002).

A new mutation arising on a chromosome will be in complete LD with all of 

the other polymorphisms carried by that chromosome. As recombination occurs, 

LD between variations is broken down. As a result, LD between alleles in part 

reflects the age of the mutation (Golding 1984; Pritchard and Przeworski 2001; 

Weiss and Clark 2002).

2.8.1.2 Assortative Mating / Inbreeding

Inbreeding, often considered a type of assortative mating, violates the 

assumption that two genes segregate independently. When two people who are 

closely related breed, their genes resemble each other, increasing the likelihood that 

their children will be homozygous, resulting in the presence of rare, recessive 

conditions. Inbreeding can produce high levels of association with a reduction in the 

levels of variation (Nordberg and al 2002).

2.8.1.3 Population Bottlenecks

Population bottlenecks, a temporary and often dramatic reduction in 

population size, reduce the number of haplotypes in a population so that they are not 

represented in a population in the proportions expected by the frequencies of alleles. 

If, a bottleneck has occurred recently (in terms of generations) there may be 

extensive LD because of the removal of some haplotypes.
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2.8.1.4 Selection

Selection inflates LD especially in cases where a single gene has an 

influence on the risk for a disease. For example the hitchhiking effect, where an 

entire haplotype that flanks a particular variant is swept rapidly into high frequency 

(Parsch et al. 2001; Verrelli and Eanes 2001; Wang et al. 2002). Alleles on the same 

chromosomal segment as an advantageous allele are spread as a result of being 

‘dragged’ along with the advantageous allele (Hurst 1999). Selection against 

deleterious variants can also increase LD as the haplotypes containing deleterious 

variants are removed from the population (Charlesworth et al. 1983). The loss of 

deleterious mutations can ‘drag’ alleles in LD out of the population resulting in the 

reduction of the effective population size of the chromosomal region with the 

disadvantageous allele (Hurst 1999).

2.8.1.5 Genetic Drift

Genetic drift (allele frequency changes occurring by chance) is accentuated 

in small populations where transmitted gametes are unlikely to represent the 

gametes within a population (of sperm or ova). When there is increased drift in 

small populations, LD increases since haplotypes are lost from the population.

2.8.1.6 Population Growth

In populations where there has not been a recent demographic expansion 

there may be greater levels of LD than in exponentially expanded populations 

(Terwilliger and Weiss 1998; Terwilliger et al. 1998). Laan and Paabo examined 

several populations, which varied in size and structure and showed that LD between
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microsatellite markers was greater in a non-expanded (Saami) population than in a 

rapidly expanded (Finnish) population (Laan and Paabo 1997).

2.8.1.7 Admixture or Migration

Admixture or migration, the introduction of genes from one distinct 

population into another, can create LD. When individuals from two genetically 

different populations mate, the next generation will have association between both 

linked and unlinked pairs of loci. Over time the LD decays, but much more rapidly 

for the unlinked loci pairs than the linked pairs.

2.8.1.8 Inversion Polymorphisms

Inversion polymorphisms suppress recombination (Roberts 1976; Martin 

1999) (Pritchard and Przeworski 2001), resulting in slow LD break down. In 

individuals heterozygous for an inversion, little or no recombination occurs between 

the ‘normal’ chromosome and the chromosome carrying the inversion 

polymorphism (Brown et al. 1998). As the mutations accumulate on both genetic 

backgrounds, the two arrangements diverge, leading to a potential build-up of LD. 

The extent of this depends on the history and frequency of the inversion, including 

any natural selection acting on the inversion (Andolfatto et al. 2001).

A region of chromosome 17q21, showing linkage to frontotemporal 

dementia (FTD; between markers D17S1787 and D17S958) is characterised by an 

inversion common in the population, which results in high LD across the region. 

Consequently the genetic defect underlying FTD has been difficult to identify.
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2.8.1.9 Gene Conversion

During meiosis, gene conversion (a nonreciprocal exchange of short tracts of 

DNA between homologous chromosomes) can result in the breakdown of LD 

similar to recombination or recurrent mutation since the conversion acts like two 

closely spaced recombination events. Conversion rates in humans are high and 

become relatively important for very tightly linked markers (Collins et al. 1999; 

Frisse et al. 2001; Quintana et al. 2001). Gene conversions disrupt LD between 

closely linked markers, particularly if the conversion spans one of the markers, 

faster than may be predicted by the recombination rate but will have a smaller role in 

disrupting LD between distant markers because, as the distance between markers 

increases, recombination events become more common than gene conversion events.

2.8.2 MEASURING LINKAGE DISEQUILIBRIUM

Early theoretical work, led to the prediction that LD should extend only a 

few kilobases from common SNPs in the genome and it has been shown that, under 

a uniform recombination rate of lcM/Mb and a simple model of human 

demography, LD in the human genome is unlikely to extend further than about 3 kb 

(Kruglyak 1999). However, if the assumptions of the models are relaxed, LD may 

extend further. Indeed Gabriel and colleagues (Gabriel et al. 2002) have shown that 

haplotype blocks (sizeable regions of the genome which show little evidence for 

historical recombination) exist across the genome. These haplotype blocks may 

extend upto 22kb in African and African-American populations and 44kb in 

European and Asian populations (Gabriel et al. 2002). Within these blocks a small 

number of haplotypes (typically three to five) will capture 90% of the chromosomes
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in a population (Gabriel et al. 2002). Although smaller than estimates by Gabriel 

and colleagues (Gabriel et al. 2002), Hinds and colleagues (Hinds et al. 2005) have 

shown that haplotype blocks extend approximately 8.8kb in African-American 

populations, 20.7kb in European-American populations and 25.2kb in Hans Chinese 

populations.

Two statistical measures, D’ and r2, summarise the LD between two markers 

and are based on the basic pairwise-disequilibrium coefficient, D, the difference 

between the probability of observing two markers alleles on the same haplotype and 

observing them independently in the population. When D’ is 0, independence of the 

two loci is implied. A value of 1 implies all copies at one locus occur exclusively 

with one of the two possible alleles at the second marker. Any D’ value <1 indicates 

historical recombination has taken place (Hudson and Kaplan 1985). If r2 (the 

square of the correlation coefficient that measures the association between alleles) 

equals 0, independence is implied. It equals 1 when the occurrence of an allele at 

one marker perfectly predicts the allele at a second locus, in contrast to D’, which 

can reach 1 when allele frequencies differ widely since it reflects the correlation 

only since the most recent mutation occurred (Zondervan and Cardon 2004). D’ is 

particularly biased in small population sizes and for low allele frequencies.

2.8.3 ASSOCIATION STUDY DESIGN

The basic aim of any genetic association study design is to assess 

correlations between genotypes and disease phenotypes. Many factors have been 

cited as contributing to the lack of success in finding complex disease genes through 

association, including genetic and phenotypic complexity, environmental influences,
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sub-optimal sampling and data over-interpretation (Weiss and Terwilliger 2000; 

Cardon and Bell 2001).

2.8.3.1 Indirect Association Studies

Indirect association studies assume that the actual susceptibility allele may 

not be genotyped, but that it is located near to a genotyped marker so any association 

detected is due to LD. Since LD varies across the genome, LD must be considered 

locally for informative studies to be undertaken.

2.8.3.2 Direct Association Studies

Direct association studies assume that if they exist in a gene, susceptibility or 

causal alleles themselves are evaluated. In practice however, all direct association 

studies can capture information indirectly as well. It can be difficult to distinguish 

between the two.

2.8.4 NON REPLICATION IN GENETIC ASSOCIATION STUDIES

There are a number of reasons why associations observed in one study may 

not be observed in subsequent studies. These include:

i) Power: Studies often lack power to generate reliable and reproducible 

results. The power of a study can be influenced by sample size, degree 

of LD between genotyped polymorphisms and the causal variation(s) and 

the size of the genetic effect.

ii) Population Stratification: Population stratification can arise when two 

samples being compared differ because they consist of different sub-
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populations (Kidd 1993). Stratifying samples according to ancestry and 

demographic location can help control for population stratification. If 

population stratification is not considered in an association study, type I 

and type II errors may be observed.

iii) Phenotype Difference: Complex diseases can typically vary in severity 

and type of symptoms resulting in difficulties defining the global 

phenotype. For each component of a complex phenotype, the processes 

involved may have unique or shared genetic determinants. As a result, 

using slightly different phenotypes to study the same gene can result in 

different observations across studies. Even highly correlated phenotypes 

can share little genetic variance (Deng et al. 2002; Recker and Deng 

2002).

iv) Quality Control: Errors in genotyping and phenotyping can result in the 

lowering of the power of a study and the creation of type I and type II 

errors. Problems with quality of phenotyping can be an issue, 

particularly when a number of individuals are employed to phenotype 

and different measures are used across different samples.

v) Multiple Testing: By testing multiple genetic markers and componential 

phenotypes within a study, the number of tests undertaken increases the 

likelihood of a type I error occurring. As a consequence the nominal 

significance level of 0.05 is not appropriate for studies. Methods of 

correcting for multiple testing have been developed including the use of 

permutations or the Bonferroni correction.

vi) Complex Aetiology: Inconsistent results from different populations may 

be the result of real biological differences. Even if the causal variant is
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under investigation, the variant could be more or less important in 

different populations, especially if the variant has low relative risk, 

variable penetrance and different allele frequency in the different 

populations.

vii) Interactions: Differences in gene-gene and gene-environment

interactions within samples or differences in allele frequencies in the 

disease population could account for non-replication of associations. 

Analysis of gene-gene and gene-environment interactions could help 

reduce the non-replication of associations.

2.8.5 CASE-CONTROL SAMPLES AND FAMILY BASED SAMPLES

In the analysis of association of complex genetic traits, there are a number of 

sample designs, which can be utilised in such a study. These include:

i) Cross-Sectional Samples: A random samples of the general population is 

genotyped and phenotyped. This is inexpensive and provides estimates 

of disease prevalence however it can result in few affected individuals, 

especially if a disease is rare.

ii) Cohort Samples: A subsection of the population is genotyped and

disease incidence is followed for a specified period of time. This method 

provides an estimate of disease prevalence although it can be expensive 

to follow up and has issues with drop-out rates.

iii) Case-Control Samples: A number of affected individuals (cases) and 

unaffected individuals (controls) are genotyped. There is no need for 

follow-up in this sample design and can provide an estimate of exposure 

effects. Less genotyping is required to generate the same power as a

- 58 -



Chapter Two: The Genetic Basis o f Developmental Dyslexia

family based sample. Controls must be selected carefully due to the 

potential of population stratification,

iv) Family Based Samples: Affected individuals are genotyped along with 

their parents. This sample collection is robust to population stratification 

and can estimate maternal and imprinting effects (Cordell and Clayton 

2005). However, these samples tend to be less powerful than case- 

control samples, it can be difficult to collect parents and a large number 

of individuals has to be genotyped to achieve the same power as case- 

control samples (Cordell and Clayton 2005). In these samples, alleles or 

genotypes transmitted to affected individuals are compared to 

untransmitted alleles or genotypes, thus providing a control sample 

matched to the case sample with regard to population structure.

2.9 LINKAGE AND ASSOCIATION STUDIES OF DEVELOPMENTAL 

DYSLEXIA

In order to identify the genes that underlie the genetic predisposition to DD, 

studies have generally been driven by positional genetics rather than functional 

candidate gene analyses given the absence of a solid understanding of the likely 

biological mechanisms that underpin DD. Linkage studies have identified a number 

of regions, which may harbour DD susceptibility gene(s). Regions showing 

replicated evidence of linkage to DD have been named DYX1-DYX9 by the Human 

Gene Nomenclature Committee (www.gene.ucl.ac.uk/cgi-bin/nomenclature/search 

genes.pl).
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2.9.1 CHROMOSOME 15 -  DYX1

A summary of the linkage findings on chromosome 15 is shown in Figure

2 .1.

Smith and colleagues (Smith et al. 1983) achieved a LOD score of 3.24 at the 

centromere of chromosome 15. In an extension to this study (Smith et al. 1990), the 

LOD score fell to 1.7 suggesting evidence for linkage was no longer significant 

under criteria set out by Lander and Kruglyak (Lander and Kruglyak 1995).

Two small samples (Bisgaard et al. 1987; Lubs et al. 1991b) also failed to 

replicate the original linkage to chromosome 15. However, it should also be noted 

that there was limited assessment of the DD phenotype by Bisgaard and colleagues 

(Bisgaard et al. 1987) (LOD = -3.42) and the marker set utilised by Lubs and 

colleagues was very sparse (Lubs et al. 1991b).

Smith and colleagues (Smith et al. 1991) observed a linkage region distal to 

that identified previously on chromosome 15q (Smith et al. 1983). Using a 

qualitative phenotypic measure (individuals were classified affected or unaffected), 

marker YNZ90 yielded evidence of linkage (p = 0.009) whilst marker JU201 was 

linked (p = 0.03) with a quantitative phenotypic measure. Linkage to a third marker 

was observed when the sample was cut to include only sibling pairs with at least one 

severely affected sibling (THH114, p = <0.05), suggesting that DYX1 may have 

more influence on those individuals falling at the tail end of the DD distribution 

(Smith etal. 1991).

Grigorenko and colleagues (Grigorenko et al. 1997) used five subphenotypes 

including phonological awareness, phonological decoding, rapid automated naming, 

single-word reading and discrepancy between intelligence and reading performance 

to test for linkage. Parametric linkage analysis gave a LOD score of 3.15
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(D15S143) with single-word reading and a marker within the region implicated 

previously (Smith et al. 1983).

Using the highest marker density thus far across the DYX1 locus, a 

maximum two-point LOD score was achieved at marker D15S143 (LOD = 1.26) by 

Schulte- Kome and Colleagues (Schulte-Kome et al. 1998; Nothen et al. 1999). A 

multipoint LOD score of 1.78 was achieved at D15S132, meeting the linkage 

confirmation criteria set out by Lander and Kruglyak (Lander and Kruglyak 1995).

Association mapping using 8 microsatellite markers across the chromosome 

15q linkage region was undertaken by Morris and colleagues (Morris et al. 2000) 

using a two-stage approach. Stage one tested for association with DD in 101 parent 

DD-proband trios. Stage two, was used as a replication sample and contained 88 

parent DD-proband trios. A three marker haplotype comprising markers 

D15S994/D15S214/D15S146, showed the most significant association with DD 

(stage 1: p <0.001; stage 2: p = 0.009), suggesting a gene(s) contributing to DD is 

located around D15S146-D15S994. Subphenotypic analysis revealed replicated 

association of the haplotype with four measures including single word reading (stage 

1: p = 0.0006; stage 2: p = 0.0014), phonological awareness (stage 1: p = 0.0001; 

stage 2: p = 0.0058), phonological decoding (stage 1: p = 0.0002; stage 2: p = 

0.0021) and rapid automatised naming (stage 1: p = 0.0023; stage 2: p = 0.0339) 

(Robinson 2001). The single word reading result supports the findings of 

Grigorenko (Grigorenko et al. 1997), however, contrary to their analyses, other 

aspects of the DD phenotype showed association to DYX1. It is noteworthy that 

spelling did not show association to the region after the work of Schulte-Kome and 

Nothen (Schulte-Kome et al. 1998; Nothen et al. 1999).

- 62 -



Chapter Two: The Genetic Basis o f Developmental Dyslexia

Extending this work, Morris and colleagues (Morris et al. 2000) selected two 

candidate genes (Phospholipase C p 2 (PLCB2) and phospholipase A2, group IVB 

(cytosolic; PLA2G4B)) from the region and tested for association to DD in a case- 

control and family-based sample (Morris et al. 2004). Although evidence of 

association was observed in the case-control sample, no association was observed in 

the family-based sample. The differences in results between the case-control and 

family-based sample were probably attributable to sampling variance and multiple 

testing and so are likely to represent a false positive.

Chapman and colleagues showed evidence of linkage between single word 

reading (D15S143, LOD = 1.72) and DYX1 and weak evidence of linkage for 

phonological decoding (D15S659, LOD = 0.39; D15S143, LOD = 0.63). Multipoint 

parametric analysis generated a maximum LOD score of 2.47 in the interval 

GATA50C03 to D15S143.

Using 6 microsatellite markers across 9Mb of chromosome 15q, Marino and 

colleagues tested for association with DD in a sample of 121 parent DD-proband 

trios of Italian ancestry (Marino et al. 2004). Although some evidence for 

association was observed, after correction for multiple testing, none of the results 

remained significant. It is particularly interesting that D15S994, shown to be 

associated to DD previously (Morris et al. 2000) was not associated to DD in their 

sample (Marino et al. 2004). Non-replication of association studies has been 

discussed in Section 2.8.4.

2.9.2 CHROMOSOME 6 -  DYX2 (6p) AND DYX4 (6cri

Smith and colleagues (Smith et al. 1991) showed evidence of linkage 

between glyoxylase 1 (GLO) and a qualitative definition of DD (p = 0.015) and also
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between properdin factor (BF) and a quantitative definition of DD (p = 0.0). The 

significance achieved was equivalent to a LOD score of greater than 3, suggesting 

linkage between BF and GLO.

Cardon and colleagues (Cardon et al. 1994) reported a 2cM region of linkage 

between markers D6S105 and tumour necrosis factor beta (TNFB) (p = 0.04). This 

was replicated in a DZ twin sample (p = 0.0003) and appeared strongest in 

individuals representing the most severe deficits in reading (twin sample p< 

0.00001; sibling sample p = 0.066). Subsequently, Gayan and colleagues (Gayan et 

al. 1995) used the same sample of DZ twins to test for linkage with word 

recognition, reading comprehension, spelling, non-word reading, orthographic 

coding, pig latin and a time-limited word recognition test. Word recognition and the 

time-limited word recognition measure (p<0.001) yielded most evidence of linkage, 

although linkage was also shown with spelling, reading comprehension and non­

word reading (p < 0.05). The results are consistent with those shown by Cardon and 

colleagues (Cardon et al. 1994; Cardon et al. 1995) (see Figure 2.2 for a graphical 

representation of the linkage and association results between DD and chromosome 

6).

Grigorenko and colleagues (Grigorenko et al. 1997) dissected the composite 

phenotype of DD into five components for linkage analysis, including phonological 

awareness, phonological decoding, rapid automated naming, single word reading 

and discrepancy between intelligence and reading performance. Multipoint affected 

pedigree member (APM) linkage results showed significant linkage of phonological 

awareness (p < 10'6) to five adjacent markers between D6S109 and D6S306. By 

using subphenotypes of DD, Grigorenko and colleagues (Grigorenko et al. 1997) 

also suggested the region may influence phonological awareness.
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A later analysis also by Grigorenko and colleagues (Grigorenko et al. 2000), 

reported the linkage region localised between D6S464 and D6S306 (Grigorenko et 

al. 2000) with a peak of linkage at D6S258 for single word reading and between 

D6S105-D6S306 for single word reading and vocabulary. This later study shows a 

less clear relationship between phenotypic measures of DD and the chromosome 6 

locus previously reported (Grigorenko et al. 1997) although the region implicated is 

consistent with work published by others (Cardon et al. 1994; Cardon et al. 1995; 

Fisher et al. 1999; Gayan et al. 1999).

No evidence for linkage was observed by Field and Kaplan (Field and 

Kaplan 1998) to chromosome 6p. The specific phenotype of impaired phonological 

coding skills was the basis of the linkage study and is a much narrower definition 

than those previously utilised (Cardon et al. 1994; Cardon et al. 1995; Grigorenko et 

al. 1997). When DD criteria was altered to include measures of phonological 

awareness, phonological coding, spelling and rapid automatised naming, Petryshen 

and colleagues again failed to detect linkage in the same sample (Petryshen et al. 

2000a). Given that the definition of DD used in the former analyses is highly 

correlated with the definition of DD utilised in the later analysis, this is probably not 

surprising. However, correlation between componential measures does not 

necessarily suggest shared genetic influence. Petryshen and colleagues (Petryshen et 

al. 2001) have observed suggestive evidence of linkage to chromosome 6q 11.2-12 

(DYX4). Multipoint parametric analysis yielded evidence of linkage between 

markers D6S280 and D6S286 (Maximum HLOD = 1.58). Multipoint nonparametric 

linkage analysis also supported linkage to DYX4 (peak at D6S460, p = 0.012; 

interval between D6S286 and D6S445, p < 0.05). Componential phenotype analysis 

suggested the QTL influenced, spelling (D6S865, peak LOD = 3.34), phonological
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coding (D6S965, peak LOD = 2.08) and phonological awareness (sib-pair analyses, 

D6S455, p = 0.026). As yet, no other samples have replicated the linkage reported 

in this region.

No evidence for linkage of spelling to chromosome 6p was observed (two- 

point LOD < 0.24) by Schulte-Kome and Nothen and colleagues (Schulte-Kome et 

al. 1998; Nothen et al. 1999). However, if a gene on chromosome 6 has only a 

minor effect on spelling, the size of the sample may have been too small to detect an 

effect.

Measures including IQ/reading discrepancy scores, word recognition, 

irregular word reading and non-word reading, have placed the linkage region 

between markers D6S422 and D6S291, with maximal evidence between D6S276 

and D6S105 by Fisher and colleagues (Fisher et al. 1999). In that study the locus 

affected both phonological and orthographic skills and was not specific to phoneme 

awareness (phonological decoding, p = 0.00035; orthographic coding, p = 0.0035; 

composite score, p = 0.0003). These results are relatively consistent with those 

found by several others (Cardon et al. 1994; Cardon et al. 1995; Grigorenko et al. 

1997; Gayan et al. 1999) although the marker order used in this study differs from 

that used by Grigorenko and colleagues (Grigorenko et al. 1997).

Gayan and colleagues (Gayan et al. 1999) tested for linkage between 

chromosome 6p and componential measures of word recognition, orthographic 

coding, phonological decoding and phoneme awareness. Evidence was reported of a 

locus in the vicinity D6S461 to D6S306-D6S258 that influenced orthographic and 

phonological skills (orthographic choice LOD = 3.10; phonological decoding LOD 

= 2.42) (Gayan et al. 1999). More specifically the position of the locus lies between 

markers D6S276 and D6S105, overlapping the region observed by Grigorenko and

- 67 -



Chapter Two: The Genetic Basis o f Developmental Dyslexia

colleagues (Grigorenko et al. 1997). It is of note that the marker order does not 

correspond exactly between the two studies. Markers D6S276 and D6S105 

positioned proximally to D6S306 by Grigorenko (Grigorenko et al. 1997) are 

located distal to D6S306 later on, making a more compact region of linkage (Gayan 

etal. 1999).

Kaplan and colleagues tested 11 componential phenotypes for linkage to the 

6p region (Kaplan et al. 2002). All 11 component phenotypes yielded evidence for 

association to 6p (p<0.05) however the significance and location of the linkage 

varied amongst traits and which method of analysis was undertaken. The most 

significant results were obtained near D6S461 with measures of orthographic 

choice, orthographic composite score and timed word recognition. A peak of 

association was also found with orthographic choice around JA04 (p = 0.0021), 1Mb 

from D6S461. Kaplan and colleagues suggested that the most likely location for a 

quantitative trait locus (QTL) is 4Mb around JA04. Londin and colleagues (Londin 

et al. 2003) followed on from this study and identified 19 genes and 2 pseudogenes 

around JA04. Reverse-transcription polymerase chain reactions (RT-PCR) testing 

the tissue specific expression of the genes, identified five possible candidate genes 

based on high expression of the genes in brain tissue (P24, SSADH, GPLD1, 

KIAA0386 and KIAA0319).

Multipoint linkage analysis by Fisher and colleagues (Fisher et al. 2002) 

suggested linkage between D6S1610 and phonological decoding (variance- 

components, p = 0.00001), suggesting phonological awareness is influenced by a 

gene(s) in the D YX2 region.

Grigorenko and colleagues (Grigorenko et al. 2003) observed linkage most 

prominently with the single markers D6S299 (LOD = 2.01, phonemic
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awareness/decoding/single word reading pathway) and D6S2222 (LOD = 2.57, 

phonological awareness). In all, three interesting linkage regions were found: 

D6S109-JA01 (relating to a report by Turic and colleagues (Turic et al. 2003)), 

D6S299-D6S1621 (relating to a report by Kaplan and colleagues (Kaplan et al. 

2002)) and D6S105-D6S265 (relating to reports by Cardon, Fisher and Grigorenko 

(Cardon et al. 1994; Cardon et al. 1995; Fisher et al. 1999; Grigorenko et al. 2000; 

Grigorenko et al. 2003).

Turic and colleagues (Turic et al. 2003) used 21 microsatellites to cover an 

18cM region of chromosome 6 to test association to DD using the 2 stage approach 

employed by Morris and colleagues (Morris et al. 2000). One two-marker haplotype 

(D6S422-D6S1665) showed replicated evidence of association (stage 1 p = 0.01; 

stage 2 p = 0.04) but most association was found with the haplotypes 

D6S109/D6S422/D6S1665,D6S422/D6S 1665/D6S506, D6S506/D6S1029/D6S1660 

and D6S1281 /D6S1558/D6S1260. Haplotypes D6S109/D6S422/D6S1665 and 

D6S506/D6S1029/D6S1660 revealed most evidence of association across the two 

samples. Association between the most significant haplotype

D6S109/D6S422/D6S1665 and subphenotypic measures showed haplotype 

association with single-word reading, spelling, phonological awareness, 

phonological decoding, orthographic accuracy and rapid automatised naming. The 

results suggest a broad region of association spanning markers D6S109 to D6S1260. 

The region D6S461-D6S1260 of the narrow region of association lies within the 

consensus region identified from other linkage and association studies of DD on 

chromosome 6p (see Figure 2.1).

A region, lOcM distal to other regions of linkage on chromosome 6p has 

shown weak evidence of linkage to DD and no evidence for linkage with
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componential measures of DD (Chapman et al. 2004). Scoring of the trait and 

ascertainment criteria meant probands were less impaired than in other studies with 

similar componential measure scores. The failure to replicate specific linkages may 

be related to the differences in the measures rather than observation of a ‘false 

negative’.

It is unclear why studies differ over the exact nature of the linked phenotype. 

One explanation is that significance levels vary as a consequence of variation of 

methodological factors such as the sample size for each component of the phenotype 

and the reliability of phenotypic testing (Fisher et al. 1999). However, the evidence 

summarised above suggests the QTL on chromosome 6p may affect both 

phonological and orthographic components of reading. It is noteworthy that many 

studies show a high correlation between measures of phonological decoding and 

orthographic coding (Gayan et al. 1999).

After starting this thesis, work has been published narrowing the 

chromosome 6p linkage region further. Deffenbacher and colleagues (Deffenbacher 

et al. 2004) tested five component phenotypes of DD for linkage with 22 markers 

spanning 22Mb of 6p21.3. Significant linkage was observed with all five 

component phenotypes, with the five converging over a region spanning ~3.24Mb 

between markers D6S1597 and D6S1571. Ten genes were tested for association 

with components of DD. Association was detected in five of the genes tested, VMP, 

DCDC2, KIAA0319, TTRAP and THEM2.

Francks and colleagues (Francks et al. 2004) used association analysis in 223 

siblings (UK Caucasian) to refine the QTL on 6p. A 77kb region revealed 

association with DD spanning TTRAP and the first four exons of KIAA0319. This 

was replicated in a sample of 159 families from the Colorado twin study of reading
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(American Caucasian). Association was observed with a number of component 

phenotypes including orthographic coding, phonological decoding, phonological 

awareness, spelling and single word reading.

The results of Deffenbacher and colleagues (Deffenbacher et al. 2004) and 

Francks and colleagues (Francks et al. 2004) are discussed further in Chapters four 

and five.

2.9.3 CHROMOSOME 2 -  DYX3

A LOD score of 3.53 was obtained at D2S2183 (assuming sex dependant 

penetrance and specific phenocopy values and differential weight factors; model 1), 

2.92 at D2S393 (included all normal readers and only the affected family members 

with a history and positive test for DD; model 2) and 4.32 at D2S378 (excluded all 

individuals under the age of 20; model 3) by Fagerheim and colleagues (Fagerheim 

et al. 1999). Lander and Kruglyak (Lander and Kruglyak 1995) criteria for 

genomewide significance was exceeded in models 1 and 3. A gene was suggested to 

lie between D2S2352 and D2S1337. Further analysis of this family (including extra 

family members and new microsatellite markers) (Fagerheim et al. 2002), defined a 

new region of ~4.3Mb between D2S2153 and D2S444 (Fagerheim et al. 2002) (see 

Figure 2.3 for a graphical representation of the regions of linkage observed between 

DD and chromosome 2).

Petryshen and colleagues found weak evidence for linkage of phonological 

decoding dyslexia to the region DYX3 (D2S1352, maximum two-point LOD = 0.77, 

0 = 0.3; D2S1352 multipoint peak HLOD = 0.07) (Petryshen et al. 2002). However 

non-parametric linkage analysis showed more evidence of linkage (D2S1352, Zaii = 

2.33, p = 0.0087; and D2S1352 to D2S2352, p < 0.05). The discrepancy between
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parametric and nonparametric linkage results could be due to mis-specification of 

the model. Multipoint analyses found evidence for linkage of phonological coding 

(D2S378, LOD = 1.13), phonological awareness (D2S378, LOD = 1.01) and 

spelling (peak LOD = 3.82 between D2S2352 and D2S378).

Linkage to chromosome 2pl5-pl6 was observed by Fisher and colleagues 

(Fisher et al. 2002) in both a US and a UK sample, however it is noteworthy that the 

multipoint linkage peak in the UK sample was weaker and more distal to the peak 

found in the US sample. The US linkage peak overlapped with the peak reported by 

Fagerheim and colleagues (Fagerheim et al. 1999; Fagerheim et al. 2002). No 

subphenotypic measures were analysed in relation to the chromosome 2 results.

Francks and colleagues (Francks et al. 2002) reported linkage to a region 

between markers D2S337 and D2S286 (phonological awareness LOD = 2.3; word 

recognition LOD = 1.9; orthographic coding LOD = 1.7); a region relatively similar 

to that reported by Fisher and colleagues (Fisher et al. 2002). It should be noted that 

the same US sample was used for both analyses. Association analysis of the 

markers suggested association between D2S2378 (word recognition p = 0.004; 

phonological decoding p = 0.004) and D2S2114 (phonological awareness p = 0.015; 

orthographic choice p = 0.03; phonological decoding p = 0.043).

The highest nonparametric LOD score was 2.55 for D2S2216 (p = 0.004) in 

the genome scan by Kaminen and colleagues (Kaminen et al. 2003). Parametric 

analysis revealed a LOD score of 3.01 at D2S286. The region implicated on 

chromosome 2 lies 34cM from the region implicated in other studies (Fagerheim et 

al. 1999; Francks et al. 2002; Petryshen et al. 2002). Dissimilar sample sets, 

diagnostic criteria and markers used may account for the differences observed 

(Kaminen et al. 2003) or more than one candidate gene could be located on

-73-



Chapter Two: The Genetic Basis o f Developmental Dyslexia

chromosome 2. Extending these findings (with a slightly larger, but overlapping 

sample), Peyrard-Janvid (Peyrard-Janvid et al. 2004) used fine mapping (21 

markers, average distance 1.8cM) across the 40cM region between markers D2S391 

and D2S2181 and six SNP markers spanning ~670kb around D2S286/rs3220265. 

Nonparametric linkage analysis revealed the highest LOD score for marker 

D2S2216 (LOD = 3.0; p = 0.001). All markers spanning D2S2110 to D2S2181 

showed LOD scores above 2.0 (p < 0.01) a region spanning ~15cM. Association 

studies narrowed the region to ~12Mb between D2S2116 and D2S2181, supporting 

the findings of others (Fagerheim et al. 1999; Petryshen et al. 2000b; Fagerheim et 

al. 2002; Petryshen et al. 2002).

In a genome-screen of phonemic decoding efficiency and reading accuracy, 

Raskind and colleagues (Raskind et al. 2005) showed evidence of linkage to 

chromosome 2q (~q22.3) (phonemic decoding efficiency, LOD = 2.65). Additional 

markers on chromosome 2 showed linkage of phonological decoding efficiency to 

D2S1399 (LOD = 3.0; multipoint LODmax = 2.89). This signal lies on the q arm of 

chromosome 2, in contrast to previous studies (Fagerheim et al. 1999; Petryshen et 

al. 2000b; Fagerheim et al. 2002; Francks et al. 2002; Petryshen et al. 2002; Peyrard- 

Janvid et al. 2004).

2.9.4 CHROMOSOME 3 -  DYX5
A genome-scan by Nopola-Hemmi and colleagues (Nopola-Hemmi et al.

2001) revealed non-parametric linkage to the region 3pl2-ql3 (Zaii 5.8, p = 0.0017). 

A second family, genotyped for seven microsatellites spanning 60cM of the linked 

region implicated in the first family and 11 additional markers (genotyped in both 

families; average intermarker distance ~2cM), revealed that 90% (n = 19) of 

dyslexic subjects shared a haplotype on chromosome 3 (Nopola-Hemmi et al. 2001).
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Figure 2.4 Linkage between DD and chromosome 3. A region of linkage between markers D3S3039 and D3S3045 has been identified by Napola-Hemmi 
and colleagues (Nopola-Hemmi et al. 2001). Linkage has also been observed between D3S1278 and DD by Fisher and colleagues (Fisher et al. 2002).
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The absence of the haplotype in 2 individuals may represent the complexity of the 

DD phenotype or phenocopies. One individual limited the haplotype to 20cM 

between D3S3039 and D3S3045 (see Figure 2.4). Parametric linkage analysis using 

the four most informative markers (D3S2454, D3S3039, D3S1595, D3S3655) gave 

a multipoint maximum LOD score of 3.84.

Supporting the linkage of DD to chromosome 3, Fisher and colleagues 

(Fisher et al. 2002) showed linkage of single word reading, phonemic awareness, 

reading decoding and orthographic coding to a region spanning ~46cM at DYX5.

2.9.5 CHROMOSOME 18 -  DYX6

Fisher and colleagues (Fisher et al. 2002) reported linkage of single word 

reading to marker D18S53 (single point UK p = 0.0002; USA p = 0.0004; multipoint 

UK, p = 0.00001; USA p = 0.0004) (see Figure 2.5). Although weaker in the UK 

sample, phonological and orthographic processing also showed linkage at this locus. 

In a third independent UK sample, the strongest evidence for linkage was with 

phonological awareness (loci adjacent to D18S464, p < 0.0005) (Fisher et al. 2002). 

The 18p QTL is probably a general risk factor for DD which influences a number of 

reading-related processes (Fisher et al. 2002). However, Chapman and colleagues 

(Chapman et al. 2004) failed to confirm linkage to chromosome 18p.

O ' * - *  CM O  O0 0 * 0. 0. ■ ■ ■ -- -• -* - 0 0 , 0  ^
CN CN <N

t i t  i  o  o  o  o  o  o  o  ® r r i r ®  ^

D 18S53  
Fisher et al. 2002

Figure 2.5 Linkage between DD and chromosome 18. A region around D18S53 
has been identified by (Fisher et al. 2002).

- 7 6 -



Chapter Two: The Genetic Basis o f Developmental Dyslexia

2.9.6 CHROMOSOME 11 -  DYX7

Given the comorbidity of DD and ADHD and the possibility of shared 

genetic influences (August and Garfinkel 1990; Purvis and Tannock 1997; Shaywitz 

1998; Kaplan et al. 2001) genes showing association to ADHD are reasonable 

candidate genes for DD. The candidate gene dopamine D4 receptor (DRD4) located 

on chromosome 1 lp l5.5 and particularly the 7-repeat allele of a 48bp variable 

number tandem repeat (VNTR) in exon 3, has been shown to contribute to ADHD 

susceptibility (see meta-analyses by Faraone et al. 2001; Maher et al. 2002). Hsiung 

and colleagues (Hsiung et al. 2004) subsequently tested for linkage of DD to the 

region of chromosome 11 surrounding DRD4. Two-point linkage analysis results 

suggested linkage to the DRD4 variable number tandem repeat (VNTR; MFLOD = 

2.27) and several nearby markers including D1 IS 1984 (MFLOD = 2.32), D1 IS 1363 

(MFLOD = 2.13) and HRAS (MFLOD = 2.68). Three-point analysis also suggested 

linkage between the VNTR and HRAS (MFLOD = 3.57, p = 0.00005) however 

association analysis was not significant (p = 0.30). The linkage results suggest that a 

gene influencing DD susceptibility may lie on chromosome 11 in the region of 

DRD4. Supporting the evidence for linkage to this region, Fisher and colleagues 

(Fisher et al. 2002) have observed linkage of DD to D11S1338 (UK, phoneme 

awareness p = 0.001) and a weak signal has been reported by Raskind and 

colleagues (Raskind et al. 2005) with phonological decoding efficiency (D11S2002, 

LOD = 1.27) (see Figure 2.6).

2.9.7 CHROMOSOME 1 -  DYX8

Rabin and colleagues (Rabin et al. 1993) identified a linkage region on 

chromosome lp using 9 three-generation families, in particular with markers Rh 

( Z m a x  = 1-^5) and D1S165 ( Z m a x  = 2.33). Lubs and colleagues (Lubs et al. 1991a)
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found linkage to lp36 including Rh (LOD =1.5).

A balanced translocation (t[l ;2][lp22;2q31]) has also been found to 

segregate in a family with DD (Froster et al. 1993) using an age discrepancy 

definition of DD. It is noteworthy however that all translocation carriers had an IQ 

below 70 and delayed speech development. All cytogenetically normal people in the 

family showed no evidence of DD. Since delayed speech development and DD 

cosegregate with the translocation, genes important in both processes may be linked 

to DYX8. However, it is also possible that genes influencing only delayed speech 

development and/or low IQ are located within the region.

Smith and colleagues (Smith et al. 1998) were unable to replicate linkage to 

DYX8 in 19 families. Two extra markers flanking the region implicated by Rabin 

(Rabin et al. 1993), D1S199 and D1S234, were also not indicative of linkage to the 

region (LOD = -2.315, 0 = 0.05; LOD = -1.840, 0 = 0.05 respectively).

Two regions of interest on chromosome 1 were identified by Grigorenko and 

colleagues (Grigorenko et al. 2001) between markers D1S253 and D1S436 and 

D1S199 and D1S478 (see Figure 2.7). Analysis of all phenotypes (including, 

phonological awareness, phonological decoding, rapid automatised naming, single 

word reading and vocabulary) showed at least three significant peaks for linkage 

(phonological awareness D1S508 -  D1S436 and MATN1 -  PPT; phonological 

decoding D1S199-D1S478; rapid automatised naming D1S253-D1S507; single 

word reading D1S199-D1S478 and MATN1-PPT). An interaction analysis between 

chromosome lp and 6p showed that non-parametric linkage scores for rapid 

automatised naming and phonological decoding were increased (phonological 

decoding, D1S199 NPL (non-parametric linkage) = 2.62; rapid automated naming, 

D1S470 NPL = 5.74) suggesting an interaction between genes on chromosome lp
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and 6p. It is possible that the two regions contain genes producing related proteins.

Using a categorical definition of DD, the strongest evidence of linkage was 

observed at D1S507 (multipoint maximum LOD score = 3.65) by Tzenova and 

colleagues (Tzenova et al. 2004). Using quantitative measures of DD a maximum 

LOD score of 4.01 was achieved for spelling. Unlike the study of Grigorenko and 

colleagues (Grigorenko et al. 2001), phonological coding and rapid automated 

naming were not linked to the region (Tzenova et al. 2004).

A genome-screen undertaken by Raskind and colleagues (Raskind et al. 

2005) identified a (weak) linkage signal on chromosome 1 (reading accuracy: 

GATA124C08 and D1S1679).

2.9.8 CHROMOSOME X -  DYX9

A region on chromosome Xq26 yielded a possible location for a DD 

susceptibility gene (p = 0.001 UK sample) in the genome-screen undertaken by 

Fisher and colleagues (Fisher et al. 2002) (see Figure 2.8).

A second genome-screen undertaken by Kovel and colleagues (Kovel et al. 

2004) on a Dutch family (29 individuals) using 374 markers also identified linkage 

to the X chromosome. The highest LOD score was observed for marker DXS8043 

with a LOD score >3.
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CHAPTER THREE 

3. MATERIALS AND METHODS

3.1 COLLECTION OF THE SAMPLE

The collection of DNA samples and phenotypic information for this study 

was untaken by Dr Lucie Robinson and Dr Gary Hill and colleagues under the 

supervision of Prof. Julie Williams. Initial collection of the sample began in 1997 

and more recent sample collection commenced in 2003. The study has ethical 

approval obtained from local ethics committees in the UK and for all participants of 

the study, informed written consent was obtained. Written consent for children 

under the age of 18 years was obtained from parental guardians.

DD-probands and their families were ascertained through contacts with 

Local Education Authorities (LEA) in South Wales and schools specialising in the 

education of children with reading difficulties in England. All English schools, with 

the exception of one, were members of Crested (the Council for the Registration of 

Schools Teaching Dyslexic Pupils). In total, 1326 families were contacted to take 

part in the study. Four hundred and thirty-seven families replied. Three hundred 

and ninety children were tested for DD and 254 met the criteria for our categorical 

definition of DD, 65% of the children tested. The categorical definition of DD 

required probands to have an IQ of 85 or above and a reading age 2.5 years or more 

behind their chronological age. This criterion represents a severe degree of reading 

disability and is likely to represent the lower 5th centile of children. English was the 

first language of all participants. No reward or feedback was given for taking part in 

the study.

- 8 4 -



Chapter Three: Materials and Methods

A pro-rated full-scale IQ score was calculated using four subtests from the 

WISC HI UK, including vocabulary, similarities, block design and picture 

completion (Wechsler 1992). Reading disability was calculated using either the 

Neale Analysis of Reading Disability (NARA) (Neale 1989) or the British Ability 

Scale (BAS) single word reading test (Elliot 1983) depending on the age and ability 

of the proband. Whilst NARA is based on prose reading, the BAS single word 

reading is based on reading a list of words (correlation coefficient between NARA 

and BAS tests, r = 0.89). The measure used to calculate reading disability is 

comparable to other definitions of DD used in molecular genetic studies including 

those of Grigorenko and colleagues (Grigorenko et al. 1997) and others (Fisher et al. 

1999; Gayan et al. 1999).

3.1.1 CHOICE OF TESTS MEASURING COMPONENT PROCESSES OF 

READING

There are many tests available that allow the measurement of components of 

reading. Since this study is a genetic study, reading components were tested using 

tests with known heritable outcome and which show reliability in a UK population 

(Hohnen and Stevenson 1999).

3.1.2 THE TEST BATTERY

To refine the linkage regions for DD to more specific reading and DD related 

processes, all DD cases and 101 control children were given a full battery of tests 

that measured specific reading and language related processes. The component 

phenotypes and tests used in this thesis are shown in Sections 3.1.2.1-3.1.2.10.1.
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3.1.2.1 Phonological Awareness

Phonological awareness is the ability to reflect explicitly on and manipulate 

the units of spoken language. In the English language, words are made up of 

combinations of 44 speech sounds (phonemes). For example, the word cat is made 

up of three phonemes, /kuh/, /aah/, /tuh/. Phonological awareness refers to the 

ability to be aware of and manipulate these sounds.

Castles and Coltheart (Castles and Coltheart 2004) suggested that although 

the mechanism is unknown, phonological skills are associated with development of 

word recognition skills (ultimately therefore with reading ability). Early studies 

(Savin 1972; Liberman et al. 1974) argued that letters represent phonemes in spoken 

words and in order for a child to read effectively, the child has to become aware of 

the phonemes in speech. Tasks involving manipulation of phonemes are complex 

tests requiring more than one operation on a task. Whilst information is processed, 

data must be held in working memory for the task to be completed successfully. 

Later studies have suggested that rhyme ability, rather than the ability to recognise 

phonemes is a better predictor of subsequent progress in learning to read (Bradley 

and Bryant 1983). Rhyming tasks are especially difficult for dyslexics who 

compensate by using visual-orthographic mechanisms, for example ‘shoe’ and ‘toe’ 

are orthographically similar but do not rhyme whereas ‘head’ and ‘said’ rhyme but 

are orthographically dissimilar. In this study, three measures of phonological 

awareness are used, a rhyming task -  the rhyme oddity task and two phoneme 

awareness tasks including a phoneme deletion task and a task of auditory analysis.

3.1.2.1.1 Rhyme Oddity Task

The rhyme oddity task was adapted from a study by Bowey and Patel
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(Bowey and Patel 1988). The test has a retest reliability of 0.66 and a heritability of 

0.62 (Hohnen and Stevenson 1999). In essence the task tests auditory 

discrimination. Three or four words are presented to the child who is told that two 

(or three) of the words sound the same and one is the odd one out. The aim of the 

task is for the child to determine which word is the odd one out. For example, the 

three words ‘made’, ‘hide’, and ‘fade’ are read out, the child has to reply that ‘hide’ 

is the odd one out as it does not rhyme with the other two words.

3.1.2.1.2 Phoneme Deletion Task

For this task children are required to say a word after removing one of the 

sounds. The words vary in length from one syllable (e.g. cat) to multi-syllabic (e.g. 

driver). For example, children are asked to say ‘cup’ without the /k/ sound. Three 

trials are given so that the interviewer knows the child understands the task. The 

task is discontinued if the child fails the first five items consecutively; otherwise, the 

task is completed to the end. A shortened list of words was used for this study, 

adapted from a list by Wagner (Wagner et al. 1993; Wagner et al. 1994). The task 

has a retest reliability of 0.93 and a heritability of 0.62 (Hohnen and Stevenson 

1999).

3.1.2.1.3 Task of Auditory Analysis

The task of auditory analysis is similar to the phoneme deletion task and 

involves removing phonemes from words. For example, the interviewer asks the 

child to say ‘sunshine’ without the ‘shine’. In essence this test is very similar to the 

phoneme deletion task, but is often found more difficult by dyslexic individuals.
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3.1.2.2 Phonological Decoding

Phonological decoding involves parsing written text into phonetic units. 

This is usually measured by the reading of nonsense words, for example twamket, 

which have not been seen by a participant before. Correct pronunciation of a word 

can only be achieved by converting graphemes to phonemes. Phonological 

decoding involves a number of steps in the correct pronunciation of a nonsense word 

including breaking down the word into the relevant phonetic units and then 

translating the phonetic units into a string of speech sounds so that the word can be 

pronounced according to a single set of language-specific rules. The use of 

unfamiliar words prevents the use of sight word strategies, forcing the use of a 

phonological decoding strategy.

The strategy involved in phonological decoding allows individuals to tackle 

new and unfamiliar words and may be especially important in early reading (Castles 

and Coltheart 1993). The measurements of this test can often reveal lifelong deficits 

in individuals with DD (Francks et al. 2002).

3.1.2.2.1 Non-Word Reading Task

A list of unfamiliar words is given to the child who then has to read them. It 

prevents the use of a sight word strategy and enforces a phonological decoding 

strategy. The list of words in this study is taken from Spring and Davis (Spring and 

Davis 1988). The retest reliability of this task is 0.93, whilst the heritability is 

estimated at 0.61 (Hohnen and Stevenson 1999).

The word list comprises 40 pronounceable letter strings. Words contain 

from one to five syllables. At the start of the task three trails are attempted so that 

the child understands the task. The words are not graded so no discontinue rule is
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applied. Examples of words include ‘fik \ ‘rond’, and ‘elgrund’.

3.1.2.3 Orthographic Coding

The process involved in recognising words from previous exposure to the 

word, without the use of phonological processes, is orthographic coding. 

Orthographic coding is usually tested using irregular words such as ‘yacht’ that 

violate standard letter-sound conventions such that phonological processing can not 

be utilised in the identification of words.

As readers gain experience, orthographic coding may become a more 

efficient mechanism for reading familiar words than phonological decoding (Francks 

et al. 2002) (see Chapter one, Section 1.7.1). Some dyslexic individuals show more 

striking deficits in orthographic coding tasks than they do on some measures relating 

to phonology (Castles and Coltheart 1993; Francks et al. 2002).

3.1.2.3.1 Pseudohomophone Judgement Task

The pseudohomophone judgement task requires the identification of the 

‘real’ word from a pair of ‘words’ that sound the same when recoded 

phonologically, but only one of which has the correct orthographic pattern (i.e. spelt 

correctly). For example, children will be presented with pairs of words such as 

‘take’ and ‘taik’, ‘believe’ and ‘beleave’ and ‘engine’ and ‘enjine’ and asked to 

identify the correctly spelt word. The task used in this study was adapted from a test 

devised by Olson and colleagues (Olson et al. 1994) and contains 70 pairs of 

‘words’. Five practice items are given to the child at the start of the task to check 

they understand the test. No discontinue rule is employed. The retest reliability is 

0.74 and the heritability has been estimated at 0.48 (Hohnen and Stevenson 1999).
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3.1.2.4 Word Recognition /  Single Word Reading

Word recognition is a multicomponent process involving a range of 

processes from phoneme processing to the comprehension of text and has been 

described as a broad and definitive indicator of reading skill (Grigorenko et al. 

1997). It can be described as a lexical retrieval process involving the visual 

recognition of letters (which make up familiar words) and the retrieval of the name 

and meaning of the word from memory. Vellutino suggests that the basic deficit in 

DD is the inability to decode the printed word (Vellutino et al. 2004). Such deficits 

can be related to inadequate skills related to word recognition such as spelling or 

phonological decoding.

Tests evaluating processes such as phonological decoding, spelling and 

verbal memory are good predictors of word identification ability (Vellutino et al. 

2004).

3.1.2.4.1 British Ability Scales (BAS) Single Word Reading

The British Ability Scales (BAS) single word reading (Elliot 1983) is a 

reading test where single words are read from a list rather than prose text. The test 

is divided into 9 blocks of 10 words and is discontinued when one block is failed. 

Each block contains two lines of five words. Individuals read the words across each 

line before proceeding to the next. Words get progressively more difficult. Failure 

of a block occurs when five words on one line have been read incorrectly. The test 

has a retest reliability of 0.96 and a heritability of 0.44 (Hohnen and Stevenson 

1999).
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3.1.2.5 Rapid Automatic Naming

Many dyslexics show subtle impairments in perception and/or articulation of 

speech that is believed by some (Habib 2000) to be the most important mechanism 

of reading problems. Oral language problems in dyslexia can be measured using 

tests of rapid automated naming (RAN). Such tests assess the ability to rapidly call 

the names of simple visually presented stimuli (for example digits, letters, colours or 

objects). A measure of speed of processing, RAN may be important in the success 

of reading outside the group of processes relating more closely to language (Francks 

et al. 2002). Deficits in RAN have been shown to persist into late childhood and 

adulthood (Wolf 1986; Korhonen 1995; Snyder and Downey 1995) and the double 

deficit hypothesis (see Chapter one, Section 1.7.6) proposes that, along with 

phonological deficits, rapid automated naming forms the basis of DD.

3.1.2.5.1 Rapid Digit Naming Task

In this task, 50 digits, ranging from 1 to 9 and arranged in 10 lines of 5 

digits, are presented to the individual. The proband has to recite the numbers as fast 

as possible. Probands repeat the task twice and the average time for the two trials 

recorded. Individuals are told to try and not make mistakes as correcting wrong 

answers will add to the time taken to do the task. The retest reliability of the rapid 

digit-naming task is 0.72, whilst the heritability is 0.54 (Hohnen and Stevenson 

1999).

3.1.2.5.2 Rapid Picture Naming Task

In this task individuals are presented with a series of fifty pictures (pictures 

include: a box, a desk, a ball and a hat) in 5 rows of 10 of pictures. Like the digit
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naming task participants are required to name the objects in the pictures in order, as 

fast as possible. An average of the time taken for two attempts is used as the 

measure. The retest reliability of the rapid picture naming naming task is 0.53, 

whilst the heritability is 0.34 (Hohnen and Stevenson 1999).

The rapid picture-naming task requires extra processing than the rapid digit- 

naming task since it is more semantic based, requiring information to be processed 

from a picture to a word.

3.1.2.6 Spelling

Spelling is measured as the ability to spell real words of various types and 

difficulties correctly. Deficits in spelling are commonly used in the diagnosis of 

dyslexia in both clinical and educational settings. Spelling ability is thought to 

comprise both orthographic and phonological components.

One of the greatest genetic effects in literacy is that of spelling ability and 

whilst the genetic effects involved in literacy decline with age, effects on spelling 

increase or are maintained (Olson et al. 1989; Wadsworth et al. 1989) (see Chapter 

two). Based on three pieces of information, (1) that spelling improves less over 

time, (2) spelling is more constrained because there are fewer contextual cues and 

(3) the genetic effects differ more as a function of age for reading than spelling, 

Stevenson and colleagues (Stevenson et al. 1984) and later, DeFries and colleagues 

(DeFries et al. 1991) suggested that the genetic influences on literacy problems are 

more appropriately studied through their impact on spelling than on measures of 

word recognition or reading comprehension.
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3.1.2.6.1 British Ability Scales (BAS) Spelling

Spelling test D of the BAS Spelling tests is used to assess the spelling age of 

children. During the test, the interviewer reads single words to the child and then 

puts the word into a sentence before repeating the word again. The child then has to 

write down the correct spelling of the word. Retest reliability has been estimated at 

0.89 and heritability at 0.51 (Hohnen and Stevenson 1999). The test consists of 20 

words, given in a set order and is discontinued when five consecutive words have 

been spelt incorrectly. From the spelling test result, a spelling age is calculated and 

a discrepancy measured between this age and a probands chronological age.

3.1.2.7 Phonological Working Memory

Working memory focuses on the function of memory in cognitive tasks such 

as reading, speech comprehension and mental arithmetic. Working memory 

corresponds to short term memory (STM) which acts as a working storage system in 

everyday cognitive tasks. Baddeley (Baddeley 1986) has described the working 

memory system suggesting it has three components, a central executive system and 

two passive storage systems used to store information which interact with it. The 

articulatory (phonological) loop temporarily holds verbal information, whilst the 

visuo-spatial scratch pad is responsible for the storage of visual-spatial information. 

The central executive primarily coordinates activity within the cognitive system, but 

also increases the capacity that can be held by the articulatory loop and visuo-spatial 

scratch pad (Swanson 1999).

Reading comprehension deficits in DD have been attributed to impairments 

in working memory (Swanson and Beminger 1995; Swanson and Alexander 1997), 

in particular with the utilisation and/or operation of the articulatory loop (see Hulme
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and Snowling 1992 for review). Since the articulatory loop is controlled by the 

central executive, deficits in reading comprehension may be due to deficiencies in 

controlling functions of the central executive (Baddeley 1992; Gathercole and 

Baddeley 1993).

3.1.2.7.1 Non-Word Repetition

The non-word repetition test (Gathercole et al. 1994) involves the child 

hearing a single novel word and being required to repeat it back immediately. Forty 

items are used in this task. Non-words range from 2 syllables to 5 syllables and are 

arranged in blocks of 10 words (ten 2 syllable words, ten 3 syllable words, ten 4 

syllable words and ten 5 syllable words). Words are presented from a tape recoding 

in order that accents and dialects don’t interfere with the pronunciation of words. 

The retest reliability of the test is 0.91 and the heritability is 0.71 (Hohnen and 

Stevenson 1999). Examples of words used in this task are ‘dopelate’, 

‘confrantually’, ‘sladding’ and ‘skiticult’.

3.1.2.8 Reading Accuracy. Comprehension and Rate

Reading accuracy, the ability to read a paragraph of text without making 

mistakes is often used as a measure of reading ability. It is often believed to be a 

more accurate measure of reading ability than single word reading since contextual 

clues can be obtained from text, which reflects more accurately reading in general.

Reading comprehension is multifaceted and requires the use and synchrony 

of a number of reading related processes in order to allow the derivation of meaning 

from text. Dyslexic children show normal listening comprehension but often have 

poor reading comprehension. Inadequate reading comprehension is believed to stem
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from poor phonological processing and reading fluency (measured by rapid naming 

of objects etc) and deficits in both these processes have been noted in DD. Gough 

and Tunmer (Gough and Tunmer 1986) have suggested that word recognition is 

necessary although not sufficient to allow reading comprehension and that 

grammatical skills and vocabulary knowledge are important in the ability to 

comprehend text. More recently, Muter and colleagues predicted vocabulary 

knowledge and grammatical ability would predict reading comprehension ability, a 

prediction confirmed following tests on 90 children (Muter et al. 2004).

Reading rate, i.e. how fast a child can read a paragraph of prose text, has not 

been extensively researched in regards to DD. However, slow rapid automatised 

naming has been reported in dyslexic individuals.

3.1.2.8.1 Neale Analysis of Reading Ability (NARA)

The NARA reading test consists of a set of graded prose passages that allow 

the testing of rate, comprehension and accuracy of oral reading. Test material is 

presented in the form of a book, which consists of short, graded narratives, each 

constructed with a limited number of words and with a central theme, action and 

resolution. Pictures accompany the narrative however these set the scene rather than 

tell the story.

Within the book there are six passages of increasing difficulty. 

Comprehension questions are available after the oral reading of the passage, which 

tap into the child’s use of contextual cues, pictures and prompts. They also test the 

immediate recall of the main idea of the narrative, the sequence of events and other 

details. In order to answer some questions inference is required.

The NARA tests are only suitable for children up to the age of 12 years. As
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a result, analysis undertaken using measures from this test are only done on children 

aged 12 years and under.

3.1.2.8.1.1 Reading Accuracy

Children start reading the passages at a level below expected by their age 

(since they are poor readers), but which is not too low that they lose interest. 

Children move to the next level of passage until 16 mistakes have been made (20 on 

level 6). At this point the reading test is discontinued. The accuracy score is based 

on the number of words correct out of the number read. The accuracy score is 

converted to a reading age based on population norms and for this thesis a 

discrepancy score was calculated between reading accuracy age and the child’s 

chronological age.

3.1.2.8.1.2 Reading Comprehension Task

Reading comprehension was measured on the number of correct questions 

answered by the child based on the number of passages they read and at what level. 

Like reading accuracy a reading comprehension age is calculated and a discrepancy 

measure calculated between this and the child’s chronological age.

3.1.2.8.1.3 Reading Rate Task

Whilst undertaking the prose reading task, the child is timed. Question 

answering is not included in the timing of individuals. A time is calculated and used 

in the following equation:

Words Per Minute = Total Number of Words x 60
Total Time (seconds)

- 9 6 -



Chapter Three: Materials and Methods

From this equation a reading rate age is calculated based on child norms. An 

age discrepancy is calculated between the reading rate age and the child’s 

chronological age.

3.1.2.9 Attention Deficit Hyperactivity Disorder (ADHD^

The comorbidity between DD and ADHD is well known and it is likely that 

genes contribute to both disorders (August and Garfinkel 1990; Purvis and Tannock 

1997; Shaywitz 1998; Kaplan et al. 2001). The shared genetic effects between DD 

and ADHD are particularly interesting given reports of a gene influencing DD and 

ADHD susceptibility located on chromosome 6p (Willcutt et al. 2002).

The Du Paul parent reported symptoms of ADHD questionnaire has been 

shown to accurately assess ADHD symptoms, however it does not allow the 

segregation of ADHD symptoms into inattention, hyperactivity and impulsivity 

symptoms. Consequently the Connors’ questionnaire was utilised to allow the 

segregation of ADHD symptoms.

3.1.2.9.1 Connors’ Abbreviated Parent Reported Symptoms of ADHD 

Questionnaire

The Connors’ Abbreviated Parent Reported Symptoms of ADHD 

Questionnaire is a valid and reliable measure for evaluating symptoms of ADHD 

(Connors 1973; Rosenberg et al. 1989). The questionnaire consists of 27 questions, 

which relate to inattention, hyperactivity and impulsivity in the child and are 

answered by parents. To each question there is four possible answers given marks 0, 

1, 2 or 3. The investigator adds up these scores to give a total score. A score above 

15 is suggested to indicate the presence of ADHD in categorical analyses.
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Continuous measures of symptoms can also be utilised. The questionnaire was also 

used to calculate a continuous measure of inattention symptoms in probands.

3.1.2.9.2 Du Paul Parent Reported Symptoms of ADHD Questionnaire 

(Shortened Version)

The Du Paul parent reported symptoms of ADHD is similar to the Connors 

questionnaire and is filled in the same way. There are 26 questions which have four 

possible answers graded 0, 1, 2 and 3. Again these are added together to give a total 

score. A total score above 35 is suggestive of ADHD presence in categorical 

analyses. Continuous measures of symptoms can also be utilised.

3.1.2.10 IQ

The definition of DD differs between genetic studies. Whilst some studies, 

including this study define DD as a reading lag despite normal intelligence, other 

studies define DD as a lag in reading relative to what would be expected given their 

intelligence. The latter definition would include individuals, which in the former 

study would be excluded due to low IQ, so long as the individuals read below the 

reading age predicted by their low IQ. As IQ plays a role in defining DD, it is 

important to determine that QTLs influencing DD, do not reflect an underlying 

association with IQ, especially given the reports of linkage and association for IQ 

overlapping and within DYX2 (Plomin et al. 2004; Posthuma et al. 2005).

3.1.2.10.1 Weschler Intelligence Scale for Children (WISC III UK)

A pro-rated full scale IQ was determined using 4 subtests of the WISC III 

UK (Wechsler 1992). Vocabulary, similarities, block design and picture completion 

were utilised to form a pro-rated IQ score.
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3.2 DNA AND SAMPLES

3.2.1 DNA EXTRACTION

Venous blood was taken from participants willing to give blood and DNA 

extracted from lymphocytes using standard procedures. If blood samples could not 

be obtained, 25ml saline mouthwashes were obtained. DNA was extracted from 

buccal cavity epithelial cells by centrifugation at 2000g for 10 minutes, followed by 

incubation with proteinase K (Sigma, USA), SET buffer (Qiagen, UK) and SDS 

(Invitrogen, UK) at 50°C for 12 hours. The DNA was then isolated by standard 

phenol-chloroform extraction (Morris et al. 2000). DNA extraction was undertaken 

by other members of the laboratory team.

Following DNA extraction, DNA was quantified in two ways.

1) Quantification using a spectrophotometer (Beckmann Instruments, UK). 

Absorbance of UV light at 260nm and 280nm wavelengths (X) were 

measured and the ratio between A260nm and A280nm calculated. A ratio of 

above 1.8 indicated a suitable level of clean DNA and the absence of 

contaminating protein.

2) The PicoGreen dsDNA Quantification kit (Molecular Probes, USA) and 

a Fluoroskan Ascent fluorometer (LifeSciences International, UK) with 

Ascent Software (Labsystems, UK) were used to calculate more 

accurately the concentration of DNA.

All DNA stocks were kept at -20°C in individual eppendorf tubes. Working 

dilutions of DNA, diluted to 8ng/pl, were kept in 96-deep-well plates at 4°C. During 

the study a number of sample sets were utilised.
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3.2.2 SAMPLES

3.2.2.1 Dyslexia Sample For De Novo Polymorphism Discovery

A sample of 16 dyslexic individuals diagnosed with a reading age >2.5 years 

behind their chronological age and an IQ of >85 was employed when screening for 

polymorphisms. The descriptive statistics of the 3 females and 13 males comprising

the sample is shown below (Table 3.1).

Variable Mean
(years)

SD
(years)

Minimum
(years)

Maximum
(years)

Age 14.28 2.12 9.92 16.58
IQ 102 10.99 85 131
RD -5.58 2.16 -2.91 -9.16

Table 3.1 Demographics for the DD sample used for de novo polymorphism 
discovery.

3.2.2.2 Pooled DNA Sample 1

Two sets of DNA pools were used in this study. These included in the first 

instance, a case pool containing 140 DD individuals (116 males, 24 females) and 

control pools containing 550 blood donor controls (split between 3 pools) containing

391 males and 159 females. The sample is described in Table 3.2.

Cases Corntrols

Variable Mean
(years)

SD
(years)

Min
(years)

Max
(years)

Mean
(years)

SD
(years)

Age 13.22 2.3 7.92 17.08 41.39 12.5
IQ 100.13 11.03 85 134 - -

RD' -5.07 1.76 -2.5 -9.76 - -

Table 3.2 Demographics of DNA pooled sample 1. No IQ and RD data was 
available for blood donor controls.

3.2.2.3 Pooled DNA Sample 2

Later in the study, three pools of 80 DD individuals (totalling 189 males and 

51 females) and four pools of 78 age-matched control children (totalling 178 males 

and 134 females) were utilised. Descriptive statistics of the sample are shown in 

Table 3.3.
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Cases Con trols
Variable Mean

(years)
SD

(years)
Min

(years)
Max

(years)
Mean
(years)

SD
(years)

Min
(years)

Max
(years)

Age 13.17 2.18 7.67 17.56 11.98 2.39 5.5 16.67
IQ' 98.88 18.38 85 136 103.35 11.97 85 137
RD -4.93 1.87 -2.5 -13 +1.14 1.45 -0.5 3.83

Table 3.3 Demographics for DNA pooled sample 2. Not all controls were IQ 
tested therefore demographics are based on the 153 participants tested for IQ.

3.2.2.4 Case Control Sample

A case-control sample containing 223 cases and 273 controls was created for 

individual genotyping in this study (Table 3.4) and represents a subset of the cases 

and controls used in pooled DNA sample 2. The case sample comprised 173 males 

and 46 females and the control sample, 137 males and 134 females. DNA was 

plated into 96-well plates containing 42 DD cases and 48 controls. Six wells were 

left empty to allow negative (water) controls to be run.

Cases Controls

Variable Mean
(years)

SD
(years)

Min
(years)

Max
(years)

Mean
(years)

SD
(years)

Min
(years)

Max
(years)

Age 13.20 2.16 7.67 17.58 11.98 2.39 5.5 16.67
10' 102.93 13.42 85 136 103.25 11.95 85 137
RD -5.19 1.79 -2.5 -13 +1.14 1.45 -0.5 6.92

Table 3.4 Demographics for the case-control sample. Not all controls were IQ 
tested therefore demographics are based on the 153 participants tested for IQ.

3.2.2.S Parent DD-Proband Trios: Sample 1

Sample 1 comprised of 254 parent-DD proband trios (probands comprised 

205 males and 49 females; see Table 3.5). DNA was plated into 96-well plates 

containing parents and probands. Three wells were left empty to allow negative 

(water) controls to be run. The majority of the cases utilised in this sample were 

also included in the case-control sample.

- 101 -



Chapter Three: Materials and Methods

Variable Mean
(years)

SD
(years)

Minimum
(years)

Maximum
(years)

Age 13.24 2.14 7.92 17.17
IQ 102.55 11.44 85 136
RD -5.06 1.72 -2.5 -10.25

Table 3.5 Demographics of the parent DD-proband trio sample 1. Demographics 
are shown for DD probands only.

3.2.2.6 Parent DD-Proband Trios: Sample 2

Later in the study, 143 parent DD-proband trios were used. This sample 

represents a subset of sample 1 for whom there was adequate DNA available to 

carry out large-scale association studies (Table 3.6). The sample contains 110 male 

probands and 33 female probands.

Variable Mean
(years)

SD
(years)

Minimum
(years)

Maximum
(years)

Age 13.17 2.08 7.92 17.08
10 104.01 11.88 85 136
RD -5.06 1.76 -2.5 -10.25

Table 3.6 Demographics of the parent DD-proband trio sample 2. Demographics 
are shown for DD probands only.

3.2.2.7 Intermediate Phenotype Sample

A sample of individuals was set up to allow quantitative analysis of DD 

component phenotypes. This sample represents individuals of normal IQ (IQ > 85) 

with a reading disability between 6 months and 2.5 years behind chronological age. 

Table 3.7 shows the demographics of this sample.

Variable Mean
(years)

SD
(years) Minimum (years) Maximum (years)

Age 12.19 2.62 5 16.58
IQ 107.22 13.51 85 138
RD -1.59 1.26 0.42 -2.42

Table 3.7 demographics of the intermediate phenotype group. Note IQ
calculations are based on those individuals for whom data was available.
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3.2.2.8_______ADHD Sample

A sample of 144 parent ADHD-proband trios and 115 single parent ADHD 

proband duos were made available to me by Professor Anita Thaper. Probands were 

identified and referred to the study by child and adolescent psychiatrists or 

paediatricians from the Greater Manchester, South Wales or Avon areas of the UK. 

ADHD was defined using criteria from ICD-10 hyperkinetic disorder criteria or 

ADHD criteria from DSM-IV or DSM-III-R. All probands were required to have an 

IQ of 70 or above and were of UK Caucasian origin. In order to prevent 

retrospective recall bias from the parents reporting ADHD symptoms in the child, 

probands had not been on medication for ADHD for more than one year. Probands 

with epilepsy, fragile X syndrome, pervasive developmental disorders or Tourette’s 

syndrome were excluded.

Variable Mean Standard
Deviation

Minimum
Value

Maximum
Value

Age 9 years 2 
months

2 years 1 
month 6 years 16 years

IQ 90 12.1 70 134
DSM-IV and 

ICD-10 
ADHD 

Symptoms

14.74 2.45 7 18

Table 3.8 Demographics of the ADHD sample. Demographics are based on the 
ADHD-proband only from parent ADHD-proband trios and duos. Ninety percent of 
the participants were male and 10% female.
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3.3 MATERIALS AND METHODS

3.3.1 POLYMERASE CHAIN REACTION (PCR)

Primers for PCR reactions were designed using the software Primer 3.0, 

freely available at http://www-genome.wi.mit.edu/cgi-bin/primer/primer 3www.cgi. 

To find the optimum temperature for primer annealing, optimisation reactions were 

undertaken for each primer pair on control DNA using a temperature gradient on MJ 

Tetrad thermocyclers (MJ Research, UK). Each primer set was then tested at 6 

different temperatures simultaneously (see Table 3.9).

Temperatures Used on Temperature Gradient
52 53 56 60 64 66

Table 3.9 Temperatures used in a temperature gradient to allow the optimal primer 
annealing temperature to be determined.

PCR reactions were carried out using the following mix (note: the amount of each 

reagent is given per single PCR reaction):

Reagent Company Volume
Buffer (10X containing 15mM 

MgCl2)
Qiagen, UK 1.2pl

dNTPs (2.5mM) Amersham, UK l.Opl
Primer (10pmol/pl) -  Forward Sigma-Genosys, UK 0.28pl
Primer (10 pmol/pl) -  Reverse Sigma-Genosys, UK 0.28pl

ddH20 UHW, UK 3.2pl
Hot Start Taq Polymerase (5U/pl) Qiagen, UK 0.06pl

Genomic DNA (6ng/pl) 6pl
Table 3.10 Reagents required for PCIEl reactions.

For each assay, one of the cycling parameter sets shown in Tables’ 3.11 and 

3.12 was used. Details of individual PCR reactions undertaken can be found in 

results Chapters four and six and Appendix 1.
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PCR Steps Programme

Initial Denaturation 94°C 
15 minutes

Denaturation 94°C 
30 seconds

Annealing See Individual SNPs 
30 seconds

Extension 72°C 
45 seconds

Number of Cycles 34
Final Extension 72°C 

10 minutes
Taq Hot Star

Table 3.11 PCR assay conditions. The correct annealing temperature for each 
assay is determined as described below.

The optimal temperature for primer annealing is determined by analysis of 

PCR products on an agarose gel (see Section 3.3.2). Products should show clear 

bands at the correct size to be fully optimised.

PCR Steps Programme - 
Touchdown

Initial Denaturation 95°C 
15 minutes

Denaturation 94°C 
5 seconds

Annealing 65°C 
5 seconds 

(-1°C per cycle)
Extension 72°C 

10 seconds
Number of Cycles 11

Denaturation 94°C 
5 seconds

Annealing 55°C 
5 seconds

Extension 72°C 
10 seconds

Number of Cycles 30
Final Extension 72°C 

5 minutes
Table 3.12 Touchdown PCR assay conditions. Touchdown PCR was attempted if 
annealing temperatures could not be determined.
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3.3.2 AGAROSE GEL ELECTROPHORESIS

To check the PCR process had worked, horizontal gel electrophoresis was 

undertaken. Since DNA carries a negative charge, when placed in an electrical field, 

DNA will migrate towards the positive pole, with migration dependant on:

1) Size of fragments

2) Conformation of fragments.

Therefore fragments of differing sizes and shapes can be separated.

Gels were constructed using the reagents shown below (Table 3.13) and 

heated until reagents were mixed appropriately. After the molten gel was allowed to 

cool, ethidium bromide stain was added and the gel poured into a gel-casting tray 

and allowed to set at room temperature.

Reagent Source Amount
0.5X TBE Buffer National Diagnostics, UK 50ml

dH20 UHW, UK 50ml
Agarose Sigma, UK 3g-

Ethidium Bromide (lOmg/ml) Sigma, UK 2.5nl
Table 3.13 Reagents required to make an agarose gel. Makes a 3% Agarose gel.

Three microlitres of PCR amplified gDNA was mixed with 3 pi of loading 

buffer (see Table 3.14). This was aliquoted into the wells of the gel and immersed 

in 0.5X TBE buffer in the gel tank (Thermo Hybaid, UK). Gel electrophoresis was 

undertaken at 100 volts for approximately 75 minutes. At the same time, a digested 

DNA fragment (lOObp DNA ladder, New England Biolabs, USA) containing DNA 

fragments of known fragment sizes was used to identify the size of DNA fragments 

amplified by PCR and check the primers had amplified the correct sequence. DNA 

products were visualised using an ultra violet (UV) transilluminator fitted with a 

Polaroid camera (UVP. Inc, USA).
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Reagent Company Amount
dH20 UHW, UK 20ml

EDTA (0.5M) Sigma, UK 4ml
Ficoll BDH, USA 3g

Orange G (0.05g) Sigma, UK O.Olg
Table 3.14 Reagents required for loading buffer for gel e ectrophoresis. Loading
buffer allows the DNA sample to ‘fall’ into the wells formed in the gel and also 
allows the tracking of DNA migration through the agarose gel.

3.3.3 DENATURING HIGH PERFORMANCE LIQUID 

CHROMATOGRAPHY /dHPLC)

Denaturing high performance liquid chromatography (dHPLC), is based on 

the detection of heteroduplexes in PCR products by ion-pair reverse-phase high- 

performance liquid chromatography which allows the detection of single base 

substitutions, insertions and deletions. After detection, polymorphisms are 

characterised (location, nature of variation) by DNA sequencing.

Genes analysed by dHPLC, were PCR amplified in a number of fragments in 

a screening sample of 16 dyslexic individuals. To form heteroduplexes, PCR 

products were heated to 94°C and gradually reannealed by cooling at a rate of 

l 0C/min for 40 minutes.

Optimal temperatures for each fragment and corresponding elutent gradients 

were determined using the dHPLC melt programme available at 

http://insertion.stanford.edu/melt.html. In order to achieve optimal mutation 

detection, based on work previously done in the lab, fragments were analysed at the 

recommended temperature (n°C) and at n+2°C to allow greater than 96% sensitivity.

DHPLC analysis was undertaken on a Transgenomic WAVE™ DNA 

Fragment Analysis System (Transgenomic, USA). 5pl of heteroduplexed PCR 

product was injected onto a DNASep™ column. Hetero- and homoduplexes were 

eluted with a linear ACN gradient formed by mixing buffer A (0.1M TEA A, pH 7.0)
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with buffer B (0.1M TEAA, pH 7.0, containing 25% ACN) (Transgenomic, USA) at 

a constant flow rate of 0.9ml/min. DNA was detected at 260nm. The analytical 

gradient was 4 minutes long and buffer B was increased at 2%/min. For each 

fragment, the initial and final concentrations of buffer B were adjusted to obtain a 

retention time between 3 and 5 minutes. Between samples the column was cleaned 

with 100% buffer B for 30 seconds and equilibrated at starting conditions for 2 

minutes. Resultant chromatograms were compared, and any differences in the 

chromatograph trace were indicative of a heteroduplex.

3.3.4 DNA SEQUENCING

DNA sequencing was undertaken to confirm and characterise 

polymorphisms found during dHPLC analysis. Samples were selected for DNA 

sequencing analysis if they showed a difference in the chromatogram indicative of a 

heteroduplex in dHPLC analysis. All samples showing such differences were 

sequenced. The sequencing undertaken was based on fluorescent dye-terminator 

cycle sequencing, based on the chain-termination dideoxynucleotide sequencing 

method of Sanger and co-workers (Sanger et al. 1977).

In order to undertake the sequencing reaction, DNA was amplified in a PCR 

reaction (Section 3.3.1) to yield 32pi of PCR product. Amplified DNA was then 

purified using the QIAquick purification kit (Qiagen, UK)- 5 volumes of buffer PB 

(160pl) (Qiagen, UK) were added to 1 volume of PCR product (32pl). After 

centrifugation (60 seconds at 13000rpm), 0.75ml of buffer PE (Qiagen, UK) was 

added to the DNA and centrifuged (60 seconds at 13000rpm). DNA was eluted with 

30pl of buffer EB (elution buffer) (Qiagen, UK), left to stand for 1 minute. 

Centrifugation allows the DNA to be collected in a microcentrifuge tube.
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Sequencing reactions were performed using the Big Dye Terminator (v2.0) 

Cycle Sequencing kit (Applied Biosystems, UK) in a total volume of lOpl. For each 

PCR reaction, two sequencing reactions were performed; one using the forward PCR 

primer and one using the reverse PCR primer. The following reaction mix and 

thermocycling conditions were used:

Reaction Mix: Terminator Mix 4pi

Primer (3.2pM) 1 pi

Purified PCR Product 5 pi

Thermocycling Conditions: 96°C

96°C

55°C

60°C

2 minutes 

30 seconds 

15 seconds 

4 minutes

>- 50 cycles

In order to generate high quality DNA sequence data, unincorporated dye 

terminators (see Table 3.15), salt and any other small molecule contaminants must 

be removed from the sequencing reaction prior to electrophoresis. DNA was 

removed from these components using gel filtration with Sephadex G-50 Fine Resin 

(Sigma, UK) loaded MultiScreen HV filtration plates (Millipore, UK). Dry 

Sephadex G-50 was loaded into a 96 well filtration plate using a Column Loader 

(Millipore, UK). 300pl of ddFUO was added to each well to allow the resin to swell 

(4 hours). To pack the columns and remove excess water from the filtration plate, 

the plate was centrifuged at 2500rpm for 5 minutes.
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ddNTP Dye Label Colour of Analysed Data
A dR6G Green
C dROX Blue
G dRllO Black
T dTAMRA Red

Table 3.15 ddNTPs and their corresponding dye.

The individual sequencing products were diluted with lOjul of ddl^O and 

added to the centre of individual columns on the filtration plate, which was 

centrifuged at 2500rpm for 5 minutes. Eluted sequencing products collected in a 96- 

well plate were subsequently dried at 65°C for 45min in a speed vacuum.

The purified sequencing products were resuspended in 10(4,1 of Hi-Di 

Formamide (Applied Biosystems, UK) and electrophoresed on an ABI PRISM® 

3100 Genetic Analyzer using a 36cm capillary array and POP-6™ polymer (Applied 

Biosystems, UK).

The identification of polymorphisms in sequence data was undertaken by 

comparing the forward reaction sequences for the heterozygous and homozygous 

samples. Allelic variants should be observable in both forward and reverse 

reactions. However, there are a number of reasons why polymorphisms may only be 

identified in one reaction, these include:

1) If the polymorphism is within 20 bases of the sequencing primer, the 

identification of polymorphisms can be difficult as the first 30-40 bases of a 

sequencing reaction can be of poor quality.

2) Fragments that are over 500 bases in length can show poor quality of the 

sequencing towards the end of the fragment, therefore polymorphisms 

located here can be difficult to detect.

3) The sequencing of a fragment can be disrupted if there is a long stretch of As 

or Ts in a sequence. Thus if there is a run of As 100 bases from the forward
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primer, sequence may only be readable as far as the run of As. As a result 

such polymorphisms may only be identifiable in the reverse sequencing 

reaction where it will be present in the sequence upstream to the run of Ts.

3.3.5 DNA POOLING

DNA pooling was used in order to allow the estimation of allele frequency 

differences between cases and controls using fewer PCR and genotyping reactions 

than would be necessary if individual samples were individually assessed. DNA 

concentration (for all steps) was determined using the PicoGreen dsDNA 

Quantitation Reagent (Molecular Probes, USA) and quality was assessed by PCR 

amplification of microsatellite markers under standard conditions. DNA samples 

not amplified in the PCR reaction of microsatellites were not included in the DNA 

pools. To produce pools, water was added to stock DNA to produce a target DNA 

concentration of 40ng/pl. Samples were allowed to equilibrate at 4°C for 48 hours 

before quantification using the PicoGreen dsDNA Quantification kit. Based upon 

re-estimation of concentration of every step, each sample was further diluted to 

10ng/pl and then 4ng/pl. Samples were allowed to equilibrate for 48 hours at 4°C 

between each dilution. Samples diluted to 4ng/pl (±0.5ng/pl) were accepted for 

pooling. DNA above 4ng/pl on final quantification were rediluted to an exceptable 

concentration. Samples below 4ng/pl were rediluted from stocks. Equal volumes of 

each sample were combined to form DNA pools.

3.3.6 ABI PRISM® SNaPshot™ MULTIPLEX KIT REACTIONS

The ABI Prism® SNaPshot™ Multiplex Kit (Applied Biosytems, UK) allows 

the examination of SNPs at known locations on DNA templates. The reaction is
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based on the dideoxy single-base extension of an unlabelled oligonucleotide primer.

PCR reactions were carried out in 12pi reactions as described previously (see 

Section 3.3.1). Preparation for SNaPshot™ required incubation of 12pl of PCR 

product with 0.25pl of exonuclease I (1U) (Amersham, UK) to remove residual 

single-stranded primers, lpl shrimp alkaline phosphatase (1U, SAP) (Amersham, 

UK) to dephosphorylate remaining dNTPs and render them inactive for the primer 

extension step and 1.75pl of water for 1 hour at 37°C and 15 minutes at 80°C. The 

SNaPshot™ primer extension method was performed by combining 2pl of treated 

PCR product with 2.5pl of SNaPshot™ solution (AmpliTaq DNA polymerase, 

fluorescently labelled ddNTPs and reaction buffer), 2.5pl of buffer (8ml Tris-HCL 

[1 molar, pH 8], 8ml MgCU [25mM], 34ml water), lpl of 0.5pmol extension primer 

(Sigma-Genosys, UK) (designed using a programme available at 

http://m034.pc.uwcm.ac.uk/FP_Primer.html; Ivanov et al.) and 2.0pl of water. The 

reaction was then incubated at 94°C for 2 minutes and subject to 25 cycles of 95°C 

for 5 seconds, 43°C for 5 seconds and 60°C for 5 seconds. To prevent the 

unincorporated fluorescent ddNTPs ([FjddNTP) obscuring the primer extension 

products during electrophoresis, the reactions were treated with 1U SAP (2.5pl of 

reaction mix added to: 0.5pl (1U) SAP and 2pl water) and incubated at 37°C for 1 

hour and 80°C for 15 minutes to denature the SAP enzyme. 2pi of reaction product 

was then added to 8pl of Hi-Di Formamide (Applied Biosystems, UK) in a 96-well 

3100 optical microamp plate (Applied Biosystems, UK) and loaded onto a 3100 

Genetic Analyzer (Applied Biosystems, UK). The 3100 Genetic Analyzer was set 

up with a 36cm capillary array and POP-4 polymer. For each SNP tested for 

association to DD using DNA pools, a negative control containing water was used 

alongside each of the sets of DNA pools to check for contamination.
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The fluorescence signals corresponding to the allele-specific extended 

primers were determined using Genotyper version 2.5 (PE Biosystems, UK). The 

peaks of fluorescence on the resultant electropherographs correspond to the specific 

labelled-base present from the extension of the allele-specific primers. Below is a 

table summarising the dyes assigned to each of the bases nucleotides and the colour 

used in the data analysis.

ddNTP Dye Label Colour of Analysed Data
A dR6G Green
C dTAMRA Black
G dRllO Blue
T dROX Red

Table 3.16 Dye labels attached to bases involved in the dideoxy single-base 
extension of the unlabelled extension primer in SNaPshot™ and the subsequent 
colour of chromatographs analysed using Genotyper software.

Genescan Analysis is unable to quantify accurately fluorescent signals above 

8000 fluorescence units since the detector becomes saturated at this point. 

Consequently reactions were only analysed when peak heights were less than 8000 

fluorescence units. In reactions where peak heights exceeded 8000 fluorescence 

units the reactions were repeated, lowering the concentration of extension primer 

using the following equation:

Required Peak Height = Y'
(Y/X)

where Y ’ is the required peak height (e.g. 3000), Y is the initial peak height and X  is 

the initial primer concentration (e.g. 0.5pM) (Norton et al. 2002).

In the analysis of bi-allelic markers in DNA pools, the primer extension 

products for each allele may not be represented with equal efficiency, thus not
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providing an accurate basis for the calculation of allele frequencies. There are 

several reasons why alleles may not be equally represented:

a) Differential PCR amplification of each of the alleles (Liu et al. 1997)

b) Differential efficiencies of the incorporation of the ddNTPs for each allele- 

specific primer extension reaction (Haff and Smirnov 1997; Barnard et al. 

1998)

c) Unequal emission energies of the different fluorescent dyes (Norton et al.

2002)

d) Different efficiency of primer annealing based upon nearest neighbour 

effects (Moskvina et al. 2005)

To allow for the unequal representation of alleles, the estimated allele 

frequencies from pools were corrected by using the mean of the ratios obtained from 

measurements taken from heterozygous samples. Since heterozygous individuals 

contain one of each allele at a known polymorphism, fluorescence corresponding to 

each allele of a SNP should be the same (under perfect conditions) resulting in a 1:1 

ratio of fluorescence units for each allele. Any deviation away from 1:1 

fluorescence ratio can be determined and any pooled assays can be corrected for any 

unequal representation of the alleles from the known heterozygote ratio. The 

correction could be made using the following equation:

/(a) = A/(A+kB)

Where A and B are the peak heights of the primer extension products 

representing alleles A and B in a pool and k is the mean of the replicates of A/B 

ratios observed in a heterozygote (Hoogendoom et al. 2000). /(a) is the frequency of

- 114-



Chapter Three: Materials and Methods

allele A. The frequency of allele B (/(b)) was then calculated from the formula:

/(b) = l-/(a)

Frequencies were converted to allele number by multiplying the estimated 

allele frequency of A or B by twice the number of individuals represented in the 

pools. From the estimated allele count, a chi-squared test of association could be 

performed to test for differences in allele distribution between cases and controls 

(Hoogendoom et al. 2000).

Where there were no known heterozygotes for an assay (since SNPs were 

chosen from databases and often individual genotypes were not available for CEPH 

individuals in the International HapMap Project; www.hapmap.org), correction 

could not be made based on the correction factor k in the equation above. In these 

cases values of k were utilised which had been empirically derived from 152 SNPs 

based on all possible pairs of bases (Moskvina et al. 2005). Values used for the 

correction factor k  for pooled DNA analysis included 0.25, 0.32, 0.47, 0.88, 1.00, 

1.14, 2.13, 3.10 and 4.00.

For each SNP assayed negative controls were used, where instead of DNA 

template, water was added. In the case of DNA pooling, one negative control was 

run, in the case of individual genotyping, at least three negative controls were run 

per 96 individuals assayed. If fluorescence peaks were observed in the negative 

controls, likely due to extension primer hairpin extension or primer dimer extension, 

a new extension primer was designed and the assays repeated. Since in pooled DNA 

analysis, the allele frequency in each pool was determined as the mean of two 

replicate assays, if a large discrepancy was observed between the peak height ratios 

of the two replicates, the entire experiment was repeated. However, replicates gave
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consistent results throughout, with, in general, no more than 1-2% difference 

between the two samples.

The SNaPshot™ reaction can be used to genotype individual samples or used 

to compare allele frequencies between case and control DNA pools. In later 

investigations, SNaPshot™ was also used in allele specific expression assays (see 

Chapter five).

3.3.7 AMPLIFLUOR® SNPs GENOTYPING SYSTEM

The Amplifluor® SNPs Genotyping System (Amplifluor®) (Chemicon 

International, USA) is a method of individual genotyping individual DNA samples 

in a single-step PCR reaction. The PCR reaction involves five primers, two 

Amplifluor® SNPs primers and three unlabeled primers.

The Amplifluor® SNPs primers are labelled with either fluorescein (FAM) or 

sulforhadamine (SR). A single reverse primer and two allele specific primers (one 

for each allele in the SNP) are designed (using a primer design programme available 

at www.assayarchitect.com) to amplify across the SNP of interest. Each of the allele 

specific primers have a 5’ tail that corresponds to one of the two Amplifluor® SNPs 

primers.

As SNP-specific PCR products are generated, the primer sequences of the 

Amplifluor® SNPs primers hybridise to the complement of the tail sequence of the 

generated PCR product, and with the reverse primer, amplify the product further. 

During the PCR reaction, the hairpin structure of the Amplifluor® SNPs primer is 

unfolded, releasing the fluorphore (either FAM or SR) from the quencher (Dabsyl). 

As a result, depending on the allele present in the target sequence (resulting in the 

specific annealing of either a FAM or SR labelled Amplifluor® SNPs primer), a
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green (FAM) or red (SR) fluorescent signal is produced. Heterozygotes have signals 

from both fluorophores. Fluorescence is detected on an LJL Biosystems Analyst 

platform. Figure 3.1 shows the Amplifluor® process.

The fluorescence for each individual is plotted on a graph with other 

individuals. Along the x-axis of the graph is plotted the FAM (green) fluorescence 

value and on the y-axis is plotted the SR (red) fluorescence value for each 

individual. Graphs reveal three clusters of individuals corresponding to genotypes of 

each homozygote and heterozygote (see Figure 3.2). Individuals cluster depending 

on their fluorescence signal values.
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Figure 3.1 Amplifluor® SNPs Genotyping. The diagram shows the genotyping of a heterozygous individual. Homozygous individuals generate 
only one coloured signal depending on the allele present at the SNP. Adapted from Amplifluor® SNPs Genotyping System for Assay 
Development Handbook (www.chemicon.com).
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Figure 3.2 An example o f an Amplifluor® output. For each DNA sample, the 
fluorescence output of both FAM and SR is determined and plotted on a graph. 
Individuals homozygous for the SR (red) signal form one cluster (a) and those 
homozygous for the FAM (green) signal form a second cluster (b). Heterozygotes 
which show a signal for both SR and FAM form a third group lying in between the 
homozygous clusters (c). The graph shows the results obtained for the genotyping 
of 96 individuals for the SNP rs2179515 (see Chapter five).

Reactions were carried out on 5pl of 8ng/pl dried DNA (90°C for 10 

minutes). To undertake the Amplifluor™ assay the following reaction mix was used 

(5pl of reaction mix to 6pl o f DNA):

Reagent Company Amount
Buffer 10X BD Biosciences, USA 0.5|il

dNTPs Amersham, UK 0.4pl
Primer Mix 0.07pl

Amplifluor® SNPs Primers -  
FAM (Green)

Intergen, UK 0.07pl

Amplifluor® SNPs Primers -  
SR (Red)

Intergen, UK 0.07pl

Titanium Taq BD Biosciences, USA 0.05pl
Water UHW, UK 3.84jxl

Table 3.17 Regents required for Amplifluor genotyping. Primer mix contains 
2.5pl of allele-specific primer (lOOpMol), 25pl o f reverse primer (lOOpMol) and 
470pl of water.

The Amplifluor® assay was optimised for PCR reaction condition using 90 

DNA samples from individuals from CEPH DNA. Optimisation is required for the

-  1 1 9 -



Chapter Three: Materials and Methods

annealing temperatures of the allele-specific primers and the number of cycles 

required for optimal resolution of genotypes based on fluorescence output. 

Conditions used for SNPs individually genotyped in this thesis are shown in Table 

3.18.

PCR Steps Programme
A B C D

Initial Denaturation 96°C 
4 minutes

96°C 
4 minutes

96°C 
4 minutes

96°C 
4 minutes

Denaturation 96°C 
10 seconds

96°C 
10 seconds

96°C 
10 seconds

96°C 
10 seconds

Annealing 58°C 
5 seconds

60°C 
5 seconds

60° C 
5 seconds

58°C 
5 seconds

Extension 72°C 
10 seconds

72°C 
10 seconds

72°C 
10 seconds

72°C 
10 seconds

Number of Cycles 19 19 19 19
Denaturation 96°C 

10 seconds
96°C 

10 seconds
96°C 

10 seconds
96°C 

10 seconds
Annealing 55°C 

20 seconds
55°C 

20 seconds
55°C 

20 seconds
55°C 

20 seconds
Extension 72°C 

40 seconds
72°C 

40 seconds
72°C 

40 seconds
72°C 

40 seconds
Number of Cycles 22 cycles 22 cycles 27 cycles 20 cycles

Final Extension 72°C 
3 minutes

72°C 
3 minutes

72°C 
3 minutes

72°C 
3 minutes

Table 3.18 Amplifluor® genotyping assay conditions.

3.3.8 RESTRICTION FRAGMENT LENGTH POLYMORPHISMS (RFLP)

Restriction fragment length polymorphisms were used to genotype individual 

samples of DNA when the Amplifluor® method of genotyping failed to optimise or 

local sequence made primers too difficult to design.

In the current context, RFLP genotyping is a PCR based assay where DNA is 

amplified by PCR and then fragments digested using appropriate restriction 

endonuclease enzymes, which cut DNA at specific nucleotides. Restriction enzymes 

recognise specific sequences of bases and cut the sequence at a specific location. 

For example, in the case of a C—»T SNP, located in the sequence 5’....TCGA....3\
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the restriction enzyme (TaqI -  see Appendix 1) will recognise the sequence TCGA 

and cut the DNA after the C nucleotide. When a T nucleotide is in place of the C 

nucleotide, resulting in the sequence TTGA, the restriction enzyme does not 

recognise the sequence and consequently does not cut the DNA sequence. 

Genotypes can be identified by the different fragment sizes after digestion using 

agarose gel electrophoresis.

PCR assays were performed as described in Section 3.3.1. PCR products 

were then digested for 16 hours with 5 units of the appropriate restriction enzyme 

(New England Biolabs, USA) in the presence of the appropriate restriction buffer, 

IX BSA (bovine serum albumin) (if appropriate) and at the recommended 

temperature (all followed from manufacturers guidelines per enzyme). Digested 

PCR products were electrophoresed on 3% agarose gels and genotypes read 

manually. To check no mistakes were made in the manual reading of genotypes a 

second laboratory member blindly read all samples.

Restriction enzymes were chosen using the program Sequencher™, which 

analyses sequence patterns and highlights restriction endonuclease digestion sites.
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CHAPTER FOUR
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CHAPTER FOUR

4. POSITIONAL CANDIDATE GENE ASSOCIATION STUDIES 

BETWEEN DEVELOPMENTAL DYSLEXIA AND CHROMOSOME 6p : 

THE IDENTIFICATION OF KIAA0319 AS A SUSCEPTIBILITY GENE FOR

DEVELOPMENTAL DYSLEXIA

Few linkage studies into complex disorders replicate a region of the genome 

as robustly as the chromosome 6p locus (DYX2) in DD. To date, over eleven 

studies, including both linkage and association, have found evidence for a gene in 

the region D6S109-D6S291. Complex disorders are often hard to replicate in terms 

of linkage and association due to variable phenotype definition, phenocopy, 

heterogeneity, low penetrance and oligogenicity.

Only two studies (Field and Kaplan 1998; Petryshen et al. 2000) (both using 

the same sample) have failed to find evidence of linkage or association to the region 

DYX2.

In Figure 2.2 (Chapter two), the location of signals emerging from linkage 

and association studies of chromosome 6p are shown. The region, spanning 

approximately 16Mb shows particular evidence of linkage where samples are 

selected for lower scores (< 2 SD below the population mean) (Cardon et al. 1994; 

Cardon et al. 1995; Gayan et al. 1999; Francks et al. 2004). Combining all the 

linkage data from studies between DD and chromosome 6p reveals a consensus 

region. This region is a 4.2Mb region between markers D6S461 and D6S105 and 

may be the location of a QTL influencing DD (Figure 2.2, Chapter two).
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4.1 THE SEARCH FOR SUSCEPTIBILITY GENES ON CHROMOSOME 6p

Given the evidence for a susceptibility gene on 6p and given the relatively 

consistent evidence across 6p22.2-21.3, candidate genes were selected for analysis. 

Since relatively little is known about the neurobiology of DD, candidate genes 

selection based on function is challenging. The broad linkage region contains 447 

known genes from which candidates were selected. Previous studies (Turic et al.

2003) across DYX2 yielded significant evidence for a susceptibility gene for DD 

between markers D6S109 and D6S1260 (for detailed description see Chapter two). 

Genes in this region were prioritised for analysis in this study, along with genes with 

known expression in the brain and functions relevant to cognitive disorders such as 

IQ and lissencephaly.

Between D6S109 and D6S1260, there are 95 genes, of which 43 encode 

histone proteins. Histone proteins are not obvious functional candidate genes for 

specific cognitive disorders and were not examined in this study. Of the 52 

remaining genes, 11 genes were selected for association analysis based on 

expression in brain, location between D6S109 and D6S1260 and in some cases,

previously reported associations (see Table 4.1).

Gene Genomic Size 
(kb)

Number of 
Exons

Amino Acid 
Sequence 
Length

Protein Size 
(kDa)

ID4 3.3 3 162 16.6
SOX4 4.8 1 474 47.3
PRL 10.3 5 227 25.9
VMP 21.3 44 195 21.5

DCDC2 211.1 10 476 52.8
KAAG1 1.4 1 84 9.0
MRS2L 21.3 11 443 50.3

KIAA0319 102.1 21 1071 117.6
TTRAP 16.9 7 362 40.9
THEM2 34.7 3 140 15.0
C6orf62 14.2 5 229 27.1

Table 4.1 Genomic and proteomic information 'or genes selectee for association
analysis within the region D6S109 to D6S1260.
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4.1.1 DNA-BINDING INHIBITOR PROTEIN 4 (ID4)

Figure 4.1 shows a schematic representation of the structure of ID4. ID4 is a 

member of a family of genes that encode helix-loop-helix (HLH) proteins that 

mediate processes involved in development, including cellular differentiation, 

proliferation and apoptosis (Andres-Barquin et al. 2000), cell growth and cell cycle 

progression and embryonic development (Bounpheng et al. 1999). Studies of ID4 

indicate that the protein may contribute to mammalian nervous system development 

(Riechmann and Sablitzky 1995; Andres-Barquin et al. 1998; Andres-Barquin et al. 

2000; Yokota 2001; Yun et al. 2004).

ID4 is expressed as four major transcripts generated by differential use of 

polyadenylation sites (Cruchten et al. 1998). The abundance of the four transcripts 

varies across tissues, suggesting a tissue-specific regulation of polyadenylation 

and/or post-transcriptional regulation of ID4 expression (Cruchten et al. 1998). 

Expression occurs in neuronal tissue, the ventral portion of the epithelium of the 

developing stomach (Jen et al. 1996), adult brain, kidney, testis (Cruchten et al. 

1998), thyroid, foetal tissue and some nervous system tumour cell lines (Rigolet et 

al. 1998). The ID4 protein is also detectable in the cytoplasm of type Al 

spermatogonia, as well as in late pachytene and in diplotene spermatocytes 

(Sablitzky et al. 1998). By binding to basic HLH transcription factors, the ID 

proteins regulate gene expression.

ID4 is required for normal brain size and regulates lateral expansion of the 

proliferative zone in the developing cortex and hippocampus (Yun et al. 2004). In 

the absence of ID4, proliferation of stem cells in the ventricular zone is 

compromised. In early cortical progenitor cells, ID4 is required for the normal 

progression from G1 to S phase of the cell cycle. It has also been suggested that ID4
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is a regulator o f  neural stem cell proliferation and fate determination (Yokota 2001).

Schematic Representation o f  DNA-Binding Inhibitor Protein 4 (ID4)
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Figure 4.1 Schematic representation o f  the gene ID4. SNPs selected for association 
analysis in this study are indicated by triangles. An indirect association analysis was 
undertaken for ID4 using SNPs selected from public databases.

4.1.2 SEX-DETERMINING REGION Y -BOX (SRY-BOX) MEMBER 4 

(SOX4)

The family o f  SOX  genes encodes transcription factors defined by a 

conserved high mobility group (HMG) domain that mediates their binding to a short 

target DNA sequence. The HMG box consists o f  approximately 80 amino acids, a 

m otif that is also found in the chromatin-associated proteins HMG-1 and HMG-2. 

This m otif suggests that as w ell as being transcription factors, SOX proteins may 

bend DNA, altering chromosome structure and leading to recruitment o f  various 

regulators and the binding and forming o f  biologically active complexes (Reppe et 

al. 2000; Lee et al. 2002).

The HMG region spans amino acids 57-135 o f  SOX4 and lies just upstream 

from a glycine rich region (GRR) between amino acids 152-227. A third serine rich 

region (SRR) is located between amino acids 333-397. This SRR acts as a
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transactivation domain towards the C-terminus o f  SOX4. The HMG and SRR 

regions regulate transcription, whilst the function o f  the GRR region is unknown. A  

central domain (CD) o f  SOX4 has a role in regulating apoptosis. Deletions which 

destroy the HMG and SRR have no effect on its ability to induce apoptosis, 

indicating that SOX4 directly functions in the induction o f  apoptosis through the 

central domain (CD; Hur et al. 2004).

Recently, Ahn and colleagues (Ahn et al. 2004) studied genes involved in 

neurogenesis. SOX4 was one o f  the many transcription factors and/or signalling 

molecules and extra cellular matrix/adhesion m olecules upregulated in this process, 

suggesting SOX4 has a role in the development o f  neurones.

A schematic representation o f  SOX4 is shown in Figure 4.2.

Schematic Representation o f  Sex-Determining Region Y -B O X  (SRY-BOX)

Member 4 (SOX4)

I f  SNP

□  UTR

|  CODING EXON

21.70Mb 1 21.71Mb

Figure 4.2 A schematic representation o f  SOX4. An indirect association analysis 
was undertaken for SOX4. SNPs identified by dHPLC and sequencing are indicated 
by triangles. SOX4 contains no introns.

SOX family proteins have been shown to play a role in development, sex 

determination, testis formation, neuronal development, lymphocyte differentiation 

and chondrogenesis.
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4.1.3 PROLACTIN (PRL)

Prolactin (PRL) is one o f  a family o f  related hormones including growth 

hormone (GH) and placental lactogen (PL) (Niall et al. 1971). A  schematic 

representation o f  the gene encoding PRL is shown in Figure 4.3.

PRL is primarily thought o f  as a hormone synthesised and secreted by the 

lactotrophic cells o f  the anterior pituitary gland. However, it has also been shown to 

be synthesised by the brain, deciduas, myometrium, lacrimal gland, thymus, spleen, 

circulatory lymphocytes, lymphoid cells o f  the bone marrow, mammary epithelium  

cells and tumours, skin fibroblasts and sweat glands (Ben-Jonathan et al. 1996). As 

well as being present in serum, PRL is also found in cerebrospinal fluid, amniotic 

fluid, tears, milk, follicular fluid and sweat.

PRL, secreted by the pituitary (pPRL), is transported by the circulatory 

system and acts on target cells at peripheral sites that contain PRL receptors (PRLR) 

in their plasma membranes. PRL has multiple functions including acting as a 

growth factor, neurotransmitter and immunomodulator. PRL binding sites have 

been found throughout the body in addition to many regions o f  the brain including 

the cortex, hippocampus, choroids plexus, striatum, cochlear duct, corpus callosum, 

hypothalamus, astrocytes and glial cells.

The biological functions o f  PRL have been divided into 6 categories 

including water and electrolyte balance, growth and development, endocrinology 

and metabolism, brain and behaviour, reproduction and immunoregulation and 

protection. Within the brain, PRL has been shown to have effects on stress 

responses, increased dopamine turnover and maturation o f  the neonatal 

neuroendocrine system.
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Figure 4.3 A schematic representation o f  PRL. Triangles indicate SNPs tested for association with DD in this study, 
association analysis was undertaken for PRL using SNPs selected from public databases.
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4.1.4 VESICULAR MEMBRANE PROTEIN P24 (VMP)

VMP, vesicular membrane protein p24, is expressed exclusively in the brain 

(Cheng et al. 2002). It has been postulated that VMP may be associated with 

microtubules through its C-terminal hydrophilic tail and play a role in vesicular 

organelle transport and nerve signals (Cheng et al. 2002).

Figure 4.4 shows a schematic representation of the gene encoding VMP.

4.1.5 DOUBLECORTIN DOMAIN-CONTAINING 2 (DCDC2)

Doublecortin domain-containing 2 (DCDC2; see Figure 4.5) is a 

ubiquitously expressed gene with a doublecortin-homology domain. Doublecortin 

(DCX) is involved in neuronal migration and has itself been implicated as a cause of 

X-linked lissencephaly (a severe brain malformation affecting males) (Gleeson et al. 

1998). DCX has been found to bind to the microtubule cytoskeleton. Assays both 

in vivo and in vitro have shown that doublecortin stabilises microtubules and causes 

bundling. Other genes containing a doublecortin motif, DCAMKL1, DCX, DCX1, 

DCX 3, RP1 and RP1L1, have been shown to be involved in ATP binding, protein 

kinase activity, CNS development, amino acid phosphorylation, intracellular 

signalling and phototransduction.

The doublecortin domain is usually found at the N-terminus of DCX 

proteins. The domain has 1 copy or 2 tandemly repeated copies of a region around 

80 amino acids in length. In DCX, the doublecortin domain has been suggested to 

bind to tubulin and enhance microtubule polymerisation.

4.1.6 KIDNEY-ASSOCIATED ANTIGEN 1 (KAAG1)

In a study by Van den Eynde and colleagues (Eynde et al. 1999), cytolytic T

- 130-



Chapter Four: Association Between Developmental Dyslexia and Chromosome 6p

lymphocytes (CTLs) were obtained from lymphocytes stimulated from renal cell 

carcinoma patients with autologous tumour cells. The antigenic peptide recognised 

by the CTLs has the sequence LPRWPPPQL. This sequence is encoded by KAAG1. 

In short term cultures of epithelial cells from the renal proximal tubule, KAAG1 was 

expressed at significant levels and was recognised by CTLs. They therefore 

concluded that the antigen is not tumour specific but corresponds to a self-antigen 

with restricted tissue distribution.

KAAG1 starts at a promoter on the reverse strand of the first intron of 

DCDC2 and ends on the reverse strand of the DCDC2 promotor (see Figure 4.5), 

which contains a polyadenylation signal. KAAG1, is expressed in a high proportion 

of tumours of various histological origins. In normal tissue it seems only to be 

expressed in testis and kidney and to a lower extent in the bladder and liver. KAAG1 

was included in this study as SNPs selected across DCDC2 also covered this gene. 

KAAG1 would not otherwise have been selected a good candidate gene for DD.

4.1.7 MAGNESIUM HOMEOSTASIS FACTOR (MRS2L)

The product of this gene is important in magnesium homeostasis (Zsurka et 

al. 2001). The protein contains two predicted transmembrane domains in its 

carboxyl-terminus. The middle of the sequence is leucine rich (amino acids 157- 

270) and it has been suggested that this region may form a helix-tum-helix structure, 

which may be involved in protein-protein interactions (Schmidt et al. 1998). MRS2L 

is expressed ubiquitously (Londin et al. 2003). This gene had been included in a 

previous association study of DD, however analysis was not comprehensive 

(Deffenbacher et al. 2004). A schematic representation of MRS2L is shown in 

Figure 4.6.
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Schematic Representation of Vesicular Membrane Protein p24 (VMP)

CO
CO
CD

1

S
CO
CD
o

co COr--co
CO

COF-co
CO

CO
CMo
CO
CO

CD
CM
CO
COCT)
CO
CD

CO
CM
CD
CO
CO
CO
CD

CO
CO
CM

COooo
CM
CM

CD
o

24.23Mb 24.26Mb

□
SNP

UTR

CODING EXON 

INTRON

Figure 4.4 A schematic representation of VMP. SNPs tested for association with DD in this study are highlighted with triangles. Previous studies have
revealed association between DD and SNPs within VMP (Deffenbacher et al. 2004). An indirect association analysis was undertaken for VMP using SNPs
selected from public databases.
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Schematic Representation of Doublecortin Domain-Containing 2 (DCDC2) and Kidney-Associated Antigen 1 (KAAG1)
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Figure 4.5 Schematic representation of DCDC2. SNPs indicated with a triangle were tested for association with DD in this study. Association had been
observed previously between DCDC2 and DD (Deffenbacher et al. 2004). An indirect association analysis was undertaken for DCDC2 using SNPs selected
from public databases.
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4.1.8 KIAA0319

This is a protein of unknown function that is expressed in the brain (Londin 

et al. 2003), particularly cortical brain regions. It contains five polycystic kidney 

disease (PKD) domains, which show homology to the extracellular domains of the 

PKD protein PKD1, and a cadherin domain. Within PKD1 the extracellular 

domains are involved in cell-adhesive functions (Streets et al. 2003). The cadherin 

domain located with KIAA0319 also suggests the protein may have cell adhesion 

properties and a possible role in calcium ion binding.

A schematic representation of KIAA0319 is shown in Figure 4.7. Sequence 

analysis of KIAA0319 suggests that the protein may have a transmembrane domain, 

locating the protein to the plasma membrane.

4.1.9 TRAF AND TNF RECEPTOR ASSOCIATED PROTEIN (TTRAP)

TTRAP is a member of a superfamily of Mg2+/Mn2+-dependant 

phosphodiesterases (MDP), which include sphingomyelinases, inositol-phosphatases 

and nucleases. Sequence and structure analysis show that TTRAP is most closely 

related to nucleases. Indeed it shows significant sequence and structural similarities 

with human APE1 endonuclease, which is involved in DNA repair and activation of 

transcription factors.

TTRAP and its mouse homologue have been shown to contain motifs, which 

suggest that the protein could be related to proteins acting in TNF-related signalling 

pathways and therefore may be involved in signal transduction through the TNF 

receptor family (Rodrigues-Lima et al. 2001).

TTRAP is also a CD40 (a tumour necrosis factor, TNF) and TRAF- 

interacting protein. The protein interacts with cytoplasmic TNF receptor-associated 

factors (TRAFs), as well as with the cytoplasmic domains of specific members of

-1 3 4 -
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Schematic Representation of Magnesium Homeostasis Factor (MRS2L)
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Figure 4.6 A schematic representation of MRS2L. SNPs tested for association with DD in this study are indicated by triangles. An indirect
association analysis was undertaken for MRS2L using SNPs selected from public databases.



Schematic Representation of KIAA0319
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Schematic Representation of TRAF and TNF Receptor Associated Protein (TTRAP)
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the TNF receptor superfamily (Pype et al. 2000). Francks and colleagues suggested 

that this may therefore suggest that TTRAP is involved as a regulatory factor in TNF 

signal transduction (Francks et al. 2004). TTRAP overexpression has been shown to 

inhibit transcriptional activation of NF-kB, a TNF-responsive transcription factor. 

NF-kB transcription has been shown to play a role in long-term potentiation and 

synaptic plasticity associated with learning and memory (Meffert et al. 2003).

The expression level and pattern of TTRAP mRNA during embryogenesis 

suggests that it may have a role in development (Pype et al. 2000).

A schematic representation of TTRAP is shown in Figure 4.8.

4.1.10 THIOESTERASE SUPERFAMILY MEMBER 2 (THEM2)

The thioesterase superfamily member 2, THEM2, encodes a protein 

expressed in hypothalamus. The thioesterase superfamily catalyses the hydrolysis of 

long-chain fatty acyl-CoA thioesters. This gene was selected as it has been 

suggested that abnormal fatty-acid metabolism plays a role in DD (Richardson et al. 

2000; Richardson and Ross 2000; Taylor and Richardson 2000). A schematic 

representation of THEM2 is shown in Figure 4.9.

4.1.11 CHROMOSOME 6 OPEN READING FRAME 62 (C6orf62)

C6orf62 is a gene with an unknown function. It is expressed ubiquitously, 

including in brain. A schematic representation of C6orf62 is shown in Figure 4.10.



Schematic Representation of Thioesterase Superfamily Member 2 (THEM2)
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Schematic Representation of Chromosome 6 Open Reading Frame 62 (C6orf62)
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4.2 PREVIOUS ASSOCIATION STUDIES BETWEEN SUCCINATE- 

SEMIALDEHYDE DEHYDROGENASE AND GLYCOSYLPHOSPHATIDY- 

LINOSITOL-SPECIFIC PHOSPHOLIPASE D1 AND DEVELOPMENTAL 

DYSLEXIA

Previously in my laboratory, Darko Turic and Andrew Grierson, tested SNPs 

in Succinate-Semialdehyde Dehydrogenase (ALDH5A1 or SSADH) and 

Glycosylphosphatidylinositol-Specific Phospholipase D1 (GPLD1) for association 

with DD in the case-control sample which at the time contained 164 DD cases and 

174 controls and the sample of 244 parent DD-proband trios. Both genes were 

excellent functional and positional candidate genes for DD but no convincing 

evidence of association was found

4.3 MAPPING OF GENES LOCATED IN THE LINKAGE REGION ON 

CHROMOSOME 6P

In this present study, with the aim to identify novel susceptibility genes for 

DD located within the region of linkage on chromosome 6p, an indirect association 

approach was undertaken with the exception of SOX4, for which a direct association 

was selected. Candidate genes were selected in the region between markers D6S109 

and D6S1260 (see Figure 2.2, Chapter two) and SNPs selected at 2-3kb intervals 

across these genes in order that association with DD could be determined.

4.4 MATERIALS AND METHODS

4.4.1 PARTICIPANTS

The samples and participants used in this study are described in Chapter

three.
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4.4.2 ANALYSIS OF CANDIDATE GENES FOR DIRECT ASSOCIATION 

ANALYSIS WITH DEVELOPMENTAL DYSLEXIA

The gene SOX4 was tested for association with DD using a direct association 

analysis approach. The gene was examined for polymorphisms using dHPLC and 

sequencing. Since there is only one exon in SOX4, the coding sequence, 5’ and 3’ 

UTR and lkb of putative promotor sequence was examined for polymorphisms. 

The region, spanning approximately 6kb was divided into 15 fragments (average 

size 367bp) (see Appendix 1, Table 1).

SNPs discovered were assessed for association with DD using the DNA 

pooling method (see Figure 4.11). Since heterozygotes were known for SNPs, an 

empirically derived heterozygote ratio for the correction factor k  could be used.

4.4.3 CHOICE OF SNPS FOR INDIRECT ASSOCIATION ANALYSIS OF 

CANDIDATE GENES ON CHROMOSOME 6p

SNPs were selected from Ensembl and CHIP Bioinformatics Tools 

(available at www.ensembl.org and http://snpper.chip.org/ respectively). SNPs with 

known allele frequencies were only selected if the minor allele frequency was equal 

to or greater than 5%. The distance between SNPs is shown in Table 4.7. SNPs 

were chosen to cover all introns, exons, and 3kb each of 5’ and 3’ flanking sequence 

of each gene. Introns 2, 7 and 8 of DCDC2, would have required 60-90 SNPs for 

SNP coverage every 2-3kb, therefore, for pragmatic reasons, analysis of these 

introns was restricted to 3 kb of flanking sequence on either side of each of the 

exons.

During this study, two studies were published (Deffenbacher et al. 2004; 

Francks et al. 2004) which had assessed evidence of association across the

http://www.ensembl.org
http://snpper.chip.org/
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chromosome 6p region. Based on the results of these studies extra SNPs were 

selected for analysis in our sample. From the paper by Deffenbacher and colleagues 

(Deffenbacher et al. 2004) eight SNPs were chosen and from the Francks and 

colleagues paper (Francks et al. 2004), 12 extra SNPs were chosen. The additional 

SNPs were chosen based upon significant association with DD and absence of LD 

(r2 < 0.8) with other SNPs genotyped based upon data available from the HapMap 

project and the two published studies (Deffenbacher et al. 2004; Francks et al. 

2004).

4.4.4 SAMPLE STRATEGY EMPLOYED

Following identification of SNPs, the sample strategy shown in Figure 4.11 

was utilised.

-1 4 3 -



Chapter Four: Association Between Developmental Dyslexia and Chromosome 6p

Start Point A Start Point B
DNA Pooling - Range o f  Correction factors, k DNA Pooling - Range o f Correction factors, k

DD Cases (n = 140) p <0.1 DD Cases (n = 240)
Blood Donor Controls (n = 550) ----------- ► Controls (n =  312)

p < 0.05

DNA Pooling -  Empirically Derived Correction factor, k

DD Cases (n = 240)
Controls (n = 312)

p < 0.05

▼
Individual Genotyping -  Case-Control Sample

DD Cases (n = 223)
Controls (n -  273)

p < 0.05

T
Individual Genotyping -  DD Parent-Proband Trios 

DD Proband-Parent Trios (n = 143)

Figure 4.11 Overview of the strategy employed in the analysis of candidate genes 
on chromosome 6p.

At the start of the study, DNA pooling was undertaken using pooled DNA 

sample 1 (see Chapter three) and the DNA pooling approach was begun at start point 

A (see Figure 4.11). As samples became available, DNA pooling was undertaken 

using pooled DNA sample 2 (see Chapter three) and the DNA pooling approach was 

begun at start point B (see Figure 4.11). Since blood donor controls had not been 

tested for DD, SNPs assessed from start point A (see Figure 4.11) were tested for 

association, with a relaxed alpha level of 0.1. Since SNaPshot™, used to determine 

allele frequencies in the DNA pools, needs to be corrected for unequal 

representation of the specific bases involved in the SNP, a range of values of the 

correction factor k  were used to correct the pools. If any of the SNPs showed
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association (p <0.1) with DD using any of the nine correction factors employed, 

DNA pools were later reanalysed in pools using DNA pooled sample 2 (if 

previously started at start point A, Figure 4.11). An alpha level of 0.05 was set as 

evidence for association DNA pools run with sample 2.

Following analysis in DNA pools sample 2, 16 individual DNA samples 

were genotyped by SNaPshot™ to find heterozygotes for those SNPs which had 

shown some evidence for association with any one of the range of correction factors 

used in DNA pooled sample 2. These pools were then corrected using the known 

heterozygote ratios. In total 168 SNPs were analysed in DNA pools.

SNPs showing association with DD in the DNA pools were then individually 

genotyped in 42 DD cases and 48 controls. LD was calculated between SNPs. If 

two SNPs showed evidence of LD (r2 > 0.8), only one SNP from the pair was 

individually genotyped.

All non-redundant SNPs showing association with a p value of <0.05 in 

DNA pools were individually genotyped in a sample of 223 cases and 273 controls. 

In order to check that any observed associations between SNPs and DD were not 

due to population stratification, SNPs were genotyped in a semi-independent sample 

of 143 parent DD-proband trios.

4.4.5 VARIANTS AND GENOTYPING

The PCR conditions and assay parameters for assays involved in the analysis 

of SOX4 and DD are shown in Tables 1 and 2 in Appendix 1. Following the direct 

detection of variants in SOX4, variants were analysed for association with DD using 

DNA pooling with sample 2.
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For the SNPs analysed in the direct association analysis, PCR conditions, 

PCR primers and extension primers for SNaPshot™ reactions are listed in Tables 3 

and 4 in Appendix 1. It should be noted that the DNA pooling for the 8 SNPs in 

VMP and 9 SNPs located in MRS2L was undertaken by Dr Denise Harold. For these 

SNPs, an empirically derived value for k was used in the analysis of DNA pools.

The primers and conditions for each assay undertaken for individual 

genotyping are shown in Tables 5 and 6 in Appendix 1.

4.4.6 STATISTICS

All Genotypes were tested for Hardy-Weinberg Equilibrium using an in- 

house chi square goodness of fit test in the HW program written by P. McGuffin and 

J. Williams (modified by Marian Hamshere). HAPLOVIEW, available for 

download at the website: http://www.genome.wi.mit.edu/personal/jcbarret

/haploview, was used to analyse LD between markers.

Genotypic and allelic associations between SNPs and DD in the case-control 

sample were determined using standard contingency tables in a x2 test. Odds ratios 

and 95% confidence intervals were calculated using statistical packages available at 

http://home.clara.net/sisa/. Association in parent DD-proband trios was determined 

using the TDTphase program in the graphical interface (GLUE) of the statistical 

package UNPHASED (Dudbridge 2003). Haplotype analyses were undertaken in 

the case-control sample using COCAphase and in parent DD-proband trios using 

TDTphase, both in the statistical package UNPHASED (Dudbridge 2003).

Logistic and conditional logistic regression models used included both 

additive and dominance coding in order to assess both genotypic and allelic effects 

(see Table 4.2) (Cordell 2002).
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Genotype Allelic (Additive) Coding Genotypic (Dominance) Coding
1 1 -1 -0.5
1 2 0 0.5
22 1 -0.5

Table 4.2 Additive and dominance coding used for stepwise logistic and 
conditional logistic regression analyses. Additive coding reflect allelic effects, 
dominance coding reflect genotypic effects.

Logistic and conditional logistic regression analyses were performed on 

case-control and trio data respectively using the Statistical Package for the Social 

Sciences (SPSS) software, version 12.0.1 for windows.

4.4.7 ALLELE SPECIFIC EXPRESSION

In order to investigate potential czs-acting influences on gene expression, the 

relative expression of paternal and maternal copies of genes was examined using 

RNA samples extracted from human brain tissue. SNP rs4504469 was used as a 

marker polymorphism. Sixty-six samples of RNA from brains were available to 

investigate allelic expression differences. Samples were post-mortem brain tissue 

samples derived from frontal, parietal and temporal cortex. The samples were from 

anonymous, unrelated adult individuals, principally from psychiatric control groups. 

Brain samples were obtained from the MRC London Neurodegenerative Diseases 

Brain Bank (United Kingdom), the Stanley Medical Research Institute Brain Bank 

(Bethesda, USA) and the Karolinska Institute (Stockholm, Sweden). For each 

individual, approximately 500mg of tissue was processed using standard phenol- 

chloroform procedures to extract gDNA. Approximately 300-500mg of tissue was 

processed for total RNA using RNAwiz isolation reagent (Ambion, Huntingdon, 

UK). Total RNA was treated with DNAase prior to reverse transcription with the 

RETROscript kit (Ambion, Huntingdon, UK). These steps were performed by Dr 

Nick Bray.
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Samples derived from the brain samples were subjected to PCR 

amplification using primers (see Table 4.3) based on a single exonic sequence and 

capable of amplifying both gDNA and cDNA.

SNP
Forward PCR 

Primer 
(5’ -  3>)

Reverse PCR 
Primer 

(5’ -> 3’)

Extension
Primer

(5’ -> 3 ’)
Size
(bp)

Annealing
Temperature

rs4504469 catagtcttcctccgg
caag

tgtcctgggagcagtgg
tag

tcccaacacctc
ccactagc 177 60

Table 4.3 Primers and PCR conditions for the PC] and SNaPshot reaction™ for
analysis of allele specific expression. rs4504469 was used as the tag SNP for this 
assay.

Initially gDNA samples from all subjects were genotyped to identify 

heterozygotes for rs4504469. For the allele specific expression assay, utilising 

SNaPshot™ technology (see Chapter three), cDNA prepared from RNA samples 

taken from people heterozygous for the marker were assayed twice as two separate 

reverse transcription- (RT-) PCR reactions alongside the corresponding gDNA 

samples. In total, three samples were assayed per individual, a gDNA sample and 

two cDNA samples each reverse transcribed from RNA separately. Assays were not 

performed in duplicate. Assay conditions were the same for both cDNA and gDNA 

to enable the use of the average of the ratios observed from the gDNA to correct 

allelic ratios obtained from the cDNA analyses for any unequal representation of 

alleles specific to each assay (Bray et al. 2003). The relative expression of the 

alleles at rs4504469 in each sample was calculated by the ratio of the peak heights 

corrected by the use of the average gDNA ratio from the heterozygote samples as 

described for SNaPshot™ in Chapter three.

Due to the results of allele specific expression experiments by another 

research group (Paracchini 2005), the gDNA taken from the brain samples was
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genotyped for the Francks and colleagues (Francks et al. 2004) risk haplotype using 

SNaPshot™.

In order to ensure that data did not derive from gDNA contaminating the 

cDNA, the RNA samples (used to create the cDNA) were amplified using PCR. 

Primers were designed to amplify exon 4 of the gDNA and cDNA. Since RNA is 

single stranded, the reverse primer will not bind and so no amplification should 

occur. Any contamination of the RNA with gDNA would result in the presence of a 

PCR product on an agarose gel. The absence of any PCR product in the RNA 

samples suggests no contaminating gDNA in the RNA samples. RNA derived from 

four brain samples was used to test for contamination, two samples with the Francks 

and colleagues (Francks et al. 2004) risk haplotype and two without. In addition, for 

each RNA the corresponding gDNA was amplified with the same reaction mix, 

parameters and conditions to check that the absence of contaminating gDNA of the 

RNA was not due to the failure of the PCR assay.

4.5 RESULTS

4.5.1 DIRECT ASSOCIATION ANALYSIS RESULTS: SOX4

Fifteen DNA fragments corresponding to SOX4 were examined for the 

presence of variants using dHPLC and sequencing. One fragment showed a 

chromatograph consistent with heterozygosity in at least one PCR product for the 

fragments from the individuals. These were sequenced to characterise the variant. 

Two SNPs were found in the gene (see Table 4.4).
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Location of 
SNP

Base Pair 
Position

(Relative to ATG)

Base Pair 
Change Amino Acid Change

Exon 1 842 C —► A Histidine —► Asparagine
3’ UTR 858 C —► G Leucine —► Leucine

Table 4.4 SNPs identified in SOX4 using dHP X  and characterisation by
sequencing.

Following sequencing of the DNA fragments containing the variants, the 

PCR amplification step failed to amplify the DNA. New primers were designed, 

different PCR cycling parameters, different temperature gradients for optimal primer 

annealing and the use of a GC-rich kit to overcome the problems of sequences rich 

in GC bases were attempted to reoptimise the PCR reaction. Despite attempts, the 

attempts reoptimise the PCR reaction failed.

4.5.2 DNA POOLING RESULTS

Allele frequency differences calculated in pools were validated by 

individually genotyping the individuals in the pools to allow actual allele frequency 

differences to be determined. Comparison of the differences showed a very small 

error rate in the determination of allele frequency differences in DNA pools (see 

Table 4.5). It should be noted that this step forms a validation step of the DNA

pools.

rs4504469 Allele Frequency in Cases Allele Frequency in Controls
Genotyping Individual Pooled Difference Individual Pooled Difference

Allele 1 0.66 0.64 0.02 0.57 0.57 0.00
Allele 2 0.34 0.36 0.43 0.43

Individual Pooled Pooling Error
Difference Between Allele 1 in 

Cases and Controls
0.09 0.07 0.02

Table 4.5 Calculation of the accuracy of DNA pool allele frequency estimation 
compared to individual genotyping. It should be noted that the estimation of error is 
inexact because some DNA used in the pools was unavailable for individual 
genotyping in the case of DD cases, resulting in fewer genotypes in this sample. 
Estimates also assume individual genotyping is 100% accurate.
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One hundred and twenty-six SNPs were selected across the positional 

candidate genes and tested for association with DD using a range of correction 

factors for k. Of these SNPs, 80 were assayed using an age-matched control sample 

(start point B, Figure 4.11) and 46 were assayed using a sample of blood donor 

controls (start point A, Figure 4.11). Seventeen of the SNPs showing association to 

DD using the blood donor control sample revealed some evidence of association 

with DD (with empirically derived values of correction factor k). Consequently 

these were assayed using the pooling strategy with age-matched controls (start point 

B, Figure 4.11).

Twenty-five SNPs assayed using the age-matched controls showed some 

evidence of association with DD. These SNPs were then re-assayed using the 

pooling strategy, with pools being corrected for unequal allelic representation using 

a known heterozygote allelic ratio. In addition, 42 extra SNPs were assayed and 

tested for association with DD from this point, having been chosen from reports of 

association with DD that were emerging as this work was being undertaken. In total 

168 SNPs were tested for association with DD using the DNA pooling strategy. Of 

these SNPs, 19 revealed association with DD after correction using a known 

heterozygote ratio. The results from the DNA pooling assays are shown in Tables

4.6 and 4.7. The tables show the SNPs tested for association in column two. The 

gene in which the SNP lies, the base change, position (Mb) and the position within 

each gene, are shown in columns one, three, four and six respectively. The distance 

between each SNP is shown in column five. For each SNP the frequency of the 

major allele is shown for the cases and controls. The major allele corresponds to the 

first allele in the column containing the base change of each SNP (column two). For 

each test of association the allelic p-value and chi-square (%2) are shown. Indicated
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in the final column is the control sample utilised (see Figure 4.11). For the 17 SNPs 

showing association with DD using the blood-donor control sample and that were 

re-analysed for association with DD using the age-matched controls, the p-value for 

the association test using the age-matched controls is shown.
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Gene rs Number
Base Change 
(Major Allele 
/Minor Allele)

Position
Distance
Between

SNPs
Position 
in Gene

Case 
Frequency 

Allele 1

Control 
Frequency 

Allele 1 t P
Control
Sample

ID4 1980461 G/C 19942988 5’ Flank 0.71 0.71 0 0.99 Age
ID4 3193769 G/C 19947313 4325 Intron 0.71 0.71 0 0.95 Age
PRL 1205961 T/C 22393991 2446678 3’UTR 0.5 0.51 0.05 0.82 Age
PRL 6239 C/T 22395724 1733 Exon 0.82 0.86 2.96 0.09 Age
PRL 1205957 G/A 22397119 1395 Intron 0.5 0.46 0.89 0.35 Donor
PRL 849886 C/T 22399346 2227 Intron 0.54 0.59 3.05 0.08 Age
PRL 1205954 G/A 22401833 2487 Intron 0.55 0.54 0.03 0.85 Age

PRL* 2244502 T/A 22402966 1133 Intron 0.55 0.46 9.06 0.003 Age
PRL 6237 C/T 22405134 2168 Intron 0.86 0.86 0.08 0.78 Age
PRL 849876 T/C 22407617 2483 5’ Flank 0.76 0.73 1.46 0.23 Age
PRL 849875 G/A 22407979 362 5’ Flank 0.59 0.59 0.02 0.88 Donor
VMP 12208318 G/C 24243823 1835844 Intron 0.73 0.75 0.59 0.44 Age
VMP 10946676 C/T 24252846 9023 Intron 0.87 0.86 0.04 0.85 Age

DCDC2 1277155 C/T 24276123 23277 3' UTR 0.97 0.96 0.5 0.48 Age
DCDC2* 1832709 A/C 24280941 4818 3' UTR 0.6 0.53 5.88 0.02 Age
DCDC2 3789219 T/C 24283103 2162 Intron 0.54 0.55 0.2 0.65 Age
DCDC2 1419228 T/C 24286285 3182 Intron 0.66 0.62 1.53 0.22 Donor
DCDC2 2996452 C/T 24288345 2060 Intron 0.61 0.61 0.001 0.97 Donor
DCDC2 1277192 C/A 24308388 20043 Intron 0.6 0.62 0.41 0.52 Age
DCDC2 1277194 C/A 24311703 3315 Intron 0.56 0.57 0.21 0.65 Age
DCDC2 793861 A/T 24314595 2892 Intron 0.53 0.54 0.25 0.62 Age
DCDC2 793862 T/C 24315179 584 Intron 0.56 0.57 0.07 0.79 Age
DCDC2 870601 C/T 24369039 53860 Intron 0.66 0.65 0.07 0.79 Age
DCDC2 807698 C/T 24384232 15193 Intron 0.51 0.56 2.16 0.14 Donor
DCDC2 807726 T/C 24385979 1747 Intron 0.5 0.53 1.08 0.2 Donor
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DCDC2* 3789224 C/T 24388080 2101 Intron 0.62 0.7 8.12 0.004 Age
DCDC2 3789227 C/T 24395508 7428 Intron 0.57 0.54 0.83 0.36 Donor
DCDC2 2296539 G/A 24397431 1923 Intron 0.65 0.62 1.25 0.26 Donor
DCDC2 2274305 C/T 24399182 1751 Exon 0.6 0.59 0.25 0.62 Age

DCDC2* 6907864 C/T 24401303 2121 Intron 0.6 0.53 4.37 0.04 Age
DCDC2 807709 T/C 24405282 3979 Intron 0.59 0.58 0.13 0.72 Age
DCDC2 807704 A/G 24408825 3543 Intron 0.71 0.73 0.27 0.61 Age
DCDC2 807703 T/C 24410066 1241 Intron 0.97 0.99 2.69 0.1 Age
DCDC2 3857541 T/C 24410512 446 Intron 0.84 0.82 0.55 0.46 Age
DCDC2 707862 G/A 24412730 2218 Intron 0.78 0.79 0.35 0.55 Age
DCDC2 807685 T/A 24418623 5893 Intron 0.8 0.82 0.82 0.37 Age
DCDC2 793704 G/C 24444623 26000 Intron 0.56 0.57 0.11 0.74 Age
DCDC2* 793722 T/C 24460342 15719 Intron 0.55 0.49 4.67 0.03 Age
DCDC2 793720 T/C 24461259 917 Intron 0.5 0.45 2.51 0.11 Donor
DCDC2 1277350 G/A 24463129 1870 Intron 0.5 0.44 3.67 0.06 Age
DCDC2* 1277349 C/G 24466462 3333 5’Flank 0.76 0.65 17.38 0.00003 Age
DCDC2 2792666 C/G 24469168 2706 5'Flank 0.57 0.54 0.64 0.43 Donor
DCDC2 793663 C/T 24477494 8326 5'Flank 0.68 0.64 1.9 0.17 Age
MRS2L 9393553 A/G 24509633 32139 5'Flank 0.72 0.75 1.05 0.3 Age

KIAA0319 2817241 C/T 24650242 140609 3' Flank 0.54 0.55 0.02 0.88 Donor
KIAA0319 807526 T/C 24651699 1457 3' UTR 0.63 0.62 0.14 0.71 Donor

KIAA0319* 2817243 A/G 24653575 1876 3’ UTR 0.53 0.61 7.98 0.005 Age
KIAA0319 2817245 A/G 24655585 2010 Intron 0.54 0.58 1.45 0.23 Donor
KIAA0319 807532 G/A 24657647 2062 Intron 0.87 0.87 0.006 0.94 Donor
KIAA0319 2076313 G/A 24659603 1956 Intron 0.54 0.5 1.53 0.22 Age
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KIAA0319 807536 A/C 24662253 2650 Intron 0.59 0.57 0.53 0.47 Age
KIAA0319 4083411 A/G 24664281 2028 Intron 0.58 0.55 1.18 0.28 Donor
KIAA0319 2760167 T/A 24666498 2217 Intron 0.53 0.49 2.14 0.14 Age
KIAA0319 807542 A/G 24668312 1814 Intron 0.53 0.55 0.2 0.66 Donor
KIAA0319 807544 A/C 24670281 1969 Intron 0.7 0.7 0.02 0.88 Donor
KIAA0319 2744549 A/G 24671531 1250 Intron 0.85 0.84 0.005 0.95 Donor
KIAA0319 2760161 A/G 24673389 1858 Intron 0.56 0.51 1.87 0.17 Donor
KIAA0319 2817195 T/C 24678323 4934 Intron 0.97 0.97 0.1 0.75 Donor
KIAA0319 807521 G/T 24678410 87 Intron 0.78 0.81 0.89 0.35 Donor
KIAA0319 3846835 A/C 24680310 1900 Intron 0.8 0.83 1.53 0.22 Age
KIAA0319 2744556 C/G 24682096 1786 Intron 0.57 0.56 0.08 0.77 Donor
KIAA0319 807525 C/T 24684016 1920 Intron 0.51 0.52 0.003 0.96 Donor
KIAA0319 2817199 A/G 24684227 211 Intron 0.53 0.5 0.79 0.38 Donor
KIAA0319 2760158 T/A 24686016 1789 Intron 0.52 0.52 0 1 Donor
KIAA0319 2760157 T/C 24686251 235 Intron 0.58 0.55 0.83 0.36 Donor
KIAA0319 807507 C/G 24687846 1595 Intron 0.57 0.52 2.16 0.14 Donor
KIAA0319 807509 A/G 24690011 2165 Intron 0.53 0.54 0.26 0.61 Donor
KIAA0319 2817201 A/C 24693193 3182 Intron 0.54 0.59 2.18 0.14 Donor
KIAA0319* 4504469 G/A 24696863 3670 Exon 0.52 0.42 11.68 0.0006 Age
KIAA0319 5026394 T/G 24698526 1663 Intron 0.53 0.57 2.1 0.15 Age

KIAA0319* 4576240 G/T 24704457 5931 Exon 0.72 0.78 5.73 0.02 Age
KIAA0319 4352670 A/C 24712047 7590 Intron 0.75 0.79 1.45 0.23 Age
KIAA0319 4712831 G/A 24713548 1501 Intron 0.68 0.72 2.09 0.15 Age
KIAA0319 4236032 T/G 24714706 1158 Intron 0.52 0.57 2.5 0.11 Age

KIAA0319* 6911855 C/T 24715290 584 Intron 0.7 0.81 16.5 0.00005 Age
KIAA0319 4712833 T/C 24719122 3832 Intron 0.58 0.62 2.16 0.14 Age
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KIAA0319* 6939068 T/A 24721274 2152 Intron 0.69 0.79 16.29 0.00005 Age
KIAA0319 7763790 A/G 24723042 1768 Intron 0.51 0.46 2.57 0.11 Age
KIAA0319 2745335 T/C 24725393 2351 Intron 0.8 0.76 1.79 0.18 Age
KIAA0319 2745334 C/T 24725509 116 Intron 0.6 0.65 3.23 0.07 Age
KIAA0319 2817206 A/T 24728381 2872 Intron 0.74 0.7 1.86 0.17 Age

KIAA0319* 7751357 G/C 24733377 4996 Intron 0.56 0.49 6.47 0.01 Age
KIAA0319* 6917660 G/A 24737085 3708 Intron 0.56 0.48 7.84 0.005 Age
KIAA0319* 6456622 G/A 24739537 2452 Intron 0.57 0.51 4.67 0.03 Age
KIAA0319 7766230 G/A 24741408 1871 Intron 0.72 0.75 1.16 0.28 Age
KIAA0319* 2206525 T/C 24744882 3474 Intron 0.56 0.62 3.85 0.05 Age
KIAA0319 7755563 A/G 24746690 1808 Intron 0.54 0.49 22.68 0.1 Age

KIAA0319* 7755579 A/C 24746719 29 Intron 0.55 0.48 5.95 0.01 Age
KIAA0319* 6935076 A/G 24752301 5582 Intron 0.53 0.45 6.15 0.01 Age
KIAA0319 4363021 C/T 24753130 829 Intron 0.89 0.88 0.08 0.78 Age

KIAA0319* 2038137 G/T 24753922 792 Intron 0.57 0.47 10.1 0.001 Age
KIAA0319 3756821 C/T 24754800 878 5' Flank 0.68 0.67 0.01 0.92 Age
KIAA0319 1555089 A/G 24756385 1585 5' Flank 0.54 0.49 2.47 0.12 Age
TTRAP* 3212236 T/C 24756434 49 3’ UTR 0.55 0.61 5.04 0.03 Age
TTRAP 3087943 T/C 24758740 2306 Exon 0.53 0.59 3.68 0.06 Age
TTRAP* 2294691 A/G 24760822 2082 Intron 0.78 0.73 4.06 0.04 Age
TTRAP 3181238 C/T 24762422 1600 Intron 0.63 0.63 0.005 0.94 Donor
TTRAP 3212234 C/G 24763930 1508 Intron 0.51 0.56 2.74 0.09 Age

TTRAP* 3212232 T/C 24765876 1946 Intron 0.53 0.47 3.94 0.05 Age
TTRAP 2143340 A/G 24767050 1174 Intron 0.55 0.54 0.17 0.68 Age
TTRAP 2056999 G/A 24769490 2440 Intron 0.6 0.57 0.6 0.44 Donor
TTRAP 3756819 G/T 24773319 3829 Intron 0.59 0.56 0.97 0.33 Donor
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TTRAP 1061925 A/C 24773986 667 Intron 0.64 0.67 0.54 0.46 Donor
TTRAP 3756815 G/C 24774173 187 Intron 0.87 0.91 2.79 0.1 Donor

THEM2* 3181227 T/C 24775778 1605 Intron 0.58 0.52 4.33 0.04 Age
THEM2 2223589 C/G 24777451 1673 5’ UTR 0.63 0.62 0.07 0.79 Donor
THEM2 9393576 C/T 24777924 473 Intron 0.63 0.62 0.12 0.73 Donor
THEM2 7765052 G/A 24781599 3675 Intron 0.71 0.74 1.15 0.28 Age
THEM2 7451561 T/C 24785967 4368 Intron 0.51 0.47 1.53 0.22 Age
THEM2 2143338 A/G 24791260 5293 Intron 0.52 0.48 1.85 0.17 Donor
THEM2 1555086 C/T 24793000 1740 Intron 0.53 0.5 0.98 0.32 Donor
THEM2 1205120 T/G 24793537 537 Intron 0.76 0.79 1.27 0.26 Donor
THEM2* 926529 G/A 24795744 2207 Intron 0.59 0.47 17.04 0.00004 Age
THEM2 1885209 G/A 24796937 1193 Intron 0.71 0.67 1.36 0.24 Donor
THEM2 1885211 G/A 24800158 3221 Intron 0.74 0.74 0.004 0.95 Donor
THEM2* 3777664 A/G 24801825 1667 Intron 0.57 0.51 4.42 0.04 Age
THEM2 2092404 A/C 24805367 3542 Intron 0.57 0.56 0.12 0.72 Donor
THEM2 3777663 T/C 24808214 2847 Intron 0.52 0.49 0.99 0.32 Age
THEM2 1056319 A/C 24811025 2811 3’Flank 0.89 0.88 0.13 0.72 Donor
THEM2* 1053598 C/T 24812517 1492 3’Flank 0.58 0.49 9.42 0.002 Age
C6orf62 3756814 T/C 24813814 1297 3’UTR 0.5 0.48 0.36 0.55 Donor
C6orf62 2294686 A/G 24817181 3367 Intron 0.79 0.83 2.73 0.09 Age
C6orf62 1065364 A/G 24818379 1198 Intron 0.94 0.94 0.004 0.95 Donor
C6orf62 6913673 A/C 24821123 2744 Intron 0.86 0.87 0.03 0.86 Age
C6orf62 3813687 G/A 24827957 6834 5'Flank 0.57 0.52 3.3 0.07 Age
C6orf62 1923187 A/T 24829646 1689 5’Flank 0.54 0.53 0.09 0.76 Donor

p-values represent the best possible p-value obtained using a range of correction factors, k. 
These pools were later repeated in DNA pools using a known heterozygote ratio for correction factor k
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PRL 2244502* A T 0.26 0.74 0.32 0.68 5.58 0.02
VMP 9393529 G A 0.9 0.1 0.91 0.09 0.69 0.41
VMP 2876666 A G 0.65 0.35 0.69 0.31 2.22 0.14
VMP 9356928 G A 0.49 0.51 0.53 0.47 1.79 0.18
VMP 7455023 A G 0.54 0.46 0.58 0.42 1.58 0.21
VMP 12202381 A G 0.88 0.12 0.88 0.12 0.06 0.81
VMP 10946675 G A 0.53 0.47 0.49 0.51 1.66 0.20
VMP 1053047 G A 0.49 0.51 0.52 0.48 1.29 0.26
VMP C 9373644 10* G A 0.57 0.43 0.52 0.48 2.03 0.15

DCDC2 2792666 G C 0.43 0.57 0.47 0.53 1.63 0.20
DCDC2 1832709* A C 0.15 0.85 0.13 0.87 1.62 0.20
DCDC2 1277349* G C 0.04 0.96 0.05 0.95 1.59 0.21
DCDC2 793720 T C 0.69 0.31 0.63 0.37 3.21 0.07
DCDC2 793722* T C 0.69 0.31 0.63 0.37 5.00 0.03
DCDC2 707862 G A 0.93 0.07 0.93 0.07 0.01 0.93
DCDC2 807704 G A 0.08 0.92 0.07 0.93 0.34 0.56
DCDC2 6907864* T C 0.09 0.91 0.13 0.87 3.37 0.07
DCDC2 3789224* T C 0.15 0.85 0.13 0.87 0.76 0.38
DCDC2 793862 T C 0.26 0.74 0.29 0.71 0.81 0.37
DCDC2 870601 C T 0.66 0.34 0.65 0.35 0.15 0.7
DCDC2 793704 G C 0.44 0.56 0.43 0.57 0.09 0.8
DCDC2 793663 G A 0.68 0.32 0.64 0.36 1.85 0.17
MRS2L 2273606 A G 0.85 0.15 0.84 0.16 0.33 0.57
MRS2L 7769012 C A 0.66 0.34 0.64 0.36 0.34 0.56
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MRS2L 2793422 G A 0.67 0.33 0.61 0.39 4.10 0.04
MRS2L 7738943 G C 0.88 0.12 0.92 0.08 3.07 0.08
MRS2L 13735 C T 0.61 0.39 0.65 0.35 1.78 0.18
MRS2L 2295650 RARE
MRS2L 2273606 C T 0.15 0.85 0.16 0.84 0.33 0.57
MRS2L 1277347 RARE
MRS2L 1298764 RARE

ALDH5A1 2817220 C T 0.95 0.05 0.95 0.05 0.02 0.91
KIAA0319 4504469' G A 0.64 0.36 0.57 0.43 6.92 0.009
KIAA0319 6939068' A T 0.81 0.19 0.71 0.29 12.45 0.0004
KIAA0319 2817206 A T 0.92 0.08 0.88 0.12 3.70 0.06
KIAA0319 7751357’ G C 0.69 0.31 0.62 0.38 6.30 0.012
KIAA0319 6917660’ G A 0.68 0.32 0.63 0.37 3.03 0.08
KIAA0319 6456622" G A 0.68 0.32 0.61 0.39 5.78 0.02
KIAA0319 2206525' T C 0.31 0.69 0.36 0.64 3.17 0.08
KIAA0319 7755579" A C 0.67 0.33 0.58 0.42 11.34 0.001
KIAA0319 6935076’ G A 0.56 0.44 0.64 0.36 7.47 0.006
KIAA0319 4576240* G T 0.87 0.13 0.9 0.1 1.54 0.21
KIAA0319 6911855' T C 0.78 0.22 0.68 0.32 12.19 0.0005
KIAA0319 2817243’ G A 0.11 0.89 0.08 0.92 3.11 0.08
KIAA0319 2817200 T C 0.65 0.35 0.61 0.39 2.32 0.13
KIAA0319 2038137* G T 0.61 0.39 0.54 0.46 5.89 0.02
KIAA0319 699463 C T 0.73 0.27 0.72 0.28 0.004 0.95
KIAA0319 807540 G A 0.16 0.84 0.13 0.87 3.16 0.08
KIAA0319 2179515 C T 0.66 0.34 0.58 0.42 7.52 0.006
KIAA0319 9358783 T G 0.66 0.34 0.6 0.4 3.88 0.05
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KIAA0319 9358784 G A 0.33 0.67 0.39 0.61 4.22 0.04
KIAA0319 6456624 C T 0.66 0.34 0.6 0.4 4.96 0.03
KIAA0319 2235677 G A 0.69 0.31 0.65 0.35 2.1 0.15
KIAA0319 2235676 G T 0.82 0.18 0.84 0.16 0.34 0.56
KIAA0319 9467247 A C 0.2 0.8 0.19 0.81 0.33 0.57
KIAA0319 1555090 G C 0.33 0.67 0.4 0.6 6.53 0.01

TTRAP 2143340 G A 0.17 0.83 0.17 0.83 0.03 0.86
TTRAP 3212232* T C 0.75 0.25 0.76 0.24 0.38 0.54
TTRAP 2294691* G A 0.12 0.88 0.09 0.91 2.50 0.11
TTRAP 3212236'' T C 0.81 0.19 0.83 0.17 0.44 0.51
TTRAP 3033236 G T 0.16 0.84 0.17 0.83 0.11 0.74
THEM2 926529* G A 0.73 0.27 0.66 0.34 7.14 0.008
THEM2 3777664* G A 0.28 0.72 0.35 0.65 5.73 0.02
THEM2 3181227* T C 0.75 0.25 0.77 0.23 1.00 0.32

INTERGENIC 1053598* T C 0.27 0.73 0.32 0.68 3.97 0.05
C6orf62 6456632 C T 0.72 0.28 0.75 0.25 1.06 0.3

INTERGENIC 1419229 G A 0.49 0.51 0.52 0.48 0.79 0.38
Table 4.7 DNA pooling results for assays with a known heterozygote ratio for correction factor k.
* Assay-on-Demand ID. * SNPs showing association in previous DNA pooling analysis (using a range of correction factors)



Chapter Four: Association Between Developmental Dyslexia and Chromosome 6p

Within the pooled DNA SNP analysis, 27 SNPs could not be genotyped in a 

SNaPshot assay or were found not to be polymorphic in our sample. In each case, a 

new SNP was chosen from the databases in order to fill the gaps left by these SNPs 

and are included in pooled DNA results tables.

4.5.3 MARKER-MARKER LINKAGE DISEQUILIBRIUM ANALYSES 

The 19 SNPs showing association to DD in the DNA pools were genotyped

in 42 DD cases and 48 controls in order that LD between the SNPs could be 

calculated (see Tables 4.8 and 4.9). SNP rs2143340 was also included in analysis. 

Although it did not show association in the DNA pool analysis, it had previously 

been shown to contribute to a significant haplotype (Francks et al. 2004). SNPs 

were chosen for individual genotyping if  they did not show LD with any other SNP 

(r2 < 0.8). Where two SNPs were in LD only one of the SNPs was individually 

genotyped. A set of 13 SNPs was chosen for individual genotyping in the case- 

control sample (see Table 4.10).

4.5.4 INDIVIDUAL GENOTYPING RESULTS

Individual genotyping results can be seen in Table 4.10 and 4.11. The most 

significant results showing association to DD with a p-value < 0.01 in the case- 

control sample were rs2793422 (MRS2L), rs4504469, rs2179515, rs6935076, 

rs2038137 (KIAA0319\ rs926529 and rs3777664 (THEM2) (see Table 4.10). Other 

SNPs showing association with a p-value between 0.01 and 0.05 were in the gene 

PRL and an intergenic SNP between genes THEM2 and TTRAP. In order to check 

that the results were not due to population stratification, 146 parent DD-proband 

trios were genotyped (see Table 4.11).
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M arkers

rs2244502

rs793722

rs2793422

rs4504469

rs6911855

rs6939068

rs7751357

rs2179515

rs6456622

rs9358783

rs9358784

rs7755579

rs6456624

rs6935076

rs2038137

rsl 555090

rs2143340

rs926529

rs3777664

rsl053598
rs2244502 1.00 0.29 0.04 0.17 0.21 0.43 0.10 0.11 0.15 0.22 0.16 0.13 0.21 0.03 0.14 0.16 0.06 0.06 0.06 0.03
rs793722 0.37 1.00 0.05 0.01 0.03 1.00 0.12 0.08 0.08 0.12 0.07 0.03 0.04 0.06 0.05 0.07 0.16 0.00 0.46 0.10

rs2793422 0.10 0.24 1.00 0.18 1.00 0.35 0.19 0.15 0.19 0.27 0.17 0.06 0.03 0.05 0.05 0.17 0.08 0.03 0.16 0.14
rs4504469 0.20 0.09 0.28 1.00 1.00 0.17 0.84 0.85 0.88 0.88 0.89 0.68 0.70 0.62 0.71 0.89 0.58 0.42 0.49 0.58
rs6911855 1.00 1.00 0.22 0.49 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
rs6939068 1.00 1.00 0.54 1.00 1.00 1.00 0.06 0.00 0.16 0.30 0.08 0.25 0.18 0.95 0.09 0.08 LOO 0.05 0.27 0.45
rs7751357 0.13 0.40 0.39 0.78 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.29 0.72 0.78 0.78
rs2179515 0.20 0.40 0.39 0.78 1.00 1.00 1.00 1.00 LOO 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.20 0.69 0.79 0.79
rs6456622 0.20 0.40 0.43 0.79 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.29 0.67 0.76 0.78
rs9358783 0.18 0.38 0.39 0.77 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.35 0.66 0.74 0.74
rs9358784 0.13 0.43 0.39 0.78 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.27 0.68 0.77 0.78
rs7755579 0.08 0.22 0.17 0.71 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.06 0.90 0.63 0.81
rs6456624 0.08 0.21 0.17 0.72 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.19 0.85 0.61 0.75
rs6935076 0.36 0.42 0.36 0.50 1.00 0.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.71 1.00

rs2038137 0.08 0.31 0.17 0.80 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.05 0.76 0.69 0.77
rs 1555090 0.13 0.37 0.36 0.77 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.27 0.68 0.77 0.78
rs2143340 1.00 0.14 0.05 0.01 0.14 0.28 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.73 1.00 1.00 1.00 1.00 1.00 0.00
rs926529 0.08 0.09 0.04 0.44 1.00 1.00 0.65 0.57 0.57 0.59 0.57 0.78 0.78 1.00 0.68 0.74 1.00 1.00 0.76 0.95

rs3777664 0.13 0.14 0.30 0.48 1.00 1.00 0.50 0.50 0.57 0.53 0.50 0.58 0.58 0.49 0.60 0.55 1.00 0.90 1.00 LOO

rs 1053598 0.13 0.19 0.07 0.52 0.30 0.12 0.44 0.44 0.50 0.51 0.44 0.51 0.51 0.77 0.53 0.48 1.00 0.90 0.91 1.00

Table 4.8 LD based on D’ 
and controls.

Detween SNPs individually genotyped in 42 cases and 48 controls. LD was assessed separately for cases

LD between cases: below the diagonal 
LD between controls: above the diagonal



M arkers

rs2244502

rs793722

rs2793422

rs4504469

rs6911855

rs6939068

rs7751357

rs2179515

rs6456622

rs9358783

rs9358784

rs7755579

rs6456624

rs6935076

rs2038137

a
L*OVOo

rs2143340

rs926529

rs3777664

rsl053598

rs2244502 1.00 0.08 0.00 0.01 0.00 0.02 0.01 0.01 0.02 0.03 0.02 0.01 0.02 0.00 0.01 0.02 0.00 0.00 0.00 0.00
rs793722 0.03 1.00 0.00 0.00 0.00 0.03 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.01

rs2793422 0.00 0.02 1.00 0.02 0.02 0.01 0.02 0.01 0.02 0.03 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.02 0.01
rs4504469 0.03 0.00 0.02 1.00 0.02 0.00 0.61 0.63 0.63 0.54 0.65 0.38 0.44 0.16 0.50 0.65 0.05 0.18 0.24 0.28
rs6911855 0.01 0.09 0.00 0.01 1.00 0.38 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.05 0.02 0.02 0.00 0.02 0.02 0.02
rs6939068 0.02 0.11 0.04 0.03 0.65 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.01 0.00 0.01 0.02
rs7751357 0.02 0.07 0.03 0.36 0.01 0.02 1.00 LOO LOO 0.79 1.00 0.73 0.80 0.35 0.87 1.00 0.02 0.44 0.50 0.58
rs2179515 0.03 0.07 0.03 0.36 0.01 0.02 1.00 1.00 1.00 0.80 1.00 0.75 0.81 0.37 0.88 1.00 0.01 0.44 0.52 0.57
rs6456622 0.03 0.07 0.03 0.40 0.01 0.02 1.00 1.00 1.00 1.00 1.00 0.75 0.83 0.36 0.91 1.00 0.02 0.43 0.47 0.58
rs9358783 0.03 0.06 0.03 0.32 0.01 0.02 0.92 0.92 0.92 1.00 0.96 0.60 0.65 0.29 0.70 0.96 0.02 0.34 0.37 0.53
rs9358784 0.02 0.09 0.03 0.36 0.01 0.02 1.00 1.00 1.00 0.92 1.00 0.73 0.80 0.36 0.87 1.00 0.01 0.42 0.49 0.55
rs7755579 0.01 0.03 0.01 0.35 0.01 0.02 0.92 0.85 0.85 0.78 0.85 1.00 0.92 0.50 0.88 0.73 0.00 0.65 0.35 0.46
rs6456624 0.01 0.02 0.01 0.36 0.01 0.02 0.92 0.85 0.85 0.78 0.85 1.00 1.00 0.45 0.92 0.80 0.00 0.64 0.35 0.42
rs6935076 0.04 0.11 0.08 0.12 0.05 0.00 0.31 0.27 0.27 0.26 0.27 0.32 0.33 1.00 0.43 0.36 0.06 0.41 0.22j 0.35
rs2038137 0.01 0.05 0.01 0.41 0.01 0.02 0.92 0.92 0.92 0.85 0.92 0.92 0.92 0.30 1.00 0.87 0.00 0.58 0.44 0.47
rsl 555090 0.02 0.07 0.02 0.37 0.01 0.02 1.00 1.00 1.00 0.91 1.00 0.92 0.92 0.34 0.92 1.00 0.01 0.42 0.49 0.55
rs2143340 0.07 0.00 0.00 0.00 0.00 0.03 0.06 0.06 0.06 0.05 0.06 0.07 0.06 0.12 0.06 0.07 1.00 0.08 0.09 0.00
rs926529 0.00 0.00 0.00 0.10 0.01 0.02 0.33 0.28 0.28 0.32 0.28 0.43 0.43 0.23 0.35 0.37 0.04 1.00 0.55 0.71

rs3777664 0.01 0.01 0.01 0.13 0.01 0.02 0.23 0.23 0.28 0.28 0.23 0.26 0.27 0.06 0.30 0.25 0.05 0.74 1.00 0.76
rsl053598 0.01 0.02 0.00 0.16 0.00 0.00 0.20 0.20 0.23 0.24 0.20 0.22 0.22 0.17 0.26 0.21 0.05 0.68 0.75 1.00

Table 4.9 LD based on r2 between SNPs individually genotyped in 42 cases and 48 controls. LD was assessed separately for cases and 
controls.
LD between cases: below the diagonal 
LD between controls: above the diagonal
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Two of the SNPs did not show association after analysis in the parent DD-proband 

trios, these included rs2244502 (PRL) and rs2038137 (.KIAA0319) (see Table 4.11). 

Since the control (nontransmitted) alleles are independent of the controls in the case- 

control study, the analysis of SNPs using the parent DD-proband trios provides 

semi-independent replication (Plomin et al. 2004). Seven SNPs showed evidence of 

association to DD in the parent DD-proband trios. These are located in MRS2L (1 

SNP), KIAA0319 (3 SNPs) and within or flanking THEM2 (3 SNPs).

4.5.5 HARDY-WEINBERG EQUILIBRIUM ANALYSES

With the exception of rs2038137 and rs6939076, all genotypes were in 

Hardy-Weinberg equilibrium in probands and in parents. SNP rs2038137, showed 

slight distortion in the controls (p = 0.03), consequently rs2038137 was regenotyped 

both in the case-control sample and the CEPH trios. All genotypes matched 

previous calls and the CEPH genotypes in our study matched those available from 

the HapMap project suggesting the genotyping assay was accurate. Parent proband 

trios revealed that all genotypes Mendelised as did the parent DD-probands used in 

our sample. LD analysis showed that rs2038137 was in strong LD with rs2179515 

(r2 = 0.89) suggesting that association would be picked up by rs2179515.

The cases of the case-control sample showed distortion from Hardy- 

Weinberg equilibrium at rs6939076. This may reflect genotypic association to DD.



Gene rs Number Sample No. 11 
Genotype

No. 12 
Genotype

No. 22 
Genotype t P

No. 
Allele 1

%  
Allele 1 t P OR LOWER 

95% Cl
UPPER 
95% Cl

PRL 2244502* CASE 14 75 112 5.71 0.06 103 26 4.87 0.03 1.39 1.04 1.86
CONTROL 23 117 112 163 32

DCDC2 793722 CASE 22 93 97 3.39 0.18 137 32 1.96 0.16 1.21 0.93 1.59
CONTROL 42 106 111 190 37

MRS2L 2793422* CASE 99 94 22 6.89 0.03 304 69 8.65 0.003 1.5 1.14 1.96
CONTROL 91 117 43 299 60

KIAA0319 4504469* CASE 101 117 22 16.33 0.002 319 66 9.86 0.002 1.51 1.17 1.95
CONTROL 88 124 2 300 57

KIAA0319 6911855 CASE 200 17 1 3.52 0.17 417 96 3.38 0.07 0.51 0.24 1.06
CONTROL 253 12 0 518 98

KIAA0319 6939068 CASE 180 19 1 3.70 0.16 379 95 3.48 0.06 0.52 0.26 1.04
CONTROL 234 14 0 482 97

KIAA0319 2179515* CASE 116 100 16 9.56 0.008 332 72 6.03 0.007 1.45 1.11 1.9
CONTROL 109 108 40 326 63

KIAA0319 6935076* CASE 65 131 35 10.16 0.006 261 56 7.55 0.006 0.7 0.54 0.9
CONTROL 107 118 30 332 65

KIAA0319 2038137* CASE 112 104 13 17.07 0.0001 328 72 10.73 0.001 1.57 1.2 2.05
CONTROL 106 105 46 317 62

TTRAP 2143340 CASE 140 56 7 2.68 0.26 336 83 1.00 0.32 0.83 0.58 1.19
CONTROL 179 68 3 426 85

THEM2 926529* CASE 120 81 9 11.46 0.0032 321 76 9.22 0.0024 0.64 0.47 0.85
CONTROL 118 98 32 334 67

THEM2 3777664* CASE 119 92 13 7.63 0.02 330 74 6.93 0.008 1.45 1.1 1.92
CONTROL 112 113 31 337 66

INTERGENIC 1053598* CASE 124 92 9 5.86 0.05 340 76 4.57 0.03 1.36 1.03 1.81
CONTROL 123 112 23 358 69

Table 4.10 Individual genotyping results in the case-control sample. *These include 25 extra DD probands from the parent DD-proband trios.



Gene rs Number Transmission No. of 
Allele 1

Percentage 
of 

Allele 1
t P OR LOWER 

95% Cl*
UPPER 
95% Cl*

PRL 2244502 TRANSMITTED 63 25 0.82 0.36 0.83 0.56 1.24
NONTRANSMITTED 72 28

MRS2L 2793422 TRANSMITTED 191 71 4.4 0.04 1.47 1.02 2.1
NONTRANSMITTED 168 62

KIAA0319 4504469 TRANSMITTED 166 68 4.28 0.04 1.48 1.02 2.14
NONTRANSMITTED 144 59

KIAA0319 2179515 TRANSMITTED 184 71 4.15 0.04 1.46 1.01 2.1
NONTRANSMITTED 162 62

KIAA0319 6935076 TRANSMITTED 154 56 9.55 0.002 0.57 0.41 0.82
NONTRANSMITTED 189 69

KIAA0319 2038137 TRANSMITTED 169 69 2.59 0.11 1.36 0.94 1.97
NONTRANSMITTED 152 62

THEM2 926529 TRANSMITTED 203 77 5.76 0.02 1.6 1.09 2.35
NONTRANSMITTED 179 68

THEM2 3777664 TRANSMITTED 165 74 4.6 0.03 1.55 1.04 2.33
NONTRANSMITTED 144 64

INTERGENIC 1053598 TRANSMITTED 186 76 6.65 0.01 1.67 1.13 2.48
NONTRANSMITTED 160 65

1 1 —— '■ "■ ' 1 f 1   "' ' 1 1
Table 4.11 Individual genotyping results in the parent DD-proband trios. ORs and 95% CIs refer to allele 1.
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4.5.6 LOGISTIC REGRESSION ANALYSES

To try to determine which minimal set of SNPs could account for the 

association signal, stepwise logistic regression analyses and conditional logistic 

regression analyses were performed on the case-control and parent DD-proband trio 

data respectively.

4.5.6.1 Stepwise Logistic Regression

Stepwise logistic regression was performed using data from all SNPs 

genotyped in the case-control sample. To allow the best fit to be determined with 

allelic and genotypic effects added, alleles were coded to assess additive and 

dominance effects as described by Cordell and colleagues (Cordell 2002). To 

determine the model best describing the association, diallelic SNPs with alleles 

denoted 1 and 2 were coded 1 for 11 homozygotes, 0 for 12 heterozygotes and -1 for 

22 homozygotes. Genotypic effects were modelled using the codings -0.5 for 11 

and 22 homozygotes and 0.5 for 12 heterozygotes. For all SNPs the major allele 

was classified as 1. All SNPs for which individual genotyping was available in the 

case-control sample were initially submitted into the logistic regression model and 

yielded evidence for association (%2 = 40.91, p = 0.017, 24 df). A backwards 

stepwise procedure reduced the number of SNPs to additive (allelic) effects of 

rs4504469, rs2178515, rs6935076 and rs2143340 and genotypic (dominance) effects 

of rs6939068, rs2038137 and rs2143340, showing a highly significant fit (%2 = 

28.97, p = 0.0001; 7df) (see Table 4.12).
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rs Number Effect Size P Exp(B) Lower 
95% Cl

Upper 
95% Cl

rs4504469 Additive 0.06 1.59 0.98 2.57
rs6939068 Additive 0.05 0.42 0.18 1.01
rs2179515 Additive 0.097 0.58 0.30 1.11
rs6935076 Additive 0.001 0.42 0.25 0.69
rs2143340 Additive 0.003 0.25 0.10 0.64
rs2038137 Dominance 0.003 2.15 1.30 3.55
rs2143340 Dominance 0.06 0.41 0.16 1.05
Constant 0.007 5.22

Table 4.12 Backward stepwise logistic regression model suggesting the effects of 
the SNPs in table best account for the association signal. The model shows a highly 
significant fit (x2 = 28.97, p = 0.0001; 7df). Variables entered on step 1 from the 
case-control sample: rs2793422a, rs4504469a, rs6911855a, rs6939068a,
rs2179515a, rs6935076a, rs2038137a, rs2143340a, rs3777664a, rsl053598a, 
rs2244502a, rs793722a, rs926529a, rs2793422d, rs4504469d, rs2179515d, 
rs6935076d, rs2038137d, rs2143340d, rs3777664d, rsl053598d, rs2244502d, 
rs793722d, rs926529d (where a -  additive effects, d = dominance effects).

4.5.6.2 Conditional Logistic Regression

Conditional logistic regression was performed on parent DD-proband trio 

data where DD-probands were considered as cases and the nontransmitted alleles 

were employed to create pseudocontrols (Cordell and Clayton 2002). Both additive 

and dominance coding were used in the analysis to determine allelic and genotypic 

effects. All the SNPs for which individual genotyping data was available in the 

parent DD-probands trios were submitted into the conditional logistic regression 

model (x2 = 21.25, p = 0.267, 18 df). Backward stepwise removal of SNPs left an 

allelic effect of rs6935076 best describing our observed association on chromosome 

6p (x2 = 6.23, p = 0.013, 1 df; see Table 4.13).
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rs Number Effect Size P Exp(B) Lower 
95% Cl

Upper 
95% Cl

rs6935076 Additive 0.015 0.52 0.30 0.88
Constant 0.00007 2.07

Table 4.13 Backward stepwise logistic regression model suggesting the effects of 
the SNPs in table best account for the association signal. The model shows a highly 
significant fit (x2 = 6.23, p = 0.013, 1 df). Variables entered on step 1 from a sample 
of parent DD-proband trios: rs2793422a, rs2793422d, rs4504469a, rs4504469d, 
rs2179515a, rs2179515d, rs6935076a, rs6935076d, rs2038137a, rs2038137d, 
rs926529a, rs926529d, rs3777664a, rs3777664d, rsl053598a, rsl053598d,
rs2244502a, rs2244502d (where a -  additive effects, d = dominance effects).

4.5.7 HAPLOTYPE ANALYSIS

Haplotypes were tested for association with DD using case-control data and 

the most significant association globally, was tested for association in the parent 

DD-proband trio sample data.

In the case-control, sample haplotype analysis was undertaken using the 

SNPs (rs4504469, rs6939068, rs2179515, rs6935076, rs2038137 and rs2143340 

(KIAA0319) and rs926529 (THEM2)) that the logistic regression had shown to best 

describe the association with DD with either additive or dominance effects in the 

case-control or parent DD-proband trios samples.

All 2-, 3-, 4-, 5-, 6- and 7-marker haplotype combinations were calculated. 

Global p-value results are presented in Tables 4.14 -  4.19. No 6- or 7-marker 

haplotypes yielded a p-value < 0.01. Only one 5-marker haplotype and four 4- 

marker haplotypes yielded global evidence of association (p < 0.01). Twelve 3- 

marker and thirteen 2-marker haplotypes revealed global association with DD, the 

most significant being with the SNPs rs4504469 and rs6935076 (global p = 0.0003). 

A similar p-value with the two markers in the parent DD-proband trios sample, 

suggests the result is not due to population stratification (global p = 0.02).
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Marker 2 

Marker 1
rs4504469 rs6939068 rs2179515 rs6935076 rs2038137 rs2143340 rs926529

rs4504469 0.01 0.007 0.007 0.07 0.007
rs6939068 0.04 0.01 0.02 0.26 0.01
rs2179515 0.01 0.005 0.16 0.007
rs6935076 0.0009 0.01 0.004
rs2038137 0.02 0.004
rs2143340 0.009
rs926529

Table 4.14 Global p-values for each two-marker haplotype. Highlighted in pink is the most significant haplotype observed in the 
association study. Bold indicates haplotypes showing association (p < 0.01).
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Marker 1 Marker 2 Marker 3 P
rs4504469 rs6939068 rs2179515 0.04
rs6939068 rs2179515 rs6935076 0.02
rs2179515 rs6935076 rs2038137 0.001
rs6935076 rs2038137 rs2143340 0.01
rs2038137 rs2143340 rs926529 0.01
rs4504469 rs6939068 rs6935076 0.005
rs4504469 rs6939068 rs2038137 0.05
rs4504469 rs6939068 rs2143340 0.05
rs4504469 rs6939068 rs926529 0.01
rs4504469 rs2179515 rs6935076 0.007
rs4504469 rs2179515 rs2038137 0.009
rs4504469 rs2179515 rs2143340 0.18
rs4504469 rs2179515 rs926529 0.04
rs4504469 rs6935076 rs2038137 0.005
rs4504469 rs6935076 rs2143340 0.02
rs4504469 rs6935076 rs926529 0.005
rs4504469 rs2038137 rs2143340 0.09
rs4504469 rs2038137 rs926529 0.03
rs4504469 rs2143340 rs926529 0.03
rs6939068 rs2179515 rs2038137 0.04
rs6939068 rs2179515 rs2143340 0.14
rs6939068 rs2179515 rs926529 0.03
rs6939068 rs6935076 rs2038137 0.02
rs6939068 rs6935076 rs2143340 0.03
rs6939068 rs6935076 rs926529 0.03
rs6939068 rs2038137 rs2143340 0.12
rs6939068 rs2038137 rs926529 0.02
rs6939068 rs2143340 rs926529 0.07
rs2179515 rs6935076 rs2143340 0.04
rs2179515 rs6935076 rs926529 0.01
rs2179515 rs2038137 rs2143340 0.02
rs2179515 rs2038137 rs926529 0.007
rs2179515 rs2143340 rs926529 0.08
rs6935076 rs2038137 rs926529 0.01
rs6935076 rs2143340 rs926529 0.03

Table 4.15 Global p-values for each three-marker haplotype. Bold indicates 
haplotypes showing association (p < 0.01).
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Marker 1 Marker 2 Marker 3 Marker 4 P
rs4504469 rs6939068 rs2179515 rs6935076 0.02
rs6939068 rs2179515 rs6935076 rs2038137 0.02
rs2179515 rs6935076 rs2038137 rs2143340 0.01
rs6935076 rs2038137 rs2143340 rs926529 0.03
rs4504469 rs6939068 rs2179515 rs2038137 0.06
rs4504469 rs6939068 rs2179515 rs2143340 0.19
rs4504469 rs6939068 rs2179515 rs926529 0.09
rs4504469 rs6939068 rs6935076 rs2038137 0.03
rs4504469 rs6939068 rs6935076 rs2143340 0.03
rs4504469 rs6939068 rs6935076 rs926529 0.03
rs4504469 rs6939068 rs2038137 rs2143340 0.19
rs4504469 rs6939068 rs2038137 rs926529 0.06
rs4504469 rs6939068 rs2143340 rs926529 0.03
rs4504469 rs2179515 rs6935076 rs2038137 0.005
rs4504469 rs2179515 rs6935076 rs2143340 0.13
rs4504469 rs2179515 rs6935076 rs926529 0.06
rs4504469 rs2179515 rs2038137 rs2143340 0.12
rs4504469 rs2179515 rs2038137 rs926529 0.06
rs4504469 rs2179515 rs2143340 rs926529 0.13
rs4504469 rs6935076 rs2038137 rs2143340 0.08
rs4504469 rs6935076 rs2038137 rs926529 0.05
rs4504469 rs6935076 rs2143340 rs926529 0.08
rs4504469 rs2038137 rs2143340 rs926529 0.08
rs6939068 rs2179515 rs6935076 rs2143340 0.03
rs6939068 rs2179515 rs6935076 rs926529 0.04
rs6939068 rs2179515 rs2038137 rs2143340 0.03
rs6939068 rs2179515 rs2038137 rs926529 0.04
rs6939068 rs2179515 rs2143340 rs926529 0.14
rs6939068 rs6935076 rs2038137 rs2143340 0.02
rs6939068 rs6935076 rs2038137 rs926529 0.04
rs6939068 rs6935076 rs2143340 rs926529 0.08
rs6939068 rs2038137 rs2143340 rs926529 0.10
rs2179515 rs6935076 rs2038137 rs926529 0.004
rs2179515 rs6935076 rs2143340 rs926529 0.07
rs2179515 rs2038137 rs2143340 rs926529 0.01

Table 4.16 Global p-values for each four-marker haplotype. Bold indicates 
haplotypes showing association (p < 0.01).

- 172-



Chapter Four: Association Between Developmental Dyslexia and Chromosome 6p

Marker 1 Marker 2 Marker 3 Marker 4 Marker 5 P
rs4504469 rs6939068 rs2179515 rs6935076 rs2038137 0.05
rs6939068 rs2179515 rs6935076 rs2038137 rs2143340 0.01
rs2179515 rs6935076 rs2038137 rs2143340 rs926529 0.02
rs4504469 rs6939068 rs2179515 rs6935076 rs2143340 0.04
rs4504469 rs6939068 rs2179515 rs6935076 rs926529 0.08
rs4504469 rs6939068 rs2179515 rs2038137 rs2143340 0.19
rs4504469 rs6939068 rs2179515 rs2038137 rs926529 0.09
rs4504469 rs6939068 rs2179515 rs2143340 rs926529 0.19
rs4504469 rs6939068 rs6935076 rs2038137 rs2143340 0.05
rs4504469 rs6939068 rs6935076 rs2038137 rs926529 0.13
rs4504469 rs6939068 rs6935076 rs2143340 rs926529 0.08
rs4504469 rs6939068 rs2038137 rs2143340 rs926529 0.19
rs4504469 rs2179515 rs6935076 rs2038137 rs2143340 0.07
rs4504469 rs2179515 rs6935076 rs2038137 rs926529 0.06
rs4504469 rs2179515 rs6935076 rs2143340 rs926529 0.18
rs4504469 rs2179515 rs2038137 rs2143340 rs926529 0.07
rs4504469 rs6935076 rs2038137 rs2143340 rs926529 0.10
rs6939068 rs2179515 rs6935076 rs2038137 rs926529 0.03
rs6939068 rs2179515 rs6935076 rs2143340 rs926529 0.07
rs6939068 rs2179515 rs2038137 rs2143340 rs926529 0.03
rs6939068 rs6935076 rs6935076 rs2143340 rs926529 0.04

Table 4.17 Global p-values 
haplotypes showing association

for each five-marker haplotype. Bold indicates 
(p < 0.01).

Marker 1 Marker 2 Marker 3 Marker 4 Marker 5 Marker 6 P
rs4504469 rs6939068 rs2179515 rs6935076 rs2038137 rs2143340 0.04
rs6939068 rs2179515 rs6935076 rs2038137 rs2143340 rs926529 0.02
rs4504469 rs6939068 rs2179515 rs6935076 rs2038137 rs926529 0.16
rs4504469 rs6939068 rs2179515 rs6935076 rs2143340 rs926529 0.10
rs4504469 rs6939068 rs2179515 rs2038137 rs2143340 rs926529 0.14
rs4504469 rs6939068 rs6935076 rs2038137 rs2143340 rs926529 0.06
rs4504469 rs2179515 rs6935076 rs2038137 rs2143340 rs926529 0.12
Table 4.18 Global p-values for each six-mar 
haplotypes showing association (p < 0.01).

cer haplotype. Bold indicates

Marker 1 Marker 2 Marker 3 Marker 4 Marker 5 Marker 6 Marker
7 P

rs4504469 rs6939068 rs2179515 rs6935076 rs2038137 rs2143340 rs926529 0.07
Table 4.19 Global p-value the seven-marker laplotype.

For the haplotype rs4504469/rs6935076 (see Table 4.14), for each sample 

the G-A haplotype was associated with DD (case-control p = 0.02; parent DD- 

proband trios p = 0.03) (see Tables 4.20 and 4.21). However, the most striking 

observation was the under-representation of the A-G haplotype in the DD cases

- 173 -



Chapter Four: Association Between Developmental Dyslexia and Chromosome 6p

based on the case-control sample (p = 0.00003) and parent DD-proband trios sample 

(p = 0.006).

Haplotype Frequency 
in Cases

Frequency 
in Controls t P

G-G 0.31 0.27 1.25 0.26
G-A 0.35 0.30 5.82 0.02
A-G 0.25 0.39 17.38 0.00003
A-A 0.09 0.05 1.87 0.17

Table 4.20 Two-marker (rs4504469/rs6939076) haplotype association with 
DD in the case-control sample. The G-A haplotype is over-represented in the DD 
cases, whilst the A-G haplotype is under represented in the DD cases. Globally the 
two-marker haplotype yielded evidence of association with DD (p = 0.0001).

Haplotype
Frequency of 
Transmitted 
Haplotype

Frequency of 
Non-T ransmitted 

Haplotype
P

G-G 0.32 0.32 0.95
G-A 0.35 0.27 0.03
A-G 0.24 0.36 0.006
A-A 0.09 0.05 0.22

Table 4.21 Two-marker (rs4504469/rs6939076) haplotype association with 
DD in the parent DD-proband trio sample. The G-A haplotype is over-transmitted 
to the DD cases, whilst the A-G haplotype is under-transmitted to the DD cases. 
Globally the two-marker haplotype yielded evidence of association with DD (p = 
0.02).

In previous studies of the chromosome 6p region, the best evidence for 

association was described by a 3-marker haplotype 

(rs4504469/rs2038137/rs2143340) (Francks et al. 2004). Globally, this haplotype 

did not yield evidence o f association in the case-control sample (p = 0.09) (see Table 

4.22). However, two individual haplotypes did show evidence of association with 

DD (see Table 4.22). The G-G-T haplotype was more common in subjects with DD 

than in controls (p = 0.03), whilst the A-T-T haplotype, which showed significant 

association in the Francks study (Francks et al. 2004) with the single word reading 

(READ) phenotype (combined UK sample), showed evidence of association and in 

the same direction of effect as that observed before (Francks et al. 2004). In our
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sample the A-T-T haplotype was more common in controls, while in the Francks 

study it was associated with better performance on the READ phenotype (Paracchini 

2005). The G-G-C haplotype that was reported to show association with 

componential measures of DD in a US and UK sample (Francks et al. 2004), was 

not significantly associated with DD in our sample (p = 0.21) (see Table 4.22).

Haplotype Frequency 
in Cases

Frequency 
in Control t P

G-G-T 0.47 0.41 4.58 0.03
G-G-C 0.15 0.12 1.59 0.21
G-T-T 0.04 0.05 0.19 0.66
A-G-T 0.07 0.08 0.19 0.67
A-G-C 0.02 0.02 0.18 0.67
A-T-T 0.25 0.33 6.63 0.01

Table 4.22 Three-marker haplotype (rs4504469/rs2038137/rs2143340) association 
in the case-control sample. The G-G-T haplotype shows significant over­
representation in the cases, whilst the A-T-T haplotype shows under-representation 
in the cases. Globally the haplotype was not significant (p = 0.09).

In our sample the A-T-T haplotype is perfectly defined by the first two 

SNPs, rs4504469 and rs2038137, since the A-T-C haplotype has a frequency of zero 

(see Table 4.22). As a result, rs2143340 was excluded to reduce the degrees of 

freedom and the two-marker rs4504469 and rs2038137 (A-T) haplotype was tested 

in our family based sample. Although the A-T haplotype was undertransmitted to 

the DD-probands, the result was not significant (p = 0.1).

4.5.8 ALLELE SPECIFIC EXPRESSION

Although evidence of association has been observed with the non- 

synonymous SNP rs4504469, the lack of association between this SNP and a sample 

from the USA (Francks et al. 2004) suggests that it is unlikely to be the 

polymorphism responsible for the association. This, and the absence of any
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association with other non-synonymous polymorphisms suggested that 

polymorphisms influencing gene expression for example may be associated with 

DD. Consequently, an allele specific expression assay was performed to investigate 

potential c/s-acting influences upon KIAA0319 gene expression. The SNP 

rs4504469 (located in exon 4 o f KIAA0319) was used as a tag polymorphism to test 

for differential allelic expression. Thirty of the 66 individuals for which brain 

derived RNA was available were heterozygous for rs4504469 and were therefore 

informative for the assay at this locus. No evidence for polymorphic cis-acting 

effects on KIAA0319 (see Figure 4.12) was observed.

■o 1 4
$  1.3
£ 1.2 
°  1.1 

o  1
« 0.9
o 0.8
|  0.7 
< 0.6

Figure 4.12 The relative expression o f alleles at rs4504469. rs4504469 is a G—»A 
polymorphism. Allelic ratio refers to the ratio o f G alleles to A alleles. No relative 
expression differences between alleles at rs4504469 were observed.

4.6 DISCUSSION

There is considerable evidence for a QTL for DD on chromosome 6p 

(Cardon et al. 1994; Cardon et al. 1995; Grigorenko et al. 1997; Fisher et al. 1999; 

Gayan et al. 1999; Grigorenko et al. 2000; Smith et al. 2001; Kaplan et al. 2002;

Allele S pecific  Expression  
(rs4504469)

i
gDNA cDNA

- 176-



Chapter Four: Association Between Developmental Dyslexia and Chromosome 6p

Willcutt et al. 2002; Grigorenko et al. 2003; Turic et al. 2003; Deffenbacher et al. 

2004; Francks et al. 2004). Recent evidence from Deffenbacher and colleagues 

(Deffenbacher et al. 2004) pointed to five genes including VMP, DCDC2, 

KIAA0319, TTRAP and THEM2. Francks and colleagues (Francks et al. 2004) 

further narrowed the region, suggesting the linkage and association to chromosome 

6p was most likely due to KIAA0319, TTRAP or THEM2.

Previous association analysis across the chromosome 6p region had yielded 

evidence for association to DD in the sample used in this thesis (Turic et al. 2003), 

specifically a broad region spanning markers D6S109 to D6S1260, part of which 

falls in a consensus region implicated by numerous studies (see Figure 2.2, Chapter 

two). Although the likely location of a DD susceptibility gene was suggested to be 

between markers D6S109 and D6S506 (Turic et al. 2003), the association study 

undertaken in this thesis considered candidate genes within the broad region of 

association thus including the consensus region implicated by past linkage studies of 

DD and genes showing some evidence of association in recent reports (Deffenbacher 

et al. 2004; Francks et al. 2004).

Direct association analysis was performed on SOX4. A high density SNP 

map (SNPs every 2-3kb) was employed in an indirect association analysis to cover 

the candidate genes ID4, PRL, VMP, DCDC2, KAAG1, MRS2L, KIAA0319, TTRAP, 

THEM2 and C6orf62. Genes chosen for analysis were known genes prioritised on 

previous associations and brain expression. The SNP map included SNPs spanning 

all introns, coding exon, UTR and flanking sequences of the candidate genes.

Initially DNA pools were genotyped from DD cases and controls. This 

analysis has been shown to be a cost effective method of genotyping and is highly 

accurate (Norton et al. 2002). Validation of the pools utilised in this study have
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shown a pooling error of just 2% (see Table 4.5). Positive results generated in 

pooled DNA analysis were followed up by individual genotyping of a case-control 

sample following removal of redundant markers based upon LD. All SNPs 

identified as of interest by the DNA pooling experiments, with the exception of 

rs793722, rs6911855 and rs6939068 yielded significant evidence for association 

with DD after individual genotyping. In the case of two of the three that did not 

(rs6911855 and rs6939068), results were very near to significance (allelic p = 0.07 

and allelic p = 0.06 respectively). In the case-control sample, association was 

observed with a marker in PRL (rs2244502, allelic p = 0.03), MRS2L (rs2793422, 

allelic p = 0.003), KIAA0319 (rs4504469, genotypic and allelic p = 0.002; 

rs2179515, allelic p = 0.007; rs6935076, genotypic and allelic p = 0.006; rs2038137, 

genotypic p = 0.0001), THEM2 (rs926529, allelic p = 0.0024; rs3777664, allelic p = 

0.008) and an intergenic SNP between THEM2 and C6orf62 (rsl053598, allelic p = 

0.03). A nested family-based association sample was individually genotyped to 

ensure that observed associations in the case-control sample were not the result of 

population stratification. The results indicated that association between rs2244502 

and DD detected in the case-control sample could have been due to population 

stratification (p = 0.36), but given that most of the results were confirmed, it is 

unlikely to be population stratification and could be due to a lack of power to detect 

associations in the parent DD-proband sample. The absence of association between 

DD and rs2038137 in the parent DD-proband trios could also be due to the departure 

from Hardy-Weinberg Equilibrium in the controls, resulting in a false positive in the 

case-control sample. Associations with all other SNPs in the case-control sample 

were confirmed in the parent DD-proband trio sample (rs4504469, p = 0.04; 

rs2179515, p = 0.04; rs6935076, p = 0.002; rs926529, p = 0.02; rs3777664, p = 0.03;
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rsl053598, p = 0.01).

4,6.1 LINKAGE DISEQUILIBRIUM ACROSS THE CHROMOSOME 6P 

REGION

LD analysis across the chromosome 6p region in my sample with 20 SNPs 

revealed a large block of LD spanning part of KL4A0319 and extending into TTRAP, 

specifically between markers rs7751357 and rs2143340, a region spanning 33kb 

(see Figures 4.13 and 4.14). The strong LD between SNPs within the region, and 

specifically the region spanning the first four exons of KIAA0319, mean that the 

functionally relevant SNPs for DD may be difficult to identify.

Data available from the HapMap project have shown that there are a number 

of blocks of LD spanning K1AA0319, with two large blocks of LD towards each end 

of the gene. There is moderate LD spanning the two halves of the gene (based on 

D’). In future studies these data could be captured by using tag SNPs across 

KIAA0319. Using tagging software available in Haploview and genotypes on CEPH 

individuals downloaded from the International HapMap Project, based on individual 

genotyping, a minor allele frequency of 0.001 and an r2 of 0.8, 43 SNPs would have 

to be genotyped and tested for evidence of association with DD (individually), along 

with three 3-marker haplotypes and four 2-marker haplotypes.
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Figure 4.13 LD between SNPs individually genotyped in 48 controls. LD is based 
on D’, darker red illustrating D’= 1, white illustrating D’ is low. Specific values of 
D’ are shown in each square. A large block of LD is shown in red, along with a 
smaller block not observed in the DD cases. 1 = 2244502, 2 = 793722, 3 = 
2793422, 4 = 4504469, 5 = 6911855, 6 = 6939068, 7 = 7751357, 8 = 2179515, 9 = 
6456622, 10 = 9358783, 11 = 9358784, 12 = 7755579, 13 = 6456624, 14 = 
6935076, 15 = 2038137, 16 = 1555090, 17 = 2143340, 18 = 926529, 19 = 3777664, 
20= 1053598.

Figure 4.14 LD between SNPs individually genotyped in 42 DD cases. LD is 
based on D’, darker red illustrating D ’= 1, white illustrating D’ is low. Specific 
values of D’ are shown in each square. A large block of LD is shown in red. A 
second block of LD, shown in the LD across a control sample is not observed in the 
case sample. 1 = 2244502, 2 = 793722, 3 = 2793422, 4 = 4504469, 5 = 6911855, 6 
= 6939068, 7 = 7751357, 8 = 2179515, 9 = 6456622, 10 = 9358783, 11 = 9358784, 
12 = 7755579, 13 = 6456624, 14 = 6935076, 15 = 2038137, 16 = 1555090, 17 = 
2143340, 18 = 926529, 19 = 3777664, 20 = 1053598.
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4.6.2 COMPARISON OF RESULTS TO LINKAGE AND ASSOCIATION 

RESULTS ON CHROMOSOME 6P

Previous reports of association between SNPs on chromosome 6p and DD or 

aspects of DD are shown in Table 4.23. The SNPs rs4504469 and rs6935076 have 

also been tested in a family-based sample of Canadian origin (Couto 2005; personal 

communication) (see Table 4.23).

For rs4504469, rs2179515, rs2038137 and rs926529 in both my study and 

that of Francks and colleagues (Francks et al. 2004), the major allele is the risk 

allele. The SNP rs2143340, although not significant in our sample did show the 

same direction of effect to that of Francks and colleagues (Francks et al. 2004), who 

suggested the minor allele was the risk allele in DD.

SNP Study Component
Measure P

rs4504469

Francks and colleagues 
(Francks et al. 2004)

READ 0.004 
(UK sample)*

Couto and colleagues 
(Couto 2005; personal 

communication)

DD (Categorical 
Definition)

0.29 
(parent DD- 

proband trios)

rs2179515 Francks and colleagues 
(Francks et al. 2004)

READ 0.0004 
(UK sample)*

rs6939076
Couto and colleagues 

(Couto 2005) (personal 
communication)

DD (Categorical 
Definition)

0.03 
(parent DD- 

proband trios)

rs2038137
Francks and colleagues 

(Francks et al. 2004)
READ 0.0002 

(UK sample)*

rs926529 Francks and colleagues 
(Francks et al. 2004)

Phonological 
Decoding Ability 0.01*

rs2143340
Francks and colleagues 

(Francks et al. 2004)
READ

0.01
(UK sample) 

0.005 
(US sample)

Table 4.23 Associations reported in previous studies with SN]3s yielding evidence
of association in this thesis. The study in this thesis was unable to replicate the 
association previously reported between DD and rs2143340 (Francks et al. 2004).
* Associations were not observed in a sample of US origin.
# This measure of phonological decoding ability is not directly comparable to the 
categorical definition of DD employed in this thesis.
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Logistic regression, using a stepwise procedure, revealed rs4504469, 

rs6939068, rs2178515, rs6935076, rs2038137 (.KIAA0319) and rs2143340 (TTRAP) 

best capture the association signal to DD (see Table 4.12). Conditional logistic 

regression using the data from the parent DD-proband trios suggested that allelic 

effects of rs6935076 (KIAA0319) best describe the association (see Table 4.13).

Haplotype analysis in the case-control sample yielded significant evidence 

for association between the haplotype rs4504469/rs6935076 and DD (see Tables 

4.20 and 4.21). This haplotype spans intron 1 to exon 4 of KIAA0319. Correcting 

the p-values for multiple testing is not appropriate at this stage of the study given the 

large number of markers analysed through the study (including DNA pooling 

results) which would need to be corrected for.

Jill Couto at the University of Toronto (Couto 2005; personal 

communication), reported some evidence of association between DD and the 

rs4504469/rs6935076 haplotype. Although global significance was not observed (p 

= 0.129), the G-A ‘risk’ haplotype in our sample also showed significance in their 

family based sample (p = 0.04). However, this haplotype, although increasing risk 

to DD in our sample, seemed to be a ‘protective’ haplotype in their sample, with 

undertransmission of the haplotype to cases. The ‘protective’ A-G haplotype in our 

sample did not yield evidence for association in their sample (p = 0.108).

4.6.3 KIAA0319 GENE EXPRESSION

At a symposium in Toronto, Canada organised by the Canadian Language 

and Literacy Research Network, Dr Silvia Paracchini (Paracchini 2005) reported 

reduced allelic expression of the G-G-C risk haplotype 

(rs4504469/rs2038137/rs2143340). In my sample of brain derived gDNA and
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cDNA, I was able to identify individuals for whom the phased haplotype probability 

of the G-G-C haplotype was 98% or above or who were most likely to carry the 

specific haplotype. My results suggest that there is no alteration of the expression of 

KIAA0319 in individuals carrying the G-G-C haplotype relative to other haplotype 

earners (see Figure 4.15). It should be noted that the expression differences reported 

by Dr Silvia Paracchini were observed in lymphoblast cells rather than brain 

samples. The extent to which results on lymphoblast cells can be extrapolated to 

other human tissue is unknown and it is unlikely that differences in gene expression 

within lymphoblast cells would alter brain function, which would result in DD. As a 

result it is more important to look at brain cells directly in order to elucidate any 

expression differences, which could alter brain function.

i

Allele Specific Expression 
(1-1-2 Haplotype Carriers)

♦

gDNA cDNA

Figure 4.15 Allele specific expression using rs4504469 as a tag SNP. Plotted are 
individuals who have or are predicted to have the G-G-C risk haplotype 
(rs4504469/rs2038137/rs2143340) which showed reduced expression in a previous 
study (Paracchini 2005). The allelic ratio refers to the ratio of G alleles to A alleles 
at rs4504469.
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4.6.4 KIAA0319

KIAA0319 (see Figure 4.7) is 102kb in length and contains 21 exons. It 

encodes 1109 amino acids, which are predicted to form a 121kDa protein. The 

function of KIAA0319 is unknown at present although sequence analysis suggests it 

may have a role in cell adhesion or calcium binding ability. It has a transmembrane 

domain towards the C’ terminus of polypeptide, suggesting it is a membrane 

spanning protein. The protein is predicted to have five PKD domains and a cadherin 

domain. The PKD (polycystic kidney disease) domains have homology with the 

extracellular domains of PKD1, which have been shown to be involved in cell- 

adhesive functions. The presence of an Ig- like fold indicates a possible role in cell- 

matrix or cell-cell adhesion. Cadherins are glycoproteins involved in calcium- 

mediated cell-cell adhesion. The cadherin domain is thought to mediate cell-cell 

adhesion when calcium is binds to it. The domain has been suggested to play a role 

in cell fate, signalling, proliferation, differentiation and migration.

KIAA0319 also contains a cytoplasmic motif, referred to as the 

immunoreceptor tyrosine-based inhibitor motif (ITIM). This motif, in other 

proteins, has been shown to be involved in the modulation of cellular responses and 

the phosphorylation of ITIM motifs may allow binding of the SH2 domain of 

several SH2-containing phosphatases. However, the ITIM motif within KIAA0319 

is predicted on sequence data, not on experimental evidence. Recently, Nakayama 

and colleagues (Nakayama et al. 2002), using a yeast-two hybrid system, reported 

that KIAA0319 interacts with KIAA1299, an SH2-B p-signalling protein, providing 

some evidence that the ITIM motif may be present since KIAA1299 contains SH2 

domains.

KIAA1299 is a SH2-B p-signalling protein containing two motifs, a
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pleckstrin-like motif and an SH2 motif. The pleckstrin-like motif has been observed 

in other proteins that are involved in intracellular signalling or which make up the 

cytoskeleton of cells. The SH2 motif is also found in intracellular signalling 

proteins. It functions as a regulatory module of intracellular signalling cascades by 

interacting with high affinity to phosphotyrosine-containing target peptides.

Although the allele specific expression assay show KIAA0319 expression in 

brain from the frontal, temporal and parietal cortex, more specific brain regions 

showing expression were not identified. Londin and colleagues (Londin et al. 2003) 

have shown KIAA0319 expression in total brain using RT-PCR as well as in 

cerebellum. Expression profiles in humans from the GNF Expression Atlas 1 (based 

on Affymetrix U95 Chips) have shown high expression of KIAA0319 in foetal brain 

and in adult brain, including the cortex, caudate nucleus, amygdala and thalamus 

(http://genome.ucsc.edu/cgi-bin/hgGene?hgsid=59571891 &db=hg 17&hgggene=NM 

_014809&hgg_chrom=chr6&hgg_start=24652310&hgg_end=24754362&hgg_type 

=knownGene). Although not often the main regions implicated in neurobiological 

studies of DD, each of the four regions has shown some evidence for a role in DD 

(Abdullaev and Melnichuk 1997; Raymer et al. 1997; Crosson 1999; Fried et al. 

2001; Joseph et al. 2001; Backes et al. 2002; Jaskowski and Rusiak 2005).

KIAA0319 shows a number of regions of sequence conservation from human 

through chimp, dog, mouse, rat, chicken, fugu and zebrafish. Most of these cover 

the exons, but there are 8 regions of conservation in intronic sequence (see Figure 

4.16). rs4504469, which shows evidence of association with DD in our study, is 

located in exon 4, which shows conservation across species. The SNP changes an 

alanine to a threonine at position 311. The alanine residue is only observed in 

humans. All other SNPs showing association in KIAA0319 in my study are located
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within intron 1. O f these rs2179515 and rs6939076 are located in sequence 

conserved between human, chimp and dog, whilst rs2038137 is located in a region 

conserved between the same three species but also mouse and rat. Intronic sequence 

has been reported to contain a number o f regulatory elements that play an important 

role in gene regulation and splicing (Duan et al. 2003; Fedorova and Fedorov 2003). 

As a result, associated SNPs in intron 1 of KIAA0319 may influence such elements.

Exons
21 20 19 18 17 1615 14 1312 11 10 9 8 7 6 5 4 3 2 1

^Transcription

n ii in i i i i i  n i n h i d  i in  i i i
t t tt t t t t

rs4504469

4 Non-Synonymous SNPs 
4  Synonymous SNPs 
|  Conserved Exonic Regions 
I Conserved Non-Exonic Regions

Figure 4.16 The conserved regions o f KIAA0319 across the species of chimp, dog, 
mouse, rat, chicken, fugu and zebrafish. The pink conserved regions are regions 
conserved amongst species and contain exonic sequence. Conserved regions 
containing intronic or 3’UTR sequence are shown in turquoise. SNPs, indicated as 
non-synonymous and synonymous, are indicated by the arrows.

Given the allele-specific expression results obtained in this study, it is 

unlikely that there is c/s-acting variation in the KIAA0319 gene that affects 

expression levels. However, this does not exclude the possibility that there are 

unknown transcripts o f KIAA0319, which do not include the tag SNP (rs4504469) I 

used to measure expression. Alternatively, there could be a minor transcript 

containing rs4504469 where expression is altered but being a minor transcript, it is 

not sufficient for detection using this assay.
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4.6.5 GENES OTHER THAN KIAA0319 IN THE CHROMOSOME 6p 

REGION

Evidence for association was observed between variations in PRL, MRS2L, 

KIAA0319, THEM2 and an intergenic SNP near THEM2. Whilst statistical evidence 

(stepwise logistic regression and conditional logistic regression) and haplotype 

analysis suggest KIAA0319 is the susceptibility gene in the chromosome 6p linkage 

region, the unpredictable nature of LD could mean that the association signal 

obtained may be the result of genetic variation in other genes.

Without testing all non-redundant variation in genes in the chromosome 6p 

linkage region for association with DD, other genes in this region can not be 

excluded as possible candidate genes for DD. Even then it would be difficult to 

exclude a gene, particularly if the promotor and regulatory elements lying out side 

the gene are not characterised and tested for association adequately. A study would 

also need to have a sufficiently large sample with adequate power to detect 

associations, in particular associations with a small effect size to exclude genes as 

possible candidate genes.

Association was observed between THEM2 and DD. However, the 

association was weaker than the association between the rs4504469/rs6935076 

haplotype and DD. Given the moderate LD between markers in THEM2 and 

KIAA0319 the association observed with THEM2 could reflect the association 

observed with the two-marker haplotype. rs926529, which shows association in this 

study, shows only weak evidence of association with phonological decoding 

efficiency in another study (Francks et al. 2004) and is not replicated in their US 

sample. Other SNPs in THEM2 show weak evidence for association with 

components of DD in a UK sample (Francks et al. 2004) but very little evidence in a
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US sample. Unless a variation common in the population is represented more in our 

DD cases than those of Francks and colleagues (Francks et al. 2004), THEM2 is less 

likely, with current knowledge, to increase susceptibility to DD.

Association was also observed between rs2793422 (MRS2L) and DD. No 

association has been reported in a previous study between DD and MRS2L 

(Deffenbacher et al. 2004), however SNP density was not comprehensive. Given 

the lack of LD between rs2793422 and any other marker analysed in my study, the 

association observed is not attributable to KIAA0319. This could indicate that a 

second susceptibility gene for DD lies in the chromosome 6p region. Previous 

studies have suggested that the relatively large region showing linkage to DD on 

chromosome 6p may harbour more than one susceptibility gene (Grigorenko et al. 

2003; Turic et al. 2003). Grigorenko and colleagues (Grigorenko et al. 2003) 

suggested that the regions may co-act or represent duplicated, functionally similar 

regions. Interestingly rs2793340 is an exonic SNP, albeit synonymous but could 

alter expression, mRNA stability, editing and splicing. It is also possible that 

rs2793422 represents a type I error (false positive).

Like THEM2, MRS2L can not be excluded as a DD susceptibility gene, 

however given the weak evidence for association (only one SNP out of twelve 

showed any evidence of association), the lack of association in a previous study 

(Deffenbacher et al. 2004) and given the stronger support for association with 

K1AA0319, the further study of MRS2L is not a priority at the present time in our 

laboratory.

4.7 GENERAL CONCLUSION

This study has identified a number of associations between DD and genes on
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chromosome 6p. Although haplotype and statistical analysis suggests that variation 

within KIAA0319 is responsible for the association, associations in other genes 

cannot be ignored. Indeed there is the possibility that a second susceptibility gene 

for DD lies within the same chromosome 6p region as KIAA0319. Further work is 

required to determine whether the association observed in KIAA0319 is the result of 

a causal variation within KIAA0319 itself or the result of unpredictable LD between 

KIAA0319 and other genes within the region.

The sequencing of exons and putative promoter of KIAA0319 in a previous 

study has failed to reveal any non-synonymous SNPs, with the exception of 

rs4504469 (Francks et al. 2004). It is unlikely that rs4504469 is a causal variant 

since the threonine that is present on the ‘protective’ A-G haplotype is also present 

on the A-A haplotype which is more common in cases, albeit not significantly more 

so than controls. This suggests that if rs4504469 can influence risk of DD directly, 

then its effects can be modified by a second susceptibility allele in the gene, which is 

a cis-cis interaction. The failure to detect association in US (Francks et al. 2004) 

and Canadian samples (Couto 2005) between rs4504469 and DD also suggests that 

rs4504469 is unlikely to directly influence DD susceptibility.

Further work is thus required to identify the causal variation(s) within 

K1AA0319 or which show LD with it.
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CHAPTER FIVE

A SUBPHENOTYPIC ANALYSIS OF THK T)F,VELOPMENTAL 

DYSLEXIA SUSCEPTIBILITY LOCUS ON CHROMOSOME 6d
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CHAPTER FIVE

5. A SUBPHENOTYPIC ANALYSIS OF THE DEVELOPMENTAL 

DYSLEXIA SUSCEPTIBILITY LOCUS ON CHROMOSOME 6P

DD is a phenotypically heterogeneous disorder and this may be the result of 

genetic heterogeneity (Grigorenko et al. 1997; Raskind et al. 2000). In this chapter I 

examine the different componential phenotypes of DD for a relationship with 

variation within KIAA0319.

5.1 COMPLEX NATURE OF DEVELOPMENTAL DYSLEXIA

Chapter two presented family and twin evidence that component measures of 

reading and/or DD may be differentially genetically influenced (see Section 2.2-2.4). 

Although heritability estimates have suggested that there may be a shared genetic 

aetiology between many of the reading components (see Chapter two), Castles and 

colleagues have also indicated that there is at least some partial genetic 

independence between the cognitive processes involved in reading (Castles et al. 

1999). It is therefore plausible that genes lying on different chromosomes influence 

different aspects of the DD phenotype.

5.2 COGNITIVE ASPECTS OF READING: READING RELATED 

MEASURES

Three main candidate language processes contributing to difficulty in word 

learning are phonological skills (Liberman et al. 1974; Vellutino 1979; Wagner and 

Torgesen 1987; Pennington et al. 1990), rapid automated naming (Denckla and
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Rudel 1976; Wolf et al. 1986) and orthographic skills (Beminger 1994; Olson et al. 

1994; Beminger et al. 2001). Although often highly correlated, component 

phenotypes do not necessarily show similar support for linkage to the same regions 

(see Chapter two). If the variation in linkage signals reported index genetic 

heterogeneity, analysis of association between component measures of reading and 

the true susceptibility gene might allow the identification of subgroups that are more 

genetically homogeneous and may lead to an increased understanding of the 

heterogeneity whilst increasing the reproducibility of findings across studies. This is 

the rationale for examining the relationship between specific deficits observed in 

dyslexic individuals and genetic variation in KIAA0319.

5.3 CHOICE OF COMPONENTIAL PHENOTYPE ANALYSIS

Typically, molecular genetic studies of component measures of reading have 

been assessed using categorical definitions of component reading phenotypes 

(Grigorenko et al. 1997; Fisher et al. 1999; Gayan and Olson 1999; Grigorenko et al. 

2000; Grigorenko et al. 2003). Categorical analyses do not assume a normal 

distribution of the data; an important assumption given some of the reading 

component scores are not normally distributed.

The associations observed within Chapter four have been observed with DD 

classified as a disease category. However there are differing opinions to whether 

DD forms a bi-modal distribution with normal reading ability (and therefore 

represents a distinct pathological reading group), or whether it represents the tail end 

of a normal reading distribution (see Chapter one, Section 1.4). As a result it is 

important to test for associations with continuous measures of component 

phenotypes of DD regardless of DD affection status. The QTL approach provides a
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complementary strategy that can link categorical disorders to continuously 

distributed traits that more closely underlie the genetic liability in the general 

population. A QTL analysis will also allow the detection of associations within 

distinct pathological groups, such as within a DD group or within a normal reading 

ability group.

As a result two forms of analysis were undertaken in this chapter; a 

categorical analysis (see analysis one) and a quantitative analysis (see analysis two). 

In addition, given the findings of analysis one, a third analysis was undertaken, 

testing association between ADHD and variation in KIAA0319. Given the number 

of SNPs showing association to DD in Chapter four, componential phenotype 

analysis was undertaken using the haplotype rs4504469/rs6939076 given that it 

yielded the strongest evidence for association to DD.
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5.4 ANALYSIS ONE -  A CATEGORICAL COMPONENTIAL 

PHENOTYPE ANALYSIS OF KIAA0319

5.4.1 AIMS AND HYPOTHESES

A categorical analysis was undertaken in order to answer the questions:

1) Does an association exist between componential phenotypes of DD and 

the haplotype rs4504469/rs6939076?

2) Can specific componential phenotypes of DD explain the association 

observed between rs4504469/rs6939076 better than a categorical 

definition of DD (as used in Chapter four)?

5.4.2 MATERIALS AND METHODS

5.4.2.1 PARTICIPANTS AND TEST BATTERY

The sample of 273 control individuals and 241 DD-probands for whom 

genotypes and phenotypic data were available are described in Chapter three. Two 

categories were formed (demographics for each sample are shown in Tables 5.1 and 

5.2):

1) For each component phenotype, the worst 100 DD cases (based on the 

original DD classification) for each component measure were selected to 

form the ‘case’ category.

2) All controls were utilised to form the ‘control’ category, regardless of 

their score on each test.

This categorical analysis represents the comparison between a normal 

reading population and the DD cases with the most severe deficits in component 

phenotypes related to DD. An analysis such as this was chosen in order to maximise
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the ability to detect differences and therefore association between component 

phenotypes of DD and variation in KIAA0319.

Variable Mean (years) SD (years) Min (years) Max (years)
Age 13.24 2 .1 2 7.67 17.58
IQ 103.48 11.54 85 136
RD -5.23 1.97 -2.5 -13.0

Table 5.1 The cemographics for the case category.

Variable Mean (years) SD (years) Min (years) Max (years)
Age 11.98 2.39 5.5 16.67
IQ 103.25 11.95 85 137
RD +1.14 1.45 -0.5 6.92

Table 5.2 The cemographics for the control category.

In total sixteen component phenotypes were analysed (see Chapter three, 

Section 3.1.2). Three measures of reading including accuracy, comprehension and 

reading rate were only analysed in children aged 12 years or under since the NARA 

test only accurately calculates these measures to the age of 12  years.

5.4.2.2 STATISTICAL PROCEDURE

For this analysis, the raw scores for componential phenotype measures of 

DD, including the rhyme oddity task, phoneme deletion task, task of auditory 

analysis, non-word reading, pseudohomophone judgement task, rapid picture and 

digit naming tasks and non-word repetition task were regressed for age to eliminate 

effects of age. Unstandardised residuals were saved and used as the new scores.

Haplotype data were analysed using COCAphase in the statistical package 

UNPHASED (Dudbridge 2003).

Correlations between componential phenotype measures in both the cases
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and controls were undertaken using Spearman’s Rank Correlation Coefficient 

analyses in SPSS version 12.

5.4.3 RESULTS

The highly correlated nature of many of the componential phenotypes makes 

correction for multiple testing difficult, particularly using the Bonferonni correction, 

which is highly conservative. As a result, p values have not been corrected for 

multiple testing.

The two-marker haplotype rs4504469/rs6935076 was tested for association 

with each of the reading components (see Tables 5.3 -  5.17). Globally, evidence for 

association was observed with measures of rapid automated naming, phonological 

awareness, phonological decoding, phonological working memory, reading rate, 

comprehension and accuracy, spelling and word recognition. No global evidence of 

association between orthographic coding and rs4504469/rs6935076 was observed. 

Association between rs4504469/rs6935076 and ADHD was observed with ADHD 

symptoms assessed with the Du Paul questionnaire (global p = 0.05) but not globally 

with ADHD symptoms assessed with the Connors questionnaire. However both 

measures of ADHD yielded evidence of association with rs4504469A/rs6939076G.

Within the rs4504469/rs6935076 haplotype, the A-G haplotype yielded the 

most significant evidence for association. For measures of rapid automatised 

naming, spelling, word recognition and one measure of phonological awareness (the 

task of auditory analysis), the G-A haplotype was also significantly associated. 

Phoneme deletion showed an association with the A-A haplotype (p = 0.047). In all 

instances where the A-G haplotype was significantly associated it was more frequent 

in controls than cases. In instances of significant association of the G-A haplotype,
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the haplotype was more frequent in cases than controls. The A-A haplotype 

showing association with phoneme deletion, was more frequent in cases than 

controls.

Word Recognition
Global p = 0.009

Haplotype Control Frequency Case Frequency Chi Square P
G-G 0.26 0.27 0.04 0.84
G-A 0.30 0.38 5.78 0 .0 2
A-G 0.39 0.26 8.81 0.003
A-A 0.05 0.09 2.39 0 .1 2

Table 5.3 rs4504469/rs6939076 haplotype association wit i word recognition.

Reading Rate
Global p = 0.02

Haplotype Control Frequency Case Frequency Chi Square P
G-G 0.26 0.36 1.37 0.24
G-A 0.30 0.29 0.17 0 .6 8
A-G 0.39 0.23 6.07 0 .0 1
A-A 0.04 0.13 3.18 0.07

le 5.4 rs450^ 469/rs6939076 haplotype association wit l reading rate. Note,
analysis was undertaken on children aged 12  years and under.

Reading Comprehension
Global p = 0.02

Haplotype Control Frequency Case Frequency Chi Square P
G-G 0.26 0.36 1.51 0 .2 2
G-A 0.30 0.29 0 .2 2 0.64
A-G 0.39 0 .2 2 6.53 0 .0 1
A-A 0.04 0.13 3.03 0.08

Table 5.5 rs4504469/rs6939076 haplotype association with reading comprehension. 
Note, this analysis was undertaken on children aged 12 years and under.

Reading Accuracy 
Global p = 0.02

Haplotype Control Frequency Case Frequency Chi Square P
G-G 0.26 0.36 1.51 0 .2 2

G-A 0.30 0.29 0 .2 2 0.64
A-G 0.39 0 .2 2 6.53 0 .0 1

A-A 0.04 0.13 3.03 0.08
Table 5.6 rs4504469/rs6939076 haplotype association with reading accuracy.
Note, this analysis was undertaken on children aged 12 years and under.
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Spelling
Global p = 0.006

Haplotype Control Frequency Case Frequency Chi Square P
G-G 0.26 0.28 0 .0 2 0.90
G-A 0.30 0.39 7.30 0.007
A-G 0.39 0.25 10.89 0 .0 0 1
A-A 0.05 0.08 0.92 0.34

Table 5.7 rs4504469/rs6939076 haplotype association wit i spelling.

Rhyme Oddity
Global p = 0.002

Haplotype Control Frequency Case Frequency Chi Square P
G-G 0.26 0.34 2.80 0.09
G-A 0.30 0.35 3.09 0.08
A-G 0.39 0.23 14.35 0 .0 0 0 2
A-A 0.05 0.08 0.64 0.42

Table 5.8 rs4504469/rs6939076 haplotype association with rhyme oddity.

Phoneme Deletion
Global p = 0.01

Haplotype Control Frequency Case Frequency Chi Square P
G-G 0.26 0.30 0.18 0.67
G-A 0.30 0.33 2 .0 2 0.16
A-G 0.39 0.26 7.84 0.005
A-A 0.05 0 .1 1 3.96 0.047

>le 5.9 rs4504469/rs6939076 haplotype association wit i phoneme de etion.

Task of Auditory Analysis
p = 0.0003

Haplotype Control Frequency Case Frequency Chi Square P
G-G 0.26 0.32 0.94 0.33
G-A 0.30 0.38 7.26 0.007
A-G 0.39 0 .2 1 17.61 0.00003
A-A 0.05 0.09 0.99 0.32

analysis.

Non-Word Reading
Global p = 0.001

Haplotype Control Frequency Case Frequency Chi Square P
G-G 0.26 0.33 1.45 0.23
G-A 0.30 0.34 3.39 0.07
A-G 0.39 0 .2 2 13.91 0 .0 0 0 2

A-A 0.05 0 .1 0 2.04 0.15
Table 5.11 rs4504469/rs6939076 haplotype association with non-word reading.
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Non-Word Repetition
Global p = 0.03

Haplotype Control Frequency Case Frequency Chi Square P
G-G 0.26 0.30 0.29 0.59
G-A 0.30 0.35 2 .8 6 0.09
A-G 0.39 0.27 7.62 0.006
A-A 0.05 0.09 1.49 0 .2 2

Table 5.12 rs4504469/rs6939076 haplotype association with non-word repetition

Pseudohomophone Judgement Task 
Global p = 0.10

Haplotype Control Frequency Case Frequency Chi Square P
G-G 0.26 0.33 1.64 0 .2 0
G-A 0.30 0.29 0 .1 1 0.74
A-G 0.39 0.29 4.09 0.04
A-A 0.05 0.09 1.17 0.28

e 5.13 rs45C>4469/rs6939076 haplotype association with the pseudohomop
judgement task.

Rapid Digit Naming
Global p = 0.001

Haplotype Control Frequency Case Frequency Chi Square P
G-G 0.26 0.31 0.51 0.47
G-A 0.30 0.37 5.90 0 .0 2
A-G 0.39 0 .2 2 14.38 0 .0 0 0 1
A-A 0.05 0 .1 0 1 .6 8 0.19

Table 5.14 rs4504469/rs6939076 hap otype association with rapid digit naming.

Rapid 1
Glol

>icture Naming
?al p = 0 .0 0 1

Haplotype Control Frequency Case Frequency Chi Square P
G-G 0.26 0.31 1.14 0.29
G-A 0.30 0.39 7.37 0.007
A-G 0.39 0.23 15.88 0.00007
A-A 0.05 0.07 0.14 0.71

Table 5.15 rs4504469/rs6939076 haplotype association with rapid picture naming.
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ADHD - Connors’ Questionnaire
Global p = 0.13

Haplotype Control Frequency Case Frequency Chi Square P
G-G 0.26 0.28 0 .0 1 0.92
G-A 0.30 0.38 2.84 0.09
A-G 0.39 0.26 4.82 0.03
A-A 0.05 0.09 0.79 0.38

Table 5.16 rs4504469/rs6939076 haplotype association with ADHD symptoms 
using the Connors’ questionnaire.

ADHD - Du Paul Questionnaire
Global p = 0.05

Haplotype Control Frequency Case Frequency Chi Square P
G-G 0.26 0.26 0.09 0.77
G-A 0.30 0.38 3.75 0.05
A-G 0.39 0.26 5.57 0 .0 2
A-A 0.05 0 .1 0 2.08 0.15

Table 5.17 rs4504469/rs6939076 haplotype association with ADHD symptoms 
using the Du Paul questionnaire.

5.4.3.1 NON-PARAMETRIC CORRELATION ANALYSIS

Correlations between the scores for each componential phenotype were 

assessed using Spearman’s rank correlation coefficients (see Tables 5.18 and 5.19). 

This was deemed the most appropriate method given the non-normal distribution of 

many of the traits (see Appendix 2 for graphical representations of each component 

phenotype distribution). Correlations were analysed in cases and controls 

separately.

Component
Phenotype Reading Accuracy Reading

Comprehension Reading Rate

Reading Accuracy 0.46 0.42
Reading

Comprehension 0.78 0.38
Reading Rate 0.46 0.38

Table 5.18 Spearman’s rank correlation coefficients between reading componential 
phenotypes. Note these phenotypes were only assessed in children 12 years and 
under. Correlations above the diagonal are for controls (blue), those below the 
diagonal represent correlations in the case sample (black).
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Component
Phenotype

Rapid
Picture
Naming

Rapid
Digit

Naming

Task of 
Auditory 
Analysis

Phoneme
Deletion

Rhyme
Oddity

ADHD: 
Du Paul Spelling ADHD:

Connors

Non-
Word

Reading

Pseudohomophone 
Judgement Task

Non-
Word

Repetition
IQ

Single
Word

Reading
Rapid Picture 

Naming 0.51 0.03 -0.04 0.19 - 0.06 - -0.09 -0.20 -0.05 -0.05 0.15

Rapid Digit 
Naming 0.65 0.17 -0.06 0.16 - 0.38 - -0.19 -0.16 0.03 0.04 0.02

Task of Auditory 
Analysis

-0.32 -0.29 0.35 0.32 - 0.02 - 0.19 0.20 0.24 0.08 -0.12

Phoneme Deletion -0.17 -0.21 0.51 0.25 - -0.19 - 0.19 0.33 0.06 0.07 -0.21
Rhyme Oddity -0.32 -0.34 0.48 0.38 - -0.07 - 0.02 0.13 0.18 0.11 -0.05

ADHD: Du Paul 0.01 -0.01 0.11 0.07 -0.04 - - - - - - -

Spelling 0.27 0.28 -0.23 -0.19 -0.14 0.05 - -0.29 -0.25 0.03 -0.01 0.14

ADHD: Connors -0.02 -0.04 0.16 0.14 0.09 0.73 0.08 - - - - -

Non-Word
Reading -0.22 -0.24 0.53 0.46 0.44 -0.07 -0.08 -0.01 0.23 0.15 0.12 -0.25

Pseudohomophone 
Judgement Task -0.15 -0.13 0.17 0.18 0.18 0.07 -0.26 0.10 0.22 -0.08 0.16 -0.35

Non-Word
Repetition -0.09 -0.11 0.09 0.24 0.25 -0.02 -0.07 -0.06 0.29 0.10 0.03 -0.05

IQ -0.03 -0.02 0.11 0.11 0.03 0.21 -0.09 0.11 0.00 0.13 -0.01 -0.12

Single Word 
Reading 0.21 0.26 -0.24 -0.23 -0.26 -0.06 0.72 0.07 -0.26 -0.24 -0.16 -0.10

Table 5.19 Spearman’s rank correlation coefficients between componential phenotypes.
Cases located below the diagonal, controls above the diagonal. Coefficients in pink are significant at the 0.01 level. (2-tailed). Coefficients in 
blue are significant at the 0.05 level (2-tailed). Note: ADHD symptoms were only available for cases.
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5.4.4 DISCUSSION

The results from the categorical analysis of componential phenotypes of DD 

and reading revealed that associations do exist between measures of DD and 

rs4504469/rs6939076. The haplotype rs4504469/rs6939076 is significantly 

associated with a number of components of reading including measures of rapid 

automated naming, phonological awareness, phonological decoding, phonological 

working memory, reading rate, comprehension and accuracy, spelling and word 

recognition. In addition, although not globally significant, the A-G haplotype was 

associated with orthographic coding. In children 12 years and under, 

rs4504469/rs6939076 was associated with reading accuracy, rate and 

comprehension.

The most significant association observed with rs4504469/rs6939076 

remains from Chapter four, defining DD categorically as a lag in reading ability 

(global p = 0.0001). However, although less significant globally (p = 0.0003), the 

A-G haplotype and the task of auditory analysis showed the same level of 

significance as DD as a lag in reading (p = 0.00003). The A-G haplotype yielded 

some evidence of association with all component phenotypes analysed, although the 

level of significance varied. This makes it difficult to answer the question of 

whether component phenotypes of DD better explain the association observed in 

Chapter four. The results obtained suggest that rs4504469/rs6939076 is associated 

with a number of component phenotypes but the relative effects on each component 

phenotype are difficult to measure, making further refinement of the DD association 

of Chapter four difficult.

The results support the previous studies of Grigorenko, Fisher, Gayan 

and colleagues (Grigorenko et al. 1997; Fisher et al. 1999; Gayan et al. 1999) who
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found linkage and/or association between DYX2 and component measures of 

phonological decoding ability, rapid automatised naming, single word reading, a 

discrepancy measure based on vocabulary, orthographic coding, an IQ-reading 

discrepancy score and phonological awareness. All three studies used a categorical 

definition for each component phenotype measure.

5.4.4.1 LIMITATIONS OF THE STUDY

In categorical analyses the arbitrary nature of the cut-off scores used to 

define categories can result in the differing observations of association between 

studies due to the inclusion or exclusion of cases on either side of the cut-off score. 

Grigorenko (Grigorenko et al. 1997) suggested that the population-based cut score 

employed in their analysis meant the number of individuals for each subphenotype 

varied, possibly influencing power between reading components for linkage to be 

detected. Our study overcomes this problem since the worst 100 DD cases for each 

measure are included and therefore maintains sample size to allow some power to 

detect associations however, the cut-off scores used mean for each reading 

component different percentages of low performers are used. The cut scores 

employed by Field and Kaplan (Field and Kaplan 1998) (a deficit of two years in a 

number of tests) could explain the absence of linkage to DYX2 in their sample as 

this will include only the most severe cases for each trait and reduce the sample size 

and therefore the power to detect association.

The categorisation approach of using age-referenced percentiles was not 

possible in our sample since a large sample representing normal reading ability 

across all age ranges was not available to calculate percentiles. The use of a set 

number of standard deviations below the mean was also deemed an inappropriate
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method of categorisation in this sample as this relies on the mean as an accurate 

measure of central tendency. Given the non-normality of many of the component 

phenotypes, the median would be a better measure of central tendency, yielding the 

use of standard deviations inappropriate.

Adjustment of the a-level to account for multiple testing assumes that the 

tests in question are independent. In our data this assumption is violated given the 

correlation between a number of reading components. Any correction, to avoid 

being too overly conservative, would need to take into account these factors.
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5.5 ANALYSIS TWO -  A QUANTITATIVE PHENOTYPIC ANALYSIS

OF CHROMOSOME 6 p

The use of quantitative data may enhance power to detect associations 

compared to categorical analysis as information is not lost in the categorisation 

process by using arbitrary cut-offs.

Kaplan and colleagues (Kaplan et al. 2002) looked at quantitative measures 

of reading components with markers on chromosome 6 . Significant associations 

were observed with measures of orthographic coding and phonological awareness. 

Associations were particularly observed with the marker JA04 located within the 

5’UTR of KIAA0319, suggesting that variation in or around KIAA0319 may 

influence normal ability in orthographic coding ability and/or phonological 

awareness ability.

Both Deffenbacher and colleagues (Deffenbacher et al. 2004) and Francks 

and colleagues (Francks et al. 2004) have utilised quantitative measures of 

component processes of reading. Like Kaplan and colleagues (Kaplan et al. 2002), 

Deffenbacher and colleagues (Deffenbacher et al. 2004) observed association 

between SNPs on 6 p and quantitative measures of orthographic coding and 

phonological awareness but also with phonological decoding, word recognition and 

a reading discrepancy score measuring reading ability in general. Francks and 

colleagues (Francks et al. 2004) also observed association with quantitative 

measures of orthographic coding and phonological awareness and like Deffenbacher 

and colleagues (Deffenbacher et al. 2004) observed association with phonological 

decoding and word recognition and in addition, spelling ability.

Given these replicated observations my aim was to assess whether
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continuous measures of DD were associated with the haplotype 

rs4504469/rs6939076 spanning KIAA0319.

5.5.1 AIMS AND HYPOTHESES

The quantitative analysis was undertaken in order to answer the questions:

1) Do the associations observed with categorical components of reading extend 

to continuous measures of the same phenotypes?

2) Does the haplotype rs4504469/rs6939076 influence reading ability in general 

(across all reading abilities), suggesting DD lies on a continuum with normal 

reading ability, or does variation on the haplotype influence cases and/or 

controls differently, suggesting DD forms a group pathologically distinct 

from normal readers?

3) Is there evidence of independent replication of the association observed 

between groups in analysis one using a quantitative within groups design?

5.5.2 MATERIALS AND METHODS

5.5.3.1 PARTICIPANTS AND TEST BATTERY

The 101 control individuals (for whom component phenotype data were 

available) and 241 DD-probands included in the categorical analysis were included 

in this quantitative analysis of componential phenotypes. In addition, 207 

individuals forming a DD intermediate phenotype (i.e. with an IQ > 85 and a reading 

age 6  months to 2 .5  years below that expected from their chronological age) were 

included in the analysis (see Chapter three) to gain a sample more representative of 

the general population. The individuals with intermediate phenotype were 

genotyped at SNPs rs4504469 and rs6939076 as described in Chapter four, Section
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.4.5. The demographics of this sample are shown in Chapter three.

5.5.3.2 SUBPHENOTYPIC MEASURES

Componential phenotype measures (regressed for age since many are age 

dependant -  see Section 5.4.2.2) were used as continuous phenotypic variables in 

order for significant differences between groups to be tested.

5.5.3.3 STATISTICAL PROCEDURE

Raw scores for componential measures of DD were age regressed and 

unstandardised residuals used as the component phenotype score. These were then 

tested for normality using measures of skewness and kurtosis. For a phenotype to be 

classified as ‘normally distributed’ values of both skewness and kurtosis were 

required to lie between -1 and +1. When this did not occur, attempts were made to 

transform the data and skewness and kurtosis tested on transformed data. If 

distributions could not be transformed to form a normal distribution, further analyses 

of these phenotypes required non-parametric tests to be used as an alternative to the 

parametric tests used for analysis of phenotypes with a normal distribution.

For the analysis of the rs4504469/rs6935076 haplotype, the probability of 

each person having a particular phased diplotype was calculated. In order to 

determine this probability, the frequency of each haplotype was estimated using 

EHPlus (Zhao et al. 2000). The probability of each haplotype was calculated from 

the genotypes of individuals using the formula:

F ix F 4 

(Fi x F4)(F2 x F3)
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Where Fj is the frequency of one possible haplotype from an individuals genotype, 

F4 is the frequency of another possible haplotype given the first haplotype is present. 

F2 and F3 are the frequencies of the other two possible haplotypes that could be from 

the two SNPs. The probability of phased diplotypes for each individual was 

calculated using the formula:

1 ■ Fi x Fa 
(Fi x F4)(F2 x F3)

As a result in any individual there are four possible phased diplotypes, although 

some have probabilities equal to zero if a diplotype is not possible for a given set of 

genotypes. Phased diplotype probabilities were determined in a program written by 

Dr Valentina Moskvina (HADES program available from 

http://www.cardiff.ac.uk/medicine/psychological_medicine/index.htm). The phased 

diplotype probabilities were then used as the independent variable in a linear or 

binary logistic regression depending on the underlying distribution of the component 

phenotype.

Association between component phenotypes of DD and 

rs4504469/rs6939076 was tested using linear regression. Component phenotypes 

normally distributed (single word reading, spelling, rhyme oddity, task of auditory 

analysis, non-word repetition and IQ), were tested for association with 

rs4504469/rs6939076 using linear regression. Continuous measures of the reading 

related measures were utilised as the dependant variable and the probability of each 

phased diplotype as the independent variable. Component phenotype scores not 

normally distributed (phoneme deletion, rapid picture and digit naming, 

pseudohomophone judgement task and non-word reading) were tested for
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association to rs4504469/rs6939076 using binary logistic regression. Individuals 

were classed as affected if they scored above (rapid digit naming and rapid picture 

naming) or below (pseudohomophone judgement task, non-word reading and 

phoneme deletion task) the median, depending on whether a high score was deemed 

good or bad. All other individuals were classified as normal for that phenotype 

score. The dependant variable was the ‘affected’ or ‘unaffected’ status of the 

individual and the covariate, the probability of each phased diplotype.

All statistical tests were undertaken using the Statistical Package for the 

Social Sciences (SPSS) version 12.0.1 for windows.

5.5.4 RESULTS

The reading ability distribution of the sample utilised in this quantitative 

analysis of DD is shown in Figure 5.1. The distribution is normally distributed 

(skewness = -0.061, kurtosis = -0.371).

The data obtained from the phoneme deletion task, pseudohomophone 

judgement task, non-word reading, rapid picture naming and rapid digit naming 

were not normally distributed (see Table 5.20). Despite attempts to normalise the 

data using various transformations, normality could not be achieved. Appendix 2 

shows the distribution of each component phenotype after regression for age.
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Figure 5.1 The reading disability distribution of the individuals used in the 
quantitative analysis o f component phenotypes o f DD. This covers the whole 
reading ability spectrum. A positive value represents a reading age above that 
expected from chronological age, a negative value represents a reading age behind 
chronological age.

For all analyses, association was tested in all individuals grouped together 

(regardless of DD definition previously i.e. DD case, control or of intermediate 

phenotype) and in controls and cases separately.
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Componential Phenotype Skewness Kurtosis
1 0 0.59 -0 .1 0

Reading Accuracy 0.49 -0.43
Single Word Reading 0 .0 2 -0.17

Spelling -0.04 -0.41
Reading Comprehension 0 .6 6 0.53

Reading Rate 0.32 -0.27
Rhyme Oddity -0.79 -0 .0 2

Phoneme Deletion* -1.26 2 .1 1
Task of Auditory Analysis -0.95 0 .6 8

Pseudohomophone Judgement Task* -1.49 3.01
Rapid Picture Naming* 1.80 5.57
Rapid Digit Naming* 1 .1 2 3.49
Non-Word Reading* -0.29 -1.08

Non-Word Repetition -0.55 0.24
ADHD -  Connors’ Questionnaire 0.50 -0.60
ADHD -  Du Paul Questionnaire 0.39 -0.79

Table 5.20 Skewness and kurtosis scores for each component phenotype. 
Values between -1 and 1 suggest the data are normally distributed. Where 
phenotypes were not normally distributed, transformation was attempted. For no 
raw scores were the data able to be transformed to be normally distributed. Not 
following a normal distribution.

Componential
Phenotype All Individuals Controls

Phoneme Deletion 0.32 5.42
Pseudohomophone 

Judgement Task
2.41 10.19

Rapid Digit 
Naming

-0.99 -7.63

Rapid Picture 
Naming

-1.43 -7.63

Non-Word Reading -0.44 12.45
Table 5.21 Medians for componential phenotypes not following a normal 
distribution

Global evidence of association was observed between rs4504469/rs6935076 

and single word reading, phoneme deletion, non-word reading, pseudohomophone 

judgement task and rapid digit naming (see Table 5.22). In children 12 years and 

under, association between rs4504469/rs6935076 and reading rate and reading

accuracy was observed (see Table 5.22).

Regarding the specific haplotypes, reading rate (under 12 years only),
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phoneme deletion, non-word reading, pseudohomophone judgement task and rapid 

digit naming showed association with all haplotypes. For each of these component 

phenotypes the most significant haplotype was the A-G haplotype. Reading 

accuracy in children less than 12 years showed association with only the A-A 

haplotype. Single word reading was specifically associated with the A-G and A-A 

haplotypes although the A-G haplotype was the most significant.

Analysis of controls (see Table 5.23) separately did not reveal any evidence 

for global association between continuous measures of reading related processes and 

rs4504469/rs693076. Single word reading yielded evidence of association with the 

A-G haplotype in control individuals. In particular the A-G haplotype was 

associated with better reading.

No evidence for association was observed between rs4504469/rs6935076 

and component measures of DD in cases analysed separately (see Table 5.24).
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Component Phenotype Global p Reference
Haplotype Haplotype B P

G-G 0.16 0.78
Single Word Reading 0.000004 G-A A-G -1.91 0 .0 0 0 1

A-A 2.56 0 .0 1
G-A -1.70 0 .0 2

Reading Rate* 0.0001 G-G A-G -2.64 0.0004
A-A 3.16 0.006
G-A -0.42 0.49

Reading Comprehension* 0 .2 0 G-G A-G -0 .8 6 0.17
A-A 1.50 0 .1 0
G-G 1.09 0 .1 0

Reading Accuracy* 0.01 G-A A-G -0.73 0 .2 2
A-A 2.95 0 .0 1
G-G -0.08 0.90

Spelling 0.36 G-A A-G -0.87 0 .1 0
A-A 0.48 0.65
G-G -1.64 0.16

Rhyme Oddity 0.06 G-A A-G 1.51 0.13
A-A -2 .6 8 0.18
G-G -1.41 0.05

Phoneme Deletion 0.03 A-A G-A -2.05 0 .0 1
A-G -2.42 0.005
G-A -1.05 0.41

Task of Auditory Analysis 0.07 G-G A-G 1.78 0 .1 0
A-A -3.72 0 .1 0
G-G -1.53 0.04

Non-Word Reading 0.02 A-A G-A -2 .2 0 0 .0 1
A-G -2.57 0.003
G-G -1 .2 0 0.42

Non-Word Repetition 0.61 G-A A-G -0.35 0.79
A-A -3.43 0.18
G-G -1.46 0.06

Pseudohomophone Judgement Task 0.02 A-A G-A -2.28 0.008
A-G -2 .6 8 0.004
G-G -1.78 0 .0 2

Rapid Digit Naming 0.03 A-A G-A -1.82 0.03
A-G -2.47 0.005
G-G -0.31 0.65

Rapid Picture Naming 0.08 A-A G-A -0.26 0.74
A-G -1 .2 2 0.15
G-G -0.55 0.83

IQ 0.79 G-A A-G -2.16 0.34
A-A -1.39 0.76

Table 5.22 A quantitative analysis of each component 
individuals covering the whole reading ability spectrum. Includes children 12 years 
and under only.
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Component Phenotype Global p Reference
Haplotype Haplotype B P

G-G 0.50 0.31
Single Word Reading 0.18 G-A A-G 0.95 0.03

A-A 0.14 0.89
G-G 1.12 0.26

Reading Rate* 0.33 G-A A-G -0.37 0.65
A-A 3.15 0.18
G-G 0.94 0.18

Reading Comprehension* 0.52 G-A A-G 0.64 0.28
A-A 0.30 0.83
G-G 0.09 0.83

Reading Accuracy* 0.74 A-A A-G -0.15 0.67
G-A 0.85 0.33
G-G 0.46 0.57

Spelling 0.59 G-A A-G 0.66 0.28
A-A -0.91 0.53
G-G 0.01 0.99

Rhyme Oddity 0.70 G-A A-G 0.38 0.63
A-A -1.85 0.32
G-G 1.45 0.37

Phoneme Deletion 0.55 A-A G-A 0.68 0.69
A-G 1.52 0.38
G-A 0.00 1.00

Task of Auditory Analysis 0.84 G-G A-G -0.64 0.42
A-A 0.21 0.91
G-G -2.49 0.15

Non-Word Reading 0.46 A-A G-A -2.36 0.20
A-G -2.13 0.25
G-G -0.95 0.74

Non-Word Repetition 0.78 G-A A-G -1.13 0.60
A-A -4.57 0.35
G-G 0.72 0.64

Pseudohomophone Judgement Task 0.73 A-A G-A -0.28 0.86
A-G -0.08 0.96
G-G -0.52 0.67

Rapid Digit Naming 0.33 A-A G-A -1.56 0.24
A-G -1.75 0.20
G-G 0.68 0.66

Rapid Picture Naming 0.28 A-A G-A -0.02 0.99
A-G -0.88 0.60
G-G -5.07 0.32

IQ 0.47 G-A A-G -4.99 0.20
A-A 3.58 0.69

Table 5.23 A quantitative analysis of each component phenotype including only 
individuals classified as controls. Includes children 12 years and under only.

-2 1 4 -



Chapter Five: A Subphenotypic Analysis o f KIAA0319

Component Phenotype P
Reference
Haplotype Haplotype B P

G-G -0.85 0.16
Single Word Reading 0.53 G-A A-G -0.07 0.90

A-A -0.47 0.65
G-A -0.54 0.53

Reading Rate* 0.36 G-G A-G -1.63 0.09
A-A -0.05 0.96
G-G -0.36 0 .6 6

Reading Comprehension* 0.91 G-A A-G -0.64 0.47
A-A 0 .2 0 0.85
G-A -0.55 0.23

Reading Accuracy* 0.59 G-G A-G -0.50 0.31
A-A 0.34 0.58
G-G -0.99 0 .1 0

Spelling 0.40 G-A A-G -0.28 0.61
A-A -1.31 0 .2 0
G-G -0.67 0.65

Rhyme Oddity 0.61 G-A A-G 1.38 0.31
A-A -0.49 0.85
G-G -1.03 0.24

Phoneme Deletion 0.52 A-A G-A -1.17 0.26
A-G -0.76 0.50
G-A -0.62 0.70

Task of Auditory Analysis 0.56 G-G A-G 0.72 0 .68
A-A -3.02 0.23
G-G -0.35 0 .68

Non-Word Reading 0.80 A-A G-A -0.27 0.79
A-G -0.78 0.48
G-G -0.89 0.64

Non-Word Repetition 0.85 G-A A-G -1.01 0.57
A-A -2.40 0.46
G-G -0.54 0.57

Pseudohomophone Judgement Task 0.51 A-A G-A -0.81 0.47
A-G -0.05 0.97
G-G -1.16 0 .2 0

Rapid Digit Naming 0.31 A-A G-A -0 .6 8 0.52
A-G -1.50 0.19
G-G 0 .0 0 1.00

Rapid Picture Naming 0.16 A-A G-A 0.56 0.59
A-G -0.67 0.55
G-G 1.64 0.63

IQ 0.80 G-A A-G 0.91 0.77
A-A -2.93 0.62
G-G -0.01 1.00

ADHD - Connors' Questionnaire 0.96 A-A G-A -0.47 0.74
A-G -0.39 0.79
G-G 0.96 0.39

ADHD - Du Paul Questionnaire 0.65 A-A G-A 0.27 0.84
A-G 0.18 0.90

Table 5.24 A quantitative analysis of each component phenotype including only 
individuals classified as DD cases. Includes children 12 years and under only.
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5.5.5 DISCUSSION

Association between continuous measures of component phenotypes of DD 

and rs4504469/rs6939076 was tested in order to answer the question of whether 

association observed with categorical definitions of component phenotypes extends 

to continuous measures of the same phenotypes and to try and independently 

replicate the associations observed between groups in analysis one using a 

quantitative within groups design.

When a sample across the reading ability spectrum was tested for association 

with component measures of DD, global evidence of association was observed 

between rs4504469/rs6939076 and single word reading, reading rate, reading 

accuracy, phoneme deletion, non-word reading, pseudohomophone judgement task 

and rapid digit naming. These observations suggest that continuous measures may 

be influenced by variation on the rs4504469/rs6939076 haplotype. However, doubt 

is cast on this observation when controls are considered separately.

No global evidence of association was observed between continuous 

componential phenotypes and rs4504469/rs6939076 in controls. This would suggest 

that the association observed in analysis of the whole reading ability spectrum may 

reflect the underlying categorical association observed in analysis one and would 

further suggest that DD forms a distinct pathological group and does not represent 

the lower tail of a normal reading ability continuum.

If variation on the rs4504469/rs6939076 haplotype did influence reading 

ability in general, an association would be expected in the controls sample, as seen

in the whole sample.

Given the evidence of quantitative association between single word reading 

and rs4504469/rs6939076, it is of interest that an association is also observed
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between single word reading and the rs4504469A/rs6939076G haplotype in the 

controls. This could imply that ability in single word reading (a measure often used 

in the diagnosis of DD) is influenced by variation on the rs4504469A/rs6939076G 

haplotype. This result and those of other component phenotype analyses could 

suggest that DD (as defined by single word reading), does lie on a continuum with 

normal reading ability but that other component processes of reading do not fall on 

such a continuum and problems with any of the components results in a pathological 

group. However, it is noteworthy that the direction of effect is different in the whole 

sample compared to that in just the controls for single word reading. In the whole 

sample the A-G haplotype is associated with poor single word reading ability 

whereas in the controls it is associated with better performance in single word 

reading. The association could be the result of multiple testing since p-values would 

not stand correction for multiple testing based on Bonferroni correction.

Previous studies have shown association between variation within KIAA0319 

and continuous measures of component phenotypes of DD, particularly orthographic 

coding, phonological awareness, phonological decoding, word recognition and a 

discrepancy score measuring overall reading ability to the region (Kaplan et al. 

2002; Deffenbacher et al. 2004; Francks et al. 2004). The overlap between the 

associations observed by Deffenbacher and Francks and colleagues (Deffenbacher et 

al. 2004; Francks et al. 2004) and our continuous analysis suggest that all 

component phenotypes may be influenced by genetic variation in the region. It is 

also possible that a variation may influence a component of reading which is 

important in all aspects of reading component phenotype.

In order to independently replicate the between groups association observed 

in analysis one, DD cases and controls were considered separately and a quantitative
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analysis undertaken within each group. Only one association was replicated in 

analysis two, that of single word reading in the controls. The absence of replication 

in this analysis could be due to:

1) The results in analysis one represent type I errors

2) These results represent type II errors. The sample size of DD cases and 

controls may lack power to detect subtle quantitative differences that may 

have been observed in the case-control design. Additionally, the non-normal 

distribution of some of the quantitative measures resulted in the use of non- 

parametric tests which can also lower the power of an association study.

5.5.5.1 LIMITATIONS OF THE STUDY

Quantitative analysis assumes the componential phenotypes under study are 

normally distributed. Often, these measures do not follow such a distribution and so 

violate the assumptions of such an analysis. Although steps to overcome the 

problem can be taken often this does not result in the normalisation of the data. 

Consequently, as in this study, the continuous nature of some of the component 

phenotypes is lost in the categorisation approach to allow analysis by binary logistic 

regression. However, the regression technique did allow the whole reading ability 

spectrum to be included in the analysis.

Another limitation in the quantitative study is that of power. There may be a 

lack of power to detect subtle associations in the sample used. Indeed the sample of 

controls used in this analysis is particularly small. In addition, unlike reading 

ability, which is normally distributed across the sample used in the quantitative 

study, a normal distribution of component phenotype scores is not represented in the 

sample (see distributions in Appendix 2). This could affect the power to detect

-2 1 8 -



Chapter Five: A Subphenotypic Analysis o f KIAA0319

associations, with over-representation of one end of the distribution and under 

representation of scores at the other end of the distribution.
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5.6 ANALYSIS THREE -  ASSOCIATION BETWEEN rs4504469 AND 

rs6939076 AND ATTENTION DEFICIT HYPERACTIVITY DISORDER

In analysis one an association was observed between ADHD symptoms and 

rs4504469/rs6935076. Global haplotypic association was observed with ADHD 

symptoms reported using the Du Paul questionnaire and the specific haplotypes G-A 

and A-G. The haplotype A-G was associated with ADHD symptoms reported by the 

Connors’ questionnaire of parent reported symptoms.

This observation is interesting since twin studies have suggested the 

possibility of common genetic influences predisposing children to both ADHD and 

DD (Gilger et al. 1992; Willcutt et al. 2000). Further, Willcutt and colleagues 

(Willcutt et al. 2002) have shown, through linkage analyses, that the DYX2 locus 

may in part explain the comorbidity of DD and ADHD. The DYX2 locus lies next 

to the HLA region on chromosome 6 p, which has shown some evidence for 

association with ADHD (Warren et al. 1995; Odell et al. 1997).

Given this information, the haplotype rs4504469/rs6035976 was tested for 

association with DD without comorbid ADHD and in a sample of parent ADHD- 

proband trios, with aims of answering the questions below (see Section 5.6.1).

5.6.1 AIMS AND HYPOTHESIS

The aim of this analysis was to answer the questions:

1) Given the association between DD and comorbid ADHD and 

rs4504469/rs6935076 in Section 5.4.3, is the association observed in Chapter 

four the result of the presence of ADHD within the DD sample or is the 

association the result of DD (or related components) per sel
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2) Does variation in KIAA0319 influence susceptibility to ADHD given the 

tentative association observed in analysis one between rs4504469/rs6939076 

and ADHD symptoms and the weak evidence for linkage between 

chromosome 6 p and ADHD (Warren et al. 1995; Odell et al. 1997)?

In order to determine whether KIAA0319 influences DD p e r  s e  and/or 

susceptibility to ADHD, two analyses were undertaken. If variation on the 

haplotype rs4504469/rs6935076 influences DD, an association should be observed 

even if DD-probands who also have comorbid ADHD are removed from either a 

case-control or family-based association analysis. If the presence of ADHD in DD- 

probands is involved in the association, no association should be observed in the 

DD-probands without comorbid ADHD. This forms the basis of analysis 3A.

Analysis 3B tests directly for association between association between 

ADHD and rs4504469/rs6935076.

5.6.2 ANALYSIS THREE A - A  CASE-CONTROL AND FAMILY BASED 

TEST OF ASSOCIATION BETWEEN DEVELOPMENTAL DYSLEXIA 

WITHOUT COMORBID ADHD AND rs4504649/rs6935076

5.6.2.1 PARTICIPANTS AND TEST BATTERY

A sample of 142 DD cases without ADHD symptoms reported on the Du 

Paul questionnaire (see Chapter three) and a sample of 172 DD cases without 

ADHD symptoms reported on the Connors’ questionnaire (see Chapter three) were 

used to test for association with rs4504469/rs6935076 in conjunction with a control 

sample of 273. It should be noted that the two samples of DD cases without
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comorbid ADHD are not independent samples.

Further analyses were undertaken using 72 parent DD-proband trios where 

the proband did not have comorbid ADHD based on ADHD symptoms reported 

using the Du Paul questionnaire and 60 parent DD-proband trios where the proband 

did not have ADHD based on ADHD symptoms reported on the Connors’ 

questionnaire.

5.6.2.2 VARIATIONS AND GENOTYPING

The SNPs rs4504469 and rs6935076 were genotyped using the methods 

described in Chapter four.

5.6.2.3 STATISTICAL PROCEDURE

Association was tested in the case-control sample using the program 

COCAphase in the software package UNPHASED (Dudbridge 2003). Association 

in parent DD-proband trios was tested using TDTphase, also part of the 

UNPHASED software package (Dudbridge 2003).

5.6.3 RESULTS

Table 5.25 shows an association between DD and rs4504469/rs6935076 in 

the DD case-control sample where cases were excluded if they scored above 35 on 

the Du Paul questionnaire. Table 5.26 shows the same result but where cases were 

excluded if they scored 15 or more on the Connors’ ADHD questionnaire. Both 

analyses revealed global evidence of association, with the A-G haplotype showing 

the most significant result. This association was in the same direction (i.e. was more 

common in controls) as that reported in Chapter four (see Tables 4.20 and 4.21).

- 22 2-



Chapter Five: A Subphenotypic Analysis o f KIAA0319

Haplotype Frequency 
in Cases

Frequency 
in Controls X2 P

G-G 0.34 0.26 1.77 0.18
G-A 0.35 0.29 2.74 0.098
A-G 0.23 0.38 10.23 0.001
A-A 0.08 0.05 0.29 0.59

Table 5.25 Two-marker (rs4504469/rs6939076) haplotype association with DD in 
the case-control sample. ADHD symptoms were measured using the Du Paul 
questionnaire. The analysis contains 142 cases with DD and without ADHD and 
273 controls. Globally the two marker haplotype yielded evidence for association 
with DD (p = 0.015).

Haplotype Frequency 
in Cases

Frequency 
in Controls X2 P

G-G 0.32 0.26 0.74 0.39
G-A 0.35 0.30 3.30 0.069
A-G 0.24 0.39 10.14 0.001
A-A 0.09 0.05 1.28 0.26

Table 5.26 Two-marker (rs4504469/rs6939076) haplotype association with DD in 
the case-control sample. ADHD symptoms were measured using the Connors’ 
questionnaire. The analysis contains 172 cases with DD and without ADHD and 
273 controls. Globally the two marker haplotype yielded evidence for association 
with DD (p = 0.01).

Tables 5.27 and 5.28 show association between rs4504469/rs6935076 and 

DD in a sample of parent DD-proband trios. Table 5.27 shows the association when 

probands with DD are excluded if they have a diagnosis of ADHD based on the Du 

Paul questionnaire and Table 5.28 shows the same analysis with probands excluded 

if they have ADHD based on Connors’ questionnaire reported ADHD symptoms.

Haplotype
Frequency of 
Transm itted 
Haplotype

Frequency of 
Non-Transmitted 

Haplotype
P

G-G 0.36 0.29 0.25
G-A 0.36 0.24 0.04
A-G 0.22 0.39 0.004
A-A 0.06 0.08 0.48

the parent DD-proband trio sample. A sample of 72 parent DD-proband trios is 
included in the analysis. ADHD diagnosis was determined using the Du Paul 
questionnaire. Globally the two-marker haplotype yielded evidence of association 
with DD (p = 0.02).
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Haplotype
Frequency of 
Transmitted 
Haplotype

Frequency of 
Non-Transmitted 

Haplotype
P

G-G 0.33 0.31 0.70
G-A 0.37 0.21 0.004
A-G 0.23 0.39 0.0039
A-A 0.07 0.09 0.57

Table 5.28 Two-marker (rs4504469/rs6939076) haplotype association with DD in 
the parent DD-proband trio sample. A sample of 60 parent DD-proband trios was 
used for this analysis. ADHD diagnosis was determined using the Connors’ 
questionnaire. Globally the two-marker haplotype yielded evidence of association 
with DD (p = 0.0098).

In both association analyses using parent DD-proband trios, the direction of 

the effect was in the same direction for the G-A and A-G haplotypes as observed in 

the case-control sample (see Tables 5.25 and 5.26) and in Chapter four. All studies 

suggest the G-A haplotype is more common in DD cases whereas the A-G haplotype 

is more common in controls.

5.6.4 DISCUSSION

In analysis one an association was observed between DD cases with ADHD 

and rs4504469/rs6935076. This suggested the possibility that the association 

observed in Chapter four could be the result of the co-occurrence of ADHD in the 

DD cases. If the observed association is due to ADHD presence, when association 

is tested between rs4504469/rs6935076 and DD cases without ADHD, no significant 

association should be observed. The results of analysis 3A suggest that the 

association detected in Chapter four is due to DD or components of DD rather than 

ADHD.

Although the association with DD remains when DD cases with comorbid 

ADHD are removed and suggests the observed association is with DD, it does not 

imply that component processes common to both DD and ADHD are not influenced
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by variation on the rs4504469/rs6935076 haplotype or indeed that ADHD itself is 

not influenced by the same (or different) variation on the same haplotype.

In order to determine whether ADHD per se is associated with the same 

haplotype a second association analysis was undertaken (see Section 5.6.5).

5.6.5 ANALYSIS THREE B -  AN ASSOCIATION STUDY BETWEEN 

ADHD AND rs4504469/rs6935076 IN A SAMPLE OF PARENT ADHD-

PROBAND TRIOS

5.6.5.1 PARTICIPANTS AND TEST BATTERY

A sample of 144 parent ADHD-proband trios and 115 single parent ADHD- 

proband duos were ascertained as described in Chapter three.

5.6.5.2 VARIATIONS AND GENOTYPING

The SNPs rs4504469 and rs6935076 were genotyped using the methods 

described in Chapter four.

5.6.5.3 STATISTICAL PROCEDURE

Association between ADHD and rs4504469/rs6935076 was tested using 

TDTphase, part of the UNPHASED software (Dudbridge 2003).

5.6.6 RESULTS

No evidence for global haplotype association was observed between 

rs4504469/rs6935076 and ADHD (see Table 5.29). Neither was any association 

observed between specific haplotypes (under 1 df) and ADHD.
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Haplotype
rs4504469/rs6939076

Frequency of 
Transmitted Haplotype

Frequency of Non- 
Transmitted 
Haplotype

P

G-G 0.27 0.29 0.39
G-A 0.37 0.36 0.73
A-G 0.29 0.29 0.96
A-A 0.07 0.06 0.45

Table 5.29 Haplotype analysis of rs4504469/rs6939076 in ADHD proband 
families. No evidence of global association was observed (p = 0.78).

5.6.7 DISCUSSION

Evidence of association between probands with DD and ADHD was 

observed with the haplotype rs4504469/rs6935076 in the categorical analysis 

undertaken in analysis one (see Section 5.4). Global evidence of association was 

observed when ADHD was defined using a cut-off on the Du Paul questionnaire. 

The A-G haplotype revealed evidence for association when ADHD was defined 

using cut-off scores on both the Du Paul questionnaire and the Connors’ 

questionnaire.

In a sample of parent ADHD-proband trios, no evidence of association was 

observed between ADHD and rs4504469/rs6935076. These results propose that the 

locus does not influence susceptibility to ADHD. Whilst these results suggest that 

the association observed in the categorical analysis represents a type I error, it is also 

possible that the associations observed in this family-based analysis represent type II 

errors. It is however plausible that component phenotypes common to both ADHD 

and DD are influenced by rs4504469/rs6935076 and that the definition of ADHD in 

analysis one includes these components and that the definition of ADHD in analysis 

3B does not. It is of note that the diagnosis of ADHD in the parent ADHD-proband 

trios sample is much more reliable as a full battery of tests for ADHD diagnosis was 

used rather than a screen for ADHD. Both the Du Paul and Connors’ questionnaires 

screen for ADHD but rely on parental reports of ADHD symptoms. Problems with
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recall bias and reporter error can occur in such questionnaires. This could indicate 

that it is more likely that the results of analysis one represent type I errors. Further, 

the definition of ADHD from both the screening questionnaires is subject to the 

arbitrariness of cut-off scores in the categorisation of ADHD presence or absence.

5.7 GENERAL CONCLUSION OF THE COMPONENTIAL ANALYSIS 

OF DEVELOPMENTAL DYSLEXIA

The sample utilised in this thesis was collected with the aim of detecting 

genetic variation increasing susceptibility to DD. As a result an extremes approach 

was used, whereby the extreme ends of what is assumed to be a normal ability 

continuum were sampled. This method was chosen in order to maximise the 

differences between populations (cases and controls) and increase the efficiency of 

the study to detect associations. It is important to note that the approach does not 

rule out the possibility that continuous measures of reading ability are associated 

with the same genetic variation. Whilst the results of analysis one suggest that the 

sampling technique used in this thesis was appropriate to sample differences 

between the extreme ends of the ability spectrum, the results for single word reading 

in analysis two suggest that variation on the rs4504469/rs6935076 haplotype 

increasing susceptibility to DD may act across the normal reading ability spectrum 

rather than act within the DD cases only.

The description and measurement of skills, which make up reading, are 

based on theoretical models of the reading process. It would be useful however for 

measurements to be developed which reflect the neurological processes involved in 

reading that are likely to be influenced by genes (Pennington 1997).

Although fractionation of the DD phenotype into components and processes
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may allow a more precise definition of the deficits associated with the global DD 

disorder and ultimately allow the determination of the underlying aetiological 

genetic variants, the task is far from easy. The highly correlated nature of the 

componential measures of reading, make it difficult to determine the exact 

components related to different variants, assuming that there is specificity of the 

genetic effects. However, given the evidence from twin studies, it is unlikely that 

the loci involved in DD influence one single measure of reading ability given the 

interdependence of reading related measures. Furthermore, Francks (Francks et al. 

2004) has suggested that protein function in CNS development is multiregional and 

interaction dependant and as a result it would be unlikely that a single genetic loci 

could encode a single cognitive phenotype.

In a recent paper, Plomin and Kovas (Plomin and Kovas 2005) predict that 

genes showing association to any learning disability, including reading disability, 

will be associated with disability and normal variation in ability. It was also 

suggested that genes associated with any component of a learning disability will also 

be associated with other components of the ability/disability and with other learning 

abilities and disabilities (Plomin and Kovas 2005). Although both the categorical 

and quantitative associations observed in this thesis go someway to support that 

view with respect to all components of DD and KIAA0319 variation, with the 

exception of single word reading, the associations do not suggest that variation 

within KIAA0319 influences normal ability in these component phenotypes. It may 

be that the study lacks the power to detect such associations and without further 

analysis on larger samples it would not be appropriate to suggest that normal ability 

in the component phenotypes is not influenced by KIAA0319. Since DD is often 

defined using single word reading ability, there is therefore evidence that DD may
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lie on a continuum with normal reading ability given the quantitative association 

between rs4504469/rs6939076 in both the whole reading ability distribution sample 

and in the controls.

Given the associations observed with a number of component phenotypes 

and the correlation between many of these phenotypes, it is difficult to decipher 

whether the chromosome 6p locus influences many components of reading or 

whether a core deficit such as phonological awareness skills (believed to be the core 

deficit of DD -  see Chapter one) causes a general inhibitory effect on other 

component phenotype measures/abilities rather than the locus affecting additional 

components too (Francks et al. 2004). If a number of reading components are 

influenced by the QTL, it would suggest that reading components are at least partly 

interdependent as argued by twin studies.
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CHAPTER SIX

ASSOCIATION STUDY BETWEEN DEVELOPMENTAL 

DYSLEXIA AND THE DYSLEXIA CANDIDATE 

SUSCEPTIBILITY GENE, EKN1. ON CHROMOSOME 15a
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CHAPTER SIX

6. ASSOCIATION STUDY BETWEEN DEVELOPMENTAL DYSLEXIA 

AND THE DYSLEXIA CANDIDATE SUSCEPTIBILITY GENE. EKNL ON

CHROMOSOME 150

Although many candidate genes for complex disorders are being identified 

by linkage and association studies, chromosomal translocations present in 

individuals with a specific disorder such as DD provide another method of localising 

disease susceptibility genes. Recently, identification of a translocation breakpoint 

near a dyslexia linkage region on chromosome 15q has identified a possible 

candidate gene for developmental dyslexia.

6.1 IDENTIFICATION OF A TRANSLOCATION BETWEEN 

CHROMOSOMES 15 AND 2

In 2000, a research group in Finland (Nopola-Hemmi et al. 2000) identified 

two families in which translocations were identified that co-segregated with reading 

problems (see Figure 6.1). The first was a t(2;15)(qll;q21) translocation co- 

segregating with reading problems in four individuals (Family 1); the second was a 

t(2;15)(pl3;q22) translocation present in one family member with reading 

difficulties (Family 2).

Fluoresence in situ hybridisation (FISH) analysis revealed that the 

breakpoints of both the t(2;15)(qll;q21) and t(2;15)(pl3;q22) translocations on 

chromosome 15 were located between markers D15S143 and D15S1029, a region 

spanning approximately 6-8Mb (Nopola-Hemmi et al. 2000). This region overlaps
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the DYX1 locus around 15q21 (see Chapter 2, Figure 2.1). The breakpoints on 

chromosome 2 each involve different arms of the chromosome and localisation has 

not been reported.

Family 1: t(2;15)(q11;q21)

E~ o

•  • © B O

Family 2: t(2;15)(p13;q22)

B----- 1— O  /  r □

© B B O □

E Translocation

E C Translocation and dyslexia

• Foetal loss

* Below average cognitive
achievement

Figure 6.1 The Presence of a Translocation and DP in Two Families. Family one 
co-segregates a t(2; 15)(qll;q21) translocation and DD, whilst a second 
translocation, t(2;15)(pl3;q22), is observed in an individual with DD in family 2. 
Adapted from Napola-Hemmi and colleagues 2000 (Nopola-Hemmi et al. 2000).

6.2 EVIDENCE SUPPORTING A ROLE OF EKN1 IN THE 

SUSCEPTIBILITY OF DEVELOPMENTAL DYSLEXIA

Following identification of the two translocations on chromosome 15, the 

t(2;15)(qll;q21) breakpoint, was further refined using fluorescent in situ 

hybridisation and Southern hybridisation (Taipale et al. 2003), to a region of 

3,229bp including exons 8 and 9 of the gene Dyslexia Susceptibility 1 Candidate 1, 

DYX1C1 (EKN1; LocusID: 161582). Specifically, the translocation breakpoint 

localised to a tetratricopeptide repeat (TPR)-domain coding region of the gene, 

which may influence protein function. TPR-domains are suggested to be protein

-232-



Chapter Six: Association Study Between Developmental Dyslexia and EKN1

interaction modules with no homology to other known proteins. Proteins containing 

TPR-domains are associated with multiprotein complexes and have been shown to 

be involved in axonal cargo transport and clustering of postsynaptic nicotine 

acetylcholine receptors. Within the 3,229bp containing the breakpoint, is a 301bp 

AT-rich region, with an almost complete 72bp inverted repeat. This suggests a 

repeat induced mechanism for the translocation (Taipale et al. 2003). AT-rich 

regions have previously been shown to occur at many chromosomal rearrangement 

sites (Edelmann et al. 2001).

EKN1 (or DYX1C1) encodes a nuclear tetratricopeptide repeat domain 

protein, which is expressed most abundantly in brain, lung, kidney and testis (based 

on RT-PCR on multiple-tissue cDNA panels). Linkage Disequilbrium across the 

gene based on data taken from the 33 SNPs in HapMap, suggests that there are five 

blocks of LD across the gene based on D’ and r2 values between SNPs (see Figure 

6.2).

EKN1, 420 amino acids in length, encodes a 48kDa protein and contains 

three TPR motifs, suggesting the protein is likely to be involved in protein-protein 

interactions. The studies of Taipale and colleagues suggest EKN1 is a nuclear 

protein (Taipale et al. 2003).
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Figure 6.2 Linkage Disequilibrium Across EKN1 Based on Data Taken From 
HapMap.

6.3 ASSOCIATION ANALYSIS OF EKN1 AND DEVELOPMENTAL 

DYSLEXIA

Taipale and colleagues carried out an association study between EKN1 and 

DD in a sample containing a mixture of unrelated cases and multiple cases from 

single families, as well as mixtures of unrelated and related controls (Taipale et al. 

2003). The classification of DD in participants required a normal performance 

intelligence quotient (PIQ > 85) and a deviation in reading skills, depending on age, 

of at least 2 years.

Sequencing the 10 exons of EKN1 in 20 dyslexic individuals revealed 8 

single nucleotide polymorphisms, including 4G—>T (P2S), 271G—»A (V90I), 

572G—>A (G.191E), 1249G ^T (E417X) and 1259C^G (S420C.) and -164C->T, 

-3G—>A and -2G—>A located in the 5’ untranslated region (UTR) (Taipale et al.
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2003). Two SNPs, -3G—>A and 1249G—>T showed association to DD (-3A, p = 

0.006; 1249T, p = 0.02) in 55 DD cases and 113 controls. A replication set 

comprising 54 DD cases and 82 controls was also used and association between -3 A 

and DD was replicated (-3 A, p = 0.02; 1249T, p = 0.1). By combining the data from 

the two samples association was observed with both SNPs (-3A, p = 0.002; 1249T, p 

= 0.006) and yielded odds ratios of 3.2 (95% Cl: 1.5-6.9) and 2.3 (95% Cl: 1.2-4.2) 

respectively. Both results remained significant after Bonferroni correction (p = 

0.016 and p = 0.048 respectively). A common haplotype of -3A and 1249T was 

shown to be significant, yielding an odds ratio of 2.8 (95% Cl: 1.2-6.5; p 

(uncorrected) = 0.015).

6.3.1 FURTHER EVIDENCE OF ASSOCIATION OF EKN1 AND 

DEVELOPMENTAL DYSLEXIA

Following the finding of Taipale and colleagues (Taipale et al. 2003), Wigg 

and colleagues provided evidence to support EKN1 as a susceptibility gene for 

dyslexia (Wigg et al. 2004). They tested for association between variants in EKN1 

and dyslexia defined both categorically and quantitatively using measures of reading 

and reading-related processes. Classification of dyslexia required an IQ of above 80 

and a score below 1.5 standard deviations from the mean on two of three core­

reading tests, or 1 standard deviation on the average of three tests. In a categorical 

analysis, 83 families were studied including 83 probands and 18 siblings; for 

quantitative analysis, 148 families were included containing 202 children. Six 

polymorphic markers were tested for association with DD.

Rs11629841, based on a categorical definition of DD, showed the most 

significant association with DD (p = 0.018, corrected p = 0.036) (Wigg et al. 2004).
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Neither the -3G—>A or the 1249G—>T SNP shown to be associated to DD in the 

Finnish study (Taipale et al. 2003) showed significant association (p = 0.145 and p = 

0.317 respectively). Analysis of association between markers and DD defined 

quantitatively revealed associations (before correction for multiple testing) between 

the marker -3G—>A and word identification {WRAT-III, p = 0.027; WRMT-R Word 

ID, p = 0.032), spelling (p = 0.027), phonological decoding (p = 0.02), receptive 

language skills (p = 0.03), expressive language skills (p = 0.03), rapid automatised 

naming (p = 0.04), verbal short term memory (p = 0.02) and phonological awareness 

(p = 0.02). Each association showed the G allele was specifically involved with 

poorer performance.

Using a sliding window approach to haplotype analysis, a number of 

associations were observed with DD (see Table 6.1).

Marker 1 Marker 2 Marker 
1 Allele

Marker 
2 Allele

Biased (non)- 
Transmission

Global
P P

-3G—A 1249G—»T G G Biased
Transmission 0.036 0.026

rs3743204 rsl 1629841 G C Biased
Transmission 0.055 0.0089

*rsl 1629841 rs692691 T T Biased Non- 
Transmission 0.013 0.0058

*rs 11629841 rs692691 G T Biased
Transmission 0.013 0.0389

Table 6.1 Significant haplotypic associations with DD. Haplotype involving the 
same SNPs but different allele combinations. No correction for multiple testing was 
undertaken by Wigg and colleagues (Wigg et al. 2004).

Although the findings of Wigg and colleagues do not replicate the results of 

Taipale et al (Taipale et al. 2003) and in the analysis of the -3G—»A/1249G—>T 

haplotype, show association in the opposite direction to that of the first study (before 

correction for multiple testing), they do provide some evidence in support of the 

hypothesis that the gene EKN1 may be a DD susceptibility gene. In this chapter, I
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attempt to replicate the specific associations observed in the two previous studies 

reporting association between DD and variants in EKN1 in an independent sample of 

UK origin.

6.4 MATERIALS AND METHODS

6.4.1 THE SAMPLE

In order to test whether SNPs in EKN1 are associated to DD, a sample of 254 

parent DD-proband trios were ascertained as discussed previously (see Chapter 

three). In this analysis, eleven componential measures of reading were used for 

quantitative analysis of the DD phenotype (see Chapter three, Section 3.1.2). The 

eleven measures test the same reading related processes as Wigg and colleagues 

(2004) using similar or equivalent tests and thus allows the specific associations 

observed previously (Wigg et al. 2004) to be examined in our sample. 

Componential measures included scores from the rhyme oddity test, phoneme 

deletion test, the non-word reading test, spelling test, single word reading test, 

pseudohomophone judgement task, accuracy scores from the NARA reading test, 

the non-word repetition test, rapid digit naming and rapid picture naming tasks and 

inattention symptoms measured using an abbreviated Connors ADHD screen (parent 

response).

6.4.2 SUBPHENOTYPIC ANALYSES

Component phenotypes were regressed for age to account for variance in 

scores that may have been attributable to the age of the child. Each of the 

component phenotype measures was tested for normality by calculating skewness 

and kurtosis scores (SPSS 11, 2001). Values between -1 and 1 suggested that the
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data were normally distributed. Variables that did not follow a normal distribution 

were transformed with an appropriate transformation. Since measurement of 

spelling, single word reading and reading accuracy gave individuals a functional age 

score (an age based on reading accuracy, an age based on single word reading and 

an age based on spelling accuracy), a discrepancy measure was used to analyse the 

data quantitatively (chronological age -  spelling age, chronological age -  single 

word reading age or chronological age -  accuracy age) and age was not regressed 

from these scores. Due to the nature of the NARA reading test, only children aged 

12 years and under were included in analyses with this componential phenotype.

Table 6.2 shows the mean scores, standard deviations and the range for each 

of the quantitative traits analysed in this analysis, before transformation and

regression for age.

Test Mean
Score SD Minimum

Score
Maximum

Score
Rhyme Oddity 15.85 5.09 0.00 29.00

Phoneme Deletion 19.58 5.56 0.00 28.00
Non-Word Reading 21.02 8.72 0.00 39.00

Non-Word Repetition 27.18 6.25 11.00 40.00
Rapid Digit Naming 29.02 9.10 13.00 77.00

Rapid Picture Naming 44.96 12.09 23.00 110.00
Inattention Symptoms 15.49 6.64 1.00 27.00

Pseudohomophone Judgement Task 52.36 13.05 4.00 68.00
Spelling 4.38 1.95 0.16 9.92

Reading Accuracy 5.03 1.70 2.50 9.92
Single Word Reading 4.41 2.00 0.19 0.31

Table 6.2 Descriptive statistics for the componential measures in DD-probands 
from a sample of 254 parent DD-proband trios used in a quantitative analysis of DD 
and variants in EKN1.

Table 6.3 shows the skewness and kurtosis scores for each of the 

components tested and the transformation used if necessary. Means and standard 

deviations are given for the age regressed and normalised trait values.

The correlation coefficients of the eleven componential measure results are 

shown in Table 6.4.
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Quantitative Trait T ransformation Mean SD Skewness Kurtosis
Rhyme oddity - -0.04 4.84 -0.38 -0.21

Phoneme deletion Ingamma 0.0008 13.01 -0.25 0.16
Non word reading - -0.002 8.07 -0.08 -0.80

Non word repetition - 0.0004 6.13 -0.30 -0.26
Rapid digit naming artan 0.00001 0.008 -0.19 0.53

Rapid picture naming artan 0.000007 0.005 -0.04 0.38
Inattention symptoms sqrt 3.83 0.92 -0.57 -0.35

Pseudohomophone 
judgement task lngamma 0.03 41.02 -1.05 1.48

BAS Spelling" - 4.38 1.95 0.27 -0.05
NARA accuracy 

score
- 5.03 1.70 0.70 -0.18

BAS Reading" - 4.41 2.00 0.19 0.31
Table 6.3 Normality statistics for the subphenotypic measures in a sample of 254 
parent DD-proband trios used in a quantitative analysis of DD and variants in EKN1 
after age regression.

Based on a discrepancy score -  age not regressed out. Where a transformation is 
given, skewness and kurtosis scores are after transformation.
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RO PD NWR PHJT NWRT RDN RPN IS BASS NARA BASR
RO 1 0.368 0.398 0.296 0.291 -0.352 -0.374 -0.025 -0.220 -0.331 -0.341
PD 1 0.386 0.202 0.207 -0.271 -0.219 -0.015 -0.274 -0.268 -0.329

NWR 1 0.142 0.322 -0.219 -0.231 0.060 -0.254 -0.374 -0.380
PHJT 1 0.071 -0.172 -0.175 -0.221 -0.404 -0.417 -0.366

NWRT 1 -0.031 -0.095 -0.021 -0.083 -0.230 -0.193
RDN 1 0.692 0.156 0.243 0.301 0.241
RPN 1 0.156 0.269 0.255 0.197

IS 1 0.027 0.021 0.014
BASS 1 0.784 0.718
NARA 1 0.799

BASR 1

Table 6.4 Pearson’s Correlation Coefficient Between Componential Measures of Reading Related Processes Based on DD-Proband 
Scores from 254 Parent DD-Proband Trios. Values shown are the Pearson Product Moment Correlation Coefficients.
RO = Rhyme Oddity Test, PD = Phoneme Deletion Test, NWR = Non-Word Reading Test, BAS = BASS Spelling Test, BASR = BAS 
Single Word Reading Test, PHJT = Pseudohomophone Judgement Task, NARA = Accuracy Scores from the NARA Reading Test, 
NWRT = Non-Word Repetition Test, RDN = Rapid Digit Naming Task, RPN = Rapid Picture Naming Task, IS = Inattention 
Symptoms.
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6.4.3 VARIANTS AND GENOTYPING

The DNA markers chosen for analysis were based upon previous reported 

associations to -3G—»A, 1249G—>T (Taipale et al. 2003) and rsl 1629841 (Wigg et 

al. 2004). Due to the information given to us by Dr Cathy Barr and Miss Karen 

Wigg (Toronto, Canada), it was calculated that the key haplotype information could 

be captured with these three markers and markers rs3743204 and rs692691 did not 

need to be genotyped.

In the study by Wigg and colleagues (Wigg et al. 2004), two SNPs 

(rs3743204 and rs692691) yielded evidence for association in combination with 

rsl 1629841. Rs3743204 and rs692691 were not genotyped in this study, however, 

we can be confident that the same haplotypes are not over-transmitted in our sample. 

The associated rs3743204C/rs11629841G haplotype observed by Wigg and 

colleagues (Wigg et al. 2004) is almost perfectly defined by the rsl 1629841G, with 

the alternative haplotype, rs3743204A/rs 11629841G having a frequency estimated 

at 0.006. The rs3743204/rsl 1629841 haplotype analysed by Wigg and colleagues 

results in an over-transmitted haplotype carrying the G allele and two under­

transmitted haplotypes carrying the T allele of rsl 1629841 (see Table 6.5). This 

pattern is not observed in our own sample, where the G allele was under-transmitted, 

though not at a significant level (see Table 6.6).

rs3743204 rsl1629841 Frequency Observed Expected t P
C T 0.410 69.074 76.501 2.037 0.1535
A T 0.251 42.926 47.354 1.311 0.2522
C G 0.333 82.926 70.549 6.856 0.0089
A G 0.006 1.074 1.597 0.216 -

Table 6.5 Results of haplotype analysis by Wigg and colleagues (Wigg et al. 2004). 
Due to the infrequent nature of the AIG haplotype, when a G is present at 
rsl 1629841, 99% of the time there is a C allele present at SNP rs3743204. In this 
table the C/G haplotype is overtransmitted to DD-probands. Global p = 0.055
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SNP Allele Allele
Frequency Observed Expected P value t

rsl 1629841 T
G

0.68
0.32

237
105

233
109 0.50 0.46

Table 6.6 Results of rsl 1629841 in our sample of 254 parent DD-proband trios. 
The G allele is undertransmitted to DD-probands, thus showing a trend opposite of 
that of Wigg and colleagues (Wigg et al. 2004). It should be noted that 
undertransmission was not significant.

Although forming a significant haplotype with rsl 1629841, rs692691 was 

not genotyped since the ‘risk’ haplotype for DD is characterised by the G allele of 

rs11629841. The associated rs 11629841 G/rs692691T haplotype observed by Wigg 

and colleagues (Wigg et al. 2004) is almost perfectly defined by the rsl 1629841G 

allele, with the alternative haplotype, rsl 162984lG/rs692691C haplotype having a 

frequency estimated at 0.04 (see Table 6.7). As shown previously (see Table 6.6) 

the G allele of rsl 1629841 is not significantly overtransmitted to DD probands.

The rsl 162984lT/rs69269IT allele showing association with DD by Wigg 

and colleagues (Wigg et al. 2004) is not overtransmitted to DD probands, indeed this 

haplotype shows undertransmission to probands by Wigg and colleagues (Wigg et 

al. 2004) and therefore does not provide evidence that the variations increase 

susceptibility to DD and was not tested in our sample.

rsl1629841 rs692691 Frequency Observed Expected t P
T C 0.547 91.164 95.829 0.860 0.3537
G C 0.041 8.336 7.574 0.192
T T 0.119 16.836 23.450 7.622 0.0058
G T 0.293 71.664 61.147 4.268 0.0389

Table 6.7 Results of rsl 162984l/rs692691 haplotype analysis by Wigg and 
colleagues (Wigg et al. 2004). Global p = 0.013

SNPs were genotyped using Amplifluor™ (Serologicals’ Corporation). 

Primers were designed for Amplifluor™ using the sequence NT-010194 (Table 6.8). 

For all three genotyping reactions, Amplifluor™ reactions were carried out
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in 1 l|a,l reactions containing 48ng of DNA according to manufacturer’s instructions.

SNP Bases Primer Primer Sequences
-3G-+A A Allele 1 

Primer
5 ’-gaaggtcggagtcaacggatttcgct 

aacctgaagaggcattct-3 ’

G Allele 2 
Primer

5 ’ -gaaggtgaccaagttcatgctgctaa 
cctgagaggcattcc-3 ’

Reverse
Primer 5 ’ -caagcaggcgcaagaagcaa-3 ’

rsl 1629841 T Allele 1 
Primer

5 ’-gaaggtgaccaagttcatgctggtatgag 
ttgctagttgtctatttaatgccata-3 ’

G Allele 2 
Primer

5 ’-gaaggtcggagtcaacggattgag 
ttgctagttgtctatttaatgccatc-3 ’

Reverse
Primer 5 ’ -cagggcatgtgtattcactgat-3 ’

1249G—»T G Allele 1 
Primer

5 ’ -gaaggtgaccaagttcatgcttcggaat 
gtaattcaaggaacag-3 ’

T Allele 2 
Primer

5 ’-gaaggtcggagtcaacggattcgga 
atgtaattcaaggaacat-3 ’

Reverse
Primer 5 ’ -gtacaaagatgcctccagttgttt-3 ’

Table 6.8 Assay details of Amplifluor™ genotyping reactions used to type SNPs in 
the association study.

PCR reactions were undertaken as described in Chapter three. SNPs -3G—>A 

and 1249G—>T were genotyped using method D and rsl 1629841 using method A 

(see Chapter three, Table 3.18).

6.4.4 STATISTICS

All Genotypes were tested for Hardy-Weinberg Equilibrium using a chi 

square goodness of fit test (in-house HW program written by P. McGuffin and J. 

Williams (modified by Marian Hamshere)). Association between SNPs and DD was 

calculated using the graphical interface (GLUE) of the statistical package 

TRANSMIT (Clayton 1999) available at the MRC Human Genome Mapping Project 

website (http://www.hgmp.mrc.ac.uk/). Haplotype analysis was also undertaken 

using TRANSMIT. HAPLOVIEW was used to analyse LD between markers. LD
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between SNPs and marker D15S994 was calculated using UNPHASED 

(http://www.hgmp.mrc.ac.uk/). Quantitative measures were analysed in affected 

DD-probands using ANOVA and linear regression in SPSS 11 (2001) and in trios 

using FBAT (Family Based Association Test; Horvath et al. 2001).

6.5 RESULTS

All genotypes were in Hardy-Weinberg Equilibrium in both DD-probands 

and parents, as shown in Table 6.9.

No evidence of association was shown between DD, defined categorically, 

and any of the SNPs analysed (See Table 6.10).

Parents Probands
Marker t P Hardy

Weinberg
t P Hardy

Weinberg
-3G—»A 1.53 0.22 Yes 0.36 0.55 Yes

rsl 1629841 3.67 0.06 Yes 1.12 0.29 Yes
1249G—►T 3.73 0.06 Yes 1.55 0.21 Yes

Table 6.9 Hardy-Wein 3erg calculations for each of the S'SfPs genotyped for this
analysis.

SNP Allele Allele
Frequency Observed Expected P value t

-3G-+A G
A

0.95
0.05

382
16

380
18 0.42 0.65

rsl 1629841 T
G

0.68
0.32

237
105

233
109 0.50 0.46

1249G—>T G
T

0.92
0.08

399
33

397
35 0.65 0.20

Table 6.10 Categorical analysis of the three SNPs, in 254 parent DD-proband trios, 
previously shown to have association with DD (Taipale et al. 2003; Wigg et al. 
2004), using TRANSMIT.

Analysis of all two- and three-markers haplotypes also yielded no evidence 

for association, both globally and under 1 degree of freedom analysis of specific 

haplotypes (See Table 6.11).
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M arkers Haplotype Frequency Observed Expected P
Global

P
AT 0.05 19.54 22.39 0.37

-3/1249 GT 0.03 14.74 15.15 0.87 0.69
GG 0.92 419.17 415.82 0.41

-3/ GG 0.33 129.32 133.26 0.52

r s l1629841 AT 0.05 17.10 19.33 0.44 0.84
GT 0.63 263.58 257.41 0.33

rsl 1629841/ GG 0.32 136.51 140.84 0.48
19 4Q TT 0.08 33.62 35.24 0.68 0.76

TG 0.60 269.87 263.92 0.35

-3/ GGG 0.32 143.08 147.36 0.49

rsl 1629841/ ATT 0.05 19.55 22.32 0.38 0 78
194 Q GTT 0.03 14.75 15.07 0.90
l £ *r y GTG 0.59 278.08 270.61 0.24

Table 6.11 Categorical analysis of t re 2- and 3-marker haplotypes using
TRANSMIT. Haplotypes with a frequency less than 1% are not shown.

Table 6.12 below shows very limited evidence for ancestral recombination 

between the three markers (high D’) and for 2 of the 3 pairings, genotypes at each 

locus were only very weakly correlated (low r2), reflecting the large differences in 

allele frequencies between the markers. Previously our sample had shown evidence 

of association to chromosome 15q, in particular, marker D15S994 (Morris et al. 

2000). No significant evidence of LD was shown between marker D15S994 and the 

three markers in EKN1 (D’ < 0.52) (see Table 6.13).

M arker 1 M arker 2 D’ 95% Cl 
(D’)

r2

-3G—►A r s l1629841 1.0 0.59-1.0 0.02
-3G—A 1249G—>T 0.96 0.84-1.0 0.49

r s l1629841 1249G—*T 1.0 0.73-1.0 0.04
Table 6.12 LD between markers measured by both D’ and r2.

M arker 1 M arker 2
D’

(Transmitted
Allele)

D’
(Nontransmitted

Allele)
P

-3G—►A D15S994 0.41 0.52 0.48
rsl 1629841 D15S994 0.26 0.25 0.78
1249G—>T D15S994 0.38 0.34 0.47

Table 6.13 LD between markers measured by D’ between SNPs and microsatellite 
marker D15S994, previously shown to be associated to DD in this sample.
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Componential phenotype analysis of DD, had in a previous study yielded 

significant associations, even in the absence of association between markers and DD 

defined categorically (Wigg et al. 2004). Due to the observed associations, a 

componential analysis of DD was undertaken using eleven componential measures 

of DD and reading related processes in our sample. This analysis was untaken using 

two methods; FBAT and ANOVA. FBAT was used as it is based on parent DD- 

proband trios and overcomes the problem of population stratification and allows 

continuous measures of DD and reading to be included in an analysis. However, 

since only informative parents are used in FBAT analysis, the reduction in sample 

size used results in a lower power for the detection of quantitative traits. ANOVA 

allows the inclusion of all DD-probands, increasing power.

Componential phenotype analysis revealed only one nominally significant 

association (p = 0.02) between rsl 1629841 and inattention symptoms using 

ANOVA (Table 6.16). No prior hypothesis exists for this specific association based 

on existing studies, and after correction for multiple phenotypic tests (n = 11), 

association is not observed.
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Component Phenotype Marker Genotype Mean F P
Rhyme Oddity -3G—»A A.G

G.G
1.04

-0.45 1.39 0.24

Phoneme Deletion -3G—>A A.G
G.G

-1.24
-0.50 0.04 0.84

Non-Word Reading -3G—>A A.G
G.G

<N 
m

 
00 

00
© 

©
 

1 
1 0.00 0.99

Non-Word Repetition -3G—►A A.G
G.G

2.83
-0.39 3.63 0.06

Rapid Digit Naming -3G-*A A.G
G.G

-0.001
0.0003 0.48 0.49

Rapid Picture Naming -3G—>A A.G
G.G

-0.001
0.0001 0.88 0.35

Inattention Symptoms -3G—A A.G
G.G

0.18
-0.06 0.73 0.39

Pseudohomophone 
Judgement Task -3G—>A A.G

G.G
-3.82
0.71 0.16 0.69

Spelling -3G—>A A.G
G.G

4.51
4.45 0.01 0.92

Single Word Reading -3G->A A.G
G.G

4.64
4.53 0.05 0.83

Reading Accuracy -3G—>A A.G
G.G

3.65
3.75 0.075 0.79

Table 6.14 ANOVA analysis of componential measures of DD/reading in SNP -
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Component Phenotype Marker Genotype Mean F P
Rhyme Oddity 1249G—T T.G

G.G
0.03
-0.28 0.12 0.73

Phoneme Deletion 1249G—►T T.G
G.G

-0.10
0.39 0.04 0.85

Non-Word Reading 1249G—>T T.G
G.G

-0.54
-0.34 0.02 0.90

Non-Word Repetition 1249G-+T T.G
G.G

1.93
-0.33 3.56 0.06

Rapid Digit Naming 1249G—T T.G
G.G

0.0007
0.0003 0.05 0.83

Rapid Picture Naming 1249G—»T T.G
G.G

0.0001
0.0002 0.002 0.96

Inattention Symptoms 1249G—>T T.G
G.G

-0.69
0.007 0.74 0.39

Pseudohomophone 
Judgement Task 1249G—T T.G

G.G
-2.51
1.61 0.25 0.62

Spelling 1249G—>T T.G
G.G

4.42
4.35 0.04 0.84

Single Word Reading 1249G—>T T.G
G.G

4.64
4.18 0.58 0.44

Reading Accuracy 1249G—»T T.G
G.G

3.42
3.76 1.66 0.20

Table 6.15 ANOVA analysis of componential measures of DD/reading in SNP 
1249G—>T.
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Component Phenotype M arker Genotype Mean F P

Rhyme Oddity r s l1629841
G.G
G.T
T.T

1.28
-0.78
-0.74

1.04 0.36

Phoneme Deletion r s l1629841
G.G
G.T
T.T

3.79
-0.40
-1.28

0.75 0.48

Non-Word Reading r s l1629841
G.G
G.T
T.T

-0.39
-0.63
-0.70

0.008 0.99

Non-Word Repetition r s l1629841
G.G
G.T
T.T

-0.39
-0.92
-0.17

0.27 0.76

Rapid Digit Naming r s l1629841
G.G
G.T
T.T

-0.002
0.0005
0.0006

0.92 0.40

Rapid Picture Naming r s l1629841
G.G
G.T
T.T

-0.0001
0.0002
0.0004

0.08 0.92

Inattention Symptoms r s l1629841
G.G
G.T
T.T

-0.07
0.25
-0.20

4.01 0.02

Pseudohomophone 
Judgement Task r s l1629841

G.G
G.T
T.T

7.12
3.47
1.24

0.12 0.88

Spelling r s l1629841
G.G
G.T
T.T

4.07
4.14
4.83

2.77 0.07

Single Word Reading r s l1629841
G.G
G.T
T.T

4.11
4.37
4.91

2.11 0.12

Reading Accuracy r s l1629841
G.G
G.T
T.T

3.27
3.98
3.71

1.73 0.19

Table 6.16 ANOVA analysis of componential measures of DD/reading in SNP 
rsl 1629841. For SNPS -3G->A and 1249G-+T ld f was used, for rsl 1629841, 2df.

Quantitative component phenotype analysis using ANOVA was used as a 

screening test to determine whether there were any differences in the component 

phenotype based on genotype groups. In order to determine the underlying genetic 

model, linear regression was undertaken. Since the only significant association 

observed was between inattention symptoms and rsl 1629841, linear regression was
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undertaken for this component phenotype. Inattention symptom scores were used as 

the dependant variable and additive and dominance codings for rsl 1629841 were 

utilised as the independent variable (see Chapter 4, Section 4.4.5 for a description). 

Linear regression suggested that there was a genotypic effect rather than an allelic 

effect at rsl 1629841 influencing inattention symptoms. Specifically individuals 

who were homozygous for any allele at rsl 1629841 were more likely to show more 

symptoms of inattention (see Table 6.17).

Component Phenotype SNP P Model B P
Inattention Symptoms r s l1629841 0.02 Additive

Dominance
-0.06
0.78

0.74
0.078

Table 6.17 Linear regression analysis of inattention symptoms and additive and 
dominance coding for rsl 1629841. A continuous measure of inattention symptoms 
in the DD-probands was used as the dependant variable and additive and dominance 
codings to determine the genetic model underlying the association observed in the 
ANOVA screen, as the independent variable. Results suggest that individuals who 
are homozygous for either allele at rsl 1629841 show more symptoms of inattention.

Quantitative analysis was also undertaken using FBAT. The results of which 

are shown in Tables 6.18 -  6.20.

Quantitative T rait Allele Frequency Informative
Families Z P

Rhyme Oddity G 0.92 42 0.73 0.46
Phoneme Deletion G 0.92 42 0.20 0.84

Non-Word Reading G 0.92 42 1.77 0.08
Non-Word Repetition G 0.92 41 -0.65 0.51
Rapid Digit Naming G 0.92 37 0.52 0.60

Rapid Picture Naming G 0.92 25 -0.16 0.87
Inattention Symptoms G 0.92 33 1.81 0.07

Pseudohomophone 
Judgement Task G 0.92 38 0.18 0.86

Spelling G 0.92 43 0.50 0.62
Single Word Reading G 0.92 43 0.31 0.75

Reading Accuracy G 0.92 13 2.10 0.35
Table 6.18 Quantitative analysis of 3D and DD related phenotypes using FBAT.
The table shows results for the SNP 1249G—*T.
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Quantitative T rait Allele Frequency Informative
Families Z P

Rhyme Oddity G 0.96 22 -1.66 0.10
Phoneme Deletion G 0.96 20 -0.41 0.68

Non-Word Reading G 0.96 21 -0.36 0.72
Non-Word Repetition G 0.96 20 -0.92 0.36
Rapid Digit Naming G 0.96 18 1.21 0.23

Rapid Picture Naming G 0.96 17 0.04 0.97
Inattention Symptoms G 0.96 14 -1.61 0.11

Pseudohomophone 
Judgement Task G 0.96 18 -0.42 0.67

Spelling G 0.96 22 1.21 0.23
Single Word Reading G 0.96 22 0.09 0.35

Reading Accuracy G - - - -
Table 6.19 Quantitative analysis DD related phenotypes using FBAT. The table 
shows results for the SNP -3G—>A.

Quantitative T rait Allele Frequency Informative
Families Z P

Rhyme Oddity T 0.67 80 -0.44 0.66
Phoneme Deletion T 0.67 77 -0.66 0.51

Non-Word Reading T 0.67 79 0.93 0.35
Non-Word Repetition T 0.67 74 0.92 0.36
Rapid Digit Naming T 0.67 63 1.38 0.17

Rapid Picture Naming T 0.67 59 1.57 0.12
Inattention Symptoms T 0.67 61 -1.43 0.15

Pseudohomophone 
Judgement Task T 0.67 71 -0.16 0.88

Spelling T 0.67 81 1.24 0.22
Single Word Reading T 0.67 81 1.26 0.21

Reading Accuracy T 0.67 26 -1.58 0.12
Table 6.20 Quantitative analysis of DD and DD related phenotypes using 
The table shows results for the SNP rsl 1629841.

'BAT.

Haplotype analysis (Tables 6.21 -  6.24) between componential phenotypes 

and both two- and three-marker haplotypes revealed nominal evidence for 

association between rhyme oddity and the three marker haplotype 

3G>A/1249G>T/rsl 1629841 (haplotype A-T-T, p = 0.05; see Table 6.21) and the 

two marker haplotype rsl 1629841/-3G>A (haplotype T.A, p = 0.05; see Table 6.24) 

and evidence of association between reading accuracy in children aged 12 years and 

under and the two marker haplotype 1249G>T/-3G>A (haplotype G.G, p — 0.03; see 

Table 6.23). None of the observed associations stand correction for multiple testing
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using the Bonferroni correction.

Component
Phenotype Haplotype Frequency Informative

Families Z P

Rhyme Oddity

G-G-T 0.60 78 -0.73 0.46
G-G-G 0.32 78 0.39 0.70
A-T-T 0.04 15 1.92 0.05
A-G-T 0.04 16 -1.39 0.16
G-T-T 0.006 3 - -

Phoneme Deletion

G-G-T 0.60 76 -1.05 0.29
G-G-G 0.32 76 0.71 0.48
A-T-T 0.04 14 0.70 0.48
A-G-T 0.04 16 -0.09 0.93
G-T-T 0.006 2 - -

Non-Word 
Reading

G-G-T 0.60 78 1.05 0.29
G-G-G 0.32 77 -0.93 0.35
A-T-T 0.04 14 0.37 0.71
A-G-T 0.04 16 -0 .6 6 0.51
G-T-T 0.006 3 - -

Single W ord 
Reading

G-G-T 0.60 78 1.37 0.17
G-G-G 0.32 78 -1.26 0 .2 1

A-T-T 0.04 15 0.18 0 .8 6
A-G-T 0.04 16 0.14 0.89
G-T-T 0.006 3 - -

Pseudohomophone 
Judgement Test

G-G-T 0.60 69 -0.16 0.87
G-G-G 0.32 70 0.46 0.65
A-T-T 0.04 13 0.05 0.96
A-G-T 0.04 14 -0.58 0.57
G-T-T 0.006 1 - -

Reading Accuracy

G-G-T 0.60 24 -0.65 0.51
G-G-G 0.32 23 1.67 0.09
A-T-T 0.04 2 - -

A-G-T 0.04 6 - -

G-T-T 0.006 2 - -

Non-Word 
Repetition Test

G-G-T 0.60 72 0.13 0.89
G-G-G 0.32 72 -0.71 0.48
A-T-T 0.04 13 1.42 0.16
A-G-T 0.04 16 0.52 0.61
G-T-T 0.006 3 - -

Rapid Digit 
Naming

G-G-T 0.60 61 1.64 0 .1 0

G-G-G 0.32 62 -1.23 0 .2 2

A-T-T 0.04 12 -1.19 0.23
A-G-T 0.04 14 0.35 0.72
G-T-T 0.006 3 - -

Table 6.21 Continuec
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Component
Phenotype Haplotype Frequency Informative

Families Z P

Rapid Picture 
Naming

G-G-T 0.60 58 1.09 0.28
G-G-G 0.32 57 -1.41 0.16
A-T-T 0.04 11 -0.47 0.64
A-G-T 0.04 8 - -

G-T-T 0.006 3 - -

Spelling

G-G-T 0.60 78 0 .8 8 0.38
G-G-G 0.32 78 -0.65 0.52
A-T-T 0.04 15 0.59 0.55
A-G-T 0.04 16 -0.44 0 .6 6
G-T-T 0.006 3 - -

Hyperactive/ 
Impulse 

Dimensions: 
Connors’ ADHD

G-G-T 0.60 55 1.24 0 .2 2
G-G-G 0.32 60 -0 .6 6 0.51
A-T-T 0.04 9 - -

A-G-T 0.04 13 -0.99 0.32
G-T-T 0.006 3 - -

Table 6.21 Componential phenotype analysis of the haplotype - 
3G>A/1249G>T/rsl 1629841. Haplotypes with a frequency less than 1% are not 
shown.
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Component
Phenotype Haplotype Frequency Informative

Families Z P

Rhyme Oddity
G-T 0.61 76 -0.63 0.53
G-G 0.32 79 0.39 0.69
T-T 0.07 32 0.36 0.72

Phoneme Deletion
G-T 0.61 75 -1 .0 2 0.31
G-G 0.32 77 0.67 0.50
T-T 0.07 31 0.42 0 .6 8

Non-Word
Reading

G-T 0.61 76 1.31 0.19
G-G 0.32 78 -0.90 0.36
T-T 0.07 31 -0.71 0.48

Single W ord 
Reading

G-T 0.61 76 0.98 0.33
G-G 0.32 79 -1 .2 0 0.23
T-T 0.07 32 0.44 0 .6 6

Pseudohomophone 
Judgement Test

G-T 0.61 69 -0.41 0.69
G-G 0.32 71 0.61 0.55
T-T 0.07 28 -0.42 0 .6 8

Reading Accuracy
G-T 0.61 2 2 -1.14 0.25
G-G 0.32 24 1.82 0.07
T-T 0.07 10 -1.42 0.16

Non-Word 
Repetition Test

G-T 0.61 70 -0.009 0.99
G-G 0.32 73 -0 .6 8 0.49
T-T 0.07 30 1.49 0.14

Rapid Digit 
Naming

G-T 0.61 59 1.61 0 .1 1
G-G 0.32 63 -1.34 0.18
T-T 0.07 27 -0.30 0.77

Rapid Picture 
Naming

G-T 0.61 56 1.39 0.17
G-G 0.32 58 -1.48 0.14
T-T 0.07 2 0 0.25 0.80

Spelling
G-T 0.61 76 0.43 0.67
G-G 0.32 79 -0.55 0.58
T-T 0.07 32 0.24 0.81

Hyperactive 
/Impulse 

Dimensions: 
Connors’ ADHD

G-T 0.61 53 0.77 0.44
G-G 0.32 61 -0.60 0.55
T-T 0.07 25 -0 .2 1 0.83

Table 6.22 Componential phenotype analysis of the haplotype
1249G>T/rs 11629841.
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.Component
Phenotype Haplotype Frequency Informative

Families Z P

Rhyme Oddity

G-G 0.92 38 -0.16 0.87
T-A 0.04 19 1.50 0.13
T-G 0.03 2 0 -1.73 0.08
G-A 0.006 3 - -

Phoneme Deletion

G-G 0.92 36 -0.17 0 .8 6
T-A 0.04 18 0.54 0.59
T-G 0.03 2 0 -0.26 0.79
G-A 0.006 2 - -

Non-Word
Reading

G-G 0.92 37 0 .6 6 0.51
T-A 0.04 18 0 .1 2 0.90
T-G 0.03 2 0 -1.09 0.27
G-A 0.006 3 - -

Single W ord 
Reading

G-G 0.92 38 0.62 0.54
T-A 0.04 19 -0.55 0.58
T-G 0.03 2 0 0.18 0 .8 6
G-A 0.006 3 - -

Pseudohomophone 
Judgement Test

G-G 0.92 32 0.38 0.71
T-A 0.04 17 0.72 0.47
T-G 0.03 18 -0.77 0.44
G-A 0.006 1 - -

Reading Accuracy

G-G 0.92 11 2 .2 2 0.03
T-A 0.04 3 - -

T-G 0.03 6 - -

G-A 0.006 2 - -

Non-Word 
Repetition Test

G-G 0.92 36 -0.44 0 .6 6
T-A 0.04 17 1.03 0.30
T-G 0.03 2 0 -0.23 0.82
G-A 0.006 3 - -

Rapid Digit 
Naming

G-G 0.92 32 0.46 0.65
T-A 0.04 15 -1.34 0.18
T-G 0.03 18 0.70 0.48
G-A 0.006 3 - -

Rapid Picture 
Naming

G-G 0.92 23 -1.32 0.19
T-A 0.04 14 -0.41 0.69
T-G 0.03 10 1.91 0.06
G-A 0.006 3 - -

Spelling
G-G 0.92 38 1.01 0.32
T-A 0.04 19 -0.34 0.73
T-G 0.03 2 0 -0.37 0.71
G-A 0.006 3 - -

Hyperactive 
/Impulse 

Dimensions: 
Connors’ ADHD

G-G 0.92 30 1.45 0.14
T-A 0.04 11 -0.09 0.93
T-G 0.03 16 -1.24 0 .2 2

G-A 0.006 3 - -

Table 6.23 Componential phenotype analysis of the haplotype 
Haplotypes with a frequency less than 1% are not shown.

249G>T/-3G>A

-255 -



Chapter Six: Association Study Between Developmental Dyslexia and EKN1

Component
Phenotype Haplotype Frequency Informative

Families Z P

Rhyme Oddity
T-G 0.64 82

orn1 0.19
G-G 0.32 80 0.44 0 .6 6
T-A 0.05 18 1.96 0.05

Phoneme Deletion
T-G 0.64 79 -0.96 0.34
G-G 0.32 77 0 .6 6 0.51
T-A 0.05 16 0.56 0.58

Non-Word
Reading

T-G 0.64 82 0.72 0.47
G-G 0.32 79 -0.93 0.35
T-A 0.05 17 0.64 0.52

BAS Single Word 
Reading

T-G 0.64 82 1.44 0.15
G-G 0.32 80 -1.33 0.19
T-A 0.05 18 -0.26 0.79

Pseudohomophone 
Judgement Test

T-G 0.64 73 -0.04 0.97
G-G 0.32 71 0.16 0 .8 8
T-A 0.05 14 -0.39 0.70

Reading Accuracy
T-G 0.64 25 - 1 .1 2 0.26
G-G 0.32 25 1.42 0.16
T-A 0.05 4 - -

Non-Word 
Repetition Test

T-G 0.64 76 0.49 0.63
G-G 0.32 74 -0.92 0.36
T-A 0.05 16 1.28 0 .2 0

Rapid Digit 
Naming

T-G 0.64 64 1.83 0.07
G-G 0.32 63 -1.38 0.17
T-A 0.05 15 -1.05 0.29

Rapid Picture 
Naming

T-G 0.64 59 1.64 0 .1 0

G-G 0.32 59 -1.57 0 .1 2

T-A 0.05 14 -0.05 0.96

Spelling
T-G 0.64 82 0.78 0.44
G-G 0.32 80 -0.74 0.47
T-A 0.05 18 -0 .2 1 0.83

Hyperactive/ 
Impulse 

Dimensions: 
Connors’ ADHD

T-G 0.64 59 0 .6 8 0.50
G-G 0.32 61 -0.54 0.59
T-A 0.05 12 -0.33 0.74

Table 6.24 Componential phenotype analysis of the haplotype rsl 1629841/-3G>A.

6.6 DISCUSSION

Previous studies have reported association between the gene EKN1 and DD 

(Taipale et al. 2003; Wigg et al. 2004). Originally identified from a translocation 

breakpoint on chromosome 15q, EKN1 maps towards the distal end of DYX1, which 

has previously shown linkage to DD (Grigorenko et al. 1997; Schulte-Korne et al.
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1998; Nothen et al. 1999; Chapman et al. 2004), and in our own sample, association 

(Morris et al. 2000). Since EKN1 maps approximately 15Mb from our LD signal, it 

is not a priori likely that EKN1 can explain our previous association findings. 

However, given the association evidence from two studies (Taipale et al. 2003; 

Wigg et al. 2004), the specific hypotheses concerning EKN1 and DD was tested in 

our sample of 254 parent-DD proband trios, one of the largest samples yet to be 

examined in regard to this hypothesis.

In total 15 SNPs have been reported in the association analyses of EKN1 and 

DD. The predicted amino acids encoded by the SNPs are shown in Table 6.25 and 

the location of each of these SNPs is shown in Figure 6.3. A general summary of all 

the studies undertaken between EKN1 and DD can be seen in Tables 6.26 and 6.27. 

It should be noted that there are many other variants that have been reported in this 

gene however these have not been identified in a sample of DD probands or tested 

for association with DD.

6.6.1 COMPARISON OF RESULTS TO ASSOCIATION STUDIES 

BETWEEN EKN1 AND DEVELOPMENTAL DYSLEXIA PRIOR TO OUR 

RESEARCH

In the analysis of Taipale and colleagues (Taipale et al. 2003), association 

was observed between the -3A (combined p = 0.002) and 1249T (combined p = 

0.006) alleles and between the haplotype -3A/1249T (p = 0.015) and DD. The two 

SNPs could influence the function of the EKN1 protein. Unlike 1249G—>T which 

alters the amino acid sequence (truncating the protein by four amino acids), -3G—>A 

does not alter protein amino acid sequence but is located in the binding sequence of 

the transcription factors Elk-1, HSTF and TFII-I.
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SNP
Position

from
ATG

Alleles Amino Acid Amino Acid 
Change

rs2007494 -1718 A—»T INTRONIC -

rsl075938 -164 C—T 5’-UTR -

-159A—>G -159 A—►G 5’-UTR -

-129A—>C -129 A—>C 5’-UTR -

-3G—>A -3 G—>A 5’-UTR -

-2G—>A -2 G—>A 5’-UTR -

4G->T (C—T) 4 G—>T (C—>T) PROLINE SERINE
13C—>T—»G 13 C—»T—>G INTRONIC -

rs3743204 218 T ^ G INTRONIC -

271G—A 271 G ^ A VALINE ISOLEUCINE
572G—>A 572 G->A GLYCINE GLUTAMATE
1249G—>T 1249 G—>T GLUTAMATE STOP
1259C—>G 1259 C ^ G SERINE CYSTEINE

rsl 1629841 12889 T ^ G INTRONIC -

rs692691 29952 T—>C INTRONIC -

Table 6.25 Possible functional effects of variants found in EKN1 during association 
analyses with DD.

At both the single SNP level and at the haplotype level, we were unable to 

replicate any of the findings of Taipale and colleagues (Taipale et al. 2003) and 

trends seen in our data, are in the direction of undertransmission of the alleles 

involved in the reported association. The associations observed by Wigg and 

colleagues (Wigg et al. 2004) between SNPs and DD defined categorically, also 

failed to replicate the results of the original study by Taipale and colleagues (Taipale 

et al. 2003). However, Wigg and colleagues did observe association between 

categorical DD and the G allele of SNP rs 11629841. We were also unable to 

replicate this association in our study.
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Schematic Representation of EKN1 
(DYX1C1)
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Figure 6.3 A schematic representation of EKN1. Indicated in the diagram are all the polymorphisms tested for association with DD in previous
studies. The translocation breakpoint lies between exons 8 and 9.
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Study

Taipale et al (2003) Wigg et al (2004) Scerri et al (2004) This Study Marino et al (2005)

Population Finnish Canadian UK UK Italian

DD Definition 
Criteria PIQ > 85; RD > 2 years

1.5 SD below mean on 2 of 
3 core reading tests or 1 SD 

below on the average of all 3 
reading tests

Quantitative measures of 
reading related processes IQ > 85; RD > 2.5 years

DSM IV (DD); 2 SD below mean 
on speed or accuracy (text 

reading) or 1.5 SD below mean on 
1 + parameters and 2 SD below on 

accuracy or speed, IQ > 85

Sample Family and Individual cases: 
Case-control design

Parent DD proband trios and 
siblings Sibling pair families Parent DD proband trios Parent DD proband trios + any 

affected siblings

Sample Size 109 cases; 195 controls

Categorical analysis: 83 
families + 18 siblings 

Quantitative analysis: 148 
families inc. 202 children

264 families inc. 630 
siblings

254 parent-DD proband 
trios

158 nuclear families inc. 171 
children

Analysis Method y2, Fishers exact test eTDT QTDT TRANSMIT FBAT (TDT), TRANSMIT
Major allele ffeq#

p '
Major allele freq

P
Major allele freq

P
Major allele freq

P
Major allele freq

PCase Control Family freq Family freq Family freq Family freq

-164C—>T 0.97 0.99 0.383 0.98 n.s. Low Informativeness _

-159A—»G - - - - - - - - - Low Informativeness -
-129A—>C - . - - - - - - - Low Informativeness -

13C—*T->G - . - - - - - - - Low Informativeness -
-3G—̂A11 0.97 0.99 0.002 0.92 0.145 0.94 n.s. 0.95 0.419 0.92 0.65
-2G—>A 0.94 0.98 0.715 Not polymorphic - Not polymorphic n.s. - - - -

4G—T (C—>T) 0.81 0.86 0.875 Not polymorphic - Not polymorphic n.s. - - Low Informativeness -

SNP 271G—>A 0.94 0.99 0.925 - - 0.93 n.s. - - - -

572G—»A 0.57 0.59 0.645 - n.s. 0.50 0.064" - - - -

1249G—»T 0.98 0.99 0.006 0.90 0.317 0.90 n.s. 0.92 0.655 0.87 0.29
1259C^G 0.72 0.67 0.161 - - 0.90 n.s. - - 0.88 0.26
rs2007494 - - - 0.75 0.405 - - - - - -

rs3743204 - - - 0.74 0.405 - - - - - -

rs 11629841 - - - 0.66 0.018 - - 0.68 0.496 - -

rs692691 - - - 0.59 0.623 - - “ “

Table 6.26 Summary of the association reports between DD and variation in EKN1. # Combined sample;A READ reading measure;1 Showed significant association with a number of 
quantitative measures by Wigg et al (2004);u Marino et al study (2005)



Haplotype: -3G—>A/1249G—>T

AT
Frequency

GT
Frequency

GG
Frequency

AG
Frequency

Odds

Ratio

95% Cl -  

lower limit
95% Cl -  

upper limit
P

(haplotype) Global p

Study

Taipale et 
al (2003)

0.13*
(0.05) 2 .8 1.2 6.5 0.015

(AT)
Wigg et al 

(2004) 0.07 0.03 0.89 0.02 0.026
(GG) 0.036

Scerri et 
0/(2004)’

0.016
(GG) 0.035

This Study 0.05 0.03 0.92 0 n.s. 0.69

Marino et 
al (2005) n.s. 0.41

Table 6.27 Summary of the associations observed between -3G—>A/1249G—>T and DD. 
Refers to frequency in cases 
Refers to frequency in controls 

1 Refers to OC-choice quantitative reading measure
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It is interesting to see in our sample, that the low level of evidence for 

recombination (D’ = 0.96) between markers means that the -3G/1249G haplotype is 

almost perfectly defined by the G allele of the SNP 1249G—>T (see frequencies in 

Tables 6.10 and 6.11). It is therefore, of no surprise, that in the absence of 

association with SNP 1249G, we also find no association with the -3G/1249G 

haplotype associated to DD in the Wigg and colleagues (Wigg et al. 2004) study. 

Although Wigg and colleagues (Wigg et al. 2004) also failed to observe association 

with the 1249G allele (p = 0.32), association with the haplotype -3G/1249G was 

observed (global p = 0.036). It is most likely that the discrepancy between the two 

studies reflects the random fluctuations in the estimate of D’ between the two 

markers. This is consistent with the fact that their estimate of D’ = 0.84, is included 

within our own estimate of the 95% confidence interval for D’ (see Table 6.12).

In the study of Wigg and colleagues (Wigg et al. 2004), several quantitative 

aspects of the DD phenotype (phonological awareness, phonological decoding, 

spelling, word identification, phonological memory, verbal short-term memory and 

rapid automated naming) were associated with the -3G allele. None of these 

findings replicated in our sample. With individual SNP analysis, only one analysis 

achieved nominal levels of significance between rs 11629841 and inattention 

symptoms, based upon ANOVA including all DD-probands. This finding was not 

supported by analysis using FBAT. Although FBAT may lose power, by being 

based only on heterozygous parents, it is most likely that our finding is simply due 

to chance as result o f multiple testing. Indeed the result does not stand correction 

for multiple testing using the Bonferroni correction. To further clarify any 

associations between EKN1 and ADHD or aspects of ADHD further analyses will be 

required on samples of children with ADHD. Interestingly EKN1 has shown some
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evidence for association to ADHD in a  Canadian sample (Barr 2004; see Section 

6 .6 .6).

Analysis of two- and three marker haplotypes revealed nominal evidence for 

association between rhyme oddity and the haplotypes -3A/1249T/rsll629841T and 

rsl 1629841T/-3A and reading accuracy in children 12 years and under and the 

haplotype 1249G/-3G. For both haplotypes showing association with rhyme oddity 

score, the associated haplotype was associated with better performance on the test 

and therefore would seem to suggest that variations on the haplotypes have a 

‘protective’ effect against problems w ith  phonological awareness. Given the few 

informative families included in these results and the observation that none of the 

associations remain significant after correction for multiple testing, it is most likely 

that these results represent type I errors.

6.6.2 WHY DO STUDIES FAIL TO REPLICATE THE INITIAL 

ASSOCIATIONS BETWEEN EKN1 AND DEVELOPMENTAL DYSLEXIA?

The main question raised by the results of association studies between DD 

and EKN1 is why do they fail to replicate the associations observed in the original 

report of association by Taipale and colleagues (Taipale et al. 2003)? Chapter two, 

Section 2.8.4 discussed reasons why studies fail to replicate earlier observations.

This study has over 80% power to  detect association between DD and SNPs 

rsl 1629841 and 1249G—*T and over 70% power to detect an association with 

-3G—>A based on a relative risk of 2 which approximates to the effect sizes of the 

SNPs in the two previous studies of association between DD and EKN1 (Taipale et 

al. 2003; Wigg et al. 2004). Since previous studies have utilised smaller sample 

sizes (Taipale et al. 2003; Wigg et al. 2004) this is one of the most powerful studies
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undertaken so far. However it is important to note that since the effect size is based 

on an initial study, which tend to inflate true effect sizes (Ioannidis et al. 2001), the 

power calculation should be regarded as illustrative only. More importantly, our 

analysis benefits from a sample that has previously shown strong evidence for 

association between markers on chromosome 15q and DD (Morris et al. 2000).

Population history has been shown to influence LD between markers and 

SNPs (see Chapter two, Section 2.8.1). Any differences in LD could alter the power 

to detect associations between markers and DD, particularly if the variant is in 

strong LD with the causal variant in one sample population and not in a second 

sample population. It is known that the Finnish population underwent a population 

bottleneck in its history. As a result, extensive LD may be observed due to the loss 

of some haplotypes within the population, thus increasing the chances of observing 

an association between DD and variants further away from the causal variant.

Since the original association between DD and EKN1 was observed in a 

case-control sample the inability to replicate association in our study, given that a 

family-based sample was used, could indicate that the original result was obtained 

due to population stratification. By using a family-based sample, population 

stratification is avoided since the nature of the analyses means that a separate control 

sample is not required. If population stratification is present in the original study, 

the results would likely represent a type I error. Although some attempt was made 

to determine if the results were the result of population stratification in the original 

study by including a family-based analysis, this was based on only 9 parent DD- 

proband trios and would not be a representative result of the general population and 

would lack reasonable power to detect replicable associations. It is noteworthy, that 

the most significant associations observed by Taipale and colleagues (Taipale et al.
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2003) were observed in a case-control sample obtained from only 20 families. Non­

independence of the alleles in the sample could result in type I error due to over 

representation of the disease allele in cases. Indeed the replication set did not 

replicate the association with the SNP 1249G>T (p = 0.1).

Phenotypic difference across all studies testing for association between 

EKN1 and DD could be a major factor in the non-replication of results. Although 

Taipale and colleagues (Taipale et al. 2003) use a similar threshold for diagnosing 

DD categorically as in this thesis, a different battery of tests was utilised to 

determine IQ and reading age and indeed the test batteries were undertaken in a 

different language. In the study by Wigg and colleagues (Wigg et al. 2004) a 

different criteria was used in diagnosing DD. By defining DD differently, one study 

may include part of a phenotype not covered by another one, resulting in the 

observation of association in one study and not in another. Even down to 

componential measures of reading ability, the different test batteries used may 

correlate differently with the genotypes even if they appear to capture the ‘same’ 

componential phenotype. Replication of associations observed on chromosome 6 p 

have suggested that the loci influences susceptibility to the most severe cases of DD 

(Francks et al. 2004; Cope et al. 2005; Meng et al. 2005; Schumacher et al. 2005) 

recommending that phenotype definition can be important in the replication of 

associations. It has also been shown that correlated phenotypes can result in few 

shared genetic effects (Deng et al. 2002; Recker and Deng 2002).

The quality of other studies genotyping is unknown given the data from their 

papers. Missing genotypes (especially in family-based samples), miss-classification 

of genotypes in genotype calling and non-replication of genotypes when they are 

tested twice can result in skewed results. In order to achieve high quality results,
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genotypes in this thesis were called by two individuals, all SNPs were checked for 

Mendelian errors within the parent DD-proband trios and 10% of the genotypes 

were retyped to ensure the genotyping assay was reproducible. This study tries to 

eliminate the problems associated with quality control issues as much as possible. It 

is unknown whether previous results from studies were the result of quality control 

issues.

6.6.3 EKN1 AND THE INTERNATIONAL HAPMAP PROJECT

It is now feasible, given data available from the HapMap project, to select a 

minimum number of SNPs across a gene to extract most information about variation 

in the gene. Data that has become available suggests that to extract maximum 

information from EKN1, it would be necessary to individually genotype 17 SNPs 

(based on an r2 > 0.8). One of these SNPs, rs3743205 corresponds to the SNP 

-3G>A, whilst the SNP rsl 1629841 and 1249G>T were not included in the tag SNP 

selection. From data available it is unknown whether these SNPs are in LD with the 

17 tag SNPs and indeed if they would be captured by the tag SNPs. Given that 

variation in EKN1 was not a priori likely to explain our previous association to 

chromosome 15q and given that the results obtained in this study did not support the 

role of EKN1 variations in DD, it was not deemed appropriate to spend time and 

money genotyping the tag SNPs in our sample of parent DD-proband trios. It is 

more appropriate to undertake positional candidate gene studies around our previous 

report of association (between markers D15S146 and D15S994), particularly given 

the success in narrowing the candidate region of chromosome 6p reported in this 

thesis (see Chapter four) using a similar method and given the overlap between this 

region and that of linkage studies on chromosome 15 (see Chapter 2, Figure 2.1). A
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tag SNP study to extract all the LD information across the association region 

(D15S146-D15S994) is also feasible now.

Whilst previous studies have attempted to extract some information on the 

LD across EKN1 by sequencing individuals and identifying sequence variations, this 

study does not attempt to extract all information across the gene, just to replicate the 

initial associations. Consequently, the study lacks the power to detect associations 

between DD and variations that are not in LD with the variations genotyped. 

Previous studies by Taipale and colleagues and Wigg and colleagues (Taipale et al. 

2003; Wigg et al. 2004) have most likely extracted more information with regards to 

LD (as they have typed more SNPs), however neither study has genotyped enough 

variation to have picked up all the information which is now available from HapMap 

data. The power to detect associations is also questionable in the Finnish sample 

given the individuals in the case-control sample are not independent.

6.6.4 COMPARISON OF RESULTS TO ASSOCIATION STUDIES 

BETWEEN EKN1 AND DEVELOPMENTAL DYSLEXIA PUBLISHED 

AFTER OUR RESEARCH

Scerri and colleagues (Scerri et al. 2004) examined the EKN1 gene for 

evidence of association to DD. Only six of the eight polymorphisms found in the 

Taipale and colleagues study were polymorphic in this sample of UK families. The 

two SNPs not shown to be polymorphic, -2G—>A and 4C—>T, were also the SNPs 

with the lowest frequency in the Taipale et al (2003) study. These variants were 

also not polymorphic in the Wigg et al study (Wigg et al. 2004). Scerri and 

colleagues tested for association between variants and six reading related component 

measures including orthographic coding (OC) (using two complementary tests, a
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forced choice task (OC-choice), and a test involving reading of irregular words (OC- 

irceg)), phonological decoding, single word reading, spelling and phoneme 

awareness. Association was observed between single markers and one reading 

related measure; the 1249G allele showed association with poor performance on the 

OC-choice quantitative measure (p = 0.02). This is in contrast with the findings of 

Taipale and colleagues who found association between the rarer, T allele and 

categorical dyslexia, and thus poorer performance. Analysis of two-marker 

haplotypes and the OC-choice component phenotype measure suggested an 

association with the two-marker haplotype -3G—►A/1249G—>T (p = 0.0351) and 

more specifically the -3G/1249G haplotype and OC-choice (p = 0.0158). This was 

the most common haplotype, found in 90.7% of this UK sample. This result follows 

Wigg and colleagues data, who also found an association between the -3G/1249G 

haplotype and DD (8 8 % of the Canadian sample). The original association observed 

by Taipale and colleagues involved the opposite alleles in this haplotype, 

-3A/1249T. Trends in our data suggest that there is under-transmission of the -3 A 

(22 transmissions, 29 non-transmissions) and 1249T alleles (9 transmissions and 15 

non-transmissions). The haplotype -3G/1249G is the most frequent haplotype (92% 

of the population sampled), however there was no evidence for association with DD.

Scerri and colleagues also carried out analyses on a subgroup of their 

sample, comprising families that contained at least one proband whose average 

psychometric score was less than 1 standard deviation below the mean of the 

normative population. The resulting 264 families, containing a proband on average 

performing poorly across all the component measures, revealed one significant 

association between OC-choice and 1249G—»T (p = 0.0076), where the G allele was 

associated with poorer performance, against the findings of Taipale and colleagues
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(Taipale et al. 2003). Globally the haplotype -3G—>A/1249G—>T yielded significant 

association (p = 0.014) with OC-choice. The haplotypes -3G /1249G and 

-3A/1249T yielded associations (p = 0.014 and p = 0.0182 respectively). It is 

noteworthy that none of the associations observed remain significant after correction 

for multiple testing.

The most recent study was undertaken using 158 families (including 171 DD 

probands) in a sample of Italian children (Italian speaking) confirmed as having DD 

based on DSM IV criteria (Marino et al. 2005). Marino and colleagues (Marino et 

al. 2005) suggest that it is important to note that Italian words can be read both via 

the indirect phonological route or the direct lexical route. The latter is probably used 

more in the case of highly familiar, high frequency words. Spelling of Italian words 

requires a more orthographic knowledge compared to languages where a phonetic 

knowledge is required for successful spelling. This was accounted for in the study, 

which used only word spelling and sentence writing under dictation to represent the 

use of lexical orthographic knowledge. However, it may not be wise to directly 

compare this study with those using subjects whose first language is English, 

particularly on phenotypes of reading-related measures. Marino and colleagues 

(Marino et al. 2005) sequenced exons 2 and 10, since most of the previously 

reported SNPs lay within these two exons. Eight SNPs were identified, five of 

which had previously been reported (Marino et al. 2005). Dropping uninformative 

markers, three SNPs were tested for association with DD. TDT analysis (using 

FBAT) did not show evidence of association between any of the three SNPs - 

3G—>A, 1249G—»T or 1259C—>G and DD defined categorically or with component 

phenotypes. Haplotype analysis revealed no significant associations either with 

subphenotypic measures of DD or as a categorical analysis (Marino et al. 2005).
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The haplotype -3G-^A/1249G—>T reported by Taipale and colleagues and Wigg and 

colleagues (Taipale et al. 2003; Wigg et al. 2004) also showed no evidence of 

association (p = 0.41). This study was calculated to have 80% power to detect an 

association based upon a genetic additive model, a disease allele frequency of 0.06 

and an attributable fraction of 0.13 at the 5% level (Marino et al. 2005). The 

componential phenotype analysis, based on a heritability for each component of 0.4 

and 120 individuals, yielded 87% to detect an association.

6.6.5 ASSOCIATION BETWEEN EKN1 AND DEVELOPMENTAL 

DYSLEXIA IN LIGHT OF ALL STUDIES: EXPLANATION OF THE 

RESULTS

DD is a heterogeneous neurological syndrome (Francks et al. 2002). 

Therefore it is not necessary to find an association between every componential 

phenotype and marker analysed. That said, few of the associations reported by 

Taipale and colleagues (Taipale et al. 2003) show replication in independent 

samples. Any replication reported tend to show trends in the opposite directions to 

the original study (Taipale et al. 2003) and fail to withstand correction for multiple 

testing.

Variations within EKN1, may be responsible for the problems of the family 

carrying the translocation, however the problems may not extrapolate to more 

common forms of DD. Indeed the phenotypic analysis of the family pedigree 

carrying the t(2;15)(ql l;q22) translocation used to identify EKN1, do not have a 

phenotype akin to that used in later studies. Whilst most of the individuals in the 

family pedigree showed symptoms of DD, child II.3 (see Figure 6.1) differed from 

other children in that his overall cognitive achievement was below the normal range
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in both verbal and non-verbal performance. It could be that the general phenotype in 

the family is not DD as defined in other studies, but a slightly different disorder or 

manifestation of dyslexia, and associations observed are for the alternative disorder. 

It is also possible that the translocation reflects linkage between DD and 

chromosome 15, rather than affecting DD directly. It is noteworthy that the linkage 

is not significant in this study (Taipale et al. 2003).

Subphenotypic analysis was not undertaken by Taipale and colleagues 

(Taipale et al. 2003), so subtle difference in the DD phenotype cannot be 

distinguished in relation to EKN1. The componential phenotype analyses 

undertaken by Wigg and colleagues (Wigg et al. 2004) enabled the specific 

components involved in their association between EKN1 and DD to be identified. 

Such an analysis could identify the common components of reading that drive the 

associations observed by Wigg and colleagues and Taipale and colleagues (Taipale 

et al. 2003; Wigg et al. 2004).

It is important to point out that the functional significance of the SNPs 

implicated and suggested by Taipale and colleagues (Taipale et al. 2003), is based 

on association analyses and bioinformatic predictions only. As yet, no studies have 

been performed to assess the true functional significance of the two variants, 

-3G—>A and 1249G—>T. It is unknown whether Elk-1 binds to the -3G—>A region 

of EKN1 in vivo, or whether the -3A variant alters binding efficiency. It is possible 

that the 1249G—+T SNP introducing truncation of the EKN1 protein by four amino 

acids at the C terminus, may have no functional effect. Further analyses are needed 

in order to test whether the hypotheses that these SNPs are directly influencing DD 

susceptibility are true. Indeed the evidence suggests that these variants, if EKN1 is 

truly involved in DD, are not themselves the susceptibility alleles conferring
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susceptibility to DD given that both alleles at the loci -3G—»A and 1249G->T have 

shown association to DD (Taipale et al. 2003; Wigg et al. 2004). If the association 

between EKN1 and DD is not the result of a type I error, the susceptibility loci for 

DD (including the region DYX1) are in fact in LD with these EKN1 variants. The 

conflicting results may in part be attributable to the distinct samples used in this and 

the three other studies to date (Taipale et al. 2003; Scerri et al. 2004; Wigg et al. 

2004; Marino et al. 2005). Consequently, each of the samples analysing the EKN1 

association hypothesis may contain the same 15q susceptibility gene for DD, but the 

variants involved lay on different haplotype backgrounds.

Association previously observed between DD and chromosome 15 variations 

in our sample, lies centromeric to EKN1 (Morris et al. 2000). In particular 

association is observed between DD and D15S994. Being approximately 15Mb 

away from EKN1. Given the lack of evidence of LD between any of the three SNPs 

analysed in EKN1 and D15S994, it is unlikely that the EKN1 gene is responsible for 

the associations we have previously shown (Morris et al. 2000).

The genomic region 15q21.3 (including EKN1) shows preferential sharing 

amongst siblings (Scerri et al. 2004). Consequently linkage and association analyses 

could be affected. Since association tested in our sample did not include siblings, it 

is less likely that the increased sharing of this chromosomal region between sibling 

pairs influenced our study. The increased sharing of this region and the use of 

related individuals in the study by Taipale and colleagues (Taipale et al. 2003) could 

explain the association observed in their sample and the inability to replicate the 

association in samples excluding related individuals.
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6.6.6 EKN1 AND COMORBID DISORDER ASSOCIATION ANALYSES

There are many disorders that are often shown to be comorbid with DD (see 

Chapter two, Section 1.6 ). It has also been pointed out that learning disorders and 

neuropsychiatric disorders of childhood onset (such as language disorders, autism 

and attention disorders) may have a similar origin given that component phenotypes 

may be common across disorders (Grigorenko 2003; Plomin and Kovas 2005). 

Consequently EKN1 has also been examined for association with ADHD and 

autism.

In a poster presented at the World Congress of Neuropsychiatric Genetics, 

Dublin (2004), Dr C Barr and colleagues reported association between EKN1 and a 

sample of 186 nuclear families containing an ADHD diagnosed proband (Barr

2004). A trend was noted for linkage to the ADHD phenotype as a categorical trait, 

as well as a biased transmission of a haplotype (uncorrected p = 0.009). Association 

was shown also between the same haplotype and inattention and 

hyperactive/impulsive symptom dimensions reported by parents and inattention 

symptoms reported by teachers. Our data showed one significant association 

between rsl 1629841 and inattention symptoms (one of the measures used in the 

diagnosis of ADHD), however, this is most likely due to multiple testing.

Recently, another study into autism and EKN1 was undertaken. Autism is a 

severe neurodevelopmental disorder characterised by severe social and 

communication impairments, repetitive and ritualistic behaviours and restricted 

pattern of interests (2000). It usually presents before the age of 3 years with delayed 

speech development being one of the characteristic components. Ylisaukko-Oja and 

colleagues, tested for association between EKN1 and autism, under the hypothesis 

that the influences of variations in EKN1 extend to language-related disorders other
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than DD (Ylisaukko-Oja et al. 2004).

No evidence for association was shown between any of the SNPs analysed 

and infantile autism (-3G—>A, uninformative; rs3743204, p = 1; 572G—>A, p = 

0.404; 1249G—>T, p = 0.394). Haplotype analysis using a sliding window method 

for two-, three- and four marker haplotypes also failed to show association between 

infantile autism and EKN1.

6.7 GENERAL CONCLUSION

It is unlikely that any study can exclude the hypothesis that a gene plays a 

role in a complex cognitive disorder. However, given the lack of support for 

association between DD and variations in EKN1, it is unlikely that variations within 

EKN1 explain the linkage and association evidence suggesting a gene on 

chromosome 15q increasing susceptibility to DD. A lack of power, sample-related 

heterogeneity, with different susceptibility alleles or different patterns of LD in 

different samples could explain differences in the results obtained across studies.

If EKN1 does influence susceptibility to DD, the data so far however, seem 

to suggest that the variants from the original study (Taipale et al. 2003) that seem 

plausibly functional are not themselves susceptibility variants for DD, given that in 

the follow up studies, any associations or trends for association, were in the opposite 

direction from the original study. Whether there are different patterns of as yet 

undiscovered variants marked by different patterns of LD is a much more difficult 

question to answer. In the original paper, despite sequencing all the exons of EKN1, 

no other associated variants were detected. This suggests that the susceptibility 

variants themselves if they exist in this gene, are located in non-exonic sequence. 

This hypothesis can ultimately only be tested by detailed population-specific
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sequencing and genotyping across the whole gene (including introns, and distal 

regulatory elements) or by utilising data available from the HapMap project in a 

haplotype tagging study. Given that even excluding distal regulatory elements, the 

gene represents 80kb of sequence, both methods are far from trivial endeavours, 

which are probably not justified by either the current association support for EKN1, 

or by the a priori case for EKN1. Although the breakpoint of the translocation that 

originally pointed to EKN1 as a candidate gene disrupts the gene, the evidence for 

co-segregation between the translocation and DD is not statistically significant, with 

a maximum possible LOD score of 1.2. Moreover, even if the evidence for co­

segregation were statistically significant, this may simply reflect genetic linkage, not 

direct gene disruption. Finally, if we assume that the translocation is indeed directly 

relevant to DD in the family, the mechanism might involve position effects affecting 

the expression of other genes on 15, or even genes on 2q.

Acknowledging that the exclusion of any gene for a complex disorder is not 

possible, based upon the weak a priori case and the patterns of non-replication, 

EKN1 is unlikely to be a susceptibility gene for DD. It can also be concluded with 

considerably greater confidence, that it is not responsible for our previous reports of 

association evidence between DD and chromosome 15q.
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CHAPTER SEVEN 

7. GENERAL DISCUSSION

DD has a highly heritable component (see Chapter two). Linkage and 

association studies have been undertaken to determine regions of the genome which 

are more likely to harbour susceptibility genes for DD (see Chapter two). As of 

April 2005, nine putative linkage regions for DD have been identified and designated 

DYX1 -  DYX9 (OMIM: http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id= 

300509, HUGO: http://www.gene.ucl.ac.uk/cgi-bin/ nomenclature/searchgenes.pl). 

DYX2 on chromosome 6 p shows most evidence for linkage to DD, with all but one 

sample tested, showing linkage to the region.

Given the strength of evidence for linkage between DD and chromosome 

6p21.3-22 (Cardon et al. 1994; Cardon et al. 1995; Grigorenko et al. 1997; Fisher et 

al. 1999; Gayan et al. 1999; Grigorenko et al. 2000; Smith et al. 2001; Kaplan et al. 

2002; Willcutt et al. 2002; Grigorenko et al. 2003; Deffenbacher et al. 2004; Francks 

et al. 2004) the main aim of my work was to identify a gene in this region, that 

increases vulnerability to DD. Further, given the published evidence of a 

susceptibility gene for DD on chromosome 15 (EKN1; see Chapter six), I also aimed 

to determine whether this gene was likely to account for the association previously 

observed on chromosome 15 in the sample used in this thesis (Morris et al. 2000).

7.1 CHROMOSOME 6p

In order to identify susceptibility genes in the chromosome 6 p linkage and 

association region (DYX2), I tested 11 positional candidate genes on chromosome 6 p

http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=
http://www.gene.ucl.ac.uk/cgi-bin/
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for association with DD using either a direct or indirect association analysis.

Direct association analysis of SOX4 revealed two SNPs, one synonymous and 

one non-synonymous. Despite repeated efforts to test these SNPs for association to 

DD in DNA pools, I was unable to optimise an assay which would allow PCR 

amplification of the regions of DNA containing the SNPs.

Indirect association analysis based on a dense map of SNPs across ten genes 

revealed evidence for association between SNPs in MRS2L (p = 0.003), KIAA0319 (p 

< 0.0001), and THEM2 (p < 0.0.002). Logistic regression techniques were used to 

determine which minimal set o f SNPs could account for the association signal 

observed with DD. Following this, the resulting SNPs were used to construct 

haplotypes. All haplotypes comprising the 7 SNPs identified in the logistic 

regression analyses were tested for association with DD. This analysis identified a 

highly significant association between DD and a haplotype defined by SNPs 

rs4504469 and rs6935076 spanning KIAA0319 (p = 0.0001). Specifically the A-G 

haplotype (rs4504469 and rs6935076 respectively) was under-transmitted to the 

cases suggesting a protective effect against DD (p = 0.00003). A second haplotype 

defined by alleles G-A also yielded evidence of association (p = 0.02), with over 

transmission to DD cases, suggesting this haplotype is associated with increased risk.

In order to determine whether there were any potential cis-acting influences 

on KIAA0319 gene expression, allele specific expression analyses were undertaken. 

Assays were performed which allow expression differences of KIAA0319, based on 

the alleles present at the SNP rs4504469 to be determined. No differences in 

KIAA0319 expression were observed, however this does not exclude the possibility 

that expression differences exist with other transcripts of KIAA0319, not containing 

the SNP rs4504469.
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A detailed examination of the DD phenotype (Chapter five) revealed a 

number of component phenotypes which could be influenced by variation tagged by 

the rs4504469/rs6935076 haplotype. It is therefore likely that the association 

observed is not specific to one component phenotype. Associations observed with 

quantitative measures of component phenotypes, suggested that variation on the 

rs4504469/rs6935076 haplotype may influence single word reading across the ability 

spectrum. However analyses of other component phenotypes suggested that normal 

ability was not influenced by variation on the rs4504469/rs6935076 haplotype and 

problems in these component processes form distinct pathological groups from 

normal reading ability.

Categorical analysis (Chapter five, analysis one) suggested that in people 

with DD, the symptoms of ADHD are also associated with rs4504469/rs6935076. 

However, ADHD symptoms do not drive the association between the haplotype and 

DD since association with DD was still observed when probands with comorbid 

ADHD were removed from the analysis (Chapter five, analysis 3 a). Further, the 

absence of association between rs4504469/rs6935076 and ADHD (Chapter five, 

analysis 3b) suggested that susceptibility to ADHD per se is not influenced by 

rs4504469/rs6935076. The analyses do not exclude the possibility that phenotypic 

components common to both DD and ADHD are influenced by KIAA0319.

7.2 DISCUSSION OF THE TECHNIQUES EMPLOYED IN 

IDENTIFYING SUSCEPTIBILITY GENES FOR DEVELOPMENTAL 

DYSLEXIA ON CHROMOSOME 6p

This study was mainly based upon an indirect association approach to 

positional candidate genes. Although indirect approaches do not aim to directly test
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the actual causal variants, association can be detected through LD between SNPs 

tested for association with DD and the causal variation.

The use of DNA pooling as a screening step allowed considerable reductions 

in the cost, labour and the amount of DNA required to identify associations. The 

error rates resulting from the use of DNA pooling have been shown to be very low, 

even when applied as in this study, to samples mainly from mouthwashes (Norton et 

al. 2002). It is a cost effective technique, essentially being the cost of primers and 

therefore provides a cheap alternative to individual genotyping. The DNA pooling 

strategy employed in this study proved to be highly accurate at determining 

association to DD. For the 12 SNPs showing association with DD in the DNA pools 

and chosen for individual genotyping, 9 were confirmed by individual genotyping. 

Although association was not confirmed for two SNPs, they did show trends towards 

significance (p = 0.06 and p = 0.07).

Accuracy of pooling is usually improved by correction of unequal 

representation of alleles in the SNaPshot™ reaction. However, in order to identify 

heterozygotes from which to derive this factor, given the low minor allele frequency 

of some of the SNPs, a relatively large number of individuals would be required to 

be genotyped. To overcome this problem, I applied a range of values for the 

correction factor k. These were based on empirically derived estimates of k from a 

number of assays for each combination of alleles at polymorphic loci (Moskvina et 

al. 2005). This strategy then required heterozygotes to be identified only for those 

markers showing association to DD based upon one or more values for k, thus cutting 

down on the amount of individual genotyping required.

One problem resulting from selecting SNPs from public databases is that in 

some instances, the allele frequencies are unknown. The result is that some markers
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turn out not to be not polymorphic. However, it was a fairly simple matter to fill in 

the gaps with replacement SNPs. It is now also possible to select SNPs from the 

HapMap project for which individual genotyping data are available, cutting down the 

number of non-informative markers.

The approach to DNA pooling adopted here does not allow the formation of 

haplotypes. Although suggestions have been made to overcome this problem by 

(Barratt et al. 2002), haplotype association analysis in DNA pools remains a problem 

as it relies on deducing haplotype frequencies from allele frequencies in DNA pools. 

The aim of DNA pooling is to accurately detect differences in allele frequencies 

between DNA pools rather than accurately estimate allele frequencies within DNA 

pools. This could result in problems in estimating haplotype frequencies. However, 

this problem is offset by the higher density of markers that would be required to 

acquire the same information across the region without the use of haplotypes.

The approach I adopted meant that DNA pooling could not be applied to 

componential phenotype analysis. DNA pooling was employed to keep the amount 

of pooled genotyping to a minimum with two replicates each of three DD case pools 

and four control pools. In principle, DNA pools could have been made to allow 

analysis of component phenotypes. Thus, I could have constructed multiple pools 

each one containing individuals performing poorly on a specific component task. 

However this would require genotyping at least 15 pools, and even more if a number 

of different cut-off scores to form the categories for component phenotypes needed 

to be tested. Given the cost of SNaPshot™ compared to other methods discussed in 

Chapter five, the use of so many pools would have resulted in the loss of any 

economic advantage. Also, the examination of multiple component phenotypes 

either by pooling or by individual genotyping would have reduced the power of the
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study as a result of an increased requirement to consider the effects of multiple 

testing. For these reasons, DNA pooling was used to detect associations between 

variations on chromosome 6p with DD and individual genotyping used to follow up 

these associations and allow haplotype and componential phenotype analyses.

7.2.1 Indirect versus Direct Association Design

Direct association studies are usually targeted to the coding sequence and 

their immediate flanking regions because of the high cost both financially and in time 

of de novo polymorphism discovery. As a result, when association is tested for, 

unless LD exists between the variants in these areas and those variants of functional 

importance in the unscreened sequence, association that results from the influence of 

the latter will not be observed. In my case, if I had adopted a direct approach to 

KIAA0319, it would be expected that rs4504469 located in exon 4 would have been 

detected and included. However, this is the only exonic variant associated in this 

sample and so only a single association signal would have been observed. Under 

these circumstances it is unlikely that intron one (and other introns) would have been 

included in de novo polymorphism discovery and consequently the associations in 

intron one observed in Chapter 4 would not have been detected. The association 

with rs4504469 was observed in the DNA pooling analysis. The number of other 

association signals observed using the strategy strengthened my enthusiasm for 

further genetic analyses of KIAA0319. Given the single association that would have 

been observed in a direct study, further genetic analysis of KIAA0319 would not 

have been undertaken.

It has been suggested that the subtle, general effects of complex phenotypes 

such as DD are unlikely to be the result of mutations in exons, which are often the
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cause of rare and more severe disorders (Plomin and Kovas 2005). Given this and 

that under direct association analysis the signal in KIAA0319 would not have been 

followed up, it is important that in the future, non-coding sequence within genes is 

included in direct association analyses.

The results of this study suggest the combination of DNA pooling and a high 

density SNP grid can successfully detect the influence of susceptibility variants but 

that does not mean it will also be successful when applied to DD or other complex 

disorders. A successful outcome here was aided by the low recombination rate across 

the region. In regions of high recombination, a direct association approach may be a 

more suitable alternative to an indirect approach given that LD would not be 

expected to extend far between SNPs and consequently the genotyping of a large 

number of SNPs would be required to extract the LD information across the region. 

Nevertheless, a design similar to that employed in this thesis is likely to be effective 

in many other circumstances since randomly selected SNPs spaced 2-3kb apart as in 

this thesis capture >80% of the common SNPs within a region in a Caucasian 

population with an r2 > 0.8 (Consortium 2005),

Given genotyping data made available by the International HapMap project, 

it is now possible to identify tag SNPs across genes which detect greater than 90% of 

the LD information within a gene. This data my allow a reduction in the number of 

SNPs required to be genotyped across regions (both of low and high recombination 

rate), making indirect association studies more feasible option for association design 

even in regions with a high recombination rate. It is also possible to identify tag 

SNPs that do not require the formation of haplotypes and which therefore allow 

DNA pooling methods to be undertaken using tag SNPs.
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7.3 REPLICATION OF AN ASSOCIATION BETWEEN 

DEVELOPMENTAL DYSLEXIA AND EKN1

In order to replicate the association between EKN1 and DD reported in other 

studies (Taipale et al. 2003; Wigg et al. 2004) and determine whether this gene could 

explain the association observed between DD and chromosome 15 previously 

reported in the sample used for this thesis, I tested variations within EKN1 for 

association with DD in a large sample of parent DD-proband trios (Chapter six). I 

also tested for associations between variations and component phenotypes of DD 

(both quantitative and categorical definitions). Since this was a replication study, 

only associations reported in previous studies were tested. No evidence of 

association was observed between DD and SNPs within EKN1 (p > 0.42) and further, 

no association was observed between the haplotype -3/1249 and DD. Subsequent 

studies have also failed to yield evidence of association between EKN1 and DD 

(Scerri et al. 2004; Marino et al. 2005).

Quantitative component phenotype measures of DD were previously reported 

to show some evidence of association with variations in EKN1 (Wigg et al. 2004). I 

tested for these associations using the same methods as Wigg and colleagues (Wigg 

et al. 2004). Although some associations were observed, they are likely to be 

attributable to issues regarding multiple testing. The small number of informative 

families used in the analysis chosen by Wigg and colleagues (Wigg et al. 2004) could 

result in a reduction of power to detect associations, as a result I used all the 

available component phenotype data to screen for differences in component 

phenotypes based on genotypic groups. Although an association was observed with 

inattention symptoms based (p = 0.02), given the large number of tests performed, it 

is likely that the association represents a type I error.
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The associations detected in the previous studies (Taipale et al. 2003; Wigg et 

al. 2004) are unlikely to have identified the actual causal variations increasing 

susceptibility to DD if this gene is involved in increasing susceptibility to DD, since 

the ‘risk’ allele in the study by Taipale and colleagues (Taipale et al. 2003) has the 

opposite effect in later studies (Wigg et al. 2004). Given that the exons of EKN1 

have been selected for de novo polymorphism discovery in other studies, it is more 

likely that variation within the non-coding sequence of EKN1 influences DD 

susceptibility, if  this is a true susceptibility gene for DD. Although a direct 

association approach could be undertaken to assess association between non-coding 

sequence in EKN1 and DD, it is possible to reduce the cost and time required to 

undertake this approach by performing an indirect association approach using tag 

SNPs selected using data from the HapMap project.

Although the study presented in this thesis does not allow the exclusion of 

EKN1 as a susceptibility gene for DD since not all variation in EKN1 was tested in 

our sample, given the results and that previously, association to chromosome 15 in 

this sample was observed over 15Mb proximal to the EKN1 gene, it is unlikely that 

EKN1 can explain the association previously observed (Morris et al. 2000). 

Systematic approaches will help identify genes that may be responsible for the 

linkage and association observed on chromosome 15.

7.4 FURTHER WORK

7.4.1 DCDC2

Two studies have recently suggested that the association between DYX2 and 

DD may be the result of variation within DC DC2 (Meng et al. 2005; Schumacher et 

al. 2005). Meng and colleagues (Meng et al. 2005) observed association between
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SNPs in DCDC2 and three components of DD. In addition, a deletion was identified 

within a region that encodes a putative brain-related transcription factor binding site 

(Meng et al. 2005). Schumacher and colleagues (Schumacher et al. 2005) observed 

evidence of association between DD and markers within DCDC2 in two samples of 

independent families broadly supporting the association observed by Meng and 

colleagues (Meng et al. 2005). In neither study was association with KIAA0319 

observed.

I observed no evidence for association between variation within DCDC2 and 

DD using DNA pooling and individual genotyping. However, due to the time and 

cost to analyse the 60-90 SNPs required to fully cover introns 2, 7 and 8 of DCDC2, 

these regions were not comprehensively assessed for association with DD. Given the 

associations now observed between DCDC2 and DD (Meng et al. 2005; Schumacher 

et al. 2005), it will be important that markers within these regions and the deletion in 

intron 2, are tested for association with DD to exclude the possibility that the 

association observed in this thesis is not the result of a causal variation in DCDC2. It 

is unlikely that the association with KIAA0319 is the result of variation within 

DCDC2 given the lack of LD between SNPs within the genes based on HapMap 

data. It is possible that there are two susceptibility genes for DD on chromosome 6p 

or that population specific genetic heterogeneity could account for differing results 

across the studies given the samples are from different populations.

7.4.2 KIAA0319

One of the main aims of future work will be to see if replication of the results 

presented in this thesis can be achieved. Evidence consistent with the results of this 

thesis has been achieved by other groups (Francks et al. 2004; Couto 2005) and to
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some extent our sample achieves some evidence since the parental control genotypes 

in the parent DD-proband trios are independent of those used in the case-control 

sample (Plomin et al. 2004). Currently, our laboratory has no independent 

replication set available for DD research and so collaborations will be required with 

other research groups to achieve this aim.

Although rs4504469 is a non-synonymous SNP, the absence of association in 

two samples showing association with the gene (Francks et al. 2004; Couto 2005; 

personal communication) suggest it is not responsible for the observed association. 

It will be important to try and elucidate the causal variation(s) responsible for the 

association and determine the effects on the gene and/or protein.

Little is known about KIAA0319 and the protein which it encodes. There is 

only one known transcript of KIAA0319. Alternative splicing of exons can affect the 

functional properties of a protein and so it will be interesting to identify novel 

transcripts of KIAA0319 (if they exist). Protein isoforms resulting from alternative 

splicing can be tissue specific, result in membrane bound or soluable forms, alter 

intracellular localisation and can alter protein function. SNPs altering splicing may 

result in differences in these protein isoforms between DD cases and controls. 

Identification of alternative transcripts of KIAA0319 may also allow the detection of 

allele expression differences with different transcripts, especially if the tag SNP 

rs4504469 is not present in some transcripts of KIAA0319. Further expression 

analysis could allow the localisation of KIAA0319 and any alternative transcripts 

within the brain and more specifically within cell(s). It would also be interesting to 

investigate the expression patterns of KIAA0319 in development. The gene FOXP2 

has been shown to be associated with severe speech and language disorder (SSLD) 

(Lai etal. 2001) and association between early expression of FOXP2 and later
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pathology in the brain has been shown to result in SSLD (Lai et al. 2003).

By determining the interactions of KIAA0319 with other proteins and how 

causal variations influence these interactions, it may be possible to determine the 

pathways in the brain that enable reading and why and how the causal variations 

influence DD pathology. In the future this might allow intervention 

pharmacologically and educationally to alleviate the problems of DD.

It has been suggested that KIAA0319 interacts with KIAA0369 and 

KIAA1299 (Nakayama et al. 2002). Both map close, although not within, DD 

linkage regions; KIAA0396 to the DYX1 locus and KIAA1299 to a chromosome 16 

locus weakly implicated in a genome scan by Raskind and colleagues (Raskind et al. 

2005). In future studies it would be interesting to determine whether polymorphisms 

present in KIAA0319 alter the interactions with KIAA1299 and KIAA0369.

7.4.3 Chromosome 15

Given the association observed in the sample utilised in this thesis between 

chromosome 15 and DD (Morris et al. 2000) it will be important identify the gene(s) 

responsible for this association. It is unlikely that variation within EKN1 is 

responsible for our previous association. Association analyses will be required in 

order to refine this region of association. Further assessment of the approaches most 

appropriate to the region (direct association analysis vs indirect association analysis, 

tag SNPs vs SNP grids, LD across the region, HapMap data available and the 

(putative) function of genes in the region) will be required in order that the most 

appropriate methods are used to maximum efficiency.
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Appendix

SOX4
Fragment

Region of 
Gene

Annealing
Temperature

(°C)

DHPLC
Temperatures

(°C)

Fragment
Size
(bp)

A Promotor 58 57, 59 345
B Promotor 60 55, 60, 62 381
C Promotor 58 56,61,63 366
D 5’ UTR 58 61,63 391
E 5’ UTR 58 61,63 341
F Exon 1 61 61, 66, 68 399
G Exon 1 58 59, 64, 66 399
H Exon 1 61 65, 67 307
I Exon 1 61 66, 68 399
J Exon 1 61 57, 62, 67, 69 367
K 3’ UTR 58 58, 63, 65 364
L 3’ UTR 58 58, 63, 65 384
M 3’ UTR 61 61,63 357
N 3’ UTR 59 53, 58, 63, 65 389
0 3’ UTR 59 53, 58, 60 321

Table 1 The sequence of SOX4 was split into 15 PCR fragments. DHPLC was 
undertaken at a range of temperatures to allow maximum efficiency in detecting 
variations.
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SOX4 Fragment Forward PCR Primer Reverse PCR Primer
A cggagcactacctaatgtgttt gctttaagaaagagctgggga
B tgatgacaggtgtctaggtaccac cacacacacagcaaaaggaaa
C catttccgtctctcccctta gtctgctctaagctgcagca
D ctgcagccaagactgtgaaa tttcctgagctaccgagagc
E tcctggagccacagtctttt gagaggcggagaactccttc
F gcctgggaactataactcctct gagctggtgcaagacccc
G aaaccaacaatgccgagaac caggaagaaggtgaagtccg
H tggctgactaccccgactac caagctcatcctggcagg
I agagctgcggctccaaagt tgtacgaggaggagggcg
J gtgaagcgcgtctacctgtt gaaccccagctcaaactttg
K gagttcgaagacgacctgct aaaagtaagcagggctggct
L gaaacgaaaaggacagacgaa gacttgaaggagtctccccc
M ccagcaagaaggcgagttag gctaggaaatgacccgagaa
N cggaggaggagatgttgagg aatcggaatcgtgatggtgt
O gtggtacaggggcagtcagt ggattcaaacgcaactcaaa

Table 2 The PCR primers utilised in the PCR of the 15 fragments of SOX4. All 
primers are described 5’ —►3’.
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Gene rs Number Alleles Forward PCR Primer 
(5* -  3’)

Reverse PCR Primer 
(5’ -* 3’)

Fragment
Size

Annealing
Temperature Location

ID4 1980461 G C ttccatgacaaaaggatttgg ttggtccatgaaaccagaga 291 Touchdown 19942988
ID4 3193769 G C ggtcatcacggctttctagc acaatcctgcacgttttggt 387 54 19947317
PRL 1205961 T c tttgttctaccccctcacctt ggtggtattgtcaggctggt 133 60 22393991
PRL 6239 T c tgtgggcttagcagttgttg aaatgagatctaccctgtctggtc 181 60 22395724
PRL 1205957 G A tgtagacgccgatctgctaa tgtcttagggctcaagtaccaa 251 60 22397119
PRL 849886 T C gcctgcctaggttttgctta gcaatgctcccagaaaaact 244 60 22399346
PRL 1205954 G A ctgtggaggcccttgattta cccttgttccctccttcct 287 60 22401833
PRL 2244502 A T aagccttattgctccccact agaagcacttctgggaaacg 181 60 22402966
PRL 6237 T C ccaaaacatctcccgacatt gatcgccatggaaaggtatg 245 60 22405134
PRL 849876 T C gcaactgaggggtgatgatt ccgccctgtgaaggattt 288 56 22407617
PRL 849875 G A gaggcaggaggatcaagagat ttgcagtagacacctcctaggtt 285 64 22407979
VMP 12208318 G C cttcgagagacatgggaagc tccacactcttctcctggatg 265 58 24243823
VMP 10946676 C T taggatgtgggctctggttg caggcaccatctcacagaac 328 58 24252846

DCDC2 1277155 T C gatcgagacgatcctggcta ggagtcttgctttgtcacca 202 56 24276123
DCDC2 1832709 A C gggttggtaggcaaatagacc gaaatcattaactccagacccagt 400 60 24280941
DCDC2 3789219 T C tacttctggccttggtggtc aaatgagtcagggcctttca 287 56 24283103
DCDC2 1419228 T C gtttgtgtctgcccttctgc cccaagtgcctaatgtgttg 330 64 24286285
DCDC2 2996452 T C gggcttgcagtgagcaga ccagctttcagagccaagac 372 64 24288345
DCDC2 1277192 A C catttgtcaatttcggcttt accaactgagcagcacagag 345 60 24308388
DCDC2 1277194 A C aactggaactggaccccttt catttgtcaatttcggcttt 200 Touchdown 24311703
DCDC2 793861 A T tccagtccaatgaggagaca tggacacaaaatgtcatccaa 300 56 24314595
DCDC2 793862 T C gatggctgtctctgggtcat cagcaaagctcaacgctgt 400 60 24315179
DCDC2 870601 T C ttgcctcacagttgaacagc tgtgggctgtcattgttctg 335 58 24369039
DCDC2 807698 T C gggtagtcggattgcttgag ttttatcttcatgcccacca 330 54 24384232
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Table 3 Continued .

Gene rs Number Alleles Forward PCR Primer 
(5’ -> 3’)

Reverse PCR Primer 
(S’ -  3’)

Fragment
Size

Annealing
Temperature Location

DCDC2 807726 T C gctgctgtttttatgcttgg ccatctctcacctgctagtgc 376 64 24385979
DCDC2 3789224 T C accccagatacatggctgag cactcaatacggtgtgagtttga 284 56 24388080
DCDC2 3789227 T C tttaacctcaccccacaagg ccacaccaaaaaggaccatc 359 60 24395508
DCDC2 2296539 G A tgaatgcaaatgccagtgtt cccacctggaagtcaactgt 366 60 24397431
DCDC2 2274305 T C ggtgaaaccctgtacagcaag acccaaaaggccttctcatc 398 64 24399182
DCDC2 6907864 T C gccaatggcctatatccaag ccttgggaggatcacttgag 254 60 24401303
DCDC2 807709 T C taaaggatgatggcctccag ctaccgtttgacccagcaat 268 Touchdown 24405282
DCDC2 807704 G A cgtcagatgggagggttaca atatttccgggatgatgctg 379 60 24408825
DCDC2 807703 T C aggcgagaagctgggtttat caacgtgtcagctcgcttta 216 60 24410066
DCDC2 3857541 T C acatctacccagtggcaagg taagccctaggcacactgct 372 60 24410512
DCDC2 707862 G A gcataggagtgggaaggaca ttaacagggctgggtgtgtt 400 60 24412730
DCDC2 807685 A T ttgcctcacagttgaacagc tgtgggctgtcattgttctg 558 58 24418623
DCDC2 793704 G C ttaatggcttggtcctggtg ggctgctttatcaggctgtg 537 58 24444623
DCDC2 793722 T C gcctgggtgacagaagga aaacctggacttccgcaata 201 60 24460342
DCDC2 793720 T C gggaaggttccctgtcaagt ccagggtttcagaagctacg 315 64 24461259
DCDC2 1277350 G A atgcacagggaaagttttgg gacaattcgtgggctttcat 252 60 24463129
DCDC2 1277349 G C tgctaccctttccaaacagc acctgggcaactacatccag 119 60 24466462
DCDC2 2792666 G C tggttatggagcttgtggaa cagctcatctctgccagtgt 364 54 24469168
DCDC2 793663 C T aatggggaaaagagtaatcaaaatg tctatcagtttggccgttacactc 477 58 24477494
MRS2L 9393553 G A tggaacttgtgtctgccttg ggctgaggcataagaattgc 537 58 24509633

KIAA0319 2817241 T C ggctcctggatcatcttcaa ggtcatttgaggccaggagt 371 60 24650242

KIAA0319 807526 C T ggccaaatcctgtctcaaaa gggattacaaagagccacga 351 60 24651699

KIAA0319 2817243 G A ggtgaccagggttatggttg catccatcaaggcaggagtt 346 51 24653575

KIAA0319 2817245 G A gtcaaagctgggacagaagc ccatcttttctcggctgaag 307 52 24655585
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Table 3 Continued .

Gene rs Number Alleles Forward PCR Primer 
(5> -  3>)

Reverse PCR Primer 
(5’ -  3’)

Fragment
Size

Annealing
Temperature Location

KIAA0319 807532 G A ctatgttgcactgcctctgc ggtggacaggtgcctgtaat 369 60 24657647
KIAA0319 2076313 G A agatgcataatggccctctg gctgactccagcaaatcgtt 375 54 24659603
KIAA0319 807536 C A ttcacttttgccgctgtcta gcttctggacagccaaacat 357 54 24662253
KIAA0319 4083411 G A cttcagcccaggaagttgag gccagcaatagtgagccaat 353 54 24664281
KIAA0319 2760167 A T gccaacatggctaaggctct ttcagtagactccagggaaatga 273 53 24666498
KIAA0319 807542 G A aggaaaatgccaaccaaacc attagcacctcctccccaca 589 57 24668312
KIAA0319 807544 C A ggatgcagtggctcatacc ctgcctcctaggttcaagca 345 53 24670281
KIAA0319 2744549 A G ctaggaagagtggcctggtg ggccatactactgccctttg 320 54 24671531
KIAA0319 2760161 G A tagacaggcgtggtggtg gagtggtcacagggaaggaa 196 53 24673389
KIAA0319 2817195 T C tccagggtagcactttccac tcactccaggattccaaagg 219 53 24678323
KIAA0319 807521 G T cctttggaatcctggagtga ttgatctcctgacctcgtga 228 53 24678410
KIAA0319 3846835 A C ctcattgccaggaactggat tgaaggggctggttcttatg 240 56 24680310
KIAA0319 2744556 C G aacctccaccccctgagtt ggacacttggatgacagtgg 354 60 24682096
KIAA0319 807525 C T tccactggtcgctttttagg taattgcaaggcatgttcca 382 53 24684016
KIAA0319 2817199 G A cctaaaaagcgaccagtgga caattggctctgtgctgaaa 203 56 24684227
KIAA0319 2760158 A T agtgggtccctgcctttatt ccaggctgagtcaggacact 341 56 24686016
KIAA0319 2760157 T C cccatgaaagccaaatctct agtgggtccctgcctttatt 118 56 24686251
KIAA0319 807507 G C cagccgtgtgtatcctgaga cacaaagtgattttccaactgc 315 50 24687846
KIAA0319 807509 G A tcaagtgatctgccctcctt ggcaaattgtgacctggaat 366 59 24690011
KIAA0319 2817201 A C actcccaggccagtttcttt gtgggccatgtattttggag 131 56 24693193
KIAA0319 4504469 G A gtgcctggagggaatgagta aaaagcccagtgctcacagt 230 56 24696863

KIAA0319 5026394 G T caactggtgaaacctgcaac acaaacccagatgcctgaaa 197 56 24698526

KIAA0319 4576240 G T gctcccggtagtcatctgag ctgctggactatggggacat 153 60 24704457

KIAA0319 4352670 A C cccgacagatgtctccagtc ggtgttaggctaggcagcag 259 60 24712047



-295-

Table 3 Continued .

Gene rs Number Alleles Forward PCR Primer 
(5’ -> 3’)

Reverse PCR Primer 
(5’ -  3’)

Fragment
Size

Annealing
Temperature Location

KIAA0319 4712831 C T caggaaaagatgctgctgag agaactgggtcattcggaga 170 Touchdown 24713548
KIAA0319 4236032 G T cttctttgggtgacggtgat gagcctcattctctgcatcc 223 56 24714706
KIAA0319 6911855 T C tggacagccaacctttgaat cccacctcagcctctcaag 285 Touchdown 24715290
KIAA0319 4712833 T C caagcctccctcaaaacaaa tgactggcttctggcttctt 267 56 24719122
KIAA0319 6939068 A T ctcgatctcctgacctggtg aagctctcagcgaccaaaag 155 56 24721274
KIAA0319 7763790 A G tccaagcagttaggtgtagca aatgggatgtatgggaacca 140 56 24723042
KIAA0319 2745335 T C aaatggaacctcaaatgtcca ttttccccagcaatctcaag 244 56 24725393
KIAA0319 2745334 T C aaatggaacctcaaatgtcca ttttccccagcaatctcaag 244 Touchdown 24725509
KIAA0319 2817206 A T ggtcgggagtagtggagtca caagttctggagtgccacag 128 56 24728381
KIAA0319 7751357 G C cagaatgagctcccctctct gcatttcacatttaggccttt 233 56 24733377
KIAA0319 6917660 G A gtgtgcctctgggtcaaaat aggacaggcaaatttcagga 235 56 24737085
KIAA0319 6456622 G A cctctttccttgccgtatca catgccacctattgctcctt 225 56 24739537
KIAA0319 7766230 G A ttccaaaccctcctttttca ggaatgggatctccctgatt 234 56 24741408
KIAA0319 2206525 T C tgaggacaatgacccaaaga cccttgcagattgatgtgg 122 56 24744882
KIAA0319 7755563 G A acccaaaatgcaattcaagg tcgatctcctgaccttgtga 213 56 24746690
KIAA0319 7755579 A C ctcctgatggcttcaaaagg cccaggttcacaccattctc 258 56 24746719
KIAA0319 6935076 G A aaacccacaccctctgacct catcacagggtgcactttca 284 56 24752301
KIAA0319 4363021 T C taagttcttgcctcggcatt tgctcactttccaaatgctt 297 56 24753130
KIAA0319 2038137 G T ctttcctgaatgcccagaag acgacgaggaggaacaagtg 240 58 24753922
KIAA0319 3756821 T C ccacccaagttttctgtggt cagtctgggggatgaacact 352 60 24754800
KIAA0319 1555089 G A caggcttagcccagaatgtt aaatgtcccaaccaaaagca 296 56 24756385

TTRAP 3212236 T C aaatgtcccaaccaaaagca ctgattttgtccccaacgat 369 51 24756434
TTRAP 3087943 T C atcactggggtcttctgtgc tatttcggtgcctgaatgga 375 56 24758740
TTRAP 2294691 G A tgctgtatgcctaggggaag gtggcaggaaaagtgggtaa 308 51 24760822
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Table 3 Continued .

Gene rs Number Alleles Forward PCR Primer 
(5’ -  3’)

Reverse PCR Prim er 
(5’ -  3’)

Fragment
Size

Annealing
Temperature Location

TTRAP 3181238 T C aaccattgcctttagagaaaaa cctgtggcacttatgccttt 330 51 24762422
TTRAP 3212234 G C ccttggcttttggttcacat tgttagcccacggctgatag 365 56 24763930
TTRAP 3212232 T C tgttgtgggatttccttcatt tcctgaaaaatcatccatttcc 390 50 24765876
TTRAP 2143340 G A ggtcaacactggcaagatca gcagcgtgattaatgctcaa 201 56 24767050
TTRAP 2056999 A G gcaacaggatgcttggtagg tttcccattcctggtgatgt 375 52 24769490
TTRAP 3756819 G T ggccagtcagatcctctcct gggcctattacaggaaatcca 387 57 24773319
TTRAP 1061925 A C ttgtaacaggggtcatgcag cctctccagttcctgcactt 331 57 24773986
TTRAP 3756815 G C cagcttggggctttaagaca cctctccagttcctgcactt 230 56 24774173
THEM2 3181227 T c ctctgcgggaggtgataaag agcaatgcagacgtttgttg 358 51 24775778
THEM2 2223589 G c caaccatttgtctcccacct ctccagatccgattctcctg 343 56 24777451
THEM2 9393576 T c tcccagatttcatctgatcg agccctgcaaactgaagcta 298 56 24777924
THEM2 7765052 G A tgcctttttaaaggggagag ggccaacgtagtgacacctc 298 56 24781599
THEM2 7451561 T C cctgaaaagccacttctgct gagggttccttggcataaca 148 60 24785967
THEM2 2143338 G A gggtttgtatcccgatcctt cccctgacctttgacaaatc 294 56 24791260
THEM2 1555086 T C atcaggcagacatggtctca tagctcactgcagccttgaa 232 56 24793000
THEM2 1205120 G T ggcagagttgctagggataaa cgtgtggatcatgaggtcag 348 50 24793537
THEM2 926529 G A ccatgtggactccaacacac ctctccagtgtgttcctcctct 139 56 24795744
THEM2 1885209 G A tgtccaaccatgggagaatta caaagtgcatagtgcctgaca 203 56 24796937
THEM2 1885211 G A aggccctcagactttccatt ccaccatccccatgtttagt 304 60 24800158
THEM2 3777664 G A cagcagaatgcaaccctttt agactcaggttgccatagcc 270 56 24801825
THEM2 2092404 A C gcccagccaaaaatcataaa ccacccagctgagatctgtt 326 59 24805367
THEM2 3777663 T C gctgcctacgcttcaaaaac attaagtccggggaatttgg 309 51 24808214

THEM2 1056319 A c ggtccaatagagggggaaga ttgaggctatgggaagctgt 213 56 24811025
THEM2 1053598 T c aggaagcacaaagtgtgcaa tggctcttaaggcctatgct 265 56 24812517
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Gene rs Number Alleles Forward PCR Primer
(5’ —► 3’)

Reverse PCR Primer 
(5’ —► 3’)

Fragment
Size

Annealing
Temperature Location

C6orf62 3756814 T C gtcttcccatttgtgctggt tggggaaagagatctggaaa 309 57 24813814
C6orf62 2294686 G A tcatgtgaccgttgagcatt tgcttacctgcaagtgctgt 385 50 24817181
C6orf62 1065364 G A ctgggaaaggatttgaagca tgccgttacgtcaaaaacag 330 53 24818379
C6orf62 6913673 A C agtgggaaaggcagggtatt catcacaagtcgtggagcat 264 60 24821123
C6orf62 3813687 G A tttttcccccactgaacctt agggagacttccctgtggat 304 56 24827957
C6orf62 1923187 A T gggacagaggcaagtagcac cccgatgtcgtcataaaagc 370 59 24829646

Table 3 PCR primers and PCR conditions for DNA pooling assays. All primers are described 5’ —► 3’.



-298-

Gene rs Number Direction of Extension Primer Extension Primer
ID4 3193769 Reverse tagacacttacatgacatcaaagctg
ID4 1980461 Reverse acacttacatgacatcaaagctg
PRL 1205961 Reverse gctttagcagggatttctagaaaa
PRL 6239 Forward gttataataagcagaaaggcgaga
PRL 1205957 Reverse cacacacgcgcaccacacac
PRL 849886 Forward gatttaaaatgcttactttgtagatgtc
PRL 1205954 Forward ggaaggaagggaggagggaagga
PRL 2244502 Forward cgccttccactgtgtaaatgtagat
PRL 6237 Forward atccccccacaggagtgttgatacaa
PRL 849876 Reverse ccaacctgatgttacttaatgttaaaaa
PRL 849875 Forward aggagaatcgcttgaacccaggaggc
VMP 12208318 Reverse accatctccactaacgcca
VMP 10946676 Forward gccatcatgagaaagaagtagg

DCDC2 1277155 Reverse agctgggactacaggcgcct
DCDC2 1832709 Reverse ctgggaccgggtgctgtggctcacac
DCDC2 3789219 Forward gtttggttcacaaaggtaatgacat
DCDC2 1419228 Forward agccattgacccatccatcta
DCDC2 2996452 Forward cagaaactatgacactttatataacttttct
DCDC2 1277192 Forward tggttttaggtcttacatttaagtcttt
DCDC2 1277194 Reverse tggttttaggtcttacatttaagtcttt
DCDC2 793861 Forward gaaggaatgaaggaaagaaggaagga
DCDC2 793862 Forward gcctttttttgatcactgtttattctta
DCDC2 870601 Forward gtcaatgatggtgctcaa
DCDC2 807698 Forward caaaacaaataaaaaaaattagtggggca
DCDC2 807726 Forward tcatcctctgctcccactgata
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Table 4 Continued .

Gene rs Number Direction of Extension Primer Extension Primer
DCDC2 3789224 Reverse ctgtactagtcactccataagc
DCDC2 3789227 Reverse gatgcaattcctcccctcct
DCDC2 2296539 Forward ctggaaaaatcattattcacatttggaa
DCDC2 2274305 Reverse cgttgacttgtcaaaaagtaactcac
DCDC2 6907864 Forward cttgtttcctctgcaggtaagtaaaa
DCDC2 807709 Forward ccactttttctttatccagtctacca
DCDC2 807704 Reverse atgagactgtggatattaatatgtgtaa
DCDC2 807703 Reverse taactgtttcagaaggtttgcc
DCDC2 3857541 Reverse actgctcatgatctgtggaaaaaaaaaa
DCDC2 707862 Reverse ataaaataaaatgtttagcaggtaatgcac
DCDC2 807685 Reverse actccatcacagttcagc
DCDC2 793704 Reverse gaattgttcttcacatgtttag
DCDC2 793722 Reverse agacaacaggtgtgcaatagatttat
DCDC2 793720 Forward cgagttaagcatagttcgtgaaag
DCDC2 1277350 Forward gcagcgatttgatcagttccatttg
DCDC2 1277349 Forward tacccctcaatctcctgctt
DCDC2 2792666 Forward ggtttgaactctctctctctctttc
DCDC2 793663 Reverse ttaaaacaatggttaccctatac
MRS2L 9393553 Forward gctatcttacattttattaaatatggaata

KIAA0319 2817241 Reverse tgattcttgtgcctcagcct
KIAA0319 807526 Reverse gaggttgcagtgagcagaga
KIAA0319 2817243 Reverse agtgaacatttaccgcttta
KIAA0319 2817245 Reverse cagctggaagtgaatcacgg
KIAA0319 807532 Reverse gttctggaggctgggaaggc
KIAA0319 2076313 Reverse atgactgcctggcaccttta
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Table 4 Continued ...
Gene rs Number Direction of Extension Primer Extension Primer

KIAA0319 807536 Reverse tcagatgccagttgcatacc
KIAA0319 4083411 Forward agctggttcacttggcttca
KIAA0319 2760167 Forward ctctactaaaaataccaaaaaaaaagaaaagaa
KIAA0319 807542 Reverse agcaactcaagtgtccacca
KIAA0319 807544 Reverse ggaggccaaggcaggcagat
KIAA0319 2744549 Forward gtaagagctggaattttgta
KIAA0319 2760161 Forward aggagaatggcttgaacctggga
KIAA0319 2817195 Reverse gctgcctggtctgaagatgagtaa
KIAA0319 807521 Reverse gaacttggactgttcaactcct
KIAA0319 3846835 Reverse taatggtctttgccttagaacttttct
KIAA0319 2744556 Reverse ctcctgacttcatgatccac
KIAA0319 807525 Forward aaacaccaagctggttagca
KIAA0319 2817199 Reverse ctaatctaaacctgattatcagaatttttttt
KIAA0319 2760158 Reverse ttactgctgctaacccatga
KIAA0319 2760157 Reverse ctacttacattttgactgtttctttaaattaa
KIAA0319 807507 Forward tccctatcaaatggccaggc
KIAA0319 807509 Forward tctgcctgcctacttgcatg
KIAA0319 2817201 Forward tctttctctctatggaagctca
KIAA0319 4504469 Reverse tcccaacacctcccactagc
KIAA0319 5026394 Reverse ttgatcaatacagcttaatttcattatt
KIAA0319 4576240 Forward ccaatctttgcctagaaagg
KIAA0319 4352670 Forward cttgtttttgagtttaatcgagaa
KIAA0319 4712831 Reverse tggatgaacttcacagaactatcaaa
KIAA0319 4236032 Reverse gatccatcagtacttgttgaatacc
KIAA0319 6911855 Forward ttctaagaagccaggccaggtg



Table4 Continued...
Gene rs Number Direction of Extension Primer Extension Primer

KIAA0319 4712833 Forward ggcatagtaataggcaatataaaggaa
KIAA0319 6939068 Forward cgcctcggctgagaattttttt
KIAA0319 7763790 Forward ttgttttaccagccagcccctc
KIAA0319 2745335 Forward agcacttaatggtaggatacaatgt
KIAA0319 2745334 Forward agcacttaatggtaggatacaatgt
KIAA0319 2817206 Forward caaaactgcttcacaaatttttt
KIAA0319 7751357 Forward tctgccaaatagaacaagaataaaa
KIAA0319 6917660 Reverse aggttatgagagggccctttatcc
KIAA0319 6456622 Reverse tcccctccttcctttctagc
KIAA0319 7766230 Forward gtgaagggttagcaaagttctcagaa
KIAA0319 2206525 Reverse tcaatatcatctcatccatttttaaaa
KIAA0319 7755563 Forward ataaaaagaattagaaagaggcagcc
KIAA0319 7755579 Reverse tgcccacctcagcctcccaaagtg
KIAA0319 6935076 Reverse cgcagacatgaggagaatga
KIAA0319 4363021 Forward ctgacacctccagttttcctcat
KIAA0319 2038137 Forward cctctttcctatttctcggccaggcgc
KIAA0319 3756821 Forward tgtccccagcttgtgtcaccc
KIAA0319 1555089 Forward cctttcacttcttttcagcattca

TTRAP 3212236 Forward gccagacactgcaagaggtag
TTRAP 3087943 Reverse cctgtcagagttttcaacggtgctta
TTRAP 2294691 Reverse caatggaaagattggaccgtg
TTRAP 3181238 Forward gtcagcaaactcaaatattcttaagaaaa
TTRAP 3212234 Forward ctactcagctcccttcccct
TTRAP 3212232 Reverse tgagaaaaataagcaagacacagaatac
TTRAP 2143340 Forward ttacagacaaattttaaaagagcccta
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Table 4 Continued .

Gene rs Number Direction of Extension Primer Extension Primer
TTRAP 2056999 Reverse aaaaaaagaacccatactgatataaatacc
TTRAP 3756819 Reverse gagagaaagcccttaactgccc
TTRAP 1061925 Reverse ctgatgtcctaagtctgggtaag
TTRAP 3756815 Forward cccgttggaaaaaagtaaaagtttgatag
TTRAP 2223589 Forward gcttggttttatgcgttttaggga
THEM2 3181227 Reverse ccagccttggaactgtctcca
THEM2 9393576 Forward agaaggctgtgaactcccatgtc
THEM2 7765052 Forward ctcttataattttttttttgaatagagtctc
THEM2 7451561 Forward tagtgtgtataatggcctgactattt
THEM2 2143338 Reverse tcctaggccaactaagaatcccta
THEM2 1555086 Reverse agtctcaaactcctagcctcaag
THEM2 1205120 Forward gacatggtctctttccttttactg
THEM2 926529 Forward tccaaaggaaggcaaagtgtaaagtc
THEM2 1885209 Forward tgtgcaccttaaaaacttagaaatttca
THEM2 1885211 Reverse gctacaagaatgctcctttgaaaatata
THEM2 3777664 Forward gcccttctccctatctatcttt
THEM2 2092404 Forward ccttatacttactataaatgggccaa
THEM2 3777663 Forward gagtgaatcatgaagtgttaactgac
THEM2 1056319 Forward actagccccttttcttgtaccgag
THEM2 1053598 Forward acacaacagctttcatattactctgg
C6orf62 3756814 Forward atgagatgcgtttttcatttaagatttc
C6orf62 2294686 Forward acaagttatactacctatctgcatct
C6orf62 1065364 Reverse tgtacttgtcctcttcagcagtat
C6orf62 6913673 Forward tccttaactaaaaaacaacaaaatccta
C6orf62 3813687 Forward ttatcttcttgtgagcattgccgag
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Table4 Continued...

Gene rs Number Direction of Extension Primer Extension Primer
C6orf62 1923187 Reverse atctccaacacacactttccttttcc

Table 4 Extension primers for DNA pooling assays using SNaPshot™ technology. Assay protocols are shown Chapter three. All primers are
described 5’ —>3’.

Gene rs Number Allele 1Allele 2 Allele 1 Primer Allele 2 Primer
PRL 2244502 A T gaaggtcggagtcaacggattcgccttccactgtgtaaatgtagata gaaggtgaccaagttcatgctgccttccactgtgtaaatgtagatt

DCDC2 793722 T C ccttgcatgaaattggtgaa (RFLP Forward PCR Primer) cctgggtgacagaaggagac (RFLP Reverse PCR Primer)
MRS2L 2793422 A G gaaggtcggagtcaacggattctgggattgaccatgcagaagaa gaaggtgaccaagttcatgctttgggattgaccatgcagaagag

KIAA0319 4504469 G A gaaggtcggagtcaacggattcaacacctcccactagcg gaaggtgaccaagttcatgcttccaacacctcccactagca
KIAA0319 6911855 T C tggacagccaacctttgaat (RFLP Forward PCR Primer) cttgagaggctgaggtggg (RFLP Reverse PCR Primer)
KIAA0319 6939068 A T See Pooling Data for SNaPshot Conditions
KIAA0319 2179515 C T gaaggtcggagtcaacggattagcctccttccaaatactgcc gaaggtgaccaagttcatgctgagcctccttccaaatactgct
KIAA0319 6935076 G A gaaggtcggagtcaacggattcactgtctatgtggagtctgc gaaggtgaccaagttcatgcttccactgtctatgtggagtctgt
KIAA0319 2038137 G T gaaggtgaccaagttcatgctatttctcggccaggcgct gaaggtcggagtcaacggatttatttctcggccaggcgcg

TTRAP 2143340 A G gaaggtcggagtcaacggattccctgtaaggacagtgtcacttt gaaggtgaccaagttcatgcttcctgtaaggacagtgtcacttct
THEM2 926529 G A gaaggtcggagtcaacggattggaaggcaaagtgtaaagtcg gaaggtgaccaagttcatgctaaggaaggcaaagtgtaaagtca
THEM2 3777664 A G gaaggtgaccaagttcatgcttgcagcccttctccctatctatcttta gaaggtcggagtcaacggattcagcccttctccctatctatctttg
THEM2 1053598

-  .  foS C T gaaggtgaccaagttcatgctacacaacagctttcatattactctggc gaaggtcggagtcaacggattgattacacaacagctttcatattactctggt
Table 5 Amplifluor primers for individual genotyping reactions. Assay protocols are shown Chapter three. All primers are described 5’ —> 3’. 
For SNPs genotyped using SNaPshot™ technology, the same assay protocols and primers were used as for DNA pooling. PCR primers for 
rs793722 and rs6911855 are shown. These SNPs were genotyped using RFLPs. Characteristics of each RFLP are shown in Figures 5 and 6.



Appendix

Gene rs Number Reverse Primer Amplifluor®
Method

PRL 2244502 ggaggtaacccacttctcaaa B
DCDC2 793722 RFLP -  Restriction Enzyme = TaqI -

MRS2L 2793422 cggtagtagttttccaacagcaa B
KIAA0319 4504469 agcagtggtaggagatatgggta A
KIAA0319 6911855 RFLP -  Restriction Enzyme = Xcml _

KIAA0319 6939068 See Pooling Data for SNaPshot Conditions -

KIAA0319 2179515 caattactcagttcattttgccctagaa C
KIAA0319 6935076 gaaaccgaagcccagagaaaa C
KIAA0319 2038137 agtgtcgccagcagtga A

TTRAP I” 2143340 tgtagccctcattttacagacaaatt A
THEM2 926529 tccagtgtgttcctcctctt A
THEM2 3777664 gagtctctcctttcctcactttt A
THEM2 1053598 ggcattttggcagccattgttt B

Table 6 Reverse primers for Amplifluor assays used for individual genotyping. 
All primers are described 5’ —* 3’. The Amplifluor method refers to cycling 
parameters noted in Table 3.18 in Chapter 3.
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Figure 1 A chromatograph showing the two different traces obtained for two 
individuals using the PCR fragment which resulted in the identification of two SNPs 
in SOX4. The pink line represents the chromatogram obtained for all samples, the 
black line shows the chromatogram from an individual containing the two SNPs.
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Figure 2 Sequencing chromatograph. The results show a SNP (T>G) identified in 
exon 1 o f SOX4 at position 841 (relative to ATG).
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Figure 3 Sequencing chromatograph. The results show a SNP (G>C) identified in 
the 3’ UTR of SOX4 at position 858 (relative to ATG).
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Figure 4 Chromatograph of a G (blue) —» T (red) SNP genotypes using SNaPshot 
chemistry. Peak heights are indicated in the boxes beneath the peaks representing 
the base extended at the end of the extension primer in a SNaPshot reaction. Both 
pooled and individual genotypes will result in chromatographs like this.
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RFLP result for rs6911855 
Xcml:

I5’.... C C  A N N N N N N N N N T G G  ....3 ’ 
3’. . . . G G T N N N N | J N N N N A C C  ....5’

Pink highlights T —* C SNP. If the SNP has a T allele, the enzyme ‘cuts’, if  there is 
a C allele at the SNP, i.e. C C A N N N N N N N N N C G G ,  the enzyme does not 
‘cut’ the DNA.

C/C = Restriction enzyme does not cut PCR fragments 
T/T = Restriction enzyme cuts PCR fragments
T/C = Restriction enzyme cuts PCR fragments where T is present at rs6911855 and 
does not cut fragments where C is present at rs6911855

— 97bp

C/C T/C

Figure 5 Restriction fragment length polymorphism analysis of rs6911855.
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RFLP result for rs793722 
T a q I: i

5’....T  C G A ....3’ 
3’. ...A  G C T ....5 ’

f

Pink highlights C—*T SNP. If  the SNP has a C allele, the enzyme ‘cuts’, if there is a 
T allele at the SNP, i.e. T T G A, the enzyme does not ‘cut’ the DNA.
T/T = Restriction enzyme does not cut PCR fragments 
C/C = Restriction enzyme cuts PCR fragments
C/T = Restriction enzyme cuts PCR fragments where C is present at rs793722 and 
does not cut fragments where T is present at rs793722

Figure 6 Restriction fragment length polymorphism analysis o f rs793722.
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Appendix

Amplifluor results for rs2179515 
Allele 1 Primer (C) = Red 
Allele 2 Primer (T) = Green

o

CNJ

o

••m

0 50000 100000 150000 200000 250000

green

Figure 7 An example o f an Amplifluor® output for rs2179515. Group a shows CC 
(red) homozygotes, group b shows CT (red and green) heterozygotes and group c 
shows TT (green) homozygotes. Group D represents negative (water) controls.
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Appendix

Amplifluor results for rs2793422 
Allele 1 Primer (A) = Red 
Allele 2 Primer (G) = Green
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Figure 8 An example of an Amplifluor® output for rs2793422. Group a shows A A 
(red) homozygotes, group b shows AG (red and green) heterozygotes and group c 
shows GG (green) homozygotes. Group D represents negative (water) controls.
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(a) Distribution of Reading Disability Scores in Cases and
Controls
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Figure 1 Historgrams showing the distribution of reading diasability scores 
in (a) cases and controls, (b) cases, (c) controls. All scores based on either 
accuracy score from NARA or single word reading score. Negative numbers 
represent reading ahead of their chronological age; positive numbers 
represent reading lag i.e. reading age below chronological age

(b) Distribution of Reading 
Disability Scores in Cases

R eading  D isab ility

(c) Distribution of Reading Disability Scores in 
Controls
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(a) Distribution of Rhyme Oddity Scores Across the
Reading Ability Spectrum
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Figure 2 Histograms showing the distribution of rhyme oddity scores (a) 
across the reading ability spectrum, (b) in cases, (c) in controls. All scores 
have been been regressed for age. The higher the score the better the child 
has performed in the test.

(b ) D istr ib u tio n  o f  R h y m e  
Oddity Scores in Cases

Rhyme Oddity Scores
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(c) Distribution of Rhyme Oddity Scores in Controls
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(a) Distribution of Phoneme Deletion Scores Across the
Reading Ability Spectrum
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Figure 3 Histograms showing the distribution of phoneme deletion scores (a) across 
the reading ability spectrum, (b) in cases, (c) in controls. All scores have been been 
regressed for age. Since distribution were not normally distributed, non-parametric 
tests were used to analysis this component phenotype. A higher score indicates better 
performance
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(a) Distribution of Task of Auditory Analysis Scores
Across the Reading Ability Spectrum
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Figure 4 Histograms showing the distribution of scores on the task of 
auditory analysis (a) across the reading ability spectrum, (b) in cases, (c) in 
controls. All scores have been been regressed for age. The higher the score 
the better the child has done on the test.
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Distribution of Nan-Word! Reading Scores
Reading Ability Spectrum
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Figure 5 Histograms showing the distribution of non-word reading scores (a) across the 
reading ability spectrum, (b) in cases, (c) in controls. All scores have been been 
regressed for age. Since data were not normally distributed non-parametric tests were 
used in analysis of this component phenotype. A higher score indicates doing well on 
the test.

(c) Distribution of Non-Word Reading 
Scores in Controls
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(a) Distribution of Pseudohomophonc Judgement Task
Scores Across The Reading Ability Spectrum

6 0 -

Skewness = -1.49

Kurtosis = 3.01
5 0 -

4 0 -

Li-

20-

10-
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Figure 6 Histograms showing the distribution of pseudohomophone 
judgement task scores (a) across the reading ability spectrum, (b) in cases, (c) 
in controls. All scores have been been regressed for age. Since data were 
not normally distributed, non-parametric tests were used in analysis of this 
component phenotype. Good performance on this test requires a high score.

(b) Distribution of Pseudohomophone 
Judgement Task Scores in Cases

3 0 -

i
3

* 20-

10̂

-50.00 -40.00 -30.00 -20.00 -10.00 0.00 10.00
Pseudohomophone Judgement Task Scores

(c) Distribution of Pseudohomophone 
Judgement Task Scores in Controls
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(a ) D is tr ib u tio n  o f  R e a d in g  A b ility /D isa b ility  S co res  
Across the Reading Distribution
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Figure 7 Histograms showing the distribution of single word reading/word 
recognition scores (a) across the reading distribution. (tO in cases, (c) in 
controls. All scores based on discrepancy between chonological age and 
reading age based on the single word reading score. Negative numbers 
represent reading ahead of their chronological age; positive numbers 
represent reading lag i.e. reading age below chronological age
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(a) Distribution of Rapid Digit Naming Speed Across the
Reading Ability Spectrum

(b) D istribution o f Rapid L>igit N am ing

Speed in Cases
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(c) Distribution of Rapid Digit 
Naming Speed in Controls

Figure 8 Histograms showing the distribution of rapid digit naming scores (a) across the 
reading ability spectrum, (b) in cases, (c) in controls. All scores have been been regressed 
for age. Speed is an average of two attempts at the task. Since this component phenotype is 
not normally distributed non-parametric tests were used in analysis involving rapid digit 
naming speed. The lower the score the better the proband is at the task. -20.00 -15.00 -10.00 -5.00 0.00 5.00 10.00

Rapid Digit Naming Speed



(a) Distribution of Rapid Picture Naming Speed Across
the Reading Ability Spectrum
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Figure 9 Histograms showing the distribution of rapid picture naming scores (a) across the 
reading ability spectrum, (b) in cases, (c) in controls. All scores have been been regressed 
for age. Speed is an average of two attempts at the task. Non-parametric tests were used in 
analysis of this component phenotype given the non-normal distribution of the trait. The 
lower the score, the better the child at the task.
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(a) Distribution of Spelling Discrepancy Scores Across the 
Reading Ability Spectrum
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Figure 10 Histograms showing the distribution o f  spelling scores (a) across 
the reading ability spectrum, (b) in cases, (cl in controls. All scores based on 
discrepancy between chonological age and spelling age based on the BAS 
test. Negative numbers represent reading ahead o f  their chronological age; 
positive numbers represent reading lag i.e. reading age below chronological 
age
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(a) Distribution of Non-Word Repetition Scores Across
the Reading Ability Spectrum
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Figure 11 Histograms showing the distribution of non-word repetition 
scores (a) across the reading ability spectrum, (b) in cases, (cl in controls. 
All scores have been been regressed for age. The higher the score the better 
the child has performed on the test.
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Distribution of Reading Disability Scores Across the 
Reading Distribution

(b) D istr ib u tion  o f  R ead in g
Disability Scores in Cases
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(c) Distribution of Reading Disability Scores 
in Controls

Reading Accuracy Discrepancy

Figure 12 Histograms showing the distribution of reading accuracy scores 
(a) across the reading distribution, (b) in cases, (c) in controls. All scores 
based on discrepancy between chonological age and reading age based on the 
accuracy score from NARA. Only individuals 12 years and under included 
in histograms. Negative numbers represent reading ahead of their 
chronological age; positive numbers represent reading lag i.e. reading age 
below chronological age
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(a) Pistribution of Reading Comprehension Discrepancy

Scores Across the Reading Ability Spectrum
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Figure 13 Histograms showing the distributions of reading comprehension 
scores (a) across the reading ability spectrum, (b) in cases, (cl in controls. 
All scores based on discrepancy between chonological age and reading age 
based on the comprehension score of NARA. Only individual 12 years and 
under are included in the histograms. Negative numbers represent reading 
ahead of their chronological age; positive numbers represent reading lag i.e. 
reading age below chronological age
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(a) Distribution of Reading Rate Discrepancy Scores
Across the Reading Ability Spectrum
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Figure 14 Histograms showing the distributions of reading rate scores (a) 
across the reading ability spectrum, (b) in cases, (cl in controls. All scores 
based on discrepancy between chonological age and reading age based on the 
rate score of NARA. Only individual 12 years and under are included in the 
histograms. Negative numbers represent reading ahead of their 
chronological age; positive numbers represent reading lag i.e. reading age 
below chronological age
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(a) Distribution of ADHD Scores in Cases — 
Connors’ Questionnaire Results

(b ) D is tr ib u tio n  o f  A D H D  S c o r e s  in  C a ses  — 
Du Paul Questionnaire Results

2 0 -

Skewness -  0.39

Kurtosis = -0.79

15-

5 -

706010 20 30 40
Dupaul ADHD Questionnaire Score

500

2 0 - Skewness = 0.50

Kurtosis = -0.60

15-

0 5
Connors

10 15
Connors’ ADHD Questionnaire Score

20 25

Figure 15 Histograms showing the distribution of ADHD questionnaire scores in cases using (a) the Connors questionnaire, fb) Du Paul questionnaire. 
Distributions show raw scores reported by parents on ADHD symptoms using the Connors’ and Du Paul parent report ADHD questionnaires. Parents of 
controls children did not report on ADHD symptoms in their child. For categorical analyses (chapter five) a cut off of 15 was used to suggest presence of 
ADHD in probands using the Connors’ questionnaire. A cut off of 35 was used to indicate presence of ADHD from symptoms reported on the Du Paul 
Questionnaire. The higher the score the more ADHD symptoms are present in the proband.



Distribution of Inattention Symptoms Scores in DD-Probands
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Figure 16 Histogram showing the distribution of inattention symptom 
scores in cases. Raw scores for inattention have been regressed for age 
and transformed to ensure the distribution was normal in order that 
parametric tests could be used in the analysis. The line indicates a 
normal distribution curve. Inattention symptoms were determined 
using the parental reports of inattention on the Connors’ ADHD 
questionnaire. The higher the score the more inattention symptoms 
reported by the parent.
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(a) Distribution of IQ Scores Across the Reading Ability
Spectrum
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Figure 17 Histograms showing the distribution of IQ scores (a) across the 
reading ability spectrum, (b) in cases, (c) in controls. All participants were 
required to have an IQ of 85 or above.
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