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SUMMARY 
 
Deafness is a diverse trait influenced by numerous genetic and environmental 

etiologies (Nance, 2003; Morton and Nance, 2006). The estimated neo-natal prevalence of 

deafness is 1 in 1000 births of which 60% cases are due to genetic factors (Marazita et al., 

1993; Morton and Nance, 2006). In about 70% of the subjects of hereditary deafness, 

hearing impairment is the only phenotype and is termed as non-syndromic deafness, 

while in 30% of the cases, it is articulated with other anomalies and is called syndromic 

deafness (Van Camp et al., 1997). Non-syndromic hearing loss (NSHL) is transmitted as a 

recessive, dominant, mitochondrial or X-linked trait (Cohen, et al., 1995; Morton and 

Nance, 2006). Up till now, 85 recessive deafness (DFNB) loci and 35 of the corresponding 

nuclear genes have been mapped to different chromosomes (Hereditary Hearing Loss 

Homepage: http://hereditaryhearingloss.org).  

The present study was designed to investigate the deafness causing genes and loci in 

Pakistani population. For this purpose, fifty consanguineous families segregating 

prelingual, profound hearing loss were enrolled from different areas of Pakistan. Written 

informed consent was obtained from the participating individuals and blood samples were 

collected and processed for DNA extraction. The exclusion analyses for reported autosomal 

recessive deafness loci were carried out on selected twenty-five families. Deafness 

segregating in ten of these families was linked to reported loci: DFNB7/11 (PKDF1077), 

DFNB8/10 (PKDF866), DFNB49 (PKDF1069 and PKDF751) and DFNB3 (PKDF1100, 

PKDF482, PKDF752, PKDF016, PKDF132 and PKDF133) while the deafness phenotype 

in another family PKDF260 was linked to an overlapping region of DFNB3. During this 

study four hearing loss families PKDF016, PKDF132, PKDF133 and PKDF 260, which 

showed linkage to DFNB3 or overlapping region, were subjected to mutational analysis 

of reported causative gene MYO15A. This resulted in the identification of two novel 

mutations in three of these families. PKDF132 and PKDF133 led to the identification of a 

novel nonsense mutation (c.4528C>T; p.Q1510X) in exon 12 while a novel splice donor 

site mutation in exon 44 (c.8224+3A>G) was identified in PKDF016. These two new 

mutant alleles of MYO15A were not found in other 200 chromosomes from 100 random 

individuals from Pakistani population. 

The sequence analysis of PKDF260 did not result in the identification of any 

mutation in MYO15A gene, thereby emphasizing the presence of a new deafness locus 
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overlapping DFNB3 that was previously hypothesized by Nal et al., (2007). Nal et al., 

(2007) had reported 16 novel mutations of MYO15A in twenty DFNB3 families belonging 

to Turkey, India and Pakistan along with eighteen families of Pakistani origin in which no 

mutation was detected. They hypothesized the presence of an additional gene in the 

DFNB3 interval. To affirm this hypothesized locus, one hundred unlinked, deaf families 

were taken from CEMB DNA repository and screened through homozygosity mapping, to 

obtain a decisive linkage critically excluding the MYO15A gene. During this work, a 

family PKDF1046 was identified that showed initial evidence of linkage to DFNB3 

centromeric end at chromosomal band 17p11.2. On refining the linkage interval with the 

help of additional STR markers, it defined a 1.7 Mb region of homozygosity (20.6-22.33 

Mb; 17p11.2-17q11.1) completely excluding the MYO15A gene (17.96-18.02 Mb; 

17p11.2). PKDF1046, thereby, resulted in the affirmation of a new deafness locus. Strong 

candidate genes involved in causing deafness in this region include THEM11, DHRS7B 

and KCNJ12 and their sequencing in the future may help in hunting the culprit gene. 

Identification of this locus is a first step towards the identification of a new gene 

necessary for hearing and has provided a new window towards understanding the 

molecular basis of deafness. 
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INTRODUCTION 
 
 Deafness is one of the most widespread neurosensory disorders in the world, 

caused by genetic as well as environmental factors. The trait shows wide variation in the 

age of onset and in the severity of hearing loss. The incidence of congenital severe to 

profound hearing loss is estimated to be 1 in 1000 newborns (Atar and Avraham, 2005). 

Approximately 60% of the hearing loss has genetic etiology and segregates as a 

monogenic trait although digenic inheritance has also been reported (Friedman and Griffith, 

2003). The segregation of monogenic deafness may follow an autosomal dominant, 

autosomal recessive, X-linked, Y-linked or mitochondrial pattern of inheritance. These 

monogenic forms of deafness may be syndromic (characterized by hearing loss in 

combination with other abnormalities) or non-syndromic (with only hearing loss) (Kalatzis 

and Petit, 1998). The syndromic forms account for 30% of genetic deafness cases and 

include more than 400 reported deafness syndromes (Gorlin et al., 1995). In non-

syndromic genetic deafness of prelingual onset, autosomal recessive inheritance 

predominates (75-80%), followed by autosomal dominant (12-24%), X-linked (1-3%) and 

mitochondrial (<1%) (Petersen and Willems, 2006; Morton and Nance, 2006). 

To date 147 autosomal, non-syndromic hearing impairment loci have been either 

reported or reserved and 59 corresponding genes have been mapped. Sixty two of these 

loci (24 genes) are inherited in autosomal dominant mode while 85 loci (35 genes) are 

autosomal recessive. Five X-linked loci (two gene) and two mitochondrial genes have 

also been reported (Hereditary hearing loss homepage: http://hereditaryhearingloss.org). 

The available genetic information provides an insight that at least 1% (~300) of human 

protein-coding genes are involved in the hearing process and a large number of genes are 

yet to be mapped which requires further investigation (Friedman and Griffith, 2003; 

Nance, 2003). 

The human inner ear is made up of different cell types that are necessary for 

sound transduction (Frolenkov et al., 2004; Adato et al., 2005). The study of auditory 

system through conventional biochemical and physiological techniques has proved to be 

difficult, due to relative inaccessibility. Instead, forward genetic approach, using deafness 

as phenotype has proved more useful to identify the key components of auditory 

transduction. But mapping of deafness genes is difficult due to extreme genetic and 

clinical heterogeneity of the trait, small family size and the assortative mating which 



2 

seriously hinder the chromosomal mapping and identification of the causative genes (Van 

Camp et al., 1997). One approach to overcome these problems is to carry out linkage 

analysis on large inbred families that are likely to be genetically homogeneous. Linkage 

analysis is a useful method not only for mapping new locations, but also for the positional 

cloning of previously mapped loci (Friedman and Griffith, 2003; Woods et al., 2006). 

A demographic survey of Pakistani population showed that 60% of the marriages 

are consanguineous (Hussain and Bittles, 1998) and due to this high degree of 

consanguinity, the prevalence of deafness in Pakistan stands at 1.6 per 1000 live births 

which is higher than the world average (Elahi et al., 1998; Jaber et al., 1998). Due to the 

prevalence of the trait, Pakistani population has been a favourite subject of genetic studies 

of deafness. To date Pakistani-origin families have been instrumental in the identification 

of 28 loci and 21 deafness causing genes. Moreover, Pakistani families have also 

contributed significantly to the identification of mutant alleles of known genes such as a 

mutant allele of BSND, a gene already known for causing syndromic hearing loss, causes 

non syndromic hearing impairment in Pakistani pedigrees (Riazuddin et al., 2009). 

Genetic dissection of such large inbred populations manifesting recessive hereditary 

hearing loss is powerful resource to locate new loci/genes that will be helpful in 

understanding the molecular and cellular biology of hearing process. 

The major objective of this study was the identification of a new deafness-causing 

locus from Pakistani population by homozygosity mapping. Other objectives included the 

linkage screening for known loci, which might help in refining the reported regions or 

finding the mutant alleles in families linked to the loci with already known genes. To 

achieve this objective, fifty families were enrolled from various districts of Pakistan. 

Blood samples were collected, for DNA extraction, with prior written informed consent 

of the participating individuals. DNA samples from additional 1000 Pakistani families 

with hearing impairment were also made available from the CEMB DNA bank. 

During the current study, linkage analyses were carried out for the known loci 

using at least three STR markers for each locus. When a linkage was found, further 

closely spaced markers were used, if deemed necessary, to confirm the linkage and define 

the boundaries of linkage interval. During the linkage studies, deafness phenotype 

segregating in ten families showed linkage to the known recessive deafness loci DFNB3 

(PKDF016, PKDF132, PKDF133, PKDF 260, PKDF482, PKDF752 and PKDF1100), 

DFNB7/11 (PKDF1077), DFNB8/10 (PKDF866) and DFNB49 (PKDF1069 and 

PKDF751). For four of the DFNB3-linked families (PKDF016, PKDF132, PKDF133 and 
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PKDF 260) mutational analyses were carried out for the reported causative gene 

MYO15A. This resulted in the identification of two novel mutations in three of these 

families. PKDF132 and PKDF133 led to the identification of same novel nonsense 

mutation (c.4528C>T (p.Q1510X) in exon 12 while a novel splice donor site mutation in 

exon 44 (c.8224+3A>G) was identified in PKDF016. The two mutant alleles of MYO15A 

were not found in approximately 200 chromosomes from 100 random individuals from 

Pakistan. 

The sequence analysis of PKDF260, a large consanguineous family, showed no 

mutation in the MYO15A gene. This led attention to the hypothesis put forward by Nal et 

al., (2007) who carried mutational analysis of MYO15A in 38 families and found 16 

different mutations in 20 of these families but no mutation was detected in remaining 18 

families. Nal et al., (2007) hypothesized that these families were either spuriously linked 

to DFNB3 locus or they had an additional gene in the DFNB3 interval. The hypothesis of 

an overlapping locus seems more plausible when we see the linkage data of the large, 

five-affected, consanguineous family, PKDF260. With a notion that PKDF260 is linked 

to a new locus different from but overlapping DFNB3, we screened 100 families, from 

CEMB DNA repository, for DFNB3 adjacent chromosomal locations to find a conclusive 

linkage that would exclude the MYO15A region. This search through homozygosity 

mapping helped to identify the family PKDF1046 which showed refined linkage interval 

of 1.7 Mb between the markers D17S842 (47.00 cM; 20.6 Mb) and D17S783 (47.00 cM; 

22.33 Mb) on chromosomal bands (17p11.2-17q11.1). This refined region excludes the 

MYO15A gene completely (17.96-18.02 Mb) and suggests a new locus. PKDF1046 has a 

maximum two-point LOD score (Zmax) of 4.66 at recombination fraction  0 with the 

marker D17S689. 

Refined critical interval of PKDF-1046 on chromosome 17 has 21 genes (UCSC 

Genome Bioinformatics, http://genome.ucsc.edu/). Some of these genes are good 

candidates for deafness phenotype. Three important genes THEM11, DHRS7B and 

KCNJ12 are strong candidate genes and their sequencing in future may help in hunting 

the disease causing gene. 

The application of molecular genetics methods to the study of hereditary hearing 

impairment has contributed appreciably to our understanding of the genetics of deafness. 

The identification of just a handful of genes encoding proteins essential for normal 

hearing illustrates the complexity of inner ear function at a molecular level. There remain 
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large gaps in our knowledge. Further gene discovery and complementary functional 

studies will lead to a more complete understanding of inner ear function. The need is to 

characterize deafness at molecular level and identify genes that contribute the most to 

hearing loss in Pakistan. This will help to offer genetic counseling to the families to 

reduce the incidence of hereditary deafness in our population thereby decreasing socio-

economic burden. In the present work, the efforts made towards the discovery of new 

deafness locus, its refinement, and characterization of the candidates genes present within 

the refined region is a first step which will significantly make a contribution to the 

identification of a novel gene that is essential for normal hearing and healthier 

understanding of molecular events involved in the course of hearing. 
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1.1 ANATOMY OF THE HUMAN EAR 

 The human ear is an acoustical detector which is designed to perceive the waves 

of compression and rarefaction (sound) from the environment. The human ear can 

perceive and discriminate sounds of different frequencies ranging from 20 to 20,000 

Hertz (Dallos, 1992). The ear is composed of three anatomical compartments: the external 

ear, middle ear and inner ear, which function as a unit (Fig. 1.1). 

1.1.1 THE OUTER EAR 

The outer ear consists of an auricle (pinna), an external auditory meatus (the ear 

canal) and the tympanic membrane (eardrum or tympanum) (Fig. 1.1). 

1.1.1.1 Pinna 

 A pinna is attached on both lateral sides of the skull by ligaments and muscles. 

The pinna consists of a cartilaginous framework of elastic connective tissue covered with 

the skin (Fig. 1.1). The pinna acts as a funnel which collects and amplifies the sound 

waves and directs them in to the ear canal. Amplification of sound by the pinna, tympanic 

membrane and middle ear cause an increase in level of about 10 to 15 dB in a frequency 

range of 1.5 kHz to 7 kHz. This amplification is an important factor in inner ear trauma 

resulting from elevated sound levels. 

1.1.1.2 The ear canal 

 The ear canal is a tube running from the outer ear to the middle ear. The ear canal 

extends from the pinna to the eardrum and is about 26 mm in length and 7 mm in 

diameter (Fig. 1.1). 

1.1.1.3 Tympanic membrane 

 The eardrum or tympanic membrane is a thin membrane that separates the 

external ear from the middle ear (Fig. 1.1). Vibrations of the tympanic membrane transmit 

sound from the air to the ossicles of middle ear. Tympanic membrane acts as a barrier to 

protect against pathogens. Rupture or perforation of the eardrum can lead to conductive 

hearing loss.  
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Fig. 1.1 Structure of human ear showing Outer, Middle and inner ear (Adapted from www.web-

books.com/.../Physiology/Ear/Ear. jpg). 

1.1.2 THE MIDDLE EAR 

The middle ear is a narrow air filled cavity located between the outer and inner 

ear. It is separated from the external auditory meatus by the tympanic membrane and 

from the inner ear by a bony partition, which contains two windows i.e., an oval window 

(fenestra vestibuli) and a round window (fenestra cochlea). The middle ear is also 

connected to the nasopharynx by a small tube, the Eustachian tube (Fig. 1.1). This 

connection is important to equalize air pressure on both sides of the tympanic membrane 

and also allows fresh air to be filled in the middle ear cavity. Any infection of Eustachian 

tube causes accumulation of fluid in the middle ear space, resulting in a condition known 

as otitis media and may also result in hearing loss. The most important structures of the 

middle ear are the three auditory ossicles.  

1.1.2.1 Auditory ossicles 

 The ossicles are three moveable smallest bones in the human body. They are 

contained within the middle ear space and serve to transmit sounds from the air to the 

fluid-filled labyrinth (cochlea). The absence of the auditory ossicles would constitute a 
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moderate to severe hearing loss. The ossicles are made of three bones i.e., malleus, incus, 

and stapes respectively. The malleus articulates with the incus and is attached to the 

tympanic membrane (eardrum), from which vibrational energy is passed. The incus is 

attached with malleus at one end and stapes on the other hand. The stapes articulates with 

the incus and is attached to the oval window that acts as an opening between the middle 

ear and the vestibule of the inner ear (Fig. 1.2).  

 Sound waves create vibration in the tympanic membrane (eardrum), which 

displace the malleus. The malleus then transmits the vibrations, via the incus, to the 

stapes, and so ultimately to the oval window.  

1.1.2.2 Oval and Round Windows 

 These windows separate the air filled tympanic cavity from the fluid filled 

membranous labyrinth (Fig. 1.2). The oval window (fenestra vestibuli) displacement 

occurs via movement of ossicles, and causes fluid displacement in the inner ear. Round 

window (fenestra cochlea) displacement is opposite to that of oval window because of 

incompressible nature of inner ear fluid. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1.2  The middle ear ossicles: malleus, incus, and stapes located within the tympanic 

cavity of the temporal bone. The stapes is in contact with the round window while 
malleus with the tympanic membrane (Adapted from Encyclopedia Britannica: 
www.britannica.com). 

1.1.3 THE INNER EAR 

 The inner ear is a fluid filled chamber that is equipped with cochlear system for 

sound perception and the vestibular apparatus to detect acceleration and balance. 
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Structurally, the inner ear is composed of two components: (i) osseous labyrinth buried in 

the temporal bone and (ii) membranous labyrinth that lies within the osseous labyrinth. 

 Osseous labyrinth channels are filled with a fluid known as perilymph. The 

composition of perilymph resembles other extracellular fluids i.e., low in K+ (~5mM) and 

rich in Na+ (~145mM). The channels of membranous labyrinth are filled with endolymph, 

which has unusual composition i.e., high in K+ (~150mM) and low in Na+ (~1.3mM) 

concentration (Graham et al., 2000). As a result of the differences in ionic composition 

between these compartments, the potential difference between endolymph and perilymph 

is about +80mV. This positive potential is the largest found in the body. Since the 

intracellular resting potential of hair cell receptors is around –70mV, the potential 

difference across the hair cell apex is a remarkable 150mV. This large potential difference 

serves a tremendous ionic force to drive the mechanoelectrical transduction process of the 

hair cell (Eisen and Ryugo, 2007). 

1.1.3.1 Osseous labyrinth 

 The bony part of the inner ear is known as the osseous labyrinth. The osseous 

labyrinth consists of three anatomical parts. 

1. vestibule 

2. semicircular canals 

3. cochlea 

1.1.3.2 Membranous labyrinth 

 Mainly three types of epithelia surround the membranous labyrinth i.e., sensory 

epithelia, ion transport and less specialized epithelia.  

(i) Sensory epithelia 

The sensory epithelia line the specific areas of the structures responsible for sense 

of position and sound. Sensory epithelial lining is present around maculae of the utricle 

and saccule, crista ampullaris in the ampulla of each semicircular duct and organ of Corti 

within the cochlear duct.  

The main components of sensory epithelia are mechanotransducer hair cells. The 

sensory epithelium is covered by the tectorial membrane. The site of hair cell transduction 

is an array of stereocilia, arranged like a staircase in ranks of increasing height called as 

the hair bundle (Shotwell et al., 1981). 
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(ii) Ion transport epithelia 

 The outer wall of the scala media is lined by the stria vascularis, a vascular 

epithelial layer that serves as the metabolic control center of the cochlea. Stria vascularis is 

involved in the active transport to maintain the unique ionic composition of endolymph. 

The ion transport epithelia are composed of three cell types, the marginal cells, intermediate 

cells and basal cells. The marginal cells are involved in the K+ recycling in the endolymph.  

The apical membranes of the marginal cells and the dark cells contain a K+ 

channel which is formed of two subunits, the KCNE1 regulatory protein and the KCNQ1 

channel proteins (Vetter et al., 1996). This channel provides the pathway through which 

K + is secreted into the endolymph (Sunose et al., 1997). Mutations in the KCNE1 gene 

disrupt endolymph production leading to collapse of Reissner’s membrane and result in 

deafness (Vetter et al., 1996). 

(iii)  Less Specialized Epithelia 

The less specialized epithelia include the Reissner’s membrane in cochlea and the 

epithelia lining the roof of the saccule, utricle and ampullae of the semicircular canals. 

These epithelia form permeability barriers separating the fluid spaces. Rupture of these 

membranes would be expected to result in fluid mixing and physiological dysfunction. 

1.1.3.3 The Cochlear System 

 The cochlea is a small coiled tube which is about 35 mm long and 10 mm wide. 

Oval window and the round window are located at the basal end of this tube. The cochlea 

is bisected by a cochlear partition, which is a flexible structure that supports the basilar 

membrane and the tectorial membrane. There are two fluid-filled spaces on either side of 

the cochlear partition: scala vestibuli and scala tympani which are filled with perilymph 

while a third the scala media runs within the cochlear partition and contains endolymph. 

The reissner’s membrane (Vestibular membrane) separates the scala vestibuli from the 

scala media and the basilar membrane divides the scala media from the scala tympani.  

1.1.3.4 The organ of Corti 

The ability of human cochlea to detect and distinguish different sound frequencies 

is based on the sensory epithelia, known as organ of corti. The organ of Corti is the 

sensorineural end organ for hearing. It includes polarized epithelial cells (hair cells and 

supporting cells) of placodal origin, a specialized basement membrane (the basilar 

membrane), nerve endings and the tectorial membrane (Fig. 1.3) (Engstrom et al., 1967; 
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Hawkins et al., 1965; Kikuchi et al., 1995; Smith, 1968; Spoendlin, 1979; Wersall et al., 

1965).  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 1.3 Organ of Corti: Showing inner hair cells, outer hair cells, tectorial 
membrane, basilar membrane and supporting cells (adapted from 
Encyclopedia britannnica http:// www.britannica.com). 

1.1.3.5 Hair cells 

There are two types of hair cells in the organ of Corti i.e., inner hair cells (IHCs) 

and outer hair cells (OHCs) inner and outer which are quite different in their functional 

anatomy. The inner hair cells (IHCs) are the true sensory cells which send impulses via 

the auditory nerve while the outer hair cells (OHCs) are used to enhance the selectivity 

and sensitivity of the cochlea. Each hair cell has a tuft of stereocilia that protrude from the 

apical domain of every cell (Raphael and Altschuler, 2003). 

At birth, in the human cochlea, there are about 15,000-25,000 OHCs and 3,500 

IHCs. Hair cells do not last a lifetime and do not regenerate when lost (Stone et al., 

1998). Damage to these hair cells results in decreased hearing sensitivity, i.e., 

sensorineural hearing loss.  

Outer hair cells 

They are cylindrical, 20 µM to 70 µM long and have about 100 stereocilia at the 

apex of each cell, and a nucleus at the bottom. 15,000-25,000 OHCs are regularly 

arranged in three or sometimes four rows forming a characteristic ‘W’ shape (Raphael et 
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al., 1991; Raphael and Altschuler, 2003) (Fig. 1.3 and Fig. 1.4a). The outer hair cells 

have both sensory and motor elements that contribute to hearing sensitivity and frequency 

selectivity by amplifying sound reception (Fettipalce and Hackney, 2006). 

Inner hair cells 

Inner hair cells exclusively function as sensory elements which convert sound 

induced motion of the basilar membrane into electrochemical form of nerve impulse. 

They are arranged in a straight line or wide ‘U’ shape and form a continuous railing of 

approximately 3,500 cells along the inner portion of the organ of Corti (Fig. 1.4b). Each 

inner hair cell is pear shaped with a centrally located nucleus and about 20-50 stereocilia 

made of actin filaments at the apical surface (Bartles, 2000; Pataky et al., 2004; Slepecky 

et al., 1985; Hackney et al., 2000). The apical portion of hair cells along with the 

stereocilia resides in the scala media (endolymph) whereas the basolateral portion is 

bathed in perilymph (Raphael and Altschuler, 2003). 

1.1.3.6 Stereocilia links 

The stereocilia are arranged in three tiers with increasing height on each 

successive level (Fig. 1.4c) (Raphael and Altschuler, 2003). Each tier is connected to the 

next by various types of links made of ESPN and FIMBRIN fibres (Bartles et al., 2000; 

Fettipalce and Hackney, 2006). These links include the following types: 

 Tip links: They connect the tip of the shorter stereocilia to the side of the 

posterior taller stereocilia. This arrangement is supposed to be responsible for 

opening and closing of the channel gate by ensuring uniform excitation of the 

MET channels (Pickles et al., 1984; Furness and Hackney, 1985; Goodyear et al., 

2005; Flock et al., 1977). 

 Transverse or lateral links: They attach stereocilia in the same row and from 

row to row (Assad et al., 1991; Shepherd and Corey 1994; Pickles et al., 1984; 

Furness and Hackney, 1985; Jacobs and Hudspeth, 1990).  

 Ankle links: They connect stereocilia at their proximal ends. These links are 

absent from the hair cells of the organ of Corti, but present in the hair bundles of 

vestibular organs (Csukas et al., 1987; Richardson et al., 1990; Jacobs and 

Hudspeth, 1990). 
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 Shaft connectors: They are present along the middle region of the stereociliary 

shaft (Richardson et al., 1990).  

 Top-connectors: They link stereocilia laterally just below the level of the tip 

links.  

 

 

 

 

 

 

 

 

 
Fig. 1.4 Hair cell bundles (a) OHCs bundles form a characteristic ‘W’ shape  (b)  IHCs 

bundles are in an approximately straight line or wide ‘U’ shape  (c)  Arrangement of 
hair cell stereocilia (links), tip links and lateral links. 

 

1.2 PHYSIOLOGY OF HEARING 

 The major activity of the ear is to convert the physical stimulus of sound to a 

neural signal i.e., sensory transduction. The sensory transduction begins with the 

collection of sound energy by the external ear. Sound is carried as a mechanical vibration 

through the middle ear bones and, progressively, into smaller structures in the inner ear 

where it finally causes an oscillating force on mechanically sensitive ion channels in hair 

cells. 

1.2.1 Sound conduction pathway 

 The external ear (pinna) collects sound waves and funnels them down the auditory 

canal, where they strike the tympanic membrane and cause vibrations. These vibrations 

are then transferred to the middle ear bone, malleus which is connected to the central area 

of the tympanic membrane. The malleus hammers the incus which picks up the vibrations 

and transmits to the stapes which moves back and forth. The movement of stapes pushes 

the oval window in and out. 

As the oval window bulges inward, it pushes the perilymph of the scala vestibuli 

and pressure waves are initiated. As the pressure moves through the perilymph of the 

a b 

c 
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scala vestibuli, it pushes the basilar membrane inward and increases the pressure of the 

endolymph inside the cochlear duct. As a result, the basilar membrane moves slightly and 

bulges into the scala tympani. As the pressure moves through the scala tympani, 

perilymph moves toward the round window, causing it to bulge outward into the middle 

ear cavity. Following the compression that resulted in the above actions is a 

decompression that causes the stapes to move toward the tympanic membrane and the 

above actions are reversed. That is, the fluid moves in the opposite direction along the 

same pathway, and the basilar membrane bulges into the cochlear duct (Fig. 1.5). 

 

Fig. 1.5 Pathway of sound transduction: External ear collects sound waves and 
sends them down the auditory canal, where they vibrate the tympanic 
membrane. The vibrations are then transferred to the middle ear ossicles, 
which cause the bulging in of the oval window and produce waves in the 
perilymph of the scala vestibule resulting in vibration of basilar membrane 
(adapted from Encyclopedia britannnica http:// www.britannica.com) 

 

1.2.2 Mechanoelectrical transduction 

The up and down vibrations of basilar membrane create a shearing force between 

the basilar membrane and the tectorial membrane, thus causing the stereocilia of the outer 

hair cells of the organ of Corti to bend. This shearing action causes deflection of 

stereocilia bundle which opens mechanically gated ion channels located on the top of 

each stereocilia (Hudspeth, 1989; Shotwell et al., 1981). 

Due to high concentration of K+ in endolymph and strong negative potential of the 

hair cells, K+ ions rush into the hair cells. This tends to neutralize some of the negative 

charge and depolarize the membrane of hair cells. Excited (depolarized) OHCs react by 

contracting (electromotility) through an active transport mechanism. Due to the tight 
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coupling of OHCs with the basilar membrane and reticular lamina, this active mechanism 

feeds energy back to the organ of Corti and the IHCs are excited due to tectorial 

membrane activation of stereocilia (Hudspeth, 1989; Shotwell et al., 1981). 

Voltage sensitive calcium channels are activated in IHCs and calcium triggers the 

release of neurotransmitters (mainly glutamate) at synapses with afferent auditory nerve 

endings at the basal end of the cell. The impulses are passed via the cochlear branch of 

the vestibulocochlear (VIIIth) nerve to the medulla. From the medulla impulses travel to 

the midbrain, then to the thalamus, and finally to the auditory area of the temporal lobe of 

the cerebral cortex. Sounds of different frequencies excite different areas of the primary 

auditory complex of the brain (Gillespie and Corey, 1997; Pickles et al., 1984; Steel and 

Kros, 2001; Steel, 2002; Strassmaier and Gillespie, 2002; Manoussaki et al., 2006; 

Petersen and Willems, 2006) 

1.2.3 Frequency distribution along the basilar membrane 

Frequency distribution by the auditory system occurs largely in the cochlea, which 

separates the different components along its length, with high frequencies at its base and 

low frequencies at the apex (heilcotrema). The inner ear uses a variety of mechanisms to 

achieve this tonotopic sensitivity, including the tuning of the basilar membrane at 

particular positions along its length and also of the narrow band of frequencies to which 

hair cells (IHCs and OHCs) are tuned at a particular position on the basilar membrane. 
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1.3 PREVALENCE 

 Deafness is characterized by partial or complete hearing loss and is most prevalent 

sensory deficit in humans with both genetic and environmental etiologies (McKusick, 

1992). It is estimated that 1 in 1,000 neonates are affected with serious permanent hearing 

impairment (Morton, 1991), of which about 60% are due to genetic factors which in most 

cases are single gene mutations while the rest 40% are due to environmental causes 

(Marazita et al., 1993; Morton and Nance, 2006). Because of the pre-lingual onset of 

deafness, speech does not develop in the affected children unless an intensive specialized 

training is given. In addition, a further 1/1000 children becomes deaf before adulthood 

(Fortnum et al., 2001). Moreover, presbycusis, the hearing loss in the old age is 

manifested in 10% and 50% of the population of age 60 and 80 years respectively, which 

impairs their ability to communicate easily, leading to increasing social isolation and a 

severe compromise on the quality of life (Davis, 1989). The age related hearing loss, also 

called as adventitious deafness is progressive but less severe, and is thought to arise from 

complex, lifelong interactions of unknown genetic and non-genetic factors, noise being 

the most common one (Gates et al., 1999). 

1.4 CLASSIFICATION OF DEAFNESS 

Deafness can be classified on the basis of various criteria including the type, age 

of onset, frequency range and association.  

On the basis of type deafness may be conductive if the hearing loss arises from 

abnormalities of the external or middle ear or sensorineural if the hearing loss results 

from malfunction of inner ear structures (i.e., cochlea) or mixed if the hearing loss is a 

combination of conductive and sensorineural malfunctions.  

On the basis of onset deafness may be prelingual i.e., before the development of 

speech or post lingual occurring after the development of normal speech. 

On the basis of frequency, hearing loss is classified into: 

 Low frequency hearing loss i.e., inability to hear sounds of frequency below 500 

Hz. 

 Middle frequency hearing loss i.e., inability to hear sounds of frequency range 

of 501- 2000 Hz. 
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 High frequency hearing loss i.e., inability to hear sounds of frequencies above 

2000 Hz. 

Hearing loss may be the sole symptom in an affected individual and is classified 

as non-syndromic deafness. It is the more prevalent mode of deafness and accounts for 

about 70% of all the genetically determined cases of deafness and is almost exclusively 

sensorineural (Morton, 1991; Reardon, 1992; Marazita et al., 1993). In 30% of the cases, 

deafness is found associated with other medical problems and is classified as syndromic 

deafness. More than 400 deafness-related genetic syndromes have been reported in which 

hearing loss may be conductive, sensorineural or mixed (Gorlin et al., 1995). 

1.5 MOLECULAR GENETICS OF DEAFNESS 

 Hereditary hearing loss is clinically and genetically a heterogeneous trait. 

Classical biochemical approaches to characterize the molecules involved in the process of 

auditory mechanotransduction and the causative deafness genes had not been practical 

because of the small number of each cell in the cochlea (e.g., only around 104 hair cells). 

A genetic approach to the molecular basis of inner ear function therefore seemed 

especially promising (Friedman and Griffith, 2003; Petit, 1996).  

 Localization and identification of genes for deafness started in the early 1990s but 

until 1994 only three loci involved in nonsyndromic hearing loss had been mapped on the 

human genome. Syndromic forms could be classified on the basis of their accompanying 

symptoms into homogeneous groups in which linkage analysis and positional cloning 

were feasible. In contrast, linking nonsyndromic hearing loss to a single gene is very 

difficult, because it requires linkage analysis in single families. However, because of the 

high frequency of monogenic nonsyndromic hearing loss, many families suitable for 

linkage analysis have been identified. 

 By using molecular genetic technology, fifty-nine genes for nonsyndromic hearing 

loss and 32 genes for nine most common deafness associated syndromes have been 

precisely located (Hereditary hearing loss homepage: http://hereditaryhearingloss.org). It 

has been estimated that at least 1% of human protein-coding genes (30,000 genes) are 

involved in the hearing process, so over 300 genes are predicted to cause this disorder in 

humans (Friedman and Griffith, 2003). 

 Rapid advancement in understanding hereditary deafness in humans has paralleled 

the availability of families segregating hearing loss, comprehensive clinical data, highly 
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polymorphic genetic markers, genetic maps, physical maps, genomic DNA sequence for 

humans and mice, transcriptome databases, and mouse and zebra fish models for human 

hearing. It seems reasonable that by the next decades many more genes of hearing loss 

will be genetically mapped. 

1.6 INHERITANCE OF DEAFNESS TRAIT 

Hereditary deafness is classified by the mode of inheritance into: 

 Autosomal recessive deafness (DFNB) 

 Autosomal dominant deafness (DFNA) 

 X-linked deafness (DFN) 

 Mitochondrial deafness 

The major pattern of inheritance is autosomal recessive (70-80%) while autosomal 

dominant (12-24%), X linked (1-3%) and mitochondrial is also involved (Morton, 1991; 

Reardon, 1992; Marazita et al., 1993).  

1.7 NONSYNDROMIC AUTOSOMAL RECESSIVE DEAFNESS 

 Nonsyndromic autosomal recessive deafness (NSRD) is the most common form of 

inherited hearing loss. To date, 85 loci causing nonsyndromic recessive deafness have 

been mapped/reserved and 35 genes have been identified (Hereditary Hearing Loss 

Homepage; HUGO committee) (Table 1.1). Those loci mapped for nonsyndromic 

autosomal recessive hearing impairment, have been designated as DFNB1, DFNB2…… 

in the same order in which they are reported or reserved. 

 

Table 1.1 Loci for non-syndromic autosomal recessive deafness 
 

Locus Location Gene Origin of Families Most Important Reference 

DFNB1 13q12 GJB2 Tunisia, Israel (Bedouin),  
Pakistan, Australian 

Guilford et al., 1994a 
Kelsell et al., 1997 

DFNB2 11q13.5 MYO7A Tunisia 
Guilford et al., 1994b 
Liu et al., 1997 
Weil et al., 1997 

DFNB3 17p11.2 MYO15 Bali, India, Pakistan Friedman et al., 1995 
Wang et al., 1998 

DFNB4 7q31 SLC26A4 Israel (Druze) Baldwin et al., 1995 
Li et al., 1998 

DFNB5 14q12 Unknown India Fukushima et al., 1995a 

DFNB6 3p14-p21 TMIE India, Pakistan Fukushima et al., 1995b 
Naz et al., 2002 
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DFNB7/11 9q13-q21 TMC1 
India 
Israel (Bedouin),  
Pakistan 

Jain et al., 1995 
Scott et al., 1996, 
Kurima et al.,2002 

DFNB8/10 21q22 TMPRSS3 Pakistan 
Israel (Palestinian) 

Veske et al., 1996 
Bonne-Tamir et al., 1996 
Scott et al., 2001 

DFNB9 2p22-p23 OTOF Lebanon, Turkey Chaib et al., 1996a 
Yasunaga et al., 1999 

DFNB12 10q21-q22 CDH23 Syrian, Pakistan Chaib et al., 1996b 
Bork et al., 2001 

DFNB13 7q34-36 Unknown Lebanon Mustapha et al., 1998a 

DFNB14 7q31 Unknown Lebanon Mustapha et al., 1998b 

DFNB15 3q21-q25 
19p13 Unknown India Chen et al., 1997 

DFNB16 15q21-q22 STRC Pakistan, Palistine, Syria,  
France 

Campbell et al., 1997 
Verpy et al., 2001 

DFNB17 7q31 Unknown India, Middle Eastern Druze Greinwald et al., 1998 

DFNB18 11p14-15.1 USH1C India 
Pakistan 

Jain et al., 1998 
Ouyang et al., 2002 
Ahmed et al., 2002 

DFNB19 18p11 Unknown  
Deafness meeting Bethesda, 
October 8-11, 1998 (Green 
et al., abstract 108) 

DFNB20 11q25-qter Unknown Pakistan Moynihan et al., 1999 
DFNB21 11q TECTA Lebanon Mustapha et al., 1999 
DFNB22 16p12.2 OTOA Palestine Zwaenepoel et al., 2002 
DFNB23 10p11.2-q21 PCDH15 Pakistan Ahmed et al., 2003b 
DFNB24 11q23 RDX Pakistan, India Khan et al., 2007a 
DFNB25 4p15.3-q12 GRXCR1  Schraders et al., 2010 
DFNB26 4q31 Unknown Pakistan Riazuddin et al., 2000 
DFNB27 2q23-q31 Unknown United Arab Emirate Pulleyn et al., 2000 

DFNB28 22q13 TRIOBP Palestine 
Walsh et al., 2000 
Riazuddin et al., 2006a 
Shahin et al., 2006 

DFNB29 21q22 CLDN14 Pakistan Wilcox et al., 2001 
DFNB30 10p12.1 MYO3A Israel Walsh et al., 2002 

DFNB31 9q32-q34 WHRN Palestine Mustapha et al., 2002 
Mburu et al., 2003 

DFNB32 1p13.3-22.1 GPSM2 Tunisian Walsh et al., 2010 
DFNB33 9q34.3 Unknown Jordan Medlej-Hashim et al., 2002 
DFNB34 Reserved 

DFNB35 14q24.1-24.3 ESRRB Pakistan, 
Turkey 

Ansar et al., 2003a 
Collin et al., 2008 

DFNB36 1p36.3 ESPN Pakistan Naz et al., 2004 
DFNB37 6q13 MYO6 Pakistan Ahmed et al., 2003a 
DFNB38 6q26-q27 Unknown Pakistan Ansar et al., 2003b 

DFNB39 7q11.22-
q21.12 HGF Pakistan Wajid et al., 2003 

Schultz et al., 2009 

DFNB40 22q11.21-
12.1 Unknown Iran Delmaghani et al., 2003 

DFNB41 Reserved 

DFNB42 3p13.31-
q22.3 ILRB2 Pakistan Aslam et al., 2005 

Borck et al., 2011 
DFNB43 Reserved 

DFNB44 7p14.1-
q11.22 Unknown Pakistan Ansar et al., 2004 
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DFNB45 Reserved 

DFNB46 18p11.32-
p11.31 Unknown Pakistan Mir et al., 2005 

DFNB47 2p25.1-p24.3 Unknown Pakistan Hassan et al, 2006 
DFNB48 15q23-q25.1 Unknown Pakistan Ahmad et al., 2005 

DFNB49 5q12.3-q14.1 TRIC Pakistan Ramzan et al., 2005 
Riazuddin et al., 2006b 

DFNB50 12q23 Unknown   
DFNB51 11p13-p12 Unknown Pakistan Shaikh et al., 2005 
DFNB52 Reserved 
DFNB53 6p21.3 COL11A2 Iranian Chen et al., 2005 
DFNB54 Reserved 
DFNB55 4q12-q13.2 Unknown Pakistan Irshad et al., 2005 
DFNB56 Reserved 

DFNB57 10q23.1-
q26.11 Unknown   

DFNB58 2q14.1-q21.2 Unknown  Richard Smith, unpublished 
DFNB59 2q31.1-q31.3 PJVK Iran Delmaghani et al., 2006 
DFNB60 5q22-q31 Unknown  Richard Smith, unpublished 
DFNB61 7q22.1 SLC26A5  Liu et al., 2003 

DFNB62 12p13.2-
p11.23 Unknown Pakistan Ali et al., 2006 

DFNB63 11q13.2-
q13.3 

LRTOMT/CO
MT2 

Pakistan 
Turkey 
Tunisia 

Khan et al., 2007b 
Tlili et al., 2007 
Kalay et al., 2007 
Ahmed et al., 2008 

DFNB64 Reserved 

DFNB65 20q13.2-
q13.32 Unknown Pakistan Tariq et al., 2006 

DFNB66/67 6p21.2-22.3 LHFPL5 Pakistan 
Turkey 

Tlili et al., 2005 
Shabbir et al., 2006  
Kalay et al., 2006 

DFNB68 19p13.2 Unknown Pakistan Santos et al., 2006 
DFNB69 Reserved 
DFNB70 Reserved 
DFNB71 8p22-21.3 Unknown Pakistan Chishti et al., 2009 
     
DFNB72 19p13.3 Unknown Pakistan Ain et al., 2007 
DFNB73 1p32.3 BSDN Pakistan Riazuddin et al.,2009 

DFNB74 12q14.2-q15 MSRB3 Pakistan Waryah et al., 2009 
Ahmed et al., 2011 

DFNB75 Reserved 
DFNB76 Reserved 
DFNB77 18q12-q21 LOXHD1  Grillet et al., 2009 
DFNB78 Reserved 
DFNB79 9q34.3 TPRN Pakistan Rehman et al., 2010 
DFNB80 Reserved 
DFNB81 Reserved 
DFNB82 see DFNB32 
DFNB83 see DFNA47 
DFNB84 12q21.2 PTPRQ  Schraders et al., 2010 
DFNB85 17p12-q11.2 Unknown  Shahin et al., 2010 
Adapted from Hereditary Hearing Loss Homepage (http://hereditaryhearingloss.org) 

 



23 

SECTION-3 

 

 

 

 

 

 

 

 

 

 

 

 

 

“LINKAGE ANALYSIS” 

THE TOOL FOR MAPPING 

DISEASE GENES 



24 

1.8 LINKAGE ANALYSIS 

 One of the most powerful approaches for mapping the disease genes in human 

pedigrees is ‘linkage analysis”. The linkage analysis is based on the underlying principle 

that a disease is co-inherited within a family with specific copies of the genomic region 

harboring the disease gene and due to their close proximity, there is lack of recombination 

between the disease mutation and neighboring genetic markers. The individuals who 

share a disease within a family will typically share alleles at markers near the disease 

gene. The particular alleles co-inherited with the disease often differ between families, 

reflecting allelic heterogeneity or ancestral genetic recombination events.  

 The aim of linkage analysis is to locate a particular segment of DNA that is 

inherited by all the disease-affected individuals of the family but not by any of the 

unaffected members. This segment of DNA co-segregates with the disease phenotype and 

it is assumed that the disease gene must lie within or in close proximity to this location. 

Determining the location of the disease gene (i.e., the disease gene locus) is the first step 

toward identifying the gene itself.  

 The linkage analysis is carried out with the help of short sequences of DNA with 

known location that are called polymorphic markers or 'polymorphisms'. The 

polymorphic markers take advantage of the benign differences in DNA that vary 

commonly between normal individuals and are not disease mutations themselves. These 

polymorphisms are abundant in human genome and can be found between and close to all 

genes. By identifying a co-inherited polymorphism, testing additional polymorphisms in 

the vicinity, and using statistical programs to generate LOD scores, the disease gene can 

be placed within a 'critical region' flanked by key polymorphic markers. The genetic 

distance of critical region is measured in cM (centiMorgans). 

Results of the linkage analysis are reported as LOD scores representing the 

relative likelihood that a disease locus and a genetic marker are genetically linked (with a 

recombination fraction theta “”), rather than that they are genetically unlinked. A LOD 

score of +3.0 is typically considered evidence of linkage and LOD score of −2 or below 

excludes disease linkage to a region (Ott, 1991). 

1.8.1 Recombination fraction  

 The co-segregation of alleles of different genes present on the same chromosome 

occurs in proportion to the physical distance between them. This rate is called the 

probability of a recombination event or recombination fraction (θ) occurring between two 
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loci. Two loci are said to be genetically linked when recombination fraction is less than 

0.5. One of these loci is the disease locus while the other is a polymorphic marker 

(Strachan and Read, 1996). The objective of linkage analysis is to estimate the 

recombination fraction and to test if θ between two loci is less than 0.5 i.e., whether an 

observed deviation from 50% recombination is statistically significant or not. The 

recombination fraction can be taken as a measure of the genetic distance or map distance 

between gene loci as it ranges from θ = 0 for adjacent loci through θ = 0.5 for loci apart 

(or on different chromosomes). Two loci showing a 1% recombination are considered as 

being 1 centiMorgan (cM) apart on the genetic map, and a genetic distance of 1 cM 

represents 0.9 Mb on the sex averaged physical map (Foroud, 1997). However, because 

of probability of multiple crossovers, the recombination fraction cannot be taken as an 

additive distance measure. It is, therefore, transformed by a map function into map 

distance (Ott, 1991). 

1.8.2 The LOD score method 

 In order to observe the presence or absence of linkage between the two loci, we 

need to analyze genetic recombinants in the pedigrees. But for human pedigrees, it is not 

usually possible to count these recombinants. For this reason likelihood methods are used 

which calculate the likelihood of a given pedigree under different assumptions about the 

recombination fraction (Strachan and Read, 1996). In these calculations, probability of 

recombination and non-recombination for each possible genotype is calculated with the 

help of computer statistical softwares. The results are obtained as a logarithm ratio 

denoted by Z. The calculated scores are called LOD scores and provide the strength of 

evidence in favor of linkage. 

 

 

 In the calculation of LOD score, null hypothesis is utilized i.e., the probability if 

the disease and marker are linked and, therefore, not segregating independently is taken 

as the numerator and the probability if the disease and the marker are unlinked and 

therefore segregating independently is taken in the denominator. If the marker and the 

disease gene are unlinked, then the numerator will not be greater than the denominator 

and the obtained ratio will be less than or equal to 1. However, when the marker and the 

disease gene are linked, the numerator will be greater than the denominator and the ratio 

LOD Score (Z)      = 
Probability of the data if disease and marker are linked 

Probability of the data if disease and marker are unlinked 
Log10   × 
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will be greater than 1. A positive LOD score is an indication of linkage while a negative 

score denotes absence of linkage. (Ott, 1991; Terwillger and Ott, 1994). 

1.8.3 Multipoint mapping 

 Linkage analysis can be more efficient if the data for more than two loci are 

analyzed simultaneously. Multipoint mapping is particularly useful for finding the 

chromosomal order of a set of linked markers. Usually the starting point in mapping a 

disease locus is to find a two point score which gives linkage between a specific marker 

and a disease locus. A multipoint score is calculated to find the location of disease gene 

between two or more markers. 

1.8.4 DNA polymorphism as a tool for linkage analysis 

 Genotyping is carried out by using the genetic markers which are designed from 

the observable polymorphism within the population. These polymorphic markers can be 

checked for inheritance with the disease locus in question for linkage analysis. Various 

types of genetic markers have been used in genetic research. Prior to 1960s a limited 

source of genetic markers was obtained from blood group antigens (Conneally and Rivas, 

1980). After 1980’s RFLPs were introduced as a new class of genetic markers (Botstein 

et al., 1980). The RFLPs detect genome sequence differences that results in the presence 

or absence of a restriction enzyme cutting site. Subsequently, VNTRs (Variable number 

of tandem repeats) and SSLPs (simple sequence length polymorphism) were identified as 

a new source for genetic markers. The most useful class of polymorphisms for the 

purpose of genomic screening and fine genetic mapping are the SSLPs. The main 

advantage of SSLPs is there ubiquitous presence across the genome and a small amount 

of DNA is required as compared to RFLPs or VNTRs. 

The simple sequence repeats also known as microsatellite, have revolutionized the 

world of genotyping. SSRs are hyper variable tandem sequence repeats which consist of 

di-tri- or tetra-nucleotide repeats. The most widely used SSRs to be developed for 

genotyping are the simple CA and GT repeats. The CA repeats are extremely abundant in 

genome and can be found, on average, once every 30-60 kb. CA repeats are generally 

polymorphic if the repeat length is greater than 10. By isolating and sequencing DNA 

fragments containing the microsatellite, PCR primers that flanked the SSRs can be 

created and used to amplify it. 
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PLAN OF WORK 

 The molecular genetic studies of hereditary deafness involve two essential 

phases: Field work and Lab work (Dry and Wet) as mentioned in the following figure: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
 

Fig. 2.1  Plan of work during the molecular studies of hereditary deafness. Arrows indicate the inter-
link  and sequence of various steps. 
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2.1 FIELD WORK 

2.1.1. Identification and enrollment of families 

Families with three or more affected individuals were ascertained through the 

schools and centers for special education from different cities of Pakistan. 

Principals/incharges were contacted and briefed about the research program on deafness 

and they were requested to collect information about the history of deafness in the family 

of each student by providing them a specified comprehensive performa. The forms were 

based to acquire preliminary information about the number of affected individuals in the 

family of a student, the postal address and contact number. After receiving feedbacks, 

the families were selected on the basis of number of affected individuals in a family. 

Disease history, detailed pedigree drawing and mode of inheritance were ascertained by 

personally visiting those families. If a family had other affected relatives with hearing 

loss, they were also included in the study depending upon their willingness and 

availability. 

Multiple family members were interviewed to construct the pedigrees and to 

confirm consanguineous sibships. The enrolled pedigrees provided convincing evidences 

that deafness is consistent with an autosomal recessive mode of inheritance.  Pedigree 

structures of the enrolled families were drawn using Cyrillic® program (Cyrillic for 

Windows 3.1) and Macromedia® FreeHand® software. 

2.1.2 Clinical evaluation 

 Detailed medical histories were obtained for all of the individuals of the enrolled 

families to eliminate the likelihood of presence of other abnormalities and environmental 

causes for hearing loss. Families were questioned regarding skin pigmentation, hair 

pigmentation, and problems relating to balance, vision, night blindness, thyroid, kidneys, 

heart, and infectious diseases like meningitis, typhoid, mumps, rubella, injury, chronic 

otitis media and, antibiotic/ototoxic drug usage. Parents as well as other members of the 

family were asked about the onset of deafness for each affected individual to confirm 

that deafness was congenital. Pure tone audiometry tests for air conduction were 

performed at frequencies of 250 to 8,000 Hz on affected and unaffected members of 

these families. Vestibular function was evaluated by testing tandem gait ability and by 

using the Romberg test. Ocular funduscopy and electroretinography (ERG) was 

performed to detect the presence of retinopathy. 
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2.1.2.1 Audiometric evaluation 

 Audiometry is performed to test a person’s ability to hear various sound 

frequencies and to ascertain the type and severity of the impairment. During the current 

study, Siemens (SD70) and AMBCO (650AB) Audiometers were used for audiometric 

testing of affected and unaffected individuals. 

An audiometer measures the sound in terms of frequency and intensity. The 

frequency of sound is measured in cycles per second or Hertz (Hz) and the intensity of 

sound in decibels (dB). Audiometric testing includes a measurement of hearing 

sensitivity of both ears, separately, using air borne and/or bone conducted pure tones of 

intensity range of 0-120 dB and frequency range of 250 to 8,000 Hz and involves the 

determination of the lowest intensity (dB) at which an individual perceives a pure tone. 

The dB reading is plotted on the audiogram chart showing the frequencies in Hz on 

horizontal axis and intensity in dB on vertical axis. The shape of the curve is a measure 

of the frequency sensitivity of both the middle ear and the inner ear. The symbols used 

for right and left ear measurements on audiogram are “O” and “X” respectively (Fig. 

2.2). The perceived threshold provides a means of classifying deafness according to the 

degree of severity as shown in Table. 2.1 (Mazeas and Bourguet, 1975). 

 

 
Fig. 2.2 Representative audiogram showing normal hearing (upper) and a profound hearing loss 

(lower). 
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Table 2.1  Severity of Hearing Loss 

Degree of Severity Hearing Loss 

Normal 0-25 dB 

Mild 26-40 dB 

Moderate 41-55 dB 

Moderate severe 56-70 dB 

Severe 71-90 dB 

Profound >90 dB 

 

2.1.2.2 Clinical assessment of vestibular function 

 Body orientation is controlled by the vestibular system, which consists of three 

semi-circular canals, the utricle and saccule. Each of these semi-circular canals lies at a 

right angle to the each other and deals with different movements: up and down, side-to-

side and tilting from one side to the other. As the head moves, hair cells in the 

semicircular canals send nerve impulses to the brain by way of the vestibular portion of 

the acoustic nerve. 

For vestibular testing, Romberg and tandem gait tests are usually performed on 

the affected individuals. 

Romberg Test 

 In this test, the patient is made to close his eyes and stand still with both feet 

touching each other. If the patient has any vestibular dysfunction, he will not be able to 

maintain balance and will sway or fall. This happens because the truncal stability is 

maintained by inputs from three sensory systems: vestibular, vision and proprioception. 

If there is a mild lesion in the vestibular or proprioception systems, the patient can 

compensate by visual input. With closed eyes, however, visual input is removed and 

instability becomes apparent. (Blumenfeld, 2001). 

Tandem Gait Test 

Tandem gait is a diagnostic test where the patient is asked to walk in a straight 

line with his hands attached with the body and the toes of the back foot touch the heel of 

the front foot at each step. If there is any problem with the vestibular system, then the 

person may not walk properly (Rubin et al., 1996).  
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2.1.2.3 Clinical assessment of Retinitis Pigmentosa  

 Usher syndrome is a genetic disorder in which the affected individuals have 

deafness in association with Retinitis Pigmentosa (RP). Retinitis Pigmentosa is a 

progressive retinal degeneration that begins with loss of peripheral vision and night 

blindness, and often leads to total blindness in later life. To confirm whether the deafness 

in the affected individuals is syndromic or non-syndromic, funduscopy and 

electroretinography were performed on the affected individuals for the diagnosis of RP.  

Funduscopy 

 Funduscopy is an examination of the sensory portion of the eyeball (fundus), 

which includes the retina, optic disc, choroid, and blood vessels. The procedure requires 

dilating the pupils to give the best view inside the eye and the examination is carried out 

in a dark room by projecting a beam of light from an ophthalmoscope after.  

 Ophthalmoscopy of the retina in individuals with RP is characterized by the 

presence of intraretinal clumps of black pigment, markedly attenuated retinal vessels, 

loss of retinal pigment epithelium (RPE), and pallor of the optic nerve (Fig. 2.3).  

Electroretinography (ERG TEST) 

 ERG is the most sophisticated and critical diagnostic test for RP because it 

provides an objective measure of rod and cone function across the retina. ERG measures 

the retinal response to a stimulus of light using a corneal electrode and neutral electrodes 

placed on the skin around the eye. The corneal electrode is placed gently behind the 

lower eyelid and contacts the cornea. A flash of light is shown to the patient and the 

electrodes record the retinal potentials, which develop as a response to the flash. This 

diagnostic procedure is useful in distinguishing between a variety of retinal disorders 

such as cone or rod dystrophy and Retinitis Pigmentosa. 

 

 

 

 

 

 

 

Fig. 2.3.  Fundus findings: Picture of normal human retina and retina with retinitis pigmentosa 
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2.2.  LAB WORK 

2.2.1. Blood collection and DNA extraction 

 The venous blood samples (10 ml) were collected in 50 ml Sterilin® falcon tubes, 

containing 400 l of 0.5 M EDTA. The blood samples were kept frozen at -20°C till the 

commencement of DNA extraction. Genomic DNA was isolated from the blood samples 

following a non-organic method (Grimberg et al., 1989). 

1. Blood samples were thawed. 

2. 35 ml of TE buffer (10 mM Tris-Cl, 2 mM EDTA, pH 8.0) was added for 

washing of blood samples. Samples were centrifuged at 3000 rpm for 20 minutes 

and supernatant was discarded. Washing was repeated for three to four times till 

the WBC pellet is free of hemoglobin. 

3. Digestion of proteins in the pellets of WBC was carried out by adding 0.5 mg of 

proteinase K along with 200 l of 10% SDS in the presence of 6 ml TNE buffer 

(10 mM Tris-Cl, 400 mM NaCl and 2 mM EDTA,). 

4. The samples were left overnight in an incubating shaker at 37oC and a speed of 

250 rpm. 

5. Proteins were precipitated by adding 1 ml of saturated 6M NaCl, followed by 

vigorous shaking and chilling on ice for 15 minutes before centrifugation at 3000 

rpm for 20 minutes. 

6. DNA was extracted from the supernatant by adding equal volume of isopropanol. 

7. After washing the DNA pellet with 70% ethanol, DNA was dissolved in 1.5 ml 

TE buffer (10 mM Tris, 0.2 mM EDTA) and heated at 70oC in a water bath for 1 

hour to inactivate remaining nucleases. 

 The DNA was kept at -20°C, or at -70°C for longer term storage. 

2.2.2. Quantification of DNA 

 Two methods were used for quantification of DNA. 

2.2.2.1 Optical density measurements (Spectrophotometery) 

 DNA concentrations were obtained by measuring the optical density (OD) at 260 

nm using 1/100 dilution in quartz cuvette. The ratio of readings taken at 260 nm and 280 

nm wavelengths indicates the purity of the nucleic acid. DNA quality measurement is 

based on the fact that absorbance (oA) at 260 nm is twice than at 280 nm if the solution 

contains pure DNA. If there is a contaminant, like protein, there is some additional OD, 
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which decreases the absorbance ratio between 260 and 280 nm. Pure nucleic acid 

samples would have an A260/A280 ratio of 2.0. Ratios less than these indicate 

contamination of protein and the estimates of DNA concentration would be inaccurate 

(Glasel, 1995). The concentration of DNA is calculated from OD oA value using the 

formula shown in table 2.2. 

Table 2.2   Calculations for the concentration of Genomic DNA 
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Stock DNA  µl Buffer 

2 Formula   B3/C3 100 = B3*E3*50 = (25/F3)*100 = 100-G3 

3 Example 0.125 0.068 1.84 100 625 8 92 

2.2.2.2 Agarose gel electrophoresis estimation  

 This method uses the UV-induced fluorescence of ethidium bromide dye 

intercalated into the nucleic acid. The amount of fluorescence is proportional to the 

amount of nucleic acid present. Fluorescence from the test DNA and from a known 

amount of a DNA standard was compared visually. It also allowed the assessment of the 

integrity of the nucleic acid. 

2.2.3. Preparation of Replica DNA Plates 

 DNA was diluted in low TE Buffer (10 mM Tris HCl pH 8.0, 0.1 mM EDTA). 

Working DNA concentrations were kept at 25 ng/l and 75 ng/µl for single marker and 

multiplex PCR amplification, respectively (table 2.2). Plate map was designed that 

consist of at least 3 affected individuals with a parent and normal sibling from each 

family. Replicas of the designed master plate were made with 50 ng of DNA (for single 

marker amplification) and 150 ng (for multiplex PCR amplification) dispensed into each 

well and overlaid with 10 l mineral oil. 

2.2.4. Linkage Analysis for reported DFNB Loci 

 Linkage to published DFNB loci was done for the enrolled families using at least 

three microsatellite markers for each of the reported deafness locus (Hereditary Hearing 

Loss Homepage). The selected markers were checked for heterozygosity in the range of 
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0.7-0.8 from Marshfield maps. The primers have been selected to ensure robust PCR 

amplification and to produce PCR products covering a wide range of molecular weights. 

Fluorescently labeled primers (forward primers labeled with one of the fluorescent dyes, 

FAM, NED and VIC) were used for genotyping. They were obtained commercially from 

Applied Biosystems (ABI). Selected markers used for each of the reported locus are 

given in Table 2.3. 
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Table 2.3 Microsatellite markers used for linkage analysis of reported loci, with chromosomal position (in cM), labeling dye and ASR 

Locus Markers cM Dye ASR Locus Markers cM Dye ASR Locus Markers cM Dye ASR 

D13S175 6.03 FAM 101-113 D11S1789 79.98 FAM 241-258 D17S2207 ~45 FAM 98 
DFNB1 

D13S1275 6.99 FAM 198-214 
DFNB2 

D11S4079 79.98 VIC 257-265 
DFNB3 

D17S2206 ~45 FAM 141-165 

D7S2420 119.81 FAM 272-292 D14S70 40.11 FAM 212-220 D3S1581 70.61 VIC 78-102 

D7S2459 119.81 VIC 140-152 D14S1428 45.12 NED 176-200 D3S1289 71.41 FAM 197-215 DFNB4 

D7S2456 120.61 NED 238 

DFNB5 

D14S288 47.51 VIC 187-209 

DFNB6 

D3S3666 72.21 FAM 113-137 

D9S1837 67.39 VIC 223-251 D21S1225 48 VIC 220 D2S2144 46.37 FAM 217-245 

D9S1124 67.39 FAM 252-276 994G8CA50 48 VIC 131 D2S2223 46.37 VIC 182-200 DFNB7/11 

D9S1876 67.93 FAM 132-152 

DFNB8/10 

994G9CA82 48 NED 170 

DFNB9 

D2S174 46.9 NED 203-221 

D10S606 93.37 FAM 216-240 D7S1824 149.9 VIC 163-203 D7S821 109.12 VIC 238-270 

D10S1694 93.37 NED 141-161 D7S2511 156.33 FAM 243-265 D7S518 112.32 NED 179-201 DFNB12 

D10S1432 93.92 FAM 165-185 

DFNB13 

D7S1805 161.21 NED 198-223 

DFNB14 

D7S2453 115.96 VIC 183-199 

D3S1764 152.62 FAM 228 D19S216 20.01 VIC 179-191 D15S994 40.25 FAM 202-214 

D3S1744 161.04 VIC 131-163 D19S406 25.17 FAM 207-229 D15S659 43.47 VIC 176-186 DFNB15 
(chr. 3) 

D3S1605 172.27 NED 141-163 

DFNB15 
(chr. 19) 

D19S221 36.22 NED 191-211 

DFNB16 

    

D7S2847 125.15 NED 174-201 D11S1981 21.47 VIC 134-178 D18S1163 24.08 VIC 196-212 

D7S480 125.95 FAM 189-206 D11S902 21.47 FAM 181-211 D18S843 28.1 FAM 179-191 DFNB17 

D7S1842 128.41 FAM 114-154 

DFNB18 

D11S4138 21.47 NED 181-211 

DFNB19 

D18S464 31.17 VIC 283-291 

D11S969 146.6 VIC 141-160 D11S925 118.47 VIC 173-199 D16S490 39.04 VIC 329-395 

D11S968 147.77 NED 137-155 D11S4089 119.07 NED 199-213 D16S403 43.89 VIC 134-152 DFNB20 

D11S4098 147.77 VIC 264-278 

DFNB21 

D11S4107 119.07 FAM 186-212 

DFNB22 

D16S3113 45.56 FAM 108-128 
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D10S2529 74.5 FAM 200 D11S2017 101.75 FAM 109-133 D4S1632 44.66 VIC 277 

D10S2536 74.5 VIC 203 D11S1986 105.74 VIC 176-252 D4S3001 49.47 VIC 214-228 DFNB23 

D10S546 75.57 FAM 148-160 

DFNB24 

D11S4111 108.59 NED 203-222 

DFNB25 

D4S1627 60.16 NED 177-201 

D4S2981 145.98 NED 141-155 D2S382 169.41 VIC 156-170 D22S692 41.42 VIC 155-171 

D4S1625 145.98 FAM 182-210 D2S294 174.3 NED 184-216 D22S1156 44.32 FAM 150-162 DFNB26 
  

D4S1604 145.98 NED 254-260 

DFNB27 

D2S326 177.53 FAM 156-174 

DFNB28 

D22S272 45.82 FAM 132-150 

D21S2078  35.45 NED 144-178 D10S2481 52.1 VIC 186-226 D9S302 123.3
3 

FAM 258-312 

D21S2079 35.45  NED 305-347 D10S1775 52.1 FAM 218-226 D9S1776 123.3
3 

NED 111-131 DFNB29 
 

D21S1252 35.45 VIC 231-251 

DFNB30 

D10S197 52.1 FAM 161-173 

DFNB31 

D9S1855 123.3
3 

VIC 219-225 

D1S2739 130.73 FAM 130-150 D9S1826 159.61 VIC 133-147 D14S588 75.61 FAM 117-141 

D1S206 134.2 FAM 206-218 D9S158 161.71 FAM 213-233 D14S77 80.82 VIC 203-251 DFNB32 
  

D1S3723 140.39 FAM 148-206 

DFNB33  

D9S1838 163.84 FAM 159-175 

 DFNB35 

D14S53 86.29 NED 135-155 

D1S2870 14.04 FAM 190-210 D6S1031 88.63 NED 260 D6S1599 169.9
5 

VIC 131-155 

D1S3774 14.04 FAM 250-270 D6S1589 89.23 NED 180 D6S1277 173.3
1 

NED 292-300 DFNB36 
 

D1S214 14.04 FAM 117-147 

DFNB37  

D6S286 89.83 FAM 206 

DFNB38 

    

D7S2204 90.95 FAM 200-270 D22S686 13.60 FAM 180-220 D3S4523 138.0
0 

FAM 228-249 

D7S660 93.63 VIC 180-200 D22S1174 19.32 FAM 214-224 D3S1303 136.3
2 

FAM 198-218 DFNB39 
 

D7S820 98.44 NED 195-225 

DFNB40 

D22S1144 27.48 FAM 177-200 

DFNB42 

D3S1589 141.7
9 

FAM 149-169 

D7S2846 57.79 VIC 172-196 D18S476 2.84 VIC 263-275 D2S2952 17.88 FAM 177-209 

D7S691 63.67 NED 128-146 D18S1154 8.3 FAM 230-277 D2S2207 20.57 VIC 194-238 

D7S1818 69.56 FAM 183-199 D18S52 9.26 FAM 116-132 D2S168 27.06 NED 196-216 
DFNB44 

D7S2552 74.38 NED 232-282 

DFNB46 

D18S481 6.94 NED 183-203 

DFNB47 

D2S131 31.20 FAM 229-247 
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D15S1027 74.69 FAM 184-204 D5S629 75.89 FAM 233-253 D11S907 42.55 FAM 162-173 

D15S973 73.52 FAM 242-254 D5S637 75.89 FAM 246-254 D11S4203 45.94 FAM 218-278 DFNB48 

D15S1005 75.27 FAM 104-122 

DFNB49 

GATA141D10 75.89 FAM 104-116 

DFNB51 

D11S935 45.94 FAM 196-208 

D6S1959 34.23 FAM 182-198 D4S1569 71.77 NED 279-291 D2S326 177.53 FAM 156-174 

D6S1660 40.14 NED 203-217 D4S3248 72.52 FAM 233-257 D2S2314 182.24 FAM 96-118 DFNB53/66/67 

D6S1568 47.71 FAM 84-110 

DFNB55 

D4S1645 72.52 VIC 225-257 

DFNB59 

D2S2273 186.21 FAM 140-164 

D12S358 26.23 FAM 238-270 D20S840 79.91 FAM 123-165 D19S933 27.66 FAM 150-170 

D12S320 30.60 NED 196-216 D20S120 83.51 NED 213-241 D19S934 28.67 FAM 383-410 DFNB62 

D12S1042 48.70 FAM 118-136 

DFNB65 

D20S100 84.78 FAM 194-218 

DFNB72 

D19S391 28.83 NED 140-150 

D1S417 79.8 FAM 189-195 D12S1585 75.76 VIC 239-327 D5S2110 135.25 FAM 248-272 

D1S2652 80.77 FAM 94-104 D12S1649 76.36 FAM 162-194 D5S2002 136.33 FAM 168-186 DFNB73 

    

DFNB74 

D12S1702 77.25 FAM 234-290 

DFNB75 

D5S2117 137.39 NED 179-237 

D9S1826 159.61 FAM 133-147 D19S878 6.57 FAM 208-230 D1S1165 188.32 FAM 130-190 

D9S905 163.84 NED 288-310 D19S591 9.84 VIC 96-112 D1S2815 188.85 NED 210-237 DFNB79 

D9S1838 163.84 FAM 159-175 

DFNB81 

D19S894 15.55 VIC 110-150 

DFNM1 

D1S2790 190.98 FAM 243-253 
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2.2.5. Genotyping Microsatellite Markers by Polymerase Chain Reaction 

 The genomic DNA in the replica plates was amplified through polymerase chain 

reaction (PCR) using the STR markers. Typical reaction mixture for primer amplification 

is given in table 2.4. 

Table 2.4. Reaction mixture for amplification of STR markers for genotyping 

Ingredients Final Conc. Stock Required 

Genomic DNA 50 ng 25 ng/l 2 l 

Primer (Forward) 0.4 -0.8 pM 4.0 pM 0.1-0.2 l 

Primer (Reverse) 0.4 -0.8 pM 4.0 pM 0.1-0.2 l 
DNTPs (dATP, dTTP, dCTP, 
dGTP) 200 M 1.25 mM 0.8 l 

PCR Buffer 1x 10x 0.5 l 

Taq DNA Polymerase 0.5 units 2 units/l 0.25 l 

dH2O   q.s to 5 l 
 10X PCR buffer (100 mM Tris Cl-pH 8.4, 500 mM KCl, 15-25 mM MgCl2 and 1% Triton) 

2.2.5.1 PCR Cycle 

Thermocyclers GeneAmp PCR system ABI 2700 or 9700 (Applied Biosystems) 

were used for amplification of markers. Different thermocycler programs were used to 

amplify these markers. The most commonly used PCR programs were touch down 

programs of either 67°C→57°C or 64°C→54°C or simple annealing programs ranging 

between 52–60°C (Fig. 2.4). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.4.  Thermocycling profiles of PCR programs (highlighted annealing temperatures vary from 
marker to marker) 
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2.2.5.2 Sample preparation for ABI prism® 3100 Genetic Analyzer 

 An aliquot of 1-1.5 l of the PCR amplicon labeled with one of the fluorescent 

dyes FAM, VIC or NED together with 11.8 l Hi-DiTM Formamide (Applied Biosystems) 

and 0.2 l of one of the internal size standard ROX® or LIZ® (Applied Biosystems) were 

combined in a 96 well pooling plate using 12 capillary Hamilton® Syringe. Multiplexing 

of samples was performed in the pooling plates in a manner that avoids mixing of PCR 

amplicons of same size labeled with the same fluorophore. Products of different sizes 

were pooled together by maintaining the difference of minimum 25 nucleotides in case 

the products are labeled with similar fluorophore thus avoiding overlapping products 

during the analysis of data. The samples were denatured at 95°C for 5 minutes followed 

by quick chilling on ice for 5 minutes. 

2.2.6 Automated fluorescent genotyping 

 PCR amplicons labeled with three different fluorophores were combined and 

subjected for automated genotyping in ABI PRISM® 3100 Genetic Analyzer. Sample 

sheets in the Genescan were made to identify the lane number and contents of each 

sample like file name, sample name, dye and internal size standard. 

When the fluorescent labeled DNA fragments electrophorese through the polymer, 

they are separated according to their size and at the lower portion of the gel they pass 

through a region where a laser beam continuously scans across the gel. The laser excites 

the fluorescent dyes attached to the fragments and they emit light at a specific wavelength 

for each dye. A spectrograph collects and separates the lights according to wavelength, 

thus all three types of fluorescent emissions can be detected with one pass of the laser. 

With the help of data collection software light intensities are stored as electrical signals 

(Lee et al., 1997). Automated allele assignment was performed using the Genescan 

analysis and Genotyper 3.7 NT software (Applied Biosystems). The Genescan analysis 

software uses the automated fluorescent detection capability of the ABI genetic analysis 

instrument to size and quantitate DNA fragments and displays the result of the 

experiment as a reconstructed gel image, electropherogram or tabular data or a 

combination of electropherogram and corresponding tabular data. The Genotyper import 

Genescan sample files and converts data from Genescan files into user application results. 

Genotypic results include dye color, sample fragments with identifying labels, 

quantitative data, sample information and comments (Fig. 2.5). The Genotyper software 

also screens out peaks resulting from PCR related artifacts fragments detected during 
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electrophoresis. The Genotyper results are transferred to data spread sheets for haplotype 

and statistical analyses. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.5. Electropherogram representing alleles, showing father, mother, and normal individuals as 
heterozygous while the deaf individuals are homozygous for allele “2”. The alleles were 
called manually; smaller one was called as “1”. 
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2.2.7 Haplotype Analysis 

 A haplotype representing an individual’s chromosomal segment is the set of 

genotyped alleles arranged according to the cM distance along a chromosome. Alleles 

were arranged in ways that confirm the inheritance pattern of segregating disease. If three 

polymorphic (fully informative) markers located in the linkage interval of a DFNB locus 

did not show homozygosity among the affected of a family, the locus was considered 

unlinked. Linkage to a particular locus was confirmed when homozygous data of affected 

members correlates with the disease pattern in the family tree. 

2.2.8 Data organization to perform LOD scores calculations 

 The Microsoft Excel based macros was specially developed by Bioinformatics 

Lab, CEMB. The macros consist of different modules. Different excel sheets are named: 

Data Sheet, Ranges Sheet, Basic Information Sheet, and Code Sheet and help in 

integrating different excel sheets to analyze data. 

2.2.8.1 Data Sheet 

 The Data sheet is the primary sheet in which the records of size of alleles after 

genotyping were entered. It contained the following information: Panel ID, Marker’s 

name, cM distance, Labeling dye, ASR, Person name and its ID from the pedigree, 

Disease status/relation. Markers were listed column wise while individuals were arranged 

horizontally and per individual 2 columns were assigned for the set of alleles as shown in 

Fig. 2.6.  

2.2.8.2 Ranges Sheet 

 The data entered in the data sheet was subjected to different analysis parameters 

by using different modules of the macro, like Parentage, Coloring, Coding, and Filing. To 

run a specific module, ranges i.e. specific number of column and rows were given in the 

ranges sheet. 

2.2.8.3 The Macros of the Software 

 Data sheet and the Ranges sheet act as a backbone to run different modules of 

software. To run the macros, click “Tools” on the Menu bar, select Macro, and then 

Macros (Alt+F8). A window with the list of modules was opened; the relevant module 

was selected and Run command given. The whole procedure is depicted in Fig. 2.6. 
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Fig. 2.6. Procedure to run the macros on excel data 

2.2.8.4 Modules 

 They provide a computerized format for the enhanced management of data and 

related information. The macro package is provided with five dynamic modules. 

Descriptions of different modules are as follows: 

Parentage: (Confirmation of inheritance pattern): This module compares the given alleles 

of siblings with parental alleles. The alleles of individuals having same parents should not 

be more than 4. If any deviation regarding inheritance pattern is observed the relevant cell 

was highlighted as RED. 

Coloring: (Coloring of homozygous alleles): This module highlights all the homozygous 

alleles by changing their background color. For a single marker, if there were more than 

one homozygous pairs of alleles, different colors were assigned to different set of values 

and same color to same set of values.  
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Coding: This module analyzes all the alleles appeared against a marker and assigned 

them a numeric codes. Finally it generates a new version of data sheet having all 

information in original data sheet except alleles are replaced by its numeric code. 

Filing: This module compiles the allelic data for a given set of markers in the form of 

concatenated alleles. The out put of the module is to populate the column labeled 

“alleles” on a different data sheet named Basic Info which is further used to make pre file 

for Lod score calculation. Other columns of this sheet were filled manually according to 

the information of subjected pedigree. 

Creation of PRE file: This module picks the data from “Basic Info” sheet; arrange it in a 

specific pattern recommended by Linkage software and saves in a text-formatted file with 

a “pre” extension. This pre file is used as starting point while calculating LOD Scores. 

2.2.9 LOD scores calculations 

 LOD scores represent the most efficient statistical proof of evaluating pedigrees 

for linkage. LOD scores were calculated using FASTLINK (v4.1p), a DOS based 

software package (Schaffer et al., 1996). Two point and multipoint lod scores were 

calculated with MLINK and LINKMAP programs respectively (Terwillger and Ott, 

1994). Deafness was assumed to be inherited in an autosomal recessive manner with 

complete penetrance. Recombination frequencies were assumed to be equal in both males 

and females. Genetic distances were based on Marshfield human genetic map. 

PRE FILE: is a simple notepad file containing information regarding family structure, 

affection status and sex of individuals along with their genotypic data for one or more 

than one marker. 

PED FILE: A file in which the information about the consanguineous marriages/loops in 

the family is entered. The loops are broken with the help of a program named MAKEPED 

so that the program doesn’t revolve in enclosed circle. As the result the program makes 

double entry of those individuals from where the loops were broken and make a .Ped file. 

DAT FILE: This file is made with the help of a program named PREPLINK, and 

contains the allele frequency of each marker for which LOD score is to be calculated. The 

frequency of deafness alleles were estimated by genotyping the genomic DNA from 100 

unrelated Pakistani subjects. Some time, the allele frequencies were considered equal, 
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according to the data of family or 10 alleles with equal frequency of 0.1 were assumed to 

make total sum equals to 1.0. 

2.2.9.1 LOD Score result output 

The Linkage Control Program (LCP) takes .ped and .dat files as input files and 

generates a “pedin batch file” which on execution generates a file with default name 

“Final.out”. A “FAM2PD PROGRAM” reads the Final.out file and gives a text file of 

LOD score in notepad file format. 

2.2.10 DNA sequencing for mutational analysis 

 DNA sequencing technique was used to analyze the nucleotide bases (A, T, C, and 

G) in the DNA fragments (exons) to determine any mutation in the deafness causing 

gene. The first step in this process was to amplify the target exon through PCR using 

specifically designed primers (Primer3 website www.es.embnet.org/cgi-

bin/primer3_www.cgi). The amplicon nucleotide bases were labeled with fluorescent 

dyes. More than one primer pair was used to sequence longer exons.  

 The A, T, C and G bases were labeled in four different colours and analyzed by 

Automated ABI PRISM® 3100 Genetic Analyzer using Big Dye Terminator Chemistry 

(Heiner et al., 1998). The ABI PRISM® 3100 Genetic Analyzer functions the same way 

for both sequencing and genescan analysis i.e., electrophoretic separation and spectral 

detection of dye labeled DNA fragments.  

2.2.10.1 Exon amplification  

PCR reactions were performed to amplify the exon with 50 ng of template 

DNA in 25 l reaction mixture. The PCR reaction mixture is given in table 2.5. To 

confirm the amplification and purity, 5 l of the PCR product was analyzed on a 1.5% 

agarose gel.  
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Table 2.5 Reaction mixture for amplification of PCR Fragments 
 

Ingredients Stock conc. Used quantity 

Genomic DNA 25 ng/l 2l 

Forward Primer  8.0 pM 0.5 l 

Reverse Primer 8.0 pM 0.5 l 

dNTPs (dATP,dTTP,dCTP, dGTP) 1.25 mM 2.5 l 

PCR Buffer* 10x 2.5 l 

Taq Polymerase 2 units/l 0.5-1l 

dH2O  q.s to 25 l 

* 10X PCR buffer (100 mM Tris-Cl, pH 8.4, 500 mM KCl, 15-20 mM MgCl2 and 1% Triton) 

 

2.2.10.2 EXO-SAP Treatment 

The amplified product was then treated with a mixture of exonuclease-1 and 

shrimp alkaline phosphatase (SAP) (table 2.6) to remove unincorporated nucleotides and 

oligonucleotides. The mixture was incubated at 37oC for one hour, then at 80oC for 15 

minutes to inactivate the enzymes and lastly at 25°C for 30 minutes. 

Table 2.6 Reaction mixture for EXO-SAP Treatment 
 

Ingredients Required 

Amplified DNA 10 l 

Shrimp alkaline phosphatase 0.2 l 

Exonuclease-1 0.2 l 

10X SAP Buffer 1.5 l 

dH2O q.s to 15 l 

 

2.2.10.3 Sequencing Reaction 

An equal volume of dH2O was added to the 15 l EXO-SAP-treated reaction 

mixture, to dilute the salt concentration in the samples. Sequencing PCR with forward 

and reverse primer was performed separately using the following reaction mixture (table 

2.7). The PCR program for sequencing reaction is given in Fig. 2.7. 
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Table 2.7   Reaction mixture for sequencing reaction 

Ingredients Required 

Diluted DNA sample 6 l 

Big dye sequencing mix 1 l 

Primer (3.2 pM) 1 l 

5x dilution buffer* 1 l 

dH2O q.s to 10 l 

* 5x dilution buffer (Tris-Cl 400 mM, pH 8.7, MgCl2 10 mM) 

 

 
 

 

 

 

 

 

Fig. 2.7    Thermocycling profile for sequencing reaction. 
Highlighted temperature may vary for different primers. 

 

2.2.10.4 Preparing a product for sequencing on Genetic Analyzer 

Sequencing reaction was set up in 96 well MicroAmp PCR plate (ABI) and 

precipitated using ethanol. 19.0 l of 95% ethanol and 1.0 l of dH2O was added to the 

10 l sequencing reaction to make the final concentration of ethanol up to 60 3%. Plate 

was sealed with 3M Scotch® aluminum foil tape and vortex mixed and left at room 

temperature for 20 minutes for precipitation of the extended products. Afterwards the 

plate was centrifuged at 3250 rpm for 30minutes at 4oC and supernatant was discarded by 

inverting the plate on a paper towel. The pellets were washed with 150 l of 70% ethanol 

and then air dried. The dried pelletes were dissolved in 12 l of deionized Hi-DiTM 

Formamide (ABI). Samples were denatured at 95°C for 5 minutes followed by quick 

chilling by placing on ice before loading on the ABI PRISM® 3100 Genetic Analyzer. 

2.2.10.5 Analysis of DNA Sequences 

After each run, the Genetic Analyzer used the ABI PRISM sequencing analysis 

software version 3.7 to analyze the samples and render them a readable form. The 

sequences were then read manually on Chromas software v1.45 .The sequences were then 

50oC 
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blast against normal sequence by using either Nucleotide-nucleotide BLAST (blastn) or 

BLAST 2 Sequences on the NCBI web.  

BLAST (Basic Local Alignments Search Tool) is a family of search programs 

which is designed to explore all the available databases against a query protein or DNA 

sequence (Altschul et al., 1990). BLAST 2 Sequences, is a new BLAST-based tool which 

is less time-consuming. It is used for aligning only two homologous sequences of proteins 

or nucleotides (Tatusova and Madden, 1999). Both these programs were used from the 

NCBI website (http://www.ncbi.nlm.nih.gov/blast/bl2seq/wblast2.cgi). The resulting 

alignments are presented in both graphical and text form. Any change in the DNA 

sequence was confirmed by sequencing both sense and antisense strands. 
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3.1 PREAMBLE 

Families segregating non-syndromic sensorineural hearing loss were identified by 

an extensive search from the schools and centers for special education located in different 

cities of Pakistan including Gujranwala, Bhaker, Faisalabad, Bahawalpur, Vehari, 

Jampur, and Gujrat. 

A total of 50 families with three or more deafness affected individuals and 

segregating autosomal recessive deafness were enrolled in the study and blood samples 

were collected from each affected individual, normal siblings, parents and grandparents, 

depending upon their availability and consent. DNA was extracted from the blood 

samples and used in the linkage analyses by genotyping at least three fully informative 

fluorescently labeled primers surrounding microsatellite repeats for each of the reported 

recessive deafness locus (Table 2.3). Haplotypes were constructed to find the pattern of 

inheritance among the affected and normal individuals of each family under study. If the 

deafness phenotype in a family showed potential linkage to any of the known locus, more 

closely spaced STR markers were genotyped. Two-point LOD scores (Zmax) were 

calculated for each family using MLINK software.  

This chapter describes linkage results of the families in which deafness 

phenotypes were linked to reported recessive deafness loci, DFNB7/11 (PKDF1077), 

DFNB8/10 (PKDF866), DFNB49 (PKDF1069 and PKDF751) and DFNB3 (PKDF482, 

PKDF752 and PKDF1100). 

3.1.1 LINKAGE TO DFNB7/11 

3.1.1.1 PKDF1077 
This large consanguineous family having five deaf individuals in three loops was 

enrolled from “Bhaker” District of Punjab Province, and belongs to caste “Kase” (Fig. 3.1). 

No obvious symptoms of night blindness, goiter and balance problem were observed. 

The linkage analysis of hearing loss segregating in this family, for the reported 

recessive deafness loci, indicated linkage to DFNB7/11 markers. A maximum two-point 

LOD score of 3.55 at 0 was observed for the marker D9S1124 and 3.41 and 3.12 for the 

markers D9S1833 and D9S1876 respectively. 
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Fig. 3.1  DFNB7/11 linked haplotypes of family PKDF1077 at chromosome 9. Black symbols represent 
individuals who are deaf. The ‘at risk’ haplotypes are boxed in all generations. The genetic 
linkage markers and their relative positions in centimorgans (cM) according to the 
Marshfield maps are shown on the left side of the pedigree. 

 

3.1.2 LINKAGE TO DFNB8/10 

3.1.2.1 PKDF866 

This family was enrolled from “Khushab”( Punjab) , whose ancestors belong to 

“Samsal” Punjabi caste (Fig. 3.2). This family contained four affected individuals in three 

loops who showed congenital, non-syndromic, sensorineural hearing loss but no balance 

problem, goiter, night blindness or any other obvious clinical abnormality.  

The haplotype analysis showed linkage with the markers D20S1225, 994G8CA50 

and 994G9CA82 used for linkage studies of DFNB8/10. A maximum two-point LOD 

score of 1.65 at  0 was observed for the marker 994G8CA50.  
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Fig. 3.2 DFNB8/10 linked haplotype in family PKDF866 at chromosome 21. Black symbols represent 
individuals who are deaf. The ‘at risk’ haplotypes are boxed in all generations. The genetic 
linkage markers and their relative positions in centimorgans (cM) according to the 
Marshfield maps are shown on the left side of the pedigree. 

 

3.1.3 LINKAGE TO DFNB49 

3.1.3.1 PKDF1069 

This pedigree was enrolled from “Jampur” and belongs to “Dhandra” caste of 

Saraiki ethnic group. It contained five affected individuals in three loops which showed 

congenital, sensorineural hearing loss (Fig. 3.3). Clinical analysis of PKDF1069 revealed 

no other extra auditory phenotype co-segregating with hearing loss. 

 Deafness Phenotype segregating in PKDF1069 was linked to markers D5S2036 

(74.68Cm), GATA-141B10 (75.89cM), D5S637 (75.90cM) and D5S1982 (78.3cM) that 

encompass the DFNB49 locus. Maximum two point LOD score of 4.71 and 4.69 were 

obtained for D5S2036 and D5S637 respectively. 
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Fig. 3.3 DFNB49 linked haplotype in family PKDF1069 at chromosome 5. Black symbols represent 
individuals who are deaf. The ‘at risk’ haplotypes are boxed in all generations. The genetic 
linkage markers and their relative positions in centimorgans (cM) according to the 
Marshfield maps are shown on the left side of the pedigree. 

 

3.1.3.2 PKDF751 

PKDF751 belongs to caste “Arian” and was collected from “Gujranwala” district 

of Punjab. It is a large consanguineous family having eleven deaf individuals in two 

loops. However members of one loop gave their consent for sampling and four affected 

individuals along with two normal siblings and one parent were enrolled for the study. 

Affected individuals have non-syndromic deafness with no other associated clinical 

disorder. The inheritance of deafness in the family is consistent with an autosomal 

recessive trait (Fig. 3.4).  

Linkage analysis and haplotype construction of microsatellite markers D5S629, 

GATA-141B10 and D5S637 showed that all the affected individuals were homozygous for 

these markers while the normal individuals were heterozygous. As these markers 

encompass the recessive deafness locus DFNB49 at chromosome 5, the family was 

considered linked. Maximum LOD score (Zmax) of 2.74 was obtained for the markers 

D5S629 (75.89 cM) and GATA-141B10 (95.89 cM) at recombination fraction θ = 0.  
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Fig. 3.4 DFNB49 linked haplotype in family PKDF751 at chromosome 5. Black symbols represent 

individuals who are deaf. The ‘at risk’ haplotypes are boxed in all generations. The genetic 
linkage markers and their relative positions in centimorgans (cM) according to the 
Marshfield maps are shown on the left side of the pedigree. 

 
3.1.4 LINKAGE TO DFNB3 

3.1.4.1 PKDF482 
This family was enrolled from “Gujarat” (Punjab) and belongs to caste “Arian”. It 

has four affected individuals in two sib ships (Fig. 3.5). Hearing loss in this family was 

also non-syndromic as there was no history of night blindness, goiter or other obvious 

clinical abnormality. 

Haplotype construction established the linkage to DFNB3 locus with the markers 

D17S2207, D17S2206 and D17S2196. Zmax of 3.12 was observed for the markers 

D17S2207 and D17S2206 and 2.70 for the marker D17S2196. 
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Fig. 3.5  DFNB3 linked haplotype in family PKDF482 at chromosome 17. Black symbols represent 
individuals who are deaf. The ‘at risk’ haplotypes are boxed in all generations. The genetic 
linkage markers and their relative positions in centimorgans (cM) according to the 
Marshfield maps are shown on the left side of the pedigree. 

 
3.1.4.2 PKDF752 

PKDF752 belonging to “Arian” caste was ascertained from Faisalabad (Punjab) 

and contains  five affected members in three  sib ships but only three of them, belonging 

to one loop  could be included in this study. Physical evaluation of affected individuals 

revealed the absence of any other abnormality associated with hearing loss. During 

linkage analysis, this family was mapped to the DFNB3 interval on chromosome 17 (Fig. 

3.6). Maximum two point LOD score of 1.5 was obtained from the markers D17S2196, 

D17S2206 and D17S2207 at recombination fraction  = 0. 
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Fig. 3.6 DFNB3 linked haplotype in family PKDF752 at chromosome 17. Black symbols represent 
individuals who are deaf. The ‘at risk’ haplotypes are boxed in all generations. The genetic 
linkage markers and their relative positions in centimorgans (cM) according to the 
Marshfield maps are shown on the left side of the pedigree. 

 

3.1.4.3 PKDF1100 

A large consanguineous pedigree enrolled from “Bahawalpur” (Punjab) belongs to 

“kutana” caste of “Serieki” ethnic group (Fig. 3.7). This family showed congenital, non- 

syndromic, sensorineural hearing loss but there was no balance problem, goiter, night 

blindness or any other obvious clinical abnormality. The inheritance pattern was 

consistent with autosomal recessive mode. 

Linkage analysis was performed using the microsatellite markers D17S1857, 

D17S12196, D17S620 and D17D689. Haplotype analysis revealed that all the affected 

individuals were homozygous for these markers and normal members were heterozygous. 

This family was considered linked to the DFNB3 locus. Maximum LOD score (Zmax) of 

3.26 was obtained for the marker D17S2196 at recombination fraction  = 0. 
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Fig. 3.7 DFNB3 linked haplotype in family PKDF1100 at chromosome 17. Black symbols represent 
individuals who are deaf. The ‘at risk’ haplotypes are boxed in all generations. The genetic 
linkage markers and their relative positions in centimorgans (cM) according to the 
Marshfield maps are shown on the left side of the pedigree. 
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3.2 PROLOGUE 

Human MYO15A, the causative gene of DFNB3 is located on chromosome 

17p11.2 (17.96-18.02 Mb), has 66 exons and encodes unconventional MYOSIN XVA 

(Liang et al., 1999). Recessive mutations of MYO15A are associated with profound, non-

syndromic hearing loss DFNB3 in humans and deafness and circling behavior in shaker 2 

mice (Liang et al., 1999). In the inner ear, this motor protein is necessary for the 

development of hair cell stereocilia, which are actin-filled projections on the apical 

surface and the site of mechanotransduction of sound (Nal et al., 2007). 

During this study four hearing loss families PKDF016, PKDF132, PKDF133 and 

PKDF 260, which showed linkage to DFNB3 locus, were subjected to mutational analysis 

of MYO15A. This resulted in the identification of two novel mutations in three of these 

families. A novel nonsense mutation c.4528C>T (p.Q1510X) in exon 12 was identified in 

PKDF132 and PKDF133 while PKDF016 led to the identification of a novel splice donor 

site mutation in exon 44 (c.8224+3A>G). These two new mutant alleles of MYO15A were 

not found in other 200 chromosomes from 100 random individuals from Pakistani 

population. The sequence analysis of PKDF260 did not result in the identification of any 

mutation, thereby emphasizing the presence of a new deafness locus overlapping DFNB3 

that was previously hypothesized by Nal et al., (2007). Nal et al., (2007) had reported 16 

novel mutations of MYO15A in twenty DFNB3 families belonging to Turkey, India and 

Pakistan along with eighteen families of Pakistani origin in which no mutation was 

detected. They hypothesized that these may be spuriously linked to DFNB3 or may have 

an additional gene in the DFNB3 interval. During the current study, this hypothesis was 

made basis for screening 100 unlinked Pakistani families, by homozygosity mapping, for 

the DFNB3 peripheral regions to find an evidence of another locus. This resulted in the 

identification of the family PKDF1046 that showed initial evidence of linkage to 

chromosome 17p11.2. On refining the linkage interval with the help of additional STR 

markers, it defined a 3.10 Mb region of homozygosity between the markers D17S842 

(47.00 cM; 20.6 Mb) and D17S783 (47.00 cM; 22.33 Mb) on chromosomal bands 

17p11.2-17q11.1, completely excluding the MYO15A gene (17.96-18.02 Mb) and 

thereby, resulted in affirmation of a new deafness locus.  
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3.2.1 MUTATIONAL ANALYSIS OF MYO15A 

3.2.1.1 PKDF016 

This family was collected from “Gujranwala” (Punjab) and contains four deaf 

individuals (Fig. 3.8). The affected individuals manifested congenital, bilateral and 

profound hearing loss. Physical and clinical evaluation ruled out any syndromic 

association or environmental cause of hearing loss. 

Linkage analysis 

Deafness phenotype segregating in affected individuals showed initial linkage to 

DFNB3 region (17p11.2). Mapping of additional markers flanking DFNB3 defined a 

5.88cM region of homozygosity between D17S921 (36.14cM) and D17S696 (49.67cM) 

(Fig. 3.8). A maximum two-point LOD score of 2.53 at  0 was observed for the marker 

D17S2196 and 2.42 for the marker D17S1857. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.8. Haplotypes of PKDF016 linked with hearing loss at DFNB3. Disease haplotypes are boxed in 

all generations. Filled symbols represent deaf individuals. Microsatellite markers with their 
genetic positions in cM and Mb are listed at the left of pedigree. 
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Mutational analysis 
Sequence analysis of coding exons of MYO15A revealed a change in the splice 

donor site of exon 44 (c.8224+3A>G) (Fig. 3.9).  

 
 
 
 
 
 
 
 
 
 
 
Fig. 3.9 MYO15A chromatograms of (a) mutant allele (c.8224+3A>G) and (b) wild type, segregating in 

PKDF016. 

3.2.1.2 PKDF132 

PKDF132, a highly inbred pedigree with seven consanguineous marriages and 21 

affected individuals, was enrolled from “Multan” (Punjab) and belongs to “Arain” caste. 

Multiple family members were interviewed to construct the detail pedigree up to eight 

generations and 16 affected and 25 normal members were enrolled for comprehensive 

study from 3 generations (Fig. 3.10). The inheritance of deafness in the family was 

consistent with an autosomal recessive inheritance trait. 

Medical history 

Detail medical histories were obtained and physical examinations were performed 

for all the participating members to exclude any phenotype co-segregating with hearing 

loss. Pure tone air and bone conduction audiometric evaluations of individuals VI: 3, and 

VI: 6 suggested that the affected had bilateral, profound hearing loss (Fig. 3.12a and 

3.12b). There was also no history of balance problems, night blindness, goiter or other 

obvious clinical abnormality segregating with deafness phenotype. 

Linkage analysis 
The deafness segregating in the family PKDF132 was found linked to the DFNB3 

markers. Two-point LOD scores were calculated and a Z max. of 5.66 and 4.59 were 

obtained for the markers D17S925 and D17S620 respectively at recombination fraction  0. 

a 

b 
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Fig. 3.10. Haplotypes of PKDF132 linked with hearing loss at DFNB3. Disease haplotypes are boxed in all generations. Filled symbols represent deaf individuals. 

Microsatellite markers with their genetic positions in cM and Mb are listed at the left of pedigree. 
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Mutational analysis 

All the affected members of family PKDF132 were found homozygous for an 

unreported novel mutation c.4528C>T, which introduces a stop codon (p.Q1510X) in 

exon 12 of MYO15A (Fig.3.11). This non-sense mutation (c.4528C > T, p.Q1510X) was 

not found in 150 ethnically matched control DNA samples from Pakistani population. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.11. MYO15A chromatograms of (A) mutant and (B) wild type alleles, segregating in PKDF132. 
 

 

 

 

 

 

 

 

 

 
Fig. 3.12 A-B Pure tone air conduction audiograms of affected individuals VI:3 and VI:6 

of PKDF132 showing bilateral profound level of hearing loss. “O” and “X” 
symbols correspond to the right and left ear, respectively.     sign indicates non-
responsiveness of ear to the given threshold. 

A 

B 
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3.2.1.3 PKDF133 

This large consanguineous family was enrolled from “Multan” (Punjab) and 

belongs to “Arain” caste. This is highly inbred family having seven consanguineous 

marriages and 14 affected members. Old family members were interviewed to construct 

the detail pedigree (Fig. 3.13). Twelve affected individuals were available for the study 

along with their normal family members. The pedigree structure revealed an autosomal 

recessive mode of inheritance. 

Clinical history 

Most of the participants were clinically examined to rule out any extra auditory 

phenotype inherited with hearing loss. Adult affected members were tested for vestibular 

functions using tandem gait ability and Romberg test and were normal. 

Linkage analysis 

 Homozygosity mapping of deafness segregating in PKDF133 showed linkage to the 

DFNB3 markers on chromosome 17p11.2. Genotyping further makers gives proximal cross 

in individual (IV:5) at the marker D17S261 (41.12 cM) while the individual VI:7 defined a 

distal boundary at the marker D17S925 (49.67cM) resulting in a linkage region of 8.55cM 

(Fig. 3.13). Linked microsatellite markers D17S783 and D17S805 generate the maximum 

two-point LOD scores of 5.67 and 5.35 at recombination fraction  0. 

Mutational analysis 

The affected members of the family PKDF133 showed a novel, unreported 

mutation c.4528C>T, which introduces a stop codon (p.Q1510X) in exon 12 of MYO15A 

(Fig 3.14). This non-sense mutation (c.4528C>T, p.Q1510X) was not found in 150 

ethnically matched control DNA samples from the Pakistani population. 
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Fig. 3.13. Haplotypes of PKDF133 linked with hearing loss at DFNB3. Disease haplotypes are boxed in all generations. Filled symbols represent deaf 

individuals. Microsatellite markers with their genetic positions in cM and Mb are listed at the left of pedigree. 
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Fig.3.14. MYO15A chromatograms of (A) mutant and (B) wild type alleles, segregating in PKDF133. 
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3.3 MAPPING OF A NEW DEAFNESS LOCUS 

3.3.1 PKDF260 
PKDF260 belong to “Rajput Janjowa” caste was enrolled from MirpurKhas 

(Sindh). The pedigree showed total five affected individuals in two sib ships, four 

affected individuals and one normal sibling along with their parents were included for the 

study. This pedigree (Fig. 3.15) showed an autosomal recessive mode of inheritance with 

two consanguineous marriages. 

Clinical evaluation 

Affected members were physically examined to exclude any environmental causes 

of hearing loss. Vestibular functions were evaluated by testing tandem gait ability and by 

using the Romberg test and were found normal. The affected individuals were tested for 

the presence of eye disorders, goiter, skin pigmentation and bony abnormalities etc. but 

none of the syndromic phenotypic association was observed. 

Audiometric evaluation 

Pure tone audiometry for air and bone conduction was performed for the affected 

individuals (V:3 and V:4) at frequencies ranging from 250 to 800 Hz. Both the 

individuals showed bilateral severe to profound hearing loss (Fig. 3.16a and 3.16b).  

Linkage analysis 

Deafness phenotype in PKDF260 revealed initial evidence of linkage to the 

chromosome 17p11.2, the region of DFNB3. Additional closely spaced markers were 

selected and genotyped to confirm the linkage and assign proximal and distal boundaries. 

The individuals (IV:2 and V:6) provide the proximal cross by marker D17S620 at 47cM 

(17.5Mb) and affected individual (V:5) gives distal break point by marker D17S927 at 

58.32cM (32Mb). Haplotype analysis (Fig. 3.15) revealed a homozygosity region of 

approximately 11.25cM (14.5Mb). 

Two-point LOD Score Calculations 

LOD scores were calculated using MLINK of the FASTLINK computer package 

(Schaffer, 1996). Deafness was treated as an autosomal recessive trait. The disease was 

coded as fully penetrant, and the disease allele frequency was set at 0.001. Meiotic 

recombination frequencies were considered to be equal for males and females.  PKDF260 

had a maximum two-point LOD score (Zmax) of 2.57 at recombination fraction  0 with 
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the markers D17S793, D17S805 and D17S1824 (Table 3.1). 

Sequencing of MYO15A 

As the proximal boundary of PKDF260 overlaps with DFNB3 by marker 

D17S260 (17.5Mb) (Fig. 3.15) MYO15A gene, responsible for DFNB3, was sequenced to 

clarify the underlying situation. But no mutation was found in MYO15A which led to 

formulation of a hypothesis that the deafness segregating in PKDF260 was due to some 

other gene in the region and thus indicates the presence of a new DFNB locus overlapping 

DFNB3. 

 
Fig. 3.15. Haplotypes of PKDF260 at chromosome 17. Disease haplotypes are boxed in all generations. 

Filled symbols represent deaf individuals. Microsatellite markers with their genetic positions in 
cM and Mb are listed at the left of pedigree.  
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Fig. 3.16 A-B Pure tone air conduction audiograms of affected individuals V:3 and V:4 of 

PKDF260 showing bilateral severe to profound level of hearing loss. “O” and 
“X” symbols correspond to the right and left ear, respectively. 

 

Table 3.1 Two-point LOD scores for PKDF260 

 

 

 

 

 

 

 

 

3.3.2 PKDF1046 

PKDF1046 is consanguineous family belong to “Rajput ” caste having total six 

affected individuals in two sib ships. Four of these affected individuals were ascertained 

for study from “Kabirwala”(Punjab). Detail pedigree was drawn by the involvement of 

the older individuals of the family (Fig. 3.17). The pattern of inheritance in the family is 

autosomal recessive. 

Clinical and Audiometric evaluation 

Detailed medical histories were obtained to exclude any syndromic phenotype co-

segregating with deafness. Vestibular functions were evaluated by testing tandem gait 

ability and by using the Romberg test and were found normal in all the affected 

participants. Affected individuals (V:4, and V:7) were assessed for hearing and showed 

an audiometric profile of profound hearing loss at all frequencies (Fig. 3.18). 

Recombination 
Fraction 
θ = 0 Markers 

Marshfield Map 
Position 
(cM) 

PKDF260 
D17S793 47.00 2.57 
D17S805 48.07 2.57 
D17S783 48.07 1.40 
D17S691 48.07 1.40 
D17S1824 50.74 2.57 
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Linkage analysis  

During the linkage analysis of DFNB loci, deafness segregating in family 

PKDF1046 showed initial evidence of linkage to chromosome 17p11.2. Additional STR 

markers were genotyped and haplotype analysis revealed a 1.7 Mb interval of 

homozygosity delimited by a telomeric recombination with microsatellite marker 

D17S842 (47 cM, 20.6 Mb) in affected individuals V:1,2,3,4,6,7 and acentromeric 

recombination with marker D17S783 (47cM, 22.33 Mb ) in affected individuals V:1,2,3 

(Fig. 3.17). This redefined region excludes the MYO15A and suggests a new locus. 

Allele Frequency Calculations 

In order to calculate LOD scores, the population allele frequencies for each 

microsatellite marker within the linkage interval were calculated by genotyping 96 

randomly selected unaffected individuals from the same population. Along with the 96 

random Pakistani samples a few of the individuals of PKDF1046 family were also 

included to represent the alleles segregating in these families. 

Two-point LOD Score Calculations 

LOD scores were calculated using MLINK of the FASTLINK computer package 

(Schaffer, 1996). Deafness was treated as an autosomal recessive trait. The disease was 

coded as fully penetrant, and the disease-allele frequency was set at 0.001. Meiotic 

recombination frequencies were considered to be equal for males and females. 

PKDF1046 had a maximum two-point LOD score (Zmax) of 4.66 at recombination 

fraction  0 with marker D17S689 (47.0 cM; Table 3.2). 
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Fig. 3.17.  Haplotypes of PKDF1046 at chromosome 17p11.2-17q11.1. Disease haplotypes are boxed in 

all generations. Filled symbols represent deaf individuals. Microsatellite markers with their 
genetic positions in cM and Mb are listed at the left of pedigree. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3.18 A and B. Audiograms of deaf individuals (V: 4 and V: 7) of PKDF1046 showing bilateral 

profound hearing loss. “O” and “X” symbols correspond to the right and left ear, 
respectively. sign indicates non-responsiveness of ear to the given threshold. 
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Table 3.2 Two-point LOD scores for PKDF1046 

 

 

 

 

 

 

 

3.3.3 Refined region  

Combined haplotype analysis of the two DFNB linked families, gives a critical 

linkage interval of 1.7 Mb. The proximal boundary of the refined linked region for new 

locus was provided by PKDF1046 by microsatellite marker D17S842 at 20.6 Mb and 

distal breakpoint also in haplotypes of PKDF1046 by marker D17S783 at 22.33 Mb. 

According to physical map available on the UCSC Genome Browser (Mar 2006 

assembly) refined boundaries for new locus span 1.7 Mb (Fig. 3.19). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Recombination 
Fraction 
θ = 0 Markers 

Marshfield Map 
Position 

(cM) 
PKDF1046 

D17S689 47.00 4.66 
D17S783 47.00 0.85 
D17S1841 50.20 1.53 
D17S975 50.74 1.07 
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Fig. 3.19 Schematic representation of the linkage regions of families PKDF1046 and PKDF260 
showing linkage to the new DFNB locus, spanning 1.7Mb region at human chromosome 
17p11.2-17q11.1. Comparison with the MYO15A gene of DFNB3 and three candidate genes 
for new DFNB are also shown.  
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DISCUSSION 

The linkage studies of hereditary hearing loss offer a unique canvas to draw two 

types of illustrations all together—First, identification of the causative genes and the 

underlying pathogenic process in each form of deafness and—Second, elucidation of the 

molecular and cellular mechanisms of hearing. A large assembly of proteins operates in 

an integrated fashion to complement the functions of sensory cells in the cochlea. To 

cater with this functional complexity, about 300 protein-coding genes (1% of the total 

30,000) are anticipated to be involved (Friedman and Griffith, 2003). To date, researchers 

have been successful in identifying 147 autosomal, non-syndromic deafness loci for 

which only 59 corresponding genes have been cloned (Hereditary Hearing Loss 

Homepage: http://hereditaryhearingloss.org).  

Pakistani population has played a fundamental role in unraveling the mysteries of 

hearing mechanisms as 28 loci and 21 genes involved in autosomal recessive hearing loss 

have been mapped with the help of Pakistani families. These loci include DFNB8/10, 

DFNB16, DFNB20, DFNB26, DFNB29, DFNB35, DFNB36, DFNB37, DFNB38, 

DFNB39, DFNB42, DFNB44, DFNB46, DFNB47, DFNB48, DFNB49, DFNB51, 

DFNB55, DFNB62, DFNB63, DFNB65, DFNB66/67, DFNB68, DFNB71, DFNB72, 

DFNB73, DFNB74 and DFNB79 (Veske et al., 1996; Campbell et al., 1997; Moynihan et 

al., 1999; Riazuddin et al., 2000; Wilcox et al., 2001; Ansar et al., 2003a; Naz et al., 

2004; Ahmed et al., 2003a; Ansar et al., 2003b; Wajid et al., 2003; Aslam et al., 2005; 

Ansar et al., 2004; Mir et al., 2005; Hassan et al., 2006; Ahmad et al., 2005; Ramzan et 

al., 2005; Shaikh et al., 2005; Irshad et al., 2005; Ali et al., 2006; Khan et al., 2007a; 

Tariq et al., 2006; Shabbir et al., 2006; Santos et al., 2006; Chishti et al., 2009; Ain et al., 

2007; Riazuddin et al., 2009; Waryah et al., 2009 and Rehman et al., 2010). In addition to 

this, the first deafness modifier locus, DFNM1 was also mapped in a Pakistani family 

(Riazuddin et al., 2000). The genes identified from this lineage include GJB2 (DFNB1), 

TMIE (DFNB6), TMC1 (DFNB7/11), TMPRSS3 (DFNB8/10), CDH23 (DFNB12), 

USH1C (DFNB18), PCDH15 (DFNB23), RDX (DFNB24), TRIOBP (DFNB28), CLDN14 

(DFNB29), ESRRB (DFNB35), ESPN (DFNB36), MYO6 (DFNB37), HGF (DFNB39), 

ILRB2 (DFNB42), TRIC (DFNB49), LRTOMT/COMT2 (DFNB63), TMHS (DFNB66/67), 

BSDN (DFNB73), MSRB3 (DFNB74) and TPRN (DFNB79) (Kelsell et al., 1997; Naz et 

al., 2002; Kurima et al., 2002; Scott et al., 2001; Bork et al., 2001; Ahmed et al., 2002; 
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Ahmed et al., 2003b, Khan et al., 2007a; Riazuddin et al., 2006a; Wilcox et al., 2001; 

Collin et al., 2008; Naz et al., 2004; Ahmed et al., 2003a; Schultz et al., 2009; Borck et 

al., 2011 Riazuddin et al., 2006b; Ahmed et al., 2008; Shabbir et al., 2006; Riazuddin et 

al., 2009; Ahmed et al., 2011 and Rehman et al., 2010).”This large contribution of 

Pakistani population to the genetic databases gives a strong evidence of prevailing genetic 

heterogeneity of deafness loci/genes in this diverse population and makes it an ideal 

population to explore the large repertoire of human genes associated with deafness which 

still remains to be mapped and identified.  

The present study was aimed at to identify more of the genes/loci involved in 

hearing physiology. To achieve this objective, fifty consanguineous families, segregating 

deafness trait were ascertained from different areas of Pakistan. Twenty-five of these 

families were selected and subjected to linkage analysis by using highly polymorphic 

microsatellite markers for reported autosomal recessive deafness (DFNB) loci, to identify 

the underlying cause of hearing impairment. Deafness phenotypes in ten of these families 

were linked to the reported loci DFNB3, DFNB7/11, DFNB8/10 and DFNB49. 

The haplotype of one family PKDF1077, showing profound hearing loss, was 

linked to DFNB7/11 at chromosome 9q13-q21. Historically, the two loci DFNB7 and 

DFNB11 were identified separately on the same chromosomal location (Jain et al., 1995 

and Scott et al., 1996 respectively) and were, later, combined as DFNB7/11 (Van Camp et 

al., 1997). Positional cloning of this locus resulted in pathogenic variants of TMC1 gene 

in both dominant and recessive pedigrees (Kurima et al., 2002). TMC1 gene consists of 

24 exons coding for TMC1 protein which has 6 transmembrane domains and is expressed 

in cochlear hair cells and vestibular end organs (Kurima et al., 2002). Mutations of TMC1 

are responsible for 3.4% of hearing loss in Pakistani deaf families (Kitagiriet al., 2007). 

DFNB8/10-linkage was found in the family PKDF866. This locus was 

independently reported in two families: one from Palestine as DFNB10 and one of 

Pakistani origin family as DFNB8 (Bonne-Tamir et al., 1996; Veske et al., 1996) on an 

overlapping region of chromosome 21. Sequence analysis of DFNB8/10 families led to 

the identification of mutations in the Serine Protease coding gene TMPRSS3 (Scott et al., 

2001; Ben-Yosef et al., 2001). In Pakistani families, TMPRSS3 mutations account for 

1.8% of inherited hearing loss cases (Ahmed et al., 2004). To date, total nine TMPRSS3 

mutations have been reported and, interestingly, six of these pathogenic variants have 
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been found to segregate in Pakistani families. 

Haplotypes of two consanguineous pedigrees, PKDF751 and PKDF1069 were 

found linked to DFNB49/TRIC. DFNB49 was mapped in two Pakistani pedigrees on 

chromosome 5q12.3-q14.1 through genome wide scan (Ramzan et al., 2005). Positional 

cloning of DFNB49 resulted in the identification of pathogenic variants of TRIC gene 

(Riazuddin et al., 2006). Segregation of deafness phenotype due to this gene mutation has 

not yet been reported in any other population except Pakistan. 

The deafness phenotype segregating in six pedigrees PKDF482, PKDF752, 

PKDF1100, PKDF016, PKDF132 and PKDF133 was found linked to DFNB3. This locus 

was initially mapped by Friedman et al., (1995) to chromosome 17 with the help of a 

large non-consanguineous Indonesian pedigree and, later, MYO15A was identified as the 

underlying causative gene (Wang et al., 1998). This gene consists of 66 coding exons for 

MYOSIN XVA protein having 3530 amino acid residues (Liang et al, 1999). MYOSIN 

XVA is found to be concentrated within the cuticular plate and stereocilia of cochlear 

sensory hair cells of adult mouse and plays role in the formation and maintenance of the 

unique actin-rich structures of inner ear sensory hair cells (Liang et al., 1999). Recessive 

mutations of MYO15A are associated with profound, non-syndromic deafness DFNB3 in 

humans, and deafness with vestibular dysfunction in Shaker 2 mice (Wang et al., 1998). 

Mutant alleles of MYO15A are responsible for 5% recessive deafness in Pakistani 

population (Liburd et al., 2001; Nal et al., 2007). 

During the present work, mutational analysis of four DFNB3-linked large 

consanguineous families PKDF016, PKDF132, PKDF133 and PKDF260 was carried out 

and two previously unreported, novel mutations of MYO15A were identified in three of 

these families. The first one was a pathogenic splice donor site mutation c.8224+3A>G in 

exon 44 of MYO15A in the family PKDF016 (Fig. 3.9). The other novel mutation 

c.4528C>T (p.Q1510X) in exon12 was identified in the families PKDF132 and PKDF133 

(Fig. 3.11 and 3.14). These families sharing similarity of haplotypes for some markers 

and carrying the same mutation indicates a possible single origin of c.4528C>T in the 

ancestral founder for both the families. This mutation was not previously reported in 

Pakistani or any other population. The newly identified mutations were tested in 100 

normal control samples of Pakistani population to eliminate any doubt of single 

nucleotide polymorphisms and were not found in any of the samples. 
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The mutation c.8224+3A>G found in PKDF016 is located on the splice donor site 

of exon 44 that encodes FERM domain of MYOSIN XVA protein (Fig. 3.20). This 

mutation might have caused variation in the splice location, affecting the reading frame 

and length of mRNA and thereby leading to inclusion or exclusion of amino acids in the 

non-functional protein of the deafness-affected members of PKDF016. 

The other novel mutation c.4528C>T (p.Q1510X), identified in PKDF132 and 

PKDF133, is a non-sense mutation in exon 12 encoding the Motor domain of MYOSIN 

XVA protein (Fig. 3.20). This mutation is predicted to result in a truncated protein, which 

could be the cause of hearing loss in the affected members.  

 Identifying yet another two novel MYO15A mutations indicates the diversity of 

mutant alleles in Pakistani population. To date about 60 percent reported mutations of 

MYO15A have been from Pakistani lineage.  

 

 

 

 

 

Fig. 3.20 The domains of MYOSIN XVA with reported and new mutations. (Modified from Nal et 
al., 2007) 

The family PKDF260 did not show any mutation in the MYO15A gene. This 

convincingly led to assume the presence of another causative gene in the region. Nal et 

al., (2007) had reported 16 novel mutations of MYO15A, the causative gene of DFNB3 in 

20 families out of 38 that were linked to DFNB3, but no mutation was detected in 

remaining 18 families of Pakistani lineage. Nal et al., (2007) doubted of spurious linkage 

but also proposed the hypothesis of involvement of an additional gene in the DFNB3 

overlapping chromosomal interval. The linkage data of PKDF260 nullifies the doubt of 

spurious linkage and, rather, emphasizes the presence of two distinct causative genes in 

this region. This hypothesis gained more support from Belguith et al., (2009) who carried 

out mutational analysis of 77 Tunisian, DFNB3-linked deaf families and reported three 

novel mutations of MYO15A but failed to detect mutation in one of these families. Based 

on this assumption, Shahin et al., (2010) went on to report a DFNB3-overlapping locus 
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DFNB85, with the help of a single family showing no mutation in MYO15A and having a 

linkage interval of 11.3 Mb at chromosomal location 17p12-q11.2. Critically, Shahin et 

al., (2010) did not isolate the boundaries of the two loci and also suggested the possibility 

of mutation in the regularity elements of the MYO15A. 

In pursuit of convincingly characterizing this undefined scenario of chromosome 

17, we went on to screen one hundred, deafness affected, unlinked families for DFNB3 

adjacent locations. During this screening we found PKDF1046 that showed a critical 

linkage interval of 1.7 Mb on chromosomal bands 17p11.2-17q11.1 delimited by the 

markers D17S842 (20.6 Mb) and D17S783 (22.33 Mb), thereby completely excluding 

MYO15A (17.96-18.02 Mb). This persuasively affirms a new DFNB locus harboring 

another gene, located close to but different from MYO15A.  

Using the databases of UCSC Genome Browser (Mar 2006 assembly), a total of 

21 genes are identifiable in this newly mapped region (Fig. 3.21) and it is hoped that 

mutation in at least one of these genes is the cause of deafness in the families PKDF260 

and PKDF1046 and also those families reported by Nal et al., (2007), Belguith et al., 

(2009) and Shahin et al., (2010) in which mutation was not found in MYO15A gene. 

Three of these genes, THEM11, DHRS7B and KCNJ12 are strong candidates for their 

involvement in hearing process and are, thus, preferable for mutational analysis. THEM11 

gene consists of two coding exons for a multi-pass membrane protein 

“TRANSMEMBRANE PROTEIN 11” which is an integral, coupled receptor protein 

involved in protein binding and signal transduction. The 7-exon DHRS7B gene encodes a 

single-pass type II membrane protein, belonging to short-chain 

dehydrogenases/reductases (SDR) family and involved in oxidoreductase catalytic 

activities. The third candidate gene KCNJ12 encodes ATP-SENSITIVE INWARD 

RECTIFIER POTASSIUM CHANNEL 12 protein belonging to inward rectifier-type 

potassium channel family. This is also a multi-pass membrane protein which probably 

participates in establishing action potential waveform and excitability of neuronal and 

muscle tissues. One member of this family KCNQ4 is responsible for DFNA2 (Kubisch et 

al; 1999) while another member of this family, KCNJ10, correlates with the onset of the 

endo-cochlear potential, essential for auditory function (Yang et al., 2009). 

The identification of yet another locus involved in hereditary hearing impairment 

will help to fill the remaining gaps in the knowledge of molecular biology of the ear. 

Further upon, the discovery of causative gene and its functional studies will lead to a 
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more complete understanding of the inner ear function. This will facilitate in the carrier 

screening within the families with multiple affected individuals and offering genetic 

counseling and prenatal diagnosis to the families to help reduce the incidence of 

hereditary deafness.  

 

 

 

 

 

 

 

 

 

Fig. 3.21 Genes expressed in the new DFNB linkage interval identified by UCSC genome browser 
(March 2006 Assembly) 
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