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SUMMARY 

Deafness, the partial or complete inability to perceive sounds is the most common 

sensorineural disorder in humans. Approximately one in thousand newborn is affected by 

severe to profound hearing loss (HL) either at birth or during early childhood 

(Birkenhager et al., 2007). Genetic causes account for well over half of all cases of 

childhood deafness and the remainders are attributed to environmental factors (Yan and 

Liu, 2008).  Hereditary hearing loss is categorized as non syndromic where hearing loss 

is the only symptom and syndromic where deafness is co-segregarted with some other 

clinical manifestations. Non-syndromic hearing loss (NSHL) with autosomal recessive 

mode of inheritance is responsible for 70% of congenital deafness (Yan and Liu, 2008). 

So far 88 autosomal recessive non syndromic deafness loci have been mapped or 

reserved on different chromosomes and 29 of the corresponding genes have been 

identified. Pakistani pedigrees have helped in mapping 28 loci and capturing 17 genes 

involved in hearing process (Hereditary Hearing Loss Homepage).  

The anticipated objective of the present study was to identify molecular 

components that play a part in the process of autosomal recessive deafness in Pakistani 

population. In order to achieve this objective, 25 inbred pedigrees with history of pre-

lingual deafness were enrolled from different areas of Sind and Punjab. After written 

informed consent, blood samples were collected from the affected individual along with 

their normal siblings and parents for DNA extraction. DNA from twenty five pedigrees 

were subjected to linkage analysis of reported autosomal recessive deafness loci. Ten 

pedigrees were found linked to six reported loci; haplotypes of two pedigrees were linked 

to DFNB1/GJB2., three pedigrees with DFNB3/MYO15A, one pedigree with 

DFNB7/11/TMC1, one pedigree with DFNB9/OTOF and one pedigree with DFNB49/ 

MARVELD2. Two pedigrees were found linked to x-link locus DFN3/POU3F4. 

Mutational analysis revealed two reported mutation in GJB2 and two novel mutations 

were found in POU3F4 in two pedigrees, respectively.  

Five unlinked pedigrees were subjected to genome wide scans and PKDF280 was 

found linked to a new locus, with maximum two-point lod score (Zmax) of 9.43 at 

recombination fraction θ=0 for the marker D9SH159 (138.33 Mb) on chromosome 

9q34.3 encompassing a critical linkage interval of 3.86 Mega bases (Mb). The new locus 
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is designated as DFNB79. Genotyping of unlinked pedigrees from CEMB DNA data 

bank revealed two additional pedigrees (PKDF517 and PKDF741) linked to DFNB79. 

Meiotic recombination events in these three pedigrees define a critical interval of 3.84 

Mb bounded by marker D9S1818 (136.27 Mb) and D9SH6 (140.11 Mb). Among the 113 

candidate deafness genes in the critical linkage interval of DFNB79, sequencing of 

coding exons and exon-intron boundaries of six genes (CACNA1B, QSCN6L1, NOTCH1, 

EDF1, PTGDS and EHMT1) revealed no pathogenic variant. 

This dissertation reports the mapping of a new recessive deafness locus, 

designated by HUGO committee, as DFNB79 in three consanguineous Pakistani 

pedigrees. Further mutational analysis of POU3F4 causing linked recessive deafness 

(DFN3) revealed two novel mutant alleles in two pedigrees. This study is expected to 

help in better understanding of deafness genetics and disease pathology of mutated genes 

which will ultimately lead to development of therapeutic strategies. 
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INTRODUCTION 

 Deafness is defined as partial or complete hearing loss, which leads to an 

impaired ability to develop speech, language and effective communication skills. As a 

result, the affected children require intensive specialized education in order to optimize 

their potential. This tightly coordinated system can be disrupted by many factors, 

resulting in hearing loss, the most common form of sensorineural disorder in humans 

(Birkenhager et al., 2007). Hearing loss, severely compromise the quality of life and may 

result in the social isolation of affected individuals (Mckusick et al., 1992).   

The etiology of deafness is significantly diverse and manifested by either genetic 

and environmental factors or a combination of both. Almost 60 % cases of profound 

deafness are due to genetic factors (Morton and Nancy, 2006). Most inherited forms of 

deafness segregate as monogenic traits but digenic inheritance has also been reported 

(Friedman and Griffith, 2003). In monogenic cases, hearing loss segregates as an 

autosomal dominant, autosomal recessive, X-linked, Y-linked or mitochondrial mode of 

inheritance. The phenotypic spectrum of deafness includes both syndromic (characterized 

by hearing loss in combination with other abnormalities) and non-syndromic forms (with 

only hearing loss) (Ebermann et al., 2007). Most forms of non-syndromic autosomal 

recessive deafness are pre-lingual and always due to cochlear defects (sensorineural 

deafness). The degree of severity of the hearing loss may vary from mild, moderate, 

severe to profound and by the site of the defect. In contrast, syndromic forms may be 

conductive, sensorineural or both (mixed loss) and account for 30% of genetic genetic 

deafness (Alsmadi et. al., 2009). More than 400 distinct syndromes have been identified 

that are associated with deafness (www.ncbi.nlm.nih.gov/omim). It is estimated that 

approximately 75% of all cases are autosomal recessive (DFNB), 12-24% are autosomal 

dominant (DFNA), 1-3% cases are X-linked (DFN), while <1% is mitochondrial and Y-

linked (DFNY) (Friedman et al., 2003 and Wang et al., 2004). 

The genetic dissection of hearing loss was started with the localization of the first 

locus for autosomal dominant form of post-lingual hearing loss; DFNA1, in an extended 

pedigree from Cost Rica (Leon et al., 1992). In it next two years, the first autosomal 

recessive non-syndromic locus, DFNB1 was mapped in a Tunisian family (Guilford et 

http://dnalab-www.uia.ac.be/%20dnalab/hhh
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al., 1994). During the past decade, remarkable progress has been made in the localization 

of loci/ genes for non-syndromic hereditary deafness. Approximately 154 different 

chromosomal loci associated with non-syndromic deafness have been mapped/reserved 

that includes 59 autosomal dominant loci, 88 autosomal recessive loci, 6 X linked loci 

and one Y-linked locus. Of these, 22 genes have been identified for autosomal dominant 

(DFNA), 29 for autosomal recessive (DFNB) and 2 for X-linked (DFN) deafness 

(http://dnalab-www.uia.ac.be/dnalab/hhh). These genetic deafness loci/genes encode 

proteins of diverse functions, including transcription factors, cytoskeletal and 

extracellular matrix components, and ion channels. The identification of these genes and 

functional analysis of the proteins they encode have played very important role in our 

understanding of the process of the auditory functions. Given the complexity of auditory 

transduction and diversity of cochlear structures, it is not surprising that at least 1% of 

human protein-coding genes are involved in perception of sound (Kalay, 2007).  

The minute size, delicacy and cellular diversity of the inner ear tissues has posed 

exceptional challenges to proteomics studies (Thalmann, 2006). The conventional 

biochemical and physiological methods are not as convenient and successful to 

understand the mechanism of auditory system as the forward genetic approach. This is a 

powerful technique to identify the essential component of the auditory transduction, but 

the mapping of deafness genes through forward genetics is delimited by problems arising 

from phenotypic and genotypic heterogeneity, as many different genetic forms of hearing 

loss can produce similar clinical phenotypes.  Frequent assortative mating among nuclear 

families segregating recessive deafness leads to coexistence of several defective genes in 

a single pedigree and making them inappropriate for linkage studies (Van Camp et al., 

1997). Mapping strategies have circumvented some of these drawbacks by using, large, 

extended multi-generation consanguineous families, and populations isolates (ethenic 

group), in which there is greater likelihood of genetic homogeneity (Yan and Liu, 2008). 

Pakistani population is one of the richest genetic sources to study hereditary diseases due 

to its unique socio-cultural conditions where out of every ten marriages, six are 

consanguineous and among those four are between first cousins (Hussain and Bittles, 

1998). The prevalence of hearing impairment in Pakistan is 1.6 per 1,000 live births 

http://dnalab-www.uia.ac.be/%20dnalab/hhh
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(Elahi et al., 1998; Jaber et al., 1992) which is higher than world average of 1 per 1000 

live births (Atar and Avraham, 2005). 

 The present study was designed to study linkage to reported loci or identify new 

locus of hearing impaired, using highly consanguineous and inbred families from Punjabi 

and Sindhi population. For this purpose, 25 pedigrees segregating pre-lingual severe to 

profound deafness were enrolled from various parts of Punjab and Sindh province. 

Written informed consent was obtained from all the participants of this study; blood 

samples were collected and processed for DNA isolation. The DNA was subjected to 

exclusion analyses for reported DFNB loci. Eight pedigrees were found linked to reported 

DFNB loci; two pedigrees were linked to DFNB1/GJB2 and on sequencing two mutations  

p.R32H in PKDF499 and p.W77X in PKDF816 were  found, Three pedigrees PKDF774, 

PKDF778 and PKDF909 were linked to DFNB3 while three pedigrees PKDF742, 

PKDF913 and PKDF895 were linked to DFNB7/11, DFNB9 and DFNB49 respectively. 

The pedigrees which remain unlinked to reported deafness loci suggested the existence of 

novel deafness loci segregating in these pedigrees. 

Although the X linked deafness is rare but two pedigrees PKDF536 and 

PKDF1132 segregating X linked deafness as evident from pedigree drawing were 

identified. The deafness phenotype of these families is linked to X-linked locus DFN3 

harboring POU3F4 gene. Mutational analysis of the POU3F4 revealed two novel 

nonsense mutations p.Q136X and p.W114X in PKDF536 and PKDF1132 respectively.  

DNA from five unlinked pedigrees was subjected to genome-wide linkage 

analysis as an initial step to map new deafness causing gene. The initial evidence of 

linkage was found on chromosome 9q34.3 with D9S1838 in large consanguineous 

pedigree, PKDF280. Additional microsatellite markers were genotyped and haplotypes 

analysis revealed a 3.86 Mb interval of homozygosity delimited by markers D9S1818 

(136.27 Mb) at proximal position with out any telomeric break point. A significant two-

point LOD score (Zmax) of 9.43 at (θ=0) was obtained for the marker D9SH159 (138.33 

Mb). The region was designated as DFNB79 by HUGO committee. DFNB79 linked STR 

markers were used to screen unlinked Pakistani pedigrees in CEMB DNA data bank 

segregating recessive deafness. Genotyping revealed two additional pedigrees (PKDF517 
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and PKDF741) linked to DFNB79. Meiotic recombination events in these three pedigrees 

define a critical interval of 3.84 Mb delimited by markers D9S1818 (136.27Mb) towards 

proximal end and marker D9SH6 (140.11 Mb) towards distal face. Sequence analysis of 

six candidate genes CACNA1B, EDF1, PTGDS, EHMT1, QSOX2 and NOTCH1 revealed 

no pathogenic variants (Khan et al., 2010). 

These studies map a new locus DFNB79, showing the involvement of a new 

molecular component in the normal hearing process and provides a data for positional 

cloning of new causative gene. These studies have added to the existing knowledge of 

hereditary deafness that can be employed in carrier testing to lessen the number of at-risk 

unions. More specifically, the continuing elucidation of the molecular basis of inner ear 

function is laying the foundation for developing new approaches for diagnosis, 

management and treatment of auditory and vestibular disorders. 
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BACKGROUND 

Hearing is one of the key signals among the five senses for accomplishing the basic 

activities of daily life. Hearing impairment, lack or severe impairment of ability to perceive 

sounds leads to an impaired ability to develop speech, language and effective communication 

skills. As a result of this disorder the affected children require intensive specialized education 

in order to optimize their potential and capabilities. 

In order to understand the molecular basis of deafness, it is necessary to begin with 

basic understanding of structural as well as functional aspects of auditory system. 

ANATOMY OF HUMAN EAR 
In the entire repertoire of auditory process ear has a pivotal role to play. The human 

auditory system is one of the amazing and marvelous engineered masterpieces of human 

body, composed of several structurally and functionally diverse proteins; it controls the 

balance of the body and perceives sound. Human ear can perceive sounds over a dynamic 

range of six orders of magnitude and discriminate different frequencies with 0.2% precision 

in the range from 50 to 20,000 cycles per sound (Hz) (Dallos, 1992). To date no artificial 

intelligence based system built that can interpret sounds with the accuracy that the auditory 

system can. It is a highly intricate functional group, assembled of three functional 

compartments, the outer, middle and inner ear (Figure 1.1). 

ANATOMY OF EXTERNAL EAR 
The external ear is made up of the Pinna (also known as the auricle), the external 

auditory canal (meatus) and the eardrum (or tympanic membrane).  

Pinna is visible portion of ear, which is attached by ligaments and muscles to the 

skull. It is made up of a cartilaginous framework of elastic connective tissue and serves to 

funnel sound waves to the auditory meatus (Figure 1.1). Each pinna in the side of the skull 

leads into an ear canal. The ear canal is an irregular cylinder with an average diameter of less 

than 0.8 mm and about 2.5 cm long. The canal then narrows slightly and widens towards its 

inner end, which is sealed off by the eardrum. Thus, the canal is a shaped tube enclosing a 

resonating column of air with the combination of open and closed ends. The ear canal 
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supports (resonates or enhances) sound vibrations best at the frequencies which the human 

ears hear most sharply. This resonance amplifies the variations of air pressure that make up 

sound waves, placing a peak pressure directly at the eardrum. 

ANATOMY OF MIDDLE EAR 
The middle ear connects the outer ear to the inner ear. The middle ear consists of a 

small (2 cm3) air-filled cavity located in the temporal bone of the skull lined with mucous 

membrane and the ossicular system i.e., Malleus (hammer), Incus (anvil) and stapes (stirrup) 

(Figure 1.1). These bones form a system of levers which are linked together and driven by 

the eardrum. Malleus pushing Incus, Incus pushing Stapes, working together as a lever 

system, the bones amplify the force of sound vibrations. At the other end of the outer 

ear/inner ear link is the smallest, medial most ossicle, the stapes (stirrup). The broad base of 

the stapes, the footplate, rests in the membranous covering of the fluid-filled inner ear, the 

oval window. The middle ossicle, the anvil (incus), is sandwitched between malleus and 

stapes. The ossicles are suspended loosely within the middle ear by ligaments, known as the 

axial ligaments, extending from the anterior and posterior walls of the cavity. The ossicles 

are the smallest bones in the body (the smallest bone weighs 0.0001 ounces (0.3 cg)). They 

are the only bones that never grow larger from the time of birth. Incoming forces are 

magnified by about 30 %. This increased force allows the fluid in the cochlea of the inner ear 

to be activated. In the middle ear, a small tube connects the middle ear space to the 

nasopharynx of the throat called the Eustachian tube.  This tube allows fresh air to fill the 

middle ear space periodically. 
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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). 
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ANATOMY OF INNER EAR 

 The inner ear is a mechano-receptive organ within temporal bone, the hardest bone of 

the body. It regulates two systems; the auditory system for hearing and the vestibular system 

for spatial orientation and equilibrium. Vestibular system includes three semicircular canals, 

utricle, saccule and auditory system includes cochlea.  The inner ear is often referred to as 

labyrinth due to its complexity. It consists of two parts: the bony labyrinth and the 

membranous labyrinth (Hudspeth et al., 1989). The term labyrinth refers to series of 

convoluted compartments of the inner ear within the bone. 

a) Osseous Labyrinth 

 The osseous labyrinth is the bony part of the inner ear. It is lined with the periosteum 

and is filled with the fluid known as perilymph that resembles in chemical composition to the 

cerebral spinal fluid and normal extracellular fluids as it contains low K+ (4.2mM) and high 

Na+ (148mM) concentration It consists of three cavities in the petrous part of the temporal 

bone, containing:  

1. Vestibule - next to the oval window  

2. Three semi-circular canals – superior, lateral, posterior  

3. Cochlea - a bony spiral organ, about 35 mm long, shaped like a snail shell of 2 1/2 

turns (Figure 1.2). 

 The cochlea (Cochlea means "snail" in ancient Greek.) is itself divided lengthwise 

into three chambers: the scala vestibuli - a thin bony plate that partially divides the cochlear 

canal into an upper passageway; the scala tympani, which ends in the round window (a 

simple membrane which acts as a pressure release); and the scala media - which contains the 

true hearing sensory structure - the organ of corti (Figure 1.3). In between these canals there 

is the triangular passageway called the cochlear duct (Scala media). The cochlear duct is 

filled with endolymph and terminates at the helicotrema (Figure 1.6) and houses the Organ of 

corti with its two types of sensory cells (Figure 1.3). 

b) Membranous Labyrinth 

Other series of tubes made up of membranous part of the inner ear called the 

membranous labyrinth lies within the bony labyrinth. It is filled with a fluid known as 

endolymph, which is different in chemical composition from perilymph. Structures of the 
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membranous labyrinth include: Utricle and Saccule (within the vestibule), three semicircular 

ducts and their ampulla (within semicircular canals), and Cochlear duct (within the cochlea). 

The receptor organ of hearing i.e., the organ of corti lies within the scala media. The 

scala media joins the vestibular organ of vestibule, the saccule and utricle through a small 

tube, the ductus reunions. The membranous labyrinth continues as the semicircular canals. 

Thus, the six sensory structures of the inner ear i.e. three semicircular canals; utricle, saccule 

and the cochlea share the same continuous fluid environment, which is endolymph. 

 Endolymph is different from any other extra cellular fluid found in the body as its 

predominant cation is K+ (~157 mM) and it is very low in Na+ (1.3mm). Like perilymph, the 

endolymph is not homogenous in its ionic composition throughout the inner ear. The source 

of K+ appears to involve active transport by stria vascularis. On the other hand, the 

perilymph resembles in its chemical composition to the extra cellular fluid that are 

characterized by high Na+ concentration. Since its osmolarity is similar to that of plasma, 

hence it is in osmotic equilibrium with blood (Graham et al., 2000). 

The difference in ionic composition of endolymph and perilymph generates a 

potential difference of ~+80 mV, the largest potential in the body. The remarkable potential 

difference (+150 mV) across hair cell apex serves as tremendous driving force for 

mechanoeletrical transduction process (Eisen and Ryugo, 2007).  

c)  Organ of Corti 

The receptor organ of hearing, i.e. organ of corti, is sensory transduction system 

because it converts sound waves into endolymph of the cochlear duct into electrical impulses. 

It rests on the top of basilar membrane and covered by gelatinous ribbon of extracellular 

matrix known as tectorial membrane, final component of cochlear functional appratus 

(Figure 1.3). The receptor cells responsible for auditory transduction are called hair cells 

because of minute hair like microvilli (stereocilia) projecting from their apical surfaces. Tip 

links join the hair cells each other as a bunch and perform a central function in 

mechanoelectrical transduction process. The tallest stereocilia of outer hair cells directly 

contact the tectorial membrane.  

The stiffness gradient of basilar membrane along the length of cochlea is one of the 

fundamental mechanisms of tonotopic arrangement of cochlea. As a result of more stiffness 

the high frequency sounds are detected at the base while low frequency sounds are detected 
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at apex (Figure 1.4). The organ of corti houses polarized sensory cells, called hair cells, the 

neurons, and several types of support cells. Organ of corti is an unusual type of epithelium in 

that it does not have undifferentiated cells that accounts for inability of hair cells to be 

replaced (Raphael and Altschuler, 2003). 

d)  Auditory Hair Cells 

 Hair cells of the inner ear are the epithelial cells that originate from the surface of 

ectoderm not from the neural tube that from the central nervous system. Basically each hair 

cell is cylindrical or flask shaped. The hair cells are born upon other types of cells known as 

supporting cells. 

 Each hair cell is crowned at its apical pole by a hair bundle consisting of a V-shaped 

array of about 100 cylindrical stereocilia in rows of graded height. Each stereocilium is a 

projection from a hair cell consisting of an actin core covered by the plasma membrane of the 

cell. The stereocilia are rigid because of a bundle of cross-linked actin filaments that is 

inserted into the mesh of actin filaments that constitutes the cuticular plate. The tip of each 

stereocilium is linked to the shaft of its neighbor by tip links.  

The human ear contains two morphologically as well as physiologically distinct 

classes of sensory cells known as outer hair cells (OHC) and inner hair cells (IHC).  The 

outer and inner hair cells of the organ of Corti change vibrational energy into neural energy 

that is transmitted via the auditory nerve to the brain.  

i) Outer Hair Cells (OHCs) 

 There are three to four rows of outer hair cells, numbering about 12,000 and having 

diameters of only about 8 micrometers. Although they are much greater in number than the 

inner hair cells, they receive only about 5% of the innervations of the nerve fibers from the 

acoustic portion of the VIII nerve.  These cells contain muscle-like filaments that contract 

upon stimulation and fine-tune the response of the basilar membrane to the movement of the 

traveling wave. It is found that if outer hair cells are damaged while the inner cells remain 

fully functional, a large amount of hearing loss occurs. Therefore, a concept has been 

proposed that the outer hair cells in some way control the sensitivity of the inner hair cells for 

different sound pitches.  
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Figure 1.2 The Cochlea. (Adapted From www.encyclopediabotanica.com 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
      

 
    Figure 1.3 Organ of Corti (Adapted From www.encyclopediabotanica.com)                                              
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Figure 1.4 Tonotopic organization and frequency distribution along the human cochlea basilar membrane. 
(Adapted from www.hearability.co.uk) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.5 Mechanosensory Transduction Unit. (Adapted from www.hearingcentral.com) 
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      ii)       Inner hair cells (IHCs) 

 Inner hair cells, actual sensory elements of sound transduction system are pear shaped 

cells with a round centrally located nucleus. There is one row of about 3500 IHCs, measuring 

about 12 micrometers in diameter. These cells receive about 95% of the innervations from 

the nerve fibers from the acoustic portion of the VIII nerve. These cells have primary 

responsibility for producing our sensation of hearing (Figure 1.3). When lost or damaged, a 

severe to profound hearing loss usually occurs. 

PHYSIOLOGY OF HEARING 
 The conversion of sound energy into a neural signal that is interpreted by the brain as 

sound perception is known as sound transduction. 

 Sensory transduction involves a complex series of reactions within the ear, the three 

parts of the ear are designed to conduct sound through three radically different media—air, 

bone, and fluid. The ears can hear everything, from the faint ticking of a small watch to the 

roar of a jet engine, a range of volume of nearly one million to one! The ear of a young 

person can sense as few as 20 Hz (for low-pitched sounds) and as many as 20,000 Hz (for 

high-pitched sounds).  

EVENTS IN SOUND TRANSDUCTION PATHWAY 
 Sound waves impinging on the head are captured by the external ear (auricle or 

pinna) and conveyed through the external auditory canal (acoustic duct) to the tympanic 

membrane (eardrum). Air molecules under pressure cause the tympanic to vibrate. Low 

frequency sound waves produce slow vibrations and high frequency sounds produce rapid 

vibrations. These vibrations are then transferred to the small middle ear bones that act in a 

lever-like fashion, and production of pressure waves within the cochlea to displace the basilar 

membrane. The central area of the tympanic membrane is connected to the malleus, which 

also starts to vibrate. The vibration is then picked up by the incus, which transmits the 

vibration to the stapes. As the stapes moves back and forth, it pushes the oval window in and 

out. The total force of the sound wave is transferred to the oval window, but because the oval 

window is much smaller, the force per unit area is increased 15-20 times. Additional 

mechanical advantage is gained from the leverage in the middle ear bones. This is necessary 
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because the fluid in the inner ear is more difficult to move than air and thus sound must be 

amplified.  

The sound waves that reach the inner ear through the oval window set up pressure 

changes that vibrate the perilymph in the scala vestibuli. Vibrations in the perilymph are 

transmitted across the vestibular membrane to the endolymph of the cochlear duct, and also 

up the scala vestibuli and down the scala tympani. The vibrations are transmitted to the 

basilar membrane which in turn vibrates at a particular frequency, depending upon the 

position along its length [high frequencies vibrate the window end where the basilar 

membrane is narrow and thick, and low frequencies vibrate the apical end where the 

membrane is wide and thin]. 

Vibration of basilar membrane up and down creates 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 which are implanted in the tectorial membrane to bend. This 

shearing action cause deflection of a few nanometers of a stereocilia bundle towards the 

tallest stereocilia, and through an angle that can be less than 1˚, opens (within a few 

microseconds) mechanically gated ion channels located on the top of each stereocilia. The tip 

links allow a quick opening synchronized for all stereocilia when they are displaced toward 

the stria vascularis. Due to high concentration of K+ in endolymph and because of 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) OHC, react by contracting (electromotility), this is an active mechanism. Due 

to the tight coupling of OHC with the basilar membrane and reticular lamina this active 

mechanism feeds energy back to the organ of corti and the IHCs are excited probably due to 

tectorial membrane activation of stereocilia. 

 Frequency decomposition 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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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 (VIII) nerve to the medulla. Within the medulla, most impulses cross to 

the opposite side and then travel to the midbrain, 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 

Figure 1.6 The sound conduction pathway. (Adapted From Fettipalce and Hackney, 2006) 
Vibrations of the eardrum or tympanum (t) are propagated via osssicles, the malleus (m), 
incus (i) and stapes (s), and create pressure into the cochlear fluids, which is being relieved at 
the round window (rw). The pressure waves set in motion the basilar membrane, ultimetly 
leading to mechanosensory transduction by sensory organ, the organ of Corti which houses 
sensory hair cells. The cochlea is shown as straight to illustrate its division into three 
different chambers filled with fluids of different ionic composition. Different regions of the 
cochlea respond differently to different sound frequencies. High frequency sounds are 
detected at the base while low frequency sounds at the apex. 
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PREVALENCE  
Deafness is partial or complete loss of hearing and is one of the most prevalent 

sensory deficits with striking effects on speech acquisition and literacy. It is estimated that 1 

in 1,000 births are affected with serious permanent hearing impairment (Morton, 1991), of 

which about 60% are attributed to genetic factors (Marazita et al., 1993). In addition, a 

further 1/1000 children becomes deaf before adulthood (Fortnum et al., 2001). Finally, 10% 

and 50% of the population manifest a hearing loss by the age of 60 and 80 years, 

respectively, which impairs their ability to communicate easily, leading to increase social 

isolation and a severe compromisation of the quality of life (Davis, 1989). Presbycusis (Age 

related hearing loss) result in progressive but less severe hearing loss, and is thought a result 

of life long interactions of unknown genetic and non-genetic factors, noise being the most 

common one (Gates et al., 1999). 

Hearing impairment is classified according to several criteria. 

1. The first criterion is cause of the disease; which may be genetic, environmental or 

involvement of both factors. 

2. The second criterion is type of ear defect; on the basis of which it may be conductive, 

sensorineural or mixed depending upon the outer and middle ear, inner ear or both, 

respectively.   

3. The third criterion is degree of severity of the hearing loss with positive or negative 

vestibular involvement. i.e.  

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 
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4. The fourth criterion is the age of onset (congenital, pre-lingual or post-lingual) and 

progressiveness of the hearing loss.  

5. The last criterion for classification of hearing impairment is whether it is associated 

with other clinical symptoms (syndromic) or weather it is the sole defect (non-

syndromic or isolated) (Kalatzis and Petit. 1998; Riazuddin et al., 2000; Bykhovskaya 

et al., 2000; Schultz et al., 2005). 

MOLECULAR GENETICS OF HEARING LOSS 
Hereditary hearing loss is clinically and genetically heterogeneous trait. Classical 

biochemical approaches to characterize unknown 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 syndromic deafness started in the early 

1990s but until 1994 only three gene loci involved in non-syndromic 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 non-syndromic 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 non-syndromic hearing loss, many families suitable for linkage 

analysis have been identified. 

By using molecular genetic technology, the genes for many syndromic as well as non-

syndromic hearing losses have been precisely located. 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 

polymorphic genetic markers, genetic maps, physical maps, genomic DNA sequence for 

humans and mice, transcriptome databases, and mouse and zebra fish models for human 
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hearing. It seems reasonable that by the next decades many more dozen disorders and genes 

of hearing loss will be genetically mapped. 

TYPE OF HEARING LOSS 
 Clinically hearing loss is classified into conductive, sensorineural or mixed. A 

sensorineural hearing loss is caused by dysfunction in the cochlea or the higher auditory 

pathway including the cochlear nerve. Sometimes a cochlear loss is referred to as sensory 

and one involving the nerve or higher centres neural.  

 Conductive hearing loss is caused by a mechanical obstruction to the transmission of 

sound energy anywhere from the outer ear to the stapes and the oval window. Mixed hearing 

loss is the combination of both the conductive and neurosnsory classes. 

CONDUCTIVE HEARING LOSS 
 Congenital causes of conductive hearing loss are relatively rare and usually arise in 

malformations of the external and middle ear such as microtia. This may occur as an isolated 

event or as a part of a more complex problem such as Treacher Collins or 

Goldenharsyndromes.  

 Occasionally abnormalities of the middle ear and ossicles such as ossicular fixation 

may exist. 

 a) External ear  

 Foreign bodies: Earwax is often blamed for hearing loss. In fact, it rarely causes a 

significant loss. Around 90% of the ear canal must be obstructed for wax to cause a hearing 

loss. Occasionally if a smaller amount of wax is pressed up against the drum, this can cause 

hearing loss by impeding the drum movement. Other foreign bodies include cotton wool 

buds, beads, dressings and even insects. Removal of these will improve the hearing, but the 

patient will often present with symptoms other than hearing loss.  

Infection in the external ear (otitis externa) will affect the hearing if the canal becomes 

sufficiently swollen or blocked with debris to obstruct the passage of sound.   

b)  Tympanic Membrane  

 Perforations of the tympanic membrane may cause hearing loss. Small perforations 

are unlikely to lead to a significant loss unless their presence leads to a middle ear infection. 
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Larger perforations lead to a hearing loss because there is not enough area of tympanic 

membrane remaining to absorb and transmit sound energy.  

c)  Middle Ear  

 A pathological process within the middle ear usually causes a hearing loss. Infections 

and cholesteatoma - acute otitis media will cause a temporary hearing loss. As the infection, 

resolves there may be a persisting effusion that prolongs the loss.  

SENSORINEURAL HEARING LOSS (SNHL) 
 With sensorineural loss, it is not only the volume of sound that is reduced; the actual 

content will be more difficult to interpret. This is known as reduced discrimination and is 

particularly significant in neural rather than sensory causes of deafness.  

 Congenital SNHL may be inherited, due to structural abnormalities in the labyrinth, 

acquired parentally, during birth or in the neonatal period. Some causes are idiopathic  

Inherited SNHL may be an isolated defect restricted to the hearing, or as part of an 

eponymous inherited syndrome, examples include:  

 Usher's  (with retinitis pigmentosa),  

 Waardenburg (with white forelock, broad nasal bridge, telecanthus and 

heterochromia iridis- different colored irises)  

 Allport  (with inherited nephritis)  

 Jervell Lange-Nielson (with cardiac conduction anomalies-prolonged QT  

MODE OF INHERITANCE 

Deafness has five modes of inheritance, 

• Autosomal recessive (75%) 

• Autosomal dominant (12-24%) 

• X-linked (1-3%)   

• Mitochondrial (Marazita et al., 1993) 

• Y-linked (Wang et al., 2004) 
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NON-SYNDROMIC DEAFNESS 
It is the kind of deafness in which there is no other recognizable symptoms associated 

with HL. It is a more prevalent and accounts for aproximately 70% of inherited deafness 

(Yan and Liu, 2008). The non-syndromic forms of hearing loss are referred to as DFNA for 

the autosomal dominant forms, DFNB for autosomal recessive forms; DFN for the X linked 

forms and DFNY for the Y-Linked form. So far 154 autosomal recessive NSHL loci have 

been mapped on different chromosomes of human genome (www.uia.ac.be/dnalab/hhh). 

a) NON-SYNDROMIC AUTOSOMAL DOMINANT DEAFNESS 
Most forms of autosomal dominant NSHL are difficult to distinguish phenotypically. 

The majority of autosomal dominant genes are associated with hearing loss that is post-

lingual in onset, is mostly progressive and not affecting the speech (Guilford et al., 1994), 

often beginning before the age of 20 years. Some forms, however, notably DFNA4, DFNA9 

and DFNA10 are associated with hearing impairment starting somewhat later during the third 

and fourth decades. To date 59 Loci have been mapped which cause dominant hearing 

impairment and 22 genes have been identified and characterized, while 6 of them are 

overlapping with autosomal recessive loci (http://dnalab-www.uia.ac.be/ dnalab/hhh).  

b)  NON-SYNDROMIC AUTOSOMAL RECESSIVE DEAFNESS 
In non-syndromic genetic hearing impairment of pre-lingual onset, autosomal-

recessive inheritance predominates. The autosomal recessive forms are usually more severe 

than the other forms and are almost exclusively due to cochlear defects (sensorineural 

hearing impairment). It includes non-progressive severe to profound deafness, which may be 

congenital or develop after the development of speech (Guilford et al., 1994). The severity of 

hearing loss increases the involvement of autosomal recessive mode of inheritance (Cremers 

et al., 1991).  Non-syndromic deafness represents extreme genetic heterogeneity, as 88 loci 

have been mapped/ reserved (Table 1.1) and 29 nuclear genes have been identified to date 

(http://dnalab-www.uia.ac.be/dnalab/hhh). 

http://www.uia.ac.be/dnalab/hhh
http://dnalab-www.uia.ac.be/
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TABLE 1.1 Autosomal Recessive Non-syndromic Deafness Loci and Genes 

Locus Location Gene Most Important Reference 

DFNB1 13q12 GJB2 Guilford et al., 1994a, Kelsell et al., 1997 

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

Weil et al., 1997 

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

DFNB4 7q31 SLC26A4 Baldwin et al., 1995, Li et al., 1998 

DFNB5 14q12 Unknown Fukushima et al., 1995a  

DFNB6 3p14-p21 TMIE Fukushima et al., 1995b, Naz et al., 2002 

DFNB7/ 11 9q13-q21 TMC1 Jain et al., 1995, Scott et al., 1996, 

Kurima et al., 2002 

DFNB8/10 21q22 TMPRSS3 Veske et al., 1996, Bonne-Tamir et al., 1996 

Scott et al., 2001 

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

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

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

DFNB14 7q31 Unknown Mustapha et al., 1998b 

DFNB15 3q21-25,19p13 Unknown Chen et al., 1997 

DFNB16 15q21-q22 STRC Campbell et al., 1997, Verpy et al., 2001 

DFNB17 7q31 Unknown Greinwald et al., 1998 

DFNB18 11p14-15.1 USH1C 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 Moynihan et al., 1999 

DFNB21 11q TECTA Mustapha et al., 1999 

DFNB22 16p12.2 OTOA Zwaenepoel et al., 2002 

DFNB23 10p11.2-q21 PCDH15 Ahmed et al., 2003b 

DFNB24 11q23 RDX Khan et al., 2007 

DFNB25 4p15.3-q12 Unknown Richard Smith, unpublished 

DFNB26 4q31 Unknown Riazuddin et al., 2000 

DFNB27 2q23-q31 Unknown Pulleyn et al., 2000 

DFNB28 22q13 TRIOBP Walsh et al., 2000, Riazuddin et al., 2005 

DFNB29 21q22 CLDN14 Wilcox et al., 2001 

DFNB30 10p12.1 MYO3A Walsh et al., 2002 

DFNB31 9q32-q34 WHRN Mustapha et al,, 2002, Mburu et al., 2003 
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DFNB32 1p13.3-22.1 Unknown Masmoudi et al., 2003, Belguith et al., 2008 

DFNB33 10p11.23-q21.1 Unknown Medlej-Hashim et al., 2002, Belguith et al., 2009 

DFNB34 RESERVED 

DFNB35 14q24.1-24.3 ESRRB Ansar et al., 2003a, Collin et al; 2008 

DFNB36 1p36.3 ESPN Naz et al., 2004 

DFNB37 6q13 MYO6 Ahmed et al., 2003a 

DFNB38 6q26-q27 Unknown Ansar et al., 2003b 

DFNB39 7q11.22-q21.12 Unknown Wajid et al., 2003, Schultz et al., 2009 

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

DFNB41 RESERVED 

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

DFNB43 RESERVED 

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

DFNB45 RESERVED 

DFNB46 18p11.32-11.31 Unknown Mir et al., 2005 

DFNB47 2p25.1-p24.3 Unknown Hassan et al., 2005 

DFNB48 15q23-q25.1 Unknown Ahmad et al., 2005 

DFNB49 5q12.3-q14.1 MARVELD2 Ramzan et al., 2004, Riazuddin et al., 2006 

DFNB50 12q23 Unknown  

DFNB51 11p13-p12 Unknown Shaikh et al., 2005 

DFNB52 RESERVED 

DFNB53 6p21.3 COL11A2 Chen et al.,, 2005 

DFNB54 RESERVED 

DFNB55 4q12-q13.2 Unknown Irshad et al., 2005 

DFNB56 RESERVED 

DFNB57 10q23.1-q26.11   

DFNB58 2q14.1-q21.2  Richard Smith, unpublished 

DFNB59 2q31.1-q31.3 PJVK Delmaghani et al., 2006

DFNB60 5q22-q31 Unknown Richard Smith, unpublished 

DFNB61 RESERVED 

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

DFNB63 11q13.2-q13.3 LRTOMT Khan et al., 2007, Tlili et al., 2007 

Kalay et al., 2007, Ahmed et a.l; 2008 

DFNB64 RESERVED 

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

DFNB66/67 6p21.2-22.3 LHFPL5 Tlili et al., 2005, Shabbir et al., 2006  

Kalay et al., 2006 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16804542
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&dopt=Abstract&db=PubMed&list_uids=16244493
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=609427
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&dopt=Abstract&db=PubMed&list_uids=16244493
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DFNB68 19p13.2 Unknown Santos et al., 2006 

DFNB69 RESERVED 

DFNB70 RESERVED 

DFNB71 8p22-21.3 Unknown Chishti et al., 2009 

DFNB72 19p13.3 Unknown Ain et al., 2007 

DFNB73 1p32.3 BSND Riazuddin et al., 2009 
DFNB74 12q14.2-q15 Unknown Warayah et al., 2009 
DFNB75 RESERVED 
DFNB76 RESERVED 
DFNB77 18q12-q21 LOXHD1 Grillet et al., 2009 
DFNB78 RESERVED 
DFNB79 9q34.3 Unknown Khan et al., 2010 
DFNB80 RESERVED 

DFNB81 RESERVED 

DFNB82 1p13.3 Unknown Shahin et al., 2009 

DFNB83 9p23-p21.2/ 

p13.3-q21.13 

Unknown Shahin et al., 2009 

DFNB84 12q14.3-21.2 Unknown Shahin et al., 2009 

DFNB85 14q23.1-q31.1, 

17p12-q11.2 

Unknown Shahin et al., 2009 

DFNB86 RESERVED 
DFNB87 RESERVED 
DFNB88 RESERVED 

Adopted from: http://dnalab-www.uia.ac.be/dnalab/hhh 
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c) NON-SYNDROMIC X-LINKED DEAFNESS 
A type of deafness in which pathogenic variants is present on X-chromosome. X 

linked deafness accounts for a small proportion of all congenital deafness. Non-syndromic X-

linked deafness represents genetic heterogeneity and categorized into six types/ loci (DFN2, 

DFN3, DFN4, DFN5, DFN6 and DFN8) (Table 1.2) (http://dnalab-www.uia.ac.be/dnalab/ 

hhh) but data of only four types have been provided so far.   

TABLE 1.2 X-Linked Recessive Deafness Loci and Gene 

Locus Location Gene Most Important Reference 

DFN2 Xq22 PRPS1 Tyson et al., 1996, Liu et al., 2009 

DFN3 Xq21.1 POU3F4 De Kok et al., 1995

DFN4 Xp21.2 unknown Lalwani et al., 1994

DFN5 NO DATA PROVIDED 

DFN6 Xp22 Unknown del Castillo et al., 1996

DFN7 WITHDRAWN 

DFN8 RESERVED 

Adopted from: http://dnalab-www.uia.ac.be/dnalab/hhh 

d)  NON-SYNDROMIC Y-LINKED DEAFNESS 
 A type of deafness in which pathogenic variants is present on Y-chromosome. It 

accounts for a small potion of NSHL. Wang and co warker reported first deafness locus on 

Y-chromosoms (Wang et al., 2004). So far only one locus for Y-linked deafness has been 

mapped. Y-linked deafness is denoted as DFNY. 

e)  MITOCHONDRIAL DEAFNESS 
 It is the kind of deafness in which mitochondrial DNA (mtDNA) is associated with 

sensorineural hearing loss (SNHL) either in isolation or as a part of a multi-system disorder. 

Many mtDNA mutations leading to non-syndromic deafness have been identified. The 

pathogenic mechanism underlying mitochondrial dysfunction that causes deafness is still 

unclear.  

 

http://dnalab-www.uia.ac.be/dnalab/hhh
http://dnalab-www.uia.ac.be/dnalab/hhh
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Retrieve&list_uids=8968763&dopt=Citation
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=300039
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7839145&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Retrieve&list_uids=7942846&dopt=Citation
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Retrieve&list_uids=8872482&dopt=Citation
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SYNDROMIC DEAFNESS 

Deafness associated with clinically diagnosable phenotype is called as Syndromic 

Deafness. It shares 30% of inherited deafness cases. Syndromic deafness accounts for 30 % of 

genetic deafness (Alsmadi et al., 2009). More than 400 syndromes associated with deafness 

have been identified (www.ncbi.nlm.nih.gov/omim). It can be dominant (Wardenburg 

syndrome, Brachio-oto-renal syndrome, Stickler syndrome), recessive (Usher syndrome, 

Pendered syndrome), X-linked (Alport syndrome, Norrie syndrome, Hunter syndrome) or 

mitochondrial (Kurima et al., 2002, Naz et al., 2002). Recessively inherited syndromes are 

more common than dominant ones. 
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CHAPTER-III 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

LINKAGE ANALYSIS: A KEY TOOL FOR 

MAPPING DISEASE GENES  
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LINKAGE ANALYSIS 

 Linkage analysis is a powerful, family-based approach to disease mapping in human 

pedigrees. Specific copies of the genomic region harboring the disease gene are co-inherited 

with the disease within a family; this reflects lack of recombination between the disease 

mutation and neighboring genetic markers, due to their close proximity. Within a family, 

individuals who share a disease will typically share alleles at markers near the disease gene 

(Figure 1.7). The particular alleles co-inherited with the disease often differ between 

families, reflecting allelic heterogeneity or ancestral genetic recombination events. Results of 

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 at least +3.0 is typically considered 

evidence of linkage and LOD score of −2 or below excludes disease linkage to a region (Ott, 

1991). 

 

 

 

 

 

 

 

 

 
 
 

 
Figure 1.7 Recombination event 
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RECOMBINATION FRACTION REFLECTS THE GENETIC DISTANCE 

 Alleles at loci on same chromosome for different genes co-segregate at a rate that is 

associated to the physical distance between them on the chromosome. This rate is the 

probability or recombination fraction (θ), of a recombination event occurring between two 

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 like 

microsatellite repeats. The recombination fraction ranges from θ=0 for loci right next to each 

other through θ = 0.5 for loci apart (or on different chromosomes), so that it can be taken as a 

measure of the genetic distance or map distance between gene loci. Two loci which show 1% 

recombination are defined 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). 

LOD SCORE METHOD 

 When parametric linkage analysis methods are used, a quantity known as lod score 

(logarithm of the odds) is typically calculated. The score provides the strength of evidence in 

favor of linkage. 

 

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

Probability of the data if disease and marker are unlinked 
Log10 × 

In a lod score calculation the numerator is the probability of data in the family if the disease 

and marker are linked and therefore not segregating independently and the denominator is the 

probability if the disease and the marker are unlinked and therefore segregating 

independently (null hypothesis). If the marker and the disease gene are unlinked then the 

numerator is no more than the denominator and the 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 will be greater than 1. A score of +3 or a positive score is 

an indication of linkage while a score of –2 or a negative score denotes absence of linkage. It 

is carried out by various computer programs (Ott, 1991; Terwillger and Ott, 1994). 
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MULTIPOINT MAPPING 

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

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. 

DNA POLYMORPHISM AS A TOOL FOR LINKAGE ANALYSIS 

 It is necessary to have polymorphic markers, which can be checked for inheritance 

with the disease locus in question for linkage analysis. Genotyping is carried out by a genetic 

marker defined as an observable polymorphism within the population. 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)n and (GT)n repeats. The (CA)n repeats are extremely abundant and can 

be found, on average, once every 30-60 kb. (CA)n 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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SECTION 2 

 

 

 

 

 

 

 

MATERIALS AND METHODS 
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Study of the Capturing the genetic components of auditory sensory epithelium is 

divided in two parts  

Field work 

 Identification of pedigrees with three or more affected individuals with pre-

lingual deafness 

 Enrollment of identified pedigrees and collection of blood samples 

 Clinical evaluation 

Bench work 

 DNA Isolation 

 Linkage analysis of  reported non-syndromic recessive deafness loci 

 Genome wide linkage scan to map new locus 

 DNA Sequencing for mutational analysis 

FIELD WORK 

IDENTIFICATION AND ENROLLMENT OF FAMILIES 

 Families with three or more affected individuals having pre-lingual deafness were 

enrolled with the help of special education from different cities of Punjab and Sindh 

Provinces. Principals of the schools were requested to collect information about the history of 

deafness in the family of each student by providing them a specified questionnaire, which 

was designed to acquire preliminary information about the number of affected individuals in 

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

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

disease history, detailed pedigree, 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 depending upon their willingness and availability. 

Majority of enrolled families provided convincing evidences that non-syndromic 

deafness is consistent with an autosomal recessive mode of inheritance, while some families 

show X-linked mode of inheritance. Multiple family members were interviewed to construct 
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the pedigrees and to confirm consanguineous sibships. Pedigree structures of the enrolled 

families were drawn using Cyrillic® program (Cyrillic for Windows 3.1) and Macromedia® 

FreeHand® software. 

CLINICAL EVALUATION 

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

pedigrees in an effort to minimize the chance of non genetic factors of hearing loss.  

Clinical History and General Examination 

The clinical history is the first step in investigation. General medical history and 

physical examination was carried out in the field with focus on the following points.  

1. Onset of loss of hearing (congenital, pre-lingual, post-lingual). 

2. Severity of hearing loss (mild, moderate, severe, profound). 

3. Pigmentation of any part of the body. 

4. Status of vision capability 

5. Thyroid history 

6. Exposure to any viral disease. 

7. Injury/ trauma 

8. Use of antibiotic/ototoxic drugs during pregnancy. 

9. Proper functioning of kidneys, heart and other vital organs. 

ASSESSMENT OF HEARING LOSS 

Casual observation may provide preliminary indication of the patient’s hearing 

problems. The observation of an individual’s manner, voice and hearing for conversation at 

the first consultation can help to predict the nature and degree of hearing disability. However 

audiological testing is compulsory for proper evaluation of hearing. 
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AUDIOLOGICAL TESTING 

The nature of the hearing disabilities is determined with the help of an instrument 

called audiometer and this technique is known as audiometry. Audiometric testing is a 

measurement of hearing sensitivity using airborne pure tones and bone conducted pure tones, 

and it measures the lowest intensity at which an individual perceives a pure tone. This 

provides a means of classifying deafness according to the degree of severity as shown in 

Figure 2.1 (Mazeas and Bourguet, 1975).  

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

and to ascertain the type and severity of the impairment. The AMBCO Audiometer model 

650 AB (AC) and Siemens SD 70 (AC and BC) audiometers were used for audiological 

testing of affected and unaffected individuals. 

Separate right and left earphones of the audiometer are used to measure threshold 

sensitivity, allowing each ear to be examined independently. Headphones are fitted with RED 

marked earphones on the right ear and the BLUE on the left ear, adjusting the headband as 

necessary. Tones are reduced in intensity (dB) until a just detectable threshold of hearing is 

determined. This is repeated at frequencies from 250 to 8,000 Hz within the auditory 

spectrum. The threshold of hearing at each frequency is plotted as an audiogram (Figure 2.1), 

which plots the dB reading at different frequencies in Hz on the horizontal axis, and the 

intensity in db on the vertical axis. The symbols used for right and left ear measurements on 

audiogram are “O” and “X” respectively. The shape of the curve is a measure of the 

frequency sensitivity of both the middle ear and the inner ear (Figure 2.2). 

In pure tone air conduction audiometry, sounds are presented through earphones; 

thresholds depend on the condition of the external ear canal, middle ear, and inner ear.  

Bone conduction audiometry is performed to differentiate whether the hearing loss is due to 

a sensory problem (sensorineural hearing loss) or a mechanical problem (conductive hearing 

loss). This distinction is made by presenting sounds through a vibrator which is placed on the 

mastoid bone. Sound at various frequencies and sound pressure leads directly to the cochlea 

via bone conduction thus bypassing the external ear and the mechanical parts of the middle 

ear. If hearing is better using bone than air, this suggests a conductive hearing loss (Figure 

2.2). 
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Figure 2.1 Chart representing degree of severity of hearing loss 
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Figure 2.2 Sample audiograms for hearing loss on the basis of type of ear defect 
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Tympanometry 

 Tympanometry is a measure of the stiffness of the eardrum and thus evaluate middle 

ear function. This test provides useful quantitative information about the presence of fluid in 

the middle ear, negative middle ear pressure, and mobility of the middle ear system, ear canal 

volume, disruption of the ossicles, tympanic membrane perforation, and otosclerosis. 

 To perform the test, a soft probe is placed snugly in the external ear canal. A sound 

stimulus generator transmits acoustic energy into the canal while a vacuum pump introduces 

positive and negative pressures into the ear canal. A microphone in the instrument detects 

returning sound energy and thus measures movement of the tympanic membrane in responses 

to the pressure changes. The result of the test is recorded in a visual output, called a 

tympanogram. 

ASSESSMENT OF VESTIBULAR DYSFUNCTION 

 The vestibular system helps to control body orientation. It consists of three semi-

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

angle to the each other and deals with different movement, 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. In the 

regard of vestibular testing, two tests Romberg and tandem gait and are usually performed. 

Rhomberg Test  

The Rhomberg test is a physical examination in which the patient is asked to stand 

with their feet together (touching each other) and to close their eyes. An observer remains 

close at hand in case the patient begins to sway or fall. Normally with eyes open, three 

sensory systems, vision, proprioception, and the vestibular system provide input to the 

cerebellum to maintain truncal stability. If there is a mild lesion in the vestibular or 

proprioception systems, the patient is usually able to compensate by visual input. With closed 

eyes, however, the visual input is removed and instability can be apparent. If there is a more 

severe proprioceptive or vestibular lesion, or if there is a midline cerebellar lesion causing 

truncal instability, the patient will be unable to maintain this position even with their eyes 

open and may fall (Blumenfeld, 2001). 
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Tandem Gait Test 

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

with their hands touching their body, placing the toes of their back foot so that they 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.  

ASSESSMENT OF RETINITIS PIGMENTOSA 

Retinitis pigmentosa (RP) is hereditary degenerative disease of the retina, 

characterized by night blindness, pigmentary changes within the retina, and eventual loss of 

vision. For the diagnosis of RP, two tests were performed on the affected individuals.  

Fundoscopy 

 Fundoscopy is an examination of the sensory structures of the eyeball (fundus), which 

includes the retina, optic disc, choroid, and blood vessels.  

Direct Ophthalmoscopy 

 In Ophthalmoscopy the pupils are dilated and the examiner performs the examination 

in a dark room by projecting a beam of light from an ophthalmoscope, through the pupil to 

view the back of the eyeball.  

Opthalmoscopy using Indirect Ophthalmoscope 

 The indirect ophthalmoscope is a binocular, headset, stereoscopic instrument that 

gives a wide-field view of the vitreous and retina. A light beam is directed into the eye by an 

adjustable mirror and the reflected light is gathered by a condensing lens to form an inverted 

image of the retina.  

Fundus Findings 

 The retina of RP affected individuals characterized by the presence of clumping of 

black pigments on retina, vessel attenuation, loss of retinal pigment epithelium (RPE), and 

paleness of the optic nerve (Figure 2.3). The fundus findings are helpful in distinguishing RP 

from other comparable retinal dystrophies with distinctive retinal features.  
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Electroretinography (ERG) 

ERG is a 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. 

 

 

 

 

 

 

  

Figure 2.3  Fundoscopic comparison:  normal retina and retina with RP 
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LAB WORK 

BLOOD COLLECTION AND DNA EXTRACTION 

 10 ml of venous blood samples were collected in 50 ml Sterilin® falcon tubes already 

containing 400 μl of 0.5 M EDTA. Till the commencement of DNA extraction, blood 

samples were kept frozen either at -20°C for long term storage. Genomic DNA was isolated 

from the blood samples following a non-organic method (Grimberg et al., 1989). 

• Blood samples were thawed. 

• 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 30 min and supernatant 

was discarded. Washing was repeated for three to four times till the WBC pellet is 

free of hemoglobin. 

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

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

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

• The samples were left overnight in an incubating shaker at 37oC and a speed of 250 

rpm. 

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

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

20 minutes. 

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

• 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 hr to 

inactivate remaining nucleases. 

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

Two methods were used for quantification of DNA. 

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 of the purity of the nucleic acid. DNA quality measurement is based 

on the fact that absorbance (A) at 260 nm is twice that at 280 nm if the solution contains pure 

DNA. If there is a contaminant like protein, there is some additional OD 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). 

2. Agarose gel electrophoresis estimation with a known standard DNA dilution. 

 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. 

Table 2.1 Quantification of Genomic DNA 

 A B C D E F G H 

Amount to be taken to prepare 

100 ml dilution of 25ng/μl 1  

O
D
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°2

60
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μg
/m
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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 
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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/μl and 75 ng/µl for single marker and 

multiplex PCR amplification. Plate map was designed that consist of affected individuals 

from all sibship of the pedigree with their parents and normal siblings. Replicates of the 

designed master plate were made with 50 ng of DNA for linkage studies and 150 ng for 

genome wide scan dispensed into each well and overlaid with 10 μl mineral oil. 

LINKAGE ANALYSIS FOR REPORTED DFNB LOCI 

 Linkage analysis of selected pedigrees with reported DFNB loci was done by using at 

least three microsatellite markers for each of the reported deafness locus (Table 2.2). The 

selected markers were checked for heterozygosity from Marshfield maps and their average 

heterozygosity was between 0.7-0.8. 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 2.2. 
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Table 2.2 Microsatellite markers used for linkage analysis of reported loci/genes 
 
 

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

D13SGJB2 6.03 NED 190-210 D11S4186 79.98 VIC 154-178 D17S2196 44.62 NED 139-163 
D13S175 6.03 FAM 101-113 D11S1789 79.98 FAM 241-258 D17S2207 45.00 FAM 110-160 DFNB1 
D13S1275 6.93 FAM 198-214 

DFNB2 
D11S4079 79.98 VIC 257-265 

DFNB3 
D17S2206 45.00 FAM 141-165 

D7S2420 119.81 FAM 272-292 D14S70 40.11 FAM 212-220 D3S1581 70.61 VIC 78-102 
D7S2459 119.81 FAM 140-152 D14S1428 45.12 NED 176-200 D3S1876 70.61 NED 140-166 DFNB4 
D7S2456 120.61 NED 238 

DFNB5 
D14S288 47.41 VIC 187-209 

DFNB6 
D3S1289 71.41 FAM 197-215 

D9S1837 67.39 VIC 223-251 D21S1225 48 VIC 220 D2S2144 46.37 FAM 217-245 
D9S1124 67.39 FAM 132-152 D21SCA50 48 VIC 131 D2S174 46.37 NED 203-221 DFNB7/11 
D9S1876 67.93 FAM 252-276 

DFNB8/10 
D21SCA80 48 FAM 170 

DFNB9 
D2S1124 46.9 VIC 182-200 

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 143-265 D7S518 11232 NED 179-201 DFNB12 
D10S1432 93.92 FAM 165-185 

DFNB13 
D7S1805 161.96 NED 198-223 

DFNB14 
D7S2453 115.96 VIC 183-199 

D15S994 40.25 FAM 202-214 D7S2847 125.15 NED 174-201 D11S1981 21.47 VIC 134-178 
D15S659 43.47 VIC 176-186 D7S480 125.95 FAM 189-206 D11S902 21.47 FAM 145-163 DFNB16 
    

DFNB17 
D7S1842 128.41 FAM 114-154 

DFNB18 
D11S4138 21.47 NED 181-211 

D18S1163 24.08 VIC 196-212 D11S969 146.6 VIC 141-160 D11S925 118.47 VIC 173-199 
D18S843 28.1 FAM 179-191 D11S968 147.77 NED 137-155 D11S4089 119.07 NED 199-213 DFNB19 
D18S464 31.17 VIC 283-291 

DFNB20 
D11S4125 147.77 VIC 231-253 

DFNB21 
D11S4107 119.07 FAM 186-212 

D16S490 39.04 VIC 329-395 D10S2529 74.5 FAM 200 D11S927 105.74 VIC 129-149 
D16S403 43.89 FAM 134-152 D10S2522 74.5 FAM 148-160 D11S1986 105.74 VIC 188-248 DFNB22 
D16S3113 45.56 FAM 108-128 

DFNB23 
D10S546 75.57 FAM 243 

DFNB24 
D11S1391 108.59 NED 158-178 

D4S1632 44.66 VIC 277 D4S2981 145.98 NED 141-155 D2S2314 182.24 FAM 96-118 
D4S1627 60.16 NED 177-201 D4S2261 145.98 FAM 182-210 D2S2261 185.13 NED 114-148 DFNB25 
D4S409 78.43 FAM 275-305 

DFNB26 
D4S1604 145.98 NED 254-260 

DFNB27 
D2S2273 186.21 FAM 140-164 

D22S1045 42.81 NED 140-158 D21S2078  NED 114-178 D10S2481 52.1 VIC 186-226 
ILR2B  VIC 153 D21S2079  NED 153 D10S1775 52.1 FAM 218-226 DFNB28 
D22S1156 44.32 FAM 150-162 

DFNB29 
D21S1252 35.45 VIC 150-162 

DFNB30 
D10S197 52.1 FAM 161-173 

D9S1824 52.1 FAM 118-128 D1S2739 130.73 FAM 124-152 
D9S1855 52.1 NED 219-225 D1S206 134.2 FAM 138-164 DFNB31 
D9S170 52.1 FAM 108-126 

DFNB32 
D1S248 139.02 FAM 191-211 

 

 

 



D14S76 84.69 FAM 167-207 D1S2870 14.04 NED 190-210 D6S1031 88.63 NED 260 
D14S61 86.29 FAM 240-270 D1S3774 14.04 NED 250-270 D6S1589 89.23 NED 180 DFNB35 
D14S983 87.39 FAM 197-227 

DFNB36 
D1S214 14.04 FAM 117-147 

DFNB37 
D6S1273 89.83 FAM 206 

D6S1599 14.04 NED 131-155 D7S660 93.63 VIC 180-200 D22S686 13.60 FAM 180-220 
D6S1277 14.04 FAM 282-306 D7S2540 97.38 FAM 190-220 D22S1174 19.32 FAM 214-224 DFNB38 
D6S1273 14.04 VIC 145-165 

DFNB39 
D7S820 98.44 NED 195-225 

DFNB40 
D22S1144 27.48 FAM 177-200 

D3S1303 136.32 FAM 198-218 D7S2846 57.79 VIC 172-196 D1S304 267.51 VIC 168-174 
D3S4523 138 FAM 228-249 D7S1818 69.56 FAM 183-199 D1S2842 273.46 VIC 217-231 DFNB42 
D3S1589 141.79 FAM 149-169 

DFNB44 
D7S3046 78.65 FAM 318-346 

DFNB45 
D1S2836 285.75 FAM 268-281 

D2S2952 17.88 FAM 177-209 D15S973 73.52 FAM 242-254 D5S629 75.89 FAM 233-253 
D2S168 27.06 NED 196-216 D15S1023 74.69 FAM 238-302 GATA 75.89 FAM 104-116 DFNB47 
D2S131 31.2 FAM 229-247 

DFNB48 
D15S1005 75.27 FAM 104-122 

DFNB49 
D5S637 75.89 FAM 246-254 

D11S907 42.55 FAM 162-173 D6S1665 36.37 VIC 210-226 D4S1569 71.77 NED 279-291 
D11S4203 45.94 FAM 218-278 D6S1660 40.14 NED 203-217 D4S13248 72.52 FAM 139-161 DFNB51 
D11S4083 47.61 VIC 142-172 

DFNB53 
D6S2439 42.27 NED 218-258 

DFNB55 
D4S1645 72.52 VIC 136-150 

D2S2341 129.22 FAM 229-247 D2S326 177.53 FAM 156-174 D5S404 127.93 NED 180-198 
D2S2215 135.45 FAM 139-161 D2S2314 182.24 FAM 96-118 D5S2110 135.25 FAM 248-272  DFNB58 
D2S112 141.62 VIC 136-150 

DFNB59 
D2S2273 186.21 FAM 140-164 

DFNB60 
D5S1979 144.06 FAM 157-179 

D12S358 26.23 FAM 238-270 D11S1337 68.55 VIC 279-295 D20S840 79.91 FAM 123-165 
D12S320 30.60 NED 196-216 D11S4136 71.6 FAM 160-200 D20S120 83.51 NED 213-241 DFNB62 
D12S1042 48.70 FAM 118-136 

DFNB63 
D11S4139 72.82 FAM 135-200 

DFNB65 
D20S102 86.98 NED 169-177 

D6S276 44.71 VIC 198-230 D19SH4  FAM 150 D1S417 79.8 FAM 189-195 
D6S1568 47.71 FAM 84-110 D19SH5  FAM 383 D1S2652 80.77 FAM 94-104 

45

DFNB66/ 
67 

D6S1051 50.75 FAM 223-257 
DFNB72 

D19S391  NED 140-195 
DFNB73 
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AMPLIFICATION OF STR MARKERS BY PCR 

The STR markers were amplified using 50 ng of genomic DNA in 5 μl reaction (Table 2.3). 

Table 2.3   Reaction mixture for genotyping of STR markers 

Ingredients Final Conc. Stock Required 

Genomic DNA 50 ng 25 ng/μl 2 μl 

Primer Forward 0.4 -0.8 pM 4.0 pM 0.1-0.15 μl 

Reverse 0.4 -0.8 pM 4.0 pM 0.1-0.15 μl 

dNTPs (dATP,dTTP,dCTP, dGTP) 200 μM 1.25 mM 0.8 μl 

PCR Buffer* 1x 10x 0.5 μl 

Taq Polymerase 0.5 units 2 units/μl 0.25 μl 

dH2O   q.s to 5 μl 

* 10X PCR buffer (100 mM Tris Cl-pH 8.4, 500 mM KCl, 15-25 mM MgCl2 and 1% Triton) 

PCR CYCLE 

 The microsatellite markers were amplified by the polymerase chain reaction 

(PCR) on GeneAmp® PCR system ABI 2700 or 9700 (Applied Biosystems). The 

thermocycler programs used for amplification of single markers were touch down 

programs (Figure 2.4) of either 64°C→54°C or 67°C→57°C.     

A 

                       

 

 

B 

 

 

 

 

Figure 2.4 Thermocycling profiles for the amplification of STR markers A.  Thermocycler programme 

touch ∞down 67°C→57°C B.  Thermocycler programme, touch down 64°C→54°C  
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GENOME WIDE SCAN 

 Selected families which remained unlinked to known DFNB loci were subjected 

to genome wide search. The ABI PRISM® Linkage Mapping Set, Version 2.5 (Applied 

Biosystems), consisting of 811 fluorescent dye-labeled microsatellite markers, organized 

in 86 panels is available in two configurations: 

• Linkage Mapping Set v2.5 HD5, defines a ~ 5 cM resolution human index map 

• Linkage Mapping Set v2.5 MD10, defines a ~ 10 cM resolution human index map 

 For this study a genome wide scan was performed by MD10 linkage mapping set 

by genotyping 388 microsatellite markers. The Linkage mapping set consists of 28 

panels. Out of 28 panels, 27 are for autosomes and 1 for X chromosome. The markers 

had been selected from the 1996 Genethon Human genetic map based on chromosomal 

location and heterozygosity. Marker heterozygosity values and allele size range is based 

on CEPH genotype databases used for the 1996 Genethon map and may vary slightly in 

other populations. 

MULTIPLEX PCR PROTOCOL 

PCR fragments were amplified from 150 ng of genomic DNA in 5 μl reaction 

containing 0.04-0.08 μM of each primer, 200 μM of dATP, dTTP, dCTP and dGTP, 0.8 

units of Taq polymerase, 0.5 μl of 10xPCR reaction buffer (750 mM KCl; 100 mM Tris 

HCl pH:8.3. 25 mM MgCl2) and 10 μl overlay of mineral oil.  

MULTIPLEX PCR CYCLE 

 Multiplex amplification of primers was achieved by using PCR program having 

annealing at 54°C and extension at 65°C as shown in Figure 2.5. 

 

 
 

 

 

 

Figure 2.5 Thermocycling profiles for amplification of Panel markers in multiplex PCR 
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SAMPLES PREPARATION FOR ABI PRISM® 3100/3730 GENETIC ANALYZER 

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

dyes, FAM, VIC, and NED together with 11.8 μl Hi-DiTM Formamide (Applied 

Biosystems) and 0.2 μl 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 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 min followed by quick chilling on ice for 5 minutes. 

PRINCIPLE OF AUTOMATED FLUORESCENT GENOTYPING 

 PCR amplicons labeled with four different fluorophores were combined and 

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

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

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

 Automated allele assignment was performed using the Genescan analysis, 

Genotyper and Genemapper software (Applied Biosystem). 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 (Figure 2.6). The Genotyper 

software also screens out peaks resulting from PCR related artifacts fragments detected 

during electrophoresis. The Genotyper results are transferred to data spread sheets for 

haplotype and statistical analyses. 
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Figure 2.6 Electropherogram representing alleles, showing father, mother, and normal individuals as 
heterozygous while the affected individuals are homozygous for allele “1”. 
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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. 

DATA ORGANIZATION FOR LOD SCORE CALCULATION 

 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. 

Data Sheet 

 The Data sheet is the most important sheet in which the records of size of alleles 

after genotyping were entered. It enclosed 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 

Figure 2.7.  

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. 

The Macros of the Software 

Data sheet and Ranges sheet act as a backbone to run different modules of software. To 

run the macros, “Tools” on the menu bar is clicked and then macro was selected 



 51

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

selected and run command was given (Figure 2.7). 

Figure 2.7 Procedure to run the macros of the software. 

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

and same color to same set of values.  

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. 

Create_PRE: 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. 

LOD SCORE CALCULATIONS (DOS BASED) 

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. 
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DAT FILE: This file is made with a help of 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, 

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. 

LCP is a linkage control program which takes .ped and .dat files as input files and 

generates pedin batch file which is then executed and file with default name as Final.out 

is made. 

FAM2PD PROGRAM: This program reads the Final.out file and gives a text file of 

LOD score in notepad file format. 

LOD SCORE CALCULATIONS (GUI BASED) 

 EasyLinkage GUI software package requires two types of input files for calculation 
of LOD score 

1. Pedigree information file [*.pro]  

2. Marker information file(s) [*.abi] 

Two macro programs were used for creation of these files. 

Create_pro 

This macro convert the Microsoft Excel raw family data into *.pro file that contains 

the necessary information about the pedigree. This file contains five data columns 

containing pedigree ID, individual ID, father ID, mother ID, sex, and disease status 

respectively. Such *.pro file is used as input pedigree information file for EasyLinkage 

software. 

Create_abi_singal_marker 

This macro converts the genotype data against a single STR marker to make 

marker information file (*.abi). 

Create_abi_multiple_markers 

This macro converts the genotype data against multiple STR marker to make 

multiple marker information files (*.abi) accordingly. 
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PRIMER DESIGNING 

 The primers of different genes were designed to search for the mutation 

responsible for congenital NSHL in reported deafness loci and candidate gene of 

DFNB79. The sequences of gene were searched from UCSC Genome Browser 

(http://genome.ucsc.edu/cgi-bin/hgGateway). Forward and reverse primers were designed 

from Primer3 software (http://frodo.wi.mit.edu/). The sequence of the genes was copied 

from the ensemble and pasted in Primer3 software. Boundaries were set to make sure the 

interested sequence to be amplified. Different options were selected like product size 

range, GC contents percentage and size of primers sequence. Designed primers were 

blatted and checked for PCR from UCSC Genome Browser (http://genome.ucsc.edu/cgi-

bin/hgGateway). The primers were synthesized at CEMB, Lahore. The stock lyophilized 

primers were diluted to 100 μ Mol stock. The working primers having concentration of   

8 μ M and 3.2 μ M were diluted according to the formula. 

M1 V1 = M2 V2                M1 V1 = M2 V2 

100 x V1 = 8 x 100           8 x V1 = 3.2 x 100 

V1= 8 x 100/100  V1= 3.2 x 100/8 

V1 = 8 μ l   V1 = 40 μ l 

8 μl primer from stock (100 μM) was taken and added to 92 μl TE buffer to prepare 100 

μl of 8 μM. Similarly 3.2 μM primers were prepared by taking 40μl from 8μM primer 

and adding to 60 μl TE buffer. The conditions for primers amplifications were optimized. 

The sequencing of the genes involved following steps. 
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DNA SEQUENCING 

The sequencing reactions were performed on an automated ABI PRISM® 3100 

and 3730 Genetic Analyzer using Big Dye Terminator Chemistry (Heiner et al., 1998). 

The Genetic Analyzer functions the same way for both sequencing and genescan 

analysis. It performs electrophoretic separation and spectral detection of dye labeled 

DNA fragments. There are four different dyes used to identify A, C, G, and T extension 

reactions. 

Amplification of PCR Fragments 

The fragment of interest was amplified in a PCR reaction as follows: 

PCR reactions were performed with 50 ng of template DNA in 25 μl reaction 

mixture. 

Table 2.4   Reaction mixture for amplification of PCR Fragments 

Ingredients Final Conc. Stock Required 

Genomic DNA 50 ng 25 ng/μl 2μl 

Primer Forward 0.40 pM 8.0 pM 0.5 μl 

Reverse 0.40 pM 8.0 pM 0.5 μl 

dNTPs (dATP,dTTP,dCTP, dGTP) 200μM 1.25 mM 2.5 μl 

PCR Buffer* 1x 10x 2.5 μl 

Taq Polymerase 1-2 units 2 units/μl 0.5-1μl 

dH2O   q.s to 25 μl 

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

Agarose Gel Electrophoresis 

 5 μl of the PCR product was analyzed on a 1.5% agarose gel to confirm the 

amplification and to check the purity of the PCR product before sequence analysis. The 

DNA was then treated to remove unincorporated nucleotides and oligonucleotides with a 

mixture containing exonuclease-1 and shrimp alkaline phosphatase (SAP). 

 



 56

Table 2.5   Reaction mixture for EXO-SAP Treatment 

Ingredients Required 
Amplified DNA 10 μl 

Shrimp alkaline phosphatase 0.2 μl 

Exonuclease-1 0.2 μl 
10X SAP Buffer 1.5 μl 
dH2O q.s to 15 μl 

Incubated at 37oC for 1 hour, followed by 80oC for 15 min to inactivate the enzymes and 

lastly at 25°C for 30 min. 

Sequencing Reaction 

 To the above 15 μl reaction, equal volume of dH2O was added to dilute the salt 

concentration in the samples which otherwise could affect the sequencing results. 

Sequencing PCR either with forward or reverse primer was performed using the 

following reaction mixture. 

 Sequencing reaction of amplified product was done by using PCR program 

having annealing at 50°C and extension at 70°C as shown in Figure 2.8. 

Table 2.6   Reaction mixture for sequencing reaction 

Ingredients Required 

Diluted DNA sample 6 μl 

Big dye sequencing mix 1 μl 

Primer (3.2 pM) 1 μl 

5x dilution buffer* 1 μl 

dH2O q.s to 10 μl 

5x dilution buffer* (Tris-Cl 400 mM-pH 8.7, MgCl2 10 mM) 
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Figure 2.8 Thermocycling profile for sequencing reaction 

Preparing a Product for Sequencing on ABI PRISM® 3100/3730 Genetic Analyzer  

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

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

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

was inverted a few times to mix after sealing with 3M Scotch® aluminum foil tape and 

was kept at room temperature for 15 min to precipitate the extended products. The tray 

was centrifuged at 3250 rpm for 30min and adhesive tape was carefully removed and 

supernatant was discarded by inverting the plate on a paper towel. 40 μl of 70% ethanol 

was added to each well to rinse the pellet, and plate was again centrifuged at 3250 rpm 

for 20 min after covering with adhesive tape. Finally ethanol was discarded similarly as 

above, pellets were air dried and dissolved in 12 μl of deionized Hi-DiTM Formamide 

(ABI). Samples were denatured at 95°C for 5 min and quick chilled by placing in ice 

before loading on the ABI PRISM® 3100 Genetic Analyzer. 
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PREFACE 

 Recessive sensorineural hearing impairment exhibits an enormous genetic and 

locus heterogeneity and segregates as monogenic disorder but digenic inheritance is also 

reported (Friedman and Griffith, 2003). It has been predicted that at least 1% of the 

human protein-coding genes show expression in the auditory channel, are related to 

hearing (Kalay, 2007) which clearly suggests that hearing process is utterly intricate, 

immensely complicated and absolutely phenomenal. Myriads of protein products of 

roughly 300 genes initiate a cascade of reaction in a synchronized way, which brings 

about perception of sound. The majority of the cases of hereditary deafness (70%) are 

non-syndromic (Morton and Nancy, 2006). So far, 154 chromosomal loci have been 

identified, 88 of which are autosomal recessive, 59 are autosomal dominant, 6 are X-link 

and 1 is Y-link while 53 of the corresponding nuclear genes have been identified. Genes 

like GJB2, MYO7A, SLC26A4, CDH23, USH1C, PCDH15, COL11A2, and MYO6 also 

causes syndromic deafness (http://dnalab-www.uia.ac.be/ dnalab/hhh). 

Consanguineous families have contributed significantly to the identification of 

mutated genes associated with hearing loss (Friedman and Griffith, 2003). In Pakistani 

population out of every ten marriages, six are consanguineous and among those four are 

between first cousins (Hussain and Bittles, 1998). Therefore Pakistani population is a 

valuable resource and provides a rich opportunity to unravel the mysterious players at 

molecular level and trail of their role in hearing process.  So far 28 loci of autosomal 

recessive deafness on different chromosomes have been identified with the help of 

Pakistani pedigrees. The deafness modifier locus, DFNM1 was also mapped in a large 

consanguineous Pakistani pedigree (Riazuddin et al., 2000). In addition Pakistani 

pedigrees segregating non-syndromic recessive deafness have helped in narrowing the 

critical linked regions of many DFNB loci and helped in identification of 17 deafness 

genes.  

Linkage analysis is the most practical approach in a family based study for 

mapping disease genes in genetically heterogeneous populations. It helps in narrowing 

down the linkage intervals to hunt the causative genes, in exploring the different mutant 

alleles of a particular locus in ethnically different populations and helps to establish 

genotype/phenotype correlations. Pedigrees, thus, excluded to known linkages are 

http://dnalab-www.uia.ac.be/%20dnalab/hhh
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forwarded for genome wide scan in search of new loci responsible for disease trait. 

Twenty nine deafness loci have been mapped in Pakistani population through the use of 

linkage analysis of consanguineous pedigrees. Mutational study of selected genes such as 

MYO15, MYO7A, SLC26A4, TMC1 and OTOF (Nevra et al., 2007; Riazuddin et al., 

2008; Anwar et al., 2009; Kitagiri et al., 2007 and Choi et al., 2009) in Pakistani 

population becomes possible with the help of linkage analysis.  

 Linkage analyses were performed on twenty five pedigrees with congenital 

profound hearing loss. Ten pedigrees were linked with reported recessive DFNB loci; 

DFNB1/GJB2 (PKDF499 and PKDF816), DFNB3/MYO15A (PKDF774, PKDF778 and 

PKDF909), DFNB7/TMC1 (PKDF742), DFNB9/OTOF (DFNB913) and 

DFNB49/MARVELD2 (PKDF895). Two pedigrees (PKDF536 and PKDF1132) were 

linked to x-linked recessive deafness locus DFN3/POU3F4. Mutational analysis of 

POU3F4 (DFN3) revealed two novel non sense mutations. Genome wide scans of five 

selected unlinked pedigrees results in the identification of a novel deafness locus, 

DFNB79 at chromosome 9q34.3. 
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LINKAGE TO DFNB1/GJB2 

PKDF499 
 A large consanguineous pedigree enrolled from “Pak Pattan” (Punjab) belonged 

to “Sunaray” caste and comprised of four hearing impaired members in two sibships 

(Figure 3.1A). Clinically there were no other anomalies segregating in pedigree except 

congenital, bilateral profound hearing loss in affected individuals of PKDF499. 

Homozygosity mapping of deafness phenotype in PKDF499, revealed linkage with 

microsatellite markers D13SGJB2, D13S175 and D13S1275 used for the screening of 

DFNB1/GJB2 (Figure 3.1A). D13S175 (6.03 cM) yielded maximum two-point LOD 

score of 3.50 at recombination fraction θ = 0. 

 Mutational analysis of coding exon of GJB2 in affected individuals of PKDF499 

revealed a reported pathogenic substitution G to A at nucleotide 95 causing a missense 

mutation (c.95 G>A) changing arginine into histadimine (p.R32H) (Figure 3.1B-C).  

PKDF816 
 A large consanguineous pedigree enrolled from “Sargodah” (Punjab) belongs to 

“Qureshi” caste and comprised of six hearing impaired members in three sibships (Figure 

3.2A). There was no history of balance problem, night blindness, goiter or other obvious 

clinical abnormalities segregating with deafness in this family. Congenital, bilateral 

profound hearing loss was segregating in affected individuals of PKDF816. 

Homozygosity mapping of deafness trait segregating in PKDF816 was linked to markers 

D13SGJB2, D13S175 and D13S1275 used for screening of DFNB1/GJB2 (Figure 3.2A). 

Two-point linkage analysis of linked microsatellite markers generates a maximum two-

point LOD scores of 2.50 at recombination fraction θ = 0 for D13S175 (6.03 cM). 

 Mutational analysis of coding exon of GJB2 in affected individuals of PKDF816 

revealed a reported homozygous substitution (c.231G>A) which results in the premature 

stop codon at tryptophan 77 (p.W77X) (Figure 3.2B-C). 
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Figure 3.1 A Haplotypes of PKDF499 linked with DFNB1/GJB2. Disease haplotypes are boxed in yellow 
color in all generations. Microsatellite markers with their genetic positions in cM are listed at the left of 
pedigree. B-C GJB2 chromatograms of wild type and mutant alleles, segregating in PKDF499. 
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Figure 3.2 A Pedigree drawing of PKDF816 along with DFNB1/GJB2 linked haplotype at chromosome 
13q12. Disease haplotypes are boxed in yellow color in all generations. Microsatellite markers with their 
genetic positions in cM are listed at the left of pedigree. B-C GJB2 chromatograms of wild type and mutant 
alleles, segregating in PKDF816. 
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LINKAGE TO DFNB3/MYO15 

PKDF774 
PKDF774, a consanguineous pedigree was ascertained from Kot Adu (Punjab) 

and comprised of six hearing impaired members (Figure 3.3). Physical and clinical 

evaluation ruled out the syndromic as well as environmental causes of deafness in 

PKDF774. At the time of enrollment, only three affected individuals (V: 1, V: 2, and V: 

3) gave consent to include in this study. During screening with reported DFNB loci, all 

affected individual of PKDF774 were homozygous for the markers D17S2196, 

D17S2207 and D17S2206 used for the linkage analysis of DFNB3/MYO15A (Figure 3.3). 

Maximum two-point LOD score of 2.23 was obtained for marker D17S2196 at 

recombination fraction θ = 0. 

PKDF778 
PKDF778, a large consanguineous pedigree was ascertained from Kot Adu 

(Punjab) and comprised of five hearing impaired members in two sibships (Figure 3.4). 

Clinical evaluation of PKDF778 revealed no other phenotype. Homozygosity mapping 

showed statistically significant linkage to DFNB3/MYO15A. Genotyping of microsatellite 

markers (D17S2196, D17S2207 and D17S2206) revealed homozygosity in affected 

individuals of PKDF778 (Figure 3.4). Two point parametric LOD score calculation of 

deafness trait revealed maximum LOD score of 3.62 (θ=0) for D17S2196. 

PKDF909 
PKDF909, a consanguineous pedigree was ascertained from Havely Lukha 

(Punjab) and comprised of six hearing impaired members (Figure 3.5). There was no 

history of night blindness, goiter, kidney problem, balance problem and any other clinical 

abnormalities segregating with deafness in this pedigree. Haplotypes analysis of this 

pedigree showed linkage with microsatellite markers D17S2196, D17S2207 and 

D17S2206 used for the screening of DFNB3/MYO15A (Figure 3.5).  A maximum two-

point LOD scores of 2.48 at recombination fraction θ = 0 for marker D17S2206.  
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LINKAGE TO DFNB7/11/TMIE-PKDF742 
 This pedigree was enrolled from Sadiq Abad (Punjab) and belongs to Arian 

caste of Punjabi ethnic group. Pedigree analysis indicated the segregation of 

autosomal recessive deafness having five affected individuals in two sibships (Figure 

3.6). Clinical evaluation revealed no other extra-auditory phenotype co-segregating 

with deafness. Linkage analysis of  deafness segregating in PKDF742, revealed 

linkage with microsatellite markers D9S1837, D9S1876 and D9S1124 used for 

screening of DFNB7/11/TMC1 (Figure 3.6). Maximum two-point scores of 2.74 were 

obtained for D9S1837 (67.39cM). 

LINKAGE TO DFNB9/OTOF-PKDF913 
Six generation consanguineous pedigree, PKDF913 ascertained from “Pak 

Pattan” belongs to caste “Sukhera”. It consists of nine affected individuals in two 

sibships (Figure 3.7). At the time of enrollment, only five affected individuals (V: 5, 

VI: 1, VI: 2, VI: 3, and VI: 5) gave consent for inclusion in this study. Physical and 

clinical evaluation ruled out the syndromic as well as environmental causes of 

deafness in PKDF913. During screening with reported DFNB loci, all affected 

individuals displayed homozygosity for markers D2S2144, D2S2223 and D2S174, 

used for the screening of DFNB9 (Figure 3.7). D2S2223 (46.37 cM) yielded 

maximum two-point LOD score of 3.17 at recombination fraction θ = 0. 

LINKAGE TO DFNB49/MARVELD2-PKDF895 
Five generation consanguineous family, PKDF895 ascertained from “Bakhar” 

belongs to caste Junjua of Saraki ethenic group. It consists of six affected individuals 

in three sibships (Figure 3.8). Affected individual of this pedigree showed recessive 

mode of inheritance. Physical and clinical evaluation ruled out the syndromic as well 

as environmental causes of hearing impairment in this pedigree. During screening 

with reported DFNB loci, all affected individuals displayed homozygosity for 

markers D5S2019, D5S629, GATA-141B10 and D5S637, used for the screening of 

DFNB49 (Figure 3.8). D5S2019 (75.89 cM) yielded maximum two-point LOD score 

of 3.20 at recombination fraction θ = 0. 
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Figure 3.3 Pedigree drawing of PKDF774 along with DFNB3 linked haplotype. Disease haplotypes 
are boxed in yellow color in all generations. Microsatellite markers with their genetic positions in cM are 
listed at the left of pedigree. 
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Figure 3.4 Haplotypes of PKDF778 linked with DFNB3. Disease haplotypes are boxed in yellow color in 
all generations. Microsatellite markers with their genetic positions in cM are listed at the left of pedigree. 
 
 

 
Figure 3.5 Haplotypes of PKDF909 linked with DFNB3. Disease haplotypes are boxed in yellow color in 
all generations. Microsatellite markers with their genetic positions in cM are listed at the left of pedigree. 
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Figure 3.6 Haplotypes of PKDF742 linked with DFNB7/11. Disease haplotypes are boxed in yellow color 
in all generations. Microsatellite markers with their genetic positions in cM are listed at the left of pedigree. 
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Figure 3.7 Haplotypes of PKDF913 linked with DFNB9. Disease haplotypes are boxed in yellow color in 
all generations. Microsatellite markers with their genetic positions in cM are listed at the left of pedigree. 

 
Figure 3.8 Haplotypes of PKDF895 linked with DFNB49. Disease haplotypes are boxed in yellow color in 
all generations. Microsatellite markers with their genetic positions in cM are listed at the left of pedigree. 
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Recessive X-linked deafness is clinically heterogeneous and a rare form of 

sensorinueral disorders with prevalence of 1 to 3% of genetic hearing loss (Wang et al., 

2006). To date six loci for non syndromic X-linked deafness (DFN2, DFN3, DFN4, DFN5, 

DFN6 and DFN8) has been listed on the Hereditary Hearing Loss Homepage while 

mapping data of only four loci (DFN2, DFN3, DFN4 and DFN6) has been provided 

(http://www.uia.ac.be/ dnalab/hhh). DFN3 is the common X-linked deafness locus 

harboring POU3F4 (POU domain, class III, transcription factor 4) gene, whose mutations 

has been associated with mixed and pure sensorineural hearing loss and account for 40% of 

X-linked hearing loss (Abram et al., 2005; Tyson et al., 1996; de Kok et al., 1995). 

 Till to date twenty different mutations associated with hearing loss has been reported 

in this gene with manifestation of variable clinical features, diagnosed on Computational 

Tomography Scan (CT Scan). In this study two novel nonsense mutations p.Q136X 

(PKDF536) and p.W114X (PKDF 1132) truncating the protein before POU specific domain 

causing mixed hearing loss with slight detectable anomalies on CT scan (Figure 3.13A and 

3.13B ) has been found in two unrelated large consanguineous Pakistani pedigrees. 

PKDF536 
 A large five generation consanguineous pedigree was enrolled from Shahdadkot 

(Sindh) and belongs to Bhatti cast. Pedigree analysis indicated the segregation of 

autosomal recessive X-linked deafness having eight male effected in four sibships 

(Figure 3.9A). Air and bone conduction pure tone audiometry of affected individual (IV: 

9) showed sensorineural hearing loss (Figure 3.9C). Initially deafness trait segregating in 

PKDF536 was screened with fifteen STR markers at an average distance of 8.6 cM. 

Haplotype analysis indicated linkage on DXS1196 (57.91 cM). Genotyping with 

additional closely spaced markers defined proximal and distal boundaries with a 

homozygous region of 7.22 cM (Figure 3.9A) harboring POU3F4 gene.  

PKDF1132 

 PKDF1132 was enrolled from Faisal Abad (Punjab) and belongs to Bhati cast of 

Punjabi ethenic grpoup. Presence of six affected male in three shibships from 

phenotypically normal parents indicate the segregation of recessive X-linked deafness in 

this pedigree (Figure 3.10A). Clinical evaluation of PKDF1132 revealed no other 

http://www.uia.ac.be/
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phenotype. Congenital, bilateral profound deafness was segregating in affected 

individuals of this pedigree (Figure 3.10C). Genotyping of X chromosome markers 

provided a homozygous region encompassing the DFN3/POU3F4 (Figure 3.10A).  

SEQUENCE ANALYSIS POU3F4 
 
 POU3F4 consists of single conding exon of 1.5Kb. Five pair of primers was designed to 

sequence the exon as well as exon-intron boundaries of POU3F4 in two affected of PKDF536 

and PKDF1132 (Table 3.1). Mutational screening of POU3F4 revealed a novel 

homozygous nonsense substitution (c.406 C>T) in all affected members of PKDF536. 

This novel nonsense mutation creates a premature stop codon (p.Q136X) (Figure 3.11B) 

and results in truncated protein. The segregation of novel pathogenic variants was 

confirmed by sequencing of all pedigree members. The mutational analysis of PKDF1132 

revealed a novel pathogenic substitution G to A at nucleotide 369 causing a nonsense 

mutation (p.W114X) (Figure 3.12B) thus truncating the protein.  

COMPUTED TOMOGRAPHY SCAN 
 
 High resolution temporal bone computed tomography (CT) scan was performed on a 

single subject of PKDF536 and PKDF1132 to conform the typical radiological abnormalities 

caused due to mutations in POU3F4. CT scan of affected individual IV: 9 of PKDF536 showed 

bilaterally minimal widening of the lateral ends of the internal auditory canals (Figure 3.13A). 

While no other anomaly was detected. The basal and middle turns of cochlea, semicircular canals, 

vestibules and ossicules were normal (Figure 3.13A). In PKDF1132 the individual was scanned 

for computed tomography, the internal auditory canal showed a usual bulbous morphology and it 

directs antromedially rather than continuing in a straight direction. Bony deficiency at the base of 

cochlea was also observed (Figure 3.13B).  

Table 3.1 Primer sequences used to amplify the exons of POU3F4 

Exon Forward primer Reverse primer Product 
(bp) 

1a CTATTGGCCGGGCTTACTC GAGTGGTGGGCTACGTGTG 477 
1b GGACCAGCAGGACGTGAA GCTCAGCTGCAAGCCTTC 496 
1c TGGGCACACTGTATGGTAACG GAGAAATCCGCGCTGCTC 483 
1d TTGCCATGATCTCTGACTGG TCAGCATTGAGAAGCCTGAA 398 
1e TCCCCTTTTTCTTTCCCTTC AGAGAGGAGCGACCAAACAA 349 
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igure 3.9 A. Pedigree drawing of PKDF536 linked to DFN3/POU3F4. Diseased alleles are boxed in 
ellow color in all generation. Microsatellite markers with their genetic positions in cM are listed at the left 
f pedigree. B. Audiogram of carrier mother (III: 6) showing normal hearing. C. Audiogram of deaf 

individual (IV: 9) showing bilateral sever to profound hearing loss. 
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Figure 3.10 A. Pedigree drawing of PKDF1132 linked to DFN3/POU3F4. Diseased alleles are boxed in 
yellow color in all generation. Microsatellite markers with their genetic positions in cM are listed at the left 
of pedigree. B. Audiogram of carrier mother (III: 2) showing normal hearing. C. Audiogram of deaf 
individual (IV: 4) showing bilateral profound hearing loss. 
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igure 3.11A , segregating 
 PKDF536 

Figure 3.12A-B POU3F4 chromatograms of wild type and mutant allele (c.341G>A (p.W114X), segregating 

in PKDF1132.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

rn of the cochlea was incompletely separated 
 a continuation of the IAC. Typically, a bulbous 

dilatation of the lateral end of the IAC (arrow) was identified.  

F -B. POU3F4 chromatograms of wild type and mutant allele (c.406C>T (p.Q136X)
in

 
 
 
 
Figure 3.13 Computated Tomography of PKDF536 and PKDF1132.  A. PKDF536 IV: 11 B. PKDF1132 
IV: 4. Identical findings on CT were detected: the basal tu
from the internal auditory canal (IAC), and seemed to be
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Genome wide scan strategy was adopted to map a new deafness locus. Genome 

 performed on five unlinked pedigrees by using ABI PRISM® Linkage 

apping Set version 2.5 containing 388 fluorescently labeled microsatellite markers 

aced at an average interval of 8.6 cM across the human genome. This effort resulted in 

apping of a novel autosomal recessive non-syndromic deafness locus on chromosome 

q34.3 designated as DFNB79. Further efforts were made to narrow down the critical 

nkage interval by searching additional pedigrees linked to newly mapped locus and 

enotyping additional individuals of linked pedigree. 

KDF280 

The pedigree PKDF280 unlinked to 53 published deafness loci (Table 2.2) was 

enrolled from Baddin (Sindh) and belonged to “solangi” caste. It was a large 

consanguineous family, having seventeen affected individuals in five loops. Detailed 

pedigre 4). 

Tran ent 

CLINICAL

Physical and clinical evaluation was perform

rule out obvious env rify that hearing 

impairment was non-syndromic. Regardless of age, all affected individuals in the 

pedigree displayed congenital, bilateral, sever to profound hearing loss (Figure 3.15A and 

3.15B). Vestibular function was normal in affected individuals and clinical evaluations 

suggested no features of ophthalmologic, skin or renal anomalies. Eye abnormalities 

including retinitis pigmentosa were rule out by fundus examination. 

GENOME WIDE SCAN 

 For genome-wide scan, nine individuals including four normal (V: 3, VI: 1, VI: 9 

and VII: 8) and five affected individuals (VI: 7, VI: 8, VI: 10, VII: 5 and VII: 6) (Figure 

3.14) were selected. Genome wide scan was performed using HD10 Panel of ABI 

PRISM® Linkage Mapping Set, Version 2.5 (Applied Biosystems) which has 388 

wide linkage was
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e was drawn after interviewing multiple members of the family (Figure 3.1

smissions of hearing impairment phenotype in affected individuals were consist

with autosomal recessive mode of inheritance.  

 EVALUATION 

ed for affected members of this pedigree to 

ironmental causes of hearing loss and to ve



 79

fluores

y LINKAGE Plus v5.00 program 

package written for Windows (Lindner and Hoffmann, 2005). Two-point linkage analysis 

ome wide scan revealed significant LOD score at chromosome 9 (Figure 

3.16). 

t marker D9S1826 (137.58 Mb) (Figure 

interval for all participating members to 

lysis defined a linkage interval of 3.86 Mb, without a 

cent dye-labeled microsatellite markers spaced at an average interval of 8.6cM 

through out the human genome and these markers have an average population 

heterozygosity of <0.79. As pedigree PKDF280 showed autosomal recessive inheritance, 

only autosomal markers were included in the study.  

LOD Score Calculations 

Two-point parametric linkage analysis of whole genome-wide markers were 

performed by the Super Link v1.4 programs of eas

of whole gen

HAPLOTYPE ANALYSIS OF PKDF280 

For the hearing impairment phenotype segregating in family PKDF280, initial 

evidence of linkage was detected on chromosome 9q34.3 with maximum two-point LOD 

score of 2.96 at recombination fraction θ = 0 a

3.16). Additional markers were genotyped in the 

confirm the linkage. Haplotype ana

telomeric meiotic breakpoint in PKDF280. However, D9S1818 (150.92cM, 136.27 Mb) 

defined the proximal boundary in affected individual VI: 2 (Figure 3.14). A significant 

two-point LOD score (Zmax) of 9.43 at (θ=0) was obtained for the marker D9SH159 

(138.33 Mb) (Table 3.2). The region was nominated as DFNB79 by HUGO committee. 
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Figure 3.14 Chromosome 9 q34.3 markers co-segregating with deafness in pedigree PKDF280 define 
DFNB79. The disease haplotypes are boxed in yellow color in all generations. The STR markers and their 
relative human genetic map positions in centimorgans (cM) according to the Marshfield map and physical 
distance are shown on the left side of the pedigree.  
 
 

 



 

 

 

Figure 3.15 Pure tone air conduction audiograms of two affected individuals of PKDF280. A. Hearing 

impaired individual VII: 6, 30 years. B. Hearing impaired individual VI: 8, 35 years. 
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Figure 3.16 Two-point parametric linkage analysis of whole genome- e markers of PKDF280. Red arrow represent highest two-point LOD 
score obtained for microsatellite markers at chromosome 9. Genotypin  additional markers flanking high LOD score marker at chromosome 
9 on all affected and unaffected members of PKDF280 revealed a DFNB79. 

wid
g of 

new locus 
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Table 3.2 Two point LOD scores for PKDF280 

Markers Mb 
Recombination Fraction 

θ=0 

D9S1818 136.27 -4.34 

D9S1826 137.58 7.08 

D9S158 138.23 7.14 

D9SH159 138.33 9.43 

D9S905 138.99 1.05 

D9SH169 139.62 1.05 

D9S1838 139.75 3.47 

D9SH5 139.97 9.42 

D9SH1 140.06 1.05 

D9SH2 140.06 9.42 

D9SH6 140.11 5.61 

D9SH4 140.12 7.08 

D9S2168 140.13 1.05 
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FINE MAPPING OF DFNB79 

 An extensive screening was done to find more pedigrees linked to newly mapped 

locus DFNB79. Three DFNB79 linked STR markers (D9S1826, D9S1838 and D9SH5) 

were used to screen Pakistani families segregating recessive deafness. This exhaustive 

search was suppor ed to reported DFNB 

loci segregating severe to profound, congenital, r nd large enough 

to support stati ignificant li e or having at leas

screened for DFNB79. 

 During this extensive search, two additional pedigrees PKDF517 and PKDF741 

were found linked with DFNB79 initial evidence kage in these pedigrees, 

additional microsatellite markers were genotyped on all the enrolled members to confirm 

the linkage and define the proxima istal boundaries. 

PKDF517 

PKDF51 enrolled fr rkana (Sindh) and ongs to shahani caste of 

Sindhi ethnic group (Figure 3.17A). Detailed pedigree was drawn after interviewing 

multiple memb he family. The pedigree consisted e affected individuals in 

two loops having severe to profound congenital hearing loss and showed an autosomal 

recessive mode of inheritance with two consanguineous unions. All affected individuals 

appeared in the fifth generation (V: 2, V: 3, V: 5, V: 6 and V: 7) (Figure 3.17A).  

 Medical histories were obtained to exclude environmental causes of hearing loss 

and physical examination was carried out to verify that deafness was non-syndromic 

Affected individuals (V: 6) underwent hearing assessment and displayed an audiometric 

profile of bilateral moderately severe hearing loss at lower frequencies and profound 

hearing impaired at higher frequencies (Figure3.17B). Vestibular function evaluated by 

testing tandem gait ability and by using the Romberg test was normal in all the affected 

individuals. Fundoscopy of affected individual (V: 3) excluded eye abnormalities. 
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Figure 3.17 A. Pedigree drawing of family PKDF517 linked to DFNB79. The linked haplotypes are boxed 
in yellow color in all generations. The STR markers and their relative human genetic map positions in 
entimorgans (cM) according to the Marshfield map and physical distance are shown on the left side of the 
edigree. B. Pure tone air conduction audiograms of affected individual V: 6 of PKDF517. 
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HAPLOTYPE ANALYSIS OF PKDF517 
During screening, the family PKDF517 showed linkage with chromosome 9q34.3 

arkers. All the five affected individuals in family PKDF517 were found homozygous 

for the DFNB79 linked markers. Proximal breakpoints were found in two affected 

individuals (V: 2 and V: 3) at D9S1818 (136.27 Mb) while distal boundary at D9

was defined by recombination events in one affected individuals (V: 7) revealed a region 

of homozygosity of 3.84 Mb (Figure 3.17A). The maximum two-point LOD score 

ax) for family PKDF517 was 4.30 at θ=0 for markers D9SH159 (138.99Mb) and 

D9SH5 (140.11 MB) (Table 3.3). 

PKDF741 

Third pedigree, PKDF741 was enrolled from Sadiq Abad (Punjab) and belongs to 

the sheikh caste (Figure 3.18A). The pedigree consists of four affected individuals in 

single loop having severe to profound congenital hearing loss and showed an autosom

recessive mode of inheritance with one consanguineous union. All affected individu

appeared in the fourth generation (IV: 4, IV: 5, IV: 6 and IV: 7) (Figure 3.18A).  

Detailed medical histories were obtained and physical examinations were 

performed for all the participating members to exclude any phenotype co-segregating the 

hearing loss. Affected individuals (IV: 5 and IV: 6) underwent hearing assessment and 

displayed an audiometric profile of bilateral severe to profound hearing loss (F

3.18B and 3.18C). Vestibular function was found normal in all the affected individuals. 

Fundoscopy of affected individual (IV: 4) excluded eye abnormalities.  
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Figure 3.18 A.  Pedigree drawing of PKDF741 Linked to DFNB79. The linked haplotypes are boxed in 
yellow color in all generations. The STR markers and their relative human genetic map positions in 
centimorgans (cM) according to the Marshfield map and physical distance are shown on the left side of the 
pedigree. B. Pure tone air conduction audiograms of hearing impaired individual IV: 5 C. Pure tone air 
conduction audiograms of hearing impaired individual IV: 6. 
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Haplotype Analysis of PKDF741  

 During screening, the four affected individuals in family PKDF741 were found 

homozygous for the DFNB79 linked markers. Meiotic recombinations in affected 

individuals IV: 4 and IV: 5 of PKDF741 delineate the proximal boundary at marker 

D9S1818 (136.27 Mb) without a telomeric meiotic breakpoint in PKDF741, revealing a 

region of homozygosity of 3.86 Mb (Figure 3.18A). Maximum two-point LOD score 

(Zmax) of 3.25 was obtained for markers D9SH159 (138.33), D9S905 (138.99), D9SH169 

(139.62) and D9S1838 (139.75) (Table 3.3). 

 

Table 3.3 Two point LOD scores for PKDF517 and PKDF741 

Markers Mb Recombination 

Fraction θ=0 

PKDF517 

Recombination 

Fraction θ=0 

PKDF741 
D9S1818 136.27 -1.42 -4.34 

D9S1826 137.58 2.00 0.48 

D9S158 138.23 2.90 0.48 

D9SH159 138.33 4.30 3.25 

D9S905 138.99 2.90 3.25 

D9SH169 139.62 2.00 3.25 

D9S1838 139.75 4.16 3.25 

D9SH5 139.97 4.30 0.48 

D9SH1 140.06 2.00 0.48 

D9SH2 140.06 2.90 0.48 

D9SH6 140.11 -4.34 0.48 

D9SH4 140.12 2.90 0.48 

D9S2168 140.13 2.90 0.48 
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REFINED LINKAGE INTERVAL OF DFNB79  

 
 
Figure 3.19 Chromo 34.3 s he linkage al of DFNB79 t tandem repeat (STR) 
markers are represen lled circles. The sex-aver ecombination d es in Mb are indicated 
along with STR mark DFNB al is based eiotic breakp n pedigree PKDF517. 
 

 

One hund een g re presen FNB79 regi

CACNA1B, NOT OX2 S, EDF1 EHMT1 were sequenced on the basis 

of their expression in the inner ear and homology to other proteins involved in hearing 

process but no disease associated variant was found. 

Haplotype analysis of three linked families revealed a 3.84 Mb region of 

homozygosity for DFNB79 delimited by markers D9S1818 (136.27Mb) towards proximal 

end by affected individuals VI: 2 of PKDF280, affected individuals V: 2 & V: 3 of 

PKDF517 and IV: 4 & IV: 5 of PKDF741 and marker D9SH6 (140.11 Mb) towards distal 

face by affected individuals V: 7 of PKDF517 (Figure 3.19). 
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Table 3.4 Summary of potential candidate genes in DFNB79 locus 

Gene Symbol Function 

 

CACNA1B 

CACNA1B was potential candidate gene for DFNB79 that encodes a voltage-

dependent calcium channel. It is found in the membrane of many excitable cells 

that regulate calcium entry. Calcium homeostasis is crucial for mechanoelectrical 

transduction (street et al., 1998).  

NOTCH1 

 

t is a transmembrane receptor and 

is crucial for the development of inner ear (Lanford et al., 2005). This protein 

functions as a receptor for membrane bound ligands, and may play multiple roles 

during development. 

PTGDS 

This is another important candidate gene for DFNB79 is prostaglandin H2 D-

isomerase. The protein encoded by this gene is a glutathione-independent 

prostaglandin D synthase that catalyzes the conversion of prostaglandin H2 

(PGH2) to postaglandin D2 (PGD2). PGD2 functions as a neuromodulator as well 

as a trophic factor in the central nervous system. PGD2 is also involved in smooth 

muscle contraction/relaxation and is a potent inhibitor of platelet aggregation. 

This gene is preferentially expressed in brain.  

EHMT1 

Histone methyltransferase the encoded protein methylates the Lys-9 position of 

histone H3, which tags it for transcriptional repression. This protein may be 

involved in the silencing of MYC- and E2F-responsive genes and therefore could 

play a role in the G0/G1 cell cycle transition. Two transcript variants encoding 

different isoforms have been found for this gene 

Sulfhydryl oxidase/quiescin-6 catalyzes the oxidation of sulfhydryl groups in 

proteins. 

his protein has also been found to act as a 

transcriptional coactivator by interconnecting the general transcription factor. 

NOTCH1 is second important candidate genes. I

QSOX2 

 

peptide and protein thiols to disulfides with the reduction of oxygen to hydrogen 

peroxide. May contribute to disulfide bond formation in a variety of secreted 

EDF1 

Endothelial differentiation-related factor 1 gene encodes a protein that may 

regulate endothelial cell differentiation. It has been postulated that the protein 

functions as a bridging molecule that interconnects regulatory proteins and the 

basal transcriptional machinery, thereby modulating the transcription of genes 

involved in endothelial differentiation. T
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PRIMER DESIGNING FOR DNA SEQUENCING 

Primers of  

designed by usi

bin/p er3 

Table 3.10). 

Exon Fo Reverse primer Product 

CACNA1B, NOTCH1, QSOX2, PTGDS, EDF1 and EHMT1 were

ng Primer3 web server (http://www-genome.wi.mit.edu/cgi-

www.cgi) (Table 3.5, Table 3.6, Table 3.7, Table 3.8, Table 3.9 and 

 

rimer/prim

Table 3.5 Primer sequences used to amplify the exons of CACNA1B 

rward primer (bp) 
1 CACGTACCGGCCCCTTATAG CCGCACTCACGGAATGCTC 665 
2 CTCCGGACC
3 AGACAGCAA
4 GGGACAGGA
5 CCCTA
6 TGGGAAGTT
7 CTGTGGGTG
8 TCTGGAGTGC 452 
9 ATGGTGAAA CTGGTG 585 
10 CAAAATTCCTTGTCCCTTCA
11 CACTGGCAC
12 TTTCCTAGGC
13 GAGCT

14+15 A
16 GATGCCCAG
17 AGCTGGTAG GGCCCTAAC 291 
18 AGAGACAGC

19a 
19b CGCGA
20 CCTGAATAG
21 ATCCCTGGTGGGCCTGTGA CACACCACAGAGGAGGTGAGGAG 500 
22 CCTCTCGGAA GGAAAACGGTTCTG 582 
23 CTCTGTCTGT
24 ATGTTGCCC
25 GGAAGAGTC

26a CCATGG
26b TTTTTCTTAA
27 CACATTCAT
28 GCTCAGGCA
29 GGGCAGGTC
30 GGAATCCTGTTTCCCTTTGTTGTCT GGGCAGAGCTTATGTAGCCAAGAGT 494 

 GCTTTGACATCTGCTTACCTCT TTGGTAAGAATGAAGTATTTCCAGAT 694 
33 AGATTTTCTGGTGGCCGATTGCT CCGGTCAGCTACAGGCACCTC 674 
34 GCATGCAGGTTTCGTGGTTGTAT CGTAAGTTCAGCAAGTGCTCAAAGC 516 
35 GTGTAGCTACGGAGAGGGCGTCTAT ATCAAGAGCCTTTGGAAAAGAGGAG 474 
36 TCCTTTGAAGAAACAGCATCTGTGA CTCTGGCTAACAAAGTCGCCATCT 468 

CAGTTGTCTCAG CCCTCGAGGAAGGTGTTATCTGC 398 
GCAGGCTCAGTGAT GGTGGCAAACAGCTGTCTCACATT 494 
ATGAAGGTGT TCATGGAGGGTGTGACAGG 400 
CACAAGCACTCTCTG AGGCTATCGTCTATGTCCCCCACTA 498 

GAGGGAGATTTCTGT GGAAAGAGCCTGCATTTCATCCTA 487 
CTGCCTGGACT CTGTCAAGGACAGGTCAGGATGGT 471 

TCAGGTTAGAAGAGG GCCCCTGGGTGAGCTAGAGAG 
CCCCATCTCTACTAAA CCATATGGCTGC

CTCTG

GCTCT CTCCAGCCTTGGATATGGCTAA 489 
AATTGTCTGTGACC GCTCCTGGAGGCTGACTAGGG 496 
TGAGACTTCAGAGCA TTCTGACCCATGTAGGGTCAGAGCA 386 

CAGTGTGAGGTGTGT CACAAGGCCGTTTTGGAACC 450 
AAGCTCTAACTTCACACC GGCCGTGTGGAGGAACAAG 690 
ACCTTCGGAGA CTCCCTCAAGCTGAGTCCCAAA 486 
GTGCCAAGGGAAG CTCCTGGACACGA

CCAA
TCCAGAGA

TCCTGTGGAACAGGTC GCTCATACTGAGAAAAGCCCTGGA 490 
528 

CAAGGACAAG GCAAGGCAGGATTGTCACCAC 696 
CTGGGACTACATGCAC AATCAACAGGACATCAAGGGACAGA 591 

TCTCAGCCACTGT GAAGCCTGT

ACCTCCCTGCGCCATTACTCC GCGGCCTCCTTGCTGTGG 
GCAC

GTGCCTGGCAGT TTCTCAGTGAACGACAAAGCCTCTT 493 
TGGCTGGTGTC CAGACAGACCTCATGCCCTCCTAAC 455 
ATGGTGGCCTGTG AGGCTGCTGGGAACAAGGTCTACT 464 
GGACCTAGAGCTATATT GAAGCAGCAGTCCCAAGTCGAT 599 

GAGACAGGATTTCACC CAGACCTCATGCCCTCCTAAC 477 
TCTGCATGTGGAC CTTGGACCCTGCTCCTCATAGGT 521 
TGGAAGCAGACC ACCTTCCCAAGCAGGCCTCAAC 491 
CTCCTTTCTCCT ACTGTCCCAGCCCACAGACAAC 548 

CCTT

31+32
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37 GTG 465 AAGGCAGGAAGTCTTGGAAGT GACATCACTGCTCTACACGAAA 
38 CCGACACTTTGATTAACTG 433 
39 GGAGTCCAGGGGAGAGTGTGAAT GTGCTAATGTGCAGACGGTTACCAG 490 
40 

TGTGAGACCAGGATGG GGAGGCTAGGGTGAGGGTTA 500 
46 CTCTTCCTTTGTGGGCCTCGT CTTGATGAGAACACAGCTGGGGTAG 629 

47a CC 480 
47b CG 530 

GCTCTG ACATCCCTCTGTCTGGGAAGGAAG 

AGCTTCTGCATCAGCGTTTGTTC ACGCTCTCTCTGCAGCT``TC 475 
41 GAGCCCTAGGTAGGCCAAACTCCT CATGGAAAGCATAAAGGCTGTGTGT 499 
42 CTTCACTGTTTTGGTCACATGCTCA CAAGTGCAGGGTCGGATGG 496 
43 GGGTCCAGCGTGCGTGCACACGG CCCCACCCTGGTCTCACACAT 524 
44 GGGGGATATGTGAACAGGGATG AGCAAAGAGCTCCACACATGGAC 442 
45 TGAC

ATTGCCTCCCTCTCTCCT GCCTCCTCGAAAGTGAGAGTGTC 
TGGGCTTTCCGAACACA CGCATCCTCTAACAGGGCTTTATTC 

 

 used 1 

Exon 
 

Product 
(b

Table 3.6 Primer sequences to amplify the exons of NOTCH

No Forward primer Reverse primer p) 
1 C 4

 AGTG 3
 5
  6

3
G 4

5
5
4

  5
  4
 6

TG CAGA 5
GAT 4

 4
 C 4
 5
 5
 G 4
  3

4
3

 3
  5

 5
 5

C 6
  3
 4
 3
 3

CGGGCGCGAGCGCAGCGAAGGAA GGGCCGCCCGCTTTTCCCTCTCCA 00 
2 AACCCATGATACTGAGCAG TAAGTAATTGCCAGACTTTGTCCA 91 
3 CCAGAACATTTTATCAGCCCTAAG CAATTACTTCCGGGTCAGAGAC 44 
4 GCAGGTCCTGAGGATCAAATGT GTCTGGGGAACTCGCCATC 19 
5 TCTTGTGTCCAGAGCAGTGTG CCCCATCATGTTGTCCTTCT 61 
6 TGCAGAGGAAGGAGTGATTTAG TTCAGGTTATCCTGGGTGCAG 95 
7 TGCACCCAGGATAACCTGAAA CAACACCTCACTGCACACCAC 16 
8 AGAAGTCGATTCTGGCTTCAGG CACCCTCATCTGCCTAGCACT 26 
9 CACTGGGCTGGAGGCAGGGTTC ACAACCCACGGCCCTCACCC 10 

10 CAGTCGGTTTGGGAAAAAGG GTCACCTGTGCCAACCTGAG 41 
11 GTGAAACTGACAAGGTCATGGA CTTCAGGCAGAAGCAGAGGTAG 29 
12 GAGGTGGACATCGATGAGTG CTCTGACCGGAGACAAGAGG 14 
13 GTTTCTGACACCTGGAAGGA TGTAGTCTGACTGAGGACC 00 
14 GACTCTGCGAGTCTGAGTG CTCATCTCCAAGAGCCAGAGG 26 
15 GAGCTGGAGACACAGGATCG CACCACTTTACCCTCCAGTCAC 70 
16 CCATCTGTGCTCCACTCCT CTCCCAGGTCAATTCCTGATT 75 
17 TGTGACCTTCTTAGGCCAAAAT AGGGGCTCTCGTGACTCTTC 47 
18 CCACCAGACACCTTTGTCAC GACAGGTCGGTACAATGAACAA 35 
19 CCCCTAGGGTTGAGCAGAA CAGATCCCCAGAAACCCTCT 52 
20 CCACTTCTGTAGAATGGGTTGC ATGGGGTGGTAGACAGGTGAG 57 
21 GCAGACCCACACCCAGTACC TGGGCCTATCAGGTTCAGTTTT 85 
22 GTCTCTCTCCAGGTCTGACAGG GGAGTTTCTGGCTGGTTCCT 97 
23 ACCCTTGACACCTGCCTCTC CACTCGCAGTGGAAGTCATTG 73 
24 AGTGCTTTAACAACGGCACCT CCACCCCAGGGAGTCTACTT 98 

25A GTGTAAAGGGTTTTGCTGCTG GTCATTGAAGTTGAGGGAGCA 93 
25B GCAACCCCTGCTACAACCAG TGAGCAGAGCCTTAGAACTGCAT 04 
26 ATGCAGTTCTAAGGCTCTGCT AAAGTGGGGAGAGTACTGCTTG 74 
27 GTCATGGGCCTCAGTGTCCT AAATTCCAGAAAAGCCCTACCC 90 
28 ATGGAGGAGAGTGGGTGAGG CTAGGAAGCCCCCAGAGACC 82 
29 ACTCCGTGGGCCTCAAGT CGGGCTCCTCGAACTACATA 87 
30 ACGAGGACCTGGAGACCAAG GCTCTCACCCCCAATTCTAAGT 99 
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31 4AAGTGCTGGGTGGTGCAT CACGTAAGCCTGGCCACT 94 
3 3A 3
3 3B 4

 4
 5
 4

4
4

TTTT  4
AG 4

 GAC 4
 TTTT 5

2+3  GATCTCAGGAGGGTCTCGTCT GTGAAAGAAGCAGATGGGGTAG 84 
2+3  GGAGGACCTCATCAACTCACA ACTTGGAAGGGCTCCATAAAC 73 
34A GGAGGAGGTTGTACTGCTGCTT CTTGAGGTCCTTGGCCTCCT 51 
34B CTGGACGAGTACAACCTGGTG ACTCGCATTGACCATTCAAACT 92 
34C GTCTCTCCCACCTGCCTGT GCTCTCCACTCAGGAAGCTC 98 
34D TACAGATGCAGCAGCAGAACC TACTTGAAGGCCTCCGGAAT 99 
34E ACAGCTACTCCTCGCCTGTG GGCTCTCAGAACTTGCTTGTTT 74 
34F TTTTACACAGAAACACTGCC TGCTTGCAAGAAACCATCTAAA 90 
34G ATCACCTGCCTGTTAGGAGA CTGTGTTGCTGGAGCATCTT 96 
34H CTACCCTTTTCTGGGGAAA ACTGGCATGACACACAACAGAC 36 
34I AGTTTGGGAGGAGCAGAT GTCACTCTCCCAGCAGAAGG 49 

 

Table 3.7 Primer sequences used to amplify the exons of QSOX2 

Exon Forward primer Reverse primer Product 
No (bp) 
1 GATGGCGT GCTGTCC  
1 GG C
2 TG A
3 AA A  
4 AA C A 
5 GC G C 
6 GA A C 
7 CA  C
8 GA G
9 AT C CT 

1 GA C G  
1 GA A

12 GCAGAAGCAGGATGTTATCTGG T  
12 CC G
12 GG A T 
12 TA  T  
12 AC T A CATCA 
12 CT C AG 
12 TG TGG A  
12 CT  A GTG 
12 GG A  

A 
B

CATCAGACTCTTG AGCACCCACAC 397
 TGGCGCGCAGCCCGGGAA GGGTGCCTCTGTGGGGCAGGG 460 

GTGGAGTTCTCTCTCCTAGC AACACAGGCACTATGATGTGG 399 
TTTATGAAAACTTTCCGAAGGA TCTGAACTCTTAAGGGAAAGCAG 328 
TCCAGCGCTGTCTGTACC CAGTGGCCACATCACTTAAT 386 
CTAGACCCCATTCAGTGAG ACCTAAAGCCACAGACAGGA 387 
GTGAAGATTTGAGTGAGGGTCT CACCAGACTTGCACTGTCTACT 382 
ATAAATGCCCAAAGGATGAAAG TTTCCCTCCACAGCAAGTCTC 435 
CAGTGCGTGTAGACCGAAG ACAAAGCAAGGTGGAGAGC 445 
CAGAGAAACCCGAGTTATGAGA TTTTGGTGAGCTGTCCTTAAA 490 

0 TACAGCTTCAGTAAACCACAC AGAGGAGTCTGAAGTGCCATT 425 
1 CATGTCAGGAGCGGTTTC TCTAGAAAGCCGGGGACAG 499 
A GAGTCTTTTCTCCTCTTCCTCAC 430 
B GCGACAACCTCTTAGACAC TGGTGGTGCTTGACCTTCC 397 
C ACATGAGTCTCTGTGTCGTG GTGGAGGAAACGAGATGAAAG 480 
D CTCAAGTCTGTTCATGCTCCTT CTTGTCACCAGATAGACAGACAA 598 
E TATCCTGTGTTTGTAGCTGCT AAATTATCAAATGGTAAAAGA 578 
F GCACACACAAGCATCTCACT CATTCTGTGACAGTTGTTGAA 537 
G TTTACTAACAAGTTGATGACA ATACACTGAAACCCACGTGTAAA 381 
H TTTTAACCCCTCTGTGCTTTAG GACTCTAAACATTGCCTAAAG 496 
I GCAGGATTTTCAGCAGAG AGCCAATGATTCGATAGGAGAA 499 
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Table 3.8 Primer sequences used  PTGDS 

o 
Prod

(bp

 to amplify the exons of

Exon Forward primer N Reverse primer uct 
) 

1 GCATCACGAGTGTTCAGTGG 37
AGA 57

C 47
TAA 44

A 33
B 50

22
7 G T 47

GGGACTTCGCTCACTCCTC 7 
2 TTGGAGACCGGAGGAGT CTTGTGCATGGGTAGTCACG 3 
3 TCCCTCGGCTCCTACAGCTA CAGGCTCAGAAAACCAGGATT 0 
4 CTCTGGAGTTTTCCCCACA GTACTGGTCGTAGTCGGTCTCC 9 

5 CAGATTCTGGTTTGGGGACAG CACGGGGCACGTACTGTAGA 1 
5 TGTCTCTTGGGTTCCCAGACT TGAACACTCACCCCCTCTGT 0 
6 AGTTTGGGGGCTCAGTCAAG GATCCATCCCATCGCAGAGT 6 

CTGGGAAGGGTGGAGTCTGTA ACTAGAGGGCCTGTTCCTTTGT 9 

 
 

F R

Table 3.9 Primer sequences used to amplify the exons of EDF1 

Exon 
No orward primer everse primer Product 

(bp) 
1 ACGACGTCCCTCAGACGAG T T 

TGC A AAG 
 C

T
5A ATGGTTCTCTGAGCCTGAGC A  
5  C  

CCTCCTACCCCTGCGAT 450 
2 ACCACTAGTCCTTAGCAGTG CCTGAAGAAAAACCATTTCA 487 
3 ACGACCTGAGGTGTGTGAACTT

CACTGCCTCTCGCACAAAAC 
TCCCCGTGCTATCTGAACAC 392 

4 GGAGAAGCAAAGCTCCAGAAT 380 
TTTCGAGGCTTTGTGTTCATT 382 

B AATTAGATGTGGGAACCAGGAGT CTTGTATAAGGTGGTGCTCAGA 528 
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Table 3.10 Primer sequences used to amplify the exons of EHMT1 
 

Exon 
No 

Product Forward primer Reverse primer (bp) 
1 CTGTGAAAACAGTGCAGAGACTG ATGGAGGTCAAGTGCTAAAACAAT 

TTTGACAAATGTGTTCCTTCTCTG 
367 

2 AGAAGTTTCCTTGGACTGTGTTCT 
GAATTATCGGGGAGAAGAACTGT 

474 
4 TAACAAGCTAGGAAATCAATGCTG 498 
5 GTGATTTTGGTGATCAAGTTTTGT ATGATCTTGGACACGAACACTCT 426 
6 CTCCCAGTCACCCAAGACTC CAGGGGATTTTATCAGGGTCTA 389 
7 
8 

GAGTGGAAGCTCAGAGTGTGTCT GGTGTCTTTCTCATGAGGCTTT 491 
459 CCCAGCAAAATGTCTACAAGTTAAG TTGGCCAGAAGGAAACTACTTTAG 

9 AAATGATAGTGAAACTGGAATGGTC TGTCTCTTTCTTCACTTGAACACC 499 
10 CTGTTTGTGCTGGGTAATCAAC CTAGACCTGTGTTTCATCATCTGC 477 
11 473 
12 488 

GACTAAGCGGACAGTAAGCAAATC TCAAAAAGCTGAGAAGTGCTAAAGT 40
14 ATA GC CCTGAGG 37
1 AGG 491 
1 489 
1 395 
1 386 
1 347 
2 384 
21 487 
22 TCACAGTGAATAGTGTTCCCTTTATTG CTGCCATGGAAAGGACAGGT 497 
23 AGAGGATAGTGAGCAGGTGAGC AGGCAACTACAAAGAGAATGAGGT 522 
24 CACAGCCTTCTCCCTAAGAGG CAGCTCACCTCCAACTCCTTC 364 
25 TTTAAGCCACACTGGGCACTTAG AGTTCTTGTCTGTCGGGGTGAC 299 
26 CAGAACCAGTTTTCTTCCTCATTT GGCTTCCTGAAGTACAGACACAG 281 
27 CTCAGCTGAAACCCCAGTTC TATAGCAAGCCCACTCTTGTCA 373 
28 CCACAGGTCACTGGAGAAGG ATCCCAGGTCGCAGTTTTTAG 460 
9A AAGCTTTGGCCTTGCCTTAATTT GACCAAAGTGTGCGCTCCAG 509 
29B GAGGACGAGGAGGAGAGATTCC AAGTTAGTGGTGGGGTCGGTCT 495 
29C GGGGTTGCTCTGTTCTCCTGT TGGCAAATTTATTCACGCTACAAG 568 
29D GCCACATGCTATGATGAATAAACTGA AGATCTGGGGTGAAAAGGAAGC 595 

CGTGTAGCAGGTGCTCGATAAGT GGCTTGTGAACACTGGAGACCT 
CGTTCCTCCTTCTTAACGATGC AAAAACAGCAGGAAGCAATAACG 

13 0 
7 TCTCGACTGGTGGGTTT AAGGAGTAACAACTGC 

5 ACACTCAAGTCTCAAGTCCAG CTTCTCAAAGGCCGTGGTAAAT 

6 GCTGTCTTAGTCCATTTTCTCTAGC GACCAAAAAGTGGAAAGTCTGTAA 

7 GAAAACTCAGACATTGTTGGTCAC 
 

AAGGAACTATTTCTGGACAACTGG 

8 CATGGTGCTGGGATTATGAGCA CCTCACGCTTCTGGATGTGGATA 

9 CTCAGCCTGGGTTTCCTTGT GGGACGCCATGGAGAATG 

0 CTCTGAAGGTTGCATTCAGGTC 
GAAGTGCCTTCCAGAGTTGAGAT ACTTCCACAC

ATGCTGCCACAGGAAGAGGT 
GAAGGAACAGAG 
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DISCUSSION 

Non

gene

-syndromic sensorineural hearing impairment is genetically and clinically a 

hetero ous dis et al., 1997). omal recessive non-

syndro c d ped nding s have 

been cloned. Most of these loci and muta

specifi and tion iso used to p and 

characterize these genes. Pakistani popula ental role in 

unrave g h genes  been 

mappe it rees

ev ea tani lation 

is mar ly ion enetic sis of 

heredi  d s r contr r (30-

50%) no e , 1997 and Morton 

and Nancy, 2006). In Pakistani population the deafness phenotype due to GJB2  

is 8.4  ( ther type in kistani 

popul n NB7 MC1, 

DFNB 0/T 23, D 1/TECTA, NB23/ 

PCDH  29/C  DFN /HGF, 

DFNB an  loci (un

e ned t mponents that are 

invol n rment in Punjabi and Sindhi population. Twenty Five 

pedigrees having three or more hearing impaired individuals were ascertained from 

different cities of Punjab and Sindh. Linkage analyses using DNA from these families 

with congenital profound hearing loss was performed with highly polymorphic 

microsatellite markers for reported recessive (DFNB) loci. Eight pedigrees were linked to 

reported (DFNB) loci (DFNB1/GJB2, DFNB3/MYO15, DFNB7/TMC1, DFNB9/OTOF 

and DFNB49/ MARVELD2) and two pedigrees showed linkage to DFN3 locus on X 

chromosome. 

Two consanguineous pedigrees, PKDF499 and PKDF816 were linked to DFNB1 

which is the first autosomal recessive non-syndromic deafness locus, mapped at 

order (Van Camp  So far, 88 autos

mi eafness loci have been map or reserved and 29 correspo gene

tions in corresponding genes are population 

c  highly inbred popula lates have been widely  ma

tion has played a fundam

lin the mysteries of hearing mec anisms as 28 loci and 17 have

d w h the help of Pakistani pedig .  

Pr alence of different recessive d fness loci segregating in Pakis popu

ked  different from other populat s due to its heterogeneity. G analy

tary eafness in world population evealed DFNB1 as a major ibuto

(De yelle et al., 1999; Najamabadi t al., 2002; Gasparini et al.

 mutations

0% Unpublished Lab Data). O  common deafness pheno  Pa

atio are DFNB2/MYO7A, DFNB3/MYO15, DFNB4/SCL26A4, DF /11/T

8/1 MPRSS3, DFNB12/CDH FNB18/USH1C, DFNB2  DF

15, DFNB28/TRIOBP, DFNB LDN14, DFNB37/MYO6, B39

48 d DFNB49/MARVELD2 published lab data).  

Th present study was desig o capture the genetic co

ved i hereditary hearing impai
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chromosome 13q11 (Guilford et rs a gene GJB2 (Kelsell et al., 

1997), which encodes gap junctions protein connexin 26 (Cx26). Sequence analysis of 

GJB2 i

aheshwari et al., 2003; Ramshankar et al., 

2003; S

milies on chromosome 

9q13-2

is (Chaib et al., 1996). Mutations of OTOF gene account for hereditary 

deafnes

al., 1994) and harbo

n affected individuals of PKDF499 revealed a reported pathogenic substitution 

(c.95 G>A) which results in missense mutation (p.R32H). This change was initially 

reported in a Lebanese pedigree (Mustapha et al., 2001), However, the present studies 

detected W77X in PKDF816. It is a nonsense mutation (c. 321G>A) and introduces a 

premature stop codon at tryptophan 77 (p.W77X). This mutation has earlier reported in a 

Pakistani family (Kelsell et al., 1997) and contributes 28.7% of total GJB2 mutation in 

Pakistani population (unpublished lab data). This is one of the most common mutations in 

the population on the Indian subcontinent (M

antos et al., 2005).  

Three pedigrees PKDF774, PKDF778 and PKDF909 were found linked to 

DFNB3. This locus was initially mapped in a large non-consanguineous pedigree 

(Friedman et al., 1995) in Bengkala, an Indonesian village. Recessive Mutations of 

MYO15 are associated with profound non-syndromic deafness DFNB3 in humans, and 

deafness with vestibular dysfunction in Shaker 2 mice (Friedman et al., 1995; Liang et 

al., 1998; Probst et al., 1998; Wang et al., 1998). Mutant alleles of MYO15 are 

responsible for 5% recessive deafness in Pakistani population (Liburd et al., 2001). 

PKDF742, a pedigree with five affected individuals from Sadiq Abad was linked 

to DFNB7/11. The locus was originally mapped in two Indian fa

1 in an overlapping region of DFNA36 (Jain et al., 1995). Positional cloning of 

this locus resulted in pathogenic variants of TMC1 gene in both dominant and recessive 

pedigrees (Kurima et al., 2002). Mutations of TMC1 are responsible for 3.4% of hearing 

loss in Pakistani families (Kitagiri et al., 2007).  

A large consanguineous pedigree, PKDF913, with nine affected individuals in 

two loops from Pak Patan was found linked with DFNB9/OTOF at chromosome 2p23–

p22 with significant two-point LOD score of 3.17. DFNB9 earlier mapped in a large 

consanguineous Lebanese pedigree and also in Turkey and India, through genome-wide 

linkage analys

s in diverse populations (Yasunaga et al., 1999; Houseman et al., 2001; 
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Mirghomizadeh et al., 2002; Migliosi et al., 2002). Mutations of OTOF are responsible 

for 2.3% hearing loss in Pakistani population (Choi et al., 2009).  

A consanguineous pedigree, PKDF895 from Bakhar was found linked to 

DFNB49/MARVELD2. DFNB49 was earlier mapped in our laboratories in two Pakistani 

pedigrees on chromosome 5q12.3-q14.1 (Ramzan et al., 2005). Positional cloning of 

DFNB49 resulted in pathogenic variants of MARVELD2 (Riazuddin et al., 2006). 

Segregation of deafness phenotype due to this gene mutation has been reported in 

Pakistani population only (unpublished lab data). 

IDENTIFICATION OF TWO NOVEL TRUNCATING MUTATIONS IN POU3F4 

Non syndromic X-linked deafness is a rare form of inherited hearing loss. 

Approxim

pe is 

caused by point mutations or deletions of the POU3F4 gene, which encodes a 

transcri

.L208X) have been observed in Asians 

(Lee et

PKDF536 is a Sindhi family from Shahdadkot Sindh while PKDF1132 is a Punjabi 

ately 1-3% cases of congenital deafness are transmitted with pattern of X-

linked inheritance (Wang et al., 2006). To date six X-linkages for deafness have been 

reported while two corresponding gene has been identified. The X-linked deafness also 

shows high degree of phenotypic variations, such as age of onset and level of hearing 

loss. DFN3 associated phenotypes is the most typical example as initially it was linked to 

mixed hearing loss with perilymphatic gusher and later it was also reported with pure 

sensorineural hearing impairment (Vore et al., 2005). DFN3 deafness phenoty

ption factor with two domains, one is 75-amino acid POU domain and the other is 

63-amino acid Homeobox domain. The former is specific to POU family genes while 

latter is common to all transcription factors (Vore et al., 2005). 

Twenty different mutations in the coding region of POU3F4 associated with 

DFN3 have been reported (Lee et al., 2009), out of these, eight are truncating mutations. 

Only two of these mutations (p.Gly128fs and p

 al., 2009) while all others have been detected in Caucasian population. In this 

study two novel nonsense mutations p.Q136X and p.W114X have been found in two 

large Pakistani pedigrees PKDF536 and PKDF1132 respectively with characteristic 

radiological anomalies associated with DFN3. These mutations (p.Q136X and p.W114X) 

cause premature truncation of protein which lacks POU specific and Homeobox domains.  

 Both families belong to same cast Bhatti but ethnically they are different; 
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family, from Faisalabad Punjab. PKDF536 has eight affected males in four sibships of 

three generations. The disease allele was inherited from the grandmother of the second 

generat

howed normal hearing profile (Figure 

3.9B and 3.10B). Temporal bone CT abnormalities associated with DFN3 mutations are 

 

The rad

nguineous families is the 

extreme genetic heterogeneity of this popula

ion and six daughters and granddaughters are carriers of mutated allele (Figure 

3.9A). PKDF1132 consists of six affected males in three generations. Only three affected 

males in the fourth generation with two normal sibships have been included in this study, 

the daughter is a carrier of the mutation. Air and bone conduction audiometery of both 

pedigrees revealed profound bilateral sensorineural hearing loss in affected individuals 

(Figure 3.9C and 3.10C) while carrier mothers s

consistent irrespective of the type of mutation either in-frame or truncating mutations.

iological findings of PKDF536 and PKDF1132 are also similar to the reported 

ones (Phelps et al., 1991).  

In summary the identification of two pedigrees segregating hearing loss due to 

mutations in POU3F4 out of 700 pedigrees with autosomal recessive pattern of 

inheritance indicates low prevalence of X-linked deafness (0.28%) in Pakistani 

population (unpublished lab data). This study also shows the involvement of POU3F4 

mutations in families with affected males and random screening for DFN3 of deaf male 

patients, may reveal further involvement of this gene. 

MAPPING OF NOVEL LOCUS DFNB79 

One advantage of using ethnic isolates in Pakistani consa

tion which provides a unique opportunity to 

identify and characterize a large number of novel population specific alleles and genes 

critically important to the understanding of disease phenotypes. Identification of DFNB79 

region located at the telomere of chromosome 9 represents the twenty eighth deafness 

locus in Pakistani families which further shows the level of genetic heterogeneity of 

inherited hearing loss in this population. So far, 28 recessive deafness loci and 17 

deafness genes have been identified in Pakistani pedigrees (http://www.uia.ac.be/ 

dnalab/hhh). 

This distinctive prospect of Pakistani population was exploited in this study by 

performing genome-wide analysis on five unlinked pedigrees. PKDF280 was found 
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linked to chromosome 9q34.3. Haplotype analysis showed a homozygous region of 3.86 

Mb delimited by markers D9S1818 (136.27 Mb) towards proximal end without telomeric 

breakpoint. Medlej-Hashim and co-authors had earlier reported DFNB33 at the same 

position in a single pedigree from Jordan with a LOD score of 3.38 (Medlej-Hashim et 

al., 2002). However, the linkage of DFNB33 deafness segregating in the Jordanian family 

on 9q34.3 was recently reported to be spurious, and subsequently DFNB33 re-assigned to 

chromosome 10p11.23-q21.1 (Belguith et al., 2009).  From the HUGO therefore assigned 

as DFNB79 designation to our locus. DFNB79 linked STR marker were used to screen 

unlinked pedigrees, available in CEMB repository to find additional pedigrees. 

Consequently, two additional consanguineous pedigrees (PKDF517and PKDF741) were 

found linked to this locus. Meiotic breakpoint at telomeric position in pedigree PKDF517 

reduced the DFNB79 initial linkage interval to 3.84 Mb, flanked by microsatellite 

marker

 Punjabi ethnic group. Presence of 

three distinct haplotypes in different isolates of Pakistani population suggests the 

79. 

spectively. Generation of maximum two-point LOD score for the same 

marker

s D9S1818 (136.27 Mb) and D9SH6 (140.11 Mb) (Figure 3.19). 

DFNB79 markers were genotyped in affected individuals of each linked pedigree 

and haplotypes were constructed to identify shared identical region. Three DFNB79 

linked pedigrees displayed different haplotypes across the refined linkage interval (Figure 

3.20). Two pedigrees (PKDF280 and PKDF517) belong to different caste of Sindhi 

ethnic group and third pedigree (PKDF741) belongs to

segregation of diverse mutant alleles of DFNB

Three non-syndromic deafness loci have been previously mapped to chromosome 

9 that include DFNA36/DFNB7/11/TMC1 (Scot et al., 1996; Kurima et al., 2002), 

DFNB31/WHRN (Mustapha et al., 2002 and Mburu et al., 2003) and DFNA47 (D’Amato 

et al., 2003). The genetic interval of DFNB79 locus does not overlap with any of the 

earlier reported on chromosome 9 (Khan et al., 2010).  

 Maximum two-point LOD scores were calculated for different markers for 

deafness segregating in DFNB79 linked pedigrees. Microsatellite marker D9SH159 gives 

maximum two-point LOD score of 9.43, 4.30 and 3.25 for PKDF280, PKDF517 and 

PKDF741 re

 in all three pedigrees indicates the possible involvement of one deafness gene 

segregating in DFNB79 pedigrees.  

http://www.uia.ac.be/
http://www.uia.ac.be/
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Mapping of new locus for non-syndromic recessive deafness to chromosome 9 in 

three Pakistani pedigrees shows the genetic heterogeneity of this disorder. Screening of 

750 Pakistani unlinked pedigrees led to identification of two pedigrees. This indicates the 

low prevalence of DFNB79.  

 

Figure 3
flanking

.20 Haplotype analysis of DFNB79 pedigrees on chromosome 9q34.3.  A core of nine markers 
 the 3.84 Mb critical intervals is boxed in red color. Homozygosity mapping revealed proximal 

recombinants for marker D9S1818 (asterisk), on the basis of heterozygosity, in affected individuals of 
pedigree PKDF280. Distal boundary for marker D9SH6 (asterisk), on the basis of heterozygosity, in 
affected individual of pedigree PKDF517. All three pedigrees had shared different haplotypes suggesting 
the existing different mutation of same gene in these pedigrees or presence of more than one diseased gene 
in this region.  
 

 



 102

SECTION -4 

 
 
 
 
 
 
 
 
 
 

REFERENCES 



 103

Alsm , , Alkayal, F., Al-Saud, H., Ramzan, K 
and Al-Sayed ital sensorineural deafness, microtia and 
microdontia resulting from c mutation in fibroblast growth factor 3 
(FGF3). Eur J Hum Genet 17: 14–21  

Anwar, S., Riazuddin, S., Ahmed, ZM., Tasneem, S., Jaleel, AU., Khan, SY., Griffith, AJ.,
Friedman, TB and Riazuddin S. (2009) SLC26A4 mutation spectrum associated with
DFNB4 deafness and Pendred's syndrome in Pakistanis. J Hum Genet 54(5):266-70 

Atar, O., and Avraham, K. B. (2005) Therapeutics of hearing loss: expectations vs reality
Drug Discov Today 10: 1323 –1230. 

Birkenhager, R., Aschendorff, A., Schipper, J and Laszig, R. (2007) Non-syndromic
hereditary hearing impairment. Laryngorhinootologie. 86(4):299-309; quiz 310-3. 

Blumenfeld, H. (2001) Neuroanatomy through Clinical Cases. Yale University School of
Medicine, New York. 

Botstein, D., White, R. L., Skolnick, M., and Davis, R. W. (1980) Construction of a genetic
linkage map in man using restriction fragment length polymorphisms. Am J Hum
Genet 32:314-331. 

Bykhovskaya, Y., Estivill, X., Taylor, K., Hang, T., Hamon, M., Casano, RA., Yang, H.,
Rotter, JI., Shohat, M and Fischel-Ghodsian, N. (2000) Candidate locus for a nuclear
modifier gene for maternally inherited deafness. Am J Hum Genet 66:1905-1910. 

Chaib, H., Place, C., Salem, N., Chardenoux, S., Vincent, C., Weissenbach, J., El-Zir, E.,
Loiselet, J and Petit, C. (1996) A gene responsible for a sensorineural nonsyndromic
recessive deafness maps to chromosome 2p22-23. Hum Mol Genet 5:155-158. 

Choi, BY., Ahmed, ZM., Riazuddin, S. , T., Riazuddin, 
S., Griffith, AJ and Friedman, of mutations of 
the otoferlin gene (OTOF) causing DFNB9 deafness in Pakistan. Clin Genet 
75(3):237-243  

Conneally, P M and Rivas. (1980) Linakge analysis in man (New York, Plenum). 

Cremers, CWRJ., Marres, HA and Van Rijn PM. (1991) Nonsyndromal profound genetic 
deafness in childhood. Ann NY Acad Sci 630: 191-196. 

D'Adamo, P., Donaudy, F., D'Eustacchio, A., Di Iorio, E., Melchionda, S and Gasparini, P. 
(2003) A new locus (DFNA47) for autosomal dominant non-syndromic inherited 
hearing loss maps to 9p21-22 in a large Italian family. Eur J Hum Genet 11(2):121-4. 

Dallos, P. (1992) The active cochlea. J Neurosci 12, 4575 –4585.  

Davis, AC. (1989) The prevalence of hearing impairment and reported hearing disability 
among adults in Great Britain. Int J Epidemiol 18:911-917. 

Denoyelle, F., Marlin, S., Weil, D., Moatti, L., Chauvin, P., Garabedian, EN and Petit, 
C.(1999) Clinical features of the prevalent form of childhood deafness, DFNB1, due 
to a connexin-26 gene defect: implications for genetic counselling. Lancet 
53(9161):1298-303. 

 BF., Alkuraya, F., Wakil, S.
, M. (2009) Syndromic congen

 a novel homoalleli

adi, O., Meyer

 
 

. 

 

 

 
 

 
 

 
 

, Bhinder, MA., Shahzad, M., Husnain
TB. (2009) Identities and frequencies 



 104

Ebermann, I., Walger, M., Scholl, HPN., Issa, PC., ke, CL., Nu¨rnberg, G., Lang-Roth, R., 
Becker, C., Nu¨rnberg, P and Bolz, HJ, (2007). Truncating Mutation of the DFNB59 
Gene Causes Cochlear Hearing Impairment and Central Vestibular Dysfunction. 
WILEY-LISS, INC.  

Eisen, MD and Ryugo, DK. (2007) Hearing molecules: contributions from genetic deafness. 
Cell Mol Life Sci 64(5):566-58 

., Elahi, F., Elahi, A and Elahi, SB. (1998) Paediatric hearing loss in rural Pakistan.Elahi, M  J 

Fettipla  sensory and motor roles of auditory hair cells. 

Foroud

nt childhood hearing impairment in the United Kingdom and 

Friedm  AJ. (2003) Human nonsyndromic sensorineural deafness. Annu 

Friedm
the 

Gaspar
te, L., 

Gates, ree, NN and Myers, RH. (1999) Genetic associations in age-related 

Grimbe
 

28. 

Otolaryngol. 27:348-353.  

ce, R., and Hackney, CM. (2006) The
Nat Rev Genet Volume 7.  

, T. (1997) Introduction to genetic linkage analysis. Cancer Invest 15:548-552. 

Fortnum, HM., Summerfield, AQ., Marshall, DH., Davis, AC and Bamford, JM. (2001). 
Prevalence of permane
implications for universal neonatal hearing screening: questionnaire based 
ascertainment study. Brit Med J 323, 1-6. 

an, TB and Griffith,
Rev Genomics Hum Genet 4: 341-402.  

an, TB., Liang, Y., Weber, JL., Hinnant, JT., Barber, TD., Winata, S., Arhya, IN and 
Asher, JH Jr. (1995) A gene for congenital, recessive deafness DFNB3 maps to 
pericentromeric region of chromosome 17. Nat Genet 9:86-91. 

ini, P., Estivill, X., Volpini, V., Totaro, A., Castellvi-Bel, S., Govea, N., Mila, M., 
Della Monica, M., Ventruto, V., De Benedetto, M., Stanziale, P., Zelan
Mansfield, ES., Sandkuijl, L., Surrey, S and Fortina, P. (1997) Linkage of DFNB1 to 
non-syndromic neurosensory autosomal-recessive deafness in Mediterranean 
families. Euro J Hum Genet 5:83-88. 

GA., Couropmit
hearing thresholds. Arch Otolaryngol 125:654-659. 

Glasel, JA. (1995) Validity of Nucleic Acid Purities Monitored by A260/A280 Absorbance 
Ratios, Biotechniques 18:62-63. 

Graham, A.  (2000) Development.  Hear, for the inner ear.  Sci 290:1904-5.  

rg, J., Nawoschik, S., Belluscio, L., McKee, R., Turck, A and Eisenberg, A. (1989) A 
simple and efficient non-organic procedure for the isolation of genomic DNA from
blood. Nucleic Acids Res 17:8390. 

Guilford, P., Arab, SB., Blanchard, S., Levilliers, J., Weissenbach, J., Belkahia, A and Petit, 
C. (1994) A non-syndromic form of neurosensory, recessive deafness maps to the 
pericentromeric region of chromosome 13q. Nat Genet 6:24-

Guilford, P., Ben Arab, S., Blanchard, S., Levilliers, J., Weissenbach, J., Belkahia, A and 
Petit, CA. (1994) Non-syndrome form of neurosensory,recessive deafness maps to the 
pericentromericregion of chromosome 13q. Nat Genet 6:24-8. 



 105

Heiner, CR., Hunkapiller, KL., Chen, SM., Glass, JI and Chen, EY. (1998) Sequencing 
multimegabase-template DNA with BigDye terminator chemistry. Genome Res 
8:557-561. 

an, MJ., Jackson, AHousem P., Al-Gazali, LI., Badin, RA., Roberts, E and Mueller RF. 

ised OTOF long isoforms. J Med Genet 38(8):E25. 

Hussain, R and Bittles, AH. (1998) The prevalence and demographic characteristics of 

Jaber, L., Merlob, P., Bu, X., Rotter, JI and Shohat, M. (1992) Marked parental 
i Arab 

Jain, PK

s potential homologue of murine deafness 

Kalatzi al and medical impacts of recent progress in 

Kalay, 
07) A novel locus for 

Kelssel

riedman, TB. (2010) DFNB79: 

s, RA., Ahmed, 
frequencies and 

Kurima in, S., Ahmed, ZM., Naz, S., Arnaud, D., Drury, 

Griffith, AJ. (2002) 

Lanford  determination in the 
vertebrate inner ear. In Kelley, MW., Wu, DK., Popper., AN and Fay, RR (Eds.):  

(2001) A novel mutation in a family with non-syndromic sensorineural hearing loss 
that disrupts the newly character

Hudspeth AJ. (1989) How the ear's works work.  Nature 341(6241):397-404. 

consanguineous marriages in Pakistan.  J Biosoc Sci 30:261-275. 

consanguinity as a cause for increased major malformations in an Israel
community. Am J Med Genet 44: 1-6. 

., Fukushima, K., Deshmukh, D., Ramesh, A., Thomas, E., Lalwani, AK., Kumar, S., 
Plopis, B., Skarka, H and Srisailapathy, CR. (1995) A human recessive neurosensory 
nonsyndromic hearing impairment locus i
(dn) locus. Hum Mol Genet 4:2391-2394. 

s, V and Petit, C. (1998) The fundament
research on hereditary hearing loss.  Hum Mol Genet 7(10):1589-97. 

E., Caylan, R., Kiroglu, AF., Yasar, T., Collin, RW., Heister, JG., Oostrik, J., 
Cremers, CW., Brunner, HG., Karaguzel, A and Kremer, H. (20
autosomal recessive nonsyndromic hearing impairment, DFNB63, maps to 
chromosome 11q13.2-q13.4. J Mol Med 85(4):397-404.  

l, DP., Duunlop, J., Stevens, HP., Liang, JN., Parry, G., Mueller, RF and Leigh, 
IM.(1997) Connexin 26 mutations in the hereditary nonsyndromic sensorineural 
deafness. Nature 387:80-83. 

Khan, SY., Riazuddin, S., Shahzad, M., Ahmad, N., Zafar, AU., Rehman, A., Morell, RJ., 
Griffith, AJ., Ahmed, ZM., Riazuddin, S and F
Reincarnation of nonsyndromic deafness locus on chromosome 9q34.3 Eur J Hum 
Genet  18(1):125-9 

Kitajiri, SI., McNamara, R., Makishima, T., Husnain, T., Zafar, AU., Kittle
ZM., Friedman, TB., Riazuddin, S., Griffith, AJ. (2007) Identities, 
origins of TMC1 mutations causing DFNB7/B11 deafness in Pakistan. Clin Genet 
72(6): 546-550.  

, K., Peters, LM., Yang, Y., Riazudd
S., Mo, J., Makishima, T.  Ghosh, M., Menon, PSN., Deshmukh, D., Oddoux, C., 
Oster, H., Khan, N., Riazuddin, S., Deininger, LP., Hampton, LL., Sullivan, LS., 
Battey, FJ., Keats, BJB., Wilcox, ER., Friedman, TB and 
Dominant and recessive deafness caused by mutations of a novel gene, TMC1, 
required for cochlear hair-cell function. Nat Genet 30:277-284. 

, PJ and Kelley, MW. (2005) Notch signaling and cell fate



 106

Development of the inner ear. Springer Handbook of Auditory Research. Springer, 
New York 26: 122–157. 

K., Lee, SH., Lee, H Lee, KY., Lim, EJ., Choi, SY., Park, RK and Kim, UK. (2009) Novel 

Leon, n 
d Sci USA 89: 

Liang, shmukh, D., Dolan, 

ouse model shaker-2. Am J Hum 

Liburd,

ons of MYO15A associated with profound 

Mahesh
dromic hearing impairment 

Marazita, ML., Ploughman, LM., Rawlings, B., Remington, E., Arons, KS and Nance, WE. 

Marazi
dimiological studies of early onset deafness in U. S. School-age 

Mazeas

POU3F4 mutations and clinical features of DFN3 patients with cochlear implants. 
Clin Genet 75(6):572-5.  

PE., Raventos, H., Lynch, E., Morrow, J and King, MC. (1992) The gene for a
inherited form of deafness maps to chromosome 5q31. Proc Natl Aca
5181. 

Y., Wang, A., Probst, FJ., Arhya, IN., Barber, TD., Chen, KS., De
DF., Hinnant, JT., Carter, LE., Jain, PK., Lalwani, AK., Li, XC., Lupski, JR., 
Moeljopawiro, S., Morell, R., Negrini, C., Wilcox, ER., Winata, S., Camper, SA and 
Friedman TB. (1998) Genetic mapping refines DFNB3 to 17p11.2, suggests multiple 
alleles of DFNB3, and supports homology to the m
Genet 62(4):904-15. 

 N., Ghosh, M., Riazuddin, S., Naz, S., Khan, S., Ahmed, Z., Riazuddin, S., Liang, 
Y., Menon, PS., Smith, T., Smith, AC., Chen, KS., Lupski, JR., Wilcox, ER., Potocki, 
L and Friedman, TB. (2001) Novel mutati
deafness in consanguineous families and moderately severe hearing loss in a patient 
with Smith-Magenis syndrome. Hum Genet 109(5):535-41. 

Linder, TH and Hoffmann, K. (2005) easyLINKAGE: A PERL script for easy and automated 
two-/multipoint linkage analyses. Bioinformatics 21:405-407. 

wari, M., Vijaya, R., Ghosh, M., Shastri, S., Kabra, M and Menon, PSN. (2003) 
Screening of families with autosomal recessive non-syn
(ARNSHL) for mutations in GJB2 gene: Indian Scenario. Am J Med Genet 120A: 
180-4. 

(1993) Genetic epidemiological studies of early onset deafness in U. S. school-age 
population. Am J Med Genet 46:486-491. 

ta,ML., Ploughman, LM.,  Rawlings, B., Remington, E., Arnos, KS. and Nance, WE. 
(1993). Genetic Epe
population. Am J Med Genet 46. 486-491. 

, R., and Bourguet, J. (1975) New method of deafness classification. Ann Otolaryngol 
Chir Cervicofac. 92:567-572. 

Mburu, P., Mustapha, M., Varela, A., Weil, D., El-Amraoui, A., Holme, RH., Rump, A., 
Hardisty, RE., Blanchard, S., Coimbra, RS., Perfettini, I., Parkinson, N., Mallon, 
AM., Glenister, P., Rogers, MJ., Paige, AJ., Moir, L., Clay, J., Rosenthal, A., Liu, 
XZ., Blanco, G., Steel, KP., Petit, C and Brown, SD. (2003) Defects in whirlin, a 
PDZ domain molecule involved in stereocilia elongation, cause deafness in the 
whirler mouse and families with DFNB31. Nature Genet 34:421-428. 

McKusick, VA. (1992) Mendelian Inheritance in Man. Johns Hopkins University Press, 
Baltimore. 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Houseman%20MJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Petit%20C%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Petit%20C%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Kitajiri%20SI%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22McNamara%20R%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22McNamara%20R%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus


 107

Medlej
., Lathrop, M., Petit, C and Megarbane, A. (2002) Non-

Miglios ., Moreno-Pelayo, MA., Rodríguez-Ballesteros, M., Villamar, 

Morton

Mustap

mosome 9q32–34. Eur J 

Najmab  and Kahrizi K. (2002) 

Naz, S
ailpathy, S., Deshmukh, D., Riazuddin, S., Griffth, AJ., Friedman TB., Smith, 

Nerva, üleci, G., Dinç, O., Waryah, AM., Ain, Q., 

XVA is required for hearing. Hum Mutat  

Ott, J. age (Baltimore and London, John Hopkinís University  

Peterse

Petit, C

-Hashim, M., Mustapha, M., Chouery, E., Weil, D., Parronaud, J., Salem, N., 
Delague, V., Loiselet, J
syndromic recessive deafness in Jordan: mapping of a new locus to chromosome 
9q34.3 and prevalence of DFNB1 mutations. Eur J Hum Genet 10:391-394. 

i, V., Modamio-Høybjør, S
M., Tellería, D., Menéndez, I., Moreno, F and Castillo, ID. (2002) Q829X, a novel 
mutation in the gene encoding otoferlin (OTOF), is frequently found in Spanish patients 
with prelingual non-syndromic hearing loss. J Med Genet 39: 502-506. 

Mirghomizadeh, F., Pfister, M., Apaydin, F., Petit, C., Kupka, S., Pusch, CM., Zenner, HP 
and Blin, N. (2002) Substitutions in the conserved C2C domain of otoferlin cause 
DFNB9, a form of nonsyndromic autosomal recessive deafness. Neurobiol Dis 
10(2):157-64. 

 NE. Genetic epidemiology of hearing impairment. (1991) Ann N Y Acad Sci 630:16-
31. 

Morton, CC and Nance, WE. (2006) Newborn Hearing Screening - A Silent Revolution. N 
Engl J Med 354:2151-64.  

ha, M., Chouery, E., Chardenoux, S., Naboulsi, M., Paronnaud, J., Lemainque, A., 
Megarbane, A., Loiselet, J., Weil, D., Lathrop, M., Petit, C. (2002) DFNB31, a 
recessive form of sensorineural hearing loss, maps to chro
Hum Genet 10:210–12. 

adi, H., Cucci, RA., Sahebjam, S., Kouchakian, N., Farhadi, M
GJB2 mutations in Iranians with autosomal recessive non-syndromic sensorineural 
hearing loss. Hum Mut 19:572. 

., Giguere, CM., Kohrman, DC., Mitchem, KL., Riazuddin, S., Morell, RJ., Ramesh, 
A., Sris
RJH and Wilcox, ER. (2002) Mutations in a novel gene, TMIE, are associated with 
hearing loss linked to DFNB6 locus. Am J Hum Genet 71:632-636. 

N., Ahmed, ZM., Erkal, E., Alper, OM., L
Tasneem, S., Husnain, T., Chattaraj, P., Riazuddin, S., Boger, E., Ghosh, M., Kabra, 
M., Riazuddin, S., Morell, RJ and Friedman TB. Mutational spectrum of MYO15A: 
the large N-terminal extension of myosin 
28(10):1014-9. 

(1991) Analysis of human link
Press). 

n MB and Willems PJ.(2006) Non-syndromic, autosomal-recessive deafness. Clin 
Genet 69: 371-392. 

. (1996) Genes responsible for Human Hereditary Deafness: Sympony of a thousand. 
Nat Genet 14:385-391. 

Phelps, PD., Reardon, W and Pembrey, M. (1991) X-linked deafness, stapes gushers and a 
distinctive defect of the inner ear. Neuroradiology  33: 326–330. 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Liang%20Y%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wang%20A%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Probst%20FJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Arhya%20IN%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Barber%20TD%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chen%20KS%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Deshmukh%20D%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Dolan%20DF%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hinnant%20JT%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract


 108

Probst, FJ., Fridell, RA., Raphael, Y., Saunders, TL., Wang, A., Liang, Y., Morell, RJ., 
Touchman, JW., Lyons, RH., Noben-Trauth, K., Friedman, TB and Camper SA. 
(1998) Correction of deafness in shaker-2 mice by an unconventional myosin in a 
BAC transgene. Sci 280(5368):1444-7. 

Ramshankar, M., Girirajan, S., Dagon, O., Shankar, HMR., Rangasayee, R., Avraham, KB 
and Anand A.(2003) Contribution of connexin26 (GJB2) mutations and founder 
effect to non-syndromic hearing loss in India. J Med Genet 40:e68. 

n, K., Shaikh, RS., Ahmad, J., Khan, SN., Riazuddin, S., Ahmed, ZM.Ramza , Friedman, TB., 

Raphae
7-422. 

ttaraj, P., Friedman, PL., Anderson, JM., Belyantseva, IA., Forge, A., Riazuddin, 

79:1040–1051. 

 and evaluation of a novel nonsyndromic deafness 

Santos

Schultz

human hearing loss by plasma-membrane calcium pump PMCA2. N 

Scott, DA, Carmi, R, Elbedour, K, Yosefsberg, S, Stone, EM and Sheffield, VC. (1996) An 

ouin kindreds. Am J Hum Genet 59: 385-391. 

embrane Ca2+-ATPase gene cause deafness in deafwaddler 

Terwill ge (Baltimore, John 
Hopkins University Press). 

Wilcox, ER and Riazuddin, S. (2005) A new locus for nonsyndromic deafness 
DFNB49 maps to chromosome 5q12.3-q14.1. Hum Genet 116:17-22. 

l, Y and Altschuler, RA. (2003) Structure and innervation of the cochlea.  Brain Res 
Bull 60(5-6):39

Riazuddin, S., Ahmed, ZM., Fanning, AS., Lagziel, A., Kitajiri, SI., Ramzan, K., Khan, SN., 
Cha
S and Friedman, TB. (2006) Tricellulin Is a Tight-Junction Protein Necessary for 
Hearing. Am J Hum Genet 

Riazuddin, S., Castelein, CM., Ahmed, ZM., Lalwani, AK., Mastroianni, MA., Naz, S., 
Smith, TN., Liburd, NA., Friedman, TB., Griffith, AJ., Riazuddin, S and Wilcox, ER. 
(2000) Dominant modifier DFNM1 suppresses recessive deafness DFNB26 Nat 
Genet 26(4):431-434. 

Riazuddin, S., Nazli, S., Sadiq, R., Yang, Yi., Khan, SN., Sabir, F., Javid, FT., Wilcox, ER., 
Boger, ET., Seller, JR., Ahmed, ZM., Riazuddin, S and Friedman, TB. (2008) 
Mutation spectrum of MYO7A
DFNB2 allele with residual function. Hum Mut 29:502-511.  

 RLP , Wajid M, Pham TL , Hussain J, Ali G, Ahmed W and Leal SM. (2005) Low 
Prevalence of connexin26 (GJB2) variants in Pakistani families with autosomal 
nonsyndromic hearing impairment. Clin Genet 67: 61-68. 

Schaffer, AA. (1996) Faster linkage analysis computations for pedigrees with loops or 
unused alleles. Hum Hered 46:226-235. 

, JM., Yang, Y., Caride, AJ., Filoteo, AG., Penheiter, AR., Lagziel, A., Morell, RJ., 
Mohiddin, SA., Fananapazir, L., Madeo, AC., Penniston, JT and Griffith, AJ. (2005) 
Modification of 
Engl J Med 352:1557-1564. 

autosomal recessive nonsyndromic-hearing-loss locus identified by DNA pooling 
using two inbred Bed

Street VA, McKee-Johnson JW, Fonseca RC, Tempel BL and Noben-Trauth K. (1998) 
Mutations in a plasma m
mice. Nat Genet 19: 390-394.  

ger, J. D and Ott, J. (1994) Handbook of human genetic linka

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&term=%22Medlej%2DHashim+M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&term=%22Mustapha+M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&term=%22Chouery+E%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&term=%22Weil+D%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&term=%22Parronaud+J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&term=%22Salem+N%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&term=%22Delague+V%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&term=%22Loiselet+J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&term=%22Lathrop+M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&term=%22Petit+C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&term=%22Megarbane+A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed&cmd=Search&term=%22Megarbane+A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Mirghomizadeh%20F%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pfister%20M%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Apaydin%20F%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract


 109

Thalmann, I. (2006). Inner ear proteomics: a fad or hear to stay. Brain Res 26;1091(1):103-12 

amp, G., Willems, PJ and Smith, RJH. (1997) Nonsyndromic hearing impairment 
unparalleled heterogeneity. Am J Hum Genet 60:758-764. 

Van C

g, WY and Shen, Y. (2004) Y-linked inheritance of non-

Yan, D

EL
UR

Cen

CEP

Con

http

http

The

Her Mice: 

Wang, A., Liang, Y., Fridell, RA., Probst, FJ., Wilcox, ER., Touchman, JW., Morton, CC., 
Morell, RJ., Noben-Trauth, K., Camper, SA and Friedman, TB. (1998) Association of 
unconventional myosin MYO15 mutations with human nonsyndromic deafness 
DFNB3. Sci 280(5368):1447-51. 

Wang, QJ., Li, QZ and Rao, SQ. (2006) A novel mutation of POU3F4 causes congenital 
profound sensorineural hearing loss in a large Chinese family. Laryngoscope 116: 
944–950. 

Wang, QJ., Lu, CY., Li, N., Rao, SQ.,   Shi, Y B., Han, DY., Li, X., Cao, JY., Yu, LM., Li, 
QZ., Guan, MX., Yan
syndromic hearing impairment in a large Chinese family J Med Genet 41:e80. 

 and Liu, XZ. (2008) Cochlear molecules and hereditary deafness. Frontiers in 
Bioscience 4972-4983. 

Yasunaga, S., Grati, M., Cohen-Salmon, M., El-Amraoui, A., Mustapha, M., Salem, N., El-
Zir, E., Loiselet, J and Petit, C. (1999) A mutation in OTOF, encoding otoferlin, a 
FER-1-like protein, causes DFNB9, a nonsyndromic form of deafness. Nat Genet 
21:363-369.  

 

ECTRONIC DATABASE INFORMATION 
L’s mostly used: 

Applied Biosystems: 

www.appliedbiosystems.com 

ter for Medical Genetics, Marshfield Medical Research Foundation: 

http://research.marshfieldclinic.org/genetics/ 

H Database World Wide Web server: 

http://www.cephb.fr/ 

nexins and deafness Homepage: 

://www.crg.es/deafness/ 

Ensembl Genome Browser: 

://www.ensembl.org/ 

GeneTests Web site: 

http://www.genetests.org/ 

 GDB Human Genome Database: 

http://www.gdb.org/ 

editary Hearing Impairment in 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Probst%20FJ%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVAbstract


 110

http://www.jax.org/hmr/ 

Hereditary Hearing Loss Homepage: 

://dnalab-www.uia.ac.be/dnalab/hhh/ http

http

Nat tion (NCBI): 

Nati

http

http imer3/primer3_www.cgi/ 

http

Gen netic linkage map: 

http://www.cephb.fr/genetic/ 

hugo/ 

r Institute: 

ONS 

Choi din, S., Bhinder, MA., Shahzad, M., Husnain, T., Riazuddin, S., Griffith, AJ 
) Identities and frequencies of mutations of the otoferlin gene (OTOF) 

in Pakistan. Clin Genet. 75(3):237-243  

Kha ahzad, M., Ahmad, N., Zafar, AU., Rehman, A., Morell, RJ., Griffith, AJ., 
zuddin, S and Friedman, TB. (2010) DFNB79: Reincarnation of nonsyndromic 

mosome 9q34.3 Eur J Hum Genet.  18(1):125-9 
 

 

Mouse Genome Informatics: 

://www.informatics.jax.org/ 

ional Center for Biotechnology Informa

http://www.ncbi.nlm.nih.gov/ 

onal Institutes of Health (NIH): 

http://www.nih.gov/ 

Online Mendelian Inheritance in Man (OMIM): 

://www.ncbi.nlm.nih.gov/entrez/OMIM/ 

Primer3 Web-Based Server: 

://frodo.wi.mit.edu/cgi-bin/pr

PubMed (NCBI): 

://www.ncbi.nlm.nih.gov/entrez/query.fcgi/ 

ethon human ge

The Human Genome Organization (HUGO): 

http://www.gene.ucl.ac.uk/

The Wellcome Trust Sange

http://www.sanger.ac.uk/ 

UCSC Genome Browser: 

http://genome.ucsc.edu/ 

 
PUBLICATI
 
, BY., Ahmed, ZM., Riazud

and Friedman, TB. (2009
causing DFNB9 deafness 

n, SY., Riazuddin, S., Sh
Ahmed, ZM., Ria
deafness locus on chro


	FIELD WORK 
	LINKAGE ANALYSIS OF REPORTED RECESSIVE DEAFNESS (DFNB) LOCI 
	LINKAGE AND MUTATIONAL ANALYSIS OF REPORTED X-LINKED DEAFNESS (DFN) LOCI 

	initial pages 12-01-10.pdf
	CHAPTER I 
	CHAPTER II 
	MOLECULAR BASIS AND GENETICS OF DEAFNESS 18-28   
	CHAPTER III 
	LINKAGE ANALYSIS: A KEY TOOL FOR MAPPING DISEASE GENES 29-32   
	 
	CHAPTER I 



	initial pages 12-01-10.pdf
	CHAPTER I 
	CHAPTER II 
	MOLECULAR BASIS AND GENETICS OF DEAFNESS 18-28   
	CHAPTER III 
	LINKAGE ANALYSIS: A KEY TOOL FOR MAPPING DISEASE GENES 29-32   
	 
	CHAPTER I 



	initial pages 12-01-10.pdf
	CHAPTER I 
	CHAPTER II 
	MOLECULAR BASIS AND GENETICS OF DEAFNESS 18-28   
	CHAPTER III 
	LINKAGE ANALYSIS: A KEY TOOL FOR MAPPING DISEASE GENES 29-32   
	 
	CHAPTER I 



	initial pages 12-01-10.pdf
	CHAPTER I 
	CHAPTER II 
	MOLECULAR BASIS AND GENETICS OF DEAFNESS 18-28   
	CHAPTER III 
	LINKAGE ANALYSIS: A KEY TOOL FOR MAPPING DISEASE GENES 29-32   
	 
	CHAPTER I 



	initial pages 12-01-10.pdf
	CHAPTER I 
	CHAPTER II 
	MOLECULAR BASIS AND GENETICS OF DEAFNESS 18-28   
	CHAPTER III 
	LINKAGE ANALYSIS: A KEY TOOL FOR MAPPING DISEASE GENES 29-32   
	 
	CHAPTER I 






