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Abstract
Inherited neurological disorders are a broad class of diseases caused by particular
genetic factors. Few of them are monogenic in nature, while others are caused by a
grouping of genetic risk alleles and environmental factors. The current study was
designed to explore the genetic basis of particular neurological disorders in
consanguineous families from Pakistan, which includes Congenital Insensitivity to
Pain (CIP), Congenital Insensitivity to pain with Anhidrosis (CIPA), and Bilateral
Frontoparietal Polymicrogyria (BFPP)/Intellectual Disability (ID).
Congenital insensitivity to pain (CIP; MIM 243000) and congenital insensitivity to
pain with anhidrosis (CIPA; MIM #256800) come under the category of hereditary
sensory and autonomic neuropathies (HSAN).Mutations in SCN9A, SCN11A and
PRDM12are responsible for causing CIP, while mutations in NTRK1 are known for
causing CIPA. Patients are insensitive to pain, touch and sometimes heat. In some
cases patients are unable to smell (anosmia). Other symptoms of the patients affected
from this disease include self-harming behavior mainly related to orofacial tissues,
bruises on skin, tongue biting, fractured bones and injuries on hands and feet.
Additionally, early loss of teeth, many other dental abnormalities and many oral
damages observed in patients affected with CIP and CIPA. Patients with CIPA
however, show hyperthermia due to anhydrosis in addition to other features.
Bilateral Fronto Parietal Polymicrogyria (BFPP; MIM#606854) is a heterogeneous
autosomal recessive disorder of abnormal cortical lamination caused by mutations in
GPR56 gene. Patients suffering from BFPP show central hypotonia during the early
phase of life and symptoms of intellectual disability at later stages.

xi

Intellectual disability (ID) is a large and varied group of syndromic and non
syndromic disorders. It is a common neurological disease with an inception of
cognitive impairment before reaching 18 years of age. There are many genes involved
in ID; some of them are AGTR2, AP1S2, ARHGEF6, ATRX, MECP2, PTCHD1 and
TSPAN7.
Seven autosomal recessive Pakistani families with multiple affected individuals were
recruited for the present study (Families A-G). These include four families (A-D) with
CIP, one family (E) with CIPA and two families (F and G) with ID and BFPP.
In four families (A-D), homozygosity mapping by Illumina Human Core-Exome
microarray identified a common ~10Mb homozygous haplotype on chromosome 2q24
in affected individuals. Sanger sequencing of candidate gene SCN9A within this
interval

revealed

a

novel

biallelic

truncating

mutation

chr2:167099039_167099039delG, NM_002977.3:c.3567_3567delC, which generates
a premature stop codon p. Met1190*, in exon 19.This mutation completely segregated
with the CIP phenotype in all four families and was absent from 100 control
chromosomes. These families belong to the same ethnic group. Mutation Taster
(http://www.mutationtaster.org/) showed that there is premature truncation of the
protein and nonsense-mediated mRNA decay (NMD).
The protein structure for SCN9A was predicted by Protscale server. No signal peptide
and acetylation site were present in SCN9A. Diverse specific phosphorylation sites of
threonine, serine and tyrosine were anticipated in SCN9A at different positions.
Kinases like PKA, PKB, PKC were involved in phosphorylation of SCN9A. This
study is helpful to understand the mechanism of pathogenesis of different
neurological disorders caused by mutations in SCN9A.

xii

In family E, an affected male presented with classical symptoms of CIPA. Trusight
One Sequencing Panel usually covers 4813 OMIM genes, discovered a novel NTRK1
truncating mutation c.2025C>G; p. Y681X. The protein modeling of this mutation
predicts the damage of the stiffness in NTRK1 tyrosine kinase domain, which resulted
in the conformational changes and deleterious consequences in the function of
protein.
Homozygosity mapping and next generation sequencing identified two novel GPR56
mutations including a substitutional variant, chr16:57693480T>C; NM_005682.5:
c.1460T>C;

p.

Leu487Pro

(exon12)

and

a

13bp

insertion

Chr16:57689345_57689346insCCATGGAGGTGCT;NM_005682.6:c.803_804insCC
ATGGAGGTGCT; p.Leu269Hisfs*21, (exon7) in family F and G respectively. These
mutations fully segregated with ID phenotype in respective families and were absent
from 100 control chromosomes of same population.
Timely clinical evaluation is necessary which helps in making the correct choice of
genetic testing in families affected with rare neurogenetic syndromes. From these
results, it is obvious that combination of techniques including homozygosity mapping
and whole exome sequencing / targeted panel sequencing in families with multiple
affected individuals is the method of choice for mutation detection. In future,
functional studies of mutations in SCN9A, NTRK1 and GPR56 genes may provide
novel

therapeutic

targets.
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1.1 General Brain Anatomy
Brain development is a complex phenomenon of active and energetic
processes. Human brain growth and expansion is a prolonged process, starts in the
third gestational week (GW) with the development of the neural progenitor cells and
expands through delayed puberty possibly all over the lifetime. The processes that add
to brain progression start from the molecular mechanisms of genetic expression.
1.1.1 Important conceptions towards brain development
The brain is the vital organ of the body, which consists of billions of nerve
cells. Every neuron has the connection with greater than 1000 neurons. Connecting
point between two neurons is called a synapse and it is estimated that an adult brain
has more than 60 trillion neuronal connections(Stiles & Jernigan, 2010).
1.1.2 Central Nervous System Development and Mechanism of Function
The central nervous system (CNS) has two important parts, the brain and the
spinal cord. Bones and the meninges cover it. Human brain is composed of
lower brain stem and higher forebrain.
Forebrain consists of the cerebral cortex, limbic system and basal ganglia. It
controls homeostasis, emotions and conscious actions. Outer covering of brain has 50
billion nerve cells and is 1/4 inch broad.
1.1.3 Anatomy/Structure and Function of Cerebrum
The biggest and leading part of the brain is forebrain. It controls the
intelligence, sensory and motor activities. The outer layer is called the gray matter and
the inner layer is known as white matter. The white matter has the basal ganglia.
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The cerebrum has two parts i.e. left and right hemispheres. The right side of
the body is controlled by right hemisphere while the left side of the body is controlled
by left hemisphere. Corpus callosum (group of nerve fibers) joins both hemispheres
and favor its contact.
1.1.4 Anatomy/Structure and Function of Cerebellum
The second largest area of the brain is cerebellum. Its position is at the back
and beneath the cerebrum, behind the brain stem and stacked to the mid brain. It
consists of two hemispheres and an outer layering of gray matter while the inner
layering consists of white matter. It controls the movement and coordination
activities. It directs the involuntary actions like stability, equilibrium and
synchronized movement. The mid brain, pons and medulla oblongata collectively
form the brain stem.
1.1.5 Anatomy/Structure and Function of Medulla
Respiratory, circulatory and digestive systems of the body are controlled by
the medulla, which is the most primitive part. In the communication between spinal
cord and brain, pons is important. For controlling respiration, pons act together with
the cerebellum. Behind the sleep and excitement phenomenon,some other structures
of

pons

are

involved

(http://www.healthpages.org/anatomy-function/brain-

anatomy/).
1.2 NeurogeneticDisorders
A neurogenetic disorder is defined as a clinical disease caused by the abnormality in
one or more genes that affects the differentiation and function of the neurons and
various parts of the nervous system. The disorders included in this study are briefly
explained below.
3
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1.2.1 Congenital Insensitivity to Pain (CIP)
CIP affects the peripheral nervous system, which is responsible for connecting
the brain and spinal cord to muscles and to cells that perceive the sensations for
example touch, smells and pain.
1.2.1.1 Role of sodium channelsin pain perception
Voltage-gated sodium channels have an important function in the abnormal
development of neuropathic pain (Fischer & Waxman, 2010).
1.2.1.2 Structure and Function of Sodium Ion Channels
In mammalian neurons, a voltage-gated sodium channel is responsible for
causing action potentials in reaction to membrane depolarization. Sodium channel
consists of α-subunit and several auxiliary β-subunits. The α-subunit provides the
channel along with voltage sensitivity and structure the ion-selective pore while the βsubunits emerge to manipulate channel gating and targeting (C. Chen et al., 2002;
Isom, 2000; Isom et al., 1992; Qu et al., 2001; Yu et al., 2003). Seven sodium
channels (Nav1.1, Nav1.2, Nav1.3, Nav1.6, Nav1.7, Nav1.8, and Nav1.9) have a deep
relation with central nervous system (Felts et al., 1997). These sodium channels have
a common configuration.Theyareencoded by different genes and show obvious
distinct voltage, and kinetic dependent properties. They are articulated in a regionally
and temporally specific pattern in the nervous system. Moreover, the majority of
neurons express multiple sodium channel isoforms, with unique functional
properties(Waxman, 2000).
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Figure 1.1: Structure of sodium ion channels (Adapted from Yu et al., 2005)
1.2.2 Congenital Insensitivity to Pain with Anhidrosis (CIPA)
CIPA also known as hereditary sensory and autonomic neuropathy type IV is a
rarely occurring disease. The clinical symptoms describe that patients are insensitive
to pain and unable to sweat. This abnormality is due to genetic mutation in the NTRK1
gene that is coding a tyrosine receptor (TrkA) for nerve growth factor (NGF) (PerezLopez et al., 2015).CIPA disturbs the normal function of the peripheral nervous
system. Clinical phenotypic symptoms include the persistent and frequent fever
incidents, self-damaging and defacing attitude, insensitivity to harmful and injurious
stimulus and inability to sweat(Axelrod et al., 2006; Swanson, 1963). Children
affected by CIPA have the self-harming behavior that encompasses the orofacial
region, this involves the loss of teeth, scratches and injured soft oral tissues. Patients
could not open their mouth due to oral injuries, severe dental erosion and teeth
dislocation (Butler et al., 2006; Schalka et al., 2006).

5
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1.2.2.1 Abnormal function of neurons cause CIPA
CIPA is caused because of deficiency or lack of A and C-delta fibers, primary
afferent fibers and absence of sympathetic post-ganglionic neurons (Nolano et al.,
2000; Verpoorten et al., 2006). This disorder is diagnosed based on medical
investigation and neurological assessment. According to previous literature, there is a
progressive deformation of un-myelinated nerve fibers of the afferent neurons
(Kaplan, Hempstead, et al., 1991).
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Figure1.2: Sensory nerve with large myelinated A-alpha fiber carrying touch
sensation, A-delta and C fibers carrying pain sensation to dorsal horn of the spinal
cord{Adapted

from

http://www.allcare.org/CancerPain-and

symptomManagement/comfort}.
1.2.2.2 Neurotrophic Tyrosine Kinase Receptor Type 1 (NTRK1), structure and
function
CIPA is caused by mutations in NTRK1. It is on chromosome 1q21–22, covers
a region of 25-kb, consist of 17 exons and is involved in the formation of tyrosine
receptor 1. NTRK1has a persistent role in the survival of ganglion (Kaplan & Miller,
2000; Martin-Zanca et al., 1989). In human colon cancer, NTRK1 was found out to be
an oncogene and was called as TRK (tropomyosin re arranged kinase) (Martin-Zanca
et al., 1986). In the growth and expansion of central and peripheral nervous system,
NTRK1 encodes a membrane-bound nerve growth factor receptor which is involved in
the production and differentiation of sensory neurons. Pathogenic sequence variants in
NTRK1 have been related with autosomal recessive CIPA. In previous studies
amutation reported which was 9 amino acid in-frame deletions in the NTRK1 tyrosine
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kinase domain in a patient affected with this disease. CIPA is a rarely occurring
disease which can cause very serious health problems (Axelrod & Hilz, 2003).
1.2.2.3 Signaling in NTRK1 function
Nerve Growth Factor (NGF) binds with NTRK1, itdimerizes, phosphorylates
and activates the phosphatidylinositol 3-kinase (PI3K), mitogen activated protein
kinase (MAPK), and the PLC-g pathways (Kaplan & Miller, 2000). NGF controls the
development of neurons their progression, differentiation and apoptosis in central and
peripheral nervous system (Kaplan, et al., 1991a; Kaplan, et al., 1991b; Kaplan &
Miller, 2000; Martin-Zanca et al., 1989). NGF is responsible for the continued
existence of sympathetic ganglion neurons and nociceptive sensory neurons in dorsal
root ganglia that is resultant from the neural crest and ascending cholinergic neurons
of the basal forebrain (Levi-Montalcini, 1987; Thoenen & Barde, 1980).
CIPA was the first discovered abnormal neurogenetic disease, which is
associated with neurotrophin signal transduction system (Weier et al., 1995).
According to the structure and function there are eight intragenic polymorphic sites
for the screening of TRKA mutations and to date more than 50 NTRK1 mutations have
been published in differentially diverse populations (Li et al., 2012; Mardy et al.,
1999; Miura et al., 2000).
1.2.3 Bilateral Frontoparietal Polymicrogyria (BFPP)
BFPP (MIM-606854) is an autosomal recessive cortical disorder of brain
associated with abnormalities of neuronal lamination which includes replacement of
normal gyri by multiple (poly) and small (micro) gyri, alterations in white matter,
mild brainstem and cerebellar abnormalities (Chang et al., 2003; Piao et al., 2002). It
is an abnormality of cortical development and irregular brain surface and the normal
8
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gyral prototype is exchanged by an unnecessary number of small gyri detached by
shallow sulci (Crome, 1952). It is eminent from sclerotic microgyria, which causes
lesion resulting in atrophic, small gyri and comparatively wide superseding sulci
(Barth, 1987).
1.2.3.1 Mechanism of Human Cerebral Cortex development
Human cerebral cortex growth and expansion can be divided into three
continuous stages.
1.

Stem cells reproduce into neuroblasts profound in the forebrain, in the
ventricular and sub-ventricular zones lining the cerebral cavity.

2.

Final mitotic division followed the cortical neurons transfer away from their
original place in a radial or tangential fashion towards the pial surface, where
each consecutive generation passes one another and settles in an inside-out
pattern within the cortical plate.

3.

After

that

cortical

organization

within

six

layers

connected

with

synaptogenesis and apoptosis. This is a vibrant process and more than one
stage may occur concurrently during numerous gestational weeks. (Barkovich
et al., 2001; Dobyns et al., 1996).
Polymicrogyriamay occur because of abnormal neuronal relocation in the initial phase
of cortical development (Marret et al., 1995; Rosen et al., 1996).Nevertheless, after
investigating study of the expression configuration of GPR56, it was proposed that the
polymicrogyria is caused because of the abnormalities in genes that take part in the
local modeling of the cerebral cortex at initial stages of growth and expansion, during
neuronal propagation and movement (Piao et al., 2004).
9
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The clinic-radiologic profile of BFPP resembles that of congenital muscular
dystrophy (Desai & Udani, 2015), (Piao et al., 2005). Patients suffering from BFPP
are affected with central hypotonia; during the early phase of life they show the
symptoms of delayed milestones, intellectual disability, ataxia, epilepsy and ocular
disorders. However, no muscle and eye abnormalities have been identified in these
children(Bahi-Buisson et al., 2010; Desai & Udani, 2015).
1.2.4.2 Intellectual disability (ID)
Intellectual disability (ID) is a neuropsychiatric syndrome with an inception of
cognitive damage and is categorized by major limitations in intellectual working and
adaptive behavior. The causes of nearly 40% of ID cases remain unclear. However,
environmental factors are responsible for 50% of ID cases and for the other half
genetic factors such as chromosomal abnormalities or mutations in specific genes are
responsible(Leonard & Wen, 2002; Musante & Ropers, 2014; Ropers, 2010).
ID is a compilation of syndromic and non-syndromic disorders, distinguished
by less intellect and related restrictions in adaptive behavior. Occurrence of this
disease is approximately 1% in developed countries and 2% in developing
countries (Durkin, 2002). Mutations inapproximately 450 genes have been related
with intellectual disability (ID) specifically autism. Due to advances in sequencing
technologies the number of mutations has increased progressively (van Bokhoven,
2011).
1.3 Techniques for Gene Identification in Inherited Diseases
1.3.1 HomozygosityMapping
Homozygosity mapping is used for the identification of candidate loci in
genetic disorders specifically in case of consanguinity.It is a method commonly used
10
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to map autosomal recessive traits in families affected with consanguineous marriages.
Mostly, in order to verify the genomic region that is associated with the disease,
Homozygosity Mapper (software) is used. It is a web-based strategy forhomozygosity
mapping.
Homozygosity Mapper identifies homozygous regions by scrutinizing all the
data and providing a graphic output. The homozygosity by descent (HBD) regions in
affected individuals are inspected genome-wide in order to focus onto single
chromosomes. This online tool also presents the basic and core genotypes in all
samples. It is incorporated with Gene Distiller (gene search engine) which helps user
to synergistically verify the most promising gene. Homozygosity Mapper stores data
for homozygosity-mapping studies and allowing individual to restrict their data either
to make it open for public or not. Online link of homozygosity mapper
is http://www.homozygositymapper.org/(Seelow et al., 2009).
1.3.2 FSuite
This software is developed for using inbreeding knowledge gathered from the
whole genome data. It starts using SNP chip or exome data and its advantage is a
complete suite of scripts to depict and do the usage of inbreeding knowledge as
compared to other softwares. This software noticed the inbreeding coefficient, which
is a component used to quantify different types of mating in a population. It
recognizes the HBD regions between affected individuals that identify the rarely
occurring autosomal recessive mutations responsible in monogenic or multifactorial
disorders (Gazal et al., 2014).
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1.3.3 Next-Generation Sequencing (NGS)
In Mendelian disorders, conventional strategies are useful for genetic mapping and are
in use since early 90`s. In last decade, NGS technologies provide cost-effective
strategiesfor achieving research goals. In NGS, data is filtered to find out the
responsible candidate gene mutation and later on Sanger sequencing is used to check
the segregation and validation.
Grouping of WES with traditionally used methods has collectively greater
success on autosomal recessive disorder, for more than 60 known genes (Rabbani et
al.,

2012).

Genomic

sequencing parallel

with

next-generation

sequencing

technologies has been established to be an efficient substitute to locus-specific tests in
a research enviroment. Primary demand of NGS strategies is to improve clinically
efficient diagnosis (de Ligt et al., 2012; Gonzaga-Jauregui et al., 2012; Bainbridge et
al., 2011; Lupski et al., 2010; Vissers et al., 2010; Ng et al., 2009).
1.3.4 Integrated Genome viewer (IGV)
Data imaging is an important element of genomic data investigation.
Nevertheless, Data sets generated of different varieties and sizes by sequencing and
array-based profiling methods show the main confront to imaging tools.
An important feature of IGV is about its centered function on the combinatory
nature of genetic studies. As IGV is frequently used in order to review the genomic
data, its main prominence is to sustain researchers in visualizing and investigating the
data. (Thorvaldsdottir et al., 2013).
1.3.5 In-Silico Analysis tools
ProtScale server is used to compute the profile produced by any amino acid scale for
the specific protein (https://web.expasy.org/protscale/). In different organisms SignalP
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4.1 server determines the position of signal peptide cleavage sites in amino acid
sequences (http://www.cbs.dtu.dk/services/SignalP/). In eukaryotes, the NetPhos
3.1server determines the serine, threonine and tyrosine phosphorylation sites by using
ensembles of neural networks (http://www.cbs.dtu.dk/services/NetPhos/). Net Acet
web server, Net CGlyc web server, Net OGlyc and Net NGlyc web server were used
to predict acetylation, mannosylation and glycosylation sites for SCN9A respectively.
1.3.6 Trusight One Sequencing Panel by Illumina
This highly advance technique covers > 4800 genes, which are significant on
clinical basis. By using Trusight One Sequencing Panel, labs can scrutinize all the
genes or specific set of genes expressed in particular tissues. Because of some
bioinformatics strategies, TruSight works with Variant Studio software, an easy,
highly energetic tool for investigation, categorization, and coverage of genomic
variants. The Panel covers 12 Mb of genomic region, which includes 4813 genes
related to a phenotype clinically.
1.3.7 Sanger Sequencing
Sanger sequencing is a standardized reference technique in the recognition of DNA
abnormalities(Sanger & Coulson, 1975). Main principle behind this sequencing
technique is the integration of di-deoxy bases as a result of which multiple copies of
ssDNA are generated, which terminates in early stages the chain prolongation and
creation of fragments with various sizes. Labeling of the fragments is done with
fluorescence, which is divided on electrophoretic basis. Fluorescence is stimulated
usinga laser scanner and sensed by a diode array. Results of NGS are usually
validated and segregated through Sanger sequencing.
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1.4 Neurogenetic abnormalities in Pakistani population
In Pakistani society, cousin marriages are common; up to 60% of marriages are
consanguineous(Bittles, 2001). Due to cultural and religious norms,usually people
tend to marry within their family, clan or language group/caste.Consanguineous
marriages increase the frequency of homozygosis. Ideally, these factors provide a
suitable environment for studying such neurogenetic disorders in our mostly
consanguineous population. Previously many different genes have been reported from
Pakistani population(Chaudhry et al., 2015; Ullah et al., 2015; Rafiq et al., 2015;
Khan et al., 2014; Siddiqi et al., 2014; Nawaz et al., 2014; Habib et al., 2013; Hussain
et al., 2011; Kousar et al., 2011;Rafiq et al., 2011; Rafiq et al., 2010; Hassan et al.,
2008; Hassan et al., 2007).
1.4.1 Consanguinity, Society pressure and Genetic Disease
Different sub-populations practice consanguinity in Pakistan either isolated by
geography (remote hilly Northern areas) or surrounded bysociocultural factors, which
lead to different abnormalities reported with high occurrence, and are mostly
attributed to genetic factors. Theseincludeintellectual disabilities, congenital
blindness, congenital hearing loss, metabolic disorders and other different
neurological syndromes(Bittles& Neel, 1994; Modell & Darr, 2002; Kousar et al,
2011).
1.5 Rationale
In Pakistan, either due to social and religious customs or due to geographic isolation,
inbreeding has led to unique large families with un-described phenotypes. Families
with multiple affected individuals provide an ideal solution to linkage problems;
allow the disease gene to be localized. On the other hand, nature of most of these
14
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disorders is very complex. Therefore, it is important to identify disease-causing
variants with help of unambiguous clinical phenotype. The information will finally
lead to the discovery of genetic testing panels.It will reduce the trauma and stress
associated with genetic diseasesthrough genetic counseling practices.
1.6 Objective
Objective of the study was:
To identify causative mutations in selected families showing inherited
neurological disordersfrom different regions of Pakistan.
Following strategies were applied to achieve this objective.
1- Ascertain families with multiple affected individuals of an inherited
neurological disorder (showing symptoms that resemble any known
neurological phenotype or are a novel one).
2- Establish the pattern of inheritance of the disorder running in the family
through pedigree analysis.
3- Identify the phenotype occurring in the family through clinical, radiological
examinations and other relevant approaches.
4- Localize and identify the causative gene mutation through standard
techniques.

This

includes

homozygosity

mapping,

Next

Generation

Sequencing, Sanger sequencing and in silico analysis.
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2.1 Neurogenetic Disorders and their consequences
Neurological abnormalities present a vast range of illnesses related to clinical
demonstration such as severity of disease, age of diagnosis, and response towards the
treatment(Foo et al., 2013; Simonato et al., 2013). Development and progression in
molecular genetics has significantly enhanced our understanding regarding the
etiology ofneurogenetic disorders, which may lead to developing new approaches in
therapeutics for the patients(Bowers et al., 2011).
2.1.1 Congenital Insensitivity to Pain (CIP)
Pain is a very unpleasant feeling, which is a key factor of the body’s defense
system. It presents an immediate signal to the nervous system to begin a motor
response to reduce physical harm. Congenital insensitivity to pain is a rarely
occurring disease, which may affect various parts in the peripheral nervous system.
The extensive class of autosomal recessive neurological diseases known as
hereditary sensory and autonomic neuropathies (HSAN) which includes congenital
insensitivity to pain (CIP; MIM 243000). Patients affected with CIP are insensitive to
pain. In some conditions patients are unable to smell (anosmia). Loss-of-function
mutations in sodium channel Nav1.7 are responsible for causing anosmia (Weiss et
al., 2011). Common symptoms of the patients affected from this disease include selfharming behavior, bruises on skin, tongue biting, fractured bones and injuries on
hands and feet. Interestingly, Cox et al using consanguineous families from Pakistan
identified the gene and mutations previously.
Mutations in significant genes have been identified as causes of CIP, including
PRDM12 on 9q34 (HSAN8; MIM 616488), NTRK1 on 1q23 (CIPA; MIM 256800),
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and SCN11A on 3p22 (HSAN7; MIM 615548), with NTRK1 specific to pain
insensitivity with anhidrosis. (Cox et al., 2006).
2.1.1.1 Genes involved in CIP
2.1.1.1.1 Sodium voltage-gated channel alpha subunit 9 (SCN9A)
It is part of voltage-gated sodium channel Nav1.7; its expression is high in the
neurons, which are responsible for pain perception. Mutations in SCN9A are
responsible for pain disorders. Bi-allelic loss of function mutations results in
Channelopathy-associated Insensitivity to Pain (CIP).
SCN9A encodes the 𝛼-subunit of voltage-gated sodium channel Nav1.7, and
has a remarkable function in nociception. Its expression is high in peripheral nervous
system, especially the dorsal root ganglia. Homozygous loss-of-function mutations in
SCN9A lead to CIP, whereas heterozygous mutations cause primary erythromelalgia,
paroxysmal extreme pain disorder, familial febrile seizures have been occupied in
small fiber neuropathy (D. L. Bennett & Woods, 2014). In CIP, anosmia has also been
described in 15 families associated with SCN9A and, subsequently, Nav1.7 expression
is also high in olfactory sensory neurons (Leipold et al., 2013). Table 2.1 shows some
previously reported mutations of SCN9A.
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Table 2.1: Previously reported mutations of SCN9A
Mutation
W897X

Location
exon 15

2.

I767X

exon 13

3.

S459X

exon 10

4.

c.774_775delGT

5.

c.2488C>T

6.

c.4975A.T

7.

c.3703delATAGCAT
ATGG

1.

1

Mutation type
References
homozygous case
substitution
(nonsense
mutation)
homozygous base (Cox et al.,
2006)
deletion
(nonsense
mutation)
homozygous base
substitution
(nonsense
mutation)
Homozygous
(frameshift
(Nilsen et
mutation)
al., 2009)
Homozygous
(nonsense
mutation)
Homozygous
(nonsense
(Weiss et
mutation)
al., 2011)
Homozygous
(frameshift
mutation)

2.1.1.1.2 PR domain containing 16 (PRDM12)
PR domain containing 16 is a group of conserved transcription factors, which
take part in cell fate assessments. PRDM12 is an important monitor of sensory
neuronal development in Xenopus(Nagy et al., 2015).
PRDM12 consists of 5 codons which encode the 367 amino acid protein which
consists of a PR domain, three zinc fingers and a C-terminal poly-alanine tract. It has
been reported that PRDM12 is polymorphic with a number of 14 alanines. Expression
studies have shown that this poly-alanine expansion is responsible for the
accumulation of PRDM12, which makes the protein vulnerable to degradation, and its
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level decreases in nucleus. PRDM12 performs a vital role in the neurogenesis of
vertebrates (Y. C. Chen et al., 2015).
2.1.1.1.3 Sodium voltage-gated channel alpha subunit 11 (SCN11A)
It encodes Nav1.9, a voltage-gated sodium ion channel which is expressed
specifically in nociceptors, and functions as an important convey station for the
electrical conduction of pain signals from the peripheral to the central nervous system.
Mutations in Nav1.9 channels are more active at resting stages, which caused
persistent depolarization of nociceptors, weak production of action potentials and
anomalous synaptic transmission ( Eijkelkamp et al., 2012; Dib-Hajj et al., 2010).
2.1.2 Congenital Insensitivity to Pain with Anhidrosis
Congenital insensitivity to pain with anhidrosis (CIPA; OMIM #256800), also
known as hereditary sensory and autonomic neuropathy IV (HSAN IV), is a rarely
occurring disorder follow autosomal recessive mode of inheritance, which becomes
apparent in early period of life (Pinsky & DiGeorge, 1966). Basic aspects of CIPA
include pain insensitivity, tongue biting, defective heat perception and self-damaging
behavior(Schalka et al., 2006). The self-harming attitude is related to facial tissues
and early teeth loss, with other dental abnormalities (Gao et al., 2013).
Deterioration of main afferent fibers, loss of sympathetic postganglionic
neurons are responsible for pain insensitivity and loss of sweating (Nolano et al.,
2000). Anhidrosis is a failure of normal perspiration which causes high temperatures.
In CIPA, patients have sweat glands, which are integral and undamaged but lack of
innervation(Gao et al., 2013; Indo, 2009).
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2.1.2.1 Genes involved in CIPA
2.1.2.1.1 Neurotrophic Receptor Tyrosine Kinase 1 (NTRK1)
Congenital insensitivity to pain with anhidrosis is a rarely occurring autosomal
recessive disorder. Mutation in neurotrophic tyrosine kinase, receptor type 1 (NTRK1)
gene

that

encodestropomyosin-related

kinase

A

(TrkA),

can

cause congenital insensitivity to pain with anhidrosis(Liu et al., 2015).
NTRK1 is located on chromosome 1 (1q21-q22), having 17 coding exons. It
encodes tyrosine kinase receptor I for Neurotrophic Growth Factor (NGF) domain
(Capsoni et al., 2011). NGF plays an important role in defined demarcation and
preservation of sympathetic ganglia and nociceptive sensory neurons (Beigelman et
al., 2009).
There are different types of mutations which are responsible for causing CIPA,
including deletions, duplications, insertions and nucleotides replacement, exonic
nonsense and frameshift mutations (Indo et al., 1996; Mardy et al., 1999; Lee et al.,
2009). Patients show self-damaging behavior like tongue and hand biting. Rarely,
patients with CIPA phenotype also show hypogammaglobulinemia(Rosemberg et al.,
1994; Vardy et al., 1979). Table 2.2 shows some previously reported mutations of
NTRK1.

Gene Mapping in Families with Complex Neurogenetic Syndromes

21

Chapter 2

Literature Review

Table 2.2: Previously reported mutations of NTRK1gene

1.

Mutation
c.574+1G>A

2.

c.2206-2 A>G

3.

IVS41GrC; ∼337CrA

4.

∼284delA

5.

∼2011CrT

6.

IVS71GrA

7.

∼109CrT; ∼1876CrT;
∼1904GrT

8.

∼2206GrA

9.

∼722TrC;c.1008^1014del
GCCGGCA

10.
11.
12.

c.353_359+2TdelGTCGC
CTGT
c.2308C>T; p.Gln770X)
c.1633–1G>T

13.
14.
15.
16.

c.496G>T; p.Gly166X
c. 1561T.C
c.2057 G.A
c.610C>T

17.

c.1596^1597insGGGACAT
C

Mutation type
Compound
heterozygous
(splice Donor
Site)
Compound
heterozygous
(splice
Acceptor Site)
Homozygous
(splice site;
missense)
Homozygous
(Frameshift)
Homozygous
(missense)
Homozygous
(splice site)
Homozygous
(nonsense;
missense;
missense)
Homozygous
(missense)
Compound
heterozygote
(missense;
frameshift)
Splice site

Location
Intron 5

Nonsense
5′ Splice
donor site
Nonsense
Compound
heterozygous
Homozygous
(nonsense)
Homozygous
(frameshift)

exon 17
exon 14

References
(Sarasola et al.,
2011)

intron 16

intron 4;
exon 2
(exon 1
exon 15

(Mardy et al.,
1999)

Intron 7
exon 1;
exon 15 ;
exon 15
exon 16
exon 6;
exon 8

exon 3

exon 5
exon 13
exon 15
exon 5

(Tuysuz et al.,
2008)
(Gao et al.,
2013)

exon 13
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c.475-476delTC

19.

c.1588-1589delCG

20.

c.2337C>G

21.

c.2347C>T

22.

IVS9-1G>A

23.

c.2347C>T

24.

IVS6+1G>C

25.

c.2210T>C

26.

L213P

27.

G519fs

28.

c.2086_2087 ins C

29.

p.I572S

30.

g.7335164–7336545del

31.

c.722_723insC

32.

p.Q558X + p.L717R

33.

G to C trans version at
nucleotide 2405
L93P
G516R

34.
35.

Literature Review

Homozygous
(frameshift)
Homozygous
(frameshift)
Compound
heterozygous
(nonsense)
Compound
heterozygous
(missense)
Homozygous
(splice site)
Homozygous
(missense)
Compound
heterozygous
(splicing)
Compound
heterozygous
(missense)
Compound
heterozygous
(missense)
Compound
heterozygous
(Frameshift)
Homozygous
(Insertion)

exon 4

(Indo et al.,
2001)

Homozygous
(missense)
Homozygous
(deletion)
Homozygous
(insertion)
Compound
heterozygous
Homozygous

Exon 7

(Huehne et al.,
2008)

exon 17

(Greco et al.,
1999)
(Miura et al.,
2000)

exon 13
(exon 17

exon 17

intron 9
exon 17
intron 6

exon 16

Exon 6

(Bonkowsky et
al., 2003)

Exon 13

(Lin et al.,
2010)

Missense
Missense
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36.
37.
38.
39.
40.
41.
42.
43.
44.

R648 C
D668Y
S131 fs
L579 fs
D770 fs
E164X
Y359X
R596X
IVS7–33T→A

45.
46.

M581V mutation
C1726 deletion

47.
48.
49.
50.
51.
52.
53.

1926-ins-T
Pro- 689-Leu
IVS5+1G>A
G607V
H598Y
E609X
V611L

Literature Review

Missense
Missense
Frameshift
Frameshift
Frameshift
Nonsense
Nonsense
Nonsense
IntronicBranc
h-Site
Mutation
Homozygous
Compound
Heterozygous
Insertion
Compound
heterozygous
(substitution)

Exon 14
Exon 15
Exon 16
Intron 5
Exon 15
Exon 15
Exon 15
Exon 15

(Yotsumoto et
al., 1999)
(Shatzky et al.,
2000)
(Bodzioch et
al., 2001)

2.1.3 Bilateral Fronto Parietal Polymicrogyria (BFPP)/ Intellectual Disability
(ID)
BFPP is a neurological disorder categorized by abnormal migration of cortical
lamination and an abnormal folding configuration of the cerebral cortex (Jansen &
Andermann, 2005). In case of BFPP, neuronal migration occurs in which normal gyri
are replaced by multiple (poly) and small (micro) gyri. Genetic and acquired BFPP
have both been found to cause polymicrogyria. It is diagnosed with discrete MRI
features which consist of white matter aberrations, and cerebellar and brainstem
hypoplasia (Barkovich et al., 2005; Harbord et al., 1990). Patients have the problems
of mental retardation, developmental motor delay, seizures, ataxia, and dysconjugate
gaze (Piao et al., 2005).
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The Gene responsible for BFPP is the G protein-coupled receptor 56 gene
(GPR56) (Piao et al., 2004). GPR56 is important adhesion G protein-coupled
receptors (GPCRs). The structure of GPR56 is the same as other GPCRs, it consists of
N-terminal extracellular domain and a GPCR proteolytic site domain, just before the
first transmembrane spanning domain. The serine and threonine-rich region can serve
as an O- and/or N-glycosylation sites (Bjarnadottir et al., 2004; Stacey et al., 2000).
2.1.3.1 Genes Involved in Bilateral Frontoparietalpolymicrogyria
2.1.3.1.1 G Protein-Coupled Receptor (GPR56)
GPR56 gene (MIM-604110) is located on chromosome 16q12.2–21and has 14
exons (genome.ucsc.edu). In 2004, it was discovered that there is a link between
GPR56 mutations and BFPP (Jansen & Andermann, 2005; Harbord et al., 1990).
BFPP-related GPR56 mutations include splicing mutations, frameshift mutations, and
several missense mutations. A total of 26 mutations in GPR56 are known so far with
25 homozygous recessive mutations and only one compound heterozygous mutation
(Santos-Silva et al., 2015). These mutations were reported in 35 families and 26
independent cases (Santos-Silva et al., 2015). These families and isolated patients
belong to different countries including Qatar, France Canada, Arab, Palestine,
Pakistan, India, Afghanistan, Italy, Bedouin origin, Turkey and Spain (Piao et al.,
2005; Piao et al., 2004). Table 2.3 shows some previously reported GPR56 mutations.
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Table2.3: Previously reported mutations of GPR56
Mutation
R565W

R79X
R33P
S36N
R38Q

Location
second
extracellular
loop
N-terminus
N-terminus

Mutation type
Premature stop

Premature stop
missense
compound
heterozygous

References
(Parrini et al.,
2009)

(Fujii et al.,
2014)

2.1.3.2 Genetic abnormalities in Intellectual Disability
Mutations in both X-linked and autosomalgenes have been reported to cause
intellectual disability ( Najmabadi et al., 2011; Ropers, 2010; Hamdan et al., 2009).
High locus heterogeneity and autosomal dominant inheritance are two reasons that
make identification of ID gene difficult through linkage analysis. More recently, array
based copy-number analysis has lead toidentification of de-novo micro-deletions and
duplications which present in 14% of ID patientsID is not easily diagnosed in children
versus

autism,

because

of

difficult

genetics
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3.1 Ethical Approval
Institutional Review Board and Ethical Committee of Atta-ur-Rahman School
of Applied Biosciences (ASAB), National University of Sciences and Technology
(NUST), Islamabad approved this study. Affected families were visited at their homes
and they show their willingness to participate. Informed consent forms were signed
from each affected or in some cases from the guardian of the families. Records have
maintained (Sample Performa- Appendix-1).
3.2 Recruitment of Families
Seven families were recruited in this study. They include 4 families (A-D)
affected with Congenital Insensitivity to Pain (CIP), 1 family E affected with
Congenital Insensitivity to Pain with Anhidrosis (CIPA), and 2 families (F and G)
affected with Intellectual Disability (ID) and Bilateral FrontoparietalPolymicrogyria
(BFPP).
Families A-D and G belonged to District Bhakkarof Punjab province and they belong
to Saraiki language group. Family E was originated from District Dera Ismail Khan of
Khyber Pakhtunkhwa (KPK) province, and they speak Saraiki. Family F belongedto
Gujranwala, Punjab province (Punjabi language group) while family G belonged to
district Bhakkar of Punjab province and speak Saraiki language.
3.3 Clinical and Physical Examination
Research Proforma was generated in order to evaluate the phenotypes of all affected
in each family (A-G).Clinical evaluation was done at local hospitals (Appendix 2).
The prenatal and neonatal medical history was taken from the probands and family
elders/parents. Detail of each family along with disorders is mentioned in Table 3.1.
Conversational sessions were done deeply with the family guardians for making the
standard pedigree (Bennett et al., 1995). In standard pedigree, squares represent males
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and circles represent females. Filled squares and circles showed affected individuals
whereas unfilled squares and circles designated for normal individuals. A crossed line
over square and circle showed deceased individuals. Generation numbers are in
Roman numbers while Arabic numbers symbolize individuals within a generation.
Consanguinity was represented by double marriage line.
3.4 Blood Sampling
For DNA extraction, five milliliter (5 mL) of blood sample was collected from
affected and unaffected participant from each family and blood was pour into 10 mL
standard ethylene diamine tetra acetate (EDTA) vacutainer tubes (K2 EDTA 18mgBD, USA). The collected samples were kept at 4oC in laboratory at the Department of
Healthcare Biotechnology, National University of Sciences and Technology,
Islamabad until DNA isolation.
3.5 DNA extraction from Whole Blood
Genomic DNA extraction from blood of each individual was performed by
using standard phenol-chloroform method.
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Table 3.1: Details of affected individuals of each family with techniques used for
gene identification.

Family
ID
A
B
C
D
E

Pattern of
Inheritance

Ethnic/Language
group

Congenital
Insensitivity to
Pain

Autosomal
Recessive

District Bhakkar
Punjab (Saraiki
language group)

Congenital
Insensitivity to
Pain with
Anhidrosis

Autosomal
Recessive

Dera Ismail Khan,
KPK (Saraiki
language group)

Phenotype

F
Autosomal
Recessive

G

Bilateral
FrontoparietalPoly
microgyria/Intellect
ual Disability

Autosomal
Recessive

District
Gujranwala of
Punjab province
(Punjabi language
group)
Dera Ismail Khan,
KPK (Saraiki
language group)
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in each
family
4
3
2
3
1

Methodology
used

Homozygosity
Mapping/Sang
er sequencing
Trusight One
Sequencing,
sanger
sequencing,
In-silico
analysis

2

3

Homozygosity
Mapping, Next
Generation
Sequencing,
sanger
sequencing.

30

Chapter 3

Material and Methods

3.5.1 Genomic DNA Extraction by Standard Phenol-Chloroform Method
(organic)
1. Approximately 750 μl of blood was mixed with an equal volume of solution A
in a 1.5 ml microcentrifuge (Axygen, Union, USA) tube and incubated for 510 minutes at room temperature. The tubes were centrifuged in a
microcentrifuge for 1 minute at 13,000 rpm in (Eppendorf, Model 5301C,
Germany) and supernatant was discarded carefully.
2. Pellet was re-suspended in 400 μl of solution A and centrifuged again at
13,000 rpm for 1 minute. The supernatant was once again discarded and this
time pellet was re-suspended in 500 μl of solution B, 14 μl of 20% SDS and 7
μl of Proteinase K (20 mg/ml).
3. Mixture was put at 37°C overnight.
4. Next day morning, 500 μl of freshly prepared mixture of phenol and solution
D was added and the tubes were centrifuged at 13,000 rpm for 10 minutes.
5. The aqueous phase was carefully transferred in a new microfuge tube and after
adding 500 μl of solution D, tubes were again centrifuged at 13000 rpm.
6. Precipitation of total genomic DNA was done by adding 55 μl 3M sodium
acetate (pH 6) and equal volume (500 μl) of chilled (stored at -20°C)
isopropanol.
7. Tubes were gently inverted several times for DNA precipitation and
centrifuged for 10 minutes at 13,000 rpm.
8. After discarding the supernatant, DNA pellet obtained was washed with 200 μl
of chilled (stored at -20oC) 70% ethanol (BDH, Poole, England) for seven
minutes at 1300 rpm.
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9. Ethanol was then discarded and the DNA pellet was dried in a vacuum
concentrator 5301 (Eppendorf, Hamburg, Germany) at 45°C for 7-10 minutes.
10. When remaining ethanol was evaporated, the DNA pellet was dissolved in
120-150μl of Tris-EDTA buffer (Sigma-Aldrich, St Louis, MO, USA) and
kept overnight in incubator at 37°C.
11. On next day, extracted DNA was run on 1% agarose gel and visualized by UV
Transilluminator (Biometra, Gottingen, Germany). Then this stock DNA
solution was stored at 4°C.
3.5.2 Genomic DNA Extraction by Non Enzymatic Method (in organic)
Non-enzymatic Genomic DNA extraction from blood was performed
according as described by Lahiriet al., (1991) with modification. The
composition of buffers and solutions required are given in table 3.3-3.6.
1. Blood samples from affected and unaffected individual of each family
were poured into labeled 15mL falcon tubes.
2. 1 volume of TKM1 and 2% Tritron X-100 (1mL of Tritron X-100and
49mL of TKM1) was added (for example in 5mL of blood, 5mL of TKM1
was added).
3. Samples were mixed well by inverting the tubes and centrifuged at 2600
rpmfor 15 minutes (Allegra X15R, Beckman Coulter).
4. Supernatant was poured off and TKM1 was again added to the original
volume of samples and pellets were resuspended by pippeting. Samples were
centrifuged at 1600 rpm for 10 minutes and supernatant was discarded.
5. TKM2 was added to re-suspend the pellet in the ratio given in table 3.2.
6. Then, 10% of SDS was added in each sample with ratio given in table 3.3.
7. Samples were mixed well and incubated at 55˚C for 10 minutes.
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8. 300μL of Saturated NaCl was added in each sample in ratio given in table
3.4.
9. After addition of saturated NaCl, samples were shaken well and
centrifuged at 13,000 rpm for 15 minute.
10. Supernatant was poured into a clean falcon tube and pellet was discarded.
11. Two volumes of absolute ethanol were added to the original volume of
blood (10mL ofabsolute ethanol to 5mL of Blood) and tubes were inverted
several times until DNAprecipitated.
12. DNA was spooled out with sterile loop and soaked in 70% ethanol for 10
minutes.
13. Each DNA sample was allowed to air dried and dissolved in 500μL of TE
buffer incubating at 55˚C in water bath (VWR Inc.). The dissolved DNA was
stored at 4˚C.
3.6 Whole Genome Homozygosity-by-Descent Mapping (Family A-D, F, and G)
Genome wide homozygosity mapping of all affected and one normal individual of
each family was performed with Illumina Human Core Exome Microarrays at The
Center of Applied Genomics (www.tcag.ca), University of Toronto, Ontario-Canada.
Experiment was performed in 96 well plates, which consisted of following steps.
3.6.1 DNA Sample Preparation
After DNA extraction, they were dissolved in TE buffer and its concentration was
measured with nanodropspectrophotometer(NanoDrop 1000, ThermoScientific,
USA). At least 50ng/μL concentration of DNA is used for the analysis and 5μL of
DNA was aliquouted in each well of 96 well plates.
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3.6.2 Microarray Data Analysis
Genotype

data

was

analyzed

for

homozygosity-by-descent

(HBD),

using

Homozygosity Mapper (Seelow et al., 2009) and FSuite(Gazal et al., 2014).
3.6.3 Primer Designing Families A-D
After the analysis of HBD regions as shown in Figure 4.2, it was confirmed that all
four A-D, families share HBD on 2q24, including the gene SCN9A. We designed PCR
primers manually for all 26 exons of SCN9A for Sanger sequencing as shown in Table
Appendix 4.
3.6.4 Primer Designing for Family F and G
After the analysis of HBD regions as shown in Figure 4.9, it was confirmed that
family G, share HBD on 16q21, including the gene GPR56. We designed PCR
primers manually for all 15 exons of GPR56 for Sanger sequencing as shown in
Appendix 5.
3.6.5 PCR Amplification and Sanger Sequencing
For the amplification, the KAPA2G Fast Multiplex system was used to perform PCR,
using the manufacturer’s protocol in a total volume of 10µl with 50ng of genomic
DNA, and 6nM of each primer. PCR was carried out for 30 cycles: 95 °C for 2mins,
59 for 10 sec and 72 for 1sec and final extension for 1 min in a T100 Thermal cycler
(Bio-Rad).
3.6.6 Horizontal Gel Electrophoresis
For analysis of PCR products 2% agarose (Invitrogen) was used in which 1.4gm of
agarose is mixed in 70mL of 1xTBE. The suspended solution was heated in a bottle in
order to mix the agarose completely in microwave oven and 3μL Red-Safe™ was
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then added. The dissolved solution was transferred in casting platform of horizontal
gel electrophoresis apparatus (VWR Inc.) and then comb was positioned at one end.
Four microliter of each PCR product and 4μL of loading dyes (10mM Tris-HCl
pH7.6, 0.03% bromophenol blue (salt), 60mM EDTA, 60% glycerol) was loaded into
each well with micropipette (VWR Inc). Electrophoresis was performed at 100 volts
for half an hour in horizontal gel electrophoresis apparatus. PCR amplified products
were visualized by placing thegel on UV Trans-illuminator (VWR Inc).
3.6.7 DNA Sequencing of Candidate Genes
PCR amplified products of both affected and unaffected individuals were submitted
for Sanger sequencing at the facility of The Center of Applied Genomics (TCAG),
Toronto-Ontario, Canada. Samples before submission for sequencing were prepared
in total volume of14μL: 0.6μL of PCR product, 1.4μL of forward primer or reverse
primer, 12μL ofH2O.
Chromatograms of sequences were visualized and analyzed on FinchTV
(1.4.0Version)

software

(http://www.geospiza.com/Products/finchtv.shtml).

University ofCalifornia, Santa Cuze (UCSC) Genome Browser was used to BLAT
(Blast LikeAlignment Tool) the sequence results to map the position of mutation in
gene (http://genome.ucsc.edu/cgi-bin/hgBlat?command=start).
3.6.8 In-Silico Characterization of SCN9A
SCN9A primary sequence was recovered from UCSC human genome browser (hg19).
All parameters were set by default in EXPASYplatform protscale by excluding the
normalization of the scale. Signal peptide inSCN9A protein was predicted by
SignaIP-4. Netphos 3.1 server was used to determine the SCN9A Phosphorylation
sites and kinase-specific SCN9A phosphorylation sites were determined by Net
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PhosK 1.0 server. For the determination of SCN9A acetylation, mannosylationand
glycosylation sites, Net Acet web server, Net CGlyc web server, Net OGlyc and Net
NGlyc web server were used.
In order to authenticate the physicochemical parameters which includes amino acid
composition, molecular weight, instability index and estimated half-life of SCN9A
Protparam Server was used. For the determination of secondary structure of SCN9A
primary amino acid sequence GOR4 (Garnier et al., 1996)and JPred3 (Cole et al.,
2008) were used. SCN9A protein-protein interactions were determined by STRING
platform. The methodology used to characterize the SCN9A protein was given in the
Figure 3.1.
3.7 Molecular analysis by TruSight One Sequencing Panel by Illumina(Family E)
Venous blood sampling was done from the family members, after taking written
informed consent. Genomic DNA was extracted by phenol-chloroform method. The
TruSight one sequencing Panel by Illumina provides extensive coverage of >4800
clinically related genes. It covers a total of 12 MB genomic content comprising of
clinically associated 4813 genes. TruSight One sequencing Panel (Illumina) focuses
particularly on exonic regions possessing disease-causing mutations. Specifically, it
was designed and reported for routine molecular assays. Various accessible
sequencing panels like, IlluminaTruSight sequencing panels, the Online Mendelian
Inheritance in Man (OMIM) catalog , GeneTests.org, Human Gene Mutation
Database (HGMD) etc., were used to retrieve the necessary information of genomic
targets. Combining maximum data retrieved from resources confirms that TruSight
One panel covers all clinically reviewed genes for accurate inclusive assay. Specific
sequence primers of and exon 15 (family E) for amplification by PCR were obtained
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application

of

the

Primer3

(http://bioinfo.ut.ee/primer3-

0.4.0/primer3/input.htm). PCR amplification was conducted by Taq DNA polymerase
(Applied Biosystems). PCR-amplified product was purified by using commercially
available kits (Marligen Biosciences, Ijamsville, MD, USA). Bi-directional
sequencing was executed of the amplified DNA fragments (both strands) by using the
Big Dye Terminator v3.1 sequencing kit (Applied Biosystems on an ABI Prism 3130
Genetic Analyzer as per manufacturer’s instructions. Sequence variants were analyzed
via BIOEDIT sequence alignment editor version 6.0.7.
3.8 Whole Exome Sequencing (NGS) (In Families F and G)
Whole Exome Sequencing was performed for family F with Illumina HiSeq 2500
platform. WES For family G was performed by using Ion Proton platform, with
sequence capture using AmpliSeq PCR-based exome amplification Genomic DNA of
one affected individual from each family with concentration of 5μg/μl was used for
WES, which consisted of following steps:
3.8.1 Next Generation Sequencing Library Prep
In spite of sample type or application, DNA library must be prepared from each
sample in order to be sequenced on Next Generation Sequencing platforms. This
library preparation is a decisive step in the NGS workflow and has direct effect on the
quality of sequencing results. Library preparation can be devided into three major
steps. In the first step gDNA is prepared by accurate quantification and fragmentation.
The second step is fragment library preparation and involves placing sequencing
adapters on DNA fragments and adding indexes to allow pooling of multiple samples
for sequencing. During the last step, exome sequences are captured out of the whole
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mass of gDNA. These three steps are explained and their detailed protocols are
outlined in Appendix 3.
3.8.2 Next Generation Sequencing (NGS) Data Analysis
NGS results were analyzed on Integrated Genome Viewer 2.2.0 (IGV) supported by
Java (TM) web starter( Thorvaldsdottir et al., 2013; Robinson et al., 2011). Details
are mentioned in Annexure 3.
3.8.3 Confirmation of Candidate Genes/Variants
3.8.3.1 Primer Designing
For validation of variants identified by NGS, exon7 and 12 were amplified by using
gene specific primer. Primers were designed by Exon Primer (www.genome.ucsc.edu)
and

manually

with

online

tools:

Oligocalculator

(http://www.basic.northwestern.edu/biotools/OligoCalc.html)

and

(http://www.bioinformatics.org/sms/rev_comp.html) which were further analyzed
through insilico PCR (http://genome.ucsc.edu/cgi-bin/hgPcr?command=start).
3.8.3.2 Polymerase Chain Reaction (PCR)
Polymerization Chain Reaction was performed in strip PCR tubes 100μL (InvitrogenUSA). PCR reaction volume was 10μL containing 2μL of H2O, 1μL of each forward
and

reverse

primer,

1μL

of

diluted

DNA

and

5μL

KAPA2G

Fast

HotStartReadyMix(KapaBiosystem). PCR was performed in Thermal Cycle (Applied
Biosystem) set at: 2 minutes at 95˚C for initial denaturation of template DNA
followed by 30 cycles consisted of 3 steps: (i) Denaturation at 95˚C for 10 seconds (ii)
Primer annealing for 10 seconds at 59˚C (iii) Polymerization or extension for 1
second at 72˚Cand final extension for 1 min in a T100 Thermal cycler (Bio-Rad).
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3.8.3.3 Horizontal Gel Electrophoresis
For analysis of PCR products typically 2% agarose (Invitrogen) was prepared in
which 1.4gm of agarose is mixed in 70mL of 1xTBE. The suspended solution was
heated in a bottle in order to mix the agarose completely in microwave oven and 3μL
Red-Safe™ was then added. The dissolved solution was transferred to the casting
platform of horizontal gel electrophoresis apparatus (VWR Inc.) and then comb was
placed at one end. 4μL of each PCR product and 4μL of loading dyes (10mM TrisHCl pH7.6, 0.03% bromophenol blue (salt), 60mM EDTA, 60% glycerol) was loaded
into each well with micropipette (VWR Inc). Electrophoresis was performed at 100
volts for half an hour in horizontal gel electrophoresis apparatus. PCR amplified
products were visualized by placing the gel on UV Transilluminator (VWR Inc).
3.8.3.4 Sequencing of Genes
PCR amplified products of both affected and unaffected individual were submitted for
Sanger sequencing at the facility of The Center of Applied Genomics (TCAG),
Toronto-Ontario, Canada. Samples before submitting for sequencing were prepared in
total volume of 14μL: 0.6μL of PCR product, 1.4μL of forward primer or reverse
primer,

12μL

of

H2O.FinchTV(1.4.0

Version)

software

(http://www.geospiza.com/Products/finchtv.shtml) was used for the visualization and
analysis of chromatograms. University of California, Santa Cuze (UCSC) Genome
Browser was used to BLAT (Blast LikeAlignment Tool) the sequence results to map
the

position

of

mutation

in

gene

(http://genome.ucsc.edu/cgi-

bin/hgBlat?command=start).
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Figure 3.1: Illustrating the methods used to characterize SCN9A (Upper panel) and
related software (lower panel).
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Table 3.2: Composition of solutions for DNA extraction through organic method
Solution B

Solution A

Solution C

Solution D

DNA
dissolving
buffer

Sucrose

0.32 Tris (pH 7.5) Phenol

M

10 mM

MgCl2 5 mM

EDTA

volumes

(pH

8.0) 2 mM

Tris (pH 7.5) NaCl
10 mM

Triton

Chloroform

24 10 mMTris
(pH 8.0)

Isoamyl alcohol 1 EDTA 0.1
volume

mM

400

mM

X-100

1% (v/v)
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Table 3.3: Composition of buffers and solutions for DNA extraction
S.No.

Buffer Name

Composition

1.

TE (Tris-EDTA)

10mM Tris-HCl, 1mM EDTA, pH 8.0

2.

TKM 1

20mL of 1M Tris-HCL pH 7.6, 20mL KCl (1M),

(Tris-KCl-

20mL MgCl2

MgCl2)

(1M), 16mL of EDTA (0.5M, pH 8.0). Volume
was brought to
2L with dH2O.

3.

TKM 2

5mL of 1M Tris-HCL pH 7.6, 5 mL KCl (1M),

(Tris-KCl-

5mL MgCl2 (1M),

MgCl2)

4mL of EDTA (0.5M, pH 8.0); 40mL Saturated
NaCl (5M)
Volume was brought to 500mL with dH2O

4.

TKMI and 2%

1mL of Tritron X-100 and 49mL of TKM1

Tritron X-100
5.

TRIS (1M)

60.57g of Tris and 500mL of dH2O

6.

MgCl2 (1M)

101.65g of MgCl2 and 500mL of dH2O

7.

KCl (1M)

37.28g of KCl and 500mL of dH2O

8.

Tris-HCl (1M,

60.57g of Tris ~30mL of HCl adjust the pH and

pH 7.6)

add 500mL of
dH2O

9.

NaCl saturated

Fill ¼ of 500mL bottle with salt, add500mL of

(~5M)

dH2O and shake well.
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Table 3.4: The amount required of TKM2 per volume of blood sample
S. No.

Volume of Blood (mL)

Volume of TKM2 (mL)

1.

20 or 20+

4

2.

15

2.4

3.

10

1.6

Table 3.5: The amount required of 10% SDS per volume of blood sample
Volume of Blood (mL)

Volume of 10%SDS (μL)

1.

20 or 20+

250

2.

15

150

3.

10

100

4.

05

50

S. No.

Table 3.6: The amount required of NaCl per volume of blood sample
S. No.

Volume of Blood (ml)

Volume of Saturated NaCl

1.

20 or 20+

1.5

2.

15 or <15

0.9
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Results I: Congenital Insensitivity to Pain (CIP) and
Congenital Insensitivity to Pain with Anhidrosis (CIPA)
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4.1 Results of Families A-D
4.1.1 Human Subjects and Clinical Findings
Families A-D belong to District Bhakkar, Punjab Pakistan. Although, there is
no known blood relation existed among them, however, they live in nearby villages,
belong to same tribe and speak same language. The pedigrees for these four families
were generated after vigilant examination and information collected from the family
members. These four pedigrees were consisting of twelve affected individuals
including five females and seven males, as shown in the Figure 4.1.
All the family members, which were affected born from normal parents
therefore their mode of inheritance is autosomal recessive. The patients severely
affected by congenital insensitivity to pain (CIP) were investigated by Psychiatrist
and Neurologist. The phenotypic characteristics of patients are mentioned in Table
4.1.
Patients affected with CIP were unable to feel pain. All of them have normal
intelligence and autonomic functions. Family D has one affected individual, who was
mentally ill and two affected individuals had dry eyes. At their early childhood, all of
them were unable to differentiate between sharp/dull and hot/cold stimuli but later on,
with the passage of time, they can distinguish. All individuals have normal sense of
smell (anosmia) except one affected individual, in Family C (II-1); he also has no
thumb impressions.
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Table 4.1: Clinical features of affected members from CIP families (A-D).(Y-yes, N-No).
Family A

Family B

Family C

Family D

Affected

II-1

II-2

II-4

II-5

II-1

II-2

II-3

II-1

II-4

II-1

II-2

II-3

Current Age (years)

17

7

5

18

17

22

3

26

17

18

17

11

Age at diagnosis

infancy

infancy

infancy

infancy

infancy

infancy

infancy

infancy

infancy

infancy

infancy

infancy

Absence of response to

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Normal intelligence

Y

Y

Y

Y

Y

Y

Y

Y

Y

N

Y

Y

Normal autonomic

Y

Y

Y

Y

Y

Y

Y

Y

Y

N

Y

N

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

N

N

N

N

N

N

N

Y

N

N

N

N

pain all over body on
pinprick test
Absence of response to
visceral pain

function (e.g. tearing,
blood pressure, )
Unable to distinguish
sharp/dull and hot/cold
stimuli at early age
Anosmia
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4.1.2 Microarray Genotyping and Mutation analysis
DNA from affected individuals (Family A: II:1, II:2, II:4; Family B: II:2, II:2, II:3;
Family C: II:1, II:4; Family D: II:1, II:2, II:3), and unaffected siblings (Family A:II:3;
Family B: II:4; Family C: II:2, II:3), were genotyped using IlluminaCoreExome
Microarray, at the Center of Applied Genomics (TCAG; www.tcag.ca ). Genotype
data was analyzed for homozygosity-by-descent (HBD), using Homozygosity Mapper
(Seelow et al., 2009) and FSuite(Gazal et al., 2014). In order to find the shared
regions of homozygosity (HBD) for each family as shown in the Figure 4.3. All the
four families of CIP shared HBD and the same haplotype over a ~10Mb homozygous
region harboring the candidate gene SCN9A on chromosome 2q34. F-suit was used to
identify the homozygosity by descent regions in affected individuals (homozygosity
mapping) that can be further used to recognize rare recessive mutations related to
monogenic or multifactorial diseases (Gazal et al., 2014). F-suit generated map of all
the four families are shown in Figure 4.4.All the twenty seven exons of SCN9A were
Sanger-sequenced in one affected per family, and identified a formerly unreported
homozygous one base-pair deletion in exon nineteen of SCN9A in all four families
and

the

variant

is

chr2:167099039_167099039delG,

NM_002977.3:c.3567_3567delC;p.Met1190* (hg19). Sanger sequencing confirmed
the complete segregation with the phenotype in all four families. Electropherograms
of

normal

and

carrier

are

shown

in

Figure

4.5.Mutation

Taster

(http://www.mutationtaster.org/), predicted that this mutation generated a stop codon
at the mutation site, leading to premature truncation of the protein. The nonsense
mediated mRNA decay (NMD) was also predicted, which suggested that not only the
protein would be truncated, but also the resulting mRNA for SCN9A was also be
targeted towards the mRNA degradation pathway.
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4.1.3 Primary Sequence Analysis of SCN9A
Protscale server predicted results for accessibility, hydrophilicity, mutability,
refractivity bulkiness, flexibility and polarity of SCN9A protein. The score values
predict the probability of each parameter like lower values mean less probability and
higher values mean more probability of parameters for SCN9A. The accessibility
values were between 0.215 at aa position 1428 and 1.00 at aa positions 40 and 41.
Janin score values were between 0.132 (position 483 aa) and 0.881 (position 384 aa)
showing the free energy of transfer from inside to outside of a globular protein.
Zimmerman score values were predicted between 0.957 at aa position 41 and 0.003 at
aa position 864. These values predict the polarity: the dipole-dipole intermolecular
interactions between negatively and positively charged residues. The relative
mutability scores give the probability about amino acid over short evolutionary time
frame and outcome was between 0.957 at aa position 41 and 0.003 at aa position 864.
The average flexibility index of SCN9A was measured to show the flexibility of the
protein with values between 0.907 at aa position 563 and 0.236 at aa position.
Bulkiness: ratio of the side chain volume to the length of an amino acid, might
affecting the native structure of protein was predicted for SCN9A with values 0.959 at
aa position 384 and 0.358 at aa position 1716. All these results are illustrated in the
fig.2 A, B, C, D, E and F. The amino acid sequences from N to C terminal are drawn
on X-axis and scores subtracted from different algorithms are drawn on Y-axis No
signal peptide was predicted in SCN9A and results were presented in fig. 3A.
Different scores like raw cleavage site score denoted by C, signal peptide score
denoted by S and combined cleavage site score denoted by Y were used to predict the
signal peptide. Signal peptide presence can be predicted by D score i.e. average of
mean score value of S and max value of Y-score, for SCN9A it was 0.5 so no signal
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peptide was predicted. 24 transmembrane domains were predicted for SCN9A and
shown in fig. 3B.
4.1.4 Post translation modification sites

Net Acet web server predicted no acetylation site in SCN9A with score value 0.461
while cut off value was cut 0.5. One Mannosylation site for W was present in SCN9A
with 0.505 score value at position 797. No O linked glycosylation site was predicted
in the SCN9A. Phosphorylation sites for different threonine, serine and tyrosine
residues were predicted and provided in the table 1 and fig.4A by using Netphos 3.1
server. Protparam server predicted different physiological parameters provided in the
table 2.
4.1.5 Prediction of protein-protein interactions

To predict the interactions of SCN9A with other cellular proteins STRING software
was used and gave interesting results. It is found that SCN9A interacts with other
sodium channel family members like SCN2A, SCN3A, SCN5A, SCN8A, SCN10A,
SCN11A, SCN1B, SCN2B, SCN4B ABCB1 and CALM2 as illustrated in figure 4B.
4.1.6 Secondary structure prediction
Different on line soft wares like JPred3 and GOR4 were used to predict the secondary
structure ofSCN9A, some soft-wares were having amino acid sequence limitations so
we divided the amino acid primary structure to two domains. In supplementary fig. 1
A amino acid 1 to 1303 were shown in supplementary figure 1B amino acid 1304 to
1977 are shown but no. starts from 1 also. The secondary structure results predicted
SCN9A as structured protein and from Protein Data Bank three-dimensional structure
of SCN9A was viewed and it also confirmed our results.
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Figure4.1: Pedigrees of CIP Family A-D. Individuals indicated with black colour
filled squares and circles are affected. Unfilled squares and circles are unaffected
family individuals. Double lines show the consanguinity and single lines for noncousin marriage.
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A

B

Figure 4.2: Homozygosity mapping images (Families A and B), obtained from
homozygosity mapper. The homozygous regions are shown by red lines (linked with
SCN9A on chromosome 2) and the heterozygous regions were shown by black lines.
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C

D

Figure4.3: Homozygosity mapping images (Families C and D), obtained from
homozygosity mapper. The homozygous regions are shown by red lines (linked with
SCN9A on chromosome 2) and the heterozygous regions were shown by black lines.
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.

Figure4.4: F-suit circo-plots showing HBD for the four CIP families: Outer plot,
bordered with yellow, corresponds to family A, inside bordered with purple , family
B, inside that bordered with blue corresponds to family C and in the centre, bordered
with green is family D.
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Figure 4.5: Representative DNA sequencing chromatogram of SCN9A gene mutation
in one individual of Family A (II-4). A) This sequence shows the deletion of C
nucleotide at position 3567 of cDNA (c.3567_3567delC)in affected individual. B)
The sequence shows the heterozygous/carrier status of parent (I-2).
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Figure 4.6: Predicted hydrophilicity, accessibility, polarity, mutability, flexibility and
bulkiness for SCN9A. X-axis: N- to C-terminal amino acid sequence Y-axis: scores
from each algorithm. A: hydrophilicity, B: accessibility, C: flexibility, E: relative
mutability, D: polarity and F: bulkiness.
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Figure 4.7: (A) There is no signal peptide in SCN9A by SignalP server. (B) It shows
different 24 transmembrane domains. X-axis: N-to C-terminal amino acid sequence
Y-axis: scores.
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Figure 4.8: (A) There is a phosphorylation sites in SCN9A, X-axis: N-to C-terminal
amino acid sequence Y-axis: scores. (B) protein-protein Interactions results of
SCN9A.
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4.2 Results of Family E with CIPA
Family E belongs to Awan Tribe of Saraiki language group originated from a village
near Dera Ismail Khan KPK, Pakistan. The pedigree of this family contains four
generations with eleven living individuals including one affected (IV-1) and ten
unaffected individuals (I:1, I:2, II:1, II:2, II:3, II:4, III:1, III:2, IV:1, IV:2) as shown in
the Figure 4.6.Affected individual of this family presented with insensitivity to pain,
episodic fever and loss of sweating. He was evaluated for inherited neuropathy
through different approaches including nerve conduction studies, radiological
examinations including ultrasound of the abdomen and the pelvis. X-ray of skull,
ankle, leg and foot were performed to evaluate additional skeletal features including
abnormal dentition.
4.2.1 Phenotype characteristics of Family E
A 4 year old boy (IV:1) was examined in the neurology clinic, presenting with a
history of inability to feel pain since birth and loss of sweating characteristics.
According to his father, he had been unable to feel pain since birth. He had multiple
injuries and a fracture but he was unable to feel pain and did not cry at all. The patient
did not sweat in the hot summer season and had a history of recurrent episodes of
fever. His parents were first cousins and his brother was normal (Figure 4.6). On
examination, he had mutilated fingers. Extra ocular movements and vision were
normal. There was no facial asymmetry, and tongue movements were normal. He had
no weakness of his limbs bilaterally and tone was normal. The deep tendon reflexes
were absent bilaterally and plantar responses were bilateral flexor. He had bilateral
deformities of feet but was able to walk normally. He was unable to feel pain to his
knee joints in the lower limbs and his wrist in the upper limbs. Nerve conduction
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studies showed moderately reduced compound muscle action potential amplitude.
Bilateral peroneal motor responses at tibialis anterior were within normal limits.
Bilateral median, ulnar, radial and sural sensory responses were also within normal
limits. Bilateral median and ulnar motor responses were within normal limits. Needle
EMG of the left tibialis anterior, gastrocnemius, vastuslateralis, biceps, and deltoid
was within normal limits. He appeared to be suffering from sensory/autonomic
neuropathy or congenital insensitivity to pain with anhidrosis.
4.2.2 Mutation detection
Affected boy IV:1 was homozygous for a novel non-sense mutation c.2025C>G
(p.Y681X) of NTRK1 gene and the unaffected family member IV:2 was carrying wild
sequence. Father (III:3) was heterozygous for this mutation(Figure 4.7). The variant
was absent in 100 control chromosomes of the Pakistani population.
4.2.3 Protein Modeling of NTRK1 mutation
The location of p.Y681X is in the NTRK1 protein tyrosine kinase domain in the upper
periphery, at the end of the rigid segment, where it describes and identifies the
transition spelling of a loop into α-helix structure (Figure 4.8). In the case of the
p.Y681X mutation, structural analysis revealed that the mutant protein adopts an
altered conformation as predicted by a model generated through PyMOL software.
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III

IV

Figure 4.9: Pedigree of Family E showing autosomal recessive Congenital
Insensitivity to Pain with Anhidrosis (CIPA). In this pedigree, squares represent male
and circles female. Filled squares and circles are for affected individuals. Double lines
show consanguineous marriages.
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Figure 4.10: DNA sequence of NTRK1 gene in affected individual IV:1 of Family E
with novel c.2025C>G (p.Y681X) mutation (Upper panel) and sequence of carrier
father III: 1 with heterozygous peak (Lower panel).
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Cytoplasmic protein kinase domain

N-terminal
Figure 4.11: Structural representation of NTRK1 protein. Left- wild type protein with
mutated amino acid location in red circle. Right- Mutated protein model is superimposed on wild type structure. Deletion of protein kinase domain is visible. Mutation
p.Y681X is in red circle. The mutation induces conformational change in the domain
structure of this region and predicted (PyMOL) to cause the disruption of protein
kinase domain.

Gene Mapping in Families with Complex Neurogenetic Syndromes

62

Chapter 4

Results

CHAPTER 4

Results II: Bilateral Fronto Parietal Polymicrogyria
(BFPP)/ Intellectual Disability (ID)
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4.3 Results of Families F and G
Families F and G are affected with autosomal recessive, Intellectual
Disability/Bilateral Frontoparietal Polymicrogyria, (BFPP). Family F resides in
district Gujranwala of Punjab Province and belongs to Punjabi language group and
Family G resides in district Bhakkar of Punjab province and belongs toSaraiki
speaking group. The pedigree F consists of two affected males (II:2 and II:3), while
the pedigree G consists of two affected females (II:4 and II:6) and one affected male
(II-5), as shown in the Figure 4.9. Both families have the history of consanguineous
marriages. The blood samples were collected from all the family members.
4.3.1 Phenotypic characters and Clinical Findings from Families F and G
There was no reported history of intellectual disability in previous generations
of these families. For affected individuals of both families, clinical features include
delayed early milestones and fits that were first presented before age of 5 years. They
had delayed walking and speech. They experienced recurrent seizures, which were
tonic-clonic in nature. Medication used for seizures included Phenobarbitone, Sodium
Valproate and Clonazepam. They were dependent on others for their food and
personal hygiene. They had ataxia. The level of intellectual disability was severe to
profound. Medical specialists and neurologists did the clinical assessment at local
hospitals.
4.3.3 Genotyping and Mutation Analysis in Families F and G
Genomic DNA was extracted by standard methods from venous blood after
consent as mentioned in Materials and Methods section. In both families (F and G),
Genome wide homozygosity mapping of affected individuals was performed with one
unaffected family member, by using IlluminaCoreExome Microarrays at the Center of
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Applied Genomics (TCAG). Genotypes were examine for homozygosity-by-descent
(HBD) or autozygous regions using Homozygosity Mapper (Seelow et al., 2009).
After the analysis of HBD regions, it was confirmed that both families share HBD on
16q21 that harborsGPR56 gene.
Whole Exome Sequencing was performed in one affected individual from both
families with HiSeq® 2500. The reads were aligned to the hg19 reference genome
using BWA-mem (version 0.7,X,X) and duplicates were marked using Picard. After
duplicate marking, base recalibration and indel realignment were performed using
GATK (version 3.5.X.X). The GATK Unified Genotyper was used to call variants
and all variants were then annotated using EDGC Annotator. Filtration of variants
were performed by looking the regions designated as HBD and then filtering out
variants that had allele frequencies greater than 0.005 and checking variants against
the ExAC browser.
In Family F, a 5.5 Mb HBD region was identified flanked by SNPs rs3095600
and rs437947 (Chr16:52,431,954–57,942,866), shared by both affected individuals.
Exome

sequencing

identified

a

known

homozygous

missense

mutation

(chr16:57693480T > C; NM_005682.5:c.1460T > C; p.Leu487 Pro). It was
segregated in the family through Sanger sequencing. This variant is present in
ClinVar database (Variation ID 158619) as a cause of BFPP in a single case. Figures
4.10 and 4.11 show mapping and sequencing data for Family F, respectively.
In family G, HBD mapping identified a 4.2 Mb region on 16q21. WES data
suggested a novel 13 bp insertion in exon 7 of GPR56, a candidate gene for BFPP/ID
(Chr16:57689345_57689346insCCATGGAGGTGCT;NM_005682.6:c.803_804insC
CATGGAGGTGCT; p.Leu269Hisfs*21). The mutation was fully segregated in
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family and was absent from 100 control samples of Pakistani origin. The variant was
not reported previously in the ClinVar database. Figure 4.10and Figure 4.12 show
mapping and sequencing data for family G, respectively.
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Family F

Family G

Figure 4.12: Pedigrees of family F and family G with autosomal recessive BFPP/ID.
Circles represent females and squares represent males. Filled squares and circles
represent affection status. Double lines are representative of consanguineous
marriages. The Roman numerals indicate the generation number of the individuals
within a pedigree, while Arabic numerals indicate their positions within a generation.
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Family F

Family G

Figure4.13: Homozygosity mapping images (Families F and G), obtained from
homozygosity mapper. Red lines showed the homozygous regions and black lines
showed the heterozygous regions. Yellow region is indicative of HBD in both
families at chromosome 16 that harbours GPR56 gene.
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A

B

Figure 4.14: A- The chromatogram shows the T>C variation in GPR56gene in
affected

individual

(II:2)

of

Family

F,

causing

missense

mutation

c.1460T>C;p.L487P. B-Chromatogram of parent showing heterozygous peak for this
mutation.
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Figure4.15: A- The electropherogram shows 13 bp insertion in GPR56 gene
(c.803_804insCCATGGAGGTGCT; p.L269Hfs*21) in affected individual (II:4) of
Family G. B-parent was heterozygous carrier for this mutation.Shaded area responds
to insertion. The electropherograms are shown for reverse sequence.
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5.1 Discussion
In the present study, we investigated seven families from Pakistan showing different
autosomal recessive neurological disorders. They include congenital insensitivity to
pain (CIP), congenital insensitivity to pain with anhidrosis (CIPA) and bilateral
frontoparietalpolymicrogyria (BFPP) with intellectual disability. Pedigree analysis
and clinical investigations were performed after informed consent. Gene mapping and
mutation detection revealed a novel deletion in SCN9A gene in all four (Families AD) families of CIP. A novel truncating mutation was identified in family E showing
CIPA phenotype. While one known and one novel mutation was identified in two
families with BFPP. These mutations segregate fully in respective families and were
absent from 100 control samples.
Congenital insensitivity to pain (CIP) is an autosomal recessive disease. Patients show
abnormal pain sensation since birth. Mutations in the voltage-dependent sodium
channel Nav1.7, expressed specifically on peripheral nociceptors and sympathetic
ganglia, are responsible for causing CIP (Danziger & Willer, 2009; Cox et al., 2006).
In one of the oldest studies related to the peripheral neuropathies, morphometric
analysis of the sural nerve showed a reduction of A delta fibers, which results in
causing these neuropathies (Dyck et al., 1983). SCN9A codes for the alpha subunit of
NaV1.7, which plays a central role in nociception signaling. Dorsal root ganglion and
sympathetic ganglion neurons have high expression of sodium channels (Raymond et
al., 2004).
Interestingly, sodium channels have diverse expression patterns and hence are
involved in number of disorders. SCN1A and SCN2A are involved in epilepsy
syndromes and autism spectrum disorder (ASD) (Raymond et al., 2004; Striano et al.,
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2006), SCN4A for myotonia diseases (Sugiura et al., 2003), SCN5A for Brugada
syndrome (Keller et al., 2006), SCN8A for cerebellar atrophy, ataxia, and mental
retardation (Trudeau et al., 2006), SCN10A, SCN11A and SCN9A in pain-related
disorders (Baker & Wood, 2001).SCN9A has 26 exons and encodes a 1977 amino acid
protein. From different human variant databases, it is evident that SCN9A is highly
polymorphic gene with more than 130 coding variants and according to the Human
Genome Mutation Database (www.hgmd.cf.ac.uk), 73 mutations of SCN9A have been
reported in connection with pain syndromes, either pain hypo- or hyper-sensitivity
(Cox et al., 2010).
In this study, we have reported a novel single bp deletion mutation in SCN9Agene
(chr2:167099039_167099039delG, NM_002977.3:c.3567_3567delC; p.Met1190*)in
four families (A-D) with a common ~ 10 Mb haplotype. Although the families were
not related directly, but they lived in close proximity in District Bhakkar of South
Punjab and belonged to same ethnic group. Using homozygosity mapping and
haplotype sharing methods, we identified a truncating mutation in the Nav1.7 sodium
channel (SCN9A) in four Pakistani families. The mutation resulted in truncation and
loss-of-function of the Nav1.7 sodium channel. This mutation completely segregated
with the CIP phenotype confirming that SCN9A was the causative gene.
Previously, some other mutations in SCN9A were also reported from Pakistan, these
were the distinct homozygous nonsense mutations (S459X, I767X and W897X and
R523X).These studies have extended the spectrum of sodium channel mutations,
which increases our understanding of pain physiology. According to the reported
literature SCN9A is important for nociception in human. This finding helps in
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exploring the novel analgesics that selectively target sodium channel subunit (Cox et
al., 2006; Kurban et al., 2010).
SCN9A protein contains 1977 Protscale server which determined the accessibility,
hydrophilicity, mutability, refractivity bulkiness, flexibility and polarity of SCN9A
protein. In SCN9A there was no signal peptide present and no acetylation site was
predicted. One Mannosylation and no O linked glycosylation sites were predicted in
SCN9A. Propoparm predicted it as unstable protein with instability index score of
44.78 and GRAVY score of -0.027. Secondary structure showed presence of alpha
helices, coils and beta sheets that were confirmed from tertiary structure from PDB
(https://www.ebi.ac.uk/pdbe/entry/pdb/5EK0). Our study contributes to understand
physical, chemical and structural parameters of SCN9A.
Congenital insensitivity to pain withanhidrosis (CIPA) also follow the autosomal
recessive mode of inheritance. Three important clinical symptoms include
insensitivity to pain, no sweating, and intellectually disability. The genetic mutation
responsible for this disease is in the NTRK1 gene, which encodes a tyrosine receptor
(TrkA) for nerve growth factor (NGF)(Perez-Lopez et al., 2015).
In this study, we studied a patient born in consanguineous family have been affected
with CIPA. Symptoms of the affected individual included insensitive to pain, lack of
sweating, abnormalities in teeth and nails, pointed nose, self-harming and tongue
biting behavior. Trusight panel sequencing revealed novel homozygous mutation
c.2025C>G in NTRK1.Mutation segregated in the family and was absent from 100
control individuals of Pakistani origin. Out of 73 mutations of NTRK1 known so far,
31 are missense, 12 are non-sensemutations.Rest includes deletions, duplications and
insertions. Mutations in NTRK1have been reported globally but these are more
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prevalent in Asia including China and Japan( Tang et al., 2014; Li et al., 2012; Indo et
al., 2001; Miura et al., 2000).
NTRK1 protein have an important cytoplasmic (tyrosine) kinase domain that is highly
related to signal transduction (Indo et al., 1997). It has been reported in previous
literature that tyrosine kinase is an important domain of NTRK1; it regulates TRKA
activity (Bertrand et al., 2012). When TRKA interacts with NGF, it sustains
nociceptive reception and temperature regulation efficiently. This mutation p.Y681X
along with two previously reported mutations (D674Y and R686H), all present in
regulatory segment (Gao et al., 2013; Miranda et al., 2002).
Protein modeling analysis of mutation (p.Y681X) predicted a conformational change
in the regulatory domain of NTRK1, which leads to prematurely disrupted protein due
to loss of rigidity in this domain.
An opiate antagonist known as Naloxone has been found to be reported for initiating
the painful stimuli (Dehen et al., 1977). The inability to feel pain because of the
absence of Nav1.7 in mice and humans is considerably reversed by the opioid
antagonist naloxone. It actually stimulates noxious peripheral response into the spinal
cord and considerably decreases analgesia in Nav1.7-null mutant mice, as well as in a
human Nav1.7-null mutant (Minett et al., 2015).
Development of antagonist therapy is more preferable and efficient to produce
analgesia, as compared to agonist. The Nav1.7 channel has been found to be a target
for analgesic development and thus has been of interest to the pharmaceutical
industry. Now Nav1.7 is in the major interests of many big pharmaceutical companies
as a key target for treating pain syndromes (Goldberg et al., 2012). Functional studies
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of SCN9A are a focus for improvement in treatment strategy for Congenital
Insensitivity to Pain, and may provide therapeutic insights for the development of new
analgesics.
Bilateral FrontoparietalPolymicrogyria (BFPP) is a disease of abnormal cortical
development because of proliferated gyration. Mutations in GPR56 gene are genetic
cause of this disorder (Piao et al., 2002). This gene is very important for the early
born neurons present in cortex having role in cortical development and patterning
(Singer et al., 2013; Leventer et al., 2010).
Using homozygosity mapping and NGS, we identified a substitution and insertion
mutation in the GPR56(G protein-coupled receptor 56) in two Pakistani families
(Families F and G). These mutations completely segregated with the polymicrogyria
phenotype and were absent from 100 control individuals of Pakistani origin.
The missense mutation found in family F(p.Leu487Pro), is present in helical transmembrane domain of GPR56. G protein-coupled receptors (GPCRs) contain a helical
trans-membrane domain that combines with heterotrimeric G proteins within the cell.
They have varied extracellular regions that have domains homologous to those related
to cell adhesion (Yona, 2008). This mutation (p.L487P), is a residue that is highly
conserved across vertebrate evolution, and is present within a putative transmembrane
(TM) domain (the third out of seven predicted TM domains), two residues distal to a
previously reported BFPP mutation, S485P(Bahi-Buisson et al., 2010).
The 13 bp novel insertion mutation found in family G (p.Leu269Hisfs*21) is present
in extracellular topological domain, which is a ligand binding domain. Mutations in
this domain are predicted to affect the process of subcellular trafficking of the GPR56

Gene Mapping in Families with Complex Neurogenetic Syndromes

76

Chapter 5

Discussion

receptor, which decrease its expression on the surface of the cell and it leads to BFPP
(Fujii et al., 2014). It is interesting to note that out of the total 33 adhesion GPCRs,
GPR56 is the solitary receptor that is associated with this neurogenic disorder BFPP
(Lagerstrom & Schioth, 2008; Piao et al., 2005; Fredriksson et al., 2003).
The documentation of mutations in GPR56 from two different ethnic groups (Punjabi
and Saraiki) determines the widespread dissemination of BFPP globally. In previous
literature, mutations of GPR56 have been reported from Qatar, France, Canada, Saudi
Arab,Palestine,Israel, Turkey, Spain and Pakistan. (Piao et al., 2005; Piao et al.,
2004). According to the reported literature, the main problem caused by the BFPP
related missense mutations is the imperfect protein transferring and decreased
membrane expression of GPR56 (Parrini et al., 2009; Ke et al., 2008; Jin et al., 2007).
GPR56-related BFPP has an autosomal recessive mode of inheritance. Prenatal
diagnosis is possible for suspected pregnancies to be at risk, if the pathogenic variant
is present in an affected family member. Treatment options are physical therapy,
pharmacologic management, orthotic devices, and surgery for those who have spastic
motor impairment, speech therapy for language impairment, occupational therapy for
fine motor difficulties, antiepileptic drugs for seizures, and assessment of educational
needs and evaluations for speech.
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5.2 General Discussion
Objectives of the study were to find out the variants responsible for causing rarely
occurring complex neurological disorders in selected families from Pakistan.
Identifying genetic cause for such diseases is very fruitful in a number of ways; it
increases the knowledge regarding the etiology of such disorders; it provides
awareness in the affected families through genetic counseling, which will eventually
lead to safe marriage decisions. Screening of these mutations and other already known
mutations in more families with similar disorders will pave the way for diagnostic
panels.
5.3 Consanguinity and Diagnosis of Neurogenetic disorders in Pakistan
Diagnosis of rarely occurring neurogenetic disorders is one of the emerging
challenges, because clinical symptoms often overlap. Therefore, clinical examinations
including nerve conduction, EMG, brain imaging, as well as detailed physical
examination by experts can provide help in differential diagnosis of neurogenetic
syndromes with overlapping symptoms (McDermott and Shaw, 2008). In Pakistan,
poverty, population overload and lack of facilities usually make it difficult for
researchers to get correct clinical information. Special centers /focal departments can
be established in selected cities of the country to overcome this problem. This will not
only help in differential diagnosis but also make genetic testing easy in terms of
reduced cost for patients.
Pakistan has a large population with high rates of consanguinity (den
Hollander et al., 2010; Nirmalan et al., 2006; Hussain & Bittles, 1998). Along with
consanguinity, another issue in Pakistan is marriage between two diseased individuals
(e.g. with visual impairment, deafness etc). In recessive mode of disease, it leads to all
affected, which increase disease burden. Moreover, low literacy rate in such families
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more worsens the situation of the affected. Usually it happens because of local norm
that a diseased individual will help another diseased person through marriage.
According to the facts stated above, it is now clear that why the disease burden
of genetic disease in general and neurological disease in particular is increasing in
Pakistan. In order to overcome this problem, we should compile a genetic testing
policy nationwide, like in other developed countries. For the benefit purposes, it is
suggested that the groups studying the genetic disorders might gather their
resources/information. This will eventually lead to identification/generation of marker
panels for prevalent mutation and will facilitate genetic testing and genetic
counseling. .
5.4 Conclusions and future prospects
Overlapping symptoms in different neurogenetic disorders make differential
diagnosis a challenge. Along with this, genetic heterogeneity creates hurdles in
identification of mutations for these disorders. Results of this study emphasize use of
different techniques in combination for identification of mutations. Homozygosity
mapping in combination with whole exome segueing would be the ideal solution in
families with multiple affected individuals. However, in singletons, Trusight Panel
sequencing will be most effective.
Identification of mutations will help in prenatal diagnosis and carrier screening
in other members of these families. Screening before birth, by using an advanced
technique known as amniocentesis, is a practical way for early diagnosis and to stop
the birth of an affected child (Jerath & Shy, 2015). Treatment for these disorders is
very challenging. Genetic testing and high-resolution neuroimaging plays an
important role in the recognition of these autosomal recessive, disorders (Bockaert et
al., 2010; Paavola et al., 2011).
Gene Mapping in Families with Complex Neurogenetic Syndromes

79

Chapter 5

Discussion

Generally, efficient strategy against these rarely occurring diseases is to educate the
people (genetic counseling) and provide good training to the clinicians. Regular
follow up of the affected patients, plays a significant role in avoiding complications.
Genetic counselors can reduce the rate of consanguineous marriages.
In future, functional studies of mutations of SCN9A, NTRK1 and GPR56 genes
may be carried out and may provide therapeutic insights for the development of new
drugs.
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APPENDICES
Appendix 1: Sample informed consent form
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Appendix 2: Sample Performa for Physical and clinical investigations
The proforma was designed by clinicians according to “Principles and Practice of
Emergency Neurology: Handbook for Emergency Physicians Edited by Sid M. Shah
and Kevin M. Kelly. Cambridge University Press, 0521009804.
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Appendix 3: Next Generation Sequencing Library Prep
Regardless of sample type or application, DNA library must be prepared from each
sample in order to be sequenced on Next Generation Sequencing platforms.This
library preparation is a critical step in the NGS workflow and has direct impact on the
quality of sequencing results. Library preparation can be devided into three major
steps. In the first step gDNA is prepared by accurate quantification and fragmentation.
The second step is fragment library preparation andinvolves placing sequencing
adapters on DNA fragments and adding indexes to allow pooling of multiple samples
for sequencing. During the last step exome sequences are captured out of the whole
massof gDNA. These three steps are expalined and their detailed protocols are
outlined below.
gDNA preparation
In this step gDNA in accurately quantified, fragmented and analyzed for size
distribution in preparation for subsequent library construction.
Genomic DNA quantification with Qubit
Accurate gDNA quantification is the first step in assaying gDNA prior to
commencing library preparation. Concentration was determined using QubitdsDNA
BR kit (Thermo Fisher Scientific,Q32850). This assay is highly selective for doublestranded DNA and is designed to be accurate for initial sample concentration from
100 pg/µl–1,000 ng/µl. 2ul of gDNA stock were diluted with 198ul of
bufferpremixedwith 1ul of assay reagent (DNA binding dye), thoroughly mixed,
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incubated for 2min and concentration was read with Qubit 2.0 Fluorometer. The
readings were multiplied by 100 to determine the initial stock concentration.

Genomic DNA Fragmentation
Nucleic acid fragmentation is a crucial first step in the sequencing workflow. While
there are a variety of methods available to fragment nucleic acids, mechanical
shearing remains the method of choice for achieving high sensitivity and unbiased
results, and is currently established as the fragmentation method of choice for NGS
library preparation. Covarisprovidesinnovativeultrasonicators required to shear DNA
without GC bias or thermal damage. The Covaris S2 System was used here to shear
DNA into 200 bp fragments. The Covaris S2 System includes a Covaris™ S2
ultrasonicator, laptop, and a recirculating chiller.Analysis of sheared DNA with
High Sensitivity Bioanalyzer Assay
It is very crucial to assay fragmented DNA before proceeding with library preparation
to make sure that DNA was successfully fragmented. High Sensitivity Bioanalyzer
assay was used to provide sizing of fragmented DNA. 1ul of fragmented sample was
loaded onto high sensitivity chip. All samples show size distribution between 100500bp with a peak around 200bp, as expected.
Fragment Library preparation with ThruPlexDNA-Seq
Fragment library preparation was performed with ThruPLEX DNA-seq 96D Kit
(Rubicon Genomics, R400407), which involves a three step workflow including
template preparation, library synthesis and library amplification followed by library
purification with Ampure beads, quantification on Qubit and size distribution analysis
on Bioanalyzer. The resulting librariesare ready for SureSelectexome hybridization.
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Template Preparation
In this step the DNA endsareenzymatically repaired following fragmentation to yield
molecules with blunt ends.
1. Add 10 µL (~50ng) of each fragmented DNA sample to a PCR tube.
2. In a separate tube on ice, prepare the Template Preparation Master Mix as
described in the table below for required number of reactions

Component

Volume/Reaction

Template Preparation Buffer

2.0 µL

Template Preparation Enzyme

1.0 µL

3. Add 3 µL of the Template Preparation Master Mix to each 10 µL DNA sample and
mix by pipetting and spin down to ensure the entire volume is collected at the bottom
of each tube or well.
4. Run the following Template Preparation program in a thermal cycler with a heated
lid (> 100°C).

Template Preparation Reaction
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Library Synthesis (Adapter Ligation)
In this step Illumina sequencing adapters are ligated to blunt ended DNA fragments.
In the image below gDNA fragment is represented in blue and adapters in red.

1. Immediately prior to use, prepare the Library Synthesis Master Mix in a
separate tube as described in the table below for the chosen number of
reactions and mix thoroughly by pipette. Keep on ice until used.

Library Synthesis Master Mix
Volume/Reaction

Component

1.0 µL

Library Synthesis Buffer

1.0 µL

Library Synthesis Enzyme

2. Add 2 µL of the Library Synthesis Master Mix to each sample, mix by
pipetting and spin down the tubes briefly to ensure entire volume is collected
at the bottom.Incubate the tubes in a thermal cycler with a heated lid (>
100°C).

Library Synthesis Reaction
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Hold up to 30 min.

4 °C

3. Centrifuge the tubes or plate before proceeding to Library Amplification Step.

Library Amplification and Indexing
In this step dual indexes are added to DNA fragments to allow pooling of 96 samples
on a single sequencing run(multiplexing).Index sequences, also known as barcodes,
are

added

through

PCR

amplification

as

they

are

included

onamplificationprimers.ThruPLEX DNA-seq 96D Kit used in this protocol provides
96

unique indexing reagents. Each reagent is a combination of two 8nt

standardIlluminaindexes,TruSeq HT i7 and i5.
Library
Amplification
Reaction
no.
stage

temp.

Time

cycles

extension &

1

72°C

3min

1

Cleavage

2

85°C

2min

1

Denaturation

3

98°C

2min

1

98°C

20s

67°C

20s

72°C

40s

addition of
Indexes
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library

5

Amplification
6
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98°C

20s

5

72°C

50s

4°C

hold

1

i7 Index

Sequence

i5 Index

Sequence

D701

ATTACTCG

D501

TATAGCCT

D702

TCCGGAGA

D502

ATAGAGGC

D703

CGCTCATT

D503

CCTATCCT

D704

GAGATTCC

D504

GGCTCTGA

D705

ATTCAGAA

D505

AGGCGAAG

D706

GAATTCGT

D506

TAATCTTA

D707

CTGAAGCT

D507

CAGGACGT

D708

TAATGCGC

D508

GTACTGAC

D709

CGGCTATG

D710

TCCGCGAA

D711

TCTCGCGC

D712

AGCGATAG
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1. Immediately prior to use, prepare the Library Amplification Master
Mix in a separate tube as described in the table below
Keep on ice until used.
Component

Volume/Reaction

Nuclease Free Water

8.0 µL

Library Amplification Buffer

48.5 µL

Library Amplification Enzyme 1.5 µL

2. Mix the Library Amplification Master Mix by briefly vortexing and add 58 µL to
each tube or well.
3. Add 2 µL of corresponding Indexing Reagent to each sample, mix by pipetting and
spin down the tubes briefly to ensure entire volume is collected at the bottom.
Incubate the tubes in a thermal cycler with a heated lid (> 100°C).
AMPure XP Purification of Thruplex Libraries
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1. To 50 μL of ThruPlex library in PCR tube add 50 μL of AMPure XP reagent,
1:1 (v/v) ratio. Transfer to 1.5 mL tube and mix by pipetting 10 times to achieve a
homogeneous solution and incubate the tube at room temperature for 5 min.
2. Pulse-spin the sampleon a bench top centrifuge and place the tube in a magnetic
stand. Wait for 2 min or until the beads are completely bound to the side of the
tubeand the solution is clear.
3. With the tubein the magnetic stand and without disturbing the pellet use a
pipette to aspirate off and discard the supernatant. Add 300 μL of 80% ethanol to
the pellet.
4. Incubate sample in ethanol for 1 min.
5. Remove ethanol and immediately repeat steps 3-4 for a total of 3 ethanol
washes.
6. Pulse-spin the sampleusing a, place into a magnetic stand, and wait until the
beads are completely bound to the side of the tube. With the tubein the magnetic
stand, use a pipette to aspirate off and discard any residual ethanol without
disturbing the pellet.
7. leaving the cap open incubate the sample at room temperature for 5 min or until
the pellet is dry. DO NOT OVER DRY THE PELLET(S).
8. Elute the DNA by re-suspending the beads with 50 μL of Low TE buffer.
9. Incubate for 10 min at room temperature.
10. Pulse-spin the sample,place it into a magnetic stand and let the beads bind to
the side of the tubecompletely (for ~2 min) until the solution is clear.
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9. While keeping the samplein the magnetic stand, without disturbing the pellet,
transfer the supernatant with a pipette into a new tube. Store purified library at
−20C.
A. Analysis of Thruplex Libraries with High Sensitivity Bioanalyzer Assay
1 ul of purified Thruplex library was analyzed with Bioanalyzer High Sensitivity
assay.

B. Thruplex Libraries quantification with Qubit
Concentration of Thruplex libraries was measured with Qubit assay.
Step 3: SureSelect Hybridization
A. Pool ThruPlex Libraries for hybridization
In this step, ThruPlexLibrariesare pooled before hybridization to the SureSelectXT2
Capture Library. Each hybridization reaction requires a total of 1500 ng indexed
gDNA, made up of equal amounts of 8 thruplex libraries.
1. For each capture reaction, combine the appropriate volume of each indexed
thruplex library sample in 1.5ml tube.
2. Reduce volume to 30ul by Ampure XP bead purification. Refer to pgX for
complete Ampure XP protocol. Only two ethanol washes were done in this
step.
3. Add 1ul (1 nmole/ μL) of IDT Universal blocking oligo HTi5 and 1ul (1
nmole/ μL) of IDT Universal blocking oligo HTi7.
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4. Use a vacuum concentrator, held at medium setting, to reduce the volume in
each well to less or equal to 7 μL.
5. Transfer to PCR tube (PCR tube that has been tested for minimal evaporation
was used in this step. Evaporation test needs to be performed in each lab to
determine best setup for minimal sample loss during hybridization)
B. Hybridize gDNA library pools to the SureSelect Capture Library

1. To each 7-μL indexed gDNA pool, add 9 μL of SureSelect XT2 Blocking Mix.
Pipette up and down to mix.
2. Transfer to the thermal cycler,use a heated lid set at 105°C, and run the
following program: 95°C for 5 min, hold at 65°C
3. Make sure that the sample is held at 65°C for at least 5 minutes.
4. Dilute SureSelectRNase Block by mixing 0.5 ul RNase Block with 1.5ul of
water per hybridization reaction.
5. In a PCR tube (kept on ice), for each hybridization reaction, combine 5ul of
SureSelectXT2 Capture Library and 2ul of the diluted RNase Block.
6. At room temperature add 37 μL of SureSelect XT2 Hybridization Buffer
warmed to 65°C to the tube in step 5 and mix well by pipetting.
7. Transfer the entire volume of 44-μL of Capture Library mixture from step 6 to
the gDNA pool maintained at 65°C from step 3, keep sample on the thermal
cycler.
8. Mix well by slowly pipetting up and down 8 to 10 times while keeping the
sample on the thermal cycler.The hybridization reaction tube now contains
approximately 60 μL.
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9. Cap PCR tube and seal with parafilm. Don’t open cycler until end of
hybridization not to disturb the seal.
10. Incubate the hybridization mixture for 24 hours at 65°C with a heated lid at
105°C.
C. Prepare streptavidin-coated magnetic beads
1. Pre warm Sure Select XT2 Wash 2 at 65°C in a water bath or heat block for
use in “Step 4. Capture the hybridized DNA using streptavidin beads”.
2. Vigorously resuspend the DynabeadsMyOne Streptavidin T1 magnetic beads
on a vortex mixer. The magnetic beads settle during storage.
3. For each hybridization sample, add 50 μL of the resuspended beads to 1.5ml
tube.
4. Wash the beads:
a) Add 200 μL of SureSelect XT2 Binding Buffer.
b) Mix by pipetting up and down until the beads are fully resuspended.
c) Put the tube into a magnetic separator device.
d) Wait for the solution to clear, then remove and discard the supernatant.
e) Repeat step a through step d for a total of 3 washes.
f) Resuspend the beads in 200 μL of SureSelect XT2 Binding Buffer.
D. Capture the hybridized DNA using streptavidin beads
No significant evaporation was observed during hybridization of pools.
1. Maintain the hybridization reaction at 65°C while transferring the entire
volume (approximately 60 μL) of each hybridization mixture to the 1.5lm tube
containing 200 μL of washed streptavidin beads.
2. Mix well by slowly pipetting up and down 3 to 5 times.
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3. Cap the tube and incubate on a rotatingshaker or equivalent for 30 minutes at
room temperature.
4. Make sure the samples are properly mixing.
5. Briefly spin the tube.
6. Put on magnetic separator to collect the beads from the suspension. Remove
and discard the supernatant.
7. Resuspend the beads in 200 μL of SureSelect XT2 Wash 1. Mix by pipetting
up and down until the beads are fully resuspended.
8. Briefly spin the tube.
9. Put the tube in the magnetic separator.
10. Wait for the solution to clear, then remove and discard the supernatant.
11. Wash the beads with SureSelect XT2 Wash 2:
a) Resuspend the beads in 200 μL of 65°C prewarmedSureSelect XT2
Wash 2. Pipette up and down until the beads are fully resuspended.
b) Incubate the tube for 5 minutes at 65°C on heating block.
c) Briefly spin the tube in a centrifuge or mini-plate spinner.
d) Put the tube in the magnetic separator.
e) Wait for the solution to clear, then remove and discard the
supernatant.
f) Repeat step a through step e for a total of 6 washes.
Make sure all of the wash buffer has been removed during the final wash.
12. Mix the beads in each well with 30 μL of nuclease-free water on a vortex
mixer for 5 seconds to resuspend the beads.
E. Amplify the captured libraries
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In this step, the SureSelect-enriched indexed library DNA pools are PCR amplified.
The protocol uses half of the bead-bound captured library pool for amplification. The
remainder was saved at –20°C for future use, if needed.
1. Prepare 1 amplification reaction for each captured library pool:
Nuclease-free water 21.5 μL;5X Herculase buffer10 μL; 100mM dNTPs 1ul;
Herculase polymerase 1μL; XT2 Primer Mix 2.5 μLTotal Volume 35 μL
2. For each amplification reaction, place 35 μL of the PCR reaction mixture from step
1 in PCR tube and add 15 μL of each captured library pool bead suspension. Mix
thoroughly by pipetting until the bead suspension is homogeneous. Proceed
immediately to thermal cycling.
3. 98°C for 2min; 8 cycles of 98°C for 30 sec, 60°C for 30°C sec, 72°C for 1 min;
72°C for 10 min; 4 hold
F. Purify the amplified captured libraries using AMPure XP beads
Qubit
G. Bioanalyzer
Determine the average size distribution and quality of the purified doublestranded DNA (dsDNA) library using an Agilent Bioanalyzer assay or
equivalent method.
H. qPCR:
Library DNA pools were quantified using Library Quantification kit for Illumina
(KapaBiosystems, KK4873)
Library pooldilution:Prepare two 1:1000 dilutions of eachof the 12 purified pools in
water as follows for higher quantification accuracy:
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1:10

5μlLibrary pool+ 45 μl water

1:1000a

2μlof1:10 + 198 μl water

1:1000b

2μlof1:10 + 198 μl water

DNA Standards are provided in the kit
Sample name

dsDNA concentration (pM)

Std 1

20

Std 2

2

Std 3

0.2

qPCR reactions for the standards and each library dilution were set up in triplicate.
Each well of the qPCR plate was loaded as indicated below, for a total reaction
volume of 15 μl.
KAPA SYBER FAST qPCR Master Mix 9μl
containing primer premix
PCR-grade water

3μl

Diluted (1:1000) library DNA pool or DNA 3μl
standard (1-3)

qPCR protocol for 35 cycles:
Initial activation/denaturation

95℃

5 min

Denaturation

95℃

30sec
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Annealing/extension/data

45sec

60℃

acquisition

Concentration in nM of each library was calculated as indicated in the table shown
below:
- Obtain the calculated concentration of the two (a, b) 1:1000 dilutions of the library
as determined by qPCR in relation to the concentrations of the DNA Standards 1– 3
and calculate average pM concentration.
- Perform a size adjustment calculation to account for the difference in size between
the average fragment length of the library as determined by bioanalyzeranalysisand
the DNA Standard (452 bp) and calculate the nM concentration of the undiluted
library by multiplying by 1000 dilution factor.
The calculated concentration of each undiluted library DNA pool was used to prepare
a 2.6nM dilution of the 12 pools and pool 5ul of each into a single master pool. This
pool was quantified again at 1:250, 1:500, 1:1000 as indicated in the table below and
concentration was calculated as 3.3nM.
Step 4: Sequencing on IlluminaHiSeq 2500
A. Library dilution and denaturation
The master pool quantified above was diluted to 2nM (9ul of 3.3nM pool and 6ul of
water). 10ul of 2nM pool was denatured with 10ul of 0.1N NaOH for 5 min at room
temperature. This was further diluted with 980ul of HT1 hybridization buffer to 20
pM concentration and supplemented with 1% phiX library, by adding 9ul 20pM phiX
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to 891ul pool. 900ul of supplemented pool were further diluted with 100ul HT1 buffer
to a final concentration of 18pM.
B. Clustering and Sequencing
(add Background info on Sequencing on Illumina)
18pM library was clustered onto Illuminaflowcell on cBot instrument following
PE_HiSeq_Cluster_kit_V4_cBot_recipe_V9 using HiSeq® PE Cluster Kit v4 – cBot
(Illumina, PE-401-4001) and sequenced on IlluminaHiSeq 2500 sequencer by paired
end, 300 cycle sequencing (HiSeq® SBS Kit v4 (250 Cycle), Illumina FC-401-4003;
HiSeq® SBS Kit v4 (50 Cycle), Illumina FC-401-4002).
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Appendix 4: Primer for the amplification of SCN9A exons
Forward Primer, 5’ to 3’

Reverse Primer, 5’ to 3’

Exon-2

AACATTCTGGTCATGATATGG

CTTTCTTGGCAGGCAAATAG

Exon-3

AGGTGCAAAAGGTATAACAT

AGGTAAACTGCTGATATTGATG

CTAT

T

AGCAAGCATATAACATGGGA

CATTTCAACAAGTGTCATCCTC

Primer
Name

Exon-4

AG
Exon-5

ATACAGACATTCCATGCTGGA

TCACATCTAGTATCCCAATGG

Exon-6

GTCACATATCTGTAATAGGGG

ACTAAAGGCTCAGGTAAGTAT
C

Exon-7

TTTTGTTTCGATTCAGAGGC

CCCAAATTCACACTGTAGC

Exon-8

CATGACCCAAATTCACACTG

TCGATTCAGAGGCTTTATGTC

Exon-9

CCTTGAGTTTGTAACTTTTCA

ACCTCCTAATACAGGCTCTTA

G
Exon-10

CAGATTTGCTCATGCCTGTC

TCCACACCAGAAATGAGGATA

Exon-11

TTATATGCACCATGTTGTTAT

TCACTCACTATCCTCTCCC

GC
Exon-12
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Exon-13

Exon-14

Exon-15

CCATCAGTATCCATTGGTTAT

GGTGATGATAGTGATGATATA

C

AC

TGCCTGACTGATTTGTATCTG

CCAGAAACTTGACTCTACACAT

G

C

ATGTGGTTTTAGTTCTTTAAG

CAACCTTTTGATGCTGATATGG

TGC
Exon-16

CGTTCTCTTTCCTGTTCTTTCT

TGGTTTAGCTGGATAATAATGA
C

Exon-

GAATCTTCAGGAAGCTGTTG

CCAGGGAGATAAGACAAGC

CTCCCTGGAAATCTTTGGCTT

TGCTGAGTCTGCAGGGGC

ACCGACAACCTCTGGTAAG

GATCAAGTATAGATACATTTAA

17-a
Exon17-b
Exon-18

GG
Exon-19 TTTGGTTGAGGGAGTATCACA

Exon-20

TTAATTCTAGGTAAAACAACTT

G

GCC

CTGGCCCATGTCAATATTATG

CTAAAAGAATAAACCTATAGC
CTG

Exon-21

CAACTCATAATTTCTACATAC

CAGAAACATCCATCTTACCC

CC
Exon-22

Exon-23

CCACACAGTATTTTATCTTCA

GAGTGTAGAGTAGGCATTTAA

AT

T

TAAGATTTAGAATGTTACTTG

TCCAACTGCTGTACTCACAA

GG
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Exon-24

CCTCAACAATGCTATGGCTT

TAAATCATAAGTTAGCCAGAA
CC

Exon-25 GTCACTAGGTCAAATATACAT

GTGTTTGGAGACCCATGTTTC

CC
Exon-26

CATTGTACTGACTTACTCAAG

TCCTCGACCAGGGGTAAAAAA

AG

A

Exon-25 CGAATGCAGAGTAAACTTTTC

GTAGACAATGATTCTGGTTTTA

AAG

ACTA

Exon-

TGTGTTCAAGAATTCAGCATA

GTATCATGGTTCTTATCTGTCT

26- a

TAC

C

Exon-26

AGGGAGATCAGTTTTAGCAC

CTTGAAAAGTTTACTCTGCATT

–b

ACA

CG

Exon-

ATTTAGATATCCACTGACTTT

GCATATGTAAATAAAGCAGTT

27-a

ACC

CTAAA

Exon-

GGTGGCCTTCATACATAGG

TTGAACACAAATCTTTCGGATG

Exon-

CCTGTTTGCTTCCATTTTATTC

TTTCAGGAATGTCTACTTGTGA

27-c

TAA

C

Exon-

CACAAGTAGACATTCCTGAA

AGGTTCATTCATCTTAGGCTAT

27-d

ACAA

TTG

Exon-

TATTTCCAACAGGCTTGGTAG

GGTAGAATGTAGTTTTACTTAG

27-e

G

AAG

Exon-

CAAAACCTCCCACAAAAATC

TTGATGAAATCCTTCCTGATAT

27-f

TTCTA

GC

27-b
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Exon-

GCTTGCCAAACACGGGATTGT

CCTTGGCTTTGCAATGAAATGC

27-g

T

Exon-

AACACGGGATTGTATACAAG

GCATTATTAGGGAGCTTGACTT

27-h

TGAT

TTTA

Exon-

CTCTGTACATTGATAAAAAGT

CCTGTGAAAGTGATTTATTTGT

27-i

CAAG

GTT

Exon-

GCTAATGCTGCCCACCTTTC

TGTTTTGGGTGAGAGTGGGG

Exon-

GTTTCCGTTTTAGTGTGGTTG

CTCTGCTGGCTGGGATGG

27-k

TG

Exon-

AAGTAGAATATTCCAACAGA

AGGTAGCATACATCTTTAAATA

27-l

TGG

TTTT

27-j
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Appendix 5: Primer for the amplification of GPR56 exons

Primer

Forward Primer, 5’ to 3’

Reverse Primer, 5’ to 3’

Name
Exon-1

GGC CCC TGC AAG GAC AC GTG GCA CCC TAC TTA TCT TTC
GCC TTC CTA ATC CCT GTT

Exon-2

TC

GAA TTG AAG CCA GGG GTA G

CAC CTC CCA CAT CCA
EXon-3

TGC C

AGT TCC AAC AGC CCA GGG C

CCT GTC CCC TTC CAT

AAG AAG TCA CGC TTG CCA

GCC

TAG

TGC GCA TCT CCA TCG

CAT GAT CTG ATA TTG TGA

AGA AC

GCC C

Exon-4-a

Exon-4-b

CAG AAT GGG AGG GTC
Exon-5

CTG

GGT CCA GAT CTC TGA TGC C

Exon-6

GCC CAC CCC ACC CCT C

GGAGTGCTCACAGCCCC

Exon-7

GTGTGTGCTAGGGTGGGG

GCC TTC TTT CCA CCT CTG TC

GCT GGG AGA GGG TTA

GGA GAG GAA AGG GTG ACA

TCT AG

TG

TGG TGG CTT GAC TGT

AGG ACT CTA TTT CTC TTC

GTT CTA

CAG AT

Exon-8

Exon-9

GAA TGA CAC AGT CGT
Exon-10

GCT TTT

TGCACAGAACAAGCACACG

Exon-11

GCC CCT CAC GCA GGG C

GTG GAG GTG TGT GCA ATG G
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GGA ATA GGA TAG GGG
Exon-12

CCA T

GTT TTG CCA GAG CCA AGT G

CTT CAG GAG CCC AAA
Exon-13

CTT C

CAC TCT GGC CTC TGT GC

CAA ACA TGA CAA CCA
Exon-14

CAG CC

TCT TCC CTG CCC TTG CTC

CGT GCT TGG CAA ACA
Exon-15
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