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Summary

This research involved a candidate gene search for autism in the Irish population. It sought 

to identify candidate genes based on inform ation from linkage studies, reports o f 

chromosomal abnormalities, animal studies and clinical observations, and previous reports 

o f  genetic association in other samples diagnosed with autism. Two replication studies 

were undertaken in genes from the serotonin system. Associations with the long and short 

promoter variants have been reported in samples with autism, as have no associations 

In the Irish population there was increased inheritance o f  the short promoter allele (p value 

= 0.03), in addition to a number o f haplotypes across the gene. However a joint-analysis o f 

the prom oter allele highlights the possibility that this, and others may be false positive 

results. A nother serotonin related gene, tryptophan hydroxylase 2, was also tested for 

association. A ssociation with the A allele o f  m arker rs l 1 17900 was found. Further 

replications in other sam ples are required to evaluate this genes contribution to the 

development o f autism.

A genetic and biochemical study o f  the dopam ine-p-hydroxylase gene was carried out. 

Probands w ith autism  were found to have significantly decreased DBH activity in 

comparison to their parents (p value = 16.4 x 10'^) and a previously reported control sample 

(p value = 1.97 X 10'*). Transmission disequilibrium  testing did not reveal any over­

transmission o f “low activity” variants from parents to probands. Regression analysis also 

indicated that the variants analysed contributed less to DBH activity in children in 

comparison to their parents. The heritability o f DBH activity was also -5 0 %  lower than 

previous estim ates This leads to the possibility that there may be other genes or 

environmental factors contributing to the observed lower DBH activity levels.

Following the identification o f a 2q:9q translocation in a patient within this study, and a 

subsequent fine-m apping linkage disequilibrium  experim ent, the in tegrin -a4  gene was 

selected for fine-mapping. TDT and haplotype transm ission testing found an increased 

transmission o f a number o f markers surrounding exons 16 and 17 (rs3770112-rsl55I031



haplotype, OR = 1.92, p value = 0.0025). These exons were screened for mutations, 

leading to the identification of a variant (rs 12690517) within a splice site sequence. 

Preferential transmission o f the C allele to affected probands was observed (OR = 1.83, p 

value = 0.0046). An attempted replication in two samples, an AGRE and Vanderbilt 

sample, was undertaken. In the AGRE sample, the same two marker haplotype 

(rs3770112-rsl551031) was observed to be over-transmitted to affected probands (p value 

= 0.05), but in the Vanderbilt sample there was over-transmission o f a number of different 

alleles / haplotypes. It is possible that within the ITGA4  gene, there are a number of 

variants leading to the development o f autism. A joint analysis of all three samples revealed 

an increased OR associated with the C allele of marker rs3770112, although this OR of 

1.19 (p value = 0.0295) shows that inheritance of this variant would play a minor role in the 

development o f autism.

Analysis o f 4 genes in the Wnt pathway was carried out. A number o f significant 

associations were observed with the FRZB gene (rs288326 p value = 0.04566, rs2242070 p 

value = 0.0072), the DVL gene (rs307354 p value = 0.021). There were also trends towards 

significance observed with markers in the WNT2 gene (rs2024233 p value = 0.0556) and 

the EN2  gene (rs3757846 p value = 0.107). These preliminary results suggest that the 

WNT pathway may play a role in autism. A large number o f other genes in this pathway 

remain to be tested.

This thesis presents evidence supporting the role of genetics in the development of the 

autism. A number o f candidate genes, as above, have shown association with autism. 

Eight, out o f a total of fifty-four, variants showed significant association with autism. This 

was significantly greater than the number expected by chance given a false positive rate of 

5% (x^ = 10.4, p value = 0.0013). One would expect that at least some o f the genes 

reported here do play a role in the development o f autism. Further investigations following 

these important findings are ongoing.
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C h a p t e r  1

I n t r o d u c t i o n



1.1 General Overview of Autism

1.1.1 Definition of Autism

Autism was first described by Leo Kanner in 1943 He described the typical 

characteristics o f  11 individuals with autism  as being “autistic  a loneness” , 

“obsessiveness” , “stereotypies” and “echolalia” . In the follow ing year, Hans 

A sperger wrote a monograph in which he described individuals with autistic-like 

symptom s similar to those described by Kanner " . I n  his paper he described 400 

individuals with deficiencies in speech, non-verbal com m unication and social 

interactions. He also noted the presence o f  repetitive behaviours, resistance to 

change, abnormalities o f  motor co-ordination, in addition to the presence o f savant 

skills. The individuals described by Asperger were largely o f normal intellectual 

functioning. Asperger’s Syndrome is used today to describe individuals with autistic 

like deficits associated with normal intelligence. It is included in the International 

Classification o f Diseases, lO'*' Edition (ICD-10) and the Diagnostic and Statistical 

Manual, 4'*' Edition, (DSM-IV) and as a separate diagnostic category from autism 

(see section 1.1.6).

Autism belongs to the category Pervasive Developmental Disorder (PDD) in ICD-10 

and D SM -IV  that includes classic autism and autism spectrum disorders (including 

A sperger disorder), childhood disintegrative disorder (involving behavioural, 

cognitive and language regression between the ages o f  2 and 10 years o f  age 

following normal development), and Rett syndrome (a genetic disorder o f  postnatal 

brain developm ent, caused by a single gene defect in the m ethyl-CpG binding 

protein, predominantly affecting girls).The definition o f  autism according to both 

ICD-10 and DSM-IV depends upon the presence o f the following:

2



(1) Early onset (before 3 years).

(2) Severe abnormalities o f reciprocal social relatedness.

(3) Severe abnormalities o f communication development.

(4) Restricted, repetitive and stereotyped patterns o f  behaviours, interests, 

activities and imagination.

The criteria for autism according to ICD-10 and DSM-IV are shown in Tables 1.1 

and 1.2 respectively.

There is general agreement between ICD-10 and DSM-IV concerning the nature o f 

the clinical abnormalities occurring in autism. Both agree that abnormalities should 

occur across the three domains o f  reciprocal social interaction, com munication and 

behaviour. M inor differences do occur, e.g. in the social domain, ICD-10 includes 

impairments in the offering or seeking o f comfort when distressed whereas this is not 

included in DSM-IV.

Classical autism is one o f a number of subtypes in the spectrum based on number 

and description o f impairments. The 5 DSM-IV Pervasive Developmental Disorder 

(PDD) subtypes are 1) classic autism, 2) Asperger disorder (involving language 

development at expected age and no mental retardation), 3) disintegrative disorder 

(involving behavioural, cognitive and language regression between the ages o f 2 and 

10 years o f  age following normal development), 4) PDD-not otherw ise specified 

(individuals have autistic features but do not fit into the other categories) and 5) Rett 

disorder (a genetic disorder o f postnatal brain development, caused by a single gene 

defect in the methyl-CpG binding protein, predominantly affecting girls).

Careful consideration must be given to the differential diagnosis for autism in the 

context o f a genetic study in autism in order to avoid phenotypic heterogeneity. Both 

ICD-10 and DSM-IV include broader categories o f autism spectrum disorders such 

as ‘Atypical A utism ’, (ICD-10), Pervasive Developmental Disorder - not otherwise
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specified  (P D D -N O S) (D SM -IV ) and A sperger D isorder. These d iagnostic  

categories include some but not all o f  the criteria as defined for autism and may be 

thought to refer to individuals with milder subtypes. For the purposes o f  the 

investigations described in this work only individuals who meet the strict criteria for 

autism were included. In order to limit the extent o f  diagnostic heterogeneity the 

sam ple recruited were assessed  using research diagnostic too ls , the Autism  

Diagnostic Interview (Revised) (ADI-R) and the Autism Diagnostic Observation 

Schedule- Generic (ADOS-G) The inclusion and exclusion criteria for the sample 

are described in Chapter 2, section 2.1 (Materials and Methods).

D IA G N O S T IC  C R IT E R IA  F O R  A U T IS M  D IS O R D E R  (IC D -1 0 )  (W H O  19 9 2 )  
A t lea st 8 o f  th e  16 sp ec ifie d  item s m u st be fu lf illed .

A . Q ualitative im pairm ents in reciprocal social interaction, as m anifested by at least three o f  the 
follow ing five:

1. Failure adequately to use eye-to-eye gaze, facial expression, body posture and gesture to regulate 
social interaction.

2. Failure to develop peer relationships.
3. Rarely seeking and using other people for comfort and affection at tim es o f  stress or distress and/or 

offering com fort and affection to others when they are show ing distress o r unhappiness.
4. Lack o f  shared enjoym ent in term s o f  vicarious pleasure in o ther peoples' happiness and/or spwntaneous 

seeking to share their own enjoym ent through jo in t involvem ent with others.
5. Lack o f  socio-em otional reciprocity.

B. Q ualitative im pairm ents in com munication:
1. Lack o f  social usage o f  whatever language skills are present.
2. Im pairm ent in m ake-believe and social im itative play.
3. Poor synchrony and lack o f  reciprocity in conversational interchange.
4. Poor flexibility in language expression and a relative lack o f  creativity and fantasy in thought processes.
5. Lack o f  em otional response to other peoples' verbal and non-verbal overtures.
6. Impaired use o f  variations in cadence or em phasis to reflect com m unicative m odulation.
7. Lack o f  accom panying gesture to provide em phasis o r aid m eaning in spoken com m unication.

C. Restricted, repetitive and stereotyped patterns o f behaviour, interests and activities, as m anifested by 
ate least two o f the follow ing six:

1. Encom passing preoccupation with stereotyped and restricted patterns o f  interest.
2. Specific attachm ents to unusual objects.
3. Apparently com pulsive adherence to specific, non-functional routines o r rituals.
4. Stereotyped and repetitive motor mannerisms.
5. Preoccupations with part-objects or non-functional elem ents o f  play m aterial.
6. D istress over changes in small, non-functional details o f  the environm ent.

D. Developm ental abnorm alities must have been present in the first three years for the d iagnosis to be 
made.

Table 1.1 ICD-10 D i a g n o s t i c  C r i t e r i a
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DSM-IV Criteria, Pervasive Developmental Disorders 
299.00 Autistic Disorder

A. A total o f  six (or m ore) item s from (1), (2), and (3), w ith at least tw o from  (1), and one each  
from  (2) and (3):

(1) Qualitative impairment in social interaction, as manifested by at least two of the following:
(a) M arked im pairm ent in the use o f  m ultiple nonverbal behaviors, such as eye-to-eye gaze, facial expression, 

body postures, and gestures to regulate social interaction.
(b) Failure to develop peer relationships appropriate to developm ental level.
(c) A lack o f  spontaneous seeking to share enjoym ent, interests, or achievem ents w ith other people (e.g., by a  lack 

o f  show ing, bringing, or pointing out objects o f  interest).
(d) Lack o f  social o r emotional reciprocity.

(2) Qualitative impairments in communication, as manifested by at least one of the following:
(a) Delay in, o r total lack of, the developm ent o f  spoken language (not accom panied by an attem pt to com pensate 

through alternative m odes o f  com m unication such as gesture or mime).
(b) In individuals with adequate speech, marked impairment in the ability to initiate o r sustain a conversation with 

others.
(c) Stereotyped and repetitive u.se o f  language or idiosyncratic language.
(d) Lack o f  varied, spontaneous m ake-believe play or social im itative play appropriate to developm ental level.

(3) Restricted, repetitive, and stereotyped patterns of behavior, interests, and activities as manifested by at 
least one of the following:

(a) Encom passing preoccupation with one or more stereotyped and restricted patterns o f  interest that is abnorm al 
either in intensity or focus.

(b) Apparently inflexible adherence to specific, nonfunctional routines or rituals.
(c) Stereotyped and repetitive m otor mannerism s (e.g., hand or finger flapping or tw isting or com plex whole-body 

movements).
(d) Persistent precoccupation with parts o f  objects.

B. D elays or abnorm al function ing in at least one o f  the follow ing areas, w ith  onset prior to age 3 
years: (1) socia l in teraction , (2) language as used in social com m un ication , or  (3) sym b olic  or  
im aginative play.

C. T he d istu rb ance is not better accounted  for by Rett d isorder or  ch ildhood  d isin tegrative  
disorder.

T a b le  1.2 D S M -IV  D i a g n o s t i c  C r i t e r i a  F o r  A u t i s m .
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1.1.2 Epidemiology

The prevalence o f  autism  in the general population has been estim ated to be 

10/10,000 This prevalence rate is the median rate o f 32 autism prevalence studies 

(See Review by Eric Fombonne for more inform ation These studies have 

spanned numerous countries (including Denmark, England, Japan, Sweden, France 

and the USA) and time periods (mid 1960’s to present day) and therefore can be seen 

as an overall global average in the developed world The first epidemiological 

survey for autism was undertaken in 1966. A survey o f  78,000 children from the 

M iddlesex region o f the UK revealed that there were 32 diagnosed with autism, 

leading to a prevalence o f  4.1 / 10,000 In individual studies, the prevalence rate 

o f autism varies widely from 0.7 per 10,000 in an American population to 72.6 per 

10,000 in a small Swedish population There are many reasons for the differences 

in prevalence estim ate. They include sam ple size (prevalence is negatively 

correlated with sample size) year o f  study (prevalence shows increases with 

advancing year o f publication) and method o f  diagnosis

There is much debate within the published literature with respect to the prevalence o f 

autism. It is not yet clear w hether the observed increases reflect a true rise in 

prevalence or if  there has been better detection in recent years as a result o f  

heightened awareness. W ithin the m edia there have been a num ber o f  reports 

suggesting an increasing prevalence o f autism in recent years. The US Department

o f Developmental Services reported a 556%  increase in prevalence from 1991 to
211997 . Here it is important to note the difference between prevalence (the number

o f cases o f  an illness or condition that exists at a particular tim e in a defined 

population) and incidence (the number o f  new cases o f an illness diagnosed in a 

defined population over a specified period o f  time). In many cases, increased 

awareness o f autism in the general population and in the medical profession may 

lead to an increase in numbers o f individuals diagnosed with autism. Also in the past 

individuals with known genetic causes, e.g. Fragile X, or severe mental retardation, 

would have been excluded from prevalence estim ates. Eric Fom bonne argues
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against an increase in the prevalence o f autism stating “the available epidemiological 

evidence does not strongly support the hypothesis that the incidence o f  autism has 

increased.... Due to the inherent difficulties in studying a relatively rare disorder, 

most studies are inadequate to test the hypothesis o f  increasing prevalence” A 

study conducted in the state o f California in 2002 based on inform ation obtained 

from autism and intellectual disability registers found that rising autism diagnoses 

appeared to reflect a corresponding decrease in the rates o f intellectual disability

In all epidem iological studies o f autism  to date, there has been an increased 

incidence o f affected males compared to affected females. The male to female ratio 

varies from 1.33 to 16 The mean male/female ratio has been calculated to be 

4.3 This ratio correlates negatively with the level o f  mental retardation, i.e. the 

ratio o f affected males to females decreases as the level o f  mental retardation 

increases. In a comparison o f 12 studies, the ratio was 5.75 with individuals who 

were in the normal band o f intellectual functioning. However, when the ratio was 

compared in individuals with moderate to severe mental retardation, it decreased to 

1.9

1.1.3 Associated Medical Disorders

A num ber o f  medical conditions are associated with higher prevalence rates o f  

autism than that observed in the general population. This observation led to the 

suggestion that autism  had a biological basis. Several o f  these conditions are 

inherited; lending support to the hypothesis that autism has a genetic com ponent to 

the aetiology. Most o f  these are rare disorders associated with intellectual disability. 

A few o f the more common disorders are discussed briefly below, as these were 

disorders that were excluded from the sample described in this work.
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1.1.3.1 Tuberous Sclerosis

The prevalence of autism/atypical autism and/or PDDs in individuals diagnosed with 

tuberous sclerosis has been estimated to be between 20 to 61% Tuberous 

sclerosis is a dominantly inherited disorder resulting from mutations in the hamartin 

gene ( T SCl )  located on chromosome 9q34 and the tuberin gene (TSC2)  on
")f\ on ^8chromosome 16p 13 ’ . There is no homology between these two genes, but they

are found to act in the same complex. Disruption / alterations to this complex leads 

to the presence o f hamartomata (benign tumour like malformations resulting from 

faulty development in an organ) in multiple organs including the brain, which in turn 

result in an increased occurrence of epilepsy, learning difficulties and behavioural 

problems. The incidence o f tuberous sclerosis in individuals with autism ranges 

from 0.4% to 2.99% The association between the two disorders has two 

important implications. Firstly, regions of the brain affected in individuals with 

tuberous sclerosis are also likely to be affected in individuals diagnosed with autism. 

Secondly, TS is a condition with a simple genetic architecture and it is possible that 

autism may be associated with abnormalities in genes involved in tuberous sclerosis.
• 29There has only been one report of an association with the TSC2 gene and autism . 

This result indicates that while TSCl  and TSC2  genes are important in the 

development of tuberous sclerosis, they are not responsible for the majority o f cases 

in autism.

1.1.3.2 Phenylketonuria

Phenylketonuria (PKU) is a disease resulting from an inborn error in metabolism. 

Individuals with PKU are deficient in phenylalanine hydroxylase, but the 

development o f autistic symptoms can be prevented by dietary means (OMIM 

reference: 261600). Widespread testing of neonates has significantly reduced the
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problems associated with PKU. If  left untreated, PKU leads to the accumulation o f 

phenylpyruvic acid, which inhibits pyruvate decarboxylase in the brain The 

association with autistic symptoms in untreated PKU would suggest that some o f 

these adversely affected regions might be involved in autism.

1.1.3.3 Fragile X

Fragile X is another M endelian condition associated with autism. Fragile X is 

caused by the expansion o f a CGG triplet repeat on chromosome X. Chromosome X 

has two fragile sites; fragile X site A (FRAXA) and fragile X site E (FRAXE). 

FRAXA has been mapped to Xq27.3, and occurs in the 5’ untranslated region (UTR) 

o f the fragile X mental retardation gene 1 (FMR-1).  The number o f  repeats varies 

from individual to individuals. The normal repeat range, w ith stability o f  the 

expansion, is between 6 and 54 triplet repeats. A sequence o f  more than 200 repeats 

is unstable, and transcription o f the gene is disrupted. A second fragile X site, 

FRAXE, has also been mapped to the FMR-I  gene and occurs in the promoter region 

o f the gene. In a fashion similar to the FRAXA site, there is a CGG repeat. Six to 

25 repeats are considered stable, with greater than 200 being unstable

The clinical observation o f autism occurring in association with the Fragile X 

anomaly has been well established Initial studies suggested that autism occurred 

in up to 30% o f individuals with this anomaly. The current estimates are that the core 

autistic syndrome occurs in 5-10% o f individuals while a significant proportion o f 

those with Fragile X demonstrate autistic traits The gene involved in Fragile X 

syndrome was identified as FMR-1.  Studies o f FMR-1  variants in autism did not 

demonstrate the presence o f an association
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1.1.3.4 Neurofibromatosis

Neurofribromatosis (NF) is an autosomal dominant disorder characterised by cafe- 

au-lait spots and fibrom atous tum ours o f the skin. There are two forms o f  the 

disorder; Neurofibromatosis type I and Neurofibromatosis type II. Type I form o f 

the disorder is caused by m utations in the neurofib rin -1 gene on chrom osom e 

1 7 q ll.2 , whereas type II form o f the disorder is caused by m utations in the gene 

encoding  neurofibrin-2  (also know n as M erlin) on chrom osom e 2 2 q l2 .2 . 

Neuroim aging studies in patients diagnosed with NF type I revealed high signal 

intensity  lesions in the basal ganglia, thalam us, brainstem , cerebellum  and 

subcortical white m atter It is hypothesised that these lesions may be a 

consequence o f vaculolar change. Individuals who are diagnosed with NF type II 

characteristically present with tumours o f the eighth cranial nerve, meningiom as o f 

the brain and schw annom as o f  the dorsal root o f  the spinal cord. Intellectual 

disability occurs in 10-20% o f cases with NF types I and II. Impulsivity and social 

difficulties are well-documented behavioural manifestations . Several studies have 

reported an increased incidence o f autism  in association with N F l The

condition may go undiagnosed in childhood and should be excluded in the 

assessment o f an individual with autistic symptoms.

1.1.4 Neuroanatomical Observations

One o f Kanner’s original observations was the occurrence o f  increased head size in 5 

o f  his original 11 patients M agnetic resonance im aging (M RI) studies have 

consistently found elevated brain volumes in individuals with autism (see Nicolson 

et al for a review on neurodevelopment and autism ‘*”). This finding gains increased 

support from post-mortem studies reporting increased cerebellum size in individuals 

with autism Surprisingly, this is accompanied by decreases in the num ber o f 

Purkinje cells in the cerebellum  O ther neuropathological changes involve 

increased neuronal packing and decreased cell size in the limbic system, agenesis o f
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the superior olive, dysgenesis o f  the facial nucleus, hypoplasia o f the brainstem and 

posterior cerebellum, and increased neuron-packing density o f  the medial, cortical 

and central nuclei o f the amygdala and the medial septum

Structural neuroim aging studies have shown increased average brain volum e; 

decreased grey matter volumes in the limbic system reduced neuron numbers in 

the vermis o f  the cerebellum and gross structural changes in cerebellum  and the 

parietal lobes Poorer neuronal integrity in prefrontal areas has been suggested 

as have concurrent abnorm alities in the frontal cortex and cerebellum  A 

longitudinal functional magnetic resonance im aging (fM RI) study suggests an 

accelerated period o f growth during childhood compared with typically developing 

controls As medical imaging techniques im prove, a better picture o f  the 

abnormalities involved in autism will occur.

1.2 Genetic Studies and Autism 

1.2.1 Family Studies and Autism

Evidence for the role o f genetics in the development o f  autism came initially from 

family studies. A large number o f family studies have been undertaken in order to 

ascertain the rate o f autism in first-degree relatives o f  affected individuals. The 

results o f these family studies have all shown that the rate o f  autism is much higher 

in siblings o f  individuals who are diagnosed with autism, than in controls. The 

recurrence rates o f  autism however, varies between studies, ranging from 2% to 

8.6% In a review o f the literature, Smalley reported that the average

recurrence risk, i.e. the likelihood that a given condition diagnosed in one or more



family members will recur in other family members o f subsequent generations, was 

3% Bolton also reported a recurrence risk o f  2.9% for autism, however for 

traits associated with the broader phenotypes (communication/social impairments or 

stereotypic behaviours) there was a recurrence risk o f between 12.4% and 20.4%. 

The increase in the presence o f broad phenotype traits has also been reported by 

Pickles et al This contrasted with the sharp decline in risk in 2"‘* degree relatives.

Although a 3% risk does not appear to be very high, this is almost 100 times that o f 

the general population (if  the strict definition o f autism is taken into consideration, 

where the population rate is 3/10,000). If  one considers the broad definition o f 

autism, the recurrence rate is still 30 times that o f an individual from the general 

population. These recurrence risks may actually be underestim ated, due to the 

phenomenon o f  stoppage, whereby the first affected child tends to dissuade parents 

from having further children. It is also not possible to look at the transmission o f  the 

disorder from an affected individual to their child, as individuals with autism tend 

not to marry and have children. Autism risk alleles are not selected against in terms 

o f  evolution, as these are most likely to be common variants, which are carried by 

many individuals. The majority of individuals will not have a sufficient number o f 

these risk variants, and therefore will not develop autism.

The heritability o f autism (a statistical description o f  the proportion o f  phenotypic 

variance due to genetic variance) can be calculated from the recurrence risk and the 

monozygotic: dizygotic (MZ: DZ) concordance ratios (see Section 1.2.2) and is 

estim ated to be greater than 90% Autism has been shown to have the highest 

heritab ility  o f  any neuropsychiatric  d isorder, including  A tten tion  D eficit 

Hyperactivity Disorder (heritability = 76%) schizophrenia (heritability = 81%) 

and bipolar affective disorder (heritability = 85%) It is im portant to state that 

these figures do not mean that the environm ent has little influence on autism ; it 

merely means that there was very little environmental variance in the populations 

studied.
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1.2.2 Twin Studies

Twins are a naturally occurring genetic experiment that can assist in the investigation 

o f the role o f genes in a genetic disorder or trait. Twin studies work on the basis that 

those disorders or traits that are influenced by genes will show greater concordance 

in monozygotic (MZ) versus dizygotic (DZ) twins. In the case o f  autism, there have 

been four twin studies published The first o f these studies was published in the 

late 70’s, and reported a concordance rate o f 36% between MZ twins, compared to 

0% in DZ twins Although this was the first report o f increased concordance in 

MZ twins compared to DZ twins, the power o f the study was limited due to the small 

sample size (11 MZ pairs, 10 DZ pairs). Another study by Ritvo et al, also found an 

increased MZ: DZ concordance rate However, in this study the MZ concordance 

rate was higher, being 96% compared to just 30% in DZ twins. It is important to 

note that there may be an inherent bias in this study, as Ritvo et al recruited his twins 

using an advertisement in a newsletter. This may have led to more affected twins 

responding than pairs o f twins in which just one individual was affected. As a result, 

the heritability reported may be an overestimate. Furthermore Rivto et al included 

DZ twins o f different sexes, which is unlike all other studies that just include same 

sex twin pairs. Consequently, comparison o f results is more difficult. Its similarity 

to other studies rem ains, in that a higher MZ concordance rate exists. A 

Scandinavian study found the MZ concordance rate to be significantly higher than 

the DZ concordance rate (>60% (MZ) vs. 0% (DZ)) Similarly the final study 

included the initial 21 twins from the Folstein & Rutter study, with an additional 14 

MZ twins and 10 DZ twins. Bailey et al reported a MZ concordance rate o f  60% 

compared to 0% in DZ twins Despite varying concordance rates, all studies are 

consistent in that concordance rates are significantly higher in MZ twins compared to 

DZ twins. In all studies, with the exception o f R itvo’s (which may be biased), the 

DZ concordance rate was 0%. This is less than the sibling recurrence risk o f  3% (see 

section 1.2.1 for more info). This may have occurred due to the small sample sizes 

involved in each study and be a chance finding.
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A num ber o f studies looked at concordance o f  trait m easures w ithin the twins. 

Steffenberg et a! included com munication skill defects and social disorders, and 

found the MZ concordance rate rose to 92% in MZ and rose from 0% to 10% in DZ 

twins Likewise Folstein and Rutter reported that if  the criteria for concordance 

included cognitive impairment, the concordance rates increased to 82% (MZ) and 

30% (DZ)

Increase o f concordance in MZ twins is evidence for genetic influence, but the fact 

that concordance is not 100% shows that there is also an environm ental effect as 

well, which may include being a twin itself (see section 1.2.4 for further information)
63

1.2.3 Mode of Inheritance

It is widely accepted that there is strong evidence indicating a genetic cause o f 

autism (discussed in sections 1.2.1 and 1.2.2). A mode of inheritance is not yet clear. 

From the observed sibling recurrence risk (3%) it is obvious that autism  is not a 

single gene disorder as one would expect a sibling recurrence risk o f 50% in the case 

o f a dom inant disorder or 25% in the case o f a simple recessive disorder. All 

evidence points to a multi-gene effect. A study by Jorde et al advocates a genetic 

m ixed m odel, which specifies “continuous liability to disease as the sum o f  

independent effects attributed to segregation o f alleles at a major locus, transmission 

by polygenic inheritance, sharing by siblings o f environmental factors and random 

factors specific to the individual” Autism occurs when an individual’s liability 

exceeds the threshold. There was no support for a single gene effect in this study nor 

in a study undertaken by Pickles et al In his analysis, the best fitting model was 

for three epistatic loci (limits o f 2 to 10).
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Another study, by Risch et al, also found evidence for multiple genes leading to the 

development o f autism Risch et al examined allele sharing in a sample o f  affected 

sib pairs (ASPs) and discordant sib pairs (DSPs). There were only slight increases in 

the level o f allele sharing between these two groups (allele sharing = 51.6% in ASPs 

and 50.8% in DSPs). This did not support a small number o f  genes, e.g. 3 genes 

would have required >70% allele sharing in ASPs, but was most consistent with a 

multigenic inheritance pattern with equal to or greater than 15 susceptibility loci.

Although there remains to be agreement on the number o f  genes involved in the 

development o f autism, it is clear that at least it is an oligogenic (i.e. 3 - 1 0  genes) 

disorder, if  not polygenic. Epigenetic mechanisms may also prove to play a role in 

autism. They are mechanisms that influence gene expression but are not directly 

attributable to the DNA sequence o f the gene. This can involve a variety o f  differing 

m echanism s such as allelic exclusion, X -chrom osom e inactivation, long-range 

control by chromatin structure and cell position-dependent short-range signalling. 

A llelic exclusion, in the form o f im printing, occurs across the P rader-W illi/ 

Angelm ann critical region. This region has been o f interest in autism because o f  

reports o f chrom osom al rearrangem ents (Trisom y 1 5 q l l - q l 3 )  and subsequent 

reports o f genetic association between the general autism phenotype and markers in 

the region (see Sections 1.3.2 and 1.4.1.2). The role o f  epigenetic factors, i f  any, in 

relation to autism has yet to be investigated.

1.2.4 Environmental Factors

The observation that the MZ concordance rate is not 100% indicates that 

environmental factors are also likely to play a role in the development o f  the autistic 

aetiology, although the high MZ concordance rates suggest that this m ight be a 

limited role (see section 1.2.2). The most widely referenced environmental risk has 

been the M easles-M umps-Rubella (MMR) vaccination. The publication o f  Prof. 

Andrew W akefield’s paper in 1998, which reported the onset o f  autism following the
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MMR vaccination in 8 out o f 12 individuals, led to widespread public concern 

Subsequent findings, including a population based retrospective study involving 

more than 1.5 million children in Denmark found no association between M MR and 

autism  Likewise a study in the UK by Taylor et al, reported no significant 

increase in autism following the introduction o f the MMR vaccine

A more recently reported risk factor for autism is twinning. Greenberg, in 2001, 

observed that there were more twins in the AGRE dataset than would be expected in 

the general population In the general population the prevalence o f  MZ twins is 

0.008 and DZ twins is 0.016, leading to an overall prevalence o f 0.024 However 

in the AGRE population, the MZ prevalence was 0.142 and the DZ prevalence 0.075, 

leading to an overall prevalence o f 0.226. These differences were deem ed to be 

statistically significant (p value <0.000001). These findings were replicated in part 

by Betancur et al, who also found a significant increase in the numbers o f  MZ twins, 

but not DZ twins in their population However Hallmayer et al were unable to 

replicate this finding in their Australian population suffering autism Two thirds o f 

MZ tw ins, unlike DZ twins, share a chorionic m em brane and hence placenta, 

therefore 1 /3 of MZ twins and DZ twins may experience different prenatal influences 

These m onochroionic or m onoam niotic factors may play a role in the 

development o f autism.

Other agents, including thalidom ide and valproic acid, have also been linked to 

autism (see Section 1.3.3).
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1.3 The Search for Autism Candidate Genes

There are approxim ately 30,000 to 40,000 genes in the human genome and o f 

these only a small number (see Section 1.2.3) are involved in the developm ent o f 

autism.

A number o f  methods and strategies have been developed to assist in identifying the 

most probable candidates. Testing all variants in all genes in samples o f  affected 

individuals would lead to the identification o f susceptibility variants in candidate 

genes. At present, this remains im practical and uneconom ical. Testing o f  all 

variants would ultimately lead to a high level o f false positive results. Instead, 

strategies are required to whittle down the number o f genes to limits that are realistic. 

These strategies include linkage analysis, cytogenetic studies, animal studies and 

m edical observations. Finding genes responsible for autism  may lead to the 

developm ent o f better therapies and medication to help am eliorate some o f  the 

phenotypic traits associated with the disorder.

1.3.1 Linkage Studies

Traditionally, when a disorder is known to be genetic, but nothing is known about 

the genes likely to be involved, then one method used to narrow  down candidate 

regions is linkage analysis. This utilises a number o f markers spread throughout the 

genom e. It is not necessary to know  if  the m arkers (sing le  nucleo tide 

polym orphism s (SNPs), V ariable N ucleotide Tandem  R epeats (V N TR s) or 

m icrosatellites) are functional, just where they are located relative to each other. 

M icrosatellites are the most frequently used m arkers in linkage analysis as the 

polymorphic information content (PIC) is higher in comparison to bi-allelic markers. 

Evidence for linkage arises from tracing the co-segregation o f  DNA variants with the 

trait under consideration along family lineages. Linkage analysis is based on 

departure from M endel’s Second Law, which states that during gamete formation the
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segregation o f alleles o f one allelic pair is independent o f segregation o f the alleles o f 

another allelic pair. This is only true when the allelic pairs are located on different 

chrom osom es, or are located far apart on the sam e chrom osom e so that 

recombination will prevent alleles from being transmitted together. The further apart 

two markers are, the greater the chance o f recombination.

Parametric linkage ideally uses large multi-generational families with affected and 

unaffected relatives. It also requires the a priori  specification o f  the genetic 

parameters o f a model for the disease in terms o f allelic frequencies, penetrance (i.e. 

the probability that a functional variant results in phenotypic change), the mode o f 

action (i.e. dominant or recessive) and the distance from the genetic m arker under 

examination.

Non-parametric linkage methods, originally designed around small nuclear families, 

have been extended to include general pedigree structures. It is based on allele 

sharing in affected relative pairs (or allele non-sharing in discordant relative pairs). 

One advantage o f  non-param etric linkage methods is that it is not necessary to 

specify a m odel for the disease a priori, and generally , these m ethods are 

com putationally simple. Also, since no model is specified, there is no chance o f 

choosing the wrong model and as a result there is greater power. In addition, as there 

is no need to test several models, so multiple testing is reduced. However, they may 

lack power, compared to parametric methods under certain circumstances, i.e. where 

you have the correct model.

There have been a number o f genome scans and linkage studies for autism. The first 

genom e scan was undertaken by the IM GSAC consortium , w hich investigated 

linkage in 99 m ultiplex families with 354 markers Evidence for linkage was 

found on 6 chromosomes (chromosomes 4, 7, 10, 16, 19 and 22), but they did not 

reach a genomewide significance threshold (maximum LOD scores (M LS) > 3 . 0  

indicate highly significant linkage, whereas those with a score o f 1.0 < MLS > 3.0 

show weaker statistical evidence for linkage). The region around markers D7S520
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and D7S684 (on 7q31) showed evidence o f linkage in a subset o f  the sample (UK 

families only) (MLS = 3.55), pointing towards the potential problem s o f  sample 

heterogeneity.

There have been an additional 13 genomewide linkage studies published To 

date all chromosom es, with the exception o f chrom osom es, 14, 21, 22 and the Y 

chromosome, have shown at least nominally significant linkage to autism (MLS > 1). 

The most replicated chromosomal regions showing significant linkage to autism are 

chromosomes 2q (see Section 5.1), 7q, 16p and 17q.

Evidence o f linkage to markers on chromosome 7 has been reported by IMGSAC 

Barrett et al IMGSAC Shao et al Alarcon et al Auranen et al McCauly 

et al and Lamb et al The region 7q31-33, which showed evidence o f  linkage 

in the study by IMGSAC has had a physical map constructed, and there are 23 

genes in this region alone This region has also shown increased evidence o f 

linkage when the analyses were confined to individuals showing delayed speech 

acquisition and language impairments. Barrett et al found that linkage (measured by 

MLS scores) in the 7q31-33 region rose from 1.4 to 2.2 in the im paired language
89sample . In the sample showing no language impairment, the MLS score fell to 0.1 

from 1.4. Another possible “speech acquisition” locus has been reported on 

chromosome 2q

The region around the serotonin transporter on chromosome 17ql 1.2, has also been 

identified in a number o f genome scans (see section 1.3.1) as have regions on
1 1  70 87 8ft

chromosome 16 ' ' . Considering there is a 4:1 male: female affected ratio, it is

not surprising that a number o f studies have reported nominal linkage to the X 

chromosome

Although on first inspection the number o f  chromosomal regions highlighted from 

genome scans seems wide and varied, and most “ linked” regions do not seem to be 

reliably replicated, the number o f loci identified supports the theory that the mode of
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inheritance for autism is polygenic (see Section 1.2.3). There may also be a small 

number o f population specific “minor” autism regions, e.g. the 3q25-27 region may 

be specific to the Finnish population in which it was identified

1.3.2 Chromosomal Abnormalities

Chrom osom al abnorm alities are estimated to be present in approxim ately 3% o f 

individuals with autism Chromosomal abnorm alities have been reported on all 

chromosomes with the exception o f chromosome 11 and chromosome 21 (see Table 

1.3). These include autosomal aneuploidies, deletions, duplications, translocations, 

ring chromosomes, inversions and supernumerary marker chromosomes.

The m ost com m on chrom osom al disorder in autism  occurs as a trisom y o f 

chromosom e 1 5 q ll-q l3  This region undergoes imprinting and is associated

with Prader-W illi syndrom e (PW S) and A ngelm an syndrom e (AS). PW S is 

ch arac terised  by m uscular hypoton ia , m ental re ta rd a tio n , short s ta tu re , 

hypogonadotropic hypogonadism  and small hands and feet (OM IM  reference 

176270). It is a result o f  the deletion o f a gene/genes on the paternal chromosome 

1 5 q ll-q l3 , or by maternal uniparental disomy o f this region, as this region on the 

maternal chromosome is rendered inactive due to imprinting. These lead to complete 

loss o f  expression o f genes in the region. AS is characterised by severe motor and 

in tellectual retardation, ataxia, hypotonia, epilepsy, absence o f  speech and 

characteristic facial structure (OMIM reference 105830). It is caused by a deficiency 

in the ubiquitin-protein-ligase E3A gene (UBE3A)  on the maternal chromosome 15. 

UBE3A encodes for E3 ubiquitin protein ligase (E6-AP), which transfers ubiquitin 

molecules to target proteins enabling their degradation by the proteosome complex. 

It is expressed exclusively on the maternal chromosome in the brain Deficiencies 

in the gene may arise through maternal interstitial deletions, paternal uniparental 

disomy or a single imprinting gene defect in UBE3A.
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Due to the high frequency o f  chromosomal abnorm alities in autism reported (see 

Table 1.3), there have been a number o f genetic association studies undertaken. Two 

studies have reported associations in the GABA receptor B3 gene and the GABA 

receptor subunit G3 A number o f  studies have also reported evidence for linkage 

to markers in the 15ql 1-13 region Linkage studies are somewhat hampered

by the high level o f recombination observed in this region ' Evidence for genetic 

association has also been found with variants in the UBE3A  gene and individuals 

with autism ' ' ' .

As mentioned above, chromosome 7q has been identified as showing evidence for 

linkage by several genomewide linkage analyses (see section 1.3.1). V incent et al 

reported a case o f  autism with a translocation between chrom osom es 7 and 13 

(Ch7q31 t(7;13)(q31.2;q21)) (see Table 1.3). This led to the disruption o f  a tumour 

suppressor gene, suppressor o f  tum origenicity  7 ( R A Y ! )  A lthough this 

translocation may have affected the proband in question, the RA Y1 gene was shown 

to be unlikely to have a major influence in the developm ent o f  autism , as no 

mutations were found in 27 unrelated individuals with autism.

Another gene, AUTS2, at 7ql 1.2, was identified at a breakpoint reported in a pair o f 

m onozygotic twins concordant for autism. These twins carried a translocation 

between chromosomes 7 and 20 (t(7;20) (ql 1.2; p i 1.2)) The A U TS2  gene is a 

large gene, o f  1.2 Mb with 19 exons. Transcription o f this gene produces a protein 

o f 1295 amino acids, which does not correspond to any known protein. Exons and 

flanking intron sequences were screened for m utations in 65 nuclear m ultiplex 

autism families, and while a number o f  polym orphisms were found, there was no 

evidence for association o f  any o f  these m arkers in the w ider autism  sample. 

Linkage analysis o f four dinucleotide repeat markers (two within and two flanking 

the gene) was also negative

Other chromosomal abnormalities include those on chromosome 2ql3  to 2q36 (see 

Casas et al for a review o f 66 deletions in individuals with autism in this region ' '^)
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and Fragile X abnormalities (see Table 1.3). While cytogenetic findings so far have 

not led to the identification o f  autism related genes, this m ethod has proved 

successful in other diseases, including the identification o f  the dystrophin gene in 

M uscular D ystrophy the UBE3A  gene in A ngelm an Syndrom e and the 

SNRPN/ necdin candidate genes in Prader-Willi Syndrome
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Chromosome Abnormality Reference
1 T(l;7)(p22;q21) Yan et al

Uniparental disomy lp22 W assink et al
2 Deletion o f 2q37.3 Lukusa et al

R ev iew  o f  66 cy t 
abnorm alities between  ̂
2q36

Casas

3 P artia l te trasom y o f  
mosaicism

Oliveira et al

T(3;12)(p26.3;q23.3) Fahsold et al
4 Interstitial deletion on 4q Ramanathan et al

46,XX, dupl.(4)(pl2-pl3) Sabaratnam et a
(4;12)(q21.3;ql5) Nasr et al
T(4;6)(q23-24;p21) Liu et al

5 A de novo microdeletion c Harvard et al
T(5;18)(q33.1;ql2.1) Kroisel et al ™

5 T(5:7)(ql4;q32) Tentler et al
Monosomy o f (5pter-5pl5 Vostanis et al

6
Partial 6p trisomy Burd et al
Del(6)(q25.1;q25.3) Sukumar et al
T(4;6)(q23-24;p21) Liu et al

7 7q31 partial duplication Sarajee et al
T (7 ;2 0 )(q ll.2 ;p ll.2 ) Sultana et al '
T(5:7)(ql4;q32) Tentler et al
D upl(7)(p ll.2 -p l4 .1) W olpert et al
T(l;7)(p22;q21) Yan et al '
T(7;13)(q31.3;q21) Vincent et al

8 R(8)p(10p23.1) Demori et al
T(2;8)(q35;q21.1) Borg et al
Translocation breakpoint in 
releasing peptide 
Receptor

Ishikawa-Brush et al

T(X;8)(p22.13;q22.1) Bolton et al '■***
9 Two cases o f 

pericentric inversion o f 
chromosome 9

Liu et al

10 del(10pl4-pter) Verri et al
12 T(3;12)(p26.3;q23.3) Fahsold et al

(4;12)(q21.3;ql5) Nasr et al
Table 1 . 3 A  A  L i s t  O f  C h r o m o s o m a l  A b n o r m a l i t i e s  R e p o r t e d  I n

I n d i v i d u a l s  W i t h  A u t i s m . T = translocation , Del = deletion, R  = ring 

chromosome (Analysis o f Abstracts undertaken).
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Chromosome Abnormality Reference
13 D ell3(ql2-13) Smith et al

Dell3(ql4-q22) Steele et al
14 Del 14(q32.3) Merritt et al
15 See Bolton et al for review on 

chromosomal abnormalities 
o f q l l - q l 3

16 D up(16)(p ll .2 -p l2 .2 ) Finelli et al
16q22 fragile site Kerbeshian et al
Partial trisomy 16p Hebebrand et al

17 D u p l7 (p l l .2 p l2 ) Moog et al
T(17;19)(pl3.3;pll) Anneren et al
D e ll7 (p l l .2 p l l .2 ) Vostanis et al

18 T(5;18)(q33.1;ql2.1) Kroisel et al
19 T(17;19)(pl3.3;pll) Anneren et al
20 Del20(pl2.2-pter) Sauter et al

t(20:22)(ql3.3;qll.2) Carratala et al
D el20(p ll .2p ll .23 ) Michaelis et al

22 R(22) 152Nair-Miranda et al
Del22(ql3.3) Goizet et al
R(22)(pll.31-ql3.31) MacLean et al
T(20:22)(ql3.3;qll.2) Carratala et al

X Monosomy X Donnelly et al
Xp deletion Thomas et al
T(X;8)(p22.13;q22.1) Bolton et al

Table 1.3B A  L i s t  O f  C h r o m o s o i m a l  A b n o r m a l i t i e s  R e p o r t e d  I n  

I n d i v i d u a l s  W i t h  A u t i s m . T = translocation, Del = deletion, R = ring 

chromosome (Analysis of Abstracts undertaken).
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1.3.3 Animal Models

The use o f  animal models can lead to insights into the molecular basis o f  a disorder. 

This can be achieved by highlighting the role o f  individual genes, m olecular 

pathways, potential mutagens or regions o f the brain involved in the disorder.

A number o f  animal models have been useful in helping to pinpoint regions o f  the 

brain that may be involved in autism. This is important, as the low prevalence o f  the 

disease and the infrequency o f  autopsies, have made the study o f  brain structure 

associated with autism difficult. Induced lesions in the am ygdala have produced 

autistic behaviours in monkeys Bilateral tem poral lesions were have led to 

abnorm al social interactions, changes in body and facial expression and the 

developm ent o f  abnorm al stereotypic behaviours S urp rising ly  these

abnormalities only lasted until adulthood, whereupon the lesioned monkeys appeared 

no different to control monkeys Based on this work, it has been suggested that 

the focus o f gene searches for autism should centre on genes expressed at birth in the 

temporal region o f the brain. In another study, by W olterink et al, administration o f 

ibotenic acid (on day 7 or day 21) led to the development o f lesions in the lateral and 

central amygdala and/or the ventral hippocampus in rats Both sets o f  rats (i.e. 

those in the 7 and 21 day administration) exhibited enduring behavioural disturbance. 

H owever, those rats that received ibotenic acid earlier showed m ore extrem e 

disturbances. This may have arisen due to the effect o f  ibotenic acid on the 

developing brain. Monkeys with induced lesions in the am ygdala have also shown 

abnormal fear responses, exhibiting increased fear in novel social situations despite 

normal social development, and decreased fear in normal fear inducing situations 

(see Amaral for a review  '^°). Amaral hypothesises that “the am ygdala is not 

necessary for species typical social behaviour or for gaining social knowledge during 

developm ent, but it is a critical com ponent o f a system  that evaluates the 

environm ent for potential dangers.... It typically inhibits social interaction with 

novel conspecifics while they are evaluated as potential adversaries” More 

recently face and emotion recognition deficits have been reported and attributed to
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anomalies in amygdala development” Subsequently imaging studies have

demonstrated the presence o f enlarged amygdala volume in XO females compared 

with normal male and female controls. The authors attempted to map genes on the X 

chromosome that may predispose towards the neurocognitive deficits using females 

with X-chromosome deletions who also showed the face and emotion recognition 

deficits The role of the amygdala is to mediate inborn and acquired emotional 

responses, and therefore it is a very interesting region for study in autism.

In an autopsy on a brain from a 21-year-old female patient with autism by Rodier et 

al, a significant decrease in the number of motor neurons in the facial nerve nucleus 

was reported (from 9,000 neurons in a control brain to -400 in the autistic brain) 

Shortening of the middle pontine regions was also noted. Rodier commented on the 

similarity o f these abnormalities to those described in HoxA  knockout mice. 

Exposure of rats to valproic acid (a powerful chemical tetratogen) on day 11.5 

resulted in a reduction o f the formation of motor nuclei V and XII, but not o f the 

facial nerve VII Functional abnormalities of the cranial nerves are observed with 

higher frequency in autism Exposure to this teratogen on day 12.5 resulted in a 

decrease of the posterior lobe of the vermis. Between the days 11.5 and 12.5, the 

neural tube closes. Andres interpreted these results by stating that “early exposure, 

at the period o f neural tube closure, can lead to late effects, which are relatively 

limited and specific” Other possible autism related teratogens include 

thalidomide. Exposure o f rats to thalidomide and valproate in-utero has been 

demonstrated to result in abnormal levels of monoamines in the CNS, with elevated 

hippocampal serotonin and pre-frontal dopamine Thalidomide exposure in 

humans has also been reported to lead to an incidence o f autism in 5 out o f 15 cases 

73,166 Valproic acid administration to rat foetuses on the 12.5 day o f gestation 

resulted in the birth of rats who exhibited;

1) Decreased number o f social behaviours and increased latency to social 

behaviour

2) Locomotor and repetitive/ stereotypic-like hyperactivity combined with lower 

exploratory activity
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3) Low er sensitivity to painful stimuli with a higher sensitivity to non-painful 

stimuli

4) Diminished acoustic prepulse inhibition.

These behavioural aspects show similarities to autistic behaviour.

Biological chemicals, e.g. oxytocin and vasopressin, have also shown links to autism

Both o f the aforementioned biochemical molecules have shown to be involved in

com m unication and ritual and social behaviour traits that are considered to be

aberrant in individuals diagnosed with autism, and therefore are strong candidates for

dysregualtion in autism In the case o f oxytocin, knockout mice for this gene
1 • ♦ •exhibit profound deficits in social recognition and processing . The admmistration 

o f  oxytocin to infant rats also leads to decreases in social interactions. These rats 

show a decrease in the number o f isolation calls, fail to develop social memory and 

exhibit stereotypic behaviour Rats lacking vasopressin and mice lacking the
• * 1 7 0Vasopressin V ia  receptor also show deficits in social processing and recognition 

There are no reported m utations in the oxytocin gene, although observations o f 

decreased levels o f plasma oxytocin in individuals with autism have been published
1 7 1 , 1 7 2

Other mouse models have been described that may be relevant for autism, including 

TPH2 (see section 3.1.5), Wnt3, Dvl and En2 (see Section 6.1 for more information).

1.3.4 Clinical Observations

Clinical observations and trials have helped identify or strengthen the case for 

candidate genes. The adm inistration o f  selective serotonin reuptake inhibitors 

(SSRIs), which prevent serotonin from being reabsorbed back into the presynaptic 

nerve, have shown to be o f clinical benefit in some patients (see M oore et al for a 

review ^ )̂. SSRIs may lead to improvements in mood and temperam ent, ability to 

relate to others, language im pairm ent and decreases in com pulsive behaviours.
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These observations have strengthened the case for the involvement o f  the serotonin 

pathway in autism (see Section 3.1.2 for further information). Likewise, dopamine 

agonists, e.g. haloperidol and risperidone, have shown to lead to some improvements 

in irritability and severe behavioural problems associated with autism, and this has 

given support to the role o f dopamine and/or the dopamine pathway in autism

W ithin any sample o f  individuals with autism , there w ill be variability in the 

phenotypic presentation o f autism, e.g. some individuals will have more repetitive 

behaviours than another individual in the same sample. Subdivision o f  samples is 

becoming more frequently used to try to approximate a single biological disturbance. 

With respect to phenotypic measures, the clinical data generated by the ADI-R and 

ADOS-G instruments does not lend itself easily to the investigation o f  association 

between candidate genes and phenotypic sub-types. However a proposed approach to 

this analysis is to perform cluster analysis o f  ADI-R items for genetic analysis A 

study by Shao et al found increased linkage (from 1.5 in the general sample to 4.71 

in the sub-phenotyped sample) at the GABRB3  locus in the chromosom e 15ql 1-13 

region when the sample was reanalysed only including individuals with a high score
1 77

on the “ insistence on sameness” category
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1.4 Testing Potential Autism Susceptibility Genes

Having identified potential candidate genes, a number o f  strategies exist in order to 

test if  the gene is associated with a disorder. They include association testing, 

linkage disequilibrium (LD) mapping and haplotype testing, m utation screening and 

more recently expression profiling.

1.4.1 Linkage Disequilibrium Mapping, Association Testing and 

Haplotype Analysis

1.4.1.1 The Theoiy

W hereas linkage studies can now quite easily take a genom e-w ide approach, 

association studies are limited to candidate genes or regions. In the case o f  complex 

polygenic disorders, the power o f a linkage study can be relatively weak, as each 

functional variant may only play a minor, but statistically significant, role in the 

developm ent o f  the disease. Association studies have a greater pow er to detect 

variants o f  small magnitude in the same sample An increased marker density is 

needed in the case o f association studies in comparison to linkage studies due to the 

decreased PIC (polymorphic information content) gained from SNPs (the majority o f 

variants tested in association studies), in addition to the fact that association can only 

be detected over a shorter range compared to linkage analysis. The basic aim o f an 

association study is to test if  a given marker allele occurs at a significantly higher 

frequency in a sample o f  cases (affected individuals) in com parison to controls 

(unaffected individuals). Associations can be sought with functional markers, as in 

the Serotonin transporter prom oter insertion/deletion (see Section 3.1.4), or in 

variants that are in linkage disequilibrium (LD) with functional markers.
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Linkage disequilibrium (LD) is defined as the non-random association o f alleles at 

adjacent loci It occurs when an allele at one locus is found to occur more often 

than expected by chance with another allele at another locus. LD arises following 

the creation o f  a new m utation on a chrom osom e that carries a particular set o f 

alleles in the loci surrounding it. Over time the degree o f  LD dim inishes, due to 

increased recombination events. While the extent o f  LD is expected to decrease over 

time and distance between markers, not all closely linked m arkers are in LD, and 

some markers with a large inter-marker distance may show high LD. There have 

been reports o f high LD between markers that are over lOOkb apart whereas 

marker that are less than 2kb apart may show no LD There are a num ber o f  

factors that can influence the extent o f LD across a region. These include allele 

frequency, genetic drift, population growth, adm ixture or m igration, population 

structure, natural selection, variable recombination rates, variable mutation rates and 

gene conversion events (see Ardlie et al for a review on these factors

Lew ontin’s D is a measure o f  LD and is defined as the difference between the 

observed frequency and the expected frequency if  two loci are segregating at 

random. For two loci A (with alleles A and a) and B (with alleles B and b), the 

frequency o f a two-marker haplotype is P a b - Assuming random assortment, P a b =  ( P a 

X P b ). Thus D can be calculated using the following equation

D = {P , , - ( P , xP^ ) )

As D relies on allele frequencies its numerical value has little value in term s o f  

measuring LD. Alternative measures o f D have been developed. The most widely 

used measures for LD are D ’ and r .̂ These measures are not identical, they have 

differing properties and measure different aspects o f LD.

D ’ is calculated by dividing D by it’s maxim um  possible value, given allele 

frequencies at two loci. It is the most widely used measure o f LD. When D ’= l ,  the 

loci are said to be in complete LD. One o f the problems with D ’ is that with relative

30



values o f  D ’< 1 there is no clear in terpretation. D ’ is strongly  inflated  in sm all 

sam ples, particularly for rare alleles. Due to these sam ple size effects, LD in different 

sam ples can be d ifficu lt to com pare. In term ediate  va lues should  not be used to 

com pare the strength o f  LD betw een studies

2 * 1 8 3r is another m easure for quantifying and com paring LD in association m appm g 

It is based on the correlation o f  alleles at tw o loci and is calculated  by dividing 

D^ by the sum o f  the frequencies o f  four alleles at tw o loci, i.e. for loci A a and Bb:

r^=l if  the two loci have not been separated by recom bination  and have the sam e 

allele frequency. A n advantage o f  the m easure is that individual values o f  r  ̂ are 

m ore easily  in terpreted . A lso for tw o neighbouring  loci w here one is a d isease 

causing  allele and the o ther a nearby m arker that is in LD = r^, to have the sam e 

pow er to detect the association betw een the disease and the neighbouring m arker, a 

sam ple size should be increased by a factor o f  (1/ r )  in o rder to detect association 

betw een the m arker and disease w hen com pared w ith the sam ple size required  to
183 185 2detect association with the disease locus itse lf ’ . Furtherm ore, r takes account o f

differences in allele frequencies betw een two m arkers. Finally, the calculation is less 

inflated in small samples.

There are tw o form s o f  association testing, the case-control test and a fam ily based 

assoc ia tion  test. The o rig inal and m ost w idely  used study  design  for testing  

association is the case control design. This m ethod consists o f  testing for significant 

a lle le  and genotype d ifferences betw een 2 sam ples, the cases (i.e. the affected  

individuals) and the controls. The control sam ple is m atched as close as possible for 

age, gender, e thn icity , and socio-econom ic background. A  s ta tis tica l d ifference  

betw een the groups, tested using a basic test, im plies an association  betw een the 

tested allele o f  the variant and the phenotype/disorder. D espite its ease how ever, this
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m ethod is liable to identify ‘fa lse-positive’ associations, due to population 

stratification This is because allele frequencies differ between populations 

irrespective o f  disease status, based upon a population’s unique genetic and social 

history. Population stratification occurs when the case and control samples are not 

correctly matched, and this may not be easy to spot in advance o f a study.

A nother method has been designed to avoid this potential problem. This design, 

known as the family based or trio study design, is based on fam ilies where the 

sample consists o f at least one affected child and one or both biological parents. It is 

similar to the case-control test in that it tests for differences between sample and 

control allele frequencies. This approach tests for the deviation from the expected 

transm ission o f  alleles from parents to their affected offspring (i.e. the null 

hypothesis or M endel’s first law). I f  an allele is significantly over-transm itted to 

probands then this marker becomes a potential susceptibility allele. The statistics 

used to test for significant transmission are the Transmission Disequilibrium Test 

(TDT) (see Section 2.3.1.2) and the Haplotype Based Haplotype Relative Risk

(HHRR) The TDT test is a test for association in the presence o f  linkage.

There are a number o f  disadvantages to this method o f association testing. Firstly, it 

is not always possible to collect parental sam ples, as is the case in late onset 

disorders, e.g. A lzheim er’s disease. It necessitates extra genotyping, as DNA 

extraction and genotyping have to be performed in the proband and both parents, 

versus a case individual and control individual. Finally, there is a loss o f  power 

associated with using the TDT test, as TDT calculation can only be perform ed in 

heterozygous parents and thus only a proportion o f  the sample can be utilised with a 

consequent loss o f power. The HHRR test uses all transmission observ'ations but it is 

rarely more informative.

It was once thought that LD was relatively consistent across the genome. Recent 

studies have shown this not to be the case. There are regions o f  high LD and low 

recombination interspersed with regions o f low LD and high recom bination (known

32



as ‘recombination hotspots’ This phenomenon has resuhs in the formation o f 

w hat have becom e know n as haplotype ‘b lo ck s’. The H apM ap pro ject 

(http://w w w .hapm ap.org/) defines haplotype blocks as regions in the genom e 

between 10 and lOOkb that have between 2 to 4 haplotypes defining > 90% o f all 

chromosomes. The aim o f the HapMap project is to “compare the genetic sequences 

o f  different individuals to identify chromosomal regions where genetic variants are 

shared” . Awareness o f  the underlying haplotype structure may reduce the quantity 

o f  genotyping necessary over a region o f  interest, as one or a small num ber o f 

variants might substantially represent the total genetic information contained within 

each block.

Testing the transmission o f haplotypes to affected individuals is also useful. Regions 

between m arkers often ultim ately contain the functional m arker o f  interest. 

Transmission o f this 2-marker haplotype may be more significant than transmission 

o f either o f the single markers alone. Transmission o f  haplotypes may also help 

identify regions o f genes that may contain these functional markers, leading to more 

efficient mutation screens.

1.4.1.2 Potential Candidate Genes Highlighted by Association  

Studies

Association testing has led to the identification o f a num ber o f possible genes for 

autism (see Table 1.4 for a sample o f  these genes). Genes with functions ranging 

from neurotransm ission processes, e.g. the serotonin transporter gene to brain 

developm ent p ro te in s, e.g. EN2 to m ito ch o n d ria l genes, e.g . the 

aspartate/glutamate carrier SLC25A12  have all shown association with autism.

A number o f gam ma-am inobutyric acid (GABA) receptors (GABRs) have shown 

association with autism (see Table 1.4). GABA is one o f  the m ajor inhibitory
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neurotransm itters o f  the brain. There are 18 known GABA receptors composed o f 

21 GABA subunits a number o f which lie on chromosome 1 5 q ll-1 3 , a region 

that is the most frequently observed chromosomal abnormality in individuals with 

autism  (see Sutcliffe & Nurmi for a review The GABA related genes are o f 

interest, due to the inhibitory action o f  GABA, and the increased levels o f  glutamic 

acid and decreased levels o f glutamine in samples o f autistic individuals A

m ore recent study by D hossche et al has used a gas chrom atography / mass 

spectroscopy technique to measure GABA levels in a sample o f  patients diagnosed 

with autism This has shown an increased plasm a GABA level in a sample o f 

patients with autism in comparison to a sample o f  controls. Decreased binding o f  

radio-labelled GABA receptor ligands has also shown to be significantly reduced in 

the hippocampal region o f the brain in individuals with autism A number o f 

association studies o f  GABA related genes have been undertaken, and positive 

associations have been reported, including the GABRA5 GABRB3  and

GABRG3  genes. One o f the largest investigations o f the GABA receptor system 

and its relationship to autism was undertaken by Ma et al, who analysed the 

transm ission o f alleles o f 70 SNPS across 14 genes Allelic association was 

found w ith the GABRA2  and the GABRR2  genes, while genotype association was 

found with the GABRA2  and the GABRA4  genes. Gene-gene interactions between 

G ABRA4  and G A B R B l  were also reported. Ma et al concluded that G A B R A 4  is 

involved in the development o f  the autistic aetiology, and the inheritance o f  certain 

GABRBl  variants increases this risk further still

Another gene that has shown association with autism is the Reelin  gene, located on 

chrom osom e 7q22 (see Table 1.4). It is a large gene encoding mRNA o f 

approxim ately 12kb . The gene product is a large ex tracellu lar glycoprotem  

secreted by the most superficial layers o f the brain. The expression in postnatal 

human brain is high in the cerebellum, a region shown to be enlarged in autism (see 

Nicolson et al for a review The RELN protein directs cortical layer formation by 

acting on m igrating cells (e.g. cortical plate neurones in cortex and cerebellar
203Purkinje cells) through its interaction with the adaptor protein, disabled 1 (dabl)
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In relation to autism, evidence for linkage around marker D7S477 that maps to 7q22 

has been reported This region contains the R E L N  gene. An association was 

identified between autistic disorder and a polymorphic GGC repeat located 5' o f the 

reelin gene { RE LN)  ATG in itia to r codon H aplotypes form ed by this 

polymorphism with two single-base substitutions located in a splice junction in exon 

6 and within exon 50 were also found to be associated. This finding has not been
* * 205  206widely replicated ’ . However Zhang et al have proposed that there is an increase

in transm ission o f  the variant in autistic individuals with delayed phrase speech. 

There have also been reports o f decreased blood levels o f  reelin in addition to 

reduced mRNA in the frontal cerebellum region o f  post-m ortem  brain from a 21 

year-old female diagnosed with autism in com parison to a normal age m atched 

control

O ther genes with tentative evidence for association with autism , although the 

strength o f replications often remains complex, include the serotonin transporter (see 

Section 3.1.4), WNT2 (See section 6.1.3), and the H O X genes
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Gene Reference Origin of Sannple
5-H TT Conroy et al Irish
5-H TT Cook et al American
5-H TT Kinn et al ^ American
5-H TT Klauck et al Data Unavailable
5-H TT Mulder et al Dutch
5-H TT Tordjman et â ^̂ French
5-H TT Yirnniya et al Israeli
A3 AT Barnby et al European
ADA Bottini et al Italian
ADA Persico et al Italian
AP0E2 Persico et al Italian
EN2 Gharani et al AGRE
EN2 Petit et al French
F0XP2 Gong et al Chinese
GABRA2 Ma et al American /  AGRE
GABRA4 Ma et al American /  AGRE
GABRA5 McCauley et al American /  AGRE
GABRB3 Buxbaum et al American /  AGRE
GABRB3 McCauley et al American /  AGRE
GABRG3 Menold et al Data Unavailable
GABRR2 Ma et al American /  AGRE
GluR6 Shuang et al Chinese
GluR6 Jamain et al European
GRIN2A Barnby et al European
HOPA Beyer et al German /  Austrian
HOXAl Conciatori et al Italian /  AGRE
HRAS Comings et al American
HRAS Herault et al French
INPPl Serajee et al AGRE
LAMBl Hutcheson et al American
MAO-A Cohen et al American
NFl Marui et al Japanese
NLGNl Ylisaukko-Oja et al Finnish
NLGN3 Ylisaukko-Oja et al Finnish
NLGN4 Ylisaukko-Oja et al Finnish
T ab le  1.4A  Sa m p l e  O f G enes  Sh o w in g  Po s it iv e  A s s o c ia t io n s  W it h  A u t is m .
T h e s e  genes  w e r e  c h o s e n  f o l l o w i n g  P u b M e d  
rhttp://\\ww.ncbi.nlm.nih.uov7entrcz/qucrv.rcui?dh=PubMed') searches using the 
terms “ genetic associations AND autism”  and “ associated genes AND autism” , 
(Abstracts only).
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Gene Reference Ethnicity of Sample
OXTR Wu et al Chinese
PIK3CG Serajee et al ACRE
PONl D'Amelio et al American /  Italian
PRKCBl Philippi et al Data Unavailable
RELN Persico et al Italian
RELN Skaar et al American /  Italian
SLC25A12 Ramoz et al American /  AGRE
TD02 Nabi et al AGRE
TPH2 Coon et al ^ American /  Italian
TSC2 Serajee et al AGRE

UBE2H Vourc'h et al Data Unavailable

Tab le  1.4B Sa m p l e  O f G e n es  Sh o w in g  P o s it iv e  A s s o c ia t io n s  W it h  A u t is m .

T h e s e  g e n e s  w e r e  c h o s e n  f o l l o w i n g  P u b M e d  

(http://ww\v.nchi.nlm .nih.uov7entrez/qucrv.fcui?db=PubM ed) searches using the 

terms “ genetic associations AN D  autism”  and “ associated genes A N D  autism” , 

(Abstracts only).
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1.4.2 Mutation Screening

1.4.2.1 The Theory

M utation screening, either by denaturing high performance liquid chromatography 

(dHPLC) (see Section 2.2.5.2), single strand conformational polymorphism (SSCP) 

analysis (see Section 2.2.5.1 for further inform ation) or direct sequencing, is one 

method used in the search for novel or rare mutations. Screening for large deletions 

and insertions can be easily undertaken by a basic PCR reaction and searching for 

product size differences, however screening for single base pair changes (SNPs) or 

small deletions/insertions is more difficult. It is these minor changes that appear to 

predispose individuals to the majority o f complex diseases.

The majority o f mutation screens are undertaken in exonic regions o f the candidate 

genes, and often include intron/exon boundaries, as changes in the DNA sequence in 

these regions are more likely to have an adverse effect on the structure o f the 

resulting protein, through amino acid changes, or adverse splicing effects. Direct 

sequencing o f  these regions is perhaps the most straightforw ard m ethod for 

identifying novel mutations.

Another method o f mutation screening is the SSCP method. This is based on the 

principle that short DNA sequences that differ in sequence will migrate differently in 

a non-denaturing polyacrylamide gel . A disadvantage o f  SSCP analysis is that 

only small DNA sequences can be analysed (<200bp) with a detection efficiency o f 

90%. Sequences up to 400bp in size have efficiency between 70% and 80% 

Varying experimental conditions, e.g. temperature and glycerol concentration, or 

using RNA molecules, can increase sensitivity. Another disadvantage is the possible 

missing o f mutations and the fact that any sample showing a variation will then have
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to be sequenced so the exact nature and location o f the mutation is known. That said 

however, it is a quick, cheap and non-technical method o f  searching for mutations.

A nother mutation detection technique is dHPLC This is used to detect single 

base pair substitutions, and small insertions and deletions. Heteroduplexes, occurring 

in the presence o f  a variant, are retained less than homoduplexes, occurring when 

there are no variants present, on a unique DNA separation matrix, due the decreased 

stability o f  the DNA fragment. It has been estim ated that the sensitivity and 

specificity o f  dHPLC is consistently higher than 96% thus making it a highly 

efficient and cheap method o f detecting mutations in a large number o f  individuals. 

Sequencing o f samples showing the presence o f  mutations is still required, but the 

number o f samples necessitating sequencing is dramatically reduced.

1.4.2.2 Potential Candidate Genes Highlighted by Mutation 

Screens

A number o f mutation studies have been undertaken following the identification o f a 

possible candidate gene for autism (see Table 1.5). One such gene is the FOXP2  

gene (also known as SPCHl).  This gene was first identified as being responsible for 

a rare, severe speech and language disorder which was found to segregate in a 

dom inant m anner in a three-generational fam ily (know n as the KE fam ily). 

Following the highlighting o f 7q31 as a candidate region in a genome scan in the KE 

family, the Forkhead box P2 gene (F0XP2),  a transcription factor, was screened for 

mutations A single base pair change in exon 14, in the forkhead domain o f this 

gene, co-segregated with the severe language defects. Due to its relationship to 

speech and language defects and its presence in a region on chromosome 7 showing 

widespread evidence for linkage (see section 1.3.1), this gene became a potential 

gene for autism. A translocation in an individual with autism was also reported to 

cause disruption to this gene Wassink et al sequenced exon 14 o f  this gene and 

performed SSCP analysis in a sample o f 75 ASPs diagnosed with autism They
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identified 2 non-conservative changes, both involving the deletion o f  glutam ine 

residues from a polyglutamine stretch occurring in 2 families with autism, which 

were not present in 160 control samples. No mutations were found to occur in exon 

14, and there was one silent m utation in exon 5. There was a trend tow ards 

significant transm ission distortion o f  a te tra-nucleotide repeat in intron 1 in 

individuals presenting with language abnormalities (p = 0.06). Newbury et al also 

screened the coding sequence o f 43 ASPs who presented with autism Eleven 

new variants were detected, although all were intronic, and no mutations were found 

in the exons 1 2 - 1 4  (region giving rise to forkhead domain). A CAG-CAG insertion 

was also discovered in the exon 16 / intron 16 border. A number o f other mutation 

screening experiments in samples with autism have also been reported \

small num ber o f mutations have been discovered, including silent m utations 

mutations in exon/intron junctions and intronic SNPs

Following the identification o f mutations, association studies are often carried out 

with the mutation in question, in addition to other more common SNPs throughout 

the gene. There have been conflicting results for association studies using common 

SNPs in this gene. Gauthier et al reported no association as did O ’ Brien et al in 

the overall sample but an association between marker D7S3052 was reported in 

individuals with severe language deficits. Marui et al also reported an association 

between a SNP in intron 7 in male probands, but not female probands Gong et al 

found over-transmission o f a 2-marker haplotype in a sample o f Japanese probands 

with autism Overall, the evidence does not support a major role for FOXP2  in 

the developm ent o f autism. It may however be im portant in a small subset o f  

individuals with severe language impairments.

The neuroligin (NLGN)  family o f genes has also been investigated by mutational 

analysis (see Table 1.5). There are five NLGN  genes, located on chromosom es 3q26 

(NLGNl) ,  17pl3 ( NL GN 2) ,  Xq l3  ( N L G N 3 ) ,  Xp22.3 ( NL GN 4 )  and Y q l l . 2  

(NLGN4Y)  One o f  these genes, N L G N 3 is located w ith in  a region o f  

chromosome Xp22.3, which was reported in a de novo  deletion in a patient with
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autism  Two linkage studies have also highlighted X q l3  as a region showing 

increased, but not significant, allele sharing between affected sib-pairs Mutation 

screening o f the NLGN3, NLGN4  and NLG N4Y  was undertaken in a Finnish sample 

o f  36 ASPs and 122 trios diagnosed with either autism  or A sperger Syndrome 

reported the presence o f  two m utations that segregated with autism  One 

m utation introduced a stop codon at position 396 in the NLG N4 gene, while the 

second resulted in the conversion o f  arginine 451 to cysteines 451 (a highly 

conserved amino acid). In vitro experimentation has shown that these two mutations 

lead to the intracellular retention o f both proteins, which in turn leads to reduced 

form ation o f  presynaptic elements in cultured hippocam pal cells There have 

been a num ber o f  reports o f attempted replication. One study o f  148 patients 

diagnosed with autism (Portuguese and American) found 4 missense mutations in the 

NLGN4  gene, all in unrelated individuals However, one o f these mutations was 

also shown to segregate to 2 unaffected siblings o f  the proband with autism, thus 

making its role in the development o f autism unclear. There has also been three 

studies that have failed to find any m utations in the N L G N  genes An

association study using com m on SNPs in the N L G N  1, NLGN3, NLGN4  and 

NLGN4Y  genes with autism has been undertaken in 100 Finnish families Modest 

associations were reported for NLG NI  (p value = 0.002), NLGN3  (p value = 0.014) 

and NLGN4  (p value = 0.031). Further studies need to be undertaken to test common 

SNPs in these genes in other samples. The functional relevance o f the mutations 

found in the two Finnish families point to the importance o f this family o f  genes to 

the development o f autism. It remains to be seen what the role o f these genes is to 

larger samples diagnosed with autism.

M utation screening has also led to the examination o f a number o f  other genes and 

their role in the development o f autism (see Table 1.5). They include the R A Yl  (also
113 252 •known as ‘suppressor o f  tumorigenicity 7’) ’ and WNT2  genes (see Section

6.1.3).
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G e n e Author Origin of S a m p le
A B A T Barn by e t  al European
cAMP-GEFII Bacchelli e t  al European
CENTG2 W assink  e t  al American
FMR-1 S h in ah a ra  e t  al J a p a n e s e
FMR-1 Vincent  e t  al ACRE
GRIN2A Barnby e t  al E uropean
H O X A l ,  HOXBl In g ram  e t  al American
LAMBl Bonora e t  al E uropean
MECP2 Lam e t  al Ch inese
MECP2 Li e t  al J a p a n e s e
MECP2 S h ib a y a m a  e t  al American
NBEA C a s t e r m a n s  e t  al Belgian
NLGN3, NLGN4 Jam a in  e t  al Sw ed ish
NLGN4 Yan e t  al P o r tu g u e s e /A m e r ic a n
NLGN4 L aum onnie r  e t  al French
SL C 2 5 A 1 2 Ramoz e t  al Amerlcan/AGRE
UBE2H Vourc'h e t  al D ata  Unavai lable
WNT2 W assink  e t  al American

Table 1.5 S a m p l e  O f  G e n e s  T h a t  H a v e  R e v e a l e d  P o t e n t i a l  M u t a t i o n s  

A s s o c i a t e d  W  i t h  A u t i s m .  These genes were chosen following PubM ed 
( l i t tn : / / v \w w. nc h i .n lm .n i l i . t> ov / e n tr ey . / c iu crv . f c g i ?d h=P uh lV lc d ) searches using the terms 
“ m u t a t i o n  s c r e e n  A N D  a u t i s m ” , ( A b s t r a c t s  o n l y ) .
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1.4.3 Expression Profiling

Expression profiling is the in vitro investigation o f  the expression or activity o f  large 

numbers o f  genes using microarrays. It is a form o f whole genome analysis. In a 

single experiment over a thousand potential candidate genes can be narrowed down 

to focus on genes w hose expression differs betw een affected and unaffected 

individuals. Entire pathways can now be screened for differences in expression in 

comparison to controls. It is a rapidly growing research technique, that has widely 

been used in cancer research There has only been one report o f  expression 

profiling in autism . A study o f the expression profile o f  genes involved in 

inflammatory responses in individuals with autism, was undertaken by Vargas et al 

Seventy-nine genes, including cytokines, chem okines and grow th and 

differentiation factors, were selected for analysis in 11 post-mortem brain samples or 

CSF samples from 6 individuals with autism in comparison to 9 post-mortem control 

brains and the CSF from 9 control individuals. A marked increase in neuroglial 

responses characterised by activation o f the microglia and astroglia in the brain tissue 

o f the patients with autism was described. These responses were most marked in the 

cerebellum . This could be o f  relevance to autism  as m icroglia and astroglia 

interactions are essential for neuronal activity and synapse function neuron-glial 

interactions and cortical modelling, organisation and rem odelling during brain 

development

It is likely that as the technology required for expression profiling and the cost o f 

such work decreases, this method o f  investigation will play an increasing role in
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autism research, although access to the appropriate tissue samples will pose ethical 

and practical problems.
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1.5 Aims of thesis

1) To construct hypothesis driven support for the testing o f candidate genes.

Such hypothesises will be based on published and unpublished information, 

e.g. linkage resu lts, m ouse m odels, the presence o f  chrom osom al 

abnormalities, brain expression and biochemical links to autism.

2) Following the identification o f a possible autism susceptibility gene, the gene 

will be tested for association as follows:

a) All genes w ill be tested for allelic  associa tion  using  transm ission  

disequilibrium testing (see Section X).

b) All genes w ill be tested for haplotypic association using either the 

TRANSMIT test (see Section X) or the UNPHASED test (see Section Y).

c) The structure o f LD will be examined in all cases.

d) In the case o f replication studies, i.e. the serotonin transporter gene and the 

tryptophan hydroxylase 2 genes (see C hapter 3), pow er tests will be 

undertaken to examine to potential o f missing true (or false) positive results.

e) In the case of the Dopamine beta hydroxylase gene (DBH) (Chapter 4), DBH 

enzym e activity will be m easured in fathers, m others and probands. 

Comparisons will then be made, in addition to analysing the contribution o f 

each variant to overall DBH activity.

f) The usefulness o f  haplotype tagging SNPs will be exam ined using the

Integrin alpha 4 gene (ITGA4) data (see Chapter 5).

g) R eplication in additional sam ples w ill be sought to test for genetic

associations in other samples where possible, i.e. the ITG A4 gene (see

Chapter 5).

h) Mutation screening will be undertaken in order to replicate previous findings, 

i.e. in the WNT2 gene (see Chapter 6), and to identify potential mutations in 

exons close to associated variants, i.e. in the case o f the ITGA4 associations 

(see Chapter 5).
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CHAPTER TWO

M a t e r i a l s  a n d  M e t h o d s
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2.1 Sample Description

The sample described in this thesis was collected with ethical approval from the 

Eastern R egional H ealth A uthority, Child and A dolescent Psychiatry Ethics 

Committee, Ireland. Affected autism trios (probands and both parents) were recruited 

through schools, advocacy groups and professionals. The sample described here was 

collected in two separate phases, and recruitment is ongoing.

Phase 1 included 101 affected individuals (77 male, 24 female), with a male to 

female ratio o f 3.2:1. Parental samples were also collected where possible. The 

sample was Caucasian and largely ethnically Irish. In four families, there was one 

Irish parent and one non-Irish (two were North American, one was British and one 

was Dutch). There were 2 incomplete trios, in which DNA was not available from 

the fathers in the family. The mean age o f the affected individuals at the time o f  

diagnosis was 123.7 months (range = 56 -  408 months, standard deviation = 102 

months). This phase o f the sample was used in the investigations o f the serotonin 

transporter and dopamine-(3 hydroxylase (DBH) and autism (see sections 3.2.2 and 

4.2).

Phase II included the original 101 samples and an additional 83 families. The male 

to female ratio was 4.11: 1 resulting from the addition o f  an additional 71 males and 

extra 12 females. The average age was 90.3 months (range = 46 -  408 months, 

standard deviation = 27.8 months). There were 148 males and 36 females in total.

Subjects were assessed by the ADI-R ADOS-G '^^,neurological examination, skin 

examination with W ood’s lamp and karyotyping/Fragile X testing. All subjects met 

the ADI-R criteria for autism and the ADOS-G criteria for autism /autism  spectrum
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disorder. Individuals were excluded if  they had a  known medical cause o f  autism 

(e.g. tuberous sclerosis, extreme prematurity, congenital rubella), IQ o f 35 (or mental 

age o f  18 months) or chromosomal abnormalities/fragile X.

2.2 Biological Techniques

2.2.1 DNA Extraction

2.2.1.1 DNA Extraction from Blood

A pproxim ately 6ml o f  blood was collected from affected individuals, and their 

parents, in the study who consented to give blood. The blood samples were stored in 

a -70°C  freezer until extraction. Before extraction, samples were thawed on ice.

The blood was added to 6.5ml of sterile water and 12.5ml o f Lysis buffer (see 

Appendix I) in a 50ml falcon tube. The sample was placed on ice for 30 minutes, 

with occasional inversion. Following centrifugation at 3500rpm for 15 minutes, the 

supernatant was poured off, leaving ~ 4ml o f supernatant in the falcon tube. Lysis 

buffer was added to the sample to a volume o f 25ml. The sample was re-incubated 

on ice for 10 minutes with occasional inversion before once again being spun at 

3500rpm  for 15 m inutes. The supernatant w as decanted o ff  and the pellet 

resuspended in 2ml Suspension buffer (see Appendix I), before being transferred to a 

15ml falcon tube, which contained containing 150^1 10% (w/v) SDS and 60^1 

Proteinase K (lOmg/ml). The sample was incubated overnight at 37°C.

An equal volume o f buffer saturated phenol was added to the samples, which were 

thoroughly mixed, and centrifuged at 3800 rpm for 10 minutes. The aqueous layer 

was rem oved and extracted twice more using 2ml o f  a 1:1 phenol chloroform
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solution and pure chloroform respectively. Addition o f 50|j,l 3M Sodium Acetate (pH 

5) and 6ml ice cold 100% ethanol causes the precipitation o f  DNA, which was 

removed using sterile Pasteur pipettes to labelled eppendorf tubes. The DNA pellet 

w as w ashed three tim es in 70% ethanol, air dried over three days and then 

resuspended in 250^1 TE Buffer before quantification.

2.2.1.2 DNA Extraction of DNA from Cheek Cells

Cheek cell samples were taken from individuals, who were unable or unwilling to 

have blood taken for the study. Cheek cell samples were collected using sterile 

cytology brushes (CytoSoft, Medical Packaging Corporation).

The cheek swabs were stored in a fridge at 4°C for a maximum o f two weeks prior to 

extraction. The cheek swab brush heads were cut from the handles and placed in an 

eppendorf containing SOOpil o f 50mM NaOH and vortexed for 60 seconds. This was 

followed by incubation at 95°C for 10 minutes, which in turn was followed by the 

addition o f SOpil o f IM Tris (pH 8). The samples were then vortexed for 30 seconds. 

200|xl o f Instagene Matrix (Biorad Labs, 2000 Alfred Nobel Dr., CA, USA) was 

added and the samples incubated for a further 30 minutes at 56°C. The samples were 

mixed by vortexing for 10 seconds and heated for 8 minutes at 100 °C. The brush 

heads were removed from the tubes and discarded. The tubes were centrifuged at 

6000rpm for 3 minutes. The supernatant, which contained the DNA, was transferred 

to a labelled tube and stored at 4“C when not in use.
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2.2.1.3 DNA Quantification

T he stock  D N A  so lu tio n s w ere analysed  by sp ectrop hotom etry  at appropriate 

d ilu tions to determ ine concentration o f  D N A  (2 6 0  nm ) and R N A  (2 8 0  nm ). The 

D N A  concentration (ng/^1) w as calculated using the formula:

[DNA] = OD260 X 50 X Dilution Factor 

W here O D 260 is the absorbance o f  the sam ple at 260n m , and the d ilu tion  factor  

represents the dilution from stock o f  the test solution. The ratio o f  O D 26o:OD28o w as 

used as a control for the presence o f  RNA .

2.2.2 Polymerase Chain Reaction (PCR)

Sixty nanogram m es o f  D N A  was added to a PCR m aster m ix  conta in ing  2.5|o,l o f  

M gC l2 PCR Buffer (XIO ), 4^il dNTP m ix (200  \xM dATP, dCTP, dG TP, dTTP), 20  

pM o f  Forward and Reverse primers and lU  Taq Polym erase and m ade up to a final 

volum e o f  25(j.l (in the case o f  all reactions requiring RFLP d igestion  or m utation  

analysis). In the case o f  sam ples undergoing gen otyp in g  by S N aP sh ot m ethod  

(A pplied  B iosystem s, Foster City, CA, U S A ), the sam e reaction w as prepared but all 

volum es were adjusted to a final volum e o f  lOfil. A ll PCR reactions w ere performed  

on a MJ R esearch  D N A  E ngine Therm al C ycler and co n s is ted  o f  an initial 

denaturing step o f  4 min at 94“C typically fo llow ed  by 30 cy c le s  o f  30  sec at 94°C, 

30 sec at optim um  annealing temperature and 30 sec at 72°C. T his w as fo llow ed  in 

all cases by a final extension  step o f  10 min at 72°C. D etails o f  variations to these  

conditions, primer sequences and o f  optim um  annealing temperatures are provided in 

A ppendix II.
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2.2.3 Gel Electrophoresis and Visualisation

2.2.3.1 Agarose Gels

PCR products were visualised on 2% (w/v) agarose gels containing 0.02mg/ml 

ethidium bromide. The gels were run in TAE buffer (XI) at 80V. The gels were then 

viewed on an ultra violet illuminator and photographed using a Polaroid camera. 

PCR samples were mixed with 2^1 loading dye prior to being loaded on to the gel 

along with appropriate size standards.

2.2.3.2 Non Denaturing Polyacrylamide Gels

Non-denaturing polyacrylamide gels were used to analyse some o f the RFLPs. The 

6% (w/v) gel was run at 80V after samples mixed with 1 ,̂1 loading dye had been 

loaded on to the gel. The gels were stained with 0.02mg/ml ethidium bromide before 

being visualised on an ultra violet illuminator and photographed using a Polaroid 

camera.

2.2.3.3 Denaturing Polyacrylamide Gels for Use with the ABI 

PRISM 377 DNA Sequencer

These gels were used to visualise fluorescently labelled PCR fragments in 

conjunction with the ABI PRISM 377 DNA Sequencer. A 64-well 12% (w/v) gel 

(width = 2mm) was used for SNPs. The denaturing polyacrylamide gel was 

preheated to optimum temperature (51°C) on the sequencer before the samples mixed
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w ith l|a l form am ide loading dye w ere applied . The gel then underw ent 

electrophoresis at 3000V (60 miliamperes; 200 Watts) using IX  TBE for sufficient 

time to allow the samples to run o ff the end o f the gel (~ 1 hour 40 minutes), where 

their fluorescent label (6-FAM, HEX, NED or ROX) was read by laser and recorded 

on to an attached computer.

2.2.4 Genotyping

2.2.4.1 Insertion / Deletions (InDel) and Variable Tandem 

Nucleotide Repeats (VNTRs)

The Serotonin Transporter In/Del and VNTRs were amplified according to the PCR 

conditions according to the PCR conditions outlined in Appendix II. Samples were 

then loaded onto agarose gels and stained with ethidium  brom ide according to 

section 2.2.4.1.

2.2.4.2 Restriction Fragment Length Polymorphism (RFLP) 

Analysis

A number o f markers (in the DBH and Serotonin Transporter genes) were analysed 

using the RFLP technique. This technique involves amplification o f  the region o f the 

gene surrounding the marker o f  interest. Digestion o f  the PCR product using the 

appropriate restriction enzym e and buffer (supplied by N ew  England Biolabs, 

Beverly, MA, USA) allows the determ ination o f the allelic form o f the marker. 

Details o f the enzymes used and conditions o f  the digest can be found in appropriate 

Appendices. The appropriate enzymes in each case were either determined from the 

literature or obtained by electronically digesting the PCR product sequence using the
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w e b  b a se d  r e s tr ic t io n  a n a ly s is  p rogram  W E B C U T T E R  2 .0  

( WWW. fi rstmar ket. com/cutter/cut2. html).

2.2A.3 SNaPshot

The SNaPshot method o f  primer extension (Applied B iosystem s, Foster City, CA, 

U SA ) em ploys the principle o f  extending an unlabelled oligonucleotide primer by 1 

basepair in the presence o f  fluorescently labelled ddNTPs. Each o f  the 4 ddNTPs is 

tagged by a different fluorescent dye (carboxyfluorescein (RO X) = Red = dTTP, 

FAM™ = blue = dGTP, hexachlorofluorescein (HEX) = green = dATP and NED™ = 

yellow  =dCTP). Hence, when the primer extension products are run on an ABI DNA  

Sequencer or ABI Genetic Analyser, the specific allele products can be differentiated 

from each other on the basis o f  which fluorescent dye they carry. The initial step o f  

the SNaPshot primer extension reaction involves the treatment o f  the amplified PCR 

product with Shrimp Alkaline Phosphatase (SAP) (U SB Corp., Cleveland, Ohio, 

USA) and Exo /, a 3 ’-5 ’ Exonuclease (N ew  England Biolabs, Beverly, M A, USA) to 

remove excess dNTPs and primers respectively ( lU  SAP, lU  Exo I and 0.5|j,1 SAP 

dilution buffer per 5̂ x1 PCR product). Conditions for this treatment step are 37^C for 

30 min followed by 80°C for 15 min. The 10 ,̂1 primer extension reaction is then set 

up consisting o f  1.5|j,l treated PCR product, 0.4pil extension primer [5pm ol], 1̂ x1 

SNaPshot buffer (see Appendix I 1.3.2), 1.5|o.l SNaPshot Ready Reaction Mix 

(Applied B iosystem s, Foster City, CA, U SA ) and 5 .6 |il H2O. The ABI Prism  

SNaPshot ddNTP Primer Extension Kit (Applied Biosystem s, Foster City, CA, USA) 

provides the SN aPshot Ready Reaction M ix that contains Am pliTaq D N A  

polymerase and fluorescently labelled ddNTPs. The thermocycler conditions for the 

extension reaction consist o f  50 cycles o f  95“C for 5 sec, 43°C for 5 sec and 60°C for 

5 sec preceded by a 2 min denaturing step. The extension reaction then undergoes 

another treatment step, containing only SAP at the same conditions given above (0.5 

units SAP and 0.5|xl SAP dilution buffer per 5^1 DN A) before being analysed on an 

ABI 377 or 3100 D N A Sequencer using the ABI G ENO TYPER (version 2.5) 

software package.
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2.2.4.4.1 Genotyping with Applied Biosystems 3100 Genetic 

Analyzer (ABI 3100)

Genotyping of a number of markers (TPH2, an Integrin alpha 4 marker, DVL and 

EN2) was performed using the SNaPshot technique on an Applied Biosystems 3100 

Genetic Analyzer. This is a multi-colour fluorescence-based DNA analysis system 

using capillary electrophoresis. PCR product was diluted prior to running on the 

ABI 3100. For each sample, l|xl of the pooled dilutions was mixed with 0.1 [j,l of 

LIZ120 Size Standard (Applied Biosystems, Foster City, CA, USA) and 9.4^1 o f Hi- 

Di® Formamide Solution (Applied Biosystems, Foster City, CA, USA). Genotyping 

was performed using the ABI 3100 data collection software and Genemapper v.2.7. 

At this point samples that had failed to amplify were identified and were re-amplified 

under optimized PCR conditions and genotyped again in the same manner. After 3 

failed genotyping attempts, samples were excluded from analysis.

2.2.4.S TaqMan Allelic Discrimination

Allelic discrimination using the ABI 7900 HT was also performed. This technique is 

based on the design o f two TaqMan probes (Applied Biosystems, Foster City, CA, 

USA), one specific for the wild-type allele, the other for the mutant allele. Both of 

these probes are fluorescently tagged (with FAM and VIC). These probes are 

degraded during the amplification process by the 5’ ^  3’ Exonuclease activity o f the 

polymerase. During this degradation process the fluorescent group becomes 

separated from the quencher group, thus leading to increased fluorescence. The 

binding efficiency of the wild-type probe to the mutant allele and vice-versa is very 

low due to mismatch within the TaqMan probe and target sequence. Consequently 

mismatched binding is much reduced. All markers genotyped using this technique 

were not included in the “assays-on-demand” product listing. Therefore all probes
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were purchased as an “assay-by-design”. In brief, 3^1 of DNA was added to 2.5|o.l of 

TaqMan Universal Master Mix (Applied Biosystems, Foster City, CA, USA) and 

O.lS^il of the specific probe. The samples were then run on the ABI 7900HT using 

the absolute quantification programme, which was modified to run for 10 min at 

95°C, followed by 40 cycles o f 15 seconds at 95°C and 1 min at 60°C. Samples were 

analysed using the SDS allele discrimination programme.

2.2.5 Mutation Detection

2.2.5.1 Single Strand Conformational Polymorphism (SSCP) 

Analysis

SSCP is a gel-based method for mutation detection. The process is based on the 

principle that homoduplexes will migrate differently to heteroduplexes in a non­

denaturing polyacrylamide gel. The PCR products are heated to 95“C for 5 min and 

then cooled at a rate of 0.5°C per minute to room temperature to allow for the 

formation of heteroduplexes. 20|j.l of product is mixed with 2[i\ o f loading gel, and 

run on a non-denaturing polyacrylamide gel (for 3 hours at room temperature or 7 

hours at 4°C). The gels are then stained using a silver staining technique. The gels 

were fixed by incubation for 3 minutes using a silver staining solution 1 (SSSl) (see 

Appendix I, section 1.3 for solution composition), while being gently rocked 

throughout the process to ensure adequate and equal staining, before being discarded 

(for all silver staining solutions see Appendix 1, section 1.3.8). Another volume of 

SSSl was added, and the gel incubated for a further 3 minutes before being 

discarded. Silver staining solution 2 was added and incubated for 15 min. After this 

time, the gel was quickly rinsed with ddH20. Silver staining solution 3 was added to 

the gel, and incubated for ~ 3 minutes, until the DNA bands become visible. When 

the DNA bands are distinct enough, SSS3 was discarded, and the gel rinsed twice
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with ddH20. The gel was fixed for 2 min with silver staining solution 4. Follow ing  

this the gel was photographed.

2.2.S.2 Denaturing High Performance Liquid Chromatography 

(dHPLC) Analysis

DHPLC is a highly sensitive and specific method for mutation detection. The process 

uses ion-pair reverse-phase high-performance liquid chromatography under partially 

denaturing conditions to differentially retain double stranded heteroduplex and 

hom oduplex m olecules. The PCR products are heated to 95°C for 5 min and then 

cooled  at a rate o f  0.5°C per minute to a temperature o f  40°C to a llow  for the 

formation o f  heteroduplexes. The eluted m olecules are detected using a UV detector 

set at 260 nm. DHPLC was performed on a W AVE D N A Fragment Analysis System  

(Transgenom ic Inc, Omaha, NE, U SA ) containing a D N A S ep  colum n. The 

temperatures used for the analysis o f  each am plicon were determ ined using  

W AVEM AK ER software (Transgenomic Inc, Omaha, NE, U SA ). PCR products 

were eluted from the colum n using a linear acetonitrile gradient in a O.IM 

triethylamine acetate buffer (TEAA), pH 7 at a constant flow  rate o f  0.9 ml/min. The 

gradient was achieved by the m ixing o f  Buffer A (0.1 M TEAA (pH 7), 0.1 mM  

Na4EDTA) and Buffer B (25% acetonitrile in O.IM TEAA (pH 7)). The combining 

o f  buffers to create the gradient was done automatically once the column temperature 

was given to the software. At the end o f  each analytical run the column was washed 

with a solu tion  o f  50% acetonitrile in O.IM TEAA (pH 7). R esults were 

automatically recorded in the form o f  chromatogram images, by the W AVEM AKER  

software. They were then visually analysed to determine difference between the 

traces indicative o f  the presence o f  a sequence variation. Individual samples with 

differing traces for the same amplified region were sequenced using both the forward 

and reverse primers o f  the original PCR to identify the sequence variation.
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2.2.S.3 DNA Sequencing

Sequencing was performed in house, and is a 3 step process, follow ing the initial 

amplification o f  the region o f  interest.

2.2.5.3.1 Post PCR Cleanup

A post PCR cleanup step was performed to remove the original PCR primers and 

unlabelled dNTPs to ensure they did not interfere with the subsequent sequencing 

reaction. The cleanup process was performed using the QIAquick PCR Purification 

Kit (Qiagen Ltd, Crawley, West Sussex, UK).

2.2.5.3.2 Sequencing Reaction

Sequencing o f  the amplified DNA was perfonned using the ABI B igD ye Terminator 

(v3 .0) C ycle Sequencing kit (Applied B iosystem s, Foster City, CA, U SA ). The 

process is similar in nature to that o f  a PCR except fluorescently labelled ddNTPs are 

present in the reaction mix that randomly terminate the amplification process and the 

m ix contains proof reading polym erase. The reaction m ix contains 8fxl D ye  

Terminator reaction mix, 3.8^il PCR product (post cleanup) and 3.2pmol primer. The 

mix was made up to a final volume o f  20|o,l with sterile H2O. The cycling conditions 

for the sequencing reaction were 25 cycles o f  96°C for 10 sec, 50“C for 5 sec and 

60°C for 4 min. All sequencing reactions were performed in the forward and reverse 

directions to confirm results.
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2.2.5.3.3 Post Sequencing Reaction Cleanup

The post sequencing reaction cleanup was performed using the DyeEx 2.0 Spin Kit 

(Q iagen Ltd, C raw ley, W est Sussex, UK). This process rem oves the excess 

unincorporated fluorescently labelled ddNTPs, which w ould interfere w ith the 

analysis o f  the sequencing products.

2.2.5.3.4 Sequencing Analysis

Sequencing reactions were run on the ABI 3100 DNA Sequencer and the results 

were visualised and analysed using SeqScape (v.2) and Sequencing Analysis 5.1 

(Applied Biosystems, Foster City, CA, USA).

2.2.6 Measurement of DBH Activity

DBH activity was measured by Dr. George Anderson, Yale Child Study Centre, New 

Haven, Connecticut, USA. Ten microlitres o f  plasma sample was added to 900^,1 o f 

a reaction mix A and vortexed briefly to ensure adequate mixing in a glass test tube. 

Samples were then incubated for 1 hour at 37°C with gentle shaking before being 

placed on ice. One hundred m icrolitres o f  3.4M HCIO 4 was added to cause 

deproteinisation. Samples were spun at SOOOrpm for 5 minutes and the supernatant 

was collected and stored at -70 °C until analysis. The am ount o f  octopam ine 

produced depends on the activity o f  DBH in the samples. The octopam ine was 

m easured following injection o f  10-25^.1 o f  the supernatant on a tw o-colum n 

“backflush” high performance liquid chromatography (HPLC) system. This system 

com prises o f  a 5- and 15cm Microsorb 5-mm C18 columns with a connecting 10- 

port valve. Two pumps delivered the mobile phase (97% pH3.7 1.5% acetic acid 

with 50mg/L N a2 -EDTA; 3% methanol: Iml/min). 1 minute after injection, the 10-
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port valve was switched on to allow the substrate tyramine to be directed to waste. 

Octopamine was detected fluormetrically (excitation wavelength = 270nm, emission 

w avelength = 310nm). Enzym e activity was calculated and reported on an 

nmol/min/ml plasma basis. The sensitivity o f this process allows the determination 

o f activity < 1 nmol/min/ml.

2.3 Statistical Tests

2.3.1 General Statistics

2.3.1.1 Hardy W einberg Equilibrium

All m arkers were tested to ensure that they conform ed to H ardy-W einberg 

Equilibrium. The Hardy Weinberg principle assumes that allele frequencies should 

conform to the following mathematical equation:

+ 2pq + = \

Where p = P(AA), the probability o f being an AA homozygote 

2pq = P(AB), the probability o f being an AB heterozygote 

q^ = P(BB), the probability o f being a BB homozygote

Conform ation to this principle can be tested using a y}  statistic according to the 

equation:

Where O is the observed genotype frequency 

E is the expected genotype frequency
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A significant value is indicative o f deviation from the Hardy W einberg principle. 

This may result from genotyping errors or from lack o f  conform ing to the Hardy 

W einberg assum ptions, which are as follows: 1) an infinite population size, 2) 

discrete generations, 3) random mating, 4) no selection, 5) no m igration, 6) no 

mutation, 7) equal initial genotype frequencies in the two sexes.

2.3.1.2 Transmission Disequilibrium Testing

The TDT is a test o f association in the presence o f  linkage used in family based
187studies . The test examines a single allele o f  a marker to determ ine whether it is 

transm itted from heterozygous parents to affected offspring more often than would 

be expected by chance, i.e. on more than 50% o f occasions. It is similar to a case- 

control test in the sense that alleles not transmitted act as controls. This lack o f a 

separate control population eliminates the problem o f population stratification, which 

can lead to false positive results in case-control studies.

The TDT is calculated using the McNemar Statistic o f

2 { a - b f  
ia + b)

Where a = the number o f high risk alleles transm itted from heterozygous parents to 

the affected offspring

b = the number o f high-risk alleles not transmitted from heterozygous parents 

to the affected offspring.

The corresponding p-value o f the statistic is calculated using the SymtW in.exe 

software package. A p value o f < 0.05 indicates significant association between the 

marker being tested and autism.
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An extension o f the TDT test is the Pedigree Disequilibrium Test (PDT) test, which 

is used to test for significant deviations o f allelic transm issions in general pedigree 

structures The PDT gives two statistics, the x^avg and x̂ sum- The PDT-avg

weights all families equally, whereas PDT-sum gives more weight to families o f a 

larger size. Testing has shown that the PDT-sum test is more powerful than the 

PDT-avg test, when families o f  varying sizes are used. PDT-sum is equal to PDT- 

avg when each family contains the same number o f  phenotypically inform ative 

individuals.

2.3.1.3 Transmission of Haplotypes

2.3.1.3.1 TRANSMIT

TRANSM IT tests for association between genetic marker and disease by examining 

the transmission o f alleles or genotypes from parents to affected offspring It also 

exam ines transm issions o f  multi-locus haplotypes, phase known or unknown. The 

program produces asymptotic chi-squared tests for each haplotype or allele, a test on 

1-df for excess transmission o f that haplotype and a global test for association on (H- 

1) df, where H is the number o f haplotypes for which transmission data are available. 

T he p ro g ram  runs under rem o te  acc ess  v ia  the  H G M P w eb site  

(httpV/www.hjzmp.mrc.ac.uk/y

2.3.1.3.2 UNPHASED

UNPHASED is another programme available freely under rem ote access via the 

HGMP website (as above) It also tests for association between genetic marker 

and disease by examining the transmission o f  alleles or genotypes from parents to 

affected offspring. Unlike the test TRANSMIT, the UNPHASED programm e tests 

the transm ission o f haplotypes versus the non-transm ission o f  haplotypes, and as
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such  is m ore sim ila r to the orig inal T D T test. The p rogram m e is based  on a 

likelihood ratio test o f  a log-linear m odel O utput is given as a  L ikelihood Ratio 

Score (LRS) value, w hich is equivalent to the Extended TD T (ETD T ) chi square o f  

Sham  and C urtis and resulting  global p value for the set o f  hap lo types under 

consideration.

2.3.2 Other Statistics

2.3.2.1 Odds Ratio (OR)

The O R is also  a m easure o f  the strength  o f  assoc ia tion  betw een  a m arker and 

d isease. It m easu res the p robability  that d isease  is p resen t com pared  w ith  the 

probability that it is absent. It is m easured according to the follow ing form ula

0 R  = -  
b

a  = N um ber o f  allele or haplotype transm issions by heterozygous parents to affected 

probands

b  = N um ber o f  allele or haplotype non-transm issions by heterozygous paren ts to 

affected probands

2.3.2.2 Graphical overview of linkage disequilibrium (GOLD)

T his is a so ftw are  package  that g ives a g raph ica l rep re sen ta tio n  o f  linkage

disequilibrium  in genetic data D ’ values (see Section 1.4.1.1 for m ore details) are
2 ,

generated w ith relevant x  statistics and p value significance. The program  runs m
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MS-DOS mode and utilizes an input file with population genotype data for a series 

o f markers (both microsatellite and SNP data).
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2.3 .23 Haplotype Block Structure Analysis using Haploview

H aploview  is a softw are package still in developm ent at the W hitehead  Institute 

( M a s s u c h e s s e t s  I n s t i t u t e  o f  T e c h n o l o g y )  h 1 1 p : / / w w w - 

u en o m e.w i.m it.cdu /persona l/icbarre t/hap lo/. H aploview  currently  allow s users to 

exam ine block structures, generate haplotypes in these blocks, calculate D ’ m easures 

o f  linkage d isequ ilib rium  and tag haplotypes w ith  SN Ps (h tS N P s) that are m ost 

in fo rm ative  for the hap lo type  under consideration . The inpu t files are  in an 

U nphased  form at (see A ppendix  III, section 1.2). O utpu t files are g raphical in 

nature. LD m easurem ents betw een m arkers are given in D ’, and the colour o f  the 

block (betw een two SNPs) indicates the statistical strength o f  this m easurem ent. I f  

D ’ = 1 and the LOD > 2 , then this block is bright red in colour. I f  the D ’ value = 1 

but the LO D  value is less than 2 then the block in blue in colour. A ll o ther D ’ 

values are represented by decreasing shades o f  red (w here the LO D  is > 2) or white 

(w here the LOD is < 2). A dark line outlining the block in question  indicates the 

presence o f  a haploblock.

2.3.2.4 Heritability

H eritability  is defined as “ the proportion o f  phenotypic varia tion  in a population 

attributable to genetic factors” The heritability o f  a trait, e.g. D BH  activity , can 

be calculated  using a w idely used m ethod, w hich involves finding the slope o f  the 

regression line o f  the plots o f  offspring value for a trait graphed against the parental 

value. A regression slope o f  1 indicates that variation in a trait is en tirely  fam ilial, 

w hereas a regression slope o f  0 indicates that variation in a trait is not due to genetic 

factors. All other values (i.e. 0 < x < l) signify that both genetics and environm ent play
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a role in determining the trait. Almost all known traits can be classified as having 

both influences. In the case of DBH activity, the average parental DBH activity was 

plotted against the probands DBH activity. The best-fit regression line was plotted 

and the slope of this line was calculated (using Excel).

2.3.2.S T-Tests

T-tests are statistical tests that are used to determine if statistical differences occur 

between two groups of individuals. Independent t-tests are used when the two 

groups being tested are independent of each other, whereas paired t-tests are used 

when each individual in one group is related to another individual in the other group. 

In the presence of equal sample sizes the expression for calculating t is:

X  — X
f  — group 2

iSD/^^n)

( « - l )

Where x  = mean

X = sample DBH value 

n = number of individuals in sample group 

SD = standard deviation

These unpaired t-tests are valid only when:

1) The samples in the two groups are randomly selected from the larger 

populations.

2) The data is quantitative and forms a normal distribution.

3) The variance of the two groups are almost equal
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4) Each set o f  observations in the data set is independent o f  all other 

observations in the data set.

If the samples are large enough, the two sample groups are almost equal and there 

are no outliers, then the t-test is still valid in the presence o f  moderate violations o f  

these assumptions.

2.3.2.6 Kruskal-Wallis Testing

Kruskal-Wallis testing, measured by the H statistic, was performed to test if  different 

alleles in a variant were associated with different DBH activity levels. It is an 

extension o f  a two-sam ple t-test, where more than two sample populations (in the 

case o f  SNP there will be three populations, 2 hom ozygous and I heterozygous) can 

be tested simultaneously, in which non-parametric methods must be used. It was 

necessary to use non-parametric method as the different allele groups had different 

variances and sample sizes, and therefore could not be tested using the normal one­

way analysis o f  variance (ANO VA ) test. A Kruskal-W allis test, in comparison to 

multiple t-tests, reduces the probability o f  making a type I error, i.e. a false positive 

where one rejects the null hypothesis when the null hypothesis is true. In the test the 

null hypothesis is that meangrpi = meangrp2 = meangrp3. The alternative hypothesis is 

that either (meangrpi i- (meangrp2 = meangrps)) or ((meangrpi =  meangrp2 ) meangrps) or 

((meangrpi = meangrps) ^ meangrp2) or (meangrpi meangrp2 meangrps). Kruskal- 

Wallis testing was performed using SPSS (version 11).

2.3.2.7 Regression Analysis

Regression analysis was performed to determine the correlation o f  each marker to the 

square root o f  DBH activity, i.e. a marker -  phenotype correlation. The method used 

is based on a strategy reported by Zabetian et al (2003) The role o f  the putative 

functional polymorphism C -102IT was assessed first by sim ple linear regression.
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M arkers were subsequently added in, one m arker at a time, and m ultiple linear 

regression was used to assess its contribution on DBH activity. Any increase in r̂  

values was taken as the contribution o f the marker to overall DBH activity.

2.3.2.S Selection of Tagging SNPs

When testing for associations there are two methods for finding disease-causing 

variants. The first method, the direct method, is to test all putative causal variants for 

correlation with the disease in question. The second method, the indirect method, is 

based on the idea that a set o f sequence variants in the genome act as genetic markers 

that can be used to test association between particular regions o f the genome. Using 

this m ethod, it is not necessary for the m arkers tested to have any functional 

consequence. The local region surrounding markers showing association can then be 

screened for functional mutations, resulting in a more economic and time efficient 

method for finding disease-causing variants.

The aim o f the HapM ap project (at hiip://w  w w .hapm ap.oru ) is to “determine the 

common patterns o f DNA sequence variation in human genome, by characterising 

sequence variants, their frequencies and correlations between them in DNA samples 

from populations from parts o f Africa, Asia and E urope...thus providing the tools 

that will allow  the indirect association approach to be applied readily to any 

functional candidate gene in the genome, to any region suggested by family-based 

linkage analysis, or ultimately to the whole genome for scans for disease risk factors”
278 . Haplotypes arise because when a single mutation occurs, it is associated with the 

other alleles surrounding it. This specific set o f alleles observed on a chromosomal 

region is called a haplotype. Within this haplotype, it is only necessary to genotype a 

small number o f SNPs, “tagging SNPs”, in this region to provide enough information 

to predict the majority o f other common SNPs in the same haplotype.
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Tagging SNPs were also chosen in the control sample using Haploview. Haploview 

automatically chooses tagging SNPs on a block-by-block basis. It aims to maximise 

genotypic information while minimising the number o f SNPs genotyped. Tagging 

SNPs are chosen based on completeness of genotyping and a haplotype tagging SNP 

(htSNP) set is chosen that defines all haplotypes above a certain frequency threshold 

(default = 1%). The resulting htSNPs are not necessarily chosen to be the most 

parsimonious for the sample in question, but instead to provide the most efficient and 

thorough testing when moving onto a larger sample, i.e. there is a greater chance of 

catching variation in the new, larger sample in comparison to the initial test sample.
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C h a p t e r  3

T h e  S e r o t o n e r g ic  S y s t e m  a n d  

A u t is m
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3.1 Introduction

3.1.1 The Serotonin System

The production o f  serotonin, also known as 5-hydroxytryptam ine (5-HT) results 

from the hydroxylation o f  tryptophan by the enzyme tryptophan hydroxylase (TPH) 

(see Figure 3.1). This step, which is the rate-lim iting step in the synthesis o f 

sero tonin , leads to the form ation o f  5 -hydroxytryptophan  (5-H TP). The 

decarboxylation o f this product results in the formation o f serotonin. Serotonin can 

then be released from a synaptic vesicle across a nerve synapse, whereupon it 

stimulates a reaction in the post-synaptic nerve, before being degraded or taken back 

up into the presynaptic cell by the serotonin transporter (5-HTT). After re-uptake, 

serotonin can be recycled by storage in another synaptic vesicle or it can be broken 

down by the enzyme monoamine oxidase (MAO) leading to the form ation o f  5- 

hydroxyindoleacteic acid, which is excreted by the body with urine (see Figure 3.1 

for a summary o f the serotonin pathway).

The serotonin producing-nerve cells are found in 9 clusters in the brain that extend 

into the raphe nuclei o f  the midbrain, pons and medulla. The projections are also 

sent to the cerebral cortex by the dorsal and medial raphe nuclei This wide 

projection o f  serotonergic neurons, especially in the limbic regions o f  the brain that 

are critical for em otional expression and social behaviour, leads to num erous 

potential functions for the neurotransm itter. Serotonin plays a key role in 

behavioural inhibition, appetite, aggression, mood, social affiliation, sleep and 

sensory gating ’ ' . This has lead to the hypothesis that abnorm alities in the

serotonergic systems might contribute to autism.
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3.1.2 Serotonin and Autism

It is not just the disruption o f serotonin related behaviours in autism that supports the

serotonergic hypothesis. One o f the most widely replicated biological findings

relating to autism is the occurrence o f  hyperserotonemia in individuals with autism.

H yperserotonem ia is defined as serotonin levels that are greater than 2 standard

deviations above the mean serotonin level A report by Schain and Freedman was

the first to show an increase in endogenous serotonin levels in the blood o f children 
• 286  • •with autism . This finding has since been replicated many times. A recent study 

by M ulder et al reported significantly increased serotonin levels in individuals with 

autism and PDD compared to a control sample and a sample o f  individuals with 

mental retardation but without PDD A study by Coutinho et al described a non­

significant increase in platelet serotonin levels in 105 individuals w ith autism 

compared to 52 controls Approximately 11% o f  these affected children were also 

classified as hyperserotonemic. Most studies have reported increases o f  between 

25% and 50% in platelet serotonin in individuals with autism  

Variation in the magnitude o f  the increases may in part be explained by age 

although this was not the case in the Coutinho study and in part by the different 

ethnicity o f  the samples involved in the studies The greatest increases compared 

to controls occur in children before the onset o f puberty. Increased serum serotonin 

levels have also been reported Hyperserotonemia also occurs in the immediate 

family o f these individuals with autism. An initial study by Cook et al found that the 

presence o f  hyperserotonemia in one individual with autism often co-occurred with 

hyperserotonemia in a close family member Lenventhal et al calculated that if

an individual suffered autism, then their first degree relatives were ~2.4 times more 

likely to be hyperserotonemic in comparison to controls. However, individuals with 

autism were still more hyperserotonemic in comparison to the other family members
295

Serotonin receptor 2A is one o f 14 receptors for serotonin D ecreases in the 

density o f platelet 5-HT2 receptor binding sites, labelled with the radio-ligand [^H]-
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lysergic acid d iethylam ide, was reported in a sam ple o f  individuals w ith autism  

H ow ever, w ith in  the sam ple o f  individuals w ith hypersero tonem ia  w ho had both 

sero ton in  uptake and 5 -H T2 b inding m easured (n = 8), there w ere tw o subgroups. 

F irstly , there were 4 individuals w ith increased serotonin uptake, w hile 3 individuals 

had decreased S-H Ti binding. Data was not available for the final individual. Cook 

et a l, th ere fo re  suggested  that w ith in  any g iven  sam ple o f  h ypersero tonem ic  

individuals w ith autism , there m ay be intergenic heterogeneity , w ith  one subgroup 

hav ing  increased  serotonin  uptake, w hile another subgroup has decreased  5 -H T2 

binding

N ot all individuals diagnosed w ith autism  exhibit elevated serotonin  levels. Indeed 

there has been tw o reports o f  decreased serotonin levels in autism  sam ples com pared 

to contro l sam ples H ypersero tonem ia has also  been associated  w ith other

m edical and psychiatric  conditions including sch izophrenia , un ipo lar depression , 

A D H D  and m ental retardation^°®'^°^. The association w ith m ental retardation could 

be a possib le confounding factor. Serotonin levels are m ost increased in individuals 

w ith severe  m ental re tardation , fo llow ed  by ch ild ren  w ith  au tism  and m ental 

retardation, and relatively normal in high functioning individuals w ithout retardation 

In the first study, by Schain and Freedm an, all the individuals w ith autism  w ho’s 

blood serotonin  levels w ere m easured suffered in tellectual d isab ility  in addition to
"yQf.

autism  . H ypersero tonem ia may thus be a m arker o f  in te llectual d isab ility  in 

general rather than autism  specifically . Ethnicity o f  sam ples m ay also be another 

confounding factor. A study by M cBride et al reported that C aucasian  children have 

low er serotonin levels com pared to African / A frican-A m erican or H ispanic children,
292regardless o f  age

It should be noted that all o f  the above studies have been undertaken in the peripheral 

system . W hether the level o f  sero tonin  in the cen tral nervous system  is also 

increased  in ind iv iduals w ith autism  is still unknow n. In o rder to  address this 

particular question it is necessary to analyse the levels o f  5-H IA A  in cerebrospinal 

fluid (C SF), as it is the m ajor m etabolite  o f  sero ton in  in the brain . D ue to the
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strength o f  the blood -  brain barrier, the 5-HIAA levels from the CSF are free from 

contam ination o f  peripheral serotonin and 5-HIAA. Eight studies (summarised in 

Lam et al have undertaken this experiment In all but

one o f  these studies there were no differences found in 5-HIAA levels in the sample 

w ith autism  in com parison to the control samples. One study, by Cohen et al 

reported a significant decrease in the levels o f 5-HIAA in CSF from 10 patients with 

autism  com pared to 10 age-m atched non-autistic “psychotic” controls. It is 

important to point out that in all o f these 5-HIAA studies, the number o f  individuals 

in each study is relatively small (8 < n < 25), and therefore the power may not be 

adequate to detect differences between samples.

E vidence for the potential role o f  serotonin  in autism  also  com es from  

pharmacological observations. Fluvoxamine (a selective serotonin reuptake inhibitor, 

SSRI) is a drug that targets the serotonin transporter, preventing the reabsorbtion o f 

serotonin back into the presynaptic nerve cell. It is widely used in reducing the 

restrictive and repetitive behavioural phenotypes associated with autism Irritable 

and stereotypical/compulsive behaviour can also be reduced in some individuals with 

autism with the administration o f risperidone, which is an antagonist o f  the 5-HT2A 

receptor Deterioration o f autistic behaviours has also been reported following 

adm inistration o f  the serotonin releaser, fenfluramine, and the 5 - H T ib/d receptor 

agonist, sumatriptan

In recent years positron emission tomography (PET) scans have been used to trace 

and measure serotonin synthesis in the brain. A study by Chugani et al measured the 

synthesis o f  serotonin in 8 children diagnosed with autism and 5 o f  their siblings 

Significantly decreased serotonin synthesis was observed in the thalamus and frontal 

cortex region, and increased serotonin synthesis in the contralateral dentate nucleus 

o f the cerebellum regions o f  the children with autism. Also in 5 out o f  7 o f  these 

children, decreased accumulation o f serotonin in the left frontal cortex and thalamus, 

with an increased accumulation in the right dentate nucleus was observed. In another 

2 cases, the mirror image result was reported, i.e. decreased accumulation in the right
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frontal cortex and thalamus with increased accumulation in the left dentate nucleus. 

The reason for this mirror image result is not known. However, the observation o f 

increased synthesis o f serotonin in some parts o f the brain with decreased synthesis 

elsew here may help explain why there has only been one report o f  a significant 

difference between 5-HIAA levels in affected and control samples. Chugani et al 

looked at the relationship between serotonin accumulation and synthesis in autism 

and age in three samples; children with autism, their siblings, and children with
• 317epilepsy . In the children without autism, the level o f  serotonin synthesis was at 

its greatest between the ages o f  2 and 5 years o f age. Synthesis then continued to 

decrease between the ages o f 5 and 14. In the sample o f children with autism, this 

normal decline was not observed. Thus the development o f  the autism phenotype 

may be related to this disregulation o f  serotonin synthesis.

Mouse knockout models o f serotonin pathway genes have suggested possible links to 

autism . D eletion o f  the 5H T ia receptor leads to increased anxiety behaviour, 

reported as between a three-fold (in males) or two-fold (in female) avoidance o f the 

centre o f the open field apparatus, in 5H T ia knockout mice These mice also

had an increased response to stress, as elicited by increased mobility in the forced 

swim test, which may reflect the involvement o f increased anxiety and em otional 

reactivity when mutant mice are exposed to inescapable stress. A common feature o f 

autism is the inherent dislike and increased stress when an affected individual is 

placed in a novel situation. Interestingly, the mice can be rescued by expression o f 

5H T ia in the forebrain only, indicating that 5H T ia expression in the raphe nuclei is 

not responsible for the anxiety like behaviour. The expression o f  5H T ia is important 

during the early postnatal period as the rescuing o f mice later in life does not reduce 

anxiety like behaviour. This may be because o f  the role that serotonin plays in brain 

development. During early development, the correct migration and differentiation o f 

cells is critical for normal development. Serotonin has been shown to regulate 

mouse cranial neural crest migration and the differentiation o f  glutamate neurons in 

the developing cerebral cortex With numerous links between the serotonin

system and autism, association studies were the next logical test to evaluate whether
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functional genetic variants in serotonergic genes have a role in the development o f  

autism.

3.1.3 Genetic Studies of the Serotonin Related Genes And Autism

A number o f  studies have been undertaken to test the possible association o f  genes in 

the serotonin system  with autism. Several genetic associations have been found 

between the serotonin transporter gene variants {5-HTT)  and autism (see Section  

3 .1 .4) and more recently with the tryptophan hydroxylase 2 gene (TPH2)  (see  

Section 3.1.5). There have also been a number o f  studies looking at the role o f  the 

M onamine Oxidase A gene (MAO-A).  Yirmiya et al examined the transmission o f  a 

30bp repeat located 1.2kb upstream o f  the MAO-A gene. This marker occurs as a 3, 

3 V2, 4 or 5 repeat, and the longer repeats are associated with increased transcriptional 

efficiency Although there was no evidence o f  over-transmission o f  any allele to 

affected probands, there was an association with reduced IQ scores and the 4 repeat 

allele. H owever, association between the 3 repeat allele and lower IQ was also 

significant in a different sample o f young males diagnosed with autism The 

same marker was also studied in a Canadian m ultiplex sample This time 

however there was no difference in IQ associated with the child’s MAO-A  promoter 

genotype. However, a lower proband IQ was associated with a maternal 3 repeat 

allele (p value = 0.03 when analysing multiplex and simplex fam ilies, p value = 0.01 

when analysing only m ultiplex fam ilies). These associations are interesting and 

warrant further investigation. Biochem ical studies o f  M AO -A activity in autism  

have shown contradicting results. Filinger et al reported a lower platelet M AO-A  

activ ity  in a sm all population o f  children suffering autism  and pervasive  

developmental disorder Takahashi et al and Cohen et al found no differences 

between M AO -A activity in children diagnosed with autism compared to an age- 

matched control samples
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The role o f the serotonin receptor 2A (HTR2A) in the development o f autism has 

also been investigated. A study by Veenstra-VanderWeele analysed the transmission 

o f 2 functional SNPs (one in the promoter which leads to decreased expression of the 

gene, and another in exon 3 which shows slower and damped Ca^^ response to 

serotonin) and a mutation in intron 1 There were no reported transmission 

distortions when both parents were included in the analysis and when only the 

transmission of paternal alleles was considered, a trend of increased transmission of 

the A allele o f the promoter variant. However following corrections for multiple 

testing and parent-of-origin testing, this result was considered to be non-significant. 

Another serotonin reporter, HTR7, has also been tested for association with autism, 

but likewise has shown no evidence for transmission distortion to affected probands
328

Tryptophan 2,3-dioxygenase (TD 02) is an enzyme that catalyses the oxidative 

catabolism of tryptophan to kynurenine It has shown genetic association with 

other childhood psychiatric disorders including Tourette Syndrome and Attention 

Deficit Hyperactivity Disorder An association study in a AGRE sample

consisting of 196 multiplex autism families has also shown an association with this 

gene An A to C transversion in the promoter region of the gene showed 

significant over-transmission of the C allele to affected probands, leading to an Odds 

Ratio (OR) of 3.86 (95% Cl = 1.9 to 13.3) and a p value of 0.0006. There have been 

no replications to date.

3.1.4 The Serotonin Transporter Gene

The serotonin transporter (5HTT) is a major m odulator o f  serotonergic 

neurotransmission. It directly controls the re-uptake o f serotonin in presynaptic 

nerves. The serotonin transporter gene is located on chromosome 17ql l .2  and 

contains 14 exons spread over ~35kb Transcription of the gene produces a
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membrane spanning protein o f 630 amino acids o f 70.3kDa (Genecard information: 

http://uenecards.hcusc.hc.ca/).

There have also been reports o f linkage using markers close to this and within this 

gene. Two genom ic screens have reported suggestive evidence w ith M LS. 

IM GSAC found a single point MLS o f 3.6 using a VNTR in intron 2, and Yonan et 

al reported suggestive evidence o f linkage using a marker (D17S1294) 142kb away 

from the gene with an MLS o f 4.3 (p value = 0.0029) Sex stratification using 

families with either male only ASPs or female containing ASPs, led to increased 

linkage in families with male only ASPs

There are three extensively studied markers in this gene. They include:

1) A 44bp insertion / deletion in the promoter, and the basal activity o f  the long 

prom oter allele has been shown to be three fold higher than that o f  the short 

promoter allele

2) A variable tandem repeat (VNTR) in intron 2, containing 9, 10 or 12 repeats, in 

which the 12 repeat allele has been shown to drive higher expression in 

embryonic mouse rostral hindbrain

3) A G to T transversion in a putative polyadenylation site in the 3 ’ UTR o f the 

gene.

Klauck et al and Yirm iya et al reported preferential transm ission o f  the long 

promoter variant in autism Tordjman et al reported the transm ission o f  the

short promoter allele in severely affected individuals, but transm ission o f  the long 

promoter in the sample as a whole Cook et al, who reported the initial finding, 

found over-transm ission o f  the short prom oter allele There have also been 

reports o f absence o f  association '.

A study by Coutinho et al, reported that increased serotonin levels were associated 

with the long serotonin prom oter variant, and the 10 repeat V NTR Q TDT 

indicated a significant dom inant variance effect o f  the long prom oter allele on
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serotonin levels, whereas the VNTR showed a significant additive genetic effect. No 

distortions in allelic transmissions were found with either variant however.

3.1.5 The Tryptophan Hydroxylase 2 (TPH2) Gene

The conversion o f tryptophan to serotonin by tryptophan hydroxylase (TPH), in the 

presence o f  oxygen, tetrahydrobiopter (BH4) and ferrous iron, is the rate-lim iting 

step o f  the serotonin pathway (see Figure 3.1). There are two forms o f  the TPH 

protein, resulting from the transcription o f two separate TPH genes. The TP HI  gene, 

located on 11 pi 5.2, is expressed in the pineal gland, spleen, gut and thymus, whereas 

the TPH2  gene on chromosome 12q21.1 is only expressed in the brain The 

TPH2 gene is 93.6kb in length, with 11 exons. Transcription o f the gene produces a 

p r o te in  o f  4 9 0  a m in o  a c id s  in  le n g th  th a t  is  5 6 k D a  

(h ttp ://b io in lb  1 .w ci/.m ann .ac.il/cu i-h in /acnecards/cardd isp?rP l 12). This protein 

shows a very high similarity (71%) to the protein produced by the TPH I gene. The 

discovery o f the second TPH  gene with brain expression may explain the lack o f
225association found in earlier studies, which focused on TPHl

Studies in mice illustrated the importance o f  amino acids 106 and 116 in TPH2. 

Deletion o f  amino acids residues 1 to 106 has no effect on enzyme activity, however 

deletion o f  residues 1 to 116 abolishes enzyme activity In a mouse strain with a 

C1473G transversion leading to a Pro' '̂*’ to Arg'''*^ change, those mice homozygous 

for the G allele (arginine) showed a 50% reduction in serotonin synthesis in the 

frontal cortex and a 70% reduction in the striatum In hum ans, a m utation at 

Arg' '̂*' (mutant amino acid = His"*”*'), resulting from a G to A transition at position 

1463, has also been described. In human PC 12 cells, replacem ent o f  the arginine 

with histidine results in an 80% reduction in serotonin production This mutation 

is uncommon in the general population, with a frequency o f -1 .4 %  (3 out o f  219 

individuals in a control population), but has shown to be associated in a sample o f
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patients suffering unipolar depression (rare allele found in 9 of 87 cases, i.e. 10.4%)
339

Two other SNPs in TPH2 have been shown to be associated with autism A T to G 

transversion in intron 1, rs4341581, is a rare SNP. In the control sample studied by 

Coon et al, the G allele only appeared once in 95 individuals, but 9 times in a sample 

of 88 individuals with autism (x^ = 9.58, p value = 0.013). Another SNP, an A-T 

transversion (rsl 1179000), was also more frequent in the sample with autism, 

occurring at a frequency of 0.276 compared to a frequency o f 0.202 in the control 

sample {y^ = 7.34, p value = 0.024). It is unknown whether these SNPs are 

functional or whether they are in LD with a functional SNP elsewhere in the gene.
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3.1.6 Aims

The aim of this study was to investigate the role o f the serotonin transporter and the 

tryptophan hydroxylase 2 genes in the development o f autism. Replication of 

previous reported findings is an important element in the study of complex diseases.
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3.2 Materials and Methods

3.2.1 Samples

The serotonin transporter study was undertaken in the Phase I sample, whereas the 

TPH2 study was undertaken in the Phase II sample (see Section 2.1 for more details 

on these samples).

3.2.2 Amplification of Serotonin Transporter Variants

Five variants were screened in our sample. They included the serotonin in/del in the 

promoter region, a T to C transition in the promoter IB (rs2020936) (referred to here 

as SNPIO), the VNTR in intron 2, a G to A transition in intron 2 (rs2020942) 

(referred here to as SNP18), and the G to T transversion occurring in the putative 

polyadenylation signal in the 3’UTR. Details of amplification and genotyping 

methods can be found in the appendix (Appendix II, sections 1.1 and 1.2).

3.2.3 Amplification of TPH2 Variants

Four TPH2 variants were investigated in our sample. They included the G to T 

transversion in intron 1, rs4341581, and an A-T transversion in intron 4, rsl 1179000, 

both of which showed association in an AGRE sample diagnosed with autism 

Another two SNPs, a T to G transversion in intron 5 ( r s l843809), and a G to T 

transversion 6.705kb from the first exon (rs4570625), were also investigated. These 

two SNPs showed association in an Irish sample suffering ADHD Markers 

r s l843809 and rsl 1179000 were genotyped using an “assay-by-design” kit from 

Applied Biosystems (see Section 2.2.4.5 for details). The remaining two SNPs were
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am plified and analysed using the SNaPshot prim er extension technique (Applied 

Biosystems, Foster City, CA, USA), see Appendix II, sections 1.1 and 1.2, for more 

details.

3.2.4 Statistics

All variants were tested for Hardy-W einberg equilibrium. LD was measured using 

the D ’ statistic by GOLD (in the case o f  the serotonin transporter) and Haploview (in 

the case o f TPH2), see Section 2.3.2.2 and 2.3.2.3 for more information.

Transm ission o f alleles was tested using the TDT. In the case o f  the serotonin 

transporter, transm ission o f  haplotypes was analysed using the TRA N SM IT 

programme, whereas in the case o f the TPH2 variants, transm ission o f  haplotypes 

was tested using the UNPHASED programm e (see Sections 2.3.1.3 for further 

details).

The pow er o f the samples was calculated using the Genetic Power Calculator 

(available at http://statuen.iop.kcl.ac.uk/upc/dtdt.html) For ease o f comparison it 

is assumed that the variants are in absolute LD with the disease causing variant, i.e. 

LD = 1. Power is calculated at a false positive rate o f  5%. In the running o f this 

programme, genotype relative risks (GRRs) for homozygotes for the high-risk allele 

and for heterozygotes, had to be estimated. They were estimated at three points. The 

first estimation was for the highest OR detected from the tests. Another two GRRs 

for high-risk homozygotes were estimated based on a multiplicative model, whereby 

high-risk homozygotes have a higher GRR than heterozygotes, and the overall OR is 

estimated to be that detected from the tests.

A joint-analysis o f serotonin promoter markers was performed. All studies that were 

published since 1997 '^“to 2004 with published allelic  transm issions in
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trio/multiplex families were included. Transmissions o f the short and long promoter 

alleles were com piled and the sum o f transm issions calculated. A TDT test was 

performed on this “summed” value. All individual studies were also plotted on a 

funnel plot to test for publication biases.
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3.3 Results

3.3.1 The Serotonin Transporter Gene

Genotype frequencies did not deviate from Hardy-W einberg equilibrium.

3.3.1.1 LD Measures

Linkage disequilibrium  measurem ent dem onstrates the presence o f  LD between 

markers across the gene, with D ’ values between 0.301 and 0.788 (see Figure 3.2). 

The prom oter was not in strong LD with any marker, however LD was seen to 

increase with markers ranging from SNP 10 to the 3 ’UTR.

PROMOTER

SNP10 0.413 0.4<D’<0.6

VNTR 0.513 0.2<D'<0.4

SNP18 0.301

3'UTR 0.332 0.508 0.528

PROMOTKR SNP10 VNTR SNP18 3’UTR

Figure 3.2 M e a s u r e s  O f LD (D’) A c r o s s  T h e  S e r o t o n i n  T r a n s p o r t e r  G e n e .

D’ was measured using GOLD.
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3.3.1.2 TDT Testing

Due to the low frequency o f 9 repeat alleles in the VNTR m arkers (frequency = 

1.7%), the 9 repeat alleles were combined with 10 repeat alleles for testing. There 

was significant over-transmission o f the short promoter allele to probands. W ith 55 

transm issions o f the short promoter allele and 34 non-transmissions, a value o f 

4.5252, OR o f 1.6176 and corresponding p value o f  0.0334 was produced. No other 

significant deviations from expected equal allele transm issions were observed (see 

Table 3.1).

Marker Allele Transmitted Not

Transmitted

OR p value

Promoter

Variant

Long 34 55 1.62 4.525 0.0334

Short 55 34

SNPIO C 54 42 1.29 1.261 0.2615

T 42 54

VNTR 12 repeat 45 37 1.22 1.000 0.3347

9+10

repeat

37 45

SNP18 G 46 37 1.24 0.771 0.3800

A 37 46

3’UTR G 42 31 1.35 1.371 0.2416

T 31 42

T a b le  3 .1  T D T  R e s u l t s  F o r  S e r o t o n i n  T r a n s p o r t e r  M a r k e r s . Significant 

transmissions are highlighted in yellow.
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3.3.1.3 Transmission of Haplotypes

Examination o f two marker haplotypes revealed increased transmission o f several 

haplotypes. These include the haplotypes constructed from the short promoter allele 

and the C allele of SNPIO (x^ = 4.2277, p value = 0.0398), and also the haplotype 

constructed from the C allele of SNPIO and the 12 repeat allele o f the VNTR (x^ = 

5.8912, p value = 0.0152). In addition, when the promoter, SNPIO and VNTR 

markers were analysed together a significant preferential transmission of the short 

promoter -  C allele (SNPIO) -  12 repeat haplotype to autism cases was observed (x^ 

= 6.341, p value = 0.0118). Transm ission o f a Prom-SNPIO-VNTR- 

SNP18haplotype (short-C-12rp-G-G) produced the strongest OR (OR = 2.403, p 

value = 0.0085). Interestingly, almost all associated haplotypes, with the exception 

o f haplotype (VNTR-SNP18-3’UTR, p value = 0.0355) contained the C allele of 

SNPIO. ORs were also calculated for the haplotypes and ranged from 1.4512 

(SNP18-3’UTR) to 2.24 (Promoter-SNP10-VNTR-SNP18), see Table 3.2 for further 

details.

It was found that ORs increased as neighbouring polymorphisms were included in 

the haplotype analysis. A good example of this is the 12 repeat VNTR, in which the 

OR of developing autism from inherhing this allele rises from -1.35 to 1.70 when 

the C allele o f SNPIO is included, and continues to rise until all polymorphisms, bar 

the G allele o f the 3’UTR, are included, giving rise to the highest OR o f 2.4. 

Interestingly, ORs decrease as one moves closer to the 3’ end of the gene (see Table 

3.1 and figure 3.3).
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Marker Alleles Observed
Transmission

Expected
Transmission

Chi-square Haplotype
p-value

OR Global 
p value

Prom -SNPIO S-C 40.05 32.91 4.227 0.0398 1.741 0.0784
SNPIO-VNTR C-12rp 56.68 47.93 5.891 0.0152 1.692 0.0776
VNTR-SNP18 12rp-G 94.08 86.601 3.0407 0.0812 1.4203 0.1964
SNP18-3’UTR G-G 68.804 61.566 3.0933 0.0786 1.4512 0.3398

Promoter-SNP 10-VNTR S-C-12rp 30.951 23.819 6.341 0.0118 2.0436 0.0821

SNP10-VNTR-SNP18 C-12rp-G 50.531 41.129 7.6501 0.0057 1.8406 0.2323

VNTR-SNP18-3’UTR 12rp-G-G 68.143 59.578 4.4189 0.0355 1.6088 0.1901

Promoter-SNPIO-VNTR-SNPIS S-C-12rp-G 29.163 21.869 7.6866 0.0085 2.4034 0.1121

SNP10-VNTR-SNP18-3’UTR C-12rp-G-G 42.177 32.946 10.888 0.0052 2.062 0.565

Promoter-SNP 10-VNTR-SNP18-3 ’UTR S-C-12rp-G-G 24.981 18.717 5.878 0.0153 2.206 0.1766

T a b le  3 .2  H a p l o t y p e  T r a n s m i s s i o n  A n d  O d d s  R a t i o  D a t a .  Haplotype p-values represent the p-value for the transmission o f  

indicated variants o f  the haplotype. The global p-value represents the overall significance for the haplotype using all possible variants. 

(S = Short promoter variant, 12rp = 12 repeat variant o f  intron 2 VNTR).
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Marker 1: The short Promoter Allele Marker 2:

Marker 3: 12 repeat VNTR Marker 4:

Marker 5: G allele o f 3 ’UTR

C allele ofSN PlO  

G allele ofSN P18

3.3.1.4 Power Study

The pow er o f  this replication was calculated using the TDT pow er calculator 

(http://statgen.iop.kcl.ac.uk/gpc/dtdt.html). Given a sample size o f 96 trios, a disease 

prevalence o f 0.003, and a GRR for inheritance o f two high-risk alleles o f  2.4 (the
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prom -SN P10-V N TR -SN P18 haplotype), and a GRR o f 1.6 for heterozygous 

individuals, the power o f  this replication was calculated to be 66.93%  to detect an 

association at p value < 0.05. All other things being equal, and given a GRR o f 4 for 

high-risk homozygotes and 2 for heterozygotes, the power o f  this test was 75%. 

Given a GRR o f 3.2 for high-risk homozygotes and 1.6 for heterozygotes, resulted in 

power o f 66%.

3.3.1.5 Joint-analysis of published serotonin transporter 

promoter variants.

Following a full literature review, and a PubMed search using the terms “autism ”, 

“serotonin transporter” and “prom oter” , 43 references were found. O f these, 11 

contained TDT information regarding the transm ission o f long and short promoter 

alleles (see Table 3.3 for more details). ORs for the resulting transm issions (based 

on over-transmission o f  the short promoter allele) ranged from 1.65 to 0.375 

i.e. over-transm ission o f  the long promoter allele. In the com bined sample there 

were 730 transmissions o f the short promoter allele versus 689 transm issions o f  the 

long promoter allele. This resulted in an OR o f 1.059, and corresponding p value o f 

0.288.

Bias in the meta analysis was tested for using the funnel plot which tests for 

publication and participation bias. The funnel plot is constructed by plotting the size 

o f  each sample against the odds ratio (OR) for the data. The theory behind the 

method is that the larger samples will have ORs closer to the combined OR, which, 

in the absence o f heterogeneity between the samples (see 2.3.5.1), should also be the 

true OR o f the combined sample. The smaller samples scatter themselves either side 

o f  the true OR value and when plotted they visually construct the shape o f  an 

inverted funnel. The presence o f bias in the sample would result the plot deviating 

from the inverted funnel shape. For example if  the study excluded all o f  the negative 

findings then one side o f the funnel diagram would be missing. In the case o f  the
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serotonin long/short promoter variant, the resuhing funnel plot suggests that such 

biases are not apparent. However there are less positive findings in smaller samples 

than would be expected. This may be in part due to the small number o f samples in 

the analysis.
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Author Transmission 
Short Allele

Transmission 
Long Allele

OR p value Origin 
of Sample

Number
in

Study
Tordjman
212 24 64 0.375

0.046
French 71

Yirmiya 11 25 0.44 0.027 Israeli 35
Klauck 43 68 0.632 0.032 German 65
Maestrini ^ 72 76 0.947 0.805 Caucasian (European & American) 98
Mulder 54 51 1.059 0.77 Dutch 108
McCauley ^ 221 180 1.228 0.01 American 137
Conroy 
(data in 
thesis) 55 34 1.617

0.0334

Irish 86
Betancur ^ 71 55 1.291 <0.15 Caucasian (European & American) 93
Cook 48 29 1.655 0.03 American 86
Coutinho ^ 88 79 1.114 0.536 Portuguese 196
Kim ^ 43 30 1.433 0.128 American 115
Total 730 689 1.059 0.288 1090
T a b l e  3 .3  I n d iv id u a l  S t u d y  R e s u l t s  F o r  T r a n s m is s io n  O f  S e r o t o n in  T r a n s p o r t e r  V a r ia n t .
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Funnel Plot for Association of Short  
P rom oter  Allele
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Figure 3.4 F u n n e l  P l o t .  The dotted Hne indicates the OR for the combined 

samples (OR = 1.059). Blue points indicate the OR o f each individual sample (see 

Table 3.3 for further information). Funnel lines (in black) highlight the tendancy o f 

ORs o f larger samples to be closer to the true mean OR (in dotted line) in 

comparison to ORs o f smaller samples.
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3.3.2 TPH2

3.3.2.1 LD Measures

LD measures (see Figure 3.5) show a region of moderate LD between markers 

rs4341581 (in intron 1) and rs 1843809 (in intron 5). The SNPs in intron 1 and intron 

4, rs4341581 and rs 1117900 respectively, were in complete LD although the 

accompanying LOD score was not greater than 2.0 (blue colour). The marker 703bp 

5’ to the gene (rs4570625) was not in LD with any of the other markers (as can be 

seen in figure 3.5).
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Figure 3.5 M e a s u r e s  O f LD (D’) A c r o s s  T h e  TPH2 G e n e .  LD was measured 

using the Haploview Programme. A blue block indicates complete LD (with LOD 

scores < 2), whereas red/pink and white blocks indicate D’ values < 1.0, with LOD 

scores >2 and < 2 respectively.
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3.3.2.2 TDT Testing

There was significant (at p < 0.05 level) over-transm ission o f  the A allele to 

probands w ith autism  (OR = 1.60, p value = 0.0406). There w ere no other 

significant deviations from expected allele transmission to affected offspring with the 

remaining three markers (see Table 3.4 for more details).

ID

Number

Marker

Name

Allele Transmitted Not

Transmitted

OR p value

1 rs4570625 G 62 48 1.29 1.787 0.1813

2 rs431581 A 14 10 1.40 0.670 0.4131

3 rs 1117900 A 48 30 1.60 4.192 0.0406

4 rsl 843809 G 19 13 1.46 1.461 0.2874

Table 3.4 TDT R e s u l t s  F o r  TPH2 M a r k e r s . Significant transm issions are 

highlighted in yellow and bold.

3.3.2.3 Transmission of Haplotypes

Haplotype transmissions were tested using the UNPHASED programme (see Section 

2.3.1.3.2). There were no significant haplotype transm issions to affected offspring 

(see Table 3.5). However there was a trend towards over-transm ission o f  the A-T 

haplotype o f  markers rs431581 and rs 1117900 (OR = 1.74, p value = 0.092).
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Markers Alleles Transmitted Not

Transmitted

OR LRS p value

1-2 G-A 52 37 1.41 3.83 0.2803

2-3 A-T 40 23 1.74 4.767 0.0922

3-4 T-G 27 15 1.83 3.336 0.1886

T a b l e  3 . 5  H a p l o t y p e  T r a n s m i s s i o n  R e s u l t s  F o r  T h e  T P H 2  G e n e .

Transm ission o f  haplotypes was analysed using the UNPHASED program m e. 

Trends towards significance are highlighted in light yellow.

3.3.2.4 Power Study

The power o f a study to detect a finding such as that o f the association o f  the A allele 

o f  r s l l  17900, w'ith a GRR for hom ozygotes o f  1.6, and a G RR o f  1.2 for 

heterozygotes in a sample o f 184 trios, was found to be 36%. Given a GRR o f 2.2 

for high-risk homozygotes and 1.4 for heterozygotes, the power was calculated to be 

56%. Finally given a GRR o f 3 for high-risk homozygotes and a GRR o f 1.4 for 

heterozygotes, the power was estimated to be 73%.
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3.4 Discussion

3.4.1 Replication of Previous Results?

3.4.1.1 Serotonin Transporter

Five serotonin transporter polymorphisms were analysed for association with autistic 

disorder in our Irish sample. The short promoter allele was the only individual allele 

to reach significance (p value o f  0.03554, see Table 3.1). Haplotypes constructed 

from alleles that were over-transmitted showed significant excess transmission for all 

two-m arker combinations, with the exception o f  the VNTR-SNP18 haplotype (See 

Table 3.1). Moving to 3 and 4 marker haplotypes, it is apparent that each haplotype 

that contains SNPIO C allele is statistically significant. The haplotype with the 

highest OR is a haplotype containing the first 4 markers in the gene (Prom-SNPIO- 

VNTR-SNP18 haplotype, C-12rp-G form) with OR o f 2.4 and p value o f  0.0085. It 

is interesting to note that as one moves towards the 5’ end o f the gene, the ORs 

calculated for the haplotypes increase, suggesting that the polymorphism(s) linked to 

autism are located at this end o f  the gene. Additionally, the observed pattern o f 

associated haplotypes suggests that risk is associated w ith a com bination o f 

polym orphism s working together to alter the function or levels o f  the serotonin 

transporter produced.

Our findings contradict those o f  Klauck et al and Y irm iya et al, who reported 

association with the long prom oter allele in samples o f  52 German trios and 34 

Israeli trios respectively However, Cook et al found transm ission o f  the short 

promoter allele in a sample o f 86 trios, although this finding was not replicated in a 

further 81 new trios Another study using 57 N ew  England and 80 ACRE

m ultiplex families found nominal association with the short allele o f  the serotonin 

prom oter variant More recently, Tordjman et al found association o f  the long
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prom oter variant in their total sample. H owever when the patient sam ple was 

divided into those m ildly and severely affected  based on the social and 

communication domains o f  the ADI, significant transmission o f the short allele was 

found in those patients severely affected Finally, there are those studies that have 

reported no association between the promoter variants and autism Due to

the increasing number o f reports between autism and the serotonin transporter, with 

the correspondingly different associations, the inclusion o f  the Irish sample does 

little to elucidate or simplify the confusion. Association with either the long or short 

prom oter allele, or a lack o f association is a replication o f  at least one previous 

report. A joint-analysis o f the serotonin transporter long/short promoter variant in 11 

family based reported studies was undertaken to estim ate the OR o f  the short 

promoter in a larger sample. A funnel plot (see Figure 3.4) indicated that there was 

no bias in the publication o f reports. In the com bined sample o f  1090 affected 

individuals, there was over-transm ission o f  the short prom oter allele overall. 

However the OR associated with this over-transm ission was not significant (OR = 

1.059, p value = 0.288).

Excess transmission o f haplotypes containing the 12 repeat allele o f the VNTR, but 

not the 12 repeat allele on its own, had previously been reported by Cook et al and by 

Kim et al  ̂ A study examining the transmission o f the serotonin transporter allele 

and the VNTR in a sample o f Dutch individuals diagnosed with FDD reported the 

increased presence o f 12 repeat allele in the VNTR in individuals who scored highly 

in the “rigid-compulsive” factor in the ADl-R test

As o f yet, there have been no reports o f  association with the 3 ’UTR variation and 

autism.
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3.4.1.2 Replication of TPH2 Results?

Coon et al recently reported the association o f  two variants in the TPH2 gene with an 

American / Italian sample with autism This was an interesting association study 

based on the importance o f the TPH2 gene in controlling the synthesis o f serotonin 

from tryptophan in brain tissue Coon et al found an increased frequency o f the G 

allele o f  rs4341581 (p value = 0.013) and the T allele o f rsl 117900 (p value = 0.024) 

in a sam ple o f  individuals with autism  in a case-control study. A haplotype 

containing these two variants was also significantly more frequent in the sample with 

autism in com parison to a control sample (p value = 0.005). In the Irish sample, 

there was increased transmission o f the A allele o f  rsl 117900 (p value = 0.0406, see 

Table 3.4). This is not the original allele reported by Coon et al Significant 

transm ission o f  alleles o f marker rs431581 was not observed in the Irish sample. 

Likewise, there was no increased transmission o f the T allele o f  marker rsl 843809, 

which showed increased transmission to a sample o f  Irish children diagnosed with 

ADHD

3.4.2 Potential Reasons for Differing Results. 

3.4.2.1 The Serotonin Transporter Gene

The studies included in the joint-analysis (see Table 3.3) highlight the wide range o f 

results reported in the literature with the serotonin prom oter long/short variation 

alone. An increasing number o f meta-analyses have been published in an attempt to 

clarify some associations with differing results, e.g. testing the association o f  the 

CA(n) repeat in the dopamine D5 receptor in ADHD and the association o f  the 

serotonin transporter short/long promoter variant in affective disorders The joint- 

analysis result indicates that the overall effect o f the serotonin transporter long/short 

promoter variant, plays only a minor role, if  any, in the development o f autism. That 

is not to say that the serotonin transporter does not play any role in the development.

100



It may play a role in a small subset o f individuals. Phenotypic heterogeneity is a 

potential problem in any genetic study o f a psychiatric disorder and autism is no 

exception. The sample described here underw ent rigorous assessm ent using the 

A DI-R and ADOS-G instruments to define the phenotype. However heterogeneity 

may still exist within a sample meeting criteria for the narrow  diagnosis o f  autism 

using these diagnostic tools. Sub-grouping the sample using particular aspects o f  the 

phenotype such as social abnormalities or restrictive and repetitive behaviours may 

be advantageous. This has been attempted in some studies, such as Tordjman et al 

and M ulder et al, with mixed results. In the case o f Tordjman et al, categorising 

individuals based on their communication and social im pairm ents resulted in the 

increased transm ission o f the short promoter allele in those individuals exhibiting 

severe im pairm ents in social interaction (p value = 0.033), whereas those with 

mild/moderate impairments had preferential transmission o f  the long promoter allele 

(p value = 0.049) In the study undertaken by M ulder et al where the sample 

was also split according to severity in social and communication impairments, there 

were no significant differences in genotype frequencies were observed between those 

individuals severely affected and those only m ildly/m oderately affected in both 

dom ains. There w as a trend tow ards an increased frequency o f individuals 

homozygous for the short promoter allele in individuals with high scores in the 

compulsive obsessive domain. However, as the phenotypic data is often qualitative 

in nature and not quantitative, this is not a straightforward exercise. Cluster analysis 

has been proposed as an alternative to determine genetically relevant aspects o f  the 

phenotype, but, as for any study attempting to dissect phenotype, larger samples are 

required.

In addition to phenotypic heterogeneity there is the problem o f genetic heterogeneity. 

There is a possibility that there are a number o f haplotypes that confer susceptibility 

to autism. A study by Sutcliffe et al found three novel highly conserved coding 

mutations, all in the transmembrane domains, that segregated with autism Two o f 

these had functional significance. These m utations also showed a phenotypic 

correlation with rigid-com pulsive behaviours. Sutcliffe suggests that the m ost
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parsim onious m odel “ involves m ultiple risk alleles (including the serotonin 

transporter promoter) that act in different families to collectively account for the 

observed linkage” in both his and other samples with autism It is also possible 

that the contrasting long and short allele findings may occur because these variants 

are in LD with a causative variant but differ between populations. Also, another 

mutation or even the same mutation may have arisen on two separate occasions and 

are associated with different haplotypes. Another likely reason for the confounding 

results is that the underlying mechanisms o f hyperserotonemia are heterogeneous

Finally, one must take into consideration that some or all o f  the above findings are 

false-positive results. The results o f  the joint-analysis would support this finding. 

Although the OR for individual studies ranges from 0.375 to 1.655 the mean 

OR for association o f  the short promoter allele in the 11 samples included in the 

joint-analysis was only 1.06 (p value = 0.288). The funnel plot (see Figure 3.4) also 

highlights the tendency o f the larger individual samples to conform to the overall 

mean. An example o f  this is the contrast in ORs between the largest and smallest 

studies. In the sample o f Yirmiya et al, in which there were 35 families with an 

individual affected by autism, the OR of the short promoter allele was 0.44, i.e. there
213 •was over-transmission and association with the long promoter allele . However m 

the study by Coutinho et al, in which there were 196 affected individuals and their 

families, the OR o f the short allele was just 1.14 The larger study has an OR 

closer to the mean o f the combined sample.

The fact that there are so many associations with the transporter gene and autism, 

even thought the associations are not the same in each population, would lead one to 

believe that the serotonin transporter does not plays a major role in autism, although 

it may be partly responsible for the development o f  autism in a minority o f cases. 

The role o f  the serotonergic system in autism is com plex and as yet not fully 

understood.
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3.4.2.2 The TPH2 Gene

The association with both alleles o f the same m arker in two different populations 

also occurred at the TPH2 gene. Unlike the serotonin transporter however, there is 

only the original study that Coon et al published This study by Coon et al was a 

case/control study in a sample o f  A m erican/Italian individuals, whereas the study 

presented here was a family based study o f  Irish individuals. It is possible that 

population stratification may have resulted in a false positive finding. It is also 

possible that the finding in the Irish sample is a false positive. Equally possible is 

the occurrence o f  two false positive results, each with a different allele. Finally, in a 

fashion similar to that suggested for the serotonin transporter, there may be reasons 

why associations with different alleles occur. At this stage it is im possible to 

differentiate between the possibilities. Further replication studies in independent 

samples are required to determine the possible association o f  variants in the TPH2  

gene in other samples o f individuals with autism.

3.4.3 Conclusion

There is a large and varied range o f  evidence supporting the role o f  serotonin in the 

development o f the autistic aetiology. There is little doubt that all the findings (see 

the introduction) reported to date are indicative o f a role for serotonin. Unfortunately 

the role o f  the serotonin transporter in this process is not clear-cut. It is still 

uncertain to what extent this gene is involved. In the Irish sample describe here there 

is over-transmission o f  the short promoter allele (See Section 3.3.1.1.2), which is a 

replication o f  a report by Cook et al However, other reports find no association 

or association with the long prom oter allele see Section 3.1.4. Joint- 

analysis o f  the serotonin transporter promoter variant revealed a non-significant role 

for the serotonin transporter gene prom oter variant in the developm ent o f  autism 

overall. This joint-analysis revealed an increased transmission o f the short promoter
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allele, but this was non-significant (OR = 1.06, p value = 0.288). Further 

investigations are required to determine if  the serotonin transporter has a role in a 

small sub-group o f  individuals diagnosed with autism. The TPH2 gene has only 

recently been identified. This present study has, in a manner similar to the serotonin 

transporter gene, not replicated (with the original allele) the initial report by Coon et 

al o f  association o f  the T allele w ith autism  The serotonin pathw ay is a 

complicated one and it is possible that the effects o f a small number o f genes, each o f 

minor effect, together contribute to the hyperserotonemia observed and replicated in 

many samples (see Section 3.1.2). It is also possible that not all variants are required 

for the development o f  autism, and that some o f these may be population specific. 

The serotonin system and its role in the development o f  autism remains one o f  the 

interesting puzzles to be solved in the field o f autism research,
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C hapter  4

T he DOPAMINE-p-HVDROXYLASE GENE AND
A utism
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4.1 Introduction

4.1.1 Dopamine and Autism

D opam ine is a ubiquitous neurotransm itter in the CN S. D opam ine is synthesised in 

the body by the decarboxylation o f  D O PA  by arom atic L-am ino acid decarboxylase 

(see Figure 4.1). A role for dopam ine in the aetiology o f  autism  has been suggested 

by decreased  dopam inerg ic  activ ity  reported  in the p refron tal co rtex  o f  au tistic  

children , and by the therapeutic benefits observed from  the oral adm inistration o f 

R isperidone and H aloperidol in the condition . R isperidone is an atyp ical a n ti­

psychotic m edication that acts to block dopam ine receptors. In a study com paring 

risperidone adm inistration with placebo, treatm ent w ith risperidone led to significant 

dec reases  in the level o f  irritab ility  in 69%  o f  ch ild ren  w ith  au tism  (n =  49) 

com pared  to 12% in the placebo group (n = 52) S im ilarly  haloperido l (a 

postsynap tic  dopam ine-recep tor an tagonist) has been  reported  to im prove severe 

behavioural problem s in individuals affected by autism , a lthough long-term  use is 

lim ited by side-effects

D o p am in e-(3 -h y d ro x y lase  (D B H ) is the enzym e, w hich  is responsib le  for the 

co n v ers io n  o f  dopam ine to no rep ineph rine  (N E ), and thus it is im p o rtan t to 

m aintaining the levels o f  both o f  these neurotransm itters (see Figure 4.1). D ecreased 

DBH activity  has been reported in children w ith autism  w hile increased DBH

activity  has been reported in another study A further study found no difference 

betw een DBH activity  in a sam ple o f  cases w ith autism  in com parison to a sam ple 

w ith D ow n’s syndrom e A lthough these studies provide an indication that DBH 

activity  m ay be linked to autism , the pow er in each study w as lim ited due to sm all 

sam ple size (n < 20 in all cases). A larger study o f  parent-child  trios, n = 37 trios, 

w ith autism  found low er serum  DBH activ ity  in m others com pared w ith controls.
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Thirty-three percent o f mothers in this study were found to be homozygous for a 

deletion polymorphism in the promoter region compared with 20% o f controls. As 

DBH converts dopamine to norepinephrine, alterations in DBH activity could result 

in an im balance between these neurotransm itters. A ltered NE levels are also 

involved in other neuropsychiatric disorders including anxiety. Yohimbine, a drug 

which is believed to increase the synaptic availability o f  NE, induces a high level o f 

panic-like anxiety in individuals suffering from panic disorder, whereas clonidine, an 

adrenergic agonist, reduces the rate o f  panic induced by the panicogenic probe 

sodium lactate The NE system is one o f  the systems responsible for the

response to stress. The neurons involved in NE transmission originate in the locus 

ceruleus, the medulla and pons. Upon stress activation they send signals to many 

parts o f the brain including the amygdala, which acts to establish ‘emotional valence’ 

to stimuli and coordinate the correct response, and the hippocampus, both o f which 

have been linked to autism  (see Palm en et al for a com plete review  o f 

neuropathological findings in autism) Interestingly DNA variations in the

DBH gene have been associated with other psychiatric conditions including attention 

deficit hyperactivity disorder (ADHD), cocaine induced paranoia, and m ajor 

depression'^’
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F i g u r e  4 .1 T h e  D o p a m i n e  /  N o r e p i n e p h r i n e  P a t h w a y .

Dopamine is converted to norepinephrine by dopam ine-^-hydroxylase in the 

presence of ascorbate and oxygen. Although DBH is not the rate-limiting step o f  this 

pathway, its action and activity are important in controlling the levels o f  both 

d o p am in e  and no rep ineph rine .  This  f igure  has been  taken  from 

http://www.cellscicnce.com/CCA.htm.
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A number of other genes involved in the dopamine pathway have been investigated 

for an association with autism (see Figure 4.1). The Monoamine Oxidase genes 

{MAO-A and MAO-B) have been the most widely investigated, with studies at both 

DNA and protein levels being reported. A study by Takahashi et al in 1977, found no 

differences between MAO activity between individuals with autism (n = 20) and age- 

matched controls (n = 30) Filinger et al also reported no differences between 

autistic individuals (n = 6) compared to controls (n = 14). However, individuals with 

childhood-onset Pervasive Developmental Disorders (n = 6) presented significantly 

lower Vmax (maximum catalytic speed o f enzyme) and Km (a measure o f the 

specificity o f the binding site o f the enzyme for the substrate) levels compared to 

controls. A polymorphism in the promoter region of this gene has been linked to IQ 

in individuals with autism No association has been reported betv/een autism and 

variants in the DOPA decarboxylase and catechol-O-methyltransferase (COMT) gene 

and COMT activity

4.1.2 The Dopamine Beta Hydroxylase Gene

The gene for DBH is located on chromosome 9q34.2 and is 22,981 bp long 

(http://^enecards.bc^sc.bc.ca/c^i-bin/carddisp?DBl n . It contains 12 exons, and 

encodes 2 types of mRNA due to alternative polyadenylation, denoted ‘type A ’ and 

‘type B’, with type A being more abundant than type B. Type A differs from type B 

due to the presence of an extra 300bp sequence (cDNA nucleotides 2394 -  2694). 

Type A is five times more abundant than type B This may be due to the presence 

of a “stabilising” sequence within this region. The 3’UTR region o f a gene has been 

reported to be involved in both mRNA stability and efficiency The gene

produces a protein 603 amino acids long, which belongs to the copper type II, 

ascorbate-dependent monooxygenase family (information from gene cards). The 

gene is expressed restrictively in norepinephrine and epinephrine neurons, in 

addition to neurosecretary cells in the nervous system. Their expression within the 

brainstem is limited to a number of distinctive loci, the lateral tegmentum in the
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medulla oblongata, the nucleus o f the solitary tract, the locus coeruleus and the 

lateral tegmental area in the pons

The transcription initiation site for the gene is located 52bp upstream of the initiation 

codon. The promoter region of the gene is located close to the initiation codon, with 

the TATA box at -29  to -24, and the CCAAT box at -159 to -155. A GC box also 

lies 14 to 19bp downstream of the transcription initiation site. A number o f other 

sequence motifs including a cyclic AMP response element (CRE) and glucocorticoid 

response element lie upstream of the gene

DBH activity levels vary from individual to individual, with ~4%  o f individuals 

having a “very low” serum DBH activity, i.e. an activity of less than 50 U (where lU  

o f enzyme activity represents the production of 1 nmol o f phenyl ethanolamine per 

hour per ml of serum incubated at 37°C) This ‘low activity’ was seen to 

segregate in a recessive manner within families, and a strong sibling-sibling 

correlation has been reported These observations led to the hypothesis by 

Weinshilboum that a single low activity functional polymorphism (DBH^) existed in 

the European population with a frequency of 20%, which accounted for this variation 

It has taken many years to determine the underlying genetic variation 

responsible for DBH activity. A single SNP in the promoter region o f the DBH 

gene, C -102IT, has been shown to be responsible for 35 -52%  o f this variation. 

Individuals with a TT genotype (~ 4 -  7% of a Japanese and European population 

respectively) have the lowest DBH activity, and it is these individuals who represent 

the low activity subgroup. CC homozygotes have high DBH activity, while CT 

individuals have activity that is intermediate between the two homozygous groups. A 

number o f observations support this C -102IT as being an important functional 

variant. Firstly the proposed DBH^'allele appears to ‘lower plasma-DBH activity by 

diminishing the levels o f circulating protein, rather than by decreasing the activity of 

homospecific enzymes’. The location of the C -102 IT polymorphism in the promoter 

region of the D BN  gene may alter the levels o f transcription o f the gene and would 

thereby account for this variation. Also a reporter gene experiment highlighted the
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-600  to -1100  region o f the gene as being functionally important in DBH expression 

Other polymorphisms within the gene exist, including a small number o f  non- 

synonym ous polym orphism s (e.g. 4 4 4 A ^ G  polym orphism , and the 1368G -^A  

polymorphism). However these polymorphisms cannot account for the variation in 

DBH levels activity observed. Neither o f  these observations conclusively proves that 

C -102IT  is the DBH^polymorphism; and there remains a possibility that C -102IT  is 

in LD w ith another functional polym orphism . H ow ever there are no other 

polymorphisms reported that appear to be o f the same functional significance.

4.1.3 Dopamine-P-hydroxyiase & Epilepsy

Epilepsy is defined as “two unprovoked seizures o f any type” The prevalence o f 

epilepsy in children with autism varies from 5% to 38.3% and is approximately 10 

fold higher than children in the general population. Although the variation in these 

frequency estimates is high, the differences can in part be explained by the bimodal 

age distribution o f  epilepsy. The first major peak o f epilepsy in autistic individuals 

occurs early in life, around the age o f 5 years, with a second major peak occurring at 

the beginning o f  adolescence (~10 years). The studies with a low prevalence o f 

epilepsy are often those studies whose sample is very young whereas those with a 

higher prevalence rate include adolescents and adults Epilepsy also seems to be 

more com mon in individuals where the level o f  brain injury is likely to be more 

severe, e.g. lower ranges o f intellectual functioning

A role for DBH in epilepsy has been suggested through studies o f animal models. A 

rat model for epilepsy (genetically epilepsy prone rats (GEPRs)) exhibit low levels o f 

DBH, presynaptic NE content, NE turnover, NE uptake and tyrosine hydroxylase 

levels DBH knockout mice (who have no NE activity) exhibit increased

sensitivity to a number o f seizure-inducing stimuli, which included 2,2,2-trifiuroethyl 

ether, pentylenetetrazol, kainic acid and high decibel sounds. Decreasing NE (in 

wild type mice) increases seizure susceptibility, whereas the adm inistration o f  NE



leads to a protective effect Although Dbh knockout mice showed a significantly 

higher rate o f in utero mortality, those that did survive show no gross morphological 

abnorm alities, and Thomas et al were unable to discern any physical differences
•300

between living knockout mice and their wild-type littermates 

4.1.4 Dopamine-P-hydroxylase Animal Models

As stated in section 4.1.3, DBH knockout mice are susceptible to convulsant stimuli, 

and show higher rates o f  in utero mortality. A study by Thom as and Palm iter 

reported the presence o f  behavioural deficits in D bh  -/- maternal mice These 

Dbh  -/- mothers showed impaired nesting and pup-retrieval. Pups were observed 

scattered around the nest, often unwashed and with placentas still attached. Despite 

the normal mammary gland function, pups were not nursing. Olfaction and problem 

solving abilities were normal. However some deficits in motor function and learning 

were observed. M aternal behaviour in the knockout mice was rescued with the 

adm inistration o f  4-dihydroxyphenylserine (DOPS), which can be converted to NE 

by arom atic L-amino acid decarboxylase, thus increasing N E content w ithin the 

CNS, on the evening before birth, leading to the survival o f  50% o f pups. If  the 

administration o f DOPS was left until the morning after birth, rescuing did not take 

place, and the pups died. These results indicate that norepinephrine may be 

responsible for responding to environmental cues and determining what is relevant 

and im portant. The effects o f adm inistration o f  DOPS lasted into subsequent 

pregnancies The role o f DBH in social behaviour, a characteristic affected in 

autism, implicates DBH in this developmental disorder.
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4.1.5 The Aims

The aims o f this study were three-fold.

1) To attempt to replicate Robinson et al by examining the transmission of 7 

markers spaced throughout the gene, looking for an association with autism.

2) To measure DBH activity in affected individuals and their parents.

3) To establish the contribution o f each variant to the overall level o f DBH 

activity.
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4.2 Materials & Methods

4.2.1 Measuring DBH Activity

Plasma DBH activity was measured by Dr. George Anderson, o f Yale Child Study 

Centre, using a sensitive high perform ance liquid chrom atographic-fluorom etric 

method (see Section 2.2.6). Individuals on m edications, which may affect DBH 

activ ity  i.e. beta-b lockers, an ti-psychotic m edication , insu lin  and the oral 

contraceptive pill, were excluded from analysis

4.2.2 Amplification of DBH Variants

Seven variants (6 SNPs, and an in/del variant) w ere chosen to be screened in our 

population. The selection o f variants was based on a number o f  criteria:

1) Putative functionality (the C -102IT  SNP, see section 4.1.2 for further 

details)

2) Non-synonymous changes (i.e. variants in exons 5 and 11)

3) Location within exons (exons 12, 11)

4) Use in the Robinson paper (In/del variant)

5) Regions close to the potential promoter (C-2124T, C-1333T).

Fragments were amplified under varying conditions (see Appendix II, sections 1.1 

and 1.2, for further information).
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4.2.3 Statistics

Analyses were performed by assessing the transmission o f individual polymorphisms 

using the TDT. Transmission o f haplotypes was assessed using the UNPHASED 

program , and logistic regression based analysis was conducted for the genetic 

variants against DBH activity.

DBH activity was measured in triplicate, and the mean o f these readings was taken 

for all subsequent tests.

Due to the observation that DBH activity increases over the first 3 years o f  life, it 

was necessary to ensure that any potential DBH activity differences between parents 

and their affected offspring were not due to this age effect The square root o f 

children’s DBH activity was plotted against their age (in m onths) twice. It was 

necessary to use the square root o f DBH activity in order to normalise the data set. 

The first analysis included all probands in the study regardless o f  age. The second 

analysis included only those probands aged 6 years and over. In both cases a 

regression line was fitted to the data and the slopes o f  these lines noted.

Paired t-tests were used to make comparisons between father-child DBH activity and 

mother-child DBH activity. An independent t-test was used to compare differences 

between m other-father DBH activity and proband-child control DBH activity. The 

heritability o f  DBH activity was measured as described in Section 2.3.2.4. Kruskal- 

Wallis testing was undertaken to test if  different allelic variants were associated with 

different DBH activity. Regression analysis was perform ed to determ ine the 

correlation o f  each m arker to the square root o f DBH activity, i.e. a m arker -  

phenotype correlation (see Section 2.3.2.6).
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4.3 Results

Plasm a samples were collected from 54 full trios, 7 m other-proband duos and 3 

father-proband duos. Individuals on m edication (n =5), which may affect DBH 

activ ity , e.g. beta-blockers, anti-psychotic m edication, insulin  and the oral 

contraceptive pill, were excluded from analyses.

4.3.1 Age effect and DBH Activity.

Probands DBH activity was plotted against age o f  proband in months. In the first 

test all probands were included in the analysis (n = 59, mean age = 140 months, 

standard deviation = 89 months, age range = 55, 408 months). In the second test 

only individuals who were greater than 72 months o f age were included (n = 45, 

mean age = 166 months, standard deviation = 90 months, age range = 73, 408 

months). A regression line was fitted to each dataset, and the correlation, i.e. slope, 

calculated. No significant correlation between the square root o f DBH activity and 

age was found, even when all probands were included in the analysis. In the first 

dataset, the correlation was calculated to be 0.0025 (p = 0.923), see Fig 4.2. When 

probands less than 72 months were excluded the correlation was 0.00004 (p = 0.992), 

see Fig. 4.3. These results show that within this sample, there is no statistical change 

in DBH levels over time, therefore all probands, regardless o f  age were included in 

subsequent analysis in order to increase power.
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Dotplot of DBH Activity versus Age

=  0 .0025

200  250
Age (in  m onths)

F i g u r e  4 .2  D o t  P l o t  S h o w i n g  R e l a t i o n s h i p  B e t w e e n  T r a n s f o r m e d  D B H  

A c t i v i t y  A n d  A g e  In  T h e  D a t a s e t  I n c l u d i n g  A l l  P r o b a n d s .  DBH activity 

was transformed by using the square root function, and age was measured in months. 

Regression analysis indicated that there was no increase in DBH Activity with age in 

this all-inclusive dataset. = 0.0025 with a corresponding p value o f  0.923.
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Dotplot of DBH Activity versus Age (p robands > 72 m onths)

70  ■

c 5 0 -

» •
3  40 
E

I  30 •  •

I
X
?  20 1 •  ♦

«
• •  •

♦ •

200 250
Age (in  m on ths)
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A g e .  Regression analysis indicated that there was no increase in DBH Activity with 

age in this dataset. = 0.00004 with a corresponding p value o f 0.992.
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4.3.2 Heritability of DBH Activity

Regression analysis o f  DBH activity was used to estim ate the heritability o f  DBH 

activity (see Section 2.3.2.4). The mean parental DBH activity was plotted against 

proband DBH activity (see Figure 4.4). A regression line was fitted and the slope (i.e. 

heritability) was calculated. The heritability o f DBH activity was 44.92%. A spouse- 

spouse DBH activity correlation analysis was undertaken (see Figure 4.5), to ensure 

that the heritability measured above a correct estimate. As expected, the correlation 

between paternal and maternal DBH activity was negliable (r = 0.0025).

H e rita b ility  o f  DBH A ctiviy

60

50

<  30

=  0.4492S 20

60 70 8040 5010 20 300
Mean P a r e n ta l  DBH Activity ( n m o i / m i n / m i )

F ig u r e  4 .4  M e a s u r e m e n t  O f T he  H e r i t a b i l i t y  O f D B H  A c t i v i t y .
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Spouse-Spouse Correlatio of DBH Activity
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Figure 4.5 Spouse-Spouse Correlation of DBH Activity.

4.3.3 DBH Activity. Values and Comparisons.

The population was divided into mothers, fathers and affected probands. The parental 

m idpoint (i.e. (M others DBH A ctivity + Fathers DBH A ctivity) +2)) was also 

calculated , as this was considered to be the best estim ate o f  overall parental 

contribution to a probands DBH activity. The mean, variance and standard deviation of 

the DBH activity o f each group were measured. The maternal DBH activity mean was 

calculated to be 34.811 nm ol/m in/m l and the mean paternal DBH activity  was 

calculated to be 35.107 nmol/min/ml (see Table 4.4.2 and Figure 4.6). The difference 

between these parental DBH activities was compared in 54 parents. W ith a mean 

difference o f - 0 .1 8 ,  the difference was deemed to be non-significant (p = 0.97, 95% 

Confidence Interval = -9.64, 9.28). This result was to be expected, as there have been
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no reports o f  a sex difference in a normal control population w ith  regard to DBH 

a c t i v i t y  P o w e r  c a l c u l a t i o n s  ( u s i n g

http://wwvv.dssrcsearch.com/toolkit/spcalc/powcr a2.asp') indicates that the differences 

between children and their mothers, fathers and parental means are extremely powerful, 

ranging from 98.5% to > 99.9%.
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F ig u re  4.6 B o x p l o t  O f D B H  A c t iv it y  I n M o t h e r s , F a t h e r s  A n d  C h il d r e n .

Individuals 1 represent children, whose mean DBH activ ity is 20.330 nm ol/m in/m l. 

Individuals 2 represent fathers, whose mean DBH activ ity is 35.107 nm ol/m in/m l. 

Individuals 3 represent mothers, whose mean DBH activ ity is 34.507 nm ol/m in/m l. 

The average child DBH activity is much lower than that o f  either parent.
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Comparison

Pair

Mean N Std Dev Std

Error

Mean

M/F Mother 34.212 51 24.00253 3.3610

Father 34.392 51 21.43085 3.0009

M/C Mother 34.811 56 23.486 3.1385

Child 19.845 56 12.2942 1.6429

F/C Father 35.107 54 21.2278 2.8887

Child 20.330 54 11.9854 1.6310

PM/C Parental

Mean

34.302 51 15.3335 2.1471

Child 19.447 51 11.6064 1.6252

T a b l e  4 .1  D B H  A c t i v i t y  P a i r e d  D i f f e r e n c e  S u m m a r y . DBH summary statistics 

for pairs involved in paired t-tests. Parental mean (PM) is the average o f  mother (M) 

and father (F) DBH activity, which is then compared to the probands (C) activity. In all 

cases, the children’s DBH activity is lower than that to which it is being compared, i.e. 

mothers, fathers and parental mean DBH Activity. The number o f pairs varied between 

comparisons due to the presence o f incomplete data for all members o f  the sample.
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Paired Differences T Sig (2-tail) Power to

Detect
Difference

Mean
Difference

Std, Dev Std, Error 
Mean

95% Confidence Interval o f 
Difference
Lower Upper

M v s .F 0,1804 33,62 4,7078 ■9,636 9,2755 0,038 0,97 5,40%
M v s.C 14.966 22.533 3.0111 8.932 21 4.97 6.89110^ 98.50%

F v s.C 14.778 18.0178 2.4518 9.86 19.696 6.027 IM x IO ^ 99.80%

P M vs.C 14.85 12.5582 1.7585 11.32 18.39 8.448 M i  10" > 99.9%

T a b le  4.2 P a i r e d  S a m p le s  I - T e s t  F o r  D i f f e r e n c e s  In D B H  A c t i v i t y .  Paired t- 

tests were undertaken to investigate if  there were any statistical differences between the 

average DBH activity in mothers, fathers, children and the parental mean. M = mothers 

DBH activity, F = fathers DBH activity, C = child DBH activity and PM = parental 

mean DBH. All significant differences are highlighted in bold and bright yellow.

4.3.4 Comparison of Irish Proband DBH Activity with Previously 

Reported Children Control Sample.

Due to the lack o f  an Irish age-matched control sample, DBH activity from a normal 

child sam ple (betw een the ages o f 6 and 12) was used from a publication from 

W einshilboum et al The mean o f  this sample (see Section 4.2.3 for more details) 

was calculated to be 34.429 nm ol/m in/m l, with a standard deviation o f  20.595 

nm ol/min/ml (see Table 4.3). A t-test was undertaken to compare the mean o f  this 

sample to the proband sample described here. Inidividuals with autism were found to 

have a significantly lower DBH activity in comparison to the child control sample (T 

statistic = 5.3038, p value = 1.9737 x 10 “^), see Table 4.3 and Figure 4.7. The power 

o f  this statistical test was found to be greater than 99.99% according to the power 

calculator available at http://www.dssresearch.com/toolkit/spcalc/power_a2.asp.
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Boxplot of DBH Activity in Proband Sample and Child Control Sample
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F i g u r e  4 . 7  B o x - p l o t  O f  DBH A c t i v i t y  I n  P r o b a n d  S a m p l e  A n d  C h i l d  

C o n t r o l  S a m p l e .  A number of outliers were present in the Weinshilboum sample 

As no further details were available, all outliers were included in the test.
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Proband Sample Control Sample

Mean 21.9 34.429

Std. Dev 14.058 20.595

Std. Error Mean 1.815 1.137

N 59 317

T statistic 5.30 38

p value 1.9737 X 10'*

T a b l e  4 .3  T w o  S a m p l e  i - T e s t  F o r  D i f f e r e n c e s  I n D B H  A c t i v i t y  I n P r o b a n d  

S a m p l e  A n d  A  C h i l d  C o n t r o l  S a m p l e

4.3.5 Comparison of DBH Activity in Individuals with Epilepsy

There were 5 individuals with autism in the sample that also had a diagnosis of 

epilepsy. The average DBH activity in these individuals were compared to the normal 

child control sample as described in W einshilboum et al and also to the remaining 

probands in the autism  sample. No statistical differences in DBH activity were 

observed between those individuals with autism and epilepsy and those with autism or 

a control (see Table 4.4). This is not surprising however due to the small sample o f 

individuals with epilepsy and autism (n = 5).
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Epilepsy Autism Control

Mean DBH Activity 35.7 20.6 34 .429

Std. Dev 17.6 14.508 20 .595

N 5 51 317

Epilepsy vs Autsim t = 1.705 p value = 0 .18 power = 58.6%

Epilepsy vs Control t = 0 .160 p value = 0 .88 power = 6.9%

T a b l e  4.4 C o m p a r i s o n  O f  DBH A c t i v i t y  B e t w e e n  I n d i v i d u a l s  W i t h  E p i l e p s y  

& A u t i s m ,  A u t i s m ,  A n d  A  C h i l d  C o n t r o l  S a m p l e .  The statistical differences 

between DBH activities were calculated using t-tests, and pow er o f  each test was 

calculated using http://www.dssresearch.com/toolkit/spcalc/power_a2.asp.

4.3.6 Investigation of the Association of Allelic Variants with DBH  

Activity.

Kruskal-W allis testing was used to evaluate if  allelic variants were associated with 

different parental DBH activity levels. It was necessary to use a non-param etric form 

o f testing to allow for differences in sample sizes and standard deviations. Statistically 

significant differences between allelic associated DBH levels w ere observed for a 

number o f markers, especially those markers close to the C -102IT  variant (see Table 

4.5). The box plot revealed that the TT homozygotes (11) o f the C-1021T variant have 

the lowest level o f DBH activity, with CC individuals (22) having the highest level o f  

DBH activity. Heterozygote individuals (12) have a DBH level intermediate between 

that o f the TT and CC homozygotes (see Fig 4.8), Kruskal-W allis testing indicated that 

these differences in DBH activity are statistically significant (chi = 26.156, p-value = 

2.09 X 10'^). Significant differences also existed for the in/del variant, C-2124T, and
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exon 2 (see table 4.5). There was no significant difference between exon 5, exon 11 

and exon 12 allelic genotypes.

1 2 0

lOQ
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4 0  
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Figure 4.8 B ox P l o t  O f  C-1021T A l l e l i c  V a r i a n t s  A n d  T h e i r  A s s o c i a t e d  

DBH A c t i v i t y . T T  homozygotes are represented by 11, and show the lowest D B H  

activity. CC homozygotes are represented by 22, and show the highest D B H  activity, 

while heterozygous individuals (12) show a D B H  activity level is intermediate o f the 

level o f  either homozygote.

11.00 1 2.00 2 2.00

C 1 C ' 2 1 C P
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DBH Variant Kruskal Wallis d .f p-value
In/Del 9.501 2 0.009
C-2124T 8.766 2 0.012
C-1021T 26.156 2 2.09 X 10-*
Exon 2 21.638 2 2 X 10 *
Exon 5 0.339 2 0.844
Exon 11 0.671 1 0.431
Exon 12 1.591 2 0.451

T a b l e  4 . 5  K r u s k a l - W a l l i s  T e s t  R e s u l t s  F o r  D i f f e r i n g  A l l e l i c  V a r i a n t s  

A n d  T h e  A s s o c i a t e d  DBH A c t i v i t y . Statistically different activities 

(highlighted in bold and bright yellow) v.'ere associated with allelic variants in the 

in/del, C-2124T, C -102IT and Exon 2 variants. As there were only 3 individuals 

with a TT genotype in the Exon 11 test, these three individuals were ignored (n must 

be > 5 to be included in the analysis). Therefore there were just two groups 

compared (CT vs. CC) and only 1 degree of freedom.

4.3.7 Regression Analysis of DBH Variants in Parents

Simple Regression analysis revealed that the D BH  C -102IT variant is the most 

important variant analysed in this study. It was found to be responsible for over 40% 

of the variation in DBH activity (r  ̂ = 0.408, p = 8.826 x 10“’'*). The remaining 

variants were found to contribute to a lesser extent to DBH activity, with effects 

ranging from 6.2% (C-2124T) to 0% (in/del). The cumulative is the total variance 

explained by the presence of the markers, whereas the individual R^ is the variance 

explained by the last marker added into the analysis.
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Marker Cumulative R 

(adjusted)

Individual

(adjusted)

F-value p-value

C-1021T 0.408 0.408 39.891 8.823 X 10 '̂

In/del 0.402 0 19.965 2.350 X 10 '^

C-2124T 0.470 0.062 14.877 1.138 X 10 "

Exon 2 0.475 0.005 11.413 8.141 X 10"

Exon 5 0.522 0.047 10.492 5.909 X 10 "

Exon 11 0.529 0.007 9.686 5.312 X 10 "

Exon 12 0.538 0.009 7.021 6.248 X 10 “''

T a b l e  4 .6  R e g r e s s i o n  A n a l y s i s  O f E f f e c t  O f V a r i a n t s  O n O v e r a l l  D B H  

A c t i v i t y  I n P a r e n t a l  S a m p l e s . The C -102IT marker is shown to be the 

strongest variant at describing / predicting DBH activity. It explains over 40% of 

DBH activity. Other variants, which predict DBH activity, albeit to a lesser extent, 

are the C-2124T marker (6.2%) and the Exon 5 marker (4.7%).

4.3.8 Regression Analysis of DBH Variants in Children.

Simple linear regression analysis was also performed to elucidate the role of the 

D B H  variants in determining / explaining DBH activity in our affected children 

population.
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Marker T o t a l

(adjusted)

Individual

(adjusted)

F-value p-value

C-1021T 0.05 0.050 2.460 0.095

In/del 0.058 0.008 1.818 0.14

C-2124T 0.102 0.044 1.925 0.098

Exon 2 0.158 0.056 2.124 0.056

Exon 5 0.118 0.000 1.640 0.132

Exon 11 0.290 0.172 2.778 0.01

Exon 12 0.265 0.000 2.414 0.021

T a b le  4.7 R e g r e s s i o n  A n a l y s i s  O f E f f e c t  O f V a r i a n t s  O n O v e r a l l  D B H  

A c t i v i t y  I n T he  P r o b a n d  S a m p l e . In our sample o f individuals with autism, the 

C -102IT  variant is shown to play a much weaker role in explaining DBH activity. 

DBH variants significantly explaining DBH variation are highlighted in bold and 

bright yellow. Those variants showing a non-significant trend towards significance 

(p value > 0.05) are highlighted in light yellow.

4.3.9 Linkage Disequilibrium Measurements

The level o f  linkage disequilibrium between the tested polymorphisms was measured 

using the D ’ statistic and the Haploview program m e (see Sections 1,4.1.1 and 

Section 2.3.2.3). Strong LD was found between markers close to each other (see 

Figure 4.9). One haplotype block was shown to exist in the prom oter region o f the 

gene, including the insertion/deletion, the C-2124T and the C -102IT marker. The C- 

102IT  and C-2124T markers are also in very strong LD with the Exon2 marker. 

However Exon2 is excluded from the block as the LD between Ex2 m arker and
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insertion/deletion is low (0.36). There is a break in LD after marker 5, which shows 

moderate LD with markers in the haploblock (0.47 < D ’ < 0.60) and is in moderately 

strong LD with Ex2 marker (D’ = 0.84). However the exon 11 marker is not in LD 

with any o f the markers in the haploblock, nor with the Exon 2 marker (see Figure 

4.9). Due to the low minor allele frequency in both Ex5 and Ex 11, the D’ value is 

also low between these markers. Ex 11 shows moderate LD with Ex 12 however. 

This is once again not surprising due to the proximity o f the two markers. These 

results are similar to those published by Zabetian et al (2003) who reported a 

haploblock stretching from the C-2124T marker to a marker (IV S4+601C ^T ) in 

intron 4. The haploblock for this sample does not stretch this far. This may be due 

to differences in linkage disequilibrium between populations. However, a study by 

Hawi et al which reported inter-marker LD in the DBH  gene in a sample o f Irish 

families with children with attention deficit hyperactivity disorder, showed that LD 

(in the parents of these affected children) between a marker in exon 2 and a marker 

in intron 5 was 0.845. Likewise, the level of LD between markers in the intron 5 and 

intron 9 (a distance of 9kb) was very weak (D’ = 0.172)
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Figure-4 .9  L D  M e a s u r e s  A n d  H a p l o b l o c k  F o r m a t i o n  O  f  D B H  

V a r i a n t s .  LD is measured using the D ’ statistic. A haploblock was found to 

consist o f  the In/'Del, C-2124T and C -102 IT variants. The Exon 2 variant (Ex2C3A) 

is also in very strong LD with the C-2124T and the C -102IT  variants. A break in 

LD is seen between the Exon 5 and Exon 11 variants.

132



4 .3 .1 0 TDT Testing

The transmission disequilibrium test (TDT) was undertaken with all variants using
395

the Transmission Disequilibrium Test (see Section 2.3.1.2 for further details)

No significant preferential transmission o f any allelic variant was observed (at p < 

0.05) (see Table 4.4.8 for further information). Surprisingly the alleles associated 

with low DBH activity (i.e. the T allele o f C -102IT) were not found to be over­

transmitted to affected probands.

Marker Allele 1 Allele 2 IT INT 2T 2NT y! p-value

In/Del Insertion Deletion 17 16 16 17 0.0304 0.8618

C-2124T T C 15 12 12 15 0.334 0.5633

C-1021T C T 9 8 8 9 0.05886 0.8083

Ex 2 (C3A) A C 20 28 28 20 1.34 0.2471

Ex5(G 910T) T G 6 12 12 6 2.039 0.1533

Ex 11 (C1603T) T C 13 17 17 13 0.5349 0.4645

Ex 12(C2320T) T C 17 23 23 17 0.9034 0.3419

Table 4.8 TDT R esults  F or  V a r ia n t s . IT = number of transmissions of 

allele 1, INT = number o f non-transmissions o f allele 1, 2T = number of 

transmissions of allele 2, 2NT = number of non-transmissions o f allele 2. A TDT x 

is calculated using the McNemar statistic (see Section 2.3.1.2), resulting in the p 

values as stated above. There is no significant over transmission o f any one allelic 

variant to affected individuals suffering autism.
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4.3.11 Transmission of Haplotypes

The construction of and analysis of transmission of haplotypes was undertaken using 

the UNPHASED programme (available from HGMP, see Section 2.3.2.3). Two and 

three-marker haplotypes were examined and the results are presented in Table 4.9. 

Although single haplotypes were observed to be over-transmitted, the global test did 

not reach the threshold o f significance at p < 0.05. Once again, the haplotypes 

containing the alleles associated with low DBH activity were not found to be over­

transmitted to individuals with autism.
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Markers Haplotype Over­
transmitted

Hap
T

Hap
NT

Global
LRS

Global p- 
value

In/D el-(C -214T) Insertion -  T 13 10 3.210 0.3603
(C -2124T)-

(C1021T)
T - C 15 10 1.482 0.4766

C -1021T -E x2 C - C 24 16 1.637 0.6511
Ex2 -  Ex5 C - G 22 11 4.074 0.2536

Ex5 -  E x l1 G - C 16 11 1.725 0.6313
E x ll - E x l 2 C - C 16 7 4.897 0.1795

In /D el-C 2 1 2 4 T -  
C1021T

Insertion - T - C 13 9 3.9435 0.4137

C 2124T-C 1021T
-E x 2

T - C - C 23 15 2.567 0.7663

C 1 0 2 1 T -E x 2 -
Ex5

C - C - G 21 10 7.328 0.2916

E x 2 - E x 5 - E x l l C - G - C 23 11 5.709 0.4566
E x 5 - E x l l  -  

Exl2
G - C - C 19 10 6.792 0.4502

T a b l e  4.9 H a p l o t y p e  T r a n s m i s s i o n  R e s u l t s  F o r  T h e  Z )5 //V a r i a n t s . T he

haplotypes that showed any excess transmission are presented, along with the global 

and the global p-value. No haplotypes were shown to be significantly over­

transmitted to affected probands.
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4.4 Discussion

4.4.1 DBH Activity with Age

As previous studies have indicated that there is a positive correlation o f DBH activity 

over time, it was necessary to ensure that any differences in DBH activity were not 

as a result o f this “age effect” . A previous study by Freedman et al reported an age 

increase in DBH activity in the first few years o f life, especially around the ages o f 2 

and 3 Another study by Weinshilboum et al in 1973, found that between the ages 

o f 6 and 12, there were no increases in DBH activity in girls, and only very minor 

changes in boys In the Irish child population described here, likewise, there were 

no significant changes in DBH activity with age (see Section 4.3.1). Simple 

regression analysis was undertaken firstly in all child probands (n = 59), and 

secondly only in probands over the age o f 6 years o f  age (n = 45). The age o f 

probands in this population ranged from 47 months to 408 months. W hen all 

probands were included in the analysis, the effect o f age on DBH activity was found 

to be minimal and non significant (r^ = 0.0025, p = 0.923, see Figure 4.1). When 

only individuals greater than 6 years o f age were included the effect o f DBH activity 

on age was again found to be non-significant (r = 0.0004, p = 0.922, see Figure 4.2). 

Although removing children less than 6 years (mean age o f rem oved individuals = 

62.88 months) did lead to a reduction in the “age effect”, the level o f significance 

between both analyses remained alm ost identical. Therefore, it was decided in 

include all individuals in subsequent analysis. This was undertaken to increase the 

power o f subsequent analysis. These findings confirm the results o f  Weinshilboum 

which indicate that there are no major changes in DBH activity over the age o f 6 

years.
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4.4.2 Heritability of DBH Activity

Heritability o f  DBH activity in individuals diagnosed with autism was found to be 

-4 5 %  (see Section 4.3.2). This was lower than previous reports regarding the 

heritability for DBH activity. There have been two studies that m easured the 

heritability o f  DBH activity in a normal healthy control sample and a sample o f 

affected individuals diagnosed with affective illnesses and their relatives. In the 

study by Oxensteirna et al, the heritability o f DBH activity was measured as 98% in 

serum and 83% in cerebrospinal fluid in a normal healthy sample In a sample o f 

individuals diagnosed with affective illness, the heritability o f  plasm a DBH activity 

was found to be greater than 90% A study by Goldin et al found that a single locus 

(located on chromosome 9) accounted for 56% o f the heritability The C -102IT 

variant is now presumed, although not definitively proven, to be responsible for 35- 

52% o f this variation. The finding o f  lower DBH heritability in individuals with 

autism is interesUng, as it highlights a possible environmental effect in determining 

DBH activity.

4.4.3 Differences in DBH Activity

Unlike the Robinson study, this study did not show a lower maternal DBH activity 

W ithin our sample, there was no difference in DBH activity levels between 

m others and fathers o f  affected individuals (see Table 4.4.1). A sim ilar study by 

Goldin et al, also found no differences in male and female DBH activity in a sample 

o f  relatives o f  individuals suffering major affective disorders A limitation o f  this 

study is the lack o f  controls for the parent sample. In the Canadian Study by 

Robinson et al, DBH levels o f  both m others and fathers were com pared to sex 

matched controls. Mothers o f  autistic individuals were found to have significantly 

lower levels o f  DBH activity com pared to the controls. A lthough our parental
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sample has no sex-matched controls, their DBH activity levels are almost identical to 

the controls reported by Robinson et al (mean maternal DBH activity = 33.907 

nmol/min/ml, mean paternal DBH activity = 35.107 nmol/min/ml, mean parental 

average DBH activity = 34.507 nmol/min/ml vs. mean Canadian control population 

DBH activity = 33.14 nmol/min/ml), and this would indicate to us that our parental 

DBH levels are comparable to those of controls. Another control sample had a mean 

DBH activity o f 34.1 nmol/min/ml, indicating again that our parental sample is 

comparable to a normal control sample

The children with autism were however found to have a significantly lower level o f 

DBH activity compared to their parents and a previously reported normal child 

sample (see Tables 4.4.2 and 4.4.3, and Figures 4.6 and 4.7). This result confirms 

the early results o f the 1970’s, in which DBH was reported to be lower in individuals 

with autism A  major limitation of these previous studies was their very small

sample sizes, which led to very low power.

A further limitation of this study is the lack o f age-matched control sample from the 

normal Irish population. The question whether this decreased DBH activity is present 

only due to a normal “age effect” arises. Early studies report that this “age effecf’ 

takes place only during the early years o f infancy Regression analysis was 

undertaken in order to determine if there was any change in DBH activity due to the 

age of the children. Regression analysis with all probands indicated that age did not 

play a role in determining DBH activity (r  ̂ = 0.0025, p = 0.923). When children 

under the age o f 6 were excluded from the analysis, once again the role o f age in 

determining DBH activity was found to be non-significant (r = 0.0004, p = 0.922). 

The results from the sample with autism described here have been compared to a 

previous study of DBH activity in a normal child population (aged between 6 and 

12). This test indicates that DBH activity in this control sample is significantly 

lower than the activity in the sample of Irish probands with autism (see Table 4.3). 

The study by Weinshilboum reported an average DBH activity of 34.4nmol/min/ml
373in a sample of 317 control children aged between 6 and 12 years o f age . The t-
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test result indicate that this mean decrease o f  12.53 nmol/min/ml was significant (T 

statistic = 5.308, p value = 1.97 x 10 ”*) (see Table 4.3).

4.4.4 DBH and Epilepsy

N orepinephrine has been shown to play an important role in the control o f  seizures 

(see Section 4.1.3). Attempts were made to test if the affected individuals in the Irish 

sample who also had a diagnosis o f epilepsy had lower DBH activity in comparison 

to the rem aining non-epileptic sample with autism, and the norm al child control 

sample described previously. Unfortunately, the number o f  individuals with epilepsy 

(n = 5) was too few, and the power o f  this test was not strong enough to provide 

conclusive evidence. Further tests in a larger sample would be required to test this 

hypothesis.

4.4.4 Transmission of Allelic Variants

N either TDT o f  single allele nor haplotypes, using UNPHASED, revealed any 

significant distortions in the transmission o f  particular alleles to affected probands. 

This was a surprising result. Given that the children had significantly lower DBH 

activity than their parents (see Table 4.2), one would have expected that transmission 

o f  ‘lower activity alleles’ would be in excess o f ‘higher activity alleles’. This was 

shown not to be the case. Similarly, there was no excess transm ission o f  ‘low 

activity haplotypes’ to affected individuals. These results suggest that the lower 

levels o f  DBH in the children with autism are not due to the possession o f  low 

activity alleles. Regression analysis was undertaken to determine the role that each 

variant plays in determining the activity o f DBH, in both parents and children.
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4.4.5 Regression Analysis in Parents and Children

A previous study by Zabetian et al identified the C -102IT  variant and reported that it 

accounted for between 35% and 52% o f the variation o f  DBH activity The T 

allele predicts low DBH activity, with homozygotes having the lowest DBH activity. 

C hom ozygotes exhibit the high DBH activity, w hile heterozygotes show an 

interm ediate DBH activity. Our data show a similar finding, with CC individuals 

having a higher activity than either CT or TT individuals, and TT individuals having 

the lowest activity o f  all (see Figure 4.8). K ruskal-W allis analysis revealed that 

these differences were significant (x^ = 26.156, p = 2.09 x 10’̂ ). Likewise, 

differences between allelic variants were found to be significant in the In/Del, C- 

2124T and Exon 2 variants (see Table 4.5 for further details).

Regression analysis in parents indicated that the C -102IT allele accounted for -41%  

o f DBH activity variation. This was consistent with the findings o f Zabetian et al 

Some o f  the rem aining variants, which did not account for any variation in 

Zabetians’s population, were shown to account for DBH activity levels ranging from 

0.5% to 6.2% in our sample o f parents (see Table 4.6 for more information). These 

differences may have arisen due to allele-specific effects in the Irish population or by 

chance.

Regression analysis in children showed that these variants played a significantly 

sm aller role in determ ining DBH activity in children. Instead o f  the C-10 2 IT 

explaining 41 % o f variation as in adults, in children it was shown only to contribute 

5%, and this did not reach statistical significance. All variants, with the exception o f 

exon 11, were shown to contribute less in children than they did in their parents (see 

Table 4.7). However, the analysis o f  only two variants, exon 11 and exon 12, 

reached the significance threshold. The exon 11 variant was shown to contribute 

17% o f the variation. This finding is interesting, as another yet unpublished study 

from Joseph Cubells, found that this same variant was responsible for a similar level 

o f variation in a population o f individuals suffering bipolar depression, where once
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again the D B H  C -102IT variation failed to account for the differences in DBH 

activity (personal com munication). Once again however, TDT analysis did not 

reveal any preferential transmission o f exon 11 alleles to affected children.

4.4.6 Possible Reasons for Biochemical/Genetic Discrepancy

There could be a number o f  reasons for the observed differences in enzyme activity 

without accompanying genetic evidence o f allelic transmission distortion mentioned 

above. Firstly, there could be a mutation elsewhere in the gene, which is having a 

major negative effect on DBH activity within the proband sample. However it would 

be expected that the mutation causing such an effect would be present in either or 

both o f the parents, where it should also exert a decreased effect on DBH activity. 

Although a control sample is not presently available to test if  parental DBH activity 

is lower or higher than normal, com parison with other studies indicate that our 

parental DBH activity is very similar to other normal control samples reported 

Also, one would expect that this ‘m utation’ would be in at least weak LD with one of 

the other markers spanning the gene, and thus might have been detected by TDT 

testing o f the markers included in this study.

Another possibility is that there is a recessive mutation/variation in another gene in 

the children, which may have the downstream effect o f reducing D B H  transcription. 

That is to say, that epistasis is taking place. Potential candidates for this role include 

the Arix gene, a transcription factor for DBH,  or another gene encoding proteins in 

the cAM P-dependent protein kinase (PKA) pathway that leads to changes in Arix 

phosphorylation and hence D B H  transcription. A number o f  protein binding sites 

exist in very close proximity to the D B H  transcription start site. One site, located at 

-5 8  to —40, matches 8 o f the 9 consensus base-pairs for a general transcription factor 

called Spl This transcription factor has been shown to be crucial in maintaining 

D B H  promoter activity, by interacting with numerous other proteins Another
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dom ain, m atches the AP2, another common transcription factor, consensus site. 

A nother two dom ains in the prom oter region have been identified as positive 

norepinephrine-specific c/5-elem ents, which act to recruit two proteins, Phox2a 

(a.if.a. Arix) and Phox2b (a.lc.a. NBPhox). It is necessary to have simultaneous 

occupation o f  both o f these sites to initiate D BH  transcription Phox2a activity is 

controlled via its phosphorylation status, which in turn is controlled by the PKA 

pathw ay . The DNA binding  ab ility  o f  Phox2a is g reatly  increased  by 

dephosphorylation o f the protein, in response to stimulation o f  the PKA pathway. 

All four domain-binding sites need to be activated for transcription o f  the D BH  gene 

to take place. Future work may include association testing o f  variants within this 

gene.

Another possibility is an environmental stimulus or developmental switch, affecting 

DBH activity or transcription activity, which could be altered in the affected 

children. DBH activity increases significantly in the first three years o f life The 

stimulus / developmental switch causing this rapid increase in DBH activity is yet 

unknown. It is possible that this ‘switch’ is not triggered in individuals with autism, 

and therefore their DBH activity remains at their infant levels. This theory would be 

supported by the finding o f  decreased heritability o f  the DBH activity in the sample 

o f  Irish individuals with autism in com parison to previous studies All o f  the 

aforementioned hypotheses are worthy o f further investigation.

The finding  o f  decreased DBH levels in au tistic  probands is im portant. 

N oradrenaline has been identified as a m odulator o f seizures, with DBH -/- mice 

exhibiting increased susceptibility to seizure inducing stimuli . In humans,

lower DBH activity may also lead to an increased risk o f  seizures, although this 

remains to be dem onstrated. However it may help explain why individuals with 

autism are more likely than individuals from the general population to be diagnosed
“i n f .

with epilepsy . Furthermore, DBH knockout mice have shown deficits in maternal 

behaviour, e.g. nest building, pup retrieval and nursing etc They also show 

deficits in motor function, learning and memory Thus we can speculate that
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DBH may affect social and em otional interaction, which may contribute to the 

autistic phenotype.

4.4.7 Conclusions

A number o f  conclusions have been reached in this study. Firstly children with 

autism have lower levels o f DBH activity compared to their parents and a published 

normal child sample. Secondly there is no increase in DBH activity from the ages o f 

47 months upwards. Thirdly, the study has replicated the finding that there are no 

sex differences between men and women in terms o f DBH activity.

The reason for this lower DBH activity remains unclear however. There was no 

preferential transm ission o f  low activity single alleles or haplotypes to affected 

individuals. In parents at least, the C -102IT marker was shown to account for 40.8% 

o f DBH activity, which was com parable to Z abetian’s finding (where in his 

population the C -102IT  allele accounted for 35% to 52% o f  variation), with the 

remaining markers accounting for less variation. In children however, the same 

marker only explains 5% o f the variation in DBH activity. This result indicates that 

there are other over-riding influences affecting DBH activity.
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C h a pter  5

lNTEGRiN-a4 AND A u tism
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5.1 Introduction

5.1.1 Chromosome 2q and Genome Scans

As discussed in the introduction (section 1.3.1), genomewide linkage studies are one 

method o f  highlighting chromosom al regions o f interest that may contain genes 

important in elucidating the role o f  genetics in autism. Linkage to chromosom e 2q 

has been reported in a number o f  studies. Findings by the International M olecular 

Genetics Consortium in Autism (IMGSAC) detected a M aximum LOD score (MLS) 

o f  4.8 at marker D2S2188, located at 180.79cM A follow-up study resulting from 

the IM GSAC study also found evidence for linkage in the chrom osom e 2q using 

markers D2S2314 (at 188.9cM) and D2S2310 (at 191.8cM) resulting in a maximum 

multipoint MLS score o f 2.54 Buxbaum et al also reported linkage in this region, 

between m arkers D2S335 and D 2S364, located at 175.91cM  and 186.21cM  

respectively on chromosome 2q Interestingly, restricting analysis to individuals 

with phrase speech delay further increased the significance o f  these findings. 

Another study, by Shao et al, described evidence for linkage in an independent 

sample telomeric to the two previously described studies, at the m arker D 2S116 at 

198.65cM The statistical significance o f  this finding also increased with 

restriction o f  analysis to probands with phrase speech delay. The linkage ‘peaks’ 

resulting from such studies, while highlighting regions o f interest may be broad and 

harbour a large number o f genes. For the purposes o f positional cloning there is large 

variation between linkage peaks relative to the physical location o f  disease genes 

Also, if  the peaks o f the linkage study are not very significant (M LOD < 3.0), they 

can also be displaced by up to 40cM The overlapping region o f interest produced 

from the peaks observed in the above three studies is 22.74cM. This represents a 

challenge to identify the gene or genes associated with autism . A num ber o f 

techniques are possible. Firstly, fine mapping and further linkage analysis o f  the 

region may refine the region, and hence reduce the number o f  candidate genes to be 

investigated by association testing. Also, reports o f  cytogenetic abnorm alities in
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patients presenting with the disorder close to or within these linkage peaks may also 

aid in narrowing the region of interest. The deletion in patient KM lies central to a 

number of peaks, which cluster around the proximal and distal ends o f the deletion 

(see below). This could mean that there is a single gene in between these peaks, or 

that there are two genes, one close to the proximal end of the deletion, with another 

closer to the distal end of the deletion.

4.1.2 Cytogenetic Study in Irish Patient Suffering Autism

A previous study conducted in this laboratory in collaboration with the National 

Centre for Medical Genetics, Our Lady’s Hospital, Crumlin, investigated a region on 

chromosome 2q that was defined by the presence o f a cytogenetic abnormality in a 

patient with autism. This region occurred within the putative linkage region of 

chromosome 2q highlighted by the aforementioned genome scans

Patient KM was a fourteen-year old male with difficulties in communicating, 

reciprocal social interaction and behaviour. He met criteria for autism at age five 

years with the Autism Diagnostic Interview (Revised) (ADI-R) and assessment with 

the Autism Diagnostic Observation Schedule-Generic (ADOS-G) gave a diagnosis 

currently o f autism spectrum disorder. Routine cytogenetic testing, conducted as an 

exclusion criterion for the study, revealed the presence o f a de novo abnormality 

involving chromosome 2q32. Fluorescent In-Situ Hybridisation (FISH) analysis 

revealed the presence o f a translocation o f chromosome 2q32.3 DNA into 

chromosome 9q31 ((46, XY, ins(9;2)(q31.1;q31.2q31.3))) (see Figures 5.1 and 5.2).

There had been a number o f  previous reports o f abnorm alities involving 

chromosome 2q, including 2 studies reporting deletions 2q37 in association with 

autism 5 studies reporting deletions of 2q31.33 A duplication of

the 2q31 region has also been reported. Neither the reports o f duplications or 

deletions within the region commented on the presence o f autism.'^'"'. The KM case
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appeared to be the first case o f a chromosomal rearrangement in this region of 

chromosome 2q associated with autism. The section of chromosome 2q involved in 

this deletion translocation appears to be located within the linked regions reported in 

the aforementioned linkage studies.
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Figure 5.1 C y t o g e n e t i c  S p r e a d  S h o w i n g  T h e  P r e s e n c e  O f T r a n s l o c a t e d  

C h r o m o s o m e  2q32.1-32.2 O n C h r o m o s o m e  9q31.1-31,3 (Picture courtesy o f Dr. 

Sean Ennis, National Centre for Medical Genetics).
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CEP 9 C h ro m o s o m e  9 a lp h a  sa tel li te

341A4

^  CEP 9

F i g u r e  5 .2  F l u o r e s c e n t  I n  S i t u  H y b r i d i z a t i o n  ( F I S H )  S h o w i n g  T h e  

P r e s e n c e  O  f  A  C h r o m o s o m e  2 q  P r o b e  ( 3 4 1 A 4 )  T r a n s l o c a t e d  T o  

C h r o m o s o m e  9q.  The translocation of chromosome 2 DNA (identified by the red 

probe) to chromosome 9 (identified by the green probe) can be seen by the co­

presence o f both a red and a green probe on chromosome 9 (Picture courtesy o f Dr. 

Sean Ennis, National Centre for Medical Genetics).
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5.1.3 Molecular Studies Involving Chromosome 2q32

A number o f previous studies have been undertaken to identify a candidate gene / 

candidate genes present in the region of 2q32 translocated to 9q31. A linkage 

disequilibrium screen was undertaken across the region defined by the cytogenetic 

abnormality. Fifteen microsatellite markers were genotyped across the region. Two 

markers, D2S2077 and D2S270, showed evidence for increased transmission in the 

autism sample. One marker, D2S2077, revealed evidence of significant association 

with autism (x^=5.8, p=0.013, OR = 1.75). This bi-allelic marker is located close to 

the centromeric end o f the mapped region.

The region around this marker was flagged for follow-up analysis, and was mapped 

with 18 SNPs with inter-marker distances between 30kb and 40kb (see Figure 5.3). 

No significant associations were detected with any of the individual SNPs using 

TDT. One SNP, SNP4 (rs 155149), showed a non-significant trend towards increased 

transmission of the C allele to affected probands (x^=3.3, p=0.07). Association 

testing using the haplotype based haplotype relative risk test (HHRR), revealed that 

transmission o f the C allele o f rsl55149 was statistically significant (x =5.16, 

p=0.023, RR=1.48, 1.0KRR<2.16). Transmissions for SNP 26, rs976384, and SNP 

3, rs2035207, also showed a non-significant trend towards increased transmission in 

the autism sample (SNP 26: p=0.1, OR=1.47, SNP 3: y^=2.9, p=0.09,

OR=1.63).

A number o f haplotypes showed association with autism significant at the p<0.05 

level. They included both bi-allelic microsatellites and SNPs. Many o f the 

associations centred aroung those SNPs at the proximal end of the region mapped. 

A haplotype consisting o f two microsatellites (D2S2310 -  D2S2077) was found to be 

statistically associated with autism, producing a y} o f 24.98 and p value of 0.035. 

Testing the significance using a bootstrap method reduced this p value to 0.26. Other
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haplotypes containing the D2S2077 microsatellite (148bp allele) were also 

significantly over-transmitted to affected probands. They included a haplotype with 

SNP 26 (bootstrap p value = 0.043), SNP3 -  SNP4 (bootstrap p value = 0.01) and 

SNP4 -  SNP6 (bootstrap p value = 0.02). Two and three marker haplotypes 

containing SNP4 and/or SNP6 were also shown to be over-transmitted.
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As mentioned previously, the majority o f  markers used in association and mapping 

studies are not functional. However, those markers showing association, or trends 

tow ards association, may be in LD with functional m arkers / d isease-causing 

variants, which remain as yet unknown. Two genes. N eurogenic D ifferentiation 

Factor 1 and Sperm Specific Antigen 2, which were in the region defined by the 

linkage disequilibrium  m apping using SNPs, have already undergone m utation 

screening using dHPLC methods (unpublished results). No associations with autism 

were detected. Only two o f the SNPs tested were in genes. Both SNPs 4 and 6 

(rsl55149  and rs921257) were located within intronic regions in integrin alpha 4 

(ITGA4)  SNPs, and were part o f a haplotype that were significantly over-transmitted 

to autistic probands (see Figure 5.3).

5.1.4 The Integrin Alpha 4 (ITGA4) Gene

The ITGA4  gene encodes one o f 16 a  and eight p integrin subunits identified to date 

Integrins are a family of proteins that are membrane spanning, non-covalently 

bound a(3 heterodimers that act as cell-matrix, cell-cell adhesion receptors and / or 

cell signalling activators (see Figure 5.4). Cells interact with the extracellular matrix 

through integrins, binding collagen and fibronectin outside the cell to actin fibres in 

the cell interior (see Figure 5.4). The ability o f cell-substrate interactions is crucial 

for cell motility. Increased interactions lead to reduced mobility, whereas decreased 

interactions allow cells to move to new locations. This process o f  cell migration is 

especially im portant during em bryonic developm ent as cells m igrate to a final 

anatomical position in advance o f final differentiation.

ITGA4  is located on chromosome 2q31.3, and spans 79.7kb. It contains 28 exons 

and produces a protein o f  1038 amino acids, which has a m olecular w eight o f  

115.3kDa (from  Genecard database: liltp://bioinfo I .w ci/.m ann.ac.ii/cgi-

bin/goncca^ds/ca^ddisp?^i(iA 4). Integrins are best known as proteins playing an
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important role in maintaining muscle cell structure and their role in immune 

responses. ITGA4 is a vitronectin receptor, which is involved in vasculogenesis and 

angiogenesis It is also expressed in the CNS, where its distribution is limited

almost entirely to the limbic telencephalon, especially the hippocampus, cortical 

amygdala, entorhinal and piriform cortex

There is also increasing evidence that integrins play an important role in brain 

development and function. The process o f neural crest migration occurs early in 

development, when neural crest cells leave the neural tube. Their interaction with 

the extracellular matrix controls the migration to their final destination In 

chickens, ITGA4 mRNA expression is localised to migrating neural crest cells. I'he 

addition of blocking antibodies to the ITGA4 subunit causes a significant decrease in 

both the number o f neural crest cells migrating (57 -70  %) and the average distance 

travelled per cell Other members of the integrin family have also been associated 

with brain development and function, ranging from impaired axonal regeneration 

(integrin a l  deficient mice) neuronal migration (Integrin a3(31 in conjunction 

with Reelin) the correct formation o f radial glial scaffolding in the hippocampus 

(Integrin with Reelin and Disabled 1) to regulation o f functional synaptic 

plasticity processes (in Volado, a Drosophila integrin protein)

The ITGA4 dependent cell adhesion pathways are critical intervention points in a 

wide variety of inflammatory conditions. The integrin a4-(31 complex is also 

expressed on most leukocytes at sites o f inflammation in various organs Studies 

have found that T helper type 1 (ThI) cells expressing high levels of ITGA4 enter 

brain parenchyma at a much higher rate in comparison to Thl cells expressing low 

levels o f ITGA4 The interaction of ITGA4 with vascular cell adhesion moleule- 

1 (VCAM-1) at the blood-brain barrier is critical for inflammation affecting the CNS 

Inhibition o f ITGA4 action through the use o f antibodies and anti-sense 

oligonucleotides have been proven to protect the brain against ischemic injury and 

ameliorate an animal model of CNS inflammation Inflammation in the brain,

in the form o f encephalitis, has shown to be associated with autism Also
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systemic immunological aberrations, both autoimmune and functional (i.e. 

abnormalities and/or deficits in function of immune cell subsets), have been reported 

in autism (see a review by Ashwood et al for more information

These links to brain development, synaptic functioning and the specific regional 

expression of ITGA4, in addition to the cytogenetic findings, and genome scans 

highlighting chromosome 2q31 as an interesting linkage peak, make ITGA4  an 

interesting candidate gene for autism.
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5.1.5 The HapMap Project

When testing for associations there are two methods for finding disease-causing  

variants. The first method, the direct method, is to test all potentially casual variants 

for correlation with the disease in question. The second method, the indirect method, 

uses a subset o f  variants, each in linkage disequilibrium with its neighbour to screen 

for association under the assumption that any risk variants lying between the tested 

markers w ill them selves be in linkage disequilibrium with their tested neighbours. 

Using this method, it is not necessary for the markers tested to have any functional 

significance. The local region surrounding these markers that show association, can 

then be screened for functional mutations, resulting in a more econom ic and time 

efficient method for finding disease causing variants. Due to the size o f  the ITGA4  

gene and the potential number o f  SNPs to be typed to fully screen the gene, it was 

decided to test the usefulness o f  the HapMap in choosing “tagging SN Ps” to find 

associations for autism.

The aim o f  the HapMap project (at h t tp : / /ww w.hapmap .o ru / ') is to “determine the 

com m on patterns o f  DNA sequence variation in human genom e, by characterising 

sequence variants, their frequencies and correlations between them in DNA samples 

from populations from parts o f  Africa, Asia and Europe...thus providing the tools 

that w ill a llow  the indirect association approach to be applied readily to any 

functional candidate gene in the genom e, to any region suggested by family-based  

linkage analysis, or ultimately to the whole genome for scans for disease risk factors” 

Haplotypes arise because when a single mutation occurs, it is associated with the 

other alleles surrounding it. This specific set o f  alleles observed on a chromosomal 

region is called a haplotype. Within this haplotype, it is only necessary to genotype a 

small number o f  SNPs, “tagging SNPs”, to provide enough information to predict the 

majority o f  other common SNPs in the same haplotype.
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5.1.6 Aims

There were a number o f aims regarding the testing o f  the role o f  the 1TGA4 with 

autism.

1) To fine map the ITGA4 gene, and test its association with autism.

2) To undertake m utation detection in any exon close to m arkers showing

association with autism.

3) To attempt replication o f any significant findings in an independent sample

kindly provided by collaborators from the Vanderbilt University, Tennessee, 

USA.

4) To test the validity o f  using “tagging” SNPs to find associations with autism, 

by testing the association o f  tagging SNP significance in com parison to 

significant results obtained in tests involving all markers.
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5.2 Materials And Methods

5.2.1 Samples

The SNPs selected for genotyping (see Section 1.3.2) were initially genotyped in the 

Irish sample (see Section 2.1) and an Irish control sample. The genotyping in the 

control sample was undertaken in order to allow com parison o f  HapM ap selected 

“tagging SNPs” the ITGA4  SNPs (with the exception o f r s l2690517) in 94 control 

samples. These samples were collected from Irish blood donors. The sample was not 

specifically screened for psychiatric illness; however, donors were not taking regular 

prescribed m edication as such individuals are excluded from blood donation in 

Ireland.

As the findings above are presented uncorrected for multiple tests, replication was 

sought in two independent samples kindly provided by colleagues at Vanderbilt 

University. The first sample was a sample originating from the Autism  Genetic 

Resource Exchange (AGRE) (http://www.agre.org/). This sample was an American 

sample, and each family unit contained at least two family members with a diagnosis 

o f  autism or an Autism Spectrum Disorder. Children were diagnosed using the ADI- 

R, and had an age o f onset o f less than 3 years. The AGRE sample described here 

was com prised o f  267 fam ilies, with affected sib-pairs. Further inform ation 

regarding AGRE recruitment and sample description can be found at Liu et al

The second replication sample was a sample recruited locally in Tennessee, USA. 

The sample has been described in detail in McCauley et al Briefly it consisted o f 

102 fam ilies with at least one affected proband. All affected individuals were 

clinically assessed using the ADI or ADI-R. M ost were also assessed using the 

ADOS test. All affected individuals were greater than four years o f  age, and
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probands were excluded in the presence o f  an associated medical or neurological 

phenotype for autism, e.g. Fragile X syndrome.

5.2.2 Selection and Genotyping of SNPs

ITG A4  m arkers were selected from the publicly available genetic SNP database 

(dbSNP) at NCBI (http://www.ncbi.nlm.nih.gov/SNP/). SNPs were selected based on 

their location (intronic / exonic), known heterozygosity, inclusion in the previous 

chromosome 2 study (i.e. the SNP4 (rsl55149) and SNP6 (rs921257) in the original 

m apping experiment, see Section 5.1.3, were included) and inter-m arker spacing 

distance.

Details o f the SNPs and surrounding sequences, with the exception o f  r s l2690517, 

which was detected by mutation analysis following the SNP genotyping, were sent to 

a commercial genotyping company, K-Bioscience (littp://wwvv.kbiosciencc.co.uk/") 

where the Amplifluor ™ allele detection (Serologicals Corp., Temecula, California) 

technique was used. One SNP, rsl2690517, was genotyped using the SNaPshot 

method o f allele discrimination (see Section 2.2.4.3 and Appendix II, sections 1.1 

and 1.2, for further details).

5.2.3 Mutation Detection

Follow ing prelim inary findings, exons 16 and 17 w ere selected for m utation 

screening using the dHPLC method (see Sections 1.4.2 and 2.2.5.2 for details). 

Prim ers were designed to span the exons and include exon/intron boundaries. 

Details o f  prim er sequences and am plification m odifications can be found in 

Appendix II, sections 1.1 and 1.2.
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5.2.4 Statistics

A llele and genotype frequencies were tested for H ardy-W einberg equilibrium . 

Departure from expected allelic and haplotype transm issions were tested using the 

TDT and UNPH ASED  tests respectively (see Sections 2.3.1.2 and 2.3.1.3.2 

respectively). LD was measured by the D ’ statistic in the control sample, the Irish 

parental sample, the AGRE sample, and the Vanderbilt sample using the Haploview 

programme (Section 2.3.2.3).

Tagging SNPs were also chosen in the control sample using Haploview Programme 

(see Section 2.3.2.9).

For the AGRE and Vanderbilt samples departure from expected frequencies o f allelic 

transmission was measured using the PDT test.
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5.3 R esults

5.3.1 Selection of SNPs

Three hundred and eighty four SNPs were retrieved using the broad search term, 

integrin alpha 4, in the NCBI SNP search engine. Each SNP was assessed for 

genotyping based on location, heterozygosity , in ter-m arker distance and the 

population data sample size. After all markers with less than 20% heterozygosity 

were excluded, 27 SNPs remained, see Table 5.1. There were no exonic markers 

with known heterozygosity in the database at this stage. An average inter marker 

distance o f  <5kb was required. A minimum assay sample size o f  > 15 was set as a 

cut-off point for exclusion. There was one exception for this. One SNP, rsl551031, 

with an assay sample size o f 12 was included, in order to map the 11.7kb gap 

between rs3770112 and rs2305581. O f these 27 SNPs, 18 were selected based on 

inter-marker distance for genotyping (see Table 5.1). Sequences for all chosen SNPs 

w ere sent to K -Bioscience for genotyping. U nfortunately, assay design failure 

occurred for SNP rs3770106, i.e the inability for a reliable genotyping assay due to 

the high CT sequence surrounding this SNP, and as a result this it was not 

genotyped. The average inter-marker distance was 4.4kb.
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rs num ber location snp Population 
validation num ber

heterozygosity Location D istance from 
previous m arker

Selected D istance from 
proximal m arker

rs l4 4 9 2 6 3 1.9 kb 5' to  qene a/g 15 0.498 32528717 *
rs3770137 intron 2 g /c 42 0 .365 32535331 6614 * 6614
rs3770136 Intron 2 a/g 48 0 .355 32538831 3500 * 3500
rs l5 5 1 4 9 intron 2 a/c 65 0 .477 32539021 190 * 190
rs l5 5 1 4 8 intron 2 c /t 67 0 .272 32540711 1690 * 1690
rs l4 4 9 2 6 0 Intron 2 g /a 63 0.486 32542831 2120 * 2120
rs l4 4 9 2 6 4 Intron 2 c /t 60 0.383 32545890 3059
rs3770126 intron 2 g /t 42 0 .475 32546831 941 * 4000
rs l9 9 0 9 5 Intron 5 t/c 7 0.31 32552693 5862
rs l5 5 0 9 6 Intron 6 a /g 17 0.632 32554771 2078 * 2078
rs2305590 Intron 7 a /q 48 0.234 32556071 1300
rs l5 5 1 0 0 Intron 8 a / t 19 0 .489 32559471 3400 * 4700
rs l5 5 1 0 7 intron 9 c /t 65 0.459 32561171 1700
rs3770117 intron 10 g /a 48 0.139 32562331 1160 * 1160
rs3770116 intron 15 c/a 48 0 .353 32574071 11740 * 11740
rs3770115 intron 15 c /t 48 0.284 32574131 60
rs l3 4 9 1 9 7 intron 15 c/g 60 0.477 32581531 7400 7460
rs3816521 Intron 15 a / t 48 0.477 32583743 2212
rs3770112 intron 17 c /t 50 0.291 32586951 3208 * 3208
rsl5 5 1 0 3 1 intron 17 a /g 12 0.485 32591011 4060 * 4060
rs2305581 Intron 20 a/q 48 0.371 32598681 7670 * 7670
rs3770108 Intron 20 g /a 48 0.488 32598961 280
rs l3 7 5 4 9 0 intron 21 g /t 10 0.451 32599861 900
rs3770106 intron 21 t/c 48 0.364 32600741 880 * 2060
rs3770105 intron 22 a/g 52 0.292 32603261 2520 * 2520
rs921257 intron 23 c /t 60 0.306 32603961 700 700
rs2290517 2 .4  kb 3' to  qene a /c 35 0 .355 32612861 8900 * 8900

Table 5.1 S e l e c t i o n  O f SNPs W i t h i n  A n d  S u r r o u n d i n g  T h e  ITGA4  G e n e . All SNPs chosen for genotyping are indicated with 

a * in the “Selected” column. Although rs3770106 was selected to genotype, an assay design failure occurred, and therefore this 

marker was not genotyped. The average inter-marker distance is 4.4kb.
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F ig u re  5 .5  L o c a t i o n  O f  E x o n s  A n d  M a r k e r s  In  T h e  ITGA4 G e n e . All markers genotyped, with the exception o f rs3770106, 

and the relative position of exons in the ITGA4 gene. Marker rs3770106 was not genotyped due to an assay design failure. The map 

of exons is adapted from the Ensembl database (http://www.ensembl.org).
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5.3.2 LD structure in ITGA4 Gene

LD was measured using the HAPLOVIEW  programme. LD was analysed in three 

samples, our parental data, our control data and the HapMap sample (downloadable 

from: http://www .hapm ap.org/). The level o f  variation between all three samples 

was minimal; see Figures 5.6, 5.7 and 5.8 for more detail. All three samples show a 

major haploblock in the 5 ’ region o f the gene and another major haploblock at the 3 ’ 

end o f  the gene. The parental sample and the HapM ap sample also show a minor 

block in the centre o f the gene. The parental and HapM ap figures are not directly 

comparable due to the differing markers used to span the gene. The HapMap sample 

also spans an area with greater 5 ’ coverage, whereas, our samples (both control and 

parental samples) have an increased coverage o f the 3 ’ region o f  the gene.

In both the Irish and HapMap samples, there is a 14kb block in the 5 ’ region o f  the 

gene, in our samples this region spans from ~1.9kb 5’ o f the gene (rsl449263), to 

intron 2 (rsl449260) (see Figure 5.5). A break in LD then occurs, after which, there 

is another small haploblock covering intron 6 (rsl55096) to intron 9 (rslSSlOO) 

(Block 2 in the Parental and Control Samples, Block 3 in the HapMap Sample) (see 

Figure 5.5). Finally there is a very long block, which covers the distance from intron 

10 (rs3770117) to the 3 ’ region o f the gene (rs2290517) in the Irish sample. This 

distance spans over 50kb.

Overall the most information about LD structure came from the parental sample, due 

to the increased number o f individuals in this sample (328 individuals, versus 94 in 

the control sample and 30 in the HapM ap CEPH sample). There were only 5 LD 

com parisons with a D ’ value o f 1 and a LOD score o f  <2 (these com parisons are 

indicated by the presence o f  blue blocks), i.e. 2.9% o f comparisons. In the control 

sample there were 41 such comparisons (out o f  a total o f  171, i.e. 24%), and in the 

HapM ap sample there were 269 such comparisons (out o f a total o f 1830, i.e. 14.7% 

o f total comparisons). This result indicates the importance o f using a sample with a
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sam ple size large enough to accurately m easure the LD relationships between 

markers.

Overall there is a high level o f LD existing in defined regions o f  the gene. The 

largest block spans 50kb from intron 10 to the 3’ end o f the gene (parental sample, 

block 3). This block is separated from the remaining blocks by two regions showing 

disruption in the high LD. These regions, where ancestral recombination is likely to 

have occurred, lie between intron 2 and intron 6, and between intron 9 and intron 10. 

Further genotyping would be required to further define these boundaries.

I 1 1 1  I

7mm

Figure 5.6 LD S t r u c t u r e  In P a r e n t a l  S a m p l e . LD is m easured using the D ’ 

statistic and is calculated using the Haploview Programme. This sample consisted o f 

the parental individuals o f the Irish Autism Trio Study. If  the D ’ = 1 and the LOD > 

2, the block is bright red. I f  the D’= l and the LOD < 2, then the block is blue in 

colour. All other D ’ values are represented by decreasing shades o f red (where LOD 

> 2) or white (where LOD < 2).
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I l l  1

Figure 5,7 LD S t r u c t u r e  In C o n t r o l  S a m p l e .  This sample consisted o f 94 
normal healthy blood donors. LD structure is similar to that in the parental sample.
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F i g u r e  5 . 8  L D  S t r u c t u r e  F r o m  H a p M a p  D a t a .  This sam ple data was 
dow nloaded from the HapM ap W ebsite nittp://\vw vv.hapm ap.oru/~). The sample 
consists o f  30 CEPH families. This figure is not directly com parable to the two 
proceeding figures, due to the use o f different markers, and a greater coverage 5 ’ and 
3 ’ to the gene.
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5.3.3 TDT analysis

All SNPs were tested and found to be in Hardy-W einberg equilibrium. TDT testing 

was performed on all SNPs, see Table 5.2 for a summary o f results. The SNP that 

was l,912bp 5 ’ o f  the ITGA4  gene showed evidence for association with autism, 

w ith the G allele being over transm itted to affected probands (86 versus 58 

transmissions). This produced a value o f  5.479, an OR o f 1.48 and p value o f 

0.0192. Another SNP located l,040bp 3 ’ o f  exon 17, rs3770112, showed stronger 

statistical evidence for association, producing a o f 7.809, OR o f 1.73 and p value 

o f 0.0051. Probands with autism received the C allele o f this SNP significantly more 

often than the T allele (69 versus 40 transmissions). The two SNPs surrounding this 

SNP showed trends tow ards significance. O ver-transm ission o f  the C allele o f 

rs 1349197 (66 versus 49 transmissions), which is 2,232bp 5’ o f  exon 16, resulted in 

a p value o f 0.1122. Another SNP in intron 17, rsl551031, also showed distorted 

transmission, leading to over-transmission o f  the A allele, giving a x^ o f  3.457 and p 

value o f 0.063. The remaining SNPs did not show any associations with autism (see 

Table 5.2 for further details).

167



SNP

num ber

SNP ID 

number

ALLELE

1

ALLELE

2

Allele

transm itted

CHI OR P VALUE1 2

1 rsl449263 G A 58 86 5.479 1.48 0.0192

2 rs3770137 C G 28 19 1.734 1.47 0.1879

3 rs3770136 G A 37 27 1.569 1.37 0.2104

4 rsl55149 C A 59 45 1.89 1.31 0.1692

5 rsl55148 G A 32 35 0.134 1.09 0.714

6 rsl449260 G A 66 53 1.423 1.25 0.2329

7 rs3770126 T C 54 41 1.785 1.32 0.1816

8 rsl55096 A G 51 51 0 1 1

9 rsl55100 T A 63 59 0.1312 1.07 0.7172

10 rs3770117 G A 20 17 0.2435 1.18 0.6217

11 rs3770116 A C 32 26 0.6218 1.23 0.4304

12 rsl349197 G C 49 66 2.522 1.35 0.1122

13 rs3770112 T C 40 69 7.809 1.73 0.0051

14 rsl551031 G A 59 81 3.457 1.37 0.063

15 rs2305581 A G 31 25 0.6441 1.24 0.4222

16 rs3770105 G A 56 75 2.756 1.34 0.097

17 rs9211257 T c 52 72 3.24 1.39 0.0719

18 rs2290517 C A 27 24 0.1766 1.13 0.6743

Table 5 . 2  TDT R e s u l t s  F o r  I n d i v i d u a l  S N P s. Those SNPs, which show 

significant over transmission, are highlighted in yellow and in bold. SNPS that show 

a trend towards significance (i.e. 0.5<p<0.1) are highlighted in light yellow. SNP 

rs3770112 shows very significant over transm ission o f  the C allele to probands 

suffering autism = 7.809, p = 0.0051).
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5.3.4 Haplotype Analysis

The UNPHASED test (see Section 2.3.1.3.2) was used to construct 2-marker 

haplotypes and test for distortions in their haplotype transmissions. Transmission of 

two o f these was significantly higher than expected. Both o f these haplotypes 

contain rs3770112 (SNP13), which was the SNP that was significant in the TDT test. 

Haplotype 12-13 (i.e. rs 1349197 -  rs3770112) spans exons 16 and 17 of the 1TGA4 

gene, and the haplotype containing the C-C alleles was significantly over-transmitted 

(56 transmissions versus 32 non-transmissions). This haplotype produced a x  value 

of 7.022, OR o f 1.75 and p value of -0.03. The haplotype distal to this, containing 

rs3770112 and rs 1551031, was also significantly over-transmitted. Transmission of 

50 C-A haplotypes compared to 26 non-transmissions to probands produced a 

value of 14.29. The p value and OR associated with this haplotype is very 

significant (p value = 0.0025, OR = 1.92). No other haplotypes showed any 

significant association (see Table 5.3 for more details). However, a haplotype 

containing the first two SNPs, rsl449263 (located 5’ of the gene) and rs3770137 

(located in intron 2), showed a trend towards significance, giving a p-value o f 

0.0675.
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SNPs Haplotype

O ver-transm itted

Transmitted Not

Transm itted

Global

Chi

square

OR

Global 

p value

1_2 A-G 65 39 5.3887 1.67 0.0675864

2_3 G_G 48 36 1.692 1.33 0.4291

3_4 G-C 66 48 2.602 1.38 0.2723

4_5 C-A 51 36 5.97 1.42 0.1131

5_6 A-G 55 42 2.001 1.31 0.3677

6_7 G-T 58 42 3.616 1.38 0.306

7_8 T-A 58 49 2.346 1.18 0.5037

8_9 A-A 50 44 1.715 1.14 0.6337

9_10 A-G 56 52 0.136 1.08 0.9343

10_11 G-C 48 36 1.718 1.33 0.4237

11_12 C-C 66 43 4.282 1.53 0.1176

12_13 c-c 56 32 7.022 1.75 0.02987

13_14 C-A 50 26 14.29 1.92 0.0025

14_15 A-G 58 43 1.852 1.35 0.3692

15_16 G-A 70 45 4.713 1.56 0.09473

16_17 A-C 61 42 3.936 1.45 0.1397

1 00 C-A 63 43 3.252 1.47 0.1967

T a b l e  5.3 T r a n s m i s s i o n  O f  T w o  M a r k e r  H a p l o t y p e s .  SNP numbers 

correspond to those numbers (and hence SNP ID numbers) reported in Table 5.2. 

Two marker haplotypes that are significantly over transmitted are highlighted in 

y e llo w  and in bold. H aplotypes show ing a trend towards over-transm ission  

(0.5<p<0.1) are highlighted in light yellow . Transmission o f  haplotypes was tested 

using the UNPHASED programme. In a fashion similar to the TDT results, the most 

significantly over-transmitted haplotypes are those that contain SNP13 (rs3770112).
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5.3.5 Mutation Screening of Exons 16 and 17

TD T and haplotype analysis highlighted the over-transm ission o f  alleles/haplotypes 

around m arkers 13 and 14 (rs3770112 and rs 1551031). These m arkers lie very close 

to exons 16 and 17. Therefore, it was decided to screen these exons for m utations in 

affec ted  p robands using a denatu ring  h igh perfo rm ance liqu id  chrom atography  

technique (see Sections 1.4.2, 2 .2 .5 .2  and 5.2.3). A num ber o f  sam ples show ed 

chrom atogram  shifts under the different denaturing conditions. F ifty-tw o (out o f  a 

total o f  156 probands screened) show ed a chrom atogram  shift under the denaturing 

tem perature o f  51°C (see Figure 5.9). F ifty-nine probands show ed chrom atogram  

shifts at 53 °C  and 56 “C (see Figures 5.10 and 5.11). No chrom atogram  shifts were 

identified in the PCR fragm ent containing exon 17 (see Figure 5.12).

A random  co llection  o f  those fragm ents show ing ch rom atogram  sh ifts (3 shift 

sam ples + 1 control sam ple) at each tem perature were forw ard and reverse sequenced 

using the ABl B igD ye Term inator (v3.0) Cycle Sequencing kit (A pplied B iosystem s, 

Foster City, CA, U SA ) (see Section 2.2.5.3 for further details).

Sequencing o f  the sam ples led to the identification  o f  a G to A transition  on the 

forw ard strand, and a C to T transition on the reverse strand (see Figure 5.13 for the 

reverse strand result). This m utation had previously been identified by H eym ann et 

al and is identified by the accession num ber rs 12690517 in the public  database 

dbSN P (htlp://wwvv.nchi.nhn.nih.uov/proiects/SNi^ ''). The exact position o f  this SNP 

is unreso lved  at p resent. The dbSN P and UC Santa C ruz G enom e A ssem bly  

(h ttp ://w w w .genom e.ucsc.edu) databases identify it as intronic, w hereas the Ensem bl 

database (http.7/w w w .ensem bl.oruM  lom o sap ien s) identifies it as an exonic SNP, 

occuring as the last base w ithin exon 16. This is due to d isagreem ent betw een the 

databases on the exact splice position. Hence w ithin this thesis it w ill be referred to 

as a SNP occurring on the exon 16/intron 16 border.
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Figure 5.9 dHPLC A n a l y s i s  O f ITG A 4  E x o n  16 A t  51°C, A number o f samples 

showed the presence o f two distinct peaks (as in the lower sample) indicative o f the 

presence o f a heteroduplexes, i.e. sequence differences.
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Figure 5.10 dHPLC A n a l y s i s  O f I TGA 4  E x o n  16 A t  53“C. A number o f 

samples showed the presence of two distinct peaks (as in the lower figure) indicative 

of the presence of a heteroduplexes.
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Figure 5.11 dHPLC A n a l y s i s  O v  I T G A 4 Y . \ o ^  16 A t  56°C. A num ber o f 

samples showed the presence o f two distinct peaks (as in the lower figure) indicative 

o f a sequence difference.
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Figure 5.12 dH PLC A n a l y s i s  O f ITGA4 E x o n  17 A t  52“C. All sam ples revealed 

ju st one peak (with a small shoulder), indicating that there are no m utations present 

in any o f  the affected probands in this exon.
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Sample A

Figure 5.13 S e q u e n c i n g  R e s u l t s  F o r  M u t a t i o n  D e t e c t e d  By dHPLC. This 

mutation (rs 12690517) on the reverse strand has previously been identified on the 

exon 16 / intron 16 border. Sample A shows the presence o f  the C and T alleles (i.e. 

a heterozygote), sample B is a CC hom ozygote, w hereas Sam ple C is a TT 

homozygote.

This SNP (coded as W) was genotyped in the complete sample using the SNaPshot 

method and an extension primer, on the reverse strand, specific to the SNP (see 

Section 2.2.5.3). Significant allelic transmission distortion to affected probands was 

detected. Sixty-four transm issions versus 35 non-transm issions o f  the C allele 

occurred, leading to a value o f 8.014, OR o f  1.83 and p value o f  0.0046. 

Transm issions o f  haplotypes containing this SNP w ere also highly significant. 

Transmission o f the SNP12-W haplotype (C-C haplotype transmitted 56 times versus 

32 non-transmissions) alleles produced a value o f 7.022 (OR = 1.75, p value = 

0.0299). Transmission o f the W-13 haplotype proved to be more significant, with 48
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transm issions o f the CA form o f the haplotype com pared to 16 non-transmissions, 

resulting in a value o f 14.148, OR o f 3 and p value o f  0.0027.

5.3.6 Attempted Replication

5.3.6.1 LD Analysis of Replication Samples

In order to validate the above findings, replication was sought in two independent 

samples kindly provided by colleagues at Vanderbilt University, Tennessee, USA. 

LD w as m easured in the AGRE and V anderbilt sam ples using the H aploview  

programme (see Figures 5.14 and 5.15).

LD structure in the AGRE sample closely resembled the LD structure in the Irish 

sam ple (see Figures 5.6 and 5.14). Both sam ples had three blocks: 2 major 

haploblocks and a minor haploblock. The first haploblock in the AGRE sample also 

spanned 15kb from the region just 5’ o f the gene to intron 2. The second haploblock, 

the minor block, also included the same markers as in the Irish sample, rsl 55096 and 

r s l55100, spanning intron 6 to intron 9. The only difference in LD and haploblock 

structure occurred in the last block. In the Irish sample, this block spanned 50kb, 

from intron 10 (rs3770117) to 3’ o f the gene (rs2290517). In the AGRE sample, this 

block only spanned 41 kb, and excluded the final marker, rs3390517.

LD structure in the Vanderbilt sample showed a number o f  contrasts to the Irish, the 

AGRE sample and the HapMap sample. The most striking difference occurs in the 

breakdown o f LD structure in the original Irish parental block 3 (from intron 10 to 

the 3 ’ end o f  the gene). Block 1 and block 2 appear the same as in all previous 

examples, spanning the same regions and including the same SNPs. However, the 

strength o f  LD breaks down across haploblock 3 (in Irish, HapM ap and AGRE 

samples). Instead o f having a major block spanning ~50kb, there are three much
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smaller blocks, lying side-by-side spanning 12.7kb in total. These minor blocks are 

in the regions from intron 15 to intron 23. D ecreased LD with m arkers 10 

(rs3770117), 11 (rs3770116), 13 (rs3770112) and 18 (rs2290517) is causing the 

absence o f  form ation o f  the 2"‘* m ajor block. Increasing the sam ple size o f  

Vanderbilt sample may improve the LD relationships in this block, but it would be 

unlikely to restore the formation o f this block.
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Figure 5.14 ITGA4 LD S t r u c t u r e  In T h e  AGRE S a m p l e .
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Figure 5.15 ITGA4  LD S t r u c t u r e  In V a n d e r b i l t  S a m p l e

S.3.6.2 TDT Replication Results.

The transm ission o f alleles to affected probands was analysed using the PDT test, 

which tests the transmission o f alleles in a general pedigree structure. The PDT-sum 

test was used instead o f the PDT-avg test due to the increased power o f this test, and 

all results correspond to the PDT-sum statistic.

There were no m arkers showing statistical evidence for over-transm ission in the 

AGRE sample (see Table 5.4 for details).

A nalysis o f  the Vanderbilt revealed that a number o f SNPs showed significant, or 

very strong trends towards significant association with autism (see Table 5.5 for 

details). A SNP in intron 2, rs3770137, showed a trend towards over-transmission o f 

the C allele (36 transm issions versus 22 transm issions) leading to a p value o f
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0.0647. A nother 2 markers in introns 10 and 15, rs3770117 and rs3770116, also 

showed significant (and a strong trend towards significance) association with autism, 

arising from the over-transm ission o f  the A alleles at each m arker (rs3770117 p 

value = 0.0386, rs3770116 p value = 0.575). A final marker in intron 20, rs2305581 

also showed significant over-transm ission o f the G allele to affected probands (p 

value = 0.0258). None o f  the aforem entioned m arkers showed independent 

statistical association in either the Irish sample or the AGRE sample.
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Marker SNP ID Allele T r a n s m i t t e d Not  T r a n s m i t t e d OR Global p v a l u e

1 rsl449263 G 231 208 1.11 0.2772
2 rs3770137 G 82 80 1.03 0.8751
3 rs3770136 G 134 131 1.02 0.8558
4 rsl55149 A 164 153 1.07 0.5367
5 rsl55148 G 107 97 1.10 0.4838
6 rsl449260 A 183 167 1.10 0.3923
7 rs3770126 C 187 173 1.08 0.5961
8 rsl55096 A 150 136 1.10 0.407
9 rsl55100 T 220 206 1.07 0.4975
10 rs3770117 G 59 48 1.23 0.2872
11 rs3770116 C 82 80 1.03 0.8751
12 rsl349197 C 198 174 1.14 0.2742
13 rs3770112 C 205 183 1.12 0.2639
14 rsl551031 A 221 195 1.13 0.2022
15 rs2305581 A 88 85 1.04 0.8196
16 rs3770105 A 209 181 1.15 0.1561
17 rs921257 C 195 171 1.14 0.2095
18 rs2290517 A 96 75 1.28 0.1078
Table 5.4 PDT R e s u l t s  F o r  AGRE S a m p le .  PDl ’ results revealed that no SNP was significantly over transmitt

probands.
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Marker SNP ID Allele Transmitted Not Transmitted OR Global p value

1 rsl449263 G 71 64 1.11 0.546775
2 rs3770137 C 36 22 1.64 0.06469
3 rs3770136 A 41 37 1.11 0.6505
4 rsl55149 A 62 53 1.17 0.4011
5 rsl55148 A 39 28 1.39 0.178
6 rsl449260 A 63 62 1.02 0.9287
7 rs3770126 C 61 58 1.05 0.7833
8 rsl55096 G 36 36 1.00 1.000
9 rsl55100 A 82 73 1.12 0.4696
10 rs3770117 A 20 9 2.22 0.03859
11 rs3770116 A 39 24 1.63 0.05757
12 rsl349197 C 66 65 1.02 0.9304
13 rs3770112 C 61 58 1.05 0.7833
14 rsl551031 G 78 62 1.26 0.1758
15 rs2305581 G 42 24 1.75 0.02576
16 rs3770105 G 65 64 1.02 0.9298
17 rs921257 T 65 64 1.02 0.9298
18 rs2290517 C 46 39 1.18 0.4474
T a b le  5 .5  P D T  R e s u l t s  F o r  T h e  V a n d e r b i l t  S a m p le . PDT testing revealed that a number o f SNPs showed significant over­
transmission (represented in yellow and bold) or strong trends towards over-transmission (represented in light yellow) to affected 
probands
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5.3.6.3 Haplotype Transmissions in Replication Sample

All haplotype transmissions were tested using the UNPHASED programme. In the 

AGRE sam ple there were only tw o haplotypes show ing evidence for over­

transmission to affected probands. The haplotype containing markers 12 and 13 (C- 

C alleles), rsl349197 and rs3770112 respectively, was significantly over transmitted 

(155 transmissions versus 128 non-transmissions, OR = 1.21) leading to a p value of 

0.015, see Table 5.6. The next haplotype (C-A alleles), with markers 13 (rs3770112) 

and 14 (rs 1551031), also showed evidence o f a trend towards significance, leading to 

an OR o f 1.22 and a p value o f 0.05014. These are the same two haplotypes (with 

the same over-transmitted alleles) that were significantly over-transmitted in the Irish 

population (see Table 5.3 for comparisons).
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SNPs Haplotype

Over-transm itted

Transmitted Not

Transmitted

OR Global 

p value

1_2 G-G 167 140 1.19 0.393

2_3 G-A 109 102 1.07 0.891

3_4 A-C 105 95 1.11 0.508

4_5 A-G 77 71 1.08 0.667

5_6 G-A 79 68 1.16 0.545

6_7 G-C 106 92 1.15 0.534

7_8 C-G 141 126 1.12 0.465

8_9 G-T 101 92 1.10 0.824

o
1

cn T-G 160 140 1.14 0.615

10_11 G-C 115 106 1.08 0.727

11_12 C-C 171 153 1.12 0.162

12_13 c-c 155 128 1.21 0.015
13_14 C-A 161 132 1.22 0.050
14_15 A-A 162 139 1.17 0.488

15_16 A-A 181 160 1.13 0.523

16_17 A-C 155 126 1.23 0.122

17_18 C-A 156 130 1.20 0.058

T a b l e  5.6 T r a n s m i s s i o n  O f  I T G A 4 T ' m o  M a r k e r  H a p l o t y p e s  I n  AGRE  

S a m p l e .  SNP numbers correspond to those numbers (and hence SNP ID numbers) 

reported in Table 5.2. Two marker haplotypes that are significantly over-transmitted 

are highlighted in yellow  and bold, whereas haplotypes showing a trend towards 

over-transmission are highlighted in light yellow.
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Exam ination o f  transm issions o f haplotypes in the V anderbilt data revealed the 

significant transmission o f markers different to those in the Irish and AGRE samples. 

Both the Irish and Vanderbilt samples show trends towards significant association 

with the 1-2 haplotype (rsl449263-rs3770137). However, the samples differ in the 

transm ission o f  the allelic forms o f the haplotype. The Vanderbilt sample shows 

over-transm ission o f  the G-C form (p value = 0.0703) in com parison to the Irish 

sample, which shows over-transmission o f the A-G form o f the haplotype (p value = 

0.0675). In effect, the proband samples are receiving the opposite forms o f  the 

haplotype.

The Vanderbilt sample also revealed the significant over-transmission o f a haplotype 

involving markers 10-11 (rs3770117-rs3770116). The G-A form o f  the haplotype 

showed the transm ission o f  33 forms o f  this haplotype in com parison to 16 non­

transmissions, resulting in an OR o f 2.06 and a p value o f 0.0185. Other haplotypes, 

including 14-15 (rsl551031-rs2305581) and 17-18 (rs921257-rs2290517) showed 

trends towards association (p values o f 0.064 and 0.099 respectively).
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SNPs Haplotype

O ver-transm itted

Transmitted Not

Transm itted

OR Global 

p value

1_2 G-C 26 13 2.00 0.0703

2_3 C-G 30 14 2.14 0.04912
3_4 G-A 43 35 1.23 0.6661

4_5 A-A 29 15 1.93 0.1082

5_6 A-A 35 27 1.30 0.5431

6_7 A-C 22 14 1.57 0.2284

7_8 C-G 40 37 1.08 0.9404

8_9 G-A 58 41 1.41 0.1075

9_10 A-G 68 52 1.31 0.2935

10_11 G-A 33 16 2.06 0.01825
11_12 A-C 28 16 1.75 0.1623

12_13 C-C 47 42 1.12 0.6501

13_14 C-G 26 14 1.86 0.1732

14_15 G-G 26 12 2.17 0.06414

15_16 G-A 29 13 2.23 0.1026

16_17 G-T 45 44 1.02 0.7299

17_18 C-C 29 16 1.81 0.09924

T a b l e  5 .7  T r a n s m i s s i o n  O f  ITGA4T\^o  M a r k e r  H a p l o t y p e s  I n  V a n d e r b i l t  

S a m p l e .  SNP numbers correspond to those numbers (and hence SNP ID numbers) 

reported in Table 5.2. Two marker haplotypes that are significantly over-transmitted 

or showing strong trends towards significance are highlighted in yellow and bold, 

and light yellow respectively.
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S.3.6.4 Comparison of 4-marker haplotypes across all 3 samples

In order to test the possibility o f whether there was the transm ission o f  a disease- 

causing low frequency haplotype common to all 3 samples, the transm ission o f 4- 

marker haplotypes was tested in all 3 samples using UNPHASED. Transmissions 

were tabulated and examined by eye. Only haplotypes in those regions that showed 

evidence o f association in any o f the three samples were investigated, i.e. haplotypes 

around markers 1, 2, 9, 10, 12, 13, 14, 15 and 17.

There were a num ber o f  haplotypes around m arkers 13 and 14 that showed 

similarities in transmissions in both the Irish and AGRE samples (blue cells in Table 

5.8). This result was expected as both groups showed over-transm ission o f  the C-C 

(2-2) form o f the haplotype. There were also a number o f  sim ilarities between the 

AGRE and Vanderbilt samples (green cells) but these haplotypes did not continue to 

be passed as the haplotype moved distal including the next marker, i.e. transmission 

o f a 1-2-1-1 haplotype was not followed by a 2-1-1-X haplotype. There were no 

similarities between the Irish and Vanderbilt samples in the 3 ’ region o f  the gene 

(yellow cells).

There were also only three common haplotypes transmitted to affected probands in 

all three groups (pink cells). Two o f these spanned the intron 2 -  intron 10 and the 

intron 6 - intron 15 gene region. However this region only included the proximal 

region o f  the final major haploblock in the gene. One common haplotype occurred 

in the central region o f  the final haploblock. This haplotype contained markers 12- 

13-14-15. However under-transmission o f this haplotype did not remain significant 

with the addition o f extra markers.
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SAMPLES
Irish AGRE Vanderbilt

marker 1-2-3-4
1112 0.737 (33) 0.926 (104) 2.090 (34)
1211 0.667 (25) 1.16 (54) 0.235 (21)
1212 0.857 (52) 1.067 (124) 0.944 (35)
1221 0.625 (39) 1.353 (160) 1 (46)
2211 1 .611(94 ) 0.827 (274) 1.048 (86)
2221 0 (0) 0.75 (7) ^ 0 )

marker 2-3-4-S
1122 0.619 (34) 0.982 (109) 2.083 (37)
2112 1.463 (101) 0.963 (314) 0.868 (99)
2121 0.923 (50) 1.062 (134) 0.727 (38)
2212 0.769 (46) 1.195 (191) 1.074 (56)

marker 7-8-9-10
1111 0.5 f3 l 0.75 f 7 l 0.2 f 6 1 _
1121 1.263 (86) 0.813 (272) 1 (96)
1122 0.929 (27) 0.762 (74) 1.143 (15)
1211 0.970 (65) 1.123 (172) 1.083 (50)
2111 0.833 (33) 1.143 (165) 0.714 (48)
2121 0.75 (25) 1.283 f l 2 1 i 1 .8 4 6 /3 7 )  _
2211 2 ^ 0 (0)

marker 8-9-10-11
1112 0.84 (46) 1.093 (180) 0.611 (58)
1211 0.7 (34) 1.196 f l l 2 1 2.091 ( 34 \
1212 1.255 (106) 0.862 (270) 1.122 (104)
1222 0.867 f2 8 l 0.814 f7 8 i 0.857 f l 3 )
2111 3 (4) 0.75 (7) 2 (3)
2112 0.971 (67) 1.129 (181) 1 (58)

m arker 9-10-11-12
1112 1 (6) 0.75 (7) 1.5 (5)
1121 0.75 (35) 1 (132) 0.864 (41)
1122 1.056 (74) 1.098 (214) 0.8 (72)
2112 0.632 (31) 1.229 H 0 7 J 1 .75133)
2121 0.9 (57) 0.821 (153) 1.208 (53)
2122 1.533 (76) 0.981 (210) 1 (80)
2222 0.8 (27) 0.944 (70) 0.5 (12)

Similar RR in Irish & Vanderbilt Samples
■Similar RR in AGRE & Vanderbilt Samples i

Similar RR in Irish & AGRE samples_________________
Similar RR in all 3 samples_________________________

Table 5.8(a) C o m p a r i s o n  o f  4 M a r k e r  H a p l o t y p e s  T r a n s m i t t e d  t o  

A f f e c t e d  S a m p l e s .  Transmissions are considered “similar” i f  the ORs  for the 
haplotypes ae both / all > 1.1 or both / all < 0.9. Similarit ies between the Irish and 
Vanderbi lt  samples  are represented in yellow. Similarit ies between the Irish and 
A G R E  samples  are in blue, whereas  those between the Vanderbi l t  and A G R E  
samples  are in green. If a common haplotype was over  or under- transmitted in all 
three groups, the cell is pink in colour.  The numbers  in brackets represent  the 
number of  haplotypes transmitted.
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SAMPLES
Irish AGRE Vanderbilt

marker 10-11-12-13
1122 0.654 (43) 1.048 (127) 2.077 (40)
1211 0.5271841___ 0.845 /2621 0.974 (75)
1212 0 (0) 2(21 1.S3S (71
1222 1.947 (112) 1.194 (316) 0.912 (109)
2222 0.882 (32) 0.878 (77) 0.385 (18)

marker 11-12-13-14
1221 0.583 (38) 1.020 (103) 2.375 (27)
2111 0.652 (76) 0.831 (249) 1.1 (63)
2121 0 (0) 2 ( 3 ) 1 (3)
2221 2 ( 3 ) 0.667 (5) 1 (2)
2222 1.839 f88^ 0.689 (76)

marker 12-13-14-15
1112 0.66666667 0.851 (2481 ' 0.727 (761
1212 0 2 (2) 0.75 (7)
2211 0.60869565 1.057 (109) 2.11 (28)
2222 1.74193548. 1 .185(2711 . 0.814 (78)

marker 13-14-15-16
1122 0.630 (75) 0.896 (256) 1.030 (67)
2111 0.619 (34) 1 (116 ) 2.5 (28)
2121 0 (0) 1 (4) 0.25 (5)
2122 0 (0) 112) 2 / 3 )
2221 1.719 (871 1,186 (2821 0.778 (80)
2222 1 (2) 0.818 (201 0.5 (31

marker 14-15-16-17
1112 0.682 (37) 1.057 (109) 2.333 (30)
1221 0.792 (86) 0.889 (238) 1.030 (69)
2212 1.395 t911 1.198 (2661 0.783 (82)
2221 0.667 (51 0 .467J221 0 (0)
2222 0 (0) 0.667 (5) 1 (4)

marker 15-16-17-18
1121 0.857 (39) 0.982 (113) 2.455 (38)
2122 1.381 flOOl 1.226 (2761 0.763 (104)
2211 0 (0) 0.25 (10) 0.333 (41
2212 0.765 (90) 0.927 (237) 1.128 (83)
2222 0 ( 0 ) 0.667 (5) 1 (4)

Similar RR in Irish & Vanderbilt Samples___________
iSimilar RR In AGRE & Vanderbilt Samjgles__________
Similar RR In Irish & AGRE samples________________
Similar RR in all 3 samples________________________

T a b l e  5 . 8 ( b )  C o m p a r i s o n  o f  4 M a r k e r  H a p l o t y p e s  T r a n s m i t t e d  t o  
A f f e c t e d  S a m p l e s .  Transmissions are considered “similar” if  the ORs for the 
haplotype are both / all > 1.1 or both / all < 0.9. Similarities between the Irish and 
Vanderbilt samples are represented in yellow . Similarities between the Irish and 
AGRE sam ples are in blue, whereas those between the Vanderbilt and AGRE  
samples are in green. If a common haplotype was over or under-transmitted in all 
three groups, the cell is pink in colour. The numbers in brackets represent the 
number o f  haplotypes transmitted.
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S.3.6.5 Joint Analysis

To test if  the association found with rs3770112 remained in a sample consisting o f 

all three samples, a post-hoc TDT and haplotype transm ission test was undertaken. 

This am algam ated sam ple consisted o f  1231 affected individuals, w ithin 524 

individual pedigrees.

PDT testing o f the transm ission o f individual alleles from individual m arkers was 

undertaken. Only one marker showed evidence to support association with autism. 

The C allele o f  rs3770112 was significantly over-transm itted to affected probands 

(335 times versus 281 times non-transmitted) leading to a o f  4.74, OR o f 1.19 and 

p value o f  0.02947. Another marker, rs9211257, which showed a trend towards 

association in the Irish sample (see Table 5.2), but no trend in either the AGRE or 

V anderbilt sam ples (see Tables 5.4 and 5.5), showed a trend tow ards over­

transmission o f the C allele (p value = 0.08381). Another marker, this time in intron 

10, rs3770117, also showed a trend towards association. However this did not reach 

statistical significance (p value = 0.0838). In the jo in t analysis no other markers 

showed any evidence o f association with autism (see Table 5.9).

Transmission o f  2-m arker haplotypes was also tested in this am algam ated sample 

using UNPHASED. In a fashion similar to the original Irish sample, the haplotypes 

containing m arker rs3770112 (SNP13) showed significant over-transm ission to 

affected probands. The C-C form o f haplotype SNP12-SNP13 was significantly 

over-transmitted (259 transmissions versus 213 non-transmissions) resulting in a x  

o f 15.0 (3 df) and p value o f 0.001815. The OR o f this haplotype was relatively low 

at 1.22, indicating that if  this is a true OR, the ITGA4 only plays a minor role in the 

development o f  autism. Another haplotype containing the rs3770112 marker, this 

time in association with the rsl551031 marker, also showed evidence o f  distorted 

transmissions. Over-transm ission o f the C-C haplotype proved to be statistically 

significant, leading to a o f 10.91, OR o f 1.05 and p value o f 0.01221.
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A third, independent haplotype also showed evidence for association. The final 2- 

m arker haplotype in the gene, involving markers rs921257 and rs2290517, showed 

non-significant over-transmission o f the C-A form o f the haplotype, producing a 

o f  7.753 and p value o f 0.05141. This haplotype showed a strong trend towards 

association with autism in the AGRE sample (p value = 0.05845, see Table 5.6). It 

showed no trend towards association in the Irish sample, although the C-A form o f 

the haplotype was over-transm itted (p value = 0.1967, see Table 5.3). The 

Vanderbilt sample showed a trend tow ards association with this haplotype also. 

However the trend in this sample was not the over-transmission o f  the C-A form o f 

the haplotype, but instead the CC form o f the haplotype, yielding a p value o f 

0.09924 (see Table 5.10 for further information). The inform ation gained in the 

post-hoc testing resulted in the identification o f a potentially im portant haplotype 

that may otherwise have gone unnoticed.
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Marker SNP ID Allele Transmitted Not Transmitted OR Global p value

1 RS1449263 G 360 358 1.01 0.9405
2 RS3770137 C 135 132 1.02 0.8543
3 RS3770136 G 208 199 1.05 0.6556
4 RS155149 A 271 265 1.02 0.7955
5 RS155148 A 171 167 1.02 0.8278
6 RS1449260 A 299 295 1.01 0.8696
7 RS3770126 C 285 285 1.00 1.0000
8 RS155096 G 237 223 1.06 0.5139
9 RS155100 T 352 351 1.00 0.9699
10 RS3770117 G 99 74 1.34 0.0569
11 RS3770116 A 145 138 1.05 0.6773
12 RS1349197 C 327 288 1.14 0.1157
13 rs3 7 7 0 1 1 2 C 335 282 1.19 0 .0 2 9 5
14 RS1551031 A 362 333 1.09 0.2712
15 RS2305581 A 152 143 1.06 0.6003
16 RS3770105 G 329 321 1.03 0.7537
17 RS921257 C 331 288 1.15 0.0838

18 RS2290517 A 162 145
1.12

0.3318
Table 5.9 J o i n t  PDT A n a l y s i s  O f ITGA4 In  T h e  A m a l g a m a t e d  S a m p le .  PDT analysis was undertaken in a sample comprising 

of all three samples (Irish, AGRE and Vanderbilt). The results indicate that rs3770112 remains significant (p value = 0.295). Two 

other SNPs, rs3770117 and rs921257, also show a strong trend towards association (p values o f 0.0569 and 0.0838 respectively).
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SNPs Haplotype
Over-transmitted

Transmitted Not
Transmitted

OR Global 
Chi Square

Global 
p value

1 2 G-C 102 98 1.04 0.0788 0.9614
2 3 C-G 110 104 1.06 0.2565 0.8796
3 4 G-A 197 192 1.03 1.552 0.6704
4 5 A-G 127 124 1.02 1.463 0.6908
5 6 G-A 128 123 1.04 0.1019 0.9916
6 7 G-C 163 155 1.05 0.2847 0.9629
7 8 T-G 188 166 1.13 1.773 0.6208
8 9 G-T 166 158 1.05 2.64 0.4504
9 10 T-G 257 249 1.03 1.337 0.7203
10 11 G-A 126 118 1.07 5.147 0.1614
11 12 A-C 112 105 1.07 1.723 0.4224
12 13 C-C 258 202 1.28 15 0.0018
13_14 C-A 259 213 1.22 10.91 0.0122
14 15 A-G 260 233 1.12 4.649 0.1994
15 16 A-G 103 86 1.2 3.099 0.3767
16 17 G-C 201 172 1.17 4.661 0.1984
17 18 C-A 265 235 1.13 7.753 0.0514

Table 5.10 J o i n t  A n a l y s i s  F o r  T w o - m a r k e r  H a p l o t y p e s  In  T h e  A m a l g a m a t e d  S a m p le .  The transmission o f  two-marker 

haplotypes in the amalgamated sample (Irish, AGRE and Vanderbilt) was analysed using the UNPHASED programme. Significant 

transmissions are highlighted in yellow and bold. Trends towards significance are highlighted in light yellow. There was significant 

transmission o f the haplotypes containing the markers spanning (and just 3 ’ to) exons 16 and 17 (haplotypes 1 2 1 3  and 1314 ) .  A 

haplotype containing the last two SNPs also showed a very strong trend towards significance (p value = 0.0514
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5.3.4 Testing Validity of htSNPs

H aplotype tagging SNPs (htSNPs) were chosen in the control sample using the 

Haploview Programme. This was undertaken to test if genotyping a small number o f 

controls and choosing htSNPs in this sample, followed by the genotyping o f  these 

htSNPs in the autism population would detect genetic associations. In the first major 

block, w hich contained 6 SNPs, 5 SNPs were chosen as htSN Ps (rs l449263 , 

rs3770137, rs3770136, rsl55148 and rsl449260).

W ithin the final haploblock there were 8 SNPs. Only two o f  these, rs 1551031 (in 

intron 17) and rs 1349197 (in intron 21) were highlighted as htSNPs. Genotyping 

both o f  these SNPs allow  representation o f  98.9% (the sum o f  the three major 

haplotypes) o f  all haplotypes within the control block (see Figure 5.16).

The relationship between haplotypes is also produced by the Haploview Programme, 

see Figure 5.16. Thick black lines linking haplotypes from different blocks indicate 

that these haplotypes are observed to be in LD with a frequency o f  at least 10%, 

indicating the presence o f a ‘two-block haplotype’.
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Figure 5,16 H a p l o t y p e  T a g g i n g  S N P s  A n d  I n t e r - B l o c k  R e l a t i o n s h i p s ,

Haplotype tagging SNPs are indicated by the presence o f  arrow-heads. Thick black 

lines indicate the presence o f  ‘two-block haplotypes’ that occur with a frequency o f 

at least 10%. The frequencies o f the haplotypes are indicated in grey numbers, and 

the frequency o f ‘two-block haplotypes is indicated in black numbers.

The transmission o f single marker alleles and the haplotypes consisting only o f  those 

htSNPs was tested in the Irish sample. TDT analysis and tw o-m arker haplotype 

analysis using the htSNPs in the first block would not have produced results different 

to the initial haplotype analysis. The trend towards significant over-transm ission of 

both the first two SNPs and the rsl449263-rs3770137 haplotype (SNP1-SNP2 

haplotype) would have been identified as important and followed up if  necessary. 

S im ilarly, TDT analysis o f  individual htSNPs in the final block would have 

highlighted the possible association with the ITGA4  gene and follow up analysis 

would have been undertaken. Surprisingly, in the case o f the htSNPs in this second 

major haploblock, in which many o f the significant associations in all three samples 

were found, transmission o f the htSNP haplotypes (using rsl349197 and rsl551031) 

was not significant. Nor did it show any significant trend tow ards association. 

Transmission o f this haplotype resulted in a o f 4.301 (3df) and p value o f 0.2307.
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The selection o f  htSNPs was also studied in a “test” sample from the AGRE and 

Vanderbilt samples. These comprised the first 94 parents in each dataset, as control 

samples from these samples were not available. In the case o f  the AGRE sample 

(see Figure 5.17) different htSNPs were chosen in all blocks in contrast to the Irish 

control sample. In the final major haplotype block, SNPs 14 and 16 (in comparison 

to SNPs 12 and 14 in the Irish sample) were chosen to capture the most variation. 

TDT analysis o f  just these two markers would have resulted in p values o f 0.2022 

and 0.1561 (rsl551031 and rs3770105 respectively). Haplotype analysis o f  just 

these two markers would have resulted in a p value o f  0.154. Given the significance 

o f the TDT results, further fine-mapping would have been undertaken. In the case o f 

the htSNPs in blocks one and two, TDT and haplotype analysis did not produce any 

significant results.

Selection o f htSNPs in the Vanderbilt sample included SNPs 1, 2, 3, 4 and 6 in block 

1, which was the same as in the Irish control sample (see Figures 5.16 and 5.18). 

Individual TDT and haplotype analysis would have highlighted the im portance o f 

rs2770137 (SNP2) in this sample (see Table 5.5). Haplotype analysis o f htSNPs in 

block 2, SNPs 8 and 9 would have also produced a significant result, which would 

lead to follow up testing. SNPs 14, 15, 16 and 17 were all selected as htSNPs to help 

describe variation over the two small blocks (see Figure 5.15), and TDT and 

haplotype analysis would have resulted in significant results in this region also.
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V a n d e r b i l t  S a m p l e .
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5.4 Discussion

5.4.1 LD Structure of ITGA4 Gene

It has been suggested that disparate populations can show different LD patterns. We 

had an opportunity to test this in the comparison o f  the Irish data, HapM ap data, 

AGRE data and Vanderbilt data. The Irish LD structure was compared to data from 

the HapMap project. Both samples showed the presence o f a number o f  regions with 

the gene showing extensive LD. Due to the difference in m arkers the results 

produced are not directly comparable. However, both samples show the presence o f 

a haploblock at the 5 ’ region o f the gene (our block 1 versus the HapM ap block 2), 

followed by a break in LD, which in turn is followed by the presence o f  a small 

haploblock. The largest haploblock in the HapM ap sample likewise occurs at the 

end o f the gene. In the HapMap sample, this final block is shorter than the same 

block in the Irish sample. This results from the inclusion o f two SNP (rs3770115 

and rsl816990) both in intron 15, which disrupts the formation o f  a larger block. 

Apart from these minor differences, the structure o f  LD in the Irish sample is 

comparable to that o f the HapMap CEPH sample.

5.4.2 TDT, Haplotypes and Mutation Detection

TDT analysis revealed the presence o f a number o f  associations significant at the 

p<0.05 level, especially surrounding rs3770112 in intron 17. Haplotypes involving 

this SNP had transmissions were also statistically over-transmitted to probands with 

autism (p values = 0.0299 and 0.0027, see Table 5.3).

The strength o f  results, in close proximity to exons 16 and 17, led to the speculation 

that there may be ‘disease-causing’ variants located in these exons. This theory was 

investigated using dHPLC mutation analysis. No mutations were observed in exon
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17. A number o f samples showed chromatogram shifts (see Figures 5.9, 5.10 and 

5.11) for exon 16. Sequencing of these samples revealed the presence of an A to G 

transition on the exon 16 / intron 16 border. This SNP (rs 12690517) had been 

previously described by Heymann et al The exact nature o f the SNP is still 

unclear. Two databases (dbSNP and Santa Cruz Genome Assembly) describe it as 

intronic, whereas another (Ensembl) describes it as exonic. Despite the ambiguity of 

its exact location, this A to G transition may alter a potential splicing sequence. The 

consensus splicing sequence is AG/GUPuAGU In the human databases, the 

sequence analogous to this is (in the presence of the G allele) CG/GUAGGU 

(differences are underlined). In the presence of the A allele, the splicing sequence is 

altered one step further away from the consensus sequence than the original 

sequence, to become CA/GUAGGU. The original report describing this SNP found 

no difference in mRNA sequence in individuals carrying both forms o f the splice 

variant However the analysis was undertaken using mRNA extracted from 

blood. It is not yet known if splicing is altered by the SNP in the CNS.

TDT analysis of this SNP revealed significant over-transmission of the C (genotyped 

on the reverse strand, hence G allele on forward strand) allele. There were 64 

transmissions of the C allele to affected probands compared to 35 non-transmissions. 

These transmissions resulted in a of 8.014, p value o f 0.0046, and an OR of 1.82, 

which was the most significant result o f all single TDT analyses. Haplotype 

transmissions involving the C allele of this SNP were also highly significant. Over­

transmission of a C-C haplotype with SNPs rsl349197-rs3770112 occurred with 56
• 2transmissions in comparison to 32 non-transmissions (x = 7.022, p value = 0.0299, 

OR = 1.75). Transmission o f the C-C haplotype o f SNPs rs3770112 -  rsl2690517 

proved to be even more significant, with 48 transmissions compared to 16, resulting 

in a x^ o f 14.148, p value o f 0.0027 and OR of 3. These results indicate that this 

haplotype is an important risk haplotype for individuals with autism, at least in the 

Irish population.
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5.4.3 Attempted Replication

Replication was sought in two independent samples (AGRE and a local Vanderbilt 

sample) kindly provided by colleagues at Vanderbilt University.

5.4.3.1 AGRE Sample

The AGRE sample, consisting o f  267 families, revealed no significant association 

with any single marker using the PDT test. Haplotype analysis revealed the over­

transm ission o f ju s t two haplotypes, the 12-13 and 13-14 haplotypes. O ver­

transmission o f the C-C form o f haplotype 17-18 occurred, as in the Irish sample, 

giving a global p value o f  0.015 and OR o f 1.21.

Although the effect size (OR) o f the haplotypes is decreased com pared to the 

equivalent OR in the Irish sample, the over-transm ission o f  the same haplotypes is 

supporting evidence for the potential role o f  ITGA4  in the developm ent o f  autism. 

Also, it is a common occurrence in the field o f  complex genetics, for the first study 

finding an association with a gene to show an increased risk (as described by p 

values and ORs) in comparison to subsequent studies Therefore the decreased 

significance o f the AGRE sample is not surprising.

5.4.3.2 Vanderbilt Sample

The results o f the V anderbilt sample may also show  evidence o f  replication. 

However, in this sample the replications do not arise from the SNPs rs 1349197, 

rs3770112 or rsl551031. Instead, there was evidence o f  distorted transm ission o f 

alleles in SNP rs3770117 (located in intron 10), with increased transm ission o f  the A 

allele to affected probands (p value = 0.039) and also increased transmission o f  the G
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allele o f  rs2305581 (p value = 0.026). Both o f these SNPs are located in the last 

major haploblock in the Irish sample. Haplotypes involving these SNPs also proved 

to be significant; the haplotype rs3770117-rs3770116 (increased transm ission o f the 

G-A form) had a global p value o f 0.018, and the haplotype rsl551031-rs2305581 

(increased transm ission o f  the G-G form) showed a trend tow ards significance, 

having a p value o f 0.064.

Both the Irish and Vanderbilt samples show trends towards significant association 

with the 1-2 haplotype (rsl449263-rs3770137). However, the samples differ in the 

transm ission o f  the allelic forms o f the haplotype. The V anderbilt sample shows 

over-transm ission o f the G-C form (p value = 0.0703) in com parison to the Irish 

sample, which shows over-transmission o f the A-G form o f the haplotype (p value -  

0.0675). In effect, the proband samples are receiving the opposite forms o f  the 

haplotype. Further work is required to establish the nature o f associations in the 5’ 

region o f the ITGA4  gene.

It is important to point out at this stage that these differences in allelic and haplotypic 

over-transmissions in the Vanderbilt sample may have arisen from the differences in 

LD structure within the ITGA4  gene. LD structure in the first half o f  the gene (from 

the region just 5 ’ o f  the gene to intron 10) in the Vanderbilt sample is comparable to 

that in the Irish sample (see Figures 5.6 and 5.15). However, from marker rs3770117 

onwards there seems to be a breakdown in LD. Instead o f  a haploblock spanning 

50kb (as in the Irish sample) there are only three sm aller LD haploblocks (each 

comprising o f ju st 2 markers). It is therefore possible that the associations in the 

Irish and AGRE samples are in LD with a functional variant elsewhere in the gene 

that itself is in LD with the haplotypes mentioned above in the Vanderbilt sample.
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S.4.3.3 Joint Analysis.

A joint analysis was undertaken post-hoc to assess whether the associations found in 

the Irish sample still remained in a larger am algamated sample. All three samples 

tested for association were com bined into one large sample consisting o f  1231 

affected individuals in 524 families. In a fashion similar to the original results in the 

Irish sample, significant over-transmission o f the C allele o f rs3770112 was observed 

(see Table 5.9). The two haplotypes containing this marker also remained significant 

in the amalgamated sample. The haplotype spanning exons 16 and 17 (and hence the 

splice variant) was the most significantly over-transm itted haplotype (see Table 

5.10). The OR for the C-C haplotype in this amalgamated sample (OR = 1.22) was 

much smaller than the OR in the original Irish sample (0R =  1.75), but the ITGA4  

gene, based on the observations in the am algam ated sample, still shows strong 

evidence for association.

Another SNP that showed a trend towards association in the amalgam ated sample 

was rs9211257. This SNP was one o f  the original SNPs used in the fine-mapping 

experiment that highlighted 1TGA4 as a potential gene o f interest within the deleted 

region o f  chromosom e 2q in patient KM. In the amalgam ated sample, there was 

increased transmission o f the C allele. This SNP showed increased transm ission in 

the Irish sample (p value = 0.0719) and the ACRE sample (p value = 0.21), but not 

in the Vanderbilt sample (p value = 0.93). Transmission o f the rs9211257-rs2290517 

haplotype was also significant, with over-transm ission o f  the C-A form (p value = 

0.05). Once again, this was the haplotype over-transm itted in the Irish and AGRE 

samples (p value o f 0.1967 and 0.058 respectively), but not in the Vanderbilt sample, 

which showed increased transmission o f  the C-C haplotype (p value = 0.099). It is 

possible that the breakdown in LD structure in the 3 ’ region o f  the gene is partly 

responsible for the discrepancies between the Irish / AGRE and Vanderbilt samples 

(see Figure 5.15).
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5.4.4 Possible Theories for Differences in Haplotype / Allele 

Transmission

Both the AGRE and the Vanderbilt samples show association with haplotypes in 

haploblock 3. However, in the case o f the V anderbilt sam ple the pattern o f 

association is not the same as the Irish sample. It is possible that the association in 

the IT G A 4  gene in autism is similar to the association o f  the Dysbindin gene to 

schizophrenia, i.e. that there are a number o f  susceptibility haplotypes within the 

gene. A report by W illiams et al describes 1 risk and 2 protective dysbindin 

haplotypes associated with schizophrenia in 2 independent samples. Other associated 

haplotypes have been identified in other populations at this locus but they differ to 

those described in the Williams paper. Another report by Bray et al found that the 

“W illiams risk haplotype” tags cis-acting variants (as yet unknown variants upstream 

o f  the gene), and these variants result in reduced levels o f  dysbindin mRNA In 

addition, they showed that the different risk haplotypes from other samples also 

tagged these cis-acting variants. This dem onstrates that there can be different 

associated haplotypes causing the same effect (reduction in dysbindin mRNA). All 

this could be more fully explained if  the cis-acting variants that affect gene 

expression were identified and their LD relationship with risk and protective 

haplotypes determined. Further replications in other samples would be necessary to 

test if there are multiple risk haplotypes in the ITGA4 gene associated with autism.

It is also possible that these associations in different haplotypes may occur due to 

clinical differences within the samples, i.e. an 1TGA4 variant is associated with a trait 

that is more prevalent in the Irish and AGRE populations. Due to the differences in 

LD structure, there also remains a possibility that the association in the Irish and 

AGRE sample is in LD with the same functional mutation as the Vanderbilt sample, 

but this functional mutation is in LD with differing haplotypes.

Finally it is possible that all the associations found above are merely chance findings. 

Due to the fact that “significance” is deemed / accepted to occur at a p value less
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than 0 .05 , this still m eans that there is still a 1 in 20  chance o f  finding an association  

by chance. Therefore w ith 19 SN Ps (in the Irish sam ple) tested, one w ould  expect 

~1 to sh ow  an association , even  i f  it is not a true association . In the Irish sam ple, 

there w ere 3 S N P s tested  that m et the criteria for s ig n if ic a n c e  (r s l4 4 9 2 6 3 ,  

r s l2 6 9 0 5 1 7  and rs3 7 7 0 I1 2 ) w ith  p values ranging from 0 .0 1 9 2  to 0 .0 0 4 6 . T w o  

haplotypes (r sI3 4 9 1 9 7 -r s3 7 7 0 1 12 and r s3 7 7 0 1 1 2 -rs l5 5 1 0 3 1 ) sh ow ed  ev id en ce for 

association  in the Irish and AG RE sam ples. W hile it remains a possib ility  that these 

haplotypes are both false positives in their respective sam ples, the possib ility  is much  

lo w er  than the orig inal p value o f  0 .0 5 . T he chance that g iv en  17 p o ssib le

haplotypes that the sam e tw o haplotypes w ill show  evidence for association  is in fact
2 20 .0 1 3 8  (i.e . /|7 X l \ i) .  The jo in t an a lysis a lso  h igh ligh ts th ese  hap lotyp es as 

significant. The pow er o f  a genetic study is often a lim iting factor in any study. In 

the jo in t an alysis how ever, the sam ple size  w as adequate to detect the association  

reported here. Therefore, w h ile  chance findings are still p ossib le , the ev id en ce for 

association  in the study reported here reduces this possib ility .

5.4.5 Biological Hypothesis

T he ro le o f  in tegrins in brain d ev elo p m en t and w ork in g  fu n ction  has been  

investigated  in recent years. Integrin acts as an intermediary protein linking the actin  

cy tosk eleton  w ithin the ce ll to the extra-cellular matrix (see  Figure 5 .4 ) It is 

through th ese interactions that integrin proteins m ay play a part in neural ce ll 

adhesion , neural cell spreading, synaptogenesis, hippocam pal synaptic plasticity and 

spatial m em ory (see  Table 5.11 for a list o f  integrin protein and brain developm ent 

reports, also see M ilner et al for a full review  o f  the role o f  integrin proteins in the
Cn s ))'"5 438

ITG A 4 has been reported to be involved in a number o f  neural processes (see section  

1.1.4). Experim entation has shown that the ITG A 4 cytoplasm ic tail is important for 

determ ining the extent o f  neural cell m igration. The presence o f  the a 4  tail (in
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comparison to the a2  or a5  tails) leads to increased cell migration, reduced cell 

spreading, impaired localised and diminished adhesion strengthening

It is not implausible that the splicing variant described in section 5.4.2, which is 

over-transmitted to affected children, could lead to aberrations in the normal 

development and functioning of the brain.

Another possibility is that those SNPs and haplotypes are in LD with a functional 

variant elsewhere in the gene, perhaps in intron 16 or intron 17. There is increasing 

evidence of the importance of introns to influence gene expression. Transcription 

enhancer and repressor sequences can be located within intronic sequences. Introns 

are also required for specific modification o f some exonic sequences by RNA editing 

(see Le Hir et al for a review on the role of introns in gene expression

Expression of ITGA4 in the brain has been localised to the hippocampus and the 

piriform and entorhinal cortex These structures form part o f the limbic system, 

which is a region of the brain that is implicated in social learning. Deficits in social 

learning have been linked to autism There have been a number of reports of 

abnormalities (reduced cell size and increased cell packing density) associated with 

autism in the hippocampus and to a lesser extent in the entorhinal cortex (see 

Palmen et al for a full review of neuropathological findings ^̂ )̂. Integrin proteins are 

a requirement of hippocampal synaptic plasticity and spatial memory, and are also 

responsible for modulating fast excitatory transmission at synapses in this region of 

the brain (see Table 5.11). Integrin proteins also have a reported role in

epilepsy, a co-morbid condition associated with autism (see Section 4.1.3). 

Experimentation with integrin matrix interactions have shown that disruption o f 

these interactions results in an increased spontaneous bursting period o f in vitro 

kindling in the hippocampus (kindling a model of epileptogenesis, whereby repeated 

exposure to subconvulsive stimuli eventually results in spontaneous electrical 

discharges)
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There has also been increasing evidence for ITGA4’s possible role in immunological 

reactions in the brain. A study using rats suffering transient focal cerebral ischemia 

reported that blocking a 4  integrin action, led to a decrease in the infarct size, even if 

adm inistered after the onset o f  ischem ia Lupus prone mice, in w hich an 

autoimmune reaction leads to leuckocyte recruitment throughout the body including 

the brain, showed that blocking a 4  integrin action completely eliminated P-selectin- 

independent leukocyte rolling, while also significant inhibition o f leukocyte adhesion 

occurred Perhaps more im portantly, is a study using a m ouse m odel o f 

encephalomyelitis, showed a significant decrease in the number o f VLA-4+, CD4(+), 

T-cells and macrophages in the spinal cord following the administration o f  anti-sense 

oligos specific for a 4  integrin Hydrocephalus is a condition that occurs more 

frequently in individuals with autism (see Kielinen et al for further details 

These and other immune reactions in the brain (see Ashwood et al for a review 

may be in part responsible for the development o f the aetiology o f autism.

ITGA4 has a num ber o f  functions within the brain, and alteration o f  the normal 

expression and form ation o f  the protein , may be association  w ith autism .
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Name Year
In tegrin
subunit

Anim al
m odel Effects

Chan C-S et al 2003 a3, a5 and 
a8 Mouse Reduced expression leads to defective hippocampal LIP and 

spatial memory
Dulabon L et al 2000 a3Bl Mouse a3pl binds to Reelin

Emsley JG & Haag
j  448 2003 a6(31 Mouse

Neutralizing antibodies against the a6pl int subunit. Inhibition of 
pi int subunit causes disruption of cohesive nature of rostral 
migratory system.

Fasen K et al 2003
al, a3, a4, 
a5, pi, p3 
and p4

Rat After induced Status Epiipeticus, strong immunoreactivity for al, 
a2, a4, a5, pi, p3 and p4 was observed in reactive astrocytes

Gall CM et al 2003 RGD-binding
integrins

Rat tissue 
culture

Integrin engagem ent regulates expression of a subset of growth 
related genes, at least in part thorough calcium influx

Georges-Labouesse 
E et al 1998 a6 Mouse Abnormalities in laminar organization of the developing cerebral 

cortex and retina

Grooms SY and 
Jones LS 1997

RGDS - 
integrin 
antagonist

Rat Disruption of integrin matrix interactions increases spontaneous 
bursting period of in vitro kindling

Kil SH et al 1998 a4
Chicken
and
mouse

In the presence of an a4 blocking antibody, there  was significant 
reduction in level of neural crest cell migration

Mercado ML et al
451 2004 a7pi a7pl encourages cerebellar granule neurites to grow longer
Rohrbough J e t al
423 2000 Volado Drosophila Volado regulates functional synaptic plasticity processes

Vogelezang MG et 
al 2001 a4 Mouse

a4 expressed during peripheral nerve regeneration. A4 
cytoplasmic tail increased cell migration but decreased cell 
spreading and diminished adhesion strengthening under 
conditions of shear flow and impaired localization of a4pl integrin 
into focal adhesion complexes

Werner A et al 2000 a7 Mouse
a7 null mice show decreased rate of axonal outgrowth and a delay 
in the re-innervation of the whisker-pad, a peripheral target of 
facial mono-neurons

T a b le  5 .11  R o l e  O f  I n t e g r i n  P r o t e i n s  In  B r a in .  This is a Hst o f some o f the published papers in which the role of integrin

proteins in development and neuron processes has been reported.
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5.4.6 The Use of HapMap Tagging SNPs

The use o f haplotype tagging SNPS (htSNPs) is one proposed way o f  increasing 

genotyping efficiency through genotyping those m arkers that best describe a 

haploblock. In the case o f the ITGA4 gene in the Irish population, there are 3 

haploblocks. In the first haploblock, there were 6 SNPs, o f  which 5 were tagged to 

be htSNPs. The genotyping o f  these 5 SNPs in com parison to the com plete set, 

caused no association information to be lost. The association with rs 1449263 and the 

trend towards association with the first 2-marker haplotype (rsl449263-rs3770137) 

was still identified (p value = 0.0676) and would have been followed up in a larger 

sample.

The second haploblock only contained 2 SNPs, r s l55096 and rsl55100, and both o f 

these would also have been genotyped in a follow up sample, leading once again to 

no loss o f association information.

The largest haploblock was in the 3’ region o f the gene. It spanned SOkb, and 

included 8 SNPs. Only two o f these, rs3770115 and rsl551031, were chosen as 

htSNPs by the Haploview programme. TDT analysis o f  these single markers would 

have led to the identification o f  a ‘region o f  interest’ (p values o f  0 .112 and 0.063 

respectively). Surprisingly, the 2-marker haplotype containing these two markers did 

not show any strong evidence o f association (p value = 0.2307). Based on the TDT 

results, a follow up study would include fine mapping this haploblock with an 

increased density, which would highlight the regions o f interest.

The choice o f  htSNPs also varied from sample to sample. The choice o f htSNPs in 

block 1 was identical in both the Irish control and the Vanderbilt “test” samples. 

However in the case o f the AGRE sample, one less SNP (SNP 6, r s l 449260) was 

included (see Figures 5.16, 5.17 and 5.18). In the case o f the final block, different 

SNPs were chosen in each population. In the Irish population, SNPs 12 and 14 were
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selected, in the AGRE sample SNPs 14 and 16 were chosen, w hile due to the 

breakdown o f LD within the Vanderbilt sample, and the lack o f  a comparable block 

3 (see Figure 5.15), SNPs 14, 15, 16 and 17 were chosen. Although there may have 

been differences in the choice o f htSNPs, each selection would have produced results 

that would have been followed up in the affected sample (see Section 1.4.7).

The evidence produced here indicates that the use o f  htSNPs is an efficient and 

economical method o f covering a gene o f  interest. It is important however to ensure 

that one carefully chooses a correct control sample and determine the minimum level 

o f  significance required before a region is excluded from follow up analysis. Other 

reports have highlighted a few other caveats to take into consideration when using 

htSNPs. Firstly, htSNPs are most reliable for tagging SNPs that are o f  equal or 

greater frequency than the htSNP. Tagging is much less successful when untagged 

SNPs were rarer than the htSNP itself This same study by Ke et al also reported 

that the SNP density, ranging from lSNP/2.3kb to lSN P/5kb, did not have a serious 

impact on the efficiency o f  describing genetic variation. Alm ost 80% o f htSNPs 

selected at the l/5kb map were also chosen in the 1/2.3kb map However another 

study has found that m apping a region with a SNP density o f ISN P/lO kb only 

captured 78% o f the variation in the region. Even at a lower density o f lSN P/2kb, 

only 88% o f variation was captured Meng et al reported that an initial sample 

size (from which tagging SNPs are selected) o f  50 -  100 individuals is necessary 

From the results reported above it is also important that htSNPs in one population are 

not assum ed to represent variation in the same region in another population. 

Haploblocks vary between samples / populations, see Figures 1.8, 1.9, 1.10, 1.15 and 

1.16). HtSNPs are generally similar, but not always, for populations with similar 

haploblock structure, but the choice o f htSNPs may differ if  the haploblock structure 

differs.
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5.4.7 Conclusions

A few points should be taken into consideration with respect to this study. Firstly the 

splicing variant ( r s l2690517) was not genotyped in the 2 independent replication 

samples due to time and financial constraints. G enotyping o f  this variant may 

strengthen the evidence for the splicing variant being partly responsible for the 

development o f autism.

Also, none o f the results above have been corrected for multiple testing. However 

the attem pted replication in two independent sam ples was used to lim it the 

possibility o f  false positives. As in any report o f  association with a complex 

disorder, further replication in other samples is required.

Mutation screening o f all exons within the ITGA4  gene would be beneficial, as the 

haploblock in the region o f  the gene showing the most evidence for association 

contains 18 exons, anyone o f which may contain mutations which are in LD with 

those markers already tested in this sample.

Finally, the effect o f the splicing variant on protein structure and function within the 

CNS should be tested. Further mapping o f  the regions 5 ’ and 3’ o f the gene should 

also be undertaken to further test the haplotype associations that are present with the 

first and last two-marker haplotypes in the gene.

That said the results presented here show evidence o f association with the ITGA4 

gene and autism. Significant association was found to exist between autism and a 

number o f SNPs and haplotypes, especially m arkers rsl349197 , rs3770112 and 

rsl551031. All these SNPs are located close to exons 16 and 17. Mutational analysis 

was undertaken and a SNP ( r s l2690517) was identified in a num ber o f  affected 

probands. This SNP was genotyped and transmissions o f  the two alleles were tested 

for association. Significant association was also found with r s l2690517 on the exon 

16/ intron 16 border (p value = 0.0046, OR = 1.82). This SNP causes a change in the
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splice site for this intron / exon boundary. Potential changes in mRNA splicing 

could be responsible for alterations in brain development or functioning.

Replication in two independent samples was undertaken. Within the AGRE sample, 

there was also over-transm ission o f the rsl 349197-rs3770112 haplotype (p value = 

0.015). However in the Vanderbilt sample, there was a breakdown in LD structure, 

and there were a number o f  associations with SNPs in the 3 ’ region o f  the gene, e.g. 

rs2305581 (p value = 0.026), although none o f the associations were the same as in 

the Irish or AGRE samples. This may occur for a number o f  reasons. Firstly, there 

may be num erous haplotypes associated with autism , as is the case w ith the 

dysbindin gene and schizophrenia. Also, due to the differences in LD it could be 

possible that the associations in all three samples are in LD with the same functional 

variant, but different markers are picking up the association. Finally it could be a 

false positive result. However the associations in the AGRE and Vanderbilt samples 

reported here would indicate that this is not the case.

This study also shows that the use o f htSNFs is an economical and efficient method 

for choosing SNPs for use in large-scale association studies, although care is 

required to ensure maximum variation is captured.
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C h a p t e r  6

T h e  W nt  P a t h w a y
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6.1 Introduction

6.1.1 An Overview of the Wnt Pathway

The Wingless-type MMTV Integration (Wnt) family o f proteins is a large family of 

secreted signalling proteins. Inclusion within this family is determined by sequence 

similarity instead of functionality. Wnt proteins contain a signal sequence followed 

by a highly conserved distribution of 23 -  24 cysteines The Wnt pathway is best 

known for its role in several developmental processes and oncogenesis (see Logan & 

Nusse for a reviev/ on this topic Wnt proteins are involved in two pathways. 

Binding o f a Wnt protein to a Frizzled receptor and the subsequent involvement of 

the P-catenin is known as the canonical Wnt pathway. The non-canonical Wnt 

pathway does not involve the (3-catenin protein.

Following the release or presentation of Wnt proteins they bind to Frizzled receptors 

on the cell surface. This causes a signal to pass through the cell membrane and 

transduced to a protein complex that includes Dishevelled (Dsh), glycogen kinasae- 

3p (GSK-3), Axin, Adenomatous polyposis coli (APC) and p-catenin.

In the absence o f Wnt signalling (3-catenin is phosphorylated by casein kinase 

la  (CKIa) and glycogen kinase 3|3 (GSK3|3). Following phosphorylation, p-catenin 

is targeted by the proteosome for degradation. In the presence of a Wnt signal, Axin 

is recruited to a frizzled bound Dsh protein. This acts to remove Axin from the 

destruction complex, and thus leads to (3-catenin stabilisation. As P-catenin levels 

rise, both intracellularly and within the nucleus, transcription factors (TCF and LEF) 

become activated, and Wnt target genes are transcribed. This is due to the nuclear 

accumulation of p-catenin causing the displacement of the Groucho protein from the 

TCF/LEF complex and the recruitment o f a histone acetylase complex binding 

protein. In the absence of Wnt signalling TCF acts as a repressor of target genes
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through its interaction with Groucho.  These proteins associate with histone 

deacetylases. This association leads to the prevention o f nucleosomes binding to the 

gene’s TATA boxes.

There are a number of downstream genes that the Wnt pathway activates, including 

Engrailed 2, TCFl, LEFl and Axin2 (see Table 6.1 and Figure 6.1 for further 

information). A feedback mechanism is also present, i.e. the Wnt signalling system 

causes other Wnt components to be actively transcribed. The majority o f these Wnt 

signalling components that are transcribed cause the down-regulation o f the Wnt 

pathway, thereby acting as a control to prevent excess Wnt pathway effects.
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Figure 6.1 C a n o n i c a l  W n t  S i g n a l l i n g  P a t h w a y .  In the absence o f  Wnt 

signalling, (3-catenin becom es phosphorylated and degraded. H ow ever in the 

presence o f Wnt signalling, (3-catenin degradation is inhibited, leading to increased 

intracellular and nuclear concentrations o f (3-catenin. This in turn leads to the 

transcription o f target genes. Diagram is adapted from Logan & Nusse, 2004
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W N T  S IG N A L IN G  P A T H W A Y
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F ig u r e  6 .2  W n t  c a n o n i c a l  A n d  N o n - C a n o n i c a l  P a t h w a y  (from the KEGG database 

(http://www.genome.ad.jp/kegg/pathway/hsa/hsa04310.html)).
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Target

Gene

Model

Organism

Effect of Wnt 

signal on 

target gene 

expression

Effect of 

changes in 

target gene 

expression on 

Wnt pathway

Target gene 

interacts with

Reference

Fz Drosophila Down Inactivate Wnt Muller et al

Dfz2 Drosophila Down Inactivate Wnt Cadigan et al

Dfz3 Drosophila Up Activate Wnt Sato et al

Arrow /  

LRP

Drosophila Down Inactivate Wnt Wehrli et al

naked Drosophila Up Inactivate Dsh Rousset et al

Axin2 Mouse Up Inactivate B-catenin Jho et al

Beta-

TCRP

Human Cell 

Study

Up Inactivate B-catenin Spiegelman et al

TCFl Human Cell 

Study

Up Inactivate TCF Roose et al

LEFl Human Cell 

Study

Down Activate B-catenin Hovanes et al

Nemo Drosophila Up Inactivate B-catenin /  

LEF /  TCF

Zeng & Verheyen

Zebrafish Activate Thorpe & Moon

T a b le  6.1 W n t  S i g n a l l i n g  C o m p o n e n t s  A  s W  n t  P a t h w a y  T a r g e t s .

Activation o f the Wnt pathway leads to the transcription o f a number o f genes, 

including those involved in the Wnt pathway itse lf As a result, many down- 

regulators o f the Wnt pathway are transcribed, hence leading to a dampening o f the 

Wnt pathway. This table is adapted from Logan and Nusse
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6.1.2 Expression in the Brain, Animal Models and Autism

The Wnt pathway is best known for its role in development, and cancer, but there is 

increasing evidence for its the role o f  the Wnt pathway in brain developm ent and 

synaptogenesis.

In the development o f an embryo, it is necessary for a number o f  secreted proteins 

and their receptors to provide information regarding their position within the embryo. 

This information sets up the polarity o f  the developing embryo. The Wnt proteins 

are part o f this complicated network o f proteins. A small number o f  epithelial cells 

secrete fVg (the D rosophila form o f  W nt), and through the m echanism s o f 

endocytosis, cell divisions and transcytosis (the transport o f macromolecules across a 

cell, consisting o f endocytosis o f  a macromolecule at one side o f  a m onolayer and 

exocytosis at the other side), a gradient o f Wg protein is set up across every section 

o f the embryo, leading to differential transcription o f  target genes. The aim o f this 

process is to develop a num ber o f  cells with differing identities. M ore recent 

investigations have begun to elucidate the role o f the Wnt pathway in the brain, and 

the correct formation o f synaptic specialisations.

The first report o f  a possible role for Wnt proteins in the developing brain was in 

1990 Targeted disruption o f  the mouse int-1 gene (shows 54% am ino acid 

homology to the D rosophila protein) resulted in a very high m ortality rate o f 

homozygous mutants. O f the 10 original -/- births, 6 had died in less than 12 hours. 

Only 1 survived beyond 36 hours and into adulthood. This one mice exhibited 

severe ataxia, which was as a consequence o f the absence o f the cerebellum  and a 

large portion o f mesencephalon.

Another Wnt gene, IVntJ, is also expressed in the cerebellum. Expression has been 

localised to the Purkinje cell layer. Abnormalities in these cells have been associated 

with autism, with such individuals having fewer Purkinje cells in the cerebellum, and 

those present o f a larger size Purkinje cells form during embryogenesis, but their
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m aturation and the formation o f synapses continues during postnatal life. The 

expression o f  fVn/3 is linked to the initial development o f the cell layer, starting at P6 

until it reaches a maximum level at P15, which coincides with phase II o f Purkinje 

cell m aturation as defined by Altman This is the period during which the 

formation o f  synaptic contacts between Purkinje cells occurs. Deletion o f  this gene 

in mice does not lead to malformation o f the Purkinje cell layer however. Instead, 

abnorm alities in axis formation, gastrulation and hair structure are observed 

The absence o f  cerebellar abnorm alities highlights the presence o f  functional 

redundancy, whereby another Wnt protein may act in place fVnfJ place, thereby 

reducing the levels o f disruption caused by the absence o f  one particular Wnt protein. 

W nt proteins can be divided and placed in two separate groups depending on their 

effect on cell transform ation (with regards to tum orogenicity); the transform ers 

(W N T l, WNT2, WNT3, WNT3a, W NT7a and W NT7b) and the non-transform ers 

(W NT4, WNT5a, WNT5b and WNT6). This raises the possibility o f  two distinct 

signalling mechanisms, with functional redundancy only occurring within the two 

groups.

fVntS gene expression is identical in mouse and human brain. In both cases the 

expression is restricted to the developing brain, including the telencephalic ventricles 

(including the developing hippocam pus), dorsal thalam us and regions o f  the 

posterior hypothalamus (mammillary and retromammillary regions). Interestingly, in 

humans the fVniS gene localises to chromosom e 10q24, a region that has shown 

linkage in families suffering partial epilepsy, which as stated in section 4.1.3 occurs 

at a higher frequency in individuals with autism. One genome wide scan in autism 

has highlighted the lOq region for linkage, although this did not remain significant 

after corrections for multiple testing

M utations in the frizzled receptors likewise cause brain abnormalities. Deletion o f 

the FzJ  gene causes a number o f  defects in mice. Variable loss o f the corpus 

callosum is observed in -/- mice. The -/- mice also exhibit com plete loss o f  the 

thalamocortical, corticothalamic, and nigrostriatal tracts o f the anterior commissure.
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The cell death occurs late in the gestation period, and may occur as a result of the 

almost complete absence o f long-range connection. Another possible mechanism 

causing the neuronal cell death may be the failure of the budding axons to polarize 

correctly, which leads to abortive axonal outgrowth Knockout mice for the Fz4 

gene also show brain abnormalities, in addition to inner ear and oesophagus defects. 

These abnormalities are only apparent in the postnatal life o f the Fz4 -/- mice (after 

2)̂ '̂  postnatal week). Before this time cerebellar cell proliferation, migration and 

aborization continue as normal. After three weeks however, granule cell death starts 

to occur, and this is eventually followed by Purkinje cell death

A downstream target of the Wnt pathway is the Engrailed 2 gene (En2). En2 is a 

homeobox gene that plays an important role in segmentation processes, neurogenesis 

and neuronal differentiation Deletion of the En2 gene causes cerebellar 

abnormalities to occur during embryogenesis. Delays in cerebellar fusion in mice 

are observed by 15.5 d.p.c (days post coitum), in addition to a decrease in the size of 

the cerebellum. Cerebellum abnormalities continue to develop postnatally, 

especially concerning fissure formation. Close examination o f the cerebellum 

reveals the loss of Purkinje cells, with a decrease in the number of granule cells 

Surprisingly, over-expression o f the En2 gene also leads to disruption of normal 

Purkinje cell development. When the En2 gene was ectopically expressed during 

late embryogenesis and postnatally, a 40% reduction in the number of Purkinje cells 

was observed in the cerebellum. This loss was distributed uniformly across the 

mediolateral axis. However, cells with the cerebellar fissures were most sensitive to 

this loss. The remaining cells appeared biochemically and morphologically normal, 

indicating that the majority (60%) o f Purkinje cells remain impervious to the 

persistent expression of En2 The E nl (2ql3) and En2 (7q36) genes are 64% 

homologous, and therefore it is not surprising that knockout mice for the E nl gene 

closely resemble En2 knockouts. The mid-hindbrain in E nl -/- mutants is the most 

severely affected but both animals show a decrease in cerebellum size, while E nl -/- 

mice also show defects in limb, sternum and rib development. En2 -/- mutants 

exhibit a greater decrease in size The difference in severity (i.e. size decrease)
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may arise for two reasons. Firstly, the two engrailed proteins may be functionally 

equivalent, with the Enl  mutant phenotype being attributed to defects arising at early 

embryonic stages, when Enl  but not En2 is not expressed. The other alternative is 

the two proteins are not functionally equivalent. E n l  may be responsible for the 

development and generation in mid-hindbrain cells, and E n l  may function later in 

cerebellum patterning. Expression of engrailed genes is maintained into adult life in 

the mid and hindbrain, and is crucial to the survival of mesencephalic dopaminergic 

(MeDa) neurons. Surprisingly, deletion of the engrailed genes (both E nl  and En2) 

does not prevent the initial development of the MeDa neurons. Embryos start to 

develop normally, with typical brain development including the development of 

MeDa neurons. However in the absence of normal engrailed expression the MeDa 

neurons die by apoptosis, leading to a large deletion of the mid and hindbrain 

structures and eventual death of mice after birth The effects of lack o f En2  

expression on a single cockroach neuron was examined by Marie et al The 

effects of En2 knockout were similar whether RNAi was added before or after the 

development o f the neuron, thereby showing the En2 functions post-mitotically. 

Abnormalities in axonal anatomy were observed, illustrating the importance o f En2 

to the control of axonal branching patterns

Deletion of the dishevelled {dvl) in mice does not lead to major brain abnormalities. 

Mice homozygous for the deletion were normal in development, growth, size and 

appearance. Deletion o f the gene was not unremarkable however. The adults 

showed abnormal social behaviour Whisker trimming is a social behaviour, 

which is common to both male and female mice. Dvl -/- mice had full sets of 

whiskers, and this absence of normal barbering was also associated with less social 

interaction. Homozygous mutant mice interacted with other mice less often, slept in 

random scattered patterns (in contrast to huddling like wild-type mice), and built 

shallower nests. Sensorimotor gating was also reported to be affected by the dvl 

mutation, with -/- mice showing significantly lower levels o f prepulse inhibition and 

responses to acoustic startle stimuli These results are an illustration of a gene 

that is involved in complex social behaviours, and defects in social interaction is a
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definable trait in autism. The importance of this fact highlights that developmental 

gene defects can cause subtle abnormalities in complex social behaviour and not just 

major structural brain abnormalities.

All these animal models exhibit alterations to the normal phenotype, which may be 

related to the autism phenotype. Numerous studies have highlighted Purkinje cell 

abnormalities in the cerebellums of affected individuals, with patients showing a 

decreased number o f Purkinje cells (see Palmen et al for a full review) Other 

reported cerebellar abnormalities include decreased nicotinic receptor levels in 

patients compared to controls . Similarly alterations in the limbic system have 

also been reported. A detailed review of several case reports based on the analysis of 

the brain sections o f six autistic individuals, highlighted that all 6 cases showed 

“increased cell packing density and reduced cell size in hippocampus, subiculum and 

amygdala, and although to a lesser extent, in entorhinal cortex, mammillary bodies 

and septal nuclei” . Taken together, there is sufficient animal model and 

neuropathological evidence to investigate the role that the Wnt pathway plays in 

determining the development of the autistic aetiology.

6.1.3 The Wnt2 Gene

Wnt genes are defined as genes with sequence homology to the homologues Wnt-1 

(in the mouse) and (in Drosophila). The minimum homology required is 18% 

(mean = 35%), but conservation o f a pattern of 23-24 cysteines is paramount for 

inclusion in the Wnt family. 19 Wnt genes have been identified in the human to date 

(see Miller et al, 2001 for further details) Wnt2 is located on chromosome 7q31,

is 46.06 Kb in length with five exons Transcription of the gene produces a

protein o f 360 amino acids long.

222



The Wnt2 gene was chosen as a model Wnt gene for analysis in the Wnt pathway for 

a number of reasons. Firstly, it is located on chromosome 7q31, a region in which
7 8  Q A  n n  o q

there has been a number of linkage reports in autism samples ’ ’ . Secondly, 

there have been a number of reports of cytogenetic abnormalities reported on this 

region of 7q, including one report in which a translocation breakpoint occurred in the 

gene {RAYl) proximal to the Wnt2 gene "3."4,486,487 ^ protein expressed in
" ) f \ \the brain, mainly in the thalamus region . Finally an association with autism and 

Wnt2 had been reported by Wassink et al . Wassink et al undertook a mutation 

screening experiment, and found 3 mutations (2 non-conservative missense 

mutations, 1 synonymous codon change), two o f which were only transmitted to 

affected individuals. One mutation (a C to T transition) caused an arginine, at 

position 299, to change to tryptophan. This mutation was found in a father and his 

two affected sons. The mutation was not found in the mother and was not 

transmitted to the two unaffected sons. It was also observed that the father did not fit 

the criteria for autism, but showed deficits in childhood conversation. His reading 

and speech were also impaired. A second mutation, in the signalling domain o f exon 

1, caused a leucine to arginine change (LeuSArg). This mutation was found in one 

mother and her two affected children, but not the father. Both of these mutations 

caused amino acid changes in regions of the gene that are highly conserved, and 

therefore likely to be o f functional significance to the protein. Wassink et al also 

examined the transmission of two markers, one in the 5’UTR and one in the 3’UTR, 

to probands diagnosed with autism. Transmission of the T allele of the 3’UTR SNP 

was found to be significantly greater than the transmission of the C allele, leading to 

a likelihood ratio of 22 (equivalent to value of 6.2, and corresponding p value of 

0.013).

6.1.4 The Frzb Gene

The Frzb gene lies on chromosome 2q31.2. It is 32.2 kb long, with 6 exons. 

Transcription of the gene produces a 36.3kDa hydrophilic protein of 325 amino
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acids. Com parison o f its amino acid sequence reveals that it has 4 domains, 

including 2 hydrophobic stretches in the 5 ’ region o f  the gene, one o f  which is 

hypothesised to be a signal domain, and a stretch o f  amino acids that contains several 

potential serine/threonine phosphorylation sites. The Frzb protein also has a 

cysteines-rich amino terminal domain, which shows similarity to the putative wnt 

binding domain o f frizzled receptors “***. Experimentation by Wang et al and Leyns 

et al showed that Frzb has the ability to interact directly with Wnt proteins (XwntS 

and W ntl), acting as a Wnt antagonist and thereby blocking Wnt signalling

A deletion study undertaken by Lin et al revealed that it is the cysteines rich domain 

o f  the protein that is required and sufficient for interaction with Wnt proteins 

Deletion o f  this domain led to the loss o f inhibitory action o f Wnt-1 resulting in the 

induction o f Xenopus embryonic axis duplication. This region o f  the protein has a 

predominantly alpha helical structure, with the cysteines forming disulfide bonds

Frzb is expressed in a number o f organs in the human. Its expression is strongest in 

the placenta and heart, with moderate expression in the brain, skeletal muscle and 

pancreas. It exhibits low level o f expression in the lung and liver In Xenopus 

embryos, /rz6 is also expressed during gastrulation in a region o f  the embryo called 

Spem ann’s organiser. This region induces the form ation o f  a new body axis, 

complete with notochord, neural structures and muscle. Given the expression o f  Frzb 

in the Spem ann’s organiser, it is possible that frzb is involved in modulating neural 

cell fate or endodermal cell fate in addition to its likely roles in the mesoderm

The Frzb gene was chosen to be analysed due to its location on chromosome 2q. It is 

one o f a number o f genes, which has shown to be contained in a region in a patient in 

our study, patient KM, that has been translocated to chromosome 9q31 There 

have been a number o f  linkage studies reporting association with this region (see 

Section 5.1.1 for further details). As an antagonist to Wnt activity, it is also worthy 

o f investigation.
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6.1.5 The Dishevelled Gene

The dishevelled gene {DVL) has been mapped to lp36, is 14.102kb in length with 15 

exons The DVL protein is 670 amino acids in length and has a molecular weight 

o f  72.893kDa. The human form o f the protein is 92% identical to the mouse Dvl 

gene. Like its Drosophila counterpart, it encodes a cytoplasmic phosphoprotein that 

has a role in cell proliferation, and developmental regulation. Pizzutti et al found 

expression o f  this gene to be strongest in adult skeletal m uscle and pancreas. 

M oderate expression was also reported in the heart, with expression noted in the 

adult brain, placenta, lung, liver and kidney

Expression in the brain was further examined by Rosso et al Expression was 

reported in mouse hippocampal neurons, especially w ithin the cell bodies and 

neurites o f the neurons. Dvl expressing neurons were shown to have a more 

elaborate dendritic aborization pattern compared to controls. Deletion o f  the PDZ 

region (a protein-protein interaction domain) o f the D vl gene led to fewer secondary 

and tertiary axonal branches in com parison to controls. Exam ination o f  the 

hippocampal neurons in the Dvl -/- mice with social behavioural problem s revealed 

that these mice had mild defects in primary axon branching and substantial defects in 

secondary and tertiary axonal branching. The social problem s observed in these 

mice included an absensce o f whisker trimming and barbering, decreased social 

interaction with other mice, and abnormal sleeping and nesting behaviour (the 

knockout mice preferring to sleep in scattered random patterns in shallow nests as 

opposed to huddling in deep nests with other mice) Rosso et al concluded that 

Dvl plays an important role in dendritic aborization, and sends its signal through the 

Wnt non-canonical pathway via Ras-related C3 botulinum toxin substrate (Rac) and 

the jun-terminal kinase (JNK)

The Dvl gene makes a good candidate for autism based on a number o f observations. 

Firstly, the knockout model for Dvl shows social and behavioural characteristics that

225



may be similar to the autistic phenotype Decreased dendritic branching has been 

reported in the hippocampus in an individual with autism

6.1.6 The EN2 Gene

The Engrailed 2 {EN2) gene is a small gene located on chromosome 7q36.2 it

is 2 exons long with one intron, and is 3.3kb in length. The protein produced by 

transcription is a homeobox protein 333 amino acids in length with a m olecular 

weight o f 34210 Da. The human form o f EN2  is 100% identical to the mouse form, 

indicating that evolution has acted to conserve the sequence o f this gene. Expression 

o f  the gene has been reported in both foetal and adult brain In Drosophila the 

EN2 protein acts as a developmental gene involved in the segm entation process, 

where it is required for the fonnation o f the posterior compartment.

EN2  is one o f the downstream target genes activated by the Wnt pathway Its 

inclusion in this study o f  the Wnt pathway was based on a num ber o f  criteria. 

Firstly, an early study reported the association o f the EN2  gene with autism in a 

sample o f 100 French patients suffering autism Secondly deletion o f this gene in 

mice leads to cerebellar abnormalities, including a decreased num ber o f  neurons in 

the cerebellum and gross structural changes in the cerelellar structure These

both show similarities to the neuroanatomical observations in individuals with autism 

(see Section 1.1.4). Finally, there has been a num ber o f  reports o f  suggestive
• ftO 70 8 ̂  101

evidence for linkage to this region o f  chromosome 7 ’ ' . All these reasons

make EN2  an interesting candidate gene for autism within the Wnt pathway.
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6.1.7 Aims

The aims o f this study were two fold.

1) Firstly, to attempt to replicate the findings o f Wassink et al by screening 

for mutations within the gene, and testing the transm ission o f  a num ber o f 

variants to affected individuals. An attem pted replication o f  Petit et al 

association between autism and the EN2 gene will also be undertaken

2) Secondly, to test known polymorphisms for association with autism in 4 

genes involved in the Wnt pathway, WNT2, FRZB, DVL and EN2.
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6.2 Material and Methods

6.2.1 Mutation Screen of Wnt2 Gene

All affected probands were screened by SSCP (see Section 2.2.5.1) for the mutations 

reported in exons 1 and 5 by Wassink et al The fragments spanning the mutation 

were am plified by PCR, for conditions and prim er inform ation please refer to 

Appendix II, sections 1.1 and 1.2.

6.2.2 Genotyping of SNPs

Three WNT2 SNPS were commercially genotyped by K-bioscience. They included a 

SNP 219bp 5’ o f  the gene (rs39315), a SNP in intron 3 (rs2285545) and a SNP in the 

3 ’UTR region o f the gene (rs2024233).

Eight FRZB  SNPs were chosen to span the gene. The choice o f SNPS was based 

prim arily on w hether they caused a non-synonym ous change, and w hether the 

polymorphism had been confirmed sufficiently common in other populations. Two 

SNPs fulfilling this criterion were found (rs7775 and rs288326). Rs288326 is a G/A 

SNP, which leads to a tryptophan amino acid changing to an arginine (amino acid 

number 200). Its heterozygosity value is 0.145518. The SNP rs7775 causes amino 

acid 324 to change from a Glycine to Arginine as a result o f  a G to C nucleotide 

change and has a heterozygosity value o f  0.18795. The remaining 7 SNPs (rs288324, 

rs2242070, rs722738, rs2118590, rs6433993 and rsl0206992) are all intronic SNPs, 

with an average inter-marker distance o f 3868bp and average heterozygosity value o f 

0.424. All o f the above markers were genotyped commercially by K-bioscience.
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Four DVL  SNPs were selected for allelic transm ission analysis. They included a 

SNP that mapped within 2kb o f  the 5 ’ o f the gene (rs307354), and three intronic 

SNPs (rs307371, rs307359 and rs307356). The average inter-marker distance was 

-5 .6  kb, w ith an average heterozygosity value o f  0.27. PCR and genotyping 

information can be found in Appendix II, sections 1.1 and 1.2.

Five EN2  SNPs were genotyped for association with the E N 2  gene with autism. 

They included the four SNPs reported in the Gharani paper (rs3735653, rsl861972, 

rsl861973 and rs2361689) An additional 2 SNPs were included, one 383bp 5’ o f 

the gene (rs3757846), and another, rsl 861958, which was 399bp 3’ o f the gene. All 

markers were genotyped using the SNaPShot method o f  allele discrim ination (see 

Section 2.2.4.3, and Appendix II, sections 1.1. and 1.2, for information).

6 ,2 .3  S t a t is t ic s

All markers were tested for Hardy-W einberg equilibrium. Deviation from expected 

allelic and haplotype transm issions were tested using the TDT test (See Section 

2.3.1.2) and UNPHASED (see Section 2.3.1.3.2) respectively.
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6.3 Results

6.3.1 W NT2Gene

All markers were tested for and found to be in Hardy-W einberg equilibrium.

6.3.1.1 LD St r u c t u r e

The extent o f  linkage disequilibrium was measured by D ’ values. M oderate LD was 

found to exist between rs39315 and rs2285545 (D ’ = 0.76). No LD was found to 

exist between rs2285545 and rs2024233 (D ’ = 0.09) (see Figure 6.3).
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Figure 6.3 LD M e a s u r e m e n t s  W i t h i n  T h e  W /\t2  G e n e .  LD measurements are 

in the form o f D ’ values, and are measured by the programme, Haploview. Moderate 

to strong LD was found to exist between the marker 5 ’ to the gene and the intron 3 

marker (rs2285545) (markers 1 and 2). The marker in the 3 ’UTR o f the gene was not 

in LD with either o f the two remaining markers.
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6.3.1.2 T D T  A na ly sis

Screening o f  exons 1 and 5 o f  the gene did not reveal the presence o f  any m utations. 

TD T testing o f  the three m arkers, rs39315 (219bp 5 ’ o f  gene), rs2285545 (intron 3) 

and rs2024233 (3 ’U TR ), revealed  over-tran sm ission  o f  the C a lle le  o f  m arker 

rs2024233. The G allele was transm itted 71 tim es in com parison to 50 transm issions 

o f  the A allele. T ransm ission o f  alleles from  th is m arker produced  a value o f  

3 .663 , and a p value o f  0 .0556 , w hich  did no t reach  the level o f  s ta tis tica l 

sign ificance  (p-value > 0 .05), see Table 6.2 fo r fu rther details . A no ther trend 

tow ards significance was observed w ith the m arker 5 ’ o f  the gene, rs393315, with 79 

transm issions o f  the C allele com pared to ju st 63 transm issions o f  the T allele. This 

produced  a value o f  1.807 and p value o f  0 .1789. N o d isto rtions in allelic 

transm issions were observed for the intronic m arker, rs2285545 (p value = 0.7257).

M arker Allele Transm itted Not

Transm itted

OR x" p value

rs39315 C 79 63 1.25 1.807 0.1789

rs228545 C 67 63 1.06 0.1231 0.7357

rs2024233 G 71 50 1.42 3.663 0.0556

T a b le  6.2 R e s u l t s  O f T D T  T e s t i n g  O f J fTV ri A l l e l i c  V a r i a n t s . M arkers 

show ing a trend tow ards significance (at the p < 0.05 level) are h ighlighted  in light 

yellow .
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6.3 .1 .3 H a p l o t y p e  A n a l y sis

T ransm ission  o f  haplotypes w as also investigated  using the U N PH A SED  

programm e. No significant transm issions o f any haplotypes were observed, see 

Table 6.3 for more detail. H owever, there was a trend tow ards increased 

transm ission o f the C-A haplotype o f markers rs39315 and rs2285545, leading to an 

OR o f 2.5 and p value o f 0.0784. The global and p value for the above marker did 

not reach the threshold for significance.

Markers Alleles

showing

excess

transmission

Transmitted Not

Transmitted

Global Global p- 

value

rs39315-

rs2285545

C-A 15 6 4.294 0.2314

rs2285545

rs2024233

A-G 36 23 4.7596 0.1903

T a b l e  6.3 R e s u l t s  O f H a p l o t y p e  T e s t i n g  O f WNT2 V a r i a n t s .  There was no 

significant distortion in allelic transmissions with the markers genotyped in the Wnt2 

gene. Haplotype testing was carried out using the UNPHASED programme. Details 

for the haplotypes with the highest ORs are presented in this table.
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6.3.2 FrzbGene

All markers were tested and found to be in Hardy-Weinberg Equilibrium.

6.3.2.1 LD Measurements

D ’ values were calculated and haploblocks (according to the definition o f  a 

haploblock as stated by Gabriel et al were constructed using the Haploview 

programme. High levels o f LD were found to exist within the 5 ’ region o f  the gene 

(see Figure 6.4). A haploblock comprising o f 5 markers, ranging from the beginning 

o f intron 1 to the beginning o f intron 3, o f length 23kb was found to exist. High LD 

was also shown to exist between rs2242070 (in intron 3) and rs288326 (in exon 4), 

with a D ’ value o f 0.91. High LD was also apparent between rs288326 and rs288324 

(in intron 5) (D ’ = 0.95). The final marker in the gene, in exon 6, was found not to 

be in LD with any o f the previously mentioned markers (see Figure 6.4).
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F i g u r e  6 . 4  M e a s u r e s  O f  L D  A n d  P r e s e n c e  O f  H a p l o b l o c k s  W i t h i n  T h e  

F r z b  G e j ^ e .  LD is measured using the D ’ statistic and calculated using the 

Haploview programme.

6.3.2.2 TDT Analysis

All markers were tested for significant distortions in allelic transmissions. A 

significant trend towards over-transmission o f  the G allele o f  marker rs288326 was 

observed (x = 3.994, OR = 1.71, p value = 0.04566). This is a synonymous 

transition in exon 3 that leads to the production o f  an arginine residue (G allele), a 

basic amino acid, or a tryptophan residue (A allele), an aromatic amino acid.
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Increased transmission of the G allele may therefore be of functional significance 

and related to the development o f the autistic phenotype. The marker located 

proximal to this (rs2242070), located at the end of intron 3, also showed significant 

association with autism. There was increased transmission of the G allele to affected 

probands (69 transmissions versus 41 non-transmissions), leading to a value of 

7.206, OR of 1.68 and corresponding p value of 0.007265. The remaining markers 

showed no evidence of over-transmission to probands, see Table 6.4 for more details.

Marker Allele Transmitted Not

Transmitted

OR k! p value

rs 1020699 G 59 51 1.16 0.5823 0.4454

rs6433993 G 63 49 1.29 1.755 0.1853

rs2118590 C 68 67 1.01 0.007 0.9314

rs722738 C 63 55 1.15 0.5428 0.4613

rs2242070 G 69 41 1.68 7.206 0.0073

rs288326 G 36 21 1.71 3.994 0.0457

rs288324 G 65 61 1.07 0.127 0.7216

rs7775 G 19 14 1.35 0.7605 0.3832

Table 6.4 TD T T e s t in g  O f  F r z b  M a r k e r s . Those markers highlighted in yellow 

and bold show significant association with autism. The ORs calculated per marker 

are for the over-transmitted allele in each case.

6.3.2.3 Transmission of Frzb Haplotypes

Transmission distortion of haplotypes was tested using the UNPHASED programme. 

Two haplotypes showed significant transmission distortion to affected probands. In 

a fashion similar to the TDT results, the two significant haplotypes contained
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rs2242070 and rs288326. O ver-transm ission o f the C-G haplotype o f  markers 

rs722738 and rs2242070, spanning exon 3 showed significant association with the 

probands, = 10.28, OR = 1.86 and p value o f 0.0163. The over-transm ission o f 

the haplotype from rs2242070 to rs288326, which includes most o f  intron 3 and 

exon4, was significantly associated with autism also. Increased transm ission o f the 

G-G form o f the haplotype resulted in an OR o f 2.29 for individuals with autism. 

The global o f this haplotype is 14.92, with a corresponding p value o f 0.0019. 

The transmission o f all other haplotypes was deemed to be non-significant (see Table 

6.5).

Markers Alleles

showing

excess

transmission

Transmitted Not

Transmitted

OR Global Global

p-value

rs 10206992- 
rs6433993

T-A 39 31 1.26 2.595 0.4584

rs6433993- 
rs2118590

G-T 42 32 1.31 2.061 0.3567

rs2118590-
rs722738

C-C 47 36 1.31 2.267 0.322

rs722738-
rs2242070

C-G 39 21 1.86 10.28 0.0163

rs2242070-
rs288326

G-G 71 31 2.29 14.92 0.0019

rs288326-
rs288324

G-G 50 41 1.22 4.758 0.1904

rs288324-
rs7775

A-G 9 4 2.25 2.015 0.5692

T a b le  6 .5  T r a n s m is s io n  O f  F r z b  H a p l o t y p e s .  Transmission o f  haplotypes was

tested using UNPHASED. Significant Transmission are highlighted in yellow and 

bold, and involve the two markers that showed significant transm ission in the TDT 

test. i.e. rs2242070 and rs288326. Details are given in this table for the allelic forms 

o f the haplotype that generated the highest OR.
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6 . 3 .3  D i s h e v e l l e d  G e n e

All markers were found to be in Hardy-Weinberg equilibrium.

6.3.3.1 LD S t r u c t u r e

The strength o f LD was measured throughout the gene. Strong LD was observed 

from the region covered by markers rs307356 (in intron 1) to rs307354 (located 

6.12kb distal to the gene) (see Figure 6.5). D’ values range from 0.67, between 

rs307359 and rs307354, to the markers being in complete linkage disequilibrium 

(markers rs307356 -rs307354, and rs307356-rs307359). There w asn’t the 

occurrence of a haploblock as defined by Gabriel et al '̂ '̂as the lower boundary for a 

95% confidence interval must be 0.7. In this case it was 0.67, see Figure 6.5 for 

further information.
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F i g u r e  6 .5  LD M e a s u r e m e n t s  W i t h i n  D V L  G e n e .  Strong LD is found to exist 

th roughout the gene. LD w as m easured using the D ’ statistic  in the program m e 

Haploview .

6.3.3.2 TDT T e s t in g

A lle lic  tran sm issio n s w ere analysed  by the T D T test, w h ile  tran sm iss io n  o f  

haplotypes w ere analysed by the U N PH A SED  test. TD T testing revealed that the G 

allele o f  m arker rs307354 is significantly over transm itted  to probands w ith autism , 

producing  a value o f  5.28 and p value o f  0.02155 (see Table 6.6 fo r further 

inform ation). No further distortions in allelic transm ission were uncovered.
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Marker Allele Transmitted Not

Transmitted

OR p value

rs307356 C 10 6 1.011 1.67 0.3147

rs307359 G 18 13 0.81 1.38 0.3681

rs307371 C 12 11 0.044 1.09 0.8348

rs307354 G 26 12 5.281 2 .17 0 .0216

T a b le  6 .6  R e su l t s  O f T D T  T estin g  O f  DVL  A ll e l ic  V a r ia n t s . One marker in 

the dishevelled gene (rs307354) showed significantly increased transmission o f the G 

allele to affected offspring, highlighted in yellow and bold.

6 .3 .3 .3  T r a n s m i s s i o n  o f  H a p l o t y p e s

Transmission o f two marker haplotypes was also investigated. Excess transmission 

o f a G-C haplotype (markers rs307354-rs307371) was found to occur, leading to a x  

o f  3.642 (p value = 0.03).

Markers Alleles

showing

excess

transmission

Transmitted Not

Transmitted

OR Global Global

p-value

rs307356-
rs307359

C-G 17 9 1.89 4.901 0.17

rs307359-
rs307371

C -G 13 7 1.86 8 .318 0.0398

rs307371-
rs307354

C-G 15 9 1.67 3.642 0.3027

T a b le  6 .7  R e s u l t s  O f H a p l o t y p e  T e s t i n g  l ^ D V L  G e n e . Distorted 

transm ission o f  rs307359-rs307371 is reported here. Haplotype testing was carried 

out using the UNPHASED programme.
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6.3.4 E N 2 G ene

All m arkers were tested for H ardy-W einberg Equilibrium . D espite num erous 

attempts to amplify and genotype marker rs3735653, it remained in Hardy-W einberg 

disequilibrium (p value = 0.0282), with an increased frequency o f TT homozygotes 

and decreased frequency o f CT heterozygotes. It was therefore excluded from all 

subsequent analysis.

6.3.4.1 LD Structure

The strength o f LD throughout the EN2  gene was low. Only two markers, both 

located only 152bp apart, were shown to be in strong LD (see Figure 6.6). The 

remaining markers, 5’ o f the gene, in exon 2, and 3’ o f  the gene were not in LD with 

any other marker (0.10 < D ’ < 0.74).
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F igure 6.6 L D  M e a s u r e m e n t s  I n EN 2 G e n e .
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6 3 .4.2 T D T  A n a l y s is

TDT testing revealed a non-significant trend towards association o f the C allele o f 

m arker rs3757846, which is located 2.6kb from the first exon o f  the EN2  gene. 

There were 51 transmissions o f the C allele versus only 36 non-transmissions from 

heterozygous parents. This produced an OR o f  1.42 and p value o f  0.107. There 

were no other transmission distortions using any o f  the other markers in the En2 gene 

(see Table 6.8).

Marker Allele Transmitted Not

Transmitted

OR x" p value

Rs3757846 C 51 36 1.42 2.599 0.107

R s1861972 A 55 49 1.22 0.3463 0.556

R s1861973 T 37 36 1.03 0.014 0.907

Rs2361689 T 66 53 1.25 1.423 0.233

Rsl861958 A 22 14 1.57 1.793 0.1806

T a b l e  6.8 R e su lt s  O f T D T  T es ti ng  I n £ 'A ^ 2 G e n e . A non-significant trend 

towards association was found with marker rs3757846. This however did not reach 

the threshold o f significance (p value < 0.05). It is highlighted in light yellow.

6.3 .4.3 H a p l o t y p e  T e s t i n g

In a fashion similar to the transm ission o f  single m arkers, there was only one 

haplotype that showed a trend tow ards significance. Once again it involved 

rs3757846, this tim e in conjunction with rs l8 6 1 9 7 2 , resulting in the over­

transm ission o f the C-A allele (OR = 1.59, p value = 0.102). It did not reach the
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threshold o f significance at p value < 0.05. No other 2-marker haplotypes showed 

evidence o f association with autism (see Table 6.9).

Markers Alleles

showing

excess

transmission

Transmitted Not

Transmitted

OR Global Global

p-value

rs3757846- 

rs 1861972

C-A 43 27 1.59 6.200 0.102

rsl861972- 

rs 1861973

A-C 22 19 1.05 5.625 0.131

rsl861973-

rs2361689

C-C 21 16 1.31 1.915 0.590

rs2361689-

rsl861958

T-A 43 27 1.59 4.771 0.189

T a b l e  6 .9  T r a n s m i s s i o n  O f  H a p l o t y p e s  In  EN2 G e n e .
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6 .4  D is c u s s io n

6.4.1 WNT2GENE

This study presents evidence for a trend towards association with the G allele o f 

rs2024233 in the 3 ’UTR o f the WNT2  gene with autism (see Section 6.3.1). This 

result is a replication in part o f W assink’s original report, which also found an 

association with this SNP in a sample o f patients with autism . H owever our 

association was due to the over-transmission o f  the G allele o f  this SNP as opposed 

to the A allele (reported as a T on the forward strand) reported by W assink et al. 

A nother association study o f  the WNT2  gene undertaken by Li et al, found no 

significant association with either allele o f this SNP, but over-transm ission o f the G 

allele was also found In Wassink et a l’s original study, the association reported 

was almost exclusively due to a subgroup o f individuals with language impairments 

In our study and the study by Li et al, subgroup analysis was not undertaken. 

This is due to the difficult nature o f classifying individuals based on the qualitative 

nature o f language impairments. Therefore it is possible that we both may have 

missed true replication o f the original report. A study by McCoy et al performed an 

association test o f  the two original SNPs (rs39315 and rs2024233) in an overall 

sample that was subsequently divided into two groups, one presenting with language 

im pairm ent, and the other presenting with no language im pairm ent N either 

group, nor the overall sample showed any evidence for association with autism. 

None o f the groups, nor in our sample, reported the occurrence o f the two original 

mutations in exons 1 and 5 it is therefore unlikely that these original two

mutations make a common contribution to the development o f autism. It remains a 

possibility that the associations in the 3 ’UTR region in both our study and the study 

by Wassink et al are chance findings Replication by other groups and subgroup 

analysis for speech and language impairments may help better explain the role o f the 

WNT2  gene in autism or highlight the associations m entioned above as chance 

findings.
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6.4.2 F rzb  G ene

To date there have been no reports o f association studies or otherwise with the FRZB  

gene and autism. This is a little surprising, as it is located on a region o f  

chrom osom e 2q31-33 that has shown evidence o f  linkage to autism (see Section 

5.1.1). As an antagonist to the Wnt proteins (see Section 6.1.4), and therefore a 

possible m odulator o f  the Wnt pathway, it presents as a good candidate gene for 

autism. Within our Irish sample, we found association with a functional mutation in 

exon 4 (rs288326). Occurrence o f  the G allele leads to the insertion o f an arginine 

amino acid (hydrophilic with a strong positive charge), whereas occurrence o f the A 

allele leads to insertion o f a tryptophan amino acid (larger hydrophobic amino acid 

with no charge). This non-synonym ous transition could lead to potentially  

deleterious effects in the protein. However in the Irish sample reported here, the 

more common allele (G) is transmitted to affected probands. Therefore, it is possible 

that this mutation here is in LD with another mutation elsewhere in the gene, and is 

merely a “marker” and not o f  functional significance in this case. A more significant 

association with autism using another marker, which is more proximal to rs288326, 

supports this. Another marker in intron 3, rs2242070, showed strong association 

with autism, as a result o f over-transm ission o f  the G allele, resulted in an OR o f 

1.68 and p value o f 0.0073 (see Section 6.3.2.2). Haplotype analysis involving this 

m arker also led to significant associations (see Section 6.3.2.3). The haplotypes 

associated with autism span exon 3 (rs7722738-rs2242070) and include the non- 

synonymous transition in exon 4 (rs2242070-rs288326) having ORs o f 1.86 (p value 

= 0.0163) and 2.29 (p value = 0.0019) respectively.

6.4.2 D vl  G ene

Expression o f the DVL  gene in the hippocampal regions o f  the brain its effect on 

dendrite branching, and the social and behavioural deficits in knockout mice for the 

Dsh  gene makes the D V L l  gene an interesting candidate gene for autism. There 

have been no association studies investigating the role o f this gene in autism to date.
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In the Irish sample described here, there was increased transmission o f  the G allele o f 

marker rs307354, which is located 6.2kb distal to the D vll gene. Over-transmission 

o f  this allele led to an OR o f 1.86 (p value = 0.02), which is ju s t w ithin the 

boundaries o f  statistical significance. A haplotype involving rs307359-rs307371 

(spanning all exons except exons I and 15) showed a significant trend towards 

association with autism, having a p value o f 0.04 (see Section 6.3.3.3) and OR o f 

1.86. Both o f these results indicate that there may be functional variants within this 

gene predisposing to autism. Unfortunately the low heterozygosity o f  the markers 

used (the only markers with heterozygosity inform ation at the time o f  choosing 

SNPs), ranging from 0.26 to 0.38, may not be powerful enough to detect association 

with other unknown functional mutations within the gene. Replication by other 

groups and also increased mapping o f this region may be beneficial in eliminating 

the chance o f a false-positive result, and highlighting regions o f the gene harbouring 

potential functional mutations.

6.4.3 EN2 G e n e  & A u t i s m

The results presented here, do not suggest a conclusive association for En2 and 

autism. Replication o f the study by Gharani et al, who found an association with 

autism with two markers in the intron o f EN2 (rs 1861972 and rs 1861973), did not 

occur In our sample there was no distorted transm ission o f  either o f these 

markers (see Table 6.8). A trend towards association o f  the C allele o f  m arker 

rs3757846 did occur, but this did not reach the accepted level o f  significance (p 

value < 0.05), see Section 6.3.4.2. Interestingly, this m arker is close (~500bp) 

proximal to a P vu ll polymorphism with the MP-4 probe originally reported by Petit 

et al Due to the low level o f LD between markers, also identified by Gharani et 

al it is not possible to exclude the presence o f functional mutations within the 

exons and were captured by other markers in LD with them. A study by Zhong et al 

failed to find any association using TDT testing and linkage using non-param etric 

sib-pair analysis with rs3735653 in a sample o f  204 AGRE families It is unclear
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why there are discrepancies between these studies. It is possible that the findings of 

Petit et a! and Gharani et a! are false positives it is also possible that any

underlying association is resistant to replication in differing populations due to either 

lower effect size or allelic heterogeneity.

In the four Wnt pathway genes examined here, there were 3 significant associations 

and one trend towards significance in a total o f  17 markers tested. Given a false 

positive rate o f  5%, the chance o f  all three o f these markers being false positive 

findings is 0.000125. Therefore, while not impossible, it is unlikely that all o f  these 

findings are false positives. The evidence supporting the Wnt pathways involvement 

in the developm ent o f autism comes from a wide range o f  studies, from genetic 

association studies to mouse knockout experiments (see Section 6.1.2). The analysis 

presented here also supports the involvement o f the some o f  the genes in the Wnt 

pathway. Many more genes in this pathway remain to be tested, including the 

WNT], WNT3 and WNT8 genes, all o f  which play a role in the development o f  the 

cerebellum . A collaboration betw een Dr. M D eR iggi-R itchie o f  V anderbilt 

U niversity, Tennessee, is currently underway to test if  gene-gene interactions 

between the variants tested above are important in autism. Dr. DeRiggi-Ritchie is 

adapting the Multifactor-Dimensionality Reduction method (MDR), which is used to 

identify possible gene-gene interactions in case-control studies, for use with pedigree 

data. M DR is a non-param etric and genetic m odel-free alternative to logistic 

regression for tetectiong and characterizing nonlinear interactions among genetic and 

environm ental attriubutes. Prelim inary analysis indicates that there may be an 

interaction rs307371 { D V L \  r s l 861973 {EN2)  and rs722738 {FRZB).  However, 

further testing, analysis and simulations o f this method are required to ensure that the 

new MDR method is reliable to test for such interactions.
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C hapter  7

G eneral D iscussion

247



7.1 Aims and Findings

This thesis describes an investigation o f the role o f  genetic factors in the aetiology of 

autism, a highly heritable, complex neuropsychiatric disorder o f childhood. The aim 

o f the work was to:

1) To identify a number o f potential candidate genes for autism using evidence 

from inter alia, published linkage findings and candidate gene studies 

(Section 1.3).

2) To investigate these candidate genes, using a range o f  approaches, including 

genetic association studies, mutation screens, protein activity measurements, 

collaborations with other groups and gene-gene interaction tests (see Section 

1.5).

ITGA4, DBH,  two genes in the serotonin system (the serotonin transporter and 

TPH2)  and 4 genes in the Wnt pathway (WNT2, FRZB, D V L l  and E N 2)  were 

identified as prospective candidate genes for autism and investigate further using the 

approaches mentioned above.

7.1.1 Findings

The literature has been conflicting regarding the possible role o f  the serotonin 

transporter in autism. A number o f groups have found genetic association with the 

long promoter allele, other groups have reported associations with the short promoter 

allele and some found no association with either allele (see Section 3.1.4 for details). 

In the Irish sample, association with the short promoter was found, in addition to a 

number o f  haplotypes (see Sections 3.3.1.2 and 3.3.1.3). However, it remains 

possible that this association, and the others m entioned above are merely false 

positive results. A jo in t analysis o f  11 published reports containing inform ation 

regarding the transm ission o f  prom oter alleles to affected  indiv iduals was
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undertaken. Overall, there was non-significant increased transm ission o f the short 

prom oter allele to affected offspring (see Section 3.3.1.5). Thus, in the sample o f  

individuals with autism as a whole, the serotonin transporter does not appear to play 

a consistent aetiological role. Further work is required to determine if  this might be 

associated with particular clinical characteristics.

Another gene in the serotonin system, tryptophan hydroxylase 2, has also been 

proposed as a potential candidate gene for autism by Coon et al Both the Irish 

sample and the sample described by Coon et al showed association with a marker 

located in intron X, rsl 1179000, although associations were with different alleles. 

The difference in design o f  both studies (case-control versus family design based 

study) means that the results are not directly comparable (see Section 3.4.1.2). The 

validity o f  these results remains to be determined.

Dopamine is a ubiquitous neurotransm itter in the CNS, and abnorm alities in its 

concentration, and that o f related enzymes and its metabolites has been reported in 

autism, including dopamine beta hydroxylase (DBH) (see Section 4.1.1). A striking 

and highly significant reduction in DBH activity in plasma from probands compared 

to their parents or to population controls (see Sections 4.3.3 and 4.3.4). These 

decreases were not due to the over-transm ission o f  “ low activity” alleles and/or 

haplotypes. Regression analysis indicated that the variants studied played a 

significantly smaller role in determining DBH activity in probands compared to their 

parents (see Section 4.4.5). Possible explanations include m utations/variations in 

other genes, leading to the dow nstream  effect o f  decreasing DBH activity, or 

environmental or developmental switches (see Section 4.4.6).

A number o f  reasons (reword) led to the investigation o f  the Integrin alpha 4 gene 

(ITGA4) as a candidate gene for autism, including linkage studies, fine-mapping o f 

the surround region o f chromosome 2q in a patient with a translocation in this region 

and a literature search (see Section 5.1). Dense SNP m apping o f  the gene was 

undertaken, and statistical testing revealed significant over-transm ission o f  markers
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(rs3770112) and haplotypes close to exons 16 and 17 (see Sections 5.3.3 and 5.3.4). 

Mutation screening o f exon 16 identified a possible splice site variant, rs 12690517, 

which was also significantly over-transmitted to probands with autism (see Section 

5.3.5). An attempted replication study in two other samples, AGRE and Vanderbilt 

samples, was also carried out. The AGRE sample provided support for the original 

findings in the Irish sample (see Sections 5.3.6.2 and 5.3.6.3). The Vanderbilt 

sample also showed significant over transm ission o f  variants and haplotypes (see 

Sections 5.3.6.2 and 5.3.6.3). However these were different to those in the Irish 

sample. A jo int analysis o f the three samples combined indicated significant over­

transmission o f the C allele o f rs3770112, and the haplotypes spanning exons 16 and 

17 (see Section 5.3.6.5). A reason for the differences in haplotypes associated with 

autism may be that there are multiple risk haplotypes (see Section 5.4.4). Further 

replication o f  the work presented here is essential.

Finally, four genes in the Wnt pathway, WNT2, FRAB, DVL  and EN2, were tested 

for association with autism based on their roles in brain developm ent, in mouse 

models exhibiting social interaction deficits, in cytogenetic locations and in previous 

reports o f  associations in sam ples diagnosed w ith autism  (see Section 6.1). 

Statistical associations (at the p < 0.05 level) were found with variants in the FRZB  

and DVL  genes (see Section 6.3). These associations, in addition to evidence from 

other sources (see Section 6.1.2) highlight the potential importance o f  these genes, 

and the possible role o f the Wnt pathway in the development o f autism.
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7.2 Strengths and Limitations

7.2.1 Strengths of this Study

7.2.1.1 Irish Sample

A scertainm ent o f  an appropriate sam ple is the most crucial step in a genetic 

association study. The ideal sample for a genetic association study is one that is 

clinically and genetically homogenous, definitively diagnosed for the phenotype 

being exam ined, large enough in size to detect associations with low frequency 

variants and variants that result in moderate ORs, and finally be drawn at random 

from the total population o f  individuals with the phenotype in question (excludes 

bias). In reality the collection o f  the ideal sample is unachievable. However, even 

modest deviations from the above desired characteristics could be accommodated in 

most studies.

The location o f Ireland, an island on the periphery o f Europe, and its social history o f 

lim ited m igration into the country, provides a population that is considered 

genetically quite homogenous. A number o f studies have reported d in e s  in genetic 

diversity that peak in Western Europe, including the “h g l” Y chromosome haplotype 

the Q188R mutant allele in transferase-deficient galactosaem ia and blood
522group O . Scandanavian mutations causing hyperphenylalaninaemia, mediated by 

Viking incursions from North Western Norway, account for 6.1% o f mutant alleles
• • • 523detected in an Irish sample diagnosed with hyperphenylalaninaem ia . The Ulster 

region o f  Ireland, unlike the rest o f Ireland, shows a high genetic sim ilarity to 

Scotland. Scottish mutant hyperphenylalanaemia mutations accounted for 46% o f all 

mutations detected in Ulster. This is as a result o f the Ulster-Irish settelements (3'̂ '* to
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5'*’ century AD), Viking settelement and exchange between W estern Scotland and 

Ireland (8"’ to 12”' century) and immigration from Scotland in the Plantation o f Ulster 

(17'’’ century) Since the potato famine in Ireland (1845-1849) there has been a 

constant migration out o f the country, resulting in genetic drift and gene flow out o f 

the country. Until the last 15 years, there has been little to no migration into the 

country. As a result, the Irish population may possess less genetic variation than 

other more m ulti-ethnic countries (e.g. the USA and UK). A hom ogenous 

population may have fewer susceptibility loci, with potentially higher ORs, than 

more genetically heterogeneous populations This may aid in the search for 

autism susceptibility genes.

In any complex disorder, there are difficulties in sample collection, definition o f 

phenotype and measurement o f the traits involved. As autism is a relatively rare 

disorder, there is already a lim itation on the collection o f  the sam ple. The 

ascerta inm en t and pheno typ ic  m easurem ent o f  sam ples fo r ana ly sis  in 

neuropsychiatric disorders is costly, time consuming and requires individuals who 

are specifically trained to evaluate the phenotype being investigated. There are also a 

number o f necessar>' ethical restraints involved in dealing with a neuropsychiatric 

childhood disorder. As stated in the introduction, it is likely that there are a number 

o f functional variants in genes that have a relatively small effect in their own right. 

It is the accumulation o f and/or interaction between these variants that leads to the 

development o f  autism. Large samples are required to detect these variants. The 

Irish sample used in this study is a relatively large and homogenous and thus is a 

valuable resource for the purpose o f genetic association investigations. Despite this, 

definitive results are difficult to obtain. This is due to the com plex nature o f  the 

disease, and the likely small effect size o f  susceptibility genes. As stated in the 

introduction (Section 1.2.3), autism is very likely a multi-gene disorder, with up to 

15 or more genes involved in the development o f the autistic aetiology. Therefore, it 

is unsurprising that definitive results require studies with very large num bers o f 

affected individuals. The collaboration study undertaken at the ITGA4  gene is an 

example o f  a positive finding in a large sample, which even with 1231 affected
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individuals and their families, studies are subject to statistical chance (see Section 

5.3.6.5).

7.2.1.2 Design and Analysis

As mentioned in the introduction, the use o f family based association testing is one 

method used to reduce the possibility o f  a false positive result due to population 

stratification (see Section 1.4.1.2). A disadvantage o f this method is the reduced 

power to detect associations with low frequency variants. H owever, a sim ilar 

problem also occurs in case-control studies. A ssociation studies rem ain more 

powerful than linkage studies in detecting genes o f  modest effect that contribute to 

complex disorders For variants with genotype relative risks (GRRs) greater than 

4, the number o f affected sib-pairs required to detect linkage is between 185 and 297 

for variants with an allele frequency between 5% and 75%. In such cases, linkage 

studies are preferable. However, in the case o f variants with GRRs less than 2 (as is 

likely in autism), then the number o f individuals required to detect linkage is greater 

than 2000, making sample collection extremely problem atic. For family based 

association studies however, even GRRs less than 1.5 can be detected in samples less 

than 1000

Collaborations between groups, as in the ITGA4  association study (see Chapter 5), 

are a useful and relatively easy way o f  increasing sample size. Autism  is not a 

common disorder, affecting only 10 per 10,000 This in addition to the high 

number o f genes involved in the development o f  the aetiology makes the detection o f 

many genes o f small effect difficult. In the case o f  the initial association between the 

ITGA4 gene and autism, collaboration resulted in associations in a jo in t analysis in a 

sample o f 1231 affected individuals in 524 pedigrees. The OR o f the rs3770112 was 

1.73 in the original Irish sample (p value = 0.0051), but in the jo in t analysis the OR 

decreased to 1.19 (p value = 0.029). The haplotype containing markers rs 1349197 

and rs3770112 produced an OR o f 1.75 in the Irish population (p value = 0.02987),
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and this was also reduced in the jo in t sample to 1.22 (p value = 0.001815). These 

reductions in ORs may represent two situations. Firstly it is possible that the original 

result in the Irish population is a false positive result, and the reduction o f  OR in the 

jo in t analysis merely reflects the tendency o f larger samples to give a more accurate 

reflection o f the true effect o f the gene in the population. H owever it may also 

reflect that the ITGA4  is a gene o f small effect, o f which there are hypothesised to be 

many (see Section 1.2.3), a larger OR in the Irish sample is therefore “required” to be 

detected at all. The increased OR in the Irish population may have arisen by chance 

(in any large multi-sample study, some samples will have higher ORs than others) or 

that the Irish population OR for I T G A 4  is higher, perhaps due to genetic 

homogeneity. Given that statistical modelling has suggested that there are between 3 

and greater than 15 genes the average OR ranges from 1.33 to less than 1.067. 

An OR o f 1.22 lies w ithin this range, and therefore it is not surprising that a 

significant finding, such as the rsl349197-rs3770112 haplotype (p value = 0.001815) 

would produce only a modest OR. If genes for autism are all genes o f  small effect, 

then very large samples are required to detect such associations.

7.2.1.3 Gene Coverage

To ensure complete coverage o f a gene when undertaking association studies, one 

must genotype all variants in a gene, including those in prom oter and long-range 

enhancer regions. Given the difficulties in identifying prom oter and long-range 

enhancer regions, very few genes have been covered completely in any association 

study. M ethods o f  selecting and prioritising variants are thus im portant for 

association studies. Within this thesis, preference was given to genotyping putative 

functional polymorphisms and ensuring LD coverage. In the D B H  gene (see Section 

4.2.2), the putative prom oter variant, C -102IT, was genotyped, in addition to 4 

exonic SNPs and another 2 promoter SNPs were chosen for genotyping. In the case 

o f the ITGA4  gene, 18 SNPs were chosen to cover the gene, from 1.9kb 5’ o f the 

gene to 2.4kb 3 ’ o f the gene. Within this region, markers were selected based upon
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their heterozygosity  (those w ith the h ighest heterozygosity  being the m ost 

inform ative), and the inter-marlcer distance. High LD between markers, with the 

exception o f  rs 1449260 and rs3770136 (due to a lack o f suitable markers between 

these two), ensured maximum coverage using the selection criteria. A sim ilar 

strategy was used in the selection o f markers for the FRZB  and D V L l  genes. The 

testing o f haplotype tagging SNPs (htSNPs) in the ITGA4  gene also proved to be an 

effective m ethod to m inim ise genotyping, w hile m axim ising transm ission  

inform ation for an initial screening process. Follow -up analysis w ould be 

undertaken around any m arker (or haplotype) showing trends tow ards positive 

association. In the case o f replication studies, i.e. the serotonin transporter, TPH2, 

WNT2  and EN2, the aim o f these studies was the replication o f  initial results, and 

therefore complete coverage o f the gene was not being attempted. It is therefore 

important to state that as no gene was completely covered, negative findings do not 

eliminate the possibility that the genes tested contain other variants associated with 

autism. Instead, it merely indicates that the tested variants are not associated with 

autism in the Irish population.

It is im portant also to mention the possible effect o f long-range control o f gene 

expression that may play a role in leading to different m arkers/haplotypes being 

associated with autism, e.g. the serotonin transporter, D BH  or ITGA4  genes. Many 

disease-causing variants are located within the coding region o f  genes, splice site or 

in the prom oter region o f  the genes. H owever there are a small num ber o f  

diseases/syndrom es, e.g. Deafness type 3 (the m ost com m on form o f  X -linked 

deafness), that can also occur due to the deletion o f regulatory regions many 

kilobases from the gene involved in the pathogenesis o f the disease/syndrom e (see 

Kleinjan and van Heyningen, for a review on this topic) In the case o f  deafness 

type 3, the usual spectrum o f mutation types within the gene (POU3F4) lead to the 

observed loss o f hearing. However, there are also a number o f cases where this form 

o f deafness occurs do to chromosomal deletions, inversions and translocations and 

other mutations in a region approximately 900kb upstream o f the POU3F4  gene 

At this location there is a 2kb sequence that shows 80% conservation between human
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and mouse, and therefore it is assumed to be o f  functional significance. It is possible 

that there is a regulatory sequence upstream o f the serotonin transporter gene that is 

associated with autism. Different mutations within this sequence could theoretically 

be in LD with different alleles or haplotypes showing association. It is not yet 

known how far upstream o f a gene, markers should be placed to capture association 

by such enhancer sequences. It is also assum ed that the m ajority o f  variants 

associated with complex disorders such as autism, are located close to or within the 

genes themselves.
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7.2.2 Limitations o f Study

7.2.2.1 M ultiple Testing

The problem of multiple testing remains one o f the major concerns in the field of 

gene mapping in genetically complex disorders. According to formal statistical 

theory, the p value of any positive result should be corrected for the number of tests 

performed on the data, and arguably, for the number o f tests that might be 

performed. The simplest and most conservative method for correcting for multiple 

tests is the Bonferroni method. This states that if the significance level for the entire 

set o f n independent comparisons is a ,  then the significance level for each 

comparison should be aln. This is because with each additional test, there is an 

increased likelihood of finding a false positive result. When correcting for multiple 

tests it is necessary to determine the number o f independent tests that have to be 

corrected for. Cases of sub-group analysis and multiple association tests do require 

correction, but the situation becomes more complicated when tests are not 

independent. Examples o f non-independent tests include markers in LD with each 

other and haplotype tests. Each test is not providing a completely independent 

chance o f false positive error. Bonferroni corrections in this case are too 

conservative In these cases Nyholt suggests that “it may be best simply to report 

the disease-marker association results Vv̂ ithout correction, stating the presence of 

marker-marker association” This is the strategy followed throughout this thesis 

and stated clearly in advance. Taking a conservative approach, Risch and 

Merikangas suggest that this value be changed to 5 x 10'* This value was based 

upon 100,000 genes being tested, each with 5 diallelic markers, leading to 10 x 10̂  

tests, i.e. 10  ̂ tests and the equivalent false positive rate o f 0.05 for a million 

association tests can be obtained with a significance level o f 5 x 10' .

In this thesis, all results are presented in the form of raw p-values that are 

uncorrected for multiple testing. Replication is one of the best and most common
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m ethods used to address the problem  o f  m ultip le testing  in the field  o f 

neuropsychiatric genetics. Replication o f  a positive finding increases the likelihood 

o f it being a true finding. Also, a replication study consists o f  an a priori hypothesis, 

and is therefore only one test. This overcom es the need for corrections. Possibly 

more serious, and not often discusses, is the possibility o f false negative results, 

particularly with small samples. Aggregating studies in a systematic and unbiased 

way may allow a clearer picture to emerge.

Given the high number o f associations presented in this thesis, it is likely that some 

o f  them at least are “true positives” . Fifty-four variants were exam ined in total. 

Given a false postitive rate o f  5%, one would expect 2.7 false positive results. A 

basic chi square test, based on an observed finding o f 8 and an expected finding o f 

2.7, the number o f  positive findings was significant (x^ = 10.40, p value = 0.0013). 

Thus, one would expect that at least some o f the genes reported here, do play a role 

in the development o f autism.

7.3 General Conclusions

The results o f  this thesis present evidence for the association o f  a num ber o f gene 

variants with autism. The results o f  the ITGA4 fine-mapping experim ent and DBH  

analysis look particularly interesting. All o f the studies utilised association tests as a 

principal component o f  investigation. Association tests remain the most common 

analysis in the search for genes involved in complex disorders. With the decreasing 

cost o f  genotyping variants, and the increasing speed o f  genotyping, the number o f 

genes that can be analysed for any one disorder is rapidly increasing. Therefore the 

num ber o f  false-positive results will also increase. False positive results are a 

“necessary evil” in the field o f  complex genetics. Replications and meta-analysis are 

methods used to confirm initial associations or reveal false positives.
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Collaboration between groups is also o f extreme importance, as is the multi-faceted 

approach to testing candidate genes. A num ber o f  collaborations have been 

undertaken with the work presented here. A purely genetic association study o f DBH  

variants would not have highlighted the decreased DBH activity in probands with 

autism. W ithout the DBH activity measurements, carried out in collaboration with 

Dr. George Anderson, one would have concluded “no association” between the D BH  

gene and autism. While this remains the case in terms o f  genetic association, it is 

obvious that the decrease in DBH activity in individuals with autism may play a very 

im portant role in the development o f autism. This vinidicates the essential role o f 

approaching a candidate gene test, e.g. undertaking biochemical tests, from multiple 

angles. The reason for this decreased DBH activity remains unclear, but for the 

collaboration, further investigation o f this system would not be undertaken, and an 

important biochemical finding would not have be investigated.

Sim ilarly, cytogenetics undertaken in the National Centre for M edical Genetics, 

uncovered a chromosome 2q;9q translocation, which in turn led to the investigation 

o f  the ITGA4 gene as a candidate gene for autism. Positive associations in the Irish 

sample, were followed up with replications in two other samples, kindly provided by 

colleagues at Vanderbilt University, Tennessee. Association o f  ITGA4  variants was 

thus confirm ed in two other samples. Association in a large jo in t sample was also 

confirmed. This large sample was comprised o f 1231 affected individuals in 524 

families, a size that far exceed the initial Irish sample size o f 184 families. Large 

sample sizes are required to find associations with genes o f small effect. In the case 

o f  autism, there are presumed to be many genes, each o f  moderate to small effect, 

and hence large sample sizes are crucial for genetic association tests.

G ene-gene interaction studies may also be im portant in untangling and helping 

resolve the complex nature o f autism. Autism remains one o f  the least understood 

neuropsychiatric disorders o f  childhood. Unlike ADHD, which has shown positive 

association with a num ber o f  genes, conclusive associations rem ain elusive in
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autism. It is this complexity that makes autism an interesting disorder for candidate 

gene searches.

7.4 Future Directions

The work undertaken in this thesis presented evidence for the association o f  a 

number o f genes with autism, very significantly more than might have been expected 

by chance. However, it should be cautioned that in all cases, replication by 

independent groups is required to test the association o f these genes in other samples. 

These replications would help strengthen the statistical support for these genes, or 

produce evidence that the initial findings in the Irish sample may have been false 

positive results.

Testing o f  o ther genes that may influence D B H  expression w ill continue. 

Asssociation studies on the AR IX  and PHOX2A  genes are top priority. If  time and 

money were unlimited, a full genome scan could be undertaken, in order to find 

additional loci that may influence D BH  expression. This could identify the genes 

hypothesised to trigger an increase in DBH activity between 2-3 years o f age, and to 

be defective in children with autism. Efforts to identify environm ental triggers or 

developmental switches having an effect on D BH  expression may also shed light on 

the reasons for decreased DBH activity. An increased sample size would also allow 

testing the hypothesis that DBH activity may influence susceptibility to epilepsy.

With respect to ITGA4,  another group in Portugal, is currently involved in an 

attem pted replication o f  the results presented here in a sim ilarly genetically  

hom ogeneous Portuguese sample. An investigation o f the role o f  the gene in 

neurodevelopment is planned (with additional funding) in an animal model using a 

tissue specific (CNS) mouse null mutant. This might be complemented in the future 

by behavioural studies o f these null mutants. Expression studies in brain tissue that
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investigated the potential role o f this (and other) variant detected in this work would 

also be o f merit.

A form o f gene-gene interaction analysis undertaken using multiple genes in the 

Wnt pathway may be useful in determining if  multiple variants increase the risk for 

developing autism. Autism is a complex disease, which doesn’t follow the simple 

Mendelian patterns o f inheritance. As stated in the introduction (Section 1.2.3), it is 

most likely that a number o f  genes may play a role in the autistic aetiology. Each o f 

these genes may have a small, possibly synergistic effect on phenotype. Therefore it 

is necessary to consider the simultaneous effect o f several SNP genotypes at different 

loci on phenotype. Gene gene interaction analysis has two aims. Firstly, to identify 

the SNPs that are associated (singularly or with other SNPs) with the phenotype, and 

secondly to classify patients based on genotype in a manner that captures information 

about disease risk. M ultifactor dim ensional reduction (M DR) is a com parison 

method, which is designed to uncover complex relationships w ithout relying on a
C I O  . . .

specific model for interactions . MDR is a special case o f recursive partitionmg m 

which patterns are used as predictors, tree growth is restricted to a single split and 

misclassification error is used as a measure o f impurity. The advantage o f M DR 

analysis is that it has the ability to identify high order interactions among SNPs, and 

that it does not require a specific interaction model. This method has been used to 

find possible gene-gene interactions in a case-control sample o f  individuals with 

breast cancer M odifications o f this technique are currently been developed to 

allow the same analysis to be used in trio-based samples (Dr. M DeRiggi Ritchie, 

V anderbilt University, Tennessee, personal communication). Developm ent o f  this 

statistical technique will be useful in determining the role o f  the Wnt pathway in the 

developm ent o f autism. A number o f other Wnt genes rem ain to be tested for 

association with autism, e.g. WNTl,  WNT3 and W NT8.  These genes are good 

potential candidates for the development o f the cerebellum. M utation screening o f 

exons 3 and 4 in the F R Z B  is also im portant, as this may uncover functional 

mutations which are in LD with the two markers showing association in the Irish 

sample (see Section 6.3.3).
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Finally, expansion o f the clinical data on the sample recruited, including further 

phenotypic measures, neuropsychological assessments and functional imaging would 

allow  sub-phenotyping to be undertaken. It is im portant to note that w ithin any 

sample diagnosed with autism there still remains a spectrum  o f affectedness for 

certain traits. Levels o f  IQ and obsessiveness can vary from individual to individual. 

The use o f  sub-phenotyping may help detect associations that otherwise may have 

remained hidden. With respect to phenotypic measures, the clinical data generated by 

the ADI-R and ADOS-G instruments does not lend itself easily to the investigation 

o f  association between candidate genes and phenotypic sub-types. H owever a 

proposed approach to this analysis is to perform cluster analysis o f ADI-R items for 

genetic analysis This would allow for association testing between candidate 

genes and particular aspects o f  the phenotype, e.g. repetitive behaviours or 

obsessional features and serotonergic genes. Currently there has been an application 

made for funding o f a multi-centre collaborative study (involving this sample and 

others based at twelve other international sites) that would involve pooling o f 

samples to give greater power and allow these types o f investigations to occur. The 

plan for this investigation is to use the largest ever autism sample (1200 multiplex 

families and 2000 trios) to pursue genetic investigations in autism. This w ill allow 

for multiple approaches to be utilised, and it is envisioned that this continue the 

process o f teasing out the complex interactions between genotype and phenotype for 

a particular sub-phenotype, e.g. hyperactivity features or obsessionality.

The work presented would not be possible without the unwavering support and 

participation o f  the families, who have donated their time and DNA to facilate these 

studies. The way forward for investigations into the aetiology o f  autism will, no 

doubt be difficult, but should, gradually, and with intelligent experimental design and 

some measure o f insight, bear fruit. The hope and expectation, o f  researchers in the 

field, is that the achievement o f advances can be o f direct benefit to the patients and 

their families.
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A p p e n d i x  I

R e a g e n t s  a n d  S o l u t i o n s

1.1 DNA Extraction Buffers (Chapter 2, Section 2.2.2.1.1)

Buffer (1 OX)
Sucrose 547 .7g
2M  Tris (pH 7.5) 25m l
IM M g C b 25m l
Triton X I 00 50m l
H2 O up to 1L

Suspension Buffer (lOX)
- 2M  Tris (pH 7.5) 5ml
- 0 .5M  EDTA (pH 8.0) 20m l
- 5M  NaCl 2m l

H 2 O up to 100m l

TE Buffer
2M  Tris (pH 7.5) 1ml

- 0 .5M  EDTA  (pH 8.0) 40^1
H2 O up to 200m l
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1.2 PCR Reagents (section 2.2.4)

MgCb Buffer (1 OX)
- IM K C l
- lM T r is (p H 8 .9 )
- IM M g C b  

1 % Gelatin
- Triton X I 00
- H2O

1 OmM/15mM/20mM
2.5ml
0.5ml
50fxl/75^1/100^il
0.5ml
50^1
up to 5ml

Triton and Gelatin Free MgC^ Buffer (lOX) 
1 OmM/15mM/20mM

- IM K C l 2.5ml
- lM T r is (p H  8.9) 0.5m.l
- IM M g C h  50^1/75fxl/100[il

H2 O up to 5ml

1.3 Gel Electrophoresis and Visualisation (Chapter 2, Section 2.2.7)

TAE Buffer (SOX)
Trizma Base 242g

- 0 .5M E D T A  (pH 8.0) 100ml 
Glacial Acetic Acid 57.1ml 
H2 O up to IL

40% Polyacrylamide Solution
Acrylamide 39g
Bisacrylamide Ig
H2 O up to 100ml
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Non Denaturing Polyacryiamide Gel (6%)
40%  Polyacrylam ide 9ml

- T B E (IO X ) 6m l
- H 2 0  45m l
- 10% A PS 0.5m l
- TEM ED SO îl

Denaturing Polyacrylamide Gels for Use with the ABI PRISM 377 
DNA Sequencer (12% and 6% (w/v))

Long Ranger (A B I) 6m l/3m l
- TEE (1 OX) 3ml
- H 2 0  13m l/16m l

Urea 11 g
- 10% A PS 150[xl
- TEM ED 21^il

Loading Dye
Brom ophenol B lue 12.5m g  
X ylene Cyanol 12.5m g
G lycerol 15ml
H2 O up to 50m l

Formamide Loading Dye
Form amide 10ml
X ylene Cyanol 1 Omg
Brom ophenol B lue lOmg

- 0.5M  ED TA  (pH 8 .0) 200^1

SNaPshot Buffer
IM  Tris (pH 9 .0 ) 8ml

- 2m M  M gC h 8ml
- H 2 O 34m l

L3.2 Silver Staining Solutions
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Silver Staining Solution 1

100% A lcoh ol 50m l
A cetic  A cid  2.5m l
H 2 O up to 500m l

Silver Staining Solution 2

1% Silver Nitrate 25m l
- H 2 O 225m l

Silver Staining Solution 3

NaO H  7.5g
H 2 O up to 497m l
Form aldehyde 3ml

Silver Staining Solution 4

- NaCOa 3 .75g
H 2 O up to 250m l

1.4 DHPLC Solutions (Chapter 2, Section 2.2.9)

Buffer A
2M  TEA A  (T ransgenom ic) 
Acetronitrile (HPLC grade)

- H2O

Buffer B
2M  TEA A  (T ransgenom ic) 
Acetronitrile (HPLC grade)

- H2O

Buffer C
Acetronitrile (H PLC grade)

- H2O

50m l 
250|xl 
up to 1L

50m l 
250m l 
up to 1L

250m l 
up to 1L
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Buffer D
A cetronitrile (H PLC grade) 250m l 
H 2 O up to 1L

1.5 Solutions For Measurement of DBH Activity

Mix A
IM N a O H  (pH 5 .0) 250[xl
0.2M  Fumarate 62.5^1
0.2M  A scorbate 62.5^il
0 .002M  Parglyine 62.5[xl
Catalase 125^1
H 2 O 250^1
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Appendix II

Amplification and SNaPShot ™ Conditions

This Appendix lists the primers for each o f the variants genotyped in this thesis. 
These include the primers used to genotype the serotonin transporter (Table I), TPH2 
variants (Table II), D B H  (Table III), ITGA4  (Table IV) and Wnt pathway (Table V) 
variants used and the DHPLC amplicon primers used in ITGA4  m utation screen o f 
exons 16 and 17 (Table VI). It also describes the annealing temperature (Tm), and 
any additional variations to the standard PCR protocol (section 2.2).

PCR primers are labelled ‘F ’ for the forward primer and ‘R ’ for the revere primer. 
All prim ers are orientated 5 ’ to 3 ’ and were designed using the PrimerS software 
(w w w .es.em bet.org/cgi-bin/prim er3_ww w .cgi), except where otherwise specified. 
SNaPshot primers, which were designed by hand based on the sequence surrounding 
the SNP, are listed in a similar fashion and preceded by the letter ‘e ’. All primers 
were ordered from Invitrogen (www.invitrogen.com).

All variants were am plified following the following cycling conditions: an initial 
denaturing step o f  2 min at 94“C followed by 41 cycles o f 94 °C for 1 min. Annealing 
temp for 1 min, 72 °C for 1 min. The amplification ended with a final extension 
period o f  10 min at 72 “C. Any alterations to the above cycling conditions can be 
found in the respective tables.

Extension prim er sequences for allelic discrim ination using the SNaPShot™ 
technique are given below. Extension prim er sequences were designed by hand 
according to the sequence surrounding the SNP. SNaPShot™ reactions were carried 
out according to Section 2.2.4.3.
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Marker
Name

Forward
Primer

Reverse
Primer

Extension
Primer

Annealing
Temp

Modifications

In/Del 5 ’-GGG GTT 
G C C  G C T 
C TG  A A T 
GC-3’

5’-GAG GAC 
T G A  G C T 
GGA CAA 
CCA-3’

NA 61 Replacement of 
dGTP with 
dGTP: 7-deaza- 
dGTP (in a ratio 
of 1:1)

rs2020936 5 ’-TTA TTT 
TA A  AAG 
C C T  ATC 
AAG C-3’

5 ’-CCC CAG 
G C T  CA A  
GAA TGC-3’

5 ’-TG AGC 
AGG GTG 
AGG TTA 
TGG AGA- 
3’

56

VNTR 5 ’-TGG ATT 
T C C  TT C  
T C T  CA G  
TGA TTG G- 
3’

5 ’-TCA TGT 
T C C  TA G  
T C T  TA C  
GCC AGT G- 
3 ’

NA 57 35 cycles o f  
94“C (30 sec), 
57V  (60 sec) 
and 72“C (120 
sec)

rs2020942 5 ’GAC ACT 
C A T  TCC 
CCA  GCG 
TA-3’

5 ’-TGT GCA 
A A T CAG 
AAA G G T 
CCA T-3’

5’-GAA 
CAC ATG 
GTT TTA 
TTC TCG 
AGC C-3’

58

3’UTR 5 ’CCG CTT 
G A A  TG C 
T G T  G TA  
AC A CAC-3’

5 ’-GTA CCC 
TTC CAA 
TA A  TAA 
CCT CC-3’

NA 56 35 cycles o f  
94 V  (30 sec), 
57V  (30 sec) 
and 72“C (45 
sec)

Table I Primer Sequences and Conditions used to Genotype Serotonin Transporter Variants. All primers sequences were 
designed by Kim et al and provided by personal communication with Ed Cook, University of Chicago, Illinois.
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Marker Name Forward Primer Reverse Primer Extension
Primer

Annealing
Temperature

Modifications

rs4570625 5 ’-TGC ATA 
GAG GCA TCA 
CAG GA-3’

5 ’-TCT TAT 
CCC TCC CAT 
CAG CA-3’

5’-CAC ACA 
TTT GCA TGC 
ACA AAA 
TTA-3’

5TC 30 cycles of 
94'*C (30 sec), 
5 f C  (30 sec) 
and 72”C (30 
sec)

rs4341581 5 ’-CCA TAG 
GAT TCA ACG 
AGG CTA-3’

5 ’-GAA GTT 
GCC GTG TCA 
CTC AT-3’

5 ’-GAA AGG 
CAG GAA 
TTT TTC ATA 
TA T GAT 
ATT-3’

57 °C 30 cycles of 
94“C (30 sec), 
S f C  (30 sec) 
and 72°C (30 
sec)

Table II Primer Sequences and Conditions used to genotype TPH2 variants. Both of these variants underwent allele 
discrimination using the SNaPShot Method of Analysis and the ABI-3100.
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Marker
Number

Marker
Name

Forward
Primer

Reverse Primer Annealing
Temp

Modifications

1 In/Del GCT TOG GTG 
TGG TCT GGA 
GC

CCT TTC TCJG 
GTC CTG CTT 
CTCC

72 -  62 C 35 cycles o f 94“C 
(30 sec), A“C (30 
sec) and 72®C (30 
sec)

2 C-2124T GGA GGA GAC 
GCT GGG TTG 
G

GGG TAT TGA 
GGC CCC AGG C

7 0 - 6 0 C 35 cycles o f 94“C 
(30 sec), a “C (30 
sec) and 72®C (30 
sec)

3 C-1021T GGA GGG ACA 
GCT CTC AGT 
CC

TAC CTC TCC 
CTC CTG TCC 
TCT CGC

70 -  60 C 35 cycles o f 94"C 
(30 sec), A®C (30 
sec) and 72°C (30 
sec)

4 Ex2 GCA ATG AAT 
GCG GAG CTC 
TG

GGC CCC AGA 
CTT ATC AGG 
GAC

72 -  62 C 35 cycles o f 94“C 
(30 sec), A®C (30 
sec) and 72®C (30 
sec)

5 Ex5 GCC CTC TCA 
GGA CAC ACC

ACA CAG CTG 
AGT CCT AGG G

70 -  60 C 35 cycles o f 94"C 
(30 sec), A°C (30 
sec) and 72®C (30 
sec)

6 E xll CCA GGG ACA 
GGA CTC GAG 
TTG

AGC AGT TTG 
GAG TGC AGA 
CCC

70 -  60 C 35 cycles of 94V  
(30 sec), A^C (30 
sec) and 72°C (30 
sec)

7 Exl2 CCC ATG GAA 
CAG CCG TGC

ACA CCC TCT 
CAG CCA TGC 
AG

72 -  62 C 35 cycles o f 94“C 
(30 sec), A®C (30 
sec) and 72“C (30 
sec)

Table III Primer Sequences and Conditions used to genotype DBH  variants. All variants were amplified using the touch-down 
technique, whereby the initial annealing temperature (A) (highest) decreases by 2°C  each cycle until it reaches the lower annealing 
temperature. All variants also had an initial denaturing step o f 94‘̂ C for 10 minutes.

302



Exon Forward
Primer

Reverse Primer Annealing
Temp

Modifications

16 AGT GTT 
TGG CCC 
TTT TCA 
GG

TCC GAC 
ATA TAG 
TTC ACT 
TCT TC

65 “C 40 cycles of 94°C 
(30 sec), 65 T  (30 
sec) and 72 °C (30 
sec), followed by a 
final extension 
period of 72 °C for 
2 min

17 CAT GCA 
TCA CAG 
GTG TCG

GGA ATG 
CAA ATG 
CAC ACA

56 °C 40 cycles of 94°C 
(30 sec), 65 °C (30 
sec) and 72 °C (30 
sec), followed by a 
final extension 
period o f 72°C for 
2 min

Table IV Amplification o f Exons 16 and 17 regions in the ITGA4 gene.
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Marker
Name

Forward
Primer

Reverse
Primer

Extension
Primer

Annealing
Temp

Modifications Genotyping
Method

Products

rs 12690517 AGT GTT 
TGG CCC 
TTT TCA 
GG

TCC GAC 
ATA TAG 
TTC ACT 
TCT TC

AAT AAA 
GGA AAA 
TAT TCC 
TAC

65 “C 40 cycles of 
94°C (30 sec), 
65 °C (30 sec) 
and 72 °C (30 
sec), followed 
by a final 
extension 
period of 72 °C 
for 2 min

SNaPShot and 
Analysis on 
ABO 100

C(21bp) o rT  
(21 bp)

Table V Amplification and Genotyping Conditions for rsl2690517 in ITGA4 gene.

304



Marker
Name

Forward
Primer

Reverse
Primer

Annealing
Temp

Modifications Product Size

Exon 1 CAT GAA 
GAG TTG 
ACC TCG 
G

GCT GAG 
CGC TTC 
TGC TCT 
GGG CAC

64 °C 40 cycles o f94“C (30 sec), 
64 °C (30 sec) and 72 °C (30 
sec), followed by a final 
extension period of 72 °C for 
2 min

155 bp

Exon 5 GAA GGG 
AAG GTG 
GAT GGT 
GAC

CTT GTC 
TTC CAG 
GCT CCC T

59 °C 40 cycles of 94°C (30 sec), 
59 °C (30 sec) and 72 °C (30 
sec), followed by a final 
extension period of 72 °C for 
2 min

273 bp

Table VI Amplification of WNT2 Exons 1 and 5 for SSCP Analysis.
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Marker Name Forward Primer Reverse Primer Extension
Primer

Annealing
Temperature

rs307354 5’- CTT TCT 
GTC CAG GCC 
ACT GT -3’

5’- GGT CCC 
ATC ACT ATG 
CCT GT-3’

5’- CTG GGT 
GAC TCT GT - 
3’

60°C

rs307371 5’- TGC TCC 
TGC TGT GTA 
CTT GG-3’

5’- GCC TCC 
TGC CTC TAC 
CAT AG -3’

5’- GAT CCA 
GGA GCC AG 
-3’

60 °C

rs307356 5’- ACT ACA 
TTC GCT TGG 
CAT C C -3 ’

5’- CTA CGG 
AGG ACC CTC 
ATC AA - 3 ’

5’- CAT CTC 
CAA CTA 
CAT TCG CTT 
GGC ATC 
CAGGG -3’

6 0 T

rs307359 5’- GAC CCC 
TAC CTA GCC 
CTC TG -3’

5’- CAT GGG 
GTC ATG GTC 
TTA C C -3 ’

5’- AGA GCA 
GAG AAG 
GTC ACT TCT 
C -3 ’

60 °C

Table VII Amplification Conditions for DVLl  Gene Variants. All products were analysed using the SNaPShot Technique.
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Marker Name Forward Primer Reverse Primer Extension
Primer

Annealing
Temperature

Modifications

rs3757846 5’- CAA TCA 
GCC CTA GGG 
TGT CC -3’

5’- CTC CTT 
CCC ATT TGC 
TCT TG-3’

5’- CCG CCT 
CCC CCG 
CAC TGA 
GGG TA-3’

60°C MgC12 
concentration in 

PCR Buffer 
increased to 2

rs 1861972 5’- GCT CCC 
TAA AGC CGA 
TTC AT-3’

5’- CTC CCA 
ACT GGG ATT 
CAG A C -3’

5’-G G T CAC 
CAC TCC CTG 
CCA -3’

60 °C MgC12 
concentration in 

PCR Buffer 
increased to 2

rs 1861973 5’- GCT CCC 
TAA AGC CGA 
TTC AT - 3 ’

5’- CTC CCA 
ACT GGG ATT 
CAG A C - 3 ’

5’- CTA GAA 
GCC TTA 
CAG CGA 
CCC TG - 3 ’

60°C MgC12 
concentration in 

PCR Buffer 
increased to 2

rs2361689 5’- TGA GCC 
TCA ACG AGT 
CAC AG -3’

5’- ATT GTT 
TAG CGC GGA 
CTG AG -3’

5’- GCT GGC 
CGT GCA 
CCT CAT 
GGC ACA 
GGG C -3’

60°C

rs 1861958 5’- GCG AAG 
TTC AAC AGG 
T C T C C -3’

5’- CCC CAA 
TCCTGC TTA 
GGA A - 3 ’

5’- GTG CTG 
GAC CGA 
GGC GCT TTC 
CCC TGG 
GGA C -3’

60 °C MgC12 
concentration in 

PCR Buffer 
increased to 2

Table VIII Amplification of EN2 variants. All variants were genotyped using the SNaPShot Technique.
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1.6Genotyping Conditions and Mutation Detection Conditions

Restriction Digestion Conditions are also given for those variants that underwent 
RFLP analysis. In all cases, unless stated otherwise, incubation was for 3 V2 hours at 
37°C. Conditions used for mutation screening o f the ITGA4 gene (see Section 5.3.5) 
are also given.
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Marker
Name

M eth o d  o f
Allele
Detection

Restriction
Enzyme

Enzyme
Incubation
Conditions

Gel Type Cone. O f 
Gel

Fragment
Sizes

In/Del Size
Discrimination

None None Agarose 2% 528bp (in) 
484bp (del)

rs2020936 SNaPShot None None ABI-377
polyacrylamide

12% 23bp (C) 
23bp (T)

VNTR Size
Discrimination

None None Agarose 4% (made 
with “low 
melt” 
agarose)

345bp (9) 
360bp (10) 
390bp(12)

rs2020942 SNaPshot None None ABI-377
polyacrylamide

12% 21bp (G) 
21bp(A )

3’UTR RFLP M sel 37°C fo r  
31V2 hours

Agarose 2% 741bp (G) 
689+52 ( I )

Table IX Allele Discrimination Method and Conditions for Serotonin Transporter Variants


