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Abstract

Abstract

Intellectual disability (ID) is a neurodevelopmental disorder that seriously affects
cognition, adaptive and intellectual functions of the individuals. It is a heterogeneous
disorder with prevalence rate of 1-3%. There are ~700 known ID genes but the

underlying genes are unknown in large number of ID patients.

For this study two families (A & B) were recruited from the remote areas of Sindh and
Punjab, provinces of Pakistan. Both families exhibit non-syndromic ID. Whole genome
single nucleotide polymorphism (SNP) genotyping was performed on both families which
results in the identification of multiple homozygous regions in family B only. For family
A, the genotype data was manually accessed to find the presence of genomic deletion,
which identified a probable deletion on chromosome 2. This region was flanked by
rs6706472 and rs12713108 and spans a genomic region of ~559kb (chr2:50,228,332-
50,786,770), but PCR based assays did not confirm the presence of deletion in the
affected members of this family.

In case of family B, Homozygosity Mapper identified 4 homozygous regions. Exome
sequencing of I1V-4 individual of this family could not identify the ID causing variant. As
a consequence, BAM file of this individual was evaluated to check the coverage of genes
present in the HBD regions. For chromosome 1: 38401933-64109264 HBD region two
genes POMGNT1 (exon-23) and SZT2 (exon-5-15) were partially uncovered while on
chromosome 14:56307478-75947712 homozygous by descent (HBD) region KIAA0586
(exon-6 & 33) gene was uncovered. Sanger sequencing of these uncovered regions, could
not identify any pathogenic variant. Only one polymorphism was found in exon-6 of
KIAA0586 gene which was present in the intronic region, but has no impact on splicing.
Though no pathogenic variant was identified in these families by using exome

sequencing, the disease causing mutations can be identified by using genome sequencing.
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Chapter 1 Introduction

1. INTRODUCTION

Two major parts of the Homo sapiens nervous system include central nervous system
(CNS) and the peripheral nervous system (PNS). The CNS comprises of the spinal cord
and the brain while the PNS involves the nerve fibres that originate from spinal cord and
spread to the body parts like neck, skeletal muscles, arms, internal organs, legs and torso.
The brain is a soft, wrinkled organ having approximately 100 billion neurons located
inside the cranial cavity and it weighs about 3 pounds. The approximate storage capacity
of human brain is 1.25x10" bytes (Cherniak, 1990; Hofman, 2012).

1.1 Development of Human Brain

The development of human brain is a chain of processes (which are dynamic and
adaptive) that promotes the differentiation and development of neural structures. These
processes work within extremely controlled and genetically organized, but continuously
changing environments, that support the development of dynamic and complex structures
(Stiles, 2008). The first neural tissue that develops in human brain is neural plate which is
also called primitive neural tissue and this neural tissue is part of the outermost
embryonic tissue layer known as ectoderm. The ectoderm is present on the surface of
early embryo, and later forms the epidermis of the skin. In the early stages of
development a groove appears in the ectoderm, which deepens and fused to form a neural
tube. The fused part of ectoderm develops into a separate structure called neural crest
which is present in the middle of the neural tube and the ectoderm. Eventually, the neural
crest will develop in to the ganglia of the PNS while neural tube will become the CNS.
On the neural tube’s anterior end, three distinct swellings are formed which later form the
forebrain (Prosencephalon), midbrain (mesencephalon), and hindbrain
(rhombencephalon). In the developed human brain, forebrain has two parts diencephalon
and telencephalon whereas the hindbrain has metencephalon and myelencephalon (Fig
1.1). The telencephalon disproportionately grows into enormous cerebral hemispheres
that shield the midbrain, the diencephalon, and a portion of the hindbrain (Fig 1.1). The
CNS originates as a hollow tube and remains hollow until the brain regions are formed.

The cavities of the brain (ventricles) are filled with cerebrospinal fluid (CSF).

In an adult brain 10** (100 billion) neurons are present which gets about 15% of the total
blood flow per minute, and thus indicates the high metabolic needs of brain (Fox, 2016).

Identification of Putative Pathogenic Variants In Genes Responsible for Intellectual Disability 1
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1.1.1 Neurogenesis

The brain of adult human contains neural stem cells which can develop into neurons and
glial cells. There are two locations in the human brain that are involved in the
development of new neurons from neural stem cells. One of the locations is the
subventricular zone; new neurons are generated in this area and migrate into striatum.
The other location is the subgranular zone of the hippocampus in which neurogenesis

results in newly formed interneurons that functions within the hippocampus (Fox, 2016).
1.1.2 Brain Parts and their Functions
1.1.2.1 Cerebrum

The only structure of telencephalon is the cerebrum which is the major portion of brain
and accounts for almost 80% of its mass. Within two convoluted hemispheres it contains
five paired lobes, encloses gray matter in its cortex and in deeper cerebral nuclei. The
cerebral hemispheres are interconnected internally by a large fiber tract called the corpus
callosum (Fox, 2016). Cerebrum is primarily involved in determining intelligence,
thinking, reasoning, personality, motor functions, producing and understanding language,
interpretation of sensory impulses and processing of sensory information (Bailey, 2013).

1.1.2.2 Cerebral Cortex

The outer folds and grooves (convolutions) of cerebrum are called cerebral cortex which
is comprised of underlying white matter and 2 to 4 mm of gray matter. The depressed
grooves of the convolutions are called sulci while the elevated folds are called gyri. Each
cerebral hemisphere is further divided into five lobes by fissures or deep sulci. These
lobes are the frontal, parietal, temporal and occipital while the fifth lobe is deep insula
which is enclosed by the portions of the parietal, frontal and temporal lobes. Frontal lobe
is involved in voluntary motor control of skeletal muscles, higher intellectual processing
(e.g., planning and decision making); personality and verbal communication (Fox, 2016).
Parietal lobe is involved in speech, muscular and cutaneous sensations and expression of
emotions and thoughts (Fox, 2016). Temporal lobe has role in understanding of acoustic
sensations and storage (memory) of visual and auditory experiences (Fox, 2016).
Occipital lobe is primarily involved in vision and coordination of eye movements (Fox,
2016). Insula has role in sensory (principally pain), memory and visceral integration (Fox,
2016).

Identification of Putative Pathogenic Variants In Genes Responsible for Intellectual Disability 2
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1.1.2.3 Prefrontal Cortex

In the frontal lobes, the anterior most portions are occupied by prefrontal cortex.
Prefrontal cortex occupies one-third portion of entire cerebral cortex. Prefrontal cortex
has ability to carry out and initiate patterns of behaviour, constant attention (Luria, 1966),
short term memory tasks (Chao, 1998), working memory (Fuster et al., 2000), stimulus
detection and sequencing tasks (Lepage et al., 1996), delayed responding, set shifting,
flexibility and effective problem solving (Romine et al., 2004). Prefrontal cortex is also
involved in other higher cognitive functions like planning, memory and judgement (Fox,
2016).

1.1.2.4 Basal Nuclei

Basal nuclei are composed of masses of gray matter that contain neuron cell bodies
located deep in the cerebral white matter. Basal nuclei and related nuclei engaged
primarily in motor control, motor learning, emotions, executive functions and behaviour
(Lanciego et al., 2012). Basal ganglia refers to nuclei rooted deep in the brain
hemispheres (globus pallidus, striatum or caudate-putamen) while related nuclei include
structures localized in the diencephalon (subthalamic nucleus), mesencephalon

(substantia nigra) and pedunculopontine nucleus in pons (Lanciego et al., 2012).
1.1.2.5 Hippocampus

The hippocampus is like a seahorse-shaped and is a part of limbic system. The limbic
system is present just below the cortex and above the brain stem. The hippocampus is
found in the temporal lobe and has two parts present on each hemisphere. The
hippocampus is a 1/100™ part of the cerebral cortex and is mainly involved in learning
and memory. It plays important role in two types of memories: declarative and spatial
relationship memories. Declarative memories include memories associated with facts and
events while spatial relationship memories include routes or pathways. The spatial
relationship memories are stored in the right hippocampus, and this function is

compromised in epilepsy, Alzheimer’s and depression (Anand & Dhikav, 2012).

1.1.2.6 Cerebellum

The 2" largest structure of the brain is the cerebellum, having about 50 billion neurons. It
also contains outer gray matter and inner white matter like cerebrum. It contributes in the
coordinating movements, by receiving input from proprioceptors (tendon, joint, and

muscle receptors) and mutually working with the motor areas of the cerebral cortex and
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the basal nuclei. It is also required for coordinating movements of different joints, proper
timing and force required for limb movement e.g., cerebellum is necessary for different
actions i.e. to take a fork of food to your mouth, or touch your nose with your finger etc.
It is suggested that the cerebellum have different functions beyond motor coordination
including attainment of sensory data, emotion, memory, and other higher functions (Fox,
2016). It is also believed that cerebellum may also be involved in autism and
schizophrenia (Fox, 2016).
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(a) Neural | (b) Primary brain vesicles | (c) Secondary brain vesicles (A . [0 g‘::.“,:‘;:,",
Cerebrum: Cerebral
hemispheres (cortex,
white matter, basal nuclei)

e Prosencephalon
Anterior
(rostral) (forebrain)
A
Mesencephalon
(midbrain)
Rhombencephalon
(hindbrain) }
Posterior
(caudal)

Figure 1.1: Embryonic human brain development (Adopted from Marieb & Hoehn,
2010).
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1.1.3 Neurodevelopmental Disabilities

Neurodevelopmental disabilities are a large group of chronic conditions that occur during
early developmental processes (including conception, birth and growth) up to the age of
22 years and last during the lifetime of an individual (Accardo, 2008). As a result of
prenatal, metabolic, perinatal, and other factors, fundamental deficits occur in the
developing brain which gives rise to these disorders (WHO, 2001). In the United States,
about 17% of individuals (belowl18 years of age) are affected by developmental
disabilities (Accardo, 2008). Major categories of developmental disabilities include:
autism spectrum disorder, learning disabilities, intellectual disabilities, neurogenetic
disorders, communication disorders, neurobehavioral disorders, neurometabolic
disorders, neuromuscular disorders, sensory impairments, neuromotor disorders,
traumatic brain injuries and disabilities linked with chronic diseases and spinal cord
injuries (Patel et al., 2011a).

1.1.3.1 Autism Spectrum Disorder (ASDs)

ASDs are a group of neurodevelopmental disorders having deficits in communication,
social and behavioural domains (Centres for Disease Control and Prevention, 2009). The
three major types of ASDs include asperger syndrome, autistic disorder and pervasive
developmental disorder. In asperger syndrome, individuals have unusual behaviours and
interests, and deficits in social domain but they do not have intellectual disability and
deficits in language (Patel et al., 2011a). The individuals with ASD have significant
language delays and unusual behaviours and they face social and communication
challenges (Matson & Shoemaker, 2009). In comparison to asperger syndrome,
individuals with autistic disorder have significant percentage of intellectual disability
(Patel et al., 2011a). In pervasive developmental disorder, individuals have some features
of  asperger syndrome and some  features of  autistic  disorder
(http://www.cdc.gov/ncbddd/autism, 2009).

In United States the overall occurrence of ASDs is 9/1000 in children below 8 years age
(Centres for Disease Control and Prevention, 2009), but male incidence rate is four times
greater than females (http://www.cdc.gov/ncbddd/autism, 2009). There is a high degree
of covariance between ASDs and IDs, about 50-70% of ASD individuals will have some
type of ID while 40% of those with IDs will also have an ASD (Matson & Shoemaker,
2009).
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1.1.3.2 Learning Disabilities (LDs)

Learning disability is defined as the difficulty in particular areas of learning and it
directly effect the academic performance of an individual. The different types of learning
disabilities are mathematics disability (dyscalculia), reading disability (dyslexia), non-
verbal learning disability (NVLD) and disorder of written expression (dysgraphia)
(Lagae, 2008; Patel & Merrick, 2011b). Early identification of LDs is essential to prevent
behavioural disturbances, low early school dropout, self-confidence, academic failure,
socioeconomic welfare, occupation and subsequently health (Patel et al., 2011a). LD can
be identified when a child or teenager’s scores are significantly below in a separately
administered standardized attainment test (in mathematics, interpretation, or written
expression) than expected on his/her age level of I1Q and education (Lagae, 2008; Patel &
Merrick, 2011b).

1.1.3.3 Intellectual Disability (ID)

Intellectual disability (ID) also known as general learning disability is a
neurodevelopmental disorder having impaired intellectual and adaptive functions. ID is
caused due to chromosomal abnormalities, genetic mutations and environmental factors.
ID is characterised by intellectual quotient (IQ) below 70 having significant impairment

in cognitive and adaptive behaviour (American Psychiatric Association, 2013).
1.1.3.3.1 Epidemiology of ID

ID prevalence rate in general population is 1-3%. The most predominant ID risk factors in
developing countries are cultural deprivation, genetic causes (due to consanguineous
marriages) and malnutrition (Khan et al., 2016). In western countries the approximate
incidence of ID is around 1.5-2% while in the developing countries it is about twice as
that of the developed countries (Leonard and Wen, 2002; Maulik et al., 2011). ID is more
common in males than in females with the percentage of 30% but this difference goes
down in case of severe ID where females have higher ratio than males (Katusic et al.,
1996; Bradley et al., 2002).

1.1.3.3.2 Disease Etiology

ID development and its prevalence involve genetic and non-genetic factors. The non-

genetic factors include environmental and socio-economic factors (Igbal et al., 2014).
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1.1.3.3.2.1 Genetic Factors

Genetic factors that contribute in ID include chromosomal abnormalities and

monogenic/multigenic disorders like metabolic defects.
1.1.3.3.2.1.1 Chromosomal Abnormalities

Changes in chromosomal structure include aneuploidies, sub- microscopic deletions, copy
number variations, duplications, and balanced/unbalanced translocations. It is estimated
that about 22% of severe ID patients have chromosomal defects (Stromme, 2000).
Chromosomal abnormalities mostly lead to the syndromic forms of ID and this probably
results due to the deletion of adjacent genes (Karnebeek et al., 2005). Among the
chromosomal aneuploidies; trisomy 21 is the most common cause of ID, with the
prevalence rate of 1/1000 live births (Ballif et al., 2007; Ledbetter et al., 2007). Down
syndrome can also occur due to the translocation between chromosome 21 and
chromosome 15. The analysis of large patient cohorts revealed that depending on patient
selection, copy number variations (CNVs) may contribute about 15-20% of all ID
individuals (Zahir et al., 2007; Cooper et al., 2011). CNVs cause periodic conditions of
ID along with additional features such as in Prader-Willi syndrome, Smith-Magenis
syndrome and Williamms-Beuren syndrome (Ravnan et al., 2006). Several kb to Mb
region of DNA can be affected by these CNVs that causes contiguous gene syndrome
containing altered expression of several genes (Igbal et al., 2014). On the other hand, in
some cases haploinsufficiency can describe 1D, such as EHMT1 gene in Kleefstra
syndrome (Kleefstra et al., 2006), KANSL1 gene in Koolen - de Varies syndrome (Koolen
et al., 2012), LIS1 in the 17p13.3 micro deletion syndrome (Dobyns et al., 1993) and
MECP?2 gene in the MECP2 duplication syndrome (Bijlsma et al., 2012).

1.1.3.3.2.1.2 Monogenic Forms of ID

A gene having a mutation can arrest the function of a particular gene product and this
defect can be subcategorized on the basis of type of defect and the involvement of
particular pathway. Examples of monogenic defects include metabolic disorders
(Karnebeek & Stockler, 2012), mitochondrial defects (Valenti et al., 2014) and repeat
extension defects (Budworth & McMurray, 2013). These genetic defects cause different
disorders like Phenylketonuria, which is a metabolic disorder (Zurfluh et al., 2008),
Alpers syndrome which is a mitochondrial defect (Naviaux & Nguyen, 2004; Nguyen et

al., 2005) and Huntington’s disease which is a repeat extension disorder.
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1.1.3.3.2.2 Non-genetic Factors

Acquired factors or non-genetic factors can cause ID since birth or in some instances
phenotype becomes obvious later in life. These non-genetic factors include noxious
vulnerability during pregnancy and obstetric-related problems, nutritional factors and
environmental insults (Igbal et al., 2014). The prevalence of ID in the poor and
underdeveloped world is two to three folds greater than in Western world (Ropers, 2010).

One of the highest risk factors in poor countries is mal-nutrition.

During pregnancy maternal exposure to toxic substances (e.g. use of drugs,
environmental chemicals and alcohol abuse), maternal conditions such as
phenylketonuria or diabetes and premature birth results in variable effects. Due to the
maternal diffusion of infectious diseases like toxoplasmosis, rubella and cytomegalovirus
infection causes prenatal and perinatal difficulties such as fetal brain damage, trauma and
hypoxia which are the important contributors of ID. The frequency of these various
factors depends on maternal life style along with quality which varies greatly among

different countries (Chiurazzi et al., 2016).
1.1.4 Classification

ID is generally classified either into four grades of severity (mild, moderate, severe and
profound) or by mode of inheritance, which can follow autosomal recessive, autosomal

dominant and X-linked inheritance patterns.
1.1.4.1 1D Types Based on 1Q Level and Severity

ID is classified on the basis of severity into four grades depending on the degree to which
an individual is incompetent to meet the requirements of his age group (Matson et al.,
2005).

1.1.4.1.1 Mild ID

The children with mild ID have the ability to improve communication and social skills,
but their motor skills are slightly compromised. In the age of 6-20 years, they can usually
read at the level of 4"/5™ grade. At the age of 21 years and older, they can efficiently
develop social skills. Majority of these individuals can work and support themselves but
some of them may need assistance in social or financial stress (Katz et al., 2008). The 1Q
level of these individuals is usually in the range of 50-55 to ~70 (American Psychiatric
Association, 1987; WHO, 2001).
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1.1.4.1.2 Moderate ID

Moderate ID individuals can speak or learn to communicate, but their motor coordination
is fair and can learn some social and professional skills. They may be able to support
themselves economically under protected conditions but they usually need assistance in
stressful periods. The prevalence of moderate ID is 10% and has 1Q level in the range of
35-49 (Igbal et al., 2014).

1.1.4.1.3 Severe ID

Severe ID patients have minimal language ability with significant limitations in motor
skills. They can have ability to learn or speak to communicate. They can learn health
habits and elemental self-care. They characteristically need lifelong guidance and aid in
daily activities. They support themselves economically under full supervision. About 5%
of ID patients are classified under severe ID with 1Q level in the range of 20-34% (Igbal
et al., 2014).

1.1.4.1.4 Profound ID

Patients with profound ID show significant developmental delay with minimum
sensorimotor abilities. They want essential care that can last for life span. Teenagers have
partial motor and language development. They can acquire poor personal care skills. The
5% of ID patients have profound form of cognitive impairment, having 1Q level <20%
(Igbal et al., 2014).

1.1.4.2 1D Types Based on Mode of Inheritance

On the basis of physical location of a gene on the particular chromosome (X-chromosome
or autosomes) and mode of inheritance, ID is categorize into X-linked ID, autosomal

dominant and autosomal recessive forms.
1.1.4.2.1 X-linked Forms of ID

ID is assumed to be most common in males as 8-12% of ID is present in males than in
females due to mutations on X-chromosome (Raymond, 2006; Ropers, 2008). There are
about 100 X-linked genes that are involved in ID (Ross et al., 2005; Piton et al., 2013).
Due to typical inheritance pattern X-linked ID can easily be recognized. The X-linked ID
probably contributes about 20-25% of ID (Turner, 1996) and is subdivided into

syndromic and non-syndromic forms (Roper & Hamel, 2005).
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In case of syndromic X-linked ID, patients have one or more defects or clinical features
along with ID (Ropers, 2006). About 140 X-linked ID genes have been identified so far
that contains 20 non-syndromic X-linked ID genes (Ropers & Hamel, 2005).

1.1.4.2.2 Autosomal Dominant ID (ADID)

ADID is defined as the ID genes located on non-sex chromosome in which disease
associated mutation in a single gene copy is sufficient to cause a disease. ADID generally
occurs due to de novo mutations. The identification of doubted genes involved in ADID is
usually carried out through mapping of chromosomal breakpoints in ID patients having
inversions or duplications and balanced translocations (Vanagaite, 2007). According to
Online Mendelian inheritance in Man (OMIM), 40 gene loci (MRD1-MRD40) are listed
that are involved in the development of ADID. ADID includes both syndromic as well as
non-syndomic forms depending on the presence or absence of additional clinical features.

1.1.4.2.3 Autosomal Recessive Intellectual Disability (ARID)

ARID is defined as the genes located on non-sex or autosomal chromosomes in which
mutation in both gene copies are needed to cause the disease. ARID can be divided into
syndromic ID (S-ID), in which more than one physical features or comorbid illness are
present and non- syndromic (NS-ID) in which there is no obvious comorbidities.
Approximately 700 ID genes are known, which includes both syndromic and non-
syndromic genes (Harripaul et al., 2017). According to OMIM data, 53 loci and 33 genes
are reported for non-syndromic and syndromic ARID. Out of 33 genes only 14 are
involved in NS-ARID (Saleha et al., 2017). It is estimated that >2500 genes are
autosomal ID genes and the majority of them are recessive. In populations having
consanguineous marriages, most 1D cases are recessive. Even in outbred population, 13-

24% of ID is caused by autosomal recessive genes (Musante & Ropers, 2014).
1.1.4.2.3.1 Syndromic Autosomal Recessive Intellectual Disability (S-ARID)

S-ARID is associated with the impairment in nervous system, hearing, vision and skeletal
muscles abnormalities (Bokhoven, 2011). Some of these genes are summarized in the

subsequent section.
1.1.4.23.1.1SZT2

SZT2 is a gene that encodes a protein called “seizure threshold II homolog”. This gene is

expressed in the brain mainly in the parietal and frontal cortex as well as in dorsal root

Identification of Putative Pathogenic Variants In Genes Responsible for Intellectual Disability 11



Chapter 1 Introduction

ganglia. It is confined to the peroxisome and involved in oxidative stress resistance
(https://www.ncbi.nlm.nih.gov/gene/23334). SZT2 performs its function by increasing the
activity of SOD (superoxide dismutase) but itself has no superoxide dismutase activity.
Mice studies showed that SZT2 convenes low seizure threshold and may also has role to
enhance epileptogenesis (Frankel et al., 2009). Vanagaite et al. (2013), found a
homozygous transition (c.73C>T) in exon-2 of SZT2 gene that results in the formation of
premature stop codon (p.Arg25). The other mutation is compound heterozygous for
€.2092C>T nonsense mutation and c¢.1496G>T is a substitution mutation. These
mutations cause infantile epileptic syndrome, distinct neuroradiological anomalies, severe
developmental delay, intractable seizures and epilepsy (Vanagaite et al., 2013). Falcone
et al. (2013) found 3bp homozygous deletion ¢.4202_4204delTTC in three children while
their parents had heterozygous mutation. Authors concluded that this deletion causes
disruption of SZT2 protein function which might lead to moderate or mild ID without

seizures.
1.1.4.2.3.1.2 POMGNT1

POMGNT1 is a gene which encodes a protein (enzyme) called “Protein O-linked
mannose beta-1, 2-N- acetylglucosaminyltransferase-1, that catalyzes glycoproteins and
dystroglycan by transferring N-acetylglucosamine to O-mannose. A mutation in
POMGNT1 gene causes muscle-eye-brain (MEB) disease (Yoshida et al., 2001). MEB is
an autosomal recessive hereditary disorder which includes muscular dystrophy, optical
anomalies and brain deformity. In MEB patients, 13 autonomous disease causing
mutations were found in POMGNT1 (Yoshida et al., 2001; Taniguchi et al., 2003). These
mutations are simple point mutations that cause missense, nonsense, frame-shift, splice-
site. and pre-mature termination mutation that are dispersed throughout the gene.
Mutations near 5’ end of coding region causes severe brain symptoms (e.g.

hydrocephalus) while in 3’ end causes milder phenotypes (Manya et al., 2003).
1.1.4.2.3.1.3 KIAA0586

KIAAO0586 is an autosomal recessive gene and it has five isoforms. The isoform
(transcript NM_001244189.1) translates into a protein having 1644 a.a (amino-acids)
with one C-terminal protein rich region and four coiled coil domains (predicted by N-coil;
Lupas et al., 1991). Bachmann-Gagescu et al. (2015a), found a compound heterozygous
mutations in KIAA0586 gene; a G to C transversion (¢.1413-1G-C) resulting in splice site
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mutation and 1bp deletion (c.428delG, NM_001244189.1) that results in frame shift and
premature termination. Biallelic mutations of KIAA0586 are correlated with mild JS
(Joubert syndrome) in ~2.5% of families with Joubert syndrome (Bachmann-Gagescu et
al., 2015a). The other JS patient have frame shift (p.E477Gfs*7) mutation besides
synonymous substitution mutation near splice site (last bp of exon 23). This splice site
substitution mutation directs cryptic splice site in exon 23 and causes 56bp deletion which
leads to frame shift and premature truncation of protein. Another individual with JS
contains a homozygous missense mutation (p. D566V) which support pathogenicity with
the CADD score of 27.4 (Kircher et al., 2014). KIAA0586 (TALPID3) gene codes a
centrosomal protein which is involved in ciliogenesis and hedgehog signalling (Yin et al.,
2009; Bangs et al., 2011; Ben et al., 2011).

1.1.4.2.3.1.3.1 Joubert Syndrome (JS)

Joubert syndrome (JS) is a neurodevelopmental disorder. It is a rare autosomal recessive
disorder that mainly affects the brain and causes mental, physical and visual impairments.
In individuals having Joubert syndrome two parts of brain i.e. the brainstem and the
cerebellar vermis do not develop properly (Roosing et al., 2015). JS is thought to be
linked with defects in the maintenance and development of cilia. Cilia are tiny hair like
structures found on the surface of cell (Roosing et al., 2015). JS (OMIM 213300) was
first identified in 1969 by pediatric neurologist Marie Joubert. The neurological features
of JS include abnormal eye movements, episodic hyperpnea, ataxia, agenesis of the
cerebellar vermis and cognitive impairment (Joubert et al., 1968). Within first months of
life the typical features of JS includes abnormal respiration pattern, abnormal eye
movements, hypotonia and developmental delay (Vilboux et al., 2017). Although some
JS patients have multisystem organ involvement including liver diseases, fibrocystic
kidney retinal dystrophy, polydactyly, chorioretinal colobomas, and occipital
encephalocele but others have neurological abnormalities (Parisi et al., 2009; Aygun,
2009). Recessive mutations in >28 genes causes Joubert syndrome and all of them encode
proteins that are localized to the basal body and primary cilium (Romani et al., 2013).
The causal mutations in these genes are identified in about 62% of individuals with
Joubert syndrome which suggests that other genes may also be involved (Bachmann-
Gagescu et al., 2015b).
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1.1.4.2.3.1.4 NRXN1

NRXN1 gene is located on chromosome 2p16.3 and is a component of small group of
proteins which was initially known as synaptic transmembrane receptors for a-latrotoxin
(the black widow spider toxin) (Ushkaryov et al., 1992). NRXN1 play an important role in
synaptic maturation by modifying synaptic properties (Ushkaryov et al., 1992), facilitate
trans-synaptic interactions (Ichtchenko et al., 1995) and helps in regulating synaptic
transmission by interacting with neuroligins (Ushkaryov et al., 1992). NRXN1 gene
produces two isoforms a- and B- which differs in their extracellular domains but similar
in their intracellular and transmembrane structures (Sudhof, 2008). a-NRXN1 has six LNS
(Laminin -G, NRXN, Sex hormone binding globulin) domains, three intercalated EGF
(epidermal growth factor) like domains that interact with neurexophilins (Missler et al.,
1998), LRRTM proteins (Siddiqui et al., 2010) and also regulate some calcium channels
(Dudanova et al., 2006). Whereas B-NRXNL1 lacks EGF-like domains and contains single
LNS and fewer laminin G domains (Reissner et al., 2008). NRXN1 go through extensive
splicing which is spatially and temporally controlled via calcium/calmodulin- dependent
kinase-4 signalling by neuronal activity (lijima et al., 2011).

Intra NRXNL1 deletions have been observed in individuals having wide range of
neurodevelopmental disorders (Kim et al., 2008; Marshall et al., 2008; Rujescu et al.,
2008; Vrijenhoek et al., 2008; Zahir et al., 2008; Bucan et al., 2009; Glessner et al.,
2009; Kirov et al., 2009; Zweier et al., 2009; Ching et al., 2010; Kowalnik et al., 2010;
Pinto et al., 2010; Gregor et al., 2011; Harrison et al., 2011). Schizophrenia and type-1
diabetes has also been identified in family with NRXN1 deletions (Suckow et al., 2008)
and this is possible because neurexin-1 is also expressed in pancreatic B-cells (Duong et
al., 2012).

1.1.4.2.3.2 Non-Syndromic Autosomal Recessive Intellectual Disability (NS-ARID)

The mode of inheritance of autosomal recessive ID is ~1/4" of the total ID genetic cases
(Higgins et al., 2004). About 34 genes and 51 loci of NS-ARID are identified so far and
most of these genes are localized on chromosome 6 or 19. Missense or small indels are
the most common genetic defects causing NS-ARID (Khan et al., 2016). High ratio of
consanguineous marriages in a population have high rate of ARID (Higgins et al., 2004;
Basel —Vanagaite et al., 2007; Molinari et al., 2008). Najmabadi et al. (2011), has
identified 23 known and 50 novel candidate genes causing ARID. The NS-ARID genes
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are found to be involved in different downstream processes such as methylation (NSUN2
and METTL23); ion homeostasis (TUSC3); protease activity (PRSS12 and CRBN); signal
transduction pathway (LINS, GRIK2, PGAP2, CRADD, ANKS3, PGAP1, TRAPPC9 and
TNIK); tRNA modification enzymes (ADAT3, NSUN2 and PUSC3); transcription factors
(CC2D1A, MED23 and TAF2); Ubiquitination (HERC2 and FBXO031); DNA damage
response (TTI2); mRNA degradation (EDC3 and DCPS); neuro-morphogenesis (KPTN
and KIAA1033); cargo protein (LMANZ2L); lipid metabolism (TECR) and carbohydrate
metabolism (ST3GAL3, MAN1B1, NDST1 and PIGG) (Khan et al., 2016).

PRSS12 (Protease serine 12) also known as neurotrypsin was the first gene reported in
NS-ARID. It shows predominant expression in the hippocampus, the cortex, the
amygdala, the olfactory bulb, the brainstem and the spinal cord (Yamamura, 1997). This
neurotrypsin possibly takes part in neuron plasticity and synapse maturation (Gschwend
et al.,, 1997; Wolfer et al., 2001; Molinari et al., 2002). PRSS12 gene mutations are

involved in moderate and severe ID phenotype (Molinari et al., 2002).

Another gene TRAPPC9 (trafficking protein particle complex 9) (MIM: 611966) is
involved in NS-ARID phenotype and protein produced by this gene is NIBP (NIK- and
IKK-B-binding protein). This protein directly correlates with NIK (NF-kB-inducing
kinase) and IKKp (IkappaB kinase beta) and involved in the activation of NF-xB
pathway. It plays an important role in the nerve cell survival and axonal outgrowth (Hu et
al., 2005). CRBN gene (MIM: 609262) translates into a protein called ATP-dependent
Lon protease cereblon that is involved in neuronal surface expression of calcium (Ca®")
regulated potassium (K*) channels and has a role in release of neurotransmitter and
neuronal- excitability (Higgins et al., 2004; Jo et al., 2005). Nonsense mutations in this
gene lead to mild form of intellectual disability. GRIK2 (MIM: 138244) encodes GLURG6
protein which is a part of kainate receptor (KAR), which are iono-tropic glutamate
receptors that binds with excitatory neurotransmitter | glutamate. These receptors show
high expression in the brain predominantly in the hippocampal mossy fibers (Bortolotto
et al., 1999; Contractor et al., 2001; Motazacker et al., 2007).

1.1.5 Next Generation Sequencing (NGS)

The DNA sequencing technique is a broad way of attaining genome information of any
living organism. Sanger sequencing has been the universal sequencing technology for

decades, in which the fluorescently labelled terminating nucleotides and electrophoresis
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was used. The bacterial genome (Haemophilus influenza) was first time completely
sequenced in 1995 with the help of Sanger sequencing and formulated a preliminary
effect in the arena of microbial genomics (Fleischmann et al., 1995). For whole human
genome sequencing project, Sanger sequencing was made possible by using various
sequencing instruments and automated sample preparation with the cost of US $2.7
billion and more than ten years to compete (Lander et al., 2001; Venter et al., 2001).
Even though Sanger sequencing offered vital improvements in the growth of genomics,
but it is too costly and time consuming to sequence entire human genome. This reality
provoke the pioneers to develop cheaper, faster and high throughput sequencing
techniques that enable to sequence billions of bases in only a matter of hours (Collins et
al., 2003). The massively parallel high-throughput technologies are also known as next
generation sequencing (NGS). The main advantage of a new “massively parallel” or
“second generation” sequencing technology is high throughput and low cost per
sequenced base. Numerous human genomes can be sequenced in a single run on a
second-generation sequencing (SGS) machine within a couple of days (Berglund et al.,
2011). In fact today, a single NGS system (Illumina’s X10; Illumina Inc., San Diego,
California) at a cost of ~ $1,000 per genome can sequence 18000 human genomes every
year (Gilissen et al., 2012).

1.1.5.1 SNP Genotyping

Before single nucleotide polymorphism (SNP) genotyping, microsatellite markers were
used as a standard process to genotype genomes. Microsatellite markers are highly
polymorphic and used in the form of panels of 300-400 microsatellite markers that are
equally distributed throughout the genome (Kennedy et al., 2003). In large
consanguineous families, the microsatellite marker genotyping has been used to identify
runs of homozygosity (ROH) that contained the particular genetic defect, but at the same
time the resolution of this method was not enough to study small non-consanguineous
families (Collin et al., 2011). About ten years ago, a new robust microarray based SNP
genotyping and high throughput system was introduced which is highly potent in the
detection of CNVs (Rauch et al., 2004) but the present SNP arrays can detect duplications
and deletions up to 20kb and 10kb resolution and can also detect ROHs (Igbal et al.,
2014).

SNP is a variation at a particular position in the genome and is present in >1% of the

population (Brookes, 1999). Each SNP has two different alleles at a genomic position in
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such a way that each appears to be present in a substantial portion of the human
population and comprises major part of these DNA variants. Generally SNPs do not
include deletion or insertion polymorphism but in practice sometimes biallelic variations
include deletions, insertions and variations with allelic frequency less than 1%. The two
alleles of SNP are often arbitrarily labelled as A and B and hence each individual usually
gets single copy of each SNP from each parent and therefore the genotype of an
individual is either AA, AB or BB at a SNP site. It is estimated that in human genome
there are some 10 million SNPs present (Kruglyak & Nickerson, 2001). The central aim
of human genetics is to identify DNA variants that cause disease. A few years ago,
scientists have focused on copy number variants (CNVs) which are important
contributors to genetic variations in humans (lafrate et al., 2004; Sebat et al., 2004).
CNVs are chromosomal segments which are at least 1000 base pairs in length and differ
only in number of copies from one individual to the other (Feuk et al., 2006). Soon after
their discovery, numerous high profile studies have associated CNVs with a number of
common diseases which includes Alzheimer disease (Lecrux et al., 2006), autism (Sebat
et al., 2007; Weiss et al., 2008), Crohn’s disease (Fellermann et al., 2006), Parkinson’s
disease (Sanchez et al., 2008), psoriasis (Hollox et al., 2008) and schizophrenia (Walsh et
al., 2008).

Igbal et al. (2012) come across a case involving patient from a consanguineous family
from Pakistan which was sequenced with the help of targeted panel designed for these
homozygous regions and found that there was a 5 exon deletion in the TPO gene. The
deletion could not be detected with SNP genotyping because it is away from the limits of
CNV detection algorithms. More than 300 genes of autosomal recessive intellectual
disability (ARID) have been identified, mostly by homozygosity mapping using SNP
microarray while Sanger sequencing was used for subsequent follow- up of candidate
genes. About 97% of these ARID genes are involved in recessive disorders that comprise
ID as a major feature. Actually very few recessive genes that cause isolated 1D have been
identified (Hoeijmakers et al., 2011; Musante & Ropers, 2014).

1.1.5.1.1 Advantages and Disadvantages of SNP Genotyping

SNP genotyping is helpful in generating several genotypes easily and rapidly for the
assessment of individual ancestry and is also predominantly significant in disease
association studies comprising individuals with diverse ancestries (LaFramboise, 2009).

SNP genotyping signals may also be used to measure SNP allele frequencies which are
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continuously changeable in DNA pooled from hundreds of individuals. This approach is
helpful in which a study may investigate data from pooled controls and pooled disease
cases in batches to evaluate changes in allele frequencies which may indicate association
between disease susceptibility and genetic variants (Butcher et al., 2004). Another
unexpected application of genotyping is to assess allele specific expression by genotyping
RNA rather than DNA. Recently, both Affymetrix (Gimelbrant et al., 2007) and Illumina
(Milani et al., 2009) platforms have been used to identify genes for which parental
specific allelic expression was measured which showed high expression of one parental
allele as compared to other. This is done by employing the arrays to genotype transcribed
SNPs which are present in heterozygous form in the individual’s genomic DNA,
afterwards the comparative abundance of each of two SNP alleles are algorithmically
assessed in the RNA. These studies disclose large number of genes that indicates

difference in allelic expression (LaFramboise, 2009).

The pitfall of SNP genotyping is that genomic regions may contain causal mutations
which are poorly encompassed by the SNP array. A family having 4 affected individuals
that shared autozygous interval which was unclear and missed by both direct review and
by linkage analysis (Zahrani et al., 2013). Currently, the molecular basis of
(heterogeneous) monogenic disorders is widely explained by exome sequencing.
Approximately 1.5% of the genome contains all protein coding genes and within the
protein coding regions around 85% of all Medelian disease causing mutations are present
which are covered by exome sequencing (Cooper et al., 1995; Gregory, 2005; Benitez et
al., 2011).

1.1.5.2 Whole Exome Sequencing (WES)

WES is a technique in which only 1% part of the genome i.e. the coding parts (exons) or
the genetic regions which are decoded into structural or functional proteins are sequenced
(Teer et al., 2010). In WES technique each exon is sequenced many times to ensure
sequence accuracy, therefore this technique is also known as massively parallel
sequencing. WES can be used to sequence all exons, or segment of chromosome or a set
of genes which may or may not be genomic neighbours but it is also used to discover rare
alleles that are involved in complex traits and Mendelian phenotypes but does not assess
non-coding alleles. WES has more advantages over Sanger sequencing and can identify
mutations that had been skipped by Sanger sequencing. WES is cheaper than Sanger

sequencing and at the similar cost of Sanger sequencing of one or two genes, WES may
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be performed (Harding & Robertson, 2014). In case of target gene sequencing, only a
group of candidate genes responsible for a clinical condition are sequenced which may or

may not identify the molecular cause behind the disease (Zhang et al., 2012).

Exome sequencing has a great effect on the discovery of ID genes and tackling some of
the major issues of gene discovery in this group of diseases. In case of Doors syndrome
which is a rare syndrome that includes ID, deafness, seizures, osteodystrophy and
onychodystrophy (Campeau et al., 2014). It was difficult to identify the molecular cause
of this syndrome by using previous genetic techniques because of its small number and
phenotypic variability. International multicentre study recruited 30 families and
performed whole exome sequencing on 17 and found recessive mutation in TBC1D24
gene in only 7 families. This gene was then sequenced in 9 additional families as a
validation cohort by using Sanger sequencing and found TBC1D24 mutations in two

more families (Campeau et al., 2014).

The other case solved by exome sequencing is the sporadic and non-syndromic cases of
ID. The genetic basis of these cases is extremely challenging because it is difficult to
presume that a specific group of patients having NS-ID and may have mutations in the
same or different genes. It is possible that de novo mutations are also involved in many of
the ID cases, as humans have a quite high mutation rate per generation (Roach et al.,
2010; Lynch, 2010) and ~15% of ID cases are CNVs (Varies et al., 2005; Cook &
Scherer, 2008). Vissers et al. (2010) recruited 10 affected children to perform exome
sequencing and their normal parents, to find splice site or exonic variants present in child
but absent in both parent. They found <2 de novo exonic variants in each individual and
these variants were further filtered on the basis of their expected effect on protein
function and evolutionary constraint that results in identification of causative mutations in
6 different genes in 6 patients. RAB39B and SYNGAP1 are the two of those genes
implicated in ID (Hamdan et al., 2009; Giannandrea et al., 2010) and other four genes
(YY1, DYNC1H1, CIC and DEAF1) may have an important role in proper development of
nervous system evidenced through network studies and mouse models (Topper et al.,
2011).

In familial cases of ID, many families have multiple affected children in which
inheritance pattern of disease is both X-linked and autosomal recessive. In exome
sequencing, exome sequences in combination with pedigree data are utilized to detect

mutations in autosomal forms of ID (Topper et al., 2011). Caliskan et al. (2011)
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examined large consanguineous family in which 5 out of 13 children had a NS-ID which
includes poor language, developmental delay and fine motor skills. Linkage studies were
conducted and identified gene rich region on chromosome 19p13. Afterwards, high
resolution SNP genotyping was used to identify 2 Mb (mega base) region in all affected
individuals having over 30 homozygous genes. As only affected individuals shared
homozygous region, so it is definitely a fully penetrant recessive condition. Investigators
chose parents and performed exome sequencing for the analysis of disruptive, novel,
heterozygous variants in the 2 Mb region that were absent in Single Nucleotide
Polymorphism database (dbSNP). These filters promptly results in the identification of
single variant (missense mutation) in a highly conserved residue of the TECR gene. TECR
is a synaptic glycoprotein highly expressed in the brain and is involved in biosynthesis of
long chain fatty acids (Topper et al., 2011).

1.1.5.2.1 Benefits and Challenges of Exome Sequencing

The major benefit of exome sequencing is to sequence almost all the coding content of
the genome which is expected to have most of the disease-causing mutations, in a single
experiment. Exome sequencing also play an important role in identifying new genes that
are involved in unpredicted pathways or cellular processes. Most significantly, the sample
size needed for exome sequencing is reduced to a few phenotypically associated
individuals, a single extended family or a single child and parent. This efficiency of the
exome sequencing approach will have the most thoughtful impact on the human genome
sequencing field (Topper et al., 2011).

Despite of many benefits of exome sequencing for detecting mutations for rare diseases,
there are certain challenges and flaws in this sequencing platform. There are several
reasons behind the incomplete exome data generation by the current technologies. The
first reason is the coverage depth across the exomes is not uniform and some regions are
usually neglected, this occurs due to biases in the capture, sequencing and alignment
processes. The capture process is biased due to variations in secondary structure and GC
content. Normally, exact matches to a probe sequences are more expected to be captured,
therefore heterozygous variants, particularly true for genomic DNA fragments having
indels, can represent significantly less than half of the captured DNA from a locus. The
other reason is, sequence alignment can introduce biases and it can operate poorly in
disambiguating sequences amongst regions with repeated sequences or highly

homologous sequences. In addition to this, variant calling can further bias by mapping
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exome sequences to a single reference sequence since reads with variants are often
assigned lower mapping quality scores, which can eventually ignore those variants from
the following analysis. Most of these complications are solved by using longer capture
probes and longer, paired- end sequence reads. Therefore, many of these shortcomings
will be less challenging and less problematic as the technology improves. The
interpretation of exome sequencing is the bigger challenge. It produces a huge amount of
data which includes sequence information of millions of bases and tens of thousands of
variants per individual. As the technology become fast, the prompt data generation
aspects become routine, the analytical strategies will be streamlined for quick
classification of pertinent pathogenic versus benign variants. This should be possible only
iIf more and more exome sequences of diseased and healthy individuals become available
(Topper et al., 2011).
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1.1.6 Aims and Objectives

» To recruit the consanguineous families affected with intellectual disability.
» To perform the targeted Sanger sequencing and data analysis.
» To identify disease causing mutations in the patients with ID.
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2. Materials and Methods
2.1 Ethical Approval and Subjects

The current research work was approved by the Institutional review board and bioethics
committee (BEC) of Quaid-i-Azam University Islamabad. For this study, two
consanguineous families with Intellectual Disability (ID) were recruited from the remote

areas of Pakistan.

Each family was collected by visiting the respective area and the detailed information was
collected from the healthy individuals. The collected information was partly represented
in the form of pedigrees, which show graphical presentation of family’s genetic
relationships (Resta, 1993; Bennett, 1999). Both pedigrees were drawn by using the
standard instructions of Bennett et al. (2008), by using the Haplopainter 1.043 software
(http://www.mybiosoftware.com/haplopainter-1-043-pedigree-haploytype-

drawingtool.html). In pedigree, square indicates male individual whereas circle indicates
female. The filled circles and squares denote the ID patients whereas healthy individuals
are denoted by hollow circles and squares. The diagonal line over circles and squares
showed deceased individuals and consanguinity was represented by double line between
spouses. Generations are denoted with Roman numerals while individuals with in

generations are denoted with Arabic numerals.
2.2 Clinical Evaluation of Affected Patients

The detailed evaluation of each ID individual was done by visiting their home residences
in the Punjab and Sindh provinces of Pakistan. Each affected individual was assessed for
the presence of neurological, dermatological, morphological, behavioural and skeletal
abnormalities. The severity of ID in affected individuals was assessed by asking questions
in their local language and the result was reflected in the form of 1Q score. Prenatal,
perinatal and postnatal history of each affected individual was collected, along with
weight, height and head circumference (HC) measurement to determine their

development trends.
2.3 Sample Collection

Peripheral blood samples were collected from affected and normal individuals of each
family by using 10mL sterile syringes (Becton Dickinson, UK) with written consent. The
blood samples were then preserved in ethylene di-amine tetra acetate (EDTA) vacutainer
tubes (red top) (Becton, Dickson-Plymouth, UK) and were stored at 4°C in Genomics lab

at Quaid-i-Azam University, Islamabad for genomic DNA isolation.
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2.4 Genomic DNA Extraction

The gDNA (Genomic DNA) extraction from peripheral blood was carried out by using
phenol-chloroform (organic method) method (Sambrook & Russell, 2006). The brief
description of the protocol is as follows but the composition of different solutions used

for DNA extraction are mentioned in the table 2.1.

e The Vacutainers® (BD-plymouth, UK) containing blood samples were incubated
at 25 °C for about 30 minutes.

e After mixing, 750 ul blood was taken in each properly labelled autoclaved
Eppendorf tube (Extra Gene, USA) and equal volume (750 ul) of Solution A was
added (Table 2.1).

e Tubes were inverted 4-7 times to facilitate thorough mixing and then kept at room
temperature for approximately 15-20 minutes.

e Then centrifugation was performed at 13,000 revolutions per minute (rpm) for 1
minute in a microcentrifuge (Hettich Mikro120, Germany).

e After centrifugation, the supernatant was discarded and 400ul of solution A was
added to dissolve the nuclear pellet.

e Once again, centrifugation was performed at 12,000 rpm for 1 minute.

e The supernatant obtained as a result of centrifugation was discarded and the
nuclear pellet was re-dissolved in 400pul solution B, 12ul of 20% SDS (Invitrogen,
Japan) and 8l of proteinase K (Thermo Fisher Scientific, USA).

e The pellet was dissolved and samples were incubated at 37°C for about 12 hours
in an incubator (Binder B28, Germany).

e On next day, 500ul of freshly prepared mixture containing equal volume of
Solution C+ Solution D (Table 2.1) was added to the samples and tubes were
inverted several times to ensure mixing and then centrifuged at 12,000 rpm for 10
minutes to separate the aqueous and organic layer.

e After centrifugation, the aqueous (upper) layer was collected in a new autoclaved
Eppendrof tube and the rest of fraction was discarded.

e In the aqueous layer, 500ul of Solution D was added and centrifuged at 12,000
rpm for 10 minutes.

e After centrifugation, the upper (agueous) layer was again transferred to new
autoclaved Eppendrof tube and the DNA was precipitated by the addition of 55pl
sodium acetate (3M, pH 6) and 500p chilled Iso-propanol.
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e To precipitate DNA, tubes were inverted several times and then centrifuged at
12,000 rpm for 10 minutes to precipitate DNA at the bottom of the tube.

e The supernatant was discarded carefully and 200ul of 70% ethanol was added to
wash the DNA pellet and then centrifuged at 8,000 rpm for 7 minutes.

e After centrifugation, the ethanol was discarded and the pellet was dried in the
incubator at 37°C for 20-30 minutes.

e Then the dried gDNA pellet was dissolved in a suitable volume (80-150ul) of T.E
(Tris EDTA) buffer (Table 2.1) and incubated at 37°C for overnight. Afterwards,
samples were stored at 4°C.

e The quality of DNA band was checked on 1% agarose gel before checking the

DNA concentration.
2.4.1 DNA Quantification

For DNA quantification, Colibri Microvolume Spectrometer (Titertek Berthold,
Germany) was used. Initially, 1-2ul T.E was used as a blank and then pipetted an
aliquot of I-2 pl DNA sample to measure the DNA concentration of each sample.
After quantification, DNA dilutions were prepared to get the concentration of 20ng/ul

for each sample.
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Table 2.1: List of Solutions used for DNA extraction along with their composition

SR No. Solution Composition
5mM MgCI2
0.32M Sucrose
1. Solution A "70mM Tris HCI (pH 7.5)
1% Volume/Volume Triton X-100
10mM Tris-HCI (pH 7.5)
2. Solution B 400mM NaCl
2mM EDTA (pH 8.0)
3. Solution C | Saturated Phenol
4. Solution D | Chloroform (24ml): Iso-amyl alcohol (1ml)
0.025M EDTA (pH 8.3)
S. 10X TBE 0.89M Tris
0.89M Boric acid
6. 20% SDS 5g Sodium dodecyl sulphate in 25ml H,O
1mM EDTA
7 T.E (Tris 10 mM Tris (pH 8.0)
EDTA 0.5M EDTA (pH 8.0)
Buffer) 1M Tris (pH 7.5)
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2.5 Genetic Analysis of ID Families

In order to find out the ID causing gene in both families (A & B) whole genome
genotyping was performed through international collaborations. The details are given

below;
2.5.1 Genome Wide Genotyping

Three members of family A and all available members of family B were genotyped
through Infinium Human Core Exome Beadchip (lllumina, USA). This chip contains
~550,000 single nucleotide polymorphism (SNPs). Genotyping was peformed in the
University of Washington, USA, but the genotyping data was analysed in Pakistan by
using Homozygosity Mapper (Seelow et al., 2012)
(http://www.homozygositymapper.org/). As the inheritance pattern of both families (A,
B) is recessive, so the homozygous by descent (HBD) regions shared by the affected
members of each family were considered as a potential regions which may contain
disease causing genes. The flanking SNPs of each identified HBD region were carefully
noted and the regions were further analyzed through UCSC genome browser to find genes
present in the region.

2.5.1.1 Family A

The genotype data of this family was also analysed to detect copy number variations
(CNVs). As a simple procedure, we looked for the presence of continuous regions with
the SNP no calls in the affected individuals. These regions were carefully identified and
subjected to further validations when two or more SNPs were not called in the affected

individuals.

When a SNP no call region was found and shared by affected members, it was further
tested through PCR amplification and sequencing. For PCR amplification primers were
designed by importing the deleted sequences along with flanking 1000bp from Ensemble
Genome Browser (http://asia.ensemble.org/index.html). Three primer sets (Table 2.2)
were designed; first set was designed from the upstream region of the probable deleted
region, second set was designed within deleted region and third primer set was designed
from the downstream of the deleted region (Fig 2.1). The primers were designed with the
online primer designing tool Primer 3 (http://bioinfo.ut.ee/primer3-0.4.0/). To confirm
single hit and primer specificity BLAT (Blast like alignment tool)
(https://genome.ucsc.edu/cgi-bin/hgBlat) was used which is available on UCSC genome

browser. Product size and melting temperature of primer was confirmed through Insilico
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PCR (https://genome.ucsc.edu/cgi-bin/hgPcr). Primers were received in the lyophilised
form from Gene Link ™, USA, and were re-suspended in T.E buffer, before making

dilutions of 10pM concentration.
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Figure 2.1 Graphical presentation of primer designed to test the probable deletion

detected in the family A. First primer set (F;1R;) and third primer set (FsR3) were designed

before and after probable deletion while 2™ primer set was designed within the deleted

region.
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2.5.2 Whole Exome Sequencing (WES)

WES was performed on one affected member (IV-4) of family B on Illumina HiSeq in the
University of Washington, USA. Exome data was generated in the form of Variant Call
File (VCF) and Binary Alignment/Map (BAM) file. Later various parameters were
applied on VCF file to find out the ID causing variants.

Initially, the BAM file of individual 1VV-4 was analysed to check the coverage and read
depth by using Golden Helix Genome Browse 2.1.2
(http://goldenhelix.com/products/GenomeBrowse/). In this browser, sequencing reads
obtained from ID patient were piled up against GRCH37 reference genome to check the
read depth and coverage of the targeted genomic region, especially the homozygous
regions identified in the family B. Uncovered regions and their genomic coordinates were
identified (Table 2.3), and were used to design primers to Sanger sequence the uncovered

regions detected in individual 1V-4.

To rule out the involvement of uncovered regions, the uncovered exons of three genes
present in these regions were amplified and sequenced. Primers for KIAAQ0586
(NM_001244189.1), POMGNT1 (NM_001243766.1) and SZT2 (NM_015284.3) genes
were designed by importing the sequences of uncovered regions from Ensemble Genome
Browser (http://asia.ensemble.org/index.html) and rest of primer designing procedure was
same as described in family A. Each uncovered exon present within the HBD region was
amplified by Sanger sequencing.

2.6 PCR Amplification

PCR amplification was carried out by using primers listed in table 2.3 and the DNA
sample from the affected individual (I\VV-4) of family B. These reactions were carried out
in PCR tubes (200pL, Axygen, USA) after adding the following reagents:

= 10X Taq Buffer with ammonium sulphate 2.5uL
= (25mM) MgCl, 1.5uL
= (10mM) dNTPs 0.5uL
= DNA sample (20ng/ul) 1uL

= (0.4uM) Forward Primer luL

= (0.4uM) Reverse Primer luL

= (5U/ul) Tag DNA polymerase 0.2uL
= Ultrapure DNase free PCR water 17.3uL
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The tubes containing reaction mixture were then vortexed briefly and centrifuged for 30
seconds at 8000 rpm. The PCR tubes were placed in a T1 Thermo-cycler (Biometra,

Germany) and thermal cycling conditions were set as follows:
Steps Temperature & Time

First denaturation of template DNA 95°C for 10 minutes

2" denaturation 95°C for 1 minute

Primer annealing 58-60 "C for 55 seconds cycles (2:39)
Primer extension 72°'C  for 50 seconds

Final extension 72°C  for 10 minutes

Paused 4°C

2.6.1 PCR Amplification Confirmation

The amplified PCR product was visualized on 2% agarose gel. For this purpose, 2%
agarose gel was prepared by adding 1.6g of agarose powder in 80ml of 1X Tris Boric
EDTA (TBE) buffer (Table 2.1) in a 100ml conical flask. The mixture (1X TBE and
agarose) in a conical flask was heated in a microwave for 2 minutes and in the meantime
the gel casting tray was set with comb and spacers. The heated mixture was allowed to
cool and then 8uL ethidium bromide (EtBr) dye (4uL EtBr in case of 40ml of 1% gel)
was added and mixed. The mixture was then poured in the gel casting tray and left to
solidify at room temperature for about 20-25 minutes. Once the gel solidified, the comb
and spacers were removed carefully without distorting wells. The gel was then placed in a
gel running tank (Biometra, Germany) which also contains 1XTBE running buffer. After
that, 3uL of amplified PCR product along with 3uL of loading dye was loaded in each
well. In order to confirm the size of PCR amplified product, 3uL of Gene Ruler 100 bp
(ThermoFisher Scientific, USA) was also loaded in the well. The voltage (110 V) for
about 15-25 minutes was provided to resolve the amplified product and gel image was
then visualized by using gel documentation system (SYNGENE, UK). The specific PCR
products were selected for purification and Sanger sequencing.

2.7 Purification of Amplified Products by EXoSAP-IT

EXoSAP-IT (Affymetrix, USA) is an exonuclease-1(removes left over primers) shrimp
alkaline phosphatase (removes any remaining dNTPs) which was used to purify PCR
products before proceeding for DNA sequencing. This was done by taking 1ul EXoSAP
reagent and 5ul PCR product in a PCR tube followed by brief vortex and short spin.
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These tubes were given incubation cycles, first at 37°C for 15 minutes and second at 80°C

for 15 minutes in T1 Thermocycler to inactivate the ExoSAP reagent.
2.8 Sequencing Reaction

After purification of PCR products, Sequencing reaction was performed, with the Big
Dye Terminator Cycle Sequencing kit (ThermoFisher Scientific, USA). The Big Dye
terminator cycle sequencing kit utilizes four fluorescently labelled di-deoxynucleotides
(ddNTPs) which results in the single stranded products of various lengths that are
separated on the basis of their size. The first step includes cycle sequencing of purified

PCR product which involves the following;

e PCR amplified DNA template 2.5-95 ng/pL
e Primer (ForR) 3.2uM
e Big dye terminator ready reaction mix 4uL

e ddH,0O (DNase & RNase free distilled H,O) was added to make final volume up

t010 or 20uL depending on volume of other reagents.

Reagents in the microamp tubes were mixed by brief vortexing and tubes were placed in

the thermo-cycler by setting the thermal cycling conditions as:

Initial denaturation 96°C for 1min

Denaturation 96°C for 10 sec

Annealing 50°C for 5 sec 25cycles
Final Extension 60°C for 4 mins

Hold 4C

After thermal cycling, tubes were centrifuged and the sequencing reaction was then
purified with ethanol/EDTA (60ul of absolute ethanol and 5ul of 125mM EDTA). The
mixture was thoroughly mixed and centrifuged at 1000 x g for 10 seconds and then
incubated for 15 minutes at room temperature. After incubation, samples were
centrifuged (4°C) at 1870 x g for 45 minutes. The supernatant produced after
centrifugation was discarded and in the pellet 60ul of 70% ethanol was added. Again
centrifugation was performed at 4°C for 15 minutes and supernatant was discarded while
samples were left at room temperature for 15 minutes. After purification, sequencing was

performed on ABI 310 sequencer (Applied Bio-systems, USA).
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2.8.1 Sequenced Data Analysis

The bioinformatics tool CLC Genomics Workbench v3.6.5 was used to analyse the
sequence data and the reference sequence was taken from the Ensemble genome browser
(http://www.ensemble.org/index.html). The sequenced data of each exon was then
aligned to its respective reference sequence to identifying the potential variant. The
observed variants were then checked on SIFT (http://sift.jcvi.org/), Polyphen-2
(http://genetics.bwh.harvard.edu/pph2/), Huaman Splicing Finder
(http://www.umd.be/HSF3/HSF.html), and Mutation Taster

(http://www.mutationtaster.org/) to predict their pathogenic nature.

The 1000 Genomes Browser (http://browser.1000genomes.org/index.html), EXAC
(Exome aggregation Consortium) Browser (http://exac.broadinstitute.org/) and dbSNP
(http://www.ncbi.nlm.nih.gov/SNP/) were used to explore the nature of variant identified
in this study.
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Table 2.2: Sequence of primers used to amplify and sequence a genomic region with

probable deletion in family A.

ST Gene-Exon Primer Sequence Annealing Pro_duct
No. Temp. Size
1 Chr2:50227704 _ CTCTGATTGGTGGGTCCTCTA 59.15
50228124 421bp
GCAAGTGTTCAGAGGTGGAC 58.28
2 NRXN1 Exonl6 CTACCACATTAAAGGGGAGCA |60.01
G
676bp
GAGGGAATTGTGGAAACAGG 59.38
3 Chr2: 50786947- TGCCTGTTCTGAGTTTGAGAAG | 59.66
50787490 544bp
CAGATGACCCTTGCCTTGTAG 59.74
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Table 2.3: Sequence of primers used to amplify and sequence the uncovered exons of
genes present in the HBD region identified in family B.

Annealing | Product
Sr.# | Gene-Exon Primer Sequence Temp. size
58.4
KIAAQ0586 TGTGAAGTGATGGGTATGCTAA
1 556bp
Exon-6
57.4
AGACAAGCTGCTGTGGTTTTT
2 KIAAQ0586 TGCCTAGTCAGTCAACCAAATC 603 500bp
Exon-33 603
ACTGGAAGCTATCATCCTTTGC '
3 POMGNT1 GAGTTTGAGACTCAGGCATCC 613 584bp
Exon-23 58.4
AACACCCCGTTCCTGAGTTA '
4 GCTGAGGACTGATGGAGATTG 56.3 491bp
SZT2 Exon-5
58.6
GGGGAGTATATCTGAGTCCTGCT
58.2
5 | 5772 Exon-6 AGGGAGGAAGCACAGTCAAG 488bp
GGTTGTCAGAGTCGAGGGTTC 58.9
56
6 SZT2 Exon-7 GGTAAGGGAGAAGGAAAGGTG 443bp
AGTCCTCTCCCACGATGCTAC 598
55.1
7 SZT2 Exon-8,9 GAAGGGCTTAAGGAAGGAAAGA 901bp
CAATTCAAAACCCACTGTCTCA 53.7
8 | SZT2Exon- CCTGAAACCTGTGGAACCAT 58.4 829bp
10,11
GGTTAAAGCTTGGGCTTCTG 58.4
9 SZT2 Exon-12- CAGTTTTTGCCTGTGCTTCA 54.7
13 839bp
GGGGAGAAATGGGAGTCAGT 57.8
10 SZT2 Exon- ACTCCTCCCTGACCTCTCTGCT 63.2
14,15 938bp
CCACACCTCACCCCGCTAAG 62.4
Identification of Putative Pathogenic Variants in Genes Responsible for Intellectual Disability 35




Chapter 2 Materials and Methods

Identification of Putative Pathogenic Variants In Genes Responsible For Intellectual Disability 36



Chapter 3 Results

3. Results
3.1 Family Description
Two consanguineous families (A& B) were collected from the remote areas of Pakistan.
3.1.1 Family A

The Family A consists of five generation, but eight affected individuals (I1-5, IV-3, 1V-5,
IV-8, V-1, V-2, V-4 & V-6) are present in generation Il, IV, and V. Seven affected
individuals are male which probably indicates the X-linked inheritance of ID in this
family (Fig 3.1). This was also supported by the presence of an affected female (V-6)
whom father was intellectually disabled. However, detailed analysis of the pedigree did
not reveal any relationship between female individuals I1-2 and 11-4, which may indicate

the autosomal recessive inheritance of ID in this family.

Affected individuals of this family have non-syndromic, mild ID without any history of
fits. They have short term memory and cannot recognize home and other relatives. They
do not fight and have non-aggressive behaviour. They are unable to speak, unable to take

names of simple things and have mild 1Q level. Other details are summarized in table 3.1.
3.1.2 Family B

The pedigree of family B shows four generations, and the three affected individuals (IV-
1, IV-2 & IV-4) were present in 4™ generation. The mode of inheritance of ID in this
family is autosomal recessive as unaffected parents have affected children (Fig 3.2).

The affected members of this family have normal hearing and vision, can recognise home
and relatives, and have moderate speech development. All three ID patients show
aggressive behaviour and were capable to speak, say few words and short sentences.
Additional details are summarized in table 3.2.
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Figure 3.1: Pedigree of family (A) with five generations and eight affected individuals.
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Table 3.1: Clinical features of affected individuals of family A.
Affected Individuals

Features V-3 V-5 V-8 V-4 V-6
Intellectual

Disability Mild Mild Mild Mild Mild
Aggressive

Behaviour No No No No No

Can’t
Language Can’t Speak | Can’t Speak Can’t Speak Can’t Speak | Speak
Reproductive
organs

development | Large testis Large testis Large testis Large testis | No
Fits History No No No No No
Concept of

many No No No No No
Self-Care

Concept No No No No No
Home

recognition No No No No No
Learning

Disability Severe Severe Severe Severe Severe

Problem with
Movement movement
Coordination | Normal Normal Coordination | Normal Normal
Short term Short term Short term Short term Short term

Memory memory memory memory memory memory
Head

Circumference | 52cm 53cm NA 54cm 47cm
Gender Male Male Male Male Female
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Figure 3.2: Pedigree of four generation family (B) with three affected individual. The

arrow under the square indicates proband (P).
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Table 3.2: Clinical features of affected individuals of family B.

Affected Individuals

Features V-1 V-2 V-4
Age 16 years 21 years 19 years
Head Circumference 54cm 53cm 51.5cm
Self-care concept No No No

Fits History No No No
Aggressive behaviour Yes Yes Yes
Quantity Concept No No No
Home recognition Yes Yes Yes
Relatives recognition Yes Yes Yes
Speech Development To some extent | To some extent | To some extent
Hearing & Vision Normal Normal Normal
Ambulation delay Yes Yes Yes
Repetitive behaviour No Yes No
Gender Male Female Male
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3.2 Genetic Analysis

The genomic applications like whole genome genotyping & exome sequencing were used

to identify the ID causing variants in the affected individuals of families A and B.
3.2.1 Whole genome genotyping and Homozygosity mapping
3.2.1.1 Family A

The mode of inheritance of ID in the affected members of family A is not clear and may
indicates the possibilities of either autosomal recessive or X-linked ID. As a result, three
affected members of this family were subjected for genome wide scan rather than X-
chromosome analysis. In family A, genome wide genotyping was performed by using
DNA samples of three affected members (IV-8, V-4 &V-6). Analysis of the genotype
data with the homozygosity mapper tool did not identify a homozygous region.
Subsequently, the genotype data was manually accessed in excel to find continuous SNP
no call regions, which can be indicative of the genomic deletions. These analyses
identified a genomic region with multiple SNP no calls on chromosome 2. This region
was flanked by rs6706472 and rs12713108 and spans a genomic region of ~559kb
(chr2:50,228,332-50,786,770). In order to confirm this deletion three sets of primers were
used; one set of primer was used to amplify genomic region before deletion, second
primer set was used to amplify genomic region within deletion and third primer set was
used to amplify the genomic region after deletion. The PCR products were then run on
2% agarose gel, the gel images (Fig 3.3 & 3.4) were visualized but these results did not

confirm the presence of deletion in the affected members of this family.
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Figure 3.3: (a) Schematic presentation of SNP no call region (rs6706472 & rs12713108)
which is present on chr2: p16.3 and found during genome wide genotyping of family A.
At this position NRXN1 gene (exon 7-19) was present which was identified as a probable
deleted region. (b) The gel image of PCR amplified product obtained from exon 16, to
confirm or rule out the deletion of respective genomic region. However, gel image did not
show the presence of genomic deletion in the affected individuals of family A.
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Figure 3.4: (a) Gel image show PCR amplified product of 421bp which was amplified
from the genomic region before deletion. (b) This shows the PCR amplified product of

544bp that was amplified from the genomic region after deletion.
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3.2.1.2 Family B

The mode of inheritance of family B is autosomal recessive therefore all available
members of this family were subjected for genome wide genotyping. After genome wide
genotyping, the genotyping data was analysed by using Homozygosity mapper tool, four
homozygous by descent regions (HBD) were observed (Fig 3.5). Each genomic region
was further explored and the genomic coordinates of each genomic region was noted for
further analysis of candidate genes. The identified HBD regions are summarized in table
3.3.

3.2.1.2.1 Exome Sequencing in Family B

Exome sequencing was performed on IV-4 member of family B. During BAM file
analysis some uncovered regions were observed in two out of four HBD regions. In case
of chromosome 1: 38401933-64109264 HBD region two genes POMGNT1 (exon-23) and
SZT2 (exon-5-15) were uncovered while on chromosome 14:56307478-75947712 HBD
region KIAA0586 (exon-6 & 33) was uncovered (Table 3.4).
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Figure 3.5: Homozygosity Mapper image of HBD regions identified in family B.

Table 3.3: List of homozygous by descent (HBD) regions identified by Homozygosity

Mapper.

Score Chr. From (bp) | To (bp) rs rs

500 1 38401933 64109264 12739026 2269240
500 7 77602832 106391804 | 848458 7803053
500 11 45540603 57901176 1873059 1868881
500 14 56307478 75947712 | 34348798 6574237
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Table 3.4 Genomics coordinates of uncovered regions identified in individual V-4 of

family B.
Homozygous Gene Coverage in
Chromosome region mapped | Name Exon# Coordinates WES
46,654,381-
38401933- 46,654,651 Partial
64109264 POMGNT1 23 covered
1 | (2.5Mb) 43,880,751-
SZT?2 5-15 43,889,001 No coverage
58,907,938-
6 58,908,061 No coverage
56307478- KIAA0586
14 | 75947712 59,010,601-
59,010,685 No coverage
33
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Figure 3.6 The screen shot shows exon-23 of POMGNTL1 gene which is partially covered
in the exome sequence obtained from affected individual 1V-4.
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Figure 3.7 The screen shot shows exon 5-15 of SZT2 gene which is completely

uncovered in the exome sequence obtained from affected individual 1V-4.
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Figure 3.8 The screen shot shows exon-6 of KIAA0586 gene which is completely
uncovered in the exome sequence obtained from affected individual 1V-4.
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Figure 3.9 The screen shot shows exon 33 of KIAA0586 gene which is completely
uncovered in the exome sequence obtained from affected individual 1V-4.

Identification of Putative Pathogenic Variants in Genes Responsible for Intellectual Disability 48



Chapter 3 Results

3.2.1.2.1.1 Uncovered Genes during Exome Sequencing of Family B

The uncovered exons of these genes were sequenced through Sanger sequencing by
designing the primers from their flanking genomic regions. The sequenced genes were
analysed through CLC Genomics Workbench v3.6.5. The sequencing data of POMGNT1
gene (exon-23) revealed absence of variant in this region (Fig 3.10). SZT2 gene (exon 5-
15) sequencing data also revealed that there is no variant found in this region (Fig 3.11-
3.16). KIAA0586 gene (exon 6 & 33) sequencing data revealed an intronic variation at
physical location of chr14:58908158G>A, which is 97bp away from splice donor site of
exon 6 (Figure 3.17). This variation was predicted as polymorphism and might affect
protein features and changes splice site according to mutation taster. This variation is
reported in 1000G (Homozygotes: 2415 & heterozygotes: 89) but is absent in EXAC.
Human splice site Finder (HSF) predicts that this polymorphism has no impact on splice
site. However, sequence analysis of KIAA0586 (exon-33) did not identified pathogenic
variant (Fig 3.17). The sequencing results of uncovered genes are summarized in table
3.5.
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Start of Exon

Figure 3.10: Chromatogram of exon 23 of POMGNT1 gene sequenced in affected
individual 1V-4 of family B.
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Start of Exon

|

CGTCCTGTCTCAGTCTTTCCCATGTGCTTCTTAGGTGCTGGTACAGGGCTGCCTCTTGGACCCTTCCCAGCGGGAGG

TGTTCCTGCAGCAGATATATGAGCAGCTCTGCCTCTTTGAGGATAAGGTGGCCACCATGCTGCAGCAGCAGTACGA”

H m__u;h.n_u_;_x_ il

End of Exon

|

TCCCCAGAGCCAGGTATGTAAGAGAGAAAGTGGGCAGAGGCAACTTAGAAAGAGGAGCAGCTAAGGACAGAGGGCAG

Figure 3.11: Chromatogram of exon 5 of SZT2 gene sequenced in affected individual 1V-
4 of family B.
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Start of Exon

|

CCCATTCTGTCTTTTCTGTAACTTGGGGCAGGCAGAAGACCAGTCCCCAGACTCAGGGGACCTACTGGGCCGGAAG

End of Exon

}

TACCCTCGAACTCTAGTGCAGGTCAGTAGAAGGAATATTGGTGGGACTGGGGAAGCAGGGATACAGGAAGGGTGGG

b: Start of Exon

|

CTGATCTGGTGTTTCCTGCTCCAGGGATTATCGTGATCACGGATGGGGTGACCAGTGTACCTGATGTTGCTGTCTGT

End of Exon

|

‘GAGACACTGCTGAACCAGCTTCGCAGTGGCACTGTGGCTTGTTCCTTTGTCCAGGTGAGGACTTTTTAGGAAGGAC

Figure 3.12: (a) Chromatogram of exon 6 of SZT2 gene sequenced in affected individual
IV-4 of family B. (b) Chromatogram of exon 7 of SZT2 gene sequenced in affected
individual 1V-4 of family B.
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Start of Exon

‘AGGTCTTCAGTTGCTCACTTTTTCCAGGTGGGAGGAGTTTACTCTTATGACTGCAGTTTTGGCCATGTGCCCA.

AGGCAACCTGGGTCTGACTGTCTACCACCGGGCATTTCTCCTCTATTCCTTCCTGCGCAGTGGGGAAGCACT

End of Exon

|

GAACCCTGAATATTACTGCGGTGAGAGGCACACTGAGGTGGGTGTGGGAAGGAGGGAATATAGAATGGGCCC

Start of Exon

CTGGTCTTCCAGGCTCTCAGCACCGCCTATTTAATGAGCACCTGGTCTCTGCAAGCAGCAACCCTGCCCTGGC

CCTTGCGCCGGAAGAAGCACACTGAGAAGGAGGTGCCAGCCGACTTGGTCAGCACTGTGTCCGTACGGCTTCG,

End of Exon

AGAGGGCTACAGTGTCCGAGAGGTCACACTGGCCAAAGGTAAGGGTCATTAGGCCCTGCTGTAATCCCATAG

Figure 3.13: Chromatogram of exon 8-9 of SZT2 gene sequenced in affected individual
IV-4 of family B.
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Start of Exon

J

GCCCTTCCGCTTCTCCCTAAGGAGGGTCCCAATTGGAGGTAAAGCTGGTGCTGCTGTGGAAACACAACATGCGC,

ATTGAGTATGTGGCTATGGCACCCTGGCCCCTGGAGCCTGAGGGCCCTCGAGTAACACGGGTGGAAGTGACGATG

ACGATGGAAGGCGGCTACGACATTTTGCATGATGTGTCCTGTGCACTAAGGCAGCCCATTCGTTCATTGTATCGT

End of Exon

!

ACCCATGTTATCCGGCGTTTCTGGAACACGCTGCAGAGGTCAGTGAAGTCATCACTCAATGAGTGCTGCCCCATT

Start of Exon

CAGCATCAACCAGACAGACCAGATGCTTGCCCACCTTCAGTCCTTCTCCTCAGTGCCTGAGCATTTCACGCTTCC

End of Exon

TGACAGCACCAAGAGCGGAGTGCCACTCTTCTACATCCCTCCAGGCTCCACCACCCCGGTGAGTAGCTCTGAAGT
A f N . N A
I . I I . fi | f i
\ \ YAy | \

Figure 3.14: Chromatogram of exon 10-11 of SZT2 gene sequenced in affected
individual 1V-4 of family B.
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Start of Exon

|

CTGTCCTTCCTGTCCTCAGGTGCTCTCCCTCCAGCCCAGTGGTTCTGACTCATCCCATGCCCAGTTTGCTGCCT

AL AL TR ECFRTYTIEPPITIE

ACTGGAAGCCAGTGCTGTCCATGGATGCAAATTCCTGGCAGCGATGGCTGCACATGCATCGCCTGGTGCTAAT
M |—|—|I M M r -—|—||—| n M r—l |— |—| —|—|
i Ly 2 - a N n A Alallrw Al - e - an - ] a |.| nal

End of Exon

|

CCTGGAGCATGACACGTGGGTGCCCTTAGGGCTGGGCCATAGTTGGGGTGGAGTATCGGGGTCAGGGGGATAGG

LR R TR T

Start of Exon

}

AAGCCTGGGGCCTGGAGGTCTAACCTCAGTCCACACCCCTCTTCCTAGACCAATCCCCAAGCACTTGCACACC

End of Exon

|

GACTGGAGCAGCTTCGTACTAGTCGAGGGCTATTCTTATGTTAAGCTGCTCTCCAGGTGGGCAAAGTGATGTC

Figure 3.15: Chromatogram of exon 12-13 of SZT2 gene sequenced in affected
individual 1V-4 of family B.
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Start of Exon

l

ACTCCCATTTCTCCCCAGTGCCCCAGACCAGCCCCCCAATTCCTTCTACATGGTCCGTATCATTTCCAAGGCCCCA
n

End of Exon

|

TGCATGGTTCTTCGCCTGGGTTTTCCCATTGGCACACCAGCACCGGCCCGGCACAAGGTAAGCTGGGCCCTGACTGA

Start of Exon

}

GTAGGAGATGGGAGTAAGAGGATGTGACCACATTTTCCCCTCAGATTGTGTCAGGCTTGAGGGAAGAGATCCTGC

End of Exon

|

TGGTCCTGCATAAGCCACTGGACAAACTGCTCATCAGGTTGGTACAGAGGTGTGGAAGGGCGTGGCTTAGCAGGG

Figure 3.16: Chromatogram of exon 14-15 of SZT2 gene sequenced in affected
individual 1V-4 of family B.
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a: Start of Exon

TTTTTTTTTCTGGGACJ&TGTCTCACTTTGTCTCACAGGCTGGAGTGATCACAGTGGGGTGATCACAACTCACTGCAG

ool o o A A o

End of Exon

TCTCTACCTCCTCAGGCTCATGAGATCCTCCCACCTCAGCCTCCCGAGTAGCTGGGACTACAGGTGTGTGCCACCACA
fi " nfn N f . [ . " .
J I, I, ) | J I I\ \ J IRTRTA I IR

CCTGGCTAATTTTTGTATTTTTTGTAGAGTCAGGATTTTGCCATGTTGCCCAGGCTGGTCTCGAACTCCTGGCCTTA

v

AGCTATCTGCCCACCTTGGCCTCCCAAAGTGCTGGGATAACATGTGCTAGCCACTGCAC

/\ﬂ/\]\f\/\/\!\/\ﬂﬂf\/\f\/\/\[\/\[\/\/\ﬂ Aot sl

Start of Exon

v

CTTTTTTTTTTAACTTTTATTTTAGGTTTGGGGGTACATGTGAAGAAGGTTTCCTGTATAGGTAAACTCGGGCTG

o T

End of Exon

|

TGGAGGTTTGTCATACAGATTATTTCATCACCCAGGTATTAAGCCTAGTACCCAATAGTTATTTTTTCTGCTCCT

Figure 3.17: (a) Chromatogram of exon 6 of KIAA0586 gene sequenced in affected
individual 1V-4 of family B. (b) Chromatogram of exon 33 of KIAA0586 gene sequenced
in affected individual of V-4 of family B.
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Table 3.5 Variants identified during the sequencing of POMGNTL1, SZT2 and

KI1AA0586 genes in family B.

Gene Name POMGNT1 SZT2 KIAA0586 KIAA0586

Exon# 23 5-15 6 33

Variant

Physical

location No No chr14:58908158G>A | No

Mutation

Taster

Prediction NA NA Polymorphism NA

Alteration

region NA NA Intron NA

ExAC

frequency NA NA NA NA
Homozygote (2415)

1000G NA NA & Heterozygote (89) | NA

Zygosity NA NA Homozygote NA

Human

Splicing No impact on Splice

Finder (HSF) | NA NA site NA

Distance from 97bp away from

splice site NA NA splice donor site NA
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4. Discussion

Intellectual disability is a neurodevelopmental disorder which is characterized on the
basis of deficits in cognition, adaptive behaviour and Intelligence quotient (1Q) below or
equal to 70 (American Psychiatric Association, 2000). The worldwide prevalence of ID is
1-3% (Roeleveld et al., 1997; Leonard and Wen, 2002). Even though ID occurrence is
worldwide but its prevalence is higher in developing countries and in lower
socioeconomic areas (Drews et al., 1995; Roeleveld et al., 1997; Durkin et al., 1998;
Durkin, 2002; Emerson, 2007). The main factors that cause ID are; environmental insults
(such as teratogens, infection and trauma), intoxication during pregnancy, complications
of delivery, childhood onset diseases, and premature birth. These factors are responsible
for nervous system impairment and cause ID in a significant number of cases. However,
major proportion of ID (20-50%) is caused due to genetic abnormalities (Kaufman et al.,
2010; Liu et al., 2010; Ellison et al., 2013) which can be categorised as chromosomal
abnormalities (duplications, aneuploidies and sub microscopic deletions) and monogenic
defects (Ropers et al., 2010). According to current estimation, ~15%-20% ID cases are
due to sub- microscopic copy number variations (CNVs) (Zahir et al., 2007,
Hochstenbach et al., 2009; Miller et al., 2010; Cooper et al., 2011). However, ~60% of
ID cases have an unknown etiology (Rauch et al., 2006).

In the current study, two families (A & B) were recruited from the remote areas of Sindh
and Punjab provinces of Pakistan. Affected members of both families show non-
syndromic mild ID without any history of fits. They have short term memory and poor
speech development. The affected members of family A show non-aggressive behaviour
but affected members of family B show aggressive behaviour. Clinical features of
affected members of both families are quite similar to ID patients reported in the earlier
studies from Iran and Pakistan (Najmabadi et al., 2007; Mir et al., 2009; Rafiq et al.,
2010; Khan et al., 2012; Riazuddin et al., 2017; Harripaul et al., 2017). Both families
exhibit similar clinical features except the aggressive behaviour that was noted in the

members of family B.

Whole genome SNP genotyping was performed on both families (A & B) to find the
homozygous by descent region (HBD) containing potential genes responsible for ID
phenotype. In family A, analysis of the genotype data did not identify any homozygous

region, but in a subsequent analysis the region of continuous SNP no call were identified
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to explore the involvement of genomic deletions. Through these analysis, a genomic
region with multiple SNP no call region was identified on chromosome 2p16.3, which
was flanked by rs6706472 and rs12713108 and spans a genomic region of ~559kb
(chr2:50,228,332-50,786,770). This genomic region contain NRXN1 gene which is
highly expressed in the brain (Kowalnik et al., 2010). Deletions and loss of function
mutations of NRXN1 gene are known to cause intellectual disability, autism and
schizophrenia (Kim et al., 2008; Rujescu et al., 2008; Glessner et al., 2009; Kirov et al.,
2009; Gauthier et al., 2011). Harrison et al. (2011) reported compound heterozygous
deletions of NRXN1 gene (one cause the deletion of exon 20 & 21 and second one affects
the promoter and 1-5 exons) in two sisters having severe, early onset epilepsy. Friedman
et al. (2006) reported a de novo 320 kb deletion on 2p16.3 and removes exons 1-5 of
NRXN1 gene in a 7 year old boy with mild facial dysmorphism, vertebral anomalies,
cognitive impairment and autistic features. The Autism Genome Project Consortium
(2007) also reported de novo hemizygous deletions in two siblings with language
regression and autism. Zweier et al. (2009) reported biallelic NRXN1 deletions in a
patient with ID. Gregor et al. (2011) reported heterozygous deletion in NRXN1 in a
patient with severe ID. Additionally, CNVs in NRXNL1 are implicated in intellectual
disability and autism (Simon et al., 2005; Feng et al., 2006; Szatmari et al., 2007; Zahir et
al., 2007; Marshall et al., 2008; Kim et al., 2008).

Based on the involvement of NRXN1 gene in intellectual disability, and its presence
within a probably deleted region PCR based assays were used to check its involvement in
the patients of family A. However, analysis of PCR results did not confirm the presence
of deletion in the affected members of this family. This no call region might be due to
base calling and alignment error. Many NGS studies depend on low-coverage sequencing
(<5x per site per individual, on average) due to which there is high possibility that only
one of two chromosomes has been sampled at a specified site of a diploid individual.
Under such conditions, SNP and genotype calling are difficult due to which a
considerable uncertainty is often associated with the results (Nielsen et al., 2011). Thus,
even though linkage studies have found strong evidence of a genetic influence but many
rare variants with aetiological significance may be ignored because they do not reach
stringent significance parameters and will not be captured by SNP arrays (Chen et al.,
2017).
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In family B, analysis of the genotype data identified four homozygous regions. Exome
sequencing of ID patient IV-4 could not identify an ID causing variant. The BAM files of
this patient were analysed to check the coverage of the targeted genomic region,
especially in the mapped homozygous regions. BAM file analysis detected uncovered
regions in two HBD regions. In case of chromosome 1: (38401933-64109264) HBD
region two genes POMGNT1 (exon-23) and SZT2 (exon-5-15) were not fully uncovered
while in chromosome 14:56307478-75947712 HBD region KIAA0586 (exon-6 & 33)
gene was not partially covered.

Mutations in POMGNTL1 gene are responsible for neural migration defects, congenital
muscular dystrophy and ocular abnormalities (Yoshida et al., 2001). Thirteen different
mutations in POMGNTL1 are known to result in muscle eye brain (MEB) disease
(Yoshinda et al., 2001; Taniguchi et al., 2003). Manya et al. (2003) reported that
mutations near 5’ end of POMGNTL1 coding region causes severe brain symptoms (e.g.
hydrocephalus) while at 3’ end it causes milder phenotypes. Based on their involvement
in brain and neural migration, the uncovered genomic region (exon 23) of POMGNT1
was Sanger sequenced in individual 1V-4, but could not identify a pathogenic variant.

Mutations in SZT2 gene are responsible for behavioural deficiencies and mild cognition
to profound delays and epileptic encephalopathy (Venkatesan et al.,, 2016). A
homozygous non-sense mutation and a compound heterozygous (nonsense mutation
along with exonic splice site) mutation results in distinct neuro-radiological anomalies,
severe type of autosomal recessive-infantile encephalopathy along with intractable
seizures (Vanagaite et al., 2013). A 3bp deletion mutation (c.4202_4204delTTC) was
reported in two unrelated children having severe intellectual disability and unexplained
infantile epileptic encephalopathy. Authors concluded that this deletion causes disruption
of SZT2 with some residual function which might lead to moderate or mild ID without
seizures (Falcon et al., 2013). On the basis of their involvement in intellectual disability,
the uncovered region (exon 5 to 15) of SZT2 was Sanger sequenced but no pathogenic

variant was identified in these exons.

KIAA0586 homozygous nonsense and splicing mutations are responsible for lethal
ciliopathies and abnormal SHH (sonic hedgehog) signalling (Alby et al., 2015).
KIAA0586 mutations results in mild Joubert syndrome (Gagescu et al., 2015a). Sanger
sequencing was performed on KIAA0586 (exon 6 & 33). During sequence analysis of

KIAA0586 uncovered exon 33 pathogenic variant was not identified but an intronic
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variation was found at chr14:58908158G>A position. This variation is 97bp away from
splice donor site of exon 6 (Figure 3.18) but was predicted as polymorphism. However,
variation might affect protein features by altering the splicing process. This variation is
reported in 1000G (Homozygotes: 2415 & heterozygotes: 89) but is absent in EXAC.
Human splice site Finder (HSF) predicts that this polymorphism has no impact on splice

site.

Taken together, this study showed that whole genome genotyping and exome sequencing
could not identify the ID causing gene in both families. Additionally, our data showed
that detection of genomic deletions from the genotype data may not be reliable, and such
cases should be carefully evaluated to conclude their pathogenic nature. Similarly,
uncovered regions were found in whole exome sequencing which contain genes already
known to cause ID but Sanger sequencing of these uncovered exons of these genes could
not identify any pathogenic variant. Therefore, these families can be subjected to whole

genome sequencing to identify disease causing mutations.
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