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SUMMARY

Alzheimer’s disease is a neurodegenerative disorder characterised by progressive
memory impairment, a decline in language function and a variety of behavioural
symptoms. The majority of AD cases have an age at onset above 65 years and exhibit
no clear pattern of inheritance. The only known genetic risk factor for this late onset
AD, LOAD, is the €4 allele of the apolipoprotein E gene on chromosome 19. There is
significant evidence of linkage to LOAD on chromosome 10q21-23. Therefore, nine
candidate genes that map to this region were examined as susceptibility loci for the
disease. In addition, a purely functional candidate, ADAM]12, was examined on the
basis of its homology to a-secretase enzymes. 58,752 base pairs of genomic sequence
were screened by DHPLC, covering all exons, intron-exon boundaries and putative
promoter regions, and 89 polymorphisms were detected. An additional 25 SNPs were
identified from a SNP database. A two-stage strategy was employed. Variants were
initially tested for association with LOAD by genotyping them in a small case-control
sample, either in DNA pools or individually. Polymorphisms showing a significant
difference between cases and controls were carried forward to the second stage and
individually genotyped in a larger sample. A number of SNPs initially gave a positive
result but after individual genotyping in a larger sample only 2 SNPs in the ADAM12
gene showed evidence for association with LOAD. As a large number of
polymorphisms were examined, this may be a false positive finding, but this gene
certainly warrants further investigation.

xi



1. INTRODUCTION
“Shame on the soul, to falter on the road of life while the body still endures.”
Marcus Aurelius, Meditations, 2™ Century AD

“Old age is no place for sissies.”
Bette Davis, 1908-1989

1.1 History

At a meeting in Munich in 1906, the German neurologist Alois Alzheimer described
to his colleagues the case of housewife Auguste D. and her “peculiar disease of the
cerebral cortex” (translated in Wilkins & Brody, 1969'). Alzheimer had observed the
Frau from her initial hospitalisation at age 51, until her death four and a half years
later. She had an impaired memory, was disoriented in time and place, suffered from
persecutory delusions and auditory hallucinations and displayed language
abnormalities. At autopsy, a generally atrophic brain without macroscopic lesions
was observed. Microscopic study revealed cortical cell loss, neurofibrillary tangles
and neuritic plaques throughout the cortex. Alzheimer’s description was accepted as
a ‘new’ disorder and was named Alzheimer’s disease (AD) in 1910 by Emil
Kraepelin. This term was initially restricted to rare cases of ‘presenile dementia’,
such as that of Auguste D., with onset occurring before the age of 65. It became
apparent after the work of Blessed and colleagues however, that the ‘presenile
dementia’ was pathologically and symptomatologically identical to the late-onset
form of the disease (age at onset >65 years) that we are unfortunately so familiar

with today.



1.2 Symptoms of AD

1.2.1 Cognitive Symptoms

Memory impairment is the classical presenting symptom for AD. Patients forget such
things as names, appointments, conversations and places. They have trouble paying
attention, they lose their way, they misplace objects like car keys, or the car itself.
All of these problems of recent memory (the ability to encode new information and
store it for later recall) get progressively worse and lead to disorientation in time and
space. The retrieval of old remote memories is relatively preserved in the early
stages, but as the disease advances these memories too are progressively lost in a
reverse chronological fashion, such that the patient seems to live in the ever more
distant past. Accompanying the losses in memories of personal events (episodic
memory), there are also losses in semantic memory (facts and vocabulary) and

visuospatial memory (remembering pictures or faces).

The earliest deficits in language production present as word-finding difficulties,
which progress to poor naming of objects (anomia). Initially patients can compensate
for this problem using circumlocution (literally ‘talking around it”). For example,
Auguste D., unable to name a cup, referred to it as a ‘milk-pourer’. Word-list
generation (e.g. listing animals that begin with the letter ‘A’) is impaired, as is
comprehension of others’ speech. Expression of language shows syntactical errors
and simplification of sentence structure. Verbal paraphasias (substituting a meaning-
related word for the intended one) occur and become progressively less related to the
target word as the disease advances. Speech production may remain fluent but
progressively makes less sense (fluent aphasia). In late AD, incomplete sentences

and rambling patterns replace coherent speech. Reiterative speech disturbances can



occur such as the tendency to repeat the words of others (echolalia), the tendency to
repeat one’s own words (palilalia) and the repetition of the final syllable of a word

(logoclonia). Eventually, mutism may occur.

Agnosia is the failure to correctly interpret a sensory input in the presence of an
intact sensory system. AD patients commonly develop visual agnosia, whereby they
can see an object but can’t recognise it or identify it incorrectly. For example, a
patient may mistake a toothbrush for a hairbrush and attempt to use it accordingly. A
particularly distressing form of agnosia is prosapagnosia, where the patient fails to
recognise familiar faces. Some individuals also develop ‘mirror sign’ and fail to

recognise their own mirror image.

Visuospatial awareness is impaired early in AD. Patients get lost easily in unfamiliar
surroundings, lose their way while driving, and eventually become disorientated in
their own homes. Impaired spatial awareness is exemplified by clock drawing tasks,

which are particularly sensitive to disruption in AD (see Figure 1.1).

Apraxia is the inability to carry out learned motor acts despite intact motor and
sensory systems. AD patients commonly develop ideomotor apraxia and ideational
apraxia. Ideomotor apraxia is a disturbance of voluntary movement in which a person
cannot translate an idea or thought into the performance of simple motor acts.
Ideational apraxia is a disturbance of voluntary movement in which a person misuses
objects because he/she has difficulty identifying the concept or purpose behind those
objects. Apraxia reduces the ability of the patient to perform many activities of daily

living such as getting dressed or cooking a meal.



Subtle frontal-executive impairments occur early in AD and lead to difficulties in

planning, problem solving, abstractions, judgement and reasoning.

Y
b
b 4
4
b =
) N

Figure 1.1 Abnormal clock drawings in AD patients. The task is to draw the face of a

numbered clock and to indicate the hands at ten minutes past eleven. Taken from Mendez
Ashla, 2000°.

1.2.2 Non-Cognitive Symptoms

As indicated in the case of Auguste D., delusions and hallucinations can be a feature
of AD. The delusions of AD patients are understandable as an attempt to
comprehend their situation, and are remarkably similar between individuals.
Delusions are generally paranoid in nature; patients suspect that objects have been

stolen, that they are being imprisoned, that an intruder has been in the house or that



the caregiver is an impostor. Hallucinations are less common than delusions and are
more likely to be visual than auditory in nature. Common hallucinations include dead

relatives coming to visit.

Apathy is apparent early in the clinical course with diminished interest and reduced
concern. Agitation becomes increasingly common as the illness advances and is a
frequent precipitant of nursing home placement. Other behavioural symptoms

include aggression, anxiety, depression, insomnia, and wandering.

Physical symptoms tend to occur late in the disease. Non-specific changes occur in
both gait and balance and myoclonic jerks and other seizures may develop. Loss of
sphincter control is a frequent accompaniment of dementia and urinary incontinence
is found in the majority of cases of severe AD. Weight loss is also pronounced and
may be an intrinsic feature of the disease process or secondary to the progressive

impairments, which can result in an inadequate consumption of food and fluids.

There is currently thought to be a transitional state between normal ageing and AD,
termed mild cognitive impairment (MCI). MCl is defined as impairment in memory
only, with other cognitive functions spared. Approximately 15% of patients with
MCI will progress to AD within a year, or up to 70% in 4-5 years* >, compared to a
1-2% conversion rate in age-matched normal controls®. The mean survival after
symptom onset for AD is 10.3 years but may range from 2 to more than 20 years’.
Most patients evolve through several typical stages and these are summarised in
Table 1.1. The most common causes of death are aspiration pneumonia and sepsis

associated with urinary tract infections or infection of decubitus ulcers.



Table 1.1 Principal clinical findings in each stage of Alzheimer's disease (adapted from
Mendez and Cummings, 2003°).

Preclinical Stage I 1-3 years

Memory: new learning defective, remote recall mildly impaired

Perception: topographic disorientation, poor complex constructions

Language: poor word-list generation, mild anomia, empty circumloculatory speech
Behaviour: indifference, occasional irritability, sadness or delusions

Stage II: 2-10 years

Memory: recent and remote recall more severely impaired

Perception: poor constructions, spatial disorientation, and visual agnosia
Language: fluent aphasia, anomia, paraphasia, poor comprehension
Other cognitive: apraxia and acalculia

Behavioural: indifference or irritability, sadness and delusions in some
Motor system: restlessness, pacing

Stage III: 8-12 years

Cognitive functions: severely deteriorated

Speech: echolalia, palilalia, logoclonia, dysarthria, terminal mutism
Motor: limb rigidity, flexion posture, urinary and faecal incontinence

1.3 Neuropathology of AD

1.3.1 Senile Plaques and Neurofibrillary Tangles

The neuropathological hallmarks of AD are senile plaques (SPs) and neurofibrillary
tangles (NFTs). It is not the presence of SPs and NFTs that is indicative of disease,
for both are found in the brains of healthy, aged individuals. Rather it is the density
of these lesions, particularly in the limbic and association cortices, that signifies

disease.

Senile plaques consist of extracellular deposits of B-amyloid (AB) peptides,
proteolytic derivatives of the amyloid precursor protein (APP). When these plaques
are associated with swollen, distorted neuronal processes, they are called neuritic
plaques. Two species of fibrillar AB, 40 and 42 amino acids long (A4 and A4,

respectively), are found in neuritic plaques. The slightly more hydrophobic form,



APy, is particularly prone to aggregation’. The neurites often contain paired helical
filaments (indistinguishable to those of NFTs), normal glial processes and abnormal
organelles. Microglia are found within and adjacent to the central amyloid core and
astrocytes are found at the plaque periphery. In addition to amyloid fibrils, neuritic
plaques include a2-macroglobulin (A2M), a.1-antichymotrypsin, apolipoprotein E
(ApoE) and low-density lipoprotein receptor related protein (LRP) among other

components. The morphology of a neuritic plaque is shown in Figure 1.2A.

Only a subset of all AP deposits in the AD brain is associated with neuritic plaques.
Many of the plaques found in limbic and association cortices and almost all of those
found in areas of the brain not typically associated with AD, do not have a fibrillar,
compacted centre, nor are they associated with neuritic dystrophy or glial changes.
These diffuse plaques are comprised primarily of APy, with little or no AP4o and are
believed to represent immature lesions that are precursors to neuritic plaques.
Lending support to this theory is the fact that often only diffuse plaques are found in
limbic and association cortices of healthy, aged brains. In addition, patients with
Down’s syndrome often display diffuse deposits as early as their teenage years but
do not show neuritic plaques until some two decades later, a time at which they first

display abundant neurofibrillary tangles in limbic and association cortices'’.
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Figure 1.2 Morphology of neuritic plaques and neurofibrillary tangles. A. Neuritic plaque

(labelied with 2 monocional antibody for human amyloid peptide using diaminobenzidine
combined with haesmatoxylin counterstain, x2500 magnification). B. Neurofibrillary tangle
(Gallyas stain, x2500 magnification). Taken from Cummings and Cole, 2002'".
Neurofibrillary tangles are relatively in:
paired helical filaments (PHFs) that occupy the ceil body and may extend into the
dendrites but do not occur in the axon. PHFs consist of protofilaments arranged to

form a tubule and contain abnormally phosphorylated microtubule-associated t
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microtubules. In AD, the 1 protein accumulates an excess number of phosphate
groups and becomes dysfunctional, dissociating from the microtubule and resulting
in the destabilisation and disrupted assembly of this important cytoskeletal

component of the intracellular transport system'* . Neurofibrillary tangles lead to

occurs in regions with few tangles). These lesions are not unique to AD and occur in
other neurodegenerative disorders, including the frontotemporal dementias,
corticobasal degeneration, progressive supranuclear paisy and dementia pugilistica;

as previously mentioned, a small number are also found in normal ageing.
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cognitive phenotype of AD reflects the location of these lesions. Hippocampal
dysfunction has been related to the memory impairment suffered by patients with

AD. Dysfunction of the left posterior association cortex produces fluent aphasia and
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and the closer they are to each other, indicates how heavily an area is
and tangles. Taken from http://www.driesen.com.



1.3.2 Other Neuropathological Hallmarks of AD

In addition to plaques and tangles, granulovacuolar degeneration and amyloid
angiopathy are evident in the brains of AD patients. Granulovacuolar degeneration is
highly selective for the pyramidal neurons of the hippocampus. Vacuoles are present
in the cytoplasm of these cells, with each vacuole containing a single dense granule.
Several vacuoles may occur within the same cell body. Amyloid angiopathy refers to
the deposition of fibrillar amyloid in small arterioles, venules and capillaries within

the cerebral cortex. The amyloid appears to principally be the AB4o species’”.

There is significant neuronal loss in AD. Degeneration of the basal forebrain
cholinergic system is a classic feature of AD and has been correlated with the depth
of dementia, at least in late stages of the disease (further discussed in Chapter 3). In
addition, neuronal loss or atrophy in the locus ceruleus and raphe nuclei of the
brainstem leads to deficits in noradrenergic and serotonergic transmitters

respectively'®.

1.4 Diagnosis of AD

The diagnosis of AD has been standardised with criteria developed by the Work
Group of the National Institute of Neurologic and Communicative Disorders and
Stroke and the Alzheimer’s Disease and Associated Disorders Association
(NINCDS-ADRDA)"". These criteria (listed in Table 1.2) have three levels of
certainty for an AD diagnosis: definite AD, probable AD, and possible AD. Criteria
for probable AD require the gradual onset and progression of deficits in memory and
at least one other area of cognition in an alert patient when other disorders that might

account for dementia are absent. The probable AD diagnosis requires basic cognitive

10



testing, e.g. the Mini-Mental State Examination (MMSE)'® to demonstrate the
deficits and some confirmation of these by other neuropsychological tests. Criteria
for possible AD allow for variations in the onset, presentation, or course of AD and
for the presence of another potentially dementing disorder that is believed not to be
primarily responsible for the dementia. The definitive diagnosis of AD requires
examination of the brain and demonstration of more neurofibrillary tangles and
neuritic plaques, particularly in the cerebral cortex, than expected for the patient's
age. The use of NINCDS-ADRDA clinical criteria yields greater than 90%
sensitivity in diagnosing AD, but a less than 70% accuracy rate in the specific
diagnosis of AD indicates that these criteria do not fare so well in excluding other

pathologies that might be contributing to the syndrome of dementia'®.

11



Table 1.2 NINCDS-ADRDA criteria (taken from McKhann ef al., 1984").

1. The criteria for the clinical diagnosis of PROBABLE AD include:

* Dementia established by clinical examination and documented by the Mini-Mental Test,
Blessed Dementia Scale, or some similar examination, and confirmed by neuropsychological
tests;

* Deficits in two or more areas of cognition;

* Progressive worsening of memory and other cognitive functions;

* No disturbance of consciousness;

* Onset between ages 40 and 90, most often after age 65;

* Absence of systemic disorders or other brain diseases that in and of themselves could
account for the progressive deficits in memory and cognition

II. The diagnosis of PROBABLE AD is supported by:

* Progressive deterioration of specific cognitive functions such as language (aphasm) motor
skills (apraxia), and perception (agnosia);

* Impaired activities of daily living and altered patterns of behaviour;

« Family history of similar disorders, particularly if confirmed neuropathologically;

« Laboratory results of:

— normal lumbar puncture as evaluated by standard techniques;

—normal pattern or non-specific changes in EEG such as increased slow-wave activity;

— evidence of cerebral atrophy on CT with progression documented by serial observation

III. Other clinical features consistent with the diagnosis of PROBABLE AD, after
exclusion of causes of dementia other than AD, include:

* Plateaus in the course of progression of the illness;

» Associated symptoms of depression, insomnia, incontinence, delusions, illusions,
hallucinations, catastrophic verbal, emotional, or physical outbursts, sexual disorders, and
weight loss;

« Other neurologic abnormalities in some patients, especially with more advanced disease
and including motor signs such as increased muscle tone, myoclonus, or gait disorder;

« Seizures in advanced disease;

* CT normal for age

IV. Features that make the diagnosis of PROBABLE AD uncertain or unlikely include:
* Sudden, apoplectic onset;

* Focal neurologic findings such as hemiparesis, sensory loss, visual field deficits, and
incoordination early in the course of the illness;

* Seizures or gait disturbances at the onset or very early in the course of the illness

V. Clinical diagnosis of POSSIBLE AD:

» May be made on the basis of the dementia syndrome, in the absence of other neurologic,
psychiatric, or systemic disorders sufficient to cause dementia, and in the presence of
variations in the onset, in the presentation, or in the clinical course;

» May be made in the presence of a second systemic or brain disorder sufficient to produce
dementia, which is not considered to be the cause of the dementia;

* Should be used in research studies when a single, gradually progressive severe cognitive
deficit is identified in the absence of other identifiable cause

V1. Criteria for diagnosis of DEFINITE AD are:
* The clinical criteria for probable AD and
« Histopathologic evidence obtained from a biopsy or autopsy

12



1.5 Prevalence of Dementia

The Alzheimer’s Society estimates that over 750,000 people in the UK suffer from
dementia (41,800 in Wales). It is estimated that by 2010 there will be approximately
840,000 people with dementia in the UK and this is expected to rise to over 1.5
million people by 2050. As AD accounts for 55% of all dementia, we can expect this

disease to place a huge burden on society, in terms of both care and cost.

1.6 Risk Factors

A risk factor can be defined as any environmental exposure, personal characteristic,
or event that affects the probability of developing a given condition, and may have
causal implications. The most powerful risk factor for AD is advancing age. Lobo et
al. (2000)*° pooled data from eleven European population-based studies, comparing
the age- and sex-specific prevalence of AD. The age-standardised prevalence of AD
was 4.4% in individuals aged 65 years or more, but the prevalence increases almost

exponentially with increasing age (see Table 1.3).

Table 1.3 Prevalence rates (%) for AD estimated from a pooling of data from European
studies by Lobo et al. (2000)*°

Age group Males Females
65-69 : 0.6 0.7
70-74 1.5 23
75-79 1.8 43
80-84 6.3 8.4
85-89 8.8 14.2

90+ 17.6 23.6

As indicated by Table 1.3, AD is more prevalent in women than men. In fact, AD
affects women almost 1.5 times as often as men and remains more common in
women even after adjusting for greater longevity among women and shorter disease

survival among men’"*.
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Several studies have found that previous head injury is a risk factor for AD. A meta-
analysis of early case-control studies found that a history of head trauma with loss of
consciousness was 80% more common in Alzheimer's disease cases than in normal

controls?’.

A low level of education has been associated with a higher incidence of dementia or
AD?. Although this could be confounded by factors such as impaired nutrition,
increased years of education may reflect greater cognitive capacity and consequently
more cerebral reserve. The results of the ‘Nun Study’ by Snowdon and colleagues®
highlighted the possible influence of cerebral reserve on the emergence of AD. This
study assessed the verbal ability of a group of elderly nuns by analysing the
autobiographies they had written as young adults. On examination of their brains
post mortem, it was discovered that all those with confirmed Alzheimer's disease had

low verbal ability.

Epidemiological retrospective studies have been conducted to determine the risk of
developing AD among patients receiving anti-inflammatory drugs. A meta-analysis
of observational studies examining the role of non-steroidal anti-inflammatory drug
(NSAID) use in preventing AD, determined that the pooled relative risk of
Alzheimer’s disease among users of NSAIDs was 0.72. The risk was 0.95 among
short-term users (< 1 month), 0.83 among intermediate-term users (mostly < 24
months) and 0.27 among long-term users (mostly > 24 months)?. The effect of
NSAIDs may be mediated through their impact on inflammatory processes that occur

in neuritic plaques.
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Another class of drugs reported to have a protective effect against AD are the
cholesterol-lowering HMG-CoA reductase inhibitors, also termed statins. Two
retrospective clinical studies have indicated that the risk of developing AD is

approximately 70% lower in patients taking statins®” 2.

Genetic factors have significant involvement in AD and these will be discussed in

detail in the following sections.

1.7 Heritability of AD

There is considerable evidence that familial factors play an important role in the
aetiology of AD. For example, it has long been known that there is a markedly
increased cumulative risk of dementia among first-degree relatives of individuals
with AD. In a re-analysis of seven case-control studies, first-degree relatives of AD
patients had a 3.5-fold increase in risk for developing AD*. This relative risk
decreased with increasing age at onset of the proband, but even by age 80 years a
statistically significant 2.6-fold increase in risk for first-degree relatives was

observed.

That a disease shows familial aggregation however, does not necessarily mean that it
has a genetic component; the higher incidence of the disorder may simply be the
result of shared family environment. Twin studies are commonly undertaken to
distinguish between the effects of genetic and environmental factors, based on the
differences in concordance rates observed between monozygotic (MZ) and dizygotic
(DZ) twins. A number of AD twin studies have been performed in the past. A study

summarising the data of three twin studies showed concordance rates of 80% in
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monozygotic twin pairs and 35% in dizygotic twins, resulting in a heritability

estimate of 0.84°C.

1.8 Molecular Genetics of AD

AD has been traditionally divided into late-onset cases (LOAD), with an age at onset
greater than 60-65 years and early-onset cases (EOAD), with age at onset below this
cut-off. A small proportion of the already uncommon early-onset cases appear to
segregate in an autosomal dominant manner. In a population-based study in the city
of Rouen, Campion et al. (1999)*! calculated the prevalence of EOAD to be 41.2 per
100,000 individuals at risk and the prevalence of autosomal dominant EOAD to be
5.3 per 100,000 individuals at risk (12.9% of EOAD). The inheritance pattern of the
more common late-onset form of the disease, which accounts for more than 95% of

all AD cases’’, appears to be much more complex.

Numerous studies have been conducted in an attempt to uncover the pathogenic
mutations and susceptibility alleles involved in AD, but before describing them, an

introduction to current disease gene discovery techniques is apt.

1.8.1 Disease Gene Discovery Methods

1.8.1.1 Linkage Analysis

Typically, the starting point in determining the genetic factors involved in a disease
has been linkage analysis, which tests for cosegregation of a genetic marker and
disease phenotype within many independent families or over many generations in an
extended pedigree. In this way markers that are physically linked to the disease

locus are identified in chromosomal segments common to all the affected members
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of a family. Of course, issues such as diagnostic misclassification and locus

heterogeneity will reduce the power of a study to detect linkage.

Classic linkage analysis, which involves the specification of a genetic model, is a
powerful method for detecting loci segregating in a Mendelian fashion. However for
complex diseases, where the mode of transmission is unknown, non-parametric
linkage analysis is more appropriate (although less powerful). While the former
method follows the cosegregation of markers and disease over a number of
generations in large, multiplex families, the latter method examines allele sharing in

affected relatives, usually affected sib-pairs.

Chromosomal abnormalities that have been associated with the disease may target a
study to a particular chromosome, but otherwise linkage is usually performed on a
genome-wide scale. Such screens typically employ 300-600 microsatellite markers
(corresponding to marker-to-marker intervals of 10 cM and 5 cM, respectively).
Samples should be of sufficient size to detect the expected effect size, although in
reality prohibitively large samples may be required to detect small effects®. As such,

most linkage studies are only capable of detecting loci with moderate to large effects.

The data obtained from a linkage study can be assessed according to standards
devised by Lander and Kruglyak®, who proposed guidelines for identifying results
that are statistically significant as well as those that warrant further investigation
despite not reaching formal statistical significance. While achieving a ‘significant’

result according to these guidelines is grounds for proceeding to examine the linked
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region, a region showing ‘suggestive linkage’ should first be replicated prior to

examination.

1.8.1.2 Association Studies

Once a critical region has been identified by linkage, it is necessary to identify the
variant in the region that causes or increases susceptibility to the disease in question.
A popular method used to attempt this is the association study, which simply looks
for a significant difference in mafker allele frequencies between a group of disease
afflicted cases and unaffected controls. Disease-marker association can be explained
by two genetic mechanisms: direct association, and indirect association due to
linkage disequilibrium (LD). In direct association, the marker allele itself is
functionally involved in the disease risk. Linkage disequilibrium stems from a
marker locus sufficiently close to the disease locus that association of the two loci
has not yet been eroded in the population by recombination. A marker allele may
also appear to be associated with a disease if cases and controls are not ethnically
comparable. In such a situation, differences in allele frequency will emerge at all loci
that differentiate these groups whether the alleles are causally related to disease or
not. It is therefore vital to ensure cases and controls are well matched for ethnicity
(and indeed other possible confounding factors). One strategy that has been
employed is the use of unaffected family members as controls, such as parents or
siblings. However, parents may not be available for late-onset diseases such as
LOAD and using siblings results in a loss of power, as they are over-matched to the
cases. Therefore, using well chosen unrelated controls may be the best option.

Another issue regarding study design is sample size. Fortunately, association studies
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have more power to detect small effect sizes compared with linkage and so

appropriate sample sizes are more attainable®.

The critical region identified by a linkage study is usually tens of megabase pairs
long and likely to contain large numbers of genes and sequence variants. The task
therefore of identifying the causal variant is no small feat. Depending on how much
is known about the pathogenesis of the disease, there may be a glaringly obvious
candidate gene (or genes), in whicﬁ case it may be pertinent to initially examine
variants in these genes. Alternatively, a more systematic LD mapping approach may
be taken, whereby a number of evenly spaced markers across the critical region are
tested for association with the disease. The polymorphic markers to be genotyped in
either strategy may need to be detected experimentally, or as is increasingly the case,
previously identified markers may already be described in polymorphism databases

such as dbSNP (http://www.ncbi.nlm.nih.gov/SNP/index.html). The labour and cost

involved in genotyping large numbers of markers can be reduced by DNA pooling,
so that allele frequencies are compared in a small number of pools rather than a large
number of individuals. This has the added advantage of using less DNA than typing

individuals, thereby elongating the life of the sample.

1.8.2 Discovery of Genes Involved in AD

The methods described above have been successfully used to identify four genes
involved in the pathogenesis of AD. Mutations in three of these appear to
individually cause the rare, autosomal dominant form of the disease. A common
variant in the fourth gene acts as a susceptibility factor for the late-onset form of the

disease, as well as reducing age at onset in both early and late forms.
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1.8.2.1 Amyloid Precursor Protein

Middle-aged individuals with Down Syndrome (trisomy 21) commonly develop the
clinical features of AD and invariably present with the neuropathological hallmarks
of the disease at autopsy> 6. This provided a good indicator for the presence of an
AD gene on chromosome 21. Indeed, the first positive AD genetic linkage was
discovered between a locus on chromosome 21q and autosomal dominant EOAD?’.
In subsequent analyses, some families with autosomal dominant EOAD failed to
show linkage to chromosome 21 markers which cast doubt on the initial positive
linkage finding. As we now know, locus heterogeneity exists within autosomal

~ dominant EOAD and Goate and colleagues (1991)*® went on to discover a point
mutation in the amyloid precursor protein (APP) gene in a family showing linkage on
chromosome 21. Since then, a number of pathogenic mutations have been identified
in autosomal dominant EOAD families: there are currently 16 APP mutations listed

in the Alzheimer Disease & Frontotemporal Dementia Mutation Database

(http://www.molgen.ua.ac.be/ADMutations/default.cfm).

1.8.2.2 Presenilins

As it was evident that APP mutations did not account for all cases of autosomal
dominant EOAD, the search for further pathogenic loci continued. In 1992 a locus on
the long arm of chromosome 14 was detected by linkage analysis and a few years
later a gene, named presenilin 1 (PSEN1), was identified and isolated by a positional
cloning strategy® *. Similarly, evidence for a locus on chromosome 1q was reported
in several kindreds known as the Volga-German families, a group of related kindreds
of German-Russian origin with multiple cases of autosomal dominant early-onset

AD*'. Subsequently, the presenilin 2 gene (PSEN2) was identified based on its
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homology to PSEN1***. 136 PSENI pathogenic mutations are listed in the
Alzheimer Disease & Frontotemporal Dementia Mutation Database; 10 PSEN2

pathogenic mutations are listed.

APP and PSENI mutations lead to autosomal dominant AD with early onset (age 45-
60) and rapid progression (death in 6-8 years). Mutations in PSEN2 also produce
autosomal dominant AD but with a more variable age at onset'®. Further autosomal

dominant AD cases exist for which a pathogenic mutation has not been identified*.

1.8.2.3 Apolipoprotein E

Successes in linkage analysis have not been restricted to autosomal dominant EOAD
families. Late-onset families have also been examined, leading to the identification
of a linkage region for LOAD on chromosome 19*°. Subsequent studies identified an
association between variation at the apolipoprotein E (APOE) gene on chromosome
19q13.2 with LOAD*. There are three major isoforms of apoE: E2, E3 and E4,
which differ from each other by one or two amino acids. These isoforms are coded
for by alleles €2, €3 and €4 respectively. Numerous studies have consistently found
an increased risk of LOAD in carriers of the €4 allele, whereas the €2 allele appears
to have a protective effect. Warwick Daw and colleagues (2000)*” have estimated
that APOE genotype can make a difference of <17 years in age at onset of AD, and
presence of the €4 allele is also associated with an earlier expression of clinical
symptoms in carriers of specific APP*® or PSENI mutations®. It should be stressed
however that the €4 allele is a risk factor for LOAD and is neither necessary nor

sufficient to cause the disease.
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1.8.3 Pathogenesis of AD

1.8.3.1 APP Processing

The amyloid precursor protein, APP, and related family members amyloid precursor
like protein-1 and -2 (APLP-1 and -2) are homologous type I transmembrane
proteins’. APP is ubiquitously expressed and contains a large extracellular region, a
transmembrane domain and a small cytoplasmic tail. Alternative splicing of the APP
gene on chromosome 21 results in at least eight isoforms of the protein®', but the
predominant isoforms are APP695, APP751 and APP770, containing 695, 751 and
770 amino acids respectively. APP695, the isoform primarily expressed in CNS
neurons, differs from APP751 and APP770 in that it lacks a Kunitz proteinase
inhibitor (KPI) domain found in the other two isoforms. APP is synthesised in the
endoplasmic reticulum and undergoes several post-translational modifications
including N-glycosylation, O-glycosylation and tyrosyl-sulphation in the Golgi
apparatus. This mature form of APP is transported to the cell surface via the
secretory pathway. APP is also endocytosed from the cell surface and processed in

the endosomal-lysosomal pathway’ 251,
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Figure 1.4. Normal processing of APP involves cleavage predominantly by the o-secretase,
which cuts APP in the middle of the 3-amyloid sequence, thus precluding the formation of
AB. The C83 fragment is subsequently cleaved by y-secretase. mzemauvplv cieavage of
APP by B- and y-secretase results in the formation of AR, or AB,; depending on the site of
y-secretase cleavage. Adapted from Chapman et al., 2001,
APP is processed via two proteolytic pathways involving the secretases «-, B- and y-
Figure 1.4. In the ‘non-amyloido
athway, APP is cleaved by a-secretase, which cuts within the Ap domain and thus
precludes AP peptide generation. Following the release of the soluble extracellular
a-N-terminal fragment (a-APPs), the C-terminal APP fragment (C83) undergoes v-

cleavage, leading to the generation of the p3 peptide. Alternatively, in the

amyloidogenic pathway APP is cleaved by 3-secretase to generate soluble

-N-terminal fragment (B-APPs) and the C-terminal APP fragment,
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C99. Subsequent cleavage of C99 by y-secretase results in the formation of the AB

peptide.

a-Secretase cleavage of APP occurs between residues Lys16 and Leul7 of the Ap
sequence (see Figure 1.5) and is the predominant pathway of APP metabolism in
most cells®. This occurs in both a constitutive manner and as a result of stimulation
by regulatory factors (e.g. activation of protein kinase C by phorbol esters is able to
upregulate the a-cleavage pathway). The subcellular localisation of a-cleavage is
unclear. Inmunocytochemical analysis has indicated that a-cleavage occurs within
the endoplasmic reticulum and various compartments within the trans-Golgi
apparatus™. In addition, there is a-secretase activity at the cell membrane® ®. This
is possibly due to the presence of distinct enzymes with similar functions. Indeed,
three members of the ADAMs family of proteins have been demonstrated to have a-
secretase activity. ADAMs are multidomain proteins and some members have been
implicated in ectodomain shedding via a metalloprotease domain®. Experiments
conducted on embryonic fibroblasts derived from mice with a knockout of the TNFa
converting enzyme, TACE (also known as ADAM17) show that phorbol esters-
mediated release of a-APPs is completely blocked by the loss of the protease®.
However, constitutive a-secretase activity is not affected by disruption of the TACE
gene. Similarly, coexpression of ADAM9 with APP in COS cells leads to an increase
in production of a-APPs upon phorbol ester treatment of the cells, above that seen in
the absence of transfected ADAM9%°. ADAM10 has been implicated in both the
constitutive and protein kinase C-regulated a-secretase pathways®® ¢’. A significant
decrease of platelet ADAMI10 levels has been observed in AD patients together with

a similar decrease in a-APPs in both thrombin-activated platelets and CSF®.
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Moreover, in an AD mouse model that overexpresses mutated human APP (V7171)
in neurons and therefore leads to AP deposition and memory deficits, overexpression
of ADAM10 increased the secretion of a-APPs, reduced the formation of AB
peptides and alleviated cognitive deficits®. Therefore, it is possible that several

ADAMs may have partially overlapping a-secretase activities.

The enzyme responsible for $-secretase cleavage has been cloned and is called
BACE], for B-site APP cleaving enzyme’*’*. BACE] is a type 1 transmembrane
protein, containing two active site motifs with a conserved sequence, similar to
aspartyl proteases. Like many proteases, BACE]1 is synthesised as a zymogen. After
cleavage of a prodomain that maintains the enzyme in a latent form, BACE] is
targeted through the secretory pathway to the plasma membrane and clusters within
lipid rafts”. APP processing by BACE]! also occurs preferentially within lipid rafts’.
Like APP, BACE]1 can be internalised in endosomes, which may be the preferential
site of BACE activity due to its acidic pH'®. Studies in BACE! knockout mice
provide strong evidence that BACEI is the major B-secretase in brain. Knockout of
the BACE gene completely impairs the B-secretase cleavage of APP and abolishes
the generation of AB”". These mice develop normally and show no phenotypic
alterations despite lacking the primary B-secretase activity in brain’®. BACEI1 can
cleave APP either at Aspl of the AP sequence or at Glul1 (the  and B’ cleavage site
respectively) although the functional significance of this heterogeneity is unclear’”. A
homologous enzyme to BACEI1 has been identified. BACE2 is 51% identical to
BACE] although it is apparently not significantly (if at all) involved in AP
generation as it is only expressed at very low levels in the brain®®. In vitro assays

with peptide substrates demonstrate that BACE2 can cleave APP at the B-secretase
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site” ", However, it also cleaves between Phe19-Phe20 and Phe20-Ala21 within the
AP peptide, resulting in increased secretion of a-APPs and P3-like products and

reduced production of A3 speciesg'
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large loop”. The resulting N- and C-terminal fragments remain associated” and this
association seems to be critical for presenilin function®'. The presenilins were
implicated in y-secretase function when it was found that a PS/ knockout severely
reduced AP generation’’. When the PS2 gene was eliminated as well, no ApB
generation was observed at all>>**. Moreover, experiments using several y-secretase
inhibitors have shown that they specifically bind to the presenilin N- or C-terminal
fragments and inhibit the y-secretase activity®™ *. The presenilins contain two
functionally important aspartate residues within transmembrane domains 6 and 7 that
appear to be necessary for normal y-secretase activity. When either, or both, of these
residues are mutated in PS1, AP and P3 production are greatly reduced with a
concomitant increase in the levels of APP C-terminal fragments®> *”>*®. Presenilins
alone are not sufficient for y-cleavage. Instead, y-secretase activity is associated with
a high molecular weight PS-containing complex®®*"**°. Biochemical purification of
this complex led to the identification of the type I transmembrane glycoprotein,
nicastrin'®. A genetic screen of Caenorhabditis elegans revealed two genes, aph-1
and pen-2, each encoding multipass transmembrane proteins that interact strongly
with the presenilin orthologue, sel-12 and the nicastrin orthologue aph-2''. When all
four components were expressed together in Saccharomyces cerevisiae, an organism
that lacks any endogenous y-secretase activity, fully active y-secretase was
reconstituted'%%. The interaction of the y-secretase components is depicted in Figure

1.6.

In addition to the cleavage sites already mentioned, an additional e-cleavage site
exists. This €-site occurs at a position distal to the AP 40/42 y-secretase sites and is

located close to the inner leaflet of the membrane bilayer'®. Proteolysis at this site
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results in the formation of an APP intracellular domain (AICD) that is believed to be
involved in nuclear signailing'®. Cleavage at the e-site is presenilin-dependent and
can be inhibited by treatment with y-secretase inhibitors and is therefore probably y-

3 105
secretase mediated'®.

{activated) i

Presenilin holoprotein
(inactive)

Figure 1.6. Presenilins are cleaved to form the physiologicaily active N- and C-terminal
fragments. Additional cofactors are required to form the fully active y-secretase complex.
These factors include APH-1, Nicastrin and PEN-2, These four proteins act as a native
protease, liberating AP into the extracellular space following B-cleavage. Taken from Aguzzi

& Haass, 2003'%.
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Figure 1.7. APP processing. The entire amino acid sequence of PS1 (blue circles) and a portion of the COOH-terminal sequence of APP (green circles) are
mroiuu.q Some of the mutations in each molecule known to cause autosomal dominant AD are also shown (depicted in red). Taken from Hardy and Selkoe
20027,
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1.8.3.2 Mutations in APP, PS1 and PS2
Alteration of APP processing appears to be the mechanism by which autosomal
dominant mutations in the APP and presenilin genes cause AD. In APP, pathogenic
mutations are found in exons 16 and 17, clustered around the B- and y-secretase sites
(see Figure 1.7). The effects of these mutations have been elucidated somewhat by
cell culture studies. For example, a double mutation at amino acids 670 and 671 from
Lys—Met to Asp—Leu (the ‘Swedish’ mutation) that lies upstream of the B-cleavage
site results in a five- to eight-fold increase in the formation of both AB4y and AB421°8.
Mutations at amino acid 717, such as the ‘London’ mutation (Val—Ile) and the
‘Indiana’ mutation (Val—>Phe), lie close to the y-secretase site and results in a more
than two-fold increase of the more insoluble AP, which rapidly aggregates to form
amyloid depositionslw. Mutations in the presenilin genes are predominantly located
in the highly conserved transmembrane domains and are presumed to distort the
precise conformation of the molecule within the membrane. The effect of these
mutations again appears to be the enhanced production of AB4°> "%, Therefore, in

these families, the cause of AD appears to be a direct result of increased levels of

AP, with A, in particular, associated with neurotoxicity.
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Figure 1.8. Putative Amyloid Cascade. The amyloid cascade progresses from the generation
of the AP peptide from the amyloid precursor protein, through multiple secondary steps, to
cell death. Adapted from Cummings 2004"".
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1.8.3.3 AP and the Amyloid Cascade Hypothesis
The discovery of the aforementiocned mutations and their mechanism of action led to
the formulation of the amyloid cascade hypothesis, which postulates that elevated

levels of AP result in the oligomerisation, fibrillogenesis and aggregation of the
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peptide. This is thought to initiate a cascade of injurious events, including free
radical production, glial activation and direct neuronal damage (see Figure 1.8).
Soluble AP oligomers are themselves a neurotoxic species prior to deposition in

"2 They can lead to the generation of hydroxyl ions and oxidative

senile plaques
injury of phospholipid membranes, and this loss of membrane integrity leads to cell
death'"’. AP may also exert toxicity through influences on calcium channels,
exaggerating calcium influx and initiating cell death pathways. Although
controversial, the hyperphosphorylation of 7 is believed to be a downstream
consequence of increased AP levels and results in neurofibrillary tangles and cell
death. The aggregation of AP in plaques precipitates microglial activation and the
inflammatory response that surrounds the extracellular lesions. These reactive
éhanges may further compromise brain function. The combination of plaques,
tangles, neuronal loss and neurotransmitter deficits result in AD. The generation of
transgenic mice that overexpress human APP carrying autosomal dominant
mutations has lent support to the hypothesis that A is central to AD. These mice
produce an age-dependent increase in AP, develop deposits resembling senile
plaques in the brain regions most heavily affected in AD and demonstrate spatial
memory deficits''*'?'. Dystrophic neurites in plaque vicinity, heavy astrogliosis and
microglia activation are also observed. A brief summary of the primary APP-based
transgenic mouse models is given in Table 1.4. Although neurodegeneration is not
observed to a degree anywhere near that seen in human AD, there is loss of
synaptophysin staining in aged PDAPP mice'"”, a modest loss of neurons in the
APP23 mice'? and an even smaller, though statistically significant, neuronal loss in
the hippocampus of Tg2576 mice'>. It is perhaps notable that none of the APP or

APP/PS mice show evidence of neurofibrillary tangles, a fact often cited in
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arguments against the amyloid cascade hypothesis, as discussed in the following

section.
Mice Transgene (mutation) Phenotype
DP AP Glia NFT ND Cog

NSEAPP  APP751 (no mutation) + - - - - +
PDAPP APP (V717F) + + + - - +
Tg2576 APP695 (K670N, M671L) + + + - - +
APP23 APP751 (K670N, M671L) + + + - + +
PSAPP APP695 (K670N, M671L) + PS1 (M146L)  + + + - - +
CRND8 APP695 (K670N, M671L + V717F) + + + - ? +
JNPL3 TAU (P301L) - - + + ? ?
TAPP TAU (P301L) + APP695 (K670N, M671L)  + + + + ? ?

Table 1.4. Summary of the primary APP-based transgenic models of Alzheimer’s disease.
Phenotype: DP=diffuse plaques; AP=amyloid plaques; Glia=gliosis (astrogliosis and
microgliosis); NFT=neurofibrillary tangles; ND=neurodegeneration; Cog=cognitive
impairment. Adapted from Higgins and Jacobsen, 2003'%.

1.8.3.4 T and the Amyloid Cascade Hypothesis

As described earlier, neurofibrillary tangles are relatively insoluble, intracellular
aggregates composed of paired helical filaments (PHFs). These PHFs consist of
protofilaments arranged to form a tubule and contain hyperphosphorylated
microtubule-associated 1 protein. The gene encoding human t is located on
chromosome 17q21, where it occupies over 100kb and contains at least 16 exons.
The 1 gene is alternatively spliced, resulting in the production of different isoforms.
In the central nervous system, alternative splicing of exons 2, 3, and 10 results in the
appearance of six t isoforms. Because exon 10 codes for one of the regions involved
in binding to microtubules, alternative splicing of exon 10 produces t isoforms, with

either three or four tubulin/microtubule binding regions'*.
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Some researchers believe that 1 (as opposed to AB) is central to AD. The t
hypothesis emphasises the role of this protein and the consequent neurofibrillary
tangles in producing cell loss and dementia and postulates that t pathology is
independent of amyloid pathology. One argument in favour of the t hypothesis is the
fact that the number of NFT's appears to correlate well with neuronal loss and the

severity of dementia in AD, which is not the case for SPs'¢

. However, as previously
mentioned, there is evidence to indicate that soluble AP oligomers are neurotoxic''?
and therefore can induce neuronal death before the appearance of SPs. Indeed, young
APP transgenic mice show altered synaptic morphology and electrophysiological
changes well before the microscopic appearance of Ap deposits'>” 2%, Because such

mice show steadily rising total AP levels in the brain before plaques develop'?, A

oligomers could be responsible.

That mutations in the T gene can lead to NFTs and dementia (frontotemporal
dementia with parkinsonism linked to chromosome 17; FTDP-17) has also been used
to argue the primacy of T in AD"*’. However the same fact can be used against the
hypothesis, as no amyloid is deposited in these individuals. Therefore while
mutations in APP or APP processing genes result in a pathology of both plaques and
tangles, mutations in t can only produce the latter. Why NFTs and neuronal loss are
not observed in APP-only transgenic mice is unclear, but may be a result of species
differences. However, double transgenic mice have been generated (TAPP; see
Table 1.4), overexpressing mutated T and APP. Whereas the AP pathology in the
double transgenic animals is not different from that observed in single APP
transgenic mice (Tg2576), PHF formation is largely accelerated compared with mice
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overexpressing only mutated T . This argues strongly in favour of an upstream role
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of AP in the generation of NFTs. It is possible then, that tangles occurring in the
course of normal ageing are pathologically augmented by the initiation of aberrant
amyloid metabolism. Therefore, while the presence of t pathology in AD is no doubt
deleterious, there are likely to be parallel molecular changes not dependent on 1 that

also contribute to neuronal dysfunction.

1.8.3.5 ApoE and the Amyloid Cascade Hypothesis

ApoE is one of the major apolipoproteins in the plasma and the principal cholesterol
carrier protein in the brain. The €4 allele has been consistently found to be associated
with LOAD. One copy of the €4 allele increases the risk of AD three-fold whereas
two copies of the allele increase the risk eight-fold"*'. Several studies have reported
that amyloid plaque density is correlated to APOE genotype in a gene dosage-
dependent manner, with APOE €4 homozygous subjects demonstrating significantly
increased plaque density compared with APOE €3/e4 heterozygotes or APOE €3

homozygous patients]3 2139,

Studies in PDAPP mice suggest that apoE contributes to the deposition of AB.
Disruption of the APOE gene in these mice inhibited the accumulation of A in
immunoreactive deposits'*’. Moreover, amyloid deposition was found to be strictly
dependent on apoE expression levels in a dose-dependent manner. The absence of
apoE appeared to affect thg extracellular accumulation, but not the synthesis, of
AP'*!. Therefore, the APOE ¢4 allele may act by enhancing the deposition or
decreasing the clearance of AP, adding further weight to the hypothesis that Ap is

central to AD pathogenesis.
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1.8.4 Finding New Genes for LOAD
Not all causative mutations have been identified for autosomal dominant EOAD and
identification of these rare mutations may help us further elucidate the pathogenesis
of AD. But discovering the susceptibility alleles for LOAD is perhaps of more global

importance. The APOE €4 allele is neither necessary nor sufficient to cause disease

and as 50% of LOAD cases carry no €4 alleles, there must be additional risk
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factors . Therefore, a number of linkage and association studies of LOAD have

been performed and these are described below.

1.8.4.1 Linkage Analysis in LOAD

1.8.4.1.1 Chromosome 10

Perhaps the strongest evidence for linkage to LOAD lies on chromosome 10. Our
department and collaborators have performed a two-stage genome screen to search
for novel risk factors for LOAD'*"'**_ The first stage involved genotyping 292
affected sibling pairs (ASPs) at approximately 20cM intervals throughout the
genome. In the second stage, 451 ASPs (which included the original 292) were
genotyped with an additional 91 markers in the sixteen regions where the multipoint
lod score (logarithm of the odds ratio for linkage/no linkage) was greater than 1 in
stage 1. The strongest (and only significant) evidence for linkage was on
chromosome 10, with a multipoint lod score (MLS) of 3.9. This linkage region spans
approximately 42cM, from D10S1426 (59 cM, 30.5Mb, 10p11.23) to D10S2327

(101 cM, 80.1Mb, 10q22.3) and is illustrated in Figure 1.9.

Evidence pointing to the same region on chromosome 10q was found in an

independent sample of late-onset extended pedigrees that were selected based on
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probands with extremely high plasma values of ABs;. Plasma A, levels are
elevated in both LOAD individuals and their cognitively normal relatives. Therefore
Ertekin-Taner et al. (2000)'*° used plasma AB,; levels as a surrogate trait and
performed linkage analysis on extended AD pedigrees. Strongest linkage (a MLS of

3.93) was detected between markers D10S1227 and D10S1211, which coincides

with the region giving maximum signal in our study (see Figure 1.9).
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Figure 1.9. Chromosome 10 multipoint map for LOAD by Myers et al. (2000)'*. Multipoint

linkage analyses were \.am_ed out on the whole sample (429 pairs), on pairs where both
siblings had at least one APOE4 allele (APOE4+ve; 262 pairs), and on pairs where neither
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AB4, from the Ertekin-Taner et al. (2000)'*° report is also shown.

W
~1



Recently, Wijsman et al. (2004)'*" have employed a Bayesian Markov chain-Monte
Carlo method to allow multipoint linkage analysis under oligogenic trait models in
LOAD pedigrees. Age at onset (AAO) was used as the phenotype because the
method of analysis used has been implemented only for continuous traits, but AAO
is a measure of severity that is also a surrogate for AD and there is evidence for a
genetic basis for AAQ*” '*® ¥ They found modest corroboratory evidence for a
locus on chromosome 10 at a location similar to that previously identified,

specifically at marker D10S1652 (81cM).

Evidence for linkage has also been found at a more telomeric region of chromosome
10q. Bertram et al. (2000)'* tested seven markers on chromosome 10q within a
47cM region flanking the gene encoding the insulin-degrading enzyme (IDE), which
is believed to play a role in the degradation of AP. The data were analysed using
parametric and nonparametric methods in the whole sample (1426 subjects from 435
multiplex AD families) and in a subset of families with late-onset AD. There was
some overlap in this sample with that used in our two-stage screen. However, in
LOAD families these researchers found the strongest signals for markers D10S583
(115cM), D10S1710 (124cM) and D10S1671 (127cM), approximately 40cM distal

to our main peak.

Similarly, Li et al. (2002)"*' performed a genome screen in an overlapping sample of
449 families affected with AD, using age at onset as a quantitative trait. They found
evidence for suggestive linkage near marker D10S1237 (135c¢M). It is unclear
whether the various peaks on chromosome 10q represent linkage to one or two

underlying loci. However, signals from so many studies, even though not all are
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independent, do at least raise confidence that this region contains one or more

susceptibility loci.

1.8.4.1.2 Chromosome 12

Chromosome 10q is not the only region to be implicated by linkage studies of
LOAD. For example, evidence for a late-onset AD locus has been found on
chromosome 12. In a two-stage genome-wide screen, Pericak-Vance et al. (1997)" 2
observed linkage to chromosome 12 in a 32¢cM region between markers D12S373
(36cM) and D12S390 (68cM), with a peak MLS of 3.5. Scott et al. (2000)'** further
refined the linkage of Pericak-Vance and colleagues by analysing additional markers
in the same sample. They performed several different analyses in order to control for
family size, presence of the APOE €4 allele and presence of dementia with Lewy

bodies. The highest LOD score was observed in the €4-negative subset of families, at

the edge of the original peak near D12S1632 (72cM).

Attempts to replicate the initial findings of Pericak-Vance et al. have been
inconsistent. Rogaeva et al. (1998)'> have reported additional evidence for a locus
on chromosome 12, although their linkage was concentrated at either end of the
Pericak-Vance interval, with the strongest linkage being located near D12S390
(68cM). However, in an independent and larger set of patients, the previous findings
could not be replicated and a different region on chromosome 12p, close to the a2-
macroglobulin gene (42M) showed suggestive evidence of linkage'*>>. Most of the

evidence came from affected pairs where neither member had an €4 allele.
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The results from all of these studies are collated in Figure 1.10. It should be noted
that in our genome screen’*’, the maximum MLS for chromosome 12 (located 23cM
from pter), was also in the €4-negative stratum. Although an MLS of 1.4 did not even
pass the threshold for suggestive linkage, this section of the study was quite

underpowered due to the small numbers of €é4-negative sibling pairs.
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Figure 1.10. Locations of peak regions on chromosome 12 from several studies. Adapted
from Myers and Goate (2001)"%.

1.8.4.1.3 Chromosome 9

In 2000, Pericak-Vance and colleagues re-screened the genome in 466 LOAD
families (730 ASPs)'*". Their most significant linkage (MLS=4.31) was obtained on

chromosome 9p with marker D9S741 in a subset of autopsy confirmed LOAD
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families. Scott et al. (2003)'*® applied ordered-subset analysis to the Pericak-Vance
data to identify loci with increased evidence for linkage (relative to the overall
sample) in subsets of families defined by mean and minimum ages at onset. The
LOD score in the chromosome 9p region increased to 4.6 at D9S741 in 334 families
with minimum age at onset between 60 and 75 years. Interestingly, Myers and
colleagues (2002)'*’ largest peak on chromosome 9 is with this same marker
(MLS=1.7), although it should be noted that as much as 80% of the sample overlaps

with that of Pericak-Vance.

1.8.4.1.4 Other Chromosomal Loci

Olson and colleagues have reanalysed the data generated by our genome screen'*> 1%
using a covariate-based ASP linkage method. They found the APP region on
chromosome 21q to be strongly linked to ASPs of the oldest current age (lod
score=5.54) who lack APOE €4 alleles'”. Similarly, the likelihood of linkage
increases on chromosome 20p to a lod score of 4.1 with increasing current age and
with increasing number of €2 alleles and decreasing number of 4 alleles'®. A two-
locus model provided evidence of strong epistasis between chromosome 20p and the
APP region on chromosome 21, limited to patients who were of an older age and
lacked €4 alleles. The authors suggested that the development and/or rate of
progression of AD in such families is influenced by the presence of high risk alleles

at both loci, which probably interact biologically to increase susceptibility to a very-

late-onset form of AD.

Various other loci have been identified. Scott et al. (2003)'*® detected regions on

chromosome 2q34 in a subset of families with early-onset AD and 15¢22 in families
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with AD of very late onset (79 years). Chromosome 19q13 has been frequently

4 > 3 ’ ’ 1 3
143,147,157,160, 161 ' wwhich is assumed to correspond

reported to show evidence for linkage
to the APOE gene. Wijsman et al. (2004)'* also identified strong evidence of a

second LOAD gene on chromosome 19p13.2, which is distinct from APOE on 19q.

Identification of chromosomal regions bearing susceptibility loci for LOAD is vital
and the linkage reports mentioned above have been the basis for numerous candidate

gene studies.

1.8.4.2 Candidate Gene Studies in LOAD

Despite the large number of candidate gene studies that have been undertaken to date
and the number of positive associations reported, no single finding has been
consistently replicated to the degree of the APOE €4 association with AD. For
example, the insulin-degrading enzyme (IDE) gene is a good LOAD candidate, based
on both its position in a region of linkage on chromosome 10'*%'*! and on the
functional involvement of the enzyme in the degradation of AB'62. While there are
three positive reports of association between variants in this gene and LOAD'®*!%,
there are also two negative reports'®® '*’_ Similarly, the gene encoding the serum
protease inhibitor a2-macroglobulin, A2M, is a good candidate gene as it maps to a
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region of suggestive linkage on chromosome 12p ~°, the protein has been implicated

in AD on the basis of its ability to mediate the clearance and degradation of AB'%,

and it is also a component of senile plaques. However, initial positive reports of
association between variation in this gene and LOAD'®" ' have been followed by

negative findings and a lack of replication by independent groups'’'"'7®,
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Unfortunately, such apparently contradictory findings are common in both LOAD

and many other complex diseases.

There are a number of factors that might explain these inconsistent reports. For
example, an initial finding of association may be a type I error, i.e. a false positive.
Population stratification is commonly cited as a reason for false positive association,
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although it has rarely been demonstrated as the culprit * and is not an issue when

family-based samples are employed (e.g. in the positive 42M finding of Blacker and
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colleagues ). Nevertheless, for population-based samples, it is vital to match cases

and controls for possible confounding factors.

It is of course possible that the positive result is just a chance finding. Given a
significance level of a=0.05, then there is a 1 in 20 chance of rejecting the null
hypothesis when it is in fact true. Taking into account the copious number of LOAD
association studies performed worldwide, it is to be expected that a percentage will

report ‘significant’ findings, where no association exists.

However, researchers must take care not to inflate these chance findings, by
adjusting the significance thresholds appropriately whenever they perform multiple
statistical tests on the same dataset. The degree to which to correct for multiple
testing is a source of much debate, with many researchers of the mind that
Bonferroni’s correction (which approximates to dividing the required significance
level, e.g. 0.05, by the number of independent null hypotheses being tested) is overly
conservative. Indeed, type I errors cannot decrease without inflating type II errors

(the probability of accepting the null hypothesis when the alternative is true) and a

43



false negative is just as erroneous as a false positive. Therefore, researchers must try
and find a balance between the two. This is probably best achieved by a combination
of cautious reporting of initial positive findings and a reliance on replication before

accepting an association as definitive.

There are a number of reasons why a candidate gene study may fail to detect
association, when variation at that locus does in fact cause susceptibility to the
disease. A likely cause is that the study is insufficiently powered to detect the effect
size. For example, for a risk allele with a frequency of 20% and an odds ratio of 2, 85
cases and 85 controls are required to achieve 80% power to detect this effect. If the
same risk allele had a smaller odds ratio of 1.5, then 266 cases and 266 controls are
required for 80% power. It is therefore likely that many of the smaller studies that
have been performed in the past have been underpowered (at least for detecting small

odds ratios).

The calculations above assume that either the susceptibility allele itself is being
tested, or a marker allele in complete LD with the susceptibility allele. If this is not
the case, then power is reduced. While there are several measures of LD, the square
of the correlation coefficient, 1%, is considered the most appropriate. To have the
same power to detect the association between the disease and the marker locus, the
sample size must be increased by roughly 1/ r’ when compared with the sample size
for detecting association with the susceptibility locus itself'** '*!. Therefore, a study
with an apparently good sample size may fail to detect association of a true

susceptibility gene with the disease if ‘inappropriate’ markers are used.



Choice of markers is not an issue for replication studies. In these cases, it should
only be necessary to genotype the marker or markers that have been reported to be
associated with the disease. However, power is again relevant here. A replication
study should take into account the reported effect size and then determine if the
replication sample has sufficient power to detect this effect. If the sample size is too
small, then failure to replicate could be a result of type II error rather than type I
error in the initial report. Other reasons why a study may fail to replicate a reported
association are 1) the two studies are examining different populations and genetic
heterogeneity exists between the different groups; 2) biases varies between the two

studies; 3) the original finding was a false positive.

It is therefore important for a candidate gene study to employ a sufficiently powered
sample (that has been well matched for possible confounding factors) and an

appropriate choice of markers, if it hopes to minimise the type I and II error rate.

1.9 Aim of this Study

The aim of the research presented within this thesis was to detect a novel locus or
loci conferring susceptibility to late-onset Alzheimer’s disease. A candidate gene
approach was taken, examining both positional candidates within a region of
reported linkage on chromosome 10q and a purely functional candidate, also on
chromosome 10q but not in an identified linkage region. All candidate genes were
screened for sequence variants and in some cases database SNPs were also
employed. Variants were tested for association with LOAD by genotyping them in

case-control samples, either in DNA pools, individually or both.
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2. MATERIALS AND METHODS

2.1 DNA Samples

Genomic DNA derived from LOAD patients and unaffected control individuals was
used for mutation screening and association analyses. Three independent case-
control samples were employed in the course of this project and will be referred to as
the Cardiff, Belfast and MRC samples. The DNA in the Cardiff and Belfast samples
was depleted early in the project and so the majority of studies use the MRC sample.

The sample used for a particular study will be indicated in the relevant chapter.

2.1.1 Cardiff Sample

The Cardiff sample consisted of 133 LOAD patients and 135 controls. The cases
were composed of both a clinically diagnosed patient group (CDAD; n=99) and a
post-mortem confirmed patient group (PMAD; n=34). Both the case and control
groups were Caucasians of UK origin. The 99 patients within the CDAD group had
been diagnosed as having probable AD according to the National Institute of
Neurological and Communicative Disorders and Stroke (NINCDS) and the
Alzheimer's Disease and Related Disorders Association (ADRDA)'" criteria with an
age at onset 260 years. The patients were recruited from elderly care homes, local
psychogeriatric hospitals or were the probands of multiply affected families. The
average age at onset was 72.5 years (SD=6.5) and 47% were male. The PMAD group
consisted of 34 confirmed AD cases provided by the MRC brain bank. All members
of this group fulfilled CERAD"®? neuropathological criteria for definite AD. The
average age at onset of this group was 74.0 years (SD=6.4) and 38% were male. The

age-matched control group had an average age at collection of 78.1 years (SD=7.2)
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and 43.7% were male. Controls were screened for cognitive decline using the Mini

Mental State Examination (MMSE)'® and a cut off score of 28 was adopted.

2.1.2 Belfast Sample

The Belfast sample consisted of 242 LOAD patients and 235 controls. Patients and
controls were Caucasian, and at least their parents and grandparents had been born in
Northern Ireland. All participants with a strong family history of dementia, greater
than one first degree relative, were excluded. Blood samples from patients were
obtained through the Memory Clinic, Belfast City Hospital and by referral from the
Alzheimer's Disease Society. The mean age of patients was 75.4 years (SD=8.1) and
38% were men. Patients were subjected to a structured interview and physical
examination. Diagnosis of probable Alzheimer's disease was arrived at by two
experienced clinicians by use of the NINCDS-ADRDA. Where possible, a computed
tomography scan was done to aid diagnosis. 235 volunteers who were age-matched
to the AD patients were recruited as controls. The mean age was 74.7 years (SD=8.1)
and 31% were men. Assessment of controls included a full medical history and a
physical examination. Cognitive function was assessed with the MMSE. Those with

a score of at least 28 were included in the study.

2.1.3 MRC Sample

For the MRC sample, clinical data and DNA samples were collected from 546
individuals (26% males) with Alzheimer's disease and 546 control subjects (26%
males). Age at onset ranged from 60 to 92 years (mean=75.45 years, SD=6.485).
Controls were matched for age (mean=76.30 years, SD=6.257), gender and ethnicity.

The sample was recruited from both community and hospital settings and the
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assessment was by structured interview including scales shown to be reliable and
valid in similar contexts. The assessment battery used has demonstrated a positive
predictive value (PPV) for NINCDS-ADRDA clinical diagnosis against the non-
exclusive presence CERAD criteria for AD pathology of 0.92'®*. The standardised
information from this assessment battery is used to form a diagnosis of probable AD

according to NINCDS-ADRDA criteria.

Scales used include: 1) The MMSE; 2) The Cambridge Mental Disorders of the
Elderly Examination (CAMDEX)'®; 3) The Blessed Dementia Scale?; 4) The Bristol
Activities of Daily Living Scale'®’; 5) The Behavioural Pathology in Alzheimer’s
Disease Rating Scale'®¢; 6) Webster Rating Scale'®’; 7) Global Deterioration

138 and 9) the Neuropsychiatric

Scale'3%; 8) Cornell Scale for Depression in Dementia
Inventory'®. The interview includes information from both the carer and the patient
and all subjects had an age at onset greater than or equal to 60 years. To reduce
potential genetic heterogeneity and population stratification, only individuals with
grandparents of UK nationality were selected. Exclusion criteria included the

presence of any other dementia, delirium, or other illnesses likely to significantly

reduce cognitive function.

Controls were selected in two ways. Spouse controls were selected on the basis of
the participation of their AD partner. Controls were also collected from general
practices in the same areas as the AD patients. Controls were 60 years or above, of
UK origin and had a normal level of cognitive functioning. Controls were screened
for cognitive decline using the MMSE and again a cut off score of 28 was adopted.

Assessment also included a section of the Cambridge Mental Disorders of the

48



Elderly Examination and the Geriatric Depression Scale'®. Exclusion criteria
included the presence of dementia, depression, delirium or other illnesses likely to

significantly reduce cognitive function.

2.1.4 Mutation Screening Sample
A sample consisting of 14 LOAD patients diagnosed according to NINCDS-ADRDA
criteria was employed when screening for polymorphisms. The average age at onset

was 80.8 years (SD=6.3) and 7% were male.

2.1.5 Creation of DNA Pools

2.1.5.1 MRC Pools

A subset of the MRC sample, 186 cases and 186 age- and sex-matched controls, was
used to create DNA pools for genotyping purposes. The average age at onset of cases
was 74.34 (SD=6.461) and 25% were male. The average age at collection of controls
was 75.42 (SD=6.535) and 25% were male. These samples were divided into two
case pools of 96 and 90 individuals and two control pools of 96 and 90 individuals.
The concentration of the DNA samples used to construct pools was measured using
the PicoGreen dsDNA Quantitation Reagent (Invitrogen, Paisley) in a Fluoroskan
Ascent fluorimeter (Labsystems, Cambridge). The samples were diluted to a final
concentration of 6ng/ul and equal amounts of DNA were mixed to form the pools.

These pools will be referred to as the MRC pools.

The MRC pools were validated prior to use. For this purpose, two SNPs (CHAT 1803
C>T and CHAT 1882 G>A) were genotyped both in the MRC pools and individually

in the 186 cases and 186 controls that made up the pools. For pooled analysis, the

-
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extension primers (see Section 2.8.1) employed were the 37-mers 5°-
TCCCTCACTCCGTTGGTGGAGGGAAAGGAATGCATGC-3’ for CHAT 1803
C>T and 5’-AAGGGTAAGACCATACCTACTGTGCTCAGTGCTTCAT-3’ for
CHAT 1882 G>A. The PCR fragment (ChAT xS) on which primer extension was
performed (for both SNPs) is described in Chapter 3. Similarly, details of the
individual genotyping assays can be found in Chapter 3. Individual and pooled
genotyping data are given in Table 2.1 below. Estimation of differences between
cases and control pools (A) was extremely accurate, with the mean error for A of
0.785%. In the course of the research presented within this thesis, a number of other
SNPs were genotyped both in pools and individually. The data thus obtained was

used to calculate a better estimate of pooling error, and these results can be found in

Appendix A.
SNP % Major Allele % Major Allele % Difference between Error
in Cases in Controls Cases and Controls (A) (%)
Pools Real Pools Real Pools Real
CHAT 1803 C>T 88.44 84.14  87.37 83.33 1.08 0.81 0.27
CHAT 1882 G>A 74.50 74.73 70.97  69.89 3.54 4.84 1.30
Average 0.785

Table 2.1. Accuracy of estimating allele frequencies in DNA pools. The estimated allele
frequencies in pools, together with the corresponding real allele frequency (as determined
from individual genotyping) in 186 cases and 186 control samples are presented for each
SNP. A: Difference in allele frequencies between cases and controls. Error: error of pooling
defined as the discrepancy between the A obtained by pooled and individual genotyping. The
estimate of error assumes that individual genotyping is 100% accurate.

2.1.5.2 WashU Pools

In addition, a set of pools for replication purposes was kindly supplied by our
collaborator Alison Goate in Washington University. These ‘WashU’ pools were
comprised of 270 Caucasian LOAD cases and 270 Caucasian controls. Both cases

and controls were divided into three pools of 90 individuals. The average age at onset
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of cases was 75.83 (SD=6.863) and 35% were male. The average age at last
assessment of controls was 79.37 (SD=7.012) and 36% were male. The WashU
series was part of the Washington University Alzheimer’s Disease Research Center
(ADRC) patient registry. Cases have a clinical diagnosis of dementia of the
Alzheimer’s type according to NINCDS-ADRDA criteria with a minimum age at
onset of 60 years. Non-demented controls have a full neuropsychological and clinical
interview and are assessed in the same manner as the cases. Both cases and controls
were rec;'uited from the Greater St. Louis metropolitan area. As I did not have access
to the individual samples that made up the WashU pools I was unable to validate

them.

2.1.6 DNA Extraction

High molecular weight genomic DNA was extracted from either whole blood,
transformed lymphoblasts or from sections of post-mortem brain tissue following
standard laboratory procedures. The approximate DNA concentration of each sample
was subsequently assessed by spectrophotometer readings of a 1:20 dilution of DNA

aliquots. Samples were then stored at -20°C until required.

(Note: I was not involved in diagnosis and collection of samples, extraction of DNA

or construction of pools).

2.2 Characterisation of Candidate Genes
As aresult of the human genome project, there is now likely to be a large amount of
information available on any randomly chosen gene. This information is publicly

available on the Internet at sites such as Ensembl (http://www.ensembl.org/) and
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LocusLink (http://www.ncbi.nlm.nih.gov/LocusLink/index.html). As such, these

sites were a starting point for all research on the candidate genes in this project.

The cDNA sequence for each gene was obtained from the GenBank database at
NCBI (http://www.ncbi.nlm.nih.gov). Determination of intron/exon boundaries was
based on alignment of the cDNA sequences with genomic clone sequences, using
BLAST sequence homology searches (http://www.ncbi.nlm.nih.gov/blast/Blast.cgi).
Genomic and cDNA sequence was subsequently imported into Sequencher™ (Gene
Codes, Michigan, USA), a sequence analysis program, where they could be

annotated and used as a reference for future research.

2.3 Polymerase Chain Reaction

The polymerase chain reaction (PCR) is a standard in vitro method that enables the
rapid production of large quantities of a target sequence from total genomic DNA
and is a prerequisite for many of the methods used in this project. PCR requires
single stranded oligonucleotide primers complementary to the sequence flanking the
region to be amplified. PCR fragments spanning exons, untranslated regions (UTRs)
and limited 5’ flanking regions were designed using Primer 3.0 (http://www-
genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi). Primers were synthesised by

Sigma-Genosys (Haverhill).

Amplification was performed under standard conditions of 1X PCR buffer (Qiagen,
Crawley), 1.5 mM MgCl,, 250 uM dNTPs, 0.5 uM of each primer, 0.3 units Hot Star

Taq (Qiagen) and 18 ng genomic DNA in a 12 pl reaction. 1X Q-solution (Qiagen)
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was occasionally used to amplify a GC rich sequence and I will indicate where this

is the case. A typical individual reaction mix is shown below.

Reagent Volume | Kinal Concentraticu/Amount
53X Q-solution (optional) 2.4ul 1X

10X Buffer {(containing 15mM MgCl,) 1.2ul Buffer=1X; MgCl,=1.5mM
2.5mM dNTPs 1.2pl 250 uM

10uM Sense Primer 0.6l S uM

Genomic DNA (6ng/ul) 3.0ul 18ng
ddH,0 Variable

—~

Table 2.2. Typical PCR reagents volumes and concentrations.

PCR optimisation was achieved by initially amplifying a fragment at a range of

o

94°C for 30s, appropriate

lat]
.b.

denaturation of 94°C for 15min, followed by 35 cycles o

or 45s with a final extension step of 72°C

conformaticn, allowing nucleic fragments of different sizes to be separated. In this

project horizontal agarose gel electrophoresis was performed to a) check a PCR

w
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reaction was successful or b) obtain genotype data from a RFLP analysis or a
VNTR polymorphism. The concentration of agarose used for the gel depends
primarily on the size of the DNA fragments to be analysed. For checking PCR, a
1.5% wi/v gel was used. For RFLP analysis, where fragments of different size must
be resolved, 2.5-3% w/v gels were used. Gels were prepared by melting the
appropriate amount of agarose in 100ml 0.5X TBE buffer (National Diagnostics,
Hull). The molten gel was allowed to cool slightly before adding 2.5ul of 10mg/ml
ethidium bromide and was then poured into a gel—cas_ting tray and well former combs
were inserted. The gel was allowed to set, the combs removed and was then placed
into an electrophoresis tank filled with 0.5X TBE buffer. Loading buffer was made
from 5ml Glycerol (Sigma, Dorset), 0.03g Bromophenol Blue (Sigma), 0.03g
Xylenecyanol (Sigma), 200ul 1M Tris-HCI pH 8.0 and 4.8ml dH20. Samples were
mixed with 2ul gel loading buffer, were loaded into the wells of the gel and then
electrophoresed at approximately 100 volts for 0.5-2.5 hours. Gels were visualised

under an UV transilluminator fitted with a Polaroid camera.

2.5 Post-PCR Purification

Several techniques that use PCR products as a template require those products to be
purified of unincorporated primers and dNTPs. To achieve this, 1U each of
exonuclease I (Amersham, Buckinghamshire) and shrimp alkaline phosphatase
(Amersham) were added to 12ul PCR product, incubated (in a MJ Tetrad) at 37°C
for 1 hour and then heated to 80°C for an additional 15 min to inactivate the two
enzymes. The exonuclease I removes residual single-stranded primers and any
extraneous single-stranded DNA produced by the PCR while the shrimp alkaline

phosphatase removes the remaining dNTPs.
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2.6 Denaturing High Performance Liquid Chromatography
In order to screen PCR fragments for polymorphisms, denaturing high performance
liquid chromatography (DHPLC) was performed. This is an automated technology
based on the separation of heteroduplex PCR products from their corresponding
homoduplexes on an ion-pair reversed-phase liquid chromatography system. The
hydrophobic stationary phase consists of alkylated nonporous
poly(styrene/divinylbenzene) particles and the mobile phase consists of
triethylammonium acetate (TEAA) and acetonitrile (ACN). The column is
maintained at a set temperature to partially denature DNA molecules. Under these
conditions, heteroduplexes attributable to mismatch pairing will form weaker
interactions with the hydrophobic matrix. With a linear acetonitrile gradient, the
heteroduplexes will therefore be eluted earlier than the homoduplexes. Samples
containing a heterozygous mutation form both homoduplexes and heteroduplexes,
and (theoretically) at least two peaks are observed. In reality, resolution is not
optimal and it is more common to see one peak with a ‘shoulder’. Samples that give

a single peak could be either wild type or could contain a homozygous mutation.

2.6.1 Heteroduplex Formation
For each fragment, the 14 DNA samples of the mutation screening sample were PCR
amplified. To form heteroduplexes, PCR products were heated to 94 °C and then

gradually reannealed by cooling at a rate of 1°C/min for 40min.

2.6.2 Analysis Parameters
Optimal temperatures and corresponding eluent gradients for each PCR fragment

were selected using DHPLC Melt (http://insertion.stanford.edu/melt.html). To ensure
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maximum sensitivity, in addition to the temperature suggested by the software

(n°C), each fragment was also run at n+2°C.

2.6.3 DHPLC Analysis

DHPLC analysis was carried out using the WAVE™ DNA Fragment Analysis
System (Transgenomic). 5pl heteroduplexed PCR product was injected onto a
DNASep™ column. Hetero- and homoduplexes were then eluted with a linear
acetonitrile gradient formed by mixing buffer A (0.1M TEAA, pH 7.0) and buffer B
(0.IM TEAA, pH 7.0, containing 25% ACN) at a constant flow rate of 0.9 ml/min.
DNA was detected at 260nm. The analytical gradient was 4min long and buffer B
was increased at 2%/min. For each fragment, the initial and final concentrations of
buffer B were adjusted to obtain a retention time between 3 and 5 min. Between
samples, the column was cleaned with 100% buffer B for 30s and equilibrated at
starting conditions for 2 min. When all samples had been processed, the resultant
chromatograms were compared, with a shift in trace pattern indicative of a

heteroduplex.

2.7 DNA Sequencing
Polymorphisms detected by DHPLC were confirmed and characterised by
fluorescent dye-terminator cycle sequencing, based on the chain-termination

%1 This method involves the

dideoxynucleotide method of Sanger and co-workers
synthesis of a DNA strand by a DNA polymerase using a single stranded template.
Chain elongation occurs at the 3" end of a primer and the deoxynucleotide added to

the extension product is selected by base-pair matching to the template. When a

dideoxynucleotide (ddNTP) is incorporated at the 3 end of the growing chain, chain
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elongation is terminated selectively at A, C, G, or T because the chain lacks a 3'-

hydroxyl group. When a mixture of dNTPs and ddNTPs are used, polymerisation

will be terminated randomly at each possible site. Each ddNTP base is tagged with a
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coupled device (CCD) camera at particular wavelength bands and stored as digital

Sequencing analysis software interprets the result, calling the

ddNTP Dye Label Colour of Analysed Data
A dR6G Green

€ dROX Blue

G dR110 Black

T dTAMRA wil Biethissis pibltie

Table 2.3. Fluorescent ddNTPs used in DNA sequencing.

PCR products were initially purified as described in Section 2.5. Sequencing

reactions were then performed using the Big Dye Terminator (v2.0) Cycle

PCR anti-sense primer. The reaction mix and thermocycling conditions are detailed

below.
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Reaction mix

Terminator mix 4ul
Primer (3.2uM) lpl
Purified PCR product S5ul

Thermocycling conditions

96°C 2min
96°C 30sec
55°C 15sec X 25 cycles
60°C 4min

2.7.2 Post-Sequencing Purification

To generate high quality DNA sequence data, unincorporated dye terminators, salt
and any other small molecule contaminants must be removed from sequencing
product prior to electrophoresis. This was achieved by gel filtration, using Sephadex
G-50 Fine resin (Sigma) loaded MultiScreen HV filtration plates (Millipore, Tyne
and Wear). Dry Sephadex G-50 was added to the 96 wells of the filtration plate using
a Column Loader (Millipore). 300 ul of ddH,;0 was added to each well to swell the
resin and the plate was let stand at room temperature for 3 hours. When required, the
filtration plate was placed on top of a 96-well plate and spun in a centrifuge at 2500
rpm for 5 min to remove excess water and pack the columns. Individual sequencing
products were diluted with 10ul ddH,O and were then added to the centre of

individual columns. The filtration plate was placed on top of a fresh 96-well plate
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and again spun at 2500 rpm for 5 min. The eluted sequencing products were dried in

a speed vacuum.

2.7.3 Sample Electrophoresis

Purified sequencing products were resuspended in 10ul Hi-Di Formamide (Applied
Biosystems, Cheshire) and were subsequently electrophoresed on an ABI PRISM®
3100 Genetic Analyzer using a 36¢cm capillary array and POP-6™ polymer. The
resultant data was analysed with Sequence Analysis software (version 3.7) before

being imported into Sequencher™ to identify polymorphisms.

2.8 Genotyping

Where possible, all SNPs identified were typed in pools and/or individually in an
association sample. Two different genotyping methods were employed: primer
extension using the ABI PRISM® SNaPshot™ Multiplex Kit (Applied Biosystems)

and restriction fragment length polymorphism (RFLP) analysis.

2.8.1 SNaPshot Genotyping

The chemistry of the SNaPshot™ Multiplex Kit is based on the dideoxy single-base
extension of an unlabelled oligonucleotide primer (or primers). Each primer binds to
a complementary template (i.e. PCR product) immediately adjacent to the SNP of
interest, in the presence of fluorescently labelled ddNTPs and DNA Polymerase. The
polymerase extends the primer by one nucleotide, adding a single ddNTP to its 3°
end. Hence the identity of the base at the polymorphic position can be identified. The

fluorescent dyes are assigned to the individual ddNTPs as shown in Table 2.4.
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ddNTP Dye Label : Colour of Analysed Data
A dR6G Green

C dTAMRA Black

G dR110 Blue

ot dROX Red

Table 2.4. Fluorescent ddNTPs used in SNaPshot genotyping.

2.8.1.1 Extension Primer Design

Since primer exiension does not permit any flexibility with respect to the location of
the 3" end of the primer, i
extension primers used here were designed using software designed by Dobril Ivanov
(http://m034.pc.uwcm.ac.uk/FP_Primer.htmi). This sofiware assesses the secondary
structure of the PCR product and the accessibility of the SNP, in order to determine

whether to use a primer complementary to the sense or anti-sense DNA strand.

2.8.1.2 Genotyping in DNA pools

Each DNA pool sample, as well as an individual sample heterozygous for the SNP of

=
(9]
(V2]
o
3
=
(=9
E
N
(']
(g}
=
<
=
(NS
N
29
(=]
=
Q
3
=
3
wy
5]
=
(=]
=
o
.
.}
3
1]
7]
Ay
=
D
73
=
=l
(]
]
0]
<
_,
3
7]
e
-}
F]
—
]
M
=
.)

product with 2.5ul SNaPshot kit, 2.5ul buffer (200mM Tris-HCI, 5SmM MgCl,), 1ul

To prevent unincorporated fluorescent ddNTPs obscuring the primer extension
products during electrophoresis, the reactions were treated with 1 U shrimp alkaline

hosphatase at 37°C for 1 hour followed by 15min at 80°C. Aliquots of 1pl
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SNaPshot product and 9ul Hi-Di formamide were combined in a 96-well plate,
which was loaded onto an ABI PRISM® 3100 Genetic Analyzer. Reactions were
electrophoresed on a 36-cm capillary array using POP4 polymer. Electrophoresis
data were processed using Genescan Analysis version 3.7 (Applied Biosystems).
Peak heights of the allele-specific extended primers were determined by using
Genotyper version 2.5 (Applied Biosystems). As Genescan Analysis is unable to
accurately quantify fluorescence signals above 6000 units it is important to optimise
reactions so as to generate peak heights between 2000 and 4000 fluorescence units.
After measuring the height of the peak of the extension product in the test reaction,
the concentration of the extension primer for the required peak height is simply
calculated as Y’/(Y/X) where, Y’ is the required peak height (e.g. 3000), Y is the initial
peak height and X is the initial primer concentration (e.g. 0.5uM)'*2. Primer
extension was then performed on all samples using the optimised primer
concentration. The allele frequency in each pool was determined as the mean of the
two primer extension assays performed for each PCR replicate, corrected for the
degree of unequal allelic representation detected in a heterozygote as described

below.

2.8.1.3 Correction for Unequal Allelic Detection
For a biallelic marker, the primer extension products for each allele are not equally
represented. Possible explanations include differential PCR amplification of alleles'®?

and differential efficiencies of the incorporation of the ddNTPs for each allele-

194

specific reaction . An additional explanation is the unequal emission energies of the

192

different fluorescent dyes . In order to allow for unequal representation of alleles,

the estimated allele frequencies from pools were corrected by using the mean of the
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ratios obtained from two analyses of a heterozygote as given by the equation:
Frequency of allele 4 = A/(A+kB) where 4 and B are the peak heights of the primer
extension products representing alleles A and B in pools and £ is the mean of two

replicates of 4/B ratios observed in a heterozygote'*’.

2.8.1.4 Troubleshooting in SNaPshot Genotyping

As mentioned previously, an optimisation step was initially performed to calculate
the required concentration of the extension primer, but this step was also used to
assess the suitability of the primer for genotyping analysis. A negative control
(lacking DNA template) was always run concurrently. If extraneous peaks were
observed in the test reaction, then the experiment was repeated using fresh
exonuclease I and shrimp alkaline phosphatase in the purification stages, to ensure
adequate removal of PCR primers, dNTPs and fluorescent ddNTPs. However, when
extraneous peaks were also observed in the negative control, then this was likely due
to extension primer hairpin extension or extension primer dimer extension, and
where possible, an alternative extension primer was designed. In the pooled analysis,
the allele frequency in each pool was determined as the mean of the two primer
extension assays performed for each PCR replicate. Had a large discrepancy been
observed between the peak height ratios of two replicates, then the entire experiment
would have been repeated from the PCR stage. However, replicates gave remarkably
consistent results throughout, with in general no more than a 1% difference observed
between the two samples. This suggests that not much variation is introduced at the
PCR stage and the use of replicates may only be required to detect errors introduced

by factors such as inaccurate pipetting, PCR dropouts efc.
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2.8.2 Restriction Fragment Length Polymorphism (RFLP) Genotyping
For biallelic SNPs requiring individual genotyping, a restriction enzyme was chosen
that could distinguish between the two alleles when an appropriate PCR amplimer
was digested and electrophoresed on an agarose gel. Where no natural restriction
site existed, it was necessary to create a site by primer-generated mutagenesis. With
an assay designed, the required association sample was amplified by PCR as
previously described. Products were then digested for 16 hours with 5 units of
restriction enzyme in the presence of the appropriate restriction buffer (as supplied
by the manufacturer of the enzyme) and 1X BSA, if required, at the appropriate

temperature. Digested products were electrophoresed on 2.5%-3.0% agarose gels.

2.8.2.1 APOE Genotyping

The MRC association sample was APOE genotyped by Luke Jehu. As this data was
used in the ADAM12 study (Chapter 5), the protocol for APOE genotyping will be
described here. PCR primers were 5’-TCCAAGGAGCTGCAGGCGGCGC-3’
(sense) and 5’-ACAGAATTCGCCCCGGCCTGGTACACTGCC-3’ (antisense) to
generate a 227bp fragment. Amplification was performed using 1X PCR buffer
(Qiagen), 1X Q-solution (Qiagen), 1.5 mM MgCl,, 250 uM dNTPs, 0.5 uM of each
primer, 0.3 units Taq (Qiagen) and 18 ng genomic DNA in a 12 pl reaction. Cycling
was conducted in a MJ Tetrad (MJ Research) with an initial denaturation of 94°C for
3min, followed by 35 cycles of 94°C for 30s, 66°C for 30s and 72°C for 1 min with a
final extension step of 72°C for 10 min. PCR products were then digested for 16
hours with 5 units of Hha I in the presence of the appropriate restriction buffer (as
supplied by the manufacturer of the enzyme) and 1X BSA at 37°C. Digested

products were electrophoresed on 3.0% agarose gels. The expected genotype patterns
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are displayed in Figure 2.1. The tables beiow display the distribution of APOE
genotypes in the MRC sample. The €4 allele, which is reasonably common in the

general population, has a substantial effect size (OR=3.9).

Figure 2.1. Examples of APOE genotypes. A gel is shown after electrophoresis of Hha 1
fragments from an €2/e€2 homozygote, £3/e3 homozygote, e4/e4 homozygote, €2/€3
heterozygote, £2/e4 heterozygote and €3/e4 heterozygote. The fragment sizes are shown to
the left of the gel. Note that three fragments common to each genotype are not observed due
to their small size (21bp, 18bp and 16bp).

APOE £ Genotype P
2/Z 2/3 2/4 3/3 3/4 4/4
Patienis  2(0.004) 24(0.04) 26{0.05) 176(0.32) 244(045) 71(0.13)
Controls  2(0.004) 79(0.15) 11(0.02) 324(0.60) 1i5(0.21) 11(0.02) 0.0000

546 controls. Genotype counts and frequencies are shown.

APOE £ Allele Odds Ratio for €4 allele P
(95% C.1.)
2 3 4
Patients 54 (0.05) 620 (0.57) 412(038)  3.8659
Controls 94 (0.09) 842 (0.78) 148 (0.14)  (3.1263-4.7804) 0.0000

Table 2.6. Association of APOFE genotype with LOAD in the MRC sample of 546 cases and
546 controls. Allele counts and frequencies are shown.



2.9 Allele Specific Expression
To investigate potential cis-acting influences on gene expression, it is possible to use
SNPs within an expressed sequence as a tag for mRNA transcribed from each
chromosomal allele. It is then possible to apply quantitative methods of allele
discrimination to mRNA from individual subjects who are heterozygous for the
marker polymorphism to measure relative allelic expression. Each allele serves as an
internal control against which expression of the other allele can be measured within
each individual mRNA sample, thereby enabling detection of genuine cis-acting
phenomena that affect expression, while controlling for trans-acting confounders'®®.
60 samples were available with which to investigate allelic expression. Post-mortem
brain tissue derived from frontal, parietal, or temporal cortex of these 60 unrelated,
anonymous human adults was obtained from three sources (The MRC London
Neurodegenerative Diseases Brain Bank, United Kingdom; The Stanley Medical
Research Institute Brain Bank, Bethesda; The Karolinska Institute, Stockholm).
Subjects were drawn principally from psychiatric control groups. From each
individual, approximately 500 mg of tissue was processed for genomic DNA, by use
of standard phenol/chloroform procedures and approximately 300-500 mg of tissue
was processed for total RNA, by use of the RNAwiz isolation reagent (Ambion,
Huntingdon). Total RNA was treated with DNAse prior to reverse transcription (RT),
which was performed by use of the RETROscript kit (Ambion). DNA/RNA

extraction and reverse transcription was kindly performed by Nick Bray.
These samples were amplified by use of primers that were based on single exonic

sequence, capable of amplifying either cDNA or genomic DNA. Genomic DNA

from all subjects was initially genotyped to identify heterozygotes for the marker
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polymorphism. The corresponding cDNA samples were assayed twice as two
separate RT reactions alongside the corresponding genomic DNA samples. The same
analytic conditions were used for genomic DNA and cDNA to enable use of the
average of the ratios observed from genomic DNA (as a perfect 1:1 ratio of the two
alleles) to correct allelic ratios obtained from cDNA analyses for any inequalities in

195 When a difference in allelic

allelic representation specific to each assay
expression was observed, this entire process was repeated to confirm the initial

observation.

Allelic representation was measured by use of the SNaPshot™ primer extension
method described previously. Peak heights of allele-specific extended primers were
determined by the use of Genotyper version 2.5 (Applied Biosystems). The ratio of
cDNA peak heights, corrected by use of the average genomic ratio from all
heterozygous samples, was used to calculate relative expression of the two alleles in

each individual sample.

2.10 Statistical Analyses

For the DHPLC mutation screening set, power was calculated using the equation: 1-
(1-f)", where = allele frequency and n = number of chromosomes examined.
Therefore, a screening set of 28 chromosomes (14 individuals) has 95% power to
detect an allele with a frequency of 10%. Power and sample size requirements for
case-control samples were calculated using the Power Calculator at the UCLA
department of statistics website (http://calculators.stat.ucla.edu/powercalc). Pearson’s
%2 and Fisher’s exact test were used to analyse SNP associations using the Simple

Interactive Statistical Analysis website (http://home.clara.net/sisa); Fisher’s exact test
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was used for analyses where one or more cell had a count of <5. Odds ratios and
95% confidence intervals were also calculated using the Simple Interactive Statistical
Analysis website. All polymorphisms typed individually were tested for deviation
from Hardy-Weinberg equilibrium using an updated version of the HW program
written by Peter McGuffin and Peter Holmans (update by Marian Hamshere).
Haplotypic association was tested using EHPLUS with PMPLUS implemented to
obtain empirical significance levels'®’. The EHPLUS software was modified by
Marian Hamshere and Valentina Moskvina. The square of the correlation coefficient
(") was used to determine the levels of linkage disequilibrium between
polymorphisms. This was also calculated using the mociiﬁed EHPLUS program.
Meta-analyses were carried out using the Woolf program written by Peter McGuffin.

Heterogeneity between studies was assessed with a 2 test.
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3. INVOLVEMENT OF THE CHOLINERGIC GENE LOCUS IN LOAD

3.1 ChAT and VACKT

Choline acetyltransferase, ChAT, is the enzyme responsible for the synthesis of the
neurotransmitter acetylcholine (ACh), which mediates cholinergic neuron
communication. ACh is synthesised in the cytoplasm of cholinergic nerve terminals
and is then translocated into synaptic vesicles by the action of the vesicular
acetylcholine transporter, VAChT. After exocytotic release from the nerve terminal,
ACh can bind to two classes of ACh receptor (AChR), »muscarinic and nicotinic
AChRs. ACh is hydrolysed to produce choline by the action of acetylcholinesterase

(AChE). This process is displayed in Figure 3.1 (p.69).

3.1.1 The Cholinergic Gene Locus

The genes encoding ChAT and VAChT, CHAT and SLC18A43 respectively, are
expressed from the same locus on chromosome 10q11.2, referred to as the
cholinergic gene locus. The genomic organisation of these two functionally related
genes is unusual in that the entire SLC18A43 gene lies within the first intron of CHAT
in the same transcriptional orientation, implying that the two genes may be
coregulated to some extent. Indeed, coordinated upregulation of CHAT and SLC1843
transcripts by various extracellular factors such as leukaemia inhibitory factor, ciliary
neurotrophic factor, retinoic acid, ;cAMP, glucocorticoids and nerve growth factor
has been demonstrated'**?*. The single CHAT gene produces multiple transcripts as
a result of alternative splicing. Five isoforms of ChAT mRNA have been identified
to date, termed R, N1, N2, S and M. All five mRNAs translate into a 69-kDa form of

the enzyme, with the M and S transcripts also encoding 82- and 74-kDa proteins
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respectively, because of the presence of twe translation initiation sites in these
b

205, 206

transcripts

Acetyl-CoA

Choline °

Choline

'y

Choline = -

/ Ch receptor \

Figure 3.1. The synthesis of ACh. Choline is transported into the nerve terminal by a high
affinity choline transporter. ACh is synthesised from choline and acetylcoenzyme A by
ChAT and is then transported into the synaptic vesicle by VAChT, which uses the
electrochemical gradient generated by a proton ATPase to exchange two protons by one AC
molecule. After exocytotic release from the nerve terminal, some ACh molecuies are
hydrolysed by AChE before they bind to the AChR and the remaining ACh molecules are
hydrolysed by AChE after dissociation from AChR.
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3.1.2 Subcellular Localisation of ChAT and VAChT
The ChAT enzyme exists in at least two forms in cholinergic nerve terminals; a
soluble form (80-90% of the total enzyme activity) and a non-ionically membrane
bound form (10-20%)*"". The nature of the membrane association and significance of
this enzyme pool are unknown. The 82-kDa form of ChAT contains two functional
nuclear localisation signal (NLS) motifs, resulting in this isoform having a

predominantly nuclear subcellular distribution®®

. The subcellular localisation of the
74-kDa form of ChAT has not been determined. The 69-kDa form of ChAT is a
nucleocytoplasmic shuttling protein with a predominantly cytoplasmic localisation
determined by a functional NLS and an unidentified putative nuclear export signal®®.

VACHT is predominantly, if not only, present in synaptic vesicles®'® 2!,

3.1.3 Cholinergic Neurons

Cholinergic neurons are distributed widely throughout the central and peripheral
nervous systems where they are involved in motor function, the autonomic nervous
system and various integrative brain functions such as learning and memory*'%. They

8213, In the human brain, cholinergic

are aggregated in eight major groups: Ch1-Ch
neurons are detected in the medial septal nucleus (Ch1l), nucleus of the diagonal band
of Broca (Ch2 and Ch3), the basal nucleus of Meynert (Ch4), the caudate nucleus,
the putamen, the nucleus accumbens, the pedunculopontine tegmental nucleus (ChS5),
the laterodorsal tegmental nucleus (Ch6), the medial habenular nucleus (Ch7), the

parabigeminal nucleus (Ch8), some cranial nerve nuclei and the anterior horn of the

spinal cord®". These pathways are displayed in Figure 3.2 (p.71).
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Hippocampus
and amygdala

Figure 3.2. Cholinergic systems in the human brain. Two major pathways project widely to
different brain areas: basal-forebrain cholinergic neurons [red, including the nucleus basalis
(nb) and medial septal nucleus (ms)] and pedunculopontine-lateral dorsai tegmental neurons
(blue). Other cholinergic neurons include striatal interneurons (orange), cranial-nerve nuclei
(green circles), vestibular nuclei (1 nurple;); and spinal cord preganglionic and motoneurons
(yetlow). Taken from Perry et al., 1999°",

3.1.4 The Cholinergic Hypothesis

The “cholinergic hypothesis of geriatric memory dysfunction” was formuiated

twenty-two years ago and postulates that a loss of cholinergic function in the central

nervous system contributes significantly to the cognitive decline associated with

advanced age and AD?'®. This hypothesis is based on several lines of evidence. In

antagonist, could induce amnesia in young healthy human subjects comparable with

ot 1 1 o F i

that seen in (nondemented) elderly individuals. These deficits could be reversed by
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acetylcholinesterase inhibitors. A number of subsequent reports have found that
systemic administration of cholinergic receptor antagonists interferes with
performance on a variety of memory tasks in both rodents and non-human
primates®'7??°, Additional evidence supporting the cholinergic hypothesis came from
three biochemical studies reporting that the brains of patients with severe AD exhibit
a significant loss of ChAT activity, which is apparently correlated with the degree of
cognitive impairment??' 22, The loss in ChAT activity is generally consistent with a
reduction in the number of basal forebrain cholinergic neurons*****®, Dysfunction of
the basal forebrain cholinergic neurons that innervate the cerebral cortex and
hippocampus is now a well-established feature of AD and results in a decrease in
ChAT and AChE in these terminal fields*>’*?°. These basal forebrain cholinergic
neurons appear to be significantly more vulnerable than even the nearby neostriatal

2% Decline in ChAT activity has been positively correlated with

cholinergic neurons
psychometric, clinical and pathological (density of senile plaques, neuritic plaques
and neurofibrillary tangles) indexes of dementia severity’>> *!2*>, On the basis of
this collective evidence, drugs that potentiate central cholinergic function (e.g. AChE
inhibitors) have been developed and have thus far proven to be the most effective
forms of therapeutic treatment against the disease. However, it should be noted that

such cholinomimetic replacement strategies have only met with limited success in

alleviating the cognitive deficits in AD?* 2%,

There have been some challenges to the validity of the cholinergic hypothesis on the
basis of recent reports using AChE or ChAT assays, which indicate that there is little
or no loss of enzyme activity in the brains of patients diagnosed with mild cognitive

impairment and/or mild AD**?’. These studies propose that the cholinergic deficit

72



occurs only late in the disease. However, neither ChAT nor AChE are rate-limiting
enzymes for synthesis and degradation of ACh and the actual functional state of the
cholinergic system may not be reflected well by these markers. A number of factors
could be compromised in cholinergic neurons before changes in these enzymes

would be observed, some of which are discussed below.

3.1.5 The Nature of Cholinergic Dysfunction in AD

It has been reported that there are alterations in nicotinic AChR expression levels
(predominantly a4 nicotinic receptors) in AD brain regions such as the hippocampus
and cortex?*2%_ [''C]Nicotine-based PET studies indicate that nicotinic receptor
deficits are an early phenomenon in AD and suggest that cortical nicotinic receptor
deficits significantly correlate with the level of cognitive impairment®*'. It has also
been shown that a7 nicotinic AChRs, which are known to be involved in numerous

243,244

processes, including neurotransmitter release®*?, long-term potentiation and

learning245 246

, can serve as high-affinity binding sites for A peptides**’. Moreover,
AP peptides can block the functional interaction of nicotinic agonists with their

receptors on hippocampal neurons**®.

Most studies suggest that there are no differences in the number of muscarinic
receptors between Alzheimer and control brains*** **°, However, there is some
evidence for a disruption of the coupling between the muscarinic M1 receptors, their
G-proteins and second messenger systems>>*>*2. A number of in vitro studies have
shown that activation of the M1 muscarinic receptor stimulates the non-

amyloidogenic, a-secretase pathway of APP processing, resulting in elevated a-

APPs and decreased AP levels™ 2326, M1 agonists also decrease t protein
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phosphorylation in vitro and in vivo®™" >*®, Therefore, a disruption in M1 signalling
may lead to increased AP levels and phosphorylation of T with a concurrent loss of

the synaptotrophic a-APPs.

There is a large amount of evidence indicating that AB can negatively regulate
various steps in the synthesis and release of ACh from basal forebrain cholinergic
neurons>> 2%, Indeed, low concentrations of AP reduced the high-affinity choline
uptake (the rate-limiting step in ACh synthesis) and acetylcholine release in slices
from rat hippocampus and cortex, but not from striatum. In contrast, AR had no

effect on ChAT activity in hippocampal or cortical slice preparations®® 2%,

Cholinergic neurons are highly dependent upon nerve growth factor (NGF) for their
function’®?% and use high-affinity tyrosine receptor kinase A (trkA) and low-
affinity (p75) receptors for signalling. The importance of NGF in the brain has been

269 who have generated a

underlined by the work of Capsoni and colleagues (2000)
transgenic mouse that expresses a neutralizing monoclonal antibody against NGF. In
aged mice, brain pathology exhibits remarkable similarities to the pathology seen in
progressive AD, including amyloid plaques, hyperphosphorylated t, abnormalities of
the neuronal cytoskeleton reminiscent of tangles and marked cholinergic neuron
degeneration. In individuals with AD, there is typically a marked loss of high-affinity
trkA receptors, which correlates with a loss of cholinergic neurons®’**"2, In basal
forebrain cholinergic neuron target regions, including the hippocampus, NGF protein
and expression levels are normal or increased””>?’® but NGF levels in the basal

forebrain nuclei are reduced”” 2. Together, these data suggest that retrograde

transport of NGF from target regions is impaired in AD.
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Therefore, cholinergic dysfunction and AP deposition interact in a complex manner.
A hypothetical model is proposed: in AD, cholinergic neurotransmission is
negatively affected by a loss of a4 nAChRs and disruption of M1 AChR signalling.
AP can also have a detrimental effect on cholinergic neurotransmission by blocking
o7 nAChR signalling and reducing high-affinity choline uptake and ACh release.
Reduced cholinergic activity can in turn lead to increased t phosphorylation and
enhanced A production via disrupted M1 signally and therefore a feedback loop is
initiated. A loss of the synaptotrophic a-APPs contributes to cholinergic
degeneration. This leads to a loss of the high affinity NGF trkA receptors, which
exacerbates cholinergic hypofunction via dysfunctional neurotrophin support. This
model therefore encompasses many of the characteristic features of AD: cholinergic

degeneration, enhanced AP production and increased t phosphorylation.

Considering their key roles in cholinergic neurotransmission, the products of the
cholinergic gene locus are good candidates for involvement in the pathogenesis in
AD. As the cholinergic gene locus maps to 50.7Mb on chromosome 10, within a
region showing substantial evidence for a susceptibility gene for LOAD'* 16 these
genes are excellent functional and positional candidates for influencing susceptibility

to LOAD.
In order to test whether allelic variation in CHAT and SLC18A43 confers susceptibility

to LOAD, these two genes were screened for sequence variants, which were

subsequently examined in LOAD case-control samples from the UK.
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Much of the SNP discovery work on the CHAT gene was performed by Tim Peirce,
an undergraduate placement student working under my supervision. The genotyping

of all polymorphisms was a joint effort.

3.2 Materials and Methods
Described here are the specific methods used to study the cholinergic gene locus.

More detailed descriptions of subject groups and methods are described in Chapter 2.

3.2.1 Subjects

The mutation screening sample consisted of 14 UK Caucasian patients, with age at
onset >65 years. For the association study, the Cardiff sample comprising 133 UK
Caucasian AD patients (age at onset 72.916.5 years) and 135 age-matched controls
(age at collection 78.117.2 years) was employed. Two additional association samples
were used for replication purposes; a subset of the MRC sample consisting of 135
UK Caucasian AD patients (age at onset 74.316.2 years) and 135 age- and sex-
matched controls (age at collection 75.316.4 years) and the Belfast sample consisting
of 242 Northern Irish Caucasian AD patients (age at onset 75.418.1 years) and 235
age-matched controls (age at collection 74.718.1 years). All patients were diagnosed
according to NINCDS-ADRDA criteria'’. Cognitive function of controls was
assessed using the mini mental-state exam (MMSE)'®. Only those with a score of at

least 28 were included in the study.
3.2.2 Collection of Gene Sequences
The CHAT gene exists as five splice variants; M, N1, N2, R and S. The SLC1843

gene is located within the first intron of the R variant of CHAT and is itself
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uninterrupted by introns (see Figure 3.3, p.83). The cDNA sequence for each splice
variant/gene was obtained from the GenBank database at NCBI

(http://www.ncbi.nlm.nih.gov). The specific cDNA accession numbers are as

follows: M CHAT = NM_020549.2; N1 CHAT = NM_020985.1; N2 CHAT =
NM_020986.1; R CHAT=NM_020984.1; S CHAT = AF305908.2; SLCI1843 =
NM_003055.1). Determination of coding sequences, untranslated regions (UTRs)
and intronic regions was based on alignment of the cDNA sequences against

genomic sequence available from the UCSC Genome Bioinformatics Site

(http://genome.ucsc.edu), using BLAST sequence homology searches.

3.2.3 Polymerase Chain Reaction (PCR)

PCR fragments spanning exons, UTRs and limited 5’ flanking regions were designed
using Primer 3.0 (http://www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi).
Primer sequences are listed in Table 3.1 (p.79). PCR amplification was performed
under standard conditions of 1X PCR buffer (Qiagen), 1.5 mM MgCl,, 250 uM
dNTPs, 0.5 uM of each primer, 0.6 units Hot Star Taq (Qiagen) and 48 ng genomic
DNA in a 24 pl reaction. Cycling was cbnducted in a MJ Tetrad (MJ Research) with
an initial denaturation of 94°C for 15min, followed by 35 cycles of 94°C for 30s,
optimal annealing temperature for 30s (see Table 3.1, p.79) and 72°C for 45s with a
final extension step of 72°C for 10 min. Synthesis of appropriately sized PCR
products was confirmed by electrophoresis on 1.5% agarose gels. In the case of one
fragment, (ChAT xM; see Table 3.1, p.79), the fragment size (1007bp) was too large
for DHPLC. Therefore PCR products from each individual in the mutation screening
set were digested with the enzyme Sma I to generate two smaller fragments of 600

and 407bp. These fragments were separated by agarose gel electrophoresis, followed
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by gel extraction using the QIAquick Gel Extraction kit (Qiagen) according to the
manufacturers instructions. Separated fragments were resuspended in PCR buffer

prior to DHPLC.
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Fragment name Spanning Sense Primer Sequence Antisense Primer Sequence Size Annealing
(5-3%) (5°->3%) (bp) Temperature (°C)
ChAT R Prom 5’Flanking region of R variant (CHAT) GGGAGACTCACCTTCCTTCTG AGTCACAATGCCCACCTAGC 668 64
ChAT xR Exon R (CHAT) CTGGAAGAGAGACGCAAACC GTGGGCTCTGGAGTGACTGT 356 64
VAChHT Prom 5’Flanking region of SLCI843 gene GTCGGCTCTTGCCTCCTC GAGTCGGAGAAAGGGTTGG 560 62
VAChKT 1 Part of SLC1843 exon GCATTAGCATGAGCGACGTA CACAGCCTCCGACAGCTT 603 60
VACHT 2 Part of SLCI8A3 exon GACAGCCTCCCCGAAGTC GCTCAAGGGGTTCACTAGCA 525 64
VACHT 3 Part of SLC18A43 exon GAAGATCGGGGTGCTGTTT GGCAATGTAGGGGTCTAGCA 511 64
VACHT 4 Part of SLC1843 exon GTGGGCACTCCCATCCAC CTCAAAGCCCAGCGAGTG 516 64
VACHT 5 Part of SLC1843 exon ATCTCCTATTCGGTGGCCTA GGATATGGAACGGGTCACAG 492 64
VACHKT 6 Part of SLC1843 exon CTAGCATCCCCACTCCTCCT GGACTTGGAGACCCAGTTCA 468 64
ChAT N PROM  5°Flanking region of N variant (CHAT) AGCCTGCATCTGTCTGTCCT CTTTCTCAAAGGCCTCAACG 513 60
ChAT xN Exon N (CHAT) GCCCAGGATAGACCCTCTITT ATCCCACACTCGCATCTCTC 401 62
ChAT M Prom 5°Flanking region of M variant (CHAT) CTCAGCATTTCCCAGTCACC CAGGGTCGCCTGTGTGTTAG 519 64
ChAT xM Exon M (CHAT) CGCAGTCCTTAAGCATCCTC GGGCCAAGTGAAGTGAGAAC  *1007 60
ChATE]l Prom  Putative cis-acting regulatory regions CTGCCTTAGTCTGGGGAGAG ACCTGACCTTGTCCTTGCTG 553 64
ChAT E2 Prom  Putative cis-acting regulatory regions CCCCAACTGCAAAGTGAAAG CTAGTCGGAGGGTCCTTGG 551 62
ChAT xS Exon S (CHAT) TGCCTGGAACCCAATAGATAAG  CTCCCAATTAGCCCAGATGC 238 60
ChAT x5 Exon 5 (CHAT) TCAGCACGTACAGGTGGAAG ATTTCCTTGGCACCCTGAG 497 55
ChAT x6 Exon 6 (CHAT) GGGACAGAGCACAATGAGGT CCTTCTGCCCTGTCTTTGTC 499 59
ChAT x7 Exon 7 (CHAT) AAGCTCCTGGCACATACCTG GTGTCCATTCCACTGCAAGA 504 59
ChAT x8 Exon 8 (CHAT) AGTGCAGGAACCACATCTGA GATCAAGGAAGGATGGTGCT 501 62
ChAT x9 Exon 9 (CHAT) CCATGATGATGCAGTTCTGG GGCAACTGGTGGAGAGACAT 493 62
ChAT x10 Exon 10 (CHAT) GTGGAATCCAGCACAGTCAA GCTCCCACACTATGGCTGAT 471 59
ChAT x11 Exon 11 (CHAT) TTCTGGCTGGTCCAGAGATT CCTGGGTCTTGTTGTGATCC 503 59
ChAT x12 Exon 12 (CHAT) TGACTGCCGTAAATCTGCTG ATTCTCAGGCCACTGCAATC 502 60
ChAT x13 Exon 13 (CHAT) AGCAAGGTTATTTCCCCAGA GATTTTGGTGGCCTCTCTGA 503 S8
ChAT x14 Exon 14 (CHAT) CCCAGTTCAGTCTGCTCCTC TAGTCCTGGCCTGGTTTGTC 488 60
ChAT x15 Exon 15 (CHAT) GGTTTAAAAGGCTGCTTGGA CCCCGGGTGTATATAAGCAA 482 60
ChAT x16 Exon 16 (CHAT) TTCCCCTCACAGTTGACTCC CAGTGAGGCTGCTGTGGTT 500 59
ChAT x17 Exon 17 (CHAT) CATGGTAGAGCGGTCAGTCC CCAAGCCTGGTCAGTAAACC 495 59
ChAT x18 Exon 18 (CHAT) CCCAGGTGGAAAACAGAGAA CTCCTAACACTCCGGCTCTG 520 60

Table 3.1. Details of CHAT and SLCI8A43 PCR assays for the purpose of DHPLC, including PCR primers, annealing temperatures and size of amplimers.
*This fragment was digested into two smaller fragments (600 and 407bp) with Sma I. These smaller fragments were separated and analysed individually.
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3.2.4 Denaturing High Performance Liquid Chromatography (DHPLC)
The search for polymorphisms was performed by DHPLC scanning on the Wave™
DNA Fragment Analysis System (Transgenomic). The 14 screening samples were
amplified as described above, except the final extension in the PCR protocol was
followed by denaturation at 94°C for Smin and then cooling to 54°C over 40min, to
allow heteroduplex formation. Column temperature and acetonitrile gradient were
determined with the DHPLC Melt program (http://insertion.stanford.edu/melt1.html).
To ensure maximum sensitivity, in addition to the (highest) temperature suggested by
the software (n°C), each fragment was also run at n+2°C. The resultant
chromatograms were compared, with a shift in trace pattern indicative of a

heteroduplex. An example of a DHPLC trace is displayed at the end of this chapter

(Figure 3.4).

3.2.5 DNA Sequencing

For fragments that displayed a heteroduplex peak, the PCR products of one
heterozygous and one homozygous sample were incubated at 37°C with 1 unit each
of shrimp alkaline phosphatase and exonuclease I to remove unincorporated primers
and dNTPs. Purified products were then bidirectionally sequenced on an ABI 3100
Genetic Analyzer (Applied Biosystems) using the Big Dye Terminator (v2.0) Cycle
Sequencing kit (Applied Biosystems). Sequence traces were subsequently exported
to the Sequencher™ program in order to characterise polymorphisms. Sequence
chromatograms for all SNPs identified are displayed at the end of this chapter

(Figures 3.5 to 3.21).
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3.2.6 Genotyping
SNPs: Where a natural restriction site existed that could distinguish between the two
alleles of a SNP, a restriction fragment length polymorphism (RFLP) assay was
designed, using the original PCR primers. Where no natural site existed, an artificial
restriction site was created by primer-generated mutagenesis (see Table 3.3, p.85).
For each RFLP assay, the Cardiff association sample was PCR amplified, then
digested with 5 units of the appropriate restriction enzyme (see Table 3.3, p.85).
Digested products were electrophoresed on 2.5-3% agarose gels.
VNTR: The VNTR was typed by PCR amplification followed by visualisation on a

1.5% agarose gel.

Examples of the expected profile for each genotype of a polymorphism are shown at

the end of this chapter (Figures 3.5 to 3.21).

3.2.7 Statistical Analyses

All SNPs were tested for deviation from Hardy-Weinberg equilibrium independently
in each population using an updated version of the HW program written by Peter
McGauffin and Peter Holmans (update by Marian Hamshere). Pearson’s y2 and
Fisher’s exact test were used to analyse SNP associations using the Simple
Interactive Statistical Analysis pages (http://home.clara.net/sisa). Fisher’s exact test
was used for analyses where one or more cell had a count of <5. The VNTR was
tested for association with LOAD using CLUMP?®'. Haplotypic association was
tested using EHPLUS with PMPLUS implemented to obtain empirical significance
levels'®’. The EHPLUS software was modified by Marian Hamshere and Valentina

Moskvina. The square of the correlation coefficient (r*) was used to determine the
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levels of linkage disequilibrium between SNPs. This was also performed using the
modified EHPLUS program. Meta-analyses were carried out using the Woolf

program written by Peter McGuffin. Heterogeneity between studies was assessed

with a %2 test.
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Variant Location Varian t egquence dbSNP Typing
Inf atlon Identity Assay
CHAT
-5293 C>T 198bp upstream exon R GGGTGGGGGGYACAATGGGAG 3722 RFLP
-5228 C> 133bp upstream exon R TGGGAAGGCTMCCCTCTGACT RFLP
-1045 T>G Exon N {(5’UTR) AGTAGGAGCCKAGCATTCCGG  rs3729496 RFLP*
-220 C>G 40bp upstream exon M AGACCCAACCSTCTCCAGGAT 153810948 RFLP*
44 C> Exon M (5°UTR) GGTAGATTCTSGGGGCCGGGA RFLP
1803 C>T 31bp upstream exon S vnTTw \CCCAYGCATGCATTC RFLP*
2384 G>A Exon 5 (Ala—Thr) Z STARGATGRCAGCARARAC 153810950 RFLP
786 VNTR  57-122bp upstream exon § See text PCR sizing
7936 C>T Exon 8 (Leu—>Phe) CTCTGGTGTAYTCAGCTACAR 15868750 RFLP
11604 G>A ]A(’)hn downstream exon 9 TCCAAAGTGGRGCCCCTALTT rs2377871 RFLP
32248 G>A 68bp upstream exon 11 GCCCTGTGTGRGGCTCTGAGG RFLP
40912 C>T Exon 15 (His—His) GCAGGCTCCAYCGAAGACTGG RFLP*
41388 A>G  129bp downstream exon 16 TGGCAAGGCCRCTTCACCACT RFLFP
SLCI843
-776 C>T 336bp upatr\.a SLCI843  GCTGCCGCGCYCCCTTCCCCA  rs885835 RFLP*
-287 G>T S'UTR GGCGAAGTGCKCCCAGTCTCC rs2377879 RFLP
1638 G>T 3’UTR ACCGCCTTGGKRTCAAGGGGGT 1s2269338 RFLP*

Table 3.2. Details of the 17 polymorphisms identified in the CHAT and SLC18A43 genes. *

indicates that a restriction site was ar‘ulclally created by primer generated mutagenesis.

RFLP =Restriction Fragment Length Polymorphism; PCR= Polymerase Chain Reaction.

83



Gene SNP Name RFLP Sense Primer RFLP Antisense Primer Size Annealing Enzyme Restriction
(5°-3) (3°>3) (bp)  Temperature (°C) Fragments (bp)

CHAT -5293 C>T TCTAATGAGTACGTGGCAGAGC CTGGATGGCACATGGAACC 296 64 Rsal C=286, 10

CHAT -5228 C>A TCTAATGAGTACGTGGCAGAGC CTGGATGGCACATGGAACC 296 64 NlalVv M.thww.. WM.. ww. 27,16

CHAT -1045 T>G GCTTTGAGAAAGGAGTAGGAcCCC ATCCCACACTCGCATCTCTC 215 60 Aval %M Ww%” MM, 27,16

CHAT -220 C>G CCATCAGGATTGTCCCAAGT CTGCTGCTGAATCCTGGAGC 240 60 Msp1 MHMM.W. 2

CHAT -44 C>G CCATCAGGATTGTCCCAAGT TCCTCCCTCCTCTCTCTTCC 508 60 Aval MMWMM.. _MWA. 34

CHAT 1803 C>T GGAGGGAAAGGAATGCACGC CTCTCCCCAGACTAAGGCAGGT 252 60 Miu 1 MHWMM“ Mwm

CHAT 1882 G>A ACCTACTGTGCTCAGTGCTTgAT CTAGGTCACAACGCCTCCAG 219 60 Mbo 1 MMNW@N@. 20

CHAT 2384 G>A TCAGCACGTACAGGTGGAAG ATTTCCTTGGCACCCTGAG 497 60 Bbv1 MMW.MW. 234

CHAT 7936 C>T CTGGGAGGAAGGGCTCAG TCAAGGAAGGATGGTGCTTG 316 60 Rsal MHMMM. 64

CHAT 11604 G>A CCATGATGATGCAGTTCTGG GGCAACTGGTGGAGAGACAT 493 60 Drall M«Mﬂ—mﬂ. 42,1

CHAT 32248 G>A TTCTGGCTGGTCCAGAGATT CCTGGGTCTTGTTGTGATCC 503 60 Ban 11 MMNW. 145, 50

CHAT 40912 C>T TAGGTGGGCACCAGTCaTCG CCCCGGGTGTATATAAGCAA 246 60 BspD1 .MHWMVM 19

CHAT 41388 A>G TTCCCCTCACAGTTGACTCC CAGTGAGGCTGCTGTGGTT 500 60 FnudH 1 MHMMMM.. MM“ 19,10

G=212, 194, 65,19, 10
SLCI1843 =776 C>T GTCGGCTCTTGCCTCCTC CGAGGAACCGGCTGCCGGC 375 GC65 Drall C=357,18
SLCI1843 -287 G>T GCATTAGCATGAGCGACGTA CACAGCCTCCGACAGCTT 603 GC60 BsiHKA 1 MM.WMM 201
SLCI1843 1638 G>T AGCCCACCCAACCGCCTcGG GAGCAATGGAAGGAAGGACA 293 64 Aval MMMNMM\.. NM— 148
T=

Table 3.3. Assay details of CHAT and SLC1843 RFLP genotyping assays, including RFLP primers, amplimer size, PCR annealing temperature, restriction enzyme and
expected RFLP fragment sizes. A lower case letter in the RFLP primer indicates the ‘mismatched base’ introduced to the RFLP amplimer to generate an artificial restriction
site (see Chapter 2). Annealing temperatures preceded by ‘GC’ indicate that amplimers are GC-rich and require the use of Q-solution for amplification (see Chapter 2).
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3.3 Results
3.3.1 Polymorphisms Identified
A total of seventeen polymorphisms were identified in CHAT and SLCI8A3 (Figure
3.3 and Table 3.2, p.83). All but one of the sequence variants were SNPs. Three were
non-synonymous coding SNPs; a D7N polymorphism in the S exon of CHAT (1882
G>A), an A120T polymorphism in exon 5 of CHAT (2384 G>A) and a L243F
polymorphism in exon 8 of CHAT (7936 C>T). One further exonic SNP was detected
but this did not change the protein sequence (40912 C>T, H547H). Five SNPs were
detected in regions 5’ to translation in CHAT and two of these were in the UTRs of
the alternatively spliced 5° exons M and N. The remaining four SNPs were intronic.
In addition a 66bp variable number tandem repeat (VNTR) was also identified in
intron 7 of CHAT, containing 1 to 4 copies of the sequence 5’-AAG GGA GGG
AAG AGG AAG GAG ATG GAA GGA AGA GGG AAG GAG GGA GGG GAG
GCA GAA GGG AGG GAG-3’. In SLC18A43, three SNPs were detected: one in the

5’upstream sequence, one in the 5’ UTR and one in the 3’UTR.

3.3.2 Association Analysis

Unless otherwise indicated, polymorphisms were in Hardy-Weinberg equilibrium
(HWE). All polymorphisms identified were tested for association with LOAD in the
Cardiff sample of 133 cases and 135 age-matched controls. As the sample size was
relatively small, it was decided a priori to genotype any SNP displaying an
association with a P value < 0.1000 in the replication samples and two SNPs fulfilled

these criteria, CHAT 1882G>A and CHAT 11604G>A (see Table 3.4, p.87).
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Variant Genotype P Allele P

CHAT

5293 C>T c/Cc C/T T/T C T
Patients 88 35 7 211(0.81) 49 (0.19)

Controls 76 34 7 0.9008 186(0.79)  48(0.21)  0.6414
5228 C>A cIC C/A A/A C A

Patients 94 4 0 192 (0.98)  4(0.02)

Controls 99 3 0 0.6608  201(0.99)  3(0.01)  0.4780
-1045 T>G T/T T/G G/G T G

Patients 75 41 6 191 (0.78)  53(0.22)

Controls 59 39 10 03471 157(0.73)  59(0.27)  0.1630
220 C>G cIiC C/G G/G C G

Patients 95 21 2 211(0.89)  25(0.11)

Controls 95 14 2 0.5523  204(0.92)  18(0.08)  0.3621
44 C>G c/C CIG GIG C G

Patients 80 43 6 203(0.79)  55(0.21)

Controls 65 42 10 03710 172(0.74)  62(0.26)  0.1779
1803 C>T cIC CIT T/T C T

Patients 50 17 1 117 (0.86)  19(0.14)

Controls 67 18 2 07746  152(0.87)  22(0.13)  0.7321
1882 G>A G/G G/A A/A G A

Patients 34 25 9 93(0.68)  43(0.32)

Controls 49 33 3 0.0826 131(0.77)  39(0.23)  0.0886
2384 G>A G/G G/A A/A G A

Patients 69 51 11 189(0.72) 73 (0.28)

Controls 65 47 6 0.5834  177(0.75)  59(0.25)  0.4698
77186VNTR 172 212 23 24 313 1 2 3 4
Patients 4 103 14 1 1 4 225 16 1
Controls 2 8 9 0 2 08143 2 175 13 0 09472
7936 C>T CIC CIT TIT C T

Patients 106 12 0 224 (0.95)  12(0.05)

Controls 97 16 0 03530  210(0.93)  16(0.07)  0.3690
11604 G>A GIG G/A A/A G A

Patients 72 39 8 183 (0.77)  55(0.23)

Controls 83 31 2 0.0721 197(0.85)  35(0.15)  0.0270
32248 G>A GI/G G/A A/A G A

Patients* 114 10 2 238(0.94) 14 (0.06)

Controls 99 16 1 03064 214(0.92) 18(0.08)  0.3298
40912 C>T CIC CIT TIT C T

Patients 101 14 1 216(0.93)  16(0.07)

Controls 89 19 2 04294  197(0.90)  23(0.10)  0.1781
41388 A>G A/A AlG GI/G A G

Patients 39 56 35 134(0.52) 126 (0.48)

Controls 26 60 32 03171 112(0.47) 124(0.53)  0.3639
SLC1843

776 C>T c/c C/T T/T C T

Patients 70 19 3 159 (0.86) 25 (0.14)

Controls 72 23 2 0.7877 167(0.86)  27(0.14)  0.9256
287G>T GI/G GIT T/T G T

Patients 121 8 0 250(0.97)  8(0.03)

Controls 102 9 1 04757 213(0.95)  11(0.05)  0.3084
1638 G>T GI/G GIT TIT G T

Patients 91 27 1 209 (0.88) 29 (0.12)

Controls 88 25 1 0.9900 201(0.88)  27(0.12)  0.9094

Table 3.4. Genotype and allelic association for the 17 sequence variants detected in CHAT and
SLC18A43 in the Cardiff sample. * Genotypes not in Hardy-Weinberg equilibrium. P values in bold are
those that gave evidence of possible association and were carried forward for further analysis.
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For the SNP 11604 G>A in intron 9 of the CHAT gene, the A allele appeared to be
more common in LOAD patients than in controls (P=0.0270). This SNP was
genotyped in the two additional case-control samples, MRC and Belfast (Table 3.5
below). In neither the MRC (P=0.1099) nor Belfast (P=0.4343) samples was a
significant difference found between allele distributions in patients and controls,
suggesting that the initial positive finding is a type I error. Indeed, combining data
from all three samples in a meta-analysis revealed no evidence for association of this

SNP with LOAD (P= 0.2283). There was no significant heterogeneity between

samples (P= 0.0589).

11604 G>A Genotype P Allele p
G/IG__GA _AA G A

Cudif e g3 3 2 0921 15040 3515 042

W meR B85 oon WO 205 oo

Belfst  Convols 130 84 3 % aon  i0eay 048

Table 3.5. Association of the 11604 G>A polymorphism in CHAT intron 9 with LOAD. P
values <0.05 are indicated in bold.

For the non-synonymous SNP 1882 G>A in the S exon of the CHAT gene, there was
a trend to an excess of A/A homozygotes in the LOAD patients compared to controls
in the Cardiff sample (genotypic P= 0.0826). The Cardiff sample showed that 1882
G>A and 2384 G>A were in complete LD (r2=1; see Tables 3.11 and 3.12, p.97-98),
although fewer genotypes were obtained for 1882G>A than for 2384G>A due to
depletion of DNA stocks from the Cardiff sample; this accounts for the discrepancy
in the genotype number in Table 3.4 (p.87). 2384G>A was not significant in the

Cardiff sample and so presumably 1882 G>A would not have been either, had
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genotype data been attainable for the full sample. However, as non-synonymous
coding SNPs, we decided to genotype 1882 G>A and 2384G>A in the other case-
control samples. Complete LD was again observed between 1882 G>A and
2384G>A in the MRC sample and we therefore typed only the former in the Belfast
sample. Table 3.6 (p.90) shows that in the MRC sample there was no evidence of
association (genotypic P=0.6952), but in the Belfast sample there was significantly
more A/A homozygotes in patients compared with controls (P=0.0307 genotypic).
This is partly due to the small number of A/A genotypes observed in the control
sample, which is out of HWE (P=0.0160). This trend to increased A/A genotypes in

cases is not apparent at all in the MRC sample.

Combining all three samples in a meta-analysis revealed no genotypic (G/- Vs A/A;
P=0.1135) or allelic association (P=0.2397) using 2384G>A in Cardiff (as it is in
complete LD with 1882 G>A but has more genotyping data) and 1882G>A in MRC
and Belfast. There was no significant heterogeneity between studies (P=0.1389 for
G/- Vs A/A genotypes, and P=0.1838 for G Vs A).

In a recent report, Mubumbila et al. (2002)*%

found a very significant association of
the 2384G>A SNP with AD in their sample of 122 LOAD cases and 112 controls
collected in France énd Germany (P<0.0005 allelic and genotypic; see Table 3.6,
p-90). Their genotype frequencies are substantially different to those observed in any
of our samples, with much higher numbers of minor allele homozygotes in both
cases (34.4% Vs 6.7%) and controls (12.5% Vs 3.9%), although this is a similar

trend to that observed in the Belfast sample, with increased numbers of minor allele

homozygotes in the patients compared with controls. Both the case and control
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genotypes in their analysis are markedly out of HWE (cases P=0.0000; controls
P=0.0110). We cannot determine the reasons for this, but it may reflect age effects,
the combination of twe populations (French/German) with different genotype
frequencies, or genotyping error. The significant association observed in this sample

might therefore be an artefact.

Indeed, in an independent study Schwarz ef a/. (2003)28

~ attempted to replicate this
association in a sample of 172 LOAD cases and 143 controls collected in Germany
(Table 3.6 below). They found no association of the A/A genotype with LOAD and

notably the genotype/allele frequencies observed in their sample are much more

similar to those found in our study.

SNP/ Genotype p PG/-Vs Allele
,S’ﬂ[’l,e d GG GA AA genotypic N A/A G 2.
1882 G>A Paiienis 34 25 9 0.0826 0.0264 93 (0.68) 43 {0.32)
Cardiff Conirols 49 33 3 : ik 131 (0.77) 39 (0.23)
2384 G>A Patients 69 51 11 05834 e 189 {0.72) 73 (0.28)
Cardiff Controls 65 47 6 T, ALY 177 (0.75) 59 (0.25)
1882G>A  Patiemts 71 56 8 e & o e, W DEREE B T2 (G2
MRC Controls 64 62 &) = D pea ) 190 (0.70) 80 (0.30)
2384G>A Patients 71 6 8 oo oo 198(073) 72(027)
MRC Controls 64 62 9 e Vel 190 (0.70)  80(0.30)
1882G>A  Patients 105 77 12 _ 287 (0.74) 101 (0.26)
Belfast Congenls . 1T A0l 3% t g o0t o S 33300800 .85 (0.20)
2384 G>A  Patients 48 32  42* 128 (0.52) 116 (0.48)
Mubumbila Controls 64 34 14% 90003 0.0000 00 000 62(028)
2384 G>A Patients 100 66 6 4 266 (0.77) 78 {0.23)
Schwarz Controls 83 52 8 L 0P8 218(0.76) 68 (0.24)

Table 3.6, Association of the non-synonymous CHAT SNPs 1882 G>A/2384 G>A (which
are in complete LD) with LOAD. Data combined in the meta-analysis are shown in

are indicated in bold. The data of Mubumbila er af, (2002)**? and Schwarz ef al.
2003y* are also presented for comparison. *Genotypes not in Hardy-Weinberg
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samples (Table 3.7 below). No significant difference was observed in genotypic or
allelic frequencies between cases and controls in any sample. Similarly, no
association was observed when the data was combined in a meta-analysis

(P=0.5413). Again, there was no significant heterogeneity between studies

(P=0.2034).

7936 C>T Genotype P Allele P
CC CT TT C T

oo T LS00 g THOE RO o

e P T 81 o 20D R00 ong

Bl Conmols 161 34 1 O 3si0on  3eoon O

Table 3.7. Association of the non-synonymous 7936 C>T SNP in CHAT exon 8 with LOAD.

3.3.3 Haplotype Association

Analysis of haplotype association with LOAD was performed for all possible 2-
marker haplotypes using genotyping data generated from the Cardiff sample for the
sixteen SNPs (Table 3.8, p.93). Single SNP associations that became more
significant when combined in haplotypes in the Cardiff sample were analysed in the
MRC sample. The other SNPs for which there was individual genotype data from the
MRC sample were also analysed in two-marker haplotypes. Several associations
were identified in the Cardiff sample, but appeared to reflect the false positive
association of 11604 G>A with LOAD (Table 3.8, p.93) and none of these replicated
in the MRC sample (Table 3.10, p.95). Apart from the 11604G>A combinations, -
776 C>T and 40912 C>T displayed a significant 2-marker haplotype association
(P=0.037) in the Cardiff sample, although neither were significant by themselves.

Again, this did not replicate in the MRC sample (P=0.329).
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-5228 -176 -287 1638 -1045 =220 -44 1803 1882 2384 7936 11604 | 32248 | 40912 | 41388

C>A C>T G>T G>T T>G C>G C>G C>T G>A G>A C>T G>A G>A C>T A>G
-5293 C>T 0.704 0.346 0.740 0.912 0.386 0.833 0.628 0.908 0.540 0.902 0.295 0.042 0.517 0.313 0.846
-5228 C>A 0.972 0.438 0.889 0.097 0.694 0410 0.930 0.126 0.360 0.255 0.404 0.515 0.096 0.824
-776 C>T 0.428 0.992 0.704 0.771 0.737 0.971 0.685 0.983 0.974 0.642 0.560 0.037 0.409
-287 G>T 0.649 0.353 0.234 0.334 0.444 0.108 0.590 0.270 0.066 0.679 0.426 0.268
1638 G>T 0.085 0.533 0.069 0.617 0.247 0.563 0.525 0.011 0.578 0.198 0.242
-1045 T>G 0.081 0.400 0.113 0.136 0.433 0.380 0.033 0.442 0.221 0.352
=220 C>G 0.061 0913 0.413 0.488 0.191 0.018 0.399 0.084 0.468
-44 C>G 0.157 0.109 0.429 0.386 0.039 0.373 0.320 0.387
1803 C>T 0.215 0.247 0.066 0.344 0.963 0.542 0.565
1882 G>A 0.113 0.197 0.216 0.206 0.550 0.207
2384 G>A 0.532 0.034 0.597 0.481 0.700
7936 C>T 0.108 0.133 0.188 0.558
11604 G>A 0.082 0.077 0.096
32248 G>A 0.287 0.513
40912 C>T 0.179

Table 3.8. 2-marker SNP haplotype associations in the Cardiff sample. P values <0.05 are indicated in bold.
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SNP Genotype P Allele P
CHAT

-5293 C>T Cardiff C/IC C/T T/T C T

Patients 88 35 7 211 (0.81) 49(0.19)

Controls 76 34 7 0.9008 186(0.79) 48(0.21) 0.6414
-5293 C>T MRC C/C C/T T/T C T

Patients 65 46 6 176 (0.75) 58 (0.25)

Controls 69 45 3 0.5682 183 (0.78) 51(0.22)  0.4439
-1045 T>G Cardiff T/T T/G G/G T G

Patients 75 41 6 191 (0.78) 53 (0.22)

Controls 59 39 10 0.3471 157(0.73) 59(0.27)  0.1630
-1045 T>G MRC T/T T/G G/G T G

Patients 72 31 9* 175(0.78) 49 (0.22)

Controls 73 37 4 0.2949 183 (0.80) 45(0.20) 0.5754
-220 C>G Cardiff C/C C/G G/G C G

Patients 95 21 2 211(0.89) 25(0.11)

Controls 95 14 2 0.5523 204 (0.92) 18 (0.08)  0.3621
-220 C>G MRC C/IC CIG G/G C G

Patients 103 31 1 237 (0.88)  33(0.12)

Controls 109 24 0 0.3595 242(0.91) 24(0.09) 0.2295
-44 C>G Cardiff C/C C/IG G/G C G

Patients 80 43 6 203 (0.79)  55(0.21)

Controls 65 42 10 0.3710 172(0.74) 62(0.26) 0.1779
44 C>G MRC C/IC C/IG G/G C G

Patients 76 32 9* 184 (0.79)  50(0.21)

Controls 75 36 4 0.3416 186(0.81) 44(0.19)  0.5488
40912 C>T Cardiff C/C C/T T/T C T

Patients 101 14 1 216 (0.93) 16 (0.07)

Controls 89 19 2 04294 197(0.90) 23 (0.10)  0.1781
40912 C>T MRC C/C CT T/T C T

Patients 107 25 2 239(0.89) 29(0.11)

Controls 109 23 0 0.3522 241(0.91) 23(0.09) 0.4128
SLC1843

-776 C>T Cardiff C/C C/T T/T C T

Patients 70 19 3 159 (0.86)  25(0.14)

Controls 72 23 2 0.7877 167(0.86) 27(0.14) 0.9256
-776 C>T MRC C/C C/T T/T C T

Patients 99 30 3 228 (0.86) 36 (0.14)

Controls 93 35 2 0.6849 221(0.85) 39(0.15)  0.6558
1638 G>T Cardiff G/G G/T T/T G T

Patients 91 27 1 209 (0.88) 29(0.12)

Controls 88 25 1 0.9900 201(0.88) 27(0.12) 0.9094
1638 G>T MRC G/G G/T T/T G T

Patients 74 22 1 170 (0.88) 24 (0.12)

Controls 81 24 1 0.9979 186(0.88) 26(0.12) 0.9738

Table 3.9. SNPs genotyped in the MRC sample in an attempt to replicate 2-marker

haplotype associations observed in the Cardiff sample. Cardiff genotype data is also shown
for comparison. * Genotypes not in Hardy-Weinberg equilibrium.
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776 | 1638 | -1045 | 220 | -44 | 1882 | 7936 | 11604 | 40912

T | T | 6 | 66 | 6>G | G>A | &>T | G>A C>T
5293 C>T | 0.595 | 0.714 | 0.654 | 0.696 | 0.630 | 0.489 | 0.507 | 0.521 | 0.563
776 C>T 0.897 | 0.616 | 0416 | 0.690 | 0.625 | 0.183 | 0397 | 0.329
1638 G>T 0478 | 0.154 | 0.267 | 0.168 | 0.739 | 0.581 | 0.215
-1045 T>G 0443 | 0426 | 0.543 | 0291 | 0.632 | 0.389
220 C>G 0.518 | 0339 | 0.349 | 0084 | 0.421
44 C>G 0420 | 0282 | 0595 | 0.459
1882 G>A 0350 | 0.640 | 0.561
7936 C>T 0.388 | 0.501
11604 G>A 0.466

Table 3.10. 2-marker SNP haplotype associations in the MRC sample.

3.3.4 Linkage Disequilibrium

Levels of linkage disequilibrium (LD) across the 56kb cholinergic gene locus are
generally low (Tables 3.11 and 3.12, p.97-98). LD analysis was performed separately
for the Cardiff case and control samples and the results were consistent between the
two samples. Only two SNPs were found to be in complete LD in the Cardiff sample
and these were the coding SNPs, 1882G>A and 2384G>A which are 500bp apart.
High LD was also observed between —44 C>G and —1045 T>G, 1001bp apart. These
two SNPs lie within the only observed region of conserved LD in this gene, that
between SNPs 1638 G>T and 1803 C>T, (but even in this region, levels of LD are

generally quite low).
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Cases 5228 | -776 | -287 | 1638 | -1045 | -220 | -44 | 1803 | 1882 | 2384 | 7936 | 11604 | 32248 | 40912 | 41388

A | T | 6T | 6T | TG | &G |G| T | oA | 6>A | T | G>A G>A C>T A>G
-5293C>T | 0.002 | 0.003 | 0.001 | 0.003 | 0.006 | 0.003 | 0.006 | 0.003 | 0.038 | 0.009 | 0.001 | 0090 | 0.001 | 0007 | 0.003
5228 C>A 0.029 | 0.151 | 0.004 | 0.003 | 0.009 | 0.000 | 0.014 | 0.000 | 0.000 | 0.000 | 0.060 | 0014 | 0.40 | 0.001
776 C>T 0.002 | 0.009 | 0.051 | 0.003 | 0.049 | 0.000 | 0.035 | 0.023 | 0.010 | 0.021 0.004 | o0.011 0.007
287 G>T 0.003 | 0.127 | 0.003 | 0.120 | 0.006 | 0.016 | 0.012 | 0.001 | 0004 | 0029 | 0.004 | 0.029
1638 G>T 0375 | 0724 | 0371 | 0.716 | 0.060 | 0.052 | 0.010 | 0.041 0.037 | 0002 | 0.000
-1045 T>G 0440 | 0.976 | 0396 | 0.120 | 0.109 | 0.188 | 0.047 | 0007 | 0.001 0.001
220 C>G 0402 | 0.719 | 0048 | 0.043 | 0016 | 0037 | 0006 | 0.08 | 0.001
-44 C>G 0420 | 0.114 | 0.105 | 0.194 | 0.043 0.007 | 0.001 0.001
1803 C>T 0.006 | 0.009 | 0.102 | 0.048 0.013 | 0018 | 0.009
1882 G>A 1.000 | 0.010 | 0.083 0.033 | 0018 | 0.000
2384 G>A 0.020 | 0.087 | 0001 | 0014 | 0.000
7936 C>T 0.000 | 0007 | 0003 | 0028
11604 G>A 0015 | 0020 | 0.030
32248 G>A 0352 | 0.013
40912 C>T 0.070

Table 3.11. Intermarker linkage disequilibrium values in LOAD cases as measured by r°.




Controls -5228 -776 -287 1638 -1045 =220 -44 1803 1882 2384 7936 11604 32248 40912 41388

C>A C>T G>T G>T T>G C>G | &G C>T G>A G>A C>T G>A G>A C>T A>G
-5293 C>T | 0.005 0.001 0.001 0.003 0.033 0.002 | 0.004 | 0.004 0.009 0.006 0.072 0.033 0.002 0.002 0.017
-5228 C>A 0.056 | 0.114 | 0.000 0.000 0.001 | 0.000 | 0.014 0.000 0.000 0.021 0.001 0.000 0.003 0.000
=776 C>T 0.011 0.025 0.066 0.017 | 0.067 | 0.017 0.032 0.010 0.016 0.030 0.051 0.098 0.069
-287 G>T 0.000 0.163 0.001 | 0.135 | 0.010 0.025 0.017 0.004 0.008 0.025 0.001 0.000
1638 G>T 0.091 0.421 | 0.094 | 0.365 0.011 0.005 0.000 0.050 0.018 0.053 0.048
-1045 T>G 0.212 | 0943 | 0.186 0.146 0.125 0.225 0.000 0.002 0.017 0.025
=220 C>G 0.219 | 0.745 0.034 0.026 0.005 0.013 0.031 0.034 0.004
-44 C>G 0.178 0.145 0.123 0.179 0.000 0.002 0.003 0.009
1803 C>T 0.045 0.041 0.012 0.009 0.028 0.006 0.000
1882 G>A 1.000 0.022 0.034 0.002 0.001 0.000
2384 G>A 0.028 0.015 0.002 0.001 0.002
7936 C>T 0.003 0.007 0.009 0.075
11604 G>A 0.013 0.018 0.005
32248 G>A 0.201 0.012
40912 C>T 0.128

Table 3.12. Intermarker linkage disequilibrium values in controls as measured by r°.
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3.4 Discussion
In our study, Tim Peirce and I detected and analysed seventeen sequence variants
within the CHAT /SLC1843 complex of genes. The average intermarker distance was
approximately 3kb. Of the seventeen variants we detected by DHPLC, ten had been
or were subsequently reported in SNP databases and one of the coding SNPs was

282

independently reported by Mubumbila et al. (2002)”“. Prior to this study, the only

polymorphisms identified at the cholinergic gene locus were the database SNPs and a
series of rare mutations that cause a recessive congenital myasthenic syndrome?®.

Three of the SNPs reported in the present study caused coding changes in ChAT but

any effect these coding changes may have on ChAT activity is unknown.

We found no substantial evidence for association of any polymorphism in the
cholinergic gene locus with LOAD. The marginal evidence for association of
1882G>A in the Belfast sample probably arises from the deviation of control
genotypes from Hardy-Weinberg equilibrium. Repeated genotyping of the 1882G>A
in this sample gave the same result, suggesting the deviation from HWE is not due to
laboratory error. Although there are several explanations for departure from HWE
(including chance), the finding in our study might possibly reflect selection, as our

control samples are all older than the case samples.

Mubumbila et al.?®? found a very significant association of the 2384G>A SNP with
AD in their sample of 122 LOAD cases and 112 controls collected in France and
Germany. This SNP is in complete LD with 1882G>A. However, their genotype
frequencies are substantially different to those observed in any of our samples and

both the case and control genotypes in their analysis are markedly out of HWE (cases
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P=0.0000; controls P=0.0110). Possible reasons for the deviation are factors such as
genotyping errors, population stratification, selection and chance. If we assume that
the study of Mubumbila et al. represents a true association, our sample has power of
greater than 99% to detect such an association. It is therefore surprising that we
found no association in our total (successfully typed) sample of 460 LOAD cases and
462 controls. Neither did Schwarz et al. (2003)*® replicate this association in an

independent study.

The two-marker haplotype association analysis revealed some significant results,
most of which arose in combination with the 11604G>A SNP which was the only
significant SNP in the Cardiff case-control sample at the P<0.05 level. None of the
significant results replicated in the second sample (Table 3.10, p.95), which suggests
that the apparent associations were the result of chance. Thus we conclude there is no

2-marker haplotype association of the CHAT or SLC18A43 genes with LOAD.

Although the cholinergic gene locus is an obvious candidate as a locus functionally
and positionally implicated in AD, the detailed genetic study presented here indicates
that variations in CHAT and SLC18A43 are unlikely to be involved in the primary
pathogenesis of late-onset AD. The cholinergic gene locus has a complicated
structure and it is possible that the variants we have detected do affect regulation of
these genes, but that this in itself does not contribute to the genetic susceptibility to
LOAD. Moreover, it remains possible that rare polymorphisms exist which do affect
susceptibility to AD, but the effects on ChAT activity might be expected to be subtle,
given that abolition or reduction of activity of the ChAT enzyme is reported to cause

206

myasthenic syndromes rather than dementia“™”. However, such rare polymorphisms

would not account for late-onset AD in more than a small proportion of the
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population and could not therefore account for the linkage data on chromosome
10'*. As a final caveat, the weak LD across the gene means we cannot exclude the
possibility that there are variants (rare or common) associated with AD in regulatory
elements outside the regions of the gene we have screened which are not in strong
LD with any of the SNPs we have genotyped. The detection of such alleles,
particularly where they are of low frequency, poses a formidable challenge for

molecular genetic studies.
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3.5 Examples of Experimental Data

i

2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 9.4
Retention Tine (mwin)

Figure 3.4. DHPLC traces from four individuals amplified for the ChAT xS fragment. The
black and blue traces indicate homozygous individuals. The green trace represents an
individual heterozygous for the CHAT SNP 1803 C>T and the pink trace represents an
individual heterozygous for the CHAT SNP 1882 G>A.
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286bp
195bp

91bp

-1 12 22 12 1-1 12

Figure 3.5 A) Sequence chromatograms for the CHAT SNP —5293 C>T (rs733722) showing
a T/T homozygote in the upper panel and a C/C homozygote in the lower panel. B) RFLP
fragments generated by the —5293 C>T Rsa | assay. Individuals homozygous for the C allele
1-1) were defined by the presence of two bands of size 286bp and 10bp. Individuals
womozygous for the T allele (2-2) were defined by the presence of three bands of size 195bp,
1bp and 10bp. C/T heterozygotes (1-2) displayed four bands of size 286bp, 195bp, 91bp

and 10bp. Note that the 10bp band has run off the gel due to the small size.
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216 bp
168 bp
137 bp
113 bp
91 bp
79 bp

-+ 1-1 1-1 1-1 1-1 1-2 1-1

Figure 3.6 A) Sequence chromatograms in the reverse orientation for the CHA7 SNP -5228
C>A showing a C/C (G/G) homozygote in the upper panel and an A/C (G/T) heterozygote in
the lower panel. B) RFLP fragments generated by the -5228 C>A Nla IV assay. Individuals
homozygous for the C allele (1-1) were defined by the presence of six bands of size 216bp,
168bp, 113bp, 91bp, 43bp and 37bp. Individuals homozygous for the A allele (2-2) were
defined by the presence of seven bands of size 168bp. 137bp, 113bp, 91bp. 79bp, 43bp and
37bp. A/C heterozygotes (1-2) displayed bands of size 216bp, 168bp, 137bp, 113bp, 1bp,
75bp, 43bp, and 37bp. Note that the bands of size 43bp and 37bp ran off the gel due to their

small size.
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Figure 3.7 A) Sequence chromatograms for the CHAT SNP -1045 T>G (rs3729496)

showing a T/T homozygote in the upper panel and a G/T heterozygote in the lower panel. B)
RFLP fragments generated by the -1045 T>G Ava I assay. Individuals homozygous for the T
allele (1-1) were defined by the presence of two bands of size 173bp and 42bp. Individuals
homozygous for the G allele (2-2) were defined by the presence of three bands of size 152bp,
42bp and 21bp. G/T heterozygotes (1-2) displayed four bands of size 173bp, 152bp, 42bp
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360bp

148bp
114bp

igure 3.9 A) Sequence chromatograms in the reverse orientation for the CHAT SNP =4
C>G showing a C/C (G/G) homozygote in the upper panel and a C/G heterozygote in
lower panel. B) RFLP fragments generated by the -44 C>G Ava 1 assay. Individuals
homozygous for the C allele (1-1) were defined by the presence of f.ane bands of size 360bp,
114bp and 34bp. Individuals homozygous for the G allele (2-2) were defined by the
presence of two bands of size 360bp and 148bp. G/C heterozygotes (1-2) displayed four
bands of size 360bp, 148bp, 114bp and 34bp. Note that the 34bp band ran off the gel due to

L JUULU Liial LIt tile 2l

the small size.

"y
=

T
r-1

A It abi Fragment base #33. Base 33 of 198 E

252 bp

e g T e 235 bp

-1 11 11 22 12 1-1

Ef

Figure 3.10 A) Sequence chromatograms for the CHAT SNP 1803 C>T showing a C/T
heterozygote in the upper pane! and a C/C homozygote in the lower panel. B) RFLP
fragments generated by the 1803 C>T Miu | assay. Individuals homozygous for the C allele
(1-1) were defined by the presence of two bands of size 235bp and 17bp. individuals
homozygous for the T allele (2-2) were defined by the presence of one band of size 252bp.
C/T heterozygotes (1-2) displayed bands of size 252bp, 235bp and 17bp. Note that the band
of size 17bp ran off the gel due to the small size.
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A Fragmentbase #132. Base 132 of 2

219 b
199 bp
Figure 3.11 A) Sequence chromatograms for the CHAT SNP 1882 G>A (rs1880676)
showing an A/A homozygote in 1€ upper anicl and a G/G homozygote in the lower panel
P fragments generated by the 1882 G>A #bo 1 assay. Indivi omozygous for
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Sequence chromatogram:s

T 12 A
showing a G/G homozygote in the upper panel and an A/G

heterozygote in the lower panel.
B) RFLP ﬁraomems generated by the 2384 G>A Bbv I assay. Individuals homozygous for the
1- of siz

—-l
_qu

ze 263bp and 234bp.

ere defined by the presence of two bands

Individuals hnmozv,q,ous for the A allele (2-2) were defined by (h“ presence of a single band
of size 497bp. A/G heterozygotes (1-2) displayed three bands of size 497bp, 263bp and

234bp.
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Figure 3.13. The CHAT 7786 VNTR, genotyped by PCR of the ChAT x8 fragment. Alleies
with one repeat (1) give a band of 501bp; alleles with two repeats (2) give a band of 567bp;
alleles with three re ts (3) give a band of 633bp and alleles with four repeats {(4) give a
band of 699bp.
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Figure 3.14 A) PqLenf‘e f‘hroma'ogram for the CHAT SNP 7936 C>T (rs868750) showing
a C/C homozygote in the upper panel and a C/T heterozygote in
fragments generated by the 7936 C>T Rsa 1 assay. Indi 1d
(1-1) were defined by the presence of two band of size

uomozygou\ for the T allele (2-2) were defined by the pr sence cf a =mglc b d o
316bp. C/T heterozygotes (1-2) displayed three bands of size 316bp, 252bp and 64bp.
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493 bo
450 bp

5 A) Sequence chromatograms for the CHAT SNP 11604 G>A (rs2377871)
showing a G/G homozygote in the upper panel and an A/G heterozygote in the lower panel.
B} RFLP frag;r ents generated by the 11604 G>A Dra Il assay. Individuals homozygous for

the G allele {1-1) were defined by the presence of three bands of size 450bp, 42bp and 1bp.
Individuais nomOZVgous for the A al ele (2-2) were defined by the presence of a single band
of size 493bp. A/G heterozygotes (i-2) displayed four bands of size 493bp, 450bp, 42bp and

1bp. Note that the 42bp and lbp anda have run off the gel due to their small size.

308bp

195bp
145bp

1-2 1-1 1-1 -1 22 1-1

Figure 3.16 A) Sequence chromatograms for the CHAT SNP 32248 G>A showing an A/G
heterozygote in the upper panel and a G/G homozygote in the lower panel. B) RFLP
fragments generated by the 32248 G>A Ban 11 assay. Individuals homozygous for the G
allele (1-1) were defined by the presence of three bands of size 308bp, 145bp and 50bp.
Individuals homozygous for ihe A allele (2-2) were defined by the presence of two bands of
size 308bp and 195bp. A/G heter gutes (1-2) displayed four bands of size 308bp, 195bp,
145bp and 50bp. Note that the 50bp band ran off the gel due to the small size.
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246 bp
228 bp

Figure 3.17 A) Sequence chromatograms for the CHAT SNP 40912 C>T showing a C/C
homozygote in ihe upper panel and a C/T heterozygote in the lower panel. B) R'r'u

fragments generated by the 40912 C>T B, 5sp DI assay. Individuals homozygous for the C
allele (1-1) were defined by the presence of one band of size 246bp. Individuals homozyﬁuus
for the T allele (2-2) were defined by the presence of two bands of size 228bp and 18bp. C
heterozygotes (1-2) displayed three bands of size 246bp, 228bp and 18bp. Note that the 18bp

band ran off the gel due to the smail size.
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406 bp

Figure 3.18 A) Sequence chromatograms for the CHAT SNP 41388 A>G showing an A/A
homozygote in the upper panel a d an A/G heterozygote in the lower panel. B) RFLP

drl
agmcnts generated by the 41388 A>G Fnu 4HI assay. Individuals homozygous for the A
allefe (1-1) were defined by the presence of four bands of size 406bp, 65bp, 19bp and 10bp.
Individuals homozygous for the G allele (2-2) were defined by the presence of five bands of
size 212bp, 194bp, 65bp, 19bp and 10bp. A/G heterozygotes (1-2 dlsnlayed six bands of

size 406bp, 212bp, 194bp, 6‘bp, Sbp and 10bp. Note that the 65bp, 19bp and 10bp bands
ran off the gel due to their small size.
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Figure 3.19 A) Sequence chromatograms for the SLCI843 SNP -776 C>T (rs885835)
showing a C/T heterozygote in the upper panel and a C/C homozygote in the lower panel. B)
RFLP fragments generated by the -776 C>T Dra Il assay. Individuals homozygous for the C

aliele (1-1) were defined by the presence of two bands of size 357bp and 18bp. Individuals
homozygous for the T allele (2-2) were defined by the presence of one band of size 375bp.
C/T heterozygotes (1-2} displayed three bands of size 375bp, 357bp and 18bp. Note that the
18bp band ran off the gel due to the small size.
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igure 3.20 A) Sequence chromatograms for the SLC1843 SNP -287 G>T (rs2377879)
showing a G/G homozygote in the upper panel and a G/T heterozygote in the lower oan-.l B)
RFLP fra ents generated by the -287 G>T BsiHKA I assay. Individuals homozygous fo

the G allele (1 (1-1) were defined by the presence of two bands of size 402bp and 201bp.
Individuals ho*no"y gous for the T allele (2-2) were defined by the presence of three bands of
size 254 P, 201bp and 148bp. G/T heterozygotes (1-2) dis la'yed four bands of size 402bp,
254bp, 201bp and 148bp.
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Figure 3.21 A) Sequence chromatograms for the SLC1843 SNP 1638 G>T (rs2269338)
showing a G/G homozygote in the upper panel and a G/T heterczygote in the lower panel. B)
RFLP fragments generated by the 1638 G>T Ava | assay. Individuals homozygous for the G
allele (1-1) were defined by the presence of two bands of size 277bp and 16bp. Individuals
homozygous for the T allele (2-2) were defined by the presence of one band of size 293bp.

G/T heterozygotes (1-2) displayed three bands of size 293bp, 277bp and 16bp. Note that the
16bp band ran off the gel due to the small size.



4. CHROMOSOME 10: POSITIONAL CANDIDATES FOR LOAD

4.1 Chromosome 10 and LOAD

As described in Chapter 1, there is strong evidence for the presence of a LOAD
susceptibility gene on chromosome 10. Our department and collaborators have
performed a two-stage genome screen to search for novel risk factors for LOAD'*
145 The strongest evidence for linkage was on chromosome 10, with a multipoint lod
score (MLS) of 3.9, which is significant according to Lander and Kruglyak
guidelines3 4. This peak was greater than that observed for chromosome 19
(MLS=1.3), attributed to APOE. Further support was observed in an independent
quantitative trait loci (QTL) study of plasma levels of AP4,, showing significant
linkage directly under the peak we observed'*®. It is therefore reasonable to
hypothesise that this chromosome 10 locus is a major risk factor for LOAD. Our
linkage peak covers a 42cM region on chromosome 10 and is defined by
microsatellite markers D10S1426 (59 cM, 30.5Mb, 10p11.23) and D10S2327 (101
cM, 80.1Mb, 10g22.3) and contains 219 known genes according to Ensembl
(http://www.ensembl.org). In addition to the CHAT and SLC18A43 genes described in
the previous chapter, seven further genes that map to this region were selected as
candidates for involvement in LOAD; ALOXS, DKK1, UBE2D1, DNAJC12, SIRTI,
SGPL1 and SEC24C. Although the proteins encoded by some of these genes may
seem of more functional relevance to LOAD than others, the primary reason for
selection of all seven candidates was the fact that they map to the linkage region. The
positions of each gene on chromosome 10 are indicated in Figure 4.1 (p.113) and a

brief description of each candidate is given below.

112



f‘HPO ’IOSOM‘: 10 N‘JL"IPOINT

5 lon 542 o N N e e
— — STAGE 1 WHOLE SAMPLE
- — — STAGE 1 APOE4+VE SAMPLE
UBE2D1————> i re® e 1| st ks ol g
3 STAGE 1 APOE4-VE SAMPLE
%9 T ol — STAGE 2 WHOLE SAMPLE
DKKi———: —— STAGE 2 APOE4+VE SAMPLE
: —— STAGE 2 APOE4-VE SAMPLE
5 i : H ~ A LFrwE " - A
3 1 ALOXS : ff————=DNAJC12, SIRT1
w i
o J )\ i €—sGPL1
bt : s
O : | €———SEC24C
¢ 2 - A
s = . . -—
g DN < W
5 A NN A
1 L~ AL .. \
V. 87 a\s R
7l N W
i AT
ReGH ABETA PEAK
T T T 31T H v TT | T T O T
& a° & FRP L ELE ARG &Y & ©°
MARKERS
' L J g L ]
0 20 40 60 80 100 120 140 160
DISTANCE FROM pTER IN cM
Figure 4.1. Chromosome 10 muliipoint map for LOAD by Myers er al. (20060)"* including

positions of the seven candidate genes examined. The region of linkage for high plasma
he Erteki al. (2000)'* report is also shown.

4.1.1 ALOXS

and cyclooxygenase (COX) use arachidonic acid as their common substrate, but
whereas the ALOXS pathway generates inflammatory Ieukotrienes, the COX

pathway generates inflammatory prostaglandins. Leukotrienes and prostaglandins

belong to a family of biologically active molecules called eicosanoids
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The human ALOX5 gene is located on chromosome 10q11.2 at approximately 45Mb
(according to UCSC version hgl6), contains fourteen exons and spans 71875bp. In
the 5° flanking region of the gene, both positive and negative regulatory regions as

d285

well as a transcription factor-binding region have been identified”. Expression of

ALOXS5 has been observed in neurons, especially in the cortex and in hippocampal

286-288 and significant changes in ALOXS activity/expression have

pyramidal cells
been correlated with ageing””**°. Given that inflammatory processes have been
implicated in the pathophysiology of AD?'?? and that retrospective,
epidemiological studies have shown that long-term use of anti-inflammatory drugs
such as NSAIDs is associated with a decreased risk of developing AD***%®, ALOX5

is a plausible functional as well as positional candidate for involvement in

Alzheimer’s disease.

4.1.2 DKK1

Dkk1, a member of the Dickkopf family, is an antagonist of the Wnt signalling
pathway”*”?*®, Members of the Wnt family interact with frizzled, a seven-
transmembrane receptor and the co-receptor lipoprotein-related proteins, LRP-5 and
629 Activation of frizzled recruits the cytoplasmic bridging molecule,
dishevelled, so as to inhibit glycogen synthetase kinase 3p (GSK-3p). Inhibition of
GSK-3p decreases phosphorylation of B-catenin, preventing its degradation by the
ubiquitin-mediated pathwaf 04,305, Unphosphorylated -catenin accumulates in the
cytoplasm and translocates to the nucleus, where it can associate with members of
the LEF/TCF (T cell-specific transcription factor 1) family and become a
transcriptional transactivator’®®. Dkk1 inhibits Wnt signalling by binding to LRP-5/6

and to the associated protein kremen, which results in the dissociation of LRP-5/6
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from frizzled thereby preventing the formation of a functional Wnt receptor

complex% 30239739 hhibition of Wnt signalling has at least two consequences that
might be relevant to AD pathology: (1) the enhanced phosphorylation of T by GSK-

3P *!%and (2) the degradation of B-catenin, which is known to interact with presenilin

1311.

The human DKK gene is located on chromosome 10q11.2 at approximately

53.4Mb, contains four exons and spans 3062bp.

4.1.3 UBE2D1
The ubiquitin-proteasomal pathway (UPP) is involved in many cellular processes,
such as the cell cycle, apoptosis, endocytosis, and ATP-dependent proteasomal

312 The UPP plays a prominent role in the detoxification and

breakdown of proteins
targeting of damaged proteins for degradation. Ubiquitinated proteins are found at
increased levels in neurodegenerative diseases including AD’'? suggesting that the
degree of protein damage has exceeded the capacity of the UPP to clear it, or that the
efficiency of the UPP is in some way impaired. At least three classes of enzymes are
involved in the conjugation of ubiquitin to proteins. Ubiquitin is first activated by
ubiquitin-activating enzyme (E1) in the presence of ATP. Next, the activated
ubiquitin is transferred to ubiquitin-conjugating enzyme (E2). E2 enzymes either by
themselves or in combination with E3 enzymes (ubiquitin protein ligases) then
transfer polyubiquitin chains to target proteins. The polyubiquitin chain is then

recognised by the proteasome and degraded in an ATP-dependent manner’'.
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UBE2D1 is a member of the E2 ubiquitin-conjugating enzymes and is involved in
the iron-dependent ubiquitination of the hypoxia-inducible factor (HIF) by the von
Hippel-Lindau tumour suppressor (pVHL) E3 ligase complex®'*. It is also
significantly upregulated in the liver of iron-overloaded patients with hereditary

315

haemochromatosis™ ~. The human UBE2D] gene is located on chromosome 10q11.2-

q21 at approximately 59.4Mb, contains seven exons and spans 35770bp.

4.1.4 DNAJC12

Molecular chaperones comprise several highly conserved families of related proteins,
many of which are also heat shock proteins (Hsp). Chaperones of the Hsp70 family
are highly versatile proteins involved in a large variety of processes, ranging from
folding of newly synthesised proteins to facilitation of proteolytic degradation of
unstable proteins®'®>'®, Hsp40/DnaJ partner proteins directly interact with the Hsp70
proteins cooperatively to perform the chaperone function. Many Hsp40/DnaJ
proteins have four domains: an N-terminal J domain which is believed to mediate
interaction with Hsp70 protein; a glycine/phenylalanine (G/F)-rich domain; a central
repeat region (CRR) and a weakly conserved C-terminal domain. The J domain-only
proteins, which include DNAJC12, refer to members of a subclass of the
Hsp40/Dnal family that possess the J domain, but lack the G/F-rich domain and
CRR?". The involvement of Hsp in several neurodegenerative diseases such as

320-323
d

Parkinson’s disease and Huntington’s disease has been documente suggesting

a possible role for DNAJC12 in AD.

The human DNAJCI2 gene is located on chromosome 10q22.1 at approximately

68.9MD and encodes two different isoforms, A and B. Variant A has five exons and
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spans 41510bp. Variant B has three exons, spans 26972bp and differs in part of

exon 3 and the 3' UTR with respect to variant A.

4.1.5 SIRT1

In Saccharomyces cerevisiae, the silent information regulator 2 (Sir2), which
encodes an NAD-dependent protein deacetylase, functions in gene silencing,
heterochromatin formation, DNA repair and suppression of DNA recombination®>*
326 Sir2 is a limiting component of yeast longevity. Cells lacking Sir2 have a reduced
replicative life span and cells with an extra copy of SIR2 display a much longer life

span than wild type**’

. This extension probably results from a hypersilencing in the
rDNA, which reduces recombination and the production of extrachromosomal rDNA
circles, a known cause of senescence in ageing mother cells*?. In Caenorhabditis
elegans, increased dosage of the worm sir-2.1 gene also extends the lifespan of
worms beyond the wild-type** and the nearest human homologue SIRT1 has been
shown to inhibit apoptosis through deacetylation of p53**®**!. These findings
suggest that Sir2 and its homologues have a conserved role in the regulation of

survival at both the cellular and organismal levels®*.

The human SIRT1 gene is located on chromosome 10g22.1 at 69Mb, contains nine

exons and spans 33716bp.

4.1.6 SGPL1
Sphingosine-1-phosphate lyase, SGPL1, catalyses the last step in sphingolipid
breakdown™>. The enzyme cleaves phosphorylated sphingoid bases (PSBs) into fatty

aldehydes and phosphoethanolamine®**. SGPL1 has one hydrophobic transmembrane
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region near its amino terminus and a conserved pyridoxal-dependent decarboxylase

domain that contains several essential cysteine residues>>*.

In general, the prevalent sphingolipids of cells are the complex sphingolipids:
phosphosphingolipids such as sphingomyelins and glycosphingolipids such as
ganglioside GM1. Complex sphingolipids are found in all eukaryotes and some
prokaryotes and viruses, mainly as components of the plasma membrane and related
organelles. Some categories of sphingolipids spontaneously aggregate (in
conjunction with cholesterol) to form liquid-ordered microdomains termed “ lipid
rafts*>, Lipid rafts are dynamic assemblies of proteins and lipids that float freely
within the liquid-disordered bilayer of cellular membranes but can also cluster to
form larger, ordered platforms. Cholesterol acts as a spacer between the hydrocarbon
chains of the sphingolipids and functions as a dynamic glue that keeps the raft

336

assembly together’™. Removal of raft cholesterol leads to dissociation of most

1*¥. There are three types of

proteins from rafts and renders them non-functiona
membrane proteins: those that are mainly found in the rafts, those that are present in
the liquid-disordered phase, and those that move in and out of rafts’’. The B-
secretase, BACE], is a constitutive raft resident®®. Lipid rafts function by separating
and condensing molecules, such that they cén exert their function in concert. For
example, they have been proposed to regulate APP processing by favouring the

clustering of APP and BACE1". Several studies have also reported a physical

association of Ap with GM1, the major galacto-shingolipid in lipid rafts*** 3%, This

association facilitates the aggregation of soluble AP in the form of amyloid fibrils**.
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The human SGPLI gene is located on chromosome 10g21 at approximately

71.9Mb, contains fifteen exons and spans 64151bp.

4.1.7 SEC24C

Exit of soluble and membrane proteins from the yeast endoplasmic reticulum occurs
in vesicles covered with the COPII coat, which consists of the proteins Sec23p,
Sec24p, Sec13p and Sec31p, and the small GTPase Sar1p®*'>*. The Sec23p-Sec24p
complex is probably the component responsible for cargo reco gnition®*®>*’. The
COPII pathway has a mammalian counterpart and most of the COPII components
have been identified, including a human orthologue of Sec24p, SEC24C>*. Since the
secretase activities that process APP are localised in different intracellular
compartments, it is possible that membrane transport is a factor in the pathogenesis

of AD.

The human SEC24C gene is located on chromosome 10g22.3 at approximately

74.8Mb, contains 23 exons and spans 27787bp.

These seven candidate genes have been screened for sequence variants by denaturing
high performance liquid chromatography (DHPLC). All polymorphisms detected
were tested for association with LOAD in DNA pools of 186 LOAD cases and 186

age- and sex-matched controls.
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4.2 Materials and Methods
Described here are the specific methods used to study these seven genes. More

detailed descriptions of subject groups and methods are described in Chapter 2.

4.2.1 Subjects

The mutation screening sample consisted of 14 UK Caucasian patients, with age at
onset >65 years. All SNPs identified were tested for association with LOAD in the
MRC pools comprised of 186 UK Caucasian AD patients (age at onset 74.34 + 6.461
years) and 186 age- and sex-matched controls (age at collection 75.42 * 6.535 years).
SNPs for which pooled genotyping showed significant (P<0.1) differences between
cases and controls were individually genotyped in a subset of the MRC sample
comprising 405 UK Caucasian AD patients (age at onset 75.54 + 6.669 years) and
405 age- and sex-matched controls (age at collection 76.25 + 6.407 years). The
samples that made up the pools were included in the sample that underwent
individual genotyping. All patients were diagnosed according to NINCDS-ADRDA
criteria'’. Cognitive function of controls was assessed using the mini mental-state

exam (MMSE)'®. Only those with a score of at least 28 were included in the study.

4.2.2 Collection of Gene Sequences

The cDNA sequence(s) for each gene was obtained from the GenBank database at
NCBI (http://www.ncbi.nlm.nih.gov). Determination of coding sequences,
untranslated regions (UTRs) and intronic regions was based on alignment of the
cDNA sequences with genomic clone sequences, using BLAST sequence homology

searches.
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4.2.3 Polymerase Chain Reaction (PCR)
PCR fragments spanning exons, UTRs and limited 5’ flanking regions were designed
using Primer 3.0 (http://www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi).
Primer sequences for each gene are listed in the appropriate section. PCR
amplification was performed under standard conditions of 1X PCR buffer (Qiagen),
1.5 mM MgCl,, 250 uM dNTPs, 0.5 pM of each primer, 0.6 units Hot Star Taq
(Qiagen) and 48 ng genomic DNA in a 24 pl reaction. Cycling was conducted in a
M]J Tetrad (MJ Research) with an initial denaturation of 94°C for 15min, followed by
35 cycles of 94°C for 30s, optimal annealing temperature for 30s and 72°C for 45s
with a final extension step of 72°C for 10 min. Synthesis of appropriately sized PCR

products was confirmed by electrophoresis on 2% agarose gels.

4.2.4 Denaturing High Performance Liquid Chromatography (DHPLC)

The search for polymorphisms was performed by DHPLC scanning on the Wave™
DNA Fragment Analysis System (Transgenomic). The 14 screening samples were
amplified as described above, except the final extension in the PCR protocol was
followed by denaturation at 94°C for Smin and then cooling to 54°C over 40min, to
allow heteroduplex formation. Column temperature and acetonitrile gradient were
determined with the DHPLC Melt program (http://insertion.stanford.edu/melt1.html).
To ensure maximum sensitivity, in addition to the (highest) temperature suggested by
the software (n°C), each fragment was also run at n+2°C. The resultant
chromatograms were compared, with a shift in trace pattern indicative of a

heteroduplex. An example of a DHPLC trace is displayed at the end of this chapter

(Figure 4.9).
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4.2.5 DNA Sequencing
For fragments that displayed a heteroduplex peak, the PCR products of one
heterozygous and one homozygous sample were incubated at 37°C with 1 unit each
of shrimp alkaline phosphatase and exonuclease I to remove unincorporated primers
and dNTPs. Purified products were then bidirectionally sequenced on an ABI 3100
Genetic Analyzer (Applied Biosystems) using the Big Dye Terminator (v2.0) Cycle
Sequencing kit (Applied Biosystems). Sequence traces were subsequently exported
to the Sequencher™ program in order to characterise polymorphisms. Sequence
chromatograms for all polymorphisms identified are displayed at the end of this

chapter (Figures 4.10 to 4.61).

4.2.6 Genotyping

4.2.6.1 Pooled Genotyping

Each SNP was typed in pools by primer extension, using the ABI SNaPshot™
Multiplex kit. Extension primers were designed to be 15-40 nucleotides long and
directly adjacent to the polymorphism. For a particular SNP, each pool was PCR
amplified in duplicate. An individual DNA sample, heterozygous for each SNP was
also amplified. Samples were then purified by incubation with 1 unit each of
exonuclease I and shrimp alkaline phosphatase at 37°C for 1 hour. Primer extension
was then performed according to SNaPshot™ kit instructions and products
electrophoresed on the ABI 3100 Genetic Analyser. The resultant data was analysed
using Genotyper® 2.5 and the calculated peak height ratios from each replicate were
averaged. An example of the traces generated in pooled genotyping by the primer
extension method is displayed at the end of this chapter (Figure 4.62). I genotyped all

SNPs except for the eight identified in the SIRTI gene (which were genotyped by
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Luke Jehu) and the five SNPs identified in the SEC24C gene (which were
genotyped by Dragana Turic). Three insertion/deletion (indel) polymorphisms were
identified in the course of this study. All three polymorphisms were genotyped in
pools by Melanie Dunstan using a PCR sizing method. Amplimers spanning the indel
of interest are amplified with one fluorescently labelled and one unlabelled primer.

Products are electrophoresed on an ABI 377 DNA Sequencer. The resultant data is

analysed using Genotyper® 2.5.

4.2.6.2 Individual Genotyping

Any SNP showing an association in pools at the a=0.1 level was typed individually
in the aforementioned MRC association sample subset, consisting of 405 LOAD
cases and 405 age- and sex-matched controls. Where a natural restriction site existed
that could distinguish between the two alleles of a SNP, a restriction fragment length
polymorphism (RF LP) assay was designed, using the original PCR primers. Where
no natural site existed, an artificial restriction site was created by primer-generated
mutagenesis. For each RFLP assay, the MRC association sample subset was PCR
amplified, then digested with 5 units of the appropriate restriction enzyme. Digested
products were electrophoresed on 2.5-3% agarose gels. Examples of the expected
profile for each genotype of an individually typed SNP are shown at the end of this

chapter (Figures 4.63 to 4.64).

4.2.7 Statistical Analyses
%2 and Fisher’s exact test were used to analyse SNP associations using the Simple
Interactive Statistical Analysis pages (http://home.clara.net/sisa); Fisher’s exact test

was used for analyses where one or more cell had a count of <5. All polymorphisms
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typed individually were tested for deviation from Hardy-Weinberg equilibrium
using an updated version of the HW program written by Peter McGuffin and Peter

Holmans (update by Marian Hamshere).

4.3 Results

4.3.1 ALOXS

Determination of the exons and intron/exon boundaries was based on alignment of
the cDNA sequence NM_000698.1 against genomic sequence available from the

UCSC Genome Bioinformatics Site (http:/genome.ucsc.edu). PCR primers and

assay details can be found in Table 4.1 (p.125). Extension primers are listed in Table
4.2 (p.126). Nine SNPs were identified in the ALOXS gene: one coding synonymous
SNP T90T (8323 G>A), two 3’UTR SNPs (71772 C>A and 71776 A>G), two
5’flanking region SNPs (-1700 G>A and -557 T>C) and four intronic SNPs (268
G>A, 8172 C>T, 66971 A>G and 68965 G>A). These SNPs are shown in Figure 4.2
and Table 4.2 (p.126). Six SNPs were successfully genotyped in the MRC pools
comprised of 186 cases and 186 age- and sex-matched controls. Of the three that
failed, two (268 G>A and 8323 G>A) had successfully designed assays but the minor
allele frequencies were too low to be reliably estimated from pools. The estimated
allele frequencies and counts calculated for each successfully typed SNP are shown
in Table 4.3 (p.127). There were no significant differences observed in the allele

frequencies of any of the SNPs between cases and controls.
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Fragment Spanning Sense Primer Sequence Antisense Primer Sequence Size Annealing
name (5°-3) (5°>3%) (bp) Temperature (°C)
ALOXS5 NRR1  Negative regulatory region 1 AAAGAACAGCGTTGGTGGAT CAAATTCATTGTGTTGCATGTG 255 58
ALOXS5 NRR2  Negative regulatory region 2 ACCACTGGCCATCTCTGG CTCCTCAGCGAGGTGTCTG 455 62
ALOXS PRR Positive regulatory region TTAGCCGAGATCAATACACGC GGGTGTGGAGAAGGTTTCG 154 56
ALOXS TFBR Transcription factor binding region AGGAACAGACACCTCGCTGAGGAGAG GAGCAGCGAGCGCCGGGAGCCTCGGC 272 GC64
ALOXS x1 5’UTR and exon 1 AGGAGGCTGCGGCGCTAGA AGTTCTGCCCTCCCTGACA 383 GC57
ALOXS x2 Exon 2 CTCCAGAACAAAGGCTCAGG ACTTTCGGTTCTTGGGAAGC 306 62
ALOXS x3 Exon 3 GGCCATACACTGTGGAAAGG GAGGGAAGCCTGAACACTTG 256 62
ALOXS x4 Exon 4 AGGAAAGGAGTGAGGGTTCC TCTCCCTGTGTAACATCGTCTG 304 62
ALOXS5 x5 Exon 5 GTTGTGAGGACCCCTGAGAG TCAGACAGGAGAGCAGCATC 261 62
ALOXS x6 Exon 6 GGCTGCCCTCTACTCAGAGC CTGGCTTCCACCTGACAGAC 281 62
ALOXS x7 Exon 7 CTGCTGAGCCTGATTTGGAC TGGATCGCAGAGGACTGAG 240 62
ALOXS5 x8 Exon 8 CTCCAGGCTCTTCTGATTCC TCTCAGATGCCCTCCCATAG 386 57
ALOXS x9 Exon 9 GCCTCCAGCACTTATTCAGC CAGGCTGGGCTCTTCCAG 298 62
ALOXS x10 Exon 10 TTCCTCAGGGATGGGTCTG CCGCCCCAGGTAGTCAGG 315 58
ALOXS x11 Exon 11 AGTCCCAGCGTCCGTGAG TGAGGCCCAGTCCCTGAG 376 GC57
ALOXS x12 Exon 12 TGGGGTCCTCAGGGACTG GTCCGAGGGTGCAGTACG 243 62
ALOXS x13 Exon 13 GAAAGAGGATGGACGGACTG AGGCTGAGGAACCGCTTAAC 357 62
ALOXS x14A Exon 14 and part of 3’°UTR ACACGGGTAGTGGATTGACC GCAGTTCCCTGAAGATCAAAG 383 62
ALOXS x14B Part of 3°’'UTR CTTGGCAGTCACATCTCTTCC ATGGCAGTGAGCTGTTTGG 398 62

Table 4.1. Details of ALOX5 PCR assays, including PCR primers, annealing temperatures and size of amplimers. Annealing temperatures preceded by ‘GC’
indicate that amplimers are GC-rich and require the use of Q-solution for amplification (see Chapter 2).
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Figure 4.2. Diagram of the 4LOX5 gene (not to scale), indicating the positions of identified polymorphisms. For numbering of polymorphisms, +1 indicates
‘A’ of ATG translation start codon. Grey blocks indicate coding sequence, black blocks indicate untranslated regions.

SNP  SNP Name Location SNP Flanking Fragment Extension Primer Expected Alleie

No. Sequence (5°>3") Peaks
1 -1700 G>A 1657bp upstream exon 1 TTACAGATCARTGGACTAGAAR  ALOXS5 NRRI  TGTATAGCATGTACATTACAGATCA A (Green) & G (Blue)
2 -557 T>C 516bp upstream exon 1 AGGAAGCCCTYCTGATTCTCT ALOXS5 NRR2 GCGACCCATGAGAGAATCAG A (Green) & G (Blue)
3 268 G>A 118bp downstream exon | ~ GGACAGGACTRGGGGTGTCCA ALOXS x1 GCGGCCCGGACAGGACT A (Green) & G (Blue)
4 8172 C>T 32bp upstream exon 2 CAGGAGACCAYGCATGGCCTG ALOXS x2 AACAAAGGCTCAGGAGACCA C (Black) & T (Red)
3 8323 G>A Exon 2 (Thr—Thr) CGCTGAAGACRCCCCACGGGG ALOXS x2 GAAGTACATCACGCTGAAGAC A (Green) & G (Blue)
6 66971 A>G 94bp upstream exon 9 GCATCATCCTRTAGGGCAGGC ALOXS x9 CACCCAGGCCTGCCCTA C (Black) & T (Red)
7 68965 G>A  28bp downstream exon 10  GGTGGTCCTGRGGGAGGAGCC ALOXS5 x10 GGGTCCCGGCTCCTCCC C (Black) & T (Red)
8 71772 C>A 3'UTR ATAGTAGGTAMCCARTTCAAT  ALOXS x14B CAATTCCTTGCACATAGTAGGTA A (Green) & C (Black)
9 71776 A>G 3'UTR TAGGTAMCCARTTCAATTACT ALOXS5 x14B CTTGCACATAGTAGGTAMCCA A (Green) & G (Blue)

Table 4.2. List of polymorphisms identified in the ALOXS5 gene, including the location of the polymorphism relative to the coding sequence, flanking
sequence of the pclymorphism, the extension primer used for SNaPshot and the expected allele peaks in the primer extension assay.
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SNP Allele P
1) -1700 G>A G A
Patients 262 (0.70) 110 (0.30)
Controls 259 (0.70) 113 (0.30) 0.8102
2) -557T>C T C
Patients 315(0.85) 57(0.15)
Controls 310 (0.83) 62 (0.17) 0.6180
3) 268 G>A
Patients The A allele was too rare to be detected in pools.
Controls
4) 8172 C>T C T
Patients 323 (0.87) 49 (0.13)
Controls 317 (0.85) 55(0.15) 0.5258
5) 8323 G>A
Patients The A allele was too rare to be detected in pools.
Controls
6) 66971 A>G A G
Patients 347 (0.93) 25(0.07)
Controls 347 (0.93) 25 (0.07) 1.0000
7) 68965 G>A
Patients The primer extension reaction could not be
Controls optimised.
8) 71772 C>A C A
Patients 310 (0.83) 62 (0.17)
Controls 309 (0.83) 63 (0.17) 0.9218
9) 71776 A>G A G
Patients 347 (0.93) 25 (0.07)
Controls 341 (0.92) 31 (0.08) 0.4044

Table 4.3. Estimates of allele frequencies and counts of ALOXS polymorphisms in DNA
pools comparing 186 LOAD cases with 186 age- and sex-matched controls.
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4.3.2 DKK1
Determination of the exons and intron/exon boundaries was based on alignment of
the cDNA sequence XM_005730.4 against genomic sequence available from the

UCSC Genome Bioinformatics Site (http://genome.ucsc.edu). PCR primers and

assay details can be found in Table 4.4 (p.129). Extension primers are listed in Table
4.5 (p.129). RFLP primers and assay details are listed in Table 4.6 (p.130). Six SNPs
were identified in the DKK1 gene: one coding synonymous SNP A106A (560 G>A),
three 5’flanking region SNPs (-621 C>G, -446 G>C and -294 Ins C) and two
intronic SNPs (463 C>T and 2074 G>A). These SNPs are shown in Table 4.5 (p.129)
and Figure 4.3 (p.130). Four SNPs were successfully genotyped in the MRC pools.
Both SNPs that failed (-446 G>C and —294 Ins C) had successfully designed assays
but the minor allele frequencies were too low to be reliably estimated from pools.
The estimated allele frequencies and counts calculated for each successfully typed
SNP are shown in Table 4.7 (p.131). For the intronic SNP 463 C>T, the C allele was
significantly more frequent in cases than controls (P=0.0210). Therefore this SNP
was genotyped individually in 405 cases and 405 age- and sex-matched controls (see
Table 4.8, p.131). Although the association was again observed in the cases and
controls that made up the pools (see Appendix A), in the enlarged sample the
frequency of the C allele was similar in cases and controls (94% and 93%

respectively; P=0.2299).
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Fragment name Spanning Sense Primer Sequence Antisense Primer Sequence Size Annealing
(5°>3) (5°>3’) (bp) Temperature (°C)
DKK1 PROM 5’ Flanking region GAGGAGGGCAACTGAAGGAC CCCTGCGGTCCCAGAGTC 626 62
DKK1 x1 5’UTR and exon 1 GCACGTTCTACTCCCTCGTC TTTGTTGTCTCCCTCCCAAG 548 60
DKK1 x2 Exon 2 ATAGACGCTCAAAGGCTGGA GGTTTTGGAGAGGTGGACAG 325 60
DKXK1 x3 Exon 3 GACCGGAGACAAACAGAACC GGCATAACAGACTGCCACTG 370 60
DKK1 x4A Exon 4 and part of 3’'UTR GATCACAATCCCAAAATGTATGTC TCTTTATGGAACTCCCCTGTG 455 60
DKK1 x4B Part of 3’'UTR ACAGGTAAGTGCCACACTGAG AACGATGCAGGTTTAACAGTAAC 541 60
-294Ins C -294 Ins C polymorphism FAM-TGCTATAACGCTCGCTGGTA TTGGGAGGGAGACAACAAAG 180 60
Table 4.4. Details of DKKI PCR assays, including PCR primers, annealing temperatures and size of amplimers. FAM=fluorescent label
SNP  SNP Name dbSNP Location SNP Flanking Fragment Extension Primer Expected Allele
No. Identity Sequence (5°—3) Peaks
1 -621 C>G  1s1528878  501bp upstream  AGGCGTCTTGSTAGAGCCATT DKK! PROM GGTCTGTAATTCAATGGCTCTA C (Black) & G (Blue)
exon 1
2 -446 G>C  rs1528879  326bp upstream  TGCCAGGCAASGGCACCCAAG DKKI1 PROM CAACCCTTACTGCCAGGCAA C (Black) & G (Blue)
exon 1
3 -294Ins C 174bp upstream  AAGGCCCCCCCTTCATGTACA  DKKI1 PROM Typed by PCR sizing N/A
exon 1
4 463 C>T 23bp upstream GTGCCTCACCYTCTCCCCGAA DKKI1 x2 CGTCTGGGTGCCTCACC C (Black) & T (Red)
exon 2
5 560 G>A rs2241529 Exon 2 GAGGGGACGCRGGCGTGCAAA DKK1 x2 ACCCGCGGAGGGGACGC A (Green) & G (Blue)
(Ala—>Ala)
6 2074 A>G 151569198 43bp upstream TGCAGGTTTARCAGTAACTAT DKXK1 x3 GTCTTTTGAATTATTTTAGTGAA A (Green) & G (Blue)
exon 4 ACGATGCAGGTTTA

Table 4.5. List of polymorphisms identified in the DKK/ gene, including the location of the polymorphism relative to the coding sequence, flanking sequence

of the polymorphism, the extension primer used for SNaPshot (if applicable) and the expected allele peaks in the primer extension assay.
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Figure 4.3. Diagram of the DKK/ gene (not to scale), indicating the positions of identified polymorphisms. For numbering of polymorphisms, +1 indicates
‘A’ of ATG translation start codon. Grey blocks indicate coding sequence, black blocks indicate untranslated regions.

SNP RFLP Sense Primer RFLP Antisense Primer Size Annealing Restriction Restriction
(5°-»3%) (5°>3") (bp) Temperature (°C) Enzyme Fragments (bp)
4) 463 C>T TTCAGGACTCACCATTTTTGC GACGTCTGGGTGCCTCAGC 2V 60 Alul C=217 T=199, 18

Table 4.6. Assay details of genotyping assay of DKKJ SNP, 463 C>T, including RFLP primers, amplimer size, PCR annealing temperature, restriction
enzyme and expected RFLP fragment sizes. A lower case letter in the RFLP primer indicates the ‘mismatched base’ introduced to the RFLP amplimer to
generate an artificial restriction site (see Chapter 2).



SNP Allele P
1) -621 C>G C G
Patients 328 (0.88) 44 (0.12)
Controls 327(0.88) 45 (0.12) 0.9100
2) 446 G>C The C allele was too rare to be detected in pools.
Patients
Controls
3) -2941Ins C The C insertion allele was too rare to be detected
Patients in pools.
Controls
4) 463 C>T C T
Patients 357 (0.96) 15 (0.04)
Controls 342 (0.92) 30 (0.08) 0.0210
5) 560 G>A G A
Patients 185 (0.50) 187 (0.50)
Controls 201 (0.54) 171 (0.46) 0.2403
6) 2074 A>G A G
Patients 189 (0.51) 183 (0.49)
Controls 187 (0.50) 185 (0.50) 0.8834

Table 4.7. Estimates of allele frequencies and counts of DKK1 polymorphisms in DNA
pools comparing 186 LOAD cases with 186 age- and sex-matched controls. P values<0.1 are
indicated in bold.

SNP Genotype P Allele Odds Ratio P
(95% C.1.)
4) 463C>T C/IC C/T TIT C T
Patients 358 45 1 761(0.94) 47 (0.06) 0.7834
Controls 335 53 2 04715 723(0.93) 57(0.07) (0.5255-1.1679) 0.2299

Table 4.8. Genotypes and allele counts for DKK1 SNP, 463 C>T, in a subset of the MRC
sample consisting of 405 LOAD cases and 405 age- and sex-matched controls. Genotypic
and allelic P values are given, as well as odds ratios and 95% confidence intervals (C.L).
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4.3.3 UBE2D1
Determination of the exons and intron/exon boundaries was based on alignment of
the cDNA sequence NM_003338.2 against genomic sequence available from the
UCSC Genome Bioinformatics Site (http://genome.ucsc.edu). PCR primers and
assay details can be found in Table 4.9 (p.133). Extension primers are listed in Table
4.10 (p.135). Eight SNPs were identified in the UBE2D1 gene: one coding
synonymous SNP P118P (32771 C>G) and seven intronic SNPs (144 G>T, 169
G>C, 182 C>T, 305 G>A, 26120 T>C, 28525 A>G, 32771 C>G and 33403 T>C).
These SNPs are shown in Table 4.10 (p.135) and Figure 4.4 (p.136). Only four SNPs
were successfully genotyped in the MRC pools. The estimated allele frequencies and
counts calculated for each successfully typed SNP are shown in Table 4.11 (p.136).
There were no significant differences observed in the allele frequencies of any of the

SNPs between cases and controls.
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Fragment name Spanning Sense Primer Sequence Antisense Primer Sequence Size Annealing
(5°>3’) (5°>3°) (bp) _ Temperature (°C)
UBE2D1 PROM 5’ Flanking region GTAGTTCCAGCCCTGTCCTC TGCATAGGAATTGGAGAGTGG 580 63
UBE2D1 x1B Part of 5’UTR GAGGACAGGGCTGGAACTAC TCACTTTCTGAATCCTCTTCAGC 346 66
UBE2D1 x1 Part of 5S’UTR and exon 1 GCCTGGGACCTGACCCTGCT ACGACCCACGCCCCTGAG 309 67
UBE2D1 Pr Part of exon 1 TCGCTACAGCTATGTGACCTG ATGGCGCTGAAGAGGATTC 657 62
UBE2D1 x2-3 Exons 2 & 3 ATGGCTGAGGGGGTTAATTT CCCTTGTTTCATTGGGAAAA 288 59
UBE2D1 x4 Exon 4 TGCTAACCTCCCCACAGTCT TCAAATGCTGATGCAAATCTT 228 59
UBE2D1 x5 Exon 5 TCTGCTGTATTTTTCCTGTCTCA GGTGATTGTCATATTTTGTTGTTTT 205 63
UBE2D1 x6 Exon 6 TCTCAAAGAAAGGTTTACTCCATTG GGGTTATTGTCTAATGTGATGTTCTC 285 59
UBE2D1 x7 Exon 7 and part of 3’'UTR ~ AATGAAACAGTAAACAGTGCTCAA TGCATGAACCTAAGTCACATTG 292 59
UBE2D1 x7B Part of 3’UTR AACTGTGTCTCCCTTGTCTTAGG CCCAAATTACTCTAAATTCTCCTCTAC 533 59
UBE2D1 x7C Part of 3°'UTR TCCTAAGACAAGGGAGACACAG CATGCAAGAGAATGGACTCAG 589 60

Table 4.9. Details of UBE2D! PCR assays, including PCR primers, annealing temperatures and size of amplimers.
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SNP SNP dbSNP Location SNP Flanking Fragment Extension Primer Expected Allele
No. Name Identity Sequence (53" Peaks

1 144 G>T 120bp downstream GCCGGGGTGCKGGCAGGGAGC  UBE2DI x1 GCCTTCAGCTCCCTGCC A (Green) & C (Black)
exon 1

2 169 G>C 145bp downstream GGCTCGGGCCSGGCCAGCGGG UBE2DI1 x1 AGCTGAAGGCTCGGGCC C (Black) & G (Blue)
exon 1

3 182 C>T 1s1905456 158bp downstream CCAGCGGGCAYCGGACAGGTG UBE2DI1 x1 TCCCACCTCACCTGTCCG A (Green) & G (Blue)
exon 1

4 305 G>A 281bp downstream CCTCTTGCGCRTCCAGACCGT UBE2D1Pr GGGTAGAGAGCCTCTTGCGC A (Green) & G (Blue)
exon 1

5 26120 T>C 17bp upstream ACCTTACATAYTTTTGATTTC UBE2D1 CACTCAATTCCTGAAGGAAA A (Green) & G (Blue)
exon 2 x2-3 TCAAAA

6 28525 A>G 40bp downstream CCCATGTAAGRGATTTTATTC UBE2D1 x4 GATTGATGTGACTCCCATGT A (Green) & G (Blue)
exon 4 ARG

7 32771 C>G Exon 6 CAGATGACCCSTTAGTACCAG UBE2D1x6 GATTTGTGCAATATCTGGTA  C (Black) & G (Blue)

(Pro—Pro) CTAA

8 33403 T>C 53802699 116bp upstream GTAATTGATAYATGTGTGATT UBE2D1x7 CTTCTTATACTTAATTGCAA A (Green) & G (Blue)

exon 7 TAATCACACAT

Table 4.10. List of polymorphisms identified in the UBE2D! gene, including the location of the polymorphism relative to the coding sequence, flanking
sequence of the polymorphism, the extension primer used for SNaPshot and the expected allele peaks in the primer extension assay.
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Figure 4.4. Diagram of the UBE2D] gene (not to scale), indicating the positions of
identified polymorphisms. For numbering of polymorphisms, +1 indicates ‘A’ of ATG
translation start codon. Grey blocks indicate coding sequence, black blocks indicate

SNP Allele P
1) 144G>T
Patients The primer extension reaction could not be
Controls optimised.
2) 169 G>C
Patients The primer extension reaction could not be
Controls optimised.
3) 182C>T
Patients The primer extension reaction could not be
Controls optimised.
4) 305G>A G A
Patients 331{0.89) 41(0.11)
Controls 335 (0.90) 37 (0.10) 0.6321
5) 26120 T>C
Patients The primer extension reaction could not be
Centrols optimised.
6) 28525 A>G A G
Patients 356 (0.96) 16 (0.04)
Controls 354 (0.95) 18 (0.05) 0.7255
7y 32771 C>G C G
Patients 362 (0.97) 10 (0.03)
Controls 362 (0.97) 10 (0.03) 1.000C
8) 33403 T>C T C
Patients 350 (0.94) 22 (0.06)
Controls 357 (0.96) 15 (0.04) 0.2377

Table 4.11. Estimates of aliele frequencies :
ools comparing 186 LOAD cases with 186 age- and sex-matched controls.

Be]
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4.3.4 DNAJC12
Determination of the exons and intron/exon boundaries was based on alignment of
the cDNA sequences NM_021800.2 (variant A) and NM_201262.1 (variant B)
against genomic sequence available from the UCSC Genome Bioinformatics Site

(http://genome.ucsc.edu). PCR primers and assay details can be found in Table 4.12

(p.139). Extension primers are listed in Table 4.13 (p.141). Two SNPs were
identified in the DNAJCI2 gene: one coding synonymous SNP S81S (26434 C>T)
and one 5’UTR SNP (-17 C>T). These SNPs are shown in Figure 4.5 and Table 4.13
(p.141). Both SNPs were successfully genotyped in the MRC pools. The estimated
allele frequencies and counts calculated for each SNP are shown in Table 4.14
(p.142). There were no significant differences observed in the allele frequencies of

either SNP between cases and controls.
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Fragment name Spanning Sense Primer Sequence Antisense Primer Sequence Size Annealing
(5°-3) (5°-3) (bp) Temperature (°C)
DNAJC12PROM 5’ Flanking nomm.oc of both splice CAAAACCCCCTCCTCTTAAA GGCCACAGTCAATACACCAG 564 61
DNAJC12 x1 S'UTR and o”“—,huﬂnwm both splice CAAGGTTAGGTTTGTAGGCAATG CAAATGGTTCACATGCATCTCT 487 56
DNAJCI12 x2 Exon 2 of Nowﬁﬂwm_”—mmon variants TTACTATTCACTGGCTTTTGGTTC CTGGTCTTATTCCTGGTGATCC 264 56
DNAJC12 x3 Exon 3 of both splice variants GCATCCTGAGCTTCACAAATTC TGGCAGTCATGGTTTTAGTAAGAG 283 56
DNAJC12 ISOB Part of exon 3 E.a 3'"UTR of splice CTAAGCCTTGAAARGAGAGCAAG AGTGAAGACGGTGGGTTTCTC 405 60
DNAJCI12 x4 Exon 4 QMNMMHGWASZNE A CAGATTGAAAAAGTTAAGAATAAATGC TCTTGTTAATAGTCAAGTCTAACATGC 434 56
DNAJC12 x5A Part of 3'UTR of splice variant A GAGCACAGGAGTTTGAGGTTGTATT ATTCCTCCATCCTTGAATCAGTTCT 423 62
DNAJC12 x5B Exon 5 and part of 3'UTR of GGGGTTCAGACAAGTAATTTCAC CAAGATCGACTTTTCCTACTTCTG 564 60

splice variant A

Table 4.12. Details of DNAJC12 PCR assays, including PCR primers, annealing temperatures and size of amplimers.
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Figure 4.5. Diagram of the DNAJC2 gene (not to scale), indicating the positions of identified polymorphisms. For numbering of polymorphisms, +1
indicates ‘A’ of ATG translation start codon. Grey blocks indicate coding sequence, black blocks indicate untranslated regions.
SNP SNP dbSNP Location SNP Flanking Fragment Extension Primer Expected Allele
No. Name Identity Sequence (5°>3) Peaks
1 -17 C>T 152273771 5'UTR GGAAGAAGGAYTGATTAAGTC DNAJCI12 x1 TGTTTCCGAGGGAAGAAGGA C (Black) & T (Red)

2 26434 C>T  rs3740049 Exon 3 GGCGAAGGAGYCAGATGTCGA  DNAJCI2x3  TATGACCACTGGCGAAGGAG C (Black) & T (Red)
(Ser—Ser)

Table 4.13. List of poiymorphisms identified in the DNAJC12 gene, including the location of the polymorphism relative to the coding sequence, flanking
sequence of the polymorphism, the extension primer used for SNaPshot and the expected allele peaks in the primer extension assay.
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SNP Allele P

1) -17C>T C T
Patients 344 (0.92) 28 (0.08)

Controls 336 (0.90) 36 (0.10) 0.2955
2) 26434 C>T C T

Patients 327 (0.88) 45(0.12)

Controls 328 (0.88) 44 (0.12) 0.9100

Table 4.14. Estimates of allele frequencies and counts of DNAJC12 polymorphisms in DNA
pools comparing 186 LOAD cases with 186 age- and sex-matched controls.

4.3.5 SIRT1
Determination of the exons and intron/exon boundaries was based on alignment of
the cDNA sequence NM_012238.3 against genomic sequence available from the

UCSC Genome Bioinformatics Site (http://genome.ucsc.edu). PCR primers and

assay details can be found in Table 4.15 (p.143). Extension primers are listed in
Table 4.16 (p.145). Eight SNPs were identified in the SIRT] gene: one coding
synonymous SNP L332L (22119 T>C), two 5’flanking region SNPs (-521 A>G and
-263 A>C) and five intronic SNPs (4090 T>A, 6490 G>A, 6646 A>G, 6840 T>C and
23535 G>T). These SNPs are shown in Figure 4.6 and Table 4.16 (p.145). Six SNPs
were successfully genotyped in the MRC pools by Luke Jehu, a member of the
departmental Alzheimer’s team. The estimated allele frequencies and counts
calculated for each successfully typed SNP are shown in Table 4.17 (p.147). There
were no significant differences observed in the allele frequencies of any of the SNPs

between cases and controls.
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Fragment Spanning Sense Primer Sequence Antisense Primer Sequence Size Annealing
name (5°>3°) (5°-3) (bp) Temperature (°C)
SIRT1 PROM 5' Flank GAACGGTGTGAGGAGAGTGG AGACCACAACACTACGGGTCAC 413 60
SIRTI1 x1A S'UTR GGAGCGGTAGACGCAACAG GGCCCATTGTCTCCTTCC 533 GC54
SIRT1 x1B Exon 1 GAGAGGCAGTTGGARGATGG AGCCGCCCTCAACCTCAG 529 GC56
SIRT1 x2 Exon 2 AATGAACAGTGCAAGCTGACC AATTAACAGCTCTGAGCCATACC 293 60
SIRT1 x3 Exon 3 CCCTCACAGAATGCTAACTCA GCAGTTCCCAAACATCCATT 457 58
SIRT1 x4 Exon 4 TGCATTTGCTTTAATTTGTTGG GAGAAGGCCAAAGAAACAACC 479 60
SIRT1 x5 Exon § TGTAGGTGTGTGTCGCATCC CGATGGCAGTCAGCTTTATAGG 386 60
SIRT1 x6 Exon 6 ACGTTTGTGGTGTGTTCAAG AAGGTATTGAAAGGTTCTCGTG 320 60
SIRT1 x7 Exon 7 TTGGGCTTACTCTTTGCTTCTC ATACAGACCCACAACCCATGAC 302 60
SIRT1 x8A Part of exon 8 TAACTGCCCATCTGCTTGCT AGAGGTGTGGGTGGCAACT 419 58
SIRT1 x8B Part of exon 8 TGCCAAACTTTGCTGTAACC TCAACTACATAAAGCTACCCTATCG 532 58
SIRT1 x9A Exon 9 GCTGGAACCCACACTTCATT CACCTTTCTGGTTTCCTTGC 523 58
SIRT1 x9B Part of 3’'UTR GAATTGTTCCACCAGCATTAGG TCCCCACATATTGTTGACTTCC 576 60
SIRT1 x9C Part of 3’UTR TCCAAAACTGTGGCAGCTAAC TTAACACCAAATCCTCCCAATG 574 60
SIRT1 x9D Part of 3'UTR AGGCCCCTGATTATACAGTTCC AGCCAAATAAATTCAGATTGAGAC 508 60
SIRT1 x9E Part of 3’UTR GCTAGGACCATTACTGCCAGAG ATCACCTGCTACGATCAGCAC 545 60

Table 4.15. Details of SIRT! PCR assays, including PCR primers, annealing temperatures and size of amplimers. Annealing temperatures preceded by ‘GC’
indicate that amplimers are GC-rich and require the use of Q-solution for amplification (see Chapter 2).

143



=521 A>G
-263 A>C

< b 2 5 (&)
AR
o o
o S O o
(=) L= <t
g I8 B
3 4

2211975C
23535 G>T

Figure 4.6. Diagram of the S/IRT/ gene (not to scale), indicating the positions of identified polymorphisms. For numbering of polymorphisms, +1 indicates
‘A’ of ATG transiation start codon. Grey blocks indicate coding sequence, black blocks indicate untranslated regions.

SNP SNP dbSNP Location SNP Filanking Fragment Extension Primer Expected Allele

No. Name Identity Sequence (5°—>3) Peaks
1 -521 A>G rs3740051 468bp upstream excn 1 CTTCCTACTTRTTAACAAAAC  SIRTI PROM  TTTTGCCTCTCTTCCTACTT A (Green) & G (Blue)
2 -263 A>C 1s932658 210bp upstream exon 1 CACARAGAGGMAGGGCCGCCG  SIRTI PROM  ACACGCTCGCCACAAAGAGG A (Green) & C (Black)
3 4090 T>A 1s2236318 71bp upstream exon 3 GCTAACTCATWACTTCAGARA SIRT1 x3 CTCACAGAATGCTAACTCAT A {Green) & T {Red)
4 6490 G>A 191bp upstream exon 4 TATGAGGTATRTTTAATTTTA SIRTI x4 AAAGATGGAATATGAGGTAT A (Green) & G (Blue)
5 6646 A>G 35bp upstream exon 4 ADRGGTAGAAGRTTTAATTTTA SIRT1 x4 AGTTCCTATAAAGGTAGARG A (Green) & G (Blue)
6 6840 T>C 7bp downstream exon 4 AAAGGTACTAYGAACTCTTCT SIRT1 x4 TCAAGTTTGCAAAGGTACTA C (Black) & T (Red)
7 22119 T>C 152273773 Exon S (Leu—Leu) ATTCATAGCCYTGTCAGATAA SIRTI1 x5 TCTGTCACAAATTCATAGCC  C (Black) & T (Red)
8 23535 G>T 132bp downstream exon 6 ~ GTTAGCATTTKGGAATTTTGG SIRT1 x6 GTGTATTTTACCAAARATTCC A (Green) & C (Black)

Table 4.16. List of polymorphisms identified in the SIRTI gene, including the location of the polymorphism relative to the coding sequence, flanking
sequence of the polymorphism, the extension primer used for SNaPshot and the expected allele peaks in the primer extension assay.
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SNP Allele P

1) -521 A>G A G

Patients 342 (0.92) 30(0.08)

Controls 331 (0.89) 41 (0.11) 0.1698
2) -263 A>C A C

Patients 240 (0.65) 132 (0.35)

Controls 233 (0.63) 139 (0.37) 0.5938
3) 4090 T>A T A

Patients 204 (0.55) 168 (0.45)

Controls 202 (0.54) 170 (0.46) 0.8829
4) 6490 G>A G A

Patients 250 (0.67) 122 (0.33)

Controls 242 (0.65) 130 (0.35) 0.5354
5) 6646 A>G A G

Patients 236 (063) 136 (0.37)

Controls 233 (0.63) 139 (0.37) 0.8197
6) 6840 T>C

Patients The primer extension reaction could not be optimised.

Controls

7) 22119 T>C T C

Patients 335 (0.90) 37(0.10)

Controls 328 (0.88) 44 (0.12) 0.4099
8) 23535 G>T

Patients The primer extension reaction could not be optimised.

Controls

Table 4.17. Estimates of allele frequencies and counts of SIRT! polymorphisms in DNA
pools comparing 186 LOAD cases with 186 age- and sex-matched controls.
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4.3.6 SGPL1
Determination of the exons and intron/exon boundaries was based on alignment of

the cDNA sequence NM_003901.1 against genomic sequence available from the

UCSC Genome Bioinformatics Site (http://genome.ucsc.edu). PCR primers and
assay details can be found in Table 4.18 (p.149). Extension primers are listed in
Table 4.19 (p.150). RFLP primers and assay details are listed in Table 4.20 (p.151).
Fourteen polymorphisms were identified in the SGPL! gene: one coding non-
synonymous SNP V21L (27654 G>T), two coding synonymous SNPs K107K and
V314V (37915 A>G and 55017 C>T respectively), one 3’UTR SNP (60567 T>A),
two 5’flanking SNPs (-1068 G>A and —111 C>Q), five intronic SNPs (37812 T>C,
40647 A>T, 51445 G>A, 53074 G>A and 55211 C>T) and two intronic 2bp
deletions (55267-55268delCT and 58540-58541delTT). These polymorphisms are
shown in Table 4.19 (p.150) and Figure 4.7 (p.151). Eleven polymorphisms were
successfully genotyped in the MRC pools comprised of 186 cases and 186 age- and
sex-matched controls. Of the three that failed, one (55267-55268delCT) had a
successfully designed assay but the minor allele frequency was too low to be reliably
estimated from pools. The estimated allele frequencies and counts calculated for each
successfully typed polymorphism are shown in Table 4.21 (p.152). For the intronic
SNP 53074 G>A, the A allele was significantly more frequent in cases than controls
(P=0.0206). Therefore this SNP was genotyped individually in 405 cases and 405
age- and sex-matched controls (see Table 4.22, p.152). Although the association was
again observed in the cases and controls that made up the pools (see Appendix A), in
the enlarged sample the frequency of the A allele was similar in cases and controls

(both 4 %; P=0.6555).

148



Fragment name Spanning Sense Primer Sequence Antisense Primer Sequence Size Annealing
(5°-3%) (5°-3) (bp) Temperature (°C)
SGPL1 PROM 5’Flanking region CTCCTGCGTCTCCCTCAG AGGCGACCTTTGTGATCC 681 GC56
SGPL1 x1 Exon 1 (Part of 5’UTR) CTCCGTCCCGACCCTCAC CTGCCGGGCCTCCAATCT 202 GC60
SGPL1 x2 Part of 5’UTR & exon 2 AGCAAGCATCAGAGGTGAAATC GAACCATAACTTGGCTGCTCTG 260 60
SGPL1 x3 Exon 3 TTGAGGCTAGTGACACACCAC GCTGAAGAAGGGCAAGATCC 342 60
SGPL1 x4 Exon 4 AAGTGTCCCCTGGAGGTAAGAG AATGGTTGCTATATGCCAGGTC 263 60
SGPL1 x5 Exon 5 AACCTGTGAAACAGAGAGTAGGC GTGCCTAGCATTGAGCAGTTG 384 60
SGPL1 x6 Exon 6 TGTAAACTGGCACAGACCTCAC ATAAGAATGCTGTTGGGTTTCC 264 60
SGPL1 x7 Exon 7 CTATTGGATGCCCCTTGC TTTGATTTCACATCTGCTTGC 190 56
SGPL1 x8 Exon 8 GAAGAGAAGCAGCAGGAAAATG GTCAAGATCAGGGCATGAAGAG 262 60
SGPL1 x9 Exon9 ACTGGAAACGGCTAGTCAACAG TCCTCTTCCTATTGCCAGAATG 419 60
SGPL1 x10 Exon 10 GTACTGCCCCATTAGGCTTTG TCTTGGCAGCAGAAGAGAAGAG 238 60
SGPL1 x11 Exon 11 TATACCCCATCACCTGAACCAG CATCTTTCCACCCATGTCTTG 405 60
SGPL1 x12 Exon 12 GCAGGTGCCTTGAGCCTAC AGTTCTGGGACAAGGTCTGC 376 60
SGPL1 x13 Exon 13 CTGTACCACCCAAGTTCTTCC TGACCAGGGGATTGTATGTG 277 60
SGPL1 x14 Exon 14 TTCAAACTCTCCACCAACACC TATTGTGAAAGGGCAACCAG 287 60
SGPL1 x15 Exon 15 AAGAATCAGGACAGGTCAGAGC AGCTAGGACTCGGGGAGAAG 571 60
55267- 55267-55268delCT FAM-CTGCTTGTCACCTCTACCACT GGTGAGCTAAGGAGGAGATCA , 195 60
55268delCT polymorphism
58540- 58540-58541delTT FAM-GGATCCCAGAGCAATGACTG TTTGAATGATTAAAGAGATAGT 152 60
58541delTT polymorphism

Table 4.18. Details of SGPLI PCR assays, including PCR primers, annealing temperatures and size of amplimers. Annealing temperatures preceded by ‘GC’

indicate that amplimers are GC-rich and require the use of Q-solution for amplification (see Chapter 2). FAM=fluorescent label
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Variant Variant dbSNP Location Variant Flanking Fragment Extension Primer Expected Allele
No. Name Identity Sequence (5’>3) Peaks
1 -1068 G>A 246bp upstream GCCCCAGGACRGCCTGGTTGA SGPL1 CAGACCCTCCAGTGAATGTC C (Black) & T (Red)
exon 1 PROM TCAACCAGGC
2 -111 C>G 68bp upstream GCTGCTCTGGSGAATCTAGGC SGPL1 GCCAGCCCGCCTAGATTC C (Black) & G (Blue)
exon 2 x2
3 27654 G>T Exon 3 GATTTTGGARKTATACTCCAC SGPL1 CTTGGCTTTTGTGGAGTATA A (Green) & C (Black)
Val-Leu x3
4 37812 T>C 152171157 44bp upstream CTGTCTCTACYGTACTCTTGC SGPL1 TTATCCAGATGCAAGAGTAC A (Green) & G (Blue)
exon5 ' x5
5 37915 A>G Exon 5 CATTCCTGAARGTGGACAAAG SGPL1  TTCACATACTCTTTGTCCAC  C (Black) & T (Red)
Lys—Lys x5
6 40647 A>T 152297842 115bp upstream TTGGGTTTCCWCTCAACATTT SGPL1 TCTGGATACAAAAGAAAAAA A (Green) & T (Red)
exon 6 x6 ATGTTGAG
7 51445 G>A 48bp upstream ATGAAGAGCCRGGGCATTCCT SGPL1 GGGAGTCAGGAATGCCC C (Black) & T (Red)
exon 8 x8
8 53074 G>A 29bp downstream CCCACTGTCTRTGCTGGGCCC SGPL1 TGGAGGGCCCACTGTCT A (Green) & G (Blue)
exon 9 x9
9 55017 C>T 15865832 Exon 11 CCCTTCATGTYGACGCTTGTC SGPL1 GACGATGAGGAAGCCTCCCA A (Green) & G (Blue)
Val-Val x11 GACAAGCGTC
10 55211 C>T 77bp downstream GTAGCTTCCCYGCAARAGTATA SGPL1 TAGTTAATTTTATACTTTGC A (Green) & G (Blue)
exon 11 x11
11 55267- 133/134bp TAAACTCTCTCTTTGCCGTCAC SGPL1 Typed by PCR sizing N/A
55268delCT downstream exon 11 x11
12 58540- 15786012 9/10bp upstream ATTTATTTTTTTGTTTTAAGAC SGPL1 Typed by PCR sizing N/A
58541delTT exon 13 x13
13 59841 G>T 1s923177 32bp downstream TTTCTTCTCTKGGAAATTTAG SGPL1 TAGGGACACTTGGAGTTTTT G (Blue) & T (Red)
exon 14 x14 TTTCTTCTCT
14 60567 T>A 3'UTR AACTTTGACAWCTGGTCTTGC SGPL1 GCCGTGCACAACTTTGACA A (Green) & T (Red)
x15

Table 4.19. List of polymorphisms identified in the SGPL! gene, including the location of the polymorphism relative to the coding sequence, flanking
sequence of the polymorphism, the extension primer used for SNaPshot (if applicable) and the expected allele peaks in the primer extension assay.
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Figure 4.7. Diagram of the SGPL! gene (not to scale), indicating the positions of identified polymorphisms. For numbering of polymorphisms, +1 indicates
‘A’ of ATG translation start codon. Grey biocks indicate coding sequence, black blocks indicate untranslated regions.

SNP RFLP Sense Primer RFLP Antisense Primer Size Annealing Restriction Restriction
(5°>3%) (5’'>3’) (bp)  Temperature (°C) Enzyme Fragments (bp)
8) 53074 G>A GACTAGATCACCTCCCTTTCAGA CTCTGGAGGGCCCACTGTgT 197 62 Dra 11l A=197 G=179, 18

Table 4.20. Assay details of genotyping assay of SGPLI SNP, 53074 G>A, including RFLP primers, amplimer size, PCR annealing temperature, restriction
enzyme and expected RFLP fragment sizes. A lower case letter in the RFLP primer indicates the ‘mismatched base’ introduced to the RFLP amplimer to
generate an artificial restriction site (see Chapter 2).
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SNP Allele P

1) -1068 G>A

Patients The primer extension reaction could not be

Controls optimised.

2) -111 C>G

Patients The primer extension reaction could not be

Controls optimised.

3) 27654 G>T G T

Patients 320 (0.86) 52(0.14)

Controls 316 (0.85) 56 (0.15) 0.6771
4) 37812 T>C T C

Patients 233 (0.63) 139 (0.37)

Controls 236 (0.63) 136 (0.37) 0.8197
5) 37915 A>G A G

Patients 344 (0.92) 28 (0.08)

Controls 337(0.91) 35 (0.09) 0.3566
6) 40647 A>T A T

Patients 235 (0.63) 137(0.37)

Controls 234 (0.63) 138 (0.37) 0.9394
7) 51445 G>A G A

Patients 341 (0.92) 31 (0.08)

Controls 333 (0.90) 39 (0.10) 0.3150
8) 53074 G>A G A

Patients 349 (0.94) 23 (0.06)

Controls 362 (0.97) 10 (0.03) 0.0206
9) 55017 C>T C T

Patients 303 (0.81) 69 (0.19)

Controls 297 (0.80) 75 (0.20) 0.5776
10) 55211 C>T C T

Patients 348 (0.94) 24 (0.06)

Controls 339 (0.91) 33 (0.09) 0.2147
11) 55267-55268delCT

Patients The CT deletion allele was too rare to be detected

Controls in pools.

12) 58540-58541delTT TT delTT

Patients 253 (0.68) 119 (0.32)

Controls 256 (0.69) 116 (0.31) 0.8129
13) 59841 G>T G T

Patients 290 (0.78) 82 (0.22)

Controls 279 (0.75) 93 (0.25) 0.3416
14) 60567 T>A T A

Patients 355 (0.95) 17 (0.05)

Controls 360 (0.97) 12 (0.03) 0.3435

Table 4.21. Estimates of allele frequencies and counts of SGPL! polymorphisms in DNA
pools comparing 186 LOAD cases with 186 controls. P values<0.1 are indicated in bold.

SNP Genotype P Allele Odds Ratio P
(95% C.I.)
8) 53074 G>A G/G G/A A/A G A
Patients 364 32 0 760 (0.96) 32 (0.04) 1.1248
Controls 360 28 0 0.6490 748 (0.96) 28(0.04) (0.6706-1.8866) 0.6555

Table 4.22. Genotypes and allele counts for SGPLI SNP, 53074 G>A, in a subset of the
MRC association sample consisting of 405 LOAD cases and 405 controls. Genotypic and
allelic P values are given, as well as odds ratios and 95% confidence intervals (C.L.).
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4.3.7 SEC24C
Determination of the exons and intron/exon boundaries was based on alignment of
the cDNA sequence NM_004922.1 against genomic sequence available from the

UCSC Genome Bioinformatics Site (http:/genome.ucsc.edu). PCR primers and

assay details can be found in Table 4.23 (p.155). Extension primers are listed in
Table 4.24 (p.156). Five SNPs were identified in the SEC24C gene: two coding
synonymous SNPs Y28Y and T708T (84 T>C and 21118 A>G respectively), one
3’UTR SNP (24372 C>T) and two intronic SNPs (19409 G>A and 23423 C>T).
These SNPs are shown in Figure 4.8 and Table 4.24 (p.156). Four SNPs were
successfully genotyped in the MRC pools by Dragana Turic, a member of the
departmental Alzheimer’s team. The estimated allele frequencies and counts
calculated for each successfully typed polymorphism are shown in Table 4.25
(p.157). There were no significant differences observed in the allele frequencies of

any of the SNPs between cases and controls.
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Fragment name Spanning Sense Primer Sequence Antisense Primer Sequence Size Annealing
(5°>3) (5°-3) (bp) Temperature (°C)
SEC24C PROM1 5°Flanking region GTGGATCACGAGGTCAGGAGAT CAGCAAACATCGAGTACCCTCTA 464 62
SEC24C PROM2 5°Flanking region TGTCATTTCTGTAACTCAGCCTAAA CCCAGCCAGCATTCAGATTA 386 62
SEC24C X1-2 5’UTR & exon 2 GTGACAAAGGGTGGATGGTC CAACCCAACCTGAAGACTCTG 486 60
SEC24C X3 Exon 3 GCACTCAGCCTCATCAGACC ATCCTTGCTTTGCATTCCTG 260 60
SEC24C X4 Exon 4 TCTGTAGACTTCAAAGGGTGTCC CTCTGAACAGGGGACAGTAACA 280 60
SEC24C X5 Exon § CAAGGAGGCAGAATGACTGG TGAAGCTACCCATCTAATTCACC 545 60
SEC24C X6 Exon 6 TTAGGAGTCTAGTCATTTTCCTGAG GCAGACACAAACCCTTCCTC 265 60
SEC24C X7 Exon 7 TTTCACTCTTGGCACTCTGG CCTGGGGGAGGAGCTAATTC 214 60
SEC24C X8 Exon 8 GAGAGCTGGTGTCTGGAAGG TGGAATCACATCCAGGAAGAC 270 60
SEC24C X9 Exon 9 TCCTTTATGTCTGATCCCTTCC GGAAGATACAATCAAGACCTTCC 225 60
SEC24C X10 Exon 10 GCTCAGCTAGGGCCAGAATAC TCCTCCACTCACTGCTCCTC 225 60
SEC24C X11 Exon 11 AACTGGCCTGCTTACCATTC TCTTCAGTCAACCCAGACACC 240 60
SEC24C X12 Exon 12 GGTGGCAAGTCTAGGTAACAATG CCTCTGTTCAACTCCATGACC 305 60
SEC24C X13 Exon 13 CAGGGAATCGAGAACTGAGG CCAGGGGATAAGATGGTCAG 231 60
SEC24C X14 Exon 14 TGACAAGGGAAGAGATGGATG TGGAGTGTCTGGTCCTAGCC 271 63
SEC24C X15 Exon 15 TCTTCTCCCCATTTTCTTTCC CAGATATTCCCAGCCCTGCT 249 62
SEC24C X16 Exon 16 AGATTGTCTGCACGATGAGC TGCCTCCCTTCCATATTTAGC 211 60
SEC24C X17 Exon 17 ATATGGAAGGGAGGCATGTG AAGCGAATGAAACACTTCCTG 257 62
SEC24C X18 Exon 18 GGGAGTGGCTCATTTCTCTC CTCACCATCCTGGACCTCTC 288 62
SEC24C X19 Exon 19 AGTTGTGATGGTGGGAATGC TGAGAAATCCCTCCCAAATG 256 62
SEC24C X20 Exon 20 TGCATTTGGGAGGGATTTC ACTAGCCTATCCTTTCCTCCTC 310 60
SEC24C X21 Exon 21 CAGAAGGGGTGGTGTCTGAG TCCACACCCATATTCTCCTTG 338 62
SEC24C X22 Exon 22 TTGCCTGTTTCAGATGATGC TTACTCATTCCCCACCCAAC 263 62
SEC24C X23A Exon 23 & Part of 3’'UTR TTTGGCCTTGCCTTATGAAC CAAACCCCCAATACCGAATC 470 60
SEC24C X23B Part of 3’UTR CCCTCTTTTTCCTGCTAATCC TCCCTACAGAACCATCCAGTG 491 60
SEC24C X23C Part of 3’'UTR AGAGGTGACCGGAGAACTGAG TGAGCTTTCGGGAGTAAAGATG 498 60

Table 4.23. Details of SEC24C PCR assays, including PCR primers, annealing temperatures and size of amplimers. Annealing temperatures preceded by ‘GC’
indicate that amplimers are GC-rich and require the use of Q-solution for amplification (see Chapter 2).
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Figure 4.8. Diagram of the SEC24C gene (not to scale), indicating the positions of identified polymorphisms. For numbering of polymorphisms, +1 indicates
‘A’ of ATG translation start codon. Grey blocks indicate coding sequence, black blocks indicate untranslated regions.

Variant Variant dbSNP Location Variant Flanking Fragment Extension Primer Expected Allele
No. Name Identity Sequerice (5°>3) Peaks
1 84 T>C rs2306325 Exon 2 AGTCCAGCTAYGGTGGGCAAT SEC24C GGGTATCATCAGTCCAGCTA C (Black) & T (Red)
Ryt Tyt X1-2
2 19409 G>A  rs3849969  31bp downstream exon 11 GTGTTTCCTGRGGTTAATGAT SEC24C CAGARACTGAGGTGTTTCCTG A (Green) & G (Blue)
X11
3 21118 A>G  rs4746147 Exon 15 ATGTGGCCACRCTCTCTGTTG SEC24C CAGTATGTGGATGTGGCCAC A (Green) & G (Blue)
Thr—>Thr X15
4 23423 C>T  rs3088070 25bp upstream exon 21 CCTTGGTAACYTTTTGCTCCC SEC24C GTCTTATGGTCCTTGGTAAC C (Black) & T (Red)
X21
5 24372 C>T J'UTR CTCAGTCTCTYTGGGGGGAGG SEC24C GTAAGCTGACCTCAGTCTCT C (Black) & T (Red)
X23A

Table 4.24. List of polymorphisms identified in the SEC24C gene, including the location of the polymorphism relative to the coding sequence, flanking
sequence of the polymorphism, the extension primer used for SNaPshot and the expected allele peaks in the primer extension assay.
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SNP Allele P
1) 84 T>C T C
Patients 245 (0.66) 127 (0.34)
Controls 231 (0.62) 141 (0.38) 0.2849
2) 19409 G>A G A
Patients 309 (0.83) 63 (0.17)
Controls 317 (0.85) 55(0.15) 0.4220
3) 21118 A>G A G
Patients 312 (0.84) 60 (0.16)
Controls 324 (0.87) 48 (0.13) 0.2117
4) 23423 C>T
Patients The primer extension reaction could not be
Controls optimised.
5) 24372 C>T C T
Patients 320 (0.86) 52(0.14)
Controls 324 (0.87) 48 (0.13) 0.6672

Table 4.25. Estimates of allele frequencies and counts of SEC24C polymorphisms in DNA

pools comparing 186 LOAD cases with 186 age- and sex-matched controls.
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4.4 Discussion
Seven genes in a region of linkage on chromosome 10 have been examined as
putative susceptibility loci for LOAD risk. The strategy of testing candidates within a
region of significant linkage is advantageous, as the a priori likelihood of detecting a
risk variant must be increased, especially if the candidate gene is also of functional
relevance to the disease. A two-stage approach was taken here. Sequence variants
identified by DHPLC were initially genotyped in DNA pools of 186 LOAD cases
and 186 age- and sex-matched controls. Pooled analysis is an extremely cost-
effective method of genotyping and has been shown to be highly accurate' 2. Indeed,
the MRC pools employed in this study have been validated and a pooling error of
just 0.785% has been calculated (see Section 2.1.5.1). This pooled genotyping stage
was intended as an exploratory step to detect possible signals in the region, and as
the pooling methodology can only generate an estimate of allele frequencies, a
relaxed significance level of a=0.1 was chosen to avoid type II errors. This sample
has 76% power to detect a marker allele generating an odds ratio of 1.5, present at a
frequency of 0.2 in the population. Polymorphisms showing association with LOAD
with a P<0.1 were carried forward to stage two, where they were individually

genotyped in a sample of 405 LOAD cases and 405 age- and sex-matched controls.

Fifty-two polymorphisms were detected by DHPLC. Of these fifty-two variants,
thirty-seven were successfully genotyped in pools, the minor allele of five were too
rare to attain a reliable estimate of allele frequency in pools and the primer extension
reaction could not be optimised for the remaining ten. Primer extension reactions
usually cannot be optimised if extraneous peaks are generated in the reaction.

Assuming the reaction has been properly purified (i.e. complete removal of ANTPs
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and ddNTPs at the appropriate stages) then extraneous peaks are most likely a result
of primer hairpin or primer-dimer extension. While primer analysis software can help
to identify potential problems, primer extension methods do not permit any
flexibility with respect to the location of the 3" end of the primer (other than either
side of the SNP). Therefore if the sequence flanking the SNP is difficult to assay,

then the SNP cannot be typed by this method.

Of the thirty-seven polymorphisms successfully genotyped in the MRC pools, two
showed significant differences between case and control pools, with P<0.05 in each
case: DKK1 463 C>T and SGPL1 53074 G>A. Both SNPs are intronic. Dkk1
negatively modulates the Wnt signalling pathway, thus activating the putative 1-
phosphorylating enzyme glycogen synthase kinase-3f3 (GSK3p). Caricasole and
colleagues**® have recently shown that AP induces expression of DKK and that
inhibition of this expression slightly reduces neuronal death induced by Ap.
Moreover, these researchers have demonstrated that DKK/ is upregulated in the AD
brain. SGPLI1 catalyses the last step in sphingolipid breakdown. Sphingolipids are an
integral part of lipid rafts, which have been proposed to regulate APP processing by
favouring the clustering of APP and BACE1"®. In addition, the glycosphingolipid
GM1 has been found to bind AP and this GM1-bound form of AP has been
suggested to be involved in the initiation of amyloid fibril formation in vivo by acting
as a seed’*. A plausible case therefore can be made for both DKK/ and SGPL! in

the pathogenesis of LOAD.

On individual genotyping of the samples that made up the MRC pools, a significant

difference was again observed between cases and controls, thus further validating the
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pooling method (see Appendix A). However, in the larger sample of 405 cases and
405 controls (which includes the pool samples) no significant difference was
observed in allele frequencies of either SNP between cases and controls (see Tables
4.8, p.131 and 4.22, p.152). This is perhaps not overly surprising as with the relaxed
significance level of 0.1 employed, 3.7 positive findings would be expected to occur

by chance for the thirty-seven polymorphisms successfully genotyped.

I therefore conclude that there is no evidence for association of any of the
successfully typed polymorphisms in the seven candidate genes examined in this
study with LOAD. Such a statement however should not imply that any of these
genes can be excluded as LOAD candidate loci. To exclude a locus would at least
require typing all non-redundant variation in a sufficiently powerful sample
(although this is a simplistic view, there are many other prerequisites, e.g. there must
be confidence that the sample is truly representative of both the disease and ‘healthy’
population). As most of the polymorphisms detected in this study were not
genotyped in individual samples, the linkage disequilibrium (LD) structure across
any particular gene could not be assessed. It is unlikely however that all non-
redundant variation has been examined considering: i) introns were not routinely
screened for variants; ii) SNPs not amenable to primer extension genotyping were
not typed by any other method,; iii) rare SNPs could not be typed in pools.
Furthermore, the sample employed here may not have been sufficiently powerful to
detect association with rare variants and/or susceptibility loci of small effect.

Rectifying such problems comes at the cost of considerably more time and money.

There are unfortunately no easy answers and until the cost of genotyping is reduced,
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researchers must tolerate a certain degree of uncertainty in their conclusions of

association studies.
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4.5 Examples of Experimental Data
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Figure 4.9. DHPLC traces from four individuals amplified for the DKK1 x3 fragment. The
green and blue traces indicate homozygous individuals. The pink and black traces represent
individuals heterozygous for the DKK1 SNP 2074 A>G.
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Figure 4.10. Sequence chromatograms for the ALOX5 SNP -1700 G>A showing a G/G
homozygote in the upper panel and an A/G heterozygote in the lower panel.
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Figure 4.11. Sequence chromatograms for the ALOX5 SNP -557 T>C showing a T/T
homozygote in the upper panel and a C/T heterozygote in the lower panel.
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Figure 4.13. Sequence chromatograms for the ALOX5 SNP 8172 C>T showing a C/C
homozygote in the upper panel and a C/T heterozygote in the lower panel.
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17_A03_D1.ab1 Fragment base #154. Base 154 of 261
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Figure 4.14. Sequence chromatograms for the ALOX3 SNP 8323 G>A showing a G/G

homozygote in the upper panel and an A/G heterozygote in the lower panel.
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Figure 4.15. Sequence chromatograms for the 4LOX5 SNP 66971 A>G showing an A/A

homozygote in the upper panel and an A/G ha erozygote in the lower panel.
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D44_DO8_08.ab1 Fragment base #268. BPase 286 of 387

Figure 4.17. Sequence chromatograms for the ALOXS SNP 71772 C>A showing a C/C
homozygote in the upper panel and an A/C heterozygote in the lower panel.

Figure 4.18. Sequence chromatograms for the ALOX5 SNP 71776 A>G showing an A/A
homozygote in the upper panel and an A/G heterozygote in the lower panel.
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Figure 4.19. Sequence chromatograms for the DKKJ SNP -621 C>G (rs1528878) showing a
C/G heterozygote in the upper panel and a C/C homozygote in the lower panel.
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Figure 4.20. Sequence chromatograms for the DKK1 SNP -446 G>C (rs1528879) showing a
C/G heterozygote in the upper panel and a G/G homozygote in the lower panel.

emmram w s

=1_AD1_013b1 Fragmentbase#415. Base 415 of 420 «

| |
T

WG, 6 ¢ ' LLVE L

A A CC
T

¥

Figure 4.22.

Sequence chromatograms
homozygote in the unper panei

166



A 3

«43 _CO8_TZSEQ_0OE Fragment base #156. Bas
I

L}
-
1]
-/}
-]
-
D VY
®
@
L]

Base 156 of Z82 «
§. ¢ A A A
L3 3

G 4 G G A - -
‘ = / A ‘ ‘ A~ =

Figure 4.23. Sequence chromatograms for the DKX7 SNP 560 G>A (rs2241529) showing a
G/G homozygote in the upper panel and an A/A homozygote in the lower panel.
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Figure 4.24. Sequence chroma'ograms for the DKK7 SNP 2074 A>G (rs1569198) showing
an A/A horr-ozygotﬂ in the upper panel and a G/G homozygote in the lower panel.
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Figure 4.27. Sequence chromatograms for the UBE2D] SNP 182 C>T (rs1905456) showing
a C/C homozygote in the upper panel and a C/T heterozygote in the lower panel.

Figure 4.28, S.,qu nce chromatograms for the UBEZD] SNP 305 G>A showing an A/G
in the upper panel and a G/G homozygote in the lower panel.
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Y0 B0Z TISED D4 Fragmert base #21, Base 21 of 254

Figure 4.2 eqaence chr omatograms for the UBEZD1 SNFP 26120 T>C showing a T/T
homozygo t in the upper panel and a C/T heterozygote in the lower panel.
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Figure 4;30. Seql_ nce \.nrcmatograma for th., UBE2D1 SNP 28525 A>G showing an A/A
in
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4.31. Sequence chromatograms for the UBE2DI SNP 32771 C>G showing a C/C
hoemozygote in the upper panel and a C/G heterozygote in the |
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Figure 4.32. Sequence chromatograms for the UBE2D1 SNP 33403 T>C (rs3802699)
showing a T/T homozygote in the upper panel and a C/T heterozygote in the lower panel.
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Figure 4.33. Sequence chromatograms for the DNAJCI2 SNP -17 C>T (rs2273771)
showing a C/T heterozygote in the upper panel and a C/C homozygote in the lower panel.
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Figure 4.34. Sequence chromatograms for t-;cD.‘-’.-JC!Z SNP 26434 C>T (rs3746049)
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an A/T hetprozygofe in th\. upper panel and an A/A humozygme in the lower panel.
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Figure 4.39. Sequence chromatograms for the SIR77 SNP 6646 A>G showing an A/A
homozygote in the upper panel and an A/G heterozygote in the lower panel.
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Figure 4.40. Sequence chromatograms for the SIRT! SNP 6840 T>C showing a T/T
homozygote in the upper panel and a C/T heterozygote in the lower panel.
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Figure 4.44. Sequence chromatograms for the SGPLI SNP -111 C>G
homozygote in the upper panel and a C/G heterozygote in the lower panel.
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Figure 4.51. Sequence chromatograms for the SGPL/ SNP 55017 C>T (rs865832) showing
a CA

C homozygote in the upper panel and a C/T heterozygote in the lower panel.
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Figure 4.52. Sequence chromatograms for the SGPL! SNP 55211 C>T showing a C/C
homozygote in the upper pancl and a C/T heterozygote in the low
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Figure 4.53. Sequence chromatograms for the SGPL/ indel 55267-55268delCT showing a
non-deletion homozygote in the upper panel and a CT deletion heterozygote in the lower
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Figure 4.54. Sequence chromatograms for the SGPL/ indel 58540-58541delTT (rs5786012)
howing a non-deletion homoezygote in the upper panel and a2 TT deletion homozygote in the
ower panel.
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Figure 4.55. Sequence chromatograms for the SGPLI SNP 59841 G>T (rs923177) showing
a G/G homozygote in the upper panel and a G/T heterozygote in the iower panel.
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Figure £.57, Qequ..nc‘. chromatograms for the SEC24C SNP 84 T>C (rs2306325) showing a
T/T1 T homozygote in the upper pme! and a C/T heterozygote in the lower panel.
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Figure 4.58. Sequence chromatograrls for the SEC24C SNP 19409 G>A (rs3849969)
showing a G/G homozygote in the upper panel and an A/G heterozygote in the lower panel.
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Figure 4.59. Sequence chromatograms for the SEC24C SNP 21118 A>G (rs4746147)
showing an A/A homozygote in the upper pancl and an A/G heterozygote in the lower panel.
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Figure 4.61. Sequence chromatograms for the SEC24C SNP 24372 C>T >T showing a C/C
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Figure 4.62. Traces generated from pooled genotyping of the SGPL! 53074 G>A SNP. The
blue peak represents the G allele and the green peak represents the A allele. Data from
individual case and control pools are shown, together with a heterozygote (het). Note the
unequal peak heights in the heterozygote.
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Figure 4.63. RFLP fragments generated by the DKK7 463 C>T Alu I assay. Individuals
homozygous for the C allele (1-1) were defined by the presence of one band of size 217bp.
Individuals homozygous for the T ailele (2-2) were defined by the presence of two bands of
size 199bp and 18bp. C/T heterozygotes (1-2) displayed three bands of size 217bp, 199bp,
and 18bp. Note that the 18bp band ran off the gel due to the small size.
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Figure 4.64. RFLP fragments generated by the SGPLJ 53074 G>A Dra 11 assa
Individuals homozygo f or the G allele (1-1) were defined by the presenice o F WO bands of

size 179bp and 18bp. A/G heterozygotes (1-2) displayed three bands of size 197bp, 17%bp,
and 18bp. No A/A homo ozygotes were observed. Note that the 18bp band ran off the gel due
to the small size.



5. ADAM12: A FUNCTIONAL CANDIDATE FOR LOAD

5.1 The ADAMs Family

The ADAMs (for “a disintegrin and metalloprotease™) are a family of integral
membrane or secreted glycoproteins, encoded by at least 30 genes identified in
Caenorhabditis elegans, Drosophila, Xenopus and various mammalian species.
These‘ proteins have several distinct domains including a prodomain, a
metalloprotease domain, a disintegrin-like domain, a cysteine-rich region, an
epidermal growth factor-like region and, in the case of membrane-anchored ADAMs,
a transmembrane and cytoplasmic domain. The closest homologues of ADAM:s are
the highly toxic snake venom metalloproteases (SVMPs). Both SVMPs and ADAMs
are members of the reprolysin/adamalysin subfamily of zinc dependent
metalloproteases>*>>2, The SVMPs are processed to generate a metalloprotease,
which is able to degrade proteins of the basement membrane such as type IV
collagen and laminin®>* and a disintegrin-like domain, which can inhibit the function

of platelets by interacting with platelet integrin GPIIb-IITa***.

The first described ADAMs were fertilin o and fertilin B (ADAM1 and ADAM?2),
which are expressed on the posterior head of mammalian spermatocytes. These
proteins are thought to mediate sperm—egg binding and fusion by interacting with
integrin 06B1 on the egg surface®>>>%. Since then, a number of ADAMs family

members have been reported in the literature and have been implicated in many vital

359-362 363-365
bl

functions during development and in the pathogenesis of cancer

366 64-69

“ theumatoid arthritis™, Alzheimer’s disease™ ™ and inflammatory responses’**.
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5.1.1 ADAM12

ADAM12 was first described by Yagami-Hiromasa and colleagues®®’, who identified
a protein they called meltrin a when searching for homologues of ADAMs 1 and 2 in
a mouse myogenic cell line. The human orthologue of meltrin o was discovered by
Gilpin et al. in 1998°%. The human ADAM]I2 gene is located on chromosome
10q26.3 and encodes two splice variants: a membrane bound form designated
ADAMI12-L and a shorter form designated ADAM]12-S that is secreted as a soluble

protein.

5.1.2 Structural Organisation of ADAM12

ADAM12-L contains 881 aa and has a calculated Mr of 96,917 and ADAM12-S
contains 718 amino acids with an Mr of 77,775°®. The structural organization of the
transcripts is shown in Figure 5.1 (p.185). The two isoforms share a common region
consisting of the prodomain (residues 29-206), the metalloprotease domain (residues
207-417), the disintegrin-like domain (residues 417-512), and the cysteine-rich
region (residues 529—614). ADAMI12-L has a 21-aa transmembrane domain and a
179-aa cytoplasmic domain. ADAM12-S has instead a shorter 34-aa carboxyl

terminus with no apparent transmembrane domain.

Sequence comparison of ADAM12 with other reprolysins reveals that the
metalloprotease domain contains the zinc binding sequence that characterises the
active site of these proteases. The highly conserved HEXXHXXGXXH motif is
present, including the glutamate residue that is required for the catalytic

369

mechanism™”. The disintegrin-like domain contains a putative integrin-binding loop,

although it does not have an RGD sequence typical of “true” disintegrins®>>. The
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cysteine-rich region contains a putative fusion peptide similar to the fusion peptides

370 and some viruses®’' and an epidermal growth factor-like repeat>®®. The

of fertilin
disintegrin-like and cysteine-rich domains of ADAMI12 have been shown to support
cell adhesion by binding to integrin a9p1 and syndecan-4, resp«.ectivelym’375 .
ADAMI12-L contains a 21-aa, highly hydrophobic transmembrane domain which is
consistent with the consensus sequence motif for type I membrane proteins3 78 The
flanking amino acid sequence is consistent with the amino terminus being exposed to
the cell exterior®®. The cytoplasmic tail of ADAM12-L is relatively long compared
to other members of the ADAMs family and has four class I (R/K)XXPXXP and three
class II PXXPX(R/K) SH3 domain-binding motifs grouped into four proline-rich
regions, implying this region interacts with SH3 domain-containing signalling

molecules®”’.

Comparison of the human ADAM12-L sequence with mouse ADAM12 reveals an

overall amino acid identity of 81%. The divergent carboxyl terminus of ADAM12-S

does not show similarity to any other proteins in the databases®®.
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Figure 5.1. Schematic diagram of both isoforms of ADAM12, showing the location of the
different domains.

5.1.3 Precessing of ADAMI2

Although mature ADAM]12 is a catalytically active protease, it is synthesised as a
zymogen, with the prodomain maintaining the metalloprotease in a latent state. This
latency is achieved by means of a “cysteine switch”, whereby an unpaired cysteine

s

residue in the prodomain (Cys179) directly coordinates the zinc ion at the catalytic

consensus cleavage site of furin®®. In the frans-Golgi network, furin or a related
endopeptidase cleaves the protein at the junction between the prodomain and the
catalytic domain, resulting in the dissociation of the cysteine residue from the active

site. Activated ADAMI12 is then either secreted from the cell (ADAMI1
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5.1.4 Expression of ADAM12
ADAM12 is found in a variety of tissues and cells including cardiac and smooth

368

368 developing skeletal muscle®®’, placenta

muscle , macrophage-derived giant cells

and osteoclasts*®! and its expression is dramatically upregulated in many tumour cell

375

lines’ . In adult skeletal muscle the expression level is very low in both

differentiated muscle fibres and quiescent satellite cells*®”*6% 382 aithough the

383

amount of ADAM12 protein increases dramatically in regenerating muscle™", and its

mRNA is readily detected in satellite cells following their activation®*”. Whether

368 failed to

ADAM12 is expressed in human brain is unclear. Gilpin ez al. (1998)
detect any transcripts in human brain by Northern blot examination, but Karkkainen
et al. (2000)*** revealed an 8.1-kb band of ADAM12 mRNA in rat CNS, but it only

“could be detected after very long exposure times and the band was too faint for

quantitation”.

5.1.5 The Role of ADAM12 in Cell Differentiation

Several studies have pointed to an important role for ADAM12 in mesenchymal cell
differentiation®®” % Abe et al. (1999)**' found that expression of meltrin-o (mouse
ADAM12) is induced under conditions that promote giant cell formation and
osteoclastogenesis in vitro and that interference with the expression of this transcript
by antisense oligonucleotides results in inhibition of multinucleation, an essential

step for the formation of either cell type.
Similarly, evidence for a role for ADAM12 in muscle differentiation was presented

by Yagami-Hiromasa e al.**’ when they showed that transfection of C2C12 cells

with antisense mRNA encoding ADAM12 inhibited cell fusion. The same study
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showed that overexpression of full length ADAM12 also inhibited myoblast fusion.
In agreement with the work of Yagami-Hiromasa and colleagues, Cao et al. (2003)°%°
found that C2C12 cells in which the expression of ADAM12 has been attenuated by
small interfering RNA (siRNA) have a decreased potential both to differentiate and
to form quiescent reserve cells whereas enhanced expression of full length ADAM12
induced a quiescent cell-like phenotype and did not stimulate differentiation.
Therefore ADAM12 appears to be involved in the mutually exclusive actions of
promoting differentiation and maintaining quiescence, probably in response to the
cellular environment. Additional evidence for involvement of ADAM12 in
myogenesis has been provided by the generation of dystrophin-deficient mdx mice in
which ADAMI12 is overexpressed. These mice show significantly less muscle fibre

necrosis and inflammation compared with mdx mice®®.

Notably, transgenic mice overexpressing ADAM12 show increased adipogenesis®®’,
whereas ADAM12-deficient mice showed decreased interscapular brown adipose
tissue. Adipocytes also arise from the mesodermal stem cells that can also
differentiate into muscle cells and osteoblasts®*® 3%, Once committed to an adipocyte
lineage, preadipocytes can either remain quiescent or proliferate and undergo
differentiation into fully mature lipid-laden adipocytes. In parallel to the situation
with myoblasts, ADAM12 mRNA has been detected throughout most stages of
adipogenesis but with maximal levels in preadipocytes just before the onset of

differentiation’®.
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5.1.6 The Role of ADAM12 in Proteolysis
As mentioned previously, ADAM12 has a catalytically active metalloprotease
domain and a number of physiological substrates have now been identified. A well-
studied mechanism by which the ADAM12 protease acts is in the ectodomain
shedding of heparin-binding epidermal growth factor-like growth factor (HB-
EGF)*". Like other members of the EGF family, HB-EGF is synthesised as a
membrane-anchored form (proHBEGF), which is then proteolytically processed to
become a bioactive soluble form. HB-EGF binds directly to the EGF receptor
(EGFR) and thereby enhances its phosphorylation, resulting in cell growth and

differentiation’®?.

ADAMI12 also seems to play an important role in pregnancy. It is well known that
human placenta and maternal serum contain several aminopeptidases that regulate
the activity of peptide hormones such as oxytocin, vasopressin, and angiotensins.
Placental leucine aminopeptidase (P-LAP)/oxytocinase is one of these enzymes and
is known to increase in maternal serum during pregnancy3 % P-LAPisa type-11

394, 395

integral membrane protein and exists as a soluble form in maternal serum and a

membrane-bound form in placenta. Soluble P-LAP is thought to be derived from the

396

native membrane-bound form by ectodomain shedding. Ito et al. (2004)"™ have

determined that ADAM proteases, including ADAM12; are involved in P-LAP

shedding in human placenta.
ADAM 12-S has been shown to degrade insulin-like growth factor binding protein 3

(IGFBP-3) and to a lesser extent IGFBP-5°". There are six members of the IGFBP

family, which are ubiquitously expressed in serum, other biological fluids and in
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several tissues where they bind insulin-like growth factor (IGF) I and II and
modulate their bioavailability’*®**. During the course of pregnancy, much of the
IGFBP-3 in maternal serum is degraded, presumably resulting in increased
bioavailability of IGF. Laigaard et al. (2003)*"! have demonstrated that the
concentration of ADAM12-S in maternal serum increases 60-fold during gestation
and interestingly, is markedly decreased in the first trimester in pregnancies with

foetal Down syndrome.

Three members of the ADAM family are candidate a-secretases, ADAMY,
ADAMI10 and ADAMI17. It has been suggested that endogenous a-secretase is
composed of several ADAM enzymes*”2. ADAM12 has demonstrated
metalloprotease activity and so it is possible it also could have a-secretase activity,

although this has not been tested. I have therefore examined the ADAMI2 gene as a

functional candidate for involvement in LOAD.
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5.2 Materials and Methods
Described here are the specific methods used to study ADAM12. More detailed

descriptions of subject groups and methods are described in Chapter 2.

5.2.1 Subjects

The mutation screening sample consisted of 14 UK Caucasian patients, with age at
onset >65 years. All SNPs identified were tested for association with LOAD in the
MRC pools comprised of 186 UK Caucasian AD patients (age at onset 74.34 + 6.461
years) and 186 age- and sex-matched controls (age at collection 75.42 + 6.535 years).
Some SNPs were additionally tested in the WashU pools comprised of 270
Caucasian AD patients (age at onset 75.83 + 6.863) and 270 age- and sex-matched
controls (age at last assessment 79.37 + 7.012), recruited from the Greater St. Louis
metropolitan area in the USA. Non-redundant SNPs that showed significant (P<0.1)
differences between case and control pools were individually genotyped in the MRC
sample comprising 546 UK Caucasian AD patients (age at onset 75.45 * 6.485 years)
and 546 age- and sex-matched controls (age at collection 76.30 £ 6.257 years). All
patients were diagnosed according to NINCDS-ADRDA criteria'’. Cognitive
function of controls was assessed using the mini mental-state exam (MMSE)'®. Only

those with a score of at least 28 were included in the study.

5.2.2 Collection of Gene Sequences

ADAM1I2 encodes two splice variants; ADAMI12-S, a shorter secreted form and
ADAMI12-L, a longer membrane-bound form that diverge at their 3' ends (Figure
5.1, p.185). The cDNA sequence for each splice variant was obtained from the

GenBank database at NCBI (http://www.ncbi.nlm.nih.gov). Determination of coding
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sequences, untranslated regions (UTRs) and intronic regions was based on
alignment of the cDNA sequences with genomic clone sequences, using BLAST
sequence homology searches. Specifically, NM_003474.2 encoding ADAM12-L and
NM_021641.1 encoding ADAM12-S were aligned against genomic sequence

available from the UCSC Genome Bioinformatics Site (http://genome.ucsc.edu).

5.2.3 Polymerase Chain Reaction (PCR)

PCR fragments spanning exons, UTRs and limited 5’ flanking regions were designed
using Primer 3.0 (http://www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi).
Primers capable of specifically detecting a particular splice variant using cDNA
derived from human brain as a template were also designed. These primer sequences
are listed directly below in Table 5.1. Primers used to generate amplimers for the
purpose of DHPLC are listed in Table 5.2 (p.197). PCR amplification was performed
under standard conditions of 1X PCR buffer (Qiagen), 1.5 mM MgCl,, 250 uyM
dNTPs, 0.5 uM of each primer, 0.6 units Hot Star Taq (Qiagen) and 48 ng genomic
DNA in a 24 pl reaction. Cycling was conducted in a MJ Tetrad (MJ Research) with
an initial denaturation of 94°C for 15min, followed by 35 cycles of 94°C for 30s,
optimal annealing temperature for 30s and 72°C for 45s with a final extension step of
72°C for 10 min. Synthesis of appropriately sized PCR products was confirmed by

electrophoresis on 2% agarose gels.

Splice Primer Sequence Expected Size for Annealing
Variant (5’>3) Template Used (bp) Temperature (°C)
ADAMI2-L Sense: TGCCGGATTTGTGGTTTATC Genomic DNA: 1135 62
Antisense: TCGGTGGGTAGGAATCTGG cDNA: 191
ADAMI12-S Sense: GCTTTGGAGGAAGCACAGAC Genomic DNA: 985 62
Antisense: CAGCACTGGTCACGGTCTC cDNA: 181

Table 5.1. Details of PCR assays designed to detect specific ADAMI12 transcripts in human
brain, including PCR primers, annealing temperatures and expected size of amplimers.
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5.2.4 Denaturing High Performance Liquid Chromatography (DHPLC)
The search for polymorphisms was performed by DHPLC scanning on the Wave™
DNA Fragment Analysis System (Transgenomic). The 14 screening samples were
amplified as described above, except the final extension in the PCR protocol was
followed by denaturation at 94°C for S5min and then cooling to 54°C over 40min, to
allow heteroduplex formation. Column temperature and acetonitrile gradient were
determined with the DHPLC Melt program (http://insertion.stanford.edu/melt1.html).
To ensure maximum sensitivity, in addition to the (highest) temperature suggested by
the software (n°C), each fragment was also run at n+2°C. The resultant
chromatograms were compared, with a shift in trace pattern indicative of a

heteroduplex. An example of a DHPLC trace is displayed at the end of this chapter

(Figure 5.6).

5.2.5 DNA Sequencing

For fragments that displayed a heteroduplex peak, the PCR products of one
heterozygous and one homozygous sample were incubated at 37°C with 1 unit each
of shrimp alkaline phosphatase and exonuclease I to remove unincorporated primers
and dNTPs. Purified products were then bidirectionally sequenced on an ABI 3100
Genetic Analyser (Applied Biosystems) using the Big Dye Terminator (v2.0) Cycle
Sequencing kit (Applied Biosystems). Sequence traces were subsequently exported
to the Sequencher™ program in order to characterise polymorphisms. Sequence
chromatograms for all SNPs identified are displayed at the end of this chapter

(Figures 5.7 to 5.25).

192



5.2.6 Genotyping
5.2.6.1 Pooled Genotyping
Each SNP was typed in pools by primer extension, using the ABI SNaPshot™
Multiplex kit. Extension primers were designed to be 15-30 nucleotides long and
directly adjacent to the polymorphism. PCR primers are listed in Table 5.3 (p.198-
199) and extension primers are listed in Table 5.4 (p.200-201). For a particular SNP,
each pool was PCR amplified in duplicate. Where available, an individual DNA
sample heterozygous for each SNP was also amplified. Samples were then purified
by incubation with 1 unit each of exonuclease I and shrimp alkaline phosphatase at
37°C for 1 hour. Primer extension was then performed according to SNaPshot™ kit
instructions and products electrophoresed on the ABI 3100 Genetic Analyser. The
resultant data was analysed using Genotyper® 2.5 and the calculated peak height
ratios from each replicate were averaged. An example of the traces generated in
pooled genotyping by the priiner extension method is displayed at the end of this

chapter (Figure 5.26).

5.2.6.2 Individual Genotyping

Any SNP showing an association in pools at the a=0.1 level was typed individually
either in a small sample of 90 individuals to assess linkage disequilibrium, or in the
full MRC association sample of 546 LOAD cases and 546 age- and sex-matched
controls. Where a natural restriction site existed that could distinguish between the
two alleles of a SNP, a restriction fragment length polymorphism (RFLP) assay was
designed, using the original PCR primers. Where no natural site existed, an artificial
restriction site was created by primer-generated mutagenesis. RFLP primers and

enzymes are listed in Table 5.5 (p.202). For each RFLP assay, the required sample
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was PCR amplified, then digested with 5 units of the appropriate restriction enzyme.
Digested products were electrophoresed on 2.5-3% agarose gels. Examples of the
expected profile for each genotype of an individually typed SNP are shown at the

end of this chapter (Figures 5.27 to 5.51).

5.2.7 Statistical Analyses

%2 and Fisher’s exact test were used to analyse SNP associations using the Simple
Interactive Statistical Analysis pages (http://home.clara.net/sisa); Fisher’s exact test
was used for analyses where one or more cell had a count of <5. All polymorphisms
typed individually were tested for deviation from Hardy-Weinberg equilibrium using
an updated version of the HW program written by Peter McGuffin and Peter
Holmans (update by Marian Hamshere). Haplotypic association was tested using
EHPLUS with PMPLUS implemented to obtain empirical significance levels'®’. The
EHPLUS software was modified by Marian Hamshere and Valentina Moskvina. The
square of the correlation coefficient (*) was used to determine the levels of linkage
disequilibrium between polymorphisms. This was also performed using the modified

EHPLUS program.

5.2.8 Allele Specific Expression

To investigate potential cis-acting influences on gene expression, differential allelic
expression was assayed using DNA samples derived from human brain tissue and the
synonymous coding SNP25, 323237 C>T, as a marker polymorphism. 60 samples
were available with which to investigate allelic expression. Post-mortem brain tissue
derived from frontal, parietal, or temporal cortex of these 60 unrelated, anonymous

human adults was obtained from three sources (The MRC London
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Neurodegenerative Diseases Brain Bank, United Kingdom; The Stanley Medical
Research Institute Brain Bank, Bethesda; The Karolinska Institute, Stockholm).
Subjects were drawn principally from psychiatric control groups. The DNA samples
derived from these individuals were amplified by the use of primers that were based
on single exonic sequence, capable of amplifying either cDNA or genomic DNA.
PCR primers are listed in Table 5.3 (p.199); the extension primer was the same as
that employed for genotyping SNP25 in pools and can be found in Table 5.4 (p.201).
Genomic DNA from all subjects was initially genotyped to identify heterozygotes for
the marker polymorphism. The corresponding cDNA samples were assayed twice as
two separate reverse transcription (RT) reactions alongside the corresponding
genomic DNA samples. The same analytic conditions were used for genomic DNA
and cDNA to enable use of the average of the ratios observed from genomic DNA to
correct allelic ratios obtained from cDNA analyses for any inequalities in allelic

19 When a difference in allelic expression was

representation specific to each assay
observed, this entire process was repeated to confirm the initial observation. Peak

heights of allele-specific extended primers were determined by the use of Genotyper
version 2.5 (Applied Biosystems). The ratio of cDNA peak heights, corrected by use

of the average genomic ratio from all heterozygous samples, was used to calculate

relative expression of the two alleles in each individual sample.
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Fragment name Spanning Sense Primer Sequence Antisense Primer Sequence Size Annealing
(5°-3) (5°>3%) (bp) Temperature (°C)
ADAM12 PROM1 5’Flanking region S & L GGGCTGGCAATGTCTTTAAC CGTTGATAGATTGGCTCACG 427 GCs6
ADAMI12 PROM2 5’Flanking region S & L ATGGAAACGTGAGCCAATCT CGCGGAACAAATTATTGTCT 499 GCS56
ADAMI12 x1 S’UTR & exon1 S& L CCAAGGAATTGGCACCTG CGCGGTAATAAGAACGGTGA 642 GC56
ADAM12 x2 Exon2S &L GCTGATGCCAAACTCTTCCT CTTCGGCAGTCTCAAAGCTG 198 62
ADAMI12 x3 Exon3S &L TCATTTGACTACGCCTGTGG GGTGTCTTAACTTTCTCCTATCATGC 209 60
ADAMI2 x4 Exon4S & L TTGCTCCGAATAAAATGGCTAC CTAAACTGGGAAGGCCCTAATG 318 60
ADAMI2 x5 Exon5S &L TCAGATATTCCCGACATAGACC GAGCAGGAAAAGACAGAGGTTG 332 60
ADAM12 x6 Exon6S & L GCCATAAACAAGAAGCTGTCC CAAAATCAGGTATCCCCCTTAC 268 60
ADAMI12 x7 Exon7S &L CAATGGGTTGTTTCCATTGC TGCCAGAGAGGCATTAAGAGA 248 60
ADAMI12 x8 Exon8 S& L GGCAGAACCTCATCTCCTTG CATTTCCAGAAGCCAGGAAG 248 62
ADAMI12 x9 Exon9S &L TGTGCAGGTGAAACGAAGG AACTCCAATGCCAGTTTTGC 276 62
ADAMI12 x10 Exon10S &L TTATCAAGGGGAACCAGCTC ACAGAACCATGACGCAACTG 314 62
ADAMI12 x11 Exonl11S &L AAAGCAGATGGAAGCAATGG GGGAAATAAGGCCAAGGAGA 234 62
ADAMI12 x12 Exon12S &L TGCCTAGCCGAGGATACAAG CCATGCCCTGTGACTTACTG 274 62
ADAMI12 x13 Exon13S &L GAACCACCTGAACCTGTTGG GCCCTCTTGGTCTTTCTTGC 255 62
ADAMI12 x14 Exon14S &L GTCTGCCAGTGCCTCTCC GGGTGCATGTGTCATAAATGG 277 62
ADAMI12 x15 Exonl15S &L TCCCAAGGAGAAACCATTTG TGCAGGAGATGAAARATGCAG 232 57
ADAMI12 x16 Exon16 S& L AACCTTGTAACCCAGTTCTTGC GTTCCAAATGGTTTCTCCTTGG 331 60
ADAMI12 x17 Exon17S &L GCTGTAAARAGGGCAGCTCAG AGGTTGGGTCTTCTCCAAGC 225 62
ADAMI12 x18 Exon18S &L GGTTTCTTGTTGGCTCTACCTG ATATGCCCTAACCCCACGTC 251 60
ADAMI12 x21 Exon 19 S & part of 3’UTR S CTTGCTTCTCCCCCACTG CAGGGGCAAGTCTAAATGATG 508 60
ADAMI12 x20 Part of 3’UTR S TGTTTAATGAGCCCCTGAGC GCAGCAAGGAGGAAGAGGAC 599 62
ADAMI12 x19 Exon19L GCTGGGATTACAGGCTTGAG AACTGCCTCCTTCTGTGAGC 257 62
ADAMI12 x22 Exon20 L AACCTCATGTCTGCATGTGTG CAGTGAGAAGGGGAAACACG 212 62
ADAMI12 x23 Exon21L TACAGAGGCACCGAGAAGTTAAG CTGATATTTTTGAAACCCGCTAT 336 60
ADAM12 x24 Exon22 L GGTAAGTGACCCTGCCTAACC GTCCTGGCTTGGATTAGTCG 245 62
ADAM12 x25 Exon 23 L & part of 3’UTR L TACATCTCCAACCCCAGACC CCTGAAAGCCAAACACAGC 666 60
ADAMI2 x26 Part of 3’UTR L CTGGATTCCCCATCTCAGG ACCCATGAACATCACATTCC 647 60
ADAMI12 x27 Part of 3’UTR L AACAATTAGGCAGACTCTTTATGC TTTGTGTGTGTTTGTGTCACG 678 60
ADAMI12 x28 Part of 3’UTR L AGAATCTTGGTTTGCCTTCC GGCTCTCTGAAATAGAAGCATAGG 476 62

Table 5.2. Details of ADAM12 PCR assays for the purpose of DHPLC, including PCR primers, annealing temperatures and size of amplimers. Annealing

temperatures preceded by ‘GC’ indicate that amplimers are GC-rich and require the use of Q-solution for amplification (see Chapter 2). S: short splice variant;
L: long splice variant.
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SNP No. SNP Name dbSNP Sense Primer Sequence Antisense Primer Sequence Size Annealing
Identity (5°-3) (5°-3) (bp) Temperature (°C)
1 17864 A>G rs2366705 GCAGGACTCAACCTAATAACTGC TGAAACCAGTGAAAGAAGCTGA 225 60
2 57690 C>G 153740199 GCTGATGCCAAACTCTTCCT CTTCGGCAGTCTCAAAGCTG 198 62
3 73566 C>T 1s873957 AGGCCCTGAATATCATGCTG GGAGCACCCTCCACTCATAA 241 60
4 96112 C>T 15728104 CAGTCAGAGCTGGAGATTTGG CTATCACTTCACCAGGCTTGC 249 60
5 109183 G>A TCATTTGACTACGCCTGTGG GGTGTCTTAACTTTCTCCTATCATGC 209 60
6 134449 C>G 1s2279755 GCTTAGGGCTCACCTCACTC AGCTCCTGGACTCACTTTGC 220 60
7 159219 A>T rs1011835 TTCCATTAGCGTGGTCATCTC TGTAAATCCAGTGATTAAATGCAG 207 60
8 179169 A>G 151106955 TCATTGCTCTCTTGCTGGTC TTACCACCCACATCTTTCTGG 200 60
9 201199 C>G 152126744 GCAGAGAGGAGCTGCAAGAC GGATGGACAGCGAACAACAC 230 60
10 232559 C>A 1s1676724 TCCAGTTGGTGGAGACTGTG CTCGGAACAATAGCCCACAC 202 60
11 232794 A>G 151466361 TTGCTCCGAATAAAATGGCTAC CTAAACTGGGAAGGCCCTAATG 318 60
12 232959 C>T 151466360 TTGCTCCGAATAARATGGCTAC CTAAACTGGGAAGGCCCTAATG 318 60
13 259753 A>G 1s1278319 CACCTGAGCAGCCAACTAAG AAGGTGAGGTGCCAATTCAG 212 60
14 265290 A>G rs1278305 ACATCTGGCCTTTGGATGAC GGGAAAGTGGAAATGAATACC 267 60
15 271466 G>C 151278390 AAACTGCTCTTATCGGAACCAG CATGTCAAGGTGAGCCACAG 219 60
16 277611 G>T rs1037804 CTGCTGCCTGAATCATCTCC GGAAACTGTCAGACTAATGAACAGAG 212 60
17 287117 T>C 152290845 TACCTCGCAAATCCCATGAC CAGGGTGTTCAGAGGGAGAC 245 60
18 289573 A>G 152290844 TTATCAAGGGGAACCAGCTC ACAGAACCATGACGCAACTG 314 62
19 289746 C>T 152290842 TTATCAAGGGGAACCAGCTC ACAGAACCATGACGCAACTG 314 62
20 291831 G>A 153758419 CAAGGAAGCAGAGATCCTCA TTACCATGCTCTGGCACAAA 360 60
21 296783 G>A rs3781030 ATGATCCCACATTCCTGTCC TCCATTCTCCCACTCTCTCG 235 60
22 306526 A>T 151278341 GCTCGTTTAGCCTCCACTTC TGACATTCTGCTTCCCACTG 244 60
23 316406 A>G 152290841 TGGAACTGAATGTGCCTCAC TGGTCTCCAAGTCCTTCCTG 235 60

Table 5.3. Details of ADAM12 PCR assays for the purpose of genotyping pools, including PCR primers, annealing temperatures and size of amplimers.
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SNP No. SNP Name dbSNP Sense Primer Sequence Antisense Primer Sequence Size Annealing
Identity (5°>3) (5°>3’) (bp) Temperature (°C)
24 321073 A>G rs1278281 ATGAGATCCGCCTGGACAC GCCTGTTTCCGTCTGTTAGG 200 60
25 323237 C>T rs1278279 GTCTGCCAGTGCCTCTCC GGGTGCATGTGTCATAAATGG 277 62
25 323237 C>T rs1278279 AACAGCGTGCAGGGACTC* CACTGCTGCTCGTGAGTCTG* 162 62
26 323327 G>A 152279091 GTCTGCCAGTGCCTCTCC GGGTGCATGTGTCATAAATGG 277 62
27 323354 A>G 152279090 GTCTGCCAGTGCCTCTCC GGGTGCATGTGTCATAAATGG 277 62
28 323362 G>A GTCTGCCAGTGCCTCTCC GGGTGCATGTGTCATAAATGG 277 62
29 323441 C>T 151278278 CTCACGAGCAGCAGTGTGTC CTCCAGGCAGTGTCCATTTC 247 60
30 327363 G>T 11278273 TGTGTAGAGCTTGGGCTGTG CTCCCAGGACTGCATTTGTC 250 60
31 329734 T>A 1s1278265 CTCCCAAGGTCAGCACTCAG AGCAGCCTGGGTAAATGAAC 225 60
32 338785 C>T 152292692 AACCTTGTAACCCAGTTCTTGC GTTCCAAATGGTTTCTCCTTGG 331 60
33 341999 T>C GCTGTAAAAGGGCAGCTCAG AGGTTGGGTCTTCTCCAAGC 225 62
34 345179 C>T GGTTTCTTGTTGGCTCTACCTG ATATGCCCTAACCCCACGTC 251 60
35 345180 A>G GGTTTCTTGTTGGCTCTACCTG ATATGCCCTAACCCCACGTC 251 60
36 345518 T>G 11278260 AGTTCCTTAGCCTGCGACAC GCAATGACTCCCACTGCTG 219 60
37 345987 G>A CTTGCTTCTCCCCCACTG CAGGGGCAAGTCTAAATGATG 508 60
38 346355 C>T 156693 TGTTTAATGAGCCCCTGAGC GCAGCAAGGAGGAAGAGGAC 599 62
39 346571 T>A 1s4732 TGTTTAATGAGCCCCTGAGC GCAGCAAGGAGGAAGAGGAC 599 62
40 348325 T>C rs3781002 TGTCCAGCAAGAAAGCAATTC GTGACAACGGCACAGTGG 215 60
41 366613 A>G rs872328 CTGCTCCACCAGTGAGGATAC CAGGTGTGTGGAAGATAAGCTG 238 60
42 370687 G>A rs3781001 GTTGACTTGTGGGTGGGAAG GATCTGGGCACTTGGTGTG 221 60
43 371311 C>T TACATCTCCAACCCCAGACC CCTGAAAGCCAAACACAGC 666 60
44 371348 G>A TACATCTCCAACCCCAGACC CCTGAAAGCCAAACACAGC 666 60
45 371435 G>C CTGGATTCCCCATCTCAGG ACCCATGAACATCACATTCC 647 60

Table 5.3 continued. Details of 4ADAMI12 PCR assays for the purpose of genotyping pools (*or for allele specific expression), including PCR primers,

annealing temperatures and size of amplimers.
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SNP No. SNP Name dbSNP SNP Flanking Sequence Extension Primer Expected Allele
Identity (523 Peaks

1 17864 A>G 152366705 ACAAATTGCCRCAACTTAGTG ATTTATTGCTGTATGACAAATTGCC A (Green) & G (Blue)
2 57690 C>G rs3740199 TGCCTCTGTTSGGAGTGGGGA AAGTTGTCAGTGCCTCTGTT C (Black) & G (Blue)
3 73566 C>T rs873957 GACAAATCTTYTTTTCCTGAA ACGACATGGACATTTTCAGGAAAA A (Green) & G (Blue)
4 96112 C>T 1s728104 TTCATAAGTAYGTCTGGGCTT TAGAGGACCAAGTTTTTCATAAGTA C (Black) & T (Red)
5 109183 G>A CTGAATATTCRACTACAACGG TCCAGAAGTGCTGAATATTC A (Green) & G (Blue)
6 134449 C>G 152279755 GCCCTCCCCCSACCCAACCCA CAGATCTTTGTGGGTTGGGT C (Black) & G (Blue)
7 159219 A>T rs1011835 GCCAGTAAGAWTTTTTTTTAA CTGTACACACTGCCAGTAAGA A (Green) & T (Red)
8 179169 A>G 151106955 GTCATTTGACRATTCTCAGAG AGAGATGTCTTGTCATTTGAC A (Green) & G (Blue)
9 201199 C>G 1s2126744 CATATTTGCTSATGATGACTC ATGGGGAATCTGAGTCATCAT C (Black) & G (Blue)
10 232559 C>A 151676724 CCAGTGTGCGMATGAAGGAAT CTCCCACCTCATTCCTTCAT G (Blue) & T (Red)
11 232794 A>G 151466361 CAATGTATCARTGCAATTCTG AAGATGAGTGCAGAATTGCA C (Black) & T (Red)
12 232959 C>T 151466360 TCTTACACCAYTGGATCTGTG ATCACCATAATCTTACACCA C (Black) & T (Red)
13 259753 A>G rs1278319 ACTAAGGCATRGCATCCTCAG CAGGCCCCTGAGGATGC C (Black) & T (Red)
14 265290 A>G rs1278305 AAATGTTGCARTACAAAATGA ATGGCAGTAACATTTCATTTTGTA C (Black) & T (Red)
15 271466 G>C  rs1278390 GTTTCTAAGASTTTCTATGGC GTGAGCACCTGCCATAGAAA C (Black) & G (Blue)
16 277611 G>T 1s1037804 TGCAGTCTTAKTTTTTTCTTA ACGGAAAGAAACAGAGTTAAGAAAAAA A (Green) & C (Black)
17 287117 T>C 152290845 AAAGGAGTGCYCTCGGCGAAG TGCTTAAAAARABRAAGGAGTGC C (Black) & T (Red)
18 289573 A>G 152290844 GGAATATCCARCAGAATTTTT TTTTATTGCAGGAATATCCA A (Green) & G (Blue)
19 289746 C>T 152290842 CCAAGGGCATYGGGAGCTGGT TCATGGTAAGCCAAGGGCAT C (Black) & T (Red)
20 291831 G>A rs3758419 TCATTGATGCRTGAAAGARATG ACATTCTGTTTATAATCATTGATGC A (Green) & G (Blue)
21 296783 G>A rs3781030 GGCTCAGTCARCCCTCAGTCA GGTGATGGATGACTGAGGG C (Black) & T (Red)
22 306526 A>T rs1278341 CTGCTCAGACWTAGGCTTCGG GAACTCAAGTCCGAAGCCTA A (Green) & T (Red)
23 316406 A>G 152290841 AGATGTGGCCRGTGGGTGCCT CCACAAGAAGGCACCCAC C (Black) & T (Red)

Table 5.4. List of polymorphisms identified in the ADAM 12 gene (either by DHPLC of from dbSNP), including the location of the polymorphism relative to
the coding sequence, flanking sequence of the polymorphism, the extension primer used for SNaPshot and the expected allele peaks in the primer extension

assay.
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SNP No. SNP Name dbSNP SNP Flanking Sequence Extension Primer Expected Allele
Identity (5’3 Peaks
24 321073 A>G rs1278281 TGATGTCCCCRGCCGGCCAGC GACTAGAGTGATGTCCCC A (Green) & G (Blue)
25 323237 C>T 151278279 GCCCAGCCAAYGTGTACCTGC TGCCCATCGTGCAGGTACAC A (Green) & G (Blue)
26 323327 G>A 152279091 AGTGTGTCACRCTCTGGGGAC CGAGCAGCAGTGTGTCAC A (Green) & G (Blue)
27 323354 A>G 1s2279090 CGTGGCCGCCRCAAGCTCRGC GGACCAGGTACGTGGCCGCC A (Green) & G (Blue)
28 323362 G>A CCRCAAGCTCRGCATCAGGAG CAGTGCCTCTCCTGATGC C (Black) & T (Red)
29 323441 C>T 1s1278278 CCACTCCTGGYGGGCGCTGTC TTAGCCCCCACTCCTGG C (Black) & T (Red)
30 327363 G>T 11278273 TGGAGGGGAGKGCGGATGTGA CTGGATCTGGAGGGGAG G (Blue) & T (Red)
31 329734 T>A 151278265 AAATCCAGAGWCATAGAAARG GTCTGCTGGTTTATCTTTTCTATG A (Green) & T (Red)
32 338785 C>T 152292692 CAAACATCCCYCTGCAGCAAG TCCATAGAAACAAACATCCC C (Black) & T (Red)
33 341999 T>C TTGCTGTGTTYTCCTCCTCCT GCAGATCTGTAGGAGGAGGA A (Green) & G (Blue)
34 345179 C>T CAGCTGTCAGYRTGGGTGCAG GTGGGCTCGCCAGCTGTCAG C (Black) & T (Red)
35 345180 A>G AGCTGTCAGYRTGGGTGCAGG GTTGGCTCTACCTGCACCCA C (Black) & T (Red)
36 345518 T>G 181278260 CACCTCTTAGKAAAGGTGACA AAGACACCCACCTCTTAG G (Blue) & T (Red)
37 345987 G>A AGGAGCATGCRTCTACTGCCT GTGGGATCGCAGGAGCATGC A (Green) & G (Blue)
38 346355 C>T 156693 TCACTGAGCCYCCACAGCAGT GTCTGGCCTTTCACTGAGCC C (Black) & T (Red)
39 346571 T>A 154732 CTGAATGGCAWTGAAACAAAC GTCTGGCCTTTCACTGAGCC A (Green) & T (Red)
40 348325 T>C 153781002 GGCAAATCTGYGCTGGGGACT ARATGTTTCCAGTCCCCAGC A (Green) & G (Blue)
41 366613 A>G 15872328 TTGTTCAGGGRCTTTTTCCTA GACACATTGGGCTAGGAAAAAG C (Black) & T (Red)
42 370687 G>A rs3781001 GAGGGGCAGTRGTATCTGACA CCGTTATGAGGGGCAGT A (Green) & G (Blue)
43 371311 C>T CCAAGTAGAAYCTCAGTTGAT TCAAGAGATCCCAAGTAGAA C (Black) & T (Red)
44 371348 G>A CTCAGGCCAGRGCCAAGGGGC GATTCCCCATCTCAGGCCAG A (Green) & G (Blue)
45 371435 G>C CCCAGGGACASCTGGGAGAAA GAAGCCAGATTTCTCCCAG C (Black) & G (Blue)

Table 5.4 continued. List of polymorphisms identified in the ADAM12 gene (either by DHPLC of from dbSNP), including flanking sequence of the
polymorphism, the extension primer used for SNaPshot and the expected allele peaks in the primer extension assay.
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SNP SNP Name RFLP Sense Primer RFLP Antisense Primer Size  Anneal RFLP Restriction
No. (5°>3) (5’3 (bp) Temp Enzyme Fragments (bp)
(&9)
2 57690 C>G TGATGCCAAACTCTTCCTGAC CAACCCTTGAATGAGAGAATACC 243 60 Hpy188 1 C=130, 113 G=243
5 109183 G>A TCATTTGACTACGCCTGTGG GGTGTCTTAACTTTCTCCTATCATGC 209 60 N.QQ I G=112, 97 A=209
13 259753 A>G CACCTGAGCAGCCAACTAAG AAGGTGAGGTGCCAATTCAG 212 60 Xem 1 A=212 G=193, 19
15 271466 G>C CCCTCATACCTGTGGATAGATGTCTG AGGTTGTGAGCACCTGCCATAGAgA* 180 60 BsmA 1 G=160, 20 C=180
17 287117 T>C CACTGAACATTCGGATCGTG AGAAAGGTGGCAGCTCCTG 256 60 BsiHKA 1 T=232 C=209, 23
18 289573 A>G GCGTATTTTATTGCAGGAATATgCA* GCCCTTGGCTTACCATGAC 196 60 Fnud4H 1 A=196 G=172, 24
19 289746 C>T GTCATGGTAAGCCAAGGGCgT* TTACATGCCCACCTTTCCTG 219 60 BsaH 1 C=201, 18 T=219
20 291831 G>A CAAGGAAGCAGAGATCCTCA TTACCATGCTCTGGCACARA 360 60 Nsil G=360 A=245, 115
21 296783 G>A ATGATCCCACATTCCTGTCC TCCATTCTCCCACTCTCTCG 235 60 Hinc 11 G=235 A=125,110
22 306526 A>T GAAGTACAGATAGGCTGCCcCAGA* * CAACCTCATATCGTCCACAGC 240 62 Dde 1 A=240 T=216, 24
23 316406 A>G TGGAACTGAATGTGCCTCAC TGGTCTCCAAGTCCTTCCTG 235 60 gu.u 1 A=235 G=140, 95
24 321073 A>G ATGAGATCCGCCTGGACAC GCCTGTTTCCGTCTGTTAGG 200 60 Ncil A=200 G=137, 63
25 323237 C>T GTCTGCCAGTGCCTCTCC GGGTGCATGTGTCATAAATGG 277 60 HpyCH4 IV C=129, 107, 41
T=236, 41
29 323441 C>T AGGAGAGGCACTGGCAGAC TGCAGCTCCCGTATCTCC 302 60 Cac81 C=227,75T=302
30 327363 G>T TGTGTAGAGCTTGGGCTGTG GATATTGTGAAGGATTCACATCgGC* 208 60 Hae 111 G=184, 24 T=208
31 329734 T>A CTCCCAAGGTCAGCACTCAG AGCAGCCTGGGTAAATGAAC 225 60 Hinf1 T=175, 50 A=225
32 338785 C>T ATCCAGACATCCTGGCAAAG AATCCGGCCTCCTTGCTGCcG* 214 60 Nci 1 C=193, 21 T=214
33 341999 T>C GGAGAAATACTAAGAGATTTGCTGTGCT* CACATGAAAAGGTCAARAGAAATG 287 58 BsiHKA 1 T=287 C=259, 28
36 345518 T>G CTTACTGGAAAGACACCCACCTCCTAG* GCGAGATCACATTAGGCAARATTAC 233 58 MQ I T=182, 51
G=159,51,23
40 348325 T>C TGTCCAGCAAGAAAGCAATTC GTGACAACGGCACAGTGG 215 60 Hha 1 T=215 C=110, 105
41 366613 A>G TCTAAGTCTGTCCCTTGTTCAGG TGAATTTCTCTCACAGTGCCTATC 233 60 BsmF 1 A=197, 36 G=233
42 370687 G>A GTTGACTTGTGGGTGGGAAG GATCTGGGCACTTGGTGTG 221 60 Bts1 G=153, 68 A=221
43 371311 C>T GCAGCTCAAGAGATCCCAAGTAGtLA* CCAGTCTCTATCCTGGTGTGG 245 60 Rsal C=221, 24 T=245
44 371348 G>A CTTGAAATATCCTGCTTGATGG CCTGAAAGCCAAACACAGCC 215 60 BstN 1 G=172,22,21
A=194, 21
45 371435 G>C CTGGATTCCCCATCTCAGG CACCACCTTTCCCAAGCTAA 379 60 Pvu 11 G=268, 111 C=379

Table 5.5. Assay details of ADAM12 RFLP genotyping assays, including RFLP primers, amplimer size, PCR annealing temperature, restriction enzyme and
expected RFLP fragment sizes. A lower case letter in the RFLP primer indicates the ‘mismatched base’ introduced to the RFLP amplimer to generate an

artificial restriction site (see Chapter 2).
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5.3 Results
5.3.1 ADAM12 Expression in Brain
In view of the uncertainty as to whether ADAMI12 is expressed in human brain, an
experiment was performed to address this issue. A pair of exonic PCR primers
specific to each splice variant was designed to amplify across a neighbouring exon
junction. When amplifying from a cDNA template, only exonic sequence is
amplified; when amplifying from a genomic template, intronic sequence is also
amplified, generating a larger product (see Figure 5.2 below). This experiment was

performed using cDNA derived from either human frontal lobe or cerebellum.
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As indicated in Figure 5.3 overleaf, a fragment of appropriate size is generated with
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ire 5.3, Detection of ADAMI2 iranscripts in brain. In lanes 1-3, PCR product generated
primers specific for the ADAM2-L variant are electrophoresed; in lanes 4-6, PCR
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Expected sizes of each PCR product are: 1=1135bp; 2=191bp; 4=985bp and 5=181bp.

A total of twenty SNPs in the ADAM 2 gene were identified by DHPLC (see Figure
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polymorphism in exon 2 (SNP2, 57690 C>G) and a R71Q polymorphism in exon 3
(SNPS5, 109183 G>A). A further nine exonic SNPs were identified: four
synonymous coding SNPs called N505N, T535T, P606P and A730A (SNPs 25, 26,
32 and 37 respectively) and five SNPs in 3’ untranslated regions (SNPs 38, 39, 43,

44 and 45). The remaining nine SNPs were intronic.

It became apparent early in the course of this study that a number of the ADAM ]2
SNPs genotyped in the MRC pools were exhibiting a significant difference in allele
frequencies between cases and controls. Therefore an additional 25 validated SNPs
were chosen from dbSNP in an attempt to attain a more even coverage of the gene.
All of the database SNPs were intronic. Results for the total 45 SNPs will be
presented together and details of each polymorphism can be found in Figure 5.4

(p.206) and Table 5.6 (p.207).
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No. SNP Name Source dbSNP Location Distance

Identity from
ATG
(kb)
1 17864 A>G dbSNP 152366705 17776 bp downstream exon 1 18
2 57690 C>G DHPLC 153740199 Exon 2 Arg—Gly 58
3 73566 C>T dbSNP 15873957 15832 bp downstream exon 2 74
4 96112 C>T dbSNP 15728104 13046 bp upstream exon 3 96
5 109183 G>A  DHPLC Exon 3 Arg—>Gln 109
6 134449 C>G dbSNP 152279755 25218 bp downstream exon 3 134
7 159219 A>T dbSNP rs1011835 49989 bp downstream exon 3 159
8 179169 A>G dbSNP rs1106955 53673 bp upstream exon 4 179
9 201199 C>G dbSNP 152126744 31642 bp upstream exon 4 201
10 232559 C>A dbSNP 151676724 282 bp upstream exon 4 233
11 232794 A>G  DHPLC 151466361 47 bp upstream exon 4 233
12 232959 C>T DHPLC 151466360 31 bp downstream exon 4 233
13 259753 A>G dbSNP 151278319 7191bp downstream exon 5 260
14 265290 A>G dbSNP 151278305 4632 bp upstream exon 6 265
15 271466 G>C dbSNP 151278390 1358 bp downstream exon 6 271
16 277611 G>T dbSNP 151037804 695 bp upstream exon 7 278
17 287117 T>C dbSNP 152290845 43 bp downstream exon 9 287
18 289573 A>G  DHPLC 152290844 73 bp upstream exon 10 290
19 289746 C>T DHPLC 152290842 16bp downstream exon 10 290
20 291831 G>A dbSNP 153758419 2101 bp downstream exon 10 292
21 296783 G>A dbSNP 1s3781030 2622 bp downstream exon 11 297
22 306526 A>T dbSNP 151278341 9966 bp upstream exon 12 307
23 316406 A>G dbSNP 152290841 86 bp upstream exon 12 316
24 321073 A>G dbSNP 151278281 267 bp upstream exon 13 321
25 323237C>T  DHPLC 151278279 Exon 14 Asn—>Asn 323
26 323327G>A  DHPLC 152279091 Exon 14 Thr—Thr 323
27 323354 A>G  DHPLC rs2279090 14 bp downstream exon 14 323
28 323362G>A  DHPLC 22 bp downstream exon 14 323
29 323441 C>T dbSNP rs1278278 101 bp downstream exon 14 323
30 327363 G>T dbSNP 151278273 4023 bp downstream exon 14 327
31 329734 T>A dbSNP rs1278265 6394 bp downstream exon 14 330
32 338785C>T DHPLC  rs2292692 Exon 16 Pro—Pro 339
33 341999 T>C  DHPLC 15 bp upstream exon 17 342
34 345179 C>T DHPLC 73 bp downstream exon 18 345
35 345180 A>G  DHPLC 74 bp downstream exon 18 345
36 345518 T>G dbSNP 1s1278260 393 bp upstream exon 19 S 346
37 345987 G>A  DHPLC Exon 19 S Ala—Ala 346
38 346355C>T  DHPLC rs6693 3'UTR S 346
39 346571 T>A  DHPLC rs4732 3'UTR S 347
40 348325 T>C dbSNP 1s3781002 392 bp upstream exon 19 L 348
41 366613 A>G dbSNP rs872328 1708 bp upstream exon 22 L 367
42 370687 G>A dbSNP rs3781001 120 bp upstream exon 23 L 371
43 371311 C>T  DHPLC 3UTRL 371
44 371348 G>A  DHPLC 3UTRL 371
45 371435G>C  DHPLC 3UTRL 371

Table 5.6. List of SNPs identified in the ADAM12 gene, including the location of the
polymorphism relative to the coding sequence, the provenance of the SNP and the distance
of the SNP from the translation start codon in kilobases (kb).
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5.3.3 Association Analysis
Of 45 SNPs examined, a total of 41 were successfully genotyped in the MRC pools
comprised of 186 cases and 186 age- and sex-matched controls. Of the four that
failed, two had successfully designed assays but the minor allele frequencies were
too low to be reliably estimated from pools. The estimated allele frequencies and

counts calculated for each successfully typed SNP are shown below in Table 5.7.

SNP Allele P
1) 17864 A>G* A G
Patients 275 (0.74) 97 (0.26)
Controls 258 (0.69) 114 (0.31) 0.1667
2) 57690 C>G C G
Patients 199 (0.54) 173 (0.46)
Controls 210 (0.56) 162 (0.44) 0.4176
3) 73566 C>T* C T
Patients 192 (0.52) 180 (0.48)
Controls 196 (0.53) 176 (0.47) 0.7690
4) 96112 C>T* C T
Patients 327 (0.88) 45(0.12)
Controls 335 (0.90) 37(0.10) 0.3489
5) 109183 G>A
Patients The A allele was too rare to be detected in pools.
Controls
6) 134449 C>G* C G
Patients 281 (0.76) 91 (0.24)
Controls 276 (0.74) 96 (0.26) 0.6726
7) 159219 A>T* A T
Patients 353 (0.95) 19 (0.05)
Controls 356 (0.96) 16 (0.04) 0.6034
8) 179169 A>G* A G
Patients 301 (0.81) 71 (0.19)
Controls 287 (0.77) 85 (0.23) 0.2073
9) 201199 C>G* C G
Patients 349 (0.94) 23 (0.06)
Controls 357 (0.96) 15 (0.04) 0.1827
10) 232559 C>A* C A
Patients 271 (0.73) 101 (0.27)
Controls 272 (0.73) 100 (0.27) 0.9341
11) 232794 A>G
Patients The primer extension reaction could not be
Controls optimised.

Table 5.7. Estimates of allele frequencies and counts of ADAM12 SNPs in the MRC pools
comparing 186 LOAD cases with 186 age- and sex-matched controls. P values<0.1 are
indicated in bold. *The peaks generated by primer extension for these SNPs were not
corrected for unequal allelic detection as no heterozygote was available and therefore these
allele frequencies are unlikely to be correct unless the true heterozygote ratio is 1:1 (see
Chapter 2). However, a difference in allele frequencies between cases and controls should
still be detected.
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SNP Allele P

12) 232959 C>T C T

Patients 227 (0.61) 145 (0.39)

Controls 233 (0.63) 139 (0.37) 0.6506
13) 259753 A>G* A G

Patients 198 (0.53) 174 (0.47)

Controls 175 (0.47) 197 (0.53) 0.0917
14) 265290 A>G* A G

Patients 173 (0.47) 199 (0.53)

Controls 194 (0.52) 178 (0.48) 0.1235
15) 271466 G>C* G C

Patients 117 (0.31) 255 (0.69)

Controls 93 (0.25) 279 (0.75) 0.0505
16) 277611 G>T* G T

Patients 330(0.89) 42 (0.11)

Controls 330(0.89) 42 (0.11) 1.000
17) 277611 T>C* T C

Patients 346 (0.93) 26 (0.07)

Controls 318 (0.85) 54 (0.15) 0.0009
18) 289573 A>G A G

Patients 346 (0.93) 26 (0.07)

Controls 320 (0.86) 52 (0.14) 0.0018
19) 289746 C>T C T

Patients 270 (0.73) 102 (0.27)

Controls 285 (0.77) 87(0.23) 0.2064
20) 291831 G>A* G A

Patients 262 (0.70) 110 (0.30)

Controls 276 (0.74) 96 (0.26) 0.2513
21) 296783 G>A* G A

Patients 289 (0.78) 83 (0.22)

Controls 300 (0.81) 72 (0.19) 0.3207
22) 306526 A>T* A T

Patients 241 (0.65) 131 (0.35)

Controls 252 (0.68) 120 (0.32) 0.3936
23) 316406 A>G* A G

Patients 279 (0.75) 93 (0.25)

Controls 310 (0.83) 62 (0.17) 0.0051
24) 321073 A>G* A G

Patients 300 (0.81) 72 (0.19)

Controls 297 (0.80) 75 (0.20) 0.7823
25) 323237 C>T C T

Patients 307 (0.82) 65 (0.18)

Controls 284 (0.76) 88 (0.24) 0.0369
26) 323327 G>A G A

Patients 327 (0.88) 45(0.12)

Controls 317 (0.85) 55(0.15) 0.2824
27) 323354 A>G A G

Patients 330 (0.89) 42 (0.11)

Controls 331 (0.89) 41(0.11) 0.9072

Table 5.7 continued. Estimates of allele frequencies and counts of ADAM12 SNPs in the
MRC pools comparing 186 LOAD cases with 186 age- and sex-matched controls. P
values<0.1 are indicated in bold. *The peaks generated by primer extension for these SNPs
were not corrected for unequal allelic detection as no heterozygote was available and
therefore these allele frequencies are unlikely to be correct unless the true heterozygote ratio
is 1:1 (see Chapter 2). However, a difference in allele frequencies between cases and controls
should still be detected.
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SNP Allele P

28) 323362 G>A

Patients The A allele was too rare to be detected in pools.

Controls

29) 323441 C>T* C T

Patients 307 (0.83) 65 (0.17)

Controls 288 (0.77) 84 (0.23) 0.0817
30) 327363 G>T* G T

Patients 227 (0.61) 145 (0.39)

Controls 224 (0.60) 148 (0.40) 0.8218
31) 329734 T>A* T A

Patients 219 (0.59) 153 (0.41)

Controls 204 (0.55) 168 (0.45) 0.2668
32) 338785 C>T C T

Patients 331(0.89) 41 (0.11)

Controls 309 (0.83) 63 (0.17) 0.0200
33) 341999 T>C T C

Patients 325(0.87) 47 (0.13)

Controls 304 (0.82) 68 (0.18) 0.0331
34) 345179 C>T C T

Patients 284 (0.76) 88 (0.24)

Controls 267 (0.72) 105 (0.28) 0.1550
35) 345180 A>G A G

Patients 285(0.77) 87 (0.23)

Controls 270 (0.73) 102 (0.27) 0.2064
36) 345518 T>G* T G

Patients 175 (0.47) 197 (0.53)

Controls 204 (0.55) 168 (0.45) 0.0334
37) 345987 G>A G A

Patients 353 (0.95) 19 (0.05)

Controls 359 (0.96) 13 (0.04) 0.2782
38) 346355 C>T

Patients The primer extension reaction could not be

Controls optimised.

39) 346571 T>A* T A

Patients 348 (0.94) 24 (0.06)

Controls 346 (0.93) 26 (0.07) 0.7696
40) 348325 T>C* T C

Patients 275 (0.74) 97 (0.26)

Controls 290 (0.78) 82 (0.22) 0.1982
41) 366613 A>G* A G

Patients 205 (0.55) 167 (0.45)

Controls 169 (0.45) 203 (0.55) 0.0082
42) 370687 G>A* G A

Patients 276 (0.74) 96 (0.26)

Controls 288 (0.78) 84 (0.66) 0.3042
43) 371311 C>T C T

Patients 274 (0.74) 98 (0.26)

Controls 240 (0.64) 132 (0.36) 0.0069

Table 5.7 continued. Estimates of allele frequencies and counts of ADAM12 SNPs in the
MRC pools comparing 186 LOAD cases with 186 age- and sex-matched controls. P
values<0.1 are indicated in bold. *The peaks generated by primer extension for these SNPs
were not corrected for unequal allelic detection as no heterozygote was available and
therefore these allele frequencies are unlikely to be correct unless the true heterozygote ratio
is 1:1 (see Chapter 2). However, a difference in allele frequencies between cases and controls
should still be detected.
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SNP Allele P

44) 371348 G>A G A
Patients 270 (0.73) 102 (0.27)

Controls 244 (0.65) 128 (0.35) 0.0391
45) 371435 G>C G C

Patients 279 (0.75) 93 (0.25)

Controls 256 (0.69) 116 (0.31) 0.0606

7

Table 5.7 continued. Estimates of allele frequencies and counts of ADAM12 SNPs in the
MRC pools comparing 186 LOAD cases with 186 age- and sex-matched controls. P
values<0.1 are indicated in bold.

Fourteen SNPs were found to exhibit a difference in allele frequencies between cases
and controls at the P<0.1 significance level (SNPs 13, 15, 17, 18, 23, 25, 29, 32, 33,
36, 41, 43, 44 and 45). Rather than follow up all fourteen SNPs by individually
genotyping the entire MRC sample, a subset of 90 individuals was typed for each of
the significant SNPs to assess the degree of linkage disequilibrium between them. An
additional nine polymorphisms in the vicinity of significant SNPs plus the two non-
synonymous coding SNPs were also typed in this subset. Inter-marker r* values are
shown overleaf in Table 5.8. Levels of linkage disequilibrium across the ADAM12
gene are generally low but some SNPs are in high or complete LD with each other.
Two of the significant SNPs, SNPs 13 and 15, are in high LD (r*=0.889) and
therefore only SNP15 was individually genotyped in the entire MRC sample.
Similarly, SNPs 17 and 18 are in high LD (12=0.928), so only SNP18 was
individually genotyped; SNPs 25 and 29 are in high LD (r*=0.930), so only SNP25
was individually genotyped; SNPs 32 and 33 are in complete LD (r*=1.000), so only
SNP33 was individually genotyped; LD between SNPs 41, 43, 44 and 45 is high
(r2>0.948), so only SNP44 was individually genotyped. SNPs 23 and 36 are in
moderate LD (r*=0.404) and although not ideal, only SNP23 was individually

genotyped due to time constraints. Therefore the number of SNPs requiring
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individual genotyping in the full MRC sample was reduced from fourteen to six:

SNPs 15, 18, 23, 25, 33 and 44.
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SNP| 5§ 13 15 17 18 19 | 20 21 22 23 24 | 25 29 30 31 32 33 36 | 40 | 41 | 427 43 44 45

2 0.002{0.009( 0.001 {0.028( 0.032 [0.007| 0.007 | 0.006 | 0.017 {0.036] 0.012 {0.002| 0.000 (0.008| 0.004 | 0.001 | 0.001 | 0.000 |0.000(0.039(0.005( 0.039 | 0.039 | 0.040
5 0.017(0.011 ]0.004] 0.004 {0.027] 0.024 | 0.024 1 0.026 {0.010{ 0.006 |0.003] 0.002 |0.002| 0.005 | 0.019 | 0.020 | 0.001 ]0.002{0.010{0.003| 0.010 ] 0.010 0.007
13 0.889(0.118]0.127 {0.014] 0.017 | 0.014 | 0.008 {0.002| 0.028 |0.029{ 0.018 ;0.052| 0.077 | 0.000 | 0.000 | 0.002 {0.015{0.003|0.014} 0.003 | 0.003 | 0.009
15 0.109{0.118 {0.019{0.023 ] 0.018 | 0.009 {0.001{ 0.033 {0.026] 0.015 [0.062( 0.094 | 0.000 | 0.000 | 0.004 |0.016{0.015{0.004| 0.015 ] 0.015 | 0.024
17 0.928 10.032) 0.033 ] 0.033 ] 0.042 |0.002| 0.016 ]0.184) 0.169 }0.016] 0.026 | 0.003 | 0.004 } 0.007 |0.049|0.065]0.000| 0.065 | 0.065 | 0.044
18 0.035/0.036 | 0.036 | 0.045 10.001{0.019{0.210{ 0.194 {0.021]| 0.031 { 0.014 | 0.014 | 0.001 {0.053{0.048{0.000{ 0.048 | 0.048 | 0.031
19 0.97210.97210.591 |0.086{ 0.312 [0.010] 0.010 |0.036] 0.001 | 0.052 | 0.044 | 0.020 [0.032/0.014]/0.007{ 0.014 | 0.014 | 0.017
20 0.946 | 0.555 {0.089] 0.289 |0.022] 0.027 |0.045{ 0.003 | 0.073 | 0.063 | 0.012 |0.040|0.020{0.008{ 0.020 | 0.020 | 0.015
21 0.601 |0.089] 0.330]0.015| 0.015 10.045{ 0.002 | 0.051 { 0.043 | 0.023 }0.023{0.016{0.002]| 0.016 | 0.016 | 0.019
22 0.112| 0.685[0.045}0.043 [0.110] 0.000 [ 0.111 | 0.103 | 0.039 {0.0060.05710.054| 0.057 [ 0.057 | 0.052
23 0.09310.031]0.024 10.109( 0.249 | 0.030 | 0.029 | 0.404 ]0.102]0.029{0.022] 0.029 | 0.029 | 0.023
24 0.063{0.046 {0.089| 0.036 { 0.183 [ 0.184 | 0.080 [0.004{0.030]/0.021] 0.030{ 0.030 | 0.025
25 0.9300.184]| 0.007 | 0.588 1 0.588 | 0.001 {0.056]0.16810.057| 0.168 { 0.168 |{ 0.120
29 0.197{0.008 | 0.546 | 0.547 | 0.000 {0.064|0.168]0.039/0.168 | 0.168 ] 0.118
30 0.54510.1120.108 | 0.213 ]0.050/0.067]0.156] 0.067 | 0.067 | 0.050
31 0.087]0.088 | 0.263 |0.161]0.000{0.187( 0.000 | 0.000 | 0.000
32 1.000 | 0.000 {0.020{0.042]0.000 0.042 | 0.042 | 0.012
33 0.00010.020{0.040]0.000| 0.040 | 0.040 | 0.011
36 0.186(0.02810.056( 0.028 | 0.028 | 0.040
20 0.255]0.254| 0.25510.255]0.242
e, 0.182]1.000 | 1.000 | 0.948
42 0.18210.182(0.171
43 1.000 | 0.948
44 0.948

Table 5.8. Intermarker LD values as measured by r’.
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Prior to individual genotyping, these six SNPs (SNPs 15, 18, 23, 25, 33 and 44)
were typed in the WashU pools, comprised of 270 Caucasian LOAD cases and 270
Caucasian age- and sex-matched controls recruited from the USA. The estimated

allele frequencies and counts calculated for each SNP are shown below in Table 5.9.

SNP Allele P
15) 271466 G>C G C
Patients 292 (0.54) 248 (0.46)
Controls 311 (0.58) 229 (0.42) 0.2443
18) 289573 A>G A G
Patients 466 (0.86) 74 (0.14)
Controls 482 (0.89) 58 (0.11) 0.1371
23) 316406 A>G A G
Patients 442 (0.82) 98 (0.18)
Controls 429 (0.79) 111 (0.21) 0.3166
25) 323237 C>T C T
Patients 406 (0.75) 134 (0.25)
Controls 407 (0.75) 133 (0.25) 0.9437
33) 341999 T>C T C
Patients 455 (0.84) 85 (0.16)
Controls 463 (0.86) 77 (0.14) 0.4953
44) 371348 G>A G A
Patients 364 (0.67) 176 (0.33)
Controls 370 (0.68) 170 (0.32) 0.6955

Table 5.9. Estimates of allele frequencies and counts of ADAM12 SNPs in the WashU pools
comparing 270 LOAD cases with 270 age- and sex-matched controls.

No significant difference was observed in allele frequencies between cases and
controls. However as the WashU sample was derived from a different (and likely
more heterogeneous) population to the one in which association was originally
observed (i.e. UK), individual genotyping of the MRC sample was still performed.
Genotype and allele counts in this sample of 546 cases and 546 controls are shown

overleaf in Table 5.10.
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SNP Genotype P Allele Odds Ratio P
(95% C.L.)

15) 271466 G>C G/G G/IC C/C G C

Patients 193 268 78 654 (0.61) 424 (0.39) 0.8583

Controls 165 275 91 0.1998 605 (0.57) 457(0.43) (0.7224-1.0197)  0.0820
18) 289573 A>G A/A  AIG G/G A G

Patients 468 65 5 1001 (0.93)  75(0.07) 0.7900

Controls 442 86 3 0.1275 970 (0.91) 92 (0.09)  (0.5751-1.0851)  0.1447
23) 316406 A>G AIA  AIG G/G A G

Patients 313 198 27 824 (0.77)  252(0.23) 1.3314

Controls 347 168 15 0.0226 862 (0.81) 198 (0.19)  (1.0801-1.6412)  0.0072
25) 323237 C>T C/C C/T TIT C T

Patients 371 155 14 897 (0.83) 183 (0.17) 0.7982

Controls 341 167 25 0.0921  849(0.80) 217(0.20) (0.6419-0.9926) 0.0424
33) 341999 T>C T/T T/C C/C T C

Patients 429 105 5 963 (0.89) 115 (0.11) 0.7817

Controls 404 115 13 0.0946 923 (0.87) 141 (0.13) (0.6014-1.0162)  0.0652
44) 371348 G>A G/IG G/A A/A G A

Patients* 260 243 36 763 (0.71)  315(0.29) 0.9009

Controls 247 237 49 0.3068  731(0.69)  335(0.31) (0.7493-1.0831) 0.2666

Table 5.10. Genotypes and allele counts for ADAM12 SNPs 15,18,23,25,33 and 44 in the
MRC sample consisting of 546 LOAD cases and 546 age- and sex-matched controls.
Genotypic and allelic P values are given, as well as odds ratios and 95% confidence intervals
(C.L.). P values<0.05 are indicated in bold. *Genotypes deviate from Hardy-Weinberg

equilibrium.

The original association of SNPs 15, 18, 33 and 44 with LOAD was again observed

in the samples that made up the MRC pools (see Appendix A), but was not

maintained in the larger sample (Table 5.10 above). SNPs 23 and 25 however were

both significant at the P<0.05 level. To determine whether variation at the ADAM]2

locus might interact with variation at the APOE locus to influence susceptibility to

LOAD, the MRC sample data was reanalysed, comparing i) cases with at least one

APOE €4 allele (e4-positive cases) against all controls and ii) cases with no APOE €4

allele (e4-negative cases) against all controls. There were 341 e4-positive cases and

202 e4-negative cases (APOE genotype data was unavailable for three cases). The

stratified data are presented in Tables 5.11 and 5.12 (p.217).

216



SNP Genotype P Allele Odds Ratio P
(95% C.1.)
15) 271466 G>C G/G G/C C/IC G C
Patients 120 170 47 410 (0.61) 264 (0.39) 0.8524
Controls 165 275 91 0.2613 605 (0.57)  457(0.43) (0.7002-1.0377) 0.1114
18) 289573 A>G A/A AIG G/G A G
Patients* 294 38 4 626 (0.93) 46 (0.07) 0.7748
Controls 442 86 3 0.0874 970 (0.91) 92 (0.09)  (0.5363-1.1193) 0.1730
23) 316406 A>G A/A AIG G/G A G
Patients 195 119 22 509 (0.76) 163 (0.24) 1.3942
Controls 347 168 15 0.0094 862 (0.81) 198 (0.19)  (1.1028-1.7625)  0.0053
25) 323237 C>T C/C C/T T/T C T
Patients 230 98 9 558 (0.83) 116 (0.17) 0.8133
Controls 341 167 25 0.2151 849 (0.80) 217(0.20) (0.6338-1.0438) 0.1041
33) 341999 T>C T/T T/C C/C T C
Patients 262 71 3 595 (0.89) 77 (0.11) 0.8471
Controls 404 115 13 0.2440 923 (0.87) 141 (0.13)  (0.6299-1.1392)  0.2720
44) 371348 G>A G/IG G/A A/A G A
Patients 173 138 25 484 (0.72) 188 (0.28) 0.8476
Controls 247 237 49 0.2977  731(0.69)  335(0.31) (0.6854-1.0481) 0.1267
Table 5.11. Genotypes and allele counts for ADAM12 SNPs 15,18,23,25,33 and 44 in the
stratified MRC sample consisting of 341 €4-positive LOAD cases and 546 controls.
Genotypic and allelic P values are given, as well as odds ratios and 95% confidence
intervals (C.I.). P values<0.05 are indicated in bold. *Genotypes deviate from Hardy-
Weinberg equilibrium.
SNP Genotype pP Allele Odds Ratio P
- (95% C.L.)
15) 271466 G>C G/G G/IC C/C G C
Patients 73 97 31 243 (0.60) 159 (0.40) 0.8662
Controls 165 275 91 03968 605(0.57) 457(0.43) (0.6855-1.0945)  0.2287
18) 289573 A>G A/A A/G G/G A G
Patients 173 27 1 373 (0.93) 29 (0.07) 0.8197
Controls 442 86 3 0.6465 970(0.91) 92 (0.09)  (0.5310-1.2654)  0.3688
23) 316406 A>G A/JA AIG G/IG A G
Patients 118 78 5 314 (0.78) 88 (0.22) 1.2201
Controls 347 168 15 0.1921 862 (0.81) 198 (0.19) (0.9199-1.6182)  0.1669
25) 323237 C>T C/C CIT T/T C T
Patients 140 57 5 337(0.83)  67(0.17) 0.7778
Controls 341 167 25 02389 849(0.80) 217(0.20) (0.5753-1.0517)  0.1019
33) 341999 T>C T/T TIC C/IC T C
Patients 166 34 2 366 (0.91) 38 (0.09) 0.6796
Controls 404 115 13 0.1423 923 (0.87) 141 (0.13)  (0.4656-0.992) 0.0442
44) 371348 G>A G/IG G/A AA G A
Patients* 87 104 11 278 (0.69) 126 (0.31) 0.9009
Controls 247 237 49 0.1096 731 (0.69) 335(0.31) (0.7725-1.2662)  0.9301

Table 5.12. Genotypes and allele counts for ADAM12 SNPs 15,18,23,25,33 and 44 in the
stratified MRC sample consisting of 202 g4-negative LOAD cases and 546 controls.
Genotypic and allelic P values are given, as well as odds ratios and 95% confidence
intervals (C.L.). P values<0.05 are indicated in bold. *Genotypes deviate from Hardy-
Weinberg equilibrium.
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SNP44 genotypes deviated from Hardy-Weinberg equilibrium in the entire MRC
case population (more heterozygotes than expected, P=0.0369) and in the €4-
negative case population (again more heterozygotes than expected, P=0.0046). A
random selection of samples (n=95) was genotyped again with exactly the same
results, implying this is not due to genotyping error. Similarly, SNP18 genotypes
deviated from Hardy-Weinberg equilibrium in the €4-positive case population
(more G/G homozygotes than expected, P=0.0380). Again, repeat genotyping
results implied that this is not due to lab error. These findings may be a result of

selection or may be just chance effects.

While SNP23 is slightly more significant when comparing €4-positive cases
against controls and SNP33 crosses the significance threshold when comparing €4-
negative cases with controls, the allele frequencies in each stratum vary only
slightly. Therefore the slightly increased significance in these SNPs may not truly
indicate an interaction with APOE. As such, haplotype analysis was restricted to
the MRC sample as a whole in order to minimise the number of statistical tests
performed. Haplotypes consisting of 2 to 6 markers were examined and the results
are shown in Tables 5.13-5.17 (p.219-220). The most significant haplotype
contains the two markers that give significant results when examined individually
i.e. SNPs 23 and 35 (P=0.0051, Table 5.13, p.219). In fact all significant

haplotypes involve SNP23.
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Marker 1 Marker 2 P

SNP15 SNP18 0.3373
SNP15 SNP23 0.0624
SNP15 SNP25 0.0960
SNP15 SNP33 0.0976
SNP15 SNP44 0.0994
SNP18 SNP23 0.0067
SNP18 SNP25 0.1507
SNP18 SNP33 0.1517
SNP18 SNP44 0.2806
SNP23 SNP25 0.0051
SNP23 SNP33 0.0289
SNP23 SNP44 0.0579
SNP25 SNP33 0.1813
SNP25 SNP44 0.1057
SNP33 SNP44 0.1308

Table 5.13. ADAM12 2-marker haplotype association with LOAD in 546 cases and 546
age- and sex-matched controls. P values<0.05 are indicated in bold.

Marker 1 Marker 2 Marker 3 P
SNP15 SNP18 SNP23 0.0323
SNP15 SNP18 SNP25 0.2936
SNP15 SNP18 SNP33 0.0783
SNP15 SNP18 SNP44 0.1092
SNP15 SNP23 SNP25 0.0149
SNP15 SNP23 SNP33 0.0398
SNP15 SNP23 SNP44 0.0577
SNP15s SNP25 SNP33 0.3038
SNP15 SNP25 SNP44 0.0763
SNP15 SNP33 SNP44 0.1251
SNP18 SNP23 SNP25 0.0265
SNP18 SNP23 SNP33 0.0287
SNP18 SNP23 SNP44 0.0807
SNP18 SNP25 SNP33 0.3601
SNP18 SNP25 SNP44 0.3305
SNP18 SNP33 SNP44 0.3659
SNP23 SNP25 SNP33 0.0387
SNP23 SNP25 SNP44 0.0403
SNP23 SNP33 SNP44 0.0999
SNP25 SNP33 SNP44 0.3465

Table 5.14. ADAM12 3-marker haplotype association with LOAD in 546 cases and 546
age- and sex-matched controls. P values<0.05 are indicated in bold.
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Marker 1 Marker 2 Marker 3 Marker 4 P

SNP15 SNP18 SNP23 SNP25 0.0972
SNP15 SNP18 SNP23 SNP33 0.0290
SNP15 SNP18 SNP23 SNP44 0.1006
SNP15 SNP18 SNP25 SNP33 0.3841
SNP15 SNP18 SNP25 SNP44 0.2748
SNP15 ' SNP18 SNP33 SNP44 0.2642
SNP15 SNP23 SNP25 SNP33 0.1087
SNP15 SNP23 SNP25 SNP44 0.0353
SNP15 SNP23 SNP33 SNP44 0.0859
SNP15 SNP25 SNP33 SNP44 0.3351
SNP18 SNP23 SNP25 SNP33 0.1137
SNP18 SNP23 SNP25 SNP44 0.1666
SNP18 SNP23 SNP33 SNP44 0.1397
SNP18 SNP25 SNP33 SNP44 0.4363
SNP23 SNP25 SNP33 SNP44 0.0927

Table 5.15. ADAM12 4-marker haplotype association with LOAD in 546 cases and 546
age- and sex-matched controls. P values<0.05 are indicated in bold.

Marker 1 Marker 2 Marker 3 Marker 4 Marker 5 P
SNP15 SNP18 SNP23 SNP25 SNP33 0.2375
SNP15 SNP18 SNP23 SNP25 SNP44 0.2280
SNP15 SNP18 SNP23 SNP33 SNP44 0.2289
SNP15 SNP18 SNP25 SNP33 SNP44 0.4897
SNP15 SNP23 SNP25 SNP33 SNP44 0.1262
SNP18 SNP23 SNP25 SNP33 SNP44 0.5543

Table 5.16. ADAM 2 5-marker haplotype association with LOAD in 546 cases and 546
age- and sex-matched controls.

Marker 1 Marker 2 Marker 3 Marker 4 Marker 5 Marker 6 P

SNP15 SNP18 SNP23 SNP25 SNP33 SNP44 0.5106

Table 5.17. ADAM12 6-marker haplotype association with LOAD in 546 cases and 546
age- and sex-matched controls.
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5.3.4 Allele Specific Expression
To investigate potential cis-acting influences on ADAM12 gene expression,
differential allelic expression was assessed using the synonymous coding SNP25 as
a marker polymorphism. Of 60 individuals testgd, nineteen were heterozygous for
SNP25. Primer extension was performed on brain derived cDNA and genomic
DNA from these individuals. The ratio of cDNA peak heights, corrected by use of
the average genomic ratio from all heterozygous samples, was used to calculate
relative expression of the two alleles in each individual sample. Six samples
displayed a difference in the level of expression of the two alleles (see Table 5.18,
p-222 and Figure 5.5, p.223). When the experiment was repeated with these
samples, only four displayed a difference in allelic expression. In the case of the
other two, both alleles appeared to be similarly expressed. The reason for the
occurrence of these false positives in the original experiment is unclear, but as
measurement error of the primer extension method has been estimated at

192 this is unlikely to be the cause. Neither is it due to the

approximately 1%
existence of polymorphisms at primer-annealing sites as the relative allelic
representation in all genomic samples was equivalent. Possibly some variability
was introduced at the PCR stage. Whatever the cause, such an occurrence
highlights the need for repeat experiments. For the other four samples, the
difference in allelic expression was similar in both experiments (see Table 5.18,
p-222). Three samples displayed an increase in expression of the C allele relative to
the T allele, whereas one sample displayed lower expression of the C allele relative
to the T allele. Therefore there does appear to be evidence for polymorphic cis-

acting effects on the ADAMI2 gene as indicated by the difference in the expression

of chromosome specific transcripts in some individuals. These results however do
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not imply a causative role for SNP25 in this differential expression, or even that
the SNP is in LD with a causative variant. The different alleles of individuals

heterozygous for this SNP were merely employed as copy-specific tags for each

transcript. '
Sample Corrected Ratio of C:T Allele in Corrected Ratio of C:T Allele in
Genomic Sample cDNA Sample
Experiment 1 Experiment 2 Experiment 1 Experiment 2
1 1.06 0.99 0.79 1.03
2 0.93 0.96 1.28 1.21
3 0.99 1.00 1.38 1.35
4 1.02 1.04 0.78 0.78
5 0.97 1.00 1.61 1.57
6 1.07 1.01 1.91 1.08

Table 5.18. Comparison of corrected genomic ratios for the six samples assayed in both
experiment 1 and experiment 2. Note that with the exception of the genomic data from
experiment 1, all values are the average of two measurements for each individual sample.
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Allelic ratio (corrected)

Figure 5.5. Comparison between genomic ratios and cDNA ratios assayed at SNP25,
corrected with the average observed genomic ratio. Data are expressed as a ratio of C:T
alleles. G indicates data for genomic DNA and C indicates data for cDNA; 1 indicates the
initial experiment (19 samples) and 2 indicates the repeat experiment (6 samples).
Coloured arrows indicate samples showing differential allelic expression in both
experiments. White curved arrows indicate false positives.
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5.4 Discussion
The ADAM]12 gene has been examined as a functional candidate for involvement in
LOAD susceptibility. This gene encodes two splice variants and spans just over
373kb. The 45 polymorphic markers err;ployed in this study were identified both
experimentally by DHPLC, and from dbSNP. The average intermarker distance
was approximately 8kb, with a range from 1bp to 40kb. As in the positional
candidate study, all SNPs were genotyped in DNA pools of 186 LOAD cases and
186 age- and sex-matched controls using a relaxed significance threshold of 0.1.
The minor alleles of two SNPs were too rare to be reliably estimated in pools and
assays could not be optimised for another two SNPs. Of the other forty-one SNPs,
fourteen displayed a significant difference in allele frequencies between cases and
controls at the P<0.1 level. Rather than genotype all fourteen SNPs in the available
sample of 546 LOAD cases and 546 controls, they were typed in a smaller sample
of 90 individuals in order to assess the level of linkage disequilibrium between
SNPs. This effort was well rewarded as the high LD between some SNPs reduced
the number requiring genotyping in the entire sample from fourteen to six. This
translates into genotyping 7,272 individual samples as opposed to 15,288 samples

(and therefore 50% of the labour and cost).

The LD analysis revealed that the general levels of linkage disequilibrium across
the ADAMI2 gene are quite low. Of the 300 possible intermarker r* values
calculated, 230 had values less than 0.1. The longest stretch of sequence over
which a moderate to high level of LD was maintained (*>0.5) was the 16,780bp

between SNPs 19 and 22.
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When the six selected SNPs were typed in the larger sample of 546 LOAD cases
and 546 controls, a significant association with LOAD was detected with two
SNPs: the intronic SNP23 and the synonymous coding SNP25. There was
practically no LD between these SNPs (r*=0.031), implying that these two signals
are independent. Stratifying the cases based on the presence or absence of an
APOE €4 allele had no very striking effect on the data. Similarly, haplotype
analysis did not provide much new information as all significant haplotypes
involved SNP23 and the most significant haplotype was comprised of SNPs 23 and
25. In addition, the P values were not markedly lower than those obtained in single

marker analysis.

A large number of statistical tests were performed in this study. Excluding the
pooling analyses on the basis that they were an exploratory measure, eighteen
independent tests were performed on the single marker association tests (on the
assumption that tests for genotypic/allelic association are not independent).
Applying the Bonferroni correction, a P value of less than 0.002778 (0.05/18) is
required just to be significant at the 0.05 level (and this doesn’t even account for all
the haplotype association tests performed). According to these criteria, no
significant association with LOAD is observed. The results of the WashU pooling
analysis may seem to confirm this, as no association was observed in this sample at
all. However, as described in Chapter 1, there are a number of reasons why a
replication study may not detect a true association. In this case, the WashU sample
is derived from a different, more heterogeneous population (US) than the one in
which association was originally observed (UK). Although the US Caucasian

population cannot be expected to differ hugely from the UK Caucasian population,
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confounding factors may have combined to obscure association. Alternatively, the
risk allele(s) involved may differ between the particular US and UK populations
sampled here (i.e. allelic heterogeneity). Indeed, in the UK sample, two seemingly
independent signals were observed. Therefore, it may have been necessary to
genotype all SNPs in the US sample instead of the six chosen. Of course, should
SNPs 23 and 25 truly represent susceptibility loci, the effect size in each case is
small. The odds ratio associated with SNP23 is just 1.33 and the Washington
sample comprised of 270 cases and 270 controls has just 51% power to detect such
an association. Finally, it should be noted that the Washington pools were not
validated, and as such may not be providing accurate estimates of allele

frequencies.

Therefore although I cannot conclude that the ADAM 12 gene is associated with
increased risk of LOAD, neither would I discount it and further investigation is
definitely warranted. As the average intermarker distance was approximately 8kb,
and there were gaps of up to 40kb, genotyping additional SNPs (especially in the
region of SNPs 23 and 25) in the MRC sample would provide more information,
particularly when used for haplotype analysis, as such analyses will have more
power to detect unobserved risk loci (i.e. loci that haven’t themselves been
genotyped). In addition, replication of the SNP23 and SNP25 association in an
independent sample would certainly generate more confidence in these findings.
However such a sample must be of sufficient size i.e. 580 cases and 580 controls to
have 80% power to detect the SNP23 association or 1022 cases and 1022 controls

to detect the SNP25 association.
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How might SNP23 or SNP25 affect the function of ADAMI12 such that this
change contributes to LOAD susceptibility? SNP23 is intronic, located 86bp
upstream of exon 12 and SNP25 is a synonymous coding SNP located in exon 14
(Asn—Asn). A number of elements regulating gene expression have been found
within intronic sequences*®® and SNP23 may affect such an element. Similarly,
seemingly benign synonymous coding changes can affect mRNA stability and
expression*™ suggesting a possible role for SNP25. Alternatively, these SNPs may
be in LD with functional variants. The allele-specific expression experiment has
provided evidence for the existence of cis-acting variation in the ADAM12 gene
affecting expression levels. Such variation may directly contribute to increased

LOAD risk.

The ADAM12-L transcript at least, has been shown to be expressed in human brain.
ADAM12-§ may also be expressed in areas of the brain not examined in this study.
Bernstein et al. (2004)405 have recently shown that in human prefrontal cortex,
ADAM12 expression is almost exclusively localised to oligodendrocytes (although
they did not distinguish between ADAM12-L and ADAM12-S). As such this lessens
the plausibility of a putative role for ADAMI12 in a-secretase activity (although still
possible, as APP is expressed in these cells). The protein may however be involved
in the regulation of survival of neurons, the promotion of neurogenesis and the
induction of astrocyte and multipotent progenitor cells, via the ectodomain shedding

of HB-EGF, which has been shown to be expressed both in neurons and in

406,407 408-410

oligodendrocytes and plays an important role in these functions
ADAMI12 may also be involved in the complex regulatory mechanism controlling

myelination*®, an intriguing possibility as late-myelinating neocortical regions are
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the most vulnerable to developing AD pathology*'!

. However, such speculation is
premature and involvement of ADAM12 in LOAD must first be either established or

refuted at the genetic level.
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5.5 Examples of Experimental Data
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Figure 5.6. DHPLC traces from four individuals amplified for the ADAMI12 x17 fragment.
The green and blue traces indicate homozygous individuals. The pink and black traces
represent individuals heterozygous for ADAMI2 SNP33.
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Figure 5.7. Sequence chromatograms for ADAMI2 SNP2 57690 C>G (rs3740199) showing
a C/C homozygote in the upper panel and a C/G heterozygote in the lower panel.
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Figure 5.9. Sequence chromatograms for 4DAMI2 SNP11 232794 A>G (rs1466361)
showing an A/A homozygote in the upper panel and an A/G heterozygote in the lower panel.
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Figure 5.10. Sequence chromatograms for ADAMI12 SNP12 232959 C>T (rs1466360)
showing a C/C homozygote in the upper panel and a T/T homozygote in the lower panel.
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Figure 5.11. Sequence chromatograms for ADAM12 SNP18 289573 A>G (rs2290844)
showing an A/A homozygote in the upper panel and an A/G heterozygote in the lower panel.
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Figure 5.12. Sequence chromatograms for ADAMI2 SNP19 289746 C>T (rs2290842)
showing a C/C homozygote in the upper panel and a C/T heterozygote in the lower panel.
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Figure 5.13. Sequence chromatograms for ADAMI12 SNP25 323237 C>T (rs1278279)
showing a C/C homozygote in the upper panel and a C/T heterozygote in the lower panel.
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Figure 5.15. Sequence chromatograms for ADA 1v112 SNP27 323354 A>G (rs2279¢
showing an A/A homozygote in the upper panel and an A/G heterozygote in the lower panel.
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Figure 5.16. Sequence chromatograms for ADAAf]12 SNP28 3233562 G>A shgwiqg a G/G
homozygote in the upper panel and an A_/G heterozygote in
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Figure 5.17. Sequence chrsmatograms forz2 =t 7/ies SR SR S = n MO N(=0 2 06U D))
showing a C/C homozygote in the upper panel and a C/T heterozygote in the lower panel
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Figure 5.18. Sequence chromatograms for r ADAMI2 SNP33 341999 T>C showing a T/T
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Figure 5.19. Sequence chromatograms for ADAMI2 SNP34 345179 C>T and ADAMI2
SNP35 345180 A>G showing respectively a T/T and G/G homozygote in the upper panel
and a C/T and an A/G heterozygote in the lower paneli.
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Figure 5.22. Sequence chromatograms for ADAMI12 SNP39 346571 T>A (rs4732) showing
a T/T homezygote in the upper panel and an A/T heterozyg

zygote in the lower pane
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Figure 5.24. Sequence chromatograms for ADAM!2 SNP44 371348 G>A showing a G/G

homozygote in the upper panel and an A/G heterozygote in the lower panel.
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Figure 5.26. Traces generated from pooled genotyping of ADAMI2 SNP43 371311 C>T.
The black peak represents the C allele and the red peak represents the T allele. Data from
individual case and control pools are shown, together with a heterozygote (het). Note the
unequal peak heights in the heterozygote.
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Figure 5.27. RFLP fragments generated by the ADAM!2 SNP2 57690 C>G Hpy188 I assay.
Individuals homozygous for the C allele (1-1) were defined by the presence of two bands of
size 130bp and 113bp. Individuals homozygous for the G allele (2-2) were defined by the
presence of one band of size 243bp. C/G heterozygotes (1-2) displayed three bands of size
243bp, 130bp, and 113bp.
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Figure 5.28. RFLP fragments generated by the 4D 44772 SNPS 109183 G>A Tag 1 assay
Individuals homozygous for the G allele (1-1) were defined by the presence of two bands of
size 112bp and 97bp. Individuals homozygous for the A allele (2-2) were defined by the

resence of one band of size 209bp. A/G heterozygotes (1-2) displayed three bands of size

209bp, 112bp, and 97bp.
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Figure 5.29. RFLP fragments generated by the ADAM/72 SNP13 259753 A>G Xcm | assay.
Individuals homozygous for the A allele (1-1) were defined by the presence of one band of
size 212bp. Individuals homozygous for the G allele (2-2) were defined by the presence of
two bands of size 193bp and 19bp. A/G heterozygotes (1-2) displayed three bands of size
212bp, 193bp, and 19bp. Note that the 19bp band ran off the gel due to the small size.

Figure 5.30. RFLP fragments generated by the 4DAM2 SNP15 271466 G>C BsmA 1 assay.
Individuals homozygous for the G allele (1-1) were defined by the presence of two bands of
size 160bp and 20bp. Individuals homozygous for the C allele (2-2) were defined by the
presence of one band of size 180bp. C/G heterozygotes (1-2) displayed three bands of size

180bp, 160bp, and 20bp. Note that the 20bp band ran off the gel due to the small size.
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.31. RFLP fragments generated by the ADAMIZ2 SNP17 287117 T>C BsiHKA 1
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Figure 5.32. RFLP fragments generated by the ADAMI2 SNP18 289573 A>G FnudH |
assay. Individuals homozygous for the A allele (1-1) were defined by the presence of one
band of size 196bp. Individuals homozygous for the G allele (2-2) were defined by the
presence of two bands of size 172bp and 24bp. A/G heterozygotes (1-2) displayed three
bands of size 196bp, 172bp, and 24bp. Note that the 24bp band ran off the gel due to the
small size.
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Figure 5.33. RFLP fragments generated by the ADAMI2 SNP19 2
In; dJalq homozygous for Lhe C allele (1-1) were defined by the
ze 201bp and 18bp. Individuals homozygous for the T allele (2-2) v
cse 1ce of one band of size 219bp. C/T heterozygotes (1-2) displaye

D, 201bp, and 18bp. Note that the 18bp band ran off thﬂ gel due to the gmall size.
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Figure 5.34. RFLP fragments generated by the ADAMI2 SNP20 29183 A Nsi | assay.
Individuals homozygous for the G allele (1-1) were defined by the presence of one bané of
size 360bp. Individuals homozygous for the A aliele (2-2) were defined by the presence of
two bands of size 245bp and 115bp. A/G heterozygotes (1-2) displayed three bands of size

360bp, 245bp, and 115bp.
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Figure 5.35. RFLP fragments generated by the ADAMI2 SNP21 296783 G>A Hinc 11 assay.
Individuals homozygous for the G allele {1- 1) were defined by the prﬂ:. ce of one band of
size 235bp. Individuals homozygous for the A allele (2-2) were define

wo bands of size 125bp and 110bp. A/G heterozygotes (1-2) displayed
5 , 125bp, and 110bp.
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re 5.36. RFLP frﬂnguts generated by the ADAMi2 SNP22 306526 A>T Dde

Ind Aduals homozygous for the A allele (1-1) were defined by the presence of one
size 240bp. Individuals homozygous for the T allele (2- 2 ) were defined by the presence of
o bands of size 216bp and 24bp. A/T heterozygotes (1-2) displayed three bands of size

24Cbp, 216bp, and 24bp. Note that the 24bp band ran ott the gel due to the small size.
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Figure 5.38. RFLP fragments generated by the ADAMI2 SNP24 321073 A>G Nci | assay.
Individuals homozygous for the A allele (1-1) were defined by the presence of one band of
size 200bp. Indl\uduals hemezygous for the G allele (2-2) were defined by the presence of
two bands of size 137bp and 63bp. A/G heterozygotes (1-2) displayed three bands of size

200bp, 137bp, and 63bp.
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Figure 5.39. RFLP fragments generated by the 4DAMI2 SNP25 323237 C>T HpyCH4 IV
assay. Individuals homozygous for the C allele (1-1) were defined by the presence of two
bands of size 129bp and 107bp. Individuals homozygous for the T alleie (2-2) were defined
by the presence of one band of size 236bp. C/T heterozygotes (1-2) displayed three bands of
size 236bp, 129bp, and 107bp

Figure 5.40. RFLP fragments generated by the ADAMI2 SNP29 323441 C>T Cac8 1 assay.
Individuals homozygous for the C allele (1-1) were defined by the presence of two bands of
size 227bp and 95bp. Individuals homozygous for the T allele (2-2) were defined by the
presence of one band of size 302bp. C/T heterozygotes (1-2) displayed three bands of size
302bp, 227bp, and 95bp.
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Figure 5.41. RFLP fragmenis generated by the ADAM12 SNP30 327363 G>T Hae 111 assay.
Individuals homozygous for the G allele (1-1) were defined by the presence of one band of
size 208bp. Individuals homozygous for the T allele (2-2) were defined by the presence of
two bands of size 184bp and 24bp. G/T heterozygotes (1-2) displayed three bands of size
208bp, 184bp, and 24bp. Note that the 24bp band ran off the gel due to the small size.
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Figure 5.42. RFLP fragments generated by the ADA4M]2 SNP3 1 329734 T>A Hinf 1 assay.
Individuals homuzygous for the T allele (1-1) were defined by the p
for the A allele (2 -2 were defined by the

-z o T Lt

size 175bp and 50bp. Individuals homozygou

us
presence of one band of size 225bp. A/T heterozygotes (1-2) displayed three bands of size
225bp, 175bp, and 50bp.
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dividuals homozygous for the C allele (1-1) were defined by the presence of two bands of
size 193bp and 21bp. C/T heterozygotes {1-2) displayed three bands of size 214bp, 193bp,
and 21bp. No T/T homozygotes were observed. Note that the 21bp band ran off the gel due
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Figure 5.44. RFLP fragments generated by the ADAM!2 SNP33 341999 T>C BsiHKA 1
assay. Individuals homozygous for the T allele (1-1) were defined by the presence of one
band of size 287bp. Individuals homozygous for the C allele (2-2) were defined by the
presence of two bands of size 259bp and 28bp. C/T heterozygotes (1-2) displayed three
bands of size 287bp, 259bp, and 28bp. Note that the 28bp band ran off the gel due to the
small size
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Figure 5.45. RFLP fragments generated by the ADAM/2 SNP36 345518 T>G Sty [ assay.
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Figure 5.46. RFLP fragments generated by the ADAM2 SNP40 348325 T>C Hha I assay.
Individuals homozygous for the T allele (1-1) were defined by the presence of one band of
size 215bp. Individuals homozygous for the C allele (2-2) were defined by the presence of
two bands of size 110bp and 105bp. C/T heterozygotes (1-2) displayed three bands of size
215bp, 110bp, and 105bp.
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Figure 5.47. RFLP fragments generated by the ADAMI2 SNP41 366613 A>G BsmF 1 assay.
Individuals homozygous for the A allele (1-1) were defined by the presence of two bands of

size 197bp and 36bp. Individuals homozygous for the G allele (2-2) were defined by the

presence of one band of size 233bp. A/G heterozygotes (1-2) displayed three bands of size
33bp, 197bp, and 36bp. Note that the 36bp band ran off the gel due to the small size.

Figure 5.48. RFLP fragments generated by the ADAMI2 SNP42 370687 G>A Bis | assay.

Individuals homoLyguua for the G al L. ¢ (1-1) were defined by the presence of two bands of

size 153bp and 68bp. Individuals homozygous for the A allele (2-2) were defined by the

nrecenc of one band of size 221bp. A/G heterozygotes (1-2) displayed three bands of size
221bp, 153bp, and 68bp.
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Individuals h u"'mOT\"g"'U\ for the C allele (1-1) were defined by the presence of two bands Uf
size 22 1bp and 24bp. Individuals humozygous for the T allele {2-2) were defined by the
presence of one band of size 245bp. C/T heterozygotes (1-2) displayed three bands of size

245bp, 221bp, and 24bp. Note that the 24bp band ran off the gel due to the small size.

Figure 5.50. RFLP fragments generated by the 4D4Mi2 “ 44 371348 G>A BsiN I assay
Individuals homozygous for the G allele (1-1) were defined by the presence of three bands of
size 172bp, 22bp and 21bp Individuals homozygous for the A allele (2-2) were defined by
the presence of two bands of size 194bp and 21bp. A/G heterozygotes (1-2) dlop]ayed four

of size 194bp, 172bp, 22bp and 21bp. Note that the 22bp and 21bp bands ran off the

their small size.
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Figure 5.51. RFLP fragments generated by the ADAMI2 SNP45 371435 G>C Pvu Il assay.
Individuals homozygous for the G allele (1-1) were defined by the presence of two bands of
size 268bp and 111bp. Individuals homozygous for the C allele (2-2) were defined by the
presence of one band of size 379bp. C/G heterozygotes (1-2) displayed three bands of size
379bp, 268bp, and 111bp.
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6. GENERAL DISCUSSION

In an attempt to uncover susceptibility loci contributing to late-onset Alzheimer’s
disease, a number of candidate genes have examined and the findings therein have
been discussed in the relevant chapters. It is not the objective of this chapter to
reiterate the conclusions drawn previously. Rather, a critical assessment of the
methods and premises underlying this body of work is intended, together with what

general observations may be made.

Ten genes have been assessed as candidates for involvement in LOAD and similar
steps were involved in the investigation of each one. A prerequisite for a candidate
gene study is the availability of polymorphic markers and single nucleotide
polymorphisms (SNPs) are usually selected due to their abundance in the human
genome. In the research presented here, polymorphisms were identified by
denaturing high performance liquid chromatography, DHPLC (although additional
SNPs were identified from a publicly available SNP database, dbSNP, for the
ADAMI12 study). In this strategy, exons, intron/exon boundaries and limited

5’flanking regions were screened for variants.

A total of 58,752bp were screened and eighty-nine polymorphisms were identified:
eighty-five SNPs, three indels and one VNTR (see Appendix B). Polymorphisms
were most commonly found in intronic regions (on average one every 475bp), with
coding SNPs the least common subtype (one every 897bp). Non-synonymous coding
SNPs were particularly rare; only six in the eighty-nine polymorphisms found. Four

of these amino acid changes were conservative, one was moderately conservative
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and one was moderately radical. 73% of SNPs were transitions (C<T and AG),
even though transitions represent only one third of the possible types of mutation.
This is probably at least partly due to the methylation of cytosine bases in CpG
dinucleotides, as S-methylcytosines are susceptible to spontaneous deamination to

give thymine.

Of the eighty-nine polymorphisms identified, forty-two (~50%) are currently
described in dbSNP. This proportion probably does not accurately reflect the large
numbers of markers present in this database. Idealistically, identification of all
variation in the human genome is desirable. However, for researchers of limited
resources, it may be more appropriate to select SNPs from databases rather than
screening for them experimentally. Such a measure will save both time and money,
which may be better spent examining more SNPs than might otherwise have been
possible. Indeed, examining markers evenly spaced throughout a gene is more likely
to detect association arising from non-coding functional variants than the approach
taken here (i.e. assessing variation in coding sequence and limited 5’flanking

regions).

With the exception of the cholinergic gene locus study, genotyping of all SNPs was
attempted in DNA pools using a primer extension method; similarly, genotyping of
indels was attempted in pools by PCR sizing. This extremely cost-effective approach
allows a large number of polymorphisms to be assessed as risk loci in a relatively
short time and a highly accurate manner (see Appendix A). Of course, such a method
does not allow for haplotype construction or analysis of sub-phenotypes, but as an

initial screen for association, it is certainly advantageous. Genotyping in pools was
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attempted for seventy-two experimentally identified polymorphisms. Of these,
seven (~10%) were too rare to be typed in pools and the primer extension method
could not optimised for another twelve (~17%). As no attempt was made to genotype
these variants by another method or to identify alternative, ‘equivalent’ markers, any
association of these polymorphisms with LOAD will have gone undetected, unless
picked up by another marker. Such a flaw in the study may have been at least
partially avoided by selecting (additional) markers from a database, rather than being
limited by variants identified by DHPLC. For example, twenty-five SNPs were
chosen from dbSNP for the ADAM12 study in addition to those identified by
DHPLC. Prior to their selection, the flanking sequence of each SNP was assessed for
potential problems in extension primer design and only ‘amenable’ SNPs were
chosen. Similarly, SNPs with a rare minor allele frequency (< 3%) were not selected.
As aresult, all twenty-five SNPs were successfully typed in pools. Of course the
problem inherent in this approach is the bias against rare variants; the magnitude of
this problem is dependent on how much truth there is in the common
disease/common variant hypothesis. Should LOAD risk variants be present in the
population at a similar frequency to that of the APOE €4 allele (~14%; see Section
2.8.2.1), then this bias is irrelevant. If however the risk variant is rare and only
common markers are tested, then the difference in allele frequencies at the risk and
marker loci will considerably reduce the power to detect association, even if the two
polymorphisms are in complete LD (as measured by D’; an 1* value of 1 cannot be
achieved unless the allele frequencies at the two loci are identical). In such a
situation, the only hope of detecting association is if the effect size of the rare variant
is large; even though the observed effect size at a marker locus will be diluted, a

sufficiently powerful sample should still be able to detect it (assuming of course that
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a marker in sufficient LD with the risk locus is tested). At a=0.1, the MRC DNA
pool sample employed here (186 cases and 186 controls) has 76% power to detect a
marker allele generating an odds ratio of 1.5, present at a frequency of 0.2 in the
population. Should LD not be complete between the marker and risk loci and/or
allele frequencies differ between and the two, then the odds ratio at the risk locus

must be correspondingly higher to maintain this power.

Polymorphisms showing a significant association with LOAD in DNA pools were
individually genotyped in a larger sample (which incorporates the samples in the
pools). Similarly, variants at the cholinergic gene locus showing association in the
Cardiff sample were genotyped in two additional case-control samples. Two SNPs in
the ADAM12 gene maintained association with LOAD in a larger sample, although
these may be false positives, as neither was significant after correction for multiple
testing. The occurrence of false positives may be a result of chance. Alternatively, it
may reflect some kind of population stratification within the sample. While the
samples employed here were carefully selected, as described in Chapter 2, it may
have been prudent to perform a genomic control experiment, whereby a set of
randomly selected, unlinked markers are genotyped in the sample. Such a method
automatically accounts for non-independence in a case-control sample caused by
population stratification and subsequent tests of association can be adjusted
accordingly. However, given the large number of SNPs examined here showing no
difference in allele frequencies between cases and controls (at least in pools),
stratification is unlikely. Should the signals in the ADAM]I2 gene represent true
association with LOAD, then their detection may reflect the improved strategy

employed in this study. In particular, the variant with the greatest odds ratio was
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identified from dbSNP and the signal would not have been identified using only the

experimentally identified SNPs.

A number of suggestions have been made as to how the approach employed here
could have been improved. However, even with large samples and dense marker
grids, there are no guarantees when it comes to mapping complex disease genes.
Factors such as low LD, small effect size, heterogeneity and epistasis can all obscure
association. Be that as it may, such obstacles should not be allowed to deter us.
Strategies are continually being devised to circumvent these problems and with
improved statistical methods, increased knowledge of the human genome and it’s
structure and through multidisciplinary collaborations, there is certainly hope for the
future. And to quote Robert Browning, “a man's reach should exceed his grasp, or

what's a heaven for?”
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APPENDIX A

The accuracy of pooled analysis was assessed using the available genotype data from
ten SNPs. Two of these SNPs (CHAT 1803 C>T and CHAT 1882 G>A) were
genotyped in pools and the corresponding individual samples for the express purpose
of assessing pooling accuracy (see Chapter 2). Data from the other eight SNPs was
generated in the course of the research described in Chapters 4 and 5. Individual and
pooled genotyping data are given in Table A.1 below. Estimation of differences

between cases and control pools (A) was extremely accurate, with the mean error for

A of 0.60% (maximum error: 1.47%).

SNP % Major Allele % Major Allele % Difference between Error
in Cases in Controls Cases and Controls (A) (%)
Pools Real Pools Real Pools Real

CHAT 1803 C>T 8844 84.14 8737  83.33 1.08 0.81 0.27
CHAT 1882 G>A 7450 7473 7097  69.89 3.54 4.84 1.30
DKK1 463 C>T 96.04  96.31 9190 9247 4.14 3.84 0.30
SGPLI 53074 G>A 9374 9479 9733 9830 3.59 3.51 0.08
ADAM12 SNP15* 62.51 61.83 5477 5541 7.74 6.42 1.32
ADAM12 SNP18 9298 9462  86.04  88.17 6.94 6.45 0.49
ADAM12 SNP23* 7202 7419 81.04 83.15 9.02 8.96 0.06
ADAMI12 SNP25 8244 8333 7624  77.69 6.20 5.64 0.56
ADAM12 SNP33 8724 89.79 81.70 8441 5.54 5.38 0.16
ADAM12 SNP44 72.62 7419 6549  65.59 7.13 8.60 1.47
Average 0.60

Table A.1. Accuracy of estimating allele frequencies in DNA pools. The estimated allele
frequencies in pools, together with the corresponding real allele frequency (as determined
from individual genotyping) in 186 cases and 186 control samples are presented for each
SNP. A: Difference in allele frequencies between cases and controls. Error: error of pooling
defined as the discrepancy between the A obtained by pooled and individual genotyping. The
estimate of error assumes that individual genotyping is 100% accurate. *Note that the pooled
data for these SNPs differs from that presented in Chapter 5, which was uncorrected for
unequal allelic detection. These SNPs were therefore genotyped again in pools with a
heterozygote, so that this comparison could be performed.
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APPENDIX B

Gene Number of Base Pairs Screened

5’Flank 5°UTR __ Coding  Intronic 3’UTR __ 3’Flank Total
ALOXS 1082 44 2025 2106 426 57 5740
CHAT 2435 410 2287 5434 58 103 10727
SLCI8A3 541 440 1599 0 380 0 2960
DKK1 618 120 798 439 576 38 2589
UBE2DI1 684 194 444 1418 873 189 3802
DNAJCI2 525 169 624 763 736 101 2918
SIRTI1 524 53 2244 1766 1793 173 6553
SGPL1 572 210 1707 2490 247 88 5314
SEC24C 696 114 3377 2685 972 34 7878
ADAMI2 954 310 2834 3317 2795 61 10271
Total 8631 2064 17939 20418 8856 844 58752

Table B.1. Number of basepairs screened by DHPLC in each gene.

Gene Number of Polymorphisms Detected

5°Flank 5°UTR Coding _ Intronic 3UTR  3’Flank Total
ALOXS 2 0 1 4 2 0 9
CHAT 3 2 4 5 0 0 14
SLCI843 1 1 0 0 1 0 3
DKK1 3 0 1 2 0 0 6
UBE2D] 0 0 1 7 0 0 8
DNAJCI2 0 1 1 0 0 0 2
SIRTI 2 0 1 5 0 0 8
SGPLI 1 0 3 9 1 0 14
SEC24C 0 0 2 2 1 0 5
ADAMI2 0 0 6 9 5 0 20
Total 12 4 20 43 10 0 89
Table B.2. Number of polymorphisms detected by DHPLC in each gene.

Transitions Transversions
ASG CeT AeC AT GeC GoT

Number of SNPs 33 29 3 4 9 7

Table B.3. Number of transitions/transversions detected.
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Gene SNP Amino Acid Physiochemical Type of Change  Frequency of
Change Distance Minor Allele
CHAT 1882 G>A Asp—Asn 23 Conservative 0.25
CHAT 2384 G>A Ala—>Thr 58 Moderately 0.25
Conservative
CHAT 7936 C>T Leu—Phe 22 Conservative 0.07
SGPLI1 27654 G>T Val-Leu 32 Conservative 0.15
ADAMI12 57690 C>G Arg—Gly 125 Moderately 0.44
Radical
ADAMI2 109183 G>A Arg—Gln 43 Conservative 0.04

Table B.4. Non-synonymous coding SNPs detected. The type of change is categorised based

upon Grantham values*'"

, which are derived from physiochemical considerations. The range

that was used for Grantham values corresponds to that of Li et al. (1984)*'* and is as follows:
conservative is <50; moderately conservative is between 51 and 100; moderately radical is

between 101 and 150; and radical is >151.
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