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SUMMARY
Hearing impairment or deafness is a sensory disorder with complete or partial loss
of hearing and affect 1 in 1000 newborns (Atar and Avraham, 2005). Contribution of
genetic deafness is approximately 60% (Morton and Nance, 2006). Deafness can be
categorized into non-syndromic with no other obvious clinical features and syndromic
deafness, associated with other anomalies. Non-syndromic deafness is about 70% while
syndromic deafness is approximately 30% of the genetic deafness (Alsmadi et al., 2009).
Predominantly deafness is inherited as autosomal recessive trait. Presently, 101 autosomal
recessive

deafness

(DFNB)

loci

and

55

genes

have

been

identified

(http://hereditaryhearingloss.org).
Consanguineous families have significantly contributed to the identification of
autosomal recessive non-syndromic/syndromic loci and their mutated genes. Out of 101
DFNB loci (reserved/reported) and 55 genes, 36 loci and 22 genes were localized in
Pakistani families. Prevalence of Usher syndrome is high in Pakistani population in which
hearing loss occurs with retinitis pigmentosa. Pakistani population due to high degree of
consanguinety thus provides a rich genetic resource for the identification of new deafness
loci/genes.
The aim of the present study was to contribute another novel autosomal recessive
deafness locus in the repertoire of the loci reported in Pakistani population. Therefore, out
of 50 enrolled families from different areas of Pakistan in which hearing loss was
segregating in recessive manner 25 families were selected for this study. Written
informed consents were obtained from all the subjects of the families participating in this
study. Detailed medical histories were obtained to exclude the environmental deafness
and presence of any syndrome other than deafness. Blood samples were collected and
DNA was isolated. DNA samples of these families were subjected to linkage analysis for
already reported autosomal recessive deafness loci by using fluorescently labeled primers
on ABI PRISM® 3730 Genetic Analyzer (Applied Biosystems). As a result, six families
were found to be linked with five already reported deafness loci, DFNB3 (PKDF1207),
DFNB7/11 (PKDF980 and PKDF1206), DFNB12 (PKDF1253), DFNB28 (PKDF1254)
and DFNB39 (PKDF1195).
DNA sample of PKDF1463, which was already linked to DFNB1 locus, was
sequenced for GJB2 gene to identify the causative mutation. Sequencing reveled a G to A
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change at cDNA position 71 (c.71 G>A). This change resulted in a stop codon at 24
amino acid position (p.W24X).
Three families unlinked to the reported DFNB/USH loci were selected for genome
wide linkage scan by

using ABI PRISM® linkage mapping set

v2.5 (Applied

Biosystems). Family PKDF231 revealed the linkage at chromosome 10 (10p11.21–
q21.1). Markers D10S1780 (35.89 Mb) & D10S546 (56.09 Mb) was provided the
proximal and distal boundaries for this homozygous interval. Hence, a linkage interval of
20.20 Mb was obtained for PKDF231. LOD score calculations showed that marker
D10S539 was giving the highest LOD score 3.82 at recombination fraction θ =0. Besides
deafness, clinical investigations had confirmed the presence of vestibular dysfunction and
retinitis pigmentosa in the affected individuals of this family. Therefore, it was concluded
that this is a family with Usher syndrome and previously this region was not reported for
any Usher locus. Therefore, this locus was designated as “USH1K” by Human Genome
Organization (HUGO) committee.
Additional DNA samples from deafness affected families in CEMB DNA bank
were screened by using the chromosome 10 (10p11.21–q21.1) markers to identify other
families for this linkage interval. A family PKDF608 gave a linkage interval between
markers D10S1780 (35.89 Mb) and D10S1652 (64.31 Mb) by providing the proximal and
distal boundaries for this homozygous interval. Hence, a linkage interval of 28.52 Mb was
obtained for PKDF608. Maximum two point LOD score 3.22 was found at marker
D10S539 (72.90 cM) at recombination fraction θ = 0.
It was previously reported that USH1F and DFNB23 mediated hearing loss was
caused by mutations in PCDH15 gene. A part of this PCDH15 gene was also present on
the distal face of USH1K locus. Therefore, PCDH15 was sequenced but no pathogenic
variant was found in it. Moreover, USH1K locus was also overlapping with a nonsyndromic autosomal recessive deafness locus DFNB33. There were 85 candidate genes
in the linkage interval of USH1K locus. Hence, candidate genes LRRC18, RET, FZD8,
GJD4, HNRNPF were sequenced but no pathogenic mutation was found. In conclusion,
this dissertation reports six known linkages, one GJB2 mutation, and a novel USH1K
locus.
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INTRODUCTION
Complete or partial loss of hearing is called deafness. It is estimated that
prevalence of severe to profound deafness is 1 in 1000 newborns (Atar and Avraham,
2005). Hearing loss affects communication, speech development, and cognitive skills of
the affected person and needs special education to improve their lives (McKusick, 1992,
Charizopoulou et al., 2011). Economically, deafness not only affects the patient and their
families but also has the impact on the society (Burke et al., 2013).
On the basis of etiology deafness can be environmental, genetic or of both types.
It is estimated that occurrence of genetic deafness is 60% (Morton and Nance, 2006).
There are number of environmental factors which are responsible for hearing loss like:
maternal

diabetes, hypoglycaemia

of

the

fetus, postnatal

trauma, birth injury,

advancing age, erythroblastosis fetalis, hypoxia, neonatal jaundice, ototoxic drugs and
iodine deficiency etc (Stevenson, 2006, Chen, 1988).
In case of deafness both monogenic and digenic inheritance has been reported.
However, digenic inheritance is rare as compared to monogenic inheritance (Friedman
and Griffith, 2003). Deafness can be mild, moderate or severe to profound. On the basis
of phenotype deafness can be categorized into non-syndromic and syndromic deafness. In
non-syndromic deafness only hearing loss occur while in syndromic deafness some other
clinical disorders are present (Ebermann et al., 2007). Non-syndromic deafness is more
common as compared to syndromic deafness and its occurrence is about 70% of the
genetic deafness. However, the occurrence of syndromic deafness is approximately 30%.
Uptill now, more than 400 syndromes

with deafness have been reported

(www.ncbi.nlm.nih.gov/omim). The most frequent syndromes associated with deafness
are Pendred syndrome, Jervell and Lange-Nielson syndrome and Usher syndrome.
In Usher syndrome hearing loss occurs with retinitis pigmentosa (Keats and
Savas, 2004). According to an estimate Usher (USH) mutations are causing more than
50% of hearing loss with blindness, 8–33% of isolated RP and 3–6% of isolated deafness
(Boughman et al., 1983, Brownstein et al., 2004, Vernon, 1969). An estimated prevalence
of Usher syndrome is 3.8–4.4/100,000 live births (Rosenberg et al., 1997). On the basis
of phenotypic and genotypic differences Usher syndrome is categorized into three types
i.e. USH1, USH2, and USH3. In USH1 both hearing loss and vestibular dysfunction is
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present from birth while retinitis pigmentosa occur within first decade of life. USH1 is
again subdivided into USH1B-USH1H, 1J, and 1K (reported in this dissertation). In
Pakistani population, prevalence of USH1B is high i.e. 42.9% (Ahmed et al., 2003b).
Presently, 101 autosomal recessive deafness (DFNB) loci and 55 genes have been
identified (http://hereditaryhearingloss.org). Out of 101 DFNB loci (reserved/reported)
and 55 genes, 36 loci and 22 genes were localized in Pakistani families. As far as Usher
syndrome is concerned 13 loci and 11 genes have been identified whereas out of these 5
loci

and

3

genes

have

been

reported

in

Pakistani

population

(http://hereditaryhearingloss.org).
Inner ear plays an important role in both balance and sound detection. However, it
consists of different types of cells which are the key components in the mechanism of
sound detection (Frolenkov et al., 2004, Adato et al., 2005). Human cochlea has many
different cell types and small number of their specialized cells; therefore classical
physiological and biochemical approaches are not suitable to study the mechanism of
hearing in humans. An alternative solution to this problem is the forward genetic
approach (Friedman and Griffith, 2003). Despite the fact that forward genetics is better
than classical physiological and biochemical approaches, it also has some challenges. One
of the main challenge is genetic heterogeneity. Other problems are intermarriages of deaf
people, small size of the families and the involvement of environmental factors with
deafness. Hence, large consanguineous families are very helpful for genetic studies,
especially for studying the recessive trait like hearing loss.
In Pakistani population cousin marriages are very common due to their social and
cultural aspects. According to an estimate, in Pakistani population cousin marriages are
about 60% and about 80% of these are among first cousins (Hussain and Bittles, 1998). It
is reported that populations with high rate of cousin marriages are more prone to
recessively inherited disorders such as Pakistani population (Jaber et al., 1998). The
prevalence of profound bilateral hearing loss is 1.6 per 1000 in Pakistan and 70% of
hearing loss arises in consanguineous families (Elahi et al., 1998). Hereditary deafness
affected consanguineous families with recessive mode of inheritance are very useful
resource to identify the novel loci and genes which will ultimately be helpful to
understand the mechanism of hearing in humans.
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In the background of the above, present study was designed to search for a novel
deafness causing locus to contribute in the existing repertoire of the deafness loci, which
in turn will help to understand the mechanism of hearing loss. In order to achieve the
objectives of this study 25 families in which hearing loss was segregating in recessive
manner and were residing in different areas of Pakistan were selected for the study.
Families were enrolled after their written informed consents. Blood samples were used
for DNA extraction and were screened for already reported autosomal recessive deafness
loci. At least three STR markers were used for each locus to identify the linkage. Six
families were linked to the already reported and prevalent deafness loci in Pakistan:
DFNB3 (PKDF1207), DFNB7/11 (PKDF980 and PKDF1206), DFNB12 (PKDF1253),
DFNB28 (PKDF1254) and DFNB39 (PKDF1195).
Family PKDF1463, which was already linked to DFNB1locus, was sequenced for
GJB2 gene mutation. However, a G to A change at cDNA position 71 (c.71 G>A) was
identified. This change resulted in a stop codon at 24 amino acid position (p.W24X).
Genome wide scan was performed on three selected unlinked families to identify
the novel deafness locus. Family PKDF231 revealed linkage at chromosome 10
(10p11.21–q21.1). Markers D10S1780 (35.89 Mb) & D10S546 (56.09 Mb) was provided
the proximal and distal boundaries for this homozygous interval. Hence, a linkage interval
of 20.20 Mb was obtained for PKDF231. Additional marker D10S539 showed the highest
LOD score of 3.82 at recombination fraction θ =0. Besides deafness, clinical
investigations confirmed the presence of retinitis pigmentosa and vestibular dysfunction
in the affected individuals of this family. Therefore, it was concluded that this family has
Usher syndrome and this region was not reported for any Usher locus. Hence, this locus
was designated as “USH1K” by Human Genome Organization (HUGO) committee.
Additional DNA samples from deafness affected families were screened by using
the chromosome 10 (10p11.21–q21.1) markers to identify other families for this linkage
interval. Family PKDF608 was found linked to this region. Both vestibular dysfunction
and retinitis pigmentosa were also present in this family. Markers D10S1780 (35.89 Mb)
and D10S1652 (64.31 Mb) was provided the proximal and distal boundaries for this
homozygous interval. Hence, a linkage interval of 28.52 Mb was obtained for PKDF608.
Maximum two point LOD score of 3.22 was found at marker D10S539 (72.90 cM) at
recombination fraction θ = 0.

4
It is reported that USH1F and DFNB23 mediated deafness is due to mutations in
PCDH15 gene. A part of this PCDH15 gene was also present on the distal region of
USH1K locus. Therefore, PCDH15 was sequenced but no pathogenic variant was found.
Moreover, USH1K locus is also overlapping with a non-syndromic autosomal recessive
locus DFNB33. Therefore, there were two possibilities; first allelic mutations may be
responsible of these two hereditary disorders or both USH1K and DFNB33 are non-allelic
loci. There were 85 candidate genes in this linkage interval of USH1K locus. Hence,
candidate genes LRRC18, RET, FZD8, GJD4, HNRNPF were sequenced but no
pathogenic variant was found.
In conclusion, this desertation reports six known linkages, one GJB2 mutation,
and a novel USH1K locus. This study will help to reduce the occurence of hearing loss in
Pakistani population by carrier status and genetic counseling. Moreover, identification of
USH1K locus in Pakistani population is further strengthen the hypothesis that this
population is useful in identification of autosomal recessive deafness loci and genes. This
information will also help the scientists to understand the mechanism of hearing at
molecular level which will ultimately lead to the development of strategies for diagnosis
and treatment of this inherited disorder.
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CHAPTER 1

REVIEW OF LITERATURE
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SECTION I

AUDITORY SYSTEM
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In humans auditory system is one of the marvelous and complex system. It is
responsible for hearing and maintaining the balance of the body. Anatomically, this
system is divided into three compartments: external, middle and inner ear (Fig. 1.1).

External Ear
This part of the ear consists of pinna (auricle), auditory canal (meatus) and
eardrum (tympanic membrane). Pinna is the outer visible portion of the ear and is attach
to the skull with the help of muscles and ligaments. It collects sound from the
environment and sends them to the auditory canal. Auditory canal is a tube which
provides a link between pinna and ear drum. It acts as a resonator. A membranous
structure (eardrum) separates the middle ear from external ear. It helps in the transmission
of sound waves to the middle ear. Moreover, it also acts as a barrier against bacteria and
foreign matter, so, prevent the auditory system from harmful infections and clogging.

Middle Ear
Middle ear consists of a system of bones (ossicular system) and an air-filled
cavity. There are three bones in this ossicular system i.e. Malleus, Incus and stapes. These
tiny bones are interconnected with each other in such a way that on one side they are
connected with the oval window and on the other side they are connected with the
eardrum of the middle ear. These bones amplify and transmit the sound waves to the inner
ear. Eustachian tube provides a connection between nasopharynx and the cavity of the
middle ear. By this tube, fresh air enters in the cavity of the middle ear and maintains the
air pressure on both sides of the eardrum.

Inner Ear
Inner ear regulates two types of systems i.e. vestibular system (a system which
maintains the spatial orientation and equilibrium of the body) and an auditory system (a
system for hearing). It consists of osseous labyrinth and membranous labyrinth.
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Pinna

Figure 1.1 Structure of human ear (Adopted from: http://www.myvmc.com/anatomy/ear/#C1)
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a)

Osseous labyrinth

It is the bony part of the inner ear and is lined with periosteum. The fluid which
fills the osseous labyrinth is called perilymph. Perilymph has high Na+ (148 mM) and
low K+ (4.2 mM) concentration. Osseous labyrinth (bony labyrinth) consists of
Vestibule, Three semi-circular canals, and a chochlea. Cross section of the cochlea shows
that it has three compartments i.e. scala vestibule (vestibular duct), scala tympani
(tympanic duct) and scala media (chochlear duct) (Fig. 1.2). The fluid which fills the
chochlear duct is called endolymph. Organ of corti (Sensory organ of hearing) is present
within the chochlear duct or the scala media.

b)

Membranous labyrinth

Membranous labyrinth resides in the bony labyrinth. The fluid which fills the
membranous labyrinth is called endolymph. Chemically, endolymph is different from
perilymph.
There are three semicircular ducts, Utricle, Saccule and a Cochlear duct in membranous
labyrinth. All these structures of the membranous labyrinth are sharing the same fluid i.e.
endolymph. Chemically, endolymph has high K+ concentration (~157 mM) and very low
Na+ concentration (1.3 mM).

c)

Organ of corti

It is a sensory organ present within the chochlear duct. It lies on the basilar
membrane and covered by the tectorial membrane (Fig. 1.3). Organ of corti has different
kinds of supportive cells, hair cells, and the neurons. As undifferentiated cells are absent
in this organ therefore replacement of hair cells cannot occur (Raphael and Altschuler,
2003).
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Figure 1.2 The cochlea (Adopted from http://en.wikipedia.org/wiki/File:Cochlea-crosssection.png)
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Figure 1.3 The organ of corti (Adopted from: www.hearingresearch.org)
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Hair cells
These are the sensory cells present within the organ of corti. There are two types
of hair cells; outer hair cells (OHCs) and inner hair cells (IHCs). Outer hair cells are
about 12000 in number and arranged in three rows in organ of corti. These cells have both
sensory and motor elements which enhance the frequency selectivity and sensitivity of the
cochlea. Inner hair cells are about 3500 in number and arranged in a single row in organ
of corti. There primary responsibility is to produce the sensation of hearing. Any damage
or loss of these cells cause severe to profound deafness.

Physiology of hearing
Sound waves are collected by the pinna. Then, these waves pass through the
auditory canal and strike the eardrum. As a result vibration of eardrum occurs. Because,
one end of the malleus is attached with the eardrum, So malleus vibrates and transfers the
vibration to the incus. Stapes picks the vibration from the incus and pushes the oval
window in and out. These inward and outward movements produce the vibrations in the
fluid (perilymph) of the vestibular duct. These vibrations from the fluid of the vestibular
duct are transferred to the fluid of the cochlear duct via the vestibular membrane. Later on
these vibrations produce the movement in the basilar membrane. Vibrational movements
in the basilar membrane produce the shearing effect. Due to this shearing effect,
stereocilia of the outer hair cells deflect towards their tallest stereocilia and opens the ion
channels present at the top of stereocilia (Fig. 1.4).
The hair cells have negative potential on them and the concentration of K+ ions are also
high in the endolymph, therefore, these K+ ions enter into the hair cells and cause the
depolarization of hair cells. Depolarization results in opening of Ca+2 channels in inner
hair cells. These Ca+2 provoke the release of neurotransmitters. These neurotransmitters
produce the nerve impulses. At the end, auditory nerve fibers sent these electrical signals
to the brain.
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Figure 1.4 Process of sound transduction (Adopted from: www.hearingresearch.org)
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SECTION II

STRUCTURE OF EYE
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Structure of Eye
Eye is a globular organ which detects light and helps in vision. It is also called
globe or eyeball. Globe lies within the socket called orbit. Size of the orbit is more as
compared to eyeball and space between orbit and eyeball is filled with a layer of
connective tissue and fats. Eyeball is connected to the central nervous system through a
nerve called optic nerve. Human eye has following features from anterior side (Fig. 1.5).

Figure 1.5 External Features of Eye (Adopted from: http://www.uchospitals.edu/images/gs/ei_0002.gif)

Orbit
An orbit is a bony socket in the skull where the eyeball sits. Its function is to
provide protection and support to the eye.

Eyelids
They are the folds of skin that helps in protection and maintenance of ocular
surface. When eyelids blink, moisture is spread over the eye.

Pupil
It is the black part of the eye and is located in the centre of the globe. It is the
opening through which light enters in the eyeball.

Iris
The colored circular portion of the eye is called iris.
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Sclera
White part of the eyeball is called sclera.

Anatomy of Human Eye
Cross section of eyeball shows

1)

Eye Layers

There are three layers of eyeball or globe (Fig. 1.6).
A. The sclera and cornea
B. The iris, ciliary body and choroid
C. The retina

A. The sclera and cornea
Sclera is a white layer of tissue present around the back and sides of the eyeball. It
is mainly composed of collagen. It gives the protection and shape to the eyeball. Cornea
is a transparent membrane which not only allows light to enter the eye but also provides
protection to pupil and iris against dust particles and bacteria.

B. The iris, ciliary body and choroid
Iris is a thin muscular disc which controls the size of the pupil by its dilator and
sphincter muscles. It is a colored part of the eye and its color depends upon the amount of
pigmented cells called melanocytes. Ciliary body is located behind the iris and it has
ciliary processes which produce a fluid filling the eyeball called aqueous. Choroid is the
vascular layer lying between sclera and retina of the eye. It provides blood supply for the
retina.
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Figure 1.6 Cross section of the eye (Adopted from: http://illuminationstudios.com/....../146/eye-anatomy)

C. The retina
It is a multilayered light sensitive tissue covering the inner surface of the eyeball.
It consists of ten distinct layers. There are different types of cells in each layer and every
layer performs a different function e.g. photoreceptor layer. Photoreceptor layer consists
of photosensitive cells i.e. rods and cones. Rod cells are more sensitive as compared to
cones and are involve in night vision whereas colour information is provided by the cone
cells.

2)

Eye Chambers
There are three chambers in the eyeball, anterior chamber, posterior chamber, and

vitreous chamber. Anterior chamber is present between the cornea and the front side of
the iris whereas the posterior chamber is present between the back surface of the iris and
front surface of the lens. Both chambers are filled with a fluid called aqueous humor.
Ciliary processes produce the aqueous humor for both posterior and anterior chambers.
Vitreous chamber is present between the retina and the back of the lens. This chamber is
filled with a clear gel called vitreous humor. Both aqueous humor and vitreous humor are
necessary for ocular functions of the eye.
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3)

The Lens
Lens is an optically dense and biconvex structure present at the back of the iris.

Refractive power and transparency are two important properties of the lens. Both ciliary
muscles and zonule fibers help to change shape of the lens during the process of vision.
This ability of the lens to adjust itself according to near or far distances is known as
accommodation. Due to accommodation, lens makes a sharp image on the retina. There
are no blood vessels in the lens. Therefore, cells of the lens get their nutrients mainly
from aqueous humor present in front of the lens. Similarly, waste products are also
discarded through the aqueous humor. There are three parts of the lens; the lens
epithelium, the lens capsule and the lens fibers.
Light after passing through the pupil, lens and vitreous humor reaches the retina.
In retina there are photoreceptor cells called cones and rods which transform the light into
electrical signals. Optic nerve fibers send these electrical signals to brain.
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SECTION III

GENETICS AND MOLECULAR
BASIS OF DEAFNESS
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Complete or partial loss of hearing is called deafness. Prevalence of severe to
profound deafness is 1 out of 1000 newborns (Atar and Avraham, 2005). Hearing loss
affects communication, speech development, and cognitive skills of the affected person
and needs special education to improve their lives (McKusick, 1992, Charizopoulou et al.,
2011). Economically, deafness not only affects the patient and their families but also has
the impact on the society (Burke et al., 2013).

Classification
Deafness can be classified on the basis of following criteria:

Cause
On the basis of cause deafness can be environmental, genetic or of both types.
There are number of environmental factors which are responsible for deafness like:
hypoglycaemia of the fetus, maternal diabetes, advancing age, postnatal trauma,
erythroblastosis fetalis, birth injury, hypoxia, ototoxic drugs, neonatal jaundice, and
iodine deficiency etc (Stevenson, 2006, Chen, 1988). In addition to the above factors,
noise can also cause deafness (Sliwinska-Kowalska et al., 2008, Oishi and Schacht,
2011). As far as genetic deafness is concerned, both monogenic and digenic forms of
deafness has been reported. However, digenic inheritance is rare as compared to
monogenic inheritance (Friedman and Griffith, 2003).

Type
Depending upon the defect in the auditory system, hearing loss can be
sensorineural, conductive, or mixed. Any defect in the external or middle ear causes the
conductive deafness. Sensorineural deafness occurs due to the defect in the inner ear
structures. In mixed hearing loss both defects occur simultaneously.

Onset
Deafness can be prelingual or postlingual. Deafness which appears before speech
development is called prelingual deafness while the deafness which appears after normal
speech development is called postlingual deafness.
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Degree of Hearing Loss
Hearing loss is measured in decibels (dB). A normal person can hear the sound of
less than 25db. Different degrees of hearing loss are given below (Clark, 1981).

Degree of hearing
loss
Mild
Moderate

Range of Hearing loss
(dB)
26 to 40
41 to 55

Moderately severe
Severe

56 to 70
71 to 90

Profound

91+

Frequency
Humans can hear sounds having frequency of 20 Hz to 20 kHz. Frequency
associated with different categories of hearing loss are given below.

Categories of hearing loss on
the basis of frequency
Low frequency hearing loss
Middle frequency hearing loss
High frequency hearing loss

Hearing loss range
(Hz)
< 500 Hz
501- 2000 Hz
> 2000 Hz

Association
According to association, deafness is categorized into Non-syndromic and
Syndromic deafness.

Non-syndromic Deafness
In this type of deafness hearing loss occurs without any other health disorder.
Non-syndromic deafness is more common and its occurrence is about 70% of the genetic
deafness.
Inheritance patterns indicate that there are different categories of non-syndromic
deafness. Most prevalent category is autosomal recessive deafness which is 70-80% of
the non-syndromic deafness. Occurrence of autosomal dominant deafness, second
common type of non-syndromic deafness, is 12-24%. Prevalence of mitochondrial and Xlinked deafness is <1% and 1-3% respectively (Morton, 1991, Reardon, 1992, Marazita et
al., 1993).
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Non-syndromic Autosomal Recessive Deafness
It is the most prevalent form of deafness. Up till now 101 loci and 55 genes of
non-syndromic autosomal recessive deafness have been published (Table 1.1). Out of
these published loci and genes, 36 loci and 22 genes have been identified in Pakistani
population.
Table 1.1 Non-syndromic autosomal recessive deafness loci and genes
Locus

Location

Gene

Important reference

DFNB1

13q12

GJB2

DFNB2

11q13.5

MYO7A

DFNB3

17p11.2

MYO15A

Guilford et al., 1994 ; Kelsell et al., 1997
Guilford et al., 1994 ; Liu et al., 1997 ; Weil
et al., 1997
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., 1995

DFNB6

3p14-p21

TMIE

DFNB7/11

9q13-q21

TMC1

DFNB8/10

21q22

TMPRSS3

DFNB9

2p22-p23

OTOF

Fukushima et al., 1995 ; Naz et al, 2002
Jain et al., 1995 ; Scott et al., 1996 ; Kurima
et al., 2002
Veske et al., 1996 ; Bonné-Tamir et al.,
1996 ; Scott et al., 2001
Chaib et al., 1996 ; Yasunaga et al., 1999

DFNB12

10q21-q22

CDH23

Chaib et al., 1996 ; Bork et al., 2001

DFNB13

7q34-36

unknown

Mustapha et al., 1998

DFNB14

7q31

unknown

Mustapha et al., 1998

DFNB15

3q21-q25

Chen et al., 1997

19p13

GIPC3

Charizopoulou et al., 2011

DFNB16

15q21-q22

STRC

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

DFNB17

7q31

unknown

DFNB18

11p14-15.1

USH1C

DFNB19

18p11

unknown

DFNB20

11q25-qter

unknown

Greinwald et al., 1998
Jain et al., 1998 ; Ouyang et al., 2002 ;
Ahmed et al., 2002
The Molecular Biology of Hearing and
Deafness meeting Bethesda, October 8-11,
1998 (Green et al., abstract 108)
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, 2003

DFNB24

11q23

RDX

Khan et al., 2007

DFNB25

4p13

GRXCR1

Schraders et al., 2010

DFNB26

4q31

unknown

Riazuddin et al., 2000

DFNB27

2q23-q31

unknown

DFNB28

22q13

TRIOBP

Pulleyn et al., 2000
Walsh et al., 2000 ; Shahin et al,
2006 ; Riazuddin et al, 2006
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DFNB29

21q22

CLDN14

Wilcox et al., 2001

DFNB30

10p11.1

MYO3A

Walsh et al., 2002

DFNB31

9q32-q34

WHRN

Mustapha et al., 2002 ; Mburu et al., 2003

DFNB32/82

1p13.3-22.1

GPSM2

Masmoudi et al., 2003 ; Walsh et al., 2010

DFNB33

9q34.3

unknown

Medlej-Hashim et al., 2002

DFNB35

14q24.1-24.3

ESRRB

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

DFNB36

1p36.3

ESPN

Naz et al., 2004

DFNB37

6q13

MYO6

Ahmed et al., 2003

DFNB38

6q26-q27

unknown

Ansar et al., 2003

DFNB39

7q21.1

HGF

Schultz et al., 2009

DFNB40

22q

unknown

Delmaghani et al., 2003

DFNB42

3q13.31-q22.3

ILDR1

DFNB44

7p14.1-q11.22

ADCY1

DFNB45

unknown
unknown

Mir et al., 2005

DFNB47

1q43-q44
18p11.32p11.31
2p25.1-p24.3

Aslam et al., 2005 ; Borck et al., 2011
Ansar et al., 2004 ; Santos-Cortez et al.,
2014
Bhatti et al., 2008

unknown

Hassan et al., 2005

DFNB48

15q23-q25.1

DFNB49

5q12.3-q14.1.

DFNB51

11p13-p12

CIB2
MARVELD2 /
BDP1
unknown

Ahmad et al., 2005
Ramzan et al., 2004 ; Riazuddin et al.,
2006 ; Girotto et al., 2013
Shaikh et al., 2005

DFNB53

6p21.3

COL11A2

Chen et al., 2005

DFNB55

4q12-q13.2

unknown

Irshad et al., 2005

DFNB59

2q31.1-q31.3

PJVK

Delmaghani et al., 2006

DFNB61

7q22.1

SLC26A5

Liu et al., 2003

DFNB62

12p13.2-p11.23

Ali et al., 2006

DFNB63

11q13.2-q13.4

DFNB65

20q13.2-q13.32

unknown
LRTOMT/COMT
2
unknown

DFNB66/67

6p21.2-22.3

LHFPL5

DFNB68

19p13.2

unknown

Tariq et al., 2006
Tlili et al., 2005 ; Shabbir et al., 2006 ;
Kalay et al., 2006
Santos et al., 2006

DFNB71

8p22-21.3

unknown

Chishti et al., 2009

DFNB72

19p13.3

GIPC3

Ain et al., 2007 ; Rehman et al., 2011

DFNB73

1p32.3

BSND

Riazuddin et al., 2009

DFNB74

12q14.2-q15

MSRB3

Waryah et al., 2009 ; Ahmed et al., 2011

DFNB76

19q13.12

SYNE4

Horn et al., 2013

DFNB77

18q12-q21

LOXHD1

Grillet et al., 2009

DFNB79

9q34.3

TPRN

Rehman et al., 2010

DFNB80

2p16.1-p21

unknown

Mosrati et al., 2013

DFNB81

19p

unknown

Rehman et al., 2011

DFNB46

Du et al., 2008 ; Ahmed et al., 2008
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DFNB84

12q21.2

DFNB85

17p12-q11.2

PTPRQ /
OTOGL
unknown

DFNB86

16p13.3

TBC1D24

Ali et al., 2012, Rehman et al., 2014

DFNB88

2p12-p11.2

ELMOD3

Jaworek et al., 2013

DFNB89

16q21-q23.2

KARS

Basit et al., 2011

DFNB90

7p22.1-p15.3

unknown

Ghazanfar et al., 2011

DFNB91

SERPINB6

Sirmaci et al., 2010

CABP2

Tabatabaiefar et al., 2011

DFNB95

6p25
11q12.311q13.2
19p13

GIPC3

Charizopoulou et al., 2011

DFNB96

1p36.31-p36.13

unknown

Ansar et al., 2011

DFNB98

21q22.3-qter

TSPEAR

Delmaghani et al., 2012

DFNB101

5q

GRXCR2

Imtiaz et al., 2014

DFNB93

Schraders et al., 2010 ; Yariz et al., 2012
Shahin et al., 2010

Adopted from: http://hereditaryhearingloss.org
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Syndromic Deafness
In this type of deafness, hearing loss occurs with some other clinical disorders. It
is reported that syndromic deafness is approximately 30% of the genetic deafness
(Alsmadi et al., 2009). Over 400 syndromes with deafness have been recognized
(www.ncbi.nlm.nih.gov/omim). On the basis of inheritance patterns, syndromic deafness
can be categorized in to autosomal dominant (Treacher Collins Syndrome,
Branchiootorenal syndrome, Waardenburg Syndrome, Neurofibromatosis 2, Stickler
syndrome), autosomal recessive (Biotinidase deficiency, Pendred syndrome, Refsum
disease, Usher syndrome, Jervell and Lange-Nielsen syndrome), X-linked (MohrTranebjaerg syndrome, Alport syndrome) and mitochondrial (Kurima et al., 2002, Naz et
al., 2002). Dominantly inherited syndromes are less common than recessive ones. Among
recessively inherited syndromes, Usher syndrome is the most common syndrome.

Usher Syndrome
In Usher (USH) syndrome hearing loss occurs with retinitis pigmentosa. This
syndrome was first described by a German ophthalmologist Albrecht von Graefe in 1858.
Later on, a Scottish ophthalmologist, Charles Usher established the heritability for this
disorder.
It is estimated that Usher (USH) mutations are causing more than 50% of hearing
loss with blindness, 8–33% of isolated RP and 3–6% of isolated deafness (Boughman et
al., 1983, Brownstein et al., 2004, Vernon, 1969). An estimated prevalence of Usher
syndrome is 3.8–4.4/100,000 live births (Rosenberg et al., 1997). To date, 13 Usher loci
and 11 Usher genes have been reported (Table 1.2). Out of these, 5 Usher loci and 3
Usher genes have been reported in Pakistani population. On clinical basis, Usher
syndrome has been classified into three different types i.e. USH1, USH2, and USH3. In
USH1 patients, hearing loss and vestibular dysfunction is present from birth while
retinitis pigmentosa occurs within first decade of life. Up till now 9 USH1 loci and 6
USH1 genes have been reported. In USH2 hearing loss occurs with normal vestibular
function. Retinitis pigmentosa begins in first or second decade of life. To date 3 USH2
loci and 3 USH2 genes have been identified. The fourth USH2 locus, USH2B has been
withdrawn (Hmani-Aifa et al., 2009). In USH3 hearing loss is progressive while
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variability in the onset of retinitis pigmentosa and vestibular dysfunction has been
observed. One locus and two genes have been reported for Usher syndrome type III.

Table 1.2 Usher loci and genes
Locus

Location

Gene

References

USH1A

(14q32 )

non existent

Kaplan et al., 1992 ; Gerber
et al., 2006

USH1B

11q13.5

MYO7A

Weil et al.,1995

USH1C

11p15.1

USH1C

Smith et al., 1992 ; Verpy et
al., 2000 ; Bitner-Glindzicz et
al., 2000

USH1D

10q22.1

CDH23

Wayne et al., 1996 ; Bork et
al., 2001 ; Bolz et al., 2001

USH1E

21q21

unknown

Chaib et al., 1997

USH1F

10q21-22

PCDH15

Ahmed et al.,
2001 ; Alagramam et al.,
2001

USH1G

17q24-25

SANS

Mustapha et al., 2002 ; Weil
et al., 2003

USH1H
USH1J
USH1K

15q22-23
15q23-q25.1
10p11.21-q21.1

unknown
CIB2
unknown

Ahmed et al., 2009
Riazuddin et al., 2012
Jaworek et al., 2012

USH2A

1q41

USH2A

Kimberling et al., 1990 ; Eudy
et al., 1998

USH2B

3p23-24.2.

unknown

Hmani et al., 1999

USH2C

5q14.3-q21.3

VLGR1

Pieke-Dahl et al., 2000 ;
Weston et al., 2004

USH2D

9q32

WHRN

Ebermann et al., 2007

USH3

3q21-q25

CLRN1

Sankila et al., 1995 ; Joensuu
et al., 2001

PDZD7
Ebermann et al., 2010
10q24.31
Adopted from: http://hereditaryhearingloss.org
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CHAPTER 2

MATERIALS AND METHODS
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Work Plan to study the hereditary hearing impairment can be divided in to three
modules:


Field Work



Clinical Evaluation



Laboratory Work

FIELD WORK
Field work included:


Identification of deafness affected families



Enrolment of identified families and collection of blood samples

Identification of families
Field trips were arranged for different cities of Pakistan to identify deafness
affected families with three or more deaf individuals. Information was collected by using
the person contacts and after visiting the institutes of special education. For preliminary
information, families were requested to fill brief history forms about the number of
deafness affected individuals, their hearing level, presence of other diseases, contact
number and postal address.

Enrollment of identified families and collection of blood samples
To enroll the affected families field trips were arranged. Medical histories were
collected by interviewing the multiple family members and elders of the families. In order
to assess the nature of auditory dysfunction as environmental or genetic and syndromic or
nonsyndromic a comprehensive questionnaire was filled. Some of the major information
in the questionnaire is as follows:


Age of onset of hearing impairment (congenital, prelingual, postlingual)



Age of walking



Skin problems



Problems related to heart, vision, balance, kidneys, thyroid, and mental
functioning.



Any incidence of infectious diseases like meningitis, measles, mumps,
rubella or typhoid.



History of tinnitus, chronic otitis media, injury, acoustic trauma or
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antibiotic/ototoxic drug usage (Neomycin, Gentamycin, Streptomycin).
Pedigrees of the affected families were drawn to ascertain the relationships among
the individuals especially consanguinity among them and the mode of inheritance of trait.
Collection of blood samples was done after the willingness and written informed consents
from both affected and normal individuals of the families and their related loops. Usually
10ml of venous blood was drawn from each individual of the family except in case of
very young or elderly subjects. All the samples were labeled properly and kept in tubes
containing 400 l of 0.5 M EDTA.

CLINICAL EVALUATION
To evaluate hearing impairment and to distinguish syndromic deafness from
nonsyndromic form of deafness following tests were done:


Audiological tests



Vestibular Function tests



Fundoscopy

AUDIOLOGICAL TESTING
Audiometry and tympanometry was performed to examine the hearing of the
individuals.

Audiometry
Acuity of hearing is measured by an audiometer. This test is performed in a sound
proof room. Headphones are placed over the left and right ears of the individual and
lowest intensity threshold at which subject perceives a sound is determined. Threshold
sensitivity for both ears is measured independently. Results are recorded in the form of an
audiogram in which intensities in dB are plotted on y-axis and frequencies in Hz are
plotted on x-axis. Audiogram provides the information about the severity of hearing loss
weather it is profound, severe, moderate or mild (Fig. 2.1) (Brender et al., 2006).
However, unaffected individuals were having the hearing between 0-25dB at these
frequencies.
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Figure 2.1 Audiogram showing different levels of hearing loss (http://www.jsu.edu/......../audiograms.html)
.

Two types of audiometry was performed:

Pure tone air conduction audiometry (PTA)
In this type of audiometry, earphones are used to present sound through external
ear. The thresholds depend on the condition of the external ear canal, middle ear, and
inner ear (Katz, 2002). Symbols of “O” and “X” are used for right and left ear during
PTA measurements. The shape of the curve provides the information about the frequency
sensitivity of middle and inner ear (Brender et al., 2006) (Fig. 2.2).

Bone conduction audiometry (BC)
Bone conduction audiometry helps to segregate the sensorineural deafness from
conductive deafness. In BC audiometry, a vibrator is placed over the mastoid bone to
present the sound directly to cochlea. If BC gives better results as compared to PTA, this
means that the type of hearing loss is conductive (Katz, 2002) (Fig. 2.2).
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Figure 2.2 Audiograms showing different types of hearing loss. Frequency in hertz (Hz) is present along the
x-axis and loudness in decibels (dB) is present on the y-axis.

Tympanometry
Tympanometry is used to determine the functioning of the middle ear. It can also
measure the stiffness of the eardrum. It is the quantitative measurement of negative
pressure of the middle ear, volume of the ear canal, ossicles disruption, otosclerosis and
perforation of the tympanic membrane. After placing the probe in the canal of the
external ear, acoustic energy is transmitted to the ear canal by sound stimulus generator.
Positive and negative pressures are introduced with the help of vacuum pump in to ear
canal. Sound energy which returns is detected by the microphone in the instrument.
Therefore, instrument produced a graph called tympanogram (Onusko, 2004).
Tympanic membrane will not vibrate properly if there is fluid in the middle ear,
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and a flat line will appear on the tympanogram. However, if there will be a higher and
lower pressure of air in the middle ear, tympanogram will show a shift in line position
(Cinamon and Sade, 2003).

VESTIBULAR TESTING
Vestibular system of the inner ear maintains the spatial orientation and
equilibrium of the body. Both integrity and functioning of the vestibular system is
determined by the vestibular testing.
Romberg and Tandem gait tests are commonly used to determine the vestibular
dysfunction.

Romberg test
During romberg test, individual is asked to stand straight with feet close together,
eyes closed and hands by the sides. In vestibular dysfunction, patient can not maintain his
balance and begins to sway or fall.

Tandem gait test
In this test subject walks in a straight line in such a way that his hands are attached
to his body and heel of the front foot touch the toes of back foot at every step. In case of
vestibular dysfunction, patient may not walk properly.

FUNDOSCOPY
Fundoscopy is a test used to examine the fundus (retina, optic disc, choroid, and
blood vessels) of the eye. Before the test, the pupil is dilated by using a few drops of
Tropicamide 0.5% - 1% (Mydriacyl) for obtaining the best view inside the eye. Fundus
examination of the RP affected individual shows the bone spicules and pigmentation of
the retinal epithelium (Fig. 2.3).
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Figure 2.3 Picture of normal fundus (on left side) and fundus with retinitis pigmentosa (on right side)
(Adopted from: http://www.news-medical.net/.........aspx).
.

LABORATORY WORK
DNA extraction from blood samples
Samples were stored at -70°C for 20-30 min before DNA extraction. For longterm storage blood was kept at -20°C. Genomic DNA was isolated by using the Nonorganic method (Grimberg et al., 1989). Isolation of DNA was done as follows:


Blood samples were thawed to lyse the red blood cells.



When samples completely thawed, 35 ml of TE buffer (10 mM Tris HCl, 2 mM
EDTA, pH 8.0) was added to wash the blood samples. These samples were then
centrifuged at 3000 rpm for 20 min and supernatant was discarded to wash out the
lysed RBC. Washing was repeated three to four times till the WBC pellet became
free of hemoglobin.



Proteins in WBC pellets were digested by adding 0.5 mg of proteinase K along
with 200 l of 10% SDS in the presence of 6 ml TNE buffer (10 mM Tris HCl, 2
mM EDTA, 400 mM NaCl).



The samples were kept overnight in an incubating shaker at a temperature of 37oC
and a speed of 250 rpm.
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Proteins were precipitated by adding 1 ml of super saturated NaCl, followed by
vigorous shaking and chilling on ice for 15 min before centrifugation at 3000 rpm
for 20 min.



After centrifugation supernatant was shifted to another Sterilin® tube and equal
volume of Isopropanol was added to precipitate the genomic DNA.



The DNA pellet was washed with 70% ethanol and allowed to dry.



Dried DNA pellet was dissolved in low TE buffer (10 mM Tris HCl, 0.1 mM
EDTA, pH 8.0) and kept at 70oC in a water bath for one hour to inactivate any
remaining nucleases.

Quantification of DNA
Following methods were used to quantify the DNA samples:

Spectrophotometry
DNA concentrations were calculated by using a dilution of 1/100 in a quartz
cuvette and measuring the optical density (OD) in unit oA at wavelengths 280 nm and 260
nm in a spectrophotometer. To estimate the purity of DNA samples, the ratio of the two
readings was calculated. OD260:OD280 = 2.0, indicates a pure DNA sample. However, a
ratio less than 2.0 indicates protein contamination in DNA sample. Formula to calculate
the genomic DNA concentration is shown in Table 2.1.
Table 2.1 Calculations for the concentration of genomic DNA

A

B

C

Optical Optical
Density Density
(OD) at (OD) at
260 A0 280 A0

1

2

Formula

3

Example

0.157

0.076

D

E

F

Ratio

Dilution
Factor

Conc. of
Stock DNA
(ug/ml)

G
H
Amount of stock DNA
and Buffer used to
prepare 100 ml
dilution of 50 ng/ul
Stock DNA
(ul)

B3/C3

100

2.07

100

=B3*E3*50 =(50/F3)*100
785

6.37

Buffer
(ul)
=100G3
93.63

35

Agarose gel electrophoresis & estimation of DNA concentration
In this method genomic DNA was intercalated with ethidium bromide dye and
was run on 0.8% agarose gel with DNA standard of known concentration. The gel was
observed under UV light and florescence of the test DNA was visually compared to
known standard DNA. This method allows both qualitative as well as quantitative
estimation of DNA.

Working DNA dilutions
Low TE Buffer (0.1 mM EDTA,10 mM Tris HCl pH 8.0) was used to make the
DNA dilutions. Working DNA dilutions of 25 ng/l was prepared for single marker
amplification while for multiplex PCR DNA dilutions of 50 ng/µl was prepared (Table
2.1).

Preparation of master and replica DNA plates
A 96 well master plate map was designed for DNA samples from affected families
to accomplish the linkage analysis. For single marker PCR, a master plate with 25 ng/l
DNA and for multiplex PCR, a master plate with 50 ng/l DNA was used to make the
replica plates by dispensing 2 l dilution in each well overlaid with a 10 l mineral oil.

Linkage analysis for reported recessive deafness (DFNB) loci
The selected enrolled families were screened to find linkages to reported deafness
loci. At least three microsatellite STR markers were genotyped to do the linkage analysis
for each locus. The markers expressing high heterozygosity (0.7-0.8) in population and
producing PCR products with wide range of molecular weights were selected from the
Marshfield maps. These primers were purchased commercially either from ABI (Applied
Biosystems, Foster City, CA, USA) or IDT (Integrated DNA Technologies, USA).
Markers used to screen the reported DFNB loci are mentioned in Table 2.2.

Amplification of microsatellite markers by PCR
STR markers were used to amplify the genomic DNA in replica plates through
polymerase chain reaction. Composition of the PCR reaction mixture is given in Table
2.3.
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Table 2.2 Microsatellite markers used for linkage analysis of reported loci/genes

Locus

DFNB1

DFNB4

DFNB7/11

DFNB12

DFNB16

DFNB19

DFNB22

DFNB25

DFNB28

DFNB31

Markers

cM

Dye

ASR

D13SGJB2
D13S175
D13S1275
D7S2420
D7S2459
D7S2456
D9S1837
D9S1124
D9S1876
D10S606
D10S1694
D10S1432
D15S994
D15S659

6.03
6.03
6.99
119.81
119.81
120.61
67.39
67.39
67.93
93.37
93.37
93.92
40.25
43.47

NED
FAM
FAM
FAM
FAM
NED
VIC
FAM
FAM
FAM
NED
FAM
FAM
VIC

190-210
101-113
198-214
272-292
140-152
238
223-251
252-276
132-152
216-240
141-161
165-185
202-214
176-186

D18S1163
D18S843
D18S464
D16S490
D16S403
D16S3113
D4S1632
D4S1627
D4S409
D22S1045
IL2RB
D22S1156
D9S1824
D9S1855
D9S170

24.08
28.1
31.17
39.04
43.89
45.56
44.66
60.16
78.43
42.81

VIC
FAM
VIC
VIC
FAM
FAM
VIC
NED
FAM
NED
VIC
FAM
FAM
NED
FAM

196-212
179-191
283-291
329-395
134-152
108-128
277
177-201
275-305
140-158
153
150-162
118-128
219-225
108-126

44.32
52.1
52.1
52.1

Locus

DFNB2

DFNB5

DFNB8/10

DFNB13

DFNB17

DFNB20

DFNB23

DFNB26

DFNB29

DFNB32

Markers

cM

Dye

ASR

D11S4186
D11S1789
D11S4079
D14S70
D14S1428
D14S288
D21S1225
CA50
CA80
D7S1824
D7S2511
D7S1805
D7S2847
D7S480
D7S1842
D11S969
D11S968
D11S4125
D10S2529
D10S2522
D10S546
D4S2981
D4S2261
D4S1604
D21S2078
D21S2079
D21S1252
D1S2739
D1S206
D1S248

79.98
79.98
79.98
40.11
45.12
47.51
48
48
48
149.9
156.33
161.21
125.15
125.95
128.41
146.6
147.77
147.77
74.5
74.5
75.57
145.98
145.98
145.98

VIC
FAM
VIC
FAM
NED
VIC
VIC
VIC
FAM
VIC
FAM
NED
NED
FAM
FAM
VIC
NED
VIC
FAM
FAM
FAM
NED
FAM
NED
NED
NED
VIC
FAM
FAM
FAM

154-178
241-258
257-265
212-220
176-200
187-209
220
131
170
163-203
143-265
198-223
174-201
189-206
114-154
141-160
137-155
231-253
200
148-160
243
141-155
182-210
254-260
114-178
153
150-162
124-152
138-164
191-211

35.45
130.73
134.2
139.02

Locus

DFNB3

DFNB6

DFNB9

DFNB14

DFNB18

DFNB21

DFNB24

DFNB27

DFNB30

DFNB33

Markers

cM

Dye

ASR

D17S2196
D17S2207
D17S2206
D3S1581
D3S1578
D3S1289
D2S2144
D2S174
D2S2223
D7S821
D7S518
D7S2453
D11S1981
D11S902
D11S4138
D11S925
D11S4089
D11S4107
D11S927
D11S1986
D11S1391
D2S2314
D2S2261
D2S2273
D10S2481
D10S1775
D10S197
D10S199
D10S1791
D10S220

44.62
45.00
45.00
70.61
70.61
71.41
46.37
46.90
46.37
109.12
112.32
115.96
21.47
21.47
21.47
118.47
119.07
119.07
105.74
105.74
108.59
182.24
185.13
186.21
52.1
52.1
52.1
60.648
65.97
70.234

NED
FAM
FAM
VIC
NED
FAM
FAM
NED
VIC
VIC
NED
VIC
VIC
FAM
NED
VIC
NED
FAM
VIC
VIC
NED
FAM
NED
FAM
VIC
FAM
FAM

139-163
110-160
141-165
78-102
140-166
197-215
217-245
203-221
182-200
238-270
179-201
183-199
134-178
145-163
181-211
173-199
199-213
186-212
129-149
188-248
158-178
96-118
114-148
140-164
186-226
218-226
161-173
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DFNB35

DFNB38

DFNB42

DFNB47

DFNB51

DFNB58

DFNB62
DFNB66/
67

DFNB74

DFNB81

D14S76
D14S61
D14S983
D6S1599
D6S1277
D6S1273
D3S1303
D3S4523
D3S1589
D2S2952
D2S168
D2S131
D11S907
D11S4203
D11S4083
D2S2341
D2S2215
D2S112
D12S358
D12S320
D12S1042
D6S276
D6S1568
D6S1051
D12S1585
D12S1649
D12S1686
D12S1702
D19S878
D19S591
D19S209
D19S894

84.69
86.29
87.39
14.04
14.04
14.04
136.32
138
141.79
17.88
27.06
31.2
42.55
45.94
47.61
129.22
135.45
141.62
26.23
30.60
48.70
44.71
47.71
50.75
75.76
76.36
76.36
77.25
6.57
9.84
10.97
15.55

FAM
FAM
FAM
NED
FAM
VIC
FAM
FAM
FAM
FAM
NED
FAM
FAM
FAM
VIC
FAM
FAM
VIC
FAM
NED
FAM
VIC
FAM
FAM
M-13
M-13
M-13
M-13
FAM
VIC
FAM
VIC

167-207
240-270
197-227
131-155
282-306
145-165
198-218
228-249
149-169
177-209
196-216
229-247
162-173
218-278
142-172
229-247
139-161
136-150
238-270
196-216
118-136
198-230
84-110
223-257
239-327
162-194
205-269
234-290
208-230
96-112
238-272
110-150

14.04
14.04
14.04
93.63
97.38
98.44
57.79
69.56
78.65
73.52
74.69
75.27
36.37
40.14
42.27
177.53
182.24
186.21
68.55
71.6
72.82

DFNB75

D1S2870
D1S3774
D1S214
D7S660
D7S2540
D7S820
D7S2846
D7S1818
D7S3046
D15S973
D15S1023
D15S1005
D6S1665
D6S1660
D6S2439
D2S326
D2S2314
D2S2273
D11S1337
D11S4136
D11S4139
D19SH4
D19SH5
D19S391
D5S110
D5S2002
D5S2117

DFNM1

D1S1165
D1S2815
D1S2790

188.32
188.85
190.98

DFNB36

DFNB39

DFNB44

DFNB48

DFNB53

DFNB59

DFNB63

DFNB72

NED
NED
FAM
VIC
FAM
NED
VIC
FAM
FAM
FAM
FAM
FAM
VIC
NED
NED
FAM
FAM
FAM
VIC
FAM
FAM
FAM
FAM
NED
FAM
FAM
NED

190-210
250-270
117-147
180-200
190-220
195-225
172-196
183-199
318-346
242-254
238-302
104-122
210-226
203-217
218-258
156-174
96-118
140-164
279-295
160-200
135-200
150
383
140-195
248-272
168-186
179-237

FAM
VIC
NED

130-190
210-237
243-253

FAM

DFNB37

DFNB40

DFNB45

DFNB49

DFNB55

DFNB60

DFNB65

DFNB73

DFNB79

D6S1031
D6S1589
D6S1273
D22S686
D22S1174
D22S1144
D1S304
D1S2842
D1S2836
D5S629
GATA
D5S637
D4S1569
D4S13248
D4S1645
D5S404
D5S2110
D5S1979
D20S840
D20S120
D20S102
D1S417
D1S2652

88.63
89.23
89.83
13.60
19.32
27.48
267.51
273.46
285.75
75.89
75.89
75.89
71.77
72.52
72.52
127.93
135.25
144.06
79.91
83.51
86.98
79.8
80.77

NED
NED
FAM
FAM
FAM
FAM
VIC
VIC
FAM
FAM
FAM
FAM
NED
FAM
VIC
NED
FAM
FAM
FAM
NED
NED
FAM
FAM

260
180
206
180-220
214-224
177-200
168-174
217-231
268-281
233-253
104-116
246-254
279-291
139-161
136-150
180-198
248-272
157-179
123-165
213-241
169-177
189-195
94-104

D9S1826
D9S905
D9S1838

159.61
163.84
163.841

FAM
VIC
NED

133-147
288
159-175

FAM
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Table 2.3 Reaction mixture to amplify single microsatellite marker by PCR

Ingredients

Stock Conc.

Used quantity

Genomic DNA

25 ng/l

2 l

Primer Forward

4.0 pM

0.1-0.15 l

Primer Reverse

4.0 pM

0.1-0.15 l

dNTPs (dATP,dTTP,dCTP, dGTP)

1.25 mM or 2.5 mM

0.5 l

PCR Buffer*

10x

0.5 l

Taq Polymerase

2 units/l

0.4 l

dH2O

Add dH2O to make final
volume to 5 l

* 10X PCR buffer contains 500 mM KCl, 1% Triton, 100 mM Tris-Cl
(pH 8.4), and 15, 20 or 25 mM MgCl2.
PCR enhancers spermine, betain or DMSO were also included in the
reaction mixture for amplifications of some markers.

PCR cycle
Markers were amplified by using the GeneAmp PCR system ABI 2700 or
Applied Biosystems 9700 PCR system. Different markers were amplified by using
different PCR programs. Commonly used programs were simple annealing programs
ranging between 52–60°C (Fig. 2.4). However, some markers were also amplified on
touch down PCR (tdPCR) programs. Annealing temperature ranges for these tdPCR
programs were between 67°C→57°C or 64°C→54°C (Fig. 2.5).
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1 Hld
95oC
5.00
Min

3 Tmp
94oC
30
Sec

35 Cycles

57oC

65oC
2.00

2 Hld
72 oC
10

Min

Min

25oC


30
Sec

Figure 2.4 Simple annealing PCR program (57oc)

1 Hld
96oC
4.00
Min

3 Tmp
95oC
45
Sec

10 Cycles
72oC
1.00
64oC
45
Sec

Min

3 Tmp
95oC
45
Sec

30 Cycles

54oC

72oC
1.00

2 Hld
72oC
10.0

Min

Min

25oC

45
Sec

Figure 2.5 Touch down PCR program (64→54 oc)

Note:

Annealing temperatures highlighted with yellow colour were different for
different markers.
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Genome-wide scan
Genome wide scan was carried out on three families which were unlinked with
reported deafness loci. ABI PRISM® Linkage Mapping Set, Version 2.5 (Applied
Biosystems) containing 388 markers was used. Selection of these markers was based on
chromosomal location and heterozygosity as mentioned in 1996 Genethon Human genetic
maps. Both allele size ranges and heterozygosity values for these markers were based on
CEPH genotype databases. Additonal markers from Linkage Mapping Set HD5 were also
used for refinement of the mapped homozygosity region.

Panel markers of ABI PRISM® Linkage Mapping Set MD10
All the panel markers have been optimized by the suppliers (Applied Biosystems)
in such a way that same PCR conditions are required for the entire set. Therefore,
multiplex PCR program was used to amplify the markers of a whole panel or a sub-set of
a panel simultaneously.
All the sets and subsets of panels were arranged according to their dyes and sizes
of amplified products.

Multiplex PCR protocol
0.04-0.06 M (0.1-0.15 l) of each of the panel primer was used to amplify 50 to
100 ng of genomic DNA in 5 l reaction volume containing 200 M of dNTPs, 0.8 units
of Taq polymerase, 0.5 l of 10x PCR reaction buffer (750 mM KCl; 100 mM Tris HCl
pH:8.3, 25 mM MgCl2) and 10 l overlay of mineral oil.

Panel multiplex PCR cycle
To amplify the panel primers PCR program having annealing temperature of 54°C
and extension for 2 min at 65oC was used (Fig. 2.6).
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1 Hld
96oC

3 Tmp
95oC

4 Min

30 Sec

35 Cycles
65 oC
54oC

2 Min

2 Hld
70 oC
10 Min

30 Sec

25oC


Figure 2.6 Thermal cycler program for amplification of panel markers in multiplex PCR

Preparation of samples for Genetic Analyzer
After amplification of markers, each marker was diluted 5 times before pooling.
For each pooling, different markers for the same DNA sample were pooled together in a
single well of 96 well PCR plate by using an eight capillary Hamilton® Syringe on the
basis of their sizes and dyes (FAM, VIC, NED). An amount of 1-2 μl PCR product of
each panel (by combining all sets of panel) was pooled for genome-wide scan. When the
samples were pooled, 0.15 μl of internal size standards LIZ® (GeneScan™ -500 LIZ Size
Standard, Applied Biosystems) was added with 7.85 μl of deionized Hi-DiTM formamide
(ABI). Samples were spin down and were denatured at 95°C for 5 min followed by quick
chilling on ice for 5 min before running them to ABI Prism 3730 Genetic Analyzer.

Analysis of genotyping data
ABI genetic analyzer displayed the results in the form of electropherogram (Fig.
2.7). These results were analyzed by using the Genemapper® v4.0 software (Applied
Biosystems). Genotyping results were entered into excel sheet and was analyzed by using
the excel macro file provided by the bioinformatics lab of CEMB. Procedure to run the
macros on excel data is shown in Fig. 2.8.

LOD score calculations
LOD score was calculated by using the easyLINKAGE software. For
easyLINKAGE, both pedigree and marker information files were created by the CEMB
macro file.
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Figure 2.7 Electropherogram is showing that father , mother and normal individuals are carrier for the
disease allele “1” while all the deaf individuals are homozygous for the disease allele “1”.
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Figure 2.8 Procedure to run the macros on excel data

DNA sequencing for mutational analysis
DNA sequencing was done to analyze the nucleotide bases (A, T, C, and G) in a
DNA fragment (exon) to determine any mutation in the gene causing auditory
dysfunction. Following steps were followed to sequence the genes.

Exon amplification
The first step in sequencing is the amplification of the exons. Therefore, one or
more pair of primers were used to amplify the corresponding exons. Number of the
primers used depends on the size of the exon. To amplify the exons 25 to 50 ng of
template DNA was used. Different exons were amplified on different PCR conditions and
in different reactions volumes. Gene Script Taq DNA polymerase (cat#E00008) was used
to amplify the exons. Composition of the PCR reaction mixes for both 10 μl and 20 μl
reaction volume is given in Table 2.4. PCR program used for exon amplification is given
in Figure 2.9.
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Table 2.4 Reaction mixtures for amplification of exons by Gene Script Taq DNA
polymerase

Amounts in 10 μl

Amounts in 20 μl

reaction volume

reaction volume

25 ng/μl

1 μl

2 μl

Primer Forward

5 μM

0.7 μl

1.4 μl

Primer Reverse

5 μM

0.7 μl

1.4 μl

PCR Buffer

10X

1 μl

2 μl

MgCl2

25 mM

0.7 μl

1.2 μl

dNTP

5 μM

0.8 μl

1.6 μl

Taq

5 U/μl

0.1 μl

0.1 μl

5 μl

10.3 μl

Components

Stock conc.

Genomic DNA

H2O

1 Hld
95oC
2.00
Min

3 Tmp
95oC
30
Sec

35 Cycles

*

57oC
30
Sec

72oC
1.00

2 Hld
72 oC
5

Min

Min

25oC


Figure 2.9 PCR program for the exons amplified by using Gene Script Taq DNA polymerase
* Different annealing temperatures were used for different exons.
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High GC rich exons were amplified by using the AmpliTaq Gold® 360 Master
Mix (PN 4398881, Applied Biosystems). Composition of the reaction mix for AmpliTaq
Gold is given in Table2.5 and PCR cycle is given in Fig. 2.10.
Table 2.5 Reaction mixtures for amplification of exons by amplitaq gold
Amounts in 10 μl

Amounts in 20 μl

reaction volume

reaction volume

5 μl

10 μl

1 μl

2 μl

0.7 μl

1.5 μl

0.7 μl

1.5 μl

GC Enhancer

0.5 μl

1 μl

H2O

2.1 μl

4 μl

Components
PCR master mix
Genomic DNA
(25 ng/μl)
Primer Forward
(5 μM)
Primer Reverse
(5 μM)

1 Hld
95oC
10.00
Min

3 Tmp
95oC
30
Sec

35 Cycles

55*oC
60
Sec

72oC
1.00

2 Hld
72 oC
5

Min

Min

25oC


Figure. 2.10 PCR program for the exons amplified by using amplitaq gold
*Annealing temperatures 55oC or 60 oC were used for different exons.

To confirm the amplification, 3 ul to 5 ul PCR products were analyzed on 2%
agarose gel. Only the well amplified products were selected for exosap treatment.

ExoSAP treatment
The amplified product was then treated with a mixture of exonuclease-I (M0293L,
New England BioLabsInc), antarctic phosphatase (M0289L, New England BioLabsInc) and
10X antarctic phosphatase reaction buffer (Cat# B0289S) to remove unincorporated
nucleotides and oligonucleotides (Table 2.6). 3ul ExoSAP was added in 7 μl of 10 μl PCR
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product because 3 μl was utilized during gel analysis, similarly 5 μl exosap was added in
15 μl of 20 μl PCR product as 5 μl was consumed for checking the amplification. The
mixture was incubated at 37oC for one hour, then at 80oC for 15 min to inactivate the
enzymes and lastly at 25°C for 30 min.
Table 2.6 Composition of Exo SAP reaction mix

Mix for 7 μl

Mix for 15 μl

amplified product

amplified product

Water

1.9 μl

2.75 μl

10XBuffer

1 μl

2 μl

AP Enzyme

0.05 μl

0.1 μl

Exonuclease

0.075 μl

0.15 μl

Total

3 μl

5 μl

ExoSap Reagents

Sequencing reaction
To the ExoSAP treated reaction mixture, equal volume of dH2O was added to
dilute the salt concentration in the samples. Sequencing PCR with forward and reverse
primer was performed separately. Different exons were sequenced by using diluted PCR
product after ExoSAP reaction and Big dye terminator (V1.1 ABI) with different PCR
conditions depending upon their optimized annealing temperatures. Composition of the
sequencing reaction mix used for different exons is given in Table 2.7. The PCR program
for sequencing reaction is given in Fig. 2.11.
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Table 2.7 PCR reaction mixture for sequencing different exons
Reagents

Amount in 10ul Reaction Volume
2 μl

2 μl

2 μl

5 μl

3 μl

1 μl

Primer

1 μl

1 μl

1 μl

Big dye terminator

0.2 μl

0.2 μl

0.1 μl

H2O

1.8 μl

3.8 μl

5.9 μl

5XBuffer
Diluted PCR product
after ExoSap

1 Hld
95oC
2.00
Min

3 Tmp
95oC
10
Sec

35 Cycles

55oC
10
Sec

60oC
4.00

2 Hld
72 oC
5:00

Min

Min

25oC


Figure.2.11 PCR program for sequencing reaction
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Preparation of PCR products for sequencing on Genetic Analyzer
Sequencing reaction was set up in 96 well MicroAmp PCR plate (ABI) and was
precipitated by using 40 µL master mix (1.5 ul 3 M NaOAc, 31.25 μl 100% EtOH, 7.25
μl H2O) in each sequencing reaction. Plate was sealed with aluminum foil tape
(AlumaSeal 96TM Cat# F-96-100, Excel Scientific

Inc

), vortex for 10sec and left at room

temperature for 20 min for precipitation of the products. The plate was then centrifuged at
3500 rpm for 30 min at 4oC and supernatant was discarded by inverting the plate on a
paper towel and spinning it at 400 rpm for 15 sec. Pellets were washed with 75 μl 70%
EtOH by centrifugation at 3500 rpm 4°C for 20 min. Again supernatant was discarded by
inverting the plate on a paper towel and spinning it at 500 rpm for 20 sec.
Pellets were dried for 10 min at room temperature in dark. The dried pellets were
dissolved in 10 l of deionized Hi-DiTM Formamide (ABI). Samples were denatured at
95°C for 2 min followed by quick chilling on ice before loading on the ABI PRISM®
3730 Genetic Analyzer.

Analysis of DNA sequences
After each run, the Genetic Analyzer analyzes the samples and renders them in a
readable form. The sequences were then read manually on DNA STAR program. Any
change in the DNA sequence was confirmed by sequencing both forward and reverse
strands and by checking UCSC genome browser to see whether it was a real change or
dbSNP.
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CHAPTER 3

RESULTS AND DISCUSSION
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SECTION I

LINKAGE TO AUTOSOMAL
RECESSIVE DEAFNESS LOCI
(DFNB) AND SEQUENCING
OF GJB2 GENE
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Preface
Transmission of deafness in a recessive manner is one of the common cause of
genetic deafness (Petersen and Willems, 2006). Linkage analysis is a powerful tool to
identify deafness loci and genes. This approach is extremely helpful in populations
having genetic heterogeneity. Presently, 36 non-syndromic autosomal recessive deafness
loci have been identified in Pakistani population by using this technique. Linkage analysis
has many advantages:
Finding a family linked to a reported locus can be helpful to identify the disease
gene by narrowing down the critical interval for that locus by linkage analysis.
Identification of number of deafness loci and genes in Pakistani population provide the
evidence that there is genetic heterogeneity of deafness loci/genes in this population.
Therefore this population is ideal for the identification of loci and genes which are not
still identified.
Linkage of multiple families to a same reported locus will help to identify the
novel mutant alleles segregating in those families. As these particular alleles often differ
between families, thus provide the evidence of allelic heterogeneity. This will help to
establish genotype-phenotype correlation and function of disease gene. By linkage
analysis, if a large number of families link to a particular reported locus. This will help to
estimate the prevalence of a particular locus in that population which will ultimately lead
to the prognosis and prevention of transmission of the identified cause.
By performing genome wide scan on unlinked families (families not link to any
specific locus after linkage analysis); we can be able to map novel loci/genes which will
further help us to understand the mechanism of hearing.
In this study linkage analysis was performed on twenty five deaf families and 6
families were found to link with already reported deafness loci: DFNB3 (PKDF1207),
DFNB7/11 (PKDF980 and PKDF1206), DFNB12 (PKDF1253), DFNB28 (PKDF1254)
and DFNB39 (PKDF1195) (Table 3.1). Nineteen families were remain unlink in this
linkage analysis. Thus, they were suggesting the presence of novel loci/genes involve in
hereditary hearing loss.
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Table 3.1 Linkage of families with autosomal recessive deafness loci
FAMILES

LOCUS

PKDF1207

DFNB3

PKDF980

DFNB7/11

PKDF1206

DFNB7/11

PKDF1253

DFNB12

PKDF1254

DFNB28

PKDF1195

DFNB39
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Linkage to DFNB3
PKDF1207
This consanguineous family was ascertain from Gujrat and was jutt by cast. This
family belongs to Punjabi ethnic group. Information upto five generations in this family
was available with five deaf individuals in two sibships (Fig. 3.1). Detailed pedigree was
drawn and it was observed that deafness phenotype was inherited in an autosomal
recessive pattern. After asking multiple questions about the medical history of different
family members it was assured that deafness was not environmental. No goiter, night
vision or kidney problems were reported by the family. All the deaf individuals were
bilaterally profound and congenitally deaf. The deafness phenotype was inherited
independently without association of any other health disorder in the affected members of
this family. Both Tandem gait and Rhomberg tests were performed to investigate the
vestibular function but no balance problem was observed. Haplotype analysis of this
family indicated linkage with DFNB3 locus. All the tested deaf individuals were
homozygous for DFNB3 linkage interval. However, all the phenotypically normal
individuals (IV:2, IV:4, V:1 and V:5) were carrier for the affected allele haplotype.
Marker D17S2207 was providing the LOD Score of 2.02 at recombination fraction θ = 0.

Linkage to DFNB7/11
PKDF980
This family was ascertained from Bahawalnagar and cast of this family was
Rehmani. Upto five generations in this family, four deaf individuals in two sibships were
present (Fig. 3.2). Detailed pedigree was drawn by interviewing different members of this
family. After analysis of drawn pedigree, an autosomal recessive mode of inheritance of
deafness phenotype was observed in this family. To confirm weather this genetic deafness
was syndromic or non-syndromic, physical and clinical evaluations were done. However,
no goiter, vision loss, and kindney problems were observed in the affected members of
this family. Hearing loss was congenital and bilaterally profound in all the deaf
individuals. Evaluation of vestibular function was done by using the Tandem Gait and
Rhomberg tests but no vestibular dysfunction was observed. Exclusion of this family with
reported autosomal recessive deafness loci confirmed the linkage at chromosome 9 with
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DFNB7/11 locus. Haplotype analysis of this family showed that affected individual IV:10
was providing the distal boundary at marker D9S1843 whereas affected individual V:4
was providing the proximal boundary at marker D9S273. Individuals III:7, IV:3, IV:4,
IV:7, and IV:9 were the carrier individuals. However, individuals IV:5 and V:2 were both
phenotypically and genotypically normal. Statistically significant two point LOD Score of
3.69 was found at marker D9S1674 at recombination fraction θ = 0.

PKDF1206
Enrollment of this family was done from Gujrat Punjab. Cast of this family was
Kumhar and the ethinic group was Punjabi. This family has five deaf individuals in a
single sibship even though information upto four generations was available (Fig. 3.3). In
this family deafness was inherited in an autosomal recessive pattern.
Multiple questions were asked to different members of this family to confirm that
deafness phenotype was not due to environmental factors. There were no sign and
symptoms of night blindness and goiter in any individual of this family. By clinical
evaluation it was confirmed that deafness was not segregating with any other anomaly in
this family. No balance problem was observed. Linkage analysis by using the reported
autosomal recessive loci markers confirmed the linkage of this family to DFNB7/11
locus. Affected individuals IV:2, IV:3, IV:5, IV:6, IV:8 were homozygous for disease
allele haplotype while the phenotypically normal individuals III-7, III-8, IV-4, IV-7 were
the carrier individuals. Statistical analysis by using the two point parametric LOD Score
revealed a significant score of 3.32 at recombination fraction θ = 0 for marker D9S1124.
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Figure 3.1 Padigree of PKDF1207 link to DFNB3 locus. Linked haplotypes are boxed. STR markers with
their genetic map positions in centimorgan (cM) are mentioned at left side of the pedigree.
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Figure 3.2 Padigree of PKDF980 link to DFNB7/11 locus. Linked haplotypes are boxed. STR markers with
their genetic map positions in centimorgan (cM) are mentioned at left side of the pedigree.
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Figure 3.3 Padigree of PKDF1206 link to DFNB7/11 locus. Linked haplotypes are boxed. STR markers
with their genetic map positions in centimorgan (cM) are mentioned at left side of the pedigree.

Linkage to DFNB12
PKDF1253
PKDF1253 was a Punjabi family having Gujjar caste from Gujrat. There were
eight deaf individuals in four sibships in four generations. (Fig. 3.4). Only five affected
individuals in three sibships were available for the study. An autosomal recessive
inheritance pattern of deafness phenotype was observed in this pedigree. Environmental
deafness was excluded by taking the detailed medical history from the members of this
family. Different syndromes like Pandred, Usher, and Wardenburg syndrome were
excluded by both physical and clinical evaluations. Therefore, deafness phenotype was
segregating independently without any other anomaly. However, all deaf individuals were
having congenital and bilateral profound hearing loss without any balance problem.
Homozygosity mapping by using the microsatellite markers of different reported
autosomal recessive loci revealed the linkage of this family with DFNB12 locus. Affected
individuals (III:5, IV:9, IV:10, IV:12, IV:13) were homozygous while phenotypically
normal individuals (II:3, III:7, III:11) were carrier for disease allele haplotype. However,
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individuals II:5, III:13, III:14, and IV:8 were both phenotypically and genotypically
normal. A significant LOD Score of 3.03 was observed for marker D10S537 at
recombination fraction
θ = 0.

Linkage to DFNB28
PKDF1254
Enrollment of this punjabi family was done from Gujrat. This family has seven
deaf individuals in three sibships upto four generations (Fig. 3.5). Only six affected
individuals were alive and available for the study. Multiple individuals were questioned
about their off springs and sibships to draw a comprehensive pedigree of this family.
Pedigree analysis showed that deafness phenotype was inherited as an autosomal
recessive manner. Detailed medical history of this family showed no vision loss, goiter,
kidney problems or any other health disorder. A congenital and bilaterally profound
hearing loss was observed in the affected members of this family. No vestibular
dysfunction was found. Haplotype analysis revealed that all the genotyped deaf
individuals (III:2, III:3, III:6, III:7, IV:3, and IV:4) were homozygous for the interval of
DFNB28 locus whereas all the genotyped normal individuals (II:4, III:1, III:8, III:9, and
IV:1) were carrier for the affected allele haplotype. A significant LOD Score of 3.7 was
observed for marker D22SIL2RB at recombination fraction θ = 0.

Linkage To DFNB39
PKDF1195
This family was enrolled from Shaikhupura and belongs to Lohar Mirza caste in
pujabi ethnic group. This family has four deaf individuals in a single sibship, even though
information upto five generation was available (Fig. 3.6). Multiple individuals were
questioned about their off springs and sibships to draw a comprehensive pedigree of this
family. Pedigree structure showed that deafness phenotype was inherited in an autosomal
recessive pattern. Detailed medical history of this family ruled out the environmental
deafness. Physical examination was performed to exclude the Usher, Pandred and
Wardenburg syndromes. Clinical investigations showed that deafness was inherited as an
isolated form without any other clinical disorder. However, all the deaf individuals were
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congenital and bilaterally profound with no vestibular dysfunction evaluated by the
Tandem Gait and Rhomberg tests. Exclusion of this family with reported autosomal
recessive deafness loci depict the linkage at chromosome 7 with DFNB39 locus. Deaf
individuals V:2, V:3, V:4 and V:6 were homozygous for affected allele haplotype while
phenotypically normal individuals II:1, IV:5, and V:5 were carrier for affected allele
haplotype. Two point LOD score for this family was 2.29 for marker D7S820.
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Figure 3.4 Padigree of PKDF1253 link to DFNB12 locus. Linked haplotypes are boxed. STR markers with their genetic map positions in centimorgan (cM) are
mentioned at left side of the pedigree.
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Figure 3.5 Padigree of PKDF1254 link to DFNB28 locus. Linked haplotypes are boxed. STR markers with
their genetic map positions in centimorgan (cM) are mentioned at left side of the pedigree.
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Figure 3.6 Padigree of PKDF1195 link to DFNB39 locus. Linked haplotypes are boxed. STR markers with
their genetic map positions in centimorgan (cM) are mentioned at left side of the pedigree.
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Linkage to DFNB1/GJB2
PKDF1463
This family was identified from Sheikhupura and belongs to Arian caste. This
family has three deaf individuals in a single sibship even though information upto four
generation was available (Fig. 3.7). An autosomal recessive mode of inheritance for
deafness phenotype was observed in this family. Environmental causes of deafness were
excluded. Clinical investigations showed that deafness was inherited without any other
clinical disorder such as Pandred, Usher and Wardenburg. Congential and bilaterally
profound hearing loss was observed in deaf individuals of this family. There was no
balance problem evaluated by the Tandem Gait and Rhomberg Tests. Previously, this
family was link with DFNB1 locus. Hence, DNA samples of this family were provided by
the CEMB DNA bank to sequence the GJB2 gene. Coding exon of GJB2 was sequenced
for affected (IV:3) and phenotypically normal (III:7) individuals. Sequencing results
showed a homozygous G>A change at 71 position of cDNA of this gene. As a result of
this substitution, premature truncation of protein product occurred at 24th amino acid
tryptophan (p.W24X) (Fig. 3.8).
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Figure 3.7 Padigree of PKDF1463 link to DFNB1 locus.

Figure 3.8 GJB2 chromatograms for individuals III-3 (Carrier Father) and IV-2 (Affected Son) of
PKDF1463. Chromatograms show a homozygous G>A change at 71 position of cDNA (c.71G>A) in
individual IV-2. This change results in a stop codon at 24 amino acid position (p.W24X).

65

SECTION II

LOCALIZATION OF NOVEL
USH1K LOCUS
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Localization of a Novel Locus
Three families unlinked to reported DFNB/Usher loci were selected for genome
wide scan to identify the novel locus. ABI PRISM® Linkage Mapping Set version 2.5 was
used for genome wide scan. Initially, 10 cM markers were genotyped to identify the
linkage in two normal and three affected individuals from each family. Potential linkages
were confirmed by genotyping the additional individuals of each family with 10 cM and 5
cM markers. Two families were remained unlinked on genome wide scan. Only
chromosome 10 markers at 10p11.21–q21.1 position were providing the suggestive
linkage in PKDF231. Later on, additional individuals and markers were genotyped for
PKDF231 to find the boundaries of this region. In order to narrow down the critical
interval of this novel locus additional pedigrees were also screened for this region.

PKDF231
Family PKDF231 was enrolled from Noshehro Afroz and belonged to “Jokhia”
caste. Detailed pedigree of this family was drawn by interview multiple family members
upto five generations. There were six deaf individuals in a single sibship but only five
were available for the study. Ten individuals with normal hearing were also available for
this study. Mode of inheritance of deafness phenotype was autosomal recessive (Fig. 3.9).

Clinical evaluation
Medical histories were obtained from participating members to find weather the
hearing loss was environmental, syndromic or non- syndromic. Disorders other than
deafness such as Pendred or Waardenburg syndromes were ruled out by performing the
physical examination. At the time of clinical examination, affected individuals were
twelve to twenty six years old. Both pure tone air and bone conduction audiometry were
performed for some unaffected and affected individuals of this family. Affected subjects
were having profound sensorineural, bilateral, and congenital hearing loss. In all the
tested individuals, air-bone gaps were absent (Fig 3.10). Tandem gait and Romberg tests
were performed to evaluate the vestibular dysfunction. Onset of independent ambulation
was delayed and consistent with vestibular dysfunction. Funduscopic examination was
used to confirm the presence or absence of retinitis pigmentosa in the affected members
of this family. Fundus examination of two affected subjects V:5 (24 years old) and V:7
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(26 years old) (Fig. 3.9) revealed pigmentation on retinal epithelium with narrowing of
retinal blood vessels. Moreover, bone spicules and waxy appearance of optic disk was
also observed during fundoscopic examination. However, a direct relationship was also
observed between patient’s age and the severity of retinitis pigmentosa. It was found that
loss of vision was mild to severe in affected members of this family.

Figure 3.9 Haplotype analysis of PKDF231. Only the affected individuals are representing by the filled
symbols. Cousin marriage is represented by double line. On the left side of the pedigree chromosome 10
markers are present with their base pair positions according to February 2009 genome assembly, hg19.
Boxes are present around the disease allele haplotype.

Haplotype analysis of PKDF231
On genome wide scan, PKDF231 revealed a suggestive linkage at chromosome 10
(10p11.21–q21.1). In this interval, affected subjects V:2, V:3, V:4, V:5, and V:7, were
homozygous while six phenotypically normal individuals IV:9, IV:10, IV:11, IV:12, V:6
and V:8 were carriers. Only four individuals IV:7, IV:8, V:1, and V:9 were both
phenotypically and genotypically normal (Fig. 3.9). Haplotype analysis after genotyping
the additional markers in this interval confirmed a linkage region of 11.74 cM. Markers
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D10S1780 (63.83 cM) & D10S546 (75.57 cM) was providing the boundaries for this
homozygous interval. Haplotypes of PKDF231 explained that marker D10S546 (56.09
Mb) was providing the recombination at the distal end in affected individuals; V:2 to V:5
& V:7 whereas the proximal boundary was provided by the marker D10S1780 (35.89
Mb) in unaffected subject V:6. Hence, a linkage interval of 20.20 Mb was obtained for
PKDF231.

Figure 3.10 Pure tone air and bone conduction audiogram of PKDF231 deaf individual V:7 (26 years old
male). This audiogram is showing that individual V:7 is profoundly deaf at different level of hearing
frequencies and decibels. Moreover, sensorineural and bilateral hearing loss is present in this individual.
Downward Arrows (↓) are representing that auditory threshold level is beyond the measurable range.
Symbol “O” is used to represent the air conduction in right ear whereas air conduction in left ear is
indicated by the “X” sign. Similarly, symbols “<” and “>” are used to represent the bone conduction in left
and right ears respectively.

Lod score calculations
Two-point LOD scores were calculated and mode of inheritance was taken as
recessive. However, Usher Syndrome penetrance was assumed full for homozygotes with
no phenocopy. Both for females and males, recombination frequencies were considered
equal while the frequency of disease allele was taken as 0.001. LOD score calculations
showed that marker D10S539 was giving the highest score 3.82 at recombination fraction
θ =0 (Table 3.2).
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Table 3.2 Two point LOD Scores of STR markers for family PKDF231 at chromosome
10p11.21–q21.1.

Markers
D10S197
D10S213
D10S208
D10S1780
D10S578
D10S1233
D10S196
D10S220
D10S539
D10S1790
D10S1643
D10S546
D10S1652
D10S581

Marshfield
Map
Position
(cM)
52.1
57.42
60.64
63.83
65.97
66.5
70.23
70.23
72.9
75.57
74.5
75.57
80.77
82.5

Assembly
GRCh37/ hg19
base pair
positions (Mb)
26.53
29.47
31.68
35.89
37.04
44.73
52.14
52.35
55.06
55.21
55.27
56.09
64.41
65.85

PKDF231
Two Point
LOD Score (θ)
2.52(0.05)
2.46(0.05)
0.64(0.20)
3.15(0)
1.98(0)
3.74(0)
3.82(0)
1.89(0.10)
1.69(0)
0.15(0.25)
-

Further Evidence of Linkage
Additional families with deaf individuals were screened by using the chromosome
10 (10p11.21–q21.1) markers to search other families linked in this interval. One
additional family, PKDF608 was found linked to this region at chromosome 10.

PKDF608
Family PKDF608 has four consanguineous marriages and information upto five
generation was available. There were four deaf individuals in one sibship and one
affected individual each in two separate sibships (Fig. 3.11). However, five deaf and five
normal hearing individuals were available for this study. Mode of inheritance of deafness
phenotype was autosomal recessive. Multiple individuals of PKDF608 were questioned
about the medical history and health disorders other then deafness. Night blindness was
observed in deaf individuals of this family. Affected individuals were eighteen to fourty
five years old at the time of medical examination. Audiometry by pure tone air and bone

70
conduction examination was done for some of the deaf and normal individuals of this
family. Profound sensorineural, bilateral, and congenital hearing loss was observed for
the affected members of this family (Fig. 3.12). Evaluation of vestibular function was
done by performing the Romberg and Tandem gait tests. Onset of independent
ambulation was delayed and consistent with vestibular dysfunction. An ophthalmologist
confirmed the presence of RP by fundoscopic examination. Fundus examination was
depicting not only the pigmentation on retinal epithelium but also presence of bone
spicules and waxy appearance of optic disk in two affected subjects V:21 (18 years old)
and V:20 (45 years old). Moreover, there was a direct relationship between age of the
patient and severity of the RP. A mild to severe loss of vision was observed for the
affected members of this family.

Figure 3.11 Haplotype analysis of PKDF608. Affected individuals in multiple loops are represented by
filled symbols. Cousin marriages are indicated by double lines. Microsatellite markers of chromosome 10
with their physical positions according to February 2009 genome assembly, hg19 are mentioned on the left
side of the pedigree. Boxes are present around the disease allele haplotype.
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Figure 3.12 Pure tone air and bone conduction audiogram of PKDF608 deaf individual V:20 (45 years old
male). In this audiogram individual V:20 is profoundly deaf at different level of hearing frequencies and
decibels. Moreover, sensorineural and bilateral hearing loss is present in this individual. Downward Arrows
(↓) are representing that auditory threshold level is beyond the measurable range. Symbol “O” is used to
represent the air conduction in right ear whereas air conduction in left ear is indicated by the “X” sign.
Similarly, symbols “<” and “>” are used to represent the bone conduction in left and right ears respectively.

Haplotype analysis of PKDF608
Haplotype analysis of this family showed affected individuals to be homozygous
whereas the unaffected carriers were heterozygous for this linkage interval. Only
individual V:15 was phenotypically and genotypically normal. In this family linkage
interval of 16.94 cM was found. Markers D10S1780 (35.89 Mb) and D10S1652 (64.31
Mb) provided the boundaries for this homozygous interval (Fig. 3.11). Haplotypes of
PKDF608 indicated that deaf individual V:29 provided the recombination at distal end
with marker D10S1652 (64.31 Mb) whereas the deaf individual V:18 was provided the
proximal breakpoint at D10S1780 (35.89 Mb). Therefore, a linkage interval of 28.52 Mb
was obtained for PKDF608. Maximum two point LOD score of 3.22 was obtained at
marker D10S539 (72.90 cM) at recombination fraction θ = 0 (Table 3.3).
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Table 3.3 Two point lod scores of STR markers for family PKDF608 at chromosome
10p11.21–q21.1

Markers
D10S197
D10S213
D10S208
D10S1780
D10S578
D10S1233
D10S196
D10S220
D10S539
D10S1790
D10S1643
D10S546
D10S1652
D10S581

Marshfield
Map Position
(cM)
52.1
57.42
60.64
63.83
65.97
66.5
70.23
70.23
72.9
75.57
74.5
75.57
80.77
82.5

Assembly GRCh37/
hg19 base pair
positions (Mb)
26.53
29.47
31.68
35.89
37.04
44.73
52.14
52.35
55.06
55.21
55.27
56.09
64.41
65.85

PKDF608
Two Point LOD
Score (θ)
0.66(0.30)
0.38(0.20)
1.46(0.10)
3.21(0)
0.92(0)
3.22(0)
0.65(0)
1.66(0.05)
0.35(0.20)

An overview of Linkage Intervals of USH1K
Haplotype analysis of PKDF231 and PKDF608 revealed a linkage interval of
20.20 Mb (Fig. 3.13). Affected individuals V:2 to V:5 & V:7 of PKDF231 have provided
the distal boundary at D10S546 (56.09 Mb) while the unaffected subject V:6 has provided
the proximal boundary at D10S1780 (35.89 Mb).
As at the distal face of USH1K locus, a part of PCDH15 gene was present.
Therefore, this gene was sequenced to find the pathogenic mutation but no pathogenic
mutation was identified.
There were 85 candidate genes in this linkage interval of USH1K locus. Data
analysis reported in SHIELD database (https://shield.hms.harvard.edu/) and in massively
parallel signature sequencing libraries of mRNA from inner ear tissues showed that only
53 genes were expressing in the inner ear (Fig. 3.13). However, candidate genes LRRC18,
RET, FZD8, GJD4, HNRNPF were sequenced for two affected individuals from each
USH1K linked pedigree but no pathogenic mutation was found.
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Figure 3.13 Linkage interval of USH1K locus in both PKDF231 and PKDF608 families. This linkage
interval is located at chromosome 10p11.21-q21.1. STR markers with their centimorgan positions are
present on the left side. Candidate genes, expressing in the inner ear, of this USH1K linkage interval are
identified by using the February 2009 assembly of UCSC genome browser (http://genome.ucsc.edu/).
Overlapping interval of DFNB33 with USH1K locus and PCDH15 gene of DFNB23/USH1F locus is also
shown.
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SECTION III

DISCUSSION
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Non-syndromic autosomal recessive deafness is about 70% of the deafness due to
genetic causes and is mostly severe in its phenotype (Gorlin et al., 1995). Deafness is a
genetically heterogeneous trait. Almost 300 coding genes are involved in the mechanism
of hearing which is about 1% of the total 30,000 genes (Friedman and Griffith, 2003).
Recessive mutations are responsible for 85% of pre-lingual deafness (Petit, 1996).
Prevalence of recessive disorders is high among the populations having high degree of
cousin marriages (Jaber et al., 1992). In Pakistan cousin marriages are almost 60% and
70% of these are between first cousins (Hussain and Bittles, 1998). Due to this high rate
of consanguinity, Pakistani population is a valuable genetic resource for the identification
of novel loci and genes involve in deafness. Up till now 101 non-syndromic autosomal
recessive loci and 55 genes have been reported and 36 of these loci and 22 genes were
identified in Pakistani families. In addition Pakistani families have contributed new
mutant alleles of the known genes such as in BSND gene reported as causing syndromic
deafness but a mutant allele of this gene in Pakistani pedigree causes non-syndromic
deafness (Riazuddin et al., 2009).
Keeping in view of the above information, the present study was undertaken to
explore Pakistani population for additional novel loci/reported genes. Therefore, twenty
five selected families from the fifty enrolled were studies through linkage analysis. Six
families were linked to reported deafness loci: DFNB3 (PKDF1207), DFNB7/11
(PKDF980 and PKDF1206), DFNB12 (PKDF1253), DFNB28 (PKDF1254) and DFNB39
(PKDF1195).
Family PKDF1207 was linked to DFNB3 locus. DFNB3 was mapped at
chromosome 17 in Bengkala village of Bali’s island by homozygosity mapping
(Friedman et al., 1995). Mutations in Myosin XV (Myo15) gene are responsible for
DFNB3 deafness (Nal et al., 2007). All the deaf individuals in family PKDF1207 were
homozygous for microsatellite markers: D17S2196, D17S2207 and D17S2206. Two
point parametric LOD Score for this family was 2.02 at marker D17S2207. In Pakistani
population, prevalence of DFNB3 locus is 5% (Liburd et al., 2001).
DFNB7 locus was first mapped in two Indian families at chromosome 9q13-q21
(Jain et al., 1995). Later on another locus was identified at same chromosomal position as
DFNB7 in two Israeli families by genome wide scan (Scott et al., 1996). As the
chromosomal location and phenotype in affected individuals were same in both the loci,
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so they were combined as DFNB7/11 (Van Camp et al., 1997). It has been reported that
both DFNB7/11 and DFNA36 are overlapping loci and are caused by mutations in the
same gene i.e. TMC1 (Kurima et al., 2002). In this study the families PKDF980 and
PKDF1206 were linked to DFNB7/11 locus. Both families have significant LOD scores
i.e. 3.69 for family PKDF980 and 3.32 for family PKDF1206 at recombination fraction
θ = 0. Deafness in Pakistani families due to mutations in TMC1 gene is about 3.4%
(Kitajiri et al., 2007).
Family PKDF1253 is link with DFNB12 locus. DFNB12 locus was mapped in a
sunni family by genome wide scan at chromosome 10q21-q22 (Chaib et al., 1996). Both
DFNB12 and USH1D are the overlapping loci. It is reported that in Pakistani families
both DFNB12 and USH1D are caused by allelic mutations of CDH23 gene (Bork et al.,
2001) . In case of USH1D, different mutations in CDH23 are responsible for variability in
the retinal phenotype (Bolz et al., 2001). Family PKDF1253 has a significant LOD Score
of 3.03 at recombination fraction θ = 0. There are no symptoms of retinitis pigmentosa.
Therefore, this family has non-syndrmic deafness due to DFNB12 locus.
DFNB28 locus was mapped in a Palestinian kindred at chromosome 22q13
(Hirosawa et al., 2001). It is found that mutations of TRIOBP are co-segregating with
DFNB28 associated hearing loss (Riazuddin et al., 2006, Shahin et al., 2006). Role of
TRIOBP in the organization of actin cytoskeleton, cell migration and cell growth has been
reported (Seipel et al., 2001). Actin cytoskeleton is necessary in various cellular functions
e.g. cell shape and membrane trafficking. Actin filaments are also present in the
stereocilia of hair cells which are located in organ of corti (Hudspeth, 1997). Deflection
of these stereocilia plays an important role in the process of hearing as they generate the
electrical signal for hair cells. Family PKDF1254 was linked to DFNB28 locus. This
family has a significant LOD Score of 3.7 at recombination fraction θ = 0.
DFNB39, an autosomal recessive deafness locus, was mapped in a large
consanguineous Pakistani pedigree at position 7q11.22–q21.12 (Wajid et al., 2003). It is
also reported in Pakistani families that mutations of HGF are segregating with DFNB39
associated hearing loss. Over expression of HGF is responsible for degeneration of
cochlear hair cells (Schultz et al., 2009). Haplotype analysis of family PKDF1195 showed
that this family was linked to DFNB39 locus.
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DFNB1 locus was mapped at chromosome 13q in two Tunisian families by
linkage analysis (Guilford et al., 1994). Gene for DFNB1 locus is GJB2 which encode a
protein connexin 26 (Cx26). It was reported that mutation of Cx26 gene was segregating
with profound deafness phenotype in autosomal dominant family (Kelsell et al., 1997). In
some populations, sensorineural deafness is up to 50% due to GJB2 gene (Kenneson et
al., 2002, Petersen and Willems, 2006). A study has reported a 6.1% prevalence of
homozygous putatively functional GJB2 variants in Pakistani families (Santos et al.,
2005). Sequence analysis of GJB2 gene in the family PKDF1463 revaled a G to A change
at cDNA position 71 (c.71 G>A). This change results in a stop codon at 24 amino acid
position (p.W24X). W24 is present in the first transmembrane domain (TM1) of Cx26.
Initially this mutation was reported in a Pakistani family (Kelsell et al., 1997).
Non-syndromic form of deafness is an example of isolated deafness. In syndromic
deafness, hearing loss occur with other health disorders. Syndromic deafness is about
30% of the genetic deafness (Alsmadi et al., 2009). Among the syndromic deafness,
prevalence of Usher syndrome and Pendred syndrome is high in Pakistani population
(Ahmed et al., 2003b, Anwar et al., 2009). In Usher syndrome hearing loss occurs with
retinitis pigmentosa (Keats and Savas, 2004). An estimated prevalence of this syndrome
is 3.8–4.4/100,000 live births (Rosenberg et al., 1997). In Pakistani population,
prevalence of USH1B is high i.e. 42.9% (Ahmed et al., 2003b).
After the exclusion of reported DFNB loci, genome wide linkage scan was done
on three unlinked families. Family PKDF231 revealed a linkage at chromosome 10
(10p11.21–q21.1). In this interval, affected subjects were homozygous. However,
heterozygosity was also observed for unaffected carriers. Haplotypes of family PKDF231
(Fig. 3.9) showed that marker D10S546 (56.09 Mb) has provided the recombination at the
distal end in affected individuals; V:2 to V:5 & V:7 whereas the proximal boundary was
provided by the marker D10S1780 (35.89 Mb) in unaffected subject V:6. Hence, a
linkage interval of 20.20 Mb was obtained for family PKDF231.
In order to narrow down the critical interval of family PKDF231, chromosome 10
(10p11.21–q21.1) markers were genotyped on additional deaf families. A family,
PKDF608 gave a linked region at chromosome 10. Affected individuals in both families
had retinitis pigmentosa and vestibular dysfunction.
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Deaf individual V:29 in family PKDF608 provided the recombination at distal end
with marker D10S1652 (64.31 Mb) whereas the deaf individual V:18 has provided the
proximal breakpoint at D10S1780 (35.89 Mb). Hence, a linkage interval of 28.52 Mb was
obtained for family PKDF608 which was more than the family PKDF231 (Fig. 3.11).
Haplotype analysis of both families PKDF231 and PKDF608 divulged a
homozygous region of 11.74 cM on chromosome 10p11.21–q21.1. These two families
have unique haplotypes. Unique haplotypes of these two families showed that they can
harbor different mutated USH1K alleles. As linkage interval of USH1K was overlapping
with DFNB33 locus, therefore there was a possibility that allelic mutations may be
responsible of these two hereditary disorders. It was already reported that both Usher and
non-syndromic hearingloss were caused by mutations in alleles of four reported genes,
PCDH15, CDH23, USH1C and MYO7A (Petit, 2001, Alagramam et al., 2001, BitnerGlindzicz et al., 2000, Bolz et al., 2001, Bork et al., 2001, Verpy et al., 2000, Weil et al.,
1995, Ahmed et al., 2001, Ahmed et al., 2003a, Ahmed et al., 2002, Riazuddin et al.,
2008). However, there may be a possibility that both USH1K and DFNB33 are nonallelic.
Moreover, two other loci are also present on chromosome 10q. These are
USH1F/DFNB23 and USH1D/DFNB12 (Ahmed et al., 2001, Alagramam et al., 2001,
Bolz et al., 2001, Bork et al., 2001, Ahmed et al., 2003a). The USH1D/DFNB12 is
approximately 17.10 Mb telomeric to USH1K interval. It is reported that USH1F and
DFNB23 mediated hearing loss is caused by mutations in PCDH15 gene. Part of this
PCDH15 gene is also present on the distal face of USH1K locus (Fig. 3.12). However, no
pathogenic mutation was found by sequencing this gene. There is another possibility that
cryptic mutations of PCDH15 gene in cochlear specific regulatory regions may be
responsible of USH1K in PKDF231 & PKDF608 families but the LOD score did not
provide any evidence of linkage in PKDF231 family because the intronic marker of
PCDH15 gene, D10S546, was provided a lod score of 0.15 at recombination fraction of
θ =0.25.
In humans, partially overlapping and closely associated deafness loci are also
present. Examples of these loci are DFNB3 and DFNB85, DFNB36 and DFNB96,
DFNB35 and 14q23.1–q31.1 loci (Ansar et al., 2011, Naz et al., 2004, Shahin et al., 2010,
Friedman et al., 1995).
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In the common linkage interval of USH1K and DFNB33, a total of 85 genes are
present. Out of these 85 genes only 53 genes are expressing in the inner ear. However,
five USH1K candidate genes LRRC18, RET, FZD8, GJD4, and HNRNPF (Fig. 3.12) were
sequenced for the identification of causative gene of USH1K.
LRRC18 gene encodes a leucine-rich repeat containing protein member 18.
LRTOMT (MIM 612414) which is another member of the same family is responsible for
non-syndromic hearing loss (Ahmed et al., 2008, Vanwesemael et al., 2011, Du et al.,
2008).
RET gene (MIM 164761) encodes a receptor tyrosine kinase. This gene is a
member of cadherin superfamily (Traugott and Moley, 2010). It is found that
Hirschsprung disease (MIM 142623) is caused by mutations in RET gene. Sometimes,
hearing loss is also observed in the individuals suffering from Hirschsprung disease
(Skinner and Irvine, 1973, Liang et al., 1983).
FZD8 gene (MIM 606146) encodes a seven-transmembrane domain protein. This
gene is a member of frizzled receptor gene family. This protein is involve in Wnt
signaling pathway and plays a key role in the development of inner ear vascularization
(Xu et al., 2004).
GJD4 gene (MIM 611922) encodes Connexin 40.1 (a gap junction protein).
Mutations in various connexin subunits have been determined in both synrdromic and
non-syndromic deaf individuals (Scott and Kelsell, 2011).
HNRNPF gene belongs to the subfamily of ubiquitously expressed heterogeneous
nuclear
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(http://www.ncbi.nlm.nih.gov/gene/3185).
However, no pathogenic variant was found in USH1K families (PKDF231 &
PKDF608) by sequencing these 5 candidate genes. There is a need to sequence the
conserved sequences and 85 genes present in the DFNB33 and USH1K overlapping
interval to find the mutant alleles.
Instead of one by one sequencing of the candidate genes present in the USH1K
critical interval on the basis of their expression in the inner ear, next generation
sequencing should be used in future to find the pathogenic mutations in the critical
interval of USH1K locus.
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After the identification of USH1K locus another usher locus USH1J has been
identified in Pakistani family. It is reported that both disorders (USH1J and DFNB48) are
caused by the allelic mutations of CIB2 (calcium and integrin binding family member 2)
gene. It is suggested that CIB2 helps in the regulation of Ca2+ during the process of
mechanoelectrical transduction (Riazuddin et al., 2012).
In conclusion, this dissertation reports six known linkages, one GJB2 mutation,
and a novel USH1K locus. Usher mutations are causing more than 50% of hearing loss
with blindness, 8–33% of isolated RP and 3–6% of isolated deafness (Boughman et al.,
1983, Brownstein et al., 2004, Vernon, 1969). Hearing loss affects the communication,
speech development, and cognitive skills of the affected person which results in learning
difficulties, low self-esteem, social isolation and behavioral problems. In daily life people
suffering from hearing loss or blindness are compensating this impairment by using other
senses. In case of Usher syndrome, affected individual suffers from both hearing and
vision impairment which affects the social development, emotional and cognitive
behavior of the patient. Identification of USH1K locus will be helpful to understand the
molecular mechanisms behind this disorder.
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ELECTRONIC DATABASE INFORMATION
URL’s mostly used:
Applied Biosystems:
www.appliedbiosystems.com
Center for Medical Genetics, Marshfield Medical Research Foundation:
http://research.marshfieldclinic.org/genetics/
CEPH Database World Wide Web server:
http://www.cephb.fr/
Connexins and deafness Homepage:
http://www.crg.es/deafness/
Ensembl Genome Browser:
http://www.ensembl.org/
Gene Cards:
http://www.genecards.org/
GeneTests Web site:
http://www.genetests.org/
The GDB Human Genome Database:
http://www.gdb.org/
Hereditary Hearing Impairment in Mice:
http://www.jax.org/hmr/
Hereditary Hearing Loss Homepage:
http://dnalab-www.uia.ac.be/dnalab/hhh/
Mouse Genome Informatics:
http://www.informatics.jax.org/
National Center for Biotechnology Information (NCBI):
http://www.ncbi.nlm.nih.gov/
National Institutes of Health (NIH):
http://www.nih.gov/
Online Mendelian Inheritance in Man (OMIM):
http://www.ncbi.nlm.nih.gov/entrez/OMIM/
Primer3 Web-Based Server:
http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi/
PubMed (NCBI):
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi/
The 1993-1994 Genethon human genetic linkage map:
http://www.cephb.fr/genetic/
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The Human Genome Organization (HUGO):
http://www.gene.ucl.ac.uk/hugo/
The Wellcome Trust Sanger Institute:
http://www.sanger.ac.uk/
UCSC Genome Browser (Feb. 2009 assembly):
http://genome.ucsc.edu/
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