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ABSTRACT 

Neurogenetic studies have revolutionised our understanding of the genetic 

and molecular basis of inherited neurological disorders, primarily as a result 

of the identification of single disease-causing genes. The incidence of such 

disorders is increased amongst populations with common shared ancestry or 

a high rate of consanguinity. Hence, the investigation of inherited 

neurological conditions in genetic isolates provides a robust opportunity to 

define the molecular pathogenic basis of these conditions. 

Neurological and neurodevelopmental disorders present important public 

health issues in the developing countries in the Indian subcontinent. The 

global burden of these disorders is worsened by the lack of targeted 

research funding and relevant in-country research capacity. 

This project, undertaken as part of a wider research study investigating 

inherited disorders in the Indian subcontinent, aimed to define the molecular 

genetic bases of three extended families with distinct neurological and 

neurodevelopmental disorders. In the first family with multiple individuals 

affected by a severe autosomal recessive form of neurodevelopmental delay 

with microcephaly, genetic studies identified mutation in a gene (MFSD2A), 

not previously associated with inherited disease, which led to a reduction of 

fatty acid transportation in patients homozygous for the disease-causing 

mutation. In the second family, genotyping identified a complex chromosomal 

rearrangement associated with diverse clinical outcomes including Wolf 

Hirschorn-, 3p deletion-, and 4p duplication syndrome, among ten 
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chromosomally-imbalanced affected individuals. In the third family, a 

duplication event on chromosome 15q24 encompassing the LINGO1 gene 

was identified as a likely cause of dystonic tremor in affected individuals. 

Together these molecular discoveries provide fundamentally important 

biological insight into the pathogenic basis of abnormal brain growth and 

control of movement with the potential diagnostic and treatment applications.  
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1  General Introduction 

1.1 Abnormal brain development: embryological 

aspects, definitions and underlying causes 

1.1.1 Structural development of the brain 

The complex architecture of brain develops in a sequence of stages which 

are intricately orchestrated by efficient and effective execution of genome 

maintenance, DNA replication and ultimately cell division.  

The neural tube, the origin of the central nervous system (CNS), is formed 

from the neural plate, a thickened area of embryonic ectoderm. This process, 

also called neurulation begins during the early part of the fourth week. The 

cranial opening of the rostral neuropore of neural tube closes on 

approximately the 25th day while the caudal pore closes 2 days later. The 

walls of the neural tube thicken to form the brain and spinal cord, while the 

lumen of the neural tube forms the ventricular system of the brain filled with 

cerebrospinal fluid (CSF) (Moore et al., 2011). Even before the neural folds 

are completely fused, three distinct vesicles are recognizable in the rostral 

end of the neural tube: forebrain, midbrain, and hindbrain (Figure1-1). During 

the fifth week, the forebrain (prosencephalon) partially divides into two 

secondary brain vesicles, the telencephalon and diencephalon (thalamus 

and hypothalamus) (Moore et al., 2011). The midbrain (mesencephalon) 

forms the rostral part of the brain stem, whilst the hindbrain 

(rhombencephalon) forms the caudal proportion of the brain stem, the pons, 

and the cerebellum (Figure1-1).  

General Introduction 
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Figure 1-1 Developing brain vesicles and ventricular system 

 

Schematic illustration of the developing brain vesicles and ventricular 

system. (A and B) Three-brain-vesicle stage of 4-week old embryo; (C and 

D) Five-brain-vesicle stage of a 6-week-old embryo. 

(Dudek and Fix, 1998) 
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The telencephalon gives rise to the cerebral hemispheres which are covered 

by grey matter, cerebral cortex. The cerebral cortex is a central region in the 

mammalian brain that controls complex cognitive behaviors (Kaas, 2013; 

Geschwind and Rakic, 2013). Convolutions in the cortex or cortical folding 

enable the brain to grow markedly in volume and to expand in surface area, 

despite being housed in a confined skull, which is crucial for normal brain 

function, as patients with microcephaly show a range of cognitive deficits.  

Microarchitecture of the cortex has complex laminar layered structure. The 

growth of the cortex relies on the symmetric self-renewal or proliferation of 

neural stem cells and neural progenitors. This proliferation stage is then 

replaced by asymmetric division of neuroprogenitor cells (Alvarez-Buylla and 

Temple, 1998). Radial glial cells, the key neuroprogenitor cells play a critical 

role in corticogenesis by providing neuronal migration and contributing to the 

formation of diverse neuronal and glial lineages via asymmetric division. 

Conceptually, the cortical development hypothesis postulates that the cortex 

is assembled from radial progenitor units that consist of proliferative radial 

glial cells and more differentiated daughter cells, including neurons, which 

ultimately migrate radially along radial glial cell fibers to form the 

characteristic six-layered cortical structure, from the inside out (Figure1-2) 

(Rakic, 2007; Rakic, 2009; Tan and Shi, 2013; Rakic, 1988). Proliferation 

versus neurogenic differentiation of neuroprogenitor cells is dictated by 

orientation of the mitotic spindles (Figure1-3) (Alcantara and O'Driscoll, 

2014). Nearly all neurons in the cerebral cortex complete proliferation by 

mid-gestation, although glial genesis and brain volume continues to grow 

until adulthood (Spalding et al., 2005).  
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Figure 1-2 Cerebral cortex neurogenesis  

 

Illustration of cerebral cortex cellular layered development. Radial glial 

cells (in red), the key neuroprogenitors, lie in the ventricular zone and their 

radial fibers span the width of the cerebral cortex. These can differentiate 

into neurons, as well as intermediate progenitors (in dark green) that 

migrate to the subventricular zone and can further generate more 

progenitor cells and neurons by repeated asymmetric cell division. Finally, 

radial glial cells also can give rise to astrocytes and oligodendrocytes at 

later stages. Ultimately the migrating neurons become the pyramidal cells 

of the cerebral cortex. 

(Alcantara and O'Driscoll, 2014) 
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Figure 1-3 Proliferative versus neurogenic (differentiating) cell division  

 

Dotted red line is an orientation of neuroepithelial cells division. Orientation 

of the mitotic spindle is parallel to the apical surface during symmetric cell 

division, with the resulting cleavage plan intersecting the apical plasma 

membrane. A deviation in the orientation of the mitotic spindle results in an 

asymmetric cell division, with only one of the daughter cells inheriting the 

apical plasma membrane region (pink cell).  

(Alcantara and O'Driscoll, 2014) 
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In mammals, vascularization of the neuroepithelium occurs via sprouting 

angiogenesis, and endothelial cells of these blood vessels underlie bloodï

brain barrier (BBB). The development of the BBB is a complex process that 

involves brain endothelial cells, neural progenitors, pericytes, astrocytes and 

different environmental cues (Blanchette and Daneman, 2015). The BBB 

stringently regulates CNS homeostasis, shields the brain from potential 

neurotoxins and regulates the delivery of energy metabolites and essential 

nutrients to the brain. Integrity and transport function of the BBB is especially 

important during brain development (Moretti et al., 2015; Betsholtz, 2014b; 

Nguyen et al., 2014b; Ben-Zvi et al., 2014). Transport function of the BBB is 

controlled by highly specialized substrate-specific transport proteins 

expressed in brain endothelium (Zlokovic, 2008). Although, the blood-CSF 

barrier also transports molecules to the brain, delivery takes hours to days 

compared with the BBB pathway which is almost instantaneous delivery. 

Thus BBB transporters are crucial during the brain development (Bell et al., 

2010; Blinder et al., 2013; Carmeliet and Ruiz de Almodovar, 2013; Zlokovic, 

2011). There is increasing experimental and limited clinical data about 

impact of BBB dysfunction on the developing brain as well as on an 

abnormal pattern of head growth (Moretti et al., 2015; Betsholtz, 2014b; 

Nguyen et al., 2014b; Ben-Zvi et al., 2014) (discussed in section 3.1). 

The cerebellum resides at the anterior end of the hindbrain and is classically 

defined by its role in sensory-motor processing. In humans it contains over 

half of the mature neurons in the adult brain. Compared to cerebral cortex 

neurogenesis, cerebellar cortical neurogenesis continues after birth into early 

prenatal life (up to 2 years in humans). The cerebellar cortex is composed of 
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a monolayer of inhibitory Purkinje cells, sandwiched between a dense layer 

of excitatory granule cells (GC) and a subpial molecular layer of GC axons 

and Purkinje cells dendritic trees. GC receive inputs from outside the 

cerebellum and project to the Purkinje cells, the majority of which then 

project to a variety of cerebellar nuclei in the white matter. In mammals the 

medial vestigial and interposed cerebellar nuclei mainly target descending 

motor systems, while the lateral zone of the cerebellar hemispheres is chiefly 

linked to the thalamus-cerebral cortex via the dentate nucleus (Butts et al., 

2014). Inhibitory interneuron cells, such as basket cells coordinate Purkinje-

granule cell circuit further shaping cerebellar communication with the cortex 

via the thalamus (discussed in section 5.3).   
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1.1.2 Microcephaly  

An abnormal small brain, microencephaly is a neuroimaging or 

neuropathological diagnosis, while microcephaly which is defined as an 

abnormal head growth and can be measured (Menkes et al., 2006). As head 

growth is driven by brain growth, microcephaly usually implies 

microencephaly with exception of generalised skull growth restriction such as 

craniosynostosis cases (Leroy and Frias, 2005; Woods, 2004; Director and 

Columbia, 2005). On the other hand, children with microencephaly may have 

normal head growth (Menkes et al., 2006).  

Microcephaly can be assessed by the measurement of head circumference 

(HC) or occipito-frontal circumference (OFC). Measurement and appropriate 

charting of OFC is part of the evaluation of children with neurodevelopmental 

disorders. A measuring tape encircling the head should include an area 1 to 

2 cm above the glabella anteriorly and the most prominent portion of the 

occiput posteriorly for OFC assessment. The World Health Organization 

(WHS) growth charts are used to determine head growth in healthy children 

between 0 to 2 years, whilst the Centers for Disease Control and Prevention 

(CDC) growth charts are used for children older than two years (Grummer-

Strawn et al., 2010). Meanwhile, the mean OFC in certain national or ethnic 

groups is different from the WHO means (Natale and Rajagopalan, 2014), 

hence the origin of a child needs to be adjusted accordingly before OFC 

calculation (http://www.who.int/childgrowth/standards/hc_for_age/en/). 

Microcephaly is characterised by a reduced OFC. Some authors define 

microcephaly as a OFC more than 2 standard deviations (SD) below the 
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mean for a given age, sex, and gestation, while others more than 3 SD below 

the mean (Fenichel, 2005; Gartner et al., 1997; Zitelli and Davis, 2007; 

Ashwal et al., 2009; Rios, 1996; Woods, 2004; Leviton et al., 2002). 

Qualifying terms such as ómild microcephalyô with SD between 2 and 3 below 

the mean, and ósevere microcephalyô with SD more than 3 SD below the 

mean has also been suggested (Swaiman et al., 2006). 

Children with microcephaly also require neuroimaging assessment. In the 

majority of symptomatic microcephaly cases structural abnormalities such as 

white matter periventricular leukomalacia, delayed or disturbed myelination 

or migrational abnormalities can be identified (Ashwal et al., 2009; Custer et 

al., 2000; Sugimoto et al., 1993; von der Hagen et al., 2014). Hydrocephaly, 

infarction and intracranial calcifications are the common findings in acquired 

microcephaly (Sugimoto et al., 1993). 

Microcephaly can be caused by genetic abnormalities, environmental insults, 

metabolic disorders, or associated with structural brain malformations such 

as abnormal gyrification, agenesis of corpus callosum, and pituitary 

abnormalities (Figure1-4) (Stoll, 2001; Menkes et al., 2006; Alcantara and 

O'Driscoll, 2014).  

Environmental insults such as congenital infections, in utero drug or toxin 

exposure, hypoxic-ischaemic insults, intraventricular hemorrhage or stroke 

leading to ischaemic damage, severe malnutrition, systemic diseases as well 

as metabolic diseases as a potential cause of microcephaly must be 

evaluated in every affected individuals in genetic studies. 
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Figure 1-4 Causes of microcephaly  

 

*Primary microcephaly also known as isolated microcephaly, true 

microcephaly, microcephaly vera. Subsections in bold are further discussed 

in the Chapter 3 and 4  
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Congenital microcephaly is defined as microcephaly at birth, while postnatal 

microcephaly is defined as normal OFC measurement at birth, followed by 

deceleration in head growth after birth. Genetically, congenital microcephaly 

may arise via a range of genetic causes including identifiable chromosomal 

abnormalities and manifest as part of a syndrome such as Wolf-Hirschhorn 

syndrome, or as a part of a monogenic gene disorders (Figure 1-4). 

Congenital microcephaly associated with single gene mutation is 

distinguished as primary microcephaly which is present with relatively normal 

brain anatomy. Congenital microcephaly associated with chromosomal 

abnormalities has broader classification as virtually all visible chromosome 

aberrations alter mental capacity and may cause specific malformations 

(Director and Columbia, 2005). This is the results of the fact that each 

chromosome contains numerous genes that participates in brain formation 

and maintenance of its structure and function. 

Autosomal recessive primary microcephaly (MCPH) is a neurodevelopmental 

disorder that is characterised by a reduction in HC, a thin cortex and a 

decrease in brain surface area (Woods et al., 2005). Children with MCPH 

exhibit intellectual disability but show no significant motor control deficits. So 

far, linkage mapping has identified fifteen genetic loci that are associated 

with MCPH (Table 1-1) (OMIM search).  
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Table 1-1 Primary autosomal recessive microcephaly 

Locus (gene) Protein OMIM Localization and 
function 

MCPH1 Microcephalin 251200 Centrosome-role in DNA 
repair and G2-M dynamics 

MCPH2 

(WDR62) 

WD-repeat containing 
protein 62 

604317 Mitotic spindle pole 
formation-scaffold for JNK 

pathway 

MCPH3 
(CDK5RAP2/ 

CEP215) 

Cyclin dependent 
kinase 5 regulatory 
subunit-associated 

protein 2 

604804 
Centrosome, spindle and 
microtubule organizing 

function 

MCPH4(CASC5) Cancer susceptibility 
candidate 5 604321 

Kinetochore [KNM] 
component-spindle-
assembly checkpoint 

MCPH5 (ASPM) Abnormal spindle-like, 
microcephaly 
associated 

608716 Microtubule associated 
protein-spindle 

organization  

MCPH6 

(CENPJ/CPAP) 
Centromeric protein J 

608393 

613676 

Centriole length 
control/microtubule 

function 

MCPH7 

(STIL) 

SCL/TAL1 interrupting 
locus 

612703 

 

Spindle organisation/cell 
cycle progression 

 

MCPH8 

(CEP135) 

Centrosomal protein 
135kDa 

614673 Spindle organisation/cell 
cycle progression 

MCPH9 

(CEP152) 

Centrosomal protein  

of 152 kDa 
614852 

613823 

Centrosome-centriole 
biogenesis and genome 

stability 

MCPH10 
(ZNF335) 

Zinc Finger Protein 
335 

615095 Interacts with a chromatin-
remodeling complex  

MCPH11 
(PHC1) 

Polyhomeotic 
Homolog 1 

602978 Increase in DNA damage 
and defective DNA repair 

MCPH12 
(CDK6) Cyclin-Dependent 

Kinase 6 
603368 

Disorganized mitotic 
spindles and 

supernumerary 
centrosomes  

MCPH13 
(CENPE) 

Centromere Protein E, 
312kDa 

117143 Abnormalities in spindle 
microtubule organization 

MCPH14 
(SASS6) 

Spindle Assembly 6 
Homolog 

609321 Impairs the centriole-
forming function 

MCPH15 

(MFSD2A) 

Major Facilitator 
Superfamily Domain 

Containing 2A 

614397 Docosahexaenoic acid 
transport impairment 

Adapted from Online Mendelian Inheritance in Man (OMIM)  



 

27 

 

Interestingly, all of the MCPH-associated genes that have been identified 

until recently encode centrosome-associated proteins (Woods et al., 2005; 

Mochida and Walsh, 2001; Megraw et al., 2011; Kaindl et al., 2010). 

Symmetrical division of neuroprogenitor cells results in neuroepithelial cell 

proliferation, whilst asymmetrical cell division causes neurogenic 

differentiation (discussed in section 1.1.1). Proper centrosome duplication 

and positioning are crucial for spindle organization and orientation which in 

turn controls symmetrical versus asymmetrical divisions, determines the fate 

of daughter cells and cell cycle progression, and eventually dictates cortical 

size (Sun and Hevner, 2014). Disruption of centrosome duplication and 

positioning secondary to mutations encoding centrosome-associated 

proteins disrupts spindle orientation in neuroprogenitor cells and thereby 

causes a reduction in the size of the neuroprogenitor pool, which results in a 

smaller cortex (Sun and Hevner, 2014). In this thesis we present a new 

mechanism giving rise to autosomal recessive primary microcephaly (MCPH 

15) that is not associated with centrosome-associated proteins (Alakbarzade 

et al., 2015; Guemez-Gamboa et al., 2015) (discussed in section 3.3). 
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1.2 Neurodevelopmental disorders and congenital 

malformations: definitions  

Neurodevelopmental disorders (NDDs) are a diverse group of childhood 

onset hereditary neurological disorders. NDDs are the biggest cause of 

disabled children and young people with the estimated prevalence being 

around 3ï4% of children in England (Emerson, 2012). On the other hand, 

congenital malformations are estimated as the most common cause of 

death during the first year of life in developed countries (Mathews et al., 

2003; Muhuri et al., 2004; Serenius et al., 2001).  

NDD is an umbrella term that includes homogeneous subgroupings of NDDs 

with shared features (Figure 1-5) (DSM-5). The classification of NDDs 

developed by Diagnostic and Statistical Manual of Mental Disorders (Fifth 

Edition) makes it easier for the clinician to specify association of separate 

NDDs with a known genetic condition (Harris, 2014). 

DSM-5 classification replaces the outmoded term ómental retardationô with a 

group of óintellectual disabilitiesô. Intellectual disability (ID),  is defined as a 

deficit in intellectual and adaptive functioning that presents before 18 years 

of age (http://aaidd.org/intellectual-disability/definition) (American Psychiatric 

(Association, 2013). Adaptive deficits, in turn include limitations in at least 

one of three domains: conceptual, social, and practical, while deficit in 

intellectual capacity includes limitation in learning, reasoning, and problem 

solving, abstract thinking, and judgment. The term ID usually is applied to 

children five years or older, when the severity of impairment is more reliably 

assessed  (American Psychiatric (Association, 2013). 

http://aaidd.org/intellectual-disability/definition
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Figure 1-5 DMS-5 classification of neurodevelopmental disorders 

 

Diagnostic and Statistical Manual of Mental Disorders Fifth Edition 
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NDD section in DSM-5 classification also defines levels of severity based on 

adaptive functioning and not intelligence quotient (IQ) scores (Appendix 6.1) 

(Harris, 2013; Salvador-Carulla et al., 2011). Limitations in intellectual and 

adaptive functioning must be assessed relative to the childôs age, 

experience, and environment, differences in language, culture, 

communication, motor, sensory, and behavioral factors (American 

Psychiatric (Association, 2013). Children with severe ID, a known genetic 

disorder and those presenting with obvious dysmorphic features and 

microcephaly tend to come to medical attention at an early age. Clinically, ID 

may be further categorized as syndromic or non-syndromic ID. Children with 

ósyndromic IDô present with one or more clinical abnormalities or 

comorbidities of a known syndrome in addition to ID, whereas those with 

ónon-syndromic IDô presents with ID alone (Kaufman et al., 2010). 

Global developmental delay (GDD), is another sub-branch of óintellectual 

disabilitiesô that describes intellectual and adaptive impairment in children 

younger than five years of age, based on failure to meet expected 

developmental milestones in several areas of intellectual functioning 

(American Psychiatric (Association, 2013). However, not all children with 

GDD will meet criteria for ID as they grow older. 

Language disorders and speech disorders are the two major types of 

communication disorders. While speech disorders refers to an impairment of 

the articulation of speech sounds, fluency, and/or voice, the term "language 

disorder" refers to impaired comprehension and/or use of spoken, written, 

and/or other symbol systems (American Speech-Language-Hearing 
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Association (1993)). Developmental language disorder is another term used 

to describe a variety of developmental disorders, including those associated 

with cognitive impairment, in which speech and language also are affected; 

while specific language impairment is a developmental disorder that occurs 

in the absence of intellectual disability (mental retardation), hearing loss, 

motor disorder, socio-emotional dysfunction, or frank neurologic deficit 

(Plante, 1998). Developmental language disorder is the most common 

developmental disability of childhood, occurring in 5 to 10% of children 

(Richardson, 1992). 

Early clinical and etiologic recognition of NDDs is important as it can provide 

guidance regarding prognosis, recurrence risk, and possible therapeutic 

options. Identifying a cause enables focused interventions, treatments, 

surveillance, and appropriate counseling, with anticipation of possible 

medical or behavioral complications and a more specific prognosis. 

A specific genetic cause can be identified in more than 50% of cases of ID 

(Rauch et al., 2012; Moeschler, 2008; van Karnebeek et al., 2005). Currently 

the most valuable tool in routine practice to identify the genetic causes of 

NDD is chromosomal microarray analysis (Discussed in section 1.4.1.b) 

(Kaufman et al., 2010; Miller et al., 2010). Chromosomal rearrangements 

resulting from the loss or gain of chromosomal/DNA material is recognized 

as a frequent cause of NDD with or without congenital malformations 

(Discussed in section 1.4.1.a) (Kaufman et al., 2010).  

Congenital malformations result from a pathologic process during the 

embryonic period that leads to the presence of structural anomalies at birth. 
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These structural anomalies encompass defects of organs or body parts 

which are not formed, are partially formed, or are formed in an abnormal 

fashion (Figure 1-6). Since most human body structures are formed between 

the second and the eighth week of development, they may be affected 

adversely during this vulnerable period. The majority of malformed embryos 

fail to implant or die following implantation, while the minority continue to 

develop and result in infants born with malformations (Director and 

Columbia, 2005).  

Congenital malformations are divided into eight categories based on 

aetiology: (1) Chromosome unbalanced abnormalities (microscopically 

visible): (2) Submicroscopic chromosomal abnormalities including 

microdeletions, imprinting mutations; (3) Known teratogen and prenatal 

infections; (4) New dominant mutations such as achondroplasia; (5) Familial 

disorders not included as a new dominant such as tuberous sclerosis, fragile 

X syndrome; (6) Recognized non familial, non-chromosomal syndromes such 

as Kabuki syndrome; (7) Isolated anomalies not included in  the  above 

anomalies such as gastroschisis, isolated cleft lip; (8) Unrelated anomalies 

from more than one system with no unifying diagnosis (Wellesley et al., 

2005). It is important to consider all above mentioned causes in evaluation of 

an infant with such anomalies. Complete examination, photographs, 

radiographs, genetic studies including cytogenic analysis, microarray 

analysis, fluorescence in-situ hybridization (FISH) test, storage of appropriate 

samples and sometimes autopsy can assist with detection of underlying 

cause (Mattos et al., 1987; Director and Columbia, 2005) (discussed in 

section1.4.1.b). 
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Figure 1-6 Congenital malformations 

 

Table of different forms of congenital malformations. Illustration A is an 

example of the óóGreek warrior helmetôô appearance of the nose, high 

forehead, prominent glabella, hypertelorism, highly arched eyebrows, 

protruding eyes, epicanthal folds, short philtrum, distinct mouth with 

downturned corners, micrognathia (Battaglia et al., 2008); B Severe 

microcephaly (Paciorkowski et al., 2013); C Camptodactyly (Thunstrom et 

al., 2015) 
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1.3 Dystonic tremor  

1.3.1 Definitions, classifications and misdiagnosis 

Tremor is defined as a movement disorder characterised by an involuntary 

rhythmic sinusoidal oscillation of a body part (Deuschl et al., 1998). It is 

classified on the basis of topographic distribution, relation to rest, posture 

and action, amplitude of tremor, frequency of tremor and presence of 

additional symptoms such as parkinsonian signs and neuropathy (Figure 1-7) 

(Deuschl et al., 1998). The most frequent tremor type is believed to be 

essential tremor (ET), defined as a bilateral, largely symmetric 

postural/kinetic tremor involving hands/forearms with possible head tremor in 

the absence of abnormal posturing (Deuschl et al., 1998; Louis and Ferreira, 

2010). ET has a high prevalence as well as a high misdiagnosis rate with the 

most frequent false diagnosis being dystonic tremor (DT) (Jain et al., 2006; 

Quinn et al., 2011; Schrag et al., 2000; Louis et al., 2015). There is a lack of 

agreement among movement disorder specialists as to how to define ET 

(Jain et al., 2006).  

DT is defined as asymmetric postural or kinetic tremor with a greater 

tendency to vary with different postures or voluntary motor tasks in the same 

body region affecting dystonia (Quinn et al., 2011; Tinazzi et al., 2013; 

Defazio et al., 2013). Tremor associated with dystonia (TAWD) is defined as 

a tremor in the body regions unaffected by dystonia (Deuschl et al., 1998). 

Since both DT and TAWD share similar demographic and clinical features, it 

was suggested to summarize both under the term of DT (Quinn et al., 2011).  
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Figure 1-7 Syndromic classification of tremors  

 

Classification of tremor on the basis of topographic distribution, relation to 

rest, posture and action, amplitude of tremor, frequency of tremor and 

presence of additional symptoms such as parkinsonian signs and 

neuropathy  

Adjusted from (Deuschl et al., 1998)  
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Dystonia is a movement disorder characterised by sustained or intermittent 

muscle contractions causing abnormal, often repetitive movements, 

postures, or both (Albanese et al., 2013). Dystonic movements are typically 

patterned, twisting, and may be tremulous. Dystonia is often initiated or 

worsened by voluntary movements and associated with overflow muscle 

activation. The clinical classification of dystonia includes age at onset, body 

distribution, temporal pattern, coexistence of other movement disorders and 

other neurological manifestations (Table 1-2) (Balint and Bhatia, 2014). In 

terms of etiology, dystonias are classified according to whether they are the 

result of pathological changes or structural damage, have acquired causes or 

are hereditary. If there is no clearly defined etiology, the dystonia is 

considered as an idiopathic familial or idiopathic sporadic. 

Dystonia may occur in isolation or in combination with myoclonus, 

parkinsonism or other movement disorders, etc. In óisolated dystoniaô, 

dystonia is the only motor feature, with the exception of tremor (Albanese et 

al., 2013). A spontaneous oscillatory, rhythmical, often inconstant, patterned 

movement produced by contractions of dystonic muscles may give an 

impression of ótremorô and often exacerbated by an attempt to maintain 

primary posture (Albanese, 2003; Lalli and Albanese, 2010).  

In most patients with DT, tremor starts at dystonia onset or thereafter, affects 

women more frequently than men. It is usually a postural and action tremor 

but can also be seen at rest (Defazio et al., 2015). However, there are 

dystonias where tremor is the early presenting sign with late onset mild 

dystonia (Stamelou et al., 2013). More recently it has been highlighted that 
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dystonia patients can present with an asymmetric arm, head and voice 

tremor without clear dystonic posturing and these case can be misdiagnosed 

as ET (Stamelou et al., 2013). Moreover, there is still the lack of consensus 

about which symptoms can be accepted as dystonia, when considering DT 

phenomenology. Some consider any asymmetry of posture without clinical 

relevance to be dystonia, whereas some require more definite evidence of 

dystonia (Deuschl et al., 1998; Quinn et al., 2011). 
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*short term variations include persistent, action-specific, diurnal, paroxysmal 

subcategories; **inherited causes include autosomal dominant, autosomal 

recessive, sex-linked, mitochondrial; ***acquired causes include brain 

damage, drugs/toxins, space occupying lesion, vascular, etc. 

(Balint and Bhatia, 2014) 

  

Table 1-2 Classification of dystonia according to clinical and etiological 
features 

Axis I:  

Clinical  

features 

Age at  

onset 

 

 

Infancy (birth to 2 years) 

Childhood (3ï12 years) 

Adolescence (13ï20 years) 

Early adulthood (21ï40 years) 

Late adulthood (40 years and older) 

Body  

distribution 

 

 

Focal (one isolated body region) 

Segmental (two or more contiguous regions) 

Multifocal (two or more non-contiguous regions) 

Hemi-dystonia (half the body) 

Generalized (trunk plus two other sites) 

Temporal  

pattern 

Disease course (static vs. progressive) 

Short-term variation*  

Associated  

features 

Isolated (may include tremor) 

Combined (other neurological or systemic features) 

Axis II: 
Cause 

Nervous  

system 
pathology 

Degenerative 

Structural (focal lesions, degenerative changes, etc.) 

No degenerative or structural pathology 

Heritability Inherited**  

Acquired***  

Idiopathic Sporadic 

Familial 
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1.3.2 Pathophysiology  

Co-contraction of agonist-antagonist muscles, excess of movements with 

loss of selectivity and overflow in muscle activation are clinical aspects of 

dystonia that are usually present across the different forms of dystonia. This 

phenomena is likely to depend on an balance between excitatory and 

inhibitory circuits because of defective inhibitory mechanisms operating at 

various levels of CNS (Kanovsky et al., 2015). However, it is still unclear 

whether DT has similar pathophysiology. The spinal circuitry investigation 

using the technique of reciprocal inhibition between agonist and antagonist 

muscles showed reduced descending control over spinal circuitry in dystonic 

patients with early onset arm tremor (Munchau et al., 2001). Moreover, 

brainstem excitability studied with the blink reflex technique suggested higher 

brainstem excitability in patients with DT than in patients with ET (Nistico et 

al., 2012a; Nistico et al., 2012b). óSensory trickô phenomenon in dystonia, 

also indicates the possibility of influence of peripheral sensory inputs onto 

motor circuits supported by neurophysiological studies (Hallett, 2011; 

Kanovsky, 2002; Abbruzzese et al., 2001).  

Several models of basal ganglia dysfunction have been proposed to explain 

dystonia. These models postulate that dystonia results from a failure of the 

basal ganglia filtering that enables voluntary movements and suppresses 

competing ones that could interfere with the selected movement, or an 

imbalance between the direct excitatory and indirect inhibitory output 

pathways of the basal ganglia (Mink, 2003; DeLong and Wichmann, 2007; 

Gittis and Kreitzer, 2012).  
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More recent views have proposed that dystonia involves not only the basal 

ganglia but also other brain regions and related networks including cerebello-

thalamo-cortical network (Neychev et al., 2011; Fiorio et al., 2011; Castrop et 

al., 2012; Niethammer et al., 2011) Studies in patients with clinically 

manifesting and non-manifesting DYT1 and DYT6 dystonia using diffusion-

based tractography showed reduced connectivity of the cerebellum with the 

thalamus, suggesting that disruption of cerebellar outflow could be an 

important factor affecting the occurrence of motor symptoms (Argyelan et al., 

2009). Several dystonia animal models have implicated cerebellar 

dysfunction in dystonia, including the tottering mutant mouse and DYT1 

mutant mice with the torsin1A gene mutation (Ulug et al., 2011; Neychev et 

al., 2008). Dystonia might result from cerebellar dysfunction or from 

abnormal interactions of cerebellar and basal ganglia networks. These 

networks might interact anatomically at the level of the motor cortex or the 

striatum, as evidenced by histological tract tracing in animals, animal models 

of dystonia, and functionally in healthy human volunteers, in whom cortical 

excitability can be modulated after cerebellar interventions or after cerebellar 

diseases (Bostan et al., 2010; Neychev et al., 2008; Brighina et al., 2009; 

Hamada et al., 2012; Popa et al., 2013). The cerebellum might contribute to 

the deficit in sensorimotor integration recorded in dystonia because it 

processes proprioceptive information, alters somatosensory thresholds in the 

cortex, and has a key role in both temporal and spatial discrimination 

(Tinazzi et al., 2009; Stoessl et al., 2014).  
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1.3.3 Autosomal dominant dystonic tremors 

Hereditary dystonias are inherited in autosomal recessive (AR), autosomal 

dominant (AD) or X-linked pattern. AD dystonias are clinically 

heterogeneous, could be isolated with childhood/adolescent-onset (DYT1, 

DYT6 and DYT13) or adult-onset (DYT7, DYT21, DYT23, DYT24 and DYT 

25), and combined with other neurological features, including parkinsonism 

(DYT5, DYT12, DYT11, DYT15, DYT4, DYT8, DYT20, DYT10, DYT19 and 

DYT 18) (Table 1-3) (Albanese et al., 2013; Camargo et al., 2015).  

All isolated AD dystonias manifest as either focal or generalized dystonia, 

except DYT7, DYT24 and DYT23. DYT1 dystonia, caused by a single 3 bp 

(GAG) deletion at chromosome 9 (9q34) has been originally identified in a 

large family with early-onset generalized dystonia (Ozelius et al., 1997). 

However, DYT1 phenotypic spectrum typically has the age of onset (before 

twenty years of age) and limb onset (mainly the legs) (Bressman et al., 

2000). Similarly, patients heterozygous to THAP1 mutation (DYT6) can 

present either as an adolescent-onset generalized dystonia (with the first 

appearance in the arms) or late-onset craniocervical dystonia (Xiao et al., 

2010; Fuchs et al., 2009; Klein, 2014; Camargo et al., 2014). The phenotype 

of DYT13 is similar to that of DYT6 dystonia except for the lesser 

involvement of the larynx and legs in the former (Valente et al., 2001). 

Blepharospasm, cervical dystonia and upper-limb dystonia is prevalent in the 

affected individuals heterozygous at the DYT21 locus (2q14.3-21.3) with 

some cases also presenting as generalized dystonia (Forsgren et al., 1988; 

Norgren et al., 2011). 
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Table 1-3 Autosomal dominant dystonias 

Locus Gene Isolated dystonias 

DYT1/9q TOR1-A 
 

Early-onset primary generalized dystonia 

DYT6/8p THAP1 Mixed dystonia 

DYT13/1p - Early-onset primary segmental 
craniocervical dystonia 

DYT7/18p - Adult-onset focal dystonia 

DYT21/2q - Late-onset focal dystonia 

DYT23/9q CIZ1 Adult-onset primary cervical dystonia 

DYT24/11p ANO3 Craniocervical dystonia 

DYT25/18p GNAL Late-onset primary focal dystonia 

Locus Gene Combined and paroxysmal dystonias 

DYT5/14q GCH1 Dopa-responsive dystonia  

DYT12/19q ATP1A3 Rapid-onset dystonia parkinsonism 

DYT11/7q - Myoclonus-dystonia 

DYT15/18p SGCE Myoclonus-dystonia 

DYT4/19p TUBB4 Dystonia with whispering dysphonia 

DYT8/2q MR-1 Paroxysmal nonkinesigenic dyskinesia 1 

DYT20/2q - Paroxysmal nonkinesigenic dyskinesia 2 

DYT10/16pq PRRT2 Paroxysmal kinesigenic dyskinesia 1 

DYT19/16q - Paroxysmal kinesigenic dyskinesia 2 

DYT18/1p SLC2A1/GLUT1 Exercise-induced paroxysmal dyskinesia 

Adapted from (Albanese et al., 2013; Klein, 2014) 
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The gene locus responsible for DYT7 at chromosome 18p is associated with 

late-onset craniocervical dystonia, upper-limb dystonia and spasmodic 

dysphonia without further generalization (Leube et al., 1996). No potentially 

disease-causing mutations including copy-number variation (CNV) have 

been detected at DYT7 locus (Cassetta et al., 1999; Winter et al., 2012). 

Similarly, in adult-onset cervical dystonia an exonic splicing enhancer 

mutation [c.790A > G (p.S264G)] was identified in exon 7 of the CIZ1 gene 

(DYT23) do not progress from the focal form to generalized dystonia (Uitti 

and Maraganore, 1993; Xiao et al., 2012). Neither gene has been found 

mutated in any other families leading to suspicion the original reports may be 

wrong. 

Tremor can be a prominent clinical feature in some AD dystonias. Mutations 

of the ANO3 gene were identified to cause AD tremulous craniocervical 

dystonia and have been designated to the dystonia locus 24 (DYT24) 

(Charlesworth et al., 2012). All affected individuals heterozygous to ANO3 

mutation clinically manifest with tremor, which contrasts DYT24 from the 

typical DYT6 phenotype (Stamelou et al., 2014). Moreover, in some affected 

individuals carrying an ANO3 mutation, tremor can be the sole initial 

manifestation, without or (later) with very mild dystonic posturing leading to 

misdiagnosis as ET (Stamelou et al., 2014). Tremor has also been described 

in DYT6 and DYT1 as the prominant feature (Blanchard et al., 2011; 

Xiromerisiou et al., 2012; Bressman et al., 2009; Clot et al., 2011; Almasy et 

al., 1997; Stamelou et al., 2013). Another new cause of dystonic head tremor 

is isolated familial dystonia that is due to guanine nucleotide binding protein 
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(G protein), alpha activating activity polypeptide, olfactory type (GNAL) gene 

mutations (DYT25) (Fuchs et al., 2013). 

DYT5 and DYT12 are AD dystonia loci associated with parkinsonism. Dopa-

responsive dystonia (DYT5) is a rare form of dystonia with cases 

heterozygous to mutations in the GCH1 gene (Segawa, 2009). The GCH1 

gene consists of six exons, with various mutations in exons as well as introns 

causing dopa-responsive dystonia. The typical presentation is dystonia 

concomitantly with or following parkinsonism with a worsening of symptoms 

during the day in majority of cases and a dramatic response to levodopa 

therapy (Segawa, 2009; Kamal et al., 2006; Nutt and Nygaard, 2001). 

Similarly, rapid-onset dystonia-parkinsonism (DYT12/ATP1A3) is extremely 

rare, with a sudden onset of dystonia/parkinsonism triggered by a 

psychological stressor (Pittock et al., 2000; Brashear et al., 1997; de 

Carvalho Aguiar et al., 2004). The dystonia typically affects the limbs and 

face, and distribution of dystonia and parkinsonism signs shows a clear 

rostrocaudal gradient with the bulbar symptoms being more severe than the 

symptoms in the upper limbs and less severe in the lower limbs. (Brashear et 

al., 1997). 
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1.4 Basic principles of neurogenetic studies 

1.4.1 Analysis of structural chromosome variants 

1.4.1.a Structural chromosome variants 

The spectrum of human genetic variation ranges from single base pair 

alterations to chromosomal structural events involving small genomic regions 

to entire chromosomes. Structural variants (SVs) are an example of 

chromosomal rearrangements that span more than 50base pairs (bp) 

(Abecasis et al., 2010). SVs vary widely in size and there are numerous 

classes of variation including deletions, translocations, inversions, mobile 

element transpositions, tandem duplications, novel insertions and CNVs 

(Table 1-4 and Table 1-8).  

SVs may develop either when recombination during meiosis occurs between 

mispaired homologues or when cellular repair mechanisms incorrectly 

handle unwanted free chromosomal ends produced by chromosome 

breakage. If two different chromosomes each sustain a single break, 

incorrect joining of the broken ends can result in a movement of genetic 

material between chromosomes, a process called translocation. Exchange 

between an acentric fragment of chromosomes creates products that are 

stable in mitosis, while exchange of an acentric fragment for a centric 

fragment producing unstable products (Strachan and Read, 2010). Structural 

chromosomal abnormalities are balanced if there is no gain or loss of 

chromosomal segment, while unbalanced if there is a net gain and loss of 

genetic material. Balanced abnormalities are less likely to manifest clinically 
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unless a chromosomal break disturbs coding sequence or affects gene 

expression. 

At least two distinct models have been proposed with respect to associations 

between disease and SVs. The first involves large variants (typically gains 

and losses of several hundred kilo base pairs in length) that are individually 

rare in the population (<1%) but collectively account for a significant fraction 

of disease, as seen for some neurological and neurocognitive disorders 

(Sebat et al., 2007; Sharp et al., 2006; de Vries et al., 2005; Stankiewicz and 

Lupski, 2002). Since some genes are dosage sensitive, either duplication 

which will increase a gene dosage by 150% or deletions which reduce it by 

50% affect phenotypic expression of genes. Consequently, ID is the almost 

universal consequence of autosomal imbalance, and vice versa, much ID is 

due to a chromosome abnormality (Gardner et al., 2011).  

Imbalanced chromosomal abnormalities can arise de-novo or directly via 

deletion or duplication, or indirectly by malsegregation of chromosomes 

during meiosis, in a carrier of a balanced abnormality (Gardner et al., 2011). 

A parental carrier of a balanced reciprocal translocation can produce 

gametes that give rise to a phenotypically normal balanced carrier child or to 

various unbalanced karyotypes that always combine monosomy for part of 

one of the chromosomes with trisomy for part of the other (Strachan and 

Read, 2010).  

SV discovery and genotyping requires accurate prediction of three features: 

copy, content and structure. In practice, it is difficult as SVs tend to reside 

within repetitive DNA, which makes their characterisation more difficult. 
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Current methods for discovery and then for genotyping includes experimental 

approaches using microarrays, single-molecule analysis and sequencing-

based computational approaches (Alkan et al., 2011). 
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Table 1-4 Types of chromosomal abnormalities 
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Figure 1-8 Types of structural variation  

 

The schematic depicts deletions, novel sequence insertions, mobile-

element insertions, tandem and interspersed segmental duplications, 

inversions and translocations in a test genome (lower line) when compared 

with the reference genome. 

(Alkan et al., 2011) 
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1.4.1.b Genetic characterisation of structural variation 

Hybridization-based technologies such as array comparative genomic 

hybridization (array CGH) and single nucleotide polymorphism (SNP) 

microarrays have historically been the chief approaches for the discovery 

and genotyping of CNVs (Iafrate et al., 2004; Sebat et al., 2004; Locke et al., 

2004; Itsara et al., 2009; Snijders et al., 2001; Pinkel et al., 1998). Both array 

CGH and SNP array platforms are based on the principle of comparative 

hybridization of tested and reference labelled DNA samples to a set of 

hybridization targets (typically long oligonucleotide probes). Compared to 

array CGH, SNP microarray platforms perform hybridization on a single 

sample per microarray, and use SNP allele-specific probes (McCarroll et al., 

2008; Cooper et al., 2008; Peiffer et al., 2006). The number of probes 

required to detect a single-copy alteration as well as signal-to-noise ratio for 

each probe varies between platforms. Illumina platform that was used in 

current study require ten probes to reliably detect a single CNV (Itsara et al., 

2009). 

Both array CGH and SNP array platforms use the signal ratio, Log2 between 

a test and reference sample to infer copy number variation (Pinkel et al., 

1998; Coe et al., 2007) (Figure 1-9). An increased log2 ratio represents a 

gain in copy number in the test compared with the reference, while a 

decrease indicates a loss in copy number. Although signal-to-noise ratio for 

each probe is lower in SNP microarrays than that of array CGH platforms, 

SNP arrays also measure B allele frequency (BAF). This metric distinguishes 

alleles and increases sensitivity of CNV detection. BAF score zero 

represents the genotype A/A or A/ï, whereas 0.5 represents A/B and 1 
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represents B/B or B/ï (Alkan et al., 2011) (Figure 1-9). Different BAF values 

would occur for AAB and ABB genotypes or more complex genotypes. BAF 

can only accurately assign copy numbers from 0 to 4 in diploid regions of the 

genome, as homozygous deletions do not results in BAF clustering (Cooper 

et al., 2008; Peiffer et al., 2006). 

Microarrays platforms are less sensitive in the detection of single-copy gains 

(3 to 2 copy-number ratio) compared with deletions (1 to 2 copy-number 

ratio) (Itsara et al., 2009; Cooper et al., 2008; Coe et al., 2007; Craddock et 

al., 2010). This is particularly difficult when copy number gains encompass 

only a few probes and SNP arrays may not contain sufficient probe density to 

use the BAF measurement. Moreover, microarrays platforms are generally 

unable to resolve breakpoints at the single-base-pair level and identify 

balanced structural variants requiring additional technologies to detect the 

accurate boundaries and copy numbers of these events. 

FISH is an approach that allows characterisation of chromosomal 

rearrangements including balanced translocations and detects the origin of 

the duplicated chromosomal material. FISH analysis is based on the 

sequence specific hybridization of a fluorescently labeled DNA probe to 

metaphase preparations from cultured cells where the exact position of the 

signals can be visualized directly (Kwasny et al., 2012). Complex 

interchromosomal rearrangements or the origin of the marker could be 

identified by a 24-color karyotyping technique, multiplex in situ hybridization 

that enables the simultaneous visualization of all chromosomes in a single 

hybridization (Anderson, 2010). However, their low throughput and low 
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resolution limit FISH application to a few individuals and to particularly large 

structural differences (~500 kilobase (kb) to 5 megobase (Mb)) (Alkan et al., 

2011). 

Next-generation sequencing technologies (NGS) have been revolutionizing 

genome research as well as the study of CNVs and SVs on the whole 

replacing microarrays as the leading platform for the investigation of genomic 

rearrangement (Tattini et al., 2015). NGS platforms are based on various 

implementations of cyclic-array sequencing which allow sequencing of 

millions of short (few hundreds bp) DNA fragments (reads) simultaneously 

and may process a whole human genome in three days at 500-fold less cost 

than previous methods (Shendure and Ji, 2008; Shendure et al., 2011; 

Voelkerding et al., 2009; Metzker, 2010). There are four general types of 

strategy all of which focus on mapping sequence reads to the reference 

genome (derived from the 1000 Genomes Project) and subsequently 

identifying discordant signatures or patterns that are diagnostic of different 

classes of SV (Medvedev et al., 2009; Mills et al., 2011). 

Read-depth NGS approaches assume a random distribution in mapping 

depth and investigate the divergence from this distribution to highlight 

duplications and deletions in the sequenced sample (Bailey et al., 2002). 

Duplicated regions results in higher read depth while deletions show reduced 

read depth when compared to normal. Split-read NGS approach targets SV 

breakpoint on the basis of a split sequence-read signature breaking the 

alignment to the reference. A gap in the read is a marker of a deletion while 

stretches in the reference reflect insertions (Alkan et al., 2011). Another NGS 
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method, sequence-assembly approach uses a combination of de novo and 

local-assembly algorithms to generate sequence that are then compared to a 

reference genome.  

Read-pair (RP) is another NGS method which compares the average insert 

size between the actual sequenced read-pairs with the expected size based 

on a reference genome. In paired-end sequencing, the DNA fragments are 

expected to have a specific distribution around insert size. The discordance 

between mapped paired-reads whose distances are significantly different 

from the predetermined average insert size is utilized by pair reads to identify 

CNVs. In other words, by using the known physical size separation between 

the paired-end reads from a given fragment (defined by the size of the DNA 

fragments used for the library prep) anomalous spacing and its orientation 

(alignment track) can be detected when these reads are mapped back to the 

reference genome (Lam et al., 2010). Using this approach, a reasonably tight 

size range of library fragments (~400 bp) can be created using low coverage 

(around eightfold) genome sequencing. PRs that map too far apart are 

associated with deletions while those found closer than expected are 

indicative of insertions (Tattini et al., 2015). Furthermore, orientation 

inconsistencies can delineate inversions and a specific class of tandem 

duplications. In tandem duplications a large section of DNA is duplicated and 

inserted into the genome next to the original sequence (Figure 1-10). The PR 

sequences become not only duplicated, but also are arranged or aligned 

opposing as well as in the same direction. PR sequencing approach allows 

mapping breakpoint region of the SV event in a single base pair level for 
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further screening a large number of samples at a very low cost per assay by 

PCR-based techniques.  

Conventional polymerase chain reaction (PCR) across sequenced 

breakpoints, quantitative PCR and multiplex ligation-dependent probe 

amplification (MLPA) that is based on the quantification of PCR fragments in 

capillary electrophoresis are approaches that allows a large number of 

samples to be analyzed at a relatively low cost per sample (Korbel et al., 

2007; Weksberg et al., 2005; Schaeffeler et al., 2003; Gomez-Curet et al., 

2007; Schouten et al., 2002). 
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Figure 1-9 CNV detection by array CGH and SNP microarrays 

 

(a) Array CGH log2 ratio that acts as a proxy for copy number. Dots (blue, 

red or black) represent single allele. (b) SNP microarray with log2 similar to 

array CGH log2 is a proxy for copy number. An increased log2 ratio 

represents a gain in copy number in the test compared with the reference; 

conversely, a decrease indicates a loss in copy number both. BAF is a B 

allele frequency that is a metric that enables a more comprehensive 

assignment of copy number.  

 

(Alkan et al., 2011) 
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Figure 1-10 Read pair mapping pattern in tandem duplications  

 

(a) Illustration of the tandem duplication where A stands for 5ô end strand and 

B stands for 3ô end. In tandem duplication the DNA fragment is duplicated 

and aligned in a way that 5ô end of duplicated fragment óAô face 3ôend of 

original or reference fragment óBô; (b) Illustrated pair read NGS approach 

where pair-read sequences (green lines) are designed from DNA fragment 

library. In tandem duplication those pair-reads become arranged in a way 

that they face each other as well as in opposite direction; (c) Integrative 

genomic viewer (IGV) display of the tandem rearrangement of case III: 15 

from the pedigree Figure 5-3, where coloured lines demonstrate pair reads 

mapping approximately 550kb away in reverse-forward rather than forward-

reverse orientation, suggesting a tandem duplication event. 

  




















































































































































































































































































































