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Abstract 

Schizophrenia is a debilitating psychiatric illness affecting 1% of the population 

worldwide. The aetiology of schizophrenia is largely unknown, and deciphering 

schizophrenia genetics has remained a major challenge during the past decades 

in psychiatric research. In the past, visible alterations of the genome have been 

recognized as the underlying causes in a number of cognitive or behavioural 

defects. Structural chromosomal abnormalities, such as the 22q11 microdeletion 

and the Disrupted in Schizophrenia 1 (DISC1) translocation, were demonstrated 

to play a role in a proportion of schizophrenia cases. Furthermore, recent studies 

have identified a number of novel recurrent submicroscopic copy number changes 

significantly associated with schizophrenia (ISC 2008; Stefansson et al. 2008). 

This thesis describes a multi-faceted investigation to identify schizophrenia-related 

copy number variations (CNVs), defined as deletions and duplications larger than 

1 kb in the genome. 

 

As a first approach I performed array CGH on the whole-genome tiling path 

(WGTP) platform to screen for CNVs in three familial cases. Each pedigree 

consists of multiple patients affected with schizophrenia and other psychiatric 

illnesses. I identified a duplication on chromosome 1p36 common to all four 

affected members in one family, which was not identified in the normal HapMap 

controls (n=269). The CNV extends from the gene H6PD (Hexose-6-phosphate 

dehydrogenase precursor) to SPSB1 (SPRY domain-containing SOCS box protein 

SSB-1). Using quantitative PCR, long range PCR and Fiber-FISH, I sequenced 
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the duplication breakpoint and delineated the structure of this potential pathogenic 

variant. Next, in a candidate-gene targeted approach I screened a multiplex 

schizophrenia family for CNVs in the gene ABCA13 (ATP Binding Cassette Gene 

13) at 7p12. I demonstrated the segregation of an intronic deletion with disease 

status. 

 

Complementary to the family-based approach, I designed a population-based 

CNV study in schizophrenia versus matched control cohorts. Still using WGTP 

arrays, I performed a genome-wide screen for CNVs in 91 Scottish schizophrenia 

patients and 92 Lothian Birth Control DNA samples. In the WGTP dataset I 

identified a previously established schizophrenia-associated deletion at 15q11.2 

(Stefansson et al. 2008) in a schizophrenia patient, near the CYFIP1 (cytoplasmic 

FMR1 interacting protein 1 isoform) gene. I also identified a number of rare 

variants overlapping genes that are linked to various psychiatric diseases, 

including SGCE (sarcoglycan, epsilon), OXTR (Oxytocin) and RCAN1 (Down 

Syndrome Critical Region 1). My results are consistent with recent reports 

demonstrating the role of rare CNVs in schizophrenia (ISC 2008, Walsh et al. 

2008). In terms of common copy number variations, I genotyped 577 common 

CNVs using the WGTP data, and identified 31 candidates with putative bias in 

genotype distributions in cases versus controls. Two of these candidates, one at 

3p26 and another at 15q13, were genotyped in an extended case-control cohort. 

Neither of them showed significant association with disease in the extended 

cohort.  
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The last approach was based on the hypothesis that CNVs could be linked to 

variations in learning, memory and brain function, both in the normal population 

and in psychiatric patients. The strategy involved a CNV screen on a set of 

proteins with important neuronal and synaptic functions. The NMDA receptor 

complex (NRC/MASC) was selected due to known roles of its components in 

cognitive and behavioural traits. Out of 186 NRC/MASC proteins, 20 of them 

showed CNVs in normal HapMap individuals. Four of these were linked to 

components of the core synaptic machinery, including a common CNV at DLG1 

(Discs, Large homolog 1 (Drosophila)). In addition, I investigated the multi-allelic 

variant at 17q21 near the gene N-ethylmaleimide-sensitive factor (NSF). I 

identified two major CNV blocks with interesting population bias, and identified for 

the first time a European-specific haplotype in an allelic variant known as H1.  
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Introduction 

 



2 

 

1.1 Copy Number Variation (CNV) as a Source of Genetic Diversity 

Copy number variation (CNV) has long been studied as gene copy number difference 

among individuals at specific loci, for example in the α- and β- globin gene locus; or as 

genomic imbalance resulting in diseases such as Prader-Willi and Angelman Syndrome. 

Until recently, such rearrangements in the human genome were assumed to be limited in 

scale. Since 2004, however, research has revealed CNVs as a major source of human 

genetic variation (Iafrate et al. 2004; Sebat et al. 2004; Tuzun et al. 2005; Conrad et al. 

2006; McCarroll et al. 2006; Redon et al. 2006). The unprecedented level of genetic 

diversity conferred by CNVs has opened a new chapter in our understanding of 

phenotypic variation, human evolution and disease susceptibility.  

Copy number variation is defined as deletion and/or duplication of a DNA sequence larger 

than 1 kb in length (Feuk et al. 2006a; Freeman et al. 2006). It belongs to a spectrum of 

genetic variations ranging from the ubiquitous single nucleotide polymorphisms (SNPs), 

to fine-scale copy number changes such as small insertions and deletions (INDELs), 

microsatellite and minisatellite repeats, to larger scale structural variations such as 

inversions, translocations and CNVs (Bowcock et al. 1994; Armour et al. 1996; IHMC 

2005; Feuk et al. 2006a; Mills et al. 2006; Conrad and Hurles 2007) (Figure 1.1). It is 

these variations and polymorphisms that constitute the dynamic human genome 

architecture and underlie the differences between individuals.  

With remarkable advance in microarray technologies, and the availability of a complete 

human genome sequence, it became possible to obtain genome-wide maps of the 

locations and frequencies of CNVs. The first reports of wide-spread copy number 

variations or copy number polymorphisms (CNPs) (CNVs at >1% frequency) appeared in 

2004. Iafrate et al. and Sebat et al. independently surveyed the human genome for copy 
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number changes, revealing the extent of this source of human genetic variation at a 

previously unanticipated level (Iafrate et al. 2004; Sebat et al. 2004). The two microarray-

based CNV studies detected a total of 476 CNV loci from 75 individuals. Some of these 

loci affect genes that play important biological roles such as neurological functions and 

metabolism (Sebat et al. 2004). Since then, more copy number changes were mined from 

SNP genotyping data and clone paired-end sequencing data (Tuzun et al. 2005; Conrad 

et al. 2006; McCarroll et al. 2006).  

In 2006, a comprehensive map of copy number variations was released based on 270 

individuals from four different ethnic populations of European, Asian or African descents, 

who were originally included in the International HapMap Project. Redon et al. reported a 

total of 1447 copy number variable regions (CNVRs), corresponding to 360 Mb of human 

DNA sequences or 12% of the human genome (Redon et al. 2006). The CNVRs are 

enriched in functional categories such as cell adhesion, sensory perception of smell and 

of chemical stimulus, as well as neurophysiological processes. Distribution of CNVRs is 

non-uniform along the genome, with copy number changes preferentially clustered near 

segmental duplications (SDs), defined as duplicated sequences of >1 kb with 90% or 

more sequence identity in the reference human genome assembly (Bailey et al. 2002). 

Multi-allelic and complex CNVs are especially enriched in these SD regions. A number of 

following reports targeting specifically at segmental duplication regions also defined these 

loci as hotspots for chromosomal rearrangement and copy number variations (Sharp et al. 

2005; Locke et al. 2006). 

In the past years, reports of more comprehensive CNV discovery and characterization 

have come into view (de Smith et al. 2007; Pinto et al. 2007; Simon-Sanchez et al. 2007; 

Wang et al. 2007; Wong et al. 2007; Zogopoulos et al. 2007; Cooper et al. 2008). In 
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particular, recent studies on fine-scale CNV detection based on novel sequencing 

technologies and genome comparisons provide us with new perspectives on CNVs and 

structural variations (Khaja et al. 2006; Korbel et al. 2007; Levy et al. 2007; Kidd et al. 

2008). These studies have revealed that individual human genomes are at least 0.5% 

different, with the order of 600-900 CNVs between any two individuals, contrary to our 

traditional view of human sharing 99.9% similarity (Korbel et al. 2008). 

The phenomenon of copy number variations is not unique to the human genome. CNVs 

have been characterized in a number of mammalian species from the great apes (Locke 

et al. 2003; Perry et al. 2006; Wilson et al. 2006b; Perry et al. 2008) to rat and mouse (Li 

et al. 2004; Adams et al. 2005; Snijders et al. 2005; Egan et al. 2007; Guryev et al. 2008; 

She et al. 2008). CNV maps for the Drosophila genome was also recently published 

(Dopman and Hartl 2007; Emerson et al. 2008; Zhou et al. 2008), cataloguing differences 

in Drosophila’s gene copy numbers, a concept that was developed in Drosophila genetics 

as early as the 1930s (Bridges 1936). 

Whilst early CNV detection platforms mature and new technologies emerge, the 

discovery and characterization of CNVs has surfaced as an exciting branch of human 

genetics. Copy number changes were increasingly explored in the context of population 

demographics and human evolution (Conrad and Hurles 2007), with studies based on 

inter-population comparisons (Redon et al. 2006; Jakobsson et al. 2008) and inter-

species evaluations (Locke et al. 2003; Perry et al. 2008). Population bias in copy 

numbers at specific loci have been demonstrated to play an important role in 

environmental adaptations, for example the evolution of CNV in the salivary amylase 

gene locus has been influenced by human diet (Perry et al. 2007); and the HIV-1 

susceptibility CNV locus CCL3L1 showed variable distribution in different populations 
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(Gonzalez et al. 2005). Of equal importance, CNV has brought a new dimension to 

disease genetics. Analogous to SNPs, an instrumental tool in discovering disease genes 

through linkage and association analysis, CNVs is a major source of genetic variation 

with potential clinical relevance in a number of diseases (see Chapter 1.4).  
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1.2  Detection of Copy Number Variation 

1.2.1 Classical Cytogenetic Techniques for the Detection of Structural Variations 

Classical cytogenetics and traditional karyotype techniques such as Giemsa-banding (G-

banding) (Craig and Bickmore 1993) have revealed  gross structural variations as 

microscopically visible alterations. Cases of large-scale chromosomal rearrangements 

leading to Down syndrome (trisomy 21) and cri-du-chat syndrome (terminal 5p deletion) 

were discovered in the 1950-60s, many decades before the introduction of high-resolution 

techniques for rearrangement detection.  

Fluorescence in situ hybridisation (FISH) further increased the resolution of cytogenetic 

techniques to 104–106 bp, extending the reach of traditional karyotyping to the detection 

of submicroscopic copy number changes. FISH (Bauman et al. 1980) is an in situ 

hybridisation technique in which a labelled probe of specific DNA sequences (e.g. a 

Bacterial Artificial Chromosome (BAC)/fosmid clone) is hybridized to a preparation of 

metaphase chromosomes or interphase DNA, usually attached to a glass slide. The 

chromosomal DNA and probe mixture was then denatured, allowing the single-stranded 

probe and single stranded DNA to re-anneal, with the probe hybridizing to the 

complementary sequences on the DNA and reformed a double stranded molecule. 

Following hybridization, unbound probes were washed away, and the hybridized probes 

were visualized directly if they were tagged with fluorochromes (e.g. Cyanine (Cy) or 

Alexa Fluors dyes), or detected by antibodies against hapten-tagged probes, or affinity 

agents such as avidin or streptavidin if probes were labelled with the biotin and 

digoxigenin systems (Langer, 1981).  
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FISH techniques have evolved throughout the years. For instance, improvement on probe 

labelling has led to the development of multi-probe FISH and spectral karyotype (SKY) 

(Schrock et al. 1996). These multi-colour hybridizations allow visualizing of 

rearrangements involving different chromosomes. On the other hand, the DNA 

preparation method has also progressed such that extended chromatin fibres (as a 

replacement for interphase or metaphase preparation) were fixed onto glass slides for 

high-resolution detection of submicroscopic changes, a technique known as Fiber-FISH 

(Florijn et al. 1995). This allows visualization of small copy number changes, for example 

deletion gaps or tandem duplications down to the size of a fosmid clone (40 kb) or even 

smaller. The technique can also be used to solve more complex rearrangements, as in 

the case of the expansion of CCL3L1 and related segmental duplication in human and 

chimpanzees.  

Along with the development of FISH, complementary techniques such as comparative 

genome hybridization (CGH) (Kallioniemi et al. 1992) were developed for the detection of 

structural rearrangement.  In CGH, differentially labelled test and reference DNA were 

simultaneously hybridized to chromosome spreads. Unlabelled Cot-I DNA was also co-

hybridized to block DNA repeats. The hybridisation was then detected with two 

fluorochromes, and genomic regions of gains or losses would be detected as changes in 

the ratio of intensities of the two fluorophores along the chromosome. The technique was 

widely used in the analysis of tumor malignancies and constitutional chromosomal 

aberrations (Forozan et al. 1997).  

The major advantage of CGH is that it allowed whole-chromosome or whole-genome 

surveys of chromosomal rearrangement and aberrations, compared to previous target-

specific approaches. Figure 1.2 shows the image of a CGH experiment applied on a 
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cancer cell line when the technique first developed. High-level amplification of the myc 

locus at 8q24 was revealed as an elevated ratio of test/reference signal intensity. 

Nevertheless, such CGH approaches remained limited in resolution by the use of 

metaphase chromosomes as DNA hybridization targets. Therefore, higher resolution 

detection would still require laborious locus-by-locus techniques, such as Southern blot 

analysis (Southern 1975) or pulse field gel electrophoresis (PFGE) (Schwartz et al. 1983; 

Herschleb et al. 2007) (see section 1.2.5). 
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1.2.2 Array-based Comparative Genome Hybridization 

Array-based comparative genome hybridisation (array CGH), a modification to the 

traditional CGH technique, greatly enhanced the resolution and dynamic range for copy 

number detection. By substituting chromosome targets in a traditional CGH experiment 

by a matrix of defined nucleic acid target sequences spotted on glass chips, Solinas-

Toldo et al. developed the prototype of a CGH array (Solinas-Toldo et al. 1997). Pinkel et 

al. further implemented the platform to screen for copy number changes in human breast 

cancer, revealing previously undetected aberrations (Pinkel et al. 1998). The array CGH 

platform has since opened many new opportunities to assess copy number 

rearrangements associated with human disease and genetic diversity. 

A typical CGH array (refer to Fig. 1.3) consists of mapped DNA sequences mechanically 

spotted or directly synthesized onto microscope glass slides. Various array approaches 

employed different sources of DNA sequences, which could be broadly classified as 

genomic inserts (such as BAC, cosmid or fosmid clones (Solinas-Toldo et al. 1997; Pinkel 

et al. 1998; Snijders et al. 2001), cDNA clones (Pollack et al. 1999), genomic Polymerase 

Chain Reaction (PCR) products (Dhami et al. 2005) or oligonucleotides (Urban et al. 

2006). For each hybridization experiment, uniquely labelled subject and control DNA are 

co-hybridised with Cot-1 blocking agent (to suppress signal from common repetitive 

sequences). The test and reference DNA signal intensity was recorded for all probes on 

the array. Significant deviation from the 1:1 test/reference for a probe (or a series of 

consecutive probes) would be interpreted as DNA copy number changes (Pinkel and 

Albertson 2005). 
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1.2.2.1 BAC Array CGH 

The first generation of CGH arrays, and indeed the first genome-wide human CNV 

screens, was predominantly based on Bacterial Artificial Clones immobilized onto coated 

glass slides (Solinas-Toldo et al. 1997; Pinkel et al. 1998; Snijders et al. 2001; Fiegler et 

al. 2003; Iafrate et al. 2004; Redon et al. 2006). BAC arrays started out targeting specific 

regions of the genome, or tiling the genome at an average resolution of ~1 Mb. With the 

availability of the overlapping sequencing clone contigs generated for the public domain 

of the Human Genome Project (Lander et al. 2001; IHGSC 2004), BAC arrays can now 

be synthesized with over 30,000 features at a tiling path resolution of ~80-150 kb 

(Ishkanian et al. 2004; Fiegler et al. 2006). In terms of DNA for array spotting, traditionally, 

substantial effort was required in bacterial culture handling to extract enough DNA from 

the BAC clones (Solinas-Toldo et al. 1997; Pinkel et al. 1998; Albertson and Pinkel 2003). 

The problem was later circumvented by applying DNA amplification methods such as 

rolling circle replication (Buckley et al. 2002), linker adaptor PCR (Klein et al. 1999; 

Snijders et al. 2001) or degenerate oligonucleotide primers PCR (DOP-PCR) (Fiegler et 

al. 2003). The whole-genome tiling path (WGTP) array platform was generated using the 

DOP-PCR strategy (Telenius et al. 1992), with BAC DNA amplified using three different, 

specifically designed degenerate oligonucleotide primers. Complete amplification of the 

clone DNA was achieved, and contamination from E. coli host vector DNA was minimized. 

In summary, whole genome tiling path BAC arrays provide a rapid, sensitive and reliable 

platform for the detection of genomic imbalances (Fiegler et al. 2006).  



1
3

 

  

 

 F
ig

u
re

 1
.3

 S
c
h

e
m

a
ti

c
s
 o

f 
a
n

 a
rr

a
y
 c

o
m

p
a
ra

ti
v
e

 g
e
n

o
m

e
 h

y
b

ri
d

iz
a
ti

o
n

 e
x
p

e
ri

m
e
n

t.
  

T
h
e

 t
e
st

 (
g
re

e
n
) 

a
n
d

 r
e
fe

re
n
c
e

 (
re

d
) 

D
N

A
s 

a
re

 d
iff

e
re

n
ti
a
lly

 l
a
b

e
lle

d
 a

n
d
 h

yb
ri

d
is

e
d

 t
o
 a

 m
ic

ro
a
rr

a
y 

s
lid

e
 i
n

 t
h

e
 p

re
s
e

n
c
e

 o
f 

C
o

t-
1
 D

N
A

. 
D

u
p
lic

a
tio

n
s 

a
n

d
 d

e
le

ti
o

n
s 

a
re

 i
d
e

n
tif

ie
d
 a

s 
d

e
vi

a
tio

n
s 

in
 t

h
e
 s

ig
n
a

l 
in

te
n
si

ty
 r

a
ti
o
s
 f

ro
m

 t
h

e
 t

w
o

 f
lu

o
ro

c
h
ro

m
e
s
.



14 

 

1.2.2.2 Oligonucleotide Array CGH 

An alternative to BAC arrays are oligonucleotide-based arrays, which are mostly supplied 

commercially (e.g. from Roche Nimblegen and Agilent Technologies). These arrays are 

synthesized in-situ with ~20-80-mer oligonucleotides which form the probes or features 

for CNV detection. Array designs can be optimized to avoid highly repetitive regions, but 

with the option of covering low copy repeats such as segmental duplications where CNVs 

are abundant. Designs can also be customized to target clinically relevant regions for 

disease studies (Urban et al. 2006; Baldwin et al. 2008).  

Early oligo arrays were generally of poorer signal-to-noise ratio compared to BAC arrays, 

thus resulting in more variable reported signals for CNV detection (Carter 2007). 

Furthermore, due to the higher costs involved in commercial arrays and reagent purchase, 

oligo arrays were initially applied mostly for validation (Conrad et al. 2006; Locke et al. 

2006; Wong et al. 2007) or breakpoint mapping (Sharp et al. 2005; Gribble et al. 2007). 

Advancement in technologies, such as the use of digital mask photolithography (Nuwaysir 

et al. 2002), allow oligo arrays to be constructed at much higher density (Urban et al. 

2006), providing considerably better resolution and precision for CNV detection . With 

improved signal-to-noise ratio, enhanced reproducibility and quality control and 

decreasing cost per feature, oligo arrays are now recognized as a tool for accurate, high-

resolution CNV detection (Ylstra et al. 2006). Examples of the latest whole-genome oligo 

arrays for human CNV detection include the Agilent 244A (with ~244.000 features) and 

Nimblegen HG18 WG Tiling CGH 2.1M (with 2.1 million features). 

Other related array CGH platforms include representational oligonucleotide microarray 

analysis (ROMA). The platform consists of oligonucleotide probes from the human 

genome sequence, hybridized with "representations" of the test and reference genome, 
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which is prepared by cleaving the genomes with restriction enzymes, followed by 

differential PCR amplifications (Lucito et al. 2003). This technique was used in an early 

CNV discovery study (Sebat et al. 2004) as well as a few recent reports of CNV 

association with psychiatric diseases (Sebat et al. 2007; Walsh et al. 2008). 

1.2.2.3 Choice of Reference DNA for Array Hybridization 

In array CGH studies, co-hybridization of test and reference genome allows reported 

signal ratios to be subjective and independent of the probe concentration of each spots, 

or of variations within array (Carter 2007). The choice of reference, however, is 

inconsistent within the research community, making direct comparison of array CGH 

results difficult to interpret. In the early days, pools of reference DNA were used to dilute 

the effect of CNVs unique to individuals (Iafrate et al. 2004; Sebat et al. 2004). However, 

this gives imprecise signal intensity ratio especially at genomic regions that harbour 

complex and multi-allelic copy number changes. The current recommended practice is to 

perform array hybridization to a single, well-characterized reference genome (Scherer et 

al. 2007). In our laboratory we routinely use a well-characterized trio-offspring DNA from 

the HapMap collection, NA10851 (Conrad et al. 2006; McCarroll et al. 2006; Redon et al. 

2006), for all array CGH studies.  

 



16 

 

1.2.3 Genotyping CNVs using Single Nucleotide Polymorphisms  

The analysis of single nucleotide polymorphism is a well-established tool for genetic 

studies for the following reasons. First, over recent decades, a large amount of effort has 

been put into the discovery, validation and characterization of SNPs in the human 

genome (Altshuler et al. 2000; Reich et al. 2003; Hinds et al. 2005). Secondly, the 

HapMap Project provides a catalogue of well-characterized SNPs in four major ethnic 

populations (IHMC 2005), an important resource for assessing genetic variants in the 

context of population association studies and evolution. Thirdly, high-throughput array 

technologies for SNP genotyping have been developed (of particular success are 

commercial arrays from Affymetrix and Illumina Inc.).  

1.2.3.1 Linkage Disequilibrium Based Tag-SNP Approach 

One way of utilizing SNPs for CNV investigation is to “tag” common copy number 

changes, or CNPs, with surrounding SNPs based on linkage disequilibrium. A number of 

studies have investigated the linkage-disequilibrium properties of CNPs. Early studies 

indicated that deletion polymorphisms are generally in strong linkage disequilibrium and 

segregate on ancestral SNP haplotypes (Hinds et al. 2005; McCarroll et al. 2006). Later 

studies suggest that although some CNVs are in appreciable linkage disequilibrium with 

nearby markers, accurate genotypes can only be captured for a minority of CNPs tested 

(Redon et al. 2006). Results were far less robust for CNPs in complex regions such as 

segmental duplications, which may partially be due to the scarcity of SNP markers 

surrounding those regions (Locke et al. 2006). Other reasons such as high recombination 

rate in regions of CNV or high rate of spontaneous recurrence of CNVs may also be 

possible (Lee and Lupski 2006). In conclusion, current genome-wide technologies are 

limited to tag CNVs using nearby polymorphic SNP markers (Eichler et al. 2007; 

McCarroll and Altshuler 2007).  
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1.2.3.2 CNV Genotyping Using SNP Arrays 

Arrays originally designed to genotype SNPs in genome-wide linkage association studies 

can be used to reliably estimate copy number changes. Affymetrix arrays, for example, 

were synthesized with 25-mer of matched and mismatched probe pairs to target each 

SNP under investigation. For array hybridization, a single test DNA is digested with 

restriction enzyme(s), which was then ligated with adaptors for universal DNA 

amplification. Hybridization signals of probes at each locus were then compared to those 

from a single or a group of references hybridized on the same array type, from which 

CNV calls were generated. Furthermore, CNVs (in particular deletion polymorphisms) can 

be inferred from regions with extended loss of heterozygosity (LOH), non-Mendelian 

inconsistency among families and enrichment of Hardy-Weinberg disequilibrium (Conrad 

et al. 2006; McCarroll et al. 2006).  

The first SNP-array based CNV studies started off using the Affymetrix GeneChip Human 

10K (Herr et al. 2005), slowly advancing to high-resolution and more robust analysis as 

SNP array chips and associated bioinformatics tools matured. The Affymetrix GeneChip 

500K array, for instance, was used for CNV detection as a complementary platform to 

BAC array in the HapMap CNV study published in 2006 (Komura et al. 2006; Redon et al. 

2006). An apparent advantage of such an array platform is its versatility- SNPs, CNVs 

and other clinically useful data such as uniparental disomy (copy number neutral LOH) 

(Friedman et al. 2006; Peiffer et al. 2006) can all be mined from data generated from the 

same chip. A major drawback of the early SNP arrays (e.g. Affymetrix 250K/500K or 

Illumina HumanHap300) was uneven probe spacing, with particularly sparse probes at 

regions near segmental duplication, and at repeat-rich centromeres and telomeres, 

perhaps due to problems they create against robust SNP genotyping (Carter 2007). To 

enhance the power of CNV detection, the most recent SNP genotyping platforms have 
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included non-polymorphic probes specifically selected for their genomic positions and for 

linear response to copy number changes. Examples of the latest platforms are Affymetrix 

Genome-wide Human SNP array 5.0 and 6.0, the latter with ~906,600 SNPs and 

~946,000 CNV probes; and Illumina Human1M-Duo Bead Chip, with ~1.2 million markers 

and 1.5 kb median marker spacing, with probes designed to target known CNV regions 

and gaps between HapMap SNPs. These platforms have generated a new paradigm for 

genome-wide disease association studies, integrating both SNP and CNV assessments 

in the work-flow of such investigations (Korn et al. 2008).  
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1.2.4 Validation and Detection of CNV at Targeted Loci 

Quantitative or semi-quantitative measurements of copy number variations at targeted 

loci are required for a number of reasons: i) as independent platforms to validate array-

based CNV discoveries; ii) to convert analog signal-intensity ratios from array-based CNV 

detection to discrete CNV genotypes; iii) to precisely map breakpoints of CNV regions; 

and/or iv) to develop low-cost, reliable assays for large-scale genotyping in a large 

number of samples, for example in disease association studies or in clinical diagnostic 

settings. Traditional methods such as FISH, Southern Blot, PFGE and long range PCR 

serve some of these purposes, but they remain laborious, technically demanding, and 

low-throughput therefore unsuitable for larger scale studies. A number of complimentary 

techniques have evolved along with the progress of CNV discoveries.  

 

1.2.4.1 Quantitative Fluorescent Real-time PCR (qPCR) 

QPCR was first developed for quantification of RNA (Higuchi et al. 1992; Heid et al. 1996). 

In qPCR assays, input DNA quantity was monitored with dyes (e.g. SYBR-green) or dual-

labelled probes (e.g. TaqmanTM probes), and fluorescence was recorded in real-time 

during the PCR amplification reaction. For instance, TaqmanTM assays draw on the 5’-3’ 

exonuclease activity of Taq polymerase, which cleaves the dual-labeled probes attached 

to DNA, releasing a reporter dye (e.g. FAM) which emits a fluorescence signal during 

PCR amplification. The technique was first used in the context of gene copy number 

changes assessing the hemizygosity associated with tumor, and of the gene dosage at 

hereditary neuropathy with liability to pressure palsies and Charcot Marie Tooth disease 

(Laurendeau et al. 1999; Wilke et al. 2000). In the absence of post-PCR manipulation, 

qPCR has the advantage of being fast, semi-automated with accurate quantification. 

Furthermore, a minimal amount of input DNA is needed and therefore the method is 
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scalable to high-throughput screening (Hoebeeck et al. 2007), although multiplex assays 

are still difficult to optimize (Conrad and Hurles 2007). It is now widely used as CNV 

validation strategy and for clinical diagnosis (Weksberg et al. 2005; Qiao et al. 2007; 

Malakho et al. 2008). 

1.2.4.2 Multiplex Quantitative Fluorescent Real-time PCR 

More quantitative PCR methods have been developed to increase throughput and 

accuracy of traditional qPCR. For example multiplex ligation-dependent probe 

amplification (MLPA) (Schouten et al. 2002), Multiplex Amplicon Quantification (MAQ) 

and multiplex amplifiable probe hybridization (MAPH) (Armour et al. 2000; White et al. 

2002) are routinely used for copy number quantification in research as well as diagnostic 

settings. These multiplex approaches allow PCR amplification to be performed using 

universal primer sets, with different probes specifically bound for different target 

amplicons generating specific fluorescent peaks for semi-quantitative detection of gene 

dosage. All these methods facilitate parallel screening of a large number of samples 

across a large number of putative CNV loci at affordable costs and high reliability. 

1.2.4.3 Other Methods  

Other methods for CNV dosage quantification include novel techniques based on 

competitive PCR. In competitive PCR, a control target of known concentration is co-

amplified with an unknown test competitor sequence, and the concentration of the test 

sample is inferred by comparison with the control. The difference between the competitive 

sequences could be as small as a single nucleotide mismatch. Interspecies PCR, for 

example, exploits the large number of SNPs or dispersed repeat element differences 

between human and chimpanzee as competitive sequences for CNV dosage detection 

(Armour et al. 2007; Williams et al. 2008). These techniques have demonstrated robust 
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and inexpensive measurement of copy numbers at the 22q11 loci (Williams et al. 2008) 

and beta-defensin locus (Hollox et al. 2008) .  
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1.2.5 Genome Sequencing and CNV Detection 

The availability of the human genome sequence (Lander et al. 2001; Venter et al. 2001; 

IHGSC 2004) was a pre-requisite for the success of CNV discoveries. Genomic insert 

clones (e.g. BACs) or oligonucleotides on whole-genome arrays are tiling representations 

of the reference genome sequence (Shendure and Ji 2008). SNP genotyping arrays, 

another major CNV detection platform, were developed with the International HapMap 

Project (IHMC 2005) playing an instrumental role. Nevertheless, both the human genome 

assembly and the International HapMap Project are not perfect, and the reference 

genome sequence tends to conceal or collapse regions of the genome most likely to 

harbor copy number variants, for example, regions at or near segmental duplications. 

Technologies for deep sequencing and comparison of more individual genomes are 

therefore likely to reveal more about copy number variations. 

1.2.5.1 Clone End Mapping and Sequencing 

In clone end mapping, a genomic sequence is fragmented and subcloned into circular 

clone (e.g. fosmid) vectors to create a genomic library. The ends of these genomic insert 

are sequenced from universal primers in the vector, and these are mapped to a reference 

genome. End sequence pairs that are discordant in terms of length (suggesting 

insertions/deletions) or orientation (suggesting inversion) are recorded (Eichler et al. 

2007). In 2005, Tuzun et al. reported 297 structural variant events between two individual 

genomes based on fosmid end sequence mapping of a DNA sample NA15510 against 

the reference genome sequence (Tuzun et al. 2005). Two years later, Korbel et al. 

reported a study based on higher-resolution method known as paired-end mapping (PEM) 

on two individual genomes (NA15510 and NA18505), detected over 1000 

insertions/deletions (Korbel et al. 2007). More recently, clone-end sequence-pair (ESP) 
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maps of eight human genomes were released, revealing even more novel CNVs and 

refining previously known structural variations (Kidd et al. 2008).  

 

1.2.5.2 Novel Sequencing Technology and Genome Comparison 

Computational comparisons between published genome assemblies have provided us 

more insights on copy number variations (Khaja et al. 2006; Levy et al. 2007). With the 

advancement in technologies, a number of novel sequencing methods were developed 

on top of the traditional Sanger sequencing technique (Sanger 1981). In particular, 

“second generation” sequencing methods based on cyclic-array sequencing have already 

been realized as commercial products, for instance in 454 sequencing (Roche Applied 

Science), Solexa technology (Illumina Inc) and the SOLiD platform (Applied Biosystems) 

(Shendure and Ji 2008). These massively parallel DNA sequencing technologies will 

allow complete genome sequencing and re-sequencing of more individuals at an 

affordable cost (Service 2006; Eichler et al. 2007), unveiling the true extent of CNVs in 

the human genome.  

 

Figure 1.4 summarizes the sensitivity and the throughput of various CNV detection 

techniques we have discussed so far. 
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1.3 Mechanisms of Copy Number Variation Generation 

Understanding the underlying mutational processes for CNV will provide information on 

how this type of genetic variant emerges, and should yield important insights into the 

genomic distribution, evolution and frequency of CNVs in the population. There are two 

major mechanisms for CNV generation, namely non-allelic homologous recombination 

(NAHR) and non-homologous end joining (NHEJ). Both are cellular mechanisms 

intended for maintaining the integrity of DNA by repairing DNA double stranded breaks 

(DSBs).  

 

1.3.1 Non-allelic Homologous Recombination 

The evidence of NAHR being a major mechanism of CNV generation came from 

observations that copy number changes frequently fall in close proximity to repeat 

sequences, for instance segmental duplications (Sharp et al. 2005) or Alu repeats 

(Lupski 2006; de Smith et al. 2008). Early examples came from genomic disorders, a 

class of diseases resulting from alteration of dosage-sensitive genes, usually by large-

scale microdeletion or microduplication of the genome (Stankiewicz et al. 2003; Lee and 

Lupski 2006). These genomic disorders, such as Velocardiofacial Syndrome, Williams 

Buren Syndrome and Charcot Marie Tooth Disease, frequently have breakpoints 

clustering at highly homologous segmental duplicons or low copy repeats (LCRs). It was 

suggested that the LCRs act as substrates for NAHR, mediating the rearrangements 

(Stankiewicz and Lupski 2002). It was also hypothesized that recurrent CNVs were most 

frequently results of NAHR (Lee and Lupski 2006). 

Copy number changes mediated by NAHR may occur at homologous sequences either 

on the same or the non-homologous chromosome (inter-chromosomal or 
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intrachromosomal NAHR). Apart from LCRs, more divergent repeats such as SINEs (eg. 

Alu), LINEs and human endogenous retroviruses (HERVs) can all act as substrates for 

NAHR (Roy et al. 2000; Fredman et al. 2004; Hurles 2005), although such events are 

less likely to be recurrent (Cooper et al. 2007).  

During meiotic NAHR, misalignments or unequal cross-over of the homologous 

sequences generate germline rearrangements such as duplications, deletions and 

inversions (Figure 1.5), and be detected as structural variations using techniques as 

discussed in section 1.2. Somatic rearrangement may also be generated in a similar 

manner (Cook and Scherer 2008), although this class of CNV is less well-studied 

(Piotrowski et al. 2008).  

Depending on the distribution and participation of the homologous sequences, copy 

number changes generated by NAHR could be simple deletion or duplication (Figure 

1.5a & b); or more complex rearrangement, such as tandemly duplicated arrays (Hurles 

2005), as in the case of the opsin locus for red-green color vision (Neitz and Neitz 1995) 

(Figure 1.5d); or other complicated structural variations involving multiple homologous 

duplicons.  

 

1.3.2 Non-homologous End Joining 

NHEJ is an alternative mechanism for repairing DSBs in cells. When random DSB occur 

at regions with no extensive homologous sequences to act as the repair template for 

NAHR, the broken ends of the DSB may be rejoined by nucleases removing the 

nucleotides, and the Pol X family of DNA polymerases filling in the missing nucleotides. 

NHEJ is an error-prone repair mechanism, with frequent gains and losses of nucleotides 
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at the junctions (Lieber et al. 2003). Much less is known about NHEJ compared to NAHR 

(Lee et al. 2007). The mechanism is suggested to be mediated by microhomologies (< 

25 bp homology) (Lieber et al. 2003). It is also known that NHEJ is more prevalent in 

unstable (or fragile) regions of the genome, for example in the subtelomeric regions 

(Nguyen et al. 2006; Kim et al. 2008b). The mechanism has been implicated in a number 

of genomic disorders (Inoue et al. 2002; Shaw and Lupski 2005) 

 

1.3.3 Other Mechanisms 

Recently, a few novel mechanisms of CNV generation have been suggested, which may 

generate interest for further characterization. One example is a mechanism involving 

DNA stalling and template switching during mitotic replication, as observed in Pelizaeus-

Merzbacher disease, an X-linked genomic disorder (Lee et al. 2007). Another 

mechanism involves both homologous and non-homologous recombination, as seen in 

the methyl-CpG-binding protein 2 (MECP2) duplication on chromosome Xq28 (Bauters 

et al. 2008).  

 

1.3.4 Insights from Breakpoint Mapping  

A recent paper systematically investigating the breakpoints of CNVs (Kim et al. 2008b) 

provided new insights into CNV generation mechanisms. In the study, 534 (fosmid-

paired end sequenced) CNV breakpoints were subjected to bioinformatics analysis to 

look for co-localization with various classes of repeats. In particular, they reported that 

28% of CNVs were colocalized with segmental duplication, a result consistent with 

earlier studies (Sharp et al. 2005; Redon et al. 2006; Cooper et al. 2007) albeit at a 

lower rate. In terms of signatures with other NAHR substrates, CNV breakpoints were 

not shown to be significantly associated with Alu elements, contrary to a previous study 
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showing significant association (Cooper et al. 2007). On the other hand, CNV 

breakpoints were shown to co-localize with LINE elements (>20% of breakpoints) and 

microsatellite repeats (3% of breakpoints) (Kim et al. 2008b). 

 Moreover, Kim et al. showed evidence for NHEJ as a major mechanism of CNV 

generation. 40% of the breakpoints showed microhomologies, implicating NHEJ 

involvement. Another 14% demonstrates micro-insertions (base pairs of gains/losses) at 

breakpoint junctions, which is also suggestive of NHEJ mediation (Kim et al. 2008b).  

In summary, the non-random distribution of CNV, its co-localization with segmental 

duplications and its clustering at telomeric and centromeric regions, probably reflect the 

underlying mechanism of CNV generation (Stankiewicz and Lupski 2002; Hurles 2005; 

Lupski 2007). Whether such mutational bias plays a particular role in human evolution 

and diseases remain to be investigated. 
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Figure 1.5 Non-allelic homologous recombination by low copy repeat. Examples of 

mechanisms generating different structural variants: a) deletion; b) duplication; c) 

inversion; d) tandemly duplicated array  
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1.4 Biological Impact of Copy Number Variation 

1.4.1 Phenotypic Effect of CNVs 

Genetic variants of all sizes and types could confer phenotypic effects on individuals via 

two broad mechanisms:  a) perturbing gene expression, by acting on transcription, 

splicing, or translation and stability; or b) modify the function of a protein, for example by 

altering the protein structure. Based on these two mechanisms, below is a non-

exhaustive list of how copy number variations could confer functional consequences 

(Lupski and Stankiewicz 2005; Feuk et al. 2006b; Eichler et al. 2007; Shelling and 

Ferguson 2007): 

� Deletion and duplication may act on dosage-sensitive genes, with gene copy 

number changes resulting in alteration of gene expression; 

� Rearrangement may alter the regulatory elements for a nearby gene, with 

possible long-range effect (Kleinjan and van Heyningen 2005) which changes 

gene expression at a distance; 

� CNVs may disrupt a gene, e.g. by interrupting protein coding sequences,  

causing functional loss or modification; 

� Such rearrangements may also generate novel fusion products, for example by 

fusing different protein domains, by inserting protein coding sequences to the 

proximity of regulatory elements, or by deleting exons generating novel splice 

variants; 

� The change of expression of a gene involved in CNV may upset the 

stoichiometry, or the balance, of a macromolecular complex or network, 

translating the CNV effect to other genes and proteins (Korbel et al. 2008);  

� Deletions may unmask mutations or functional SNPs in the remaining allele 
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� CNVs may affect microRNAs in the genome, which in turn may lead to alterations 

in gene expression  

 

 

 

Figure 1.6 phenotypic effects of CNVs (diagram adapted from Lupski and 

Stankiewicz, 2005). Examples of CNVs affecting phenotypes through: a) gene 

dosage; b) gene interruption; c) gene fusion; d) position effect; e) unmasking 

recessive allele 



32 

 

 1.4.1.1 CNV and Expression 

The effect of CNV on gene dosage is most prominent in genomic disorders. In the 

example of the Charcot Marie Tooth locus (CTM-1A) on chromosome 17, for example, 

haploinsufficiency of the dosage-sensitive gene peripheral myelin protein 22 (PMP22) 

causes Hereditary Neuropathy with Liability to Pressure Palsies (HNPP), whereas 

reciprocal duplication results in trisomic expression of PMP22, leading to another 

neuropathy, the Charcot Marie Tooth Disease (Chance and Fischbeck 1994).  

Compared to simple deletions or duplications, multi-allelic CNVs may give subtler yet 

more variable effects on the range of gene expression by altering dosage levels for 

individuals in the population. In the case of the human salivary amylase gene, AMYI, the 

diploid copy number of this starch hydrolysis gene varies from 2 to >15  (Iafrate et al. 

2004; Redon et al. 2006), with populations having higher starch diet generally found to 

have higher AMY1 copy number and vice versa (Perry et al. 2007). It was demonstrated 

that this CNV locus affects gene expression at both the transcriptional and translational 

levels, with copy numbers shown to correlate with mRNA and AMY1 protein level in 

human saliva samples (Perry et al. 2007). 

As a genome-wide survey of the impact of CNV on expression patterns, Stranger et al. 

examined mRNA levels in lymphoblastoid cell lines from 210 unrelated HapMap 

individuals from 4 different ethnic groups, in combination with CNV data generated from 

the same HapMap samples (Redon et al. 2006; Stranger et al. 2007). 8.75% of variation 

in expression levels of 972 genes could be attributed to copy number changes (Stranger 

et al. 2007). In some cases, the effects of CNVs on gene expression were exhibited 

across all 4 ethnic groups, while in other cases they remain population-specific. Distant 

regulation or positional effect were also reported, with > 50% of the expression probes 
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associated with CNVs being away from the CGH clone encompassing the CNV, some of 

them as far as 2 Mb apart (Stranger et al. 2007). One example detected was the 

changes in mRNA expression of UDP-glucuronosyltransferase 2B17 (UGT2B17), which 

vary with copy number (McCarroll et al. 2006; Stranger et al. 2007). Variability of the 

gene was previously shown to associate with testosterone level, male insulin sensitivity, 

fat mass and prostate cancer (Xue et al. 2008).  

A simple, direct model for the effect of CNV on gene expression suggests proportional 

relationship between the two, with expression increasing as gene dosage increases. 

This probably explains the effects of many CNV loci, for instance the nearly linear 

relationship of protein expression with salivary amylase gene copy number (Perry et al. 

2007). Negative relationship has also been suggested, in which higher copy number 

decreases expression level. For instance a small duplication downstream of the 

proteolipid protein gene PLP1 was proposed to cause gene silencing by positional effect, 

thus lowering gene expression (Lee et al. 2006). However, considering the intricate and 

convoluted human biological networks and pathways, it is possible that some CNVs 

confer more complex effects on gene expression. Recently, Mileyko et al. examined this 

by modelling the effect of four common gene regulatory motifs: “positive feedback”, 

“bistable feedback”, “toggle switch” and “repressilator” (Mileyko et al. 2008). They 

proposed that a small change in gene copy number within these motifs could completely 

switch a biological network from one alternative steady state to another, and this change 

in equilibrium could result in large and unanticipated changes in gene expression.  

Nonetheless, some CNVs are phenotypic benign variants (as marked by the numerous 

CNVs in apparently normal populations) (Cooper et al. 2007). This suggests that 

changes in copy number may not necessarily translate into gene expression, 
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phenotypes or human traits. In many cases, CNVs are neither disease-causing variants 

nor variants with adverse phenotype. These apparently “neutral” CNVs may be 

explained by i) the genomic location of CNV (e.g. being located in gene-poor regions); ii) 

the insensitivity of the CNV genes to dosage; or iii) the effect of dosage compensation 

(Birchler et al. 2005), a mechanism which would balance out gene expression changes 

resulting from CNVs. In conclusion, the severity of phenotypes caused by a given CNV 

via gene expression is a combination of the dosage sensitivities of genes affected by the 

CNV, plus their interaction with other genetic and environmental variants. 

1.4.1.2 CNV and Gene Disruption 

Since not all genes are dosage sensitive, an alternative mechanism that CNV might 

confer phenotypes and diseases is by disrupting genes and modifying protein function. 

In a recent genome-wide CNV screen in schizophrenia patients, Walsh et al. suggests 

that CNV breakpoints in the case cohort disrupt many more genes that are involved in 

neurodevelopmental pathways than in the control cohort (Walsh et al. 2008). One 

example was a ~400 kb deletion disrupting the ERBB4 gene, which encodes a type I 

transmembrane tyrosine kinase receptor. Using 3’ rapid amplification of cDNA ends 

(RACE), the authors cloned the mutant transcript, which was found to lack the 

intracellular kinase domain of the receptor. This mutant allele could potentially have a 

dominant negative effect, with evidence from a previous mouse model. CNVs that 

disrupt genes can potentially have major phenotypic effects, forming a class of variants 

with high penetrating effect (Walsh et al. 2008). With more CNV breakpoints being 

mapped by high-resolution techniques and the resulting allelic sequences and structures 

characterized, we will gain a more complete understanding of the effects of copy number 

variants.  
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1.4.2 Phenotypic Variations and Evolution  

1.4.2.1 CNV and Human Traits 

Over the years, through a combination of genome-wide association or single locus 

approaches, single nucleotide polymorphisms have been shown to influence a diverse 

range of normal human traits, from the ability in speech and language (e.g. FOXP2) (Lai 

et al. 2001), to variations in height (Gudbjartsson et al. 2008; Lettre et al. 2008), even to 

sprinting ability in athletic performance (e.g. ACTN3) (North et al. 1999; Yang et al. 

2003). Human copy number variations were demonstrated to encompass more base 

pairs of changes between individuals than all SNPs combined together (Redon et al. 

2006). With growing numbers of CNV discovery studies, a major question arising is what 

impact does this ubiquitous class of genetic variant have on normal human phenotypic 

trait (Nguyen et al. 2006). A clear example comes from the aforementioned AMY1 locus, 

in which copy number was shown to correlate with the amount of starch-digesting 

amylase protein in human saliva (Perry et al. 2007). The geographical variation of copy 

number at this locus was proposed to be shaped by the evolution of diet in high-starch 

eating populations (such as Japanese) compared to low-starch eating populations (such 

as Biaka) (Perry et al. 2007).  

Another argument comes from the X-linked opsin gene locus dictating red-green color 

vision (Deeb 2005). The locus comprises red (L-opsin) and green (M-opsin) 

photopigment genes and a “locus control region” regulating gene expression. Variable 

copy numbers were detected in the L-opsin gene (0-4 haploid copy), M-opsin gene (0-7 

haploid copy) and the locus control region unit (0 or 1 haploid copy).  It is a combination 

of the copy number of these three units, sequence variation and unequal cross-over 

between homologous L-opsin and M-opsin that determines the phenotype of color vision, 

even to the extreme of color blindness (Cooper et al. 2007).  
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In addition, copy number at the cytochrome P450 gene CYP22A6 has been implicated in 

altered nicotine metabolism and smoking behaviour (Rao et al. 2000), and a deletion 

polymorphism at UDP-glucuronosyltransferase 2B17 (UGT2B17) was demonstrated to 

correlate with level of testosterone excretion (Jakobsson et al. 2006). The UGT2B17 

CNV was also shown to have major geographic variation, with evidence of positive 

selection in the East Asia population (Xue et al. 2008).  

1.4.2.2 Positive and Negative Selections on CNV  

CNVs at specific loci (e.g. AMY1) have been suggested as being involved in human 

adaptive evolution (Perry et al. 2007). On a genome-wide level, several studies have 

proposed that natural selection processes may have influenced and shaped CNV 

genomic distribution and gene content (Nguyen et al. 2006; Cooper et al. 2007; Nguyen 

et al. 2008).   

Duplications have long been suggested as substrates on which selection processes can 

act. A duplicated gene and its regulatory elements could subsequently be modified for 

new functions, facilitating a species’ diversification and evolution (Lynch and Conery 

2000; Dermitzakis and Clark 2001; Korbel et al. 2008). Some of these innovations may 

have been favoured in positive selection processes. In contrast, negative selection could 

also have shaped the characteristics of CNVs, and can easily be envisaged in deletion 

scenarios where deleterious loss-of-function alleles could be generated. In support of 

this, we see an enrichment of recent common CNVs (those that do not overlap with SDs) 

in gene-poor regions (Cooper et al. 2007). Array CGH studies further suggested that 

deletions in the genome are more biased away from the morbid OMIM (Online 

Mendelian Inheritance in Man) genes than duplications are (Redon et al. 2006).   
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One could hypothesize that the current distribution of CNVs in the human genome has 

been driven by past positive selection and adaptive evolution.  Alternatively, from a more 

neutralist’s point of view, CNVs could be under reduced purifying selection (Nguyen et al. 

2008). This model suggests that variants are enriched in nonessential genes, with 

fixation of slightly deleterious substitutions, while the “neutral” CNVs were under genetic 

drift.  

Examining the functional categories of CNV gene content may provide a glimpse into the 

underlying selection processes. A number of studies have suggested that CNVs 

significantly co-localize with genes that have environmentally responsive functions, such 

as sensory perception and immunity (Nguyen et al. 2006; Redon et al. 2006). Such 

enrichment could reflect these functional classes being less deleterious, therefore 

remaining in the genome by reduced purifying selection (Nguyen et al. 2008).  On the 

other hand, proteins within these biological categories were well-documented in 

mammalian adaptive evolutions (Cooper et al. 2007), and may have acted as substrates 

for natural selection. To this end, CNVs affecting environmental response genes have 

recently been demonstrated having involvement in a number of infectious and 

autoimmune diseases, such as HIV-1 susceptibility, glomerulonephritis and Crohn’s 

Disease (Gonzalez et al. 2005; Aitman et al. 2006; Fellermann et al. 2006).  

In summary, natural selection may differentially act on a spectrum of CNVs with variable 

phenotypic consequences, from beneficial, neutral, benign to deleterious (e.g. disease-

causing CNVs). Further characterization of CNVs in a range of phenotypic and disease 

contexts will expand on our rudimentary knowledge about this source of genetic variants.  
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1.4.3 CNV and Disease 

One of the major challenges in biology is to unravel mechanisms underlying human 

diseases. Studies in copy number variations have indicated its role in a number of 

sporadic diseases, Mendelian disorders as well as some multifactorial and complex 

disease phenotypes. The earliest evidence of such came from a group of diseases 

known as ‘genomic disorders’.  

1.4.3.1 Genome Disorder  

Genomic Disorders are defined as diseases caused by genomic rearrangements 

affecting dosage sensitive genes (Stankiewicz and Lupski 2002; Lupski 2007). They are 

classic models of DNA sequences being altered as copy number variations resulting in 

adverse human phenotypes (Lupski and Stankiewicz 2005). Well-known examples are 

Williams Beuren Syndrome (WBS)  [del(7)(q11.23q11.23)], Velocardiofacial/ DiGeorge 

Syndrome (VCFS/DGS)  [del(22)(q11.2q11.2)], Prader–Willi (PWS) [pat 

del(15)(q11.2q13)] or Angelman syndrome (AS) [mat del(15)(q11.2q13)], and Charcot 

Marie Tooth Disease (CMT) with reciprocal Hereditary Neuropathy with Liability to 

Pressure Palsies (HNPP) (Lupski 2006). These classical examples are typically large 

microdeletions and duplications (of several Mb) (Inoue and Lupski 2003), as they were 

discovered via traditional cytogenetic technique (e.g. karyotyping). Recent advance in 

CNV detection techniques have revealed a growing number of novel genomic disorders, 

such as the 15q13.3 microdeletion syndrome (~1.5 Mb) associated with mental 

retardation and seizures (Sharp et al. 2008), and the 17q21.31 microdeletion syndrome 

(~500 kb) associated with mental retardation and developmental delay (Koolen et al. 

2006; Sharp et al. 2006; Shaw-Smith et al. 2006).  



39 

 

Genomic disorders have provided us with important insights regarding CNVs and human 

diseases: First, these syndromes have revealed the plasticity of the human genome: 

alterations of megabases of DNA sequences affecting genes with important biological 

functions can apparently be tolerated in human. In some cases, such as Charcot Marie 

Tooth Disease, phenotypes of the disorder could be narrowed down to a single gene 

(PMP22) within the large rearrangement (Lupski et al. 1991; Patel et al. 1992). 

Furthermore, several genomic disorders are the result of reciprocal 

deletions/duplications of the same loci, demonstrating that varying dosage of the same 

gene(s) could result in diverse phenotypes (Lupski and Stankiewicz 2005).  

Secondly, genomic disorders provide us insights into the underlying mutational 

mechanism of copy number changes. Some cases of genomic disorders may cluster to 

breakpoints of LCRs or segmental duplications (Lupski and Stankiewicz 2005), 

suggesting NAHR as one of the disease mechanisms. Realizing genomic disorders may 

reflect the underlying genomic architecture, several research groups have interrogated 

specifically the SD-rich regions of the genome, facilitating discovery of further genomic 

disorders and diseases loci (Sharp et al. 2006). Other higher-order genomic architecture, 

such as nearby inversion polymorphism, may also predispose the disease locus to 

rearrangement. This has been demonstrated in 17q12.13 microdeletion syndrome, 

where a parental H2 inversion is necessary for disease transmission (Koolen et al. 2006; 

Shaw-Smith et al. 2006; Koolen et al. 2008), and has been suggested in Sotos 

Syndrome (Kurotaki et al. 2005), another genomic disorder. 

Furthermore, these disorders demonstrated the interaction of CNVs with other genetic 

factors in diseases. PWS and AS, for example, are derived from the paternal and 

maternal microdeletions of the same genomic locus, resulting in distinct disease 
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phenotypes (Lupski 2006). This reveals an interconnection between CNVs and 

epigenetic factors (imprinting mechanism).  

Finally, the majority of genomic disorders involve nervous system disorders and 

neuropathies, providing us invaluable insights into diseases of the brain. For example, 

these mental retardation syndromes were found to be comorbid with various psychiatric 

symptoms (eg. PW/AS with autism (Veltman et al. 2005), VCFS/DGS with schizophrenia 

(Murphy and Owen 2001)), suggesting genes altered in these loci may play multiple 

roles resulting in overlapping behavioral and cognitive phenotypes, or vice versa the 

diverse phenotypes could be the consequences of the perturbation of a common 

biological pathway via the alteration of common gene(s).  

1.4.3.2 Rare CNVs in Mendelian Disease Traits 

In contrast to genomic disorders, which in many cases are sporadic diseases resulting 

from de novo CNVs (Lupski 2007), the involvement of CNVs in diseases can also be 

illustrated with rare inherited copy number changes. These inherited CNVs act in the 

same way as Mendelian mutations do in diseases (Estivill and Armengol 2007). Below 

are examples originated from two neurodegenerative disorders.  

Triplication or duplication of the alpha-synuclein (SNCA) locus was shown to cause 

Parkison’s diseases (Singleton et al. 2003; Chartier-Harlin et al. 2004). Singleton et al. 

first demonstrated triplication of the SNCA to hereditary early-onset parkinsonism with 

dementia. Compared to the triplication cases, the duplication kindred identified by 

Chartier-Harlin et al. seemed to show milder disease progression closely resembling 

idiopathic Parkinson’s, with late onset and no cognitive decline or dementia, suggestive 

of a dosage effect in disease progression. Alpha-synuclein protein is a major component 

of Lewy bodies, the “pathological hallmark of Parkinson’s Disease” (Singleton et al. 
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2003). Examination of brain tissue showed increased copy number correlates with the 

level of soluble alpha-synucelin, and an even more prominent increase in the form of 

aggregated, insoluble deposition (Miller et al. 2004) .  

In the second example, duplication of the amyloid precursor protein (APP) on 

chromosome 21 was demonstrated to cause autosomal dominant form of early-onset 

Alzheimer disease (ADEOAD) with cerebral amyloid angiopathy (CAA) (Rovelet-Lecrux 

et al. 2006). From their study, Rovelet-Lecrux et al. reported that 5 out of 65 families of 

ADEOAD with CAA showed duplication at the APP locus, estimating the frequency of 

this duplication to be 8% (5 of 65) in the disease. This is also consistent with previous 

reports suggesting that APP duplication coincide with patients with Alzheimer disease 

(Delabar et al. 1987; Sleegers et al. 2006). Alterations in the APP gene probably lead to 

accumulation of amyloid precursor protein which results in neurodegeneration (Rovelet-

Lecrux et al. 2006), highlighting APP as a dosage sensitive gene. The copy number 

change at the APP locus was also put into context of SNP mutations in the same gene, 

where the CNV is estimated to correspond to half of SNP missense mutations leading to 

disease (Rovelet-Lecrux et al. 2006). 

1.4.3.3 Common CNVs in Multifactorial or Complex Disease 

Common diseases involving multiple genetic and environmental factors are in principle 

more susceptible to copy number variations, which could alter gene dosage without 

disrupting protein functions and therefore result in high phenotypic plasticity (McCarroll 

and Altshuler 2007). Furthermore, many multifactorial diseases, such as a number of 

complex psychiatric disorders, were shown to be heritable with a substantial genetic 

contribution, whilst the underlying genetic factors remain largely elusive (Burmeister et al. 
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2008). The involvement of CNVs in complex diseases is therefore an area under intense 

investigation. 

There is now considerable evidence of complex diseases under the influence of copy 

number variants. These include a number of infectious and autoimmune diseases, 

cancer, as well as psychiatric diseases (discuss in section 1.6). Below I discuss three 

examples in detail, namely the human chemokine gene CCL3L1 in HIV-1 susceptibility 

and progression (Gonzalez et al. 2005); the Fc-receptor gene FGCR3B in lupus and 

related autoimmune diseases (Aitman et al. 2006; Fanciulli et al. 2007), and the β-

defensin gene cluster (including DEFBA3 & DEFB2) in Psorasis and Colonic Crohn’s 

Disease (Fellermann et al. 2006; Hollox et al. 2008). 

In 2005, Gonzalez et al. reported probably the first evidence of copy number variants 

stably transmitted to contribute to complex diseases (Gonzalex, 2005). The authors 

studied the distribution of chemokine gene-containing segmental duplications on 

chromosome 17, which include genes CCL3L1, CCL4L1 and TBC1D3, in 1064 humans 

from 57 populations and 83 chimpanzees. The copy number of the SD has previously 

been demonstrated to regulate the production of human chemokine CCL3L1 (Townson 

et al. 2002).  Gonzalez et al. described a geographic variation of the CCL3L1-containing 

SD, with African populations possessed a significantly higher copy number than non-

Africans. Furthermore, within populations, a lower gene dose relative to the average 

copy number in the population was demonstrated to confer HIV-1 susceptibility, as well 

as the increased risk of progression to AIDS or death. CCL3L1 encodes a ligand for the 

receptor CCR5, which in turn interacts with the HIV-1 virus glycoprotein (gp) 120 

(Gonzalez et al. 2005). 
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For the role of CNV in autoimmune disease, Aitman et al. demonstrated that copy 

number changes of the Fc receptor FGCR3B and its ortholog in rat Fcgr3-rs could play a 

role in immunologically mediated glomerulonephritis (Aitman et al. 2006). In the rat, a 

226 bp deletion of the Fcgr3-rs allele in the Wistar Kyoto rat strain was shown to 

increase susceptibility to crescentic glomerulonephritis. The same study also reported a 

lower copy number of FGCR3B in human patients with lupus glomerulonephritis or lupus 

erythematosus. In a subsequent study FGCR3B was reported to contribute to another 

two systemic autoimmune diseases: microscopic polyangiitis and Wegener’s 

granulomatosis (Fanciulli et al. 2007). In the immune system, Fc receptors play 

important roles in the activation and modulation of immune responses. Furthermore, in a 

separate study, low copy number of the complement component C4, a different effector 

protein in the immune system, was also shown to involve in systemic lupus 

erythematosus  (Yang et al. 2007). 

Research also suggested that copy number of the beta-defensin segmental duplication 

on chromosome 8 is involved in infectious and inflammatory diseases.  The segmental 

duplication containing DEFB4 (encoding the protein human beta-defensin 2, hBD-2) and 

a number of other DEFB genes at the 8p23 β-defensin locus shows variable copy 

number from 2-12 copies per diploid genome (Hollox et al. 2008). Lower copy number 

was suggested to predispose to Crohn’s disease of the colon (Fellermann et al. 2006), 

while higher copy number was associated with the risk to psoriasis, a skin inflammatory 

disease (Hollox et al. 2008). β-defensins are small antimicrobial peptides which play a 

proinflammatory role (Hollox et al. 2008).   

The above studies provided important insights regarding the role of CNVs in complex 

disease genetics: first, in these complex diseases, copy number variations, and 
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frequently multi-allelic CNVs (ranging from 2 to >10, e.g. in CCL3L1 and DEFB4), could 

play a role in disease susceptibility; secondly, in particular diseases (e.g. CCL3L1 in 

HIV-1 susceptibility) it was the copy number in relation to the population average, rather 

than the copy number per se, that confer disease susceptibility (Eichler et al. 2007). This 

suggests the context of population and ethnicity matters, and that other genetic or 

environmental factors could act in conjunction with CNVs to confer disease susceptibility; 

thirdly, the same CNV loci were involved in multiple complex diseases, indicating 

common disease mechanisms and pathways (e.g. FGCR3B in multiple autoimmune 

diseases); and finally, such a role of multi-allelic CNVs in complex diseases may not be 

easily captured even in large linkage analysis, as modelled bioinformatically by Hollox et 

al. in the case of psoriasis (Hollox et al. 2008).  

In summary, it is now evident that copy number variations in genes could be direct risk 

factors for a number of human diseases. This list of CNV disease loci is likely to expand 

tremendously, as results from further genome-wide association studies or analysis of 

family pedigrees provide systematic analysis of the role of copy number variations. 
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1.5  Schizophrenia 

1.5.1 The Concept of Schizophrenia 

In 1896, the German physician Emil Kraepelin first described schizophrenia as a mental 

illness with a discrete disease entity, which he referred to as “dementia praecox” 

(dementia of early life) (Kraepelin 1919). The term “schizophrenia”, was later introduced 

in 1911 by the Swiss psychiatrist Eugen Bleuler (Bleuler 1911). The word derived from 

its Greek roots “schizo” (split) and “phrene” (mind). It was a refinement to “dementia 

praecox” (Kahn and Pokorny 1964), since it was recognized that the disease did not 

necessarily include a dementia process, and could sometimes occur late as well as early 

in life .  

Schizophrenia (OMIM181500) is a debilitating psychiatric illness with a prevalence of 1% 

worldwide (Jablensky et al. 1992). The disease is characterized by psychotic symptoms 

such as delusion, hallucination, and disorganized thinking, together with cognitive and 

social impairment (Andreasen 1995). Schizophrenia usually has its onset in the second 

or third decade of the patient’s life (Hafner et al. 1998; Hafner and an der Heiden 1999), 

and males were described to have earlier onset than females (Stromgren 1987). Once 

the psychotic symptoms emerge, the mental illness could persist for a lifetime with 

recurrent patterns, leading to severe impairment in social and occupational functioning, 

as well as massive societal costs and consequences. In particular, mortality rate is 

elevated among schizophrenia patients (Harris and Barraclough 1998), partially due to a 

high suicidal rate (Fenton et al. 1997). The society cost of the illness for one year in 

United States alone was estimated to be in excess of 62.7 billion USD (Wu et al. 2005). 

The first treatments for the illness, discovered in the 1930s, were based on 

electroconvulsive shock (ECS) therapy (by Ugo Cerletti) (Cerletti 1954), insulin coma 
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therapy (by Manfred Sakel) (Sakel 1954) and prefrontal lobotomy (Jenkins et al. 1954). 

The latter two were later abandoned due to low efficacy. Drug treatments were 

developed from the 1950s, and were broadly defined into conventional neuroleptics 

(which in greek means “to clasp the neuron”) (e.g. chlorpromazine); and the atypical 

antipsychotics (e.g. clozapine).  Side effects from these drugs are common, including 

extra pyramidal symptoms (Kandel 2000) such as Parkinsonism, dystonia and tardive 

dyskinesia 1  (for conventional antipsychotics), and gain of weight and diabetes (for 

atypical antipsychotics). Current treatments mainly comprise a combination of 

medication, psychotherapy and social adjustment (Bustillo et al. 2001). ECS, one of the 

most controversial procedures in modern psychiatry, is still being used to attenuate 

symptoms of schizophrenia (Brindley 2008). 

 

                                                           
1
 Patients with parkinsonism fail to walk normally and usually develop tremor; Patients with dystonia have 

painful muscle spasms of the head, tongue, or neck; Patients with tardive dyskinesia, a chronic EPS, show 

features of slow, rhythmic and automatic movements.  
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1.5.2 Phenotypes and Diagnosis  

1.5.2.1 Positive and Negative Symptoms 

Both Kraepelin and Bleuler recognized that schizophrenia symptoms tend to cluster into 

distinct categories, and Bleuler was the first to describe schizophrenia symptoms as 

“positive” or “negative” (Sass 1989).  “Positive symptoms” are symptoms of thoughts, 

emotion or perceptions that are beyond normal experience. They include hallucinations 

(false sensory perception, typically auditory but can also be visual, olfactory, tactile etc.), 

delusions (false beliefs based on incorrect inference of reality), as well as thought and 

speech disorganization. In contrast, “negative symptoms” are thoughts, emotion or 

perceptions common in normal people but absent in patients. They include social 

withdrawal, blunted effect (lack of emotional reactivity), alogia (poverty of speech), and 

avolition (lack of motivation) (Andreasen 1995; Gelder 1996). Another core feature of 

schizophrenia is cognitive deficits, specifically the impairment of memory, attention and 

executive function (Kandel 2000). 

1.5.2.2 Endophenotypes 

In addition to the aforementioned clinical phenotypes, the concept of endophenotype is 

also of relevance to the understanding of schizophrenia. Endophenotypes, as defined by 

Gottesman and Gould, are “measurable components unseen by the unaided eye along 

the pathway between disease and distal genotype” (Gottesman and Gould 2003). These 

phenotypes are quantitative and heritable, and in contrast to clinical phenotypes, they 

usually require the use of special processes or instruments to detect or measure, as they 

may not be readily observable (Owen et al. 2005a). In schizophrenia, examples of 

endophenotypes include auditory and sensory gating deficit (e.g. P50 prepulse inhibition, 

investigating acoustic startle reflex), oculomotor functioning (e.g. antisaccade 
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performance, concerning the rapid redirection of gaze to locations of interest), and 

cognitive phenotypes such as working memory and verbal memory (Braff et al. 2008). 

1.5.2.3 Course of Illness 

Schizophrenia is a chronic mental illness. The course of illness can be recognized as 

three phases (American Psychiatric Association. 1994): (a) the prodromal phase, usually 

occur in teenage years preceding onset, when patients exhibit mild phenotypes such as 

social isolation and movement disorder; (b) the acute phase characterized mainly by 

psychotic symptoms such as delusion and hallucination; and (c) the residual phase, 

similar to prodromal phase with less severe symptoms than during actue phase, 

sometimes negative features such as blunted effect are common. Over the duration of 

disease, patients typically enter numerous acute phases of psychotic episodes, 

intermittent with numerous residual phases with variable degree of remission. Scales 

such as the Brief Psychiatric Rating Scale, first published by Overall and Gorham in 

1960s, have been used by clinicians to estimate the course of illness (Leucht et al. 2005). 

1.5.2.4 Standardised Diagnostic Methods 

Current diagnostic methods for schizophrenia evolved from the work of Kraepelin as well 

as the descriptions of first rank symptoms by Kurt Schneider in 1959 (Bertelsen 2002). 

The most influential diagnostic guidelines are DSM-IV (Diagnostic and Statistic Manual 

of Mental Disorder- 4th Edition) (American Psychiatric Association. 1994); and ICD-10 

(Classification of Mental and Behavioural Disorders) from the World Health Organization 

(WHO 1992).  The two diagnostic methods are partially concordant (Bertelsen 2002), 

and a comparison is presented in Table 1.1. 
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Table 1.1 Two most influential diagnostic guidelines for schizophrenia: the DSM-IV 

and ICD-10. (table adapted from Gelder et al., 1996) 
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1.5.3 Aetiology and Neurobiology 

Schizophrenia is a mental illness with a complex aetiology. A complete picture of the 

neurobiology of the disease is yet to be determined, but studies regarding the 

neurochemistry, neurodevelopment and neuropathology aspects of the illness have 

provided some insights into schizophrenia. 

1.5.3.1 Dysfunction of Neurotransmitter Systems 

The theories of neurochemical imbalances in schizophrenia originated from 

pharmacological studies. The dopamine hypothesis was first proposed to explain the 

aetiology of schizophrenia (van Rossum 1966). The hypothesis was based on two 

pharmacological observations: (1) First, schizophrenia symptoms improved in response 

to conventional antipsychotic medications, such as chlorpromazine, which worked 

through the dopamine receptors. It was established that such traditional neuroleptics 

worked by competitive blockade of the D2 subtype of dopamine receptor (Creese et al. 

1976; Seeman et al. 1976). (2) Secondly, administrations of drugs such as 

amphetamines increase dopamine levels, concurrently exacerbate psychotic symptoms 

of schizophrenia (Abi-Dargham et al. 1998). Subsequently, it was suggested that the 

simple hyperactive dopamine theory cannot explain the complicated aetiology of 

schizophrenia, including the negative symptoms of the illness, and the depression of 

dopamine subtypes in the prefrontal cortex. The dopamine hypothesis was later 

reformulated, proposing increased dopaminergic transmission in the basal ganglia to 

underlie positive symptoms and psychosis, whereas dopamine deficits in the cortical 

area were associated with cognitive impairment (Owen et al. 2005b).  

The new generation of schizophrenia drug treatment (atypical antipsychotics), however, 

generally had low affinity for dopamine receptors, yet they were effective in reducing 
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positive and negative symptoms (Kandel 2000). This implicated the involvement of 

another neurotransmission system, and led to an alternative hypothesis concerning 

glutamate transmission, in particular NMDA (N-methyl-D-aspartate) receptor signalling, 

the major excitatory glutamate transmitter pathway. The first evidence of the theory 

came from two drugs, phencyclidine (PCP, also known as “angel dust”) and ketamine 

(also known as “Special K”). Administration of either leads to both positive symptoms 

(such as hallucinations) and negative symptoms reminiscent of schizophrenia. 

Furthermore, the drugs were demonstrated to exacerbate psychotic symptoms in chronic 

schizophrenia patients (Krystal et al. 1994; Lahti et al. 1995). Both drugs act by blocking 

NMDA receptor subtypes. In contrast, NMDA-receptor agonists such as glycine were 

found to alleviate schizophrenia symptoms and provided promising clinical results in 

some studies when used in combination of other drug treatments (Goff et al. 1995; Evins 

et al. 2002). Finally, mice engineered with a hypomorphic allele (with reduced expression) 

of NMDA-receptor subunit NR1 (glutamate receptor, ionotropic, N-methyl D-aspartate 1) 

were shown to display sensory gating deficits and behavioural phenotypes, including 

increased motor activity and deficits in social interaction, reminiscent of the human 

disease (Duncan et al. 2002; Duncan et al. 2004; Morris et al. 2004; Fradley et al. 2005). 

Similarly, glycine binding site mice mutants also displayed behavioural and cognitive 

phenotypes, for example hyperactivity, increased startle response and LTP deficits 

(Ballard et al. 2002).  

The dopamine and glutamate hypothesis were both well-established with independent 

support and evidence. Moreover, the two neurochemical pathways may interact to result 

in pathogenesis of schizophrenia. One suggestion was that dopaminergic was 

secondary to glutamatergic transmission (Laruelle et al. 2003). Alternatively, they could 

act synergistically in the neurocircuit to result in disease phenotypes. In addition, a 
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number of other neurotransmission systems such as serontonin transmission and 

GABAergic cortical dysfunction have been implicated in schizophrenia pathogenesis 

(Carlsson et al. 1999). 

1.5.3.2 Neurodevelopment and Neuropathology 

Apart from the neurochemical imbalance models, a neurodevelopment theory was also 

proposed, suggesting schizophrenia could result from abnormal brain development, with 

pathology originated in the middle stage of intrauterine life (Murray and Lewis 1987; 

Dazzan and Murray 1999). One support for the neurodevelopment model was the 

observation that ‘soft’ neurological signs, such as involuntary movement and dyskinesias, 

could extend into early ages such as childhood or infancy (Murray and Lewis 1988). 

Other evidence came from neuropathology, which demonstrated abnormalities of the 

central nervous system during development. Changes in the cytoarchitecture of the brain, 

for example increase in ventriclular size in patients, have been identified (Harrison 1999; 

Harrison and Weinberger 2005). Advance in imaging techniques such as magnetic 

resonance imaging (MRI) and poisitron emission tomography (PET) scan, as well as 

improvement in neuroanatomic markers, further enhanced the discoveries in 

neuropathology. Although some of the findings in the field were inconsistent and the 

effects of changes might be small, reasonable evidence had fostered the view that such 

neuropathological abnormality could relate to schizophrenia (Harrison and Weinberger 

2005; Owen et al. 2005b). Recent evidence from mouse models further suggested that 

adult neurogenesis, in particularly in the brain region of dentate gyrus, could be involved 

in the pathogenesis of schizophrenia (Duan et al. 2007; Yamasaki et al. 2008). 
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1.5.4 The Genetics of Schizophrenia 

1.5.4.1 Evidence of Genetic Contribution  

While the aetiology of schizophrenia remains ambiguous, there is consistent evidence 

for a strong genetic component and inherited factors in schizophrenia (McGuffin et al. 

1995), with support from twin, adoption and family studies (Sullivan 2005). Heritability 

estimates were demonstrated to be ~0.80 (Cardno and Gottesman 2000; Sullivan et al. 

2003). Twin studies demonstrated increased risk in monozygotic (~41-65% lifetime 

prevalence) versus dizygotic twins (up to 28%) (Cardno and Gottesman 2000). Adoption 

studies established a higher risk in the adoption cluster (offspring of one set of parents 

raised by unrelated strangers from early in life), and that adoptees have increased risk 

with regard to biological versus adoptive affected parents (Heston 1966; Kety et al. 

1994). Finally, family studies showed a higher risk in first degree relatives (Sullivan 

2005). Figure 1.7 summarizes some of these findings.  

 

Figure 1.7 Lifetime risk of developing schizophrenia based on relationship. 

(diagram adapted from Gottesman 1991) (Gottesman 1991) The lifetime prevalence of 

schizophrenia in the general population is 1%. Lifetime risk increases as the degree of 

relatedness increases. (SCZ: schizophrenia) 
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1.5.4.2 A Search for Candidate Genes 

Schizophrenia is a complex trait (Sullivan et al. 2003), probably involving a number of 

causative genes, with the complication of environmental and incidental factors (Norton et 

al. 2006). The evidence above suggested the existence of a strong genetic component, 

however the search for such genetic susceptibility factors has remained a challenge in 

molecular genetics. A description of the history of schizophrenia genetics would start 

with early linkage analysis, progressing to association studies of biological or positional 

candidates, and finally to recent genome-wide association studies (GWAS). These 

molecular genetic studies were also complemented by early identification of cytogenetic 

abnormalities, and recently whole-genome discovery and association of copy number 

variants in schizophrenia (to be discussed in section 1.6). 

Standard linkage analysis used large pedigrees (multiplex families) to discover regions 

of the genome in linkage disequilibrium with the susceptibility locus/ disease allele. 

Parametric linkage analysis requires specification of the model of segregation, and has 

been useful in deciphering Mendelian traits. Non-parametric linkage analysis does not 

require knowledge on the mode of transmission, and was particularly useful for complex 

diseases such as schizophrenia (Burmeister et al. 2008). Early linkage results were, 

however, disappointing, probably due to inadequate sample sizes, and that 

schizophrenia presumably has a large number of susceptibility genes with small effect 

(Owen et al. 2005a).  Meta-analysis only confirmed the inconsistencies of findings and 

further supported the view of multiple susceptibility loci (Badner and Gershon 2002; 

Lewis et al. 2003).  

Association studies make use of large number of unrelated cases and controls, or family 

groupings such as sib pairs or trios (parent-child set) to identify genetic loci (Shelling and 
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Ferguson 2007). Association tests rely on polymorphic DNA markers, for example 

microsatellites, VNTR (variable number of tandem repeat) and SNP (single nucleotide 

polymorphism). The aim is to identify markers in linkage disequilibrium with disease 

variants by association tests. Such studies do not require specification of mode of 

transmission, can detect genes of small effect (Risch and Merikangas 1996), and 

improved the resolution of linkage analysis. Early association studies were mostly single-

gene efforts, testing association of candidates from positional studies or from biological 

pathways associated with schizophrenia.  

Although not all linkage and association studies in schizophrenia generated reproducible 

loci, some susceptibility genes or genetic region did receive multiple strands of evidence, 

and encompassed biologically plausible candidates. The candidates that received the 

most attention include (a) neuregulin 1 (NRG1), which plays a role in both 

neurodevelopment and glutamatergic synaptic transmission; (b) dysbindin (DTNBP1), 

part of the dystrophin protein complex and is involved in the uptake of glutamate into 

synaptic vesicles; (c) Disrupted in Schizophrenia 1 (DISC1), which plays a 

neurodevelopment role and was first identified by a translocation segregating in a 

schizophrenia family; (d) D-amino acid oxidase  activator DAOA (G30/G72), which is 

involved in the oxidisation of d-serine, an endogenous modulator of NMDA receptors; 

and (e) regulator of G-protein signalling (RGS4), which modulates intracellular signalling 

for many G-protein-coupled receptors (Owen et al. 2005a; Owen et al. 2005b; Sullivan 

2005; Burmeister et al. 2008) (Table 1.2).  
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Table 1.2 Schizophrenia candidate genes with evidence from linkage and 

association analysis. (table modified from Burmeister et al., 2008; Sullivan et al., 2005) 

 

 

Recent advance in molecular genetics included the realization of GWAS (Wollstein et al. 

2007). These whole-genome association studies were made possible due to the 

increase in density and characterization of single nucleotide polymorphisms (SNPs) 

(Hinds et al. 2005; IHMC 2005), together with the development of genotyping chips.  

Two schizophrenia GWAS with modest sample sizes (500–800 cases) first published in 

2007 and early 2008 generated one candidate locus (pseudo-autosomal, near cytokine 

genes) of genome-wide significance (Lencz et al. 2007; Sullivan et al. 2008). The most 

recent GWA study, however, used a multistage association study design with an initial 

479 samples and replication cohorts of 16,726 subjects, provided genome-wide 

significance at 3 candidate loci, and the strongest evidence at 2q32.1 near ZNF804A (a 

zing finger protein) (O'Donovan et al. 2008).  

Finally, the latest SNP genotyping platforms used for GWAS also allowed identification 

of copy number variants, resulted in some promising findings of schizophrenia 

susceptibility loci (see section 1.6).  
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1.5.4.3 Genes and Environment 

For full manifestation of the illness, the genetic susceptibility factors which have 

increasingly received evidence probably act in concert with non-genetic elements such 

as environmental, epigenetic or other stochastic factors. Evidence of environmental 

factors came from monozygotic twin studies, which suggested that although ~40-60% of 

the disease risks can be explained by genetic vulnerability, there is a considerable non-

genetic contribution (Sullivan et al. 2003). Some environmental factors which 

demonstrated association with schizophrenia include obstetric complications, place and 

time of birth (e.g. urban areas, famine, winter), advanced paternal age, and exposure to 

infectious agents (e.g. influenza, rubella) (Sullivan 2005).  

 

In summary, schizophrenia is a debilitating illness exhibiting tremendous genetic and 

phenotypic complexity. Like other complex diseases, schizophrenia is most likely to be 

multifactorial, with contributions from both genes and the environment. Pharmacological 

studies, brain imaging, and genetic research have offered us a glimpse of the disease 

aetiology, with more underlying factors waiting to be unveiled.  
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1.6 CNV in Schizophrenia and other Psychiatric Diseases 

1.6.1 Early Studies on Chromosomal Abnormalities in Schizophrenia  

With the involvement of CNVs being established for a number of complex diseases and 

human traits, it is not a major leap to hypothesize that CNVs could also account for the 

genetic basis of psychiatric disease, which in essence is a combination of behavioural, 

psychological and cognitive variations among individuals.  

Structural variants have long been identified as mutations causing schizophrenia in 

familial studies. Several translocations, e.g. at DISC1 (Disrupted in Schizophrenia 1) and 

PDE4B (Phosphodiesterase 4B), as well as the microdeletion on 22q11 in patients with 

DiGeorge/Velocardiofacial Syndrome, were all identified as high-penetrant schizophrenia 

variants through traditional cytogenetics and karyotyping (MacIntyre et al. 2003). These 

chromosomal abnormalities provided some classical examples endorsing the 

involvement of rare chromosomal rearrangements in the pathogenesis of schizophrenia. 

1.6.1.1 DISC1 and Breakpoint Study in Schizophrenia 

Disrupted in Schizophrenia 1 (DISC1) is a schizophrenia candidate gene with perhaps 

the strongest evidence so far, from human genetics, molecular and cell biology to 

insights from animal models. DISC1 was first identified as a balanced reciprocal 

translocation t(1;11) (q42;q14) which cosegregated in a large Scottish family with 

schizophrenia and other psychiatric diseases (St Clair et al. 1990; Blackwood et al. 

2001). The initial pedigree included 21 individuals with schizophrenia, bipolar disorder, 

recurrent depression and conduct disorder, of which 16 were identified with the 1q42 

translocation, giving a highly significant linkage signal with LOD (logarithm of odds) 

score of >7.0. Two brain-expressed genes were revealed at the breakpoint: Disrupted in 

Schizophrenia 1 and 2 (DISC1 and DISC2) (Millar et al. 2000; Blackwood et al. 2001). 
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The 1q24 linkage result was replicated in a subsequent study in a Finnish cohort 

(Ekelund et al. 2001), and the involvement of DISC1 in schizophrenia was later 

confirmed in a number of association studies (Hodgkinson et al. 2004; Kockelkorn et al. 

2004).  A number of mouse models (with missense mutations, truncated DISC1 or 

inducible expression) have further provided evidence of DISC1 being involved in 

behaviour and learning and memory (Koike et al. 2006; Clapcote et al. 2007; Pletnikov et 

al. 2008; Shen et al. 2008). 

DISC1 plays important roles in neurodevelopment, cytoskeletal function and cAMP 

signalling (Chubb et al. 2008). The study of DISC1 and its interacting proteins have 

provided us with important clues into disease pathogenesis (Brandon 2007). In particular, 

phosphodiesterase 4B (PDE4B), an interacting partner of DISC1, was also revealed as a 

disease-causing chromosomal translocation (Millar et al. 2005). Both DISC1 and PDE4B 

are involved in cAMP signalling, an important pathway in neuronal signal network and 

the synapse (Millar et al. 2005; Bradshaw et al. 2008). PDE4B in flies (the dunce fly) was 

demonstrated to have a role in learning and memory, and was targeted by the 

antidepressant rolipram (Davis and Dauwalder 1991). These results strengthened the 

role of DISC1 and its interactors as genetic predisposition factors of schizophrenia. 

DISC1 translocation and the related examples suggest how disruption of genes through 

chromosomal rearrangement could reveal penetrating variants and biological pathways, 

a basis for further investigation in case-control cohorts and molecular genetics. Although 

gene disruption by balanced translocation does not involve copy number change, it is 

highly analogous to copy number variation, where the breakpoints of the rearrangement 

could lead to disruption of genes associated with behaviour and cognitive phenotypes.  
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1.6.1.1 22q11 Microdeletion and Schizophrenia  

The 22q11 microdeletion syndrome (also known as DiGeorge syndrome, 

Velocardiofacial Syndrome, or CATCH22), is a complex disorder with patients displaying 

learning disability, cardiac defect, craniofacial abnormalities and palatal defect 

(Karayiorgou et al. 1995; Murphy 2002; Paylor and Lindsay 2006). Among patients there 

is an unusually high prevalence (~30%) of behavioral abnormalities, including 

schizophrenia, bipolar disorder, autism and other psychosis (Murphy et al. 1999; Murphy 

and Owen 2001; Fine et al. 2005). A number of linkage studies have also indicated 

involvement of this region in schizophrenia as well as bipolar disorder (Sklar 2002), with 

the first evidence coming from Lachman et al. (Lachman et al. 1997). The microdeletion 

was said to be one of the highest known risk factors for schizophrenia (Murphy and 

Owen 2001), second to family inheritance such as disease concordance among 

monozygotic twins. 

The increased risk of schizophrenia results from hemizygosity of a 3 Mb region (or in 

some cases a smaller 1.5 Mb region) (Edelmann et al. 1999), and is expected to act 

through haploinsufficiency of one or more genes, or through unmasking deleterious 

polymorphism(s) in the region (Wilson et al. 2006a). To this end, a number of mouse 

models, including mice deleted with a 1.1 Mb region of the 22q11 locus generated from 

chromosome engineered deficiency, showed deficit in sensorimotor gating and cognitive 

impairment (Paylor et al. 2001; Paylor and Lindsay 2006).  

The exact gene(s) causing the predisposition is unknown, and there are some functional 

candidates within the deleted region including catechol-O- methyltransferase (COMT), 

proline dehydrogenase (PRODH) and the micro-RNA processing gene DiGeorge 

Syndrome Critical region 8 (DGCR8) (Bray 2008).  COMT is one of the two principal 
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enzymes that degrade catecholamines (e.g. dopamine) (Meyer-Lindenberg et al. 2005). 

In 1996, Lachman et al. described a common polymorphic SNP leading to a valine-to-

methionine codon substitution in COMT (Lachman et al. 1996), which was later 

demonstrated to alter dopamine in the pre-frontal cortex (Meyer-Lindenberg et al. 2005) 

and affect performance in working memory tasks in normal human subjects (Egan et al. 

2001; Malhotra et al. 2002). Knockout mice of Comt also exhibited elevated dopamine 

levels in the prefrontal cortex and altered emotional and social behavior (Gogos et al. 

1998).  

The PRODH/DGCR8 region represented another susceptibility locus within the 22q11 

deletion (Liu et al. 2002). Mouse models with homozygous deletion of PRODH (Gogos et 

al. 1999) showed sensorimotor gating deficits, but with different effect. More recently, 

Stark and colleagues (Stark et al. 2008) generated another mouse model with a deletion 

of the segment syntenic with the 1.5 Mb deleted interval in human, removing a number 

of genes including Comt, Prodh2 and Dgcr8. Transcriptional profiling of the mice 

revealed dysregulation of genes outside the deletion region, particularly those involved 

in synaptic transmission. The mouse model also revealed a rather unexpected role of 

Dgcr8 and micro-RNA biogenesis in some of the sensorimotor phenotypes and 

abnormalities in neuronal morphology (Stark et al. 2008). 

Finally, the breakpoints of the deletion were also of interest both in terms of deletion 

mechanism and gene involvement. The deletion was thought to cluster to several known 

homologous low copy repeats or segmental duplications, mediating the recurrent 

rearrangement of the 3 Mb or 1.5 Mb regions (Edelmann et al. 1999; Emanuel and 

Shaikh 2001; Shaikh et al. 2001; Sharp et al. 2005). Recent studies from Urban et al. 

used Nimblegen oligonucleotide array CGH and high-resolution PEM to detect 
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breakpoints with much higher accuracy. They revealed differences in patients whose 

chromosomal abnormalities had been indistinguishable using more conventional 

cytogenetic methods (Urban et al. 2006). These differences (of up to 14 genes and 200 

kb either side of the breakpoint) may play a role in the variability of phenotypes in 

patients of hitherto identical breakpoints and deletion region. 

In short, 22q11 microdeletion demonstrates a model of highly complex gene interaction 

and genotype-phenotype relationship, resulting in a variety of behavioral phenotypes 

including schizophrenia. Research into the region has also provided important insights 

into subsequently identified recurrent loci (ISC 2008; Walsh et al. 2008), many of which 

are mapped to mutational hotspots of segmental duplication in the genome similar to the 

22q11 locus.  
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1.6.2 Large Scale CNV Screen in Schizophrenia Patients 

Chromosomal abnormalities in schizophrenia patients provided the first evidence of copy 

number variation altering complex behavioural traits and maintaining disease-associated 

genotypes in the population. Recent genome-wide CNV studies provided emerging 

evidence of additional rare causative copy number variants in schizophrenia.  

1.6.1.1 Summary of CNV Findings 

Since 2006, a number of pilot whole-genome schizophrenia copy number screens have 

been published (Moon et al. 2006; Wilson et al. 2006a). Interpretation of the early results 

remained difficult, since the CNV techniques were at their infancy and inconsistent 

results were reported (Sutrala et al. 2007). A later CNV screen targeting 15 candidate 

genes for schizophrenia, including neuregulin (NRG1) and DISC1, also revealed no 

fruitful results (Sutrala et al. 2008). 

The year 2008 was a turning point in terms of schizophrenia genetics, with promising 

results from a number of large scale whole-genome schizophrenia association studies 

including a number of reports on copy number variations (ISC 2008; Kirov et al. 2008; 

Rujescu et al. 2008; Stefansson et al. 2008; Vrijenhoek et al. 2008; Walsh et al. 2008; 

Xu et al. 2008).  

The report from Walsh et al. was one of the first studies revealing the genomic 

architecture of schizophrenia based on CNV screening (Walsh et al. 2008). They 

screened a case cohort of 150 patients, and a second cohort of 83 childhood-onset 

schizophrenia cases, using both ROMA and SNP arrays. A number of rare variants were 

revealed; with breakpoints perturbing genes involved a number of key pathways during 

neurodevelopment. Of particular significance, Walsh et al. showed a higher proportion of 
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rare variants in cases compared to controls, suggesting rare CNVs are schizophrenia-

predisposition factors.  

Another two reports described results of large-scale genome-wide screens on thousands 

of schizophrenia patients using SNP arrays (ISC 2008; Stefansson et al. 2008). 

Collections of patient and control DNA samples were pooled from various clinical and 

research groups around the world. The first study by the International Schizophrenia 

Consortium (ISC) reported their CNV analysis on >3000 Caucasian patient samples with 

ethnically matched controls based on Affymetrix SNP arrays (ISC 2008). The second 

study by Steffanson et al. reported CNV findings on samples mainly from the SGENE 

consortium in addition to a number of participating groups (herein refer as SGENE+), 

using Illumina arrays as CNV screening platforms (Stefansson et al. 2008). The two 

studies combined revealed three novel schizophrenia-associated recurrent CNV loci. 

The role of CNV mutational burden was also confirmed in the ISC study.  

A fourth study came from Xu et al. addressing the role of de novo copy number 

variations in schizophrenia (Xu et al. 2008). By screening 200 trios with an affected child 

(152 sporadic cases and 48 familial cases) and a similar number of non-affected control 

trios using Affymetrix SNP arrays, Xu and colleagues discovered a higher burden of de 

novo copy number mutations in sporadic disease cases. 

And finally reports from Kirov et al. and Vrijenhoek et al. revealed a number of rare 

variants with relevance to synaptic development (Kirov et al. 2008; Vrijenhoek et al. 

2008). Of particular interest was the gene Neurexin1 (NRXN1), which was identified as a 

CNV locus in both studies, and was later confirmed as a schizophrenia-associated 

recurrent CNV (Rujescu et al. 2008).  
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1.6.2.1 Identification of Large Recurrent Schizophrenia Loci  

Among the most promising outcome from the various CNV screens was the identification 

of at least three recurrent loci of statistically significant association with schizophrenia, 

as seen in the two large-scale case-control studies from ISC and SGENE+ (ISC 2008; 

Stefansson et al. 2008). The three loci were at chromosome 1q21.1, 15q13.3 and 

15q11.2, with the former two replicated in both studies (Figure 1.8). The regions at 1q21 

and 15q13 were extremely rare events, occurring in ~0.1-0.3% in cases, and about ten 

times less frequent in controls (according to SGENE+). Estimated odds ratios were high 

(>10 in SGENE+ and 6 to 18 in ISC). The region at 15q11 was relatively more frequent 

among the three, but still at a rare 0.55% in cases (and 5 times less frequent in controls), 

with odds ratio at 2.7. Table 1.3 summarizes the details of the three schizophrenia-

associated CNV loci.  

Of the genes affected in the three regions, a number of highly plausible schizophrenia 

candidates are particularly worth mentioning. At 1q21, the gene connexin-50 (GJA8) 

encodes a gap junction subunit and was previously reported as associated with 

schizophrenia in case-control and family studies (Ni et al. 2007). This CNV region has 

also been shown as associated with schizophrenia by linkage analysis (Stefansson et al. 

2008). The 15q11.2 CNV partially overlaps with the Prader-Willi Syndrome locus 

(Christian et al. 1995) and maps to the breakpoints as identified in some of the Prader-

Willi patients (Murthy et al. 2007). Within the ~500 kb region there is the cytoplasmic 

FMR1 interacting protein 1 (CYFIP1) gene, which encodes a protein that interacts with 

both the fragile X mental retardation protein FMRP and the translation initiation factor 

eIF4E (Napoli et al. 2008). The CYFIP1/FMRP interaction regulated mRNA translation in 

neuronal dendrites, demonstrating its role in synaptic plasticity and brain development. It 

was noted that both Prader-Willi Syndrome patients and fragile X patients frequently 
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have autistic features (Rogers et al. 2001; Dimitropoulos and Schultz 2007). Finally at 

the third locus 15q13.3, the α7 nicotinic receptor gene CHRNA7 is a schizophrenia 

candidate gene (Freedman et al. 1997), and was shown to interact with neuregulin1-

erbB signalling (Hancock et al. 2008). 

A noteworthy characteristic of the three recurrent loci was that they were all flanked by 

LCRs, which, analogous to the genomic disorders as discussed before, reflects the 

underlying architecture of the genome (ISC 2008). NAHR, for example, could be 

mediated by these LCRs, generating recurrent deletions and reciprocal duplications 

(Lupski 2006). Consistent with this, reciprocal duplications have been observed for these 

recurrent loci (ISC 2008). The mutational rate for this type of genomic rearrangement 

hotspot is estimated to be 10-6 to 10-4, many folds higher than for SNP (10-8) (Lupski 

2007). This may partially explain the recurrent feature of schizophrenia at a similar rate 

in all populations, and the maintenance of schizophrenia as a disease in the population 

even though the disease confers reduced fecundity (Stefansson et al. 2008). Analyzing 

the 3 deletions in the Icelandic population (part of SGENE Consortium) with accurate 

genealogy provided further evidence for negative selection in these 3 deletions (St Clair 

2008). 
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1.6.2.2 Increased Mutation Burden of CNV in Schizophrenia Patients 

Another major finding from the CNV screens was the excess of mutational burden as 

conferred by rare CNVs in cases versus control. This provides important insight into the 

genetic model of schizophrenia. 

The effect of mutational burden by CNVs was evaluated by Walsh et al., the ISC and Xu 

et al. (ISC 2008; Walsh et al. 2008; Xu et al. 2008). All three studies detected a large 

number of rare variants in the cases, and demonstrated the causal role of these rare 

variants in increasing disease risks. In particular, Walsh et al. reported a three-fold 

increase of the proportion of rare, genic variants (those that delete or duplicate genes) 

compared to total CNVs in cases (15%) versus control (5%). The effect was magnified 

when only childhood-onset cases were taken into account (20%), reflecting a possible 

increased genetic burden of childhood psychiatric disorders (Walsh et al. 2008). 

The ISC study also demonstrated a higher CNV burden of rare CNV (as defined as CNV 

<1% frequency in all samples screened). The extent of the CNV burden was smaller 

compared to the report from Walsh et al. (from 1.15 to 1.4 times increase). The signal 

was intensified (to 1.45 to 1.67) when only the extremely rare CNV events – the 

singletons occurring once in all samples screened - were considered (ISC 2008).  

Xu et al. added another level of genetic complexity by studying affected trios (sets of 

parents and affected child) and demonstrated the role of de novo rare CNVs in disease. 

Their results revealed an eight-times increased rate of de novo CNVs in sporadic cases 

compared to controls. The effect was much smaller in familial cases, showing a distinct 

difference in the genetic determinations of sporadic versus familial cases (Xu et al. 2008).  
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All these studies came to the conclusion that rare variants (in particular the rare genic 

CNVs) were collectively significant risk factors for schizophrenia. In sporadic cases in 

particular, de novo CNVs were significantly involved in disease predisposition. 

1.6.2.3 Rare Variants Converging into Neurodevelopmental Pathways 

Although the role of rare CNVs in schizophrenia pathogenesis has been collectively 

demonstrated, the bulk of the published schizophrenia CNV regions are composed of 

unique events, with minimal overlap between studies, apart from the three large 

recurrent loci. It is therefore extremely difficult to pinpoint which CNV(s) or gene(s) is/are 

schizophrenia risk factors. As a method to decipher the molecular basis of the disease, 

one could look for convergence of molecular components into biological pathways. This 

is possible with the increasing amount of accumulated CNV data on schizophrenia. 

One common feature that may start to emerge from these rare events is the involvement 

of proteins related to synaptic development and functions (Walsh et al. 2008), in 

particular those that contribute to neuregulin and neurexin signalling in the synapse 

(Figure 1.9). The strongest evidence comes from the 2p16.3 locus with the gene 

neurexin1 (NRXN1), one of the very few recurrent schizophrenia loci that has been 

replicated so far in multiple studies. The 2p16.3 locus has been previously shown as 

associated with autism (Feng et al. 2006; Szatmari et al. 2007; Kim et al. 2008a; 

Marshall et al. 2008; Zahir et al. 2008). Evidence suggesting its role in schizophrenia first 

came from Kirov et al. (Kirov et al. 2008) who screened 93 patients using array CGH and 

identified a segregating NRXN1 CNV in a pair of affected schizophrenia siblings and 

their asymptomatic mother. Walsh et al. also detected a neurexin CNV in a pair of 

identical twins diagnosed with childhood-onset (COS) schizophrenia, among a cohort of 

83 COS patients (Walsh et al. 2008). Subsequently, Vrijenhoek et al. identified one CNV 
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in the region by screening an initial cohort of 54 patients by array CGH, and revealed 

another 4 cases when screening this locus in more patients (Vrijenhoek et al. 2008). 

Furthermore, the ISC detected a number of neurexin CNVs with different breakpoints in 

cases (as well as in controls) (ISC 2008).  
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Apart from the above genome-wide studies, Rejuscu et al. recently targeted 3 neurexin 

genes (NXRN1, NXRN2 and NXRN3) using a candidate CNV approach to look for 

structural rearrangement in ~3000 patients and >30,000 controls (Rujescu et al. 2008). 

They identified 61 NRXN1 deletions (one de novo) and 5 duplications throughout the 

locus. By restricting the analysis to CNVs that disrupt exons, the authors revealed a ten-

fold increase in mutational burden, with 0.17% in cases harbouring such CNVs 

compared to 0.020% in controls (odds ratio ~10). This recurrent locus distinguishes itself 

from the three aforementioned large recurrent deletions in two ways: first the breakpoints 

of the neurexin CNVs were not flanked by LCRs. There was no common breakpoint 

(consistent with previous findings), and the CNVs vary in size (18 kb to 420 kb). Long 

range phasing analysis on the de novo case provided evidence against NAHR as a 

rearrangement-generating mechanism (Rujescu et al. 2008). Secondly, rather than 

deleting or duplicating whole gene(s) as described previously, CNVs in this locus most 

likely acted by disrupting the gene NRXN1. It was concluded that NRXN1 deletions (in 

particular the ones that affect exons) confer risk of schizophrenia (Rujescu et al. 2008).  

Neurexin 1 belongs to a large family of proteins that act as neuronal cell-surface 

receptors. Neurexin is concentrated at the pre-synaptic membrane, where it functions as 

a neuroligin receptor (Reissner et al. 2008). Interestingly, neuroligins were shown to be 

sufficient to trigger presynaptic differentiation through neurexin (Dean et al. 2003), and 

neurexins could in turn trigger postsynaptic differentiation (Craig and Kang 2007). This 

transynaptic neurexin-neuroligin complex is important for excitatory glutamatergic and 

inhibitory GABAergic synapses in the mammalian brain (Craig and Kang 2007), playing 

a central role in synapse formation and neurotransmission.  
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Of direct relevance to the NXRN1 CNV was a schizophrenia study identifying 3 patients 

carrying genomic deletions of the CNTNAP2 gene, whilst no CNV was detected in 512 

controls (Friedman et al. 2008).  CNTNAP2 encodes Caspr2 contactin-associated 

protein 2), a member of the neurexin superfamily (Poliak et al. 1999). Furthermore, the 

same study which first detected the NXRN1 disruption in schizophrenia revealed in 

another patient a CNV involving APBA2 (Mint2) (Kirov et al. 2008), a neuronal adaptor 

protein that binds neurexins as part of a CASK-containing protein complex. It is likely 

that the complex functions in neurotransmitter synaptic vesicle docking/fusion through 

recruitment of the vesicle fusion protein Munc-18 to the sites of exocytosis (Biederer and 

Sudhof 2000). 

The study by Walsh et al. further revealed a number of CNVs disrupting genes involved 

in synaptic transmission or neurodevelopment (Walsh et al. 2008). Of particular interest 

is the neuregulin (NRG) signalling pathway, which has diverse roles from neuronal 

migration, axon guidance, glial cell development, axon myelination, neurotransmitter 

receptor expression and synapse formation (Mei and Xiong 2008).  These important 

functions position neuregulin as a key signalling protein for synaptic plasticity and 

neuronal survival. 

Genes involved in the NRG pathway and disrupted by CNVs included two interacting 

partners ERBB4 and MAGI2 (Walsh et al. 2008). ERBB4 is a type I transmembrane 

tyrosine kinase receptor for neuregulin-1 (NRG1). It was detected as a deletion in a 

patient. The neuregulin-erbB complex was suggested to interact with PDZ-containing 

proteins at neuronal synapses (Garcia et al. 2000). The complex interacts with MAGI2 at 

neuronal synapses, detected as duplicated in another patient (Walsh et al. 2008). In 

addition, ERBB4 was suggested to be recruited by PSD95 (a PDZ-containg protein) to 
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the neurexin-neuroligin complex for synapse formation (Lin et al. 2000), providing a link 

between the CNVs discussed in this section so far. These evidences provide a glimpse 

into the complexity of the neuronal network, suggesting how the apparent genetic 

heterogeneity revealed by the schizophrenia CNV screens could be reconciled.  

Lastly, although the three novel recurrent loci further suggested heterogeneity, they also 

confirmed the convergence of CNV loci to candidate neuronal and synaptic pathways. 

The α7 nicotinic acetylcholine receptor CHRNA7A at 15q13.3 was recently shown to be 

targeted by neuregulin1-erbB signalling to axons for surface expression in sensory 

neurons (Hancock et al. 2008). The CYBIP1 protein deleted at 15q11.2 - together with 

its interactor, the fragile X mental retardation protein FMRP - regulates mRNA translation 

at the synapse (Napoli et al. 2008). FMRP was shown to regulate mRNA stability for 

PSD95 (Todd et al. 2003; Zalfa et al. 2007). Furthermore, in a study comparing the gene 

expression profiles of three lymphoblastoid cell lines - from (a) an autistic patient with the 

15q11-13 duplication, (b) a Fragile X mental retardation patient with autism and (c) a 

normal control - Neuregulin-2 (NRG2) was detected as one of the 68 dsyregulated genes 

common in both patient cell lines (Nishimura et al. 2007). 

In conclusion, investigating copy number variations as schizophrenia genetic risk factors 

has elucidated not only the genomic architecture of the disorder, but also the biology of 

the disease. Further screening for schizophrenia CNVs, and integrating them into 

biological pathways, will offer better understanding of the genetics of schizophrenia as 

well as other psychiatric diseases.   
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1.7  Scope of Thesis 

The aim of this dissertation is to identify copy number variations which could play a role 

in schizophrenia pathogenesis. The thesis consists of three main sections: 

In the first section (Chapter 3), I aim to assess the role of copy number variations in 

familial cases of schizophrenia with other psychiatric disorders. Using whole-genome 

tiling path (WGTP) array CGH, I will look for segregation of CNVs with diseases in 3 

families, each with a schizophrenia proband and at least another close affected family 

member. Rare, family-specific variants that are not identified in normal controls will be 

further investigated as putative disease-causing variants. I will also use a candidate 

gene approach to study CNV in an extended pedigree with a high resolution 

oligonucleotide array, and to look for segregation with disease.  

The second section (Chapter 4 and 5) will describe a population-based CNV screen on 

91 schizophrenia patients and 92 matched controls using the WGTP platform. Following 

recent success of similar CNV studies, and their implication of rare variants in disease 

aetiology (ISC 2008; Stefansson et al. 2008; Walsh et al. 2008), I will focus on the study 

of rare, schizophrenia-specific CNVs and their role in psychiatric phenotypes. Replication 

of previous findings will be reported, as well as novel putative disease CNV loci in our 

dataset, with an emphasis on the assessment of gene content. In addition, I will examine 

the role of common copy number variations, an approach that has been less explored in 

previous schizophrenia CNV studies. I will attempt two methods to assess the 

contribution of frequent CNVs in disease.  Candidates generated from these approaches 

will be tested in an extended cohort using target-specific PCR-based assays. 
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The last section (Chapter 6) will comprise of a CNV screen on variants overlapping with 

a set of genes playing crucial roles in behavior and cognition- the NMDA (N-methyl-D-

aspartate) receptor complex. This complex consists of synaptic molecules for learning 

and memory functions. Components of the complex are also associated with various 

psychiatric disorders including schizophrenia (Grant et al. 2005). I will assess the 

contribution of CNVs in these genes in normal HapMap individuals. One particular 

genomic locus, the N-ethylmaleimide-sensitive factor at 17q21, will targeted for further 

investigation. 



79 

 

 

 

 

 

 

 

 

 

 

 

Chapter 2 

Materials and  

Methods 
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2.1 Array Comparative Genome Hybridization (Array CGH) 

2.1.1 Patient and Control DNA Samples  

The schizophrenia patient cohort consists of 100 Scottish patients, who were recruited 

through the inpatient and outpatient services of hospitals in South East Scotland. All 

patients met lifetime DSM-IV criteria for schizophrenia, based on consensus between 

two trained psychiatrists. All patients gave written consent for their DNA to be used in 

genetic studies. DNA samples were extracted from blood and were provided by 

Professor Douglas H Blackwood, the Royal Edinburgh Hospital. 

A matched control cohort consists of 100 DNA samples of Scottish people with normal 

phenotype. The participants were recruited from surviving members of the Scottish 

Mental Survey of 1921. These participants resided in the Lothian area of Edinburgh, 

Scotland in 1932, when they were at the age of 11 years old, and their cognitive 

functions were assessed using the Scottish Mental survey. The participants were 

recruited between 1999 and 2001 at the age of 79 years, and their cognitive function 

assessed again. DNA samples were extracted from the blood of the patients at the mean 

age of 79 years, and were provided by Professor Ian J. Deary, University of Edinburgh. 

Each array experiment was performed with a test DNA sample (schizophrenic patient or 

Lothian Birth control sample) hybridized against the standard reference DNA (NA10851) 

extracted from a normal HapMap lymphoblastoid cell line (GM10851; 46,XY) obtained 

from Coriell Institute for Medical Research.  
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2.1.2 DNA Labelling 

The construction and experimental use of whole genome human tiling path BAC array at 

the Sanger Institute has been described previously (Fiegler et al. 2006; Fiegler et al. 

2007). For each CGH experiment, the test DNA sample was labelled in Cy3-dCTP and 

the reference (NA10851) DNA in Cy5-dCTP using BioPrime labelling kit (BioPrime DNA 

Labelling Kit, Invitrogen Ltd). To avoid dye bias in labelling, a dye-reversal hybridisation 

(test DNA labelled in Cy5- dCTP and reference DNA in Cy3-dCTP) was performed for 

each test DNA. The labelling reaction consists of 150ng of DNA and 60 µL of 2.5x 

random primer solution, made up with nuclease-free water to 130.5 µL. After denaturing 

the DNA for 10 min at 100°C, 15 µL of 10x dNTP (deoxynucleoside triphosphate) mix (1 

mM dCTP, 2 mM dATP, 2 mM dGTP, and 2 mM dTTP in TE buffer), 1.5 µL of 1 mM 

Cy5-dCTP or Cy3-dCTP (Amersham, GE Healthcare), and 3 µL of Klenow fragment 

were added on ice to a final reaction volume of 150 µL. The sample mixture was then 

incubated at 37°C overnight, and the random priming reaction terminated by adding 15 

µL of stop buffer supplied in the kit.  

 

Following DNA labelling, unincorporated nucleotides were removed using Microcon YM-

30 Filter Devices (Millipore). 150 µL of the labelled test sample, combined with 150 µL 

labelled reference sample, was applied to a Microcon column placed in a 1.5 mL 

microfuge tub and spun at 12,000 rcf (relative centrifugal force) for 5 min. The flow-

through containing unincorporated dyes was discarded. Labelled DNA was retained in 

the filter and was washed with 300 µL HPLC water and spun as before, with flow-

through discarded. 100 µL of HPLC water was added to the sample and the filter column 

was placed upside-down to spin in a fresh tube at 2000 rpm (revolutions per minute) for 

2 min to collect DNA sample. 3 µL of each sample was analysed on 2.5% agarose gel 
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electrophoresis and 1.5 µL of each sample was analysed in a NanoDropTM ND-1000 or 

ND-8000 UV-VIS Spectrophotometer to check for successful labelling and amplification. 

The amplified sample should run as a smear, with the bulk fragments below 500 bp 

(Figure 2.1). 

 

M   1    2    3   4   5    6    7   8    9   10  11  12  M

500bp

1kb

 

Figure 2.1 Amplified DNA samples after BioPrime Labelling Procedure. 3 µL of 

each labelled, amplified DNA sample was run on a 2.5% agarose gel stained with 

ethidium bromide. Most the DNA fragments are below 500bp. 

 

2.1.3 Sample Precipitation and Preparation 

For each hybridisation, the combined Cy3 and Cy5 labelled DNA was precipitated with 

135 µL of human Cot-1 DNA (1µg/µL, Roche Diagnostics) and 35 µL 3M NaAc (pH 5.2) 

in ice-cold 100% ethanol (EtOH) at -20oC overnight. The use of excess Cot-1 DNA 

suppresses repeat sequences that are present in both the test and reference DNA. In 

separate tubes, 70 µL herring sperm DNA (10 mg/mL, Sigma Aldrich) was 

simultaneously precipitated using 7 µL 3M NaAc and 100% EtOH as pre-hybridisation. 

Before hybridisation, samples were spun down and DNA pellets were washed in 500 µL 

80% EtOH, then dried and resuspended in 120 µL hybridisation buffer (50 % formamide, 

5-7.5 % dextran sulphate, 0.1 % Tween 20, 2x SSC, 10 mM Tris pH 7.4, 10mM 

Cysteamine). All samples were then denatured for 10 min at 72°C.  
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2.1.4 Array Hybridisation 

Hybridizations were carried out on a Tecan HS Pro Hybridization Station (Tecan Group 

Ltd.). One microarray slide was fitted into each 63 x 20-mm hybridisation chamber. 

Slides were subjected to a short wash (0.5 min, PBS/Tween 20/2 mM cysteamine). Prior 

to sample hybridisation, 100 µL of the herring sperm mixture (containing herring sperm 

DNA) was injected to each hybridisation chamber for a 45-min pre-hybridisation at 37°C 

with medium agitation frequency. Subsequently, 100 µL of the hybridisation mixture 

(containing fluorescent samples) were injected and the samples were hybridised for 21 h 

at 37°C with medium agitation frequency. Slides were then subjected to a series of 

stringent washes with PBS/Tween 20/2 mM cysteamine (wash time 0.5 min, soak time 

0.5 min, 15 cycles at 37°C), 0.1x SSC (wash time 1.0 min, soak time 2.0 min, 5 cycles at 

54°C), PBS/Tween 20/2 mM cysteamine (wash time 0.5 min, soak time 0.5 min, 10 

cycles at 23°C), and HPLC water (wash time 0.5, soak time 0.0, 1 cycle at 23°C) before 

drying for 2.5 min using nitrogen gas. Slides were removed for scanning and the Tecan 

stations were cleaned with HPLC water using the final system drying program. All 

hybridisation chambers and plugs were cleaned thoroughly using a cotton bud soaked in 

HPLC water, followed by a repeat cleaning step with 80% EtOH then left air dried.  

2.1.5 Image Acquisition and Data Analysis 

Arrays were scanned using an Agilent laser scanner (Agilent Technologies) at a 5 µm 

resolution setting. Initial data analysis was performed using the BlueFuse software 

(BlueGnome Ltd). Array spots were defined by the automatic grid feature of the software, 

manually adjusted where necessary. After correction of local background value, 

fluorescence intensities of all spots were extracted with a user-defined protocol. Spots 

with low signal intensities ("amplitude" < 100 in both channels) or inconsistent 
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fluorescence patterns ("confidence" < 0.5 or "quality" = 0) were excluded. Each spot was 

then normalised among the array blocks (sub-arrays).  

Subsequent analysis was performed with a custom perl script Dyeswapper2.1 (Dimitrios 

Kalaitzopoulos and Richard Redon, Sanger Institute). The script merges the dye reversal 

experiments, and determines a central distribution for the log2 signal ratio of all clones, 

which for a normal individual (with majority of clones in the diploid state) should be a 

value close to zero. Outlier clones that fall outside a threshold of this central distribution 

were subsequently identified as copy number variations. 

A variability measure, termed SDe, is also determined as an estimation of the standard 

deviation of the experiment. It is calculated based on the 68.2th percentile (equivalent to 

one standard deviation from the mean) of the absolute values for all combined log2 

ratios for each chromosome (chromosome SDe) and for the whole genome (Global SDe). 

Dye-reversal experiments for each test DNA were fused and the signal intensity ratios of 

each clone in the two hybridizations were averaged into a combined ratio (cR). Clone 

replicates differ >8 SDe were excluded from further analysis. Dye-swap experiments 

were accepted for subsequent CNV calling only if the following criteria were fulfilled: (1) 

Global SDe < 0.06; (2) Global clone exclusion rate < 10%; (3) Clone exclusion rate per 

individual chromosome < 20%. 

Copy number changes for each DNA profile were identified using the CNVFinder 

algorithm (Fiegler et al. 2006) which was based on SDe thresholds. A score (Si) was 

assigned to the combined ratios of each individual clones in an experiment for CNV 

calling.  
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If cR 6x SDe or cR –6x SDe, then Si = 1 or Si = –1, respectively.  

If cR 4x SDe or cR –4x SDe, then Si = 0.5 or Si = –0.5, respectively.  

If cR 3x SDe or cR –3x SDe, then Si = 0.25 or Si = –0.25, respectively.  

If cR 1x SDe or cR –1x SDe, then Si = 0.1 or Si = –0.1, respectively.  

A stringent 6 x / 4 x SDe ratio threshold was applied: a locus is considered deleted or 

duplicated where the hybridisation ratio of the corresponding clone exceeds the value of 

(+/-) 6 x SDe, or if two or more consecutive clones exceed the value of (+/-) 4 x SDe. 

The 3 x SDe and 1 x SDe thresholds were used to extend CNV regions and to merge 

clones into a CNV event, for neighbouring clones in the same CNV region with reduced 

signal response.  

The normalized log2ratio for each clone was then plotted against its position along the 

genome, and the list of CNVs for each dye-swapped experiment was generated.  
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2.2  Agilent Oligo Custom-Designed Array CGH  

2.2.1 Custom Array Designs  

Custom arrays were designed with Agilent's eArray microarray design tool. Multiplexed 

array formats of 4 x 44K were chosen. Probe lengths were optimized to 48-60 bp.  

Two custom designs were made (with Richard Redon, Sanger Institute): the first targets 

1.5 Mb at chromosome 7p12, with 34036 probes tiling across the region of the gene ATP 

binding cassette sub-family A (ABCA13) where a deletion CNV was identified. The 

second design targets 1.5Mb at chromosome 9q34, with 34761 probes tiling across a 

CNV downstream of the gene olfactomedin1 (OLFM1). Both designs include 2118 

Agilent control probes plus around 9000 probes spaced evenly across all 24 

chromosomes. 

2.2.2 DNA Labelling 

DNA labelling protocol was similar to that for WGTP tiling path array but in half volume 

reactions and with slight modification to the DNA clean-up steps. Briefly, 150 ng of DNA 

was added to 30 µL of 2.5x random primer solution (BioPrime Labeling Kit, Invitrogen), 

and made up with nuclease-free water to 65.25 µL. After denaturing the DNA for 10 min 

at 100°C, 7.5 µL of 10x dNTP mix (1 mM dCTP, 2 mM dATP, 2 mM dGTP, and 2 mM 

dTTP in TE buffer), 0.75 µL of 1 mM Cy5-dCTP or Cy3-dCTP (Amersham, GE 

Healthcare), and 1.5 µL of Klenow fragment (BioPrime Labeling Kit, Invitrogen) were 

added on ice to a final reaction volume of 75 µL. The reaction was incubated at 37oC 

overnight over activated charcoal and stopped by 7.5 µL of stop buffer (BioPrimer 

Labeling Kit, Invitrogen). 
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Following DNA labelling, unincorporated nucleotides were removed using Microcon YM-

30 Filter Devices (Millipore). 405 µL of 1x TE (Promega) was added to each labelled 

sample, loaded to a Microcon filter placed in a 1.5 mL microfuge tube. Samples were 

spun at 8,000 rcf for 10 min, followed by a wash with 480 µL 1x TE and spun at 8,000 rcf 

for 13 min. The filter was inverted and placed into a fresh 1.5 mL microfuge tube and 

spun for 1 minute. The volume of each eluate was measured and recorded. If the sample 

volume exceeded 21 µL, the sample would be returned to the filter to be spun again in 

the inverted position until all samples were < 21 µL.  An appropriate volume of 1xTE was 

then added to bring each sample to 21 µL. 1.5 µL of each sample was analysed in a 

NanoDropTM ND-1000 or ND-8000 UV-VIS Spectrophotometer to determine yield and 

specific activity of the labelling and amplification reaction. Labelled DNA was either 

combined for the next step of hybridization preparation, or stored overnight at -20oC in 

the dark for hybridisation on the next day. 

2.2.3 Preparation of Labelled Genomic DNA 

The appropriate Cy5 and Cy3 samples were combined for a mixture of 39 µL in a new 2 

mL microfuge tube. For hybridisation preparation, the following reagents were added: 5 

µL Cot-1 DNA (1.0 mg/mL, Roche Diagnostics), 11 µL Agilent 10x Blocking Agent and 

55 µL Agilent 2x Hybridization Buffer, bringing the mixture to a final hybridization volume 

of 110 µL. The samples were mixed by pipetting. Samples were incubated in a 95oC 

heat block for 3 min, followed by a 30-min incubation in a 37oC heat block.  

2.2.4 Array Hybridisation  

A clean 4x44K gasket slide was loaded onto the Agilent SureHyb chamber base with the 

gasket label facing up. 100 µL of the hybridization mixture was slowly dispensed onto 

the gasket well in a “drag and dispense” manner. All four gasket wells were loaded. The 
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microarray slide was then placed onto the gasket slide with the “active” side (with the 

Agilent labelled barcode) facing down. To finish the chamber assembly set-up, the cover 

was placed onto the slides with the clamp slide across the assembly, followed by hand-

tightening of the clamp. The assembled chamber was rotated to wet the slides and to 

assess the mobility of the bubbles. Stationary bubbles were removed by tapping the 

assembly on a hard surface. For hybridisation, the assembled slide chamber was left for 

24 hours on a rotator rack in a 65 °C oven at a rotating speed of 20 rpm. 

2.2.5 Slide Washing 

After hybridisation, the chamber was disassembled by loosening the clamp, sliding the 

clamp off the assembly and removing the chamber cover. The array-gasket sandwich 

was removed from the chamber base and was submerged into a slide-staining dish (dish 

#1) which was filled with Oligo array CGH Wash Buffer 1. The sandwich was prised open 

using a pair of forceps such that the gasket slide would slip away from the microarray 

slide. The microarray slide was slotted into a slide rack placed in a second stain-dish 

(dish #2) filled with Oligo array CGH Wash Buffer 1. This step was repeated for up to 4 

additional slides from the hybridisation.  

The microarray slide(s) were incubated in dish #2 for 5 minutes at room temperature with 

magnetic stirring. The slide(s) were then transferred to the third slide-staining dish (dish 

#3), which was filled with Oligo array CGH Wash Buffer 2 pre-warmed to 37oC on a hot 

plate with magnetic stirrer. The slides were incubated for 1 minute. The slides were then 

slowly removed from the slide rack. This removal step would take 5-10 seconds and the 

slides would be dried during the process.  
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2.2.6 Image Acquisition and Data Analysis  

Slides were scanned at 5 µm resolution using an Agilent Scanner with Agilent Scanner 

Control software v7.0. The image was analyzed using Agilent’s Feature Extraction (FE) 

software V9.5. A protocol which incorporated a custom data filtering and normalization 

method (Dr Richard Redon & Tomas Fitzgerald, Sanger Institute) was applied for data 

analysis. 
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2.3 Polymerase chain reaction (PCR) 

All oligonucleotides for use as PCR primers were designed using the web-based 

program Primer3 (Rozen and Skaletsky 2000) with default parameters unless otherwise 

stated. Oligonucleotide sequences are listed in appendix 1. 

2.3.1 PCR genotyping of the 3p26 Deletion near CHL1 

General PCR amplification was performed in a 25 µL reaction containing approximately 

50-200 ng genomic template DNA, 1.25 U AmpliTaq DNA polymerase (Applied 

Biosystem), 125 µM each dNTP, 5 µM each primer and 1x amplification buffer II with 

MgCl2 (Applied Biosystem). The cycling protocol is shown in table 2.1.  

 

 

Table 2.1 Cycling protocol for general PCR amplification A generic PCR cycling 

protocol consists of an initial denaturation of 94°C for 60 sec, followed by 30 cycles of 

94°C for 30 sec (denaturation), 55°C for 30 sec (annealing), and 72°C for 60sec/kb of 

expected PCR products (extension). 

 

Temperature (oC) Time (s) Cycle number 

94 60 1 

94 30  

55 30 30 

72 60/kb  

72 120 1 

 

PCR products were resolved by agarose gel electrophoresis to confirm the presence of 

the product at expected size.  
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A deletion at 3p26 5’ upstream of the gene Close Homolog of L1 (CHL1) was PCR 

genotyped. Amplification was performed in 25 µL reaction containing approximately 50 

ng genomic template DNA and PCR reagent mix as mentioned above. To distinguish the 

deletion allele from the wild-type allele, PCR primers tiling across the CNV region were 

designed to validate the deletion polymorphism and to sequence the CNV breakpoints 

(Figure 2.2). A set of one forward primer (CHL1-fwd) and two reverse primers (CHL1-

fwd-5 + wt-rev-2 & del-rev-1) were chosen as the genotyping primers, which generated a 

~400bp band corresponding to the wild type allele, and a ~700 bp band corresponding to 

the deletion allele. Each DNA sample was amplified using the same forward primer and 

both of the reverse primers. PCR products for each sample were pooled and run on a 

large 2.5% agarose electrophoresis gel at 200V for 80 min. Figure 2.2 shows the gel 

electrophoresis analysis for this PCR assay.  
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Figure 2.2 PCR genotyping of a deletion at 3p26 5’ upstream of Close Homolog of 

L1 (CHL1).  a) PCR results from a series of forward primers used in combination of two 

series of reverse primers, one for the wild-type allele (wt-Rev) and another for the 

deletion allele (del-Rev). b) The selected set of genotyping primer: Under gel 

electrophoresis analysis, the ~700bp band indicates the presence of the wild-type allele 

whereas the ~400bp indicates the presence of the deletion allele. A single band at 

~700bp or at ~400bp represents homozygous wild-type and homozygous deletion DNA 

sample respectively, whereas a sample heterozygous for the deletion will show both 

bands. 

 

2.3.2 Long Range Polymerase Chain Reaction (LR-PCR) 

Oligonucleotides for use as long-range PCR primers were designed using Primer3 

(Rozen and Skaletsky 2000) with the following parameters: primer melting temperature 

(Tm) ranges from 58°C to 63°C (optimal 61°C) and primer length ranges from 28 to 32 

bp (optimal 30bp).  
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Long range PCR was performed using Elongase® Enzyme Mix (Invitrogen). PCR 

amplification was performed in 50µl reaction containing approximately 100 ng of 

genomic template DNA in a mixture containing 200 µM dNTP, 10 µM each of forward 

and reverse primer, 1 µl of enzyme mix and the two supplied 5x Buffers combined to 

give a final Mg2+ concentration of 1.8 mM. The cycling protocol is shown in table 2.2:  

 

Table 2.2 Cycling protocol for long-range PCR amplification Long-range PCR 

cycling protocol consists of an initial denaturation of 94°C for 30 sec, followed by 35 

cycles ^ of 94°C for 30 sec (denaturation), 61°C for 30 sec (annealing), and 68°C for 10 

min (extension). 

 

Temperature (oC) Time Cycle number 

94 30 s 1 

94 30 s  

61 30 s 35 

68 10 min  

72 2 min 1 

 

 

PCR products were resolved by 0.8-1% agarose gel electrophoresis to confirm the 

presence of the product at expected size (Figure 2.3). Selected PCR products were sent 

for sequencing. 
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Figure 2.3 Long Range PCR gel electrophoresis analysis of a tandem duplication 

at Chr1p36. Lane 1-8: Long range PCR results from combinations of the same forward 

primer with different reverse primers tiling across the breakpoint.  

2.3.3 Quantitative Real-time Polymerase Chain Reaction (qRT-PCR) 

2.3.3.1 SYBR Green Method 

Oligonucleotides for use as PCR primers in SYBR Green qPCR assays were designed 

using Primer3 (Rozen and Skaletsky 2000) with parameters as follows: amplicons were 

designed to be 80 to 150 bp; primer melting temperature (Tm) ranged from 57°C to 63°C 

(optimal 60°C); primer length from 18 to 27 bp (optimal 20bp); and primer GC content 

from 20 to 80%. For internal control, a primer set for the gene Beta-2-Microglobulin (β2M) 

was used as control primer.  

SYBR qPCR amplifications were performed in 25 µL reactions containing 10ng of 

genomic DNA, 12.5 µL of 2x qPCR MasterMix Plus SYBR® green I (Eurogentec) 

reaction buffer (with HotGoldStar Taq polymerase) and 300 nM of forward and reverse 

primers. For each target region or primer, reactions were performed in triplicate with the 

test DNA sample(s), and separate triplicate reactions were performed using a reference 

genomic DNA NA10851 or NA15510 (Coriell Institute for Medical Research) as a 

calibrator. Test primer(s) and control primer for each DNA sample were run on the same 

plate. 
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2.3.3.2 Taqman Method with MGB Probes 

Oligonucleotides for use as PCR primers and probes in Taqman qPCR assays were 

designed using the software PrimerExpress® v2.0 (Applied Biosystem) with default 

settings for MGB probe and primer design. The best score MGB probes and primers with 

probes ranging from 15-22 nucleotides (nt) were selected. 

Taqman qPCR amplifications were performed as duplex reactions with assays for the 

test and control in the same well. The reaction mixture for a 25 µL reaction was as 

follows: 

 

Table 2.3 Reagent mixture for each Taqman quantitative PCR assay. 

Reagent Final 

Concentration/Amount 

Control primer (Sigma Aldrich) 900nM 

Test primer (Sigma Aldrich) 300nM 

5’VIC labeled MGB control probe (Applied Biosystem) 100nM 

5’FAM labeled MGB test probe (Applied Biosystem) 100nM 

Taqman Universal qPCR Master Mix (Applied Biosystem) 1x 

Additional AmipliTaq Polymerase (Applied Biosystem) 2.4 unit 

Additional dNTP 50 µM 

DNA ~10ng 

 

2.3.3.3 Thermal Cycler and Reaction Condition 

Reactions for SYBR or Taqman assays were run in Optical 96-well Reaction Plates 

(Applied Biosystem) using an ABI Prism 7900 Thermal Cycler with the standard thermal 

cycling mode as shown in Table 2.4. At the end of the PCR reactions, samples were 
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subjected to a dissociation curve analysis to confirm specificity of amplification. Figure 

2.4 shows examples of a) a dissociation curve showing multiple dissociation peaks 

(which are discarded for further experiments), and b) a dissociation curve giving a 

discrete dissociation peak (which are kept for further experiments and analysis), 

 

Table 2.4 Cycling protocol for Quantitative PCR amplification. Quantitative PCR 

cycling protocol consists of an initial heat activation step (for Hotstart Polymerase in the 

mastermix) of 95°C for 10 min, followed by 40 cycles of 95°C for 15 sec (denaturation) 

and 60°C for 60 sec (annealing and extension). 

 

Temperature (oC) Time Cycle number 

95 10 min 1 

95 15 s 
40 

60 60 s 

 

 

2.3.3.4 Standard Curve Generation 

For each set of primers, a standard curve was prepared using 2-fold serial dilutions of a 

reference genomic DNA NA10851 or NA15510 from Coriell Institute for Medical 

Research. Dilutions were made for at least 5 concentrations from 50ng to 3.125ng to 

completely cover the range of expected DNA copy number changes. Each concentration 

was done in quadruplicate. Standard curve for the duplex reactions were also performed 

for the Taqman assays. The slope of the standard curves and qPCR efficiency for each 

primer was determined. Primer sets with standard curve slope values ranging from -3.0 

to -3.9 were accepted. Figure 2.5 shows an example of a typical standard curve. 
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Figure 2.4 Dissociation curves analysis for different primer sets. (a) Example of a 

primer set giving multiple dissociation peaks. (b) Example of a dissociation curve giving 

a discrete dissociation peak. 

 

 

Figure 2.5 A typical standard curve of the control primer. (a) A standard plot of Ct 

against DNA quantity (in log10 scale) in five 2x dilution from 50 ng to 3.125 ng. (b) The 

amplification plot of the 5 DNA dilutions. 
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2.3.3.5 DNA Quantification and Data Analysis 

Quantification of DNA was based on increased fluorescence in each reaction, expressed 

in terms of threshold cycle (Ct) values generated by the thermal cycler. Data was 

exported using the associated SDS 2.2 software in text format. The relative copy number 

fold change of each target genomic region was normalized to the calibrator DNA. This 

Test-versus-Calibrator fold change was calculated using the formula below. Standard 

deviation for each fold-change analysis was also calculated using the following formula 

(Pfaffl 2001): 

 

where E is a measure of the efficiency or the amplification of the primer. E is calculated 

by: 
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2.4 Fluorescence In-Situ Hybridisation (FISH)  

2.4.1 Growing Cell lines 

Lymphoblastoid cell lines were obtained from the Coriell Institute of Medical Research. 

Cell lines were grown in RPMI 1640 medium (Invitrogen), supplemented with 20% fetal 

calf serum (Invitrogen) and 2mM L-glutamine/ 100 U/mL penicillin/ 100 µg/mL 

streptomycin (Sigma). Cultures were incubated at 37ºC and 5% CO2. 

2.4.2 Preparation of Extended Chromatin Fibre Slides 

Approximately 2-3 ml of healthy cell suspension of each cell line was centrifuged at 1200 

rpm for 5 min. Cell pellets were washed twice with PBS and re-suspended in PBS to a 

final concentration of approximately 2-3 x 106 cells/mL. Using a pipette, 10-12 µL of the 

cell suspension was spread onto the upper part of a polylysine-coated slide (Sigma). 

Slides were air-dried and fitted into a Perspex Candenza block assembly (made in-

house) one at a time, clamped in a nearly vertical position in a bent metal rack. By 

applying solution to the gap at the top of the Candenza assembly, the slide was washed 

with 150 µL lysis solution (5 parts 70mM NaOH, 2 parts absolute ethanol) followed by 

150 µL of 96% ethanol. The slide was allowed to drain until the meniscus stopped falling 

(approximately 30s). The Candenza clamps were removed and the slide was carefully 

lifted away from the Candenza assembly with extended chromatin fibres attached to the 

slide surface.  

Fibre slides were air-dried and fixed with acetic acid (3:1 96% ethanol/acetic acid fixative) 

for 5 minutes, then dehydrated in an ethanol series (70%, 90%, 100%). Finally, slides 

were pepsin treated at 37ºC for 5 minutes by incubating in the fixing solution (0.01M 

HCL with 0.01% pepsin (Sigma)), and were dehydrated again through an ethanol series. 

Air-dried slides were then stored in a sealed box at –20ºC.  
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2.4.3 Preparation of Fosmid Clone Insert DNA 

Fosmid clones corresponding to DNA sequences within or near the copy number 

variation regions were ordered from the Sanger Institute. Details of the fosmid clones 

used in the study are listed in Appendix A. Each fosmid clone was inoculated in 10 mL 

LB media with 12.5 µg/mL chloramphenicol and was cultured at 37ºC overnight. On the 

next day, the 10 mL culture was pelleted at 2,000g for 10 minutes. Genomic DNA was 

isolated from each clone using Phase Prep BAC DNA Kit (Sigma Aldrich) with 

modification to manufacturer’s protocol. 300 µL Resuspension Solution was used to 

resuspend the cells, followed by the addition 300 µL Lysis Solution. The tubes were then 

inverted 5 times to allow mixing and incubated for 5 min at room temperature. 300 µL 

chilled Neutralisation Solution was added and the tubes inverted 8 times before 

incubation on ice for 5min. The tubes were centrifuged at 15,000g for 20 min at 4°C and 

the clear supernatant was transferred to a fresh 1.5 mL microfuge tube. 540 µL 

isopropanol was added to the clear supernatant, and the tubes were centrifuged at 

15,000g for 20 min at 4°C to precipitate the DNA. The pellet was washed with 2 mL 70% 

ethanol and air dried briefly.  

The pellet was then resuspended in 540 µL Elution Solution, followed by the addition of 

1 µL 1:10 RNase cocktail and a 10-min incubation at 60°C to digest residual RNA 

(ribonucleic acid). 40 µL Sodium Acetate Buffer Solution (3M, pH 7.0) was added to the 

tubes to adjust the salt concentration. To remove endotoxin and other impurities, 100 µL 

of Endotoxin Removal Solution was added followed by a 5-min incubation on ice. The 

tubes were then warmed at 37°C for 5min prior to centrifugation at 16,000g for 3min. 

The clear upper phase containing the DNA was transferred to a clean tube and the lower 

blue phase containing endotoxins and other impurities was discarded. This endotoxin 
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removal step was repeated once more. 540 µL DNA Precipitation Solution was then 

added with 1 µL pellet paint to precipitate the DNA again by centrifugation at 21,000g for 

20 min at 4°C. The pellets were washed with 150 µL 70% EtOH, air dried and 

resuspended in 20 µL water. The DNA concentration and quality was assessed using a 

NanoDropTM ND-1000 or ND-8000 UV-VIS Spectrophotometer. 

2.4.4 Amplification and Labeling of DNA probes 

2.4.4.1 GenomePlex® Whole Genome Amplification 

10ng of the isolated fosmid DNA (at concentration of 1 ng/µL) was WGA amplified using 

the GenomePlex® Complete Whole Genome Amplification Kit (Sigma) following 

manufacturer’s instructions. Briefly, 10 ng (1 ng/µL) DNA was fragmented with 1 µL 10x 

Fragmentation Buffer at 95°C for 4 min and immediately cooled on ice. The fragmented 

DNA was then used to create a library following the addition of 2 µL 1x Library 

Preparation Buffer and 1 µL Library Stabilisation Solution. The samples were heated at 

95°C for 2 min and cooled on ice prior to the addition of 1 µL Library Preparation 

Enzyme. Samples were incubated at 16°C for 20 min, 24°C for 20 min, 37°C for 20 min 

and 75°C for 5 min. For amplification of the library, 47.5 µL nuclease-free water, 7.5 µL 

10x Amplification Mastermix and 5 µL WGA DNA Polymerase were added and the 

samples subjected to a PCR cycling of 95°C for 3min followed by 17 cycles of 94°C for 

15 sec and 65°C for 5 min.  

2.4.4.2 DNA Fluorescent Labelling 

Amplified DNA from the clones was labelled with either Biotin-18-dUTP or Digoxigenin-

11-dUTP (Roche Diagnostics) in a PCR reaction containing 1 µL of the amplified DNA 

from WGA, 60 µM of either Biotin or Digoxigenin labelled dNTP, 40 µM dTTP, mM 

MgCl2, and 2.5 U BioTaq polymerase (Bioline) in a 25 µL reaction volume. The thermal 
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conditions were 3 min at 94°C, followed by 17 cycles of 15s at 94 °C and 5min at 65 °C. 

The fragment sizes of the labelled product were assessed by gel electrophoresis running 

1 µL on a 1% agarose gel with ethidium bromide. 

2.4.4.3 Probe Fragmentation 

To reduce the fragment sizes prior to hybridisation to the fibre slides, 4 µL 1 µg/µL 

DNAse I (Sigma) was added to the remaining 24 µL labelled DNA and incubated at 15°C 

for approximately 1hr 30 min. The fragment sizes of each sample were reassessed on 

1% agarose gel electrophoresis stained with ethidium bromide, while the remaining 

samples were kept on ice. Optimal fragment sizes for FISH were considered to be 50-

500 bp in length (Figure 2.6). DNase I digestion was resumed if necessary. 

 

500bp

1kb

M      1        2       3        4      M

 

Figure 2.6 Labelled DNA probes for Fluorescent In Situ Hybridisation. Fosmid 

probes were labelled with either Biotin or Digoxygenin dUTP. Probes were digested by 

DNase I to reduce DNA fragment sizes to approximately 50-500 bp for optimal 

hybridisation results. Digested DNA fragment sizes were checked using a 1% agarose 

gel stained with ethidium bromide.  
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2.4.5 Immunofluorescence and Image Acquisition 

FISH was carried out as follows: Before hybridization, slides were denatured in 70% 

formamide/ 2x SSC for 2 min at 70°C. Slides were then quenched in 70% ice-cold 

ethanol, dehydrated through an ethanol series and air-dried.  

For each hybridization, approximately 100 ng of each biotin- or digoxigenin-labelled 

probe was combined with 1 µL Cot1 DNA (1 µg/µL, Roche Diagnostics) and 10 µL 

hybridization buffer (50% deionised formamide, 2x SSC, 10% dextran sulphate, 0.1% 

Tween 20, 10mM Tris pH7.4). Labelled probe mixtures were denatured at 65°C for 10 

min, followed by a pre-annealing incubation at 37°C for 30 min to 3 hours. Denatured 

probe mixtures were added to the slides, covered with 22 x 36 mm plastic coverslips, 

sealed with rubber cement and incubated at 37°C overnight for hybridization. On the 

next day, rubber cement were removed and slides were incubated twice in 2xSSC (43°C, 

5 min), once in 50% formamide for 5 min at 43°C, and once again in 2xSSC (43°C, 5 

min). Slides were then transferred to 4xST (4 x SSC, 0.05% Tween) for 5 min at room 

temperature. 

Hybridised probes were detected by two layers of antibodies. Biotin-labeled probes were 

detected by avidin-FITC (Vector Laboratory), followed by biotinated antiavidin D as 

secondary antibody (Vector Laboratory). Digoxigenin-labeled probes were visualized by 

monoclonal mouse anti-dig antibody (Sigma) followed by Texas Red-conjugated goat 

anti-mouse IgG (Invitrogen, Carlsbad, CA) as secondary antibody. Slides were incubated 

sequentially in each antibody layer (200 µL under Nescofilm®) for 20 min at 37°C in the 

dark. In between the two layers of antibody detection, slides were washed in 4xST (5 

min, room temp) three times. 
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After probe detection, each slide was mounted with DAPI (4′,6-diamidino-2-phenylindole) 

(Vector Labs, Orton Southgate, UK) under a 22 x 50 mm plastic coverslip. Edges of the 

coverslips were sealed with nail varnish. Slides were stored at 4°C. 

Images were captured and processed with the SmartCapture software (Digital Scientific, 

Cambridge, UK). 
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Chapter 3 

Familial CNV Study 

in Schizophrenia 
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3.1  Whole-Genome CNV Screen in Families  

3.1.1 Whole-genome Array CGH Screen in Three Familial Cases 

The familial nature of schizophrenia is well-established. While acknowledging the 

presence of sporadic forms of the disorder, one strategy to understand schizophrenia 

genetics is to focus on familial cases, by assessing inheritance patterns of mutations 

within individual families and their segregation with disease.  We applied this approach 

to study transmission of CNVs in families with schizophrenia and other neuropsychiatric 

conditions. Using the WGTP BAC array as a CNV detection platform, we screened 30 

schizophrenia probands, and selected 3 familial cases for screening of CNVs 

predisposing to psychiatric diseases. In each case the proband was diagnosed with 

schizophrenia under DSM-IV criteria, and either of the parents was affected, together 

with at least one affected close relative in the family. The three pedigrees F-29, F-41 and 

F-192 are shown in Figure 3.1. 

Each DNA sample was hybridized twice in dye swap experiments. The algorithm 

CNVFinder (Fiegler et al. 2006) was applied to detect copy number variants in affected 

members for each family. To detect potential disease-causing variants we applied a two-

stage filtering: (a) to investigate CNVs segregating with disease, only BAC clones 

detected as CNVs in all affected members within each family were included in our 

analysis. This resulted in 13, 54 and 55 CNV clones in F-29, F-41 and F-192 respectively; 

and (b) to investigate rare variants not present in healthy controls, BAC clones frequently 

deleted/duplicated in the HapMap WGTP control dataset (Redon et al. 2006) (defined as 

CNVs in >10% of HapMap samples) were considered as benign copy number 

polymorphisms and therefore removed from analysis.  
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The analysis returned two CNV regions, the first was a duplication involving two clones 

(Chr1tp-23A3 & Chr1tp-1C7) at chromosome 1p36 in pedigree F-29, and the second a 

deletion involving a single clone (Chr8tp-17G4) at chromosome 8q22 in pedigree F-41.  

Quantitative PCR confirmed the 1p36 duplication (Figure 3.2), but did not validate the 

8q22 deletion in F-41. Further analysis revealed that log2ratio variations reported by the 

clone Chr8tp-17G4 was most likely an experimental artefact.  
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Figure 3.1 (to be continued) 



109 

 

 

Figure 3.1 Three families analysed by whole-genome CNV screen. 

(a) Pedigree F-29;  (b) Pedigree F-41; (c) Pedigree F-192             

 UFP, unspecified functional psychosis’; SCZ. Schizophrenia; ALC, Alcoholism; Mindep, 

minor depression; BP1, bipolar affective disorder I; UPR, unipolar depression; GAD, 

General Anxiety Disorder 

 

 

Figure 3.2 qPCR validation of duplication 1p36 in Pedigree F-29. Quantitative PCR 

using primers located at the 5’ end of SPSB1 within the duplication region (green) 

validated the duplication in all 4 patients (358, 388, 357, 488). The second set of primers 

(black) was at the 3’ invariant end of SPSB1. Duplication was confirmed as detected by 

the 5’ SPSB1 primer.  
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3.1.2 Characterization of the Rare Familial Duplication at 1p36.22 

At WGTP resolution, the duplication at 1p36.22 in Pedigree F-29 was located at 

chr1:9189407-9385015 (~200 kb in size). The CNV clones overlapped with two genes, 

namely hexose-6-phosphate dehydrogenase (H6PD) and splA/ryanodine receptor 

domain and SOCS box containing 1 (SPSB1). H6PD encodes an enzyme involved in 

glucose metabolism, and could play a role in unfolded protein response pathways 

leading to skeletal myopathy (Lavery et al. 2008).  

SPSB1 (also known as SSB-1) possesses a SPRY domain (with repeats in splA and 

RyR) which binds to MET, a receptor protein-tyrosine kinase. It was shown that SPSB1 

could interact with MET to enhance Ras/ERK signalling (Wang et al. 2005). It has been 

demonstrated - by the use of a mouse model - that ERK (extracellular signal-regulated 

kinase) signalling plays an important role in cognition. Downstream of neurotransmitters 

and neuronal receptors, this signalling pathway plays a key function in transducing 

neuronal signals of downstream transcription machinery, regulating gene expression, 

and leading to synaptic changes (Brambilla 2003). For example, overexpression of the 

Fyn kinase in mice results in depletion of phosphorylated ERK and other key neuronal 

signalling components and causes impaired spatial memory in the mouse model of 

Alzheimer’s Disease (Chin et al. 2005). SynGap, a Ras GTPase-activating protein with 

close association to NMDA receptor, by regulating ERK signalling, can lead to changes 

in synaptic activity including long term potentiation (LTP) (Komiyama et al. 2002). 

We further characterized the structure of this rare duplication identified in psychiatric 

disease carriers, by performing fluorescence in situ hybridization on extended chromatin 

fibres (Fiber-FISH) prepared from a patient cell line. Two overlapping probes were 

hybridized, the first located entirely at the 5’ duplicated region of SPSB1 and the second 
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one covering both the 5’ duplicated and the 3’ invariant region of SPSB1. The CNV was 

demonstrated to be a tandem duplication in the same orientation (Figure 3.3).  

To map the duplication breakpoints, we used a conventional long-range PCR method 

with primers tiling across 10 kb either side of the estimated breakpoints to PCR amplify 

the breakpoint junction. PCR fragments were subsequently sequenced, and the CNV 

was delineated as a duplicated segment of 86 kb in length at chr1:9240833-9326667 

(Figure 3.4). The 3’ breakpoint falls on the first large intron of the 5’ end of SPSB1, within 

a SINE element (AluY repeat). The 5’ breakpoint falls on the second last intron of the 3’ 

end of H6PD, and is located near another AluY repeat. The region is also enriched with 

simple tandem repeats. These SINE and simple elements may act as chromosomal 

fragile sites for chromosomal rearrangements. For example, Alu repeats have been 

suggested to predispose to genome instability (Stankiewicz and Lupski 2002). 
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Figure 3.3 Delineation of 1p36.22 duplication structure by Fiber-FISH. Fiber-

FISH was performed with two overlapping probes: Probe A (green), located at 

the 5’ duplicated region of SPSB1 and Probe B (red), partially overlapped with 

the 3’ invariant region of SPSB1. FISH results for a) a normal control cell line b) a 

patient cell line (358) showing duplication. (yellow block: estimated duplication 

region) 
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Figure 3.4 Sequencing breakpoints of 1p36.22 revealed repeat structures. a) 

CNV breakpoint junction was amplified using long range PCR. The amplified 

fragment was sequenced for breakpoint delineation. b) 5’ breakpoint was 

mapped to chr1: 9240833 bp, the second last intron of H6PD. A block of SINE 

element (AluY repeat) was identified near the breakpoint, as well as a number of 

simple tandem repeats. c) 3’ breakpoint was mapped to chr1: 9326667 bp, intron 

1 of SPSB1. The breakpoint was located at block of AluY repeat sequences. 
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3.1.3 Known Genomic Rearrangements Near the 1p36.22 duplication 

At the time we discovered the 1p36 duplication (in 2006) there was no reported 

chromosomal rearrangements at the region. The duplication was proposed to be a rare, 

private variant, potentially a disease predisposition factor within the affected family. As 

array CGH and other CNV detection techniques matured, more normal variants were 

detected and deposited into public databases, for example the Database of Genomic 

Variant (DGV). At the time of writing (in 2008), there are two reports in DGV of copy 

number variants in the 1p36.22 region (Pinto et al. 2007; Zogopoulos et al. 2007). 

Zogopoulos et al. reported 2 duplications in a control cohort of 1190 samples from 

Canada. Pinto et al. reported 4 duplications in a cohort of 776 controls (506 Germans & 

270 HapMap samples). The 1p36.22 duplication is therefore recurrent in the population 

and is not unique to affected family members of F-29. We also noticed that the 

duplication as detected in these samples all have slightly different breakpoints, falling on 

different repeat sequences, even in the same study (Pinto et al. 2007). This example 

implicated potential genetic heterogeneity of a recurrent CNV at the sequence level. 

Alternatively, we cannot rule out that limited resolution of various detection methods 

compared to PCR sequencing could lead to imprecision in reported CNV breakpoints.  
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Table 3.1 Known genomic rearrangement at 1p36.22. Data and information gathered 

for the 1p36.22 region from the Database of Genomic Variant (DGV), compared with 

results from our current study.  
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3.2  Deletion at ABCA13 in an Extended Family with Schizophrenia  

3.2.1  Evidence of Functional Mutations of ABCA13 at 7p12.3  

In collaboration with the Psychiatric Genetics group in University of Edinburgh, we 

investigated whether functional mutations of the ATP Binding Cassette Gene 13 

(ABCA13) at chromosome 7p12.13 region could be associated with schizophrenia. A 

previous cytogenetic study had identified a translocation breakpoint at this locus in a 

patient with schizophrenia. Moreover, subsequent mutation screening within the 

ABCA13 gene detected an excess of rare, truncation SNP mutations in patients 

compared to control (personal communication, Professor Douglas Blackwood).  

ABCA13 belongs to the ATP Binding Cassette (ABC) family of integral membrane 

proteins which regulates the transport of a wide variety of substrates across biological 

membranes (Dean et al. 2001). ABCA13 is an unusually large gene, spanning 450 kb 

across chromosome 7p12.13. It has a modular structure with two elements: a 

hydrophobic, transmembrane structure at the N-terminus, followed by a cytosolic domain 

which contains the ATP-binding domain (Prades et al. 2002). Although the potential 

function of ABCA13 in the brain or in central nervous system is not well known, a 

number of ABC transporters have been implicated in neurological diseases, due to their 

function in brain lipoprotein transport and their involvement in metabolism and 

homeostasis (Kim et al. 2008). ABCA1, for instance, was shown to be involved in the 

metabolism of cholesterol, phospholipids and apolipoprotein in the central nervous 

system (Hirsch-Reinshagen et al. 2004). Cholesterol homoeostasis at the neuronal 

membrane plays an important role in the processing of amyloid precursor protein (APP) 

and the regulation of beta-amyloid peptide levels. Several independent studies have 

demonstrated a role for ABC transporters in APP processing and their involvement in 
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Alzheimer’s disease (Koldamova et al. 2003; Wahrle et al. 2005; Chan et al. 2008; 

Uehara et al. 2008).  

In addition, ABC transporters are active drug efflux transporters across bio-membranes, 

and some members (especially those in the ABCB subfamily) are responsible for drug 

transport at the blood-brain barrier (Loscher and Potschka 2005). In line with this, 

polymorphisms and mutations in genes belonging to the ABC family have been 

implicated in drug metabolism (Cascorbi 2006; Hermann and Bassetti 2007): for 

instance, some ABCB1 genotypes were linked with responses to anti-depressant drug 

treatment (Takao et al. 2006; Uhr et al. 2008).  
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3.2.2  Oligo Array CNV Screen in an Extended Pedigree  

To identify copy number changes in the region, a custom oligo array (Agilent 

Technologies) was designed with 34,036 probes covering 1.5 Mb of sequence spanning 

ABCA13 at chromosome 7p12. Validation experiments demonstrated the reliability and 

sensitivity of this custom array (see Appendix B).  

Array CGH was then performed on DNA samples from 5 patients with possible CNV at 

ABCA13 (Family 10, 18, 178, 340 and a sporadic case) (Table 3.2).  A deletion of 

approximately 11 kb in size was detected in Patient 4398 (with schizophrenia) from 

Family 340. The deletion is located in intron 53-54 of ABCA13 at chr7:48,552-48,563 kb 

(Figure 3.5). We subsequently performed CNV screening on custom arrays for all DNA 

samples from Family 340, presenting with varied psychiatric phenotypes (Figure 3.6). 

Out of 11 family members with DNA samples available, 6 have psychiatric disorders 

ranging from schizophrenia, depression (with variable degree) and anxiety disorder. 5 

out of these 6 affected members carry the deletion. 

In the first generation, the ABCA13 CNV was present in Sample 5688. Clinical details 

and DNA sample was not available from her deceased partner. The deletion was 

inherited by all members in the second generation, three of whom (4398 (proband), 5671 

& 5725) had severe psychiatric disorders.  

In the third generation, the deletion was present in two siblings (5687 & 5690) who had 

single episode of depression. However, another sibling with depression (5693) did not 

inherit the CNV. It is also noted that individual 5713, indicated as a normal individual in 

the pedigree, had a presumed single episode of depression which did not pass DSM-IV 

criteria for depression. 
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Table 3.2 Schizophrenia patients with DNA analysed on custom arrays. 

 

 

 

Figure 3.5 Array CGH detection of the 7p12 deletion for Patient 4398. Custom oligo 

array CGH was performed on 4398, the proband from Family 340 (against reference 

HapMap NA10851) a) Log2ratio profile at chr7:480,400,00-486,800,00. A deletion was 

detected at ~485.5 Mb on chromosome 7 (vertical bars in brown depicts the genomic 

locations of the ABCA13 exons). b) Detailed view of the deletion, located at ~48,552-

48,563 kb, between exons 53 & 54 of ABCA13. The deletion size is ~11 kb. 



120 

 

 

 

 

(Figure 3.6 to be continued) 
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Figure 3.6 Array CGH profiles for all available members in Family 340. a) Pedigree 

of family 340. Individuals detected with the ABCA13 deletion are marked “CNV” (in red). 

b) Oligo array CGH was performed on both affected and non-affected members of the 

family (against reference HapMap NA10851). ABCA13 genomic region at 

chr7:47,680,000-48,960,000. A deletion at ~485.5 Mb was detected in samples 5688, 

4398, 5725, 5692, 5671, 5687 and 5690. 
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3.3 Chapter Summary and Discussion 

In this chapter, we described a CNV investigation in familial cases of schizophrenia and 

related neuropsychiatric conditions. As a first approach, we applied a whole-genome 

WGTP array CGH platform for 3 families. We detected a candidate CNV at 1p36 

disrupting the gene H6PD and SPSB1 in all affected members within F-29, but not 

among 270 normal HapMap individuals. The variant was further characterized by Fiber-

FISH, long range PCR and breakpoint sequencing.   

The second approach was focused on one candidate gene - ABCA13 - on chromosome 

7p12, a region previously linked to schizophrenia by cytogenetic studies (personal 

communication, Prof. Douglas Blackwood). With a high-resolution custom array we 

screened for cryptic CNVs not detected previously by other cytogenetic techniques. A 

~11 kb deletion in intron 53-54 of the ABCA13 was detected in one of the 5 families. The 

deletion segregated with the disease in all affected members except an individual with 

mild depression (5693), who could be explained as a phenocopy. On the other hand, a 

normal sibling (5692) was detected to inherit the deletion.  

The inheritance of ABCA13 CNV revealed the complexity in studying schizophrenia and 

related psychiatric disorders. Genetic heterogeneity and the complexity of the phenotype, 

characteristics of many human behavioural traits including schizophrenia, have 

challenged the study of psychiatric genetics for decades (Cantor and Geschwind 2008). 

In our study, we faced complicated genotype-phenotype correlation due to a number of 

reasons: First diagnostic criteria could only serve as guidelines in the complicated 

spectrum of psychiatric diseases. Overlapping clinical phenotypes in individuals exist, 

blurring the boundaries of normal to psychiatric patients of variable degrees. An 

individual in F-340, for example, was classified normal but in fact had single episode of 
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depression. Secondly, disease-causing variants may have incomplete penetrance and 

variable expressivity. This will lead to promising but incomplete segregation, as seen in 

our study and in several cases of well-established structural variations. The 

schizophrenia candidate gene DISC1, for example, was originally identified as an almost 

but not complete segregating translocation, in an extended Scottish pedigree with 

schizophrenia and multiple psychiatric conditions (St Clair et al. 1990; Blackwood et al. 

2001). 

Despite these complications, precedent studies focusing on causative factors in rare, 

inherited forms of the disease have shown this to be an effective strategy. DISC1 was 

one such example. Another relevant example comes from the history of Alzheimer’s 

disease genetics. Rare familial studies of Alzheimer’s disease in the past were 

instrumental in the identification of the amyloid precursor protein (APP). These studies in 

turn provided important insights for investigation of the more common, sporadic form of 

disease. Furthermore, recent CNV studies in Alzheimer’s, again focusing on autosomal 

dominant forms, identified the duplication of the APP locus as a predisposition factor in 

8% of familial cases screened (Delabar et al. 1987; Rovelet-Lecrux et al. 2006; Sleegers 

et al. 2006).  

Analogous to our familial CNV study in schizophrenia, the above approaches 

demonstrates how inherited forms of diseases could simplify the study of genetically 

complex neurological disorders. Studying schizophrenia as Mendelian disease trait has 

potentially two important advantages. First, schizophrenia probably comprise of some 

rare, virtually unique mutations (e.g. CNVs) as disease-causing variants (Abrahams and 

Geschwind 2008), only identifiable through extremely large case-control cohorts in 

population-based association. To circumvent the requirement for such large sample 
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sizes, looking for disease transmission in inherited forms could be more efficient and 

cost-effective.  

Secondly, CNVs identified in rare familial cases could generate further candidates of 

disease association. CNVs could disrupt genes, for example, while the same gene might 

harbor more common variants with modest disease risk, and could be identified through 

targeted sequencing efforts. In addition, defining interaction partners and biological 

pathways of CNV gene candidates, one may discover novel disease candidates. For 

instance, PDE4B (Phosphodiesterase 4B) (Millar) and NUDEL (NudE-like) (Ozeki et al. 

2003), both interacting factors of DISC1, were identified as schizophrenia candidates 

following the discovery of DISC1 translocation.  

Nevertheless, caution has to be taken in familial studies of such a complex psychiatric 

disease. First, genetic factors underlying schizophrenia and other psychiatric conditions 

may exhibit pleiotropic effects, with some CNVs demonstrating incomplete penetrance or 

variable expressivity. This will complicate segregation analysis in families, as in our case 

of ABCA13 deletion. Secondly, our understanding of CNVs is still rudimentary. Evolving 

knowledge and views on this type of variant is likely to influence clinical decision on what 

is benign and what is causative. The 1p36 duplication we described, for example, 

suggested that some genomic loci may be under-ascertained for CNVs in the past or at 

present. Variants defined as “rare” or “unique” may in fact occur in the general 

population, although screening in large sample sizes is required for detection. This also 

alludes to the need for public resources and database for improved CNV entries, which 

will be discussed in Chapter 7.  

The familial studies described in this chapter are limited in scale. Future work on larger-

scale family-based schizophrenia studies, based on more pedigrees (as described for 
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the Alzheimer’s study), or with larger kindred (such as the one used to identify the 

DISC1 translocation) will be highly informative. Alternatively, families or trios may also 

be used to address the de novo nature of CNVs in schizophrenia. All these will be 

complemented with population-based association studies, another approach we 

employed which will be described in the next Chapter.  
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Chapter 4 

Population-Based CNV Study 

in Schizophrenia 
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4.1.  Experimental Design and Array Data Quality Control 

4.1.1  Case-Control CNV Screen Experimental Design  

In this chapter we will present a population based case-control CNV study design to 

detect schizophrenia-related CNVs. The CNV screen was mainly based on a core CNV 

dataset generated by hybridizations of 91 schizophrenia samples (SCZ) and 92 

ethnically matched Lothian Birth Control Cohort samples (LBC) on WGTP arrays. The 

CNV data was then analysed for rare copy number variants specific to the SCZ cohort, 

and frequent copy number variants for disease association study.  

A subset of the WGTP CNV data was validated by independent platforms, including 

quantitative PCR and high resolution oligonucleotide array (Nimblegen, Inc.). 

Furthermore, 39 patients in the SCZ cohort were hybridized on the Affymetrix SNP array 

6.0 platform, and CNV data was included for validation of the WGTP dataset (source: 

University of Edinburgh, as part of International Schizophrenia Consortium).  

WGTP array CGH data was analyzed using the algorithm CNVFinder (Fiegler et al. 2006) 

(discuss in Chapter 2). Affymetrix SNP array data was analyzed using the Birdseye 

package (Korn et al. 2008) and PLINK (Purcell et al. 2007). The ascertainment scheme 

for the Affymetrix CNV data emphasized rare, large CNV events and therefore 

represents a more conservative calling algorithm than the WGTP data. The SNP 

platform also provided higher-resolution data and facilitated the mapping of CNV 

breakpoints with higher precision. 

Affymetrix SNP array data on a further 206 SCZ samples (from the same DNA source as 

our initial cohort) was used to investigate recurrent variants in SCZ which are more likely 

to be disease-relevant. 
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Figure 4.1 shows a summary of the case-control DNA samples and the CNV detection 

platforms used in the current study. 

 

 

 

 

 

Figure 4.1 Case and control cohorts and CNV detection platforms used in our 

study
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4.1.2  WGTP Array Data Quality Control 

BAC array based comparative genomic hybridization has been routinely used for the 

detection of copy number variations in clinical samples. Normalization and filtering of the 

array data is critical to enhance the discovery of true biological signals, and to remove 

experimental artefacts for accurate and reliable results. We performed initial 

normalization on the WGTP data as previously described (and as documented in section 

2.1) (Fiegler et al. 2006). Additional normalization and filtering steps, including correction 

for GC content and filtering clones of artefacts, were summarized in Figure 4.2, with 

details included in Appendix C.  

In addition to manual inspection of profile qualities, all hybridization results were 

monitored with two statistical indicators for quality control. The first is global SDe, an 

estimate of standard deviation of all log2ratio signals in the genome for a particular 

sample profile. The second is the clone retention rate after fusion of dye swap 

experimental data. Experiments were accepted for further analysis only if global 

SDe<0.06, global clone retention rate >90% and clone exclusion rate per individual 

chromosome <80%. Figure 4.3 presents the quality control indicators for all SCZ and 

LBC hybridizations included in the CNV analysis. 
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Figure 4.2 Normalization and filtering steps applied to WGTP hybridization data 

before CNV analysis. 
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Figure 4.3 WGTP array quality control indicators. Global SDe (blue) and global clone 

retention rate (red) are plotted against DNA samples (sorted by date) for all samples 

included in analysis. a) SCZ (n=91); b) LBC (n=92)  

(Global SDe cut-off point was <0.06. Global clone retention rate cut-off point was >90%) 
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4.2 Copy Number Variation Detection on the WGTP array 

4.2.1  Distribution of CNVs and CNV Regions in Case and Control Cohorts 

The core copy number variation dataset in the study was generated from DNA samples 

hybridizing against the WGTP array platform. On average we detected 66 CNVs per 

SCZ sample (case) and 72 CNVs per LBC sample (control). A list of per-patient CNV 

information (number and types of CNVs) is given in Appendix D-1. 

The total number of CNV calls was 6,036 in the cases (3,650 gains, 2,386 losses) and 

6,666 in the controls (3,973 gains 2,689 losses) (Figure 4.4a). CNV size distributions 

were similar in the two cohorts (Figure 4.5), with the same median length of 237.7 kb. 

CNV sizes were estimated from the chromosomal coordinates of affected BAC clones. 

Since average BAC clone size was 164 kb, the reported CNV size may be an 

overestimation of the true CNV coordinates (McCarroll et al. 2008; Perry et al. 2008). 

In each sample cohort, individual CNVs from for multiple individuals may overlap at the 

same genomic location. To generate sets of non-overlapping CNV genomic locations, 

we grouped for each cohort all overlapping CNVs into copy number variation regions 

(CNVRs). The total number of CNVRs was 539 in SCZ (249 gain only; 159 loss only; 

131 gain or loss) and 583 in LBC (286 gain only, 127 loss only, 170 gain or loss) (Figure 

4.4 b&c).  

CNVRs were classified as either “rare” (occurring in only one sample) or “recurrent” 

(occurring in multiple samples) with respect to the cohort. There were 224 rare and 315 

recurrent CNVs in the SCZ cohort, compared with 237 rare and 346 recurrent ones in 

LBC. The proportion of rare and recurrent CNVs in the cases and controls (Figure 4.4b) 

showed no statistically significant difference. Distributions of gene content were also 
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similar for cases and controls (Figure 4.6), with majority of CNVRs contain one or more 

genes in both SCZ (355 out of 539 CNVRs; 66%) and LBC (390 out of 583; 67%).  

 

Figure 4.4: Frequency and types of CNVs and CNVRs in SCZ and LBC. a) Number 

of CNVs (gains/losses) in SCZ and LBC b) Number of CNVRs (rare/recurrent) in SCZ 

and LBC c) Number of CNVRs (gains/losses) in SCZ and LBC 
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Figure 4.5 Size and frequency distributions of CNVRs in Schizophrenia 

(SCZ) and Lothian Birth Control (LBC) Cohorts detected using the WGTP 

platform.  

Top left: CNV size distribution in SCZ 

Top right: CNVR frequency distribution in SCZ 

Bottom left: CNV size distribution in LBC 

Bottom right: CNVR frequency distribution in LBC 
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Figure 4.6 CNVR gene content in the SCZ and LBC cohorts.  

 

4.2.2 Bias of CNV Discovery Rate in SCZ Versus LBC 

Although CNVs/CNVRs in our cases and control data showed comparable distributions 

in terms of CNV size, frequency and gene contents, we detected more CNVs/CNVRs in 

the control cohort than in patients with schizophrenia (10.4% more CNVs in total, 9.10% 

more CNVs per sample). This bias in CNV discovery rate was mainly due to differences 

in DNA quality, leading to variability in the quality of array CGH profiles in the two 

cohorts (with control DNA samples of better quality on average). Lower DNA quality 

increases the fluorescence intensity log2ratio variance (SDe) and consequently 

decreases the sensitivity of CNV detection by CNVFinder.  

Figure 4.7 shows a negative correlation between number of CNVs detected and 

estimated standard deviation SDe. The regression (logarithmic) lines fitted on the SCZ 

and LBC correlation data are comparable (Fig 4.7a). However, because the SDe 

distribution for LBC samples shows a slight shift towards lower values (mean SDe in: 
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SCZ = 0.41; LBC= 0.038) (Fig 4.7b), we detected on average a higher CNV number in 

the control cohort. 

 

Figure 4.7 Correlation of CNV discovery rate with data quality in SCZ and LBC. a) 

Number of CNVs detected in each sample against profile variability (SDe). Regression fit 

showed negative correlation for both SCZ (red) and LBC (green) data. b) SDe 

distribution for SCZ and LBC experiments. Mean SDe is 0.041 in SCZ and 0.038 in LBC, 

indicating an overall higher quality of the LBC data.  
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4.3 Comparing WGTP Data with Known Schizophrenia CNV Regions 

Novel findings of large-scale genome-wide schizophrenia CNV screen (ISC 2008; 

Stefansson et al. 2008) revealed 3 recurrent CNV schizophrenia loci at 1q21.1, 15q11.2 

and 15q13.3. These 3 recurrent deletions, together with the previously identified 22q11 

deletion, represented 4 CNV regions that demonstrated statistical significant association 

with schizophrenia. We therefore screened the WGTP CNV data (SCZ and LBC) against 

these 4 genomic loci.  

Figure 4.8 illustrates the SCZ (red) and LBC (green) WGTP data at these 4 loci. Of note, 

we detected the same recurrent deletion at 15q11.2 as Steffanson et al. (Stefansson et 

al. 2008), as shown in one sample in the SCZ cohort. The region was also duplicated in 

one LBC sample (Figure 4.8b). Given the estimated frequency of 0.55% and 0.19% in 

cases and controls (Stefansson et al. 2008), we expected the deletion to occur in 0 or 1 

sample in our cases, whilst being absent in the controls, which was consistent with our 

finding. This also confirmed the ability of our platform to detect disease-associated 

rearrangement of similar size and frequency.  As described in section 1.6, the recurrent 

deletion was flanked by LCRs (Figure 4.9). Within the deletion was a candidate gene 

CYFIP1 (cytoplasmic FMR1 interacting protein 1 isoform), which encoded a protein 

involved in the regulation of translation in neurons, with important functions in synaptic 

plasticity and brain development (Napoli et al. 2008) (see section 1.6). 

At the other three known regions, 1q21.1, 15q13.3 and 22q11, no large deletion was 

identified in our SCZ cohort. Smaller reciprocal duplications were detected at 1q21 and 

22q11, although these have been reported in control cohorts at equal or higher 

frequency than in corresponding case cohorts (ISC, 2008), and therefore are likely to be 

benign.  
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(Figure 4.8 to be continued)
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Figure 4.8 WGTP data compared with 4 known schizophrenia CNV loci. SCZ data 

was presented in red and LBC in green a) 1q21.1: no large rearrangement detected b) 

15q11.2: a large deletion was detected in SCZ, and a reciprocal duplication in LBC 

(orange box) c) 15q13.3: two smaller duplications were detected in SCZ (blue box); d) 

22q11: two smaller duplications were detected in SCZ (blue box)   
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Figure 4.9 WGTP data detected a deletion at 15q11.2 in one patient. The deletion 

spans gene CYFIP1. Regions of low copy repeats (LCR) are highlighted in blue boxes.  
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4.4 Rare Variants Specific to the Schizophrenia Cohort  

With evidence that rare variants significantly associated with schizophrenia were 

replicated in our WGTP dataset, we concentrated our first approach on rare CNVs that 

were only detected in schizophrenia samples. This approach was also reinforced by 

recent CNV findings detecting a higher occurrence of rare, and in some cases de novo 

CNVs in cases compared to controls (ISC 2008; Walsh et al. 2008; Xu et al. 2008). The 

International Schizophrenia Consortium, for instance, reported a 1.448-fold increase of 

extremely rare CNVs (singletons in 3000+ cases) in cases versus control. Another report 

from Walsh et al., suggested the increase of rare genic CNVs was as high as 3-fold in 

cases versus control. Extrapolating from these data, one could hypothesize that 1/3 to 

2/3 of the rare case-specific CNVs would be disease-causing variants.  

 

4.4.1 Rare Variant Detection Using Consecutive Clone Calling Criteria 

In our rare variant analysis we included only CNVs involving more than one consecutive 

clone. This is a common practise in CNV studies to increase data stringency. The 

corresponding CNVs2  were grouped into 324 CNVRs in cases and 360 CNVRs in 

controls.  

Less than 1/3 of the CNVRs were cohort-specific (113 in cases and 141 in controls), 

indicating that majority of variants detected were recurrent copy number polymorphisms 

in the Scottish population (existing in both Scottish cases and controls). 

The 113 SCZ cohort-specific CNVs are listed in Appendix D-2.  

                                                           
2
 This set of CNVs includes a total of 3,980 CNVs in the cases and 4,444 CNVs in the controls. 
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4.4.2  Validation of SCZ-Specific Rare Variants  

A reliable detection platform is crucial in CNV discovery. The WGTP array CGH platform 

available to our study has previously been tested extensively in terms of accuracy and 

sensitivity for CNV discovery (Fiegler et al. 2006). We performed additional validation 

experiments specific to our dataset through qPCR, Nimblegen oligonucleotide array and 

with Affymetrix SNP array data provided by the ISC.  

Validations were performed for two purposes: 1) to confirm the presence of a subset of 

CNV calls as a measure of platform detection accuracy; and 2) to delineate CNV 

boundaries and assess the involvement of candidate genes. 29 regions were validated 

by a combination of these methods (Table 4.1). Details of validation experiments and 

validation rates were provided in Appendix E.  

 

Figure 4.10 WGTP CNV dataset validation strategies. 
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4.4.3 Rare Variants in SCZ with Genes Involved in Psychiatric Disorders  

One way to assess whether a variant is likely to be disease-causing is to examine its 

gene content. A query of the Genetic Association Database (GAD) provided by the 

National Institutes of Health ascertains 8 SCZ cohort-specific CNVRs to contain genes 

represented in the PSYCH (psychiatric-related) category. These genes are AHR (aryl 

hydrocarbon receptor), TRPM2 (transient receptor potential cation channel, subfamily m, 

member 2), DMPK (dystrophia myotonica-protein kinase), PIK3C3 (phosphoinositide-3-

kinase, class 3), GABRG3 (gamma-aminobutyric acid a receptor, gamma 3), OXTR 

(oxytocin receptor), SGCE (sarcoglycan, epsilon) and KIF2A (kinesin heavy chain 

member 2) (Table 4.2).  

In particular, PIK3C3, a gene encoding the phosphoinositide-3-kinase, was detected as 

duplicated in patient 3857 (ED1013). The PI3K kinase is responsible for receptor-

mediated signal transduction and intracellular trafficking. Neuregulin-1, a putative 

schizophrenia susceptibility gene, was suggested to regulate cell adhesion through a 

PI3K dependent pathway (Kanakry et al. 2007). PIK3C3 itself was a putative 

schizophrenia and bipolar disorder candidate, supported by a number of genetic 

association studies (Stopkova et al. 2004; Duan et al. 2005; Saito et al. 2005; Tang et al. 

2008).  

SGCE, a gene detected as deleted in patient 4203, encodes transmembrane 

components of the dystrophin-glycoprotein complex. SGCE is involved in Myoclonus-

Dystonia (Marechal et al. 2003; Valente et al. 2005; Misbahuddin et al. 2007), a 

movement disorder characterized by myoclonic jerks, dystonia and a variety of 

psychiatric symptoms including anxiety, depression and obsessive-compulsive disorder 

(Doheny et al. 2002). Furthermore, SGCE knockout mice were shown to have anxiety, 
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depression and altered dopamine levels, all phenotypes associated with schizophrenia 

(Yokoi et al. 2006).  

Oxytocin Receptor (OXTR), another gene identified as duplicated in the SCZ cohort, 

encodes a neurohypophyseal hormone important in brain development (Insel et al. 

1999). The role of oxytocin was highlighted in mammalian social behaviours (Israel et al. 

2008). Abnormalities of the oxytocin system have been implicated in several 

neuropsychiatric disorders, including schizophrenia, autism , obsessive-compulsive 

disorder  and post-traumatic stress disorder (Marazziti and Catena Dell'osso 2008). 

Pharmacologically, oxytocin has been proposed as an antipsychotic drug (Caldwell et al. 

2008). Oct -/- mice demonstrated social deficit (Winslow and Insel 2002). Furthermore, 

mouse models suggested that the oxytocin system is involved in the response to 

phencyclidine (Lee et al. 2005; Caldwell et al. 2008), a drug when administrated lead to 

schizophrenia-like behavioural symptoms including hallucination. Schizophrenia 

endophenotypes such as prepulse inhibition deficits were augmented in the Oct 

knockout mice (Caldwell et al. 2008).   
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Table 4.2 SCZ-specific rare variants with genes associated with psychiatric 

disorders. Genes within CNVRs were compared to the Disease Association Database 

returning 8 CNV regions with genes related to psychiatric disorders (disease class: 

PSYCH).  
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In the rare variants specific to the SCZ cohort, we also detected several CNVs contain 

brain- or neuronal-related genes not currently associate with the Genetic Association 

Database. These CNV loci overlapped with genes NEGR1, PDE10A, HDAC9 and 

RCAN1 (Figure 4.11). 

  

The neuronal growth factor, NEGR1, was duplicated in one patient. It is brain-expressed 

and was suggested to be involved in cell adhesion (Figure 4.11a). PDE10A, a 

phosphodiesterase involved in corticostriatal signalling, was duplicated in another patient. 

PDE10A plays a role in cognition, locomotion and behavioural phenotypes in mice (Hebb 

et al. 2008), and PDE10 inhibitor has been studied as a novel drug treatment for the 

cognitive symptoms of schizophrenia (Menniti et al. 2007; Schmidt et al. 2008) (Figure 

4.11b).  

 

HDAC9, a histone deacetylase which couples neuron-induced electrical activity to 

muscle cells (Mejat et al. 2005), was disrupted at the deletion breakpoint of a patient 

(Figure 4.11c). RCAN1, a calcineurin inhibitor involved in calcium-mediated signalling, 

was disrupted at the duplication breakpoint of another patient (Figure 4.11d). These two 

variants were further demonstrated to be recurrent in an extended schizophrenia cohort 

and will be discussed in section 4.4. 

Given our modest sample size, we were not able to determine a statistically valid 

association of any of these rare regions with disease.  Rather, our experimental design 

was aimed at cataloguing SCZ-specific CNVs as a collective dataset with candidate 

genes of disease relevance. Based on previous studies proposing a large proportion of 

case-specific rare variants being involved in disease, and the evidence of biologically 

plausible candidates, this set of genes represents a set of good candidates for future 
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functional investigation. Accruing CNV data from the literature and collaborative efforts, 

our dataset can also be extended to confirm disease-causing recurrent CNV loci, as in 

the case of CYFIP1 deletion at 15q11.2.   
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4.5  Recurrent SCZ-Specific Variants in Extended Cohort 

Among the SCZ-specific variants detected by WGTP, the majority were singletons in the 

cohort of 91 SCZ samples (see last column in Table 4.1). To detect recurrent SCZ-

specific CNVs, we extended our cohort using CNV calls made from the Affymetrix SNP 

6.0 array as provided by ISC and University of Edinburgh. The dataset consists of an 

additional 206 Scottish schizophrenia samples hybridized on the Affymetrix array 

(SCZAffyn206). Combined with our original WGTP SCZ cohort of 91 (SCZWGTPn91), the 

extended cohort consists of 297 patient samples (SCZWGP-Affyn297). 

A recurrent SCZ CNVR was defined as any CNV region that was detected in the original 

91 WGTP dataset (SCZWGTPn91), and was present in two or more patients in the 

combined cohort of 297 (SCZWGP-Affyn297).  

A total of 26 recurrent SCZ CNVRs were identified, with a frequency of 2 to 6 patients 

out of 297 (0.67- 2.02%) (Table 4.3). Although they were all relatively rare events, the 

observation of these recurrent, putative disease variants is consistent with the 

genetically heterogeneous model of schizophrenia, and the frequency range is 

comparable to the rare disease variants observed in previous CNV studies on 

schizophrenia (Rujescu et al. 2008; Stefansson et al. 2008). 

We focussed on 7 variants which were reported in the same patient in both WGTP and 

Affymetrix platforms (Figure 4.12). Among them, a region at chromosome 21 (CNVR-480) 

and another at chromosome 9 (CNVR-297) were detected in 4 and 5 patients 

respectively. Both of these recurrent CNVRs had a frequency of >1% in the disease 

cohort, and were found to overlap with functionally relevant candidate genes namely 

RCAN1 (Down syndrome critical region 1) and OLFM1 (olfactomedin 1). 
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Figure 4.12 Recurrent SCZ-specific CNVR regions detected by both WGTP and 

Affymetrix platforms. The first 5 regions were identified in 2 SCZ samples: a) chr3; 189 

Mb (CNVR_97) b) chr7; 176-187 Mb (CNVR_225) c) chr12; 171-181Mb (CNVR_337) d) 

chr3; 143 Mb (CNVR_91) e) chr6; 1.9-2.3 Mb (WGTP_CNVR_184). The final 2 regions 

occurred in 5 and 4 samples in the SCZ cohort respectively g) chr9; 137 Mb 

(CNVR_297); h) chr21; 346Mb (CNVR_480) 
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4.5.1 A CNVR at Down Syndrome Critical Region 1 (RCAN1/DSCR1)  

CNVR-480 is a duplicated locus affecting four patients (899, 3546, 3728 & 7171), one 

detected in SCZWGTPn91 and another three detected in SCZAffyn206 (Figure 4.12f). The 3 

cases from the Affymetrix platform revealed the same breakpoints at chr9:137200474-

137862491. The ~200 kb duplication region harbours two potassium channel genes 

KCNE1 and KCNE2. Moreover, the gene Down Syndrome Critical Region 1 (DSCR1), 

also known as RCAN1, is located at the 3’ breakpoint of the duplication according to 

Affymetrix SNP data. RCAN1 has been linked to Down Syndrome and Alzheimer’s 

disease (Hoeffer et al. 2007; Porta et al. 2007; Keating et al. 2008).  

The gene RCAN1 encodes a regulator of calcineurin, a calmodulin-dependent protein 

phosphatase. Both animal models and human studies have established the role of the 

calcineurin-dependent cascade in neuronal signal transduction and synaptic plasticity, 

as well as its involvement in psychosis (Eastwood et al. 2005). Genes that encode 

subunits of calcineurin, for example PPP3CC, have been demonstrated as associated 

with schizophrenia (Eastwood et al. 2005). Furthermore, RCAN1 was recently shown to 

affect the expression of GSK-3beta (Ermak et al. 2006),  another well-established 

schizophrenia and bipolar candidate gene (Koros and Dorner-Ciossek 2007). Knockout 

mouse models of RCAN1 showed impairment in spatial learning and memory (in 

particular long-term potentiation), as well as sensorimotor deficits (Hoeffer et al. 2007). 
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4.5.2 A Variant Near Olfactomedin1 and other Recurrent CNVRs 

CNVR-297 is another duplication region detected in three patients (5758, 323 & 4179) 

SCZWGTPn91, and in two additional samples (3593 & 6269) in SCZAffyn206. The 

duplication at 9q34 (Figure 4.12g) is downstream of the rat neuronal olfactomedin-

related ER localized protein OLFM1, a gene abundantly expressed in the brain. 

Characterization of the CNV by oligonucleotide array revealed the same breakpoint in 

the patients (5758, 323 and 4179). We subsequently genotyped this variant in an 

extended cohort of 304 cases and 309 controls but failed to show significant association 

of the CNV with disease.  

The other 5 recurrent regions were detected in 2 out of 297 samples. These regions 

harboured the following genes: LIM-domain containing preferred translocation partner in 

lipoma LPP (Figure 4.12a); histone deacetylase 9 (HDAC9), a histone deacetylase, 

which couples neuronal activities to muscle cells (Mejat et al. 2005); sorting nexin 

(SNX13), a protein involves in G protein signalling and intracellular trafficking (Zheng et 

al. 2006) (Figure 4.12b); Ras-related and estrogen-regulated growth inhibitor-like protein 

RERGL (Figure 4.12c); Glycerol kinase 5 GK5, Transcription factor DP-2 (TFDP2) and 

exoribonuclease XRN1 (Figure 4.12d) and finally GDP-Mannose 4,6-Dehydratase 

GMDS (Figure 4.12e). 

We evaluated the specificity of the recurrent CNVRs in the disease cohort by comparing 

them to the Database of Genomic Variants (DGV), a public resource cataloguing copy 

number variants and other structural rearrangements in normal individuals. 11 out of the 

26 recurrent regions overlap (>50%) with more than one DGV CNV entries.  

Whilst recognizing that some of these recurrent CNVRs overlap with DGV entries, such 

an overlap does not necessarily refute disease association for two reasons: 1) 
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Incomplete penetrance of genetic variants in schizophrenia suggests a disease-causing 

variant could be present in normal individuals although at a lower frequency. For 

example, known SCZ-associated loci, such as the 15q11.2 deletion, were shown to 

overlap with DGV entries. 2) Schizophrenia is complex psychiatric illness, occurring in 

1% in population, with possibility of late disease onset. Since the apparently normal 

individuals reported with variants in DGV usually did not undergo rigorous neurological 

examinations, their disease status and background remain questionable.  

In summary, in the extended cohort of SCZWGP-Affyn297, we detected 26 recurrent 

regions as putative disease variants. Candidate genes such as RCAN1 were highlighted 

due to the relatively high frequency in cases and its biological relevance. Nevertheless, 

to establish disease association, a substantially larger sample size would be required.  
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4.6 Frequent Copy Number Variations in SCZ and LBC 

4.6.1  Variance-based Clone-by-Clone Cohort Comparison  

To investigate the role of frequent CNVs in disease, our first approach was to perform 

pair-wise comparisons on the SCZ versus LBC array CGH data for each autosomal BAC 

clones on the array, based on a statistic measure“Vst” (with reference to the F-statistic 

“Fst” in population genetics) (Tills 1977). 

Vst is derived from the individual and combined variance of two sets of quantitative data 

(i.e. log2ratio in the two cohorts), adjusted by the respective number of observations (i.e. 

DNA samples), and is summarized as:   

Vst = � Vtotal − �VP1 × NP1 + VP2 × NP2�
�NP1 + NP2� �  ÷ Vtotal   

 

Vtotal = Total variance of the two dataset 

VP1 = 
 Variance of the first population (e.g. 

Schizophrenia) 

VP2 = Variance of the second population (e.g. 

LBC) 

NP1 = 
 Number of samples in the 

first population 

NP2 = 
 Number of samples in the 

second population 

 

Vst scores, ranging from 0 to 1, were computed for each autosomal BAC clone spotted 

on the array. This variance-based approach has previously been used in the WGTP 

study on 269 HapMap samples (Redon et al. 2006) to examine population differentiation 

with respect to CNVs (Figure 4.13a). High Vst implies a considerable degree of 

differentiation among populations and vice versa. Regions previously reported with high 
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Vst among population, for example the copy number variant at CCL3L1 associated with 

HIV-1 susceptibility, were detected with Vst scores up to 0.5 - 0.8 for the affected clones 

(Redon et al. 2006). 

In contrast, Vst scores computed from schizophrenia versus LBC dataset suggests the 

case and control cohorts have minimal variation difference across the genome (Vst 

scores < 0.2) (Figure 4.13b). This remarkable similarity can be explained by the fact that 

schizophrenia and LBC are effectively the same ethnic population. It also implies that no 

single region of the genome, at the resolution of the WGTP array, shows substantial 

cohort-wide differentiation between SCZ versus LBC. 

To conclusively exclude any Vst-based detection of copy number differentiation between 

the cases and controls, we examined the top hits of the Vst analysis. First all BAC 

clones were ranked according to Vst score and a Vst distribution for all clones was 

plotted. The top 1% clones, each with a Vst score above the threshold of 0.06853, were 

further filtered for regions with consecutive clones, based on the assumption that single 

clones with a technical artefact will have high probability of being in the tail of the Vst 

distribution and therefore should be discarded from the Vst analysis. 

19 consecutive-clone regions were included in the top 1% Vst distribution. If these top 

Vst regions were true (i.e. demonstrating real population-wide differentiation between 

SCZ and LBC), we should be able to detect CNVs in samples with extreme log2ratio. It 

is also probable that any such CNV would be small in size compared to the size of a 

BAC clone, thus giving only a slight change of clone variance with relatively low Vst 

scores (compared to previous studies). We tested for the presence of cryptic CNVs in 

five of the top Vst regions using a high-resolution custom designed Nimblegen oligo 

array, hybridized using 10 available DNA samples from the SCZ cohort. Samples were 
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hybridized in pairs such that for each test Vst region, there was at least one DNA pair 

with high versus low log2ratio (Table 4.4).  

4 of the 5 regions tested showed no signs of CNV. The Vst region at chr10 55-56Mb was 

detected with a ~50 kb CNV which overlaps the intron of gene PCDH13 (protocadherin 

13). However, occurrence of this CNV does not correlate with the log2ratio of the two 

clones at the Vst region, and it is concluded that the CNV was found by chance with no 

relation to Vst. In summary, none of the Vst regions were detected with CNVs that could 

be explained by the log2ratio.  
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4.6.2 CNV Genotyping with Bivariate Clustering 

A second approach to detect frequency bias in common variants is to genotype CNV 

based on log2ratio clustering, followed by association tests on the resulting contingency 

tables of genotype distributions. For data clustering, we employed a model-based, 

expectation maximization hierarchal clustering algorithm known as Mclust (R package). 

The algorithm was performed on log2ratio of consecutive BAC clones with high 

correlation (Pearson correlation >0.5). This method is more effective for estimating 

genotypes at multi-allelic and complex regions than CNVFinder, which simplifies CNV 

status to a trichotomous classification of “deletion”, “normal” and “duplication” with 

respect to the reference DNA. Consistent with our previous analyses, we used a 

consecutive clone approach (bivariate clustering), decreasing the likelihood of false 

positives as a result of individual variability of any single clone.  

Combined WGTP data on cases (n=91) and controls (n=92) were used for bivariate 

clustering. A total of 577 clones (out of 26,954 autosomal BAC clones on the WGTP 

array) were “genotypable” (i.e. resulting in more than one cluster when clustered with its 

downstream neighbour). The number of clusters was set at a range of 2 to a 9. 

Examples of bivariate clustering diagrams showing DNA samples with deletion (a), 

duplication (b) and a multi-allelic region (c) are shown in Figure 4.14.  

We genotyped each schizophrenia and control sample for the 577 “genotypable” regions 

(except samples classified with high uncertainty which were removed in our algorithm). A 

chi-square test was then performed for the resulting genotype distribution, with the null 

hypothesis that SCZ and LBC were drawn from identical population.    
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31 of the 577 “genotypable” clones demonstrated significant difference in CNV 

genotype distribution (p-value < 0.05) following bivariate clustering (Appendix D-3). 

The clustering results for each of the 31 clones were manually inspected. 3 regions 

were selected for further investigation based on manual clustering and candidate 

gene involvement (Figure 4.15).  

Two of the selected regions (Region 1 & 2) were genotyped in an extended cohort of 

cases and control DNA samples using PCR-based techniques. The two candidate 

regions overlap the gene neuronal adhesion molecule Close Homolog of L1 (CHL1) 

at 1p36 and the nicotinic receptor fusion gene CHRFAM7A (see Chapter 5) at 15q13 

(see Chapter 5). 

Region 3 was located near another cluster of highly variable segmental duplication 

on chromosome 17. The multi-allelic region partially overlapped N-ethylmaleimide-

sensitive factor (NSF), a gene in the NMDA-receptor signalling complex which is 

important in membrane vesicle fusion, neurotransmitter release, trafficking of AMPA 

receptors and other major roles in synaptic plasticity (Haas 1998). Further 

experiments were performed to explore the genomic structure of the region (see 

Chapter 6). 
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Figure 4.15 Three regions with significant difference of genotype distributions 

between SCZ and LBC as detected by bivariate clustering.  a) 3p26 near CHL1: 

3 CNV genotypes. b) 15q13 near CHRFAM7A: 2 main CNV genotypes. c) 17q21 

near NSF: multi-allelic region with at least 5 CNV genotypes. (Red: SCZ; Green: LBC) 
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4.7 Chapter Summary and Discussion 

In this chapter we described results from a population-based genome-wide CNV 

screen for schizophrenia patients and matched normal controls. The initial array CGH 

study was based on 91 patients and 92 controls, with hybridization performed on 

whole-genome tiling path BAC array. A subset of CNVs was validated by quantitative 

PCR and Nimblegen oligo-nucleotide array experiments. We also integrated CNV 

calls on a subset of 39 patients generated from Affymetrix SNP 6.0 array 

hybridizations, with data provided by the ISC and University of Edinburgh. The 

analysis was divided into two components: (a) Identification of rare, disease-causing 

variants in the case cohorts as putative disease candidates; & (b) Assessment of 

frequent copy number polymorphisms to investigate possible disease association. 

A number of recent studies suggested that rare CNVs are responsible for a 

significant proportion of schizophrenia. In particular, Walsh et al. reported that in their 

case-control cohort, rare genic copy number variants existed as 15% of CNVs in 

cases but only as 5% in control (Walsh et al. 2008). If this were extrapolated to the 

general disease-control populations, as many as two thirds of the rare genic variants 

identified specifically in a case-control study should be implicated in schizophrenia 

pathogenesis. Accordingly, we focused our analysis of the WGTP data on such rare 

genic variants in the disease cohort. 

We identified 113 rare, schizophrenia specific candidates not detected in the 

matched control set. We also replicated the finding at the 15q11.2 recurrent deletion 

region previously demonstrated as schizophrenia-associated in a large-scale study 

(Stefansson et al. 2008), demonstrating the ability of our approach to reveal potential 

schizophrenia-associated CNVs. However, to prove disease association of any of 

these variants, one would need a substantially larger case-control cohort.  
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Instead, we pursued a candidate CNV discovery approach, and aimed to catalogue 

SCZ-specific rare variants as a collective set of disease candidates.  Studying such 

rare copy number mutations will lead to a better understanding of the genetics of 

schizophrenia: first, accumulating information on rare CNVs in SCZ patients will help 

in discriminating true recurrent disease variants from benign mutations; second, the 

rare disease variants in many different patients or families may converge in biological 

pathways, providing insight into the disease phenotype.  

An important approach to assess clinical relevance of this set of rare CNVs is to 

examine the loci with respect to gene content (Lee et al. 2007). For instance, rare 

case-specific variants with the presence of morbid OMIM gene(s) with brain-related 

function, or gene(s) previously linked to a neuropsychiatric disorder, would be 

considered plausible schizophrenia candidates responsible for disease phenotypes. 

Among the disease-specific variants we detected a number of such candidate genes, 

including PIK3C3, SGCE, OXTR and RCAN1, all providing functional relevance to 

psychiatric disorders.  

In the second half of the chapter, we described the genotyping of common copy 

number polymorphisms by a hierarchical model-based clustering algorithm. 

Genotype distributions in cases and controls were compared using a nonparametric 

test with the null hypothesis that patients and controls were drawn from the same 

distribution of copy numbers. A total of 31 CNV regions were identified with a 

distribution significantly different in cases versus control (chi-square test, p-value 

<0.05). By applying this case-control association approach to our CNV study, we 

face the limitation of a) the adequacy of our sample size to confer enough statistical 

power; and b) the accuracy of converting CNV measurements (as log2 fluorescent 

ratio) to CNV genotypes. We therefore subsequently genotyped two of these 

candidate regions, using more precise PCR-based methods for copy number 
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detection, and in the extended case-control cohorts of ~ 300 + 300 samples 

(discussed in Chapter 5).  

Regarding experimental design, of particular importance to a population-based case-

control CNV screen was the appropriate choice of controls (McCarroll and Altshuler 

2007). A well-matched control cohort is crucial for a number of reasons: First, a 

number of studies showed that private rare CNVs associated with specific continental 

ancestry were common (Khaja et al. 2006; Locke et al. 2006; Redon et al. 2006), 

perhaps more so than for private SNPs (Jakobsson et al. 2008). To detect rare 

variants as disease candidates we employed an ethnically well-matched Scottish 

control cohort for our Scottish patient cohort.  

Similarly, well-matched case and control ethnicity is critical for tests of association. 

The frequency of CNV of interest may differ across populations. Other genetic 

variants which could alter liability to disease (e.g. the presence of inversion 

predispose to CNV) may also be population-specific. Moreover, in some cases of 

CNV disease association such as CCL3L1 in HIV-1 progression, the copy number 

per se was not a main disease determination factor, rather the gene dose relative to 

the population average was critical (Gonzalez et al. 2005). All of these again argue 

for the significance of a well-matched control cohort. 

Other practical issues related to case-control study include the differential quality, 

source and experimental treatment of DNA samples, which could influence CNV data 

quality in cases versus control. As described in this chapter, our study did face a 

limitation regarding sample quality. This translates into a bias of CNV detection 

sensitivity in control versus cases, and has complicated statistical disease 

association testing, including the calculation of overall disease burden of CNVs.  
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Finally, we would emphasize on using a control cohort that is free from psychiatric 

disease for proper schizophrenia CNV study. In this work, the Lothian Birth Control 

individuals (Deary et al. 2007) have been thoroughly examined for neuropsychiatric 

functions, with neurological tests performed at the age of ~90 (far beyond the normal 

age of onset of schizophrenia), and therefore should be free from psychiatric illness. 

Nevertheless, since schizophrenia is complex and genetic variants could have 

incomplete penetrance, disease-related variants may still occur in the control cohort.  

Despite a few inevitable constraints, our data generated a number of validated, 

potentially disease-associated rare variants in the schizophrenia cohort. A number of 

these rare variants harbour psychiatric-disease related genes. Further bioinformatic 

work to explore these rare variants using a functional biological pathway approach 

(e.g. the Gene Ontology pathway) could provide more insight into the disease 

pathways.  
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Chapter 5 

Genotyping Two Candidate CNVs 

in an Extended Case-Control Cohort 
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5.1 Candidate I: CHL1 (Close Homolog of L1) at 3p26 

5.1.1  Functional Significance of CHL1 

The first CNV genotyped in the extended replication cohort was located 5’ to the 

gene Close homolog of L1 on chromosome 3p. Close homolog of L1 (CHL1 or CALL) 

belongs to the L1 family of cell adhesion molecules, a subgroup of the 

immunoglobulin superfamily (Leshchyns'ka et al. 2006). The mammalian L1 family 

comprises four neural recognition molecules: L1, CHL1, neurofascin and NrCAM. 

Together with other families of neural recognition molecules, such as cadherins and 

integrins, the four L1 family proteins play important roles in neural development, 

neuronal regeneration and synaptic activities (Maness and Schachner 2007). 

Members of the L1 family have been implicated in a wide spectrum of brain 

abnormalities and neuropsychiatric disorders. For instance, L1CAM is responsible for 

several X-linked mental retardation syndromes, as well as increased risk of 

schizophrenia (Kurumaji et al. 2001). NrCAM is the binding partner of the synapse 

associated protein SAP102 (Davey et al. 2005), a MAGUK family member involved in 

non-syndromic X-linked mental retardation (Laumonnier et al. 2007). Moreover, 

allelic variants of NrCAM have been implicated in autism (Hutcheson et al. 2004; 

Sakurai et al. 2006; Marui et al. 2008) and addiction vulnerability (Ishiguro et al. 

2006).  

CHL1 is expressed in subpopulations of neurons and glial cells in both the central 

and peripheral nervous system during early development, starting from embryonic 

day 13 in mice (Hillenbrand et al. 1999). The protein is involved in a variety of 

neuronal functions including: (i) the promotion of neurite outgrowth (Holm et al. 1996; 

Hillenbrand et al. 1999), (ii) neuronal migration (Buhusi et al. 2003; Demyanenko et 

al. 2004; Nishimune et al. 2005) and survival (Chen et al. 1999); (iii) modulation of 
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synaptic plasticity (Montag-Sallaz et al. 2002; Morellini et al. 2007); (iv) synaptic 

targeting via the clathrin dependent pathway (Leshchyns'ka et al. 2006); and (v) the 

regulation of axon regeneration (Chaisuksunt et al. 2000; Zhang et al. 2000; 

Jakovcevski et al. 2007).  

CHL1 was demonstrated to have involvement in mental retardation and 

schizophrenia in both human and mouse genetic studies. In human, CHL1 was one 

of the genes deleted in the 3p-syndrome characterized by mental and psychomotor 

retardation with congenital anomalies. Haplo-insufficiency of the gene was suggested 

to be responsible for the cognitive phenotype in this syndrome (Angeloni et al. 1999). 

CHL1 was also identified at the translocation breakpoints in a patient with non-

specific mental retardation (Frints et al. 2003). In addition, two association studies 

have established a link between a mis-sense polymorphism in the signal peptide 

region of CHL1 (Leu17Phe) and schizophrenia (Sakurai et al. 2002; Chen et al. 

2005).  

In CHL1 knockout mice, a delayed reactivity to environmental stimuli was observed, 

suggesting a deficit in extracting relevant information from the environment in these 

mice (Morellini et al. 2007). Chl1-/- mice were also less aggressive and have altered 

social behavior in exploration tests including open field, resident-intruder test and 

urine marking (Frints et al. 2003; Morellini et al. 2007). In sensorimotor gating 

functions, Chl1-/- mice exhibited impaired prepulse inhibition (PPI) of the acoustic 

startle response (Irintchev et al. 2004), a key endophenotype of schizophrenia. In 

terms of cognitive ability, synaptic plasticity in juvenile Chl1-/- mice showed 

enhanced perisomatic inhibitory synaptic transmission, coupled with impaired long-

term potentiation (LTP) in the hippocampus (Nikonenko et al. 2006). In adults, 

hippocampus synaptic plasticity was normal, but there was an enhanced basal 

synaptic transmission in the dentate gyrus (Morellini et al. 2007). Finally, in the Morris 
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Water Maze test, Chl1-/- mice displayed an altered exploratory pattern (Montag-

Sallaz et al. 2002; Frints et al. 2003), suggesting cognitive processes involving 

spatial memory could be impaired. Altogether, CHL1 knockout mouse models 

suggested mutations of the gene could result in schizophrenia by disrupting key 

neurological functions related to disease phenotypes.  
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5.1.2 Structure of the CHL1 5’ Deletion Polymorphism 

A copy number polymorphism 5’ of CHL1 was detected via the log2 ratio distributions 

of three consecutive clones at the most distal end of chromosome 3p (Chr3-32K-

5N10, Chr3tp-9C3, & Chr3tp-7F8) (Figure 5.1). Visually at least two peaks could be 

detected in the log2ratio histograms of the three affected clones (Figure 5.1a & b). 

Furthermore, the log2ratio distributions for three clones showed strong positive 

correlation with each other (Pearson correlation of log2ratio >0.6), but not with other 

neighbouring clones (Figure 5.1c).  

By plotting the log2ratio of one of the three clones against another and applying 

bivariate clustering algorithm, the data clustered into three classes (Figure 5.2). 

Cluster A and B were non-discrete, with only a small shift in log2ratio, indicate the 

presence of a small CNV. We hypothesized that the 3 clusters represented normal 

(cluster A), heterozygous deleted (cluster B) and homozygous deleted (cluster C) 

samples respectively, with the reference DNA sample (HapMap NA10851) being 

heterozygous deleted.  
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Figure 5.1 A copy number polymorphism at chromosome 3p26.3 was detected 

by three BAC clones (a) Log2ratio histograms* of the 3 BAC clones at 3p26.3: 

Chr3-32k-5N10 (left), Chr3tp-9C3 (middle) and Chr3tp-7F8 (right). Bi-allelic 

distribution (two peaks) in the histograms indicates a common CNV in the genomic 

region. (b) Location of the three clones (red box) and their overlapping region (yellow 

box) with respect to the location of the gene CHL1. (c) Pearson correlation 

coefficients of log2ratio indicated high correlation of Chr3tp-9C3 with Chr3-32k-5N10 

and Chr3tp-7F8, but not with other neighbouring clones.  

* histograms generated from combined SCZ & LBC cohort data 
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Figure 5.2 CHL1 CNV genotypes from bivariate clustering. Applying a model-

based hierarchical clustering algorithm on clones Chr3tp-7F8 and Chr3tp-9C3 

resulted in three major clusters, which correspond to (A) normal, (B) heterozygous 

deletion and (C) homozygous deletion genotypes.  

 

The location of the CHL1 CNV was determined and breakpoints were sequenced in 

five HapMap samples that were either heterozygous or homozygous carriers of the 

deletion polymorphism (NA12144, NA12892, NA18576, NA18976 and NA10851) 

(Figure 5.3). All samples generated the same breakpoint structure, with distal and 

proximal breakpoints localised to Alu repeat sequences (Figure 5.3a). The CNV 

occurred at approximately 4000 bp 5’ of the gene CHL1, with the distal breakpoint 

estimated at chr3:204,000, and the proximal breakpoint at chr3:209,500. Recently 

released high-resolution data from the Nimblegen oligonucleotide array platform 

(Genome Structural Variation Consortium 2008) further confirmed the deletion size in 

the heterozygous reference DNA sample NA10851 (Figure 5.3b). The size of the 

CNV was estimated to be around 5.5 kb.  
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5.1.3 Correlation of CHL1 CNV to mRNA Expression 

To assess the relationship of this 5’ deletion polymorphism with CHL1 mRNA 

expression, we extracted gene expression data from a recent publication (Stranger et 

al. 2007) assessing the effect of genetic variation (SNPs and CNVs) on expression 

phenotypes for 210 unrelated individuals from International HapMap Project (IHMC 

2005).  

In the analysis performed by Stranger et al. on a whole genome expression array 

platform (Illumina Sentrix Human-6 Expression BeadChip), the expression of the 

CHL1 probe GI_27894375-S was shown to correlate with the presence of a CNV 

within the CHL1 gene (at clone Chr3tp-4B4). This correlation was one of the five 

most significant associations between CNV and expression phenotypes in the CEU 

population as detected at the 0.05 permutation threshold. Chr3tp-4B4 covers the 3’ 

end of CHL1, and is immediately downstream of the three clones (Chr3-32K-5N10, 

Chr3tp-9C3, & Chr3tp-7F8) that span the 5.5 kb deletion polymorphism we described.  

We next investigated expression data of the clones that span the deletion 

polymorphism of interest (Chr3tp-9C3, & Chr3tp-7F8) 3 , by comparing them to 

published HapMap WGTP array CGH data from the same samples (Redon et al. 

2006). As shown in Figure 5.4, correlation between array CGH log2ratio and the 

expression level of the CHL1 probe (GI_27894375-S) was most prominent in CEU 

samples (COR=0.519, Pearson Correlation). Correlation was less significant in YRI 

or CHB +JBP samples.  

                                                           
3

 the third clone Chr3-32K-5N10 was not present in the HapMap array CGH data and 

therefore was not analyzed 
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All HapMap CEU samples were then genotyped for the CHL1 5’ deletion 

polymorphism using a PCR strategy with one forward primer and two reverse primers 

spanning the deletion, generating a ~700 bp PCR band for a normal allele, or a ~400 

bp band for the deletion allele. PCR genotyping allowed each sample to be 

categorized into discrete CNV genotypes of: homozygous deletion (0), heterozygous 

deletion (1) or normal (2) (Figure 5.5).  

Considering only the CEU samples with European ancestry (Figure 5.6), the 

correlation of expression with clone log2ratio was 0.519 (Pearson Correlation) 

(Figure 5.6a). The comparison of expression with discrete CNV genotypes also 

showed a positive association with a p-value of 0.0436 (Figure 5.6b). In summary, 

our analysis revealed a potential positive correlation between a novel 5’ CHL1 CNV 

with expression of the CHL1 gene in individuals of European ancestry. 

 

Figure 5.5 Genotyping of the CHL1 5’ deletion polymorphism in HapMap 

samples. Genotyping was performed by PCR on 90 HapMap CEU samples. The 

~700 bp band represents the “normal” allele and the ~400 bp band represents the 

deletion allele. 

(M: marker; 0: homozygous deletion; 1: heterzygous deltion; 2: normal allele)  
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5.1.4 Genotyping CHL1 CNV in a Larger Case-Control Cohort 

Our initial whole-genome schizophrenia CNV screen on 91 cases and 92 controls 

revealed possible association of the deletion polymorphism with disease status (p-

value=0.00876) (section 4.6 & Table 5.1). Prompted by this enrichment of CHL1 5’ 

deletion polymorphism in patients, and the correlation of CHL1 expression with the 5’ 

CNV genotypes, we attempted to replicate such findings in an extended case-control 

cohort.  

354 SCZ DNA and 376 LBC DNA samples were genotyped using the same PCR 

strategy as described above. CNV genotype distribution [ -/-: +/-: +/+ ] in the disease 

cohort was [12 (3%): 125 (33%): 239 (64%)], compared with [11 (3%): 121 (34%): 222 

(63%)] in the control cohort (Table 5.2). The result did not show any association between 

CNV genotypes with disease (chi-square test, p-value = 0.964). Allele frequency 

distribution also demonstrated a lack of association (chi-square test, p-value = 0.906, 

data not shown). In conclusion, despite the initial positive association and the relevant 

biological evidence, we were not able to extend the findings of CHL1 5’ deletion 

enrichment in disease to a larger case-control cohort. 
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Table 5.1 CHL1 5’ CNV distribution determined by the original genome-wide array 

CGH data. CNV genotypes for 91 schizophrenia patients and 92 controls were 

estimated by log2ratio bivariate clustering of clones Chr3tp-9C3 and Chr3tp-7F8. 

Samples with high uncertainty* (uncertainty value > 0.1), mostly between clusters A and 

B, were removed from analysis. A significant association of deletion carriers to disease 

status was observed (p-value = 0.00876) 

 

*uncertainty values (0-1) were generated for each data point by the model-based 

hierarchical clustering algorithm in R Mclust package 

. 

Table 5.2 CHL1 5’ CNV distribution in an extended case-control cohort determined 

by PCR genotyping. (a) Results for 376 DNA samples from the Schizophrenia Cohort. 

(b) Results for 354 DNA samples from the Lothian Birth Control Cohort. No association 

of the CNV with disease was detected (p-value=0.984). 
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5.2 Candidate II: CHRFAM7A (CHRNA7-FAM7A fusion gene) at 15q13 

The second candidate genotyped in the replication cohort was a deletion polymorphism 

at CHRFAM7A. The fusion gene CHRNA7-FAM7A (CHRFAM7A) and its counterpart 

alpha7 neuronal nicotinic acetylcholine receptor gene (CHRNA7) reside at the 15q13-14 

locus, a region that has been widely studied in the genetics of schizophrenia. Linkage 

analysis and association studies have implicated this region in schizophrenia and its 

endophenotypes (see Table 5.4), and in a number of neurological conditions including 

bipolar disorder (Edenberg et al. 1997), epilepsy (Elmslie et al. 1997) and Alzheimer’s 

Disease (Carson et al. 2008). 

 

5.2.1  Genomic Architecture at chromosome 15q13-14  

The 15q13-14 locus has a complex genomic structure with segmental duplications and 

an evolutionary history of structural rearrangements (Riley et al. 2002; Sharp et al. 2008) 

(Figure 5.7). CHRNA7 and CHRFAM7A are ~1.6 Mb apart in this locus. CHRFAM7A is 

part of the segmental duplication BP4 (breakpoint 4 of the Prader-Willli Syndrome), 

which has three large regions showing high homology (≥95%) with BP5 (breakpoint 5) 

(Figure 5.7 panel 4), the downstream segmental duplication immediately adjacent to 

CHRNA7 (Sharp et al. 2008). CHRFAM7A was partially derived from CHRNA7 and 

partially from FAM7A, a novel gene which was known to have duplicated to several 

locations on chromosome 15 (Riley et al. 2002). The last 5 exons of CHRNA7 and 

CHRFAM7A share >99% homology (Gault et al. 1998). The formation of this hybrid gene 

CHRFAM7A was suggested to be a recent event specific to the human evolutionary 

history (Riley et al. 2002; Taske et al. 2002), since CHRFAM7A is absent in other 

primates such as the chimpanzee (Locke et al. 2003). 
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Figure 5.7 The 15q13-14 genomic locus. (from top to bottom) WGTP array BAC clones 

(blue blocks) (panel 1); RefSeq genes (panel 2); Array CGH data for 91 schizophrenia 

patients (Each red line represents the genomic profile of one patient) (panel 3); 

segmental duplication structures aligned to genomic locus (panel 4). The location of BP4 

and BP5 (breakpoint 4 and breakpoint 5 of the Prader Willi Syndrome) are shown as 

purple dotted lines. They represent a pair of segmental duplication blocks with high 

homology to each other. 
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CHRNA7 and CHRFAM7A are shown in opposite orientations in the public DNA 

sequence database (NCBI Build 36), suggesting an inversion during the emergence of 

CHRFAM7A in the human lineage. Flomen et al. presented a model of the evolution of 

CHRFAM7A as a series of deletions, inversions and duplications, with postulated 

ancestral and intermediate structures  (Flomen et al. 2008). It was also proposed that 

the CHRFAM7A exists as polymorphic inversion structures in the current population 

(consistent with previous findings from Riley et. al), and that the CHRFAM7A null allele 

represents the persisting ancestral chromosome. The 3 known allele variants of 

CHRFAM7A in humans are depicted in Figure 5.8.  

 

 

 

Figure 5.8 The three existing polymorphic structures of CHRFAM7A allele at 

15q13-14. Structures as proposed by Flomen et al.: The first structure (I) is a null allele 

with no CHRFAM7A, possibly representing the ancestral allele which has persisted in 

the current population. The second structure (II) was formed subsequent to the 

acquisition of the hybrid gene CHRFAM7A. CHRFAM7A and CHRNA7 are in the same 

orientation. The third structure (III) represents the inverted allele with respect to structure 

II, with CHRNA7 and CHRFAM7A in opposite orientation. This is the allele as shown in 

the current genome build (NCBI36).  
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Structural rearrangements at 15q13-14 have been linked to several clinical phenotypes. 

Sharp et al. identified the 1.5 Mb recurrent deletion from BP4 to BP5, together with an 

overlapping 3Mb deletion, in patients with mental retardation and epilepsy (Sharp et al. 

2008). Two recent genome-wide investigations of copy number variations in 

schizophrenia also identified the 15q13.3 recurrent deletions as a susceptibility locus 

(see section 1.6) (ISC 2008; Stefansson et al. 2008). With regard to the polymorphic 

CHRFAM7A gene, copy number of this gene was investigated in a combined cohort of 

patients (n=453) diagnosed with schizophrenia, bipolar affective disorder, schizoaffective 

or other psychoses (Flomen et al. 2006). When all disorders were considered as a single 

psychotic phenotype, the null CHRFAM7A allele was significantly associated with 

disease (P = 0.04) (association was not significant when the psychoses were analyzed 

separately). Furthermore, a 2-bp deletion in exon 6 of CHRNA7, which has recently 

been demonstrated as a surrogate marker of the inversion polymorphism of the 

upstream CHRFAM7A gene (Flomen et al. 2008), has previously been associated with 

bipolar disorder and major depressive disorder (Lai et al. 2001a; Lai et al. 2001b; Hong 

et al. 2004). In two other independent association analyses, the same 2 bp-deletion was 

involved in P50 sensory gating  (Raux et al. 2002) and episodic memory performance 

(Dempster et al. 2006), both endophenotypes of schizophrenia, although association 

was not detected in another study with schizophrenia and other psychoses (Flomen et al. 

2006).  Combined evidence from these studies indicates that structural polymorphisms 

at chromosome 15q13-14 are likely candidates for a number of psychiatric disorders.  
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5.2.2  Molecular Genetic Studies linking 15q13-14 to Schizophrenia 

In 1997, Freedman et al. first reported genetic linkage of the locus to a psychiatric 

phenotype (Freedman et al. 1997). In the study with nine multiplex families, a 

microsatellite marker in intron 2 of CHRNA7 (D15S1360) was found to co-segregate with 

auditory evoked potential deficit (P50), an endophenotype related to sensory gating 

frequently observed in schizophrenia patients. The linkage signal to P50 was strong 

(LOD score of 5.9), but the signal was much weaker (LOD score decrease to 1.33) when 

the linkage was analyzed with the disease itself. The same microsatellite marker was 

then genotyped in other schizophrenia patient cohorts and the positive linkage was 

replicated by some (Leonard et al. 1998; Riley et al. 2000; Liu et al. 2001) but not in all 

studies (see Table 5.3). 

Subsequently a number of linkage and association studies were performed (Table 5.3), 

some demonstrating positive linkage or association of the region (and of CHRNA7 or 

CHRFAM7A polymorphisms) to schizophrenia, periodic catatonia, impaired auditory 

gating deficit, and/or other psychiatric disorders. However, inconsistent linkage results 

and lack of associations were also reported. In particular, in a recent large-scale 

association studies by Sanders et. al (1,870 cases and 2002 controls) (Sanders et al. 

2008), as well as another comprehensive association study with linkage disequilibrium 

analysis (Iwata et al. 2007), both groups specifically investigated the CHRNA7 

gene/region, and found no association of any SNP or haplotype block with schizophrenia.  

In summary, reports on genetic linkage analysis and association studies in the past 

decade have largely demonstrated positive results. Together with the recent compelling 

evidence of genomic rearrangement of this region in schizophrenia patients, the 15q13-

14 locus is strongly suggested as a plausible candidate for schizophrenia pathogenesis. 
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Nevertheless, the specific mutation or polymorphism functionally involved in disease 

etiology and pathway (as opposed to markers or genomic regions) has yet to be 

identified. 
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5.2.3  Functional Significance of CHRNA7 and CHRFAM7A 

As with other nicotinic acetylcholine receptors (nAChRs), CHRNA7 is a ligand-gated ion 

channel that binds nicotine with low affinity. The receptor admits calcium ions into cells 

and mediates fast signal transmission at synapses. nACHRs are thought to assemble 

with other subunits to form a pentameric holoreceptor (Lindstrom 1996), although 

CHRNA7 was demonstrated to form homo-oligomeric channel receptors in vitro 

(Couturier et al. 1990; Leonard and Bertrand 2001). CHRNA7 plays important roles in 

development and in synaptic plasticity (Dani and Bertrand 2007).  

Recent biochemical studies have linked the alpha7 receptor to pathways and molecules 

with high relevance to schizophrenia. Hancock et al. established the role of neuregulin-

Erb signalling in targeting CHRNA7 for axonal surface expression (Hancock et al. 2008). 

In a study of the CA1 region of hippocampus, the brain-derived neurotrophic factor 

(BDNF), another well-accepted schizophrenia candidate, was shown to decrease the 

nicotinic receptor’s response in interneurons (Fernandes et al. 2008).   Furthermore, 

antisense knockdown of CHRNA7 in the rat demonstrated deficits in learning and 

memory (Curzon et al. 2006), while overexpression of the receptor in mice was 

suggested to improve spatial memory-related performance (Ren et al. 2007). Impaired 

attention (Young et al. 2007) and sensory gating functions (Young et al. 2007) were also 

reported in mouse models.  

The function of the hybrid gene CHRFAM7A is not entirely understood. The gene is 

transcribed and mRNA detected in various tissues including the brain (Gault et al. 1998), 

although CHRFAM7A is expressed at a lower level in the brain compared to that of 

CHRNA7 (Agulhon et al. 1999; De Luca et al. 2006). De Luca et al. also compared 

postmortem expression of the CHRNA7 and CHRFAM7A in schizophrenia, bipolar and 
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controls and found a decreased CHRNA7:CHRFAM7A mRNA ratio in bipolar disorder 

(but not in schizophrenia) compared to controls (De Luca et al. 2006). It had been 

proposed that CHRFAM7A could affect the oligomerization of alpha-7 receptor channel, 

or have other gain of function or dominant negative effect on CHRNA7 (Raux et al. 

2002). 

 

5.2.4 Copy Number Polymorphism at the CHRFAM7A Region 

A copy number polymorphism spanning the gene CHRFAM7A was detected via the log2 

ratio distributions of a series of clones at 15q13.2-13.3. The copy number region covers 

the location of the segmental duplication blocks breakpoint 4 (BP4), which has high 

homology to the more distal breakpoint BP5 (refer to section 5.2.1).  

Applying bivariate-clustering algorithm to Chr15tp-2G5 and Chr15tp-2G2, the two BAC 

clones that span the gene CHRFAM7A, two major clusters were observed (Figure 5.9). 

Since previous literature indicates the presence of a null CHRFAM7A allele in the 

current population (Flomen et al. 2006), we postulated that the upper cluster (cluster A) 

represents samples with two copies of the “normal” allele each having one copy of 

CHRFAM7A, while the lower cluster (cluster B) represents samples carrying deletion of 

the CHRFAM7A allele (the “ancestral” allele).  

We assigned each of the 91 SCZ DNA samples and 92 LBC DNA samples from the 

array CGH screen to one of the two clusters (Figure 5.10). The ratio of samples in 

cluster A: cluster B in the schizophrenia cohort was 70:19 (normal:deletion) (n=89, with 

two samples in between clusters removed due to high uncertainty), compared to the 

ratio of 82:10 (normal:deletion) in the control. The enrichment of cluster B samples in the 

schizophrenia cohort indicates an excess of null (deletion) CHRFAM7A allele in the 
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disease population (p-value = 0.054682).  We therefore genotyped the deletion 

polymorphism in an extended cohort of 300+ patients with equivalent number of 

matched controls.  

With Taqman qPCR primers and probes spanning the breakpoint betjween FAM7A 

exons (D’ to A) and the CHRNA7 exons (5-10), we were able to genotype the copy 

number of the hybrid gene CHRFAM7A independent of the copy number of CHRNA7. 

The primers and probes were first tested on Hapmap individuals with known log2 ratio, 

and in each sample qPCR fold change correlated well with fold change estimated from 

array CGH log2 ratio (data not shown). 



194 

 

 

Figure 5.9 Copy number polymorphism at 15q13.2-13.3 spanning the gene 

CHRFAM7A.   Array CGH data for a) SCZ cohort (n=91) & b) LBC cohort (n=92). On the 

left panel log2ratio was plotted against the genomic position. Location of CHRFAM7A 

was highlighted with the blue box. BP4 (breakpoint 4 of the Prader-Willi Syndrome) was 

shown as black line. On the right panel log2ratio of two clones spanning CHRFAM7A 

(Chr15tp-1G2 and Chr15tp-1G5) were plotted against each other. Two major clusters 

were detected in both SCZ and LBC cohorts.  
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Figure 5.10 CHRFAM7A CNV genotype distributions in cases versus controls. (a) 

CNV genotypes were estimated from array CGH log2ratio by bivariate clustering of BAC 

clones Chr15tp-1G2 and Chr15tp-1G5. b) Assigning SCZ (red) and LBC (green) 

samples to the two major genotype clusters. c) Sample counts and chi-square test 

statistics* show a mildly significant association of deletion carriers with disease (p=0.05). 

*uncertainty values (0-1) were generated for each data point by the model-based 

hierarchical clustering algorithm in R Mclust package. Two samples with high uncertainty 

values (between cluster  A and B) were removed before statistical analysis. 
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Next we genotyped the CHRFAM7A CNV in an extended replication cohorts using qPCR. 

Results were obtained for 262 schizophrenia patients and 270 matched controls (each 

with 2 replications). A typical qPCR experiment was shown in Figure 5.11 (see Appendix 

D-4 for the complete set of qPCR results). Table 5.4 summarizes the genotype 

frequency distributions in cases and controls. 

Our genotyping attempt in an extended cohort suggested that CNV genotypes at 

CHRFAM7A have no statistically significant association with disease (by genotype 

frequency: chi-square test, p-value = 0.693; by allele frequency: chi-square test, p-

value=0.672), although by direct observation there seem to be a slight trend of increased 

deletion allele in the disease cohort.  
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Figure 5.11 Analysis of a typical Taqman qPCR experiment to determine 

CHRFAM7A genotypes. In each 96-well plate 40 samples (+2 controls) were genotyped. 

Fold change of all samples in the same experiment (sorted in ascending order) were 

plotted on the same graph (green dots) and CNV genotypes were estimated by the 

change of the slope of the graph.  

o: Homozygous deletion samples; x: heterozygous deletion samples; +: duplication 

samples : control sample NA10851; : control sample NA12776 
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Table 5.4 CHRFAM7A CNV genotype distributions in the extended case and 

control cohorts. qPCR genotyping results for (a) SCZ replication cohort (n=270) (b) 

LBC replication cohort (n=262). Chi-square test of the CNV genotype distributions 

suggests no statistical significant difference between the two cohorts (p-value=0.0693). 
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5.3 Chapter Summary and Discussion 

This chapter describes targeted genotyping and characterization of two schizophrenia 

candidate copy number polymorphisms, and an attempt to replicate findings from our 

initial array CGH screen in an extended case-control cohort.  

The CHL1 5’ deletion polymorphism at 3p26 was fully characterized by a combination of 

CGH data clustering and PCR strategies, together with published gene expression and 

high-resolution CNV data. We demonstrated that the small (~5 kb), frequent deletion 

located 5’ upstream of CHL1 could partially explain expression level of the gene. The 

deletion was significantly associated with schizophrenia in our initial screen on 91 

patients and 92 controls, but the enrichment was not observed in the extended cohort of 

300+ patients and matched controls.  

The second candidate, a copy number polymorphism at CHRFAM7A at 15q13, 

demonstrated recurrent deletion and duplication in the population. The highly complex 

genomic architecture with segmental duplication and inversion made it difficult to devise 

a simple PCR assay for CNV genotyping. A Taqman qPCR strategy with specific primers 

and probes for CHRFAM7A was used to determine gene dosage. Our initial whole-

genome CNV screen demonstrated an enrichment of the deletion phenotypes. In an 

extended replication cohort, qPCR genotypes for CHRFAM7A were obtained for 250+ 

cases and matched controls. No significant association was detected between CNV 

genotypes and disease, although there was slight bias of deletion genotypes by direct 

observation. 
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Neither CNV polymorphism showed significant association in the extended cohort of 

~300 cases and ~300 controls. We postulate the following to explain our inability to 

replicate the initial associations:  

First, our initial CNV screen was modest in sample size, and could result in statistical 

bias leading to false-positive associations. It is worth mentioning that we see a high 

plate-to-plate variation (irrespective of disease status) in our subsequent PCR 

genotyping of the CHL1 5’ CNV (see Table 5.2), indicating the relevance of random 

population sampling. This emphasizes the need for replication in CNV association 

studies, for instance a two-stage approach of polymorphism identification with 

subsequent replication, as in most SNP association studies. Replication is particular 

important for studies with small initial sample size (e.g. for cost-effective genome-wide 

CNV discoveries as in our study), and is pertinent to detecting associations of frequent 

copy number polymorphisms, as well as the relatively rare but recurrent copy number 

changes.  

Alternatively, the common polymorphism candidates we targeted could have real impact 

on disease risks but with small effect sizes. The lack of association in subsequent 

replication attempts may point to the need for yet larger samples to statistically detect 

such association with a small odds ratio. This relates to the common-disease common-

variant (CD-CV) hypothesis (Collins et al. 1997), which suggests that common disease 

traits like schizophrenia could be the consequence of common allelic variants with small 

to modest effects, typically under less stringent selection pressure (Carlson et al. 2004; 

Zondervan and Cardon 2004). Consistent with such an hypothesis, in the case of 

CHRFAM7A CNV, we see a non-statistically significant bias of patient samples towards 
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deletion genotypes, which could represent a small increased disease risk as conferred 

by the deletion allele. 

Finally, we cannot rule out non-sampling-related artifacts in the original CNV screen and 

analysis. For example, in the initial screen, accuracy of copy number quantification is 

compromised by converting continuous measurements (fluorescent intensity-based data) 

into discrete CNV genotypes (McCarroll and Altshuler 2007). In addition, variability in 

CNV measurements between cohorts, e.g. due to DNA quality, as implicated in our 

study, could have a potential impact on genotype classification (Barnes et al. 2008). 

Knowing the true underlying genotype is important to validate association signals (Todd 

2006). To this end, one could use targeted quantification methods such as Taqman 

qPCR to deliver a more acceptable accuracy level in larger-scale genotyping, a strategy 

we employed. Recently, more robust, high-throughput and low-cost methods have been 

developed and proved valuable in disease association studies, even for multi-allelic loci 

with a wide range of copy numbers (see section 1.2 for discussion of such methods). 

Improved statistical methods have also been applied to intensity-based data for more 

accurate CNV genotype classifications (Barnes et al. 2008). 
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Chapter 6 

CNVs and the 

NMDA Receptor Complex 
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6.1 NMDA Receptor Complex, Schizophrenia and Cognition 

Molecules at the synapse, the specialized junction between neurons, play a fundamental 

role in learning and memory, neural development and neural degeneration (Nakanishi et 

al. 1998; Kandel 2000). Alterations to these synaptic proteins can result in different 

human cognitive and behavioral phenotypes, including a number of neuropsychiatric 

disorders (Laumonnier et al. 2007; Ramocki and Zoghbi 2008; Sudhof 2008). Within the 

synapse proteome, the NMDA Receptor Complex is of particular interest due to its 

central role in glutamatergic signalling for synaptic transmission in the brain. The NMDA 

receptor complex (NRC), also known as MAGUK (membrane-associated guanylate 

kinase) Associated Signalling Complex (MASC), encompasses a key set of synaptic 

proteins in the postsynaptic density (PSD) (Husi et al. 2000; Husi and Grant 2001; 

Collins et al. 2006), centered around the NMDA receptor (NMDAR, N-Methyl D-

Aspartate ionotropic receptor) (composed of NR1 and NR2 subunits) and associated 

MAGUK scaffolding proteins (e.g. PSD-95, PSD-93, SAP-102 and SAP-97) (Figure 6.1).  

The NRC/MASC complex comprises of 186 proteins (Collins et al. 2006) (Appendix F). A 

number of them (43 out of 186) have demonstrated involvement in synaptic plasticity 

(Grant et al. 2005), the changes in synaptic properties in response to neuronal 

stimulation, which form the basis of learning and memory formation. 54 of these synaptic 

proteins were associated with one or more nervous system disorders (Grant et al. 2005). 

Unraveling the functional complexities of these components is critical for our 

understanding of diseases, behaviors and the learning processes (Pocklington et al. 

2006). 

Pertinent to the investigation of psychiatric disorders, NRC/MASC components have 

provided support for the glutamate hypothesis of schizophrenia (section 1.5). 



204 

 

Hypofunction of the NR1 subunit of NMDAR in mice, for instance, displayed behavioral 

abnormalities mimicking schizophrenia (Mohn et al. 1999). Recent studies on copy 

number variations in schizophrenia further implicate the role of NRC/MASC proteins in 

schizophrenia. Candidate genes involved in schizophrenia CNV loci, for example DLG2 

(Walsh et al. 2008), ERBB4 (Walsh et al. 2008), NRXN1 (Rujescu et al. 2008), CHRNA7 

(ISC 2008; Stefansson et al. 2008) and CYBIP1 (Stefansson et al. 2008) (section 1.6 

and Figure 1.8), all converge to a direct or indirect involvement in the NRC/MASC 

complexes.   

 

Figure 6.1 Schematic diagram of a glutamatergic excitatory synapse. The NMDA 

receptor (NMDAR) is an ionotropic glutamate receptor embedded in the postsynaptic 

membrane. Other glutamate receptors include the AMPA Receptor (alpha-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid receptor) and the mGluR receptor 

(metabotropic glutamate receptor). NMDAR and its associated proteins, such as the 

MAGUK proteins, were clustered at the postsynaptic neuron forming part of the 

postsynaptic density (PSD). 
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6.2 Copy Number Variation and the NMDA Receptor Complex  

We assessed whether genes encoding NRC/MASC components are located at copy 

number variable loci. 186 NRC/MASC signalling complex components were mapped to 

the genomic coordinates of WGTP BAC clones for comparison against known CNVs in 

269 normal HapMap individuals. 20 out of 186 (11%) MASC/NRC complex components 

were detected within CNV regions in one or more samples (herein refer as MASC CNVs) 

(Table 6.1, Figure 6.2).  

The 20 MASC CNVs were characterized into 5 categories according to a previously 

defined classification system (Redon et al. 2006)4. Fifteen of them were classified as 

simple deletions, duplications or deletions with duplications. These CNVs were at 

relatively low frequency in the population (on average 1.4% of HapMap samples affected, 

corresponding to ~4 individuals out of 269).  

The remaining MASC CNVs were complex or multiallelic, affecting the majority of the 

HapMap population. The most frequent variants were located near the genes NSF (N-

ethylmaleamide-sensitive factor) (Figure 6.2q), RPL13 (ribosomal protein L13) (Figure 

6.2p) and GRM5 (metatropic glutamate receptor 5) (Figure 6.2j). In particular, NSF was 

identified as a multi-allelic variant with at least 4 discrete CNV genotypes. Due to the 

interesting genomic architecture of this locus and the biological relevance of the NSF 

gene, we investigated the genomic region in more detail (see section 6.3).   

 

                                                           
4
 The classification system categorizes CNVs into 5 categories, namely: “deletions”, 

“duplications”, “deletions and duplications”, “multi-allelic” and “complex rearrangement” 
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The core NRC/MASC components, i.e. the NMDA receptor subunits and the closely 

associated MAGUK scaffolding proteins, were of particular interest for understanding 

cognition and diseases. Among the 20 MASC CNVs, 4 overlapped with the core 

NRC/MASC genes, detected as variants at DLG1, DLG2, DLGAP1 and GRIN2A (Figure 

6.3; Table 6.1 in yellow).  

The CNV at DLG1 (Discs, Large Homolog 1 (Drosophila)) showed a complex pattern, as 

displayed by a broad log2ratio distribution of clone Chr3tp-20C11 (Figure 6.4a). At 

WGTP resolution, we were not able to resolve the precise CNV location and discrete 

copy number for individuals. The WGTP data was subsequently compared to the 

recently-released oligonucleotide array data (Genome Structural Variation Consortium 

2008). We confirmed the presence of a frequent intronic CNV of ~5 kb within DLG1.  

In addition, a duplication involving DLG2 (Discs, Large Homolog 2 (Drosophila)) was 

detected in one individual in the WGTP platform. Oligo array data revealed additional 

CNVs in more individuals (deletions) (Figure 6.4b). DLGAP1 (Discs Large-Associated 

Protein 1) was also identified within a larger duplication, affecting 3 consecutive BAC 

clones in the WGTP data (Figure 6.4c). A number of deletions were revealed by the oligo 

array data from the CNV Consortium.  

Finally, GRIN2A (glutamate receptor, ionotropic, n-methyl d-aspartate 2a), encoding the 

NR2A subunit of the NMDA receptor, was detected with both duplications and deletions 

in the population by WGTP platform (Figure 6.4d), although no CNV was detected using 

higher-resolution oligonucleotide array. 

In summary, copy number variants at multiple components of the NRC/MASC complex 

exist among normal, healthy individuals, despite the significance of these proteins in 
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normal brain functions such as synaptic plasticity and cognition. We further investigated 

the NSF CNV locus as it was the most frequent MASC CNV (section 6.3).    
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Figure 6.3 CNVs affecting core components of the NRC/MASC signalling complex.  

(a)-(d): WGTP array CGH profiles of the four CNVs in 269 HapMap individuals. (a) CNV 

at DLG1 with complex pattern in the HapMap population b) Duplication at DLG2 in one 

sample c) Large duplication at DLGAP1 in 2 samples d) CNV at GRIN2A detected as 

both duplication and deletion (e) The four core NRC components within the network of 

NRC/MASC signalling complex (diagram modified from www.genes2cognition.com) 
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6.3 CNV at 17q21 near N-ethylmaleamide-Sensitive Factor (NSF) 

6.3.1 Introduction to the 17q21 locus near NSF  

We detected a multi-allelic variant near NSF, the most frequent CNV in the NRC/MASC 

CNV screen. The NSF CNV region is highly variable with a complex genomic 

architecture and association with mental illness, prompting us to further investigate the 

region. Structural variants in the region have been identified, including a well-studied 

common inversion of ~900 kb (Stefansson et al. 2005), resulting in two designated 

alleles H1 and H2. The H2 allele was suggested to be under positive selection. The 

inversion encompasses several genes involved in brain development including NSF (N-

ethylmaleamide-sensitive factor, a membrane fusion protein), CRHR1 (corticotrophin 

releasing hormone receptor), IMP5 (intramembrane protease 5, a presenilin homologue), 

MAPT (microtubule associated protein tau) and STH (saitohin, an intronless gene within 

MAPT) (Stefansson et al. 2005). Among these, NSF is involved in the NRC/MASC 

complex, and MAPT is a component of the broader postsynaptic density (PSD) complex 

(Collins et al. 2006). 

The H1/H2 inversion suppresses recombination, leading to divergence of the two alleles. 

The H2 haplotype is shown to exist only in populations with history of European 

admixture (Evans et al. 2004; Stefansson et al. 2005). Overall, H2 shows little genetic 

variation (Hardy et al. 2005). In contrast, many H1 variants have been described, with 

the most common reported variants being single nucleotide polymorphisms (SNPs) or 

small insertions/deletions that modify MAPT (tau) expression or splicing mechanisms 

(Rademakers et al. 2005; Caffrey et al. 2006; Caffrey et al. 2007; Myers et al. 2007; 

Hayesmoore et al. 2008). 
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The H1 & H2 inversion has been described in the context of several neurodegenerative 

diseases associations. The H2 haplotype was reported to have a protective role in a 

number of brain diseases, including progressive supranuclear palsy and corticobasal 

degeneration (de Silva et al. 2001; Pastor et al. 2004; Pittman et al. 2005; Rademakers 

et al. 2005), Parkinson’s disease (Goris et al. 2007; Zabetian et al. 2007) and 

frontotemporal dementia (Borroni et al. 2005; Ghidoni et al. 2006) (more comprehensive 

reviews in (Rademakers et al. 2004; Kalinderi et al. 2008)). H2 was also demonstrated to 

have higher expression of a variant of MAPT mRNA transcript known as 4R, where the 

fine balance of 4R transcript with its 3R counterpart is critical in certain 

neurodegenerative diseases (Kalinderi et al. 2008).  

More recently the 17q21 locus has been shown to be involved in a newly defined 

genomic disorder. A recurrent microdeletion of the genomic locus was detected in 

patients with learning disability (Koolen et al. 2006; Sharp et al. 2006; Shaw-Smith et al. 

2006). The critical deletion region (~420 kb) was similar in all patients identified. In 

deletion carriers where parental DNA is available, the deletions were shown to be de 

novo. Moreover, for all patients identified so far, a H2 parental background is a 

necessary factor for the deletion to occur (Koolen et al. 2008). Clinical cases of mental 

retardation patients with the reciprocal duplication of the microdeletion syndrome have 

been detected (Kirchhoff et al. 2007), demonstrating the genomic instability of the region.  
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6.3.2 Known Genomic Structure of 17q21 

The structure of the 17q21 genomic interval has been extensively described by Cruts et 

al. and Pittman et al. (Pittman et al. 2004; Cruts et al. 2005). There are three main LCR 

modules in the region, each with various subunits of duplication blocks (Figure 6.4). 

These LCRs flank both the H1/H2 inversion and the microdeletion syndrome breakpoints 

(Stefansson et al. 2005; Koolen et al. 2006; Sharp et al. 2006; Shaw-Smith et al. 2006). 

Specific segmental duplicons were attributed to the genomic instability of the region. H1 

and its sub-haplotypes, together with the inverted H2 allele, differ in terms of the number 

and the orientation of the duplication blocks. Copy number polymorphisms within H1 at 

the NSF locus, defining several H1 subclades, have previously been reported 

(Stefansson et al. 2005). The 17q21 locus is a case in point for characterizing the 

relationship between segmental duplications, copy number changes, genomic instability 

and their phenotypic consequence.  
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6.3.3 Array CGH Data Reveals Two Major CNVs at 17q21 

The MASC CNV screen provided evidence for copy number variations near the NSF 

gene at 17q21. Here we present a detailed molecular and cytogenetic study on the 

genomic structure of the chr17q21 locus. Analysis of the WGTP array data on 269 

HapMap samples from three ethnicities5 delineated two major blocks of CNV: CNVNSF 

(Figure 6.5, right) and CNVKIAA1267 (Figure 6.5, left) (with reference to the genes involved).  

6.3.3.1 CNVNSF: Copy number Variant at 5’ end of NSF  

CNVNSF (~41.7 Mb to 42.2 Mb NCBI36) is part of the low copy repeat LCR A (segmental 

duplicon subunits 2 and 8) (Cruts et al. 2005). It encompasses the truncated duplication 

of exons 1-13 of the gene NSF (N-ethylmaleamide-sensitive factor). This CNV has been 

demonstrated previously through sequence analysis in the Icelandic population 

(Steffanson et al), and has led to the definition of 3 H1 sub-alleles designated as H1-D0-

1 or H1-D1 (both having 1 copy of NSF), H1-D2 (2 copies of NSF) and H1-D3 (3 copies 

of NSF).  

Bivariate clustering of the log2ratio of two clones overlapping NSF (Chr17tp-2F9 and 

Chr17tp-12B1) confirmed the multi-allelic nature of CNVNSF, but revealed higher 

complexity than previously expected. Given that the reference DNA used for array 

hybridization has a three copies of the sequence (demonstrated by FISH experiments), 

samples from Yoruba are estimated to have diploid copy numbers varying from 2 to 5 (4 

distinct genotype signals), while samples from Asia carry diploid copy numbers varying 

from 2 to 7 (6 distinct genotype signals) (Figure 6.6). Data from the European samples is 

less easy to interpret, due to homology of BAC sequences to the second CNV block 

                                                           
5
 The three populations are CEU: Samples from Utah with European ancestry; YRI: Samples from Yoruba 

with African ancestry; JPT+CHB: Samples from Japanese and Chinese with Asian ancestry 
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CNVKIAA1267, but they also seem to display diploid copy numbers varying from 2 to 7. 

Combining the evidence, a maximum of 7 copies of the truncated NSF (diploid state) 

was identified, suggesting the existence of a H1-D4 allele with 4 copies of 5’ NSF 

(haploid state). The presence of such allele was confirmed in a CEU sample by FISH 

experiments (section 6.3.3). 

6.3.3.2 CNVKIAA1267: Copy number Variant at KIAA1267 

CNVKIAA1267 (left, ~41.5 Mb to 41.7 Mb), the second major CNV block, overlaps with 

subunit 4 of LCR-A (Cruts et al. 2005), and a brain-expressed gene KIAA1267 (Oliveira 

et al. 2004). The existence of structural variation at the region has previously been 

implicated in the studies of H1 and H2 inversion haplotypes. The H2 inverted allele and 

the H1-D1 allele (a variant of H1) were suggested to have overlapping but not identical 

duplications at this region (Stefansson et al. 2005).  

Clustering the log2ratio of BAC clones at CNVKIAA1267 (Chr17tp-2G12 and Chr17tp-3D7) 

generated 3 distinct clusters in the CEU samples, corresponding to 2, 3 and 4 copies of 

CNVKIAA1267. In Yoruba or Asian samples, on the other hand, the CNV is non-variant. In 

conclusion, the higher copy number of CNVKIAA1267 is European specific.  
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Figure 6.5 Array CGH genomic profiles of the 3 HapMap ethnic groups at chr17q21. 

Top panel: Schematic representation of the region chromosome 17 40.8 Mb- 42.5 Mb, 

with locations of genes and low copy repeats for reference. Bottom panel: Genomic 

profiles from WGTP data on samples of Asian ancestry (JPT+CHB), samples of 

European ancestry (CEU) and samples of African ancestry (YOR). Two major blocks of 

CNVs are indicated in the diagram (left: CNVKIAA1267; right: CNVNSF).  
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Figure 6.6 Population differentiation at two major CNV blocks at 17q21 Bivariate 

clustering of log2ratio from WGTP data demonstrates population bias at CNVNSF and 

CNVKIAA1267. a) *CNVNSF: 2-7 copies (diploid) in JPT+CHB and CEU; 2-5 copies (diploid) 

in YOR. b) **CNVKIAA1267: 2-4 copies in CEU; non-variant in JPT+CHB or YOR (2 diploid 

copies in each individual). c) H2 carriers (orange) are mapped exclusively to the higher 

copy number clusters (II and III) of the CEU diagram representing CNV KIAA1267. The 

remaining samples at cluster II and III belongs to an H1 allele variant, H1-D1.  

* Bivariate clustering of log2ratio from Chr17tp-14B1 (x-axis) and Chr17tp-2F9 (y-axis) 

** Bivariate clustering of log2ratio from Chr17tp-2G12 (x-axis) and Chr17tp-3D7 (y-axis) 

JPT+CHB: samples from Japan and China with Asian ancestry; CEU: samples from 

Utah with European ancestry; YOR: samples from Yoruba with African ancestry 
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6.3.4 Resolving CNVKIAA1267 with SNP and High Resolution Oligo Array Data 

The WGTP data demonstrated a European-specific pattern at CNVKIAA1267. Coincidentally, 

H2 from the common inversion was also found in the European population or population 

with European admixture only (Evans et al. 2004; Stefansson et al. 2005). To explore a 

relationship between CNVKIAA1267 and H2, we integrated the HapMap WGTP CNV results 

with corresponding SNP data (IHMC 2005). SNP rs9468, a surrogate marker for the 

H1/H2 inversion, was used to categorize samples into H1 or H2 carriers. Samples 

carrying one or more H2 alleles were plotted on the CEU diagram of CNVKIAA1267 (Figure 

6.6c). These H2 carriers (orange) all mapped to higher copy numbers of CNVKIAA1267 

(cluster II & III).  

However, CNVKIAA1267 is only partially explained by H2. Non-H2 variants were also 

observed at the high-copy-number clusters of CNVKIAA1267. This suggests heterogeneity 

at the CNV locus. High resolution oligonucleotide from HapMap individuals (Genome 

Structural Variation Consortium 2008) confirms at least two types of duplications at the 

CNVKIAA1267 locus (Figure 6.7). The smaller duplication was explained by H2 carriers. The 

larger CNV would involve the H1-D1 variant, an allele defined by previous literature as 

having a duplication overlapping the region. Like H2, this H1-D1 allele is absent in non-

European populations (see Figure 6.6b, diagrams for JBP+CHB/YOR). 

This is the first demonstration of a non-H2 variant being European specific, and it raises 

questions of the evolutionary relationship between this H1-D1 variant and the H1/H2 

inversion. 
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6.3.5 Validating CNVNSF and CNVKIAA1267 by qPCR and FISH 

Given the complexity and multi-allelic nature of the described copy number variations, 

array CGH data at Chr17q21 is best interpreted with independent platforms to provide 

quantitative and qualitative measurements in terms of the number, size, distance and 

orientation of CNVs.  

First, quantitative real-time PCR (qPCR) was performed to validate the multi-allelic 

variants CNVNSF and CNVKIAA1267. Genotypes of CNVNSF ranging from 2 to 6 copies 

(diploid) were validated, and genotypes of CNVKIAA1267 from 2 to 4 copies (diploid) were 

confirmed (Figure 6.7).  

To visualize the copy number and the orientation of rearrangement at the NSF locus, we 

performed fluorescent in situ hybridizations (FISH) using DNA fiber slides made from 

lymphoblastoid cell lines. Fosmid probes at the 5’ duplicated (labeled with biotin-dUTP, 

green) and 3’ non-duplicated ends (labeled with digoxigenin-dUTP, red) of the NSF CNV 

locus. 

The haplotypes of different alleles from HapMap samples were visualized according to 

the number of green signals (Figure 6.8). Duplication of the 5’ NSF is tandem, ranging 

from copy number of 1 to 4 (haploid) on a given allele. The presence of the H1-D4 (4 

copies of 5’ NSF) as we described before is validated.  
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Figure 6.8 Quantitative PCR validation of CNVKIAA1267 and CNVNSF. a) CNVNSF 

detected as 2 to 6 copies*. b) CNVKIAA1267 detected as 2 to 4 copies*. 

* diploid copy number 

blue: copy number calculated from qPCR; purple or green: expected copy number 

 

Figure 6.9 Fiber-FISH experiment to visualize copy number of CNVNSF. A fosmid 

probe at the 5’ NSF portion overlapping with CNVNSF was labeled green and another 

fosmid at the 3’ NSF invariant portion was labeled red. Alleles with tandem duplication 

from 1 to 4 copies* of CNVNSF were observed 

* haploid copy number 
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6.3.6 Genotyping HapMap Individuals for 17q21 Structural Variants  

Combining available genetic data (CNV and SNP) with the findings of various structural 

variations in the region, we genotyped all unrelated HapMap individuals for the 17q21 

allele carried (children from the trios were removed from analysis). Table 6.2 

demonstrates the trends of population differentiation. Horizontally across the table one 

sees a European specificity for both H2 and H1-D1 alleles, corresponding to higher copy 

numbers of CNVKIAA1267. Vertically down the table one sees an Asian and European bias 

for the highest copy numbers (6 or 7) of CNVNSF.  

 

 

Table 6.2 CNV genotypes for all unrelated HapMap individuals* at CNVKIAA1267 and 

CNVNSF.  

 

*offspring from the trios in CEU and YOR were removed from analysis so that 

only unrelated HapMap individuals were genotyped 
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6.3.7 CNVNSF and CNVKIAA1267 in Schizophrenia Versus Control  

In chapter 4.6 we introduced bivariate clustering of BAC clone log2ratio in the WGTP 

data to genotype CNV and test for disease association. The 17q21 region near NSF was 

one of the 31 regions across the genome with significant bias between schizophrenia 

patients and controls. We examined this region in the case and control cohorts in more 

detail with respect to CNVNSF and CNVKIAA1267. 

We genotyped CNVNSF and CNVKIAA1267 using the same clones as in the HapMap 

analysis. Clusters were manually merged for CNV genotype counts. (Figure 6.9)  

Both the Scottish SCZ and LBC cohorts demonstrate a full range of copy numbers for 

CNVNSF (2-6+) and CNVKIAA1267 (2-4), consistent with HapMap samples of European 

ancestry. For CNVNSF there is a slight bias of patients at lower copy number but the 

difference is non-significant after clusters are manually merged (p value = 0.1931, chi-

squared test). For CNVKIAA1267 there is a nominally significant bias (p-value= 0.01689) of 

an association of low copy number with disease (Table 6.3). Nevertheless, the result is 

treated with caution since our case and control cohorts are modest in size and may 

therefore subject to sampling bias.  
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Figure 6.10 Comparing SCZ and LBC samples at CNVKIAA1267 and CNVNSF.  

(a) & (b) CNVNSF was detected as 2 to 6 copies in SCZ and LBC samples*.  

(c) & (d) CNVKIAA1267 was detected as 2 to 4 copies in SCZ and LBC samples**. 

* Bivariate clustering of log2ratio from Chr17tp-14B1 (x-axis) and Chr17tp-2F9 (y-axis) 

** Bivariate clustering of log2ratio from Chr17tp-2G12 (x-axis) and Chr17tp-3D7 (y-axis) 

 

Table 6.3 SCZ and LBC genotype counts at CNVKIAA1267 and CNVNSF. 
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6.3.8 Evolutionary History of CNVNSF and CNVKIAA1267 

To elucidate the relationships between CNVs and the more ancient segmental 

duplications in the 17q21 region, we classified segmental duplicons into ancestral or 

derived loci according to in silico predictions from Jiang et al. (Jiang et al. 2007) (Figure 

6.10).  Both CNVNSF and CNVKIAA1267 were relatively recent events, flanked by more 

ancient segmental duplicons (ancestral loci). Genomic regions near ancient segmental 

duplicons were suggested to be genetically more fragile, favoring evolution of the 

younger polymorphic CNVs in the complex region (Jiang et al. 2007). These ancestral 

SDs probably acted as predisposition factors for structural rearrangements in the region, 

leading to the formation of CNVNSF and CNVKIAA1267. 

 

 

Figure 6.11 Locations of derived and ancestral loci of segmental duplications at 

17q21. Locations of the two types of segmental duplications were depicted with respect 

to CNVKIAA1267 and CNVNSF. 
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6.4 Chapter Summary and Discussion 

In this chapter we described a biological pathway approach to studying normal copy 

number variations in genes relevant to cognition and schizophrenia. Using NRC/MASC 

as a complex central to neurological functions, we assessed whether such components 

could be involved in copy number variations.  

In the first part of this chapter we described 20 MASC CNVs detected in 269 apparently 

normal HapMap individuals. Four of these overlapped with core MASC components. 

Three were confirmed by high-resolution oligonucleotide array data. The presence of 

CNVs at such important synaptic proteins in healthy individuals suggests that (i) CNVs at 

these genes are benign and did not translate into pathogenic gene function (e.g. intronic 

CNVs may have no functional consequence); or (ii) neurological functions have high 

plasticity such that disrupting functions of one synaptic component could be 

compensated by other mechanisms in the network; or (iii) such CNVs did affect 

neurological functions, but the effect was not detrimental, perhaps contributing to 

variations in brain function, e.g. cognitive ability, among the population. The last 

hypothesis is particularly interesting for the genetics of neuroscience, and future studies 

investigating CNVs in human cognitive and behavior traits may reveal its validity. 

On the other hand, investigating CNVs in such an important set of synaptic molecules 

provides us a baseline to evaluate existing and upcoming CNV screens of neurological 

diseases.  A number of psychiatric disease CNV studies have reported variants at 

neuronal complexes as potential CNV candidates. A deletion at DLG2, for instance, was 

detected as a patient CNV in one genome-wide schizophrenia screen (Walsh et al. 

2008). However, CNVs in the same gene were also identified in control samples in 

another schizophrenia study (ISC 2008), and in our analysis of normal HapMap 
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individuals. It is not surprising that disease-causing CNVs might exist in healthy controls, 

perhaps at lower frequencies, at slightly varied genomic locations, or with combinations 

of different interacting factors. Alternatively, such CNVs may be benign in both patients 

and controls. It is therefore important to characterize CNVs at key neuronal complexes in 

normal healthy individuals as a basis for disease comparison.  

In the second part of the chapter, we described copy number variations near the NSF 

locus in HapMap samples from three ethnic groups. We revealed two major blocks of 

copy number variation, CNVNSF and CNVKIAA1267, and further characterized them using 

quantitative real-time PCR, Fiber-FISH and oligo array CGH data. Interestingly, both 

CNVs showed population bias across the three ethnic groups examined. In particular, 

we revealed a H1 variant specific to the CEU samples, which is analogous to the 

European-specific H2 inverted allele. This H1 variant could represent an evolutionary 

remnant of the H1/H2 inversion, or a more recent structural rearrangement specific to 

the European population. 
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Chapter 7 

General Discussion  
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7.1 Design of CNV Discovery and Association Study 

My PhD thesis describes a survey of copy number variation associated with 

schizophrenia. Deciphering the genetic basis of schizophrenia has always been a major 

challenge in human genetics. In the past two years, CNV discovery and association 

studies have generated some promising results in the field of neuropsychiatric genetics, 

and more investigations on copy number variation in psychiatric diseases can be 

expected in the near future. Below I discuss the current and future trends of such CNV 

studies. 

7.1.1 Multiple Approaches of CNV Study 

Multiple genetics approaches and experimental designs are necessary to explore 

complex genetic traits such as schizophrenia. Our study focussed on CNV investigation 

with two components: a) a familial study of CNVs associated with schizophrenia in 

pedigrees with multiple affected individuals; and b) a population-based CNV 

investigation. There are many possible approaches for identifying CNVs in disease, 

including (i) looking for concordance in affected siblings or twins; (ii) contrasting CNVs in 

affected versus non-affected siblings of schizophrenia; (iii) identifying transmitting and 

non-transmitting CNVs in families or trios (to investigate the role of inherited or de novo 

CNVs) (Xu et al. 2008); iv) identifying common CNVs in families with high density of 

illness; (v) large-scale population-based case-control cohort CNV associations (ISC 

2008; Stefansson et al. 2008); (vi) and investigating the less explored somatic CNVs in 

diseases. Furthermore, early discovery-based CNV studies revealing novel CNV loci are 

paving ways to more comprehensive case-control association studies, either at the 

genome-wide level or targeting particular genes of interest (eg. Rejuscu et al. reported a 

study of CNVs in Neurexin genes) (Rujescu et al. 2008). Combinations of these 
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approaches will reveal different aspects about the genetic architecture of the disease 

and the candidate genetic pathways underlying schizophrenia pathogenesis. 
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7.1.2 Future Large-Scale CNV Studies  

Our CNV study on schizophrenia was based on modest sample sizes of 4 familial 

pedigrees and a case-control cohort of 91 patients and 92 controls. To achieve more 

definitive disease association, substantially larger sample sizes would be necessary. 

Recently published schizophrenia CNV studies demonstrated the importance of large-

scale studies to identify novel rare recurrent CNV loci (ISC 2008; Stefansson et al. 2008) 

and to detect association. These risk loci have low frequency in the population, probably 

due to reduced fecundity as conferred by disease (Stefansson et al. 2008), and would 

require at least thousands of samples for sufficient statistical detection power. In contrast, 

common alleles are frequent but may only have marginal increase risks between case-

controls, therefore considerable sample sizes would again be required to detect any 

association.  

Collaboration among clinical and research centres for sample collections will largely 

facilitate schizophrenia genetic research. The most recent CNV studies are results of 

such large collaborative efforts, such as ISC (International Schizophrenia Consortium) 

(http://pngu.mgh.harvard.edu/isc/), SGENE (http://www.sgene.eu/) and GROUP 

(Genetic Risk and Outcome in Psychosis) (https://www.group-project.nl/). Combined, 

these 3 studies involved close to 8,000 psychosis samples (ISC 2008; Stefansson et al. 

2008; Vrijenhoek et al. 2008). One limitation of such multi-centre studies would be the 

genetic heterogeneity and diagnostic differences between samples collected from 

different sources (Burmeister et al. 2008). Nevertheless, continued collection of patient 

and control cohorts, together with improved genotype-phenotype characterization, will be 

instrumental in rapid progress towards the understanding of schizophrenia. 



235 

 

7.1.3 Enrichment of Schizophrenia Subtypes 

Another decision to make in CNV study design is the choice of suitable patient types or 

subtypes. One criterion is the inclusion of sporadic versus familial cases. The study of 

Xu et al., for example, compared these two patient types in trios (parent-child sets) and 

demonstrated that de novo CNVs increased disease risk in sporadic cases (a 8 times 

increase was reported for cases versus control), but not in familial cases (Xu et al. 2008). 

The study suggested variable genetic architecture among the sporadic and the familial 

subtypes of patients, namely the involvement of de novo CNVs versus inherited CNVs. 

Although there were examples of de novo CNV involved in familial cases, for example in 

an affected sib pair in autistic spectrum disorder (as explained by post-zygotic 

mosiacism) (Cook and Scherer 2008), these were mostly exceptions rather than the rule. 

Consequently, by enriching sample cohorts to either sporadic or familial cases, CNV 

study may steer towards identification of different types and characteristics of CNVs.  

Analogous to conventional linkage and association studies with SNPs, the use of 

endophenotypes in CNV studies would be another debatable strategy. Endophenotypes 

represent quantifiable trait markers for the inheritance of a given genotype (see section 

1.5) (Gottesman and Gould 2003). Schizophrenia as a complex disease may comprise 

many diverse behavioural and cognitive traits, each corresponding to different underlying 

genetic variants. One rationale behind using endophenotypes in schizophrenia study 

was the advantage of bypassing traditional disease classification to obtain a more 

phenotypic homogenous group of patients. By sub-typing samples according to 

endophenotypes, one might increase detection power for the underlying genetic risk 

variants (Abrahams and Geschwind 2008). For example, the phenotype of P50 sensory 

gating deficit demonstrated association with a CHRNA7A polymorphism with a LOD 

score of 5.3, while association with schizophrenia disease as a phenotype resulted in a 
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much lower LOD score of 1.3 (Freedman et al. 1997). Magnetic Resonance Imaging 

(MRI) has also been used to determine association between functional variants of a 

serotonin transport gene and anxiety (Hariri et al. 2002). The disadvantage of using such 

endophenotypes would be the high cost involved, for example in performing imaging 

studies on every single patient. Other quantifiable traits, for instance executive function 

and visual memory, could also be incorporated as patient subtype enrichment (ISC 

2008).   

Finally, patients with different schizophrenia disease onset could be another subtype for 

enrichment in CNV study, and could alter the likelihood of detecting disease-causing 

variants. Evidence came from a study from Walsh et al., who reported that patients with 

early or childhood onset were particularly enriched with rare copy number variants 

(Walsh et al. 2008). These early onset cases, or other schizophrenia subtypes 

representing more “severe” forms of the disease, may provide a good subset of patients 

for CNV detection (Vrijenhoek et al. 2008), while subsequent association studies could 

be performed in a larger, more general schizophrenia cohort. In addition, atypical clinical 

cases such as those co-occurring with mental retardation and dysmorphology may also 

be considered for patient enrichment, although CNVs detected in such cohorts may be 

linked to other phenotypes rather than schizophrenia per se.  
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7.2 Understanding the Genetic Model of Schizophrenia  

7.2.1 Rare Variants Versus Common Variants 

CNV studies have provided us with important insights into the genetic model of 

schizophrenia. One controversy surrounding schizophrenia genetics and many other 

complex disease traits is the debate between common disease-common variant (CD-CV) 

(Lohmueller et al. 2003) versus common disease-rare variant (CD-RV) models (Pritchard 

2001; McClellan et al. 2007). The CD-CV model proposes that common alleles with 

small to moderate disease risks may have additive or multiplicative effect on 

schizophrenia (Cook and Scherer 2008), and have inspired many SNP association 

studies investigating common polymorphisms in schizophrenia. Recent large-scale 

association studies have successfully identified such risk variants, one of which being 

the polymorphism at ZNF804A associated with schizophrenia (O'Donovan et al. 2008).  

The CD-RV model suggests that heterogeneity of schizophrenia comes from multiple 

rare variants, a theory which has received increasing attention in schizophrenia genetics 

during the past decade (Craddock et al. 2007; McClellan et al. 2007). Recent CNV 

studies further demonstrated that rare risk loci, individually or collectively, could 

predispose to schizophrenia (ISC 2008; Stefansson et al. 2008), supporting the CD-RV 

model. Our study replicated the findings of one of these rare loci (the 15q11.2 deletion), 

and provided a number of other putative disease-specific genetic variants. Apart from 

locus heterogeneity, CNV studies showed that even within the same disease-associated 

genomic locus there could be allelic heterogeneity (for example in the case of the 

Neurexin1 gene, section 1.6) (Rujescu et al. 2008). Some of these rare alleles could be 

recurrent in the population (either inherited or sporadic) but would remain at low 
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frequency due to the selective disadvantage they confer (Pritchard 2001), while others 

may be private events found only in single individuals or families.  

On the other hand, current CNV discoveries, including our results, may be skewed 

towards the lower end of the minor allelic frequency spectrum (Ionita-Laza et al. 2008b), 

possibly due to the bias of CNV platforms and algorithms detecting relatively large 

mutations. As advances in CNV discovery techniques allow accurate detection of 

smaller, more frequent copy number polymorphisms, we may be able to detect common 

CNV alleles associated with schizophrenia. As presented in chapter 6 of this thesis, we 

attempted to test disease association of two common copy number polymorphisms, 

using targeted, PCR-based strategies, one of which was a small CNV of ~5.5 kb 

demonstrating correlation to gene expression.  

Genetic studies of other complex diseases (e.g. in Alzheimer’s disease) have 

demonstrated that the CD-CV and CD-RV theories need not be mutually exclusive in 

disease populations (McClellan et al. 2007). CNV studies on schizophrenia combined 

with SNP association have further suggested that these two models coexist, leading to 

the genetic heterogeneity in schizophrenia. 
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7.2.2 Incomplete Penetrance and Expressivity 

Genetic investigations on schizophrenia have usually supported a complex mode of 

inheritance. Incomplete penetrance was demonstrated in a number of schizophrenia-

associated CNV loci. The three novel recurrent deletions at 1q21, 15q11, 15q13, for 

example, were all detected in normal, healthy controls, suggesting penetrance of these 

genetic variants was not complete. In our familial CNV study of the ABCA13 deletion 

(section 3.3), incomplete penetrance could explain the presence of deletions in one 

normal family member within the pedigree. This is consistent with the incomplete 

segregation in previous familial CNV studies, such as the DISC1 translocation in an 

extended Scottish pedigree in which only 70% of translocation carriers were affected 

(Millar et al. 2003). Instead of a Mendelian mode of transmission, many structural 

variants demonstrate complex inheritance patterns with a variable degree of penetrance, 

as well as variable expressivity depending on interactions with other genetic and 

environmental factors. 

 

7.2.3 Aetiological Overlap of Schizophrenia with Other Psychiatric Diseases 

The well-documented link between the 22q11 deletion syndrome and schizophrenia 

demonstrated that the same structural variant can be associated with numerous 

psychiatric phenotypes, from schizophrenia to attention-deficit hyperactivity disorder, 

bipolar disorders and autism spectrum disorders (ASDs) (Antshel et al. 2007; Burmeister 

et al. 2008; Cook and Scherer 2008). These and other genetic loci argued for pleiotropic 

genetic effects among psychiatric disorders.  

Our study, together with a number of CNV reports on schizophrenia in the past year, has 

reinforced this notion of aetiology overlap among neuropsychiatric diseases. The 
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15q11.2 recurrent deletion as detected in our patients and reported in Steffanson’s study, 

for instance, is a region involved in Prader-Willi/ Angelman Syndrome with known 

cognitive and neurological impairment (Cassidy et al. 2000), and a subset of patients 

also exhibited autistic features (Hogart et al. 2008). The 15q13.3 recurrent deletion was 

previously associated with mental retardation and seizures (Sharp et al. 2008), as well 

as with ASDs (Veltman et al. 2005). Another recurrent schizophrenia CNV at neurexin1 

(Kirov et al. 2008; Rujescu et al. 2008; Walsh et al. 2008) was also detected in autism  

(Autism Genome Project Consortium 2007) and mental retardation patients (Friedman et 

al. 2006). Furthermore, we detected multiple schizophrenia cohort-specific rare variants 

with candidate genes for multiple psychiatric diseases such as bipolar disorder (PIK3C3) 

(Stopkova et al. 2004), Myoclonus-Dystonia with obsessive compulsive disorder (SGCE) 

(Marechal et al. 2003; Misbahuddin et al. 2007), and mental retardation and Alzheimer’s 

Disease (RCAN1) (Porta et al. 2007).  

The CNV study in schizophrenia provided evidence that some genetic risk factors could 

give rise to diverse psychopathology falling across the traditional diagnostic boundaries. 

Alternatively, they may also reveal misdiagnosis of psychiatric diseases, or of variable 

expressivity of the genes involved (Cook and Scherer 2008).  
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7.3 Clinical Relevance of CNVs in Schizophrenia 

7.3.1 CNV Findings Translating into Disease Classification 

Investigating CNVs in psychiatric genetics has strengthened the view that the same 

genetic factors could predispose to diverse psychiatric diseases across traditional 

diagnostic categories. Schizophrenia and bipolar disorder, for instance, share symptoms 

of psychosis and mood disorders, with substantial overlap in genetic susceptibility, and 

are conventionally dichotomized into two psychiatric disorders (Craddock et al. 2006). In 

contrast, a single psychiatric disorder may comprise subtypes grouped into one disease 

category for diagnostic purposes. This concept of clinical diversity was recognized as 

early as the time of Kraeplin and Bleuler, who introduced subtypes or categories of 

schizophrenia (Bleuler 1911; Kraepelin 1919).   

Future characterization of CNVs and other genetic variants in a wider range of 

psychiatric patients have the potential to revolutionize disease diagnosis. Traditional 

diagnostic criteria heavily rely on clinical signs and symptoms. These guidelines have 

presented a major challenge in studying psychiatric disorders (WHO 1992; American 

Psychiatric Association. 1994), since such diseases present no tangible lesion or 

phenotype, but rather complex behavioural and cognitive phenotypes. With information 

from CNV and other molecular genetics, future disease diagnosis could become more 

genetic-based, giving precise genotype-phenotype definition and more personalized 

treatment. Of equal importance, the information from genetic research could guide 

clinicians to a better understanding of phenotypes of the various psychiatric disorders. 

These will potentially have a substantial impact on clinical practice.  

The more precise characterization of genotype-phenotype correlations through CNV 

studies will eventually translate back to advancement in molecular genetic research. 
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With high certainty of disease classification and refined phenotype descriptions, disease 

cohorts could be stratified to homogenous subtypes for genetic studies. This will in turn 

benefit the investigation of genetic variation associated with psychiatric phenotypes, 

leading to better understanding of the biology of schizophrenia. 

 

7.3.2 Genetic Counselling and Therapeutic Potential 

The translation of CNV findings into genetic testing and therapeutics remain a more 

distant target. In particular, the issue of genetic testing in schizophrenia is confounded 

by the complex genetic architecture and heterogeneity of the disease. Multiple rare 

variants - each having small effect size (as identified by current CNV studies) - are not 

particularly informative for genetic testing, nor are common variants with small to modest 

disease risks. Nevertheless, the accumulation of CNV data on pathogenic versus benign 

variants will be beneficial for clinical and research geneticists screening for variants in 

patient cohorts, for example by routine karyotyping and CGH experiments. Ultimately, 

high-throughput and reduced cost in sequencing techniques for individual genome 

sequencing could provide more complete knowledge of the catalogue of genetic risk 

factors in schizophrenia. Such techniques will also generate comprehensive genetic 

information on an individual basis for genetic testing for disease diagnosis and 

prevention. 

Regarding CNV-based treatment of schizophrenia, multiple biological pathways, such as 

those involved in neuroligin-neurexin or neuregulin-ErRb signalling in the synapse, have 

started to emerge from recent CNV studies (reviewed in section 1.6). Some components 

of these signalling pathways are also known drug targets (Marchionni et al. 1996; Wang 

et al. 2008). Integrating current and future findings of CNVs into pharmacology could 
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rapidly progress the development of novel therapeutic strategies to treat psychiatric 

disorders.  
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7.4 Thesis Summary 

This dissertation describes a multi-faceted study of copy number variants in 

schizophrenia, mainly based on array CGH platforms. In chapter 3 we presented a 

number of familial cases with schizophrenia and other psychiatric illnesses, and 

illustrated the search for CNVs carried by all affected members within family. Two rare 

CNV candidates were described, one on 1p36 with partial duplication of H6PD and 

SPSB1, and the other an intronic deletion on 7p12 within ABCA13. These two rare 

CNVs segregate with disease and could possibly play a role in disease pathogenesis. 

Extensive characterization of the 1p36 duplication revealed an interesting genetic 

architecture at the CNV breakpoints.  

In chapter 4, we described a case-control population-based CNV study in schizophrenia. 

91 patients and 92 ethnically matched controls were inspected for CNVs using WGTP 

BAC array. Subsets of CNVs were validated by qPCR and SNP genotyping CNV data. 

Based on previous literature establishing a role of rare variants in schizophrenia, we 

identified a number of rare variants specific to the disease cohorts overlapping plausible 

disease candidate genes. We also replicated the finding of the 15q11.2 novel 

schizophrenia-associated deletion as described by Steffanson et al.. Extending the 

findings into a larger CNV dataset, we explored the presence of recurrent CNVs as 

disease-causing candidates in schizophrenia. Of particular interest was the observation 

that multiple schizophrenia-specific rare CNVs overlap with candidate genes for various 

psychiatric disorders. 

In the second half of Chapter 4 we presented an investigation of common copy number 

polymorphisms and schizophrenia. 31 out of 577 “genotypable” CNVs reported 

significant differences in genotype distributions between cases and controls. We further 
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genotyped two of these CNPs, a deletion 5’ of CHL1, and a deletion spanning 

CHRFAM7A, by PCR-based strategies. Both candidates have significant links to 

schizophrenia with evidence from the literature. Neither candidate revealed a statistically 

significant bias in the extended case/control cohort of ~300+300. The two candidates 

and the genotyping experiments were described in Chapter 5.  

Finally in Chapter 6, we targeted a set of functionally important molecules, the NMDA-

receptor complex (NRC/MASC) in the post-synaptic density of neurons. Among the 183 

NRC/MASC genes, we identified CNVs in 20 of these cognitive and behaviour-related 

genes in normal HapMap individuals. These copy number variants may confer a 

phenotypic effect on normal individuals by modulating synaptic functions through the 

NRC complex. Copy number variants near the NSF gene in 17q21 were further 

characterized. The two CNV blocks showed unusual population bias, and we identified a 

new European-specific H1 haplotypes with potential evolutionary significance. 
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7.5 Future Direction 

The identification of CNVs as risk loci has provided a glimpse of the biological basis of 

schizophrenia. Looking forward, CNVs are just in the initial step of our understanding of 

schizophrenia genetics. Other independent risk factors in schizophrenia, including those 

that are genetic (SNPs, INDELs, and other structural variants such as inversions and 

translocations), epigenetic, environmental or stochastic, are all part of the 

comprehensive picture of this complex psychiatric illness. In addition, the same genetic 

locus may harbour multiple allelic variants of different types, further complicating the 

issue. The genetic architecture of schizophrenia, taking into account the number of 

variants at a given disease locus, their frequencies, and the penetrance of the genotype 

combinations, will add another layer of complexity to our comprehension of this disease  

(Pritchard and Cox 2002) (Figure 7.1). 

Improvement of genomic technologies – in particular more accurate, higher-resolution 

and higher-throughput CNV detection platforms as well as advancement in sequencing 

technologies - will facilitate the search of such schizophrenia risk factors in a near future. 

New bioinformatic tools for CNV analysis will also be indispensable. Better algorithms for 

CNV detection and genotyping are needed (McCarroll and Altshuler 2007; Barnes et al. 

2008; Ionita-Laza et al. 2008a), together with improved statistical methods to look for 

disease association (McCarroll and Altshuler 2007). Databases for CNV information will 

also be important in providing baseline comparison as the field is awash in CNV 

discoveries. For instance, the Database of Genomic Variants (DGV; 

http://projects.tcag.ca/variation/) and DECIPHER (DatabasE of Chromosomal Imbalance 

and Phenotype in Humans using Ensembl Resources; https://decipher.sanger.ac.uk/) 

are two public repositories collating CNV discoveries in normal and affected individuals 



247 

 

respectively. Databases dedicated to schizophrenia CNVs, such as one analogous to 

the Autism Chromosome Rearrangement Database (http://projects.tcag.ca/autism/), will 

also be valuable to the schizophrenia research and clinical community.    

 

 

 

Figure 7.1 Identification of CNVs as disease risk loci for further 

characterization.  
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Finally, genetic studies alone are not sufficient to unravel such a complex human trait as 

schizophrenia. Multiple parallel approaches, including system biology, neuroscience and 

animal models, will benefit from the results of CNV investigations to deliver more 

valuable insights into schizophrenia. Candidate genes identified in CNV studies 

described in this thesis or in literature are prime candidates to be tested in animal 

models to assess behaviour and cognitive phenotypes, for example, or in neuronal cell 

cultures to confirm electrophysiological and neurological relevance. As such, the work 

described in this dissertation is part of the Genes2Cognition Program 

(http://www.genes2cognition.org/), and CNV findings described herein will be further 

investigated within the integrated, multi-faceted research program (Grant 2003; Croning 

et al. 2008). 
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Appendix B 

ABCA13 Custom Designed Oligonucleotide Array Validation 

To identify copy number changes at the ABCA13 region in families with schizophrenia, 

we designed a custom oligo array (Agilent Technologies) with 34,036 probes covering a 

1.5-Mb interval at chromosome 7p12 spanning ABCA13. Validation experiments were 

performed to assess the probe dose response on the custom array by hybridising a 

series of 1x, 2x, 3x and 4x reference DNA (labelled in Cy5) against 1x reference DNA 

(labelled in Cy3). The expected log2ratio of each probe would be at 0, 1, 1.58 and 2 for 

the 4 experiments (corresponding to the 1x: 2x: 3x: 4x dosage). Analysis shows that 

majority of the oligo probes fall on the dosage response curves for the expected labelled 

DNA amount (Figure AI.1) 
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Figure B-1 Dose response of the custom ABCA13 oligo array. a) A series of 

experiment were performed with 1x (blue), 2x (yellow), 3x (green) and 4x (red) reference 

DNA hybridised against 1x reference DNA. The expected log2ratio of each probe for the 

4 experiments would be 0, 1, 1.58 and 2 respectively. The dose response for the 

majority of probes falls on the expected values. (x-axis: log2ratio, y-axis: genomic 

coordinates of the probes) b) Best-fit linear regression lines were generated for the 

expected and actual dosage response. The red line represents the expected fit. The 

actual fit for each probe is shown in black, and the median best-fit linear regression line 

for all probes is shown in green. The actual median fit (green) is close to the expected fit 

(red). 
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Appendix C 

Whole Genome Tiling Path (WGTP) Array Quality Control 

C1 Data Normalization 

Data normalization, which includes background subtraction and spatial normalization, 

were performed as previously described (Fiegler et al. 2006, Redon et al. 2006). Some 

array profiles in our dataset demonstrated genomic “waves” in the signal intensities, a 

phenomenon which appeared to be a general feature of array CGH datasets (Marioni et 

al. 2007). One characteristic of these “waves” were their correlation to GC content of the 

array probes. All array profiles were therefore GC-normalized: the log2ratio of each 

clone in every sample is normalized against the GC content of the BAC clone using a 

custom PERL script (developed by Dr Richard Redon and Armand Valsesia).  

C2 Clone Filtering 

Each WGTP array constructed at the Sanger Institute is spotted with 29043 large insert 

clones from the “Golden Path” library (Fiegler et al., 2006). To eliminate possible 

artefacts due to individual clones, the following inspection and filtering steps were taken.  

C2.1 Inconsistent and frequently excluded clones 

Clones that showed poor morphology, spot intensities or low signal to background noise 

in individual experiment, or behaved inconsistently between dye swap experiments of a 

given sample, would be flagged as being excluded from the analysis of that DNA sample. 

Clones that were frequently excluded (in >75% DNA samples in both case and control 

cohorts) were subsequently filtered from the CNV dataset. 93 clones were filtered based 

on this criterion.  

C2.2 Autosomal clones with homology to X/Y chromosome 
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Autosomal clones that have homology to either sex chromosome would give variable 

log2 signal ratios depending on whether hybridisations were performed with a male or 

female test DNA. These “pseudo-X/Y clones” were detected using a custom R script 

based on the difference between the average log2ratio of all female versus male test 

DNA hybridisations (see Fig C-1). 100 clones with a difference of >0.1 between average 

male and female log2ratio were excluded using this criterion. Examples of the 

histograms of two removed clones are shown in Fig C-1b.  
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Fig C-1 Autosomal clones with homology to X/Y chromosomes. Autosomal clones 

with homology to X/Y chromosomes were detected using the average log2ratio values of 

all female versus all male test DNA experiments. (a) A plot of the average female 

log2ratio against the average male log2ratio for all clones. Majority of the autosomal 

clones lie on the x=y line (blue line). Clones above this line are X-chromosome clones or 

pseudo-X autosomal clones (filtered). Clones below this line are Y-chromosome clones 

or pseudo-Y autosomal clones (filtered). (b) Histograms of two filtered autosomal clones. 

i) a pseudo-X clone Chr2tp-28H7 and ii) a pseudo-Y clone Chr4-32K-2P15 (top panel: 

experiments from male DNAs, bottom panel: experiments from female DNAs) 
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 C2.3 Artefacts due to hybridisation date 

Clones were inspected with respect to the dates of hybridisation to detect artefacts due 

to environmental factors (e.g. variations in array batch used, ozone level and humidity 

level).  When a set of clones with such artefact pattern was detected, the remaining 

29,043 clones were screened by means of Pearson correlation coefficients to check for 

similar artefact patterns. A list of 110 clones showing two systematic date-specific 

artefact patterns were removed from further analysis (Figure C-2).  

 

Fig C-2   BAC clones showing systematic date-specific artefact patterns. Two 

systematic date-specific artefact patterns were detected. Each plot shows clone 

log2ratio fluorescence signal against the DNA sample sorted by dates of hybridisation. (a) 

Hybridisations carried out prior to 05-Jul-2007 compared to those after 05-Jul-2007 i) 

Chr5-32K-1K4, ii) Chr5tp-1C1 and iii) Chr17tp-7C3). (b) Hybridisations carried out on 

Jun-20-2007 & June-21-2007 compared to the rest of hybridisations i) Chr1tp-8A5, ii) 

Chr12tp-17A5 and iii) Chr20tp-6A8).  

C2.4 Sex chromosome artefacts in male Lothian Birth Control Samples 
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23 samples from the Lothian Birth Control (LBC) cohort demonstrated a mosaic Y 

chromosome pattern, such that clones on Y chromosome exhibited lower log2ratio 

fluorescence signal than in a typical male DNA sample hybridisation. These 

chromosomal artefacts may be due to Y chromosome loss from the LBC subjects, who 

were at relatively advanced age (~90 years old) at the time of DNA extraction. All non-

autosomal clones were removed from these 23 LBC male samples from further analysis. 
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Appendix D 

WGTP Array Supplementary Tables and Figures 

Table D-1  Number and types of CNVs (Gain/ Loss) per DNA sample.  

(a) SCZ samples (n=91) and (b) LBC samples (n=92)  

a) 

SCZ Sample Gain Loss Total

211 29 22 51

220 27 17 44

241 20 13 33

297 42 21 63

302 56 24 80

323 31 37 68

358 34 17 51

385 55 45 100

513 52 31 83

621 36 39 75

665 27 14 41

850 33 16 49

899 36 26 62

1085 33 19 52

1278 54 24 78

1295 26 19 45

1784 28 26 54

3071 58 41 99

3138 41 30 71

3141 48 44 92

3198 33 16 49

3199 47 24 71

3333 36 37 73

3341 27 18 45

3377 34 23 57

3409 24 20 44

3443 44 33 77

3503 45 26 71

3559 53 41 94

3572 34 23 57

3581 51 37 88

3584 45 19 64

3594 28 15 43

3652 39 33 72

3661 33 26 59

3703 30 13 43

3751 54 28 82

3766 31 19 50

3776 24 43 67

3789 54 35 89

3802 41 21 62

3812 57 23 80

3815 47 28 75

3857 46 38 84

3931 54 17 71

3945 24 25 49

3975 36 12 48

3976 27 13 40

4042 44 25 69

4100 40 36 76

4101 36 22 58

4111 48 31 79

4160 46 31 77

4179 27 14 41

4203 43 27 70

4355 43 30 73

4398 37 38 75

4495 37 36 73

4710 42 28 70

4716 51 33 84

4748 54 22 76

4773 47 19 66

5307 34 26 60

5324 57 24 81

5379 41 20 61

5386 55 40 95

5390 65 30 95

5446 46 24 70

5467 48 41 89

5541 24 20 44

5562 20 18 38

5587 41 39 80

5660 61 22 83

5758 50 30 80

5792 29 15 44

6273 59 32 91

6276 26 14 40

6289 73 34 107

6596 29 17 46

6626 53 46 99

6634 41 32 73

6638 32 25 57

6667 33 16 49

6744 39 20 59

7019 32 22 54

7103 38 16 54

7132 35 20 55

7180 10 21 31

7183 24 18 42

7287 56 43 99

7294 40 38 78

Grand Total 3650 2386 6036  
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b) 

LBC Sample Gain Loss Total

D003 51 28 79

D007 39 29 68

D008 61 26 87

D011 56 41 97

D012 34 22 56

D015 40 12 52

D019 46 27 73

D020 41 25 66

D026 42 30 72

D027 24 27 51

D032 29 22 51

D033 58 34 92

D035 46 26 72

D045 37 36 73

D049 31 18 49

D052 31 23 54

D053 33 32 65

D055 37 16 53

D058 58 34 92

D059 47 59 106

D060 47 32 79

D062 52 33 85

D075 45 39 84

D078 56 34 90

D086 37 37 74

D088 44 20 64

D098 44 31 75

D107 56 30 86

D127 52 30 82

D158 29 17 46

D161 26 6 32

D162 28 16 44

D164 37 18 55

D168 29 18 47

D176 31 8 39

D209 34 25 59

D211 35 32 67

D220 35 39 74

D223 46 38 84

D224 45 38 83

D226 43 34 77

D234 45 28 73

D235 50 41 91

D237 54 31 85

D242 44 32 76

D244 41 15 56

D244 41 15 56

D245 25 15 40

D246 32 26 58

D255 59 45 104

D263 54 41 95

D269 43 25 68

D272 41 35 76

D283 38 33 71

D287 52 45 97

D301 41 27 68

D328 34 37 71

D331 53 22 75

D332 55 38 93

D337 51 41 92

D341 69 34 103

D357 42 27 69

D365 44 33 77

D371 35 34 69

D379 49 32 81

D390 41 29 70

D391 45 39 84

D392 47 31 78

D399 42 19 61

D402 86 34 120

D435 50 38 88

D455 66 50 116

D477 43 22 65

D485 46 47 93

D489 72 36 108

D508 44 51 95

D514 52 33 85

D515 28 24 52

D518 26 11 37

D520 18 17 35

D521 24 26 50

D522 31 30 61

D531 36 20 56

D538 37 26 63

D548 44 29 73

LBC1 23 20 43

LBC10 76 16 92

LBC2 52 34 86

LBC3 32 31 63

LBC4 28 33 61

LBC6 31 22 53

LBC8 57 17 74

LBC9 53 25 78

Grand Total 3973 2689 6662  
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Table D-2  113 Variants Specific to the SCZ Cohort 
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Table D-4  Results from qPCR Genotyping of a Candidate near CHRFAM7A 

Analysis of all qPCR experiments to determine CHRFAM7A genotypes. In each 96-well 

plate 40 samples (+2 controls) were genotyped. Fold change of all samples in the same 

experiment (sorted in ascending order) were plotted on the same graph (green dots) and 

CNV genotypes were estimated by the change of the slope of the graph.  

(o: Homozygous deletion samples; x: heterozygous deletion samples; +: duplication samples ( : 

control sample NA10851; : control sample NA12776) 
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Appendix E 

Validation of SCZ Specific CNVRs  

E1 Validation by quantitative PCR 

Ten CNV regions of various sizes and types (gains/losses, single/recurrent) were 

selected from the 113 schizophrenia cohort-specific calls for qPCR validation. Up to 

three sets of primers were designed tiling across each CNV region for qPCR. SYBR 

quantitative PCR was performed to quantify the fold change of the patient DNA against 

the reference DNA NA10851. Eight regions were validated (Table E-1). 

Table E-1 10 regions selected for CNV validation by qPCR 
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E2 validation by custom oligonucleotide CGH microarrays 

We designed a high resolution oligo array with Roche Nimblegen Inc., with a median 

probe spacing of 40 bp, to validate the presence and delineate the breakpoints of 7 CNV 

regions in the schizophrenia cohort.  

Among them were two CNVRs that failed to validate by qPCR. With oligo array data we 

confirmed the presence of the deletion on chromosome 8 at 9 Mb, and narrowed down 

the CNV to ~chr8 9.83-9.87 Mb (Figure E-2a). No obvious sign of CNV was detected 

near the duplication call on chromosome 13 at 139Mb, suggesting a false positive call 

ascertained by WGTP analysis (Figure E-2b).  

Furthermore, we confirmed the presence and resolved the boundary of another 3 

CNVRs at 86-87Mb on chromosome3 (Figure E-3a), at 61 Mb on chromosome5: (Figure 

E-3b) and at 137 Mb on chromosome9 (Figure E-3c). WGTP array data suggested that 

these regions overlap the candidate genes chromatin modifying protein 2B (CHMP2B), 

kinesin heavy chain member 2 (KIF2A) and olfactomedin 1 (OLFM1), respectively. In 

each of these 3 cases, oligo array CGH validated the CNV regions, but restricted CNV 

locations to intervals either upstream or downstream of the mentioned genes. 

The oligo array also indicates that two recurrent CNVRs detected on WGTP were likely 

false positive events. The former is a CNV in sample 5390 at chr14:103Mb overlapping 

the gene kinesin family member 26A (KIF26A), and the latter is in sample 4179 at 

chr20:44Mb spanning cadherin 22 precursor (CDH22) (data not shown). We cannot 

confirm whether the other affected DNA samples with CNV calls on WGTP carried any 

change at these loci.  
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Figure E-2 Oligonucleotide array CGH validation of 2 CNV regions that previously 

failed to validate with qPCR. a) (i) The deletion at chr8:9Mb detected in sample 5398 

was confirmed by oligo array CGH, with the CNV boundaries resolved. (ii) Results from 

5 hybridization experiments on the oligo array revealed the expected deletion in sample 

5398 (green arrow, hybridized as reference). b) The duplication call at chr3:139Mb 

showed no sign of CNV on the five pairs of DNA hybridized. (red filled block: CNV region 

as determined by WGTP array; red unfilled box: the expected CNV determined by oligo 

array; green arrows: pair of DNA samples we expected to see the CNV) 



302 

 

 

 (Figure E-3 to be continued) 



303 

 

 

 (Figure E-3  to be continued) 
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Figure E-3 Three CNVs confirmed by oligo array CGH.  

a) A duplication (sample 5386, hybridized as reference) at chr3 86-87 Mb was validated. 

CNV boundaries were refined to ~chr3 87.00-87.06 Mb b) A deletion (sample 5386, 

hybridized as reference) at chr5 61 Mb was validated. CNV boundaries were refined to 

~chr5 61.55-61.58 Mb c) A duplication (sample 4179, hybridized as reference) at chr9 

137 Mb was validated.CNV boundaries were refined to ~chr9 137.28-137.45 Mb  

(red or green solid box: CNV region as determined by WGTP array; red unfilled box: 

expected CNV determined by oligo array; green arrows: pair of DNA samples expected 

to display the CNV) 
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