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ABSTRACT

Schizophrenia (MIM 181500) is a complex and devastating human disease that
affects greater than 1% of the population (Huxley et al., 1964). The disease has a
heritability of 80%, but a concordance rate in monozygotic (MZ) twins of only 48%
(Gottesman, 1991). This suggests a role for both genetics and random/environmental
factors in the etiology of this complex disorder (Singh er al., 2009). Copy Number
Variation (CNV) is now a known candidate for disease associated variation in humans.
CNVs have been identified as a common feature covering 12% of the genome in normal,
healthy individuals (Feuk ef al., 2006; Redon et al., 2006). Although little is known about
the causes and consequences of this common genomic phenomenon, CNVs represent
causal mutational events in any study of genetic causes of complex diseases. This study
focuses on monozygotic twins who represent the best possible genetic match, but are
discordant for the disease; this approach allows for a significant reduction of disease
heterogeneity. A genome wide analysis of copy number variation on three pairs of
monozygotic twins was performed using the Affymetrix Human Array 6.0. The results
show that they differ significantly in variation profile and that the affected member of
each twin pair had a significantly higher number of CNV when compared to their
unaffected co-twin (p=0.01). In addition, a set of five de novo CNV’s were found to be
shared in all three unrelated patients. These regions contain genes, many of which play a
role in neurodevelopment and have the potential to cause schizophrenia pathogenesis.

The results support a role for de novo CNVs in the etiology of schizophrenia.

Keywords: copy number variations, schizophrenia, replication error, complex disease,

discordance, monozygotic twins
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CHAPTER 1: INTRODUCTION

1.1 Schizophrenia

Schizophrenia (MIM 181500) is the most serious and debilitating of the functional
mental illnesses and affects approximately 1% of the population (Huxley ez al., 1964).
Schizophrenia has serious individual, family and societal burdens (Singh er al., 2009).
The onset of symptoms typically occurs in late adolescence to early adulthood though
cases of child-onset schizophrenia are also frequent (Delisi, 2009). Schizophrenia is
categorized by major impairments in both the perception and expression of reality
(Andreasen, 1995). The disease presents with significant heterogeneity across patients
and variability in both presentation and classification of the disease is common.
Schizophrenia concordance rates for monozygotic twins average 48% while concordance
rates for dizygotic twins average 17% (Gottesman, 1991; McGuffin et al., 1994). There
is no cure for schizophrenia though treatment often includes a combination of
antipsychotic medications, cognitive therapy, daily support and social skills training.
Approximately 10% of schizophrenic patients eventually die from suicide (Pompili ef al.,
2007). Schizophrenia is a major burden on society, with over 230,000 patients diagnosed
in one year in Canada (Goeree et al., 2005). In addition to this, schizophrenia cost $2.02
billion in direct costs in 2004 alone, in Canada (Goeree et al., 2005). Diagnosis takes
place using the Diagnostic and Statistical Manual of Mental Disorders [V, Text Revision
(DSMV IV-TR). According to the DSMV-IV, to be diagnosed with schizophrenia, a

person must display:

a. Characteristic Symptoms: Two or more of the following each present for a
significant portion of time during a one-month period: delusions, hallucinations,
disorganized speech, grossly disorganized behaviour or catatonic behaviour and

negative symptoms.




b. Soacial/Occupational Dysfunction: For a significant portion of time since the

onset of the disturbance, one or more major areas of functioning such as work,

interpersonal relations or self care are below the level achieved prior to the onset.

c. Duration: Continuous signs of the disturbance persist for at least six months.

1.2 Schizophrenia Development

There are two schools of thought with regard to schizophrenia development. The first
is a neurodegenerative hypothesis and the second is a neurodevelopmental hypothesis, the
latter claims that the brain does not develop properly from conception (Singh e al.,
2004). The neurodevelopmental hypothesis has, on a whole, received more support from

the scientific community.

1.3 Schizophrenia Genetics

Schizophrenia onset typically occurs during adolescence or early adulthood.
Environmental factors affecting the disease include maternal malnutrition, viral
infections, birth complications, urban/rural living, poverty, winter/spring births as well as
many more (Jablensky et al., 2000; Mednick er al., 1988; Torrey et al., 1977). However,
the effect of each individual environmental factor appears to be quite small.
Physiologically, studies have shown that there is a significant decrease in ventricle size in
the brains of affected individuals. In addition to this, schizophrenic patients show whole

brain volume reductions of approximately 3% (Keshavan et al., 2007).

Schizophrenia has a heritability estimate of 80% (Sullivan, 2008). It is therefore
likely that inheritance is of a genetic predisposition, rather than the disease itself; with
environmental factors playing a major role. Figure 1 shows the risk of developing
schizophrenia based on relation to an affected patient. The risk of developing the disease
increases with increasing genetic relatedness to an affected schizophrenic patient. It is
clear however that genetic relatedness alone does not account for the full picture, if it did,
we would expect monozygotic twins to be 100% concordant. Currently, the Schizogene

online database of schizophrenia candidate genes lists over 1000 genetic studies




performed in the search of schizophrenia genes (Accessed June 2009). Through accepted
observations of clinicians, we can say that schizophrenia appears to cluster in some
families and be of a sporadic occurrence in other families (Delisi, 2009). Familial and
sporadic schizophrenia are very similar and no consistent differences are seen between

the two.

A scientific approach that takes into account many genes-of small effect will allow us
to explain both the non-Mendelian pattern of inheritance seen in the disease and the
variability in presentation of symptoms and penetrance (Freedman ef al., 2001; Gershon,
2000; Gottesman et al., 1967). The difficulty in the quest to unravel complex disorders
calls for a need to reconsider our previous models and approaches. Solving the
schizophrenia puzzle will require an interdisciplinary approach as well as advanced
genetic techniques. There is a large body of evidence to support a significant role for

genetics in schizophrenia, including the clustering of the disease in some families.

The search for a schizophrenia gene or set of genes has been the current focus of
schizophrenia research. These efforts have largely focused on linkage and association
studies across the genome. Although a large number of genomic regions have been
identified which include genes of interest to the disorder, issues of reproducibility have
hampered the contribution of these studies. Despite the collective efforts of many years of
research, no single gene or set of genes can currently be viewed as the cause of
schizophrenia despite the fact that almost every chromosome arm has a reported linkage
to schizophrenia (DeLisi, 2000). The search for the underlying causes of schizophrenia
remains a distinct challenge of medical science and much larger numbers of patients and

controls may be needed to produce more effective results.
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1.4 Copy Number Variation

Structural variants are the middle ground between small variants like SNPs
(Single Nucleotide Polymorphisms) and large chromosomal variants that can be
recognized on Karyotypes (Scherer et al., 2007). This variation includes large insertions,
duplications and deletions of DNA, collectively termed Copy Number Variants (CNV)
(Sebat et al., 2007). A CNV therefore, can be defined as a piece of DNA, longer than 1
kb, with a variable copy number as compared to a reference genome (Feuk et al., 2006).
Two landmark studies by Sebat er al. and lafrate ef a/. in 2004 laid the groundwork for
further characterization of copy number variants (lafrate et al., 2004; Sebat ef al., 2004).
CNVs are distributed across the genomic landscape, covering greater than 12% of the
human genome in individuals with no obvious disease phenotype (Zogopoulos ef al.,
2007). A copy number polymorphism (CNP) is a CNV that occurs in more than 1% of
the population (Scherer et al., 2007). Over 77% of copy number variants are predicted to
include genes (Graubert et al., 2007). The presence of large structural variants in the
human genome challenges the notion that the diploid state represents a normal copy

number for all regions of DNA present in the human genome (Zogopoulos et al., 2007).

Copy Number Variation is now a well established cause of rare genomic disorders
(Freeman et al., 2006). CNV is now thought to have an effect in cancer (La Starza et al.,
2007), mental retardation (Sharp et al., 2006) and neurological disorders (Lee et al.,
2006). It has been reported that a high frequency of de novo copy number variation is
significantly associated with Autism Spectrum Disorders, with CNV being identified in
10% of patients with sporadic autism (Sebat et al., 2007). In é recent study, Weiss et
al.(2008) found a recurring microdeletion and a reciprocal microduplication that appear

to explain autism susceptibility in approximately 1% of cases (Weiss et al., 2008).

CNVs may also play a role in adaptive evolution. Copy number variation of the
salivary amylase gene (AMY1) may stem from human adaptation. Subjects from
populations with high starch diets on average have more AMY1 gene copies than those
with low starch diets (Perry et al., 2007). This finding suggests a role for copy number

variation (CNV) in adaptive evolution. Copy number variation has also been associated




with a number of everyday traits in humans, including height differences (Weedon er al.,
2007). CNV may be a cause of explanation relating to both spontaneous disease and
heritable disorders whose prevalence in the population seems to defy Darwinian logic. In
theory, complex disease could be more susceptible to ‘soft’ forms of genetic variation —
such as variation in noncoding sequences and copy number changes that change gene
dosage without completely wiping out gene function (McCarroll et al., 2007). This
follows from the finding that genes involved in rapid evolution, including brain
development, appear to be enriched in CNVs (de Smith e al., 2007). It has therefore been

proposed that structural variation has become a method for our genomes to remain both

adaptable and in a state of constant flux.

Structural variants can theoretically affect phenotype through gene dosage effects,
position effects, and by deletions that allow recessive phenotypes to emerge. Copy
number variation arises both in families, as an inherited phenomenon, and in the
individual, as a result of spontaneous or de novo events. Highly distributed CNV have
already been documented in other species. Significant CNV’s have been detected and

studied in mice (Mus musculus) and in primate species such as chimpanzees (Pan

troglodytes) (Graubert et al., 2007).

There are a number of mechanisms that have been suggested to contribute to the
existence of CNVs in the genome. The current prevailing mechanism for rearrangement
is Non Allelic Homologous Recombination (NAHR) (Freeman et al., 2006). NAHR
occurs between very similar duplicated sequences and generates deletions, duplications,
inversions and translocations. CNVs have been found to occur most often in regions that
are reported to contain, or be flanked by, large homologous repeats and it is likely that
these low-copy repeats create hotspots for NAHR to occur (Freeman er al., 2006; Lupski,
2007). The second mechanism that has been implicated in the creation of copy number
variants is Non Homologous End Joining (NHEJ). NHEJ utilizes short microhomologies
to guide repair. A number of short (<6 bp) microhomologies have been found to be
overrepresented at CNV breakpoint junctions (Arlt et al, 2009). Although our

understanding of CNV is in its infancy, the origin, size, genomic locations and population




genetics of CNVs have brought new insights to the structure of the human genome and

the cause of complex diseases (Conrad et al., 2007). It is clear that the knowledge we
have about human variation to date only encompasses the first chapter of this rapidly

unravelling story.

1.4.1 Copy Number Variation and Expression
It has been reported that copy number changes explain approximately 20 per cent

of detected gene expression variation in humans (Stranger et al., 2007). In addition to
this, genome-wide expression data from six different tissues in mice showed variation in
expression of genes situated in and around CNV regions. Copy number variation gene
expression differences were found to extend up to a half megabase upstream and

downstream (Henrichsen et al., 2009).

Human monozygotic twins arise at a frequency of 1 in every 250 live births. The
use of twins in this study helps to significantly reduce patient heterogeneity and are
therefore of special interest to genetic research (Singh ez al., 2002). At the outset of this
research, the CNV profiles of monozygotic twins was not known. Bruder et al. (2008)
published a study on 19 pairs of concordant and discordant monozygotic twins, which
showed copy number variation within pairs of both groups (Bruder et al., 2008). This
research follows that of Fraga et al. (2005) which showed that as monozygotic twins age,

the number of epigenetic differences between them increases (Fraga e al., 2005).

1.5 Schizophrenia and Copy Number Variation

Recently, a number of de novo copy number mutations have been found to be risk
factors for sporadic cases of childhood neurodevelopmental disorders, including autism
(Marshall et al., 2008; Sebat er al., 2007). This recent success has led researchers to
believe that copy number variation may be involved in the etiology of schizophrenia; also
a neurodevelopmental disorder. In addition to the similarities between these two
disorders, schizophrenia is marked by gene expression changes and these types of
changes may arise as a result of copy number variation (Mclnnes ef al., 2006; Mirnics ef

al., 2606; Tsankova et al., 2007; Verveer et al., 2007). Furthermore, the limited success




in identifying genetic modifiers of schizophrenia necessitates both novel approaches and

innovative hypotheses.

Copy Number Variation studies have been a recent focus in the field of
schizophrenia genetics. Three independent groups recently performed major genome-
wide searches for CNV differences. The most notable result of these studies was two
copy number variants, 1q21.1 and 15q13.3, which showed associated deletions in two
independent studies  (Stefansson et al., 2008; The International Schizophrenia

Consortium et al., 2008) A summary of three major studies is provided below:

Stefansson et al.(2008): 1,433 patients with schizophrenia, 33,250 controls. Patients
were from England, Finland, Germany, Iceland, Italy and Scotland. Results: Deletions at
chromosome 1¢21.1, 15q11.2 and 15q13.3 were highly associated with schizophrenia
(Stefansson et al., 2008).

The International Schizophrenia Consortium (2008): 3,391 patients, 3,181 ancestry
matched controls. Patients were from Bulgaria, England, Ireland, Portugal (Azores),
Scotland and Sweden. Results: 1.15 x increase in CNV in schizophrenic patients (>100
kb CNVs). 1q21.1 and 15q13.3 were associated with schizophrenia (The International

Schizophrenia Consortium et al., 2008).

Walsh et al.(2008): 150 patients with schizophrenia, 268 ancestrally matched controls.
Patients were from USA only. Results: Novel deletions and duplications present in 15%
of adult and 20% of childhood onset schizophrenia (COS) patients versus 5% of controls.
In childhood onset schizophrenia patients only, 2q31.2, 2p16.3 (NRXNI1 gene), and
16p11.2 were associated with the disease. In addition, the genes found to be in the copy
number variable regions were significantly overrepresented by neurodevelopmental genes

(Walsh et al., 2008).

In addition to these studies, Xu et al.(2008) published a ground breaking study in
which de novo CNVs were found to be approximately 8 times higher in patients with

sporadic schizophrenia when compared with unaffected controls (Xu et al., 2008). This




finding lays claim to the possibility that rare mutations may contribute to the etiology of
schizophrenia and that multiple rare mutations at many different loci could be responsible

for the high level of heterogeneity seen in the disease.

In July 2009, three papers published by separate groups in the journal Nature
concluded that thousands of alleles of very small effect size likely contribute to disease
pathology in schizophrenia (Shi et al., 2009; Stefansson et al., 2009; The International
Schizophrenia Consortium et al., 2009). One of these groups, Shi et al. (2009) performed
a meta-analysis of over 8,000 cases and 19,000 controls (Shi et al., 2009). This study

represents the largest sample size used to-date in a schizophrenia study of its kind.

1.6 Hap Map Control Samples

The Hap Map samples, which were used as a control group in this study, are the result
of an international effort to identify human haplotypes and find a standard set of common
allele SNPs from hea’lthy, normal individuals. The project is a partnership of researchers
from Canada, China, Japan, Nigeria, the United Kingdom and the United States. The goal

is a public resource which will help scientists find genes associated with human disease.
The Hap Map 270 samples include:

30 CEPH trios (Caucasians)
30 Yoruban trios

45 unrelated Han Chinese

45 unrelated Japanese samples

1.7 Database of Genomic Variants

DNA can vary widely and several extra copies of genes can exist or be missing
completely in healthy individuals. The Database of Genomic Variants is an effort by The
Center for Applied Genomics (TCAG) (Toronto, Canada) to provide a complete record of
the structural variation found in normal, healthy humans
(http://projects.tcag.csa/variation/) (lafrate et al., 2004). Variation in the database

includes any reported segments that are larger than lkb. The database serves as a
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representation of variation in healthy control samples for use in any genetic study. A
CNV in the database can be assumed to be non-pathogenic and therefore is not reported
as novel variation in a discovery or association study, including this study. The number of
CNVs currently listed in the Database of Genomic Variants is well over 31,000 (May
2009) (lafrate et al., 2004). This number can be contrasted to the number of variants in
the database in May of 2008, which was just over 11,000
(http://projects.tcag.ca/variation/). It is clear that we have only touched the surface when

it comes to a full understanding of the copy number variation found in healthy adults.

1.8 Hypothesis
Copy number variation (CNV) is involved in the causation of schizophrenia.
Copy number differences in monozygotic twins discordant for schizophrenia will identify

the best potential regions for schizophrenia contributing loci.

1.9 Objectives

i bldentify CNV differences between MZ twin pairs discordant for schizophrenia
using Affymetrix’s Human SNP Array 6.0. The use of twins addresses the issue
of heterogeneity in schizophrenia patients allowing us to reduce inter-individual
variability.

ii.  Analyze chip data using Affymetrix Genotyping Console and Partek Genomics
Suite. Compare SNP 6.0 hybridizations with 270 Hap Map Samples (Chip data
provided by Affymetrix) and >25,000 CNVs catalogued in the Database of
Genomic Variants.

iili.  Characterization of CNVs based on potential involvement in schizophrenia, with
genomic location and function to provide “pathogenic clues”.

iv.  Confirm CNVs that are novel (not identified as a CNV in the normal population
by the Database of Genomic Variants and not found in 270 Hap Map samples)
and shared (among affected twins) using Real Time PCR.
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CHAPTER 2: MATERIALS AND METHODS

2. 1 Ethics Review

This research was undertaken following approval from the Research Ethics Board

of The University of Western Ontario (Appendix A).

2.2 Collection of Monozygotic Discordant Patients

Through the assistance of Dr. Richard O’Reilly, Regional Mental Health Care,
London, ON, our lab acquired whole blood samples from three pairs of monozygotic
twins discordant for the schizophrenia phenotype and two 22qll deletion syndrome
experimental controls. Deletion syndrome patients were used as experimental controls
because they provided the best possible way to assess known copy number variation. This
allowed for direct evaluation of our experimental design. Dr. O’Reilly received consent
from the individuals and was also the physician responsible for the diagnosis of each
patient using DSM-1V criteria. Whole blood samples were collected and immediately

stored at -80°C.

2.2.1 Sample Biographies

- Twin Pair 01: Female. 11 years passed between diagnosis and sample collection.
The twins were firstborn children to a 21 year old woman, the twins were born
vaginally 23 minutes apart. The unaffected twin was born normally while the
affected twin was born breeched. Both twins were significantly underweight and
were therefore kept in the hospital until they gained enough weight to go home.
The affected twin has separately been diagnosed with both hypoglycaemia and
hypothyroidism, for which she took Synthroid but was not taking the drug during
the time of sample collection. The affected patient of this twin pair was said to
have been “almost always 2 to 6 weeks behind” the development of her identical
twin. Family history is negative for psychiatric disorders with the exception of
one second degree relative treated for a crisis-induced brief, but severe,

depression. Approximately 6 months prior to onset of her illness, the affected
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twin’s family recalls occasional unusual behaviour including irrational fears and
premonitions and complaints of headaches.

Affected Twin 01 Disease Presentation: Presentation of the disease begun with
inappropriate giggling and bizarre behaviour as well as very awkward posturing
and mute behaviour. She was also noted to be withdrawn and suspicious with
suicidal ideation. Initial diagnosis was catatonic schizophrenia with paranoid
features. She suffered from visual, auditory, and somatic hallucinations,
incoherent speech, confusion, flat affect and grossly agitated/bizarre behaviour
and was treated with antipsychotics (IM Prolixin at the time of testing). The
affected twin was hospitalized on many occasions. (Dr. O’Reilly, RMHC
London).

Twin Pair 02: Male. 18 years passed between diagnosis and sample collection.
The twins were the second and third born children to a 26 year old mother
following a normal, full term pregnancy. The twins were both born breech 4
minutes apart. Developmental milestones seemed to be both on time and
consistent for both twins. Both twins were noted to have bilateral inguinal hernias
as infants although surgery was only necessary on the affected schizophrenic
twin; the surgery occurred at age 1. Family history is positive for alcoholism and
a genetic metabolic disease in a primary relative. Approximately six months prior
-to his 21* birthday the affected twin started to show symptoms of his illness. It is
of note that the well twin had more birth trauma, had history of a head injury and
abused street drugs more heavily.

Affected Twin 02 Disease Presentation: Symptoms began with an episode of
mutism with catatonic behaviour. He was hospitalized on many occasions after
being diagnosed with catatonic schizophrenia. He was prescribed antipsychotic
medications to control the symptoms. He suffered from paranoid and bizarre
delusions, loose associations, delusional thinking, auditory and visual

hallucinations and flattened affect. (Dr. O’Reilly, RMHC London)

L ——— T ...

PSR

o a— — —— T———... ]




13

Twin Pair 03: Male. 25 years passed between diagnosis and sample collection.
The twins were first born children to a 22 year old woman following an
uncomplicated pregnancy. The twins were both born vertex, 8 minutes apart. For
both twins, developmental milestones were within normal limits. Family history
is negative for mental illness. As early as kindergarten, the affected twin’s teacher
noted that he could not tie his shoes, had a strange gait and was more withdrawn
than his brother. The affected twin was referred for psychological and
neurological testing. The only abnormal result was some occipital lobe trauma in
the brain scan. The affected twin was also sensitive to loud noises as a child. In
grade 4, the affected twin began having outbursts where he would “scream or cry”
in the classroom as well as trouble concentrating and a withdrawn affect. He was
treated with Dexedrine briefly (which made symptoms worse) and Dilantin
(which improved behaviour modestly) for one year. The affected twin was
involved in a physical fight at age 20 which caused brief unconsciousness, a
concussion and hospitalization. The affected twin feels that paranoid ideation
began at this point.

Affected Twin 03 Disease Presentation: At age 24, he became increasingly
paranoid and would occasionally hurt himself. At age 26, he was diagnosed with
schizophrenia. He has never been hospitalized, but has been treated with many
antipsychotic medications; of them, low dose haloperidol has been the most
successful in controlling his paranoia. His symptoms included outbursts of
screaming and crying, delusional thinking, auditory hallucinations, mildly
flattened affect. In addition to this, the affected twin reports having had a period
of depression lasting 1 year (Dr. O’Reilly, RMHC London).

Del22q11 Experimental Control 1 (Schizo 07): Confirmed 22ql1 deletion by
chromosome karyotype via FISH analysis of blood at the Regional Cytogenetics
Laboratory in London, ON. DOB: 1989/10/14. The patient presented with a

developmental delay and facial dysmorphic features as well as cardiac problems
(Dr. O’Reilly, RMHC London).
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- Del 22q11 Experimental Control 2 (Schizo 08): Confirmed 22q11 deletion by
chromosome karyotype via FISH analysis of blood at Credit Valley Hospital in
Oakville. DOB: 1985/12/27. The patient presented with odd behaviours, cranio-
facial dysmorphology and developmental disability. Strong family history of
developmental disability (Dr. O’Reilly, RMHC London).

NOTE: Patients from this study were all individuals whose permanent residency was
Southwestern Ontario. The confirmed diagnosis of schizophrenia was made by Dr.
O’Reilly (Regional Mental Health Care, London ON). Experimental controls were also
assessed by Dr. O’Reilly for both schizophrenia and related disorders. Previous twin
studies have established that the vast majority of twin pairs that become concordant for
schizophrenia will do so within 5 years of initial onset of the illness by the first affected

twin (Belmaker et al., 1974).

2.3 DNA Extraction and Quality Control

DNA was extracted using the QIAamp DNA Blood Micro Kit (Qiagen,
Mississauga) and the Archive Pure DNA Blood kit (5Prime, Germany) according to the
manufacturer’s instructions (Extraction ratio: 75uL. whole blood to every 25uL buffer).

Both kits are optimized for the purification of genomic DNA from small volumes of

blood.

Polymerase Chain Reaction: 30 cycles
Reaction Setup:

- Buffer 2.5 pL

- MgCl; 1 pL

- Taq0.15 pL (added last)

- D2-TIA Primers 0.5 pL each
- dNTPO.1 pL

- DNA template 1 uL

- dH;0 19.25 uL
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Cycling Conditions:

- 94°C 4 min

- 95°C for 30, 60°C for 30, 72°C for 30’

- 72°C for 7 minutes

Quantity of DNA was checked using a spectrophotometer; quality of DNA was
assessed by 260/280 calculations. A 6% polyacrylamide gel was also used to check
quality of isolated DNA.

2.4 Hybridization of genomic DNA to Affymetrix Human SNP 6.0

All 8 extracted genomic DNA samples were hybridized to the Affymetrix Human
SNP 6.0 (Santa Clara, CA) at The Center for Applied Genomics (TCAG) in Toronto, ON

with the assistance of Dr. Steve Scherer and his team according to Affymetrix’s protocol.

In addition, the DNA from 270 HapMap Samples used in this study were hybridized
by Affymetrix to the Affymetrix Human SNP 6.0 Chip (Santa Clara, CA) and subsequent

data files were provided free of charge to our lab for use in this study.

2.4.1 Choice of Platform

The Affymetrix Human SNP 6.0 Microarray was chosen for this study. This chip is
currently the most comprehensive chip available in the field. The average number of
CNVs identified per genome is 2-25 when using the 5.0 SNP array, 30-100 when using
the Illumina 1M array and 50-150 when using the Affymetrix 6.0 platform.

The use of Single Nucleotide Polymorphisms to assess copy number variants is
efficient because more is known about SNPs and they are easier to classify and work with
than copy number variants. In the presence of copy number variability in a genome,
individuals may theoretically harbour any number of copies of two or more SNP alleles if

the CNV overlaps it.

2.4.2 Affymetrix Human SNP 6.0
The Affymetrix Human SNP 6.0 Array is a high density array with a median

intermarker distance of less than 700 bases. The chip includes 1.8 million markers for
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genetic variation and therefore represents more genetic variation on a single array than
ever before. The chip includes 906,600 SNP probes and 946,000 CNV probes. Of the
copy number variation probes on the chip, 202,000 target known regions of variation
from the Database of Genomic Variants (Toronto, ON). One majbr advantage to the use
of the SNP 6.0 chip is the identification of accurate breakpoints. Each SNP or CNV on
the chi-p is assessed using a perfect match (PM) method and 4 probes per SNP are present

on the array.

The Affymetrix Human SNP 6.0 Array requires a minimum concentration of 50 ng/pl
of genomic DNA per chip. Genomic DNA is first digested with Nsp and Sty restriction
enzymes in separate reactions and ligated to adaptors that recognize the four base pair
overhangs generated by the digest. All of the fragments that result from restriction
enzyme digestion are substrates for adaptor ligation (despite the size of the fragment). A
generic primer that recognizes the adaptor sequence is then used to amplify adaptor-
ligated DNA fragments. PCR conditions are optimized to preferentially amplify only
those fragments in the size range of 200 to 1,100 base pairs. Amplification products from
each digest are pooled, the DNA is end-labelled with terminal deoxynucleotidyl
transferase and hybridized to the Genome Wide Human SNP 6.0 Array. Fluidics station
450 was used to wash and stain the array and Genechip scanner 3000 was used to scan
the samples for fluorescence. Hybridization and scanning produced .dat and .exp files for
each chip. Lastly, GeneChip Operating Software (GCOS) was used for processing and

.cel file creation. One .cel file is created for each array.

2.4.3 Copy Number Analysis

To assess and report copy number variation regions, the copy number analysis and
segment reporting tool in Affymetrix Genotyping Console 2.1 was used. In addition,
Partek Genomics Suite was used to confirm the results found using Genotyping Console
2.1. Reference copy number state was assumed to be 2, except for the Y chromosome

where the copy number reference state used was [.
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Affymetrix Genotyping Console 2.1 analysis thresholds:

Reported CNV regions were a minimum of 100 kb in length
Regions had a minimum of 10 probes/segment

Use of Birdseed V2 Genotyping

Hidden Markov Model (HMM) to calculate copy number statistics
CN State: 0, 1, 2, 3, 4+

Prior probabilities: 0.2

Beta: .001

Alpha 0.01

Smoothing: log 2 ratio

Quantile normalization was used, which seeks to help overcome
technical variance in microarray studies in order to maximize the
detection of biological variance. Array hybridization data was
adjusted for GC content, fragment length and probe sequence.

(Quantile normalization is the standard for association studies)

Partek Genomics Suite analysis thresholds:

Reported CNV regions were a minimum of 100 kb in length
Regions had a minimum of 10 probes/segment

Max probability: 0.95

Genomic Decay: 0

Sigma: |

Library files (which contain information about the probe array design, layout, probe

use and content as well as scanning parameters), reference model file and browser

annotation files were provided by Affymetrix and downloaded from www.affymetrix.org.

S . e i 4
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Copy number variation analysis workflow:

1. Data set addition (.cel file)
Perform quality control
Perform genotyping

Run the copy number algorithm

wok

Run the segment reporting tool (identifies copy number segments within each

sample)

Note: The copy number algorithm estimates copy number intensity for each marker (SNP

and CNV) across all samples in the batch and an added .ppw reference file.

This analysis used a reference .ppw sample set created from 270 HapMap samples
hybridized to the Affymetrix Human SNP 6.0 Array. Using the Genotyping Console 2.1
CN/LOH Reference Model File Creator a .ppw reference file was created and used in this

analysis.

2.5 Characterization of CNVs based on shared regions and potential involvement in
schizophrenia

Manually characterized results from all samples for shared regions that met all
previously identified thresholds were selected for further analysis. Novel copy number
variants that were shared by two or more affected patients were further characterized. The
known function of any genes in the shared copy number variable regions was researched.
In addition, any prior research to show involvement of the identified genes in the
pathology of schizophrenia or related disorders was used as selection criteria for more in-

depth analysis.

2.6 Real Time PCR using Applied Biosystem’s Custom Copy Number Assays
One gene from each novel and shared (between all three unrelated, affected twins)
copy number variant was assessed for copy number using Applied Biosystem’s TagMan

Gene Copy Number Assays.

——
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2.6.1 TagMan probe design
Primers and probes for selected genes in shared regions identified as potential

schizophrenia modifiers were designed using Applied Biosystem’s File Builder 3.1
(Table 1). Custom Applied Biosystems probes were found to be 100% consistent with

karyotyping by the company.

2.6.2 Real Time PCR using Applied Biosystem’s Step One Real Time PCR System
This analysis used a Comparative Cr method for Real Time PCR analysis using

the Applied Biosystem (California, USA) Step One Real-Time PCR System (48 well
platform, three colour system). Comparative Cr (AACr), collects data following each
extension step of PCR. Fluorescent ROX was used as a passive reference dye.
Fluorescent dye FAM was used to label each gene specific assay and fluorescent dye VIC
was used to label the endogenous control gene, RNAseP. Reactions were run in replicates
of four and negative controls (where H>0 replaced template) were included with each run.
Samples were run in multiplex. The Comparative Cr method determines the relative
target quantity in samples. The StepOne software records amplification of both the target
and the endogenous control in a sample and a reference sample. In our case, the
reference sample used was each affected patient’s identical twin and is used to directly
compare amplification from the sample and the reference in order to determine relative
expression values. Since the threshold cycle number (Cr) is a function of the amount of
starting template the relative amount can be used to identify the copy number (Wilke et

al., 2000).

A S, N wme
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Table 1. Forward (Fwd) and Reverse (Rev) primer sequences as well as TagMan probe
sequences for the four genes of interest. Primers and probes were designed using
Applied Biosystem’s File Builder 3.1.

Gene . FAM labelled TagMan
Primer Sequences
Name Probe Sequence
ATXN2 | FWD 5°-GCCCCGGGACCGTAT-3’ , )
REV 5’-GAGCTCTGCCGGGAGG-3’ 5-CCCTCCGCCGCCCCT-3
UNC5C | FWD 5’-TCTGCGGGCGACAGC -3’ . ;
REV5’-CACGAGCATTTGCAGCAAGTAT-3’ 5*-CCCAGTCCCAGTCCGC-3
CLSTNI1 [ FWD 5°-GCCGGACCCGAGAGAGA-3’ ] ,
REV5’-GCCTCAGAGCAGCGTCTT-3’ 5’-CCGCCGCCATCTTA-3
NRIDI | FWD 5-GGTGGACGCCCAGTGA-3 5 TTCTGCCGCTGCCCC-3"

REVS5’-GAGAGAGAAGTGCAGAGTTCGATTC-3’

M esa &N
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All measurements were normalized using the endogenous control, RNAseP. The
relative quantity of each target in each sample was found by comparing normalized target
quantity in each tube to the normalized target quantity in the reference sample. RNAseP
is present in exactly two copies in any human diploid genome; it is a type of ribonuclease

which cleaves RNA.
Reaction setup and run method

- 2X TagMan Universal PCR Master Mix 12.5 pl/ reaction
- 20X VIC RNaseP Assay 1.25 pl

- 20X FAM labelled gene specific assay1.25 pl

- Genomic DNA 10 pl (20 ng/ul DNA)

Total Reaction Volume =25 pl

Run Method:

50°C for 2 minutes (HOLD)

95°C for 10 minutes (HOLD)

95°C for 15 sec, 60°C for 60 sec (40 CYCLES)

L]
!
)
Reactions were run in standard mode with a genomic DNA template. ;
i

Relative Quantity (RQ) values are determined by the AACt ((FAM Ct — VIC
Ct)sampLe — (FAM Ct- VIC Ct)caLisraTor) method. Gene copy number is double the
relative quantity (RQ) value. An RQ value of 0.5 = 1 copy, 1.0 = 2 copies, 1.5 = 3 copies
and so on. In other words, the actual gene copy number is two times the value of the
relative quantity. Threshold Cycle (Cr) is the PCR cycle number at which the

fluorescence meets the threshold in the amplification plot.
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2.7 Sample Size and Power

The use of twins addresses the issue of heterogeneity in schizophrenic patients
allowing us to significantly reduce inter-individual variability. There is little precedent
for the sample size of twins needed to detect CNVs, however, any variation between
monozygotic twins should be seen as unique, that is, that statistical analysis should center
on differences within twin pairs. Twins are of distinct interest when interrogating the
genetics behind complex human diseases as twins provide a natural match and are able to
help us reduce the effect of many potential environmental factors, for example, maternal

nutrition and gestation length.

The probability of a neurodevelopmental gene being affected by copy number
variation in the human genome is 9.24%. The probability of the same gene being affected
in all three affected patients by chance alone is therefore 0.078%. A copy number variant
present in all three affected patients and affecting the same neurodevelopmental gene

would therefore represent a statistically rare event.
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CHAPTER 3: RESULTS
The results generated by this study are presented below and fall under the broad
categories of DNA isolation, hybridization, copy number analysis and data collection,

real time analysis and bioinformatic characterization of genomic regions.

3.1 DNA Isolation

Genomic DNA was isolated from whole blood and the quality of DNA was
assessed using a 6% polyacrylamide gel stained with ethidium bromide (Figure 2). The
DNA from all 8 samples was found to be of high quality and in high enough quantity to
proceed with hybridization of the DNA to the Affymetrix Human SNP 6.0 Array.

3.2 Affymetrix Human SNP 6.0 Array

Quality control (QC) was assessed using Affymetrix Genotyping Console 2.1.
Quality control was measured using 3022 signature SNPs on the array. Quality control
call rates were all found to be greater than 98%. A chip with a quality control call rate
greater than 86% is considered to be valid for use according to the manufacturer (Table

2).
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Figure 2. Genomic DNA extracted with the QlAamp DNA Micro Kit and amplified by
D2-TIA forward and reverse primers. A 6% PAG stained with ethidium bromide was
used. 1 Kb plus DNA ladder. Expected amplicon = 300 bp.
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Table 2. Quality control call rates for all 8 samples, from Affymetrix Genotyping
Console 2.1.

Sample Name QC Call Rate (%)
Twin la 98.58%
Twin Ib 98.81%
Twin 2a 98.64%
Twin 2b 98.61%
Twin 3a 98.18%
Twin 3b 98.11%
22ql11 98.38%

22q112 98.05%
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All of our samples were found to be in bounds by Affymetrix Genotyping
Console 2.1. For an array to be considered in bounds, it must have a Contrast QC that is
greater than 0.4 and a MAPD value that is less than 0.4. Contrast QC, which is the ability
to resolve SNP signals into clusters was greater than 0.4 for all of the samples in this
study. In addition, MAPD, which measures the median of the absolute values of all
pairwise differences between log2 ratios, was less than 0.4 for all of the samples in our

study.

3.2.1 SNP Twin Concordance Test
The Affymetrix Human SNP 6.0 Array along with Affymetrix Genotyping

Console 2.1 allows for conformation of zygosity of .cel file samples using an internal

SNP concordance feature that utilizes 72 signature SNPs.
The results of the zygosity concordance check for our twin pairs are as follows:
- TWIN PAIR 01: 99.80% concordance
- TWIN PAIR 02: 99.69% concordance
- TWIN PAIR 03: 99.38% concordance

These values were sufficient to confirm the assumed zygosity of the monozygotic

twin pair in this study.

3.2.2 22qll Experimental Control Results

Our experimental controls allowed us to assess a known copy number variable
region in two patients. Both of the 22911 deletion syndrome patients used as
experimental controls in this study had been previously assessed by karyotype in a
clinical lab to have known 22ql 1 deletions. Default copy number state in this region is 2;
an expected deletion in this region would therefore show as a copy number state of 1or 0.
Our experimental controls both showed a copy number state of 1 for a known 22qll
deletion region, though some minor variability in breakpoints was seen. The breakpoints
that are variable in this region according to the literature are: 17063468 - 20207821,
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17063468 - 18725000, 17383947 - 18725000, and 17579237 - 19600433. Existence of
one or more of the aforementioned breakpoint regions causes 22q 11 deletion syndrome.
The deletions identified in our experimental controls by Affymetrix Genotyping Console
2.1 in this study are shown in Figure 3. A deletion was identified in Sample 07
(Experimental Control 1) from 17270046 - 19941337 on chromosome 22. A deletion was
also identified in Sample 08 (Experimental Control 2) from 17256416 - 20056498 on
chromosome 22. Minor variability in breakpoints is most likely due to probe positioning
(Figure 3).



Copy Number State

Figure 3. 22ql 1deletion syndrome experimental control results. Samples Singh7 and
Singh8 represent 22ql 1 deletion syndrome individuals.

28
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3.2.3 Copy Number Analysis
The affected member of each of the three twin pairs had a significantly higher

number of unique CNVs as compared to their unaffected co-twin (p=0.01, chi squared).
SPSS Version 16.0 (Chicago, USA) was used to perform a chi squared analysis of the
number of copy number variants and the number of unique copy number variants
(degrees of freedom = 2). Unique CNVs were defined as those CNVs that were found in
samples, but were not present in the Database of Genomic Variants or in 270 HapMap
control samples as assessed by Affymetrix Genotyping Console and Partek Genomics
Suite (Table 4). The number of copy number variants found in affected twins versus
unaffected co-twins was found to be statistically higher at p=0.01. The affected member
of twin pair 2, for example, has over 5 times more CNVs as compared to his unaffected
co-twin. Similar results were also observed in twin pair 1and 3. Unaffected controls had
significantly fewer CNVs when compared to affected twins. There are few unique CNVs
shared between the affected and unaffected members of a twin pair. This observation

allows us to label such novel CNVs as de novo, that is, present in one twin only (Figure

5).



Table 3. Unique CNVs in our discovery study distributed by size. Unique CNVs are
defined as any variants that are found in samples, but are not found in the Database of
Genomic Variants or 270 Hap Map Samples.

Novel CNVs 100 Kb 250 Kb 500 Kb 750 Kb 1Mb

Twin 1A 152 40 8 1 1
Twin IB 0 0 0 0 0
Twin 2A 37 4 0 0 0
Twin 2B 7 1 1 1 1
Twin 3A 318 148 42 19 4
Twin 3B 146 55 n 2 0
Del22ql 11 1 0 0 0 0
Del22ql 12 1 0 0 0 0
Affected
patient CNVs
not shared with
co-twin 100Kb 250 Kb 500 Kb 750 Kb 1Mb
Twin 1A 152 40 8 1 1
Twin 2A 34 4 0 0 0

Twin 3A 281 122 32 12 2
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Figure 4. Distribution of Copy Number Variant sizes as identified in this study by
Affymetrix Genotyping Console 2.1.



Table 4. Copy Number Variants (>100 kb) in MZ twin pairs discordant for
schizophrenia. Unique CNVs are those that are found in samples but were not found in
the Database of Genomic Variants (TCAG) or 270 Hap Map samples.

Unique Copy Num ber Unique

All Copy Variants _ Copy Deletions
. (Not present in Number
Sample Number V_arlants HapMap 270 or Variants gnd .
(Affymetrix GC) ) Duplications
Database of Genomic not shared (Unique
Variants) with twin CNVs)
Affected Unaffected Affected Unaffected Affected
Twin Pair 1 438 18 152 0 152 Dels: 88
Dups: 64
Twin Pair 2 107 35 37 7 34 Dels: 11
Dups: 23
Twin Pair 3 844 414 318 146 281 Dels: 196
Dups: 85
22ql11 1 35 1 N/A Dels: 0
Dups: 1
22911 2 23 1 N/A Dels: 0

Dups: 1



33

Twin Pair 1, Affected
Gender: Female

Twin Pair 1, Unaffected
Gender: Female

Figure 5a. Unique CNV distribution in Twin Pair 1 Unique CNVs are those that are
found in samples, but are not found in the Database of Genomic Variants or 270 HapMap
control samples.\TriangIes pointing down represent a loss and triangles pointing up

represent a gain.
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Twin Pair 2, Unaffected
Gender: Male

Figure 5b. Unique CNV distribution in Twin Pair 2. Unique CNVs are those that are
found in samples, but are not found in the Database of Genomic Variants or 270 HapMap
control samples. Triangles pointing down represent a loss and triangles pointing up

represent a gain.
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Figure 5c. Unique CNV distribution in Twin Pair 3. Unique CNVs are those that are
found in samples, but are not found in the Database of Genomic Variants or 270 HapMap
control samples. Triangles pointing down represent a loss and triangles pointing up

represent a gain.



As expected, copy number variants of small size were most frequently seen
(Figure 4). Over 50% of our variants were in the range of 100 to 299 kb in size (Table 3).
Although overall deletions appeared more frequently in our samples (Z-test performed
using SPSS, Chicago, USA) than deletions, within an affected individual the number of
deletions and duplications could not be predicted. It can therefore be concluded from our
study that both deletions and duplications of genomic material are happening independent
of one another in the human genome. That is, that neither one nor the other is

preferentially occurring in a given individual.

De novo CNVs involved genomic regions that overlap genes that are known to
play a role in neurodevelopment and other systems believed to be affected in
schizophrenia. An analysis with Ingenuity Pathway Analysis (Ingenuity Software,
California, USA), which compared genes disrupted in cases versus those disrupted in
controls, either completely or partially overlapping copy number variants, was
performed. This analysis showed that affected patients preferentially harboured CNV
disruptions in genes associated with psychological disorders and neurological diseases
(Table 5). One or more affected patients in our analysis had a copy number variation in
110 of 450 total genes associated with psychological disorders and neurological disease
(p=3.05 x 10A08). Ingenuity uses Fischer’s exact test to calculate a P value determining
the probability that each pathway assigned to that dataset is because of chance alone. In
addition, glutamate signaling pathway was found to be copy number variable in our
schizophrenic patients (p=3.25 x 10A03), a result that is similar to that found by Wilson
et al. in 2006. Only genes included in Ingenuity’s Pathway Knowledge Base were

included in this analysis.



Table 5. Ingenuity Pathway Analysis (Version 7.5) list of functions and diseases highly
associated with CNV within affected patients in this study.

Relevant Functions and Diseases p-value Number of Genes
Cardiovascular Disease 6.96 x 10M3 88
Genetic Disorder 1.35 x 10A12 175
Skeletal and Muscular Disorders 2.96 x 10A08 96
Neurological Disorders 3.05 x 10A08 110
Connective Tissue Disorders 6.52 x 10A08 63
Immunological Disease 6.52 x 10A08 82
Inflammatory Disease 6.52 x 10A08 86
Metabolic Disease 1.25 x 10A06 79
Nervous System Development and 5.89 x 10A05 15
Function

Psychological Disorders 2.49 x 10A04 43



3.3 Characterization of Copy Number Variants

Unique CNVs were assessed to identify any shared CNV between unrelated,
affected twins. This analysis identified five uniqgue CNVs that were shared between the
affected patient in three unrelated MZD twin pairs (Table 6). Of these five regions, only
four contained known genes. Interestingly, genes contained in four of the five CNV
regions are known to be involved in neurodevelopment, degeneration and neural
functions and therefore have the potential to be pathogenic in schizophrenia. The
probability (based on the number of known neurodevelopmental genes in the human
genome) of finding four distinct neurodevelopmental genes disrupted in three unrelated
individuals is 3.87 x 10M 1

Thirteen copy number variations were found to be common between 2 of 3
unrelated, affected patients in this study (Table 7). These variants were not found in the
Database of Genomic Variants, 270 HapMap samples, unaffected twins or experimental

controls.

Figures 6 to 8 show copy number variant regions shared by all three unrelated,
affected patients. These aberrations showed identical to near identical breakpoints

between patients.

In addition to this, a CNV was found to be present in all three affected patients at
1921.1, a region that was previously implicated by two independent schizophrenia studies
by Stefansson et al. (2008) and The International Schizophrenia Consortium Group
(2008). These variants were all in the same region, however, they did not overlap one

another in unrelated, affected patients.
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Table 6. Common gains and losses of the three affected patients representing the three
unrelated pairs of MZ twins discordant for schizophrenia. Underlined genes were chosen
for downstream confirmation by Real Time PCR based on function.

Location

1p36.22

40922.3

12q24.12

13g21.1 -
13g21.2

17g21.1

Gain/Loss

Loss

Gain

Loss

Gain

Loss

Genes Present

CLSTNJ:
CTNNBIP1;
LZIC;
NMNATIL.
UNC5C

ATXN2:

BRAP.

Does not
overlap any
known genes
WIPF2;
RAPGEFLI;
CASC3;
MSL-1;
MED?24;
THRA,;
NR1D1.

Functions
Calcium-mediated postsynaptic signals;
Interacts with B-catenin;

Leucine Zipper;

Involved in Ca(2+) signalling pathways.
Netrin receptors. Netrins are secreted
proteins that direct axon extension and
cell migration during neural
development.

Mutations in ATXNZ2 cause
spinocerebellar ataxia type 2 (a
neurodegenerative disorder);

Cancer associated gene.

N/A

Actin formation associated protein;
No confirmed function;

Cancer susceptibility candidate;
Acetylation;

Gene expression mediator complex;
Thyroid Hormone Receptor;
Nuclear Receptor (found in brain
among other locations)



40

Table 7. Common gains and losses of two affected patients from the three unrelated pairs
of MZ twins discordant for schizophrenia.

Location Gain/Loss Patients from Genes Present
Twin Pairs

1p311 Gain 1,2 LPHN2

3pl 1.2 Gain 1,2 No Known Genes

301331 Gain 1,2 No Known Genes

49131 Gain 1,2 LPHN3

4028.3 Gain 1,2 No Known Genes

5034 Gain 2,3 No Known Genes

60 16.1 Gain L2 No Known Genes

792111 Gain 1,2 No Known Genes

119131 Loss 1,2 BBS1, DPP3, PELI3, MRPL11,
NPAS4

1292131 Gain 1.2 No Known Genes

19pl3.11 Loss 1,3 NWD1, TMEM38A, MED26,

SLC35E1, CHERP, TPM4,
RAB8A, HSH2D, CIB3, APIMI,
EPS15L7, CALR3

199 13.32 Loss 2,3 SYMPK, RSHL1

XQg21.31 Gain 1,2 PCDH11X
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Figure 6. Shared copy number variable region at 4922.3 overlapping the UNC5C gene.
This variant is shared between all three affected, unrelated patients in the study.
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variant is shared between all three affected, unrelated patients in the study.
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Figure 8. Shared copy number variable region at 12q24.12 overlapping ATXNZ2 and
BRAP. This variant is shared between all three affected, unrelated patients in the study.
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The UNCS5C gene product belongs to the UNC-5 family of netrin receptors.
Netrins are a family of secreted molecules that have critical functions in axon guidance
and cell migration during neuronal development. Netrin-1 is a chemotropic molecule and
also acts as a survival factor (Tang et al., 2008). The ratio of cyclic AMP to cyclic GMP
activities sets the polarity of netrin-1-induced axon guidance: high ratios favor attraction,
whereas low ratios favor repulsion. Further, cyclic AMP and GMP signaling may
modulate calcium channel activity in growth cones, and signal transduction during
bidirectional axon guidance (Nishiyama et ai, 2003), which is important in
neurodevelopment. A critical role for this gene in neuronal migration during cerebellar
development is also supported by studies on the UNC5H3 gene in mice (Przyborski et ai,
1998). This transcript is expressed early (embryonic day 8.5) in the hindbrain region and
later in the cerebellar primordia. Also, the establishment of the rostral cerebellar
boundary may rely on chemorepulsive signaling that requires UNC5H3 expressed by
cerebellar neurons and a genomic abnormality involving the UNC5C would be
compatible with neuronal migration abnormalities including cerebrovascular pathology,
which was reported in schizophrenia (Akbarian et al., 1993; Ende et al., 2005; Kiehl et
al., 2008; Kyriakopoulos et al., 2008). Other genes identified that have the potential to be

involved in schizophrenia pathogenesis include:

(1) CLSTNJ (Loss), a gene that is predominantly expressed in the brain and is
involved in learning and memory (Cheng et al., 2006), (2) NMNAT1 (Loss), which is
involved in calcium signaling and prevents axonal degeneration caused by stress and
reduces reactive oxygen species levels (Press et al., 2008), (3) ATXN2 (Loss), which
causes neurodegeneration, leading to a form of spinocerebellar ataxia (Al-Ramahi et al.,
2007), (4) WIPF2 (Loss), which plays a role in organization of the actin cytoskeleton, (5)
NR1D1 (Loss), a transcriptional repressor involved in development and regulation in
many tissues, including brain, and (5) MED24 (Loss), which encodes a component of a

transcriptional coactivator complex that is thought to be required for gene expression.
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Another notable gene was Methylenetetrahydrofolate (MTHFR) on chromosome
1, listed as one of the top 20 schizophrenia candidate genes in the SchizoGene Database
(Accessed June 2009.), MTHFR was found to have regions of the gene deleted in the

affected patients of twin pairs 2 and 3 in this analysis.

Interestingly, all samples, except the unaffected twins in Twin Pair 1 and Twin
Pair 3, showed a gain at Xg21.31 with near identical breakpoints. It is possible that this
region could lead to schizophrenia susceptibility or predisposition in both patients and

unaffected controls.

3.4 Real Time Analysis

One gene from each shared copy number variant between affected, unrelated
patients was chosen for confirmation by Real Time Analysis of genomic DNA. The Real
Time results are summarized in Figure 11 and Table 8. Genes were chosen based on
known function. Genes whose functions were most likely to be involved in the causation
of schizophrenia were chosen from each region. An example of Real Time delta delta Cj

loss and gain calculations are shown in Figures 9 and 10, respectively.

The following genes were chosen for confirmation, included beside each gene is

the region of that gene that was found to be copy number variable:

CLStNI: 9778163 -> 9807137

ATXN2: 110521863 -> 110400664

UNC5C: 96689185 -> 96515818

NR1D1: Entire Gene was found in copy number variable region



Figure 9. An example of Copy Number loss calculation using the delta delta Ct method.
Calculation shown here is for the ATXN2 gene of the affected patient of Twin Pair 1
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Figure 10. An example of Copy Number gain calculation using the delta delta Ct
method. Calculation shown here is for the UNC5C gene of the affected patient of Twin
Pair 3.
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Figure 11. Real Time copy number quantification of candidate genes using Applied
Biosystem’s Custom Real Time Copy Number Assays. In each case A represents the

affected twin and B represents the unaffected twin.



Table 8. Relative Quantity Values are shown from Real Time Analysis with Applied
Biosystem’s Step One Instrument. Copy Number is double the RQ value. Bolded RQ
value shows an unexpected result for Twin Pair 1, affected.

Sample

Twin la

Twin Ib

Twin 2a

Twin 2b

Twin 3a

Twin 3b

Del22ql 1
Experimental
Control 1

Del22ql 1
Experimental
Control 2

Affected or
Unaffected Twin

Affected

Unaffected

Affected

Unaffected

Affected

Unaffected

Unaffected

Unaffected

Relative
Quantity (RQ)
Value
ATXN2 - 0.634
UNC5C- 1.661
CLSTN1 -0.424
NR1D1 -1.374
ATXN2- 10
UNC5C- 10
CLSTN1 -1.0
NR1D1-1.0
ATXN2-0.197
UNC5C-1431
CLSTN1 -0.40
NR1D1 -0.665
ATXN2-1.0
UNC5C - 0.932
CLSTN1 - 10
NR1D1 - 1.0
ATXN2-0.384
UNC5C- 1576
CLSTN1 -0.653
NR1D1-0.506
ATXN2- 10
UNC5C- 1.109
CLSTN1 - 10
NR1D1-1.0
ATXN2 - 1.0
UNC5C- 10
CLSTN1 - 1.0
NR1D1 - 1.0
ATXN2 - 1.0
UNC5C-1.0
CLSTN1 - 1.0
NR1D1-1.0

Absolute
Copy Number

ATXN2: 1.268
UNCS5C: 3.322
CLSTN 1:0.848
NR1D1: 2.748
ATXN2: 2.0
UNCS5C: 2.0
CLSTN1:2.0
NR1D1: 2.0
ATXN2: 0.394
UNC5C: 2.862
CLSTN1: 0.800
NR1D1: 1.330
ATXN2: 2.0
UNCS5C: 1.864
CLSTN1:2.0
NR1D1: 2.0
ATXN2: 0.768
UNCS5C: 3.152
CLSTN 1 1.306
NR1D1: 1.012
ATXN2: 2.0
UNCS5C: 2.218
CLSTN1:2.0
NR1D1: 2.0
ATXN2: 2.0
UNCSC: 2.0
CLSTN1:2.0
NR1D1: 2.0
ATXN2: 2.0
UNC5C: 2.0
CLSTN1: 2.0
NR1D1: 2.0

CN
Estimate

NRORNNNRPRRNONNONNODNNNNNNNRE PR, OERNNNNNEREERWOONNNNWRE W R
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CHAPTER 4: DISCUSSION

4.1 Summary of Conclusions

This study involved the use of monozygotic twins discordant for schizophrenia
for the discovery of copy number variable regions in schizophrenic patients. The use of
monozygotic twins considerably reduces the heterogeneity that exists in the disorder. The
existence of copy number variation as widespread phenomena in the human genome has
been the focus of many researchers in the past five years. The results generated in this
study have focused on unique copy number varlatlons that is, variation that is not found
in the database of genomic variants, 270 HapMap samples or shared between co-twins.

The results generated through this project are discussed below.
The following main conclusions can be drawn from the research in this study:

I.  Monozygotic twins discordant for schizophrenia have different copy number
variation profiles.

il. There is a significant increase in copy number variation present in affected twins
versus their unaffected co twins and control samples. Affected twins show a
minimum 4x increase in the number of unique CNVs when compared to their
unaffected co-twin.

lii. The results of this study suggest that multiple and rare individually specific CNVs
with major effects on genes from neurodevelopmental pathways are involved
in the etiology of schizophrenia.

Iv. A number of common copy number variable regions were found to share near

identical breakpoints among unrelated, affected patients.

The implications of each conclusion will be presented below.
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4.1.1 Monozygotic twins discordantfor schizophrenia have different copy number
variation profiles.

At the outset of this study, the copy number variation profiles of monozygotic
twins were not known. However, a recent study by Bruder et al. (2008) found that CNV
differences between co-twins are common in monozygotic twin pairs. This study also
challenges the assumed genetic equivalence of MZ twins including interpretation of the
extensive body of published results on twins. | suggest that the term “identical twin,” in a
genetic context is inappropriate. Although the twins in this study were monozygotic and
in theory should have identical genomes, they differed considerably in terms of copy
number variations. This result will make the task of separating the genetic and
environmental factors contributing to complex disease considerably more difficult. In
addition, knowledge of the genetic differences seen in monozygotic twins with regard to
copy number variation detection allows for a whole new area of genetic research as we

untangle the cause, development and novelty of CNVs in monozygotic twins.

4.1.2 There is a significant increase in copy number variation present in affected twins
versus unaffected co-twins and control samples.

The increased CNVs in the affected as compared to unaffected member of each
twin pair implicates large numbers of copy number variants in the genetics of
schizophrenia. These results specifically support Walsh et al. (2008) and Xu et al. (2008),
who reported a significantly higher number of CNVs in patients with schizophrenia as
compared to unaffected controls (Walsh et al., 2008; Xu et al., 2008). Walsh’s group
searched for structural variants greater than 100kb in DNA from 150 patients and 268
controls and showed that the frequency of common copy number variants was not
significantly different (Walsh et al., 2008). In this study, novel copy number variable
regions that altered known genes occurred four times more frequently in cases (onset
before age 18) versus controls (Walsh et al., 2008). Similarly, Xu et al. (2008) carried out

a study in 1077 triads (probands and biological parents) as well as 152 sporadic cases (Xu
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et al.,, 2008). De novo copy number changes were seen in 10% of sporadic cases of
schizophrenia and in 1.5% of control samples (Xu et al., 2008).

Recently, three independent groups found that many alleles of small effect size are
likely contributing to the etiology of schizophrenia, a finding that is consistent with the
results found in this study (Shi et al., 2009; Stefansson et al., 2009; The International
Schizophrenia Consortium et al., 2009). In the case of this analysis, the matched controls
are unaffected MZ co-twins making this observation much more causative rather than
statistical. In addition, our 22qll deletion syndrome experimental control patients did
not show an increase in copy number variation, a finding consistent with the results
recently found by Bassett et al (Bassett et al., 2008).

From this, it can be concluded that the genomes of affected twins have extensive
copy number variation when compared to the twin’s unaffected co-twin. It is possible that
the extensive repeats present in the human genome provide the groundwork for DNA
replication errors that have the potential to occur at each cycle of meiosis and mitosis.
Although the exact mechanism is not clearly understood at this time, copy number
variation showers provide a likely contributor to the pathology of schizophrenia (Singh et
al., 2009). The extensive showering of the human genome with structural variants could
be the result of a predisposition for DNA replication errors that are present in affected
twins and not seen in unaffected twins. It is also probable to assume that a two-hit
hypothesis can be applied to discordant monozygotic twins in the study of schizophrenia
genetics. For example, a genetic predisposition for schizophrenia could be present in both
twins and yet only one of the twins might receive either a second genetic hit (perhaps a
de novo copy number variation) or an environmental hit that leads to the full development
of the disease. Following a similar logic, Guidry and Kent hypothesized that if the
inheritance of a single recessive mutated allele of a gene crucial in brain development is
followed by a somatic mutation in the normal allele during critical periods of brain
development this could result is developmental abnormalities that are expressed
behaviourally as schizophrenia (Guidry et al., 1999). The somatic mutation may not

always occur, possibly explaining the situation seen in discordant monozygotic twins.
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In addition, the observed increase in de novo CNVs in schizophrenia could
potentially explain the ~1% life time risk of the disease in the general population
(Odegaard, 1972).

4.1.3 The results of this study suggest that multiple and rare individually specific CNVs
with major effects on genesfrom neurodevelopmental pathways are involved in the
etiology ofschizophrenia.

In addition, this analysis suggests that different patients may have different
subsets of a larger set of schizophrenia related genes affected by copy number variation.
This finding may also explain the extensive heterogeneity of schizophrenia in the
population and the variable manifestation of this disease across patients. Therefore, the
geneﬁc basis for schizophrenia may be a succession of multiple, de novo mutational
events, with these events favouring the neurodevelopmental and neurofunctional
pathways known to be affected in schizophrenia. This finding agrees with Walsh and
colleagues who found that mutations in affected patients disproportionally affected genes

from networks controlling neurodevelopment (Walsh et al., 2008).

4.1.4 A number of common copy number variable regions werefound to share near
identical breakpoints among unrelated, affected patients.

A common set of genes were found to be copy number variable across unrelated,
affected patients in our study. The probability, based on known neurodevelopmental
genes in the human genome, of finding a shared copy number variant affecting a
neurodevelopmental gene in three unrelated schizophrenic patients is 0.078%. The
existence of multiple shared regions therefore represents a statistically rare event that
may play a causative role in schizophrenia. Shared copy number variable regions
between unrelated schizophrenic patients could implicate shared sequence similarity in
the identified regions leading to copy number variation hotspots whose aberration cause
the pathological symptoms of the disease. In addition, these results suggest that a

common set of rare variants may work together to contribute to schizophrenia.
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Interestingly, the shared regions were not seen in unaffected twins or control
samples. This suggests that copy number variants themselves likely play more of a

causative role rather than serve to cause a predisposition to the disorder.

4.2 Caveats
4.2.1 Are the observed variants an effect of illness or treatment?

The results presented here are likely not an incidental finding, as it cannot explain
the increased number of CNVs seen in each of the three affected MZD twins or in
individuals with schizophrenia when compared with familial and unrelated controls
(Walsh et al., 2008; Xu et al., 2008). A caveat of this research, however, is the fact that
most schizophrenic patients have been treated with anti-psychotic medication by the time
they are included in a study of this kind. It is possible that results of schizophrenia
experiments are due in part to an effect of the medication being used to treat the disorder.
However, brain morphology studies have shown that the differences observed in
schizophrenic patients versus controls are seen both at first episode and after the use of
anti-psychotics, indicating that anti-psychotic medications do not affect the primary
causes of schizophrenia (Vita et al., 2006). In this study, all affected twins, but not the
unaffected co-twin, had significant lifetime exposure to anti-psychotic medication. While
not explicitly stated, patients studied by Walsh et al. (2008) and Xu et al. (2008) likely
received anti-psychotic medication for their illness. However, the possibility that the
observed increase in CNVs is an effect of medication is not compatible with several facts.
First, the novel CNVs detected in patients are highly likely to affect genes and/or
pathways implicated and affected in schizophrenia. Secondly, CNVs are more frequent
in sporadic as compared to familial schizophrenia, but the two types of schizophrenia are
treated the same way and the lifestyle associated with each type of schizophrenia does not
differ (Xu et al., 2008).

The possibility that the increase in CNVs are an effect of illness is difficult to
dismiss, as individuals with schizophrenia are more likely to have poor nutrition and to

smoke than individuals free from the illness, which could both lead to increases in CNVSs.
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4.2.2 The use of blood to study a brain-based disorder

One current limitation of copy number variation analyses is that the genotype of
one tissue analyzed, in this case blood, might not always be relevant to the genotype of
the tissue responsible for the disease. For this reason, our lab is currently working on a
parallel study that will be testing copy number variation profiles in multiple tissues taken

from the same individual (whole blood and buccal smear samples).

4.3 Future Studies

Follow up studies to the one presented here should first assess any involvement of
confirmed copy number variants in the causation of schizophrenia based on their
distribution in discordant and normal twin pairs. Further, characterization of the
identified genes of interest in sib pairs, trios and population samples should be performed
to assess the frequency of copy number variations overlapping the candidate genes
presented in this study. The aforementioned study was a discovery study, but it should
not stand alone and it should be followed up with an association study in order to assess
the correlation between genotype and phenotype. In addition to this, given how little is
currently known in the field with regard to the effect of copy number variation on gene
expression it would be important to identify the expression of the genes of interest in
schizophrenic patients. Further to this, the copy number variation profile seen in various
tissues of the same individual is not currently known. To this end, another member of the
Singh lab is currently assessing the copy number variation profiles in varying sample
types from the same patient.

jiove-
4.4 Final Conclusion

These results argue that the human genome is not static. WWe do not simply acquire
parental genomes and pass them on to the next generation; rather, the genome undergoes
a variety of alterations at every DNA replication cycle. One of these alterations may
result from the semi-conservative replication of the DNA, particularly in repetitive
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regions, resulting in gross numbers of copy number variants scattered across the genome.
It is likely that copy number variants are a way for our genomes to remain both fluid and
malleable, however, errors in the mechanisms leading to this evolution are likely to be
detrimental. It is known that there is a strong genetic aspect to this complex,
multifactorial disease with multiple genes interacting, thus traditional approaches have
had little success in identifying the cause of schizophrenia and alternative methods, like
the ones undertaken in this study, need be used. In principle, complex diseases like
schizophrenia may be more likely to be affected by “soft” forms of variation, like copy

number changes that can alter gene expression without completely eliminating gene

function (McCarroll et al., 2007).

This study adds to the growing body of knowledge in the field of schizophrenia
genetics, a field that has posed a great challenge to researchers for many years. This
analysis has identified a set of genes whose simultaneous aberration through both
deletions and duplications, may have been needed for the development of schizophrenia
in the three patients studied. These genes may belong to a larger group of genes that are
affected in schizophrenia and related disorders. In addition, we offer evidence supporting

the examination of CNVs in monozygotic twins as an effective means to identify genes

involved in complex disorders

Furthering our knowledge of schizophrenia will help to lead to better diagnosis,
treatment and understanding of this complex disorder. Studies of this kind may contribute
to earlier diagnosis of the disease, which could assist in disease management. In addition,
further characterization of this disorder may help to better identify subgroups of
schizophrenic patients, which will assist in the classification, treatment and scientific
study of the disorder. It is possible that in the future, CNV analysis could be considered

routine in clinical testing for schizophrenia.

In conclusion, the following significant findings were found in this study:
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Monozygotic discordant twins showed differences in copy number variation

profiles despite their genetic similarity.

Significant increases in the number of copy number variants seen in affected
versus unaffected co-twins were seen in all three twin pairs assessed. These
increases argue for a hypothesis that includes the showering of the human genome

with DNA replication errors leading to copy number variants.

Affected schizophrenia patients in this study harboured copy number variants that
preferentially overlapped known neurodevelopmental genes, a finding supported

by the literature.

Five copy number variable regions at 1p36.22, 4q922.3, 12924.12, 13921.1 and
17921.1 were shared between unrelated twins affected with schizophrenia. With
the exception of the copy number variant at 13g21.1, which did not overlap any

genes, the other four regions overlapped at least one neurodevelopmental gene.

The results presented here implicate copy number variation showers causing
multiple rare variants of small effect, which cause aberrant expression of

neurodevelopmental genes leading to schizophrenia.
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APPENDIX B: UNIQUE VARIATION RAW DATA TABLE
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Unique Copy Number Variants present in affected patients 1, 2 and 3. Highlighted

samples represent variants which are shared by the patient’s identical twin.
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