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Summary

Developmental Dyslexia (DD) is a complex, cognitive disorder which is
characterised by an impairment in reading despite adequate educational, motivational
and intellectual opportunities. Family and twin studies have shown that this common
neurodevelopmental disorder has a highly heritable component.

The aim of this thesis was to identify novel susceptibility variants for DD using
several approaches.

A candidate gene study was conducted, testing variants within the genes CDC42,
PRTG, KIAA0319L, DCDC2b and RIOK3 for association with DD in the Cardiff case-
control sample. None of the variants within these genes showed a significant association
with DD.

A genome-wide association study (GWAS) was conducted in collaboration with
other groups as part of the NeuroDys consortium, using DD cases from Europe and
population controls. 27 of the most significant SNPs identified were selected and
genotyped in a larger replication sample. 8 of these showed a significant association
with DD, with the most interesting SNPs within the gene SNX29.

An additional GWAS was conducted by the NeuroDys consortium in the form of a
pooling study using a larger array. 38 of the most significant SNPs identified were
selected for individual genotyping after which 14 remained significant, with the most
interesting within the genes TMC1 and WDR78.

Another GWAS was conducted in the form of a pooling study using the Cardiff
cases and screened controls only. 57 of the most significant SNPs identified were
selected for individual genotyping of which 54 remained significant. This study
highlighted a number of interesting genes and demonstrated the effect of using a
homogeneous case-control sample when conducting pooling studies.

Analysis of copy number variants (CNVs) was also conducted using data from the
initial NeuroDys GWAS. This study highlighted the technical issues that can affect the
outcome of such studies. As such, the CNVs in this study need to be validated before
these results can be relied upon.

To conclude, some interesting variants have been identified in this thesis but further
work is required to confirm these findings.
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Chapter 1: Introduction

1.1 Developmental Dyslexia

1.1.1 Definition
The World Health Organisation (WHO 2003) define dyslexia as:

“...an unexpected specific and persistent failure to acquire efficient reading skills
despite conventional instruction, adequate intelligence and sociocultural opportunity.”

Dyslexia is also referred to as specific reading disability (SRD) or developmental
dyslexia (DD). Throughout this thesis I use the term DD as this refers to individuals
who fail to develop competent reading skills, rather than those that have lost their ability

to read competently as a result of brain damage (i.e. ‘acquired dyslexia’).

1.1.2 Epidemiology

Epidemiological data has suggested that reading ability occurs along a continuum,
where individuals with DD form the lower tail end of the normal distribution and no
‘cut point’ can be used to distinguish individuals with DD from typically normal readers
(Shaywitz et al. 1992). It is the most common of the learning disabilities, affecting
between 5 and 10% of children of a school age (Shaywitz et al. 1990). Typically, these
epidemiological studies of DD have been conducted using Western populations, many
of which had English as their first language. English is considered to be a non-
transparent language and the prevalence rates of DD may vary when studying more
transparent languages such as German, Italian and Spanish. DD has also been found in
non-Western populations at varying prevalence. A study of Chinese children from Hong
Kong estimated prevalence rates of DD to be between 9.7% - 12.6% (Chan et al. 2007)
and a large study of Egyptian children with DD estimated the prevalence to be 1.3%
(Farrag et al. 1988).

Epidemiological studies have observed that DD is often found in males at a greater
rate than in females, with a ratio of ~2:1 (Flannery et al. 2000). Some studies have
suggested that this increase in prevalence in ’boys reflects an ascertainment bias rather

than a gender difference, due to teachers rating boys as being significantly more



inattentive and having more behaviour, language and academic problems than girls,
resulting in more boys being referred for help (Shaywitz et al. 1990; Wadsworth et al.
1992; Katusic et al. 2001). However, large studies conducted on unselected samples
have made this argument difficult to justify, with twice as many more boys affected by
DD than girls in a large US sample of 32,223 children (Flannery et al. 2000), and a
study of reading ability in nearly 200,000 children finding that girls outperformed boys
on reading tests in every one of the 43 countries examined (Chiu & McBride-Chang
2006). Geschwind and Behan (1982) have hypothesised that gender differences could
be explained by an excess of, or sensitivity to, androgens such as testosterone. This may
delay left-hemisphere maturation which could result in abnormalities of neuronal

migration and/or connections during gestation and ultimately DD.

1.1.3 Theories of DD

The exact processes involved in learning to read are unknown. Learning to read an
alphabetic system requires learning the grapheme-phoneme correspondence. A
grapheme is a written representation of a sound. For example, in Table 1.1, the word
‘book’ is spelt using the graphemes, ‘b’, ‘00’ and ‘k’. Phonemes represent the smallest
discernible segments of speech. For example, in Table 1.1, the word ‘scarf” is spoken
using the phonemes /s/, /k/, /ahr/ and /f/.

Item Examples

Word Book Scarf
Grapheme | B |OO [ K[ S | C | AR | F
Phoneme | /b/ | /ool | Ik/ | Is/ | IK/ | lahr/ | /fl

Table 1.1: Terminology used to describe units of written and spoken language. Adapted from Paracchini
et al. (2007).

Skills involved in processing phonemes include phonological coding/decoding, and
phonological or phonemic awareness. Phonological coding is the ability to identify,
discriminate and manipulate the phonological structure of a written word (Snowling
1995). Phonological awareness is the ability to be aware of and manipulate the sound
structure of spoken words (Olson et al. 1994).

Orthographic processes are also important when learning to read, as these involve
exploiting whole-word information, in particular, the visual appearance or shape

(orthography) of a written word (Olson et al. 1994). Orthographic coding is the ability



to recognise spelling patterns to establish the proper meaning of words. These skills are
of particular importance when reading the English language for example, as the English
language has many instances where identical sounding words differ in their meaning
depending on how they are spelt (e.g. ‘there’ versus ‘their’). In addition, the English
language contains words whose sound do not represent their spelling (e.g. ‘yacht’).

There have been a number of theories put forward to explain the deficits observed in
DD individuals but none of these theories are able to account for all cases of DD on

their own.

1.1.3.1 The Phonological Core Deficit Theory
The phonological core deficit theory suggests that DD may be caused by a problem

in representing, storing or retrieving phonemes from long-term memory, impairing an
individual’s ability to segment a word into its phonological units, resulting in poor or
ineffectual reading (Snowling 1981). The phonological deficit is believed to be
independent of non-phonologic abilities and so higher-order cognitive and linguistic
functions (such as IQ and vocabulary) remain intact.

At the neurological level, it is usually assumed that the origin of the disorder is a
congenital dysfunction of left-hemisphere perisylvian brain areas underlying
phonological representations, or connecting between phonological and orthographic
representations (Ramus et al. 2003b). Anatomical work (Galaburda et al. 1985) and
functional brain images have supported this theory (Paulesu et al. 1996; Paulesu et al.
2001; Shaywitz et al. 1998; Brunswick et al. 1999; McCrory et al. 2000; Pugh et al.
2000; Temple et al. 2001; Shaywitz et al. 2002).

The phonological core deficit theory is the most widely accepted theory of DD.
Castles and Coltheart (2004) have criticised this theory as no study has been able to
show unequivocal evidence that there is a causal link for ability in phonological
awareness and success in reading and spelling acquisition. It also suffers from its
inability to explain the sensory and motor disorders that occur in a significant
proportion of individuals with DD (Ramus et al. 2003b). However, supporters of the
theory tend to dismiss these disorders as not being part of the core features of dyslexia,
considering them to be potential markers of DD rather than playing a causal role
(Snowling 2000).



1.1.3.2 The Double Deficit Hypothesis

The double-deficit hypothesis proposes that DD arises from deficits in both
phonological processes and the rapid naming of simple stimuli (Wolf & Bowers 1999).
Studies have shown that naming-speed deficits can cause variance in reading,
independent of the variance contributed by phonological awareness measures
(Blachman 1984; Bowers & Swanson 1991; Olson et al. 1994).

Wolf and Bowers (1999) have suggested that deficits in the processes underlying
naming-speed hinder lower level perceptual requirements that result in non-fluent word
identification and hinder comprehension. They also suggest that deficits in naming-
speed represent a broader system of rate or efficiency-based difficulties that affect

orthographic and phonological routes and representations.

1.1.3.3 The Rapid Auditory Processing Theory

This theory suggests that DD develops from an auditory deficit that inhibits the
perception of short or rapidly varying sounds (Tallal 1980; Tallal et al. 1993). Dyslexics
show poor performance on a number of auditory tasks, including frequency
discrimination (McAnally & Stein 1996; Ahissar et al. 2000) and temporal order
judgement (Tallal 1980; Nagarajan et al. 1999).

A failure to correctly identify short sounds and fast transitions can cause difficulties
when such acoustic events are the cues to phonemic contrasts. For example, it may
result in an inability to distinguish between the phonemes /ba/ and /da/. There has been
evidence that individuals with DD may have poor categorical perceptions of sound
contrasts, indicating that the auditory deficit may be the direct cause of phonological
deficits which result in a failure to read (Mody et al. 1997; Adlard & Hazan 1998;
Serniclaes et al. 2001).

1.1.3.4 The Visual Theory

This theory suggests DD is caused by a visual impairment giving rise to difficulties
in processing letters and words in text (Lovegrove et al. 1980; Livingstone et al. 1991;
Stein & Walsh 1997). It does not exclude a phonological deficit, but emphasizes a

visual contribution to reading problems in some individuals with DD. The visual theory



suggests that the magnocellular pathway is selectively disrupted in certain dyslexic
individuals and this leads to deficiencies in visual processing, and, via the posterior
parietal cortex, to abnormal binocular control and visuospatial attention (Stein & Walsh
1997; Hari et al. 2001). Support for this theory comes from anatomical studies showing
abnormalities of the magnocellular layers of the lateral geniculate nucleus (Livingstone
et al. 1991) and psychological studies have demonstrated decreased sensitivity in the
magnocellular range, i.e. low spatial frequencies and high temporal frequencies, in
individuals with DD (Lovegrove et al. 1980; Cornelissen et al. 1995). However,
criticism for this theory has come from failures to replicate findings of a visual deficit
(Victor et al. 1993; Johannes et al. 1996) or from findings that such a deficit exists in
only a subgroup of individuals with DD (Cornelissen et al. 1995; Witton et al. 1998;
Amitay et al. 2002).

1.1.3.5 The Cerebellar Theory

The cerebellar deficit theory attempts to tie in the motor deficits often associated
with DD by recognising that the cerebellum is important in both movement controls and
the automation of overlearned tasks, such as driving, typing and reading (Nicolson et al.
2001; Stoodley et al. 2005; Haslum & Miles 2007). A weak capacity to automatise
would affect the learning of grapheme-phoneme correspondences. Support for this
theory has come from evidence of individuals with DD performing poorly in a large
number of motor tasks (Fawcett et al. 1996), in dual tasks demonstrating impaired
automatisation of balance (Nicolson & Fawcett 1990) and in time estimation, which is a
non-motor cerebellar task (Nicolson et al. 1995). Brain imaging studies have also shown
anatomical, metabolic and activation differences in the cerebellum of dyslexics (Rae et
al. 1998; Nicolson et al. 1999; Brown et al. 2001; Leonard et al. 2001).

This theory does not account for sensory disorders observed in individuals with DD,
such as auditory and visual deficits, but supporters of the cerebellar theory have
suggested that there may be two distinct subtypes of DD, one involving the cerebellum,
the other the magnocellular pathways (Fawcett & Nicolson 2001). However, it is
uncertain how many individuals with DD have motor problems as some studies have
failed to find such problems (Wimmer et al. 1998; van Daal & van der Leij 1999;
Kronbichler et al. 2002) whereas others only find them in subgroups of DD (Yap & van
der Leij 1994; Ramus et al. 2003a).



1.1.3.6 The Magnocellular Theory

This theory attempts to integrate all of the findings mentioned above. The
magnocellular (auditory and visual) theory suggests that a general impairment in
magnocellular pathways will affect visual, auditory and tactile sensory modalities (Stein
& Walsh 1997). The cerebellum is also thought to be affected by the general
magnocellular deficit because it receives a large amount of input from various
magnocellular systems in the brain (Stein & Walsh 1997). This theory therefore
manages to account for all aspects of DD, including visual, auditory, motor, tactile and
phonological difficulties (Ramus et al. 2003b). Evidence specifically relevant to the
magnocellular theory includes magnocellular abnormalities that have been observed in
the medial and lateral geniculate nuclei of dyslexic brains (Livingstone et al. 1991;
Galaburda et al. 1994), poor performance of individuals with DD in the tactile domain
(Grant et al. 1999; Stoodley et al. 2000) and the co-occurance of visual and auditory
problems in certain individuals with DD (Witton et al. 1998; Cestnick 2001; Van
Ingelghem et al. 2001).

Many supporters of the auditory and visual theories now agree that visual and
auditory disorders in dyslexia are part of a more general magnocellular dysfunction
(Ramus et al. 2003b). However, this theory still fails to describe why not all deficits are
observed in all individuals with DD. For example, there have been a number of failures
to replicate findings of auditory disorders in dyslexia (Heath et al. 1999; Hill et al. 1999;
McArthur & Hogben 2001). Other studies have found auditory deficits in individuals
with DD, but only in a subgroup (Tallal 1980; Reed 1989; Manis et al. 1997; Mody et
al. 1997; Adlard & Hazan 1998; Lorenzi et al. 2000; Marshall et al. 2001; Rosen &
Manganari 2001). In addition, results have shown inconsistencies with the theory that
auditory deficit lies in ‘rapid’ auditory processing, and therefore with magnocellular
function , with ‘rapid’ auditory processing remaining intact with some tasks while
‘slow’ auditory processing is found to be impaired with others (Reed 1989; McAnally &
Stein 1996; Adlard & Hazan 1998; Schulte-K&6rne et al. 1998b; Witton et al. 1998;
Nittrouer 1999; Lorenzi et al. 2000; Rosen & Manganari 2001; Share et al. 2002). It has
also been argued that auditory deficits do not predict phonological deficits (Mody et al.
1997; Schulte-K6rne et al. 1998a; Bishop et al. 1999; Marshall et al. 2001; Rosen &
Manganari 2001; Share et al. 2002). The visual side of the magnocellular theory has

also been criticised because visual impairments observed in individuals with DD tend to



be in a whole range of stimuli rather than those that specifically tap into the
magnocellular system (Skottun 2000; Amitay et al. 2002; Farrag et al. 2002).
Kronbichler and colleagues (2002) found 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.

1.1.3.7 The Attentional Deficit theory

The neural process which allows for the processing of stimuli relevant to a particular
task, while inhibiting irrelevant stimuli, is referred to as attention. When reading text,
the attention needs to be shifted 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 filtering out information from the periphery. Individuals with DD
have been found to have deficits in suppressing interfering peripheral information and
focusing their attention on the text (Geiger et al. 1994; Steinman et al. 1998; Facoetti et
al. 2000). Individuals with DD have also been found to be easily distracted and often
have problems maintaining attention on one task for prolonged periods (Keogh &
Margolis 1976). Further support for this theory comes from the observation that
attentional deficit hyperactivity disorder (ADHD) is often found to be comorbid with
DD (see Section 1.1.5.1)

It is possible that all these theories are true, with different individuals having
partially overlapping subtypes of DD (Ramus et al. 2003b). However, it could be that
one theory accounts for every case of DD and that the other manifestations observed are
different markers for DD (i.e. they are associated with DD but are not the cause of DD)
(Ramus et al. 2003b).



1.1.4 Neurobiology of Developmental Dyslexia

Evidence for a neurobiological basis for DD comes from post-mortem examinations

and brain imaging of individuals with DD.

1.1.4.1 Post Mortem Studies of Individuals with DD

The planum temporale is located within the sylvian fissure on the superior-posterior
surface of the temporal lobe and it functions in auditory comprehension and possibly
phonologic processing (Frank & Pavlakis 2001). Generally the planum temporale is
larger on the left side and this asymmetry forms as early as 33 weeks gestation. Post
mortem examinations of 7 brains from individuals with DD revealed that there was an
increase in abnormalities of the left hemisphere, particularly around the perisylvian
region, and the planum temporale was nearly symmetrical which has been suggested to
be the result of enlargement of the right side (Galaburda & Kemper 1979; Galaburda et
al. 1985; Humphreys et al. 1990). The abnormalities consisted of neuronal ectopias,
dysplasias and vascular micro-malformations. The ectopias were often found in layer I
of the left inferior frontal and superior temporal gyri, suggesting that these occurred at a
time of peak neuronal migration during embryonic development (Galaburda et al.
1985). It should be noted however, that some individuals showing these abnormalities
reported oral language delay as well as DD (Cohen et al. 1989).

Subsequent visual processing and auditory processing experiments suggested
hypotheses which led to re-examination of these brains, revealing disorganisation of the
magnocellular layers of the lateral geniculate nuclei (LGN) (Galaburda & Kemper
1979; Galaburda et al. 1985; Humphreys et al. 1990; Livingstone et al. 1991). These
observations are consistent with the visual processing deficiencies observed in
individuals with DD as this region of the brain forms part of the primate visual system
(Livingstone et al. 1991). It was also noticed that the cell bodies making up the
magnocellular layers of the LGN from the brains of individuals with DD appeared
smaller than in control brains. As the medial geniculate nuclei (MGN) are involved in
the auditory processing system, these regions of the dyslexic brains were also examined
(Galaburda & Kemper 1979; Galaburda et al. 1985; Galaburda et al. 1994; Humphreys
et al. 1990). The dyslexic brains showed greater asymmetry between the left and right



MGN than in control brains, and in general, the left MGN had a higher number of
smaller neurons and less larger neurons (Galaburda et al. 1994).

In addition to these studies on DD brains, studies on mice and rats with ectopia and
microgyri have found that they exhibit a number of learning deficits (Denenberg et al.
1991; Schrott et al. 1992; Rosen et al. 1995; Balogh et al. 1998). Mice with ectopia in
layer I of the cortex were found to learn differently compared to non-ectopic mice and
since the ectopia that were observed are structurally similar to those of dyslexic
individuals, this suggest that individuals with DD may learn differently to those without
the learning disability. The specific location of the cortical disruption (e.g. in the pre-
fontal cortex or motor cortex) also influenced the type of learning disability exhibited
by the mouse and this may reflect the variability in the extent of learning disability
found in individuals with DD (Hyde et al. 2001).

1.1.4.2 Brain Imaging Studies of Individuals with DD

Functional neuroimaging of brains unaffected by DD has taught us more about the
processes behind reading. These studies suggest that two posterior pathways are
involved in reading, the dorsal and ventral pathways, along with an anterior component.
The dorsal pathway is centred in the left temporoparietal regions and includes the
angular and supramarginal gyri as well as the left posterior end of the superior temporal
gyrus (Simos et al. 2000b). This pathway deals with linking graphemes of a visual word
with phonemes and an underactivation in this pathway is considered to be linked with a
phonological deficit. The ventral pathway is centred on the left inferior
occipitotemporal region, including the posterior fusiform gyrus. It is thought to be
required for the quick automatic processing of familiar words or frequent letter strings
within words and an underactivation of this pathway in individuals with DD is thought
to be linked with slow and inaccurate word recognition. The anterior component is
centred on the left inferior frontal gyrus and is involved in the articulation of speech
sounds (Richlan et al. 2009).

Functional neuroimaging studies on individuals with DD have shown altered
activity of these regions (Démonet et al. 2004). Corina and colleagues (2001) found that
phonological and lexical tasks resulted in activation of the left inferior temporal gyrus in
most controls brains, but very few of the DD showed any activation in this region. Other

studies have also shown reduced activity of the left temporoparietal regions on tasks of



word reading, non-word reading and letter rhyming (Simos et al. 2000a; Simos et al.
2000b; Temple et al. 2001) and left occipitotemporal regions on tasks of letter matching
(Temple et al. 2001).

Shaywitz and colleagues (2002) conducted a neuroimaging study comparing 70
individuals with DD to 74 controls and found that individuals with DD had reduced
activity in the left inferior frontal, left superior temporal, left occiptotemporal and left
temporoparietal regions on several reading related tasks. They also found a correlation
between reading skill and activity in left posterior regions (Shaywitz et al. 2002).

Neuroimaging studies have also identified that DD brains have greater asymmetry
and less grey matter content of the cerebellum (Brown et al. 2001; Eckert et al. 2003;
Leonard et al. 2001). Leonard and colleagues (2001) also found that phonological
deficits correlate with a smaller right anterior lobe.

As well as this decreased activity in the left hemisphere of the brain in individuals
with DD, increased activity in the right hemisphere is often observed, possibly as part of
a compensatory mechanism. For example, studies have found that the right
temporoparietal regions of the brains of individuals with DD showed greater activity in
response to both word and non-word reading (Simos et al. 2000a; Simos et al. 2000b).
Corina and colleagues (2001) also demonstrated that there was increased activity in the
right inferior temporal gyrus relative to the left in the brains of individuals with DD
during a phonological task.

These neuroimaging studies have indicated that there seems to be a reduction in
activity of the left temporal areas which is consistent with the results from post-mortem
brain studies of individuals with DD. Together, these results suggest that reading
requires a number of brain areas, including posterior (phonological processes) and
anterior brain regions (syntactic processing).

It is important to note that many of these neurobiological studies involve small
numbers of participants which often included only adults and controls which were not
well matched in terms of sex, handedness, intelligence or educational experience.
Schlaug and colleagues (1995) have suggested that intensive training in language skills
can modify the symmetry observed in individuals with DD, resulting in ‘normalisation’
of the brain and so studies need to be conducted on larger, homogenous samples of

children, rather than adults.
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1.1.4.3 Neuronal Migration and DD

A number of studies have suggested that impaired neuronal migration may be a
functional cause of DD. The developmental progression of the cerebral cortex is unique
to mammals and is fairly conserved throughout species (Ayala et al. 2007). Neuronal
migration is a key step in the development of the neocortex, resulting in the organisation
of neurons in to six specialised laminar layers (Hatten 1999). It is achieved through the
rearrangement of cytoskeletal components in response to extracellular cues and is
mediated by numerous intracellular pathways (Ayala et al. 2007).

Cortical neurones arise from proliferative pseudostratified epithelium at the margin
of the embryonic cerebral vesicles (Rakic 1982). During each cell cycle, progenitor
cells undergo a pattern of oscillation in the ventricular zone, termed interkinetic nuclear
migration, shown in Figure 1.1. Projection neurons are born from radial glial cells in the
ventricular zone. These migrate radially along radial glial fibres towards the pial
surface. The S phase of the cell cycle occurs at the basal surface of the ventricular zone,
with mitosis occurring at the apical surface. Once a cell has exited the cell cycle, it must
migrate out of the ventricular zone to its final resting place in the developing neocortex.
The first set of neurons that migrate out of the ventricular zone make up the preplate
with the next wave of migration splitting the preplate into two layers: the marginal zone
and the deeper subplate. The development of the cerebral cortex progresses with
successive waves of migration that position neurons within the different layers in the
cortical plate (Hatten 1999). These layers are established according to an inside-out
pattern where the earliest waves of neuronal migration will go on to form the deeper
layers of the cortical plate while the last waves of neurons will be localised to the more

peripheral layers (Marin & Rubenstein 2001).
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is a neuronal migration disorder caused by a mutation in the filamin A (FLNA) gene
(Fox et al. 1998). Chang and colleagues (2005) tested 10 patients with PNH and
epilepsy and found that 8 of these had deficits in reading skills despite normal
intelligence. They also found that in those individuals with more wide-spread
heterotopias, the deficits in reading skills were more severe (Chang et al. 2005).
Providing further support for a role of neuronal migration within DD, a number of
putative susceptibility genes for DD have been found to have possible roles in neuronal

migration and these are discussed in Chapter 3.

1.1.5 Comorbidity of DD with Other Neurodevelopmental Disorders

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

than in matched controls.

1.1.5.1 Attentional Deficit Hyperactivity Disorder (ADHD)

ADHD is characterised by inattention, overactivity and impulsiveness. Studies have
estimated that 15-40% of individuals diagnosed with DD also have ADHD (Gilger et al.
1992; Willcutt & Pennington 2000; Willcutt et al. 2007). Twin and family studies on
DD and ADHD have suggested that these disorders have shared genetic underpinnings
(Willcutt et al. 2000; Willcutt et al. 2007). When ADHD is subdivided into its symptom
dimensions, twin studies also predict a stronger relationship between DD and symptoms
of inattention compared with symptoms of hyperactivity/impulsivity (Willcutt et al.
2000).

Results from linkage studies of DD and genome scans of ADHD have indicated
several regions that overlap. Willcutt and colleagues (2002) have suggested that the
comorbidity between DD and ADHD may be partly due to the effects of the
quantitative trait locus (QTL) on chromosome 6p (see section 1.4.4). Overlapping loci
on 15q, 16p, 17p, 10q, 14q32, 13932 and 20q11 have also been suggested by additional
studies (Loo et al. 2004; Gayan et al. 2005; Wigg et al. 2004; Wigg et al. 2008).

1.1.5.2 Developmental Dyscalculia (DC)

DC is generally defined as a specific impairment in arithmetic abilities, despite any

deficits in intelligence, socioeconomical background, general motivation, emotional
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stability, educational opportunity or sensory acuity. Studies have estimated that 25-37%
of individuals with DD also have DC (Knopik et al. 1997; Lewis et al. 1994) and 17 -
70% of individuals with DC also have DD (Gross-Tsur et al. 1996; Knopik et al. 1997;
Lewis et al. 1994).

1.1.5.3 Developmental Coordination Disorder (Dyspraxia)

Dyspraxia is an impairment in the development of motor coordination which is not
attributable to a general medical condition or mental retardation. It has been estimated
that there is an overlap of 30-50% between DD and dyspraxia (Kadesjo & Gillberg
1999; Richardson & Ross 2000). Whilst a relationship between lower motor ability,
such as hand motor skill and DD has been observed, the genetic effects in motor skill
are largely distinct from DD (Francks et al. 2003).

1.1.5.4 Specific Language Impairment (SLI) and Speech-Sound Disorder (SSD)

SLI is an impairment in the ability to acquire adequate language skills, despite
normal intelligence and development. Studies have estimated that 20-60% of
individuals with DD also have SLI (McArthur et al. 2000) and 40-80% of individuals
with SLI also have DD (McArthur et al. 2000).

SSD (or phonological disorder) is characterised by speech-sound production errors
associated with deficits in articulation, phonological processing and cognitive linguistic
processing. There is not much evidence of increased co-morbidity between DD and
SSD alone, but in conjunction with language impairments there is significant co-
morbidity with DD, particularly with deficits in spelling (Bishop & Adams 1990; Lewis
et al. 1994). Stein and colleagues (2004) found that 21.6 % of individuals with SSD also
have DD and also found linkage of SLI to a region of chromosome 3, a region

implicated in linkage studies of DD as discussed in section 1.4.5.
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1.2 Genetic Basis of Developmental Dyslexia

1.2.1 Familiality of Developmental Dyslexia

The first step in determining whether or not a disorder may have a genetic aetiology
is to establish that the disorder runs in families (familiality). This is measured by
comparing the rate of a disorder in relatives of probands to the baseline rate found in the
general population.

Familial clustering of DD was observed over 100 years ago (Hinshelwood 1907;
Stephenson 1907; Thomas 1905). Since then, a number of large studies have confirmed
DD familiality. An early study by Rutter and Yule (1975) found that 9% of control
children had a sibling or parent with a reading problem, compared with 34% of children
with DD. More recently, it has been shown that 20-33% of siblings of affected
individuals, with unaffected parents, are themselves also affected (Gilger et al. 1996).
This percentage increased to 54-63% if either parent was also affected (Gilger et al.
1996).

The probability of an individual being affected with DD given that a sibling is
already affected (regardless of parental affection status) is estimated to be between 38%
and 60% (Hallgren 1950; Finucci et al. 1976; Vogler et al. 1985; Gilger et al. 1991;
Gilger et al. 1996). These sibling recurrence risk estimates are considerably higher than
the general population risk (5 to 10%) (Pennington 1990).

Gilger and colleagues (1991) also studied the probability of a mother or father being
affected if they had affected offspring in three population samples from Iowa and
Colorado. They found that the risk of a father being affected if their son was affected
was between 30% and 35% and between 12% and 15% for mothers. For those parents
with an affected daughter, the risk was between 17% and 41% for fathers and 30% and
42% for mothers. Whereas the risk for parents of a normal control proband was 4% for
fathers and 3% for mothers, which is close to the general population risk (Pennington
1990).

From these studies, it is clear that the risk of having DD is greater among first
degree relatives than in the general population. However, as families tend to share their
environments, this alone does not imply that DD is strictly influenced by genetic
factors. Twin studies have therefore been used to try to differentiate the genetic and

environmental factors that influence DD and estimate the heritability of this disorder.
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1.2.2 Heritability of Developmental Dyslexia

Typically, twin studies consist of large sets of monozygotic (MZ) and same sex
dizygotic (DZ) twins. The concordance rate for DD is then compared between the two
sets of twins, with a higher concordance rate for DD in the MZ twins being suggestive
of some genetic aetiology for DD.

Early twin studies of DD showed significantly greater MZ than DZ concordance for
DD (Hallgren 1950; Hermann 1956; Bakwin 1973), but these suffered from
methodological problems including ascertainment bias, inconsistent definitions of DD,
failure to determine zygosity adequately and failures to limit DZ twin samples to same
sex twins (Stevenson et al. 1987; Pennington 1989). The first compelling evidence that
DD is influenced by genetic factors came from two large twin studies in the 1980s: the
London Twin Study (Stevenson et al. 1987) and the Colorado Twin Reading Study
(DeFries et al. 1987). Stevenson and colleagues (1987) examined the reading skills of
285 pairs of 13 year old twins identified from the general population on the basis of
birth records and from the registers of schools in the London area. They did not find any
evidence supporting the heritability of reading in general, but did find significant
heritability for phonological coding (82%). In a later study of this twin sample,
Stevenson (1991) observed significant heritability for impaired spelling (62%) and
found that deficits in phonological processing were more heritable than deficits in
orthographic coding.

DeFries and colleagues (1987) used multiple regression analysis of twin data in their
analysis of 64 MZ and 55 DZ twin pairs in which at least one member of the pair (the
proband) had DD. These twins were ascertained from schools in Colorado. The reading
ability of both twins was then assessed by a standard battery of tests that had been
previously shown to discriminate between individuals with DD and normal readers.
This study found highly heritable components to reading (44%), spelling (62%) and
deficits in phonological processing (75%), but did not identify a significant heritable
component for orthographic processing (31%).

Gayan and Olson (1999) used a larger sample from the Colorado Twin Study and
reported significant heritabilities of 61% for phonological decoding, 56% for
phonological awareness and 58% for orthographic processing. This suggests that

phonological and orthographic deficits in DD have similar levels of heritability, in
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contrast with the studies by Stevenson (1991) and DeFries and colleagues (DeFries et
al. 1987) which observed lower heritability for orthographic deficits.

The concept of heritability is not a fixed one as the variance that can be attributable
to genes is partly dependent on the variance in exposure to relevant (but unknown)
environmental risk factors and on the characteristics of the population studied (Williams
& O'Donovan 2006). In a further study of the Colorado twin sample, DeFries and
colleagues (1997) demonstrated that reading had a higher heritability in younger
compared with older children, whereas the heritability of spelling increased with age.
Another study on this sample by Wadsworth and colleagues (2000) found that
heritability estimates increase with increasing levels of IQ. They reported a heritability
of 43% for a group of twins with the average IQ of each twin pair below 100 and a
heritability of 72% for a group of twins with an average IQ above 100, suggesting that
genetic factors may be more important in DD in individuals with higher IQs. However,
they did not determine whether the genetic factors that influenced DD differed as a
function of IQ. It may be that the same genetic factors are involved in DD, regardless of
IQ but the proportion of variance accounted for by these genetic factors may differ

because the degree and nature of environmental influences may vary as a function of

IQ.

1.2.3 Mode of Transmission

Pennington and colleagues (1991) performed segregation analysis of DD in order to
establish a mode of transmission. They examined the relatives of DD probands in four
independent samples from Colorado, Washington and Iowa, producing a sample of 204
families and 1,698 individuals. Three of the four samples showed evidence for major
locus transmission. In the first three samples, the estimates of penetrance of the AA, Aa
and aa genotypes (where A is the risk allele) were, respectively, 1, 1 and 0.001-0.039 in
males and 0.56-1, 0.55-0.897, and 0 in females. Therefore these samples were
consistent with models of dominant or additive transmission, with sex-dependent
penetrance. The fourth sample showed evidence of a multifactorial-polygenic
transmission. Pennington and colleagues (1991) noted that they may have
underestimated the multifactorial background of DD; the ascertainment procedures for
two of the three samples showing evidence of major gene effect may have created bias.

They also noted that the male penetrance estimates of 1.0 for homozygotes and
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heterozygotes were inconsistent with male MZ twin concordance rates, which are
substantially less than 1.0 (Pennington et al. 1991).

Gilger and colleagues (1994) followed up this study by carrying out segregation
analysis on a quantitative reading phenotype in 125 families which had been ascertained
through normal probands. The results of this study suggested that a major gene with
dominance was responsible for a significant amount of variance in reading scores
(54%).

Wijsman and colleagues (2000) conducted segregation analysis on two phonological
phenotypes (non-word memory and digit span) in 102 families with a DD affected
proband. They found evidence in support of a Mendelian mode of inheritance with an
intermediate heterozygous phenotype with a dominance of ~0.8 for non-word memory.
The inheritance of digit span was best described by a dominant gene model.

As discussed in section 1.1.2, a higher proportion of males than females appear to be
affected by DD, suggesting that there may be sex effects on the transmission of this
disorder. However, none of the family studies or segregation analyses found evidence
for X-linked transmission (Pennington et al. 1991) or for mitochondrial transmission as
transmission rates from each parental sex were essentially equal.

There does not appear to be a consensus mode of transmission of DD as yet. The
findings that the MZ concordance rates and heritabilities for DD from twin studies are
substantially less than 1.0 makes it unlikely that there is a major locus transmission.
There may be a mixed model of a small number of susceptibility loci operating against a
multifactorial background, or there may be a polygenic multifactorial model with a

small number of Mendelian subforms of the disorder also existing.

1.3 Methods for Identifying Susceptibility Variants

As there is strong evidence for a genetic component influencing susceptibility to
DD, the next logical step is to attempt to identify genes which confer susceptibility to
DD. The two main methods that have been used to locate such susceptibility genes for
DD so far are linkage and association analysis. They can be used to test specific
candidate genes, or in a systematic scan of a chromosome or the entire genome. Linkage
is only able to detect genes of major effect, but allows scanning of the entire genome
with only a few hundred markers (Sham & McGuffin 2002). Association analysis can

detect genes of more moderate effect, although until recently, only relatively small
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regions could be analysed at one time due to the number of markers required as these
needed to be much more densely spaced compared to linkage. The advent of genome-
wide association studies (GWAS) have now enabled the whole genome to be
systematically scanned for association with a disorder. In the last few years, analysis of
structural variants has also been employed to identify susceptibility variants for

complex disorders.

1.3.1 Linkage Analysis
Linkage analysis has been particularly successful at detecting genes that cause

Mendelian traits and is based on the phenomenon known as genetic linkage. During
meiosis, homologous pairs of chromosomes can exchange genetic material in a process
known as recombination which occurs at crossover points and chiasma. This process
generates increased diversity among the human species, restructuring genes and their
alleles (Sham & McGuffin 2002). If two loci are on different chromosomes, the
probability that their alleles will be inherited together is 0.5, a phenomenon which
Mendel described as independent assortment. For loci on the same chromosome, the
nearer that two genes are to one another, the less likely it is that a crossover point will
occur between them and the more likely it is that they will be inherited together. This
departure from the law of independent assortment is known as genetic linkage.

Linkage analysis tests for cosegregation of a genetic marker and disease phenotype
within many independent families or over many generations in an extended pedigree.
Although the marker itself may not be causing the disease or phenotype, genetic linkage
indicates that a susceptibility locus causing the phenotype is within the same
chromosomal region as the segregating marker. The traditional approach for calculating
the statistical evidence for linkage is the LOD score (Morton 1955). This score is a
logarithm of the odds ratio of the likelihood that the observed co-segregation of marker
and illness is due to linkage, against the likelihood that the observed co-segregation
occurs by chance. It has been suggested that a cumulative LOD score exceeding 3 can
be regarded as good evidence for linkage, while a cumulative LOD score below -2

should be regarded as strong evidence against linkage.
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1.3.1.1 Parametric and Non-parametric Analysis

Classic linkage analysis (known as parametric analysis) involves the specification of
a genetic model and is a powerful method for detecting loci segregating in a Mendelian
fashion (Sham & McGuffin 2002). However, DD is a complex disease and as discussed
in section 1.2.3, the mode of transmission in unknown. In the case of complex diseases,
non-parametric linkage analysis is a more appropriate method, albeit a less powerful
one. Parametric linkage analysis follows the cosegregation of markers and
disease/phenotype over a number of generations in large multiplex families, whereas
non-parametric linkage analysis usually examines allele sharing in affected relatives,
such as affected sib-pairs. Allele sharing can either be defined by identity-by-state (IBS)
or identity-by-descent (IBD). If two alleles have the same DNA sequence at the
polymorphic site then they are characterised as IBS. If these alleles are also both
descended from a recent common ancestor then they are said to be IBD. The IBD
measure of allele sharing is more informative and less dependent on knowledge of the
exact marker allele frequency (Sham & McGuffin 2002).

1.3.1.2 Limitations of Linkage Analysis

For most common diseases, linkage analysis has only achieved limited success
(Altmiiller et al. 2001; Hirschhorn & Daly 2005), which can be attributed to a number
of factors. For linkage analysis to succeed, markers that flank the disease gene must
segregate with the disease in families. Linkage studies have been successful for
mapping genes which underlie Mendelian traits because variants that cause monogenic
disorders are often rare and so each segregating disease allele will be found in the same
10-20cM chromosomal background within each family (Hirschhorn & Daly 2005). In
addition, Mendelian diseases are caused by highly penetrant variants and so markers
within 10-20cM of the disease causing alleles will co-segregate with disease status
(Hirschhorn & Daly 2005). Advocates of the common disease, common variant
hypothesis argue that many of the alleles affecting susceptibility to common complex
traits (such as DD) will themselves be common (Reich & Lander 2001; Lohmueller et
al. 2003). Most common diseases also have complex architectures in which the
phenotype is determined by interactions between multiple genetic and environmental
factors (Wang et al. 2005) and as such, any individual genetic variant will generally
have a relatively small effect on disease risk (Hirschhorn & Daly 2005). Linkage
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analysis is less powerful at identifying common genetic variants which have modest
effects and prohibitively large sample sizes would be needed to detect small effects
(Risch & Merikangas 1996). In addition, the standard set of microsatellites used in
linkage analysis are spaced ~10cM apart and are therefore unlikely to extract complete
inheritance information (Hirschhorn & Daly 2005). Increasing the density of the marker
map does not have a great effect on the resolution (Teare & Barrett 2005). Finally,
whilst the linkage region identified may contain a susceptibility gene, such regions often
contain hundreds of genes, many of which are biologically plausible candidates (Teare
& Barrett 2005).

1.3.2 Association Studies

Genetic association studies aim to detect association between one or more genetic
polymorphisms and a trait by looking for a significant difference in marker allele
frequencies between a group of disease affected cases and unaffected controls.
Association differs from linkage in that the same marker allele (or alleles) is associated
with the trait in a similar manner across the whole population, while linkage allows
different marker alleles to be linked with the trait in different families (Cordell &
Clayton 2005). Association studies have greater power than linkage studies to detect
small effects, but they require many more markers to be examined (Cordell & Clayton
2005).

Allelic association describes a significant difference in marker allele frequency
between cases and controls, whereas genotypic association refers to a significant
difference in genotype frequency. There are 3 reasons why an association between a
genetic marker and a trait might exist in a population. The polymorphism may itself be
the causal variant and this is referred to as direct association. Alternatively, the
polymorphism may not have a causal role but is associated with a nearby causal variant
and this is referred to as indirect association. Finally, the association may also be due to

some underlying stratification or admixture in the population being studied.

1.3.2.1 Linkage Disequilibrium

Indirect association arises due to linkage disequilibrium (LD) which refers to the co-

occurrence or correlation between two loci on the same chromosome. The reshuffling of
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genes in meiosis will tend to reduce the level of LD between all pairs of loci from one
generation to the next. However, as discussed earlier, markers that are close together are
less likely to be separated by recombination and so the degree of LD between such
alleles will decay at a slower rate over time. The degree of LD existing between two
loci is usually calculated by one of two measures, D’ or #* (Devlin & Risch 1995). Both
measures are based on the pairwise-disequilibrium coefficient D which is a measure of
the co-variance between two loci. The value of D between two alleles (i.e. A and B) is
calculated using the frequencies of the two alleles (pa and gg) and the haplotype
frequency (aaB):

Dap = aaB - paqQB

However, a limitation of using D as a measure of LD between two markers is that its
possible value is constrained by the frequencies of each marker allele. In order to
compare values of D between different pairs of markers with different allele
frequencies, D is normalised to D’ (Mueller 2004). Unlike D, D’ lies on a scale of 0-1
and is calculated using the theoretical maximal and minimal values of D (Dmax and Dyin)
(Devlin & Risch 1995; Mueller 2004):

If D> 0, D’ = D/Dnax
If D<0, D’ = D/Dnn

A D’ value of 0 indicates there is no correlation between two loci, while a value of
1 indicates complete LD, where all copies at one locus occur exclusively with one of the
two possible alleles at the second marker. D’ is an important measure for the
identification of regions in which there has been little recombination and, therefore, in
regions where there is the potential to map causal loci by indirect association studies
(Cordell & Clayton 2005). However, a limitation of this measure is that where a
difference in allele frequency between two markers exists, a D’ of 1 can occur even
though the two markers are not in perfect correlation since it reflects the correlation
only since the most recent mutation occurred (Zondervan & Cardon 2004). For
example, allele A of one locus may always occur with allele B of a second locus.
However, allele B of the second locus may occur with both allele A and a of the first

locus.
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The alternative measure, 72, accounts for this. It is measured using D plus the

product of the allele frequencies at the two loci:

P = ?
fA)f(@)f(B)I(b)

As with D’, 7 values lie between 0 and 1, but an 7 of 1 indicates a perfect
correlation between the genotypes of two markers, where the occurrence of an allele at

one marker perfectly predicts the allele at a second locus (Zondervan & Cardon 2004).

1.3.2.2 Association Due to Population Stratification

As well as direct and indirect association, another possible reason for a marker
showing association with a disease or trait may be due to some underlying stratification
or admixture in the population being studied. This may arise if the cases and controls
being studied are not ethnically comparable as differences in allele frequency may arise
whether the alleles are causally related to a disease or not. Meta-analyses (Ioannidis et
al. 2003) have indicated that causal variants for complex disease are likely to have small
effect sizes and so large studies will be required to detect them (Dahlman et al. 2002).
In this situation, even modest confounding by stratification and admixture could have a
large effect on the results (Cordell & Clayton 2005). It is therefore vital to ensure that
cases and controls are well matched for ethnicity and other confounding factors. One
method to deal with this is to use unaffected family members as controls, such as
parents or siblings. However, using siblings results in a loss of power as they are over-
matched to the cases. In addition, family studies are difficult to conduct on a sufficiently
large scale to detect associations reliably (Cordell & Clayton 2005). Therefore, well

chosen unrelated controls may be the best option.
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1.3.2.3 Association Study Design

To guarantee detection of all possible disease-associated variants at a given gene or
locus, every base at which variation might conceivably alter gene function or expression
would need to be examined in very large samples (Hattersley & McCarthy 2005). This
is currently unrealistic and so research groups have used various strategies in the design
of their association studies in order to retain as much power as possible to detect true
causal variants for a disease, but without the study becoming prohibitively expensive.

Association studies can be conducted using a hypothesis-led candidate gene
approach or using a more systematic approach which may involve testing
polymorphisms in a chromosomal segment or conducting a genome-wide association
study (GWAS). They can also be conducted using a case control sample, or using a

family based sample.

1.3.2.3.1 Tag Marker Selection

Advocates of the common disease, common variant hypothesis argue that many of
the alleles affecting susceptibility to common complex traits (such as DD) will
themselves be common (Reich & Lander 2001; Lohmueller et al. 2003). If this is true,
then typing of regional ‘tag-markers’ which are selected specifically to capture such
common alleles should provide an efficient approach for detecting complex trait
susceptibility alleles (Zondervan & Cardon 2004; Gabriel et al. 2002) .

The presence of LD in the human genome allows for the selection of these tag
markers when conducting association studies. If an association signal is detected then
the polymorphisms tagged by the significant marker are considered to be potential risk
variants along with the significant marker itself. In order to identify these tag markers, it
is first necessary to genotype all polymorphisms at a locus within either a subset of the
association sample or a representative population. This allows estimation of the LD
structure of the association sample and so tag markers can be selected. The HapMap
database (www.hapmap.org) is a research tool which often allows the researcher to
avoid this initial step. It is a publically available database created by the International
Haplotype Map Consortium (The International HapMap Consortium 2007). It contains
details of over 5.5 million single nucleotide polymorphisms (SNPs) (HapMap phase 1I)
which have been genotyped in 270 individuals from four populations, West European
(CEU), West African (ASW), Han Chinese (CHB) and Japanese (JPT). The more recent
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phase III of the HapMap project now contains genotype information for individuals
from populations across the world including Chinese in Colorado (CHD), Gujariti
Indians in Texas (GIH), Luhya in Kenya (LWK), those with Mexican ancestry in
California (MEC), Maasai in Kenya (MKK), Tuscan in Italy (TSI) and Yoruban in
Nigeria (YRI).

The selection of tag SNPs is based on a number of factors. The researcher needs to
decide how much of the genetic variation in a region they want to cover (e.g. common
variation versus rare variation) and how thoroughly (i.e. the degree of LD between the
genotyped marker and the tagged SNP). Due to the large sample sizes that are needed to
detect an association with rare SNPs, a minor allele frequency (MAF) > 0.05 is often
chosen. The ideal tag SNP selection strategy would also genotype all markers where the
alleles are not in an #* of 1 with any other genotyped marker. However, this could still
result in a prohibitively large number of SNPs to genotype so this threshold is often
reduced to 7 > 0.8.

1.3.2.3.2 Case Control Studies

The simplest type of association study involves comparing individuals with a
disease (cases) with unaffected subjects from the same population (controls) (Sham &
McGuffin 2002). Because family data are not required, case control samples are
relatively easy to collect and this allows for the collection of larger samples, giving the
study greater power to detect true association variants (see section 1.3.2.4). As
mentioned earlier, the one drawback of a case control study is that spurious association
can arise in the presence of population stratification. To protect against this, it is
important to ensure that the sample is ethnically homogenous and that the cases are
matched to the controls for possible confounding factors such as age and sex. It is often
not possible to obtain perfectly matched case control samples however, and often
unknown confounding factors can remain. In these instances, epidemiological methods
of adjustment such as stratified analysis or logistic regression can be used to correct for
confounding factors as much as possible (Sham & McGuffin 2002). Logistic regression
is particularly useful in also allowing the analysis of potential interaction between

genotype and demographic or environmental factors.
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1.3.2.3.3 Family Based Studies

As mentioned previously, one way to prevent population stratification producing
confounding effects is to use family based samples, in which unaffected family
members are used as controls, such as parents or siblings. The most popular family
based association study design uses parent-proband trios in which both parents and their
affected offspring are genotyped (Sham & McGuffin 2002). If there is a distortion in the
number of times an allele is transmitted to the affected offspring from a heterozygote
parent that is greater than expected by chance, then the allele is said to be associated.

However, there are two additional costs to using this type of study design. Firstly,
complete families will inevitably be more difficult to identify and recruit, especially for
late-onset diseases such as Alzheimer’s disease. Secondly, for equivalent power, the trio
design is relatively more expensive than a case/control approach, requiring multiples of
three individuals to be genotyped compared to two individuals of a case-control pair. A
drawback of using unaffected siblings is the resulting loss of power as they are over-

matched to the controls, as mentioned earlier.

1.3.2.3.4 Pooling Studies

Another option to reduce the cost of association studies is to carry them out in the
form of a pooled study. These involve mixing equal amounts of DNA from each sample
to form a pool of case samples and another of control samples. Thus, the allele
frequencies in a sample of 200 cases and 200 controls can be measured from two pooled
samples, rather than 400 individual samples. However, as allele frequencies can only be
estimated from such studies, replicates of pooled samples are often run in order to
calculate the average allele frequencies.

Unfortunately, the increase in efficiency gained by genotyping fewer samples is
somewhat reduced due to a loss of detailed information that could have been obtained
through individual genotyping (Sham et al. 2002). Pooling studies and their caveats are

discussed in more detail in Chapters 5 and 6 of this thesis.

1.3.2.3.6 Candidate Gene Studies

This type of association study involves testing variants within interesting genes for
an association with a disease or trait, as opposed to systematically testing the whole
genome or a chromosomal segment. In these hypothesis based studies, genes are

selected for further study on the basis of evidence that might affect disease risk.
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Evidence from a range of sources can be used to identify candidate genes (Hattersley &
McCarthy 2005). These may include: biological evidence which shows that the function
of the protein encoded by the gene is implicated in the disease or trait; the gene may
encode a protein which is implicated in the mechanism-of-action of a disease-modifying
drug; animal homologues of the gene may be implicated in related traits in animal
models; genome-wide scans for linkage or association could indicate regions with a
high probability of containing a susceptibility gene. A major problem in selecting
candidate genes is that if the precise biology underlying the trait is unknown, it is
possible to find evidence connecting almost any gene to the disease of interest.
Therefore a combination of evidence from different sources is often required when
selecting candidate genes.

An additional caveat of candidate gene is that detection of a true association would
not only require that the gene product is involved in pathways relevant to the
development of the trait of interest, but also that the gene contains variants that are
capable of influencing its regulation or function (Hattersley & McCarthy 2005).

1.3.2.3.5 Genome Wide Association Studies

Genome wide association studies (GWAS) involve systematically testing variants
across the genome for association with a particular trait or disease. This enables a
hypothesis-free approach to identifying susceptibility variants, and therefore does not
require prior knowledge of the biology of the disease.

The increasing knowledge of common polymorphisms in the genome in different
populations through the HapMap project (The International HapMap Consortium 2007)
has enabled the development of commercial arrays which currently allow the researcher
to genotype over 2.5 million markers across the human genome. The two main
manufacturers of these arrays are Illumina (www.illumina.com) and Affymetrix. These
companies use different methods to select markers for inclusion in their arrays. The
probes on the Affymetrix arrays are spaced evenly throughout the genome without
taking inter-SNP LD into account whereas Illumina selected tag SNPs to maximise
genetic coverage. The earlier Illumina arrays (e.g. HumanHap300) contained probes for
over 300,000 tag SNPs, whereas the newest arrays (e.g. HumanOmni2.5-Quad) contain
probes for ~2.5 million markers, including probes for common (MAF > 0.05) as well as
rare (MAF > 0.025) SNPs and non-polymorphic probes to capture common copy

number variation (see section 1.3.3 and Chapter 7).
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As the older arrays provide less coverage of the genome, a modest boost to their
power can be achieved by using computational approaches to improve the detection of
associations that are attributable to SNPs that are known but have not themselves been
directly genotyped (Browning 2008). This is referred to as ‘imputation’. Imputation can
also enable results from two or more studies that have been genotyped on differing sets
of markers to be compared or meta-analysed. Imputation is carried out using a reference
panel of samples. Traditionally this reference panel has come from HapMap II but
recently reference panels from the 1000 Genomes Project can be used as this panel
contains most of the variation occurring at a population frequency > 1% (Via et al.
2010). Imputation is related to tagging, in that HapMap data can be used to infer LD
between alleles at each SNP. If genotyped SNP(s) are correlated with another un-
genotyped SNP, the missing genotype data can be imputed using the haplotype structure
defined by the reference panel. A larger sample size is needed to achieve comparable
power to genotyping the imputed SNPs directly because imputation is typically less
accurate than genotyping (Anderson et al. 2008). A number of imputation algorithms
have been developed to carry out imputation of missing genotype data (Browning
2008). The degree of accuracy that can be achieved when imputing un-genotyped
markers varies greatly depending on the extent of LD between the un-genotyped marker
and the nearby genotyped markers (Browning 2008). Imputation algorithms are able to
estimate the accuracy of an imputed SNP and so the researcher can discard those that
have low estimated accuracies before carrying out association analysis. However, it is
important to bear in mind that there will still be some degree of inaccuracy in the
remaining imputed SNPs (Browning 2008).

GWAS have produced strongly significant evidence that common polymorphisms
influence genetic susceptibility in more than 40 different phenotypes (Manolio et al.
2008) and in the last 3 years, almost 1000 variants associated with a range of human
traits and common diseases have been identified using genome-wide methods (Visscher
& Montgomery 2009). One of the landmark GWAS to be conducted so far has been the
Wellcome Trust Case Control Consortium’s (WTCCC) study which scanned 17,000
individuals for seven diseases, including type 2 diabetes (T2D) and bipolar disorder
(WTCCC 2007). This study was conducted using the Affymetrix GeneChip S00K
Mapping Array, comparing ~2000 cases for each of the disease against a shared sample

of ~3000 controls. 24 independent significant association signals were identified in the
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diseases with P-values < 1 x 10”7, enabling the identification of a number of novel

susceptibility genes.

1.3.2.4 Issues of Multiple Testing in Association Studies

In a test of statistical significance, a P-value of 0.05 or less is typically used to
indicate that the null hypothesis of no association can be rejected (Sham & McGuffin
2002) as such a value is likely to occur by chance on only 5% of occasions. However, if
testing more than 20 SNPs, such a P-value can be expected to occur by chance for at
least one variant, assuming all SNPs are independent. In order to reduce the number of
false positives, methods are used to adjust the probability estimate for multiple tests.
The most commonly used methods are Bonferroni correction, experiment or gene wide
adjustments and permutation methods (Hirschhorn & Daly 2005). However, it is likely
that these methods are over conservative in the presence of weak, but true genetic
effects (Salyakina et al. 2005). The Bonferroni correction, for example, assumes that all
tests are independent. This is considered to be too conservative for genetic association
tests as there is likely to be a certain degree of LD between some SNPs, and so the P-
value should be adjusted for the number of independent SNPs.

Permutation testing provides an empirical method to correct P-values for multiple
testing in a way that retains the correlation present in the actual data (Doerge &
Churchill 1996). This approach creates a simulated dataset identical to the original
except that the case/control labels are randomly permuted in the artificial dataset. By
randomly permuting just the individual identifiers, the correlation among genotypes is
preserved, as is the number of cases and controls, but any association between genotype
and phenotype is broken. The complete set of association tests is then performed on the
permuted data, and the permutation process is repeated a preset number of times. This
generates a distribution of the best P-value expected in the entire experiment under the
null model of no association between genotype and phenotype. For example, if an
association has a P-value of 0.001 and a P-value 0.001 or lower is observed 60 times in
1000 permutations, then the corrected empirical experiment-wide P-value is 0.06.

Bayesian methods have also been proposed that can take into account pre-test
estimates of the likelihood that a particular variant is truly associated with a phenotype
(Wacholder et al. 2004). However, the mathematics behind these methods require
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knowledge of not only the prior probability of association, but also of the distribution of
the size of effects that will be encountered (Cordell & Clayton 2005).

For GWAS, in which many hundreds of thousands of SNPs are tested, it has been
suggested that an appropriate threshold for genome-wide significance is P <5 x 10°®
(Pe'er et al. 2008). This is based upon an estimate of 1 million independent tests
genome-wide in Europeans (i.e. P = 0.05/1000000 = 5 x 10%).

However, even after correcting for multiple testing false positives may still remain
and so the ideal method for assessing whether a reported association is a true effect or
not is for the association to be replicated in an independent sample (Hattersley &
McCarthy 2005).

1.3.2.5 Power of Association Studies

In an association study, the power of a study to detect a significant association is
affected by the sample size, the significance level required, the effect size and the risk
allele frequency in the general population. The more common a risk allele and/or the
larger the effect size, the greater the power a study of a fixed sample size has to find a
significant association with that variant at a fixed value of P. The odds ratio (OR) of a
variant is a measure of its effect size and is defined as the odds of exposure to a
susceptibility variant in cases compared to controls. For example, if a variant has an OR
of 3, the odds of an individual with a copy of the risk allele being affected by the
disease is three times higher than someone without the risk allele.

As discussed previously, DD is a common, complex disease. The common
disease/common variant (CDCV) hypothesis has proposed that common diseases are the
result of common variants (Reich & Lander 2001). Under this model, disease
susceptibility is suggested to result from the joint action of several common variants,
and unrelated affected individuals share a significant proportion of disease alleles. Due
to their common nature, however, these variants are also likely to be of weak effect
(Wang et al. 2005). This means that large sample sizes will be required within
association studies of DD in order to be sufficiently powered to detect these variants of
small effects.

As an example of how MAF and OR can affect the power of a study, a sample of
500 cases and 500 controls would be needed to have an 80% chance of detecting a risk
allele with an OR of 1.5 and a MAF of 0.1 at a P-value < 0.05 (Dupont & Plummer
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1990). However, if the variant had the same effect size but a MAF of 0.01, 4000 cases
and 4000 controls would be required to achieve the same level of power. If the MAF
remained the same but the OR was 1.3, over 1000 cases and 1000 controls would be
required.

These may seem like reasonably manageable samples, however these figures
assume a multiplicative model of risk and that either the disease variant is assayed itself
or that there is perfect LD with the genotyped marker and the disease variant. If this is
not the case then even larger sample sizes may be required to achieve the same power
(Wang et al. 2005). Also, multiple testing requires far more stringent P-values to be
confident that a true association is being observed, as mentioned previously. With
GWAS, a P-value < 5 x 10 is deemed to be genome-wide significant (Pe'er et al.
2008). At this level of significance very large sample sizes of more than 5,000 cases and
5,000 controls would be required for 80% power to achieve convincing support for an
association with a variant that has a MAF of 0.1 and an OR of 1.3 (Wang et al. 2005).

1.3.3 Identifying Structural Variants

SNPs identified through PCR-based sequencing methods were once thought to be
the main source of genetic and phenotypic variation, but the advent of genome scanning
technologies has enabled the identification of an unexpectedly large amount of
structural variation (e.g. copy number variants or CNVs) in the human genome (Feuk et
al. 2006; Stankiewicz & Lupski 2010). In the last few years, this has led to a number of
studies investigating the association of CNVs with complex diseases. These types of

association studies are discussed in detail in Chapter 7.
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Study Type Sample Main Findings
Sn(1;t28%t)al. Linkage 9 Amzr}nc;ag ;?amllles Cen15 (LOD = 3.2)
Snz;tggef)al. Linkage ° Amc(err]ic;ag 4f;milies Qualitative analyses: ynz90 (P = 0.0085)
oy | Linkage | 8 Amepear familes SWR (LOD = 3.15)
Néthen et . . D158143 (Parametric LOD = 1.26; NPL
al (1999) | Linkage | 7 German Families | g\ 0155132 (Parametric LOD = 1.78)
Morris et al. Association 101 (stage 1) and 77 D15S994/D15S214/D15S146 haplotype
(2000) (stage 2) UK trios (P<0.001 stage 1, P = 0.009 stage 2)

. DYX1C1 SNPs -3A (P = 0.002) and 1249T
Taipale et - 109 cases vs. 195 - : -
al. (2003) Association controls, Finland (P = 0.006), SAQS:g)T haplotype (P

Chapman et . 111 American , . _

al. (2004) Linkage families (n = 898) Linkage with SWR (D15S8143, LOD = 2.34)

N 2004) - | Association | 158 ltalian families® | D155214/D15S8508/D155182 (P = 0.005)

Sc(ezrgoit)al. Association 264 UK1f1agn3|;|es (n= | DYX1C1 -3G/Jv ?t?wggchigfigape (P =0.015)

Wigg et al. _— 148 Canadian rs11629841 (P = 0.018, Corrected P =
(2004) | AAssociation families 0.036), -3G/1249G (P = 0.026)

Bates et al. Linkage 403 Australian Regular spelling linked with D15S994 (P =
(2007) 9 families (n = 980)° 0.002)

Marino et al. Association 114 Italian probands Association of the -3A/1249T haplotype
(2007) and 50 sibings® with short term memory (P = 0.0114)
Schumacher Linkage 82 German families D15S182 (LOD = 1.246), D15S143 (LOD
et al. (2008) 9 (n = 331)° 1.310) and D15S1032 linked with spelling |

D:}h(dzoouohg)et Association 66 German trios® rsS743205/rs3?;3=2gﬁégs§00753 (G/IGIG)
rs17819126 with reading (P = 0.0003) and

Bates et al. Association 789 Australian spelling (P = 0.0086); rs3743204 with
(2009) families® reading (P = 0.009); rs685935 with short

term memory (P = 0.04)

Table 1.2: Evidence for association/linkage with DY X1 (SWR = single word reading, NPL = non-
parametric LOD score, OC = orthographic). Letters (a,b,c,d) indicates overlapping samples.

The first study to report linkage of chromosome 15 to DD was carried out by Smith

and colleagues (1983). Linkage analysis between reading disability and chromosomal

heteromorphisms in American families produced a LOD score of 3.2 for the marker

cenlS. In an extension of this study, analyses were carried out using both qualitative

and quantitative phenotype measures (Smith et al. 1991). Qualitative analyses showed

significant linkage of DD with the marker ynz90 (P = 0.0085), however this was not

replicated in the quantitative analyses. Grigorenko and colleagues (1997) went on to

genotype 6 extended American families (n = 94) using markers in the 15pter-qter

region. Five theoretically derived phenotypes were used in the linkage analysis: 1)

phonological awareness (PA); 2) phonological decoding (PD); 3) rapid automatized
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naming (RAN); 4) single-word reading (SWR); 5) discrepancy between intelligence and
reading performance (DISC). Significant linkage was found for a marker on
chromosome 15q21.1 (D15S143, LOD = 3.15) with the SWR phenotype. Linkage of
this particular phenotype to the same region was also found in an American sample by
Chapman and colleagues (2004), with a single point LOD score of 2.34 for the
D15S143 marker. A previous study also found linkage to this marker (NGthen et al.
1999). This study used a spelling phenotype to diagnose dyslexic patients in a German
sample and genotyped 13 microsatellite markers across chromosome 15. Significant
linkage was found using both parametric (LOD = 1.78, P = 0.0042) and non-parametric
analysis (LOD = 2.19, P = 0.03). Although different phenotypes have been used in these
studies, it is perhaps not surprising that they have both shown linkage to the same
region because spelling and reading disability have been shown to be strongly
correlated (Malmquist 1958).

Morris and colleagues (2000) found association between DD and a 3-marker
haplotype on chromosome 15q15.1 (D15S994/D15S214/D15S146; P <0.001, corrected
P =0.03) in a UK sample. This was then replicated in another sample from the UK (P =
0.0091). The marker D15S944 was also found to be linked to DD in a genome-wide
study using an Australian sample (LOD = 1.89, P = 0.002) (Bates et al. 2007). Another
3 marker haplotype in this region (D15S214/D15S508/D15S182) was shown to be
associated with DD in an Italian population (P = 0.005) (Marino et al. 2004). Although
this study did not find any significant association with the marker D15S8994, this marker
lies within the region covered by the significant haplotype and therefore still provides
further evidence for an association with DD within this region. D15S994 is within a
phospholipase gene, Phospholipase C 8 2 (PLCB2) and is 1.6 Mb from another
phospholipase gene, Phospholipase A,, group IVB (PLS2G4B). Morris and colleagues
(2004) went on to test sequence variants within these genes for an association with DD
in their UK case-control (164 cases vs 174 controls) and family-based samples (178
trios). In the case-control sample, one variant within PLCB2 (PCLB2 no.9, P = 0.038)
and two variants within PLA2G4B (PLA2G4B no.8, P = 0.049; PLA2G4B no. 26, P =
0.048) showed association with DD, but none of the variants showed association in the
trios. This difference in results may have been due to low power of the trios sample to
detect significant association. However as it was this sample that had previously shown

replication for a significant association between DD and D15S944, it should have been
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powerful enough to detect the variants causing this association, therefore these variants
cannot account for the association signal originally observed.

The region surrounding the marker D15S143 was linked with dyslexia through a
study by Nopola-Hemmi and colleagues (2000). They identified 2 Finnish families with
different balanced translocations, the breakpoints of which were both mapped to a 6-8
Mb region between markers D15S143 and D15S1029. In one family, the translocation
t[2;15][q11;q21] was present in the father and two of his children who had DD. The
mother and other child had normal karyotypes and normal reading abilities. However, it
should be noted that one of the children diagnosed with DD also had low intelligence.
The second family showed the translocation t[2;15][p13;q22] in the father and all three
children. The evidence for a link between this translocation and DD is less convincing.
The father and the oldest child had cornea plana, and the oldest child had reading
disability whereas the two younger siblings carrying this translocation had no symptoms
of DD. There was also no history of learning difficulties in the father. As the
translocation does not completely segregate with the presence of DD, even in this
family alone, it is unlikely to be linked to the disease.

The translocation in the first family (t[2;15][q11;q21]) was shown to disrupt the
gene DYXIC1 (Taipale et al. 2003). 8 SNPs within this gene were tested for an
association with DD using 109 cases and 195 controls from Finland. Two of the SNPs
were found to be significantly associated. The SNP rs3743205 (-3 G>A) gave an OR of
3.2(95% CI 1.5 - 6.9, P =0.002). This SNP is three bases 5’ to the ATG translational
start site and disrupts a predicted Elk-1 transcription factor binding site. The SNP
rs57809907 (1249 G>T) gave an OR 0f 2.3 (95% CI 1.2 - 4.2, P = 0.006). This SNP
introduces a premature stop codon and is predicted to truncate the protein by 4 amino
acids. These SNPs also showed significant association when present as the haplotype -
3A:1249T (P = 0.015). Further studies have provided conflicting results for the
association of rs3743205 and rs57809907 with DD. They were also found to be
associated with an orthographic choice (OC) measure by Scerri and colleagues (2004)
in a UK sample, but as the haplotype -3G:1249G (P = 0.0158). This was again found to
be the case in a Canadian sample by Wigg and colleagues (2004). Dahdouh and
colleagues (2009) identified a 3 marker haplotype with these SNPs and rs3743204
(G/G/G, P = 0.006) in the female subset of their German trio sample. Four other studies
tested these SNPs for an association with DD in Italian (Bellini et al. 2005; Marino et al.
2005), UK(Cope et al. 2005b), American (Meng et al. 2005a) and Australian (Bates et
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al. 2007) samples, but none of them found significant evidence. However, a later study
by Marino and colleagues (2007) on the same Italian sample found association for the
haplotype -3A:1249T (P = 0.0114) with a measure of short term memory, but did not
find significant association with other subphenotypes of DD. The case control sample
used by Taipale et al. (2003) came from just 23 families, 33 unrelated case/control pairs
and 1000 population controls, but no adjustment for relatedness was carried out. The
non-independence of alleles in different related individuals from the same family may
have distorted the evidence for association and so this may be why this result has not
yet been convincingly replicated in subsequent studies.

Wigg and colleagues (2004) also found significant association to a SNP in DYXIC!
that had not been tested in the previous studies. The SNP rs11629841 showed
association with DD both alone (P = 0.036 corrected for multiple testing) and as part of
a haplotype with rs3743204 (haplotype C/G, P = 0.0089) and with rs692691 (T/T, P =
0.0058; G/T, P = 0.0389). However, this was not replicated by Cope and colleagues
(2005b). They genotyped the marker rs11629841 in a sample of 247 UK parent proband
trios and did not find any significant association with DD. This sample had previously
shown association with a marker outside of DYX1, D15S994 (Morris et al. 2000), so
Cope and colleagues (2005b) carried out LD analysis between this marker and the SNPs
rs3743205, rs11629481 and rs57809907 within DYX1CI, but no significant LD was
observed (P-values all >0.25). Together with the fact that D15S994 is 15 Mb away from
DYXICI, it is unlikely that the observed association between chromosome 15 and DD
in this particular sample is due to DYXICI.

Recently, Bates and colleagues (2009) looked for association with subphenotypes of
reading ability in their sample of 789 Australian families that had not been selected for a
DD phenotype. They found association of three other SNPs within DYX1C1 with
measures of irregular-word reading (rs17819126, P = 0.02), non-word reading
(rs17819126, P = 0.0003; rs3743204, P = 0.0089), irregular-word spelling (rs17819129,
P =0.0086) and short term memory (rs685935, P = 0.04). The SNP rs17819129 has not
been typed in previously reported studies and codes for a non-synonymous protein
sequence alteration. This SNP is in complete LD with SNPs in two nearby genes,
RAB27 and C150rf5 suggesting that these genes may also warrant further investigation
within this linkage region.

The evidence for DYXIC] as a susceptibility gene for DD has not been convincingly

replicated. It seems that this gene is only significantly associated in certain populations,
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such as Finland. Due to the small sample size studied and the large number of related
individuals in that sample, it could be that the results were false positives. However, it is
also possible that different causal variants within this gene exist in the different
populations that have been studied so far and differences in language or variations in
LD could be causing the differences in results. The association for the -3A/1249T
haplotype was originally found in a Finnish population (Taipale et al. 2003). This
population is a genetic isolate that was established around 10,000 years ago, with a
limited number of founders, and has since gone through several bottlenecks (Arcos-
Burgos & Muenke 2002). In such populations, regions of linkage disequilibrium will
generally extend further. This could result in a causal genetic variant in a Finnish
population being in significant LD with a particular genetic background (such as the -
3A/1249T haplotype) that is relatively far away. Other more heterogeneous populations
would have weaker LD in these regions and so would not necessarily pick up these
associations. Another explanation is that these risk alleles may be in LD with a causal
variant that has different founders, which could account for an association in different
directions being observed in different populations.

Further evidence supporting DYXIC1 as a possible susceptibility gene for DD
comes from functional studies which have suggested that this gene may have a role
within neuronal migration, as discussed in Chapter 3, section 3.1.1.

Two other neurodevelopmental disorders have been linked with chromosome 15q.
Bakker and colleagues (2003) carried out a genome wide scan using 164 Dutch sib pairs
diagnosed with ADHD which shares comorbidity with DD (see section 1.1.5.1). The
most promising chromosome region was 15q, with the marker D15S944 producing the
highest single point LOD score (3.37). This particular marker had been found to show
significant association with DD in the study by Morris and colleagues (2000). Smith
and others (2005) used a sample of 86 sib pairs from 65 families in a study that linked
this region to phonological memory (D15S1017-D15S1029, Zax = 2.31) and
articulation (D15S1017-D15S1029, Znax = 2.719). Speech-sound disorder (SSD) is a
common childhood disorder which is characterised by ‘developmentally inappropriate
errors in speech production that greatly reduce intelligibility’ (Smith et al. 2005). There
is evidence to suggest that children with SSD also have phonological processing
problems as discussed in section 1.1.5.5. Stein and colleagues (2006) also analysed the
15q14-g21 region for linkage with SSD, and obtained the most significant results at the
marker D15S214 (P = 0.0072) which again showed significant association with DD in
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Study Type Sample Main Findings
ST;tggit)al' Association 18 American families® Qualitative analysis, GLO P = 0.0153; Quantitative analysis, BF P < 0.001
Sibling sample from 19 American families (n . - e .
Car(qlzré:; al. Linkage = 358)°, dizygotic twin sample from Colorado QTL between D6S105 aggr:ggsd(;s;big%gm)o'oe& twin P < 0.0000%:
twin study (n = 50 pairs)" '
Grigorenko et . . . — ac Multipoint P < 10 for PA for markers D6S108, D6S461, D6S299, D6S464 and
al. (1997) Linkage 6 extended American families (n = 94) D6S306
F's(';‘;;gt) 3l | Linkage | 181 sib pairs from 82 nuclear UK families® Linkage in D6S1660-D6S291 for OC and PC (P = 0.038 to 0.00035)
Gayan et al. . . . . . b Linkage in region D6S276-D6S105 with OC (LOD = 3.10), PD (LOD = 2.42),
(1999) Linkage 79 American families (126 sib pairs) PA (LOD = 1.46)
Grigorenko et . . . _ c Significant P-values within D6S464-D6S306 for the SWR, vocabulary and
al. (2000) Linkage 8 American families (n = 171) spelling (IBD analyses)
Fisher et al 89 UK families (195 sibling pairs)® Linkage with PD (D6S276, 5|nglep%|rz)tolzg1()).00006; D6S1610, single point P =
(002) | Linkage  He A erican families (180 sibling pairs) from Linkage with PD (063'276 singlepoint P = 0.002)
Colorado twin study® 9 » Singiep :
Ka’é%’:)g; a1 Linkage 104 American families (n = 392)° Linkage with OC and PD in JAO4 region (P = 0.05 - 0.00049)
Grigorenko et ; . . _ c Linkage with D6S299 (LOD = 2.01 for the PA/PD/SWR pathway) and D6S222
al. (2003) Linkage 8 American families (n = 176) (LOD = 2.57 for PA)
. . - _ b Linkage with 5 phenotypes (PA, PD, SWR, OC, DISC) over interval D6S1597
Deffenbacher Linkage 349 American families (n = 1559) to D6S1571
et al. (2004) - . o b VMP (P = 0.05-0.004), DCDC2 (P = 0.05-0.001), KIAA0319 (P = 0.03), TTRAP
Association 114 American families (P =0.03-0.008) and THEM2 (P = 0.008).
89 UK families® rs1061925 (P = 0.0269 for OC)
. e rs9467247 (P = 0.0006 for OC-irreg, P =0.0003 for READ); rs1061925 (P =
Francks etal. | association 175 UK families 0.0005 for OCchoice, P = 0.0008 for READ)

(2004)

159 American families”

rs9467247 (P = 0.0038 for READ, P = 0.042 for PA), rs3033236 (P = 0.0023
for READ, P = 0.015 for SPELL)

Table 1.3: Evidence for association/linkage with DYX2 (PA = phonological awareness, PD = phonological decoding, OC = orthographic coding, NWR = non word reading,
SWR = single word reading, DISC = discrepancy between 1Q and reading ability). N.B some of these studies have overlapping samples. Letters (a,b,c,d,e,f) indicate sample

overlap.
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Main Findings

Study Type Sample
240 cases vs. 312 controls, UK 15 SNPs associated in KIAAQ319/TTRAP/THEM2 locus (P = 0.05)
Cope et al 223 cases vs. 273 controls, UK' 7 SNPs associated in KIAA0319/TTRAP/THEM2 locus (P = 0.05)
" | Association . KIAA0319 (rs4504469, P = 0.002; rs2173515, P = 0.007; rs6935076, P =
(2005a) 143 parent-proband tos and 223 cases vs 0.006), MRS2L (rs2793422, P = 0.003), THEM2 (rs3777664, P = 0.008),
’ intergenic (rs1053598, P = 0.02)
M&'}%ggaﬁ Association 153 American families (n = 536)° rs807724 in DCDC2 (P = 0.0003) associated with DISC
Harold et al. - 264 nuclear families and 350 cases vs. 273 - s _
(2006) Association controls, UK Association within intron 1 of KIAA0319 (rs2038137, P = 0.00002)
Schumacher Association 137 triads, Germany rs793862 in DCDC2 (P = 0.011) and D6S276 (P = 0.004)
et al. (2006a) 239 triads, Germany Association with haplotype A-C at rs7938620-rs807701 (P = 0.001)
Luciano et al. Association 440 Australian families unselected for DD (n = | TTRAP (rs2143340; P = 0.009), KIAA0319 (rs6935076, P = 0.008), haplotype
(2007) 858) spanning KIAA0319 and TTRAP (rs4504469/rs2038137/rs214340)
. . . rs2143340 with reading (P = 0.003), spelling (P = 0.008) and NWR (P = 0.03);
Paarlafgg(')’g)et Association | 10:201 UK children Unselected forreading | *45044601r52038137/rs2143340 (AIA/C) haplotype with reading (P = 0.009)
' y and spelling (P = 0.03)
Qualitative analysis: VMP (rs9356928 P = 0.034; rs4285310, P = 0.048; rs3178
Couto et al P = 0.043), KIAA0319 (rs6935076 P = 0.014), TTRAP (rs3181238 P = 0.031).
(2010) " | Association 291 Canadian families Quantitative analysis: KIAA0319 (rs6935076, P = 0.025 for spelling), VMP
(rs3178, P = 0.043 for PD)
Haplotype analysis: KIAA0319, rs4504469-rs6935076 (G-A) P = 0.018
Dennis et al. . - . e Association of rs9461045, rs3212236 and rs9467247 with measures of OC,
(2009) Association 264 UK families, 126 in severe subset PD, reading and spelling
Table 1.3 Continued.
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An association of chromosome 6p21 with DD was first identified by Smith and
colleagues (1991). They used a sample of 18 American families and looked for linkage
between four markers (BF, GLO, thh157 and 2C5) and DD using both quantitative and
qualitative measures of the trait. For the qualitative analysis, the marker GLO
(glyoxylase 1) showed significance (P = 0.0153). However, for the quantitative
analyses, the marker BF (properdin factor) rather than GLO was significant (P <
0.0001).

Cardon and colleagues (1994) targeted the 6p21 region in their study which used an
American kindred sample comprising 358 individuals from 19 families, and a twin
sample consisting of 50 families from the Colorado twin study. They genotyped the
markers used by Smith and colleagues (1991), as well as five other markers that were
more informative due to higher heterozygosities. They found significant linkage in this
region between the markers D6S105 and TNFB (tumour necrosis factor beta) in the
twin sample (twin P < 0.00001; kindred P = 0.066). Combining both the twin and
kindred samples reinforced this finding (P < 0.0001). Grigorenko and colleagues (1997)
used six extended American families and genotyped markers in the 6p23-p21.3 region
using the 5 phenotypes described earlier. Two point nonparametric analyses revealed
significant P-values for five markers relatively close to each other (D6S109, D6S461,
D6S464, D6S306, and D6S276). However, the results varied with the phenotype used
and the most statistically significant results were obtained for the PA phenotype. In an
extension of this study involving another 2 families (Grigorenko et al. 2000), IBD
analyses showed significant P-values in the region D6S464-D6S306 but only for the
phenotypes SWR, vocabulary and spelling with little evidence for PA and PD.
Grigorenko and colleagues later went on to use this sample of 8 American families to
identify linkage to 6 phenotypes; PA, PD, RAN and SWR as before and the
PA/PD/SWR and PA/RAN/SWR pathways (Grigorenko et al. 2003). They observed the
most significant linkage with the markers D6S299 (LOD = 2.01 for the PA/PD/SWR
pathway) and D6S222 (LOD = 2.57 for PA). Overall, this study highlighted three
interesting regions within 6p21.3, all of which have been replicated in other studies. The
first is the D6S109-JAO1 region (replicated by Turic et al. (2003)), the second being the
D6S299-D6S1261 region (also implicated by Kaplan et al. (2002)) and the third is the
D6S105-D6S265 (as found by Cardon et al. (1994), Fisher et al. (1999) and Grigorenko
et al. (2000)).
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Fisher and colleagues (1999) also used quantitative phenotypes in their study
involving 181 sib pairs from 82 families in the UK. They found evidence of linkage in
the D6S1660 - D6S291 region for OC and PC phenotypes (P-values between 0.038 and
0.00035), with the highest significance observed for the marker D6S276. Gayén and
colleagues (1999) also found evidence for these phenotypes in a sample of 79 American
families. They obtained large LOD scores for OC (LOD = 3.10), PD (LOD = 2.42) and
PA (1.46) within the region D6S276-D6S105. An extension of these studies, involving a
whole genome linkage study of both the US and UK samples, was carried out by Fisher
and colleagues (2002). In the 6p21 region, the most significant results from the single
point analyses were obtained for PD in the UK sample (D6S276, P = 0.00006;
D6S1610, P = 0.00001). These were replicated in the US sample, although with less
significance (D6S276, P = 0.002). Kaplan and colleagues (2002) used this US sample
and 11 quantitative phenotypes in their analyses of 29 markers in the 6p21.3 — 6p22
region. All phenotypes yielded evidence for association to 6p (P < 0.05), however they
obtained the most significant results for orthographic and phonological processes (P-
values between 0.05 and 0.00049), with the most likely location of the quantitative trait
locus being within a 4-Mb region surrounding the marker JA04 (P = 0.0021 for OC).
Turic and colleagues (2003) used two separate samples of UK proband/parent trios in a
two-stage study involving 21 microsatellite markers covering an 18 cM region on
chromosome 6p. The three marker haplotypes D6S109/D6S422/D6S1665 and
D6S506/D6S1029/D6S1660 showed the most association across both of the samples,
with the most significant haplotype (D6S109/D6S422/D6S1665) showing association
with subphenotype measures of SWR, spelling, PA, PD, orthographic accuracy and
RAN. These results suggest a broad region of association spanning the markers D6S109
to D6S1260.

The region 6p21.3-22.3 has been widely replicated in American and UK samples
(see Figure 1.3 and Table 1.3). Several of these studies have focused on quantitative
sub-phenotypes of dyslexia, and those involving orthographic and phonological
processes have shown the most amount of evidence for an association with this region.
However, a number of other studies have been carried out that have not found
significant association of this region with phenotypes of DD. Field and Kaplan (1998)
used a sample of 79 Canadian families and a qualitative diagnosis of ‘Phonological

Coding Dyslexia’ (PCD). Subjects were assigned to one of five categories: definitely
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affected, probably affected, uncertain, probably unaffected, and definitely unaffected.
However no significant results were found. This may have been due to the qualitative
nature of the phenotype they used, whereas other studies have used more quantitative
analyses for subphenotypes. This group then extended their study and used four
quantitative measures: PA, PD, RAN and spelling (Petryshen et al. 2000), but still no
significant association was found. Chapman and colleagues (2004) attempted to confirm
linkage in this region using a sample of 111 American families and continuous
measures of PD and SWR in a genome wide scan. Their results showed only weak
evidence of linkage of PD with chromosome 6p in a region that was ~10 cM distal to
the regions previously reported. Studies in other populations have also failed to find an
association of this region to DD, including a genome-wide study carried out using a
Norwegian sample showing impaired orthographic and phonological processing
abilities (Fagerheim et al. 1999), and a study using a German sample (N6then et al.
1999). These differences are again likely to be due to population heterogeneity and
differences in diagnostic criteria, especially when considering the German sample
which was selected on the basis of spelling ability rather than difficulties in reading.
There is still a great deal of evidence for this region however, and a number of
studies have sought to identify possible candidate genes lying within this region.
Deffenbacher and colleagues (2004) used a sample of 1,559 individuals from 349
nuclear families from the Colorado twin study to refine the region of linkage. Both
single-point and multi-point analyses showed significant linkage with all of five
phenotypes (PA, PD, SWR, OC and DISC) over the interval D6S1597 to D6S1571,
with maximal linkage converging between markers D6S276 and D6S1554. Of 12 genes
within this region, 10 were tested for an association with DD in a subset of 114 families.
Five of these genes showed evidence of association: VMP (P = 0.05-0.004), DCDC?2 (P
=0.05-0.001), KI440319 (P =0.03), TTRAP (P = 0.03-0.008) and THEM? (P = 0.008).
All of these genes are expressed in the central nervous system and so would make good
candidates for further screening. VMP is a neuron-specific vesicular membrane protein
thought to play a role in vesicular organelle transport and neurotransmission (Cheng et
al. 2002). DCDC?2 is expressed ubiquitously and contains two doublecortin peptide
domains that were originally described in the doublecortin gene (DCX) encoded on the
X chromosome. DCX encodes a cytoplasmic protein that directs neuronal migration by

regulating the organisation and stability of microtubules and is mutated in X-linked
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lissencephaly (a neuronal migration defect) (Dobyns et al. 1999) and double cortex
syndrome, which is caused by arrested migration halfway to the cortex, producing a
‘double cortex’. KIA40319 is highly expressed in the brain and codes for a novel
protein of an unknown function. The predicted KIAA0319 protein contains four
polycystic kidney disease (PKD) domains that have an immunoglobulin-like fold,
originally found in the PKD1 protein (Bycroft et al. 1999). PKD domains have been
implicated in cell-cell adhesion processes (Ibraghimov-Beskrovnaya et al. 2000).
TTRAP encodes a tumour necrosis factor receptor-associated protein known to inhibit
the activation of nuclear factor-kappa B (NF-kB) and subsequent down-stream
activation of transcription (Pype et al. 2000). Activation of NF-kB transcription has
been shown to play a role in long-term potentiation and synaptic plasticity associated
with learning and memory. THEM?2 encodes a protein belonging to the thioesterase
superfamily that catalyses the hydrolysis of long-chain fatty acyl-CoA thioesters.
Abnormal fatty acid metabolism has been suggested to play a role in a spectrum of
neurodevelopmental disorders, including dyslexia.

The Colorado sample (159 families) was also used by Francks and colleagues
(2004), as were two samples from the UK (89 and 175 families). They first refined the
linked region on chromosome 6p to 5.8Mb (LOD = 3.48). Within this region, 8 genes
are expressed in the brain which separate into 4 clusters. Cluster 1 contains the genes
ALDHS5A1, KIAA0319, TTRAP, and THEM?. Cluster 2 contains the gene C6orf32,
cluster 3 contains the gene SCGN and cluster 4 contains the genes BTN3A41/ and
BTN2A1. Francks and colleagues (2004) analysed 15 SNPs within these genes using a
sample of 89 UK families, with significant association being found for the SNP
rs1061925 (P = 0.0269 for OC). 42 additional SNPs surrounding this SNP were then
analysed with the combined UK samples, revealing evidence of association for 21 SNPs
which were then typed in the Colorado sample. In these analyses, evidence for
association was found when the samples were selected for more extreme ends of the
phenotype. A specific haplotype (tagged by the SNPs rs4504469, rs2034469, and
rs2143340) spanning the genes KI4A40319, TTRAP and THEM?2, was found to be
associated with DD in both the UK and US families. Francks and colleagues (2004)
then tried to identify variants within these genes using 32 probands with severe DD,

however the only SNP identified that had an effect on protein sequence was rs4504469
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within exon 4 of KIAA0319. The minor allele frequency of this SNP was 0.47 in these
samples and was not unique to the risk haplotype identified.

Cope and colleagues (2005a) also analysed this region, using 137 SNPs. A UK case
control sample of 240 cases and 312 controls was used to identify significant markers
and these were followed up in a sample of 143 parent-proband trios. In both samples,
Cope and colleagues (2005a) found evidence for association with three SNPs in
KIAA0319 (rs4504469, P = 0.002; rs2173515, P = 0.007; rs6935076, P = 0.006), with
one SNP in MRS2L (rs2793422, P = 0.003) and in THEM?2 (rs3777664, P = 0.008) and
with an intergenic SNP (rs1053598, P = 0.02). They also found strong evidence that the
association observed within this region was due to the KI440319 SNPs rs4504469 and
1s6935076. A haplotype of these two SNPs (A/G) was found to be highly significantly
associated with DD in both the case-control sample (P = 0.00003) and the trio sample (P
=0.006). A recent study conducted by Couto and colleagues (2010) also found evidence
for a significant association of these two SNPs with DD in their sample of 291 Canadian
families, but as the haplotype G/A only (P = 0.018). This particular haplotype was also
associated with DD in the study by Cope and colleagues (P = 0.02), but was not as
significant as the A/G haplotype.

Luciano et al. (2007) genotyped 10 SNPs in or near to the KI440319 gene using a
sample of 440 Australian families that were unselected for DD but were tested using
reading and spelling tasks. They found significant association with reading ability for
SNPs within the 7TRAP (rs2143340, P = 0.009) and KI440319 (rs6935076, P = 0.008)
genes, and for a three-SNP haplotype that spans KI440319 and TTRAP
(rs4504469/1s2038137/rs2143340, global P = 0.005). This is the same 3 marker
haplotype that was found to be associated with DD by Francks and colleagues (2004).
Franks and colleagues found the most significant association with the 1-1-2 individual
haplotype and a measure of orthographic coding (P = 0.0007). Luciano and colleagues
(2007) also found significant association with this haplotype (P = 0.04 for a bivariate
analysis of whole word reading), but in the opposite direction. Luciano and colleagues
(2007) found a higher level of significance with the 1/1/1 and 2/2/2 haplotypes with a
univariate analysis of principle components of reading (P = 0.02 for both haplotypes).
The 1/1/1 haplotype was found to be associated with phonological decoding in the UK
sample studied by Francks and colleagues (2004) (P = 0.031) and was also associated in
the study by Cope and colleagues (P = 0.03).
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Another study conducted using individuals that had been not been selected for DD
was carried out in the UK by Paracchini and colleagues (2008). They also found
significant association of the TTRAP SNP rs2143340 with measures of reading (P =
0.003), spelling (P = 0.008) and non-word reading (P = 0.03) as well as association with
the same three marker haplotype rs4504469/rs2038137/rs2143340 as the 1-1-2
haplotype with measures of reading (P = 0.009) and spelling (P = 0.03). The other forms
of this three marker haplotype were not tested in this study. Whilst this three marker
haplotype has shown association in a three independent samples, the individual risk
haplotypes do not appear to be the same in all samples. The 1-1-2 risk haplotype had an
opposite direction of effect in the Australian sample (Luciano et al. 2007) compared
with the two UK samples (Francks et al. 2004; Paracchini et al. 2008). This may be
indicative of a false positive in the Australian sample or it could be a consequence of
the sample being ethnically heterogeneous as only ~82% of this sample was reportedly
of Anglo-Celtic origin (Luciano et al. 2007). Despite this, Paracchini and colleagues
(2006) showed that this risk-haplotype reduces the expression of KI440319, making it a
good functional candidate for increasing an individual’s susceptibility to DD.

Dennis and colleagues (2009) tried to identify variants upstream of KI440319
within the region spanned by the TTRAP/KIAA0319 haplotype that may affect the
expression of KIA40319. They identified 7 risk SNPs within this haplotype region and
found significant association of 3 of these SNPs (rs9461045, rs3212236 and rs9467247)
with orthographic choice and spelling in their sample of 264 families in the UK. When
they selected for a subset of severe cases (126 families), the significance of these SNPs
increased and they were also found to be significantly associated with measures of
phonological decoding and reading. Dennis and colleagues (2009) produced luciferase-
expressing constructs containing the region upstream of KI440319 to demonstrate that
the minor allele of rs9461045 confers reduced luciferase expression in both neuronal
and non-neuronal cell lines. This suggests that the minor allele of this associated variant
reduces the expression of KI440319 and is therefore likely to be functionally relevant
for the development of DD (Dennis et al. 2009).

Another study using subjects from the Colorado sample (153 nuclear families)
found association with another gene in this region (Meng et al. 2005b). 147 SNPs in the
1.5 Mb region surrounding the marker JA04 (the marker that this group previously
found to be associated with DD (Kaplan et al. 2002)) were genotyped. The strongest
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evidence was found for the SNP rs807724 located in intron 6 of the gene DCDC2 (P =
0.0003). This gene is 500 kb away from the JA04 marker, so is within the replicated
DYX2 region.

Schumacher and colleagues (2006a) used a categorical definition of DD based on
spelling abilities. Using two independent trio samples of German families, they found
association with extreme spelling disability in two SNPs within the DCDC2 gene
(rs793862, P = 0.011; rs807701, P = 0.058), most significantly as a two-marker
haplotype in intron 7 (P <0.0001).

A collaboration of groups from Oxford and Cardiff attempted to replicate the
association of DCDC?2 to DD using two UK samples (Harold et al. 2006). The sample
from Oxford included 264 unrelated nuclear families, while the Cardiff sample included
350 cases and 273 controls. Both samples were used to genotype those polymorphisms
that showed the most significant association in the previous US (Meng et al. 2005b) and
German (Schumacher et al. 2006a) samples. In the Oxford sample, nominally
significant associations were detected with several traits, with the strongest association
being found between the marker rs1087266 and the PA phenotype (P = 0.005).
However, when this sample was selected for more severe phenotypes, these associations
were no longer significant. No association with DD was observed for any of the
DCDC?2 polymorphisms in the Cardiff sample. These groups then went on to genotype
new polymorphisms in or flanking the KI440319 gene. In total, 5 SNPs were
significantly associated with DD in both samples. After combining the P-values of these
five SNPs, the most significant association with DD was with the SNP rs2038137 in
intron 1 (P = 0.00002). Another 4 SNPs in the 5’ flanking region or intron 1 showed
association, but only in one of the two samples. Despite finding no association with
DCDC2 in their samples, these groups tested for statistical interactions between markers
in this gene and the five SNPs in K1440319 that showed association in both samples.
They found significant interactions between variants of the two genes, the most
significant being between rs793862 in DCDC?2 and rs761100 in KI440319 (P = 0.007).

The association of variants in this region with reading ability in populations that
have not been selected for DD suggests that variants within the genes in this region may
influence reading ability in the general population. However, the findings that the
significance of the associations within these genes increase when selecting a sub-set of

samples containing the more severe cases of DD (Francks et al. 2004; Harold et al.
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2006; Schumacher et al. 2006a; Dennis et al. 2009) suggests that there may also be
specific functional variants within these genes that can cause DD.

Overall, the genes KI440319 and DCDC?2 have received the most support in this
region, being widely replicated in a number of studies. Evidence for an association
between DD and K1440319 has been found in UK, US and Australian samples, while
evidence for an association to DCDC2 has been found in UK, US and German samples.
The differences in results across studies may be due to the different populations studied,
differing ascertainment criteria, and different marker sets being used, making
comparisons between them difficult. Even those studies that have used subsets from the
same population in Colorado have obtained different results. Francks and colleagues
(2004) found association with KI440319, Meng and colleagues (2005b) found
association with DCDC2, while Deffenbacher and colleagues (2004) found association
with both genes. These differences may have been due to different sampling criteria
being used by these groups when deciding on which subsets to use.

KIAA0319 and DCDC?2 share a number of similarities; they are physically close on
chromosome 6p, are both expressed in the brain and have similar putative functions. As
these genes are so close together, it could be the case that the associations detected in
both genes are due to a single mutation that has not yet been identified (Paracchini et al.
2007). This would explain why this particular region has been widely replicated in
samples from different populations. However, Harold and colleagues (2006) reported
that there is a significant lack of LD across and between these two genes, so this theory
is unlikely to be true. It could be that different subgroups of individuals with DD are
determined by the effects of either one or the other gene.

Recently, Couto and colleagues (2010) attempted to map acetylated histones in this
region using chromatin immunoprecipitation coupled with genomic tiling arrays (ChIP-
chip). Acetylated histones are frequently associated with accessible chromatin at
genomic regions containing regulatory elements (Eberharter & Becker 2002; Kurdistani
et al. 2004; Roh et al. 2005; Heintzman et al. 2007; Roh et al. 2007) and therefore
identifying these regions provides functional clues as to the location of genomic
sequences involved in gene regulation. Couto and colleagues (2010) identified several
regions marked by acetylated histones that mapped near to associated markers in this
locus, including intron 7 of DCDC2 and the 5’ region of KIAA40319.
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Study Type Sample Main Findings
Fagerheim Linkaqe 1 Norwegian D2S2183 (Z = 5.53, 6 =0.00), D2S393 (Z =
et al. (1999) 9 family (n=36) | 2.93, 8 =0.0) and D2S378 (Z =4.32, 6= 0.0).
. Linkage with spelling (D2S2352-D2S378, LOD
Petysne? | Linkage far?'nﬁig:?:glas%) = 3.82), PC (D2S378, LOD = 1.13) and PA
’ (D28S378, LOD = 1.01)
i OC (D2s2211, P = 0.001; D2S391, P =
(1%% ‘;:;Jﬁg’g:fs) 0.0007) and reading (D2S391, P = 0.007) in
single point analysis
Fisher et al Reading (D2S2368, P = 0.013), PA
(2002) ’ Linkage 119 American (D252368, P = 0.001; D25286 P = 0.0003)
families (180 and OC (D2S2368, P = 0.005) in the single
sibling pairs)® point analysis, 2p15 with reading (P = 0.0086),
PA (P = 0.001) and OC (P = 0.005) in
multipoint analysis
Francks et | o };rii’,‘i;e{;%%“ OC (D252240, P = 0.003), SWR (D2S2378, P
al. (2002) sibling pairs)® = 0.004) PD (D2S2378, P = 0.004)
Kaminen et Linkage 11 Finnish X D2S2216 (LOD = 2.55, non-parametric);
al. (2003) families (n = 97) D25286 (LOD = 3.01, parametric)
Peyrard- 11 Finnish
Jan\2/id etal Linkage families (n = 97)° D2S2216 (LOD = 3.0, non-parametric)
(2004)
11 Finnish rs1000585/rs917235/rs714939 (GGG, P =
Anthoniet | .. | families (n= 97)° 0.0076)
al. (2007) 251 German rs917235/rs714939/rs6732511 (GGC, P =
families 0.036)
) Non-word spelling (D2S1360, LOD = 0.83);
Saztze(fo% Linkage | 403 e“;“(s;f'f'g‘sno) SWR (D252972, LOD 1.04): spelling
’ (D251360, LOD = 1.13)

Table 1.4: Evidence for association/linkage with DYX3 (PA = phonological awareness, PD =
phonological decoding, OC = orthographic coding, SWR = single word reading). N.B some of these
studies have overlapping samples. Letters (a,b) indicate the same samples.

The first evidence for a region on chromosome 2 showing linkage with DD came
from a genome wide study using 36 members of a Norwegian family (Fagerheim et al.
1999). At first the screen did not show any significant linkage, but marker D2S1356 on
2p15-p16 gave a slightly significant LOD score of 0.8. Fagerheim and colleagues
(1999) then analysed 17 additional microsatellite markers around this region and found
significant LOD scores for the markers D2S2183 (Z = 5.53, using a model of complete
linkage: 8 = 0.0), D2S393 (Z =2.93, 8 =0.0) and D2S378 (Z = 4.32, 6 = 0.0).

Petryshen and colleagues (2002) replicated this linkage in a sample of 96 Canadian
families, each containing two or more siblings diagnosed with phonological coding
dyslexia (PCD). They used both categorical and quantitative definitions of PCD in their

study. Using nonparametric analysis and a categorical diagnosis of PCD, evidence for
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linkage was found within the DYX3 region (P = 0.009). Using variance components
analysis and a quantitative definition, peak LOD scores were found for spelling (3.82
between D2S2352 and D2S378), PD (1.13 at D2S378) and PA (1.01 at D2S378).

Fisher and colleagues (2002) carried out a genome wide scan using a UK sample of
89 families and an American sample of 119 families from the Colorado twin study. The
UK sample showed linkage on 2p25 with the OC phenotype (P = 0.001) and 2p16 with
reading (P = 0.007) and OC (P = 0.0007) in the single point analysis, but gave little
evidence with multipoint analysis. The US sample showed linkage on 2p15 with reading
(P =0.013), PA (P =0.001) and OC (P = 0.005) in the single point analysis. In the
multipoint analysis, the US sample showed evidence of 2p15 being linked to reading (P
=0.006), PA (P = 0.001) and OC (P = 0.005).

Francks and colleagues (2002) used the US sample to fine-map the 2p12-17 region
using 21 microsatellite markers. They refined the linkage region to 12 cM between the
markers D2S337 and D2S286 (see Figure 1.4), with the peak significance of linkage
very similar to that reported by Fisher and colleagues (2002). This linkage was
replicated in a genome-wide study by Bates and colleagues (2007), using a sample of
403 Australian samples that were not selected for reading ability. They identified
nominally significant peaks within the region reported by Francks and colleagues
(2004), with a LOD of 0.83 at the marker D2S1360 for nonword spelling and a second
peak of 1.04 at marker D2S2972 for SWR. They also found linkage on chromosome 2p
outside of the DYX3 region (see Figure 1.4). Regular-word spelling was found to be
linked to D2S1360 on chromosome 2p24.2 (LOD = 1.13, P = 0.030). This could
represent an alternative DD locus on chromosome 2p, but as yet has not been reported
by any other studies.

Kaminen and colleagues (2003) carried out a whole genome scan using 11 Finnish
families, and obtained a linkage peak for the marker D2S2216 on 2p11 (NPL =2.55, P
= (0.004). The marker D2S2216 is about 34 cM centromeric from the DYX3 locus
implicated in other studies (Fagerheim et al. 1999; Francks et al. 2002; Petryshen et al.
2002). This result could represent a different locus, or the difference could be due to
different populations, diagnostic criteria and markers being used in the studies. Peyrard-
Janvid and colleagues (2004) used this same sample to fine map the region further.
They used 24 markers in a 40 cM region. Their highest NPL score was 3.0 (P = 0.001)
for the marker D2S2216, replicating the result found by Kaminen and colleagues
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(2003). They refined their region of linkage to a 12 cM region between D2S2216 and
D2S181, supporting other evidence of a DD susceptibility locus in this region. Anthoni
and colleagues (2007) also used this sample of Finnish families in a study that used 8
microsatellites and 43 SNPs to refine the location of linkage to a 157 kb region on 2p12.
This was then replicated in an independent set of 251 German families. Two
overlapping risk haplotypes were identified in the two sample sets. The haplotype
rs1000585/rs917235/rs714939 was found to be significantly associated in the Finnish
sample (GGG, P = 0.0076), while the haplotype rs917235/rs714939/4s6732511 was
significantly associated in the German sample (GGC, P = 0.036). In a joint analysis of
the two sample sets, these risk haplotypes were still significant (P = 0.0049 for the
Finnish haplotype, P = 0.0013 for the German haplotype). These haplotypes span a 16.6
kb region, located in an intergenic region between the hypothetical gene FLJ13391 and
the genes MRPL 19 (mitochondrial ribosomal protein 19) and C2ORF'3 (chromosome 2
open reading frame 3). The haplotype block structure of the region revealed a 62 kb
block of strong LD containing MRPL19 and C2ORF3. Both of these genes were shown
to be co-expressed across a panel of tissues from regions of adult brains, as well as
showing correlation of expression with four other putative dyslexia susceptibility genes
(DYXIC1, ROBOI, DCDC?2 and KIAA0319). Anthoni and colleagues (2007) went on to
sequence the coding exons and the flanking sequences of these two genes in one
affected individual from each of the 19 Finnish families. Several non-synonymous
variants were identified, but none of these were seen to be over-transmitted in affected
individuals and so did not show significant association with DD. However, they did
observe a reduction in the expression of both MRPL19 and C2orf3 from chromosomes
carrying both rs917235(G) and rs714939(G) (Anthoni et al. 2007).

The DYX3 region seems to be a promising region for harbouring DD susceptibility
loci, being widely replicated in samples from Norway (Fagerheim et al. 1999), Canada
(Petryshen et al. 2002), UK (Fisher et al. 2002), US (Fisher et al. 2002; Francks et al.
2002), Australia (Bates et al. 2007), Finland (Kaminen et al. 2003; Peyrard-Janvid et al.
2004; Anthoni et al. 2007) and Germany (Anthoni et al. 2007). However, further work
on this region now needs to concentrate on identifying candidate genes for DD and

testing these for an association in larger samples.
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then used separate reading measures (PA, PC, spelling and RAN speed) and found
evidence of linkage between this region and spelling (D6S865, peak LOD = 3.34), PC
(D6S965, peak LOD = 2.08) and PA (D6S455, P = 0.026). ‘

Bates and colleagues (2007) also found evidence for linkage in this region in their
genome wide study using 403 Australian families that were not selected for reading
ability. They found linkage for irregular word spelling at D6S462 (LOD = 1.59,P =
0.003).

No other studies have replicated the linkage reported in this region, despite several
genome-wide linkage scans being conducted (de Kovel et al. 2004; Fagerheim et al.
1999; Fisher et al. 2002; Igo Jr et al. 2006; Kaminen et al. 2003; Marlow et al. 2003;
Nopola-Hemmi et al. 2001; Norton et al. 2000; Raskind et al. 2005). However, several
genes are located near this region that still make strong candidates for a DD
susceptibility gene (Petryshen et al. 2001). The serotonin neurotransmitter receptor
genes HTRIB and HTRIE and the gamma-aminobutyric acid (GABA) receptor rho-
subunit genes GABRRI and GABRR2 make good candidates due to their involvement in
brain development (Levitt et al. 1997). The cannabinoid receptor gene (CNR1) is also a
good candidate since studies suggest that the endogenous cannabinoid system plays a

role in neural development (Fernandez-Ruiz et al. 2000).
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the study, part of the sample, family A, was genotyped using 320 markers spanning the
whole genome. This revealed non-parametric linkage in the 3p12-q13 region (Z=35.8, P
= 0.0017) (see Figure 1.6). The other part of the sample, family B, were then genotyped
using 7 microsatellite markers that spanned the 60 cM region of linkage implicated in
the first sample, and both samples were genotyped using 11 additional markers in this
region. Haplotype analysis revealed that 19 out of 21 dyslexic subjects shared identical
copies of chromosome 3 and parametric multipoint linkage analysis resulted in a
maximum LOD score of 3.84 between the markers D3S1595 and D3S3655.

Hannula-Jouppi and colleagues (2005) identified a patient within the Finnish family
(Nopola-Hemmi et al. 2001) that had DD and the translocation t[3;8][p12;q11] which is
within the DYX5 region. The translocation breakpoint localised within the orthologue of
the Drosophila roundabout (robo) gene ROBOI, disrupting ROBO1 between exons 1
and 2. They then sequenced this gene and the region surrounding it in the original
Finnish sample used by Nopola-Hemmi and colleagues (2001) and found that the
haplotype present in 19 of the dyslexic individuals spanned ROBO! and was not
detected in the other samples examined, including controls and the remaining family
members. Gene expression analysis was carried out using lymphocytes from four
affected members of the family and this showed that the transcription of ROBO! from
this haplotype was absent or attenuated, suggesting that in this family, DD may be
caused by a reduction in the expression of ROBOI. However, reduction in expression
varied across the four individuals, so there does not seem to be a uniform phenotype.
Also, as the expression analysis was only carried out in 4 individuals, it is not known if
this reduction in expression occurs in all members carrying the haplotype. Another
important point is that a sibling of a translocation carrier was diagnosed with severe DD
but did not carry the translocation themselves, so there must also be other variants
causing the disorder, perhaps on different chromosomes. Functionally, ROBO! is a
good candidate gene for DD. It is widely expressed in the brain and the robo gene in
Drosophila was found to be involved in controlling the decision by axons to cross the
central nervous system midline (Kidd et al. 1998). In robo mutants, it was found that
too many axons cross the midline (Seeger et al. 1993), and so ROBOI appears to play a
role within axon guidance/neuronal migration (see Chapter 3).

In another genome-wide scan, Fisher and colleagues (2002) found linkage to several

regions on chromosome 3 using quantitative trait analysis in US and UK samples. As
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shown in Figure 1.6, some of these regions were not close to the DYX5 region
(D3S1311 at 3q29 linked to OC of irregular words in UK sample, P = 0.0008; D3S1263
at 3p25 linked to reading, PA and OC in US sample, P = 0.016, 0.023 and 0.001,
respectively) while others were just outside of the region. A marker on 3p13 was linked
to PD and OC of irregular words in the UK samples (D3S1566, PD P = 0.044; OCP =
0.001), while the region 3q13 was linked to DD in the US samples using both single
point analysis (D3S1278 linked to reading P = 0.002, PA P = 0.097, PD P = 0.0004, and
OC P = 0.026) and multipoint analysis (linked to reading P = 0.003, PA P =0.072, PD P
=0.0003, and OC P = 0.025). The DYX35 region was also linked to DD in a genome-
wide scan by Bates and colleagues (2007) using 403 Australian families unselected for
reading ability. A linkage peak for irregular word spelling was found in the 3p12-q13
region for irregular word spelling (LOD = 1.66, P = 0.003). This is within 20 cM of the
linkage peak reported by Nopola-Hemmi and colleagues (2001).

So far, the region on chromosome 3 that shows evidence of linkage with DD is quite
broad. More studies need to be carried out on this region, perhaps with denser panels of
markers and larger sample sets. However, ROBOI appears to be a promising candidate

gene for DD.
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whereas the second sample gave the most significant results for the PA measure (P =
0.0005), raising concerns over whether this finding represents a true replication. The
second UK sample was also used by Marlow and colleagues (2003) who applied a
multivariate approach in their linkage analysis rather then the univariate approach used
by Fisher and colleagues (2002). This involved analysing all the correlated trait
measures together when conducting linkage analysis, rather than looking at each
measure separately. This approach gave a less significant result (P = 0.0011) for
18p11.2. These findings were replicated in a genome-wide scan by Bates and colleagues
using 403 Australian families. They found linkage with SWR for a marker on 18p11.2
(D18S464, LOD = 1.70, P = 0.003).

Two other studies have failed to replicate these results. Chapman and colleagues
(2004) used 8 markers in the 18p11.3 — q12.3 region to genotype 111 American families
(n = 898), but did not find any positive linkage signals. Another study used 14 markers
in the same region to genotype 82 German families, but again failed to find any
significant linkage (Schumacher et al. 2006b). These differences could well be due to
differing sample sets and ascertainment criteria, particularly as Schumacher and
colleagues (2006b) used a spelling measure as their ascertainment criteria, whereas
Fisher and colleagues (2002) measured reading ability. However, the American sample
used by Chapman and colleagues (2004) is larger than that used by Fisher and
colleagues (2002) and so would have more power to detect linkage. It could be that the
putative disease gene in the DYX6 locus confers a smaller risk to DD than originally

suggested.
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variable number tandem repeat (VNTR) in exon 3 which is in the region previously
found to be associated with ADHD (see meta analysis by Faraone et al. (1999)). As
discussed previously, ADHD and DD share some comorbidity, therefore Hsiung and
colleagues (2004) used 14 markers in and around the DRD4 locus to genotype their
sample of 100 Canadian families, diagnosed with PCD (as previously used by Field and
Kaplan (1998) and Petryshen et al. (2001)). The DRD+4 gene is a member of the
dopamine D2-like receptor family and is expressed in the hippocampus and frontal
cortex (Defagot et al. 1997; Primus et al. 1997). These regions are known to be involved
in executive functions, attention processing, memory formation and language
processing, making it a good DD susceptibility candidate gene, aside from the link with
ADHD. Evidence for linkage was found at the DRD4-exon 3 repeat (LOD = 2.27) and
at several nearby markers (D11S1984, LOD =2.32; D11S1363, LOD = 2.13; HRAS,
LOD = 2.68). Three point analysis identified a significant peak LOD score of 3.57 (P =
0.00005) between the DRD4-exon 3 repeat and HRAS. Pairwise non-parametric sib-pair
analyses also generated a significant P-value within the DRD4-exon 3. However,
subsequent association analysis did not detect a significant association between DD and
the DRD4 VNTR (P = 0.30). As this region has been found to be linked with DD in a
previous study (Fisher et al. 2002), it could be that this is indeed a susceptibility locus,
but that DRD4 is not involved in causing the susceptibility to DD. As DD is common in
the general population, another possibility is that there are multiple DRD4 variants
contributing to susceptibility (Hsiung et al. 2004).

Another genome-wide study conducted using 51 American families found
suggestive evidence for linkage on a different region of chromosome 11. Raskind and
others (2005) obtained a LOD score of 2.32 for the marker D11S1314 using two-point
parametric analysis. However, this marker is on the other arm of chromosome 11 as
shown in Figure 1.8. This region has not yet been found to be linked with DD in any
other studies and the result from this study isn’t highly significant, especially when
considered on a genome-wide scale, so may not be a true finding. Alternatively, it could
represent a second DD susceptibility locus on chromosome 11 that has only been

highlighted in this particular sample so far.
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Study Type Sample Main Findings
Rabin et al. . . i Rh (Zmax = 1.95); D1S165 (Zmax =

(1993) Linkage 9 American Families 2.33)

. 8 multiplex American .
Grigorenko . o - PD (D1S199, max NPL = 2.623); RN
etal. (2001) | Linkage fa’m'm é’l} als1)65 (D1S470, max NPL = 5.737)

. . Qualitative: D1S507 (LOD = 3.65).
Tesoos, | Linkage | 100 Canadien familes (| “quantitative: Speling D15552 -
al. (2004) = D1S622 (LOD = 4.01)
o a(%%g; Linkage 108 Dutch families Linkage to 1p36 (NPL-LOD = 2.0_
Bates et al. . 403 Australian families _ -

(2007) Linkage (n = 980) NWR (D1S234, LOD = 1.2, P = 0.009)
Couto et al 263 Canadian families Qualitative: rs7523017 (P = 0.035).

(2008 " | Association | (263 subjects and 101 Quantitative: Spelling rs7523017 (P =

) siblings) 0.036)

Table 1.9: Evidence for association/linkage with DYX8 (PA = phonological awareness, PD =
phonological decoding, RN = rapid naming, NWR = non-word reading). N.B. These are all independent

samples.

Linkage of a region on chromosome 1 to DD was first identified by Rabin and
colleagues and Froster and colleagues in 1993. Rabin and colleagues (1993) carried out
linkage analyses with the polymorphic protein marker Rh in 9 three-generation
American families in which DD appeared to be inherited as a dominant trait. This
rhesus blood group CcEe antigens locus (RHCE) maps to the region 1p34-36 and
showed significant linkage in all the families (Zmax = 0.95, 8 < 0.2). Linkage was also
found for the markers FUCA1 (Zmax = 0.950, 6 = 0) and D1S165 (Zmax =2.33,0 =
0.2). Froster and colleagues (1993) identified a co segregation of severely delayed
speech development and the reading and writing disability with a balanced translocation
(t[1;2][1p22;2p31]) in a German family that had a history of learning difficulties. A
father and two of his sons carried the translocation and showed evidence of learning
difficulties as well as severely delayed speech development. The members of the family
with normal karyotypes had normal phenotypes.

Bache and colleagues (2006) also found evidence for a translocation on
chromosome 1 being linked with DD, but this translocation involved the 1p36.1 region
of the chromosome. They found that the balanced translocation t[1;18][p36.1;q21]
cosegregated with DD in 5 members of a Dutch family. However, diagnosis of DD was
based on the family members self reporting their disease status, rather than carrying out

any tests so this result is not completely reliable.
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Grigorenko and colleagues (2001) found evidence for linkage of DD with
chromosome 1p by examining the region around Rh (1p36-1q23) using eight extended
American families who possessed at least four individuals with dyslexia (n = 165).
Again, this group used five theoretical phenotypes for DD in their search for linkage: 1)
PA; 2) PD; 3) RAN; 4) SWR; 5) vocabulary. A “lifetime” diagnosis (LD) was also used
as a phenotype. An individual (adult or child) was diagnosed as having DD if it had
been reported that they had difficulty acquiring initial reading skills (n = 68). If they
still showed impairment in their reading or still required specialist instruction, they were
classed as clearly impaired (n = 33 out of the 68 DD cases). If however they had
managed to obtain literacy level or no longer required ongoing reading help, they were
diagnosed as “borderline” (n = 35). Individuals were classed as normal if they had no
reported history of difficulty with reading and if there was a deficiency in no more than
one aspect of reading. Single point analysis indicated two broad regions of linkage: 1)
D18253 (6.3 Mb) to D1S478 (21.3 Mb); 2) MATN1 (30.9 Mb) to PPT (40.2 Mb).
However, multipoint analyses gave an inconsistent pattern and may be invalid due to
two of the markers used in the analysis being in the wrong order. The PD phenotype
showed linkage to the marker D1S199 (NPL score = 2.623) and the RAN phenotype
showed linkage to the marker D1S470 (NPL score = 5.737).

Tzenova and colleagues (2004) found further evidence for linkage of DD to the
region 1p34-36. This involved a larger sample than the previous studies, with analyses
being carried out on 100 Canadian families (n = 914). The group used both qualitative
and quantitative definitions of DD in their linkage analysis. The qualitative definitions
used were ‘affected’, ‘unaffected’ or ‘uncertain’ using the scores on phonological
coding tasks as the primary determinant of affection status. Under these phenotypes, the
strongest evidence for linkage was found at the marker D1S507 (max LOD = 3.65).
This marker is ~5SMb away from D1S199, which had previously been found to be linked
to DD by Grigorenko and colleagues (2001). For the quantitative phenotype analysis,
psychometric tests were conducted to assess four components of DD: 1) PA; 2) PD; 3)
spelling; 4) RAN. Using multipoint analysis, the maximum LOD score for spelling was
4.01 and occurred between D1S552 and D1S622. PD and RAN speed showed non-
significant evidence for linkage to the same region (max LOD scores of 1.65 and 0.37
respectively), while the LOD scores for PA were close to zero throughout the region.



However, again these results are unreliable due to two markers being in the wrong
order.

A linkage study carried out on a Dutch population also looked at DD as both a
categorical trait and as a number of different quantitative traits (Franke et al. 2006). The
categorical trait showed the strongest linkage to 1p36 (NPL-LOD = 2.0). The LOD
scores for the quantitative traits: SWR, NWR and RAN were found to be correlated and
peaked near the same location as the categorical trait.

A gene within the 1p34-36 region shows homology to the KI440319 gene on
chromosome 6 and is called KI440319-Like (KIAA0319-L) (see Figure 1.9). Couto and
colleagues (2008) genotyped a sample of 156 Canadian families using 5 SNPs within
this gene. Evidence for an association was found with the marker rs7523017 (P = 0.042)
when DD was defined as a categorical trait. They also identified a significant haplotype
with the markers rs1203138, rs1203148, rs12408030, and rs7523017 (C/A/A/A; P =
0.031).When using quantitative measures of DD and their whole sample of 291 families
(the 156 previous families plus an additional 135 families that had been ascertained
through a proband who had reading difficulties but did not meet the categorical criteria),
this haplotype showed significant association with measures of word-reading efficiency
(P = 0.032) and rapid object and colour naming (P = 0.047). However, as the authors
point out, these results would not withstand correction for multiple testing. These results
correlate with those of Tzenova and colleagues (2004) who also found linkage on
chromosome 1p for spelling in a region that is 5 kb from rs7523017. In the genome
wide study carried out by Bates and colleagues (2007) on 403 Australian families, the
region 1p34-36 also showed some evidence of linkage to NWR (max LOD = 1.2).

Further evidence supporting linkage of the DYX8 region to DD has come from
studies focusing on SSD. Smith and colleagues (2005) tested whether SSD is linked to
risk loci for DD, including those on chromosome 1p36. Although only suggestive
evidence for linkage was found in this particular study (P = 0.053 at D1S620), another
study on SSD supported this evidence by obtaining highly significant evidence for
linkage (Miscimarra et al. 2007). This group obtained significant linkage signals for
articulation (P = 0.0009) and listening comprehension (P = 0.0019) in two separate
regions on chromosome 1.

However, studies using subjects sampled from other populations have failed to

replicate linkage of DD to chromosome 1. For example, Cardon and colleagues (1994)
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typed markers in the Rh region in 358 individuals from the Colorado twin study and
failed to find significant linkage. Several genome wide studies have also failed to
identify linkage to DD on chromosome 1. Fagerheim and colleagues (1999) conducted a
genome wide search with an average 20 cM marker density in a Norwegian population.
This search included 12 markers on chromosome 1p, but no linkage was found to DD.
A genome scan using a Finnish population of 140 families conducted by Nopola-
Hemmi and colleagues (2001) used 320 microsatellite markers, but found no association
with DD on chromosome 1. Fisher and colleagues (2002) carried out two complete
quantitative trait locus-based (QTL-based) genome wide linkage studies in large
samples from the United Kingdom (195 total sibling pairs) and United States (180 total
sibling pairs). This group used over 400 microsatellite markers spaced at about 10 cM
intervals throughout the genome. Again, this study failed to replicate an association of
chromosome 1 with DD.

The evidence so far seems to suggest that a region on chromosome 1 is linked with
DD, with the most widely replicated region being 1p34.2 to 1p36.13 as shown in
Figure 1.9. However, while evidence for linkage in this region has been found in
American (Rabin et al. 1993; Grigorenko et al. 2001), Canadian (Tzenova et al. 2004;
Couto et al. 2006), Australian (Bates et al. 2007) and Dutch (Franke et al. 2006)
populations, genome-wide scans carried out on populations in Norway (Fagerheim et
al. 1999), Finland (Nopola-Hemmi et al. 2001), UK and a different American
population (Fisher et al. 2002), have failed to support these results. It is possible that
this region may be involved in DD, but only in certain populations.
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Another genome-wide study found evidence of linkage 12 cM away from the region
identified by Fisher and colleagues (2002). This study used 400 markers to genotype 29
members of a single Dutch family of which 5 males and 10 females (1 of which was an
unrelated spouse) were classified as dyslexic (de Kovel et al. 2004). The most
significant evidence for linkage was found with the marker DXS8043 on chromosome
Xq27.3 (multipoint lod score = 3.68, § = 0.00; non-parametric lod = 1.95, P = 0.0014).
As two key recombinants flanked the region surrounding this marker, the group tested
three extra markers (DXS8028, DXS8084 and DXS8106) between the two breakpoints
in the key recombinants and their ancestors, narrowing the region down to ~8 cM
between the markers DXS1227 and DXS8091. All four males and 8 of the 9 women
diagnosed with DD carried the risk haplotype. This suggests that the risk allele has a
dominant effect, but it could be that heterozygous females are less severely affected
than hemizygous males.

Bates and colleagues (2007) also found linkage within this region in their genome-
wide study using 403 Australian families. They found linkage of the non-word spelling
measure with the marker DXS9908 on chromosome Xq27 (LOD = 1.09, P = 0.012)
using multipoint linkage analysis.

As discussed in section 1.1.2, epidemiological studies have observed that DD is
often found in males at a greater rate than in females, with a ratio of ~2:1 (Flannery et
al. 2000). A possible cause for this could be the involvement of X linked loci, backed up
by evidence of a susceptibility locus on chromosome X as shown here. However, other
explanations for this skewed ratio could involve male specific hormonal differences
during development that may interact with an autosomal locus (James 1992).
Geschwind and Behan (1982) have hypothesised that gender differences could be

explained by an excess of, or sensitivity to, androgens such as testosterone.

1.4.10 Other Possible DD Susceptibility Loci

Other loci have also been found to be linked or associated with DD but have not
been designated a DYX region by the Human Gene Nomenclature Committee
(http://www.gene.ucl.ac.uk/nomenclature/). Two of these have shown replication and

are worth mentioning.
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