UNIVERSITY OF CALGARY

Localization of susceptibility genes involved in phonological coding dyslexia by family

linkage and linkage disequilibrium studies

Tracey Lynn Petryshen

A THESIS
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES
IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE
DEGREE OF DOCTOR OF PHILOSOPHY

DEPARTMENT OF MEDICAL SCIENCE

CALGARY, ALBERTA
JULY, 2001

© Tracey Lynn Petryshen 2001



i+l

National Library Bibliothégue nationale
of Canada du Canada
Acquisitions and Acquisitions et )
Bibliographic Services services bibliographiques
395 Wellington Straet 385, rue Welkington
Ottawa ON K1A ON4 Ottawa ON K1A ON4
Canada Canada
Yo Sie Vomre rélerence
Our die Notre réMrance
The author has granted a non- L’auteur a accordé une licence non
exclusive licence allowing the exclusive permettant a la
National Library of Canada to Bibliothéque nationale du Canada de

reproduce, loan, distribute or sell
copies of this thests in microform,
paper or electronic formats.

The author retains ownership of the
copyright in this thesis. Neither the
thesis nor substantial extracts from it
may be printed or otherwise
reproduced without the author’s
permission.

reproduire, préter, distribuer ou
vendre des copies de cette thése sous
la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.

L’auteur conserve la propnété du
droit d’auteur qui protége cette thése.
Ni la thése ni des extraits substantiels
de celle-ci ne doivent étre imprimés
ou autrement reproduits sans son
autorisatton.

0-612-64882-6

Canada



Abstract

Dyslexia is a specific disability in learning to read that is independent of normal
intelligence and education. The root of this disorder is difficulty processing phonemes,
the basic sounds of language. Neurobiological studies demonstrate that dyslexic
individuals have a number of anatomical and functional brain anomalies, indicating that
dyslexia is a neurodevelopmental disorder. Dyslexia has a significant genetic basis, and is
a "multifactorial” or “complex trait™ in that multiple genes of small to moderate effect
confer compounding risk of the disorder through interactions with each other and
environmental risk factors. Identification of susceptibility genes would greatly increase
understanding of the biological basis of this condition, and potentially lead to better
treatments and earlier diagnosis of children at risk of dyslexia.

Dr. Leigh Field. a geneticist at the University of Calgary. and Dr. Bonnie Kaplan,
a behavioural psychologist at the Alberta Children’s Hospital and University of Calgary.
head a study to identifv dyslexia susceptibility genes in 100 families with dyslexic
members. The primary goal of this Ph.D. thesis was to investigate a region on
chromosome 6 where preliminary studies indicated a dyslexia locus may exist. Using
linkage and linkage disequilibrium methods, strong evidence was found for a dyslexia
locus (named DYX4) on 6q11.2-q12, and two candidate regions were identified where
the DYX4 gene is most likely located. Two dysiexia loci identified by other researchers
were also studied. and while quantitative-trait locus linkage analysis did not replicate the
DYX2 locus on chromosome 6p21.3, in agreement with a previous qualitative linkage
report by Dr. Field and Dr. Kapian, the DYX3 locus on chromosome 2p15-p16 was
confirmed and the gene was localized to a small interval. In addition, candidate
neurotransmitter receptor and transporter genes were investigated and evidence was
found for the involvement of dopamine receptor genes DRD4 and DRDS, and gamma-
aminobutyric receptor genes GABRB2 and GABRG?2 in dyslexia susceptibility. [n
conclusion. this thesis work has contributed significantly to the field of dyslexia genetics,
and has provided valuable information for further studies to identify the DYX3 and DYX4
genes and to clarify the roles of the neurotransmitter receptor genes in dyslexia.
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Chapter One: Introduction

1.1. Dyslexia

Dyslexia is traditionally defined as severe difficulty in learning to read despite
normal intelligence, visual acuity, motivation, and instruction (Critchley 1970). Dyslexia
affects 3-10% of school-age children (Lerner 1989) and persists into adulthood (Felton
et al. 1990). As a result, dyslexia has major negative social, educational, emotional, and
economic repercussions (Spreen 1988). Early studies suggest that the ratio of males to
females with reading disability is between 2:1 and 5:1 (Critchley 1970; Finucci and
Childs 1981). However, more recent studies indicate that this skewed ratio is probably
due to biases in subject ascertainment, and that the prevalence rates of reading disability
in males and females are nearly 1:1 (Shaywitz et al. 1990; Willcutt and Pennington
2000). The predominant approach to treating dyslexic children is highly structured
phonic teaching, in which children are taught to read and pronounce words by learning
the basic sounds (phonemes) of letters and letter combinations. This method of treatment
is based on substantial evidence that the majority of dyslexic individuals have a specific
deficit in the phonological domain of reading, to be discussed below.

Dyslexia co-occurs with a number of emotional and behavioural problems.
specifically attention-deficithyperactivity disorder (ADHD), anxiety, and depression,
more frequently than expected by chance (Gilger et al. 1992; Shaywitz et al. 1995;
Willcutt and Pennington 2000). With regard to ADHD, between 15% and 26% of
individuals with dyslexia also have ADHD, and while some studies have indicated that
the two disorders are genetically independent (Gilger et al. 1992; Faraone et al. 1993), a
recent study has found evidence for a genetic overlap between dyslexia and an
inattentive subtype of ADHD, but not a hyperactive/impulsive ADHD subtype (Willcutt
et al. 2000). There also appears to be a link between dyslexia and autism, since parents
of autistic children have an increased frequency of reading problems (Folstein et al.
1999). The co-occurrence of dyslexia with other behavioural disorders suggests that
there may be genes with pleiotropic effects (i.e., one gene leads to many different
phenotypes) involved in the manifestation of these conditions.
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1.2. Cognitive studies of reading and dyslexia

Reading is a multifaceted process that depends upon a number of companents,
many of which are phenotypically correlated with one another and overlap in a
continuum of basic through complex reading skills. Although this overlap often makes it
difficuit to distinguish one component from another, most reading experts agree that the
most basic reading component is phonological awareness. This process is the ability to
perceive and manipulate phonemes, which are used in different combinations to make up
all words. Phonological awareness develops early in childhood and is used during simple
tasks such as rhyming. A related but slightly higher-level reading component,
phonological coding (also referred to as phonological decoding), is the ability to sound
out written words by using the appropriate grapheme-phoneme (letter-sound)
correspondence rules. This skill is often assessed by non-word reading, in which the
subject reads nonsense words, such as “pid” or “golup”, which follow regular grapheme-
phoneme rules but do not exist in the English language, thus preventing reading by use
of visual memory. A somewhat distinct component of reading is orthographic coding,
which is the ability to recognize words’ specific grapheme patterns. This skill is very
important in English, since the same word sounds can be represented by different
grapheme patterns (e.g. pair, pare, pear). Skilled reading also requires the rapid and
automatic identification of words, which calls upon a process referred to as rapid
automatized naming (RAN). RAN is thought to be important for the orthographic
aspects of word identification, but only weakly involved in the phonological aspects of
this task (Bowers and Swanson 1991). At the highest levels of the reading hierarchy are
components invoived with semantics (vocabulary or word meaning), syntax
(grarmmatical structure), and discourse (connected sentences).

Research on the mechanisms involved in reading development has led to the
formulation of several models of reading. In the dual route model, beginning readers
recognize printed words using a slow phonological procedure (termed “indirect access™),
in which words are sounded out using grapheme-phoneme correspondence rules. Skilled
readers, however, recognize familiar words by a rapid lookup procedure (termed “direct
access”) in which orthographic cues are used to automatically and effortlessly retrieve




the words’ meanings and pronunciations. Only when a skilled reader encounters an
unfamiliar word will the slower, “indirect” route be utilized. However, closer
examination of normal reading has found that recognition of printed words always
requires at least some degree of phonological processing and that phonological
processing is often rapid (Van Orden et al. 1990; Gough and Walsh 1991; Frost 1998),
thus questioning the dual route model. To resolve this issue, some researchers have
modified the dual route model such that both routes are activated and may interact
during word recognition, and the route that predominates in performance will be the
fastest route for that particular situation. Other researchers, however, have turned to a
connectionist model of reading (Seidenberg and McClelland 1989). In this model, word
recognition occurs by a three-layer neural network, in which the input layer corresponds
to graphemes and the output layer corresponds to phonemes, with these layers encoding
the regular grapheme-phoneme correspondence rules, and the middle layer allowing for
learning of word-specific pattems. However, like the dual route model of reading, the
connectionist model is also debated, and further research on reading development,
skilled reading, and reading failure is needed to clarify the mechanisms involved in
reading.

As mentioned previously, dyslexia is a specific disability in reading that is
independent of general intelligence. Under such a broad definition, dyslexia is not a
single disorder, but rather a “mixed bag” of heterogeneous reading disorders with a
variety of cognitive defects and a wide range of severity. The most notable deficits
observed in dyslexic individuals are difficulties in phonological processing, spelling,
verbal memory, auditory perception, and rapid naming. [t is a common fallacy that letter
reversal is the hallmark of dyslexia; however, many beginning normal readers make this
error (as do some skilled readers). There is now a consensus among researchers that the
key problem in most dyslexics (approximately 80-90%) is a specific difficulty in
phonological processing, with some of the other observed deficits resuiting from this
phonological difficulty. Originally posited by Stanovich (1988), and recently restated by
Frith (1998), the phonological deficit hypothesis of dyslexia states that a biological
abnormality in the brain causes a specific phonological deficit, which is manifested in




poor phonological awareness, poor reading acquisition, and impaired verbal memory,
since phonological codes are primarily used for the retention of verbal information
(Johnston et al. 1987; Holligan and Johnston 1988). While the phonological deficit does
not extend into non-overlapping reading or cognitive domains, higher-level reading
components such as vocabulary and comprehension may not be accessible due to the
block at the phonological level. Some individuals with phonological deficits are able to
overcome their reading disability, however, using visual memory skills (i.e., memorizing
the letter pattern of words) and other compensatory strategies that do not require
phonological processing. Cognitive studies have also demonstrated that many dyslexic
individuals have deficits in RAN of letters, colours, objects, and numbers. These deficits
are most pronounced in speed of naming, and less so in naming accuracy (Denckla and
Rudel 1974,1976). In terms of the dual route model of reading discussed above, deficits
in phonological processing would cause a block in the “indirect access™ route to word
identification, while RAN deficits would block the automatic “direct access” route. In
support of the dual route model. Wolf (1999) has identified dyslexic individuals who
have a deficit in either phonological processing or rapid naming. However, a large group
of more severely affected dyslexic individuals was also identified that have deficits in
both phonological and RAN, a so-called “double deficit”. Under the dual route model,
these individuals would have separate alterations during development in each route,
which seems unlikely. A more probable explanation is that the two routes interact
somehow during development, thus lending support to interacting dual route models and

to the connectionist model of reading.

1.3. Neurological studies demonstrate key differences in dyslexic brains

Neuroanatomical studies demonstrate that the brains of dyslexic individuals show
a number of anatomical and functional differences in comparison to the brains of normal
readers. One of the earliest findings is that dyslexic brains have an increased symmetry
or reversed asymmetry in the language area of the left temporal-parietal cerebral lobe (a
region called the planum temporale), compared to that seen in normal populations (see
review by Shapleske et al. 1999). More recent functional neuroimaging studies



demanstrate that the cortical regions surrounding the left temporal-parietal junction
exhibit altered patterns of activation during reading tasks in dyslexics (Rumsey et al.
1997; Shaywitz et al. 1998; Georgiewa et al. 1999; Simos et al. 2000). Taken together,
these studies implicate the temporal-parietal region of the brain, particularly the left
hemisphere language area, as the principal region of dysfunction in dyslexia. However,
other brain anomalies exist in dyslexic patients, suggesting that the reading problems
may be caused by functional deficits in areas other than the temporal-parietal region or,
alternatively, by deficits in the temporai-parietal region as well as deficits in other
regions.

There is a wide body of evidence showing that dyslexics have a specific
deficiency in the magnocellular (transient) visual pathway, which processes rapidly
moving, gross detail stimuli (Merigan and Maunsell 1993). In contrast, the parvocellular
(sustained) pathway, which processes mostly colour and fine detail stimuli (Merigan and
Maunsetl 1993), appears to be normal in dyslexics. A study of five autopsied dyslexic
brains found smaller and more disorganized magnocellular cells in the iateral geniculate
nucleus of the thalamus, which receives inputs from the retinal ganglion cells and in turn
sends axons to the visual areas of the occipital and parietal cortices, compared to control
brains (Livingstone 1991). Furthermore, psychophysical testing, in which subjects
respond to visual images presented on a monitor, found that dyslexic individuals have
decreased sensitivity for stimulatory conditions where the magnocellular pathway is
utilized (Lovegrove 1980; Cornelissen et al. 1995; Demb et al. 1998; Witton et al. 1998).
Also, dyslexics have an abnormal pattern of brain visual evoked potentials in response to
stimuli specific for the magnocellular pathway (Livingstone 1991; Lehmkuhle et al.
1993: Kubova et al. 1996). Functional magnetic resonance imaging (fMRI) studies.
which determine brain activation patterns by measuring blood oxygenation contrast
signals. have shown that dyslexics have decreased activation of visual cortical areas
while observing magnocellular pathway-specific stimuli (see review by Eden and Zeffiro
1998). In light of the evidence for visual processing deficits in dyslexics, Breitmeyer
(1980) proposed that the visual transient system causes reading disability in that an
impaired magnocellular system fails to inhibit each reading fixation during saccades
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(rapid eye movements) that occur while reading a line of text, leading to superimposition
of images and visual confusion. Similarly, Stein and Walsh (1997) suggested that the
visual magnocellular system helps to control eye movements and, thus, deficits in this
system destabilize binocular fixation so letters appear to move around during reading.
However, as will be discussed below, other conflicting theories of the cause of reading
difficulties in dyslexics have been proposed.

Deficits in auditory processing have also been demonstrated in dyslexic
individuals. Although separate magnocellular and parvocellular pathways have not been
clearly distinguished in the auditory system, a number of relay nuclei, including the
medial geniculate nucleus (MGN) of the thalamus, contain large neurons responsible for
analyzing acoustic stimulus changes. A study of autopsied dyslexic brains determined
that the left hemisphere MGN has more small neural cells and fewer large cells
compared to control brains (Galaburda et al. 1994). Psychophysical testing has
demonstrated that dyslexic individuals have significant impairments in processing rapid
sound sequences (Tallal 1980; Hari and Kiesila 1996) and in detecting small changes in
frequency of tones (Witton et al. 1998; McAnally and Stein 1996). Dyslexics also have
abnormal brain potentials in response to frequency changes or to bursts of tone or speech
(McAnally and Stein 1996; Shulte-Korne et al. 1998a). Thus, dyslexics have deficits in
processing auditory stimuli, likely through an aberrant “magnocellular-like” subsystem
similar to that seen the visual pathway. Tallal et al. (1993) proposed that rapid auditory
processing deficits render dyslexics unable to discriminate phonemes, which leads to
poor phonological skills, and thus poor reading acquisition.

Studies also demonstrate that dyslexic individuals have difficulties with
coordination (Wolff 1993), balance (Nicolson and Fawcett 1990; Yap et al. 1994),
postural stability, and muscle tone (Fawcett and Nicolson 1999). Dyslexic adults have
also been found to have abnormal activation of the cerebellum during a task consisting
of a sequence of finger movements (Nicolson et al. 1999). Because the cerebellum has
been regarded as a motor control area, its role in dyslexia has generally been discounted.
However, there is emerging but controversial evidence that the cerebellum has

connections to the language area and is activated during language-related activities (see



consecutive papers by Leiner et al. 1993, Ito 1993, Glickstein 1993, and Bloedel 1993
for a debate of this issue). It has been proposed, therefore, that cerebellar dysfunction
leads to difficulties in acquisition of articulatory and auditory skills (and hence to
difficulties in phonological processing), as well as visual skills, and that these difficulties
in turn lead to problems in learning to read (Fawcett et al. 1996).

1.4. The temporal processing hypothesis of dyslexia

Interestingly, recent studies have found that the visual and auditory deficits
observed in dyslexics are directly correlated to the degree of phonological deficit (Demb
et al. 1998; Witton et al. 1998). While these correlations suggest a causal relationship, it
is also possible that the deficits arise from a common underlying biological mechanism.
One hypothesis that might reconcile the visual, auditory, and motor control deficits
postulates that the different impairments stem from a common deficit in the processing
of temporal features of various kinds of stimuli. In other words, dyslexic individuals are
unable to process rapidly changing stimuli in all sensory modalities. including visual.
auditory, and motor domains. The inability to perceive rapid elements of speech leads to
phonological deficits (i.e.. dysiexics cannot “hear” distinct phonemes), which in turn
lead to reading difficulties. Stein and Waish (1997) suggest that the biological defect
underlying the deficits observed in dyslexia may lie in a particular magnocellular
neuronal cell line that plays a major role in temporal processing, noting that the defect

may be due to a genetic mechanism.

L.5. Genetic studies demonstrate a genetic basis for dyslexia
1.5.1. Twin and family studies

Familial aggregation of dyslexia has been well documented for almost 50 years
(Hallgren 1950: Zahalkova et al. 1972; Gilger et al. 1991), and numerous twin and
family studies have shown that there is a significant genetic contribution to dyslexia. A
study by DeFries et al. (1987) found significant evidence for a genetic aetiology in
reading disability in twins. Further investigation found a dyslexia concordance rate of
68% in monozygotic twins and 38% in dizygotic twins (after cormrecting for
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ascertainment bias), suggesting both genetic and environmental components to dyslexia
(DeFries and Alarcén 1996). High heritability estimates for several reading components
also support a genetic basis of reading disability, with heritabilities of 0.51 for reading
comprehension and 0.73 for spelling (Stevenson et al. 1987), and 0.93 for the
phonological coding component of word recognition, whereas the orthographic coding
component of word recognition was not heritable (Olson et al. 1989). Despite the data
indicating a genetic basis for reading disability, the mode of inheritance is not clear.
There is evidence for autosomal dominant, autosomal recessive, and polygenic
inheritance of dyslexia, and, as seen with most common disorders, genetic heterogeneity
is apparent (Hallgren 1950, Finucci et al.1976; Lewitter et al. 1980; Pennington et al.
1991).

1.5.2. Linkage and linkage disequilibrium studies

Linkage analysis tests for cosegregation of a chromosomal marker and disease
within a pedigree (or set of pedigrees) to determine whether the marker and a disease-
predisposing gene are physically linked (i.¢., in close proximity) to each other. Association
analysis. however, compares marker frequencies in patients and control individuals and
tests for the co-occurrence of a particular marker variant (allele) and the disease at the
population level. This association may be the result of co-transmission of the disease gene
and marker allele during meiosis (non-independent assortment) due to their close proximity
on the same chromosome. In other words, the disease gene and marker allele are in linkage
disequilibrium with each other. However. an association can also result from ethnic
differences. and thus marker frequency differences, between patients and controls, referred
to as population stratification. Thus, family-based association methods are often employed
in which marker alleles that are not transmitted from parents to children within families
form the control population in the analysis. thus preventing associations due to population
stratification.

The first documented linkage study of dyslexia reported linkage between reading
disability and chromosome 15 centromeric heteromorphisms (Smith et al. 1983), which
could not be replicated by an independent study (Bisgard et al. 1987). Subsequent analyses
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by Smith et al. (1991) using additional families found weakly significant results for markers
on chromosome 15q distal to the region previously identified. More recently, Grigorenko et
al. (1997) found weak linkage between single-word reading (a global measure of reading
ability) and chromosome 15q21-q22 (referred to as DYXT), located approximately 40cM
from the centromere and 25cM from the 15q region identified by Smith et al. (1991).
Supportive evidence for linkage was also found between a spelling component of reading
disability and DYX! (Schulte-K&me et al. 1998b; Néthen et al. 1999), but linkage was not
found in a large kindred with multiple affected members (Sawyer et al. 1998). Significant
linkage disequilibrium has also been detected between reading disability and marker
haplotypes spanning ~IcM on the centromeric end of this region (Morris et al. 2000a,b).
Finally, two families have been identified with balanced translocations ~6Mb apart in the
15¢21-q22 region, further supporting the presence of this locus. However, the fact that the
translocation breakpoints are far apart suggests that one (or both) of the translocations may
occur by coincidence and may not be involved in reading disability, or that two separate
dyslexia genes exist in this region, or that the breakpoint of one family disrupts the dyslexia
gene while the breakpoint of the other family disrupts a distant regulatory region of this
gene. Further studies are therefore necessary to determine whether one or more than one
susceptibility locus exists on 15q21-q22.

The second reported dyslexia-predisposing region was identified by Rabin et ai.
(1993), who found suggestive evidence for linkage between a reading and spelling
phenotype and chromosome 1p34-p36. near the Rh locus. Grigorenko et ai. (1998) have
also reported moderate evidence for linkage in this region; however, other studies have not
been able to replicate this linkage (Smith et al. 1998; Sawyer et al. 1998).

The most convincing evidence for a dyslexia susceptibility locus has been found on
chromosome 6p21.3-p22 (referred to as DYX2), reported by five independent studies. After
an initial report of evidence for linkage to the human leukocyte antigen (HLA) region of
chromosome 6 (Smith et al. 1989), Cardon et al. (1994) investigated the same kindreds and
an independent sample and reported linkage between a composite measure of reading
disability and a 2 ¢cM region within HLA. Grigorenko et al. (1997, 2000) have since found
evidence for linkage between several reading phenotypes and 6p21.3-p22, a region
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overlapping and telomeric to that suggested by Cardon et al. (1994). Furthermore, two
studies employing quantitative trait methods reported linkage of pkonological and
orthographic measures of reading to 6p21.3-p22 (Fisher et al. 1999; Gayan et al. 1999). The
linkage to the HLA region is interesting because of evidence of increased immune deficits
in dyslexia families (Behan and Geschwind 1985; Pennington et al. 1987; Crawford et al.
1994). However, Tunc et al. (2000) recently reported significant linkage disequilibrium
between dyslexia and marker haplotypes spanning 1.5Mb on the telomeric end of this
region (6p22), outside of HLA, suggesting that DYX2 is more probably not an HL.A gene
and thus may not be involved in immune function. In contrast to the above linkage reports.
Field and Kaplan (1998) investigated a large sample of families and were unable to find
significant evidence for linkage to DYX2 using a qualitative phonological coding dyslexia
phenotype, and Sawyer et al. (1998) were also unable to replicate this linkage. Thus, while
several studies have provided convincing evidence for the existence of the DYX2 dyslexia
susceptibility locus. it appears that this gene may be responsible for only a proportion of
dystexia cases.

Most recently. a dyslexia locus on chromosome 2p15-p16 (DYX3) has been
identified in a large Norwegian family with autosomal dominant inheritance of dysiexia
(Fagerheim et al. 1999). While statistically significant evidence for this locus was
reported, replication in an independent sample would be helpful in confirming and
localizing the locus. However. there have not been any reports to date of either

replication or nonreplication of DYX3.

L.6. Genetic investigation of complex traits

[n the studies discussed above, some groups were able to replicate and thereby
confirm previous linkage findings. while other groups were unable to do so. Thisis a
familiar scenario for common genetic disorders, and is the result of the complex genetic and
environmental components underlying these disorders (Lander and Schork 1994). With
respect to the genetic complexity, the general view is that muitiple genes of small to
moderate effect confer compounding disease risk through interactions with each other and
with non-genetic nisk factors. Thus, the mode of inheritance of complex traits is generaily
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considered to be oligogenic (few genes work together to confer risk) or polygenic (many
genes together confer risk). The same genes may be commonly involved in conferring
disease risk across populations, or they may vary in number and strength between
populations, potentially to the degree that, in certain populations, some genes are “major”
susceptibility genes with a significant genetic effect. These “major” genes may display
complete penetrance or, more often, incomplete penetrance that is dependent on age, sex.
other genes, and/or the environment. In addition to this locus heterogeneity, in which
different genes confer variable risk in different populations, complex disorders may also
display allelic heterogeneity, in which different mutations in a single gene confer risk of the
disorder. To highlight the effect of genetic heterogeneity in dyslexia studies, in a recent
follow-up study of the 6p21.3 dyslexia locus, Grigorenko and colleagues reported that
after increasing the number of dyslexia families, the reading components showing
linkage to this locus were different than in the original study (Grigorenko et al. 1997.
2000). Thus. the detection of linkage (and linkage disequilibrium) appears to depend on
the sample being studied, due to varying proportions of families linked to different
regions in different samples (i.e.. locus heterogeneity).

Another factor that hampers the identification of complex trait genes, and is
especially problematic in studies of dyslexia, is phenotypic uncertainty. Because many
dyslexic individuals have deficits in reading components in addition to phonological
deficits. it is difficult to precisely define the dyslexia phenotype. As a result, many
genetic studies discussed above utilized various reading components, usually including
phonoloegical coding, to assess reading disability. Several reading skills were found
linked to the same chromosomal region, suggesting that one gene may play a role in
multiple aspects of reading, which is not surprising given the substantial correlations
among reading skills. In contrast, separate reading skills also showed linkage to different
chromosomal regions, implying that independent genes may be involved in distinct
reading skills. However, as Pennington (1997) points out, “the variance and reliability of
the behavioral phenotypes and differences in informativeness of (genetic) markers may
lead to seemingly different linkage results for two correlated phenotypes™. As a result,
the reading phenotype may affect the ability to detect linkage and/or linkage
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disequilibrium to a susceptibility locus, and the use of different phenotypes in different
studies may be one reason that identified loci have not been confirmed in all studies.

Because of the difficulties encountered in genetic studies of complex traits, a
number of strategies have been employed to try to define a2 more genetically
homogeneous trait from a complex trait, thereby increasing the chances of identifying
susceptibility genes. One strategy is to define a specific phenotype, alluded to above. or
to study severe cases of the disorder. Another method is to focus on early-onset cases.
which has proven successful in studies of Alzheimer’s disease, in which the presenilin 1
(PSI), presenilin 2 (PS2), and beta amyloid protein (beta 4PP) susceptibility genes were
identified. and hereditary breast cancer, in which the breast cancer gene 1 (BRCA!) is
involved. Focusing on “high-risk™ families with multiple affected members also allowed
the identification of the BRCA2 breast cancer susceptibility gene. Another way to
improve the prospects of identifying complex trait genes is to focus on specific ethnic
groups. in which there will be greater genetic and allelic homogeneity than in a mixed
(outbred) population. Having said this. recent linkage disequilibrium studies of outbred
populations Aave been successful in implicating particular genes in susceptibility to
complex traits, such as the peroxisome proliferator-activated receptor-y (PPARY) and the
calpain-10 (C4APN!0) genes in type II diabetes (Altshuler et al. 2000; Horikawa et al.
2000). However. in these cases, the disease associations are not as definitive as for the
examples discussed above and. ultimately, functional and mutational studies will be
required to prove that these genes are indeed involved in type I diabetes. Because of the
greater genetic heterogeneity in mixed populations, there is increasing consensus in the
literature that extremely large sample sizes will be needed to identify complex trait genes
(Altshuler et al. 2000, Rao 2001). However, cost and time constraints may make it more
feasible for investigators to combine samples for analysis, as long as the samples are
similar with respect to ascertainment scheme and phenotypic measurements, among
other considerations. Alternatively, meta-analysis of resuits from multiple independent
linkage studies may be successful in identifying complex trait loci.
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L.7. Objective

To identify loci involved in susceptibility to dyslexia, Dr. Leigh Field and Dr.
Bonnie Kaplan have been conducting a linkage study of Canadian families with dyslexic
members. The primary objective of my Ph.D. thesis was to investigate a region on
chromosome 6q where preliminary analyses found evidence for linkage to dyslexia. [
also followed up previous studies in the [aboratory on the chromosome 6p dyslexia
region (DYX2) by performing quantitative-trait locus (QTL) linkage analyses of this
region. Furthermore, | investigated the chromosome 2p15-p16 region (DYX3) for
evidence of linkage and linkage disequilibrium in our family dataset. And finally, [
investigated markers from loci of candidate gamma-aminobutyric acid (GABA) receptor
genes, dopamine receptor genes, and the dopamine transporter gene for linkage and
linkage disequilibrium in our family sample, to determine whether any genetic evidence

could be established to suggest a role for these genes in dyslexia.
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Chapter Two: Subjects and Methods

2.1. Study design

As discussed in the Introduction, the majority of dyslexic individuals have
deficits in phonological coding, and the high heritability of phonological coding
indicates that this skill has a large genetic basis. In 1991, Dr. Field and Dr. Kaplan began
a study to identify the genetic loci involved in susceptibility to phonological coding
dyslexia (PCD). In brief, families with reading disabled members were primarily
ascertained from local learning disability schools, although local media attention also
attracted families to the study. All family members underwent a battery of psychometric
reading tests to assess four reading components; adults were also assessed for reading
history. This information was used to determine a PCD diagnosis for all members, thus
the prior reading disability diagnoses that initially brought the families into the study
were confirmed by independent methods. All subjects supplied a blood sample from
which DNA was extracted, and microsatellite marker genotyping was performed. To
find PCD susceptibility loci, parametric (modei-based) and nonparametric (model-tree)
linkage analyses and linkage disequilibrium analyses of the PCD phenotype were
performed. [n addition, because analysis of a quantitative trait is often more powerful to
detect linkage than analysis of a qualitative trait (Wijsman and Amos 1997), and because
quantitative linkage analysis methods for use in human studies have undergone
significant development in the past few vears, I performed quantitative-trait locus (QTL)
linkage analyses of the four reading components.

2.2. Subjects

A total of 100 families with at least two PCD siblings (by our diagnosis, see
Section 2.5) were ascertained from Calgary-area schools for learning disabled children
and through the local media. Exceptions to the “two PCD siblings” criterion were three
families that had only one affected member, and three families that had two or more
affected members who were not siblings. These families were included in the study since
they had already undergone extensive psychometric testing and had DNA sampled when it
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was determined that they did not contain two affected siblings, and they had the potential to
contribute information to the linkage analyses, particularly QTL linkage analyses. All
subjects were >8 years of age and gave informed consent (for children, one parent gave
informed consent) in accordance with the University of Calgary Ethics Review Board.
The initial study design was to collect nuclear families consisting of both parents, two or
more affected siblings, and unaffected siblings, if available. As outlined in Table 2.1, of
the 100 families, 50 were nuclear families (although note that seven of these families had
only one parent participate). However, many families that entered the study also had
affected extended family members who were invited to participate in the study, thus 50
of the 100 families were extended kindreds (a nuciear family and additional branches).
Although detailed ethnic information was not obtained during ascertainment, family
surnames and Dr. Kaplan’s familiarity with the families were used to determine ethnic
backgrounds. Ninety-five of the families were considered to be of European ancestry,
and one extended pedigree was of European ancestry except for a married-in African-
American father and his two children. Four nuclear families were of non-European
ancestry (one nuclear family each consisted of a Chinese father, a Japanese father, a First
Nations mother, and a Middle Eastern father). Of the total 919 participants, 554 were
adults and 365 were children <18 vears of age. The number of subjects that underwent
psychometric testing and had DNA sampled was 901, and an additional 18 subjects had
DNA sampled but did not undergo psychometric testing, but instead were diagnosed
based on reading history only. To create complete pedigrees for linkage analyses, family
members who were either deceased or declined participation were included in some
pedigrees, resulting in a total of 1092 individuals used in the linkage analyses. Many
families appeared to exhibit autosomal dominant transmission, even though
ascertainment was without regard to the affection status of parents. Approximately one-
third of the families were bilineal pedigrees, in which both parents of a nuclear pedigree.
or two parents in an extended pedigree, had a personal or family history of reading
problems, suggesting assortative mating (choosing a mate based on phenotype).

Because ascertainment of families spanned several years, genetic analysis began
before ascertainment was completed. Thus, the earliest investigation, discussed in



Table 2.1

Description of faumily samples

Number of families participants % PCD affected,

Sample nuclear extended European/Non-European (adult, child*) unaffected, uncenain male:female ratios
79 45 34 76/3 615 53%,33%,14% 1.6:1 affected
families (374, 241) adults: 40%,44%,16% 1:1,7 unaffected

children: 75%,16%,9% 1.2:1 uncertain
83 43 40 83/0 805 50%,34%,16% 1.7:1 affected
families (485, 320) adults: 37%,44%,19% 1:1.7 unaffected

children; 71%,18%,11% 1:1 uncenain
96 46 50 96/0 902 52%,33%,15% 1.8:1 affected
families (548, 354) adults: 39%,42%,18% 1:1.7 unaffected

children: 72%,18%,10% 1:1 uncertain
100 50 50 96/ 4 919 52%,32%,16% 1.7:1 affected
families (554, 165) adults: 39%,42%,19% 1:1.6 unaffected

children: 73%,17%,10% 1.1:1 uncertain

® Less than 18 years of age.

91
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Chapter Three (Absence of Significant Linkage Between Phonological Coding Dyslexia
and Chromosome 6p23-21.3 (DYX2) Using Quantitative-Trait Methods), was conducted
using a sample of 79 families. As outlined in Table 2.1, 45 of the 79 families were
nuclear families (note that three families had only one parent participate), and 34 were
extended pedigrees. Note that this sample of 79 families included three of the non-
European families and the African-American married-in father and his two children.
There were a total of 711 individuals used in linkage analyses, with 615 subjects (86%)
participating in the study (i.e., underwent PCD diagnosis and had DNA sampled), of
whom 374 were adults and 241 were children.

The investigations discussed in Chapter Four (Evidence for a Dyslexia
Susceptibility Locus (DYX4) on Chromosome 6q11.2-qi2) and Chapter Five
(Confirmation of the DYX3 Dyslexia Susceptibility Gene on Chromosome 2p15-p16)
were conducted after ascertainment was completed. These studies used a sample of 96
European families, which included 76 of the 79 families described above (non-
Europeans were excluded), additional members of these families, and new families. As
outlined in Table 2.1, 46 families were nuclear pedigrees (note that five families had only
one parent participate) and 50 families were extended kindreds. This sample comprised
1071 individuals for linkage analyses, with 902 subjects (84%) participating in the study.
of whom 548 were adults and 354 were children.

The investigation discussed in Chapter Six (Invoivement of Neurotransmitter
Receptor Genes in Susceptibility to Dyslexia) was conducted after ascertainment was
completed. This study used a sample of 83 European families, which was the same as the
sample of 96 families described above except that it did not include 13 bilineal families.
These 13 families were not expected to contribute greatly to the linkage analyses, so they
were excluded from the sample to preserve resources. As outlined in Table 2.1, 43 of the
83 families were nuclear pedigrees (note that five families had only one parent participate)
and 40 families were extended kindreds. This sample comprised 938 individuals for
linkage analyses, with 805 subjects (86%) participating in the study, of which 485 were
adults and 320 were children.
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2.3. Reading phenotypes

All participants completed a battery of psychometric tests that assessed four
components of reading: phonological awareness, phonological coding, spelling, and
rapid automatized naming (RAN). Adult subjects also participated in an eight-item
structured interview that assessed reading history. The first three reading components
were assessed since they utilize some degree of phonological skills, which was our
primary interest because of the deficits in these skills in dyslexic individuals. Thus, these
three reading measures were used to determine each subject’s PCD diagnosis, which was
used in qualitative linkage analyses and linkage disequilibrium analyses. In addition,
each of these three measures was used separately as a continuous measure in QTL
linkage analyses. The fourth reading component (RAN) was assessed because of reports
of deficits in rapid naming of pictured objects, colors, numbers, and letters in dyslexic
people (Denckla and Rudel 1976; Wolf et al. 1986; Felton et al. 1990; Bo'wers and
Swanson 1991). Since it appears that the RAN deficits and phonological deficits may be
independent from each other (Wolf 1999), the RAN measure was not used for PCD
diagnosis. RAN speed was used for QTL linkage analyses, however. Full-scale
intelligence quotient (IQ) was estimated using a short form of the Wechsler Intelligence
Scale for Children for subjects 8-16 years of age (Wechsler 1974), and a short form of the
Wechsler Adult Intelligence Scale for aduit subjects (Wechsler 1981). Since these [Q tests
included reading components, the scores of dyslexic individuals were expected to be
depressed. For this reason and because the IQ test only estimated the IQ, low [Q was not
used as an exclusionary criterion and [Q was not used for diagnosis of PCD or for QTL

linkage analyses.

2.4. Quantitative reading measures
2.4.1. Phonological awareness

Phonological awareness, the ability to recognize and manipulate phonemes, was
assessed using the Auditory Analysis Test (Rosner and Simon 1971). For this test, the
subject was asked to repeat a word, for example the word “cat”, and then asked to say

the word that results from removing a particular phoneme, for example the phoneme
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“kuh”. The correct response in this case would be “at”. The number of correct responses
to 23 questions was recorded. Statistical analyses (see Section 2.6) showed that the
distribution of scores was negatively skewed towards the maximum raw score of 23
(15% of children and adults scored 23). This observation, in which the test results
plateau at upper scores, is referred to as ceiling effects, and may be due to an
inappropriate test design for measurement of higher skill levels, such as in adults.
Alternatively, the skill being assessed may be learned at an early age and not improve
past a certain age, thus a sample containing a large proportion of older subjects will have
a score distribution that is skewed towards high values. Unfortunately, retesting of
subjects with a more sensitive test battery without ceiling effects was not possible. Since
statistical analyses also showed that 7% of the variation in the Auditory Analysis Test in
children was due to variation in age, raw test scores were age-adjusted for subjects less
than 18 years of age. To try to ameliorate the ceiling effects, raw scores of 23 were
excluded prior to age adjustment, since subjects may have scored higher if the test had
allowed, thus scores of 23 may be unreliable. Adjustment was performed on the
remaining scores using the formula: raw score + [(18-age) x 0.716], with the age-
adjustment factor (0.716) determined by statistical analyses of all children in the
dyslexia families and 112 control children (see Section 2.7). However, this adjustment
method resulted in a smaller data set with reduced variance, which was expected to have
less power to detect linkage by QTL methods. Thus, adjustment was also performed
using all scores (i.e., including scores of 23) by the same formula as above. This data set
had higher variance and was expected to have more power to detect linkage, thus further
analyses were only performed on data adjusted using the latter method.

2.4.2. Phonological coding

Phonological coding is the ability to apply grapheme-phoneme correspondence
rules to the pronunciation of nonwords, and was tested by the word attack subtests of the
Woodcock Johnson Psychoeducational Battery - Revised (Woodcock and Johnson 1989)
and the Woodcock Reading Mastery Test (Woodcock 1987). For these tests, the subject

was presented with a written “nonsense word” (a word that does not exist in the English
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fanguage), and asked to pronounce this word. The number of correct responses to 30
trials was recorded for both tests. For the former word attack subtest, raw scores were
converted into age-adjusted standard scores using norms provided in the test protocol.
For the latter word attack subtest, raw scores were converted into age-equivalent scores
(maximum 18 years of age) using norms provided in the test protocoi. Since these age-
equivalent scores are not as informative as standard scores, the latter word attack subtest
was not used for QTL linkage analyses, and the descriptive statistics of this measure
were not determined. Normative data provided with both phonological coding subtests
show ceiling effects in adults.

2.4.3. Spelling

Spelling ability draws upon both phonological skill and orthographic skill
(recognition of the symbols that represent sounds), with novice readers primarily relying
on phonological cues and experienced readers generally using orthographic cues to spell
(Ehri 1995). Poor spelling in dyslexic individuals is resistant to remediation and persists
throughout adulthood, although some adults with dyslexia have normal spelling ability.
presumnably due to superior visual memory (Moats 1995). Spelling skill was measured
using the Level 1 (ages 5-11 years) and Level 2 (ages 12-75 years) Spelling subtests of
the Wide-Range Achievement Test — Revised (Jastak and Wilkinson 1984). The subject
was asked to write a recited word, and the number of correct responses to 45 trials
(Level 1 test) or 46 trials (Level 2 test) was recorded. Raw scores were transformed into
age-adjusted standard scores using norms provided in the test protocol. Normative data

provided with this test show ceiling effects in adults.

2.4.4. Rapid automatized naming speed

RAN, the ability to quickly recall and verbalize the rame of a presented object,
was assessed using the orthographically based Rapid Automatized Naming of Numbers
Test (Denckla and Rudel 1974; 1976) in which subjects quickly recite a list of 50 digits.
The number of correct responses (accuracy) and the time required to complete the list
(regardless of whether the response was correct or incorrect), which was then converted
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into digits recited per second (speed), were recorded. Strong ceiling effects in accuracy
were observed across all ages (most subjects obtained no errors), thus the accuracy
measure exhibited extremely low variance and therefore was not used in QTL linkage
analyses (note that RAN speed was used for QTL analyses). Statistical analysis showed
that 18% of the variation in RAN speed scores in children was due to variation in age,
thus age adjustment was performed for subjects less than 18 years old using the formula:
raw score + [(18-age) x 0.148]. The age-adjustment factor (0.148) was determined by
statistical analyses of all children in the dyslexia families and 112 control children (see
Section 2.7).

2.5. Qualitative phonological coding dyslexia phenotype

Reading is a complex skill drawing on multiple components. Many reading experts
consider the best indicator of reading disability to be a clinical diagnosis based on multiple
criteria. and they disagree with the partitioning of reading disability into separate traits,
which has been done in several dyslexia linkage studies. For this reason, we employed a
qualitative diagnosis (affected, unaffected, uncertain) of PCD for use in linkage and linkage
disequilibrium analyses.

Each subject was classified as PCD “affected”, “unaffected”, or “uncertain™ by
Dr. Kaplan and another psychologist using a consensual coding scheme. Children were
diagnosed as affected if there was 2 2 year difference between chronological age and
reading test performance, primarily using the scores on the two word attack
(phonological coding) tests, with the spelling and phonological awareness tests used to
refine the diagnostic certainty (RAN was not used for PCD diagnosis). For adults, the
phonological awareness, phonological coding, and spelling test scores were all
considered in the diagnosis, and particular weight was given to the reading history (for
further details, see Field and Kaplan 1998). Particularly for adults, cutoff scores could not
be used rigidly for the phenotype definition due to the importance of considering the
clinical history: the fact that one of the word attack subtests has published norms only
through 18 years of age, and the presence of ceiling effects in adults in some of the tests
may render the test results inaccurate. Subjects with ambiguous test scores and untested
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pedigree members were classified as uncertain, with the exception of 18 subjects who
were diagnosed based on a clear reading history. The use of the uncertain diagnosis
allowed subjects to remain neutral with respect to PCD phenotype, but to provide marker
genotype information in linkage analyses and linkage disequilibrium analyses. As
outlined in Table 2.1, in the sample of 79 families used in the investigation discussed in
Chapter Three, 53% of subjects were diagnosed as affected, 33% as unaffected, and 14%
as uncertain, with a male:female sex ratio in affected individuals of 1.6:1. In the sample
of 83 families used in the investigation discussed in Chapter Six, 50% of subjects were
diagnosed as affected, 34% as unaffected, and 16% as uncertain, with the affected
male:female sex ratio of 1.7:1. And finally, in the sample of 96 families used in the
investigations discussed in Chapters Four and Five, 52% of subjects were diagnosed as
affected, 33% as unaffected. and 15% as uncertain, with the affected male:female sex
ratio of 1.8:1. The large proportion of affected individuals in the samples was a

reflection of the dominant-like transmission observed in many pedigrees.

2.6. Statistical analyses

Statistical analyses were performed using the SAS package (SAS Institute 1990)
by Dr. Ming Fu Liu from Dr. Field’s laboratory. Specifically, age-adjustment analysis
was performed for the phonological awareness and RAN speed raw scores, since the
corresponding psychometric tests do not include norms for standardization of scores.
Age adjustment factors were determined from analysis of all of the dyslexia family
children and 112 control children (Section 2.7). After conversion of the raw scores of the
phonological awareness. phonological coding, spelling, and RAN speed tests to either
age-adjusted or standardized scores. the descriptive statistics (mean, standard deviation,
minimum. maximum, skewness, and kurtosis) were calculated. Finally, Pearson
correlation analyses were performed by analyzing the PCD phenotype using three
categories (category 1=affected; category 2=uncertain; and category 3=unaffected), and
by analyzing the reading measures as continuous variables in which a higher test score
corresponded to increased skill.




2.7. Control subjects

Children with normal reading ability {¥=112) ascertained for a separate dyslexia
study were used as controls in statistical analyses of the quantitative reading measures
used in this study. Control ages ranged from 8-16, and the male:female sex ratio was
2.7:1. Each child underwent psychometric testing as described in Section 2.4.
Phonological awareness and RAN speed raw test scores of the control children were
used to calculate age-adjustment factors (see Section 2.6). Descriptive statistics were
determined (see Section 2.6) for the phonological awareness, phonological coding,
spelling, and RAN speed measures (after raw scores were age adjusted or converted to
standard scores) and the estimated IQ (which was not used in QTL linkage analyses), as
shown in Table 2.2. The statistics for the phonological awareness and RAN speed
measures were particularly informative for comparison to these measures in the dyslexia

family samples. since the corresponding psychomertric tests do not include norms.

Table 2.2
Descriptive statistics of phonological awareness, phonological coding, spelling, RAN
speed, and estimated IQ in the sample of control children

Trait Mean SD Min Max Skewness Kurtosis
Phonological awareness® 2348 400 990 2835 -1.20 1.05
Phonological coding 11272 1323 82 138 -0.25 -0.65
Spelling® 10533 1200 74 133 0.08 0.16
RAN speed® 352 054 219 480 0.08 -0.48
Estimated 1Q” 11074 1275 80 141 -0.06 -0.45

NOTE — For all traits, lower scores indicate greater deficit.

? Data are age-adjusted scores.

® Data are standard scores according to test norms (normal population mean = 100,
standard deviation =15).
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2.8. Microsatellite marker genotyping

Genomic DNA was extracted from [4ml whole blood using a salting out
procedure modified from Miller et al. (1988). Blood cells were separated from plasma by
centrifugation (1600rpm for 20 minutes) and incubated in 50ml red blood cell lysis
buffer (0.144M NH,Cl, ImM NaHCQ;) for 15 minutes at room temperature. White
blood cells were collected by centrifugation (1500rpm for 15 minutes) and incubated in
2ml nuclei lysis buffer (10mM Tris, 0.4M NaCl, 2mM EDTA, pH 8.2) with 0.1% SDS
and 50ul 20mg/ml protease K at 37°C for 3 hours to overnight. DNA was separated from
proteins by addition of 2ml 6M saturated NaCl and 2ml ddH,0, vigorous shaking,
centrifugation (3000rpm for 45 minutes), and addition of 2.5x volume 95% EtOH to the
supernatant. Precipitated DNA was isolated using a glass pipette, rinsed in 70% EtOH.
air dried. resuspended in Iml low TE (10mM Tris pH 8.0, 0.imM EDTA pH 8.0), and
stored at —80°C. DNA concentrations were determined by UV spectrophotometry.
Sng/ul DNA stock samples were prepared and stored at 4°C. The amount of each DNA
sample required for genotyping (either 20ng or 25ng, see below) was aliquoted into a 96-
well Thermowell PCR plate (Costar) and dried at room temperature, and plates were
either used immediately or stored at 4°C until use.

Microsatellite marker genotyping was performed with technical assistance by
manual or automated methods. For manual genotyping, the concentrations of reagents in
each PCR amplification reaction were as follows: 25ng dried DNA, 0.6uM forward and
reverse primers, 1x buffer N with 1.5mM MgCl, (50mM KCI, 10mM Tris pH 8.3,
170pg/ml bovine serum albumin, 0.05% Tween 20, 0.05% Nonidet P-40, 1.5mM
MgCly), 200uM each of dATP, dGTP, and dTTP, 2.5uM dCTP, 0.4MBq a-*?P-dCTP.
and 0.5units Taq DNA polymerase (Gibco BRL) in a final volume of 10ul, and each
well was overlaid with mineral oil. PCR amplification was performed with either an
Ericomp EasyCycler Series thermocycler or a Perkin Elmer GeneAmp PCR System
9600 thermocycler. The PCR program was as follows: 6 minutes denaturation at 94°C,
28 amplification cycles of | minute at 94°C, 2 minutes at 55°C, and 1 minute at 72°C,
followed by 6 minutes extension at 72°C, and soak at room temperature. In cases of poor
amplification, the annealing temperature was altered depending on primer GC contents.
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Following PCR amplification, Sl of loading dye (20mM EDTA, 0.05% bromophenol
blue, 0.05% xylene cyanol, 92% formamide) were added to each 10ul sample, of which
2ul were loaded onto a 6% acrylamide vertical gel (6% acrylamide, 420mg/mi urea,
0.1% TEMED, 0.25% ammonium persulfate, 1XTBE), with 2! bacteriophage
M13mpl8 DNA sequencing ladder loaded at regular intervals, and electrophoresed in
IXTBE buffer (10.8g/L Tris, 5.5g/L boric acid, 2mM EDTA pH 8.0) at 1000V.
Following electrophoresis, gels were exposed to Kodak autoradiography film overnight
at room temperature, and processed using an automated developer. Two laboratory
members independently called marker alleles, and allele sizes were manually entered
twice into the database.

For automated genotyping, the concentrations of reagents in each PCR
amplification reaction were as follows: 20ng dried DNA. 0.02uM M13-tailed forward
primer, 0.02uM reverse primer, 1x buffer N with 2mM MgCl; (50mM KCl, 10mM Tris
pH 8.3. 170pg/ml bovine serum albumin, 0.05% Tween 20, 0.05% Nonidet P-40, 2mM
MgCl,), 200uM each of dATP, dGTP. dTTP. and dCTP, 0.02uM [RDye-700 or -800
(Licor), and 0.25units Taq DNA polymerase in a final volume of 5ul, and each well was
overiaid with mineral oil. PCR amplification was performed with an Ericomp
EasyCycler Series thermocycler. The PCR program was as follows: 5 minutes
denaturation at 94°C, 30 amplification cycles of 3¢ seconds at 94°C, 75 seconds at 55°C.
and 15 seconds at 72°C, followed by 6 minutes extension at 72°C, and soak at room
temperature. [n cases of poor amplification, the annealing temperature was altered
depending on primer GC contents. Following PCR amplification, 2l of IR* Stop
Solution (Licor) were added to each Sul sample, of which 1pl was loaded onto a 5%
acrylamide 18cM vertical gel (1x FMC Bioproducts Long Ranger Gel Solution,
350mg/ml urea, 0.05% TEMED, 0.05% ammonium persulfate, IxXTBE), with Lul
[RD700 or IRD800 50-350bp Sizing Standard (Licor) loaded at regular intervals, and
electrophoresed in 1XTBE buffer at 1200V on a LI-COR 4200S-2 Gene ReadIR DNA
Analyzer. Marker aileles were called by GenelmagR software and confirmed by a
laboratory member, and allele sizes were automatically entered into the database. Two




control individuals were genotyped and electrophoresed on every gel to assist in

consistency in allele calling.

2.9. Determination of marker allele frequencies

Marker allele frequencies required for linkage analyses were determined by
counting alleles in the parents of one nuclear family selected from each pedigree.
Nuclear families were selected on the basis of: 1) having at least two affected child
siblings (<18 years of age), or if that was not possible, then 2) having one affected child,
or if that was not possible, then 3) having two or more affected adult siblings. Marker
allele frequencies were determined from sample parents because linkage analyses use
allele frequencies to infer missing genotypes in the pedigrees, which thereby has an
effect on the calculation of the likelihood of linkage. Thus, it is advisable to perform
linkage analyses using allele frequencies estimated from the sample under study, rather
than using published allele frequencies that are determined from another sample.
However. there were relatively few missing genotypes in the dyslexia pedigrees (e.g.
84% - 86% of individuals were genotyped. depending on the sample; see Section 2.2),

thus the linkage analyses were not heavily dependent on marker allele frequencies.

2.10. Sequence-tagged site content mapping

Human physical maps consist of contigs of overlapping clones of human
sequence. The earliest physical maps are based on yeast artificial chromosomes (YACs),
which consist of yeast centromeres, telomeres, and autonomous-replication sequences
(similar to replication origins), and human DNA segments approximately one Megabase
(Mb) in size. However, YACs are limited by problems of chimerism (containing
fragments from more than one genomic region) and instability in some regions, thus
later maps utilize the more stable bacterial artificial chromosomes (BACs) and P1 phage
artificial chromosomes (PACs). Sequence-tagged sites (STSs), which are simply unique
chromosomal markers in the genome, have been localized on the physical maps by PCR
amplification. While physical maps allow localization of markers on a finer scale than

genetic maps, they suffer from problems of inappropriate overlaps due to chimerism (for
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YAC-based maps) and incorrect contig orientation (thus incorrect marker order) due to
gaps between contigs. Thus, physical map marker locations may be inaccurate.

YAC clones created by the Centre d’Etude du Polymorphisme Humain (CEPH)
(Dausset et al. 1992) were selected from the Whitehead Institute/MIT Center for
Genome Research (WICGR) STS map (Hudson et al. 1995) and were obtained from the
MRC Genome Resource Facility in Toronto, Ontario. Each clone was thawed from
-80°C, streaked onto selective media (SD-URA-TRP+Amp), and incubated at 30°C for
48 hours. DNA from each clone was prepared with technical assistance in the following
manner: a single colony from the selective plate was inoculated into 10ml YEPD+ADE
and grown for 36 hours in a 30°C shaking water bath. Cells were isolated by
centrifugation (2000rpm for 5 minutes), washed with ddH,O, and sheared by vortexing
for 3 minutes following resuspension in 200ul GDIS (2% Triton X-100, 0.1% SDS, 2%
5N NaCl. ImM EDTA, 10mM Tris pH 8.0). 200ul phenol:chloroform. and addition of
0.35g acid-washed giass beads. Following centrifugation (12000rpm for 4 minutes) and
collection of the aqueous layer, single-stranded RNA was degraded by addition of 12ui
10mg/ml RNAseA and incubation for 20 minutes at room temperature. DNA was
isolated by addition of 8ul 7.5M NH4OAc and 1ml 100% EtOH, centrifugation
(12000rpm for 10 minutes), removal of the aqueous layer, and air-drying the DNA
pellet. DNA was resuspended in 50ul ddH,O. DNA concentration was estimated in the
following manner: restriction enzyme digestion of Sl resuspended DNA with 15pul of |
unit EcoR1 restriction endonuclease (New England Biolabs) in 1xNEBuffer EcoRl,
incubation at 37°C for 2 hours, followed by electrophoresis of 10pul of the digested
product and 1pi loading buffer (0.25% bromophenol blue, 0.25% xylene cyanol, 30%
glycerol in ddH>0) on a 1% agarose gel (UltraPure; Gibco BRL) in IXTAE buffer
(4.84¢g/L Tris, 1.14ml/L glacial acetic acid, 50mM EDTA pH 8.0), with 10ul of 0.1ug/ul
1kb DNA ladder (Gibco BRL) loaded at regular intervals, staining in ~1pg/mi ethidium
bromide in IXTAE, destaining in ddH,O, photography under UV illumination, and
comparison of band intensities to DNA ladder intensity.
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The locations of markers on the WICGR STS map (Hudson et al. 1995) were
confirmed with technical assistance by PCR amplification of each marker on YAC clone
DNA. Amplification was performed with only the YAC clone(s) to which the marker
mapped and adjacent YAC clones. The concentrations of reagents in each PCR
amplification reaction were as follows: 100ng-400ng YAC clone DNA (or 120ng human
genomic DNA for positive control, or no DNA for negative control), 0.5uM forward and
reverse marker primers, Ix buffer N with 1.5mM MgCl,, 200uM each of dATP, dCTP.
dGTP. dTTP, and 1 unit Taq DNA polymerase in a final volume of 50ul. Each well was
overlaid with mineral oil. PCR conditions were as follows: 6 minutes denaturation at
94°C, 25 amplification cycles of 1 minute at 94°C, 2 minutes at 55°C, and | minute at
72°C, followed by 10 minutes extension at 72°C, and soak at room temperature. In cases
of poor amplification, the annealing temperature was altered depending on primer GC
content. Immediately prior to electrophoresis, 10ul of each amplified sample were
combined with Sul 0.2mg/ml RNAse A and 2ul loading buffer, which were then loaded
on a 1% agarose gel in IXTAE buffer, with 10ul of 0.1pg/ul 1kb DNA ladder loaded at
regular intervals, and electrophoresed at 100V. Gels were stained with ethidium bromide
in IXTAE., destained in ddH,O, and photographed under UV illumination. The presence
of an amplified product of the same size as expected based on sequence information

indicated the presence of the particular marker on that YAC clone.

2.11. Radiation hybrid mapping

Radiation hybrid (RH) mapping is a somatic cell method based on the fusion of
lethally irradiated donor cells to non-irradiated recipient cells of another species, which
stably retain fragments of the donor chromosomes. RH mapping uses the co-retention
frequencies of two markers in the hybrids as a statistical measure of the distance
between the markers. Distances are expressed in centiRay ) units, where 1 cRy rag
corresponds to a 1% frequency of breakage between two markers after exposure to “N™
rad of X-rays. Since RH maps are based on breaks induced by radiation, instead of
meiotic recombination as for genetic maps, these two mapping methods are

complementary.
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The MRC Genome Resource Facility in Toronto, Ontario performed radiation
hybrid mapping of selected markers on the WICGR RH framework map (Hudson et al.
1995), a lod 2.5 framework map in which markers are ordered with an odds ratio of
~300:1. Marker primers were PCR amplified on the GeneBridge 4 panel of 93 donor
human/recipient hamster RH cell lines (Gyapay et al. 1996). This panel was constructed
using 3000rads of X-ray irradiation, with a marker retention frequency of ~29% (i.e.,
each marker was retained in ~29% of the cell lines), and thus has low resolution (1cR =
~270kb) relative to other panels. The results of the PCR assays (positive, negative, or
discrepant amplification between duplicate assays) were emailed to the WICGR
Mapping Service (www(@genome.wi.mit.edu), where RHMAPPER software
(http://www.genome.wi.mit.edu/ftp/pub/software/thmapper) was used to map each
marker using a maximum likelihood model. The mapping results consisted of marker
placements on the framework map with distances to framework markers. and the odds

ratio of each placement relative to the next most likely placement.

2.12, Genetic mapping

Marker order from published genetic maps was confirmed and intermarker
genetic distances were determined from analysis of the dyslexia families by the
MultiMap genetic map building program (version 2.0) (Lander and Green 1987; Matise
et al. 1994). This program utilizes a novel algorithm that rapidly and sequentially builds
a multipoint map from genotype data and validates the map at each stage in the analysis
by determining whether the marker order has a higher likelthood than other orders.
Specifically, as each marker is placed on the map, the order of each pair of adjacent
markers is reversed (the markers are “flipped™). The likelihood of this flipped order will
presumably be lower, given the genotype data, otherwise the marker is placed elsewhere
on the map until a better map is found. A low-resolution framework map of markers
uniquely placed with odds of 1000:1 or greater is first created, and then 2 comprehensive
map containing the remaining markers in their 1000:1 or greater odds locations is built
onto the framework map. The marker loci are added to the map in a manner determined
by the user, which in the current study was according to heterozygosity (i.e., the most



polymorphic markers were placed first). Markers that cannot be located with odds of
1000:1 or greater are not placed on the map, however their most likely locations with the

corresponding odds ratios are given, ailowing the user to place the marker on the map, if

desired.

2.13. Candidate gene restriction fragment length polymorphism genotyping
Candidate gene restriction fragment length polymorphisms (RFLPs), which are
sequence variants that change a restriction endonuclease recognition site, were selected
from the literature and genotyped on the family sample with technical assistance for the
purpose of linkage disequilibrium analysis. The selected RFLPs were serotonin receptor
HTRIBG-S11T, HTRIBT-261G, HTR!fdel-179/-178, and HTRIST371G (Phe to Cys
nonconserved variant) (NGthen et al. 1994), HTR18G861C (silent variant) (Lappalainen
etal. 1995), and HTRIE C531T (silent variant) (Shimron-Abarbanell et al. 1995). Unless
otherwise noted, the concentrations of reagents in each PCR amplification reaction were
as follows: 300ng sample DNA (or no DNA for a negative control), 0.5uM forward and
reverse primers. 1x buffer N in 2mM MgCl,, 250uM each of dATP, dCTP, dGTP, and
dTTP, and 0.5units Taq DNA polymerase in a total of 25ul, and each sample was
overlaid with mineral oil. PCR amplification was performed with either an Ericomp
EasyCycler Series thermocycler or a Perkin Elmer GeneAmp PCR System 9600
thermocycler. For most of the RFLPs, 100ng of a plasmid containing the RFLP’s
restriction endonuclease site was also amplified under the same conditions so that,
following PCR amplification, successful restriction endonuclease digestion of the
plasmid in PCR reagents would serve as a proper positive control for digestion. as
opposed to standard digestion of the plasmid in restriction endonuclease buffer only.
For HTRIBG-511T, the PCR conditions were: 6 minutes denaturation at 94°C,
30 amplification cycles of | minute at 90°C, 2 minutes at 60°C, and 3 minutes at 72°C,
followed by 6 minutes extension at 72°C, and soak at 4°C. The amplified samples and
pBR322 plasmid control were each digested at 65°C for 1.5 hours with 0.3 units Bsml
restriction endonuclease (New England Biolabs) and [x NEBuffer2 in a final volume of
5ul, to which 2pl loading buffer (0.25% bromophenol blue, 0.25% xylene cyanol, 30%
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glycerol in ddH,0) were added, of which 10ul were loaded onto a 4:1 Nusieve GTG
(Gibco BRL):agarose gel in 0.5xTBE, with 10ul of 0.1pg/ul 1kb DNA ladder loaded at
regular intervais, electrophoresed at 100V, stained with ethidium bromide in 1xTAE,
destained in ddH,0, and photographed under UV illumination. RFLP genotypes were
determined by presence of two fragments at 144bp and 91bp (nt -511: G), or one
fragment at 235bp (nt -511: T), and alleles were manually entered into the database.

For HTR18T-261G, PCR amplification was performed as described above
except that 100ng of DNA was amplified and 1x PCR enhancer (Gibco BRL) was also
added to the reaction. The PCR conditions were: 6 minutes denaturation at 94°C, 35
amplification cycles of 40 seconds at 94°C, 30 seconds at 61°C, and 30 seconds at 72°C,
followed by 6 minutes extension at 72°C, and soak at room temperature. The amplified
samples and pBR322 plasmid control were each digested at 55°C for 1.5 hours with 1
unit BsmAl restriction endonuclease (New England Biolabs) and 1x NEBuffer3 ina
final volume of 5ui, to which 2ul loading buffer (0.25% bromophenol blue, 0.25%
xylene cyanol, 30% glycerol in ddH,0) were added, of which 10ul were loaded onto a
2:1 Nusieve GTG:agarose gel in 0.5xTBE, with 10ul of 0.1pg/pl 1kb DNA iadder
loaded at regular intervals, electrophoresed at 100V, stained with ethidium bromide in
IXTAE, destained in ddH,O, and photographed under UV illumination. RFLP genotypes
were determined by presence of two fragments at 146bp and 16bp (nt —261: T) (note that
the 16bp fragment could not be seen on this concentration of gel), or one fragment at
162bp (nt -261: G), and alleles were manually entered into the database.

For HTR1f del-179/-178, PCR amplification was performed as described above
except that 2.5uM dCTP was used, 0.4MBq a-*P-dCTP was added to the reaction, and
the total reaction volume was 15ul. The PCR conditions were: 6 minutes denaturation at
94°C, 30 amplification cycles of 40 seconds at 94°C, 30 seconds at 63°C, and 30
seconds at 72°C, followed by 6 minutes extension at 72°C, and soak at room
temperature. Following PCR amplification, 5pl of loading buffer (20mM EDTA, 0.05%
bromophenol blue, 0.05% xylene cyanol, 92% formamide) were added to each sample,
of which 3l were loaded onto a 6% acrylamide vertical gel, with 2ul bacteriophage
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M13mpl18 DNA sequencing ladder loaded at regular intervals, and electrophoresed in
1xTBE buffer at 1000V. Following electrophoresis, gels were exposed to Kodak
autoradiography film overnight at room temperature, and processed using an automated
developer. Genotypes were determined by presence of a 251bp fragment (no del-179/-
178) or a 249bp fragment (del-179/-178), and alleles were manually entered into the
database.

For HTR1BT371G, PCR amplification was performed as described above, and
the PCR conditions were: 5 minutes denaturation at 94°C, 35 amplification cycles of |
minute at 94°C, 2 minutes at 57°C, and | minute at 72°C, followed by 10 minutes
extension at 72°C, and soak at 4°C. The amplified samples and pBK-RSV plasmid
control were each digested at 37°C for 1.5 hours with 0.5 units Vhel restriction
endonuclease (New England Biolabs) and 1x NEBuffer2 in a final volume of 5ul, to
which 2ul loading buffer (0.25% bromophenol blue, 0.25% xylene cyanol, 30% glycerol
in ddH,0) were added, of which 10l was loaded onto a 2:1 Nusieve GTG:agarose gel
in 0.5xTBE, with 10ul of 0.1ug/ul 1kb DNA ladder loaded at regular intervals,
electrophoresed at 100V, stained with ethidium bromide in 1xTAE, destained in ddH,0.
and photographed under UV illumination. RFLP genotypes were determined by presence
of one fragment at 258bp (nt 371: T), or two fragments at 238bp and 20bp (nt 371: G)
(note that the 20bp fragment could not be seen on this concentration of gel), and alleles
were manually entered into the database.

For HTR1 G861C, PCR amplification was performed as described above, and
the PCR conditions were: 6 minutes denaturation at 94°C, 30 amplification cycles of 1
minute at 90°C, 2 minutes at 57°C, and 3 minutes at 72°C, followed by 6 minutes
extension at 72°C, and soak at 4°C. 10ul of the amplified samples (no plasmid control)
were digested at 37°C for 2 hours with 1.25 units HincII restriction endonuclease (Gibco
BRL) and 1x React4 buffer in a final volume of 10ul, to which 2l loading buffer
{0.25% bromophenol blue, 0.25% xylene cyanol, 30% glycerol in ddH,0) were added,
of which 10pl were loaded onto a 1% agarose gel in 1XTAE, with 10ul of 0.1pg/ul 1kb
DNA ladder loaded at regular intervals, electrophoresed at 100V, stained with ethidium
bromide in 1XxTAE, destained in ddH,0, and photegraphed under UV illumination.
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RFLP genotypes were determined by presence of two fragments at 260bp and 200bp (nt
861: G) or one fragment at 460bp (nt 861: C), and alleles were manually entered into the
database.

For HTRIE C531T, PCR amplification was performed as described above, and
the PCR conditions were: 6 minutes denaturation at 94°C, 28 amplification cycles of 1
minute at 94°C, 2 minutes at 65°C, and | minute at 72°C, followed by 6 minutes
extension at 72°C, and soak at 4°C. The amplified samples and pUC18 plasmid control
were each digested at 37°C for 1.5 hours with 0.5 units Malll restriction endonuclease
(New England Biolabs) and 1x NEBuffer 4 in a final volume of 5ul, to which 2ul
loading buffer (0.25% bromophenol blue, 0.25% xylene cyanol, 30% glycerol in ddH>0)
were added, of which 10ul were loaded onto a 4:1 Nusieve:agarose gel in 0.5xTBE, with
10pul of 0.1pg/ul 100bp DNA ladder (Gibco BRL) loaded at regular intervals,
electrophoresed at 100V, stained with ethidium bromide in 1XTAE, destained in ddH,0,
and photographed under UV illuminatior. RFLP genotypes were determined by presence
of one fragment at 73bp (nt 531: C) or two fragments at 67bp and 6bp (nt 531: T) (note
that the 6bp fragment could not be seen), and alleles were manually entered into the
database.

2.14. Qualitative linkage analyses of PCD
2.14.1. Parametric linkage analysis

Parametric linkage analysis, also referred to as lod score analysis, looks for
cosegregation of a polymorphic chromosomal marker and a disease of interest within
families to determine whether the marker and a disease-predisposing gene are linked to
each other on a chromosome. The analysis is performed under a model that specifies
certain parameters, in particular the disease allele population frequency and disease
locus genotype penetrances. A likelihood ratio test is performed that assesses the
likelihood (L) of the marker and disease being linked at a particular recombination
fraction (theta, or 8) versus the likelthood of the marker and disease not being linked (8
=(.5), which is written as

Likelihood ratio = L*(8)} = L(#)/L(0.5)
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Many values of @are tested to determine the maximum likelihood estimate (MLE) of &
that maximizes L*. To allow summation of L*(8'} across individual families in a sample,
the logjo of L*(8), referred to as the “lod score” (or the “LOD score™) and denoted Z(#),
is determined. The maximum lod score (denoted Zy,,,), which is obtained by the MLE of
6, is a measure of the evidence in favor of the hypothesis of linkage.

For Mendelian autosomal (single gene) traits, a lod score > 3 is considered
significant evidence for linkage, while a lod score < -2 is considered significant evidence
against linkage. Lod scores between -2 and 3 are considered insufficient evidence for or
against linkage. The critical lod score of 3, proposed by Morton (1955), corresponds to a
1000:1 odds for linkage, meaning that the observed data is 1000 times more likely to
occur under the hypothesis of linkage than under the null hypothesis. The theory of
likelihood ratio testing predicts that asymptoticaily, under the null hypothesis, 4.6 X Zpa,
follows a chi-square distribution with | degree of freedom (df). Thus, for Znax = 3. the
chi-square value is 13.8 (4.6 x 3), which corresponds to a significance level of 0.0002 for
a two-sided test. However, because the test is only declared significant when 8< 0.5, but
not when 8> 0.5, the test is one-sided, and the significance level for Z,,, = 3 is actually
0.0001 (i.e., significant evidence for linkage is expected to occur at a frequency of
0.01% when there is no linkage). This value is much smaller than the traditional
significance levels of 5% or 1% used in statistical tests. The reason for the use of this
lower level in linkage tests is that the a priori chance that a pair of loci will be within
50cM of each other (the limit of linkage detection) is estimated to be 2%, so if a
significance level of 5% is used to claim significant evidence for linkage, the test will
detect many false linkages. To soive this dilemma, smaller significance levels are
employed, and in fact, a lod score of 3.0 corresponds to a posterior probability of linkage
of 95% (i.e., 5% significance level).

For complex traits, where a genome-wide approach is usually used in the linkage
study, there is controversy as to the appropriate lod score for declaring significant
evidence for linkage. As the number of markers being tested increases, the chance of a
false positive result increases, thus it is felt that the critical lod score of 3 shouid be

raised to account for the testing of multiple markers. The accepted view at the moment is




35

to use a lod score of 3.3 as the value to claim significant evidence for linkage to a
complex trait. This value, which corresponds to P = 5 x 107, is equivalent to a genome-
wide significance level of 5% using a marker density of <0.1¢M (Lander and Kruglyak
1995). However, for less dense marker coverage, the recommended critical lod score is
somewhere below 3.3, depending on the marker density. Also, the recommended critical
lod score depends on the method of linkage analysis. Thus, it is apparent that
determining whether a linkage study has found “significant” evidence for linkage using
these recommended significance levels is not a straightforward matter. As a result, an
alternative method that is gaining support is to determine the probability of a false
positive result (the type I error rate) for the particular linkage study at hand using
computer simulations, and to assign a critical lod score that surpasses this type I error
rate (Ott 1999). Thus, the selected significance level is specific for the particular linkage
study, which logicaily seems more appropriate than using “predetermined” significance
levels. However, software to perform the necessary simulations is not yet publicly

available.

2.14.1.1. Two-point parametric linkage analysis

Two-point parametric linkage analyses of the PCD phenotype were performed
using FASTLINK (version 4.1P) from the LINKAGE package of programs (Lathrop and
Lalouel 1984; Lathrop et al. 1984,1986; Cottingham et al. 1993; Schaffer et al. 1994).
FASTLINK incorporates a “speed-up” function to allow faster computations than the
traditional MLINK program in the LINKAGE package.

2.14.1.2. Multipoint parametric linkage analysis

Multipoint linkage analysis considers the genetic information from all markers in
the region of interest when determining the likelihood of linkage to a disease locus. An
accurate genetic map with respect to both marker order and intermarker distances is
required, since an incorrect map may reduce the power to detect linkage (Halpern and
Whittemore 1998).



Multipoint parametric linkage analysis of the PCD phenotype was performed
using the GENEHUNTER program (version 2.0) (Kruglyak et al. 1996). Lod scores
under linkage heterogeneity (hlod scores) are reported since they provided more
significant evidence for linkage than lod scores under homogeneity, suggesting genetic
heterogeneity in the sample. Due to algorithm constraints, GENEHUNTER can only
accommodate pedigrees of moderate size (the number of pedigree non-founders minus
two times the number of founders cannot exceed 18). This necessitated subdivision of
large pedigrees into subpedigrees, which was expected to reduce the power ta detect
linkage. Thus, the linkage results are probably lower than those that would have been
obtained had it been possible to analyze the complete pedigrees.

2.14.2. Sibpair linkage analysis

Sibpair linkage analysis determines whether each pair of siblings in a family
shares 0, 1, or 2 alleles identical-by-descent (that is, the same parental marker allele) at a
marker locus of interest. If the alleles are inherited randomly, the proportion of 0, 1. or 2
alleles shared identical-by-descent (IBD) is 1:2:1. However, if the marker is close to a
disease gene, then one parent (for dominant inheritance) or both parents (for recessive
inheritance) presumably have a disease allele in coupling with one of the marker alleles,
which is then likely to be passed to affected offspring. Thus, with linkage of the marker
and a disease locus, a deviation towards higher numbers of alleles shared IBD is
expected. Sibpair linkage analysis was originally developed to analyze affected sibpairs
for >50% IBD allele sharing, thus the term “ASP method” is often used. However, the
method has since been generalized to included unaffected siblings in the analysis, thus
three sibpair types are studied: concordant unaffected, discordant, and concordant
affected sibpairs.

Sibpair linkage analysis does not require prior assumptions about parameters
such as penetrance and disease allele frequency, thus it is often referred to as
“nonparametric” analysis. It shouid be pointed out, however, that the statistical
definition of a nonparametric method is that it be parameter-free and make no
assumptions about normality of the data. Some methods of sibpair analysis, however,



37

assume a normal distribution of phenotypic noise. Therefore, these sibpair analysis
methods are not truly nonparametric methods, and are more correctly referred to as
“genetic model-free” methods. Methods that do not require specification of an
inheritance model are thought to be more appropriate for the analysis of a complex trait
where the mode of inheritance is unclear. However, genetic model-free analysis is
generally not as powerful as parametric analysis, when the parametric analysis is
performed under an appropriate inheritance model.

Sibpair linkage analysis utilizes nuclear families only, where a nuclear family
consists of two parents and their children. Only the phenotypic information of the
siblings is used in the analysis, although the genetic information of the siblings and the
parents (if available) is used to determined [BD status of alleles. Because only nuclear
families are analyzed, a smaller sample was used for the sibpair analyses reported here,
thus it was expected that sibpair analyses would have reduced power to detect linkage
compared to analyses that used the complete sample. As previously described in Section
2.9. one nuclear family was selected from each pedigree on the basis of: 1) having two or
more affected child siblings (<18 years of age), or if that was not possible, then 2)
having one affected child, or if that was not possible, then 3) having two or more
affected adult siblings. This selection scheme was used to minimize the number of adult
sibpairs in the sample, since the psychometric reading tests used for PCD diagnosis (and
used for QTL linkage analyses, discussed below) exhibit adult ceiling effects and may
not be as accurate for adults as for children. As a result, it was possible that there was an
increased rate of misdiagnosis in adults compared to children, although reading history
was also used for adult diagnosis to increase reliability. Thus, analyses were performed
on two samples of sibpairs: all sibpairs in the nuclear families (“all ages” sample) and
sibpairs under 18 years of age (“<18 years” sample). As outlined in Table 2.3, in the data
set of nuclear families derived from the 79 pedigrees (used in Chapter Three), there were
a total of 241 “all ages” sibpairs (144 independent sibpairs, explained in the next
paragraph), and the subsample of “<18 years™ sibpairs contained only 68 families with
165 sibpairs (112 independent sibpairs). In the data set of nuclear families derived from
the 83 families (used in Chapter Six), there were a total of 305 “all-ages™ sibpairs (163
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independent sibpairs), and the subsample consisted of 71 nuclear families with 209 “<18
years” sibpairs (131 independent sibpairs). And finally, in the data set of nuclear families
derived from the 96 families (Chapters Four and Five), there were a total of 336 “all-
ages” sibpairs (188 independent sibpairs), and the subsample consisted of 81 nuclear
families with 227 “<18 years” sibpairs (145 independent sibpairs).

Table 2.3
Description of samples used in sibpair linkage analyses
“all ages” sibpairs **<18 years” sibpairs
Nuclear family sample total (independent) total (independent)
79 families 241 (144) 165 (L12)
83 families 305 (163) 209 (131)
96 families 336 (188) 227 (145)

In a sibship containing more than two siblings (i.¢., a multiple sibship), the
sibpairs are not completely independent of one another. Instead, only the first ¥-1
sibpairs (where N = the number of siblings) are completely independent, and the
remaining sibpairs are at least partially dependent on the first sibpairs. For example, in a
sibship containing three siblings, there are three possible sibpairs consisting of the first
and second siblings, the second and third siblings, and the first and third siblings. The
genetic information of two of these sibpairs is completely independent (for example, the
first-second siblings and the second-third siblings). However, the genetic information of
the third sibpair (i.e., the first-third siblings) is partially dependent on the other sibpairs,
thus contributes iess information in linkage analyses than independent sibpairs.
Therefore, in analyses using all three of these sibpairs, the information from the third
sibpair must be weighted to account for this dependence, thereby preventing inflation of
a linkage signal.
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2.14.2.1. Two-point sibpair linkage analysis

Two-point sibpair linkage analysis of the PCD phenotype was performed using the
SIBPAL (version 3.1) program in the S.A G.E. package (8.A.G.E. 1997). This program
tests for genetic linkage by performing traditional Haseman-Elston linear regression of the
squared sibpair trait difference on the estimated proportion of alleles shared IBD by the
sibpair for each marker locus. In other words, the disease status of each sibling is given a
numerical value (e.g. O=unaffected, 1=affected), and the squared difference between the
values for the two siblings in a sibpair is regressed on the proportion of IBD alleles that the
sibpair shares. This is done for all sibpairs in the sample, and the slope of the resulting
regression line indicates whether there is significant evidence for linkage between the
marker and a disease locus. The program also indicates the calculated proportions of alleles
shared [BD for concordant unaffected, discordant, and concordant affected sibpairs in the
sample, thus one can determine whether there is skewed allele sharing in a particular type
of sibpair (for example, >50% IBD allele sharing in concordant unaffected sibpairs is
suggestive of a nearby locus with a protective effect). Multiple sibships within each nuclear
family are accommodated in SIBPAL by the use of a modified ¢-test with reduced degrees
of freedom based on the effective sample size (the number of independent sibpairs), which
may be overconservative since it omits the partially dependent (but partially independent)
sibpairs in each family. It should be pointed out that while the Haseman-Elston regression
method is “genetic model-free”, it is not a nonparametric method since it assumes normally
distributed phenotypic noise.

2.14.3. Multipoint nonparametric linkage analysis

Muitipoint nonparametric linkage (NPL) analysis of the PCD phenotype was
performed using the GENEHUNTER program (version 2.0) (Kruglyak et al. 1996). As
previously discussed, multipoint analysis utilizes the genetic information from all markers
in the region of interest, which is more informative than analysis of single markers. This
program is an affected-pedigree-member method that investigates all affected members
within a family for [BD allele sharing, thus this method uses a larger sample size and was
expected to be more powerful for detecting linkage than sibpair linkage analysis. The
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analysis was performed by simultaneously examining all affected individuals in each
family for [BD sharing (“all” option), which is more powerful than analyzing each pair of
affected individuals in the family (“pairs” option). For each affected individual that shares
the same allele [BD, a sharply increasing NPL, score is assigned to the pedigree. The
NPL,; scores from the pedigrees in the sample are summed and compared to the score
under the null hypothesis (no linkage) to determine whether there is significant evidence for
linkage in the region under investigation. As mentioned previously, it was necessary to
subdivide large pedigrees for GENEHUNTER analysis, probably resulting in loss of
power to detect linkage.

2.14.4. Genetic heterogeneity testing

Genetic heterogeneity testing was performed using the HOMOG program (Ott
1991), which tests for mixture in a group of families under the alternative hypothesis of
two family types, one group of families with linkage between the trait locus and a marker
(6<0.5), and the other group of families without linkage (6= 0.5). This method is based on
two-point parametric linkage analysis, thus requires specification of an inheritance model.
When there is no prior evidence for linkage (lod score <3), significant evidence for linkage
with heterogeneity is obtained when the likelihood ratio of the alternative hypothesis
(linkage with heterogeneity) versus the null hypothesis (no linkage) is >2000,
corresponding to P <0.0001 under 2 degrees of freedom (due to two independent variables:
the proportion of linked families, c.. and the recombination fraction, ) (Ott 1999, p220).
Because genetic heterogeneity testing requires assumptions that cannot be verified until the
disease gene(s) is identified and characterized (e.g. all mutations of all genes are equally
penetrant), estimation of « is probably inaccurate (Whittemore and Halpern 2001).

2.15. Quantitative-trait locus linkage analyses of reading measures

Analysis of a quantitative (continuous) trait appears to be more powerful for
detection of linkage than analysis of a qualitative (discrete) trait (Wijsman and Amos
1997). This is because more information is available in quantitative traits due to the
finer, continuous scale of the trait, and quantitative-trait locus (QTL) linkage methods
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use information from all individuals in a pedigree, whereas some qualitative linkage
methods (such as affected-pedigree-member methods) only use information from
affected individuals. Because of the potential increase in power to detect linkage, QTL
linkage analyses of the phonological awareness, phonological coding, spelling, and RAN
speed measures were performed. Several QTL methods with different properties and
statistical assumptions were employed. The first method was two-point QTL sibpair
linkage analysis using Haseman-Elston linear regression, which has the drawbacks of
analyzing nuclear families only (which have less power for detection of linkage
compared to analysis of extended pedigrees) and an underlying assumption of normal
phenotypic noise (thus, this method is not truly nonparametric). However, this method
does not rely on an accurate marker map (as do multipoint methods), and thus may be
more appropriate when the marker map is uncertain. A second QTL method that was
used was multipoint nonparametric sibpair linkage analysis, which does not assume
normality of the trait but only analyzes nuclear families. The third method employed was
variance-component linkage analysis, which has the advantage of analyzing extended
pedigrees, and therefore probably has more power to detect linkage than sibpair
methods. However, this method has an underlying assumption of a normally distributed
trait. which is often violated in genetic studies where there is selection for affected
individuals, which may lead to an increase in the type I error rate (Allison et al. 1999). In
addition. the variance-component method used in the present studies is a multipoint

method. therefore it relies on an accurate marker map.

2.15.1. Quantiative-trait locus sibpair linkage analysis

As discussed above, sibpair linkage analysis determines whether each pair of
siblings in a family shares 0, 1, or 2 alleles IBD at a marker locus of interest. If a marker
is close to a disease gene, then, for a quantitative trait, sibpairs should show a correlation
between the magnitude of their trait difference and the number of marker alleles shared
[BD. [n other words, siblings that are similar for a trait (e.g. both siblings have low
scores on a measure of spelling skill) should share more IBD alleles at a marker that is
linked to 2 locus influencing this trait than if they were different for the trait.
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2.15.1.1. Two-point quantitative-trait locus sibpair linkage analysis

Two-point QTL sibpair linkage analyses were performed using the SIBPAL
program (version 3.1) in the S.A.G.E. package (S.A.G.E. 1997). Similar to analysis of
qualitative phenotypes as discussed above, this program tests for genetic linkage of QTLs
by performing traditional Haseman-Elston linear regression of the squared sibpair trait
difference on the estimated proportion of alleles shared IBD by the sibpair for each marker
locus. The slope of the regression line indicates whether there is significant evidence for
linkage between the marker and a QTL involved in the trait. As mentioned previously,
multiple sibpairs within each nuclear family are accommodated in SIBPAL by the use of a
modified -test with reduced degrees of freedom based on the effective sample size.
Analyses were performed using a sample of sibpairs of all ages and, to elucidate whether
the psychometric reading test adult ceiling effects reduced the variation in the
quantitative reading measures and thereby reduced the power to detect linkage, separate

analyses were performed on a subsample of sibpairs <18 years of age.

2.15.1.2. Multipoint quantitative-trait locus sibpair linkage analysis

Multipoint QTL sibpair linkage analyses were performed using the
MAPMAKER/SIBS program (version 2.0) (Kruglyak and Lander 1995). This program
infers the [BD distribution across the marker region for each sibpair, after which QTL
mapping can be performed using Haseman-Elston regression, maximum-likelihood
variance estimation, and nonparametric methods. The first two methods have an
underlying assumption of phenotypic normality, which, as discussed in Section 2.15,
may be violated in genetic studies, and lead to increased type I error. Thus, these
methods were not used in the current studies. The nonparametric method, however, is a
Wilcoxon rank-sum test that does not assume a normal distribution of the trait. Results
are reported as a Z score that is asymptotically normaily distributed, thereby allowing
determination of significance levels (note that this “Z score” is different from the “Z”
used to denote parametric lod scores). Analyses were performed with the option of using
all possible pairs of sibs in the sample (“all pairs™ option), and multiple sibships were
accommodated by factoring in a weight of 2/(number of sibs) that, like the weighting



scheme used by SIBPAL, is probably overconservative. Thus, results are shown for
analyses with either no weighting or weighting of sibpairs from multiple sibships, and
the “true” result probably lies in between. As for two-point QTL sibpair analyses, a
sample of sibpairs of all ages and a subsample of sibpairs <18 years of age were

investigated.

2.15.2. Variance-component linkage analysis

Variance-component linkage analysis is based on the theoretical foundations laid
by Fisher (1918), one of the major contributors to quantitative genetics. Consider the
phenotype of an individual (z) to be the sum of the effects of all genetic loci on the trait
(G) and environmental deviation, or residual error, (),

z=G+E
Fisher showed that the proportion of a phenotype in a population that is due to genes. G.
can be partitioned into its “expected” value based on additive genetic effects (G*), and
deviations from this expectation due to dominance genetic effects (). To explain this
concept in more detail, additive effects are when the effect of two combined alleles is
equal to the sum of their individual effects. For example, in the context of a quantitative
trait, if allele “a” of a gene contributes a value of 1 to the phenotype, and allele “b” of
the gene contributes a value of 2 to the phenotype, then genotype “aa”™ has a resultant
phenotype of 2. “ab” has a phenotype of 3, and “bb™ has a phenotype of 4. However,
dominance effects cause deviations in these phenotype values, such that they are higher
or lower than the values from additive genetic effects. Thus,
G=0"+/4

On the population level, then, the variance that is observed in the phenotype can be
partitioned into genetic variance (6°g) from all loci influencing the phenotype, which
can further be partitioned inio additive vaniance (cl,\) and dominance variance (O’ZD), and
variance due to environment, or residual variance, (0'25). This biometric model is written

as

02=G%A+G%D+G%A+U%D+U%
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where Q refers to a QTL in the region under investigation and P refers to other genes.
The variance-component method essentially analyzes the different types of relatives in
each pedigree for genetic and trait information, and uses this information to determine
whether a significant amount of the genetic variance (67) of the trait can be attributed to
a QTL located in the region under investigation. While variance-component analysis
does not utilize an inheritance model, the fact that it is based on a biometric model
makes it a semi-parametric method of linkage analysis.

Variance-component linkage analysis was performed using the GENEHUNTER
program {version 2.0) (Kruglyak et al. 1996; Pratt et al. 2000), once again necessitating
the subdivision of large pedigrees for analysis. This program calculates maximum
likelihood estimates of variance components for major QTL, unlinked polygenic, and
environmental effects at each region of the marker map. The significance of the QTL
effects was tested by comparing this maximum-likelihood model with a model in which
the QTL variance components were constrained to equal zero (no linkage). The
maximum likelihood method assumed a normal distribution of the trait that, if violated.
may lead to a higher number of false linkages, as mentioned above. Four models that all
included QTL additive variance, polygenic additive variance, and environmental
variance, with dominance variance at neither, both, or either the QTL or polygenes,
could be tested using this program. Models that included QTL additive and dominance
variance are under two degrees of freedom (df), thus one must account for the extra df
when considering significance. To convert a variance-component lod score under 2df toa
lod score under 1df. the lod,qr was multiplied by 4.6 to obtain the approximate chi-squared
value under 2df. The P value corresponding to this chi-squared value was determined using
chi-squared tables, followed by determination of the chi-squared value under 1df that
corresponds to this P value. Finally, this chi-squared value was divided by 4.6 to obtain the
estimated lod score under 1df.

2.16. Haplotype analysis
Determination of marker haplotypes for each individual was performed using the
SimWalk2 program (version 2.60) (Sobel and Lange 1996) or the GENEHUNTER
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program (version 2.0) (Kruglyak et al. 1996). Haplotype information was used to
identify those families in which all PCD affected individuals within each family share a
common haplotype of markers in the chromosomal region under investigation. Families
in which affected members share one haplotype have a higher likelihood of carrying a
putative dyslexia susceptibility locus located in this region. Unaffected or uncertain
family members were also permitted to share the affected haplotype to allow for
incomplete disease penetrance. These families were designated as “linked”, and their
affected haplotypes were investigated for recombination breakpoints to attempt to

narrow the candidate susceptibility region.

2.17, Linkage disequilibrium analysis

Linkage disequilibrium (LD) analysis, also referred to as association analysis,
tests for significantly different frequencies of specific marker alleles in affected
individuals compared to control individuals. This method is based on the phenomenon
that when a new disease mutation occurred on a founder chromosome, every allele for
every marker on the chromosome was associated with the disease mutation. The
chromosome with the disease mutation was then transmitted to the descendents of the
founder individual, and transmission over successive generations resulted in
recombination between the disease mutation and marker loci alleles. Alleles at loci
located further away from the founder disease mutation would have undergone
recombination more than markers located closer to the disease mutation. Thus, marker
alleles located very close to the founder disease mutation will be found at a higher
frequency in affected individuals than unaffected individuals. Linkage disequilibrium
between two loci is thus formally defined as an inequality between the product of the
individual allele frequencies at two loci and their haplotype frequencies. In other words,
if the two loci are in equilibrium, the frequency of haplotype “ab” at locus A and locus B
will equal the product of the frequency of allele “a” at locus A and the frequency of
allele “b™ at locus B.

LD extends over very short chromosomal regions. For outbred populations of
north-European descent, the extent of detectable LD is in the range of 100kb, or
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approximately 0.1cM (Collins et al. 1999; Abecasis et al. 2001; Reich et al. 2001), and is
much less for older (e.g. African) populations (Reich et al. 2001). LD mapping can
therefore localize disease genes to a very small region, allowing fine mapping of the
disease gene.

One important issue to point out is that for LD studies of a complex, genetically
heterogeneous disease in a mixed population, the affected individuals in the population
might carry different combinations of founder mutations in the susceptibility genes
influencing the disease, and multiple founder mutations might be found in each of the
genes influencing the disease, greatly complicating the detection of LD to a single
marker allele in a mixed population. It should also be pointed out that LD not only
results from tight linkage between a marker and disease gene, but may also be the result
of interaction (epistasis) between an unlinked marker allele and the disease mutation. or
population stratification (i.e., the existence of multiple population subtypes with
different marker allele frequencies in what is assumed to be a relatively homogeneous
population). Matching appropriate controls to the patient sample compensates for
stratification. whereas incorrect control matching is unable to compensate for

stratification and may lead to spurious LD results.

2.17.1. Single marker linkage disequilibrium analysis

Single-marker LD analyses and candidate gene RFLP LD analyses of the PCD
phenotype were performed using the Affected Family-Based Controls (AFBAC) program
(Thomson 1995). This program analyzes genotypic data from nuclear families (two parents
and one or more affected children) for association with the trait. Thus, one nuclear family
was selected from each pedigree, as described in Section 2.9. The AFBAC method
compares transmission and non-transmission of parental alleles to affected children, where
the alleles not transmitted to affected children form the control population of alleles, thus
avoiding the problem of association due to population stratification that may confound
case-control studies. Analyses were performed using either the first affected sibling
(simplex analysis option) or the first two affected siblings with weighted transmissions
(multiplex analysis option) in each nuclear family. Statistical significance was determined
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by a chi-squared test using each marker’s 2 x n contingency table, where n was the number
of alieles. Analyses were initially performed without grouping rare alleles into one
category. However, the chi-squared test statistic is based on a large sample approximation,
thus the method is invalid if a considerable number of table cells have expected values <5
(1.e., less than § expec.2d occurrences in the sample). The guidelines used to determine how
many cells may have an expected value <5 for the chi-squared method to be valid,
attributed to W.G. Cochran, are that 80% of the cells should have expected values >3, and
al] cells should have expected values >1. However, for samples such as those used in our
linkage disequilibrium analyses, few alleles will be expected to occur less than 5 times in
the sample, but rare alleles should still be accommodated to avoid violation of the method.
Thus, linkage disequilibrium analyses were also performed with grouping of rare alleles
with <5% observed frequency in both the transmitted and non-transmitted categories. Note
that this method of grouping alleles based on expected frequencies is more conservative
than the original guideline of grouping alleles based on expected occurrences in the sample.
Only the results from AFBAC analyses performed with grouping of rare alleles are
reported.

2.17.2. Marker haplotype linkage disequilibrium analysis

Multiple-marker haplotype LD analysis yields more power to detect LD than
single markers (Martin et al. 2000a; Akey et al. 2001). This is because several markers
within small regions may be in strong LD with both each other and the disease locus,
and analysis of these markers in haplotypes will extract all of the available LD
information, whereas analysis of the single markers may not. Haplotype LD analysis was
performed using the TRIMHAP program (MacLean et al. 2000}, which supports analysis
of multiplex pedigrees by conditioning on linkage (i.e., the linkage disequilibrium signal
is not inflated by the presence of linkage). The analysis can be performed in two ways.
The first method is similar to family-based LD methods in that the test sample consists
of founder haplotypes transmitted to PCD affected individuals and the control sample
consists of non-transmitted founder haplotypes. The user defines the number of
transmissions for a haplotype to be selected for the test or control samples. In the present
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analyses, the criteria used were a minimum of two transmissions in the family for
selection to the test sample, and no transmissions for selection to the control sample
(similar to AFBAC multipiex analysis). The test haplotypes are given equal weight in
the analysis, regardless of the number of transmissions to affected individuals in the
pedigree. For the second method, all transmissions of a founder haplotype to affected
pedigree members are considered jointly, and a haplotype-based posterior probability of
linkage (HBPPL) statistic that weights transmitted haplotypes within the pedigree is
caiculated. All haplotypes are selected for both the test and control samples, with a
weight of HBPPL in the test sample and a weight of (1-HBPPL) in the control sample.
For both of the analysis methods, a likelihood ratio of the probability of the observed
haplotypes in the test sample (under the alternative hypothesis of LD) versus the
probability of the haplotypes in the control sample (under the nuil hypothesis of no LD)
is calculated. TRIMHAP calculates the significance level for the disease locus being
located in the interval between two markers (regardless of the size of the haplotype
being analyzed), and thereby allows for recombinants in hapiotypes. Because of the
potentially large number of haplotypes tested, a normal sampling distribution cannot be
assumed, thus standard chi-squared testing is not appropriate. [nstead, empirical
significance levels are calculated using random-permutation replications or
“bootstrapping”, which make no assumptions regarding the sampling distribution (i.e.,
correction for multiple tests is not required).

Because the TRIMHAP program is new and has not been tested by independent
investigators, an alternative haplotype LD analysis program, HAPMAX
(http://www.uwcm.ac.uk/uwcm/mg/download), was used to support TRIMHAP results.
HAPMAX analyzes parent-affected child trios for transmission and non-transmission of
haplotypes, where the non-transmitted haplotypes form the control population of alleles,
thus it is similar to simplex AFBAC analysis. Families with recombinations in
transmitted haplotypes are excluded from analysis. Since only trios are analyzed, the
power to detect LD is probably decreased compared to analysis of extended pedigrees,
as in the TRIMHAP program. In addition, chi-squared testing is used to determine
significance levels, which are not accurate under high degrees of freedom (i.e., a large
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number of tested haplotypes). For these latter two reasons, HAPMAX P values were
assumed to be estimates only.

2.18. Statistical correction for multiple testing

As recommended by Elston (1997,1998), precise significance levels are reported
for all statistical analyses, rather than values adjusted for multiple comparisons. The
rationale is that the only accepted method of correction for multiple testing, Bonferoni
correction, assumes that the statistical tests are independent, which is not appropriate for
genetic studies. In the present investigations, the reading disability phenotypes (PCD,
phonological awareness, phonological coding, spelling, and RAN speed) are correlated
with each other, the genetic markers that were investigated are located near each other,
and several of the methods of linkage analysis and linkage disequilibrium analysis are
similar to one another, thus the statistical tests are not independent. Thus, Bonferoni
correction for multiple testing would probably be overly conservative, and therefore
uncorrected significance levels are presented for all analyses (with the exception of
empirical P values from TRIMHAP LD analyses).



Chapter Three: Absence of Significant Linkage Between Phonological Coding
Dyslexia and Chromosome 6p23-21.3 (DYX2) Using Quantitative-Trait Methods

3.1. Introduction

While Dr. Field’s and Dr. Kaplan’s dyslexia linkage study was in its early stages,
Cardon et al. (1994) reported linkage between a composite measure of reading disability
and a 2cM region on chromosome 6p21.3 (named DYX2). This finding was later supported
by Grigorenko et al. (1997), who reported evidence for linkage between phonological
awareness and microsatellite markers slightly telomeric to the region suggested by Cardon
and colleagues. Cenfirmation of these reports was provided by Fisher et al. (1999) and
Gayan et al. (1999), who reported linkage of phonological and orthographic components of
reading to chromosome 6p regions consistent with that suggested by the previous studies.
Recently, linkage disequilibrium was reported between reading disability and a 1.5Mb
region that overlaps the above 6p regions except that of Cardon et al. (1994) (Turic et al.
2000). In contrast, in a sample of 79 families containing at least two affected siblings, Dr.
Field’s laboratory was unable to find evidence for linkage between phonological coding
dyslexia (PCD) analyzed as a qualitative (affected, unaffected, uncertain) phenotype and
markers spanning DYX2, using either parametric or sibpair linkage methods. In addition,
linkage disequilibrium could not be detected between PCD and the markers in this region
(Field and Kaplan 1998). Since three of the positive linkage studies employed quantitative
measures of reading disability, in contrast to the qualitative PCD phenotype, while the
fourth analyzed single qualitative measures of component reading skills, in contrast to the
composite nature of the PCD phenotype, it is possible that use of the PCD phenotype was
the cause of the null findings. To address this issue, [ present here a reanalysis of linkage to
the 6p25-p21.3 region in our sample of 79 families using quantitative-trait locus (QTL)
sibpair linkage analyses and variance-component analyses of four measures of reading
disability. The results confirm absence of significant linkage to DYX2, indicating that the
DYX2 locus does not contribute to dyslexia in these families and suggests that our sample
may contain different genetic subtypes of dyslexia compared to other samples.



3.2. Methods
3.2.1. Subjects

As described in Section 2.2, the sample consisted of 79 families (45 nuclear
families, 34 extended pedigrees) each containing at least two dyslexic siblings. 76 of the
families were of European ancestry, while 3 were non-European. There were a total of
615 individuals who had DNA sampled and underwent a battery of psychometric testing
to assess four components of reading: phonological awareness, phonological coding,
spelling, and RAN speed (see Section 2.4), Each individual was also assessed for
estimated [Q, and adults were assessed for reading history. The results of the reading
tests (except RAN speed) and reading history in adults were used to assign an affected,
unaffected, or uncertain diagnosis of PCD (see Section 2.5), resulting in 53% of the
subjects diagnosed as affected, 33% as unaffected, and 14% as uncertain.

3.2.2. Descriptive statistics of reading measures

Descriptive statistics of the phonological awareness, phonological coding,
spelling, and RAN speed measures, and estimated [Q, were determined as described in
Section 2.6. Statistics were calculated in three samples of subjects used in this study: all
members of the 79 families that were used for variance-component analyses, and two
sibpair samples that were used for sibpair linkage analyses (one sample containing
sibpairs of all ages and a subsample containing sibpairs <18 years of age).

3.2.3. Pearson correlation analysis

Pearson correlation analyses of the PCD phenotype and the phonological
awareness, phonological coding, spelling, and RAN speed measures were performed as
described in Section 2.6. Three data sets were investigated: all members of the 79

families. a sample of sibpairs of all ages. and a sample of sibpairs <18 years of age.

3.2.4. Markers, genotyping and marker map
DNA from each individual was genotyped with technical assistance using
manual methods (see Section 2.8) for the following microsatellite markers: F13A1,
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D6889, D6S299, D6S105, TNFB, D6S291, and GLP1R. These markers span a 43¢cM
region on chromosome 6p25-p21.3 spanning DYX2. In particular, D6S105 was reported
to be significantly linked to reading disability in the studies by Cardon et al. (1994),
Fisher et al. (1999), and Gayan et al. (1999), whereas D6S299 demonstrated the most
significant linkage to phonological awareness in the study by Grigorenko et al. (1997).
D6S105 and D6S299 are very polymorphic (heterozygosity = 0.77 and 0.79,
respectively), providing high power to detect linkage. The marker map employed for
linkage analyses (Figure 3.1) was derived from published genetic marker maps, and is the
same as that used by Field and Kaplan (1998).
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Figure 3.1  Genetic marker map of chromosome 6q25-p21.3 markers, with

intermarker distances (cM) indicated.

3.2.5. Quantitative-trait locus linkage analysis

Two-point QTL sibpair linkage analysis of the reading measures was performed
using the SIBPAL program, a genetic model-free simple linear regression method, as
described in Section 2.15.1.1. Multipoint QTL sibpair linkage analysis was performed
using the nonparametric rank-sum method in the MAPMAKER/SIBS program, as
described in Section 2.15.1.2. Two samples were investigated in the two-point and
multipoint analyses: a broad sample of 79 nuclear families containing 241 sibpairs of all
ages (144 independent pairs), and a subsample of 68 nuclear families containing 165
sibpairs <18 years of age (112 independent pairs) (see Section 2.14.2). Table 3.1 indicates
the number of nuclear families of various sibship sizes, in both the all-ages sibpair sample
and the <I8 years of age sibpair sample. The large majority of nuclear families consisted of
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two or three siblings, with only a few larger five- and seven-sibling nuclear families that
were not likely to distort the linkage results. Separate analysis of the <18 years of age
sibpair sample was performed because ceiling effects occurred in adults in the phonological
coding and spelling psychometric tests. Thus, these measures may not be as reliable in
adults as in children.

Table 3.1
Distributions of nuclear families of various sibship sizes in the all-ages sibpair sample
and the <18 years of age sibpair sample used for DYX2 QTL sibpair linkage analyses

Number of nuclear families
Sibship size: all-ages sample <18 sample®

Two sibs 37 32
Three sibs 25 29
Four sibs 13 6
Five sibs 3 1
Seven sibs 1 0

Total: 79 68

? Restriction to siblings <18 years of age resulted in the exclusion of 11 nuclear
families, thus the total number of nuclear families in this sample was 68, and changed

the distribution of sibship sizes in the remaining nuclear families.

Maximum-likelihood variance-component linkage analysis of the complete
sample of 79 families (i.e., including extended pedigrees) was performed using the
GENEHUNTER program, as described in Section 2.15.2. Note that five pedigrees were
too large to be handled by the program and were divided into subpedigrees, probably
reducing the power to detect linkage. Three models were tested: Model 1 included QTL
additive variance, polygenic additive variance, and environmental variance; the others
were varniations of Model 1, with either QTL dominance variance added (Model 2) or

polygenic dominance variance added (Model 3).
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3.3. Results
3.3.1. Descriptive statistics of reading measures

Table 3.2 shows the descriptive statistics for the phonological awareness,
phonological coding, spelling, and RAN speed measures and estimated 1Q. The
variability in each reading measure was quite large, yielding adequate power to detect
tinkage. Additional evidence that variability in these quantitative measures was
sufficient to detect linkage is that strong evidence for linkage was detected to
chromosome 6q11.2-q12 by use of these same measures, as discussed in Chapter Four.
With the exception of phonological awareness, the distributions of the reading measures
were nearly normal, and since standard data transformations were not able to generate
more normal distributions for any of the measures, untransformed data were utilized in
QTL linkage analyses.

3.3.2. Pearson correlation analysis

To better understand the relationship between the PCD phenotype and the
quantitative reading measures, Pearson correlation analysis was performed using all
members of the 79 families. As shown in Table 3.3, the correlation coefficients (r)
between PCD. the phonological coding measure, and the spelling measure were
substantial at 0.73 to 0.77. The correlations between PCD and the phonological
awareness and RAN speed measures were moderate (r = 0.46 and r = 0.50, respectively).
Phonological awareness and RAN speed were also not highly correlated with
phonological coding or spelling (range, r = 0.34 to 0.52). Pearson correlation analyses
utilizing the all-ages sibpair sample and the <18 years of age sibpair sample yielded
similar results to those obtained with all members of the 79 families (Table 3.3).




Table 3.2

Descriptive statistics of the reading measures and estimated IQ in all members of the 79
families (V=615), the all-ages sibpair sample (V=241), and the <18 years of age sibpair

sample (V=165)
Trait Mean SD Min Max  Skewness  Kurtosis
Phonological awareness®
All members 1705  5.67 1 2844 -0.79 -0.07
All ages sibpairs 1702 556 265 2844 -0.48 -0.58
<18 years sibpairs 1696 575 2.65 2844 -0.41 -0.69
Phonological coding®
All members 98.03 17.28 12 149 -0.03 1.01
All ages sibpairs 89.69 5.1t 46 149 0.53 1.14
<18 years sibpairs 88.52 14.65 46 129 033 0.63
Spelling”
All members 90.85 16.33 47 124 -0.20 -0.90
All ages sibpairs 81.36 14.14 47 115 0.51 -0.29
<18 years sibpairs 80.51 13.86 47 115 0.66 -0.02
RAN speed"
All members 3084 062 1.09 5.00 0.16 0.13
All ages sibpairs 296 056 145 464 0.23 0.04
<18 years sibpairs 299 056 159 464 0.33 0.12
Estimated [Q"
All members 103.61 1230 48 141  -0.007 0.72
All ages sibpairs 10249 13.99 59 141 0.25 0.16
<18 years sibpairs 102.78 14.71 59 141 0.25 -0.03

? Data are raw scores for adults and age-adjusted scores for subjects <18 years of age.

® Data are standard scores according to test norms (normal population mean = 100,

standard deviation =15).



Table 3.3
Pearson correlation coefficient matrix of PCD, phonological awareness, phcnological
coding, spelling, and RAN speed using all members of the 79 families, the all-ages sibpair
sample, and the <18 years of age sibpair sample

PCD Phonological Phonological Spelling

awareness coding
Phonological awareness
All members 0.50
All ages sibpairs 0.39
<18 years sibpairs 0.40
Phonological coding
All members 0.73 052
All ages sibpairs 0.65 0.54
<18 years sibpairs 0.62 0.56
Spelling
All members 0.77 0.49 0.75
All ages sibpairs 0.67 0.51 0.71
<18 years sibpairs 0.69 0.51 0.71
RAN speed
All members 0.45 0.34 0.43 046
All ages sibpairs 0.44 0.39 0.47 0.52
<18 years sibpairs 0.51 042 0.54 0.55

NOTE —all correlations are significant at P <0.0001.

3.3.3. Quantitative-trait locus sibpair linkage analysis

QTL sibpair linkage analyses did not detect significant evidence for a locus
influencing reading disability in the DYX2 region, supporting the previous linkage
results of our laboratory using a qualitative PCD phenotype. Table 3.4 shows P values
for two-point simple linear regression of the squared sibpair trait difference on the
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estimated proportion of alleles IBD at each marker. In both the all-ages sibpair sample

and the <18 years of age sibpair sample, none of the regressions were significant at P
<0.05 for any of the quantitative traits with any of the markers tested. Although P values
were nearly significant for linkage between the speiling trait and TNFB (P = 0.10 in the
all-ages sibpairs and P = 0.07 in the <18 years of age sibpairs), the results with D6S105
(located 2cM telomeric to TNFB; Figure 3.1) provided no supportive evidence for
linkage to spelling ability.

Table 3.4
P Values for DYX2 SIBPAL simple linear regression analysis of the all-ages sibpair sample
(“all™) and the <18 years of age sibpair sample (“<18™)

Phonological Phonological Spelling RAN speed
awareness coding
Marker M  all <18 all <i8 all <18 all <18
F13Al 18 027 020 08 040 065 025 054 0.16
D6S89 12 055 072 013 037 066 068 099 096
D6S299 4 062 079 026 029 050 024 082 093
D6S105 2 070 075 093 056 063 018 1.00 097
TNFB 4 078 087 044 058 010 007 065 0.78
D6S291 3 059 063 033 081 033 050 045 077
GLPIR - 065 079 035 065 024 049 050 0.70

2 Genetic distance between marker and the marker below.

Multipoint nonparametric QTL sibpair linkage analyses also did not find
significant evidence for linkage for any of the quantitative traits across the region. As
shown in Figure 3.2a, analyses of the all-ages sibpair sample for the phonological
awareness measure found maximum Z scores of .30 (with weighting of sibpairs; P =
0.38) and 0.42 (with no weighting of sibpairs; P = (.34) at D65105. However, analyses
of phonological coding, spelling, and RAN speed resulted in maximum Z scores that
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were mostly negative across the region (Figure 3.2b,c,d). As shown in Figure 3.3aand ¢,
analyses of the <18 years of age sibpair sample were slightly more significant, with
maximum Z scores for phonological awareness of 0.53 (unweighted; P = 0.30) and 0.70
(weighted; P = 0.24) at D6S103, and for spelling of 1.24 (unweighted; P =0.11) and
1.02 (weighted; P =0.15) at D68299. Analyses of phonological coding and RAN speed

measure resulted in negative Z scores across the region (Figure 3.3b,d).

3.3.4. Variance-component linkage analysis

As shown in Figure 3.4, variance-component analyses of the four reading measures
also failed to find significant evidence for the DYX2 locus. Under Model 1 (QTL and
polygenic additive variance, environmental variance) and Model 3 (QTL additive
variance, polygenic additive and dominance variance, environmental variance), where
there is no dominance variance for the QTL. the lod scores across the region for each of the
four quantitative measures were essentially zero (Figure 3.4a,c). However, under Model 2
(QTL additive and dominance variance. polygenic additive variance, environmental
variance). where there is dominance variance at the QTL, weak evidence was found for a
locus affecting spelling, phonological coding, and RAN speed (Figure 3.4b). A peak
maximum lod score of 0.82 was found in the region of TNFB and D6S291 for the spelling
measure, and a lesser maximum lod score of 0.60 occurred between D6S89 and D6S299.
Analysis of the phonological coding measure identified a peak maximum lod score of 0.42
between D6S89 and D6S299. whereas analysis of RAN speed found a peak maximum lod
score of 0.40 at D6S299. The phonological awareness measure had a maximum lod <0.1
across the 6p region. However, because Model 2 included QTL additive variance and
dominance variance, the analysis is under two degrees of freedom (df). The results under
one df (to allow comparison to the conventional critical lod score of 3.3) were estimated at
0.45 for spelling, 0.17 for phonological coding, and 0.16 for RAN speed. Nonetheless,
while the results of analyses using the phonological coding and spelling measures were
weak, they were consistent with the results of two-point sibpair linkage analyses, where P
values were lower for these same markers with the respective quantitative measure (Table
3.4).
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Figure 3.2  Z-score curves from DYX2 MAPMAKER/SIBS nonparametric sibpair
linkage analysis of a) phonological awareness, b) phonological coding, ¢) spelling, and
d) RAN speed, using a sample containing sibpairs of all ages. Analyses were performed
without weighting (——) and with weighting (—s—) of multiple sibships.
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Figure 3.3  Z-score curves from DYX2 MAPMAKER/SIBS nonparametric sibpair
linkage analysis of a) phonological awareness, b) phonological coding, ¢) spelling, and
d) RAN speed, using a sample containing sibpairs <18 years of age. Analyses were
performed without weighting (——) and with weighting (—&—) of multiple sibships.
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Figure 3.4 Lod-score curves from D¥X2 GENEHUNTER variance-component linkage
analysis of phonological awareness ( @), phonological coding (a), spelling (m), and
RAN speed (—). Analysis was performed under a) Model I, b) Model 2, ¢) Model 3.



3.4. Discussion

The previous study by Field and Kaplan (1998), in which evidence for linkage to
the chromosome 6p21.3 region (DYX2) was not found, utilized a qualitative PCD
phenotype based on quantitative reading data. Since it has been demonstrated that
partitioning a quantitative trait into a qualitative phenotype may be less powerful for
detecting linkage than using the quantitative data directly (Wijsman and Amos 1997), it
was possible that the PCD phenotype lacked power to detect linkage to DYX2.
Furthermore, the PCD phenotype was based on a composite of dyslexia-related
components (phonological awareness, phonological coding, and spelling) that other
groups have analyzed separately and have found various strengths of linkage to the
DYX2 region. Thus, the possibility existed that use of a composite measure of dyslexia
may be less powerful than analyzing single measures of component skills involved in
reading ability. Other dyslexia researchers (Fisher et al. 1999) therefore questioned
whether the absence of linkage between PCD and DYX2 in our families was a true
nonreplication, or whether the inability to detect linkage was due to the qualitative and
composite nature of the PCD phenotype that was used.

To better understand the nature of the PCD phenotype, correlation analysis was
performed with four quantitative reading measures. Correlations between PCD,
phonological coding, and spelling in all members of the families were quite substantial
(r =0.73-0.77), indicating that the qualitative PCD phenotype was an accurate indicator
of reading disability, thus lending credibility to the previous findings of no linkage
between dyslexia and DYX2. Although the high correlation between PCD and
phonological coding was anticipated. since the PCD diagnosis was based primarily on
the results of the phonological coding tests, the high correlation to spelling was
somewhat unexpected, given that spelling is thought to be comprised of orthographic as
well as phonological components, and given that it was only used to assist in diagnosis
of PCD. However, the strong correlation between the phonological coding and spelling
traits (r = 0.75) indicated that spelling ability significantly involves phonological skills.
The low RAN speed correlations that were observed were consistent with the RAN test
being a purely orthographic task, whereas the other reading measures and PCD were



65

comprised primarily of a phonological component. The reason for the modest
correlations between phonological awareness and PCD, phonological coding, and
speiling may be that the higher-level phonological skills were only partially dependent
on phonological awareness skill. Thus, the results of these correlation analyses indicate
that the PCD phenotype was an accurate indicator of reading disability, and were not
likely to have been the cause of the previous null linkage findings.

The results of these sibpair and variance-component linkage analyses using
quantitative measures of reading disability support the previous findings of no evidence for
linkage to chromosome 6p23-p21.3 using a qualitative PCD phenotype (Field and Kaplan
1998). Although these quantitative results provide weak evidence for a locus affecting
reading in this region, they are far from statistically significant. The reason for the lack of
significant linkage to DYX2 in this sample of families, when other studies have found
significant linkage and linkage disequilibrium, remains unclear. Analyses were performed
using the same markers that showed significant linkage in the other studies and using
accredited psychometric tests that, in some cases, were identical to those used in the other
studies (e.g. Grigorenko et al. 1997 used the same phonological awareness test). Also. the
phenotypic measures had sufficient variability to allow for detection of linkage, and the
large number of families and sibpairs in the present study should have conferred high
power to detect linkage. In addition, the same QTL sibpair linkage method and variance-
component method were used as in one of the previous studies (Fisher et al. 1999). Itis
therefore proposed that the most likely explanation for the inability to detect linkage to
DYX2 in this sample is that the studies with positive linkage results were enriched for
subtypes of dyslexia that were not well-represented in this sample, either due to chance or
varying ascertainment criteria. The ascertainment scheme used in the present study
specified that at least two siblings met the criteria of having PCD, thus a larger proportion
of highly-familial major gene forms of dyslexia may have been selected than ascertainment
schemes based on a single dyslexic proband with no specific requirement for a dyslexic
sibling (e.g. Cardon et al. 1994; Gayan et al. 1999). In other words, the presence of
different genetic forms of dyslexia in our sample compared to other samples may have
prevented detection of the DYX2 locus.
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Chapter Four: Evidence for a Dyslexia Susceptibility Locus (DYX4) on
Chromosome 6q11.2-q12

4.1. Introduction

As discussed in Chapter Three, while the Field and Kaplan linkage study was in its
early stages, linkage between dyslexia and chromosome 6p21.3 was reported (Cardon et
al. 1994). Thus, markers spanning and flanking the 6p region were investigated to try to
replicate this finding. While linkage to 6p21.3 was not detected (Field and Kaplan 1998;
Chapter Three), one marker which is centromeric to this region exhibited weak evidence
for linkage, thus markers located centromeric to 6p21.3 and on 6q were investigated for
evidence for a dyslexia susceptibility locus in this region. I present the results of
parametric and nonparametric linkage analyses and linkage disequilibrium analyses of a
set of core markers followed by a more dense set of markers on chromosome 6q. The
results provide evidence for a dyslexia susceptibility locus on chromosome 6q11.2-q12,

which has been named DYX4 by the Human Gene Nomenclature Committee.

4.2. Methods
4.2.1. Subjects

As described in Section 2.2, the study sample consisted of 96 families (46
nuclear families, 50 extended pedigrees) of European descent, with each family
containing at least two dyslexic siblings (with the exception of three families that had
only one affected member, and three families that had two or more affected members
that were not siblings). There were a total of 902 individuals who had DNA sampled and
884 underwent psychometric testing to assess four components of reading: phonological
awareness, phonological coding, spelling, and RAN speed (see Section 2.4). Each
individual was also assessed for estimated [Q, and adults (>18 years of age) were
assessed for reading history (the 18 individuals who did not undergo psychometric
testing were diagnosed based on a clear reading history). The resuits of the reading tests
(except RAN speed) and reading history in adults were used to assign an affected,
unaffected, or uncertain diagnosis of PCD (see Section 2.5), with the exception of 18
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subjects who were diagnosed based on a clear reading history, resulting in 52% of
individuals diagnosed as affected with PCD, 33% as unaffected, and 15% as uncertain.

4.2.2. Descriptive statistics of reading measures

Descriptive statistics of the phonological awareness, phonological coding,
spelling, and RAN speed measures, and estimated [Q, were determined as described in
Section 2.6. Statistics were calculated in three samples of subjects used in this study: all
902 members of the 96 families, a sample of 336 sibpairs of all ages, and a sample of
227 sibpairs <18 years of age.

4.2.3. Pearson correlation analysis
Pearson correlation analyses of the phonoiogical awareness, phonoiogical
coding, spelling, and RAN speed measures in all members of the 96 families were

performed as described in Section 2.6.

4.2.4. Markers and genotyping

Microsatellite markers on chromosome 6q were selected from the following
published maps: the Genetic Location Database (LDB) composite map, in which marker
locations were determined using available genetic, radiation hybrid, and physical
mapping data, (http://cedar.genetics.soton.ac.uk/public_htmi/ldb.html; November 1999
update; Collins et al. 1996), the Cooperative Human Linkage Center (CHLC) sex-
averaged genetic map (http://Ipg.nci.nih.gov/CHLC; Version 4.0 map; Murray et al.
1994), the Genethon sex-averaged genetic map (http//www.genethon. fr; Dib et al.
1996), and the Marshfield sex-averaged genetic map
(http://research.marshfieldclinic.org/genetics; 1998 update; Broman et al. 1998). Primer
sequences were obtained from the Genome Database (GDB) (http://www.gdb.org).
Marker genotyping was performed with technical assistance by manual and automated
methods, as described in Section 2.8. Genotyping accuracy was checked by analyzing
marker haplotypes for excessive numbers of recombination events between marker loci
in a small interval. Marker allele frequencies for linkage analyses were calculated from
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the parents of one nuclear family selected from each of the 96 pedigrees, as described in

Section 2.9. The published heterozygosity (a measure of the degree of polymorphism)

and the published map locations for each of the chromosome 6q markers are shown in

Table 4.1.

Table 4.1

Published heterozygosities and map locations for the chromosome 6q markers

Marker heterozygosity LDB* CHLC® Genethon® Marshfield”
D6S1960 0.65 58.61 97.2 - 76.62
D68294 0.81 64.71 99.4 78.8 78.85
D68257 0.85 64.76 - 80.0 79.92
D68402 0.85 65.27 100.8 81.7 80.99
D6S430 0.88 65.91 101.4 824 81.52
D65963 1.00 69.14 - - 82.59
D6S254 0.66 68.38 - - 82.59
D6S455 0.75 68.76 - 83.6 82.59
D6S421 0.64 69.32 - 85.0 84.15
D6S280 0.70 7031 106.2 87.7 87.29
D6S286 0.78 71.64 - 90.0 89.83
D6S460 0.82 71.88 - 90.0 89.83
D6S251 0.78 86.24 108.3 - 90.43
D6S445 0.71 76.39 - 91.8 91.34
D6S1270 0.67 77.72 - - 92.85
D6S1570 0.79 97.15 - 99.0 99.01
D6S252 0.69 108.03 - - 102.18

* Composite location (calculated using available genetic, physical, RH mapping

information).

® Genetic location (cM).




69

4.2.5. Marker mapping

Since the marker order and intermarker genetic distances from the published
maps are determined by genotyping a limited number of families, the order of markers
and intermarker distances are not well determined, as indicated by different genetic map
orders in Figure 4.1. Thus, to generate an accurate marker map for the markers in Table
4.1 (referred to as the “core” markers), marker orders from the published genetic and
composite maps were confirmed and discrepancies were resolved by sequence-tagged
site (STS) content mapping. As described in Section 2.10, an overlapping set of YAC
clones were selected from the Whitehead Institute/MIT Center for Genome Research
(WICGR) STS map (Hudson et al. 1995) and were obtained from the MRC Genome
Resource Facility in Toronto, Ontario. YAC clones were iocated on adjacent contigs
WC6.8, WC6.9, WC6.10, WC6.11, and WC6.12. The locations of markers on the
WICGR STS map were confirmed by PCR amplification of each marker on YAC clone
DNA. Markers D65S9635, D6S286 and D6S251 were also mapped on the WICGR
radiation hybrid map, as described in Section 2.11. Genetic distances were determined
from analysis of the 96 families by the MultiMap genetic map building program, as
described in Section 2.12.

An additional 52 markers spanning and flanking the core markers were selected
from published maps for use in linkage disequilibrium (LD) analyses (hence, are referred
10 as the “LD” markers). The locations of many of these markers were also determined
by STS content mapping, as described above. With the recent availability of the human
genome sequence (International Human Genome Sequencing Consortium 2001),
however, the marker order from the genome sequence was utilized for linkage
disequilibriumn analyses, although some markers were not mapped on the genome
sequence, thus their STS content mapping locations assisted in placing them relative to

the other markers.

4.2.6. Qualitative linkage analysis of PCD
Initial linkage analyses of the core markers were performed using the qualitative
PCD phenotype (affected, uncertain, or unaffected diagnosis) by parametric and
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nonparametric methods. Two-point parametric linkage analysis was performed using the
FASTLINK program, as described in Section 2.14.1.1. To increase the likelihood of
detecting linkage, analyses were performed using eight genetic models (Table 4.2),
shown by many studies to be a mathematically valid method to detect linkage (Elston
1989, Clerget-Darpoux and Bonaiti-Pellié 1992; Hodge and Elston 1994, Greenberg et
al. 1998). The models ranged across recessive, intermediate, and dominant modes of
inheritance, all with reduced penetrance (allowing subjects with a PCD-susceptibie
genotype to have an unaffected phenotype due to reduced disease penetrance or

misdiagnosis).

Table 4.2

Inheritance models used in DYXY two-point parametric linkage analyses of PCD
Model 1 2 3 4 5 6 7 8
Penetrances: aa 0 0 0 0 0 0 0 0

ab 0 0 0.4 0.4 0.4 0.6 0.8 0.8
bb 0.8 0.8 0.6 0.6 0.6 0.8 1.0 1.0
Disease allele b

0.01 025 0001 0.1 025 001 001 005
frequency

Multipoint parametric linkage analysis was performed using the GENEHUNTER
program, as described in Section 2.14.1.2. Analyses were performed under model 8 only
(Table 4.2), since this model produced the most significant two-point linkage results.
Lod scores under linkage heterogeneity (hlod scores) are reported since they provided
more significant evidence for linkage than lod scores without heterogeneity, suggesting
genetic heterogeneity in the sample. The analyses were performed using the sex-
averaged map derived from MultiMap analysis of the families, and confirmational
analyses were performed using the Marshfield sex-averaged genetic map.

Multipoint nonparametric linkage (NPL) analysis was performed using the
GENEHUNTER program, as described in Section 2.14.3, using the sex-averaged map
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derived from MultiMap analysis of the families, with confirmatory analyses using the
Marshfield sex-averaged genetic map.

Genetic heterogeneity testing was performed by the HOMOG program, as
described in Section 2.14.4, using the core markers that had a two-point lod score >2.

4.2.7. Quantitative-trait locus linkage analysis of reading measures

Afer the initial qualitative linkage analyses were performed, a study was
published demonstrating that quantitative analysis may be more powerful than analysis
of a qualitative trait (Wijsman and Amos 1997). It was therefore decided to perform
multipoint quantitative-trait locus (QTL) linkage analyses of the core markers using each
of the reading measures that had been assessed in each subject (phonological awareness,
phonological coding, spelling, and RAN speed). The analyses were performed using the
sex-averaged genetic map derived from MultiMap analyses of the families, and
confirmational analyses were performed using the Marshfield genetic map. Maximum-
likelihood variance-component linkage analyses were performed on the dataset of 96
families (i.e., including extended pedigrees) using the GENEHUNTER program, as
described in Section 2.15.2. Four models were tested: Model | included QTL additive
variance, polygenic additive variance, and environmental variance; the others were
variations of Model 1, with either QTL dominance variance added (Model 2), polygenic
dominance variance added (Mcdel 3), or both QTL and polygenic dominance variance
added (Model 4). Multipoint QTL sibpair linkage analyses were performed using the
nonparametric (rank-sum test} option in the MAPMAKER/SIBS program, as described
in Section 2.15.1.2. As outlined in Section 2.14.2, sibpair analyses were performed using
a sample of sibpairs of all ages from 96 nuclear families (336 sibpairs, 188 independent
sibpairs) and using a subsample of 81 nuclear families with sibpairs <18 years of age
(227 sibpairs, 145 independent sibpairs), in which the psychometric test ceiling effects
were reduced. Table 4.3 indicates the numbers of nuclear families of various sibship sizes,
in both the all-ages sibpair sample and the <18 years of age sibpair sample. The large
majority of nuclear families consisted of two or three siblings, with only a few larger
nuclear families that were not likely to distort the linkage resuits.
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Table 4.3
Distributions of sibship sizes in the all-ages sibpair sample and the <18 years of age
sibpair sample used for DYX4 QTL sibpair linkage analyses

Number of nuclear families
Sibship size: all-ages sample <18 years sample®

Two sibs 39 32
Three sibs 34 37
Four sibs 16 9
Five sibs 5 3
Seven sibs I .
Eight sibs 1 -

Total: 96 81

* Restriction to siblings <18 years of age resulted in the exclusion of 15 nuciear
families, thus the total number of nuclear tamilies in this sample was 81, and changed

the distribution of sibship sizes in the remaining nuclear families.

4.2.8. Haplotype analysis

Chromosome 6 core marker haplotypes for each individual were determined
using the SimWalk2 program, as described in Section 2.16, using the marker map
derived from MuitiMap analysis of the families. Each family was investigated for
sharing of a common haplotype (or haplotypes) anywhere across 6ql1.2-q12 markers
(from D6S965 to D6S251) amongst all PCD affected individuals within the family,
indicating that the family had a higher likelihood of carrying the dyslexia susceptibility
locus located in this region. Unaffected or uncertain family members were also permitted
to share the affected haplotype to allow for incomplete disease penetrance. These
families were designated as “linked”, and their affected haplotypes were investigated for

recombination breakpoints to attempt to narrow the candidate susceptibility region.
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4.2.9. Linkage disequilibrium analysis

Single-marker LD analysis of PCD was performed using the family-based
AFBAC program, as described in Section 2.1.1. The dataset of 96 nuclear families was
analyzed for associations between PCD and the core chromosome 6q markers. In an
attempt to reduce genetic heterogeneity in the sample, separate analyses were also
performed on the subset of nuclear families from pedigrees with a high probability of
linkage to this region. These 32 linked nuclear families were investigated for linkage
disequilibrium to the core markers, as well as the additional 52 LD markers spanning and
flanking the core markers.

Multiple-marker haplotype LD analysis was performed using the TRIMHAP
program, as described in Section 2.17.2. This program analyzes extended pedigrees for
significant association of hapiotypes with the disease by determining empirical
significance levels for the disease locus being iocated between each marker in the
haplotype. Note that this method does not confound linkage with association. Haplotypes
with P <0.05 were also investigated using the HAPMAX program, which analyzes
parent-affected child trios for significant association of haplotypes with the disease by
chi-squared testing, as described in Section 2.17.2. The dataset of 96 families was
analyzed for associations between PCD and two-marker and three-marker haplotypes of
the core chromosome 6q markers (larger haplotypes could not be analyzed due to
program constraints). The linked nuclear families were investigated for LD to two-marker
haplotypes of the core markers and the 52 LD markers. Haplotypes larger than two markers
were not analyzed due to the need for correct marker order, which was not determined for
the LD markers. Note that although the TRIMHAP program allows analysis of extended
pedigrees, only nuclear families were genotyped for the LD markers, thus only nuclear
families were used in these analyses.

LD analysis of restriction length fragment polymorphisms (RFLPs) of two
candidate genes located in the 6q region, the serotonin receptor genes ATR/f and
HTRIE, was performed on the linked nuclear families. As described in Section 2.13, the
following RFLPs were selected from the literature, genotyped in the linked nuclear
families, and analyzed using AFBAC: HTRIST-261G and HTRI 8 G861C (silent
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variant). In addition, HTRI 8 G-511T, HTRI S del-179/-178, HTRIB T371G and HTRIE

C33IT were genotyped in the linked nuclear families; however, these variants were not
polymorphic in this sample and were not analyzed for LD with PCD.

4.3. Results
4.3.1. Descriptive statistics of reading measures

Table 4.4 shows the descriptive statistics of the phonological awareness,
phonological coding, spelling, and RAN speed measures (after age-adjustment or
conversion to standard scores) and estimated IQ in three samples: all members of the 96
families, and the all-ages sibpair sample and <18 years of age sibpair sample used for
QTL sibpair linkage analyses. All reading measures exhibited adequate variance and
were therefore expected to provide sufficient power to detect linkage. With the exception
of phonological awareness, the distributions of the reading measures were nearly normal,
and since standard data transformations were not able to generate more normal
distributions for any of the measures, untransformed data were utilized in QTL linkage
analyses. In comparison to the descriptive statistics of these measures in the control
subjects (see Table 2.2), the means of each measure are lower in the family data set.
Note that estimated [Q was not utilized for any linkage analyses.

4.3.2. Pearson correlation analysis

Pearson correlation analyses were performed to clarify the relationships between
the quantitative reading measures (phonological awareness, phonological coding,
spelling, and RAN speed). As shown in Table 4.3, the Pearson correlation coefficient (r)
between phonological coding and spelling was substantial at r = 0.74, suggesting that
spelling ability is strongly influenced by phonological skills. Phonological awareness
was moderately correiated to phonological coding and spelling (» = 0.54 and 0.51,
respectively), suggesting some overlap between these skills. RAN speed was not highly
correlated with any of the other reading measures (range, r =0.34 to 0.42).




Table 4.4

75

Descriptive statistics of the reading measures and estimated [Q in all members of the 96

families (¥=902), the all-ages sibpair sample (N=336), and the <18 years of age sibpair

sample (NV=227)
Trait Mean SD Min Max Skewness Kurtosis
Phonological awareness®
All members 1809 3567 1.00 2881 -0.92 0.19
All-ages sibpairs 1749 583 265 28.79 -0.51 -0.59
<18 years sibpairs 1753 595 265 28.79 -0.42 -0.71
Phonological coding®
All members 98.84 16.60 12 149 -0.03 0.93
All-ages sibpairs 91.02 1525 46 149 0.50 1.05
<18 years sibpairs 90.02 1492 46 139 0.42 0.84
Spelling”
All members 91.08 16.16 47 124 -0.21 -0.90
All-ages sibpairs 82.16 1454 47 119 0.46 -0.43
<18 years sibpairs 81.53 1433 47 119 0.63 -0.16
RAN speed®
All members 309 062 100 35.60 0.16 0.18
All-ages sibpairs 298 0359 100 471 0.12 0.31
<18 years sibpairs 302 056 159 471 0.29 0.16
Estimated IQ°
All members 104 125 48 146 0.01 0.69
All-ages sibpairs 104 13.7 59 141 0.22 0.43
<18 years sibpairs 104 142 59 141 0.17 0.32

? Data are raw scores for adults and age-adjusted scores for subjects <18 years of age.

® Data are standard scores according to test norms (normal population mean = 100,

standard deviation =135).
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Table 4.5

Pearson correlation coefficient matrix of phonological awareness, phonological coding,

spelling, and RAN speed using all members of the 96 families
Phonological  Phonological Spelling

awareness coding
Phonological coding 0.54 - -
Spelling 0.51 0.74 -
RAN speed 0.34 0.40 0.42

NOTE —all correlations are significant at P <0.0001.

4.3.3. Marker mapping

The results of STS content mapping of the core markers and the 52 LD markers
are shown in Figure 4.1. Note that core markers D6S294 and D6S965 were not mapped
due to failure to amplify on any of the YAC clones tested, and that D6S1960, D6S1570.
and D6S252 could not be mapped since they are located outside of the set of YAC
clones (the overlapping set of clones was selected to cover most of the 6q region of
interest). The STS content mapping results corresponded well to published genetic maps,
with the exception of the position of D6S251. This marker is placed telomeric to
D6S1270 on the LDB composite map but is centromeric to D6S445 on the Marshfield
genetic map. However, STS content mapping placed both D65251 and D6S445 on YAC
clones 844-H-3, 914-A-12, and 956-F-11, thus positioning D6S251 very close to
D68445. Note that some of the LD markers were also not mapped due to PCR failure or
being located outside the set of YAC clones.

The results of radiation hybrid mapping placed D6S286 on the WICGR RH map
in a position that corresponded well to its location on published genetic maps. 16.6cR
from GATAI11F10 with lod 1.92 (odds 83:1) relative to the next most likely placement.
D68965 was placed 12.2cR from GATA11F10 with lod 2.98 (odds 955:1), thus placing
it close to D68286, which is discrepant from the LDB and Marshfield genetic maps. The
second most likely location of D68963, however, was 65.6cR from WI-5488, which
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places it near D6S430 in agreement with the genetic maps. Furthermore, the location of
D6S965 on the human genome sequence corresponds to its location on the Marshfield
map, thus this location was taken as correct. As mentioned above, the location of
D6S251 is discrepant between the LDB and Marshfield genetic maps. Radiation hybrid
mapping placed D6S251 3.9¢cR from W1-3966 with lod 1.94 (odds 87:1), thus
positioning D6S251 between D6S460 and D6S445. This is in agreement with STS
content mapping, where D6S251 and D6S445 map to the same YAC clones and thus are
very close, and with the human genome sequence location of D6S251.

The sex-averaged genetic map of the core markers, with intermarker distances
determined by MultiMap genetic mapping of the families, is shown in Figure 4.2.

Figure 4.3 shows the map of LD markers relative to the core markers, with the
LD marker order determined from the human genome sequence (for most markers) or

from the LDB composite map.

4.3.4. Qualitative linkage analysis of PCD

The results of two-point parametric linkage analyses suggested linkage between
PCD and markers on chromosome 6q11.2-q12. As shown in Table 4.6, the maximum lod
score was found at marker D6S251 (Znax = 2.82. 8= 0.25) under a dominant model with
a common disease allele (b) frequency of 5% (corresponding to a population prevalence
of 10% if completely penetrant} and reduced penetrances of 0, 0.8, and 1.0 for the aa. ab,
and bb genotypes. respectively (model 8). Three other markers had maximum lod scores
>2 under the same model (D6S254 Zyax = 2.49. D6S9I635 Znax = 2.39, D6S286 Znax =
2.47). Znax scores >2 were also obtained under two other similar models (models 6 and
7). These linkage results surpass the recommended threshold for suggestive linkage (lod
=1.9). but fall short of the threshold to establish significant evidence for linkage (lod =
3.3) (Lander and Kruglyak, 1995). The markers span an 11cM region (Figure 4.2), or
~13Mb according to the human genome sequence (International Human Genome
Sequencing Consortium 2001), on chromosome 6ql1.2-q12 according to the LDB
chromosome 6 “gmap”, in which marker cytogenetic locations were determined using
cytogenetic band fractional length data (Francke 1994).
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Multipoint linkage analyses also suggested linkage to the chromosome 6q region.
As shown in Figure 4.4, multipoint parametric analysis using model 8 identified a peak
maximum hilod of 1.58 between D6S280 and D6S286. As shown in Figure 4.5,
multipoint NPL analysis identified a peak NPL Z, score of 2.21, corresponding to P =
0.012, at D6S460, with the interval from D6S286 to D6S4435 significant at 2 <0.05.

4.3.5. Genetic heterogeneity testing

Genetic heterogeneity testing using the HOMOG program was performed under
model 8 (Table 4.2) using the four markers with two-point Zya scores >2 (D6S254,
D6S965. D6S286, and D6S251). As shown in Table 4.7, the likelihood ratios (L*) of
linkage heterogeneity versus no linkage ranged from 50 to 699 for these markers, which
corresponds to 0.05> P >0.001 (with 2 degrees of freedom for the independent
parameters @ and &). A likelihood ratio >2000, corresponding to P <0.0001, is the
recommended criterion to establish heterogeneity when there is no prior significant
evidence for linkage (e.g. Zmax <3). Thus, significant evidence for linkage with
heterogeneity could not be established. However, investigation of lod scores of these
four markers in each pedigree found that some families had positive lod scores in this
region, while other families clearly demonstrated lack of linkage by very negative lod
scotes, suggesting that heterogeneity between families (interfamilial heterogeneity)
exists, but cannot be detected with the current methods.

Note that under the hypothesis of linkage and heterogeneity (H,), the proportion
of families linked to this region () ranges from 0.6 to 1.0. However, because the evidence
for linkage heterogeneity is not significant, and because genetic heterogeneity testing
requires assumptions that cannot be verified (e.g. all mutations of all genes are equally
penetrant), the estimated s are probably inaccurate (Whittemore and Halpern 2001).
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Table 4.7
Results of genetic heterogeneity testing of D6S254, D68965, D6S280, and D6S251

Maximum log. L(a,6")" L*

H;: linkage, Hy: linkage, H; vs.Hp b, H, vs. H;: H, vs. Hp™:

homogeneity heterogeneity linkage heterogeneity linkage
Marker heterogeneity
D6S254  5.82(1,.22) 5.82 (1,.22) 337 1.0 337
D6S965  3.90(1,.28) 3.90 (1,.28) 50 1.0 50
D68S286 5.73(1,.26) 6.31(.6,.18) 308 1.79 550
D68251  6.52(1,.26) 6.55(.9,.24) 683 1.02 699

? Natural log of the maximum likelihood [L(a,8")] of the hypothesis.
*LofHo=1.

4.3.6. Quantitative-trait locus linkage analysis of reading measures

Multipoint QTL linkage analyses of the phonological awareness, phonological
coding, spelling, and RAN speed measures were performed using variance-component
and sibpair approaches. As shown in Figure 4.6b, variance-component analyses under
Model 2. which included QTL dominance variance, found evidence for linkage to
spelling (peak lod = 3.34 at D6S965; 1 lod confidence interval from D6S402 to D65280)
and phonological coding (peak lod = 2.08 at D6S963). This analysis was performed
under 2df, thus the peak lod scores under 1df are approximately equivalent to 2.6
(spelling) and 1.5 (phonological coding), for comparison to traditional lod score
analysis. RAN speed and phonological awareness had lod scores <0.6 and near zero
across the region, respectively. Analyses without QTL or polygenic dominance variance
(Model 1), with polygenic dominance variance (Model 3), or with both QTL and
polygenic dominance variance (Model 4), provided little evidence for linkage (Figure
4.6a.c.d. respectively).
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Figure 4.6 Lod-score curves from DYX4 GENEHUNTER variance-component
linkage analysis of phonological awareness (—), phonological coding (A), spelling (®),
and RAN speed (#). Analysis was performed under a) Model 1, b) Model 2, ¢) Model 3,
d) Model 4.
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Muitipoint nonparametric QTL sibpair analyses of sibpairs of ail ages found

moderate evidence for linkage to phonological awareness (unweighted Z = 1.95, P =
0.026 near D6S455; weighted Z = 0.94, P =0.17 at D6S96S5; Figure 4.7a) and spelling
(unweighted Z = 2.66, P = 0.0039; weighted Z = 1.49, P = 0.068 at D65286; Figure
4.7c). Phonological coding and RAN speed were not significant (P <0.05, unweighted
and weighted; Figure 4.7b,d, respectively). Analyses of sibpairs <18 years of age, in
which psychometric test ceiling effects were reduced, provided stronger evidence for
linkage to the 6q region. The most significant results were found in analyses of spelling
{unweighted Z = 3.27, P = 0.00053; weighted Z = 1.80, P = 0.036 at D6S286; Figure
4.8c¢), and moderate results were found with phonological awareness (unweighted Z =
2.10, 2 =10.018 at D6S455; weighted Z = 0.92, P = 0.18 near D68254; Figure 4.8a) and
phonological coding (unweighted Z =2.13, P =0.017 at D6S257; weighted Z=1.13. P
= 0.13 near D6S402; Figure 4.8b). RAN speed results were not significant (Figure 4.8d).

4.3.7. Haplotype analysis

Haplotype analysis identified 32 linked pedigrees in which all affected family
members share a common haplotype(s) anywhere across D6S965 to D6S251 (Figure
4.9). Recombination breakpoints between D6S280 and D6S286 in pedigrees 1948, 2005.
and 3919, and between D6S286 and D6S460 in pedigree 1932, identified a consensus
region between D6S280 and D6S460 that potentially harbours the DYX4 gene (delimited
by vertical lines, Figure 4.9). This region spans ~ 4.6cM, or 6.9Mb according to the
human genome sequence (International Human Genome Sequencing Consortium 2001).
A breakpoint between D6S280 and D2S251 in pedigree 1954 could not be localized
because the recombinant individual was homozygous for D25286 and D2S460, thus
localization of this breakpoint could further refine the consensus region. While the
6.9Mb consensus region is more likely to contain the DYX4 gene than elsewhere on
6q11.2-q12, the critical breakpoint was only found in pedigree 1932, in which two
affected siblings share a common haplotype, which is expected to occur by chance at
~50% probability. Thus, these siblings may not actually carry the DYX+4 gene, thus this
breakpoint and the resulting consensus region should be regarded with caution.
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without weighting (——) and with weighting (—s—) of multiple sibships.
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Figure 48  Z-score curves from DYX¥ MAPMAKER/SIBS nonparametric sibpair
linkage analysis of a) phonological awareness, b) phonological coding, ¢) spelling, and
d) RAN speed, using a sample containing sibpairs <18 years of age. Analyses were
performed without weighting (——) and with weighting (—s—) of multiple sibships.
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Common Marker Haplotype # Affected Individuals

1960 294 257 402 430 965 254 455 421 280, 286,460 251 445 1270 1570 252 with Haplotype
Pedigree
1937 4 - parent, 3 sibs
1939 2 sibs
1940 2 sibs
1947 3 - parent, 2 sibs
1948 3 - parent, 2 sibs
1949 2 sibs
1960 3 - parent, 2 sibs
1954 -—-r--- 4 sibs
2002 2 sibs
2005 3 - parent, 2 sibs
3906 4 - parent, 3 sibs
3909 3 - parent, 2 sibs
3919 4 in 3 generations
3926 3 sibs
3928 3 - parent, 2 sibs
3929 2 sibs
Figure 4.9 (cont’d)
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4.3.8. Linkage disequilibrium analysis

As shown in Table 4.8, single-marker AFBAC LD analysis of the 96 nuclear
families did not detect associations between PCD and any of the core chromosome 6q
markers (all P >0.05 under simplex and multiplex analysis options). TRIMHAP LD
analysis using two-marker and three-marker haplotypes of core markers detected
significant associations with D6S257/D6S402 haplotypes (P = 0.012) and
D6S257/D6S402/D6S430 haplotypes (P =0.027 and P = 0.034 for disease gene
locations in the intervals between the markers). Note that TRIMHAP P values are
empirical. thus correction for multiple testing is not required. HAPMAX LD analysis
supported the significant D68257/D6S402 association, with chi-squared P = 0.0096, but
analysis of D6S257/D6S402/D6S430 haplotypes could not be performed due to program
constraints. The physical distance between these PCD associated markers is: D6S257 -
7.4Mb - D6S402 — 4.2Mb — D6S430 (International Human Genome Sequencing
Consortium 2001), well outside the ~100kb average range of LD for European-
descended populations reported in recent studies (Collins et al. 1999; Abecasis et al.
2001; Reich et al. 2001).

AFBAC single-marker LD analyses of the 32 linked nuclear families using the
core markers and the 52 LD markers found much stronger linkage disequilibrium with
PCD (Table 4.9). Significant associations were found with adjacent markers D6S1551
(simplex P = 0.050) and D68430 (simplex P = 0.047), and with D6S1020 (multiplex P =
0.026), located 14cM away (near D68445). Given the large number of markers
investigated, however, type I error is expected to occur with two or three markers.
Nonetheless, the proximity of D68430 and D6S13551 (<1cM or ~400kb) suggests that
these associations may indeed be real. TRIMHAP analyses of two-marker haplotypes in
the linked families detected a significant association between haplotypes of markers
D6S1711 and D6S1710 (P = 0.049), which are [ocated ~250kb apart and ~4Mb from
D6S1551 and D6S430. However, HAPMAX analysis did not support this association
(chi-squared P = 0.42), although this P value is probably less accurate under high
degrees of freedom than the TRIMHAP empirical value.
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Table 4.8
Linkage disequilibrium P values from analyses of chromosome 6q core markers in the
96 families
AFBAC P value® TRIMHAP P value®
Marker simplex multiplex  two-marker haplotype three-marker haplotype
D6S1960 0.32 0.96
0.54 0.51
D6S294 0.72 0.72
0.55 0.53
D63257 0.90 0.42
0.012 (0.0096°) 0.027
D68402 0.11 0.47
0.16 0.034
D6S430 0.56 0.16
0.25 0.15
D6S965 0.34 0.91
0.30 0.81
D6S254 0.88 0.44
0.24 0.47
D68S455 0.87 0.073
0.10 0.14
D6S421 0.63 0.87
0.23 0.14
D65280 0.36 0.95
0.41 0.51
D6S286 0.46 0.22
0.75 0.83
D6S460 0.63 0.47
0.82 0.85
D68251 0.93 0.33
0.53 0.76
D68445 0.65 0.68
0.49 0.59
D681270 0.49 0.053
0.23 0.43
D6S1570 0.41 0.24
0.29 0.37
D6S252 0.74 0.75
* chi-squared P value
® empirical P value

“ HAPMAX chi-squared P value



Table 4.9

Linkage disequilibrium P values from analyses of all chromosome 6q markers (core
markers and 52 additional markers) in the linked families

AFBAC Pvalue®  TRIMHAP P value’
Marker simplex multiplex two-marker haplotype

1541 0.20 0.79
0.67

1960 0.35 0.43
0.94

1623 0.66 0.48
0.97

294 0.94 0.16
0.97

1636 0.41 0.081
0.73

1661 0.38 0.94
0.86

428 0.25 0.47
091

257 0.34 0.49
0.70

1276 0.73 0.59
0.76

1016 0.69 0.63
0.22

1711 0.53 0.43
0.049 (0.42°

1710 0.40 0.31
0.069

402 0.20 0.48
0.83

1048 0.89 0.77
0.35

1628 0.83 0.92
0.24

414 0.16 0.73
0.31

1053 0.22 0.71

? chi-squared P value; ° empirical P value; * HAPMAX chi-squared P value
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Table 4.9 (cont’d)

AFBAC Pvalue®  TRIMHAP P value’
Marker simplex multiplex two-marker haplotype

1053 0.22 0.7t

0.68
1026 0.69 0.25

0.93
1551 0.050 0.59

0.44
430 0.047 0.12

0.60
1032 0.35 0.71

0.94
405 0.77 0.36

0.70
1282 0.86 0.64

0.57
1619 0.079 0.10

0.55
965 0.53 0.35

0.90
467 0.75 0.59

1.00
1718 0.65 0.94

0.88
254 0.43 0.41

0.90
313 0.18 0.41

0.84
1557 031 0.48

0.78
1561 0.52 0.42

0.66
455 0.16 0.064

0.52
1673 0.063 0.056

0.29
421 0.81 0.91

0.98
280 0.48 0.70

* chi-squared P value; ° empirical P value; * HAPMAX chi-squared P value
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Table 4.9 (cont’d)

AFBAC P value®  TRIMHAP P value®
Marker simplex muitiplex two-marker haplotype

280 048 0.70
0.80

406 0.25 0.40
0.34

1596 0.96 0.50
0.078

1031 0.30 0.73
0.40

1659 0.67 0.85
0.076

456 0.44 0.10
0.78

1625 0.70 0.77
0.73

1589 0.99 0.70
0.62

284 0.33 0.58
0.69

286 0.48 0.60
0.94

460 0.90 0.75
0.67

1052 0.58 0.79
0.75

463 0.90 0.47
0.86

251 0.28 0.39
0.58

1646 0.49 0.83
0.45

445 0.36 0.55
0.57

1020 0.50 0.026
0.31

1634 0.66 0.68
0.61

1627 0.84 0.54

2 chi-squared P value; ° empirical P value; © HAPMAX chi-squared P value



Table 4.9 (cont’d)
AFBAC Pvalue®  TRIMHAP P value’

Marker simplex multiplex two-marker haplotype
1627 0.84 0.54

0.21
1270 0.88 0.29

0.12
1601 0.51 0.53

0.48
1652 0.38 0.80

0.85
1004 0.35 0.71

0.48
1595 0.30 0.18

0.15
1644 0.21 0.43

0.37
1613 0.47 0.88

0.80
1570 0.50 0.51

0.34
450 0.34 0.58

0.20
1631 0.084 0.31

0.14
1043 0.058 0.12

048
444 0.73 0.88

0.99
417 0.32 0.92

0.35
458 0.95 0.95

0.83
252 0.89 0.50

0.68
1274 0.81 0.48

2 chi-squared P value; ° empirical P value; * HAPMAX chi-squared P value
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AFBAC linkage disequilibrium analysis of HTR! S G861C and T-261G
polymorphisms in the linked nuclear families did not detect significant associations with

PCD under either simplex or multiplex analysis options (P = 0.63-1.0; Table 4.10).

Table 4.10

103

AFBAC linkage disequilibrium results from analyses of HTR! 8 G861C and HTRIS

T-261G polymorphisms in the linked nuclear families

transmitted non-transmitted

RFLP allele obs exp freq obs exp freq Chi-square P
simplex:
G861C G 11 11 0306 11 11 0.306 0

C 25 25 069 25 25 06% 0 100
T-261G T 30 29 0536 28 29 0500 @ 0.0690

G % 27 odeh |/ 2 0500 004l
multiplex:
G861C G 10 105 0312 7 65 0350 0.0529

C 22 215 0688 13 145 0.650  0.0257 078
T-261G T 275 264 0539 15 161 0484  0.1139

G 235 2457 0461 16 149 0516  0.1226 06

4.4. Discussion

Linkage analysis of microsatellite markers on chromosome 6 has found

suggestive evidence for a dyslexia susceptibility locus on 6q11.2-q12, which has been

assigned the name DYX4 by the Human Gene Nomenclature Committee. Evidence for

linkage was derived from analyses of a qualitative PCD phenotype by two-point and

multipoint parametric linkage analysis methods (under a dominant model with reduced

disease penetrance and a common disease allele frequency) and multipoint NPL

analysis. QTL linkage analyses of separate reading measures using variance-component
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and nonparametric sibpair approaches also provided evidence for a reading disability
locus in this region.

While the linkage results surpassed the recommended threshold for suggestive
linkage in a genome screen of lod = 1.9, they fell short of the conventional significance
threshold of lod = 3.3 (Lander and Kruglyak 1995). However, obtaining a lod score >3.3
in linkage studies of compiex traits is often very difficult owing to such factors as
incomplete penetrance, phenocopies, genetic heterogeneity, polygenic inheritance, and
diagnostic uncertainty (Lander and Schork 1994). Furthermore, there is disagreement as
to the appropriateness of using genome screen significance thresholds for studies that are
not genome screens, such as the present study (Witte et al. 1996; Elston 1997,1998).
Regardless of whether these linkage results are statistically “significant” or merely
“suggestive”, these findings clearly warrant further attention, and other investigators
should attempt replication of these findings in their dyslexia family samples which
would confirm and potentially refine this locus.

Linkage disequilibrium analysis also found evidence for the DYX4 dyslexia
susceptibility locus. Analysis of all of the PCD families found significant assaciations
with marker haplotypes spanning an 1 1Mb region at 6q1 1.1, slightly centromeric to the
region of linkage. Furthermore, significant associations were detected with single
markers and marker haplotypes spanning 4Mb within this region in analyses of linked
families that were more genetically homogeneous than the entire sample of families.
Although the single-marker AFBAC results were not corrected for multiple testing,
hence some false associations were expected, the haplotype TRIMHAP results were
empirical and thus are considered accurate. In spite of this, the fact that LD was detected
over such a large region is cause for concern, given that LD is thought to only extend
~100kb in populations such as the one studied (Collins et al. 1999; Abecasis et al. 2001;
Reich et al. 2001). However, the associated markers are located near the centromere
where recombination is reduced, thus the extent of LD would be expected to be greater
than at other chromosomal regions. Additional investigation of this region, possibly with
single nucleotide polymorphisms (SNPs), which occur approximately every 1,000bp in
the genome, is therefore required to substantiate these LD findings.
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Analysis of marker haplotypes identified linked families in which all affected
members within the family share a common DYX4 haplotype. Recombination
breakpoints in the haplotypes of these families defined a 6.9Mb consensus region
between D68280 and D6S460 that has a high probability of harbouring the DYX¥ gene,
although a critical breakpoint was found in only one pedigree that may not carry the
DYX4 gene (the family was classified as linked based on only two affected siblings),
thus the consensus region should be regarded with caution. A conservative boundary
based on a breakpoint in another family is between D6S280 and D6S251, a region of
8.8Mb.

In this report, the advice of one authority in the field (Elston 1997,1998) was
followed and precise linkage results that were not adjusted for multiple testing were
presented. The rationale is that traditional Bonferoni correction for mulitiple testing
assumes that the statistical tests are independent, which is not the case here since the
reading disability phenotypes are correlated with each other, the genetic markers are
located near each other, and several of the methods of linkage analysis are similar to one
another. Thus, Bonferoni correction for multiple testing would probably be overly
conservative in this situation. Thus, while it is acknowledged that correction for multiple
testing is necessary in this case and would decrease the linkage resuits that have been
presented, there is currently no appropriate method for correcting for partially dependent
tests such as those utilized in this study. In the case of LD analyses, AFBAC results were
also not corrected for multiple testing; however, TRIMHAP results were empirical and
thus multiple testing correction was not required.

Most of the linkage analyses emploved in this study utilized subdivided
pedigrees or a smaller data set selected from the complete sample of families, thus the
results were expected to be lower than the “true” resuits that could have been obtained
had it been possible to analyze the complete sample. [n particular, the multipoint
parametric and NPL analyses of the PCD phenotype, and the variance-component
analyses of the quantitative reading measures, were performed using the
GENEHUNTER program, which has a number of advantages over other multipoint
methods (most notably, a relatively fast linkage algorithm) but is restricted to moderately
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sized pedigrees. This restriction necessitated the splitting of 10 large pedigrees in the
sample into subpedigrees, which probably reduced the power to detect linkage. Also, the
multipoint nonparametric sibpair analysis method used in this study only utilized nuclear
families and thus has reduced power to detect linkage compared to analysis of extended
pedigrees (Wijsman and Amos 1997). Therefore, the linkage results from multipoint
parametric, NPL, variance-component, and sibpair analyses were likely lower than the
values that might have been obtained using complete pedigrees.

With regard to the QTL linkage analyses of the reading measures, a few points
are worthy of discussion. First, the maximum-likelihood variance-component linkage
approach employed in this study has an underlying assumption of phenotypic
multivariate normality, which is probably violated in genetic studies where the sample is
selected to contain a large proportion of affected individuals. Other factors may also lead
to non-normal phenotypic data, such as the presence of a major gene or certain types of
gene-environment interaction (Allison et ai. 1999). Simulation studies have shown that
some types of phenotypic nonnormality, particularly skewness and leptokurtosis
(symmetric extreme-tailed distribution), produce type [ error rates in excess of the
nominal levels (Allison et ai. 1999; Pratt et al. 2000). While the distributions of the
phonological coding and spelling measures used in this study did not greatly deviate
from normality, caution is still warranted when interpreting their variance-component
results. However, the fact that sibpair linkage analyses of these reading measures also
supported the presence of a locus in the 6ql 1.2-q12 region, as did parametric and NPL
analyses of the PCD phenotype, suggests that the variance-component resulits for
phonological coding and spelling are in fact reltable. It is intriguing, though, that the
variance-component approach did nor detect any evidence for linkage to phonological
awareness, when the moderate correlations between this measure and phonological
coding and spelling suggest that 2 common genetic basis may underlie these reading
skills. However, the fact that sibpair analyses, which make no assumption of phenotypic
normality, did find moderate evidence for linkage to phonological awareness suggests
that the poor variance-component results may be due to the marked non-normality

observed in this measure (due to severe psychometric test ceiling effects). Thus, rather
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than producing potentially false-positive linkage results, as simulation studies predict for
nonnormal phenotypes, the phonological awareness measure may have generated false-
negative linkage results in variance-component analyses. A second point to be addressed
is that in sibpair analyses of the reading measures, analysis of a restricted sample of
sibpairs less than 8 years of age found stronger evidence for linkage to phonological
awareness, phonological coding, and spelling than analyses of sibpairs of all ages. This
observation indicates that adult ceiling effects in the psychometric reading tests may
have reduced the variance in the measures, thereby reducing the power to detect linkage
in sibpair samples including adults. One final comment regarding the quantitative
analyses is that since variance in the phenotypic measures and other factors can affect
QTL linkage analyses (Pennington 1997), it would be premature to conclude that the
DYX4 locus is involved in particular reading skills (i.e., phonological coding and
spelling, in which there was evidence for linkage), but is not involved in other skills (i.e..
phonological awareness or RAN speed, in which there was little evidence for linkage).
Rather. it can only be concluded that this gene appears to be involved in some aspect of
the reading process.

Heterogeneity testing detected only moderate (but non-significant) evidence for
genetic heterogeneity in the sample, however this may have simply been due to sample
size or other factors and not because heterogeneity does not exist. The fact that some
families had positive lod scores at the 6q region, while other families clearly
demonstrated lack of linkage by very negative lod scores, indicates that heterogeneity
between families (interfamilial heterogeneity) is highly probable. Furthermore,
heterogeneity testing does not detect heterogeneity within families (intrafamilial
heterogeneity), which is presumably a major factor in the sample given the large
proportion of bilineal pedigrees. Thus, although heterogeneity testing was not able to
detect significant evidence for genetic heterogeneity in the sample, both interfamilial and
intrafamilial heterogeneity are likely present.

Genetic heterogeneity would have had a severe impact on both multipoint
linkage analyses and LD analyses. With regard to muitipoint linkage analyses,
heterogeneity reduces the power to detect linkage because the flanking markers inhibit
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the recombination fraction estimate from increasing, thereby reducing or excluding
linkage across the whole interval (Xu et al. 1998). This is in contrast to two-point
linkage analyses, where heterogeneity can be partially ameliorated by an increased
recombination fraction estimate (note in Table 4.6 that two-point lod scores >2 had theta
values ~0.25). It should be noted that although GENEHUNTER accommodates
interfamilial heterogeneity by the calculation of hlod scores, thereby moderating the
effect of heterogeneity, this program does not accommeodate intrafamilial heterogeneity.
With regard to LD analyses, genetic heterogeneity may have decreased the ability to
detect especially strong associations between PCD and markers spanning chromosome
6q11.2-q12. In analyses of nuclear families selected from the 96 pedigrees, families that
do not carry the DYX4 gene could have masked LD present in the families that do carry
this gene. For this reason, separate association analyses were performed on a subset of
linked families defined by sharing of a singie DYX4 haplotype among affected family
members. However, even though selection of these linked families probably reduced the
genetic heterogeneity in the sample, many of the pedigrees were classified as linked on
the basis of only two or three affected siblings (who are expected to share on average
50% of their genes by chance) and may not actually carry the DYX4 gene. Thus,
interfamilial heterogeneity may still have existed in the linked subset of families, and
would have obscured strong marker associations with PCD. Note that strong LD may
also not have been detected due to small sample size (particularly for the linked family
sample) or due to the occurrence of multiple identical or heterogeneous founder
mutations in the DYX4 gene, which is highly possible for a common disorder in an
ethnically-mixed sample such as the one used in this study. In addition, sparse marker
coverage around the locus may have prevented the detection of strong LD, which is quite
likely given that recent studies have found that the extent of detectable LD in north-
Europe descended populations is ~100kb (Collins et al. 1999; Abecasis et al. 2001;
Reich et al. 2001), whereas the markers used in the present study were on average 600kb
apart.

[t should be stressed that it is not likely that this positive finding on 6q is merely
detecting the known 6p dyslexia locus. Although factors such as genetic heterogeneity
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and phenotypic variability between studies may “shift” a susceptibility gene localization,
the 6p21.3 dyslexia region has shifted only 15¢M among reports, while the 6q11.2-q12
region is at least 40cM away from the 6p21.3 region. Furthermore, it is reasonable to
assume that a number of genes are involved in a complex skill such as reading, and the
likelihood of two genes being located on the same relatively large chromosome would be
nearly as great as being located on different chromosomes.

[t is possible that a common predisposing gene may underlie various behavioral
or psychological disorders, given that these types of disorders may share a similar
etiology of disruption in brain development and/or function. Since parents of autistic
children appear to have an increased frequency of reading problems (Folstein et al.
1999), it is intriguing that a study (Phillippe et al. 1999) found evidence for an autism
susceptibility locus on chromosome 6q near D6S283, which is located approximately
17¢M telomeric to D68251, the marker that produced the highest two-point lod score
with PCD. The marker density used in the autism report was relatively sparse in this
region, with the nearest markers to D6S283 being 20cM centromeric and 10cM
telomeric (markers D6S286 and D6S261, respectively). Thus, analysis using additional
markers could shift the autism gene localization into the 6q11.2-G12 region where
suggestive evidence for a dyslexia locus was found, opening up the possibility of a
common susceptibility gene for both disorders.

There are a number of candidates for the D¥X+ dyslexia susceptibility gene.
Located in the vicinity of D6S257 to D6S430, where haplotype LD analysis found
several significant associations, is a protein tyrosine phosphatase gene (PTP44/)and a
novel gene (KI4402+44) with sequence similarity to human transcription factor 7FIIS.
Since phosphatases and transcription factors are involved in a wide range of cellular
processes, it is entirely possible that they are involved in neural development and/or
function. Within the 6.9Mb consensus region between D65280 and D6S460 identified
from recombination breakpoints in linked families, candidate genes include p43""“, a
novel gene being studied by Dr. Kye-Young Lee at the University of Calgary, who has
found evidence for a role for this gene in neural differentiation (personal

communication), and the serotonin receptor gene HTR/ S (Jin et al. 1992), which is a




110

good candidate based on the involvement of neurotransmitters in brain development
(Mattson 1988; Meier et al. 1991; Levitt et al. 1997). The serotonin receptor gene
HTRIE is also located in the 6ql1.2-q12 region, although outside of the consensus
region (Levy et al. 1994). Even though linkage disequilibrium between PCD and HTRIS
and HTRIE polymorphisms was not detected in this sample, this does not rule out a role
for either of these genes in dyslexia. Other 6q11.2-q12 candidates include the gamma-
aminobutyric acid (GABA) receptor tho-subunit genes, GABRR ] and GABRR2 (Cutting
et al. 1992), and the cannabinoid receptor gene (CNR/) (Hoehe et al. 1991), which is a
strong candidate based on evidence that the endogenous cannabinoid system plays a role
in neural development (see review by Fernandez-Ruiz et al. 2000).

To conclude, this study has found evidence for a dyslexia susceptibility locus on
chromosome 6q11.2-q12, named DYX4. Replication in other dyslexia family samples is
obviously required to confirm the presence of a dyslexia susceptibility gene in this
region. and to better localize the gene to facilitate fine mapping. Ultimately,
identification of genes involved in dyslexia will increase our understanding of the
biological basis of this disorder, and will lead to earlier diagnosis and improved
treatment of children at high risk for dyslexia.
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Chapter Five: Confirmation of the DYX3 Dyslexia Susceptibility Gene on
Chromosome 2p15-p16

5.1 Introduction

A linkage study by Fagerheim et al. (1999) identified a dyslexia locus (DYX3) on
chromosome 2p15-p16 in a large Norwegian family with autosomal dominant
transmission of dyslexia. Parametric linkage analyses using three diagnostic schemes
found significant evidence for linkage in this family (maximum lod = 4.3 at D2S378),
which was supported by nonparametric linkage analysis (P = 0.0009 between D252352
and D2S1337). Furthermore, identification of a three-marker haplotype cosegregating
with dyslexia in the family defined a 2cM region between D252352 and D2S1337 that
likely harbours the DYX3 gene. Replication of this linkage in other families would
confirm the existence of the locus and potentially assist in its localization; however,
there have been no reports of replication to date. [ therefore investigated our sample of
dyslexia families for linkage and/or linkage disequilibrium between PCD and
chromosome 2p15-p16 markers. The results provide independent evidence for the DYX3
locus, and support the localization of DYX3 within the 2cM interval reported in the
original Norwegian linkage study.

5.2. Methods
5.2.1. Subjects

As described in Section 2.2, the study sample consisted of 96 families (46
nuclear families, 50 extended pedigrees) of European descent, with each family
containing at least two dyslexic siblings. There were a total of 902 individuals who had
DNA sampled and 884 underwent psychometric testing to assess four components of
reading: phonological awareness, phonological coding, spelling, and RAN) speed. Each
individual was also assessed for estimated IQ, and adults were assessed for reading
history (see Section 2.4). The results of the reading tests (except RAN speed) and
reading history in adults were used to assign an affected, unaffected, or uncertain
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diagnosis of phonological coding dyslexia (PCD) (see Section 2.5), resulting in 52% of
individuals diagnosed as affected with PCD, 33% as unaffected, and 15% as uncertain.

5.2.2. Markers, genotyping and marker map

The following seven microsatellite markers spanning the DYX3 region were
selected from the Fagerheim et al. (1999) report: D2S1352, D2S2352, D2S378,
D282279, D282183, D2S1337, and D2S393. Automated genotyping was performed
with technical assistance using a LI-COR 4200S-2 Gene ReadIR DNA Analyzer, as
described in Section 2.8. Marker allele frequencies were calculated from the parents of
one nuclear family per pedigree, as described in Section 2.9. The Genethon genetic map
(Dib et al. 1996) was utilized for intermarker order and distances (Figure 5.1). Note that
the Genethon marker order corresponded to the human genome sequence (International

Human Genome Sequencing Consortium 2001).
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Figure 5.1  Genetic marker map of chromosome 2p15-p16 markers, with intermarker
distances (cM) indicated.

5.2.3. Linkage analysis

Two-point parametric linkage analysis of PCD was performed using FASTLINK,
as described in Section 2.14.1.1, and muitipoint parametric linkage analysis under
genetic heterogeneity was performed using the GENEHUNTER program, as described
in Section 2.14.12. Two-point and multipoint analyses were performed under a model
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with 1% disease allele frequency and phenocopy and penetrance rates of 0.04 and 0.99
for males and (.01 and 0.85 for females (Table 5.1). These values were selected to match
those in the models used in the Fagerheim et al. (1999) report. Multipoint nonparametric
linkage (NPL) analysis of PCD was performed using GENEHUNTER by analyzing all
affected family members simultaneously, as described in Section 2.14.3. Note that it was
necessary to subdivide 10 large pedigrees for all GENEHUNTER anatyses, likely
reducing the power to detect linkage.

Table 5.1
Inheritance model used for DYX3 parametric linkage analysis of PCD
male female
Penetrance (aa, ab, bb) 0.04,0.99,099 0.01,0.85,0.85
Disease allele b frequency 0.01 0.01
5.2.4. Haplotype analysis

Marker haplotypes were determined using the GENEHUNTER program, as
described in Section 2.16. Each family was investigated for sharing of a common
haplotype (or hapiotypes) containing D2S378, D282279, or D2S2183 (the markers
comprising the 2cM cosegregating haplotype in the Norwegian family) amongst all PCD
affected individuals within the family, indicating that these families had a higher
likelihood of carrving the DYX3 gene. Unaffected or uncertain family members were
also permitted to share the affected haplotype to allow for incomplete disease
penetrance. These families were designated as “linked”, and their affected haplotypes
were investigated for recombination breakpoints to attempt to narrow the candidate
susceptibility region. In addition, the affected haplotypes of the linked families were
investigated for the specific haplotype found segregating in the Norwegian family. Since
marker allele size is dependent on PCR marker primers and the genotyping system, three
DNA samples from the Norwegian family (obtained from Dr. Toril Fagerheim) were
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genotyped and the specific alleles in the Norwegian affected haplotype were determined
to allow direct comparison to the linked families’ haplotypes.

5.2.5. Linkage disequilibrium analysis

Family-based linkage disequilibrium (LD) analysis of PCD using two-marker
and three-marker haplotypes, which yield more power to detect LD than single markers
(Martin et al. 2000a; Akey et al. 2001}, was performed using the TRIMHAP program, as
described in Section 2.17.2. This program analyzes extended pedigrees for significant
association of haplotypes with the disease by determining empirical significance levels
for the disease locus being located between each marker in the haplotype, and the
method does not confound linkage with association. Haplotypes with P <0.05 were also
investigated using the HAPMAX program, which analyzes parent-affected child trios for
significant association of haplotypes with the disease by chi-squared testing, as
described in Section 2.17.2. LD analyses were performed on the sample of 96 families,
as well as a subsample of linked families that were more likely to carry DYX3 mutations.

and thus were more genetically homogeneous, than the sample of 96 families.

5.3. Results
5.3.1. Linkage analysis

Results of two-point and multipoint parametric linkage analyses provided weak
evidence for linkage between PCD and the DYX3 region. As shown in Table 5.2, the
maximum two-point lod score was found at marker D2S1352 (Zmx =0.77, 8=0.3).
Multipoint analysis detected a peak hiod score of 0.07 at D251352, as shown in Figure
5.2. Multipoint nonparametric linkage analysis, however, provided much stronger
evidence for linkage to the DYX3 region. The peak NPL Z,y score was 2.33 at D2S1352,
corresponding to P = 0.0087 (shown in Figure 5.3), thus surpassing the recommended
value of P =0.01 to claim significant linkage in a replication study (Lander and
Kruglyak 1995).



Table 5.2

Results of DYX3 two-point parametric linkage analysis of PCD
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Marker Znax (0)
D2S1352 0.77 (0.3)
D28S2352 0.03 (0.4)
D28S378 0.14 (0.4)
D2S2279 0(0.5)
D2S2183 0.32(0.4)
D2S1337 0.29 (0.4)
D2S393 0.44 (0.4)
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Figure 5.2  Hlod-score curve from DYX3 GENEHUNTER multipoint parametric

linkage analysis of PCD.
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Figure 5.3  Log P-value curve from DYX3 GENEHUNTER multipoint nonparametric
linkage analysis of PCD.

5.3.2. Haplotype analysis

Haplotype analysis identified 35 linked pedigrees in which affected family members
share a common haplotype (or haplotypes) containing at least one of D2S378, D2§2279,
and D282183. The Norwegian affected haplotype was not found in any of the families;
however, the D2S378 allele in the Norwegian haplotype is rare in our sample (observed
in only two of 877 individuals). As shown in Figure 5.4, analysis of recombinations in
haplotypes of the linked families identified a recombination breakpoint between
D282279 and D2S2183 in pedigree 1921. In addition, a breakpoint somewhere between
D2S378 and D2S2183 was identified in pedigree 1020. It was not possible to exactly
localize this breakpoint because the recombinant individual was homozygous for
D282279. Nevertheless, these two breakpoints identified a consensus region between
D2S378 and D2S2183. According to the Genethon genetic map (Figure
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Common marker haplotype # affected individuals
1352 2352 378 :2279:2183 1337 393 with haplotype
Pedigree
1011 2 sibs
1020 3 - parent, 2 sibs
1040 4 - parent, 3 sibs
1082 3 - 2 sibs, child
1126 3 - parent, 2 sibs
1141 2 sibs
1160 5 - parent, 3 sibs, nephew
1174 3 - parent, 2 sibs
1215 4 - parent, 3 sibs
1218 4 - parent, 3 sibs
1227 4 - uncle, 2 sibs, cousin
1903 4 - uncle, 3 sibs
1906 Do— 2 sibs
1913 5 - parent, 3 sibs, nephew
1920 3 sibs
1921 2 sibs
1925 4 sibs
1931 3 - parent, child, nephew
1937 4 - parent, 3 sibs
1940 2 sibs
1945 3 sibs
1947 3 - parent, 2 sibs
1948 3 - parent, 2 sibs
1949 2 sibs
1950 3 - parent, 2 sibs
1952 3 - parent, 2 sibs
2002 2 sibs
2003 2 sibs
3907 3 - parent, 2 sibs
3911 3 sibs
3918 2 sibs
3923 2 sibs
3926 3 sibs
3929 2 sibs
3931 3 - parent, 2 sibs

Figure 5.4  Chromosome 2p15-p16 haplotype(s) shared by affected individuals
within each linked pedigree. Vertical lines delimit the consensus region.
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5.1), these markers are located at the same genetic position (i.¢., they cannot be resolved
using genetic mapping techniques). However, according to the human genome sequence
(International Human Genome Sequencing Consortium 2001), these markers span a
1.9MBb region. Depending on the exact location of the breakpoint in pedigree 1020, the
consensus region may be even smaller. It should be pointed out that while this consensus
region is more likely to contain the DYX3 gene than elsewhere on 2p15-p16, the
breakpoints were found in only two pedigrees that each contain two affected siblings
sharing a common hapiotype, which is expected to occur by chance at ~50% probability.
Thus, these siblings may not actually carry the DYX3 gene, thus the breakpoints in these
families, and the resulting consensus region, should be regarded with cautior.
Breakpoints in other families (1011 and 1906) defined a much larger consensus region
from D6S1352 to D6S1337, a region spanning 9.6Mb.

5.3.3. Linkage disequilibrium analysis

As shown in Table 5.3, TREMHAP LD analysis of the 96 pedigrees did not find
any significant associations between PCD and chromosome 2p15-p16 markers.
However, analysis of the subsample of 35 linked families found significant associations
to haplotypes consisting of D282352/D28378 (P = 0.021), D28378/D282279 (P =
0.017), D2S1337/D2S393 (P = 0.049), and D2§2352/D2S378/D282279 (P = 0.029).
[nvestigation of these associations using HAPMAX found significant results with
D2S2352/D2S378 haplotypes (P = 0.029) and D282352/D28378/D282279 haplotypes
(P =0.00094), as shown in Table 5.3. However, due to the large number of haplotypes
analyzed (hence the high degrees of freedom), these HAPMAX chi-squared P values are
considered estimates only. Note that no specific haplotypes were found associated with
PCD.
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Table 5.3
TRIMHAP linkage disequilibrium empirical P values from analysis of DYX3 two-
marker and three-marker haplotypes in the 96 families and in the linked families

96 families linked families

two-marker three-marker two-marker three-marker
Marker haplotype haplotype haplotype haplotype
D2S1352

0.24 0.46 0.85 0.66
D282352

0.41 0.47 0.021 (0.029%) 0.029
D2S378 (0.00094%)

0.15 0.12 0.017(0.15% 0.020
D2S2279

0.084 0.091 0.33 0.26
D2S2183

0.61 041 0.18 0.20
D2S1337

0.67 0.39 0.049 (0.17% 0.12
D2S393
* HAPMAX P value

5.4. Discussion

Investigation of chromosome 2p15-p16 markers in a sample of Canadian families
with PCD has found independent evidence for the DYX3 dyslexia susceptibility locus
originally identified in a Norwegian family by Fagerheim et al. (1999). Evidence for
linkage was derived from multipoint NPL analysis. where the results surpassed the
recommended P = 0.01 to claim significant linkage in a replication study (Lander and
Kruglyak 1995). Parametric linkage analyses using the genetic model developed by
Fagerheim et al. (1999), however, found only very weak evidence for linkage,
suggesting that the model (based on Norwegian prevalence rates) may not be the most
appropriate model for our Canadian sample.

Significant linkage disequilibrium was detected between PCD and several DYX3
marker haplotypes in analyses of a group of linked families, in which affected
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individuals within each family shared a common DYX3 haplotype, thus the sample was
more genetically homogeneous than the complete sample of families. Most of the
significant associations were to haplotypes containing markers D252352, D2S378 and
D282279. These latter two markers comprise part of the three-marker haplotype that
cosegregates with dyslexia in the Norwegian family, thus these results provide support
for DYX3 being located near these markers.

It was interesting that the Norwegian affected haplotype was not found in any of
our families. However, the D2S378 allele in the Norwegian haplotype was rare in this
sample, occurring in only two of 877 individuals, suggesting that the Norwegian
haplotype may be population- or family specific. Similarly, the fact that no specific
haplotypes were found associated with PCD might be due to the presence of muitiple
independent mutations associated with different haplotypes in this ethnically mixed
sample.

Analysis of recombination breakpoints in affected haplotypes of linked families
identified a consensus region between D2S378 and D2S2183 where DYX3 is most likely
located. These markers span a 1.9Mb interval according to the human genome sequence,
although depending on the exact location of one critical breakpoint, the consensus region
may be even smaller. This consensus region is within the 2cM interval defined by the
Norwegian haplotype, which is approximately 5.4Mb in size (International Human
Genome Sequencing Consortium 2001). Thus, the present findings considerably refine
the location of DYX3 within this region. One gene mapped within the consensus region
called vaccinia virus BIR kinase related kinase 2 (VRK2), a putative serine/threonine
protein kinase (Nezu et al. 1997), is a potential candidate gene since kinases are involved
in a variety of cellular functions.

In conclusion, linkage and linkage disequilibrium analyses of a large Canadian
family sample have provided independent evidence for the DYX3 dyslexia locus on
chromosome 2p15-p16. As there have not yet been any other reports replicating the
DYX3 linkage, these findings contribute significantly towards substantiating the
existence of the DYX3 gene. In addition, associations with haplotypes consisting of
markers D2S378 and D2S2279, and the identification of a 1.9Mb consensus region
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between D2S378 and D2S2183, verify the location of DYX3 near these markers, as
reported in the original Norwegian study, and thereby warrant the continued
investigation of this region in order to identify the DYX3 gene.
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Chapter Six: Involvement of Neurotransmitter Receptor Genes in Susceptibility to
Dyslexia

6.1. Introduction

As discussed in Chapter One, dyslexia co-occurs with attention-
deficit/hyperactivity disorder (ADHD), anxiety, and depression more often than
expected by chance (Gilger et al. 1992; Shaywitz et al. 1995; Willcutt and Pennington
2000). In addition, parents of autistic children have an increased frequency of reading
problems (Folstein et al. 1999), suggesting a link between dyslexia and autism. These
findings suggest that genes with pleiotrapic effects may be involved in these conditions,
therefore genes implicated in ADHD, anxiety, depression, autism, or other behavioural

conditions are candidate dyslexia susceptibility genes.

Numerous studies have been carried out to investigate a role for dopamine receptor
and dopamine transporter genes in ADHD, since the most common treatment for ADHD is
methylphenidate (Ritalin), which primarily acts on the dopaminergic system (see review by
Challman and Lipsky 2000). Significant associations have been reported between ADHD
and the dopamine transporter gene, DAT] (Cook et al. 1995; Gill et al. 1997; Waldman et
al. 1998; Barr et al. 2001), and between ADHD and the dopamine D4 receptor gene, DRD+
(LaHoste et al. 1996; Rowe et al. 1998, Smalley et al. 1998, Swanson et al. 1998; Barr et al.
2000; McCracken et al. 2000; Sunohara et al. 2000; Curran et al. 2001). Gamma-
aminobutyric acid (GABA) receptor genes may also be involved in behavioural disorders,
with evidence for linkage disequilibrium between autistic disorder and the GABA(A)
receptor beta3 subunit gene, GABRB3 (Cook et al. 1998; Martin et al. 2000b), and the
GABA(A) receptor alpha3 subunit gene, GABRAS, implicated in unipolar disorder and
bipolar disorder (Oruc et al. 1997; Papadimitriou et al. 1998). The above findings are not
surprising given that neurotransmitter receptors are important for neural development
(Mattson 1988; Meier et al. 1991; Levitt et al. 1997), a process that appears to be
abnormal in the above disorders (Zametkin and Liotta 1998; Courchesne 1997; Nemeroff
1998) and in dyslexia, as discussed in Chapter One.
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[ therefore investigated microsatellite markers near or within several candidate
GABA receptor genes, dopamine receptor genes, and the dopamine transporter gene for
linkage (using parametric and genetic model-free sibpair methods) and linkage
disequilibrium (using a family-based method) with phonological coding dyslexia (PCD).
The results provide evidence for the involvement of neurotransmitter receptor genes in
susceptibility to PCD, thereby suggesting a relationship between these genes and the

atypical brain development and function associated with dyslexia.

6.2. Methods
6.2.1. Subjects

As described in Section 2.2, the study sample consisted of 83 families (43
nuclear families, 40 extended pedigrees) of European descent, with each family
containing at least two dyslexic siblings (with the exception of five families that had
only one affected sibling). There were a total of 805 individuals who had DNA sampled
and underwent psychometric testing to assess four components of reading: phonological
awareness, phonological coding, spelling, and RAN speed (see Section 2.4). Each
individual was also assessed for estimated IQ, and adults were assessed for reading
history. The results of the reading tests (except RAN speed) and reading history in adults
were used to assign an affected, unaffected, or uncertain diagnosis of PCD (see Section
2.5), resulting in 50% of individuals diagnosed as affected with PCD, 34% as unaffected.
and 16% as uncertain.

6.2.2. Markers, genotyping and marker map

Microsateilite markers within or near candidate GABA receptor genes, dopamine
receptor genes, and the dopamine transporter gene (DAT/) were selected and primer
sequences obtained from the Genome Database (GDB) (http://www.gdb.org). The markers
for the GABA receptor candidate genes were: GABRA ] (intragenic marker), GABRAS
(intragenic marker), GABRB] (intragenic marker) (note that G4BRA2 is located within
0.6cM of GABRBI), GABRBS3 (intragenic marker) (note that G4BRG3 is located ~10cM
from GABRB3), and D5S529 and D58621 (flanking GABRB2, GABRG2, and GABRAG).
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The markers for the dopamine receptor candidate genes were: D5S211 (near DRDI),
DRD? (intragenic marker), D382460 and D3S3045 (flanking DRD3), D11S1363 (near
DRD+), DRDS (intragenic marker), and the marker for the dopamine transporter candidate
gene (DATI) was D5S807. The cytogenetic location, heterozygosity (a measure of the
degree of polymorphism), and the candidate gene being tested for each marker are shown in
Table 6.1. Automated genotyping was performed with technical assistance using a LI-COR
42008S-2 Gene ReadIR DNA Analyzer, as described in Section 2.8. Published marker
allele frequencies were obtained from the GDB and were used for linkage analyses. The

Genetic Location Database (LDB) genetic marker maps showing the selected markers are

shown in Figure 6.1.

Table 6.1
Cytogenetic location, heterozygosity, and candidate gene tested for each of the GABA

receptor gene, dopamine receptor gene, and dopamine transporter gene markers

Marker cytogenetic location  heterozygosity  candidate gene tested
D383045 3ql3.3 0.82 DRD3

D3S2460 3q13.3 0.76 DRD3

DRD35 4p15.3-plS.1 0.78 DRDS

GABRBI1 4pl3-pl2 0.69 GABRBI, GABRA2

D5S807 5pls.3 0.76 DATI

D5S529 5q34-q35 0.74 GABRG2, GABRB2, GABRA6
D5S621 5q34-q35 0.64 GABRG2, GABRB2, GABRA6
GABRALI 5q34-q35 0.76 GABRAI

D5S211 5q34-q35 0.73 DRDI

D11S1363 11p1s.5 0.60 DRD4

DRD2 11q22.2-q22.3 0.68 DRD2

GABRAS 15q11-g13 0.78 GABRAS

GABRB3 15q11-g13 0.82 GABRB3, GABRG3
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6.2.3. Linkage analysis

Two-point parametric linkage analysis of PCD was performed using FASTLINK
from the LINKAGE programs, as described in Section 2.14.1.1. The complete sample of
83 families was analyzed (i.e., including extended pedigrees). To increase the likelihood
of detecting linkage, analyses were performed using eight genetic models (Table 6.2).
The models ranged across recessive, intermediate, and dominant modes of inheritance,
all with reduced penetrance (allowing subjects with a PCD susceptible genotype to have
an unaffected phenotype due to reduced disease penetrance or misdiagnosis). Note that
these models are the same as those employed for two-point parametric linkage analyses
discussed in Chapter 4.

Two-point sibpair linkage analysis of the PCD phenotype was performed using the
SIBPAL program. as described in Section 2.14.2.1. This program tests for genetic linkage
by performing traditional Haseman-Elston linear regression of the squared sibpair trait
difference on the estimated proportion of alleles shared [BD by the sibpair for each marker
locus. Since sibpair linkage methods analyze nuclear families only, one nuclear family
containing two PCD sibiings was selected (described in Section 2.14.2) from each of the
78 pedigrees that contained an affected sibpair (as mentioned in Section 6.2.1, five of the
83 pedigrees contained only one PCD sibling). The distribution of sibship sizes in the
nuclear families is shown in Table 6.3. The sample consisted of 305 sibpairs of all ages.
of which 163 sibpairs were independent. Analyses were performed without weighting of
multiple sibships, since most families had only two or three siblings and thus the results
would probably not be overly biased by linkage in multiple sibships. Note that a
subsample of nuclear families containing sibpairs <I8 years of age was not analyzed (as
was done for some of the investigations in other chapters), since the analysis was
performed to confirm parametric linkage results in which individuals of all ages were
analyzed.
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Table 6.3

Distribution of nuclear families of various sibship sizes used for sibpair linkage analysis
of candidate gene markers

Number of
Sibship size: nuclear families

Two sibs 29
Three sibs 25
Four sibs L7
Five sibs 5
Seven sibs 1
Eight sibs 1

Total: 78

6.2.4. Linkage disequilibrium analysis

Family-based linkage disequilibrium (L.D) analysis of each of the markers was
performed using the AFBAC program, as described in Section 2.17.1. Analysis was
performed on the 78 nuclear families that contained two or more affected siblings, using
either the first affected sibling (simplex analysis option} or the first two affected siblings
with weighted transmissions (multiplex analysis option). Analyses were performed with
grouping of rare alleles {<5% observed frequency).

6.3. Results
6.3.1. Linkage analysis

Table 6.2 shows the results of two-point parametric linkage analyses of the markers
under the eight inheritance models tested. Evidence for linkage to PCD was found with
marker D11S1363 near DRD4 (Zgax = 2.2, §=0.2) under 2 dominant model with reduced
penetrance (model 8). Znax scores > 1.2 were also found with this marker under other
dominant and intermediate models (models 3, 6, and 7; Table 6.2). A Zna score of 2.2 is
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considered suggestive evidence for linkage, since it surpasses the Lander and Krugylak
(1995) recommended “suggestive” critical lod of 1.9 but does not reach the “significant”
threshold of lod = 3.3, and it also passes the critical lod >2 to establish suggestive linkage to
a mendelian trait (Morton 1955). Moderate evidence for linkage was also found to the
DRDS5 gene intragenic marker, with Z., = 1.2 and 1.3 under two similar recessive models
(models 1 and 2; Table 6.3). None of the other markers showed any evidence for linkage to
PCD, with Zgx <1 under all inheritance models.

Genetic model-free two-point sibpair linkage analyses confirmed the parametric
linkage results. As shown in Table 6.4, simple linear regression analysis detected strong
evidence for linkage between PCD and DI 181363, with P =0.0041. Furthermore,
concordant unaffected sibpairs had significantly increased IBD allele sharing at D11S1363
(58% sharing, P = 0.0012), and discordant sibpairs had significantly decreased IBD allele
sharing (45% sharing, £ = 0.017). Sibpair linkage analysis of the DRDS$ intragenic marker
found moderate evidence for linkage, with a simple linear regression P = 0.071, and no
significant skewing in sibpair IBD allele sharing. Interestingly, there was significantly
skewed IBD allele sharing for D5S807 and DRD2 in some sibpair types; however, there
was no evidence for linkage between PCD and these markers by simple linear regression
analysis.

6.3.2. Linkage disequilibrium analysis

AFBAC LD analysis detected significant associations between PCD and the DRDS
intragenic marker (simplex £ = 0.019) and D5S529, near the G4BRB2/GABRG?2 cluster
(simplex P =0.027), as shown in Table 6.5. However, association was not detected with
D11S1363 (simplex P = 0.98, multiplex P = 0.770), or with any of the other candidate gene

markers.



Table 6.4

Results of two-point sibpair linkage analysis of candidate gene markers
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Proportion of shared IBD alleles (P value)

Simple linear regression  concordant  discordant”  concordant
Marker P value unaffected * affected
D383045 0.76 0.46 (0.75) 0.51 (0.57) 0.48 (0.79)
D3S2460 0.18 0.46 (0.75)  0.45 (0.059) 0.49 (0.71)
DRD5 0.071 0.52 (0.38) 0.46 (0.10) 0.52 (0.22)
GABRBI1 0.19 0.49 (0.56) 0.48 (0.29) 0.52 (0.19)
D58807 0.93 0.63 (0.0097) 0.53(0.87) 0.46 (0.028)
D58529 0.90 0.50 (0.50) 0.55 (0.93) 0.50 (0.33)
D5S621 048 0.44 (0.82) 0.52(0.73) 0.53 (0.096)
GABRALI 0.89 0.53(0.29) 0.55(0.93) 0.49 (0.63)
D3S211 040 0.49 (0.56) 0.50 (0.51) 0.51(0.27
D1151363 0.0041 0.58 (0.0012) 0.45(0.017) 0.52 (0.17)
DRD2 0.92 0.48 (0.66)  0.56 (0.026) 0.51(0.23)
GABRAjS 0.17 0.54 (0.27) 0.48 (0.25) 0.51 (0.31)
GABRB3 0.37 0.49 (0.57) 0.48 (0.22) 0.49 (0.67)

? Concordant unaffected sibpairs, NV = 24.
® Discordant sibpairs, N = 95.
¢ Concordant affected sibpairs, N = 171.
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Table 6.5
AFBAC linkage disequilibrium 7 values from analysis of candidate gene markers

Marker simplex multiplex
D383045 0.62 0.75
D382460 0.81 0.73
DRDS 0.019 0.16
GABRBI 0.16 0.96
D5S807 0.27 0.51
D5S529 0.027 0.62
D5S621 0.69 0.83
GABRAI 0.12 0.16
D5S211 0.66 0.84
D11S1363 0.98 0.70
DRD2 0.36 0.45
GABRAS 0.38 0.31
GABRB3 0.88 0.97

6.4. Discussion

Linkage and LD analysis of candidate GABA receptor. dopamine receptor. and
dopamine transporter gene markers in our sample of Canadian families has found
evidence that neurotransmission genes play a role in susceptibility to PCD. The findings are
not entirely surprising given the evidence for the involvement of DAT! and DRD4 in
attention deficithyperactivity disorder, and GABRB3 in autism, two disorders that are
interrelated with dyslexia. Furthermore. neurotransmission is known to be important for
proper neural development. a process that is abnormal in dyslexia. thus genes involved in
this process might be expected to be involved in the manifestation of dyslexia.

Highly suggestive evidence for linkage was detected between PCD and marker
D11S1363. located near the DRD4 gene on chromosome 11p15.5. The strongest parametric
linkage results were found under a dominant model with reduced penetrance, and sibpair
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linkage analysis results supported this linkage. Investigation of [BD allele sharing for this
marker found significantly increased allele sharing in unaffected sibpairs and decreased
sharing in discordant (unaffected-affected) sibpairs. These results suggest that a disease
gene near D11S1363, which could potentially be the DRD4 gene, has an ailele with a
protective effect such that individuals who carry this allele are protected from susceptibility
to dyslexia. However, if unaffected sibpairs received a “protective” allele from one of their
parents, affected sibpairs would be expected to have increased sharing of the other
“nonprotective” allele transmitted from that parent, and although there was slightly >50%
allele sharing of D11S1363 in affected sibpairs, it was not statistically significant.
Interestingly, LD was not detected between PCD and D11S1363. However, this marker is
located approximately 3cM telomeric to DRD4, which is outside the ~100kb range of LD
that is observed in populations of north-Europe descent, such as this Canadian sample
(Collins et al. 1999; Abecasis et al. 2001; Reich et al. 2001). Thus, tests for LD with a
marker very close to or, ultimately, within DRD4 must be performed to either endorse or
rule out a role for this gene in PCD, and investigation of other genes near D11S1363 may
also be in order.

Moderate evidence for both linkage and LD was found with a marker within the
DRD5 locus on chromosome 4p15.3-p15.1. Parametric linkage analysis under a recessive
model with reduced penetrance provided the strongest evidence for linkage, although the
lod score did not meet the recommended threshold of lod = 1.9 to claim suggestive
evidence for linkage (Kruglyak and Lander 1995). The results of sibpair linkage analysis
also fell short of statistical significance. However, the fact that significant association was
detected with the DRDS marker supports the involvement of DRDS in PCD. Since LD
testing can be much more sensitive than tests of linkage for loci having smail effects ina
population (Risch and Merikangas 1996), DRD5 may be a minor dyslexia susceptibility
gene. Evidence was also found for LD (but not linkage) between PCD and marker D58529,
located 0.5¢M telomeric to the GABRB2 and GABRG?2 loci on chromosome 5g34-q33,
suggesting that one (or possibly both) of the G4BRB2 or GABRG?2 genes may also be a
minor dyslexia susceptibility gene.
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Further LD analysis of the above candidate genes, ultimately using haplotypes of
markers within or spanning the genes, which is more powerful than analysis of single
variants (Martin et al. 2000b; Akey et al. 2001), is necessary to substantiate the
involvement of DRD4, DRDS, GABRB2, and GABRG?2 in PCD susceptibility. While this
study did not find evidence for involvement of the other candidate GABA receptor,
dopamine receptor, or dopamine transporter genes in PCD, factors such as genetic
heterogeneity and small gene effects may have hampered detection of linkage.
Furthermore, while the markers were generally close enough to the candidate genes to be
within a detectable range of linkage (with the possible exception of D5S807, which is
located 22¢M from DATI), only the intragenic candidate gene markers might potentially
be in LD with dyslexia mutations, since the average range of LD in this sample is
expected to be ~100kb. Thus, it would be inappropriate to conclude that the candidate
genes whose markers did not show linkage or LD to PCD in this study are not involved in
susceptibility to dyslexia, only that the current study was unable to provide support for this
hypothesis.

To conclude, this study has found evidence implicating the dopamine receptor
genes DRD+ and DRDS, and possibly the GABA receptor G4BRB2 or GABRGZ gene, in
susceptibility to dyslexia. As there are no reports in the literature regarding the
involvement of specific dopaminergic or gabaminergic genes in dyslexia, these findings
contribute significantly towards the identification of dyslexia genes, which uitimately
will increase our understanding of the biological basis of this disorder and lead to earlier
diagnosis and treatment of children at risk for dyslexia.
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Chapter Seven: Discussion and Future Perspectives

7.1. Genetic analysis of complex traits: challenges and issues

The identification of genes involved in complex traits is hampered by a number of
factors such as phenotypic uncertainty, genetic heterogeneity, polygenic inheritance, and
phenocopies (Lander and Schork 1994). A number of steps were therefore taken to
minimize these problems and to increase the probability of detecting dyslexia susceptibility
loci. Several important issues regarding the analysis of complex traits also manifested
themselves during the course of this project, namely appropriate statistical significance
levels, replication of linkage findings, and optimal study designs.

7.1.1. The dyslexia phenotype

One factor that is problematic in genetic studies of dyslexia is phenotypic (or
diagnostic) uncertainty. Because many dyslexic individuals have deficits in a number of
reading components in addition to their key problem with phonological skills, it is
difficult to precisely characterize the dyslexia phenotype. Some investigators define
dyslexia by a discrepancy between prose reading and general intelligence (e.g. Smith et
al. 1983; Morris et al. 2000a,b). However, standard IQ tests include reading components,
and since dyslexic individuals would be expected to have depressed reading scores. [Q
tests that include reading are probably not an accurate indicator of intelligence in reading
disabled individuals. Also, as reading requires many skills, the use of a discrepancy
between reading performance and intelligence to identify dyslexic individuals would
result in a heterogeneous mixture of disorders in the sample (e.g. people with
phonological deficits, orthographic deficits, etc.). Each of these reading disorders may
have a different genetic causation, further confounding the identification of susceptibility
loci. Hence. most genetic studies of dyslexia instead utilize specific reading components
to assess reading disability. Since there is general agreement that the majority of reading
disabled individuals have deficits in phonological skills, this component is usually
assessed in genetic studies (e.g. Grigorenko et al. 1997, 2000; Fisher et al. 1999, Gayin
et al. 1999). However, the level of phonological skill that has been used to define



reading disability often differed between studies, with some studies measuring
phonological awareness (at the [owest level), and others assessing higher-level
phonological coding or single word reading (which draws upon phonological skills and
orthographic skills). Many groups also evaluated other reading components in the study
of dyslexia, such as orthographic coding, spelling, and RAN (e.g. Cardon et al. 1994;
Grigorenko et al. 1997, 2000; Fisher et al. 1999, Gayén et al. 1999). In contrast, one
research group utilized only spelling disability in the study of dyslexia, claiming that
spelling deficits are more heritable than reading deficits (Schulte-Kéme et al. 1998b;
Nothen et al. 1999). Because the variance and reliability of the reading phenotypes can
affect the ability to detect linkage and/or linkage disequilibrium to a susceptibility locus
(Pennington 1997), the use of different phenotypes by different research groups is
probably the main reason that identified loci have not been confirmed in all studies.

The phonological coding dyslexia (PCD) phenotype utilized in the studies in this
thesis was developed based on the most recent reading disability research when the Field
and Kaplan study was initiated. At that time, there was a consensus in the literature (as
there is today) that the central cause of the reading problems in nearly all dyslexic
individuals is difficulty understanding the phonemic nature of language, and is thought
to be most pronounced at the level of phonelogical coding (the use of grapheme-
phoneme rules to sound out unfamiliar words). This skill was therefore assessed in all
subjects in the Field and Kaplan study, and was used as the primary determinant of an
affected/unaffected/uncertain PCD diagnosis. Since cognitive studies demonstrated a
significant overlap between phonological coding and phonological awareness (the
perception and oral manipulation of phonemes), phonological awareness was aiso
measured for each subject (in fact, there is debate as to which of the two phonological
components is the core deficit in dyslexia {Torgesen et al. 1994; Blachman 1994]).
Research also revealed that most dyslexic individuals have a persistent problem with
spelling that is resistant to remediation, probably due to the involvement of phonological
skills in spelling, thus each subject was also assessed for spelling ability. The
phonological awareness and spelling test scores were then used to assist in PCD
diagnosis. Because the reading tests were designed for children, and because dyslexic
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adults may use compensatory strategies to read and thus may not be detected by reading
tests, adults were also assessed for reading history, which was critical in determining
PCD diagnosis for aduits. Therefore, PCD was a specific phenotype defined by the
central deficit observed in dyslexia, and resulted in a sample of families with a relatively
homogeneous reading disorder (as far as our current knowledge and methods are able to
determine). The fact that linkage and LD were detected to the DYX3 and DYX4 regions
and to candidate dopamine receptor and GABA receptor genes using the PCD phenotype
suggests that it is an accurate indicator of dyslexia.

While carrying out this thesis project, a paper was published that demonstrated
that analysis of a quantitative (continuous) trait is often more powerful than analysis of a
qualitative (discrete) phenotype (Wijsman and Amos 1997). This brought into question
whether the PCD phenotype had less power to detect linkage than the quantitative
measures on which it was based. In addition, the heightened focus on the use of
quantitative-trait locus (QTL) linkage analysis methods for human complex trait studies
prompted the use of QTL methods to separately analyze each of the reading measures
that were used for PCD diagnosis (phonological awareness, phonological coding, and
spelling) and a measure of RAN speed. It should be pointed out that reading experts
disagree with partitioning reading into separate components, arguing that many correlated
reading skills are required for skilled reading and they should all be considered together
when assessing reading disability. One option that would satisfy this argument would be to
determine a composite quantitative measure of reading ability based on several reading
components, as was done for the Cardon et al. (1994) linkage study. Discriminant analysis
could be used to select a subset of useful variables from the set of reading components and
determine a composite measure. However, this analysis is fairly complicated and, if done
incorrectly, may result in a composite measure that does not accurately reflect reading
ability. Thus, a simpler option was to separately analyze each reading measure, keeping in
mind that positive linkage findings for some traits but not for other correlated traits does not
mean that different genes are involved in different reading components. Rather, some
reading measures may have higher variance than others, possibly due to reading test
designs, or due to differences in variability in the population for those reading skills. Higher
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variance would result in higher power to detect linkage by QTL methods, potentially
leading to stronger linkage results compared to a reading measure with lower variance. This
was in fact observed in the DYX4 linkage study, in which the spelling measure
demonstrated stronger linkage than the correlated phonological awareness and phonological
coding traits. From these results one can conclude that the DYX+ gene is involved in some
aspect of reading, but it would be erroneous to conclude that DYX is involved in spelling
ability but not the other skills, since the stronger linkage to spelling is most probably due to
higher variance in the measure.

In contrast to the assumption that analysis of the quantitative reading measures
would be more powerful than analysis of the PCD phenotype, only very weak linkage
was detected to the chromosome 6p21.3 DYX2 region by QTL methods (whereas no
linkage was detected with PCD; Field and Kaplan 1998). This resuit led to the
conclusion that linkage to DYX2 does not exist in this sample, probably because the
sample contains a larger proportion of highly familial major gene forms of dyslexia (as a
result of our strict ascertainment scheme) compared to other dyslexia researchers’
sampies. Stronger linkage to the DYX4 region was also not detected in analyses of the
quantitative reading measures compared to analyses of PCD. While the results of QTL
variance-component and sibpair analyses both supported linkage between dyslexia and
the DYX4 region, the results were not statistically significant, just as for linkage
analyses of the PCD phenotype. It was possible, however, that QTL analysis did not
detect stronger linkage because of the need to subdivide large pedigrees (for variance-
component analysis) or to use smaller nuclear families (for sibpair analysis). This
probably reduced the power to detect linkage compared to the power that was available
in the complete sample used for two-point parametric analysis of PCD, which yielded
the strongest PCD results of all qualitative linkage analyses employed in the DYX¥
study.

As mentioned above, one of the reading components assessed in the subjects in
the Field and Kaplan study was RAN speed. At the time the study was initiated,
cognitive studies had demonstrated that many dyslexic individuals have deficits in RAN
speed, but the relationship between these deficits and the phonological coding deficits
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was unclear. Thus, the results of RAN speed tests were not used in determining PCD
diagnosis. Research since that time has provided evidence for the independence of RAN
speed and phonological deficits (Wolf 1999), and the results presented in this thesis
support this independence. Firstly, the phenotypic correlations between RAN speed and
the phonologically-based measures (phonological awareness, phonological coding, and
spelling) were low. Furthermore, DYX4 QTL linkage analyses found positive linkage
findings for the phonologically-based measures (although the strength of linkage
depended on the particular QTL linkage analysis method), but no linkage was found
between the DY X4 region and RAN speed, regardless of the method. While it is possible
that low informativeness of the RAN speed measure may have prevented the detection of
linkage, the variance of this measure appeared to be adequate (at least to the same degree
as the other measures), thus linkage between the DYX4 region and RAN speed should
have been detected if RAN speed indeed shares a genetic basis with the phonological
reading components,

7.1.2. Genetic heterogeneity

Dyslexia, like many other complex traits, is characterized by genetic
heterogeneity. Not only is there locus heterogeneity, where different genes are involved
in conferring disease risk in different families and populations, as evidenced by
significant linkage to different chromosomal regions in different samples, but also there
is undoubtedly ailelic heterogeneity, where different mutations in a single gene confer
disease susceptibility. Locus heterogeneity affects the detection of linkage, since linkage
in some families might be negated by other unlinked families, and may also affect the
detection of LD, since LD with a locus will only occur in the (potentiaily smail) proportion
of families linked to that locus. Allelic heterogeneity, however, does not affect linkage
detection, but does hinder the detection of LD, since each mutation in the gene will be
associated with a different haplotype descended from the founder in which the mutation
arose. To overcome these analytical obstacles, it has been proposed that extremely large
sample sizes will be needed to identify complex trait genes (Altshuler et al. 2000, Rao
2001). Alternatively, focusing on isolated populations, which are generally more
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genetically homogeneous than North American and European populations, may be
successful in identifying complex trait genes specific to these populations (Chapman and
Thompson 2001; Peltonen et al. 2000). Another approach that is gaining interest for the
identification of complex trait loci is meta-analysis, a variety of statistical procedures to
synthesize the results of independent linkage studies (Gu et al. 2001).

Genetic heterogeneity was apparent in the Field and Kaplan dyslexia sample,
even though the results of formal genetic heterogeneity testing were not statistically
significant. The fact that linkage could not be detected to the chromosome 6p21.3 DYX2
locus by analysis of the PCD phenotype (Field and Kaplan 1998) or quantitative reading
measures (Chapter 3), when this locus has been detected in five independent samples
(Cardon et al. 1994; Grigorenko et al. 1997,2000; Fisher et al. 1999; Gayén et al. 1999;
Turic et al. 2000), strongly suggests that our sample contains different genetic forms of
dyslexia compared to other samples. In contrast, strong linkage and LD to the chromosome
6q11.2-q12 DYX4 region was found in this sample (Chapter Four), demonstrating that the
sample had sufficient power for the detection of dyslexia loci. While LD was detected to
several markers and haplotypes in a defined region, allelic heterogeneity at the DYX4 locus
was indicated by the fact that none of the families shared a common haplotype with any
other family. It will be interesting to see whether other groups are able to detect linkage to
the DYX4 locus in their samples, or whether locus heterogeneity between samples will
prevent replication of DYX4. The Field and Kaplan sample, however, did appear to possess
the same dyslexia predisposing gene as found in another sample, namely the DYX3 locus
identified in a large Norwegian family (Fagerheim et al. 1999). Significant linkage was
found to DYX3 by NPL analysis, and significant LD was also detected with haplotypes
in this region (Chapter Five). However, allelic heterogeneity was indicated by the fact
that the Norwegian affected haplotype was not found in the sample and, furthermore, the
families linked to this region did not share a common DYX3 haplotype.

7.1.3. Significance levels in studies of complex traits
One of the difficulties in interpreting the results of a complex trait study is sorting
out the true positive signals from the false positive signals. This difficulty arises because of
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the multiple tests that are often employed in complex trait studies. Linkage and LD tests are
often carried out numerous times using several methods and models, and for multiple
phenotypes. Use of the conventional 5% significance level when interpreting the results of
each of these tests will lead to an increased probability of false positives. Instead, the
significance level must be adjusted to reflect the fact that multiple tests were performed.
Traditional Bonferoni correction for multiple testing assumes that the tests are independent,
which is generally not the case in genetic studies. In the studies presented in this thesis, the
microsatellite markers that were investigated were located near each other, the multiple
linkage tests and LD tests that were performed were similar to one another, and the dyslexia
phenotypes (PCD and the quantitative reading measures) were, for the most part, correlated
with each other. Thus. Bonferoni correction would be overly conservative, and thus is not
appropriate for these studies or for genetic studies in general. An alternative way to control
the false positive rate when multiple tests are performed is to adopt a stringent significance
level, as proposed by Lander and Kruglyak (1995). For a genome scan of dense markers
analyzed using parametric linkage methods, the recommended lod score to claim
suggestive linkage is 1.9, and to claim significant linkage, the lod is 3.3. While these
stringent critical lod scores certainly reduce the chance of a false positive linkage result,
they also compromise the detection of true linkage, since a lod 23.3 is extremely difficult to
achieve for a complex trait due to incompiete penetrance, phenocopies, genetic
heterogeneity, and polygenic inheritance (Lander and Schork 1994). In other words, the
application of stringent significance levels increases the probability of false negative
results, or type I error (i.e., no evidence for linkage when linkage exists). Lander and
Kruglyak (1996) also argue that results should be corrected for the large number of tests
performed in a genome scan, even if such a large number of tests was not performed, since
one would undertake such a dense scan to detect linkage, if necessary. Others (Witte et al.
1996; Elston 1997,1998) strongly argue against this reasoning, and instead recommend that
precise linkage and LD resuits be reported (not adjusting for multiple tests) to allow
interpretation in light of the particular study. In addition, because one expects more than
one gene to be involved in the etiology of a complex trait, focusing on one or a few extreme
results might not provide an accurate picture of the multifactorial situation (Witte et al.
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1996). An alternative method to control the rate of false positive results in studies of
complex traits is to perform computer simulations to determine empirical significance
levels for the particular study being performed, rather than using pre-determined
significance levels that may not be appropriate (Ott 1999, p79). However, few linkage or
LD programs include this option as of yet, leading investigators to perform in-house
computer simulations, which may cause difficulties when comparing results between
different studies. It is expected that demand by the scientific community will result in the
implementation of computer simulations in many linkage and LD programs, hopefuily
resolving the issue of how to properly control the rate of false positive results in complex
trait studies. And finally, it is possible that the width of a lod score peak may be useful
for determining the significance of a linkage result, since true positive peaks are
generally wider than false positive peaks (Terwilliger et al. 1997).

Regarding the studies presented in this thesis, multiple testing correction of lod
scores and P values was not performed, as suggested by Witte et al. (1996) and Elston
(1997,1998), yet the recommended critical lod scores of Lander and Kruglyak (1995)
were considered when interpreting the linkage results. This was done more to abide by
the current practice in the literature, where use of these stringent significance levels is
common, than because of agreement with these thresholds. With regard to the LD
analyses, the number of tests performed by AFBAC analysis was considered when
interpreting the LD results, particularly for DYX¥ analysis where almost 70 markers
were investigated. Fortunately, haplotype LD analysis using TRIMHAP determined

empirical significance levels, thus these results could be viewed as accurate.

7.1.4. Replication of linkage findings

Replication is commonly required for accepting a positive finding, even if the
original finding surpassed stringent significance thresholds. However, failure to replicate
a positive finding in a different study is not necessarily proof that the original finding
was false. Suarez et al. (1994) demonstrated by computer simulation that if several loci
each with a modest effect are implicated in a disease, then linkage will be difficult to
detect and replicate, and that failure to replicate can be due to heterogeneity or to the
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statistical consequences of attempting to map several genes involved in a complex trait.
For example, if there are six unlinked disease loci for a disorder, and the power to detect
any one of them is 20%, then the power to detect at least one of them is 1 - (0.8)° =
74%. Thus, there may be a high probability of detecting one of the six susceptibility loci,
but in a replication study looking for a specific previously-detected locus, the power is
only 20%. Suarez et al. (1994) concluded that unless the replication sample is much
larger than the original sample, replication will often fail. Other strategies to improve the
chances of replication are to carry out the replication study on the same underlying
population from which the original sample was drawn, or to match the samples for other
characteristics such as age, gender, ethnicity, etc. (Rao and Gu 2001).

Two replication studies were presented in this thesis: investigation of the
chromosome 6p21.3 DYX2 region (Chapter Three) and the chromosome 2p15-pl6
DYX3 region (Chapter Five). As already mentioned during the discussion of genetic
heterogeneity, linkage to the DYX2 locus could not be replicated, even though this locus
has been replicated by four independent groups (Grigorenko et al. 1997,2000; Fisher et
al. 1999; Gaydn et al. 1999; Turic et al. 2000). It was concluded that genetic
heterogeneity between samples is probably the reason for this failed replication. Low
power 1o detect this locus (i.e., small genetic effect) is not likely given that numerous
studies have been able to replicate the finding. The DYX3 locus was replicated in our
sample. however, and this is the first reported replication of DYX3, thus substantiating the

existence of this locus.

7.1.5. Study design

Optimal study designs play a critical role for successful mapping of genes
involved in complex traits. While some factors that influence the success of a study are
out of the investigator’s control, other factors can be manipulated to improve the chance
of identifying disease loci. One aspect of the study design, selection of a specific
phenotype, has already been discussed in detail above. Other factors, such as the
ascertainment scheme, family structure, and analytical procedures, for example, are

equally critical for successfully mapping genes for complex disorders.
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candidate gene mutation with the disorder, a helpful piece of evidence when claiming that a
candidate gene is the true disease susceptibility gene. However, large pedigrees have a
higher chance of different mutations being introduced through married-in individuals. In
the Field and Kaplan sampie, approximately one-third of the pedigrees had married-in
members who were either affected or had a family history of dyslexia. While these bilineal
pedigrees were still informative for linkage analyses, they probably hampered the detection
of loci relative to linear pedigrees. The size of a pedigree is also directly proportional to the
computational complexity of current multipoint linkage analysis algorithms. As a result,
extremely large pedigrees may need to be divided into smaller subpedigrees (as had to be
done for all GENEHUNTER analyses reported in this thesis), which reduces the power for
detecting linkage. and raises the question of whether the effort required to collect these
large pedigrees was well spent. Ascertainment of smaller families with affected sibpairs, on
the other hand, is easier and less expensive, which may allow the collection of a larger
sample. and offset the decreased linkage power of nuclear families. Methods have
specifically been developed for linkage analysis of this type of family (e.g. affected sibpair
[ASP] linkage analysis). Ultimately, the key factor when determining the optimal family
structure to employ in a genetic study is the true mode of disease inheritance, which is
generally not known. Thus, there may not be one optimal family structure for analysis of a
particular complex trait. Rather, the best strategy may be to collect both nuclear and
extended families, as was done in the Field and Kaplan study, and to recognize the
particular strengths and limitations inherent to each family type.

While the ascertainment scheme and family structure are important aspects of an
optimal study design, the success of a complex trait study is also dependent on the analysis
methods that are used. Every method of linkage analysis is optimal for different modes of
inheritance, different family structures, and different disease prevalences. Parametric
linkage analyses carry the most power to detect linkage, however they require an assumed
inheritance model that is not easy to specify for a complex trait of unknown inheritance.
Nonparametric (genetic model-free) methods based on IBD allele sharing in affected family
members have therefore been developed, but they have lower power to detect linkage and
require a larger sample size compared to parametric analysis under the correct genetic
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model. Similarly, sibpair linkage analysis (or affected sibpair [ASP] linkage analysis) isa
genetic model-free method specifically designed for nuclear families. This method is more
likely to detect recessive loci than dominant loci because, for dominant traits, only one
parent is informative for linkage (i.e., transmitting the disease allele, which is detected by
increased sibpair IBD allele sharing), whereas for recessive traits, both parents are
informative (Ott 1999, p274). One aspect of genetic model-free methods that is often
overlooked, however, is that they are less affected by heterogeneity than parametric
analysis. This is because for parametric analysis, linkage in some families can be negated
by other unlinked families, whereas for [BD sharing methods, linkage will not be excluded
by heterogeneity, although larger sample sizes will be required to detect genes. As
mentioned above in discussion of the dyslexia phenotype, QTL linkage methods should
prove more successful in identifying complex trait loci than qualitative methods, due to the
increased informativeness of quantitative measures. Blangero et al. (2001) demonstrated
that the success of a QTL linkage study is dependent on the disease prevalence, since for
common diseases with 15% or higher prevalence (thus higher than the dyslexia prevalence
of 3-10%; Lerner 1989), extended pedigrees have markedly greater power for mapping loci
by QTL methods than affected sibpair samples, requiring approximately half the number of
individuals to achieve 80% power to detect a QTL. Conversely, affected sibpairs were
found to be more powerful than extended pedigrees for detecting QTLs for rare diseases.
While most of this discussion has focused on linkage analysis methods, LD analysis
methods are also optimized for different family structures and different genotype
information. Most LD methods in current use analyze nuclear families for single-marker
associations with a qualitative phenotype (e.g. AFBAC; Thomson 1995). Methods have
recently become available that investigate parent-affected child trios (e.g. HAPMAX;
http://www.uwem.ac.uk/uwcm/mg/download) or extended pedigrees (e.g. TRIMHAP;
MacLean et al. 2000) for associations between a qualitative phenotype and multiple-marker
haplotypes, which have more power to detect LD than analysis of single markers (Martin et
al. 2000a; Akey et al. 2001). To conclude, the particular linkage and LD methods utilized in
a study are critical for successfully detecting complex trait loci. However, each method is
optimal for different family structures, different modes of inheritance, different disease
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prevalences, and different phenotypes. Thus, these factors must all be given careful
consideration when designing a complex trait study to maximize the chance of detecting
susceptibility loci.

A variety of linkage and LD methods were utilized in the studies presented in
this thesis. Since families containing two or more affected siblings were ascertained,
sibpair methods could be employed. However, these methods were not able to utilize the
entire sample, since half of the families were extended pedigrees but only one nuclear
family from each of these pedigrees could be used in sibpair analyses. Other more
powerful methods that anaiyze larger pedigrees were therefore employed, for example,
parametric and nonparametric linkage analysis and TRIMHAP LD analysis. While use
of a variety of methods increased the chances of detecting evidence for linkage and/or
LD. it also may have increased the chance of false positive linkages, thus correction for
multiple testing may have been necessary. However, Bonferoni correction is not
appropriate since it assurnes that the tests are completely independent, and at this time
there is no acceptable methed for correcting for partially dependent tests such as those
used in these studies. This highlights the need for new methods and discussion in the
literature to resolve the issue of how to appropriately correct for testing by multiple
analytical methods.

Parametric linkage analysis requires an inheritance model that is unknown for
dyslexia, thus eight models representing recessive, intermediate, and dominant
inheritance with a variety of disease allele frequencies were used for the investigations
of DYX4 and the candidate GABA receptor, dopamine receptor, and dopamine
transporter genes. While this strategy probably increased the chance of detecting linkage,
it also raised the thorny issue of how to appropriately correct for testing multiple models.
The two-point tod scores obtained under models with the same penetrances but different
disease allele frequenctes were generally about the same, indicating that disease allele
frequency has very little impact on linkage results, as found in simulation studies (Xu et
al. 1998). Thus, analysis using fewer models (for example, one recessive, one
intermediate, and one dominant) might still provide a high chance of detecting linkage,

and only necessitate minor corrections for multiple testing, if any. Because of the
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multiple testing issue, only one model was employed in parametric linkage analyses of
the DYX3 locus. This model was similar to that used in the original Norwegian linkage
study and was based on Norwegian prevalence rates (Fagerheim et al. 1999). However,
very weak evidence for linkage was found in our sample using this model, whereas
nonparametric linkage analysis detected significant linkage to DYX3. Thus, this model
was apparently not the best model to use for our Canadian sample, and recent work by
Jordana Tzenova in Dr. Field’s laboratory has found much stronger linkage to the DYX3
region under one of the dominant models in the set of eight models, indicating that use

of a standard set of models might be more successful in detecting loci in our sample.

7.2. Future Perspectives
7.2.1. The DYX4 locus

Strong evidence for a dyslexia susceptibility locus on chromosome 6q11.2-qi2
(DYXH) was found by linkage and LD analysis, as discussed in Chapter Four. However.
the linkage results did not pass conventional significance thresholds, thus replication in
other dyslexia family samples is required to confirm the presence of this locus. Even if
significant linkage had been obtained, replication would probably still be required before
the scientific community would regard the locus as a true positive.

The DYX4 region must be refined to a single. small candidate interval (~1Mb)
before fine mapping of the gene is feasible. The results presented in Chapter Four
identified two candidate DYX4 intervals. The first interval spans ~4Mb region on
6ql1.1, in the vicinity of D6S1711 to D6S430, and was identified based on significant
associations with markers in this region in linked families (markers covering a larger
region were aiso associated in all of the families). The second candidate region spans
~6.9Mb on 6q12, between D6S280 and D6S460, and was identified based on
recombination breakpoints in haplotypes of linked families. Therefore, additional
investigation of both of these regions must be performed to determine which, if either, is
more likely to harbour the DYX4 gene. One method that could be used in this
determination would be to genotype additional microsatellite markers and single
nucleotide polymorphisms (SNPs), which are found every 1kb on average, in the two
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candidate regions. Haplotype LD analysis, which is more powerful than single marker
LD analysis, (Martin et al. 2000a; Akey et al. 2001), could then be performed with the
hope that haplotypes in one of the candidate regions will demonstrate strong associations
with PCD, and the associated region will be small enough to allow fine mapping of
DYX4. If the 6.9Mb consensus region between D6S280 and D6S460 is identified as the
more likely location of DYX4, this region can also be further refined using information
already at hand. Genotype information for the linked families is available for eight
markers in this region that were used for LD analysis, thus after establishing the correct
order of these markers (e.g. by STS content mapping and/or the human genome
sequence), haplotypes can be determined for the five families known to have breakpoints
in this region, and localization of the breakpoints in these more informative haplotypes
may further refine the consensus region. Replication in independent samples may also
refine the location of the DYX4 locus, thereby facilitating fine mapping of the gene.

To identify the DYX4 gene, cosegregation of a candidate gene variant with
dyslexia in a large family or several families and/or LD between dyslexia and the
mutation must first be demonstrated to implicate the gene in dyslexia. Since it is possible
that several sequence variants will occur in a candidate gene, to identify the particular
disease-predisposing variant (or variants. since allelic heterogeneity is possible),
functional variants should be given priority when carrying out the segregation or LD
studies. When identifying functional variants in a candidate gene, it should be kept in
mind that sequence variants located in regulatory regions and splice sites may affect
gene expression and thus are potential disease-predisposing mutations, in addition to
coding sequence variants that alter amino-acids. Regarding cosegregation studies in
families, unaffected individuals will potentially possess the variant as a result of
incomplete disease penetrance, and affected individuals will potentially not possess the
variant due to phenocopy or intrafamilial genetic heterogeneity (particularly for dyslexia,
where there is a high proportion of bilineal families). Regarding LD studies of the
sequence variant, to increase the chances of detecting LD, strategies may be used such as
subdividing the sample based on evidence for linkage (e.g. families with lod scores over
a certain value, or families in which affected members share a common haplotype), and
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employing LD methods that can analyze the largest family size in the sample (e.g. using
TRIMHAP to analyze extended pedigrees, rather than using AFBAC to analyze only one
or two affected children per pedigree).

~ Because cosegregation of, or LD between, dyslexia and a candidate gene
mutation may occur when the variant is in tight linkage disequilibrium with the true
disease-causing mutation (which may be in a different nearby gene), functional and
mutational studies must be performed to prove that the candidate gene is involved in
dyslexia. For example, significant alteration of the normal expression of the gene in
dyslexic individuals can be investigated by measuring mRNA expression levels by
Northern blotting or reverse transcriptase PCR, or by measuring protein expression
levels by Western blotting, fluorescence-activated cell sorting (FACS), or
immunocytochemistry. Demonstrating a functional change in the protein product might
also prove that the candidate gene variant is involved in dyslexia, for example by assays
for ligand specificity, ion channel permeability, or enzyme kinetics, depending on the
protein’s function. using cells from dyslexic individuals. A candidate gene may also be
proven to have a role in dyslexia by generation of a similar phenotype in transgenic
animals. The “transgenic” animal model may not possess the same neurobiological
phenotype as humans due to different biology or divergent contribution of the
orthologous gene (and obviously a mouse will not have the reading disabled phenotype),
however, alteration in some critical aspect of normal brain development and/or function
in the animal model may be evidence that directs additional studies to support a role for

the candidate gene in dyslexia.

7.2.2. The DYX3 locus

Confirmatory evidence for the DYX3 locus on chromosome 2p15-p16 was found
by linkage and LD studies, as discussed in Chapter Five. Furthermore, a 1.9Mb
consensus region was identified between D2S378 and D2S2183, which supports the
location of DYX3 reported in the original Norwegian study. While this consensus region
is smail enough to make fine mapping of DYX3 feasible, the consensus region might be
further refined using two methods. Firstly, additional markers saturating the consensus
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region may be genotyped in the two families known to have recombination breakpoints in
this region and, after determining the correct marker order (e.g. by STS content mapping
and/or the human genome sequence) and determining haplotypes, the breakpoints may be
localized in these more informative haplotypes, potentially reducing the size of the
candidate interval. This information would be particularly useful given the current
uncertainty in the breakpoint location in one of these families. Secondly, the DYX3
candidate interval may be further refined by detecting strong LD between PCD and SNP
haplotypes spanning a small region, since LD is expected to extend only ~100kb in this
sample (Collins et al. 1999; Abecasis et al. 2001; Reich et al. 2001). Regardless of
whether the DYX3 candidate region is narrowed any further, fine mapping of DYX3 is
feasible. A putative serine-threonine kinase, VRK2, is already mapped to this region, and
with the availability of sequence of this region (International Human Genome Sequencing
Consortium 2001 ), gene prediction tools and other technologies can be used to identify
additional candidate genes. Sequence variants in candidate genes may then be investigated
for cosegregation in families or for LD with PCD, followed by functional and mutational
studies (as discussed above for DYX), with the ultimate goal of identifying the DYX3 gene.

7.2.3. Candidate GABA receptor, dopamine receptor, and dopamine transporter genes
Linkage and LD studies found evidence implicating the dopamine receptor genes
DRD+ and DRDS, and possibly the GABA receptor GABRB2 or GABRG2 gene, in
susceptibility to dyslexia, as discussed in Chapter Six. While strong linkage was detected
with a marker located near DRD4, LD with this marker was not detected, however this
could be because the marker is located ~3cM from DRD+ and is not in LD. Therefore,
tests for LD must be performed with sequence variants within DRD4 such as SNPs or the
48bp repeat in exon 3 (which is currently being investigated by Dr. Robin Hsiung in Dr.
Field’s laboratory), and ultimately with functional variants in DRD4. LD was detected with
a marker in the DRDS3 gene, and with a marker very close to GABRB2 and GABRG2.
Functional variants in each of these genes should also be investigated for LD with PCD.
Sequence variants in any of the above genes that are found to be associated with PCD could
also be investigated for cosegregation in families to provide further evidence for the gene in
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dyslexia susceptibility. And, as discussed in detail above with regard to DYX¥, functional
and mutational studies of the gene would finally be required to prove a role in dyslexia.
Linkage and LD were not detected between PCD and markers for several other
candidate GABA receptor and dopamine receptor genes and the dopamine transporter gene.
However, this may have been due to factors such as genetic heterogeneity and small gene
effects, and not because these genes are not involved in dyslexia. Several of the markers
were outside of the ~100kb detectable range of LD expected in this sample (Collins et al.
1999; Abecasis et al. 2001; Reich et al. 2001), thus markers within these genes (preferably
SNP haplotypes) should be investigated for LD before dismissing these genes as having no

involvement in dyslexia

7.2.4. The future of complex trait studies

It is clear that a multistrategy approach is required for studies of complex traits,
since no single method is sufficient or optimal. While linkage analyses have had great
success for mapping single gene traits, it is clear that they are limited for mapping
complex traits, although strategies such as the use of a specific disease phenotype and
studying more homogeneous isolated populations may improve the chance of detecting
linkage to complex trait loci. The development of more powerful analytical techniques,
such as multipoint linkage methods and meta-analysis methods, will hopefully improve
the success rate of linkage studies.

Linkage disequilibrium studies for the discovery of complex trait genes might,
under certain circumstances, be more powerful than linkage analyses and may be
capable of detecting loci with small effect (Risch and Merikangas 1996). However,
recent studies indicate that LD extends over a relatively small region of approximately
100kb in north-Europe descended populations (Collins et al. 1999; Abecasis et al. 2001;
Reich et al. 2001), and an even smaller region of approximately 5kb in older, African
populations (Reich et al. 2001). Thus, LD studies will be most successful if a dense map
of SNP markers (located ~1kb apart in the genome) are utilized and analyzed as
haplotypes, which display stronger LD than single SNPs and can better localize complex
trait genes (Martin et al. 2000a; Akey et al. 2001). Genome scans at a density of 100kb
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will only be feasible for large centres and consortiums, thus it may be practical for most
researchers to focus LD studies on candidate genes, more of which will become available
as the Human Genome Project nears completion.

In addition to linkage and LD studies, other approaches, such as investigation of animal
models of complex traits, DNA microarray screens of large numbers of genes for
differential gene expression, and population-level surveys of human variation, will all
contribute to uncovering the genetics of complex disorders such as dyslexia. Identification
of the genes involved in dyslexia will ultimately lead to a greater understanding of the
biological basis of this disorder, and will result in better diagnostic methods for children at
high risk of developing this disorder and better treatments for people affected with dyslexia.
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