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ABSTRACT

The aim of this work on the molecular genetics of deafness was to study 

the molecular basis of deafness in several families with non-syndromic 

and syndromic forms of deafness, including X-linked deafness and 

autosomal recessive Jervell and Lange-Nielsen syndrome (JLNS).

From one of the first studies on mapping of genes for X-linked deafness, 

it was shown that X-linked deafness, although very rare, is genetically 

heterogeneous. Linkage analysis of a single large family identified a 

novel locus for X-linked deafness, DFN2. Several candidate genes, 

including COL4A5, DDP and Diaphanous X, were screened. A major 

locus for X-linked deafness, DFN3, has previously been identified at 

Xq13-q21. Deafness in most of the families mapping to this region is 

accounted for by mutation in the transcription factor gene, POU3F4. 

However, the remaining families have microdeletions proximal to, but not 

encompassing, the POU3F4 coding region, leaving the precise reason 

for their deafness unexplained. POU3F4 expression was studied in these 

individuals to determine whether there is a position effect on the 

POU3F4 gene, or a second gene proximal to it.

Homozygosity mapping in conjunction with screening of candidate loci 

identified a new locus for the cardioauditory syndrome, JLNS. A 

positional candidate approach identified IsK as the causative gene. An 

IsK mutant construct has been created to study the mechanism of action 

of this mutation. During the course of this work, the potassium channel 

gene KVLQT1 was implicated in JLNS. Haplotype analysis of 12 

additional JLNS families in this study was consistent with mutation in 

KVLQT1. Exons of the KVLQT1 gene were identified and primers 

designed for use with genomic DNA. Novel mutations were identified, 

confirming the role of KVLQT1 in JLNS and demonstrating that KVLQT1 

is the major locus for this syndrome.
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CHAPTER 1: INTRODUCTION

1.1. The Auditory pathway

The human ear is the organ of hearing and balance. It consists of three 

distinct compartments, the external, the middle, and the inner ear.

Superior semicircular canal

Oval window and stapes

Internal auditory canal

Middle fossa

j Incus 
Malteu

External auditory canal

■ to !
Tympanic membrane 

Round windo

Apical turn
Basal

/  CochleaMastoid tip

Facial nerve VII 

Auditory nerve VIII

Eustachian tube

Figure 1.1.

The human outer, middle and inner ear. From “Hearing loss”, by J 

Nadol.

The pinna or auricle and the external acoustic (auditory) meatus, which 

constitute the external ear, act as a channel for sound to reach the 

middle ear and also plays a part in sound localisation. The middle ear 

contains a chain of three small bones: the malleus, connected to the 

tympanic membrane; the incus; and the stapes, which inserts into the 

oval window of the inner ear. These ossicles together with the tympanic
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membrane, serve to transmit the sound energy to the inner ear. The 

inner ear can be divided into two parts: the cochlea which contains the 

auditory receptors and the vestibular apparatus containing the balance 

and gravity receptors. The hair cells in both auditory and vestibular parts 

of the inner ear are basically very similar, and all respond to deflections 

of the stereocilia that extend from their apical surfaces. The cochlea 

consists of a bony tube spiralling around a central core divided by a 

central partition along its length. This partition, the basilar membrane, 

vibrates when sound energy is introduced into the cochlea. The auditory 

hair cells are arranged in rows along the length of the basilar membrane 

and their stereocilia are topped by the tectorial membrane. The hair cells 

and their supporting cells on the basilar membrane together are called 

the organ of Corti.

vascularisScala
vestlbuli

Reissnar s 
membrane

Tectorial 
membrane '

ligament

Limbus

Scala
tympan

Oao 
(70 

Spiral 
ganglion

Modiolus

Spiral ' Basilar
lamina Organ membrane

of Corti

Spiral 
I  prominence

Spiral
ligament

Figure 1.2.

Cross-section of the cochlea, showing the organ of Corti and the 

three scalae of the cochlea. From “Review of Medical Physiology” 

by WF Ganong.
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Reticular
lamina

Outer 
hair cells

Tectorial
membrane

Inner 
hair cell Arch

IPC DC
Tunni

0(0 0
Nerve
fibers

Basilar
membraneHabenula

perforataSpiral
lamina

Pillar cell 
(rod of Corti)

Figure 1.3.

Structure of the organ of Corti, as it appears in the basal turn of the 

cochlea. From “Review of Medical Physiology” by WF Ganong.

A potassium rich fluid, the endolymph, bathes the upper surface of the 

organ of Corti. Sound induced vibration of the basilar membrane causes 

a shearing motion between the tops of the hair cells and the tectorial 

membrane, which in turn deflects the stereocilia. During the process of 

hearing, the mechanical force of sound is converted into electrical 

signals. The sliding of adjacent stereocilia opens transduction channels, 

allowing an influx of endolymphatic into the hair cells, which leads to 

cell membrane depolarisation. Depolarisation activates voltage-sensitive 

Ca^^ channels in the basolateral surface of the hair cell, and subsequent 

Ca^^ inflow triggers neurotransmitter release. On neurotransmitter 

release, an afferent nerve fibre at the base of the hair cell transmits a
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pattern of action potentials to the brain, which in turn interprets the 

characteristic intensity, frequency and time course of the stimulus.

1.2. The structure and development of the ear

1.2.1. The internal ear

The internal ear comprises a series of fluid filled spaces known as the 

labyrinth, which is enclosed in the temporal bone. The internal ear 

develops from the ectoderm, and is the first portion of the ear to begin 

development. The first stage, in the fourth week of gestation, is the 

thickening of the ectoderm to form the otic placode (figure 1.4).

Level of section D

^ O p tlc  groove 

-  Neural fold

Level of section B 

"■ Otic placode

Otic pit

Notocfiord

Level of section F

- Otic placode  

Developing tilndbrain 

Surface ectoderm  

M esencfiym e

Otic pit 

Otic placode

Neural tube

Otic vesicle

Site of otic vesicle

Surface ectoderm

Otic vesicle

Figure 1.4.

Early development of the internal ear. A, Dorsal view of the otic 

placodes. B,D,F,G, illustrates the development of the otic vesicles. 

C and E, lateral views of the cranial region of 24 and 28 day 

embryos. From “The Developing Human. Clinically orientated 

embryology” by KL Moore.
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The placode then invaginates to give rise to the otic pit, which in turn 

fuses to form an otic vesicle (otocyst). In the next stage of development, 

in the fifth week, the otic vesicle elongates (figure 1.5). The dorsal or 

utricular part of the otic vesicle gives rise to the endolymphatic duct, 

utricle and the semicircular ducts, and the ventral or saccular part of the 

otic vesicle gives rise to the saccule and eventually the cochlear duct.

Endolymphatic duct

Developing posterior 
semicircular duct

Endolymphatic
duct and sac Semicircular duct

Ampulla

Ductus
Utricle

Saccule

Absorption reunions

Saccule

Membranous
cochlea

Cochlear ductUtricular part
of otic vesicle

Saccular part
of otic vesicle

Bony labyrinth
Developing scala vestibuli

Spiral ganglion

Scala
vestibuliCochlear duct

Scala 
tympan I

Spiral
ligament

Cartilaginous Vacuoles (developing Developing scala tympani
otic capsule perilymphatic space) Cochlear duct 

Spiral organ

Figure 1.5.

The otic vesicle, showing development of the membranous and 

bony labyrinths of the internal ear. A to E, fifth to eighth week of 

development. F to /, sections through the cochlear duct, showing 

successive stages in the development of the organ of Corti and the 

perilymphatic space From “The Developing Human. Clinically 

orientated embryology” by KL Moore.
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Three elevations resembling plates grow out from the dorsal/utricular 

part of the otic vesicle, these indicate the sites of the future semicircular 

ducts. The central parts of these fuse, leaving the peripheral unfused 

parts to become the semicircular ducts (figure 1.6). These ducts are 

attached to the utricle and become enclosed in the semicircular canals of 

the bony labyrinth at a later stage. The semicircular ducts are well- 

defined structures by the end of the eighth week.

A

O tic  ves ic le

B

C

S em icircular duct;.-

Figure 1.6.

Formation of the semicircular duct. A, a plate extends from the otic 

vesicle; B, fusion of the epithelial surfaces; and C, the recognisable 

structure of the semicircular duct. From “Human Embryology and 

Teratology” by O’Rahilly and Muller.

At the same time, the cochlear duct grows from the ventral or saccular 

part of the otocyst and begins to coil (figure 1.5). This structure gives rise
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to the spiral organ of Corti, with its characteristic 2 1/2 turns. The utricle 

is connected to the semicircular ducts whilst the saccule becomes 

separated from the coiled cochlea by a constriction, the ductus reuniens. 

This complete, differentiated otocyst is called the membranous labyrinth.

Early in the fetal period, the epithelium of the floor of the cochlear duct 

becomes thickened and acquires a covering termed the tectorial 

membrane. The thickened epithelium, which rests on the basilar 

membrane, constitutes the spiral organ, and hair cells develop within it.

The perilymphatic space develops as a consequence of the 

mesenchyme surrounding the otic vesicle condensing and differentiating 

into a cartilaginous otic capsule (figure 1.5). Vacuoles appear in the otic 

capsule and the membranous labyrinth enlarges. These vacuoles 

eventually fuse to form the perilymphatic space. At this point, the 

membranous labyrinth is suspended in perilymphatic fluid. The 

perilymphatic space develops two divisions, the scala tympani and the 

scala vestibuli, one above and one below the cochlea duct. The 

Reissner’s membrane separates the scala vestibuli from the cavity of the 

cochlea duct and mesenchyme condenses to form the basilar membrane 

which separates the cochlear duct from the scala tympani. Functional 

development of the cochlea occurs during trimesters 2 and 3.
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The cartilaginous otic capsule later ossifies to form the bony labyrinth of 

the internal ear. The internal ear reaches its adult size and shape by 

week 20 to 22.

1.2.2. The middle ear

The middle ear consists largely of an air space, the tympanic cavity, in 

the temporal bone. The cavity contains the auditory ossicles.

At about 4 weeks of gestation, the middle ear begins to develop. The 

cavity of the middle ear develops from the tubotympanic recess, which 

itself arises from the first pharyngeal pouch. As the endodermal 

tubotympanic recess and the ectodermal external acoustic meatus 

approach each other, the ossicles and a branch of the facial nerve 

develop in the intervening mesenchyme. Near the end of the embryonic 

period, an area of the external meatus, the tip of the tubotympanic 

recess and the intervening mesenchyme will form the three layers of the 

tympanic membrane.

The ossicles develop from mesenchymal cartilage (figure 1.7). The 

malleus and incus arise from the first pharyngeal arch and the stapes 

from the second. At first, the ossicles are embedded in mesenchyme. 

The epithelium of the tympanic cavity gradually envelops them, and the 

ossicles begin to ossify during the second trimester. As development 

progresses, the malleus attaches to the tympanic membrane, the stapes
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attaches to the oval window of the perilymphatic space and the incus 

articulates with the malleus and the stapes.
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Figure 1.7.
Development of the external and middle ear. A, development at 4 

weeks, B, at 5 weeks, C, later stage showing tubotympanic recess 

beginning to envelop the ossicles and D, final stage of ear 

development. From “The Developing Human. Clinically orientated 

embryology” by KL Moore.

1.2.3. The external ear

The external ear consists of the auricle or pinna, and the external 

acoustic meatus. The external acoustic meatus develops from the first 

pharyngeal cleft. The auricle arises from a series of elevations, the 

auricular hillocks, around the first pharyngeal cleft. The hillocks appear in 

pharyngeal arches 1 and 2, and in arch number 3 by 6 weeks gestation.
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when there are the characteristic 6 hillocks. Complex fusion of these 

hillocks forms the auricles, which initially lie in the neck region but as the 

mandible develops, they move to the side of the head at the level of the 

eyes.

1.3. Pathology of the auditory system

Inner ear defects account for the vast majority of severe human genetic 

hearing impairment. Despite the difficulties in assessing human cochlear 

pathology using temporal bone specimens, there is similarity between 

mice and humans in the types of inner ear defects observed. Mouse 

mutants with hearing impairment are useful for elucidating the 

pathological processes underlying auditory system defects.

Inner ear defects can be divided into three main classes that reflect 

different mechanisms of interference in the development and function of 

the ear; morphogenic, cochleosaccular, and neuroepithelial 

abnormalities (Steel and Bock, 1983; Reviewed in Steel, 1995).

1.3.1. Morphogenic defects.

These defects occur when there is an early interference in the formation 

of the labyrinth, leading to a malformed inner ear. The malformation can 

affect the vestibular part of the inner ear or the cochlea or both. It can 

range from slight restriction of one of the semicircular canals or a slight 

widening of the internal acoustic meatus through which the auditory 

nerve leaves the inner ear, one of the abnormalities seen in X-linked
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mixed deafness, DFN3 (Phelps et al, 1991), to the formation of a grossly 

distorted cyst, with little resemblance to the normal inner ear. An 

interesting feature of morphogenic defects is the occasional association 

of neural tube and inner ear anomalies. From studies in mice, the neural 

tube in the developing mammal is known to have an influence on the 

morphogenesis of the inner ear (Deol, 1966; Reviewed in Steel and 

Brown, 1994). A gene identified as underlying a morphogenic defect in 

the mouse, the kreisier phenotype, is expressed only in the neural tube 

and not in the inner ear at the critical time of development (Cordes and 

Barsh, 1994). Due to the interaction of the neural crest and the inner ear, 

genes underlying morphogenic defects may not be expressed in the 

developing inner ear, but only in the hindbrain and the neural crest.

1.3.2. Cochleosaccular defects

In this group of defects, and in the Neuroepithelial group, the gross 

shape of the labyrinth develops normally, but there are abnormalities in 

the development and differentiation of different cell types within the inner 

ear. Figure 1.8 illustrates the key features of cochleosaccular and 

neuroepithelial defects.
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Normal

Norm al cochlea

R M , Reissner’s Mem brane

SV, Stria Vascularis

E, Endolymph

SO, Spiral Ganglion

OC, Organ of C orti, with sensory hair cells 

Stippled areas, bone

Cochleosaccular defects

• Prim ary SV defect

• Endocochlear potential reduced or absent

•  R M  may sometimes collapse 

» H a ir cells degenerate

• SO cells degenerate

Neuroepithelial defects

•  P rim ary  OC defect

•  SG cells degenerate

•  SV normal

• Endocochlear potential normal

• R M  in normal place

Figure 1.8.

Illustration of the key features of cochleosaccular and 

neuroepithelial inner ear defects. Top: the normal cochlear duct. 

Middle: cochleosaccular defect. Bottom: Neuroepithelial defect. 

From Basic mechanisms of hearing and hearing impairment by 

Steel and Palmer in “Genetics of Hearing Impairment”.

In cochleosaccular defects, there is a primary abnormality of the stria 

vascularis. The stria vascularis generates the endocochlear potential and 

the high potassium level in endolymph, both of which are essential for 

normal hearing. In cochleosaccular defects the stria is abnormally thin 

and does not function properly and no endocochlear potential is 

generated. This dysfunction can result in the collapse of the Reissner’s 

membrane, the thin membrane that separates the scala media from the 

scala vestibuli, leading to destruction of the organ of Corti.
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Many mammals with this form of hearing impairment also have 

associated pigmentary abnormalities, such as white spotting of the hair 

or skin. Auditory/pigmentary syndromes are caused by the physical 

absence of melanocytes. There is no requirement for melanin. On 

examination of the stria of these animals, this also is lacking in 

melanocytes. Alleles of the dominant spotting (W) locus, which produce 

white spotting of the coat have been analysed to investigate the role of 

melanocytes in cochlear function. In the W mutant, melanoblast 

migration away from the neural crest starts as normal. The precursor 

cells start to differentiate normally, but there are fewer in number as 

compared to control mice (Reviewed in Steel and Brown, 1994). The 

number decreases, suggesting the gene encoding W, the c-kit growth 

factor, may act as a survival factor for melanoblasts. From this it appears 

that the presence of normal melanocytes, which have migrated from the 

neural crest, are essential for normal functioning of the stria. Lack of 

melanocytes in the stria prevents it from generating the normal 

endocochlear potential, which is fundamental for normal hair cell 

function. However, the exact role of melanocytes in the generation of the 

endocochlear potential is not understood. Since melanoblasts migrate to 

the inner ear from the neural crest, genes underlying cochleosaccular 

defects may not necessarily be expressed in the inner ear.

1.3.3. Neuroepithelial defects

In this group of defects the primary pathological changes affect the 

sensory neuroepithelium; the organ of Corti in the cochlea and the
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saccular and utricular maculae and cristas in the vestibular system. 

Some or all of these sensory regions may be affected. The gross 

morphogenesis of the inner ear occurs normally. The Reissner’s 

membrane is usually in its normal position and the stria vascularis initially 

functions normally, but may later degenerate.

This group of mutants is of great interest. The neuroepithelial group of 

defects may be a very common type of inner ear pathology in humans. In 

mice, this type of cochlear pathology often occurs in autosomal recessive 

deafness (Steel, 1995). Since, approximately 70% of human non- 

syndromic deafness is autosomal recessive, the group of mouse mutants 

with this type of inner ear pathology may serve as models for human 

deafness. The gene encoding the shaker-1 mouse mutant. Myosin VIIA 

(Gibson at a/, 1995) was the first gene to be identified in which mutations 

are known to cause this type of inner ear pathology. In contrast to 

morphogenic defects of the ear, in which the genes involved are not 

necessarily expressed in the developing labyrinth, the genes causing 

neuroepithelial-type deafness are more likely to be cochlear specific.

1.4. Hearing impairment

Hearing impairment can be classified according to several criteria. The 

first is the type of hearing defect, and this can be divided into two main 

types: conductive, in which the conduction of sound to the inner ear is 

affected by abnormalities of the outer or middle ear, and sensorineural, 

which includes any interference with cochlear function or neural
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responses. Mixed hearing impairment has both a conductive and a 

sensorineural element. The second criterion is the degree of hearing 

loss: mild hearing impairment corresponds to a loss of 21-40 decibels 

(dB); moderate hearing impairment 41-60dB; moderate severe 61-80dB; 

severe 81-100dB and profound hearing impairment corresponds to a 

loss of greater than lOOdB (Arslan and Orzan, 1996). The age of onset 

and the progressiveness of the hearing impairment are the third criterion. 

Finally, forms of deafness range from simple or non-syndromic deafness, 

in which the hearing loss is not associated with other clinically 

recognisable features outside the auditory system, to complex 

syndromes exhibiting multiple clinical features.

1.4.1. Epidemiology of deafness

The incidence of childhood deafness is ~1/2000 of which approximately 

half is considered to have a genetic origin (Fraser, 1976; Morton, 1991). 

Non-syndromic forms of deafness account for approximately 70% of 

cases of inherited hearing loss, of this ~ 75% has an autosomal 

recessive form of inheritance, -10-20% autosomal dominant, -2-3% X- 

linked inheritance (Rose, 1977; Fraser, 1976). Maternally inherited 

hearing loss due to a mitochondrial mutation has also been described 

(Prezant et al, 1993; Reid et al, 1994), and this form may be more 

common than originally thought. Syndromic forms of deafness account 

for approximately 30% of inherited deafness in children. Over 480 entries 

have been described in the Oxford Medical database (Dysmorphology
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Database) in which the hearing loss is associated with a variety of 

anomalies (Winter and Baraitser, 1998).

1.5. Non-syndromic deafness

1.5.1. Progress in mapping of deafness genes

The number of genes involved in non-syndromic deafness has been 

estimated to be between 30 and 100 (Morton, 1991). Genetic 

heterogeneity of non-syndromic deafness in humans has complicated 

the chromosomal localisation and isolation of responsible genes. Until 

early 1994, only one gene responsible for an autosomal dominant form 

(Leon et al, 1992) and one for an X-linked form (Wallis at ai, 1988; 

Brunner at al, 1988; Reardon at ai, 1991) had been assigned to human 

chromosomes. The phenomenon of genetic heterogeneity precludes 

pooling of families for linkage studies. Other problems encountered in the 

mapping of genes for deafness include absence of clinical characteristics 

to distinguish different types of deafness, and the complicating factor of 

environmental causes of hearing loss. The inability to distinguish 

different types of deafness is primarily due to the inaccessibility of the 

ear to clinical examination and the lack of sophisticated tests, since 

deafness is simply the same end point of many pathological processes. 

Secondly, deafness can be due to genetic or environmental causes or a 

combination of both. The main contributing environmental factors are 

meningitis, perinatal complications, maternal infections such as 

toxoplasma and pre-natal rubella, acoustic trauma and ototoxic drugs
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(Cremers and van Rijn, 1991; Reviewed in Kalatzis and Petit, 1998). 

Finally, a regular consequence of heterogeneity is the presence of more 

than one deafness gene within the same affected family. In the USA, 

90% of deaf adults marry another deaf person (Reviewed in Reardon, 

1992) and marriage between the hearing children of deaf adults is also 

frequent.

Some of the obstacles to genetic mapping have been circumvented by 

the study of large families living in geographically isolated regions for 

several generations (Guilford et al, 1994a) and by studying small 

consanguineous families by homozygosity mapping (Fukushima at al, 

1995a). The first two loci identified for autosomal dominant forms of non- 

syndromic deafness were localised using families from isolated 

populations in Costa Rica (DFNA1; Leon at al, 1992) and Java (DFNA2, 

Coucke at al, 1994).

1.5.2. Autosomal loci

To date, 22 autosomal recessive (denoted DFNB) and 21 autosomal 

dominant (denoted DFNA) non-syndromic deafness gene localisations 

have been reported (Van Camp and Smith, 1999). Present locations of 

non-syndromic autosomal recessive and autosomal dominant deafness 

genes are shown in tables 1.1 and 1.2. This information is available 

electronically on the Hereditary Hearing loss homepage (URL, 

http://dnalab-www.uia.ac.be/dnalab/hhh).
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Table 1.1. Present locations of non-syndromic autosomal recessive
deafness genes

Locus
name

Location Phenotype Reference

DFNB1 13q12 Profound congenital SNHL Guilford et al, 1994a
DFNB2 11q13.5 Profound SNHL, variable 

onset
Guilford at al, 1994b

DFNB3 17p11.2 Profound congenital SNHL Friedman etal, 1995
DFNB4 7q31 Profound congenital SNHL Baldwin at al, 1995 

Li at al ,1998
DFNB5 14q12 Profound congenital SNHL Fukushima at al, 

1995a
DFNB6 3p14-p21 Profound congenital SNHL Fukushima at al, 

1995b
DFNB7 9q13-q21 Profound congenital SNHL Jain at al, 1995
DFNB8 21q22 Profound congenital SNHL Veske at al, 1996
DFNB9 2p22-p23 Profound congenital SNHL Chaib at al, 1996a
DFNB10 21q22.3 Profound congenital SNHL Bonné-Tamir at al, 

1996
DFNB11 9q13-q21 Profound congenital SNHL Scott at al, 1996
DFNB12 10q21-q22 Profound congenital SNHL Chaib at a/, 1996b
DFNB13 7q34-q36 Severe, progressive SNHL Mustapha atal, 1998
DFNB14 7q31 No details available Unpublished data 

available on HHH
DFNB15 3q21-q25

19p13
Severe-Profound SNHL Chen atal, 1997

DFNB16 15q21-q22 Profound congenital SNHL Campbell atal, 1997
DFNB17 7q31 Profound congenital SNHL Greinwald at al, 1998
DFNB18 11p14-

p15.1
Profound congenital SNHL Jain at al, 1998

DFNB19 18p11 Profound congenital SNHL Green atal, 1998a
DFNB20 11q25 No details available Unpublished data 

available on HHH
DFNB21 11q23-25 Prelingual,

severe/profound SNHL
Mustapha atal, 1999

DFNB22 Pending

SNHL, Sensorineural hearing loss 
HHH, Hereditary Hearing loss homepage
Pending, The localisation has been reported to HUGO Nomenclature 
Committee but has not yet been published
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Table 1.2. Present locations of non-syndromic autosomal dominant
deafness genes.

Locus
name

Location Phenotype Reference

DFNA1 5q31 Low freq. SNHL starting 2nd 
decade progressing to 
profound loss, all freq. by 4th 
decade

Leon et al, 1992

DFNA2 1p34 High freq. SNHL Coucke at al, 
1994

DFNA3 13q12 Prelingual high frequency HL Chaib at al, 1994
DFNA4 19q13 Progressive SNHL, starting 

2nd decade, leading to 
severe/profound by 4th 
decade

Chen atal, 1995

DFNA5 7p15 High frequency progressive 
HL

Van Camp at al, 
1995

DFNA6 4p16.3 Progressive low frequency HL Lesperance at al, 
1995

DFNA7 1q21-q23 Progressive SNHL beginning 
in the high frequencies

Fagerheim at al, 
1996

DFNA8 11q22-q24 Prelingual, moderate to severe 
SNHL, involving all 
frequencies

Kirschhofer at al, 
1998

DFNA9 14q12-q13 Progressive SNHL beginning 
in the high frequencies

Manolis at al, 
1996

DFNA10 6q22-q23 Progressive SNHL starting 
2nd to 5th decade, leading to 
severe/profound HL

O’Neill atal, 1996

DFNA11 11q12.3-
q21

Bilateral progressive SNHL 
beginning 1st decade

Tamagawa at al, 
1996

DFNA12 11q22-q24 Prelingual, moderate to severe 
SNHL, involving all 
frequencies

Verhoeven at al, 
1997

DFNA13 6p21 Progressive hearing loss 
beginning in the low 
frequencies

Brown at al, 1997

DFNA14 4p16 Bilateral progressive SNHL 
beginning 1st or 2nd decade

Van Camp at al, 
1997a

DFNA15 5q31 Progressive SNHL, starting 
2nd to 3rd decade, leading to 
moderate to severe by 5th 
decade

Vahava at al, 
1998

DFNA16 2q24 Mild-moderate high freq. 
progressive HL

Fukushima at al, 
1998
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Table 1.2 continued. Present locations of non-syndromic autosomal
dominant deafness genes.

DFNA17 22q Mild HL in high frequency, 
progressing to 
moderate/severe by third 
decade

Lalwani et al, 
1999

DFNA18 3q22 Prelingual Boensch et al, 
1998

DFNA19 10 peri- 
centromeric

Mild to moderate congenital 
SNHL

Green et al, 
1998b

DFNA20 Pending
DFNA21 Pending

SNHL, sensorineural hearing loss 
HL, hearing loss
Pending, The localisation has been reported to HUGO Nomenclature 
Committee but has not yet been published
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Due to the high genetic heterogeneity, chromosomal localisations tend to 

be based on linkage analysis of single large families, but for several of 

the loci, linkage of more than one family has been demonstrated. 

Examples of this are the loci DFNB1 on chromosome 13q12 (Maw, 1995; 

Gasparini et al, 1997) and DFNA2 on chromosome 1p34 (Coucke et ai, 

1994; Van Camp etal, 1997b).

A number of loci have been mapped to overlapping chromosomal 

regions, including DFNB8/DFNB10 on chromosome 21q22 (Veske et al, 

1996; Bonné-Tamir et al, 1996), suggesting that the same gene may be 

responsible for the deafness in the two families. In a few cases, both 

recessive and dominant loci map to the same chromosomal region, for 

example DFNB1 and DFNA3 on chromosome 13q12 (Guilford et al, 

1994a; Chaib et al, 1994). This suggested that mutations in the same 

gene may result in both a recessive and a dominant phenotype, which 

was recently confirmed for mutations in GJB2 (connexin 26) (Kelsell et 

al, 1997; Denoyelle etal, 1998).

Interestingly, in the mapping of DFNB15, two regions of homozygosity 

were observed on chromosomes 3q and 19p. Lod scores for both 

regions were identical (Chen et al, 1997). Although only one of these loci 

may harbour the causative gene, digenic inheritance cannot be ruled out 

in this family. Digenic inheritance has been reported in a form of retinitis 

pigmentosa caused by the co-inheritance of both a mutation in the 

peripherin/RDS gene on chromosome 6 and the R0M1 gene on
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chromosome 11 (Kajiwara et al, 1994). Digenic inheritance has also 

been suggested in an extended Swedish pedigree segregating 

autosomal dominant postlingual progressive deafness. Linkage was 

established with markers for the loci DFNA2 on chromosome Ip and 

DFNA12 on chromosome 11q, suggesting that both genes contribute to 

the basis of the hearing loss in this family (Balciuniene et al, 1998). Two 

phenotypes were observed amongst affected individuals. Individuals with 

severe hearing impairment shared haplotypes linked to the disease allele 

on both chromosomes (11q22-24; 1p32), whereas individuals showing 

milder hearing loss carried only one of the disease haplotypes, on 

chromosome 1 or chromosome 11. The results suggest that the two 

independent loci segregate with the more severe form of hearing loss, 

there is an additive effect of independently segregating loci. It is possible 

that only one locus causes the hearing loss, whilst the other segregates 

by chance. The gene underlying DFNA12 has now been identified 

(Verhoeven et al, 1998), therefore, the molecular basis of the hearing 

loss in at least some individuals of this family can now be investigated.

Some forms of non-syndromic deafness in humans have been assigned 

to chromosomal intervals that overlap with syndromic forms, as is the 

case for DFNB4 and Pend red Syndrome (Baldwin et al, 1995; Coyle et 

al, 1996; Sheffield etal, 1996) and DFNB2 and Usher syndrome type IB 

(Guilford etal, 1994b; Weil etal, 1995; Liu etal, 1997a; Weil etal, 1997). 

The suggestion that allelic variants of a gene at the molecular level may 

result in either a syndromic form or an isolated form of deafness has

40



recently been demonstrated for the genes Myosin VIIA and PDS. The 

gene Myosin VIIA had previously been implicated in Usher syndrome 

type 1B (Weil et al, 1995), which is an autosomal recessive disorder 

characterised by hearing loss and retinitis pigmentosa (RP). Two groups 

independently described mutations in myosin VIIA in families with 

isolated hearing loss that map to the DFNB2 locus on chromosome 11 

(Liu at al, 1997a; Weil at al, 1997) and the autosomal dominant locus 

DFNA11 (Liu atal, 1997b). Pend red syndrome, an autosomal recessive 

disorder characterised by congenital sensorineural deafness and thyroid 

goitre, was first mapped to chromosome 7q31 (Coyle at al, 1996; 

Sheffield at al, 1996), overlapping with a locus for autosomal recessive 

non-syndromic deafness, DFNB4 (Baldwin at al, 1995). Affected 

members of the original DFNB4 family were later found to have goitres 

and thus Pend red syndrome rather than non-syndromic deafness. 

However, molecular analysis of a large consanguineous family from India 

segregating congenital profound non-syndromic autosomal recessive 

deafness has now confirmed that mutations in the gene PDS result in a 

syndromic and a non-syndromic form of deafness (Everett at al, 1997; Li 

atal, 1998).

1.5.3. X-linked loci

X-linked deafness accounts for only a few percent of all non-syndromic 

deafness but is nevertheless genetically heterogeneous. A summary of 

X-linked loci is shown in table 1.3.
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The locus DFN1 has been assigned to the phenotype of progressive 

sensorineural hearing loss, MIM 304700 (Mohr and Mageroy, 1960), but 

recent restudy of the same family has revealed the additional clinical 

features of blindness, dystonia, spasticity and fractures, which define this 

clinical entity as a new syndrome, Mohr-Tranebjærg Syndrome 

(Tranebjærg et al, 1995). This syndrome has been mapped to Xq22 

(Tranebjærg et al, 1995) and is caused by mutation in a novel X-linked 

gene, Deafness/Dystonia peptide, DDF (Jin etal, 1996).

The symbol DFN2 has been assigned to profound congenital 

sensorineural deafness (MIM 304500) and was unmapped until 1996. 

The mapping of this locus forms the basis of part of this thesis.

The locus DFN3, to which the majority of families with non-syndromic X- 

linked deafness map, was assigned to a gene causing progressive mixed 

deafness with perilymphatic gusher at stapes surgery (MIM 304400). 

This locus was mapped by linkage analysis to Xq13-q21 (Wallis et al, 

1988; Brunner et al, 1988; Reardon et al, 1991) and by the molecular 

characterisation of large and submicroscopic deletions (Bach et al, 

1992). It has now been shown that both mixed and pure sensorineural 

deafness may be caused by mutations in the same gene, POU3F4, at 

this locus (de Kok et al, 1995; Bitner-Glindzicz et al, 1995), and they 

share the same distinct radiological phenotype (Phelps et al, 1991). The 

inner ear deformity observed in some males is characterised not only by 

dilation of the lateral end of the internal auditory canal but also by the
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deficiency of bone between the lateral end of the internal acoustic canal 

and basal turn of the cochlea. Computerised tomography (CT) scanning 

of the petrous bones show these anomalies. However, not all cases of 

mixed or sensorineural deafness, which map to Xq13-q21 are accounted 

for by mutations in POU3F4. Microdeletions that do not encompass the 

POU3F4 gene were identified in patients with the radiological phenotype 

and DFN3 (de Kok et al, 1996). These deletions overlap in an 8kb 

segment, 900kb proximal to the POU3F4 gene. Whether another gene is 

located at this proximal position or whether this region is involved in the 

regulation of expression of the POU3F4 gene has yet to be determined.

DFN4 has been mapped to Xp21.2 in a region containing the Duchenne 

Muscular Dystrophy locus and mutation at this locus results in 

congenital, profound sensorineural deafness in males and mild to 

moderate high frequency sensorineural hearing loss of adult onset in 

females (Lalwani at al, 1994). Linkage of a second family with non- 

syndromic hearing loss linked to Xp21.1 refined the DFN4 locus entirely 

within the DMD locus, thus suggesting either a role for Dystrophin in 

hearing (Pfister at al, 1998) or the presence of an additional transcript 

within the DMD locus as has been shown in the Neurofibromatosis type I 

(NFI) gene (Viskochil atal, 1991).

DFN6 at Xp22 is phenotypically associated with a progressive, 

postlingual hearing loss (del Castillo atal, 1996).

43



Table 1.3. Present locations of non-syndromic X-linked deafness
genes.

Locus

name

Location Phenotype Reference

DFN1 Xq22 Postlingual, progressive. All 

frequencies affected

Tranebjærg et al, 

1995

DFN2 Prelingual. All frequencies 

affected

DFN3 Xq21.1

Prelingual. Stable, mixed 

hearing loss affecting all 

frequencies

de Kok et al, 1995

DFN4 Xp21.1 Prelingual. All frequencies 

affected

Lalwani et al, 

1994; Pfister ef a/, 

1998

DFN5 Reserved

DFN6 Xp22 Progressive, postlingual. 

High frequencies affected

del Castillo et al, 

1996

Reserved: The localisation has been reported to HUGO Nomenclature 

Committee but has not yet been published.
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1.6. Identification of genes for deafness

The isolation of genes responsible for deafness, followed by the 

characterisation of the function of the defective proteins should provide 

knowledge of the molecular and cellular basis of normal auditory 

development and function. Additionally, the molecular basis of cochlear 

function will benefit our understanding of the mechanism of deterioration 

of hearing and the environmental factors affecting hearing loss.

In the last few years there has been enormous progress in the 

identification of genes for deafness. The genes implicated in causing 

deafness identified to date show that not only inner-ear specific genes 

when mutated cause hearing loss (TECTA, POU4F3), but genes more 

widely expressed also result in isolated hearing loss (MY07, MY015, 

GJB2).

The successful identification of genes for non-syndromic deafness has 

employed a different range of strategies. The genes identified to date are 

listed in table 1.4 and encode a diverse range of molecules.
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Table 1.4. Genes underlying non-syndromic forms of human 

deafness.

Gene Encoded

molecule

Locus Reference

Extracellular

matrix

component

TECTA a-tectorin DFNA8/12

DFNB21

Verhoeven et ai, 1998 

Mustapha etal, 1999

Transcription

factors

POU3F4

POU4F3

POU3F4

POU4F3

DFN3

DFNA15

de Kok et al, 1995 

Vahava et al, 1998

Cytoskeletal

components

MY07A

MY015

diaphanous

GJB2

Myosin VIIA

Myosin XV 

Diaphanous 

Connexin 26

DFNB2

DFNA11

DFNB3

DFNA1

DFNB1

DFNA3

Liu et al, 1997a; Weil 

etal, 1997.

Liu etal, 1997b 

Wang et al, 1998 

Lynch et al, 1997 

Kelsell etal, 1997 

Denoyelle etal, 1998

GJB3 Connexin 31 DFNA2 Xia et al, 1998

Transporters PDS Pendrin DFNB4 Li et al, 1998

Ion channels KCNQ4 KCNQ4 DFNA2 Kubisch etal, 1999

Mitochondrial

genes

12s rRNA
tRNA “ '(UCN)

12S rRNA

tRNA

ser(UCN)

*

*
Prezant et al, 1993 

Reid etal, 1994

Maternally inherited non-syndromic deafness
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1.6.1. Functional cloning

Functional cloning refers to the identification of the gene causing a 

human disease based on information about the basic biochemical defect. 

The gene is isolated using information regarding the protein product 

(such as amino acid sequence) or its function. cDNA libraries can be 

screened using a variety of probes including antibodies and degenerate 

oligonucleotides. This approach was successful in the identification of 

the gene for phenylketonuria. Phenylketonuria was known to be caused 

by lack of the enzyme phenylalanine hydroxylase. The enzyme was 

purified from liver, where it was known to be expressed. Specific 

antibodies were raised and mRNA purified. The mRNA was then 

converted to cDNA and a specific cDNA clone was isolated (Robson et 

al, 1982). This approach would not be suited to the identification of 

genes for deafness since, at the moment, little is known about genes 

involved in normal auditory development and function.

1.6.2. Positional cloning

Positional cloning describes the strategy used to identify a gene based 

solely on its chromosomal localisation, without any knowledge of the 

disease pathology. This approach involves mapping a mutant gene, 

usually by family linkage studies, followed by the physical mapping of the 

chromosomal region, and detection of mutations in a candidate gene.

1.6.2.1. Genetic mapping
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The first step in the positional cloning of a gene is chromosomal 

assignment. Assignment of a disease locus to the X-chromosome is 

evident from the characteristic pattern of inheritance observed in the 

pedigree. Cytogenetic abnormalities, such as chromosome 

translocations, may provide crucial clues to the position of the disease 

gene locus. Cloning of translocation breakpoints were instrumental in the 

isolation of the gene causing Neurofibromatosis type I (Wallace et al, 

1990). Chromosomal rearrangements can be starting points for 

positional cloning strategies, but cannot be used as the sole criteria in 

evaluating candidate genes as breakpoints do not necessarily disrupt a 

structural gene. The position of the Sathre-Chotzen gene was previously 

refined by FISH analysis of patients carrying balance translocations 

involving 7p21, but it has now been shown that these breakpoints do not 

disrupt the coding sequence of the TWIST gene (Rose et al, 1997).

In the absence of such clues, family linkage studies are able to localise 

the gene of interest to a chromosomal region. In order to establish 

linkage, a large number of polymorphic markers are required, as well as 

sufficient meioses to confirm or refute linkage at a particular level of 

significance.

1.6.2.1.1. DNA polymorphisms.

The human genome shows an enormous amount of DNA sequence 

variation. On average, one nucleotide in 200 is significantly polymorphic.
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The most common type of DNA polymorphisms used in linkage analysis 

are microsatellites.

Microsatellites

Microsatellites are genetic markers consisting of variable length runs of a 

simple tandemly repeated sequence, typically CA. The length of the 

repeat varies between chromosomes and therefore between individuals. 

The power of microsatellites in linkage mapping is their informativeness 

and that they are amenable to PCR amplification. A sequence including 

the variable repeat is amplified by PCR, and the products of 

amplification, varying in length within and between individuals, are 

resolved on polyacrylamide gels. One of the main achievements of the 

Human Genome Project has been the generation, characterisation and 

mapping of over 5000 microsatellite polymorphisms (Dib etal, 1996).

1.6.2.2. Linkage analysis

Genetic linkage is the tendency of genes or other DNA sequences at a 

specific chromosomal location to be inherited together at meiosis more 

often than would be expected by chance. This is a consequence of their 

physical proximity on a single chromosome. If a high degree of co­

segregation is observed for a disease trait and a polymorphic marker, it 

implies that they are linked and lie close to each other on the same 

chromosome. Two regions of DNA, which are distant from each other, 

may be separated by recombination, depending on their distance apart, 

and not be inherited together.
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Two homologous chromosomes segregate independently; an allele at 

one locus on one chromosome segregates together with an allele at 

another locus on another chromosome with 50% probability. Alleles at 

loci on the same chromosome segregate together at a rate related to the 

distance between them on the chromosome. This rate is the probability 

of a recombination event occurring between the two loci, and is denoted 

as the recombination fraction (0).

0 = number of recombinants

number of recombinants plus number of non-recombinants

0 can be taken as an approximate measure of genetic distance. The 

genetic distance between two loci is defined in centimorgans (cM). Two 

loci are 1cM apart if they show recombination once in 100 meioses.

Recombination fractions range from 0=0 for loci next to each other, to 

0=0.5 if two loci are unlinked i.e. loci far apart or on different 

chromosomes. Two loci are said to be linked when 0 is less than 0.5, and 

the phenomenon describing this is genetic linkage.

In order to show that linkage has not occurred by chance when loci are 

not actually close to each other, evidence of linkage between two loci is 

defined in terms of statistical probabilities. The lod score (Logarithmic of 

the odds ratio, of linkage versus no linkage) is a measure of the
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likelihood of genetic linkage between loci. This ratio is computed for 

several values of 0 and the results are expressed as the log 10 of the 

likelihood ratio, Z, the lod score.

Z= logio Likelihood (data/0)

Likelihood (data/no linkage)

A lod score of 3, representing an odds ratio of 1000:1 is taken as 

evidence that two loci are linked. A lod score of -2 is often taken as 

evidence against linkage.

Standard lod score analysis is a powerful method for scanning segments 

of DNA to locate a disease gene, but it has some drawbacks. These 

include (i) the need to specify a particular genetic model, such as mode 

of inheritance, (ii) limits on the resolution achievable, resulting in the 

region showing linkage to a particular disease trait too large for a 

positional cloning approach, and (iii) problems with locus heterogeneity.

A genome wide search is a systematic search for linkage across the 

entire genome using a coverage of highly polymorphic microsatellite 

markers. For recessive diseases a systematic screening of the entire 

genome is feasible using a variation of conventional linkage analysis, 

homozygosity mapping.
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Homozygosity mapping can be used specifically to map the disease 

gene of rare recessive disease, in small consanguineous families 

(Lander and Botstein, 1987). It is the search for homozygous markers at 

the disease locus. The principle is that a fraction of the genome of 

offspring of a consanguineous marriage is expected to be homozygous 

because of identity by descent. These areas of homozygosity would be 

expected to be random between different offspring, except a common 

disease locus shared by affected offspring. The affected children have 

inherited two identical copies of the disease allele from a carrier 

ancestor. These affected individuals are homozygous-by-descent for the 

disease bearing gene and almost always for a region of several 

centimorgans spanning the disease locus. Homozygosity mapping has 

not only been successful in mapping genes for hearing loss (Fukushima 

et al, 1995) but has been applied successfully to other rare autosomal 

recessive diseases such as alkaptonuria (Pollack at a/, 1993) and 

pseudohypoaldosteronism (Strautnieks etal, 1996).

A variation of this is a DNA pooling strategy for linkage mapping. A way 

to search for genomic regions identical by descent in affected individuals 

is to physically pool DNA samples (Sheffield at a/, 1995). By pooling 

equal molar amounts of DNA from related affected individuals, identity by 

descent can be observed by analysing the pooled DNA sample with 

polymorphic microsatellite markers using PCR. The number and 

frequency of alleles at each locus can be compared to a control DNA 

pool consisting of DNA from unaffected siblings and parents. In this
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method, the relative intensity of each allelic band on the polyacrylamide 

gel of markers amplified from pools of DNA from the affected and 

unaffected individuals is proportional to the frequency of that allele in the 

pooled DNA samples. If the disease gene has been inherited by the 

affected individuals from a common ancestor, the banding pattern of the 

microsatellite marker that is linked to the disease will show a shift in 

intensity toward a particular allele in the affected pool, as compared to 

the unaffected pool. The identification of a locus for autosomal recessive 

non-syndromic hearing loss in two inbred Bedouin kindreds (Scott et al,

1996) demonstrated the use of DNA pooling as an effective means of 

quickly identifying regions of linkage in inbred families with recessive 

disease.

Linkage disequilibrium is a phenomenon in which the frequencies of 

certain marker alleles among affected individuals diverge from the 

frequencies in the general population. Linkage disequilibrium is seen 

only when many of the apparently unrelated affected people in the 

population in fact derive their disease chromosome from a shared 

ancestor. This phenomenon is observed for markers located close to the 

disease gene and can therefore help to narrow the disease interval once 

the general location of the disease gene has been identified by 

conventional linkage. The gene causing diastrophic dysplasia was fine 

mapped and subsequently identified using linkage disequilibrium data 

(Hastbacka etal, 1992; Hastbacka ef a /1994).
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1.6.2.3. Physical mapping

Following assignment of a gene to a particular chromosome, the primary 

goal of physical mapping is to assemble a comprehensive series of DNA 

clones with overlapping inserts, known as a clone contig. This is 

necessary to start physical mapping and as a source of polymorphic 

markers which are used to generate a high resolution genetic map of the 

region. The clones used may be YACs (Yeast artificial chromosomes) 

which are able to maintain large fragments of DNA. YAC contigs are 

constructed by screening publicly available YAC clone libraries to find 

YACs that contain markers known to map to the candidate region. Such 

contigs are being defined as part of the ongoing work of the Human 

Genome Project. Due to the large insert size (up to 1Mb), YACs are very 

unstable, often showing rearrangements. Other vectors such as PACs 

(PI artificial chromosomes) or BACs (Bacterial artificial chromosomes) 

with insert sizes of 100-200Kb are often more applicable.

1.6.2.4. Identification of coding sequences

Once a contig is established across the candidate region, the clones are 

searched for genes via the detection of expressed sequences. Common 

methods used for identifying genes in cloned DNA include exon trapping, 

cDNA selection and computer analysis of DNA sequences.

Exon trapping

Exon trapping detects the presence of exons flanked by functional splice 

sites in a clone, via an artificial RNA splicing assay (Auch and Reth,
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1990; Buckler et al, 1991). This approach was successful in the 

identification of the gene for Opitz G/BBB syndrome (Quaderi et al, 

1997).

cDNA selection

In this technique, cloned DNA contained in a vector, such as a YAC from 

the critical region, is used to directly screen a cDNA library. YAC DNA is 

immobilised on a filter and hybridised with an entire library of cDNA 

inserts. cDNAs corresponding to any gene contained in the YAC insert 

should preferentially bind, and can be amplified using vector primers for 

further analysis (Reviewed in Brennan and Hochgeschwender, 1995).

Computer analysis

The goal of the Human Genome project is the sequencing of the entire 

human genome and the identification of all human genes. With the 

accumulation of information from large-scale sequence projects, 

computer analysis of genomic sequence data is invaluable. Sequence 

data is available from public databases on the World Wide web (Borsani 

et al, 1998) and a large number of programs exist to predict potential 

coding exons, splice junctions, promoter and regulatory sequences and 

predict the overall gene structure from genomic sequence (Claverie,

1997)

Nucleic acid sequences can be used in homology similarity searches 

using programmes such as BLAST (Basic Local Alignment Search Tool).
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This programme is designed to search for significant sequence 

homology to known genes or expressed sequences, between a 

sequence under investigation and any sequence in the database.

1.6.2.5. Mutation screening

The candidate region for a particular disease is thus defined using 

linkage analysis, and can be denoted as being between two polymorphic 

markers shown to be linked to the disease. All the transcripts in this 

region are potential candidate genes depending on pattern of expression 

or function if known, and have to be examined for mutations.

For a candidate gene to be implicated in a particular disease, it must be 

shown to be mutated in affected individuals. A distinction between a 

change which is the pathogenic mutation and a change which is a 

polymorphic variant needs to be addressed. A polymorphism is defined 

as a change anywhere in DNA structure, usually without phenotypic 

effect and present at 0.01 frequency or higher in the population (Cotton 

and Scriver, 1998). In order to exclude the nucleotide change as a 

polymorphic variant, 100 chromosomes from unrelated individuals, in 

addition to affected and unaffected members of the pedigree if the 

disorder is familial, can be tested for the particular change. Various 

methods for mutation screening can be used.

Southern blotting

56



In Southern blotting, genomic DNA is digested with a restriction 

endonuclease, electrophoresed, then denatured and transferred to a 

nylon membrane for hybridisation. A region of the candidate gene is 

radiolabelled and used as a probe to hybridise to the fragments in the gel 

blot. Large deletions and rearrangements are detectable by the pattern 

of bands compared to the wild type DNA, or by different intensities of the 

bands.

Heteroduplex analysis

Conformation based methods of mutation detection rely on the fact that 

DNA containing a sequence change has altered mobility under certain 

gel electrophoresis conditions.

Heteroduplex analysis relies on detecting mismatched bases formed 

when complementary strands of a mutant and a wild type allele are 

allowed to hybridise to form a heteroduplex. This occurs naturally when a 

PGR product from a heterozygous person is denatured and cooled 

slowly, which allows single mutant strands to base-pair with 

complementary wild type strands. The electrophoretic mobility of 

heteroduplexes can be detected as extra slow moving bands. For 

detecting homozygous mutations or X-linked mutations in males, wild 

type DNA is added to the mutant fragment. This method can be used to 

screen for mutations in fragments up to 1 kilobase in size (Reviewed in 

Cotton, 1997).

Single-strand conformation polymorphism (SSC) analysis.
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This strategy exploits the phenomenon that the electrophoretic mobility 

of single-stranded DNA on non-denaturing gels depends not only on 

length but also on their conformation, which is dictated by the DNA 

sequence. Control samples are run alongside patient samples, so that 

differences between the wild type pattern are noticed and polymorphisms 

excluded. The overall sensitivity of this method is between 70% and 90% 

for fragments no longer than SOObp, under multiple gel conditions of 

temperature and percentage of glycerol (Reviewed in Cotton, 1997).

Other methods of mutation detection, such as mismatch cleavage 

methods, not only detect a mutation in a fragment but also can locate a 

mutation precisely after cleavage of a heteroduplex. These methods can 

scan much larger fragments than SSC analysis and heteroduplex 

analysis.

Ultimately, DNA sequencing defines the precise nucleotide change 

involved in the mutant phenotype. Confirmation of mutation is achieved 

by prediction of the effect of the sequence change on the structure or 

function of the predicted protein, and where possible, expression of the 

mutant protein to demonstrate any loss or alteration of function.

1.6.2.6. Identification of genes by positional cloning

A number of genes have been identified by positional cloning including 

those causing Duchenne and Becker muscular dystrophies. Cystic 

fibrosis, Huntington's disease and many others (Reviewed in Collins,
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1995). With respect to deafness, this approach, in conjunction with 

information arising form large scale sequencing projects, has been 

successful in the identification of genes for Pend red syndrome/DFNB4, 

DFNA1 and DFNA5 (Everett etal, 1997; Li etal, 1998; Lynch etal, 1997; 

Van Laeretal, 1998).

The isolation of the Pend red syndrome gene, PDS, took advantage of 

the Human Genome Project's sequencing of human chromosome 7 at 

the Washington University Genome Sequencing Centre. A novel gene 

was identified and mutations demonstrated in individuals with Pend red 

syndrome (Everett et al, 1997). On the basis of homology, it was 

originally postulated that PDS encodes a putative sulphate transporter 

(Everett et al, 1997). However, functional studies in Xenopus laevis 

oocytes suggests that Pendrin, encoded by PDS, functions as an 

iodine/chloride transporter (Scott et al, 1998a), therefore its precise role 

in hearing loss remains to be confirmed.

The effort to sequence the human genome also contributed to the 

identification of the DFNA5 gene (Van Laer et al, 1998). The DFNA5 

locus was first mapped to chromosome 7p15 (Van Camp et al, 1995). 

Subsequent analysis of additional family members and the development 

of new polymorphic markers from the genomic sequence generated for 

chromosome 7 refined the candidate region to 600-850kb. Genes were 

identified from within the DFNA5 candidate region using the sequence 

data available on the World Wide Web, one of which was a novel gene
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expressed in the cochlea. A mutation segregating with the deafness in 

the family was identified (Van Laer et al, 1998). The DFNA5 gene 

encodes a completely novel protein with no homology to previously 

identified protein families, thus its role in progressive high frequency 

hearing loss remains to be established.

Another gene identified using the positional cloning approach is the gene 

underlying DFNA1, Diaphanous (Lynch etal, 1997). DFNA1 is defined by 

autosomal dominant, non-syndromic, fully penetrant sensorineural 

hearing loss, and was mapped in a large Costa Rican kindred (Leon et 

al, 1992). The locus, the first for an autosomal form of deafness, was 

mapped to a IcM interval on chromosome 5q, and a complete BAG 

contig constructed. In order to identify the genes in the region, the BACs 

were sequenced and potential coding regions identified. Genomic 

sequencing revealed a previously unidentified gene homologous to the 

Drosophila gene diaphanous and to the mouse gene encoding 

p140mDia. The human Diaphanous gene was isolated and a mutation 

identified in the affected members of the DFNA1 kindred (Lynch et al,

1997). This gene is ubiquitously expressed. A role for diaphanous in the 

regulation of actin polymerisation in hair cells has been suggested 

(Lynch et al, 1997), since products of its yeast and Drosophila 

homologues interact with proteins known to polymerise actin.

1.6.3. Candidate genes and positional candidates
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An initial genome-wide search for linkage will use microsatellite markers 

spaced at relatively wide intervals, for example 10cM, and so define a 

broad candidate region; the candidate locus is too large to consider a 

positional cloning approach. In such cases the candidate gene approach 

is the most appropriate cloning strategy. The candidate gene approach 

relies on partial knowledge of the disease gene function. A candidate 

gene can be suggested from an appropriate expression pattern or 

function, its homology to a gene implicated in an animal model of the 

disease, or from functional related ness to a gene implicated in a similar 

human disease phenotype. Due to a limited knowledge of the genes 

involved in normal auditory development and function, there are 

difficulties in suggesting suitable candidate genes for this approach. 

Genes may be expressed exclusively in the inner ear, or more widely 

expressed but mutation in which is only detrimental to the inner ear.

Recent successes in disease gene identification have relied on the 

positional candidate approach (Reviewed in Collins, 1995), a strategy 

which combines knowledge of the map position of the disease locus with 

the availability of candidate genes mapping to the same chromosomal 

region.

The first gene to be identified for an autosomal non-syndromic form of 

deafness, the gene encoding the gap junction protein connexin 26, 

involved a positional candidate gene approach (Kelsell ef a/, 1997). Initial 

studies centred on a family in which autosomal dominant palmoplantar
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keratoderma and congenital deafness was segregating. Linkage analysis 

showed the disease locus to be on chromosome 13q11-12, a region 

previously implicated in two forms of non-syndromic deafness, DFNB1 

(Guilford et al, 1994a) and DFNA3 (Chaib at al, 1994) and an autosomal 

dominant skin disease - Clouston hidrotic ectodermal dysplasia. Based 

on its expression pattern and chromosomal localisation, GJB2 (connexin 

26; Cx26) was a positional candidate gene for the skin disorder in this 

family. GJB2 was screened for mutations and a substitution of threonine 

for methionine at codon 34 (M34T) was found segregating with the 

deafness in this family and not the skin disease. Mutations in GJB2 were 

also identified in DFNBI-linked families (Kelsell etal, 1997).

After the initial identification of the DFNB1 locus on chromosome 13 

(Guilford et al, 1994a), studies on collections of families has suggested 

that this locus might be a major contributor to prelingual deafness (Maw 

et al, 1995; Gasparini etal, 1997). Since the identification of GJB2 as the 

causative gene, there is the opportunity to assess the contribution of 

mutations in this gene in autosomal recessive prelingual deafness. In 

particular, the frequency of one specific mutation, 30delG or 35delG, a 

deletion of a single G in a sequence of six guanine residues starting at 

position 30, is very significant in familial and sporadic cases of prelingual 

deafness (Zelante etal, 1997; Denoyelle etal, 1997; Estivill et al, 1998a; 

Lench et al, 1998). A carrier frequency for the mutation of up to 1 in 31 

has been suggested in certain European populations (Denoyelle et al, 

1997; Estivill et al, 1998a) making it one of the most common disease-
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causing mutations described to date. In addition to the 35delG mutation, 

another mutation in GJB2 was commonly found in Ashkenazi Jews. The 

mutation, 167delT, was detected in more than 4% of the control 

population of Ashkenazi Jews analysed in the study (Morell etal, 1998).

Controversy exists over the original M34T mutation with respect to its 

involvement in autosomal dominant non-syndromic deafness, as this 

mutation has been found in normal hearing individuals (Scott etal, 1998; 

Rabionet et al, 1998). Functional data suggests that the M34T mutation 

acts through a dominant-negative mechanism (White et al, 1998). The 

involvement of connexin 26 in autosomal dominant non-syndromic 

deafness has recently been confirmed (Denoyelle etal, 1998).

Expression of connexin 26 has been demonstrated in the inner ear in the 

spiral limbus, the spiral ligament, the stria vascularis and between the 

supporting cells of the organ of Corti of the rat cochlea (Kikuchi et al, 

1995; Lautermann et al, 1998). A role for connexin 26 in forming the cell- 

to-cell pathway for recycling potassium ions back to the endolymph 

following auditory transduction has been suggested (Kelsell et al, 1997) 

and a loss of connexin 26 would be expected to cause hearing loss due 

to disruption of this potassium flow.

To study the possible involvement of other connexin molecules in 

deafness, Xia and colleagues cloned and mapped human GJB3 

(Connexin 31) to chromosome 1p33-p35 (Xia et al, 1998). This is an
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example of how a positional candidate subsequently suggests other 

candidate genes. The GJB3 gene mapped to a previously defined locus 

for autosomal dominant non-syndromic deafness, DFNA2 (Van Camp et 

al, 1997) thus suggesting 0x31 as a good positional candidate gene for 

high frequency sensorineural hearing loss characteristic of DFNA2. 

Mutation analysis revealed mutations associated with high frequency 

hearing loss in two families (Xia at al, 1998). Expression of rat Gjb3 was 

demonstrated in the inner ear by RT-PGR (Xia at al, 1998), although it is 

not fully understood how mutation in GJB3 causes deafness. 

Interestingly, mutations in GJB3 (connexin 31) have also been found in 

families with autosomal dominant Erythrokeratodermia Variabilis 

(Richard at al, 1998), illustrating that mutation in Connexin 31 results in 

two distinct phenotypes. Interestingly a second “DFNA2” gene on 

chromosome 1p34 has recently been identified. A mutation in the novel 

potassium channel gene, KCNQ4, was observed segregating with 

dominant hearing loss in a small french family (Kubisch at al, 1999). It 

remains to be confirmed which is the true “DFNA2” gene (Van Hauwe at 

al, 1999).

1.6.3.1. Mouse models for human hearing impairment.

A number of mouse mutants have been identified with defects in the 

auditory system (Reviewed in Steel, 1995), providing a rich source of 

models for human deafness. The mouse has proved to be an invaluable 

model for identification of genes for human deafness due to similarities in 

inner ear structure, range of inner ear defects and range of associated
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abnormalities (Steel, 1991). Conserved linkage groups between man and 

mouse allow the identification of homologous genes. In addition, studies 

of the mouse also allow access to the inner ear at various developmental 

stages to study disease pathology.

Deaf mouse mutants in conjunction with linkage analysis of families with 

deafness have speeded the identification of two human genes MY07A 

and MY015.

Mice homozygous for the recessive shaker-1 mutation show dysfunction 

and degeneration of the organ of Corti, and shaker/waltzer behaviour 

typical of vestibular dysfunction. This mouse mutant represented an 

excellent model for non-syndromal hearing loss in humans (Reviewed in 

Steel and Brown, 1996). The shaker-1 mutation mapped to mouse 

chromosome 7, near the omp gene (Brown et al, 1992). A physical map 

of the region was constructed and genes in the region identified, 

including an unconventional myosin, myosin VII, which was subsequently 

shown to encode shaker-1 (Gibson et ai, 1995). OMP in the human 

genome was mapped to 11q13 (Evans et ai, 1993), in the vicinity of the 

locus for Usher syndrome type IB (Kimberling et al, 1992). A locus for 

autosomal recessive non-syndromic deafness, DFNB2, also mapped to 

the same interval (Guilford et al, 1994b). This indicated that either or 

both of these mutant loci represented potential homologues to the mouse 

shaker-1 gene. Mutations in Myosin 7A have now been found to be 

responsible for non-syndromic deafness in humans (Liu et al, 1997a;
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Weil et al, 1997; Liu et al, 1997b) as well as Usher syndrome 1B (Weil et 

al, 1995) and Atypical Usher syndrome (Liu etal, 1998).

Unconventional myosins, such as myosin VIIA, share structurally 

conserved heads and have divergent tails. The head region is thought to 

be used in moving along actin filaments using actin-activated ATPase 

activity, whereas the tail region is presumed to be involved in moving 

different macromolecular structures relative to actin filaments (Reviewed 

in Hasson 1997). In the ear Myosin VIIA is present in both inner and 

outer hair cells, expressed along the stereocilia of the hair cell (Hasson 

et al, 1995; Hasson et al, 1997). Its location suggests that it is the 

intracellular anchor of the basal links that connect each stereocilium to its 

neighbour (Hasson, 1997) thus maintaining the rigidity of the stereocilia 

bundle.

DFNB3, a locus for autosomal recessive non-syndromal deafness, was 

first mapped to a 12cM interval on human chromosome 17p11.2 in a 

population of 1200 villagers of Bengkala, Bali, in which 45 individuals are 

deaf (Friedman et al, 1995). The identification of new polymorphic 

markers in the region and analysis of additional individuals unavailable 

for the initial mapping studies refined the interval to 3cM (Liang et al, 

1998). On the basis of conserved synteny and similar phenotype of 

profound deafness, the mouse autosomal recessive mutation shaker-2 

(sh-2) had been proposed as the homologue of DFNB3 (Friedman et al, 

1995). Genetic analyses and co-localisations of human and mouse ESTs
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near DFNB3 and shaker-2 strengthened the hypothesis that shaker-2 is 

likely to be the homologue of DFNB3 (Liang et al, 1998). The strategies 

to clone the DFNB3 gene were the identification of the shaker-2 gene in 

the mouse by positional cloning and BAG rescue and screening of 

candidate genes in the DFNB3/sh-2 intervals. BAC-transgene rescue in 

the shaker-2 mouse identified a novel unconventional myosin, myo15, as 

the sh-2 gene (Probst et ai, 1998). The identification of myo15 as the sh- 

2 gene led to the isolation of the human homologue and the 

demonstration of mutations in MY015 in DFNB3-linked families (Wang et 

ai, 1998).

The stereocilia in the inner ear of the sh-2 mouse are abnormally short 

but arranged in a nearly normal pattern. A long actin-containing structure 

was found to be associated with the mutant inner hair cells (Probst et ai,

1998). This evidence suggests that the sh-2 gene, myo15, is critical for 

normal cytoskeletal morphology and actin organisation.

The mutations identified in unconventional myosins in deafness have 

demonstrated a crucial role for these proteins in hearing. The defects 

illustrated in the mouse mutants shaker-1, Snell’s wa/fzer(Avraham etal, 

1995) and shaker-2 suggest a role for unconventional myosins in 

anchoring or controlling the actin based structures of the hair cell, which 

are vital for their function.
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Once the chromosomal intervals for the DFNA15 and DFNA8/12 loci 

were identified by linkage analysis (Vahava etal, 1998; Kirschhofer at al, 

1998; Verhoeven etal, 1998), examination of the homologous regions on 

mouse chromosomes revealed excellent candidate genes. Cloning and 

sequencing of the human orthologues led to the identification of 

mutations in POU4F3 and TECTA genes (Vahava et al, 1998; 

Verhoeven etal, 1998).

Linkage analysis of a family with autosomal dominant hearing loss 

defined a 25cM interval of chromosome 5q. An 8 base pair deletion in 

the POU4F3 gene was found in affected individuals of this family 

(Vahava et al, 1998). POU4F3 is a member of the POU transcription 

factors, a group of proteins identified by well-characterised POU-specific 

domain and POU homeodomain, both of which participate in DNA 

binding (Reviewed in Wegner et al, 1993). POU4F3 was an excellent 

candidate for a gene causing human deafness, as targeted deletion of 

both alleles of pou4f3 causes complete deafness in mice (Erkman et al, 

1996; Xiang et al, 1997). Pou3f4 is expressed in adult hair cells of mice, 

supporting its requirement for continued maintenance of these 

structures.

The contribution of mutations in POU4F3 was assessed in a 

comprehensive screen in families with progressive hearing loss. This 

failed to identify any mutations apart from the one observed in the 

DFNA15 family (Avraham etal, 1998).
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The identification of mutations in TECTA implicated a new type of protein 

in the pathogenesis of deafness. TECTA encodes a-tectorin, one of the 

major non-collagenous components of the tectorial membrane in the 

inner ear. Although not identified in a deaf-mouse mutant, this gene was 

first described as an inner-ear specific protein in mice. The gene 

encoding mouse a-tectorin was mapped to mouse chromosome 9, to a 

region which shows evolutionary conservation with human chromosome 

11 q (Hughes et al, 1998). The gene encoding human a-tectorin maps 

within the genetic interval of DFNA12 (Verhoeven et ai, 1997; Hughes et 

al, 1998). Subsequent cloning and mutation analysis of human TECTA 

has implicated a-tectorin in autosomal dominant non-syndromic 

deafness (Verhoeven et al, 1998). Missense mutations in conserved 

regions of the TECTA coding sequence are thought to reduce both the 

structural integrity of the tectorial membrane and its ability to stimulate 

the hair cells (Verhoeven et al, 1998). More recently, a splice site 

mutation has been identified in a DFNB21-linked family (Mustapha et al,

1999), establishing that a-tectorin mutations are responsible for both 

dominant and recessive forms of deafness.

1.6.3.2. Cochlea-specific approaches

A cochlear cDNA library will contain copies of mRNA of most of the 

genes in the cells of the cochlea. A cDNA library can be enriched for 

tissue-specific messages by subtraction techniques, to eliminate 

housekeeping genes. Genes preferentially and genes specifically
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expressed in the inner ear can therefore be effectively isolated and 

characterised (Robertson et al, 1994). Selected cDNA clones from a 

cochlea-subtracted library can be individually examined to confirm that 

they are specifically expressed in the cochlea. Once these cDNAs are 

mapped, they are excellent candidates for any deafness disorder 

mapping to the same chromosomal interval. This approach was 

successful in the identification of the gene for DFNA9, an autosomal 

dominant, non-syndromic deafness with vestibular dysfunction 

(Robertson et ai, 1998). A human fetal cochlear cDNA library was 

constructed and a novel cochlear gene, COCH, was isolated (Robertson 

et ai, 1994; Robertson et al, 1997). COCH mapped to human 

chromosome 14q11.2-q13 (Robertson et al, 1997), within the locus for 

DFNA9 (Manolis et al, 1996) and mutation was demonstrated in affected 

individuals (Robertson etal, 1998).

cDNA libraries need not be of human origin. A novel approach by Heller 

and colleagues have identified 120 cDNA clones in a cDNA library 

constructed from chicken auditory epithelia that code for 12 genes that 

are ear-specific or highly-expressed in the ear (Heller et al, 1998), 

implicating their human homologues as candidate genes for deafness. 

Advances in these techniques should identify more candidate genes for 

human hearing disorders.

1.6.4. Mitochondrial genes
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The human mitochondrial genome is a circular, extrachromosomal DNA 

molecule, inherited uniquely through the maternal line (Jacobs, 1997). 

Mitochondria serve a variety of metabolic functions, the most important 

being the synthesis of ATP by oxidative phosphorylation.

Hearing loss occurs as an additional symptom in a number of syndromic 

diseases caused by mitochondrial DNA defects. Mitochondrial 

syndromes associated with hearing loss include Kearns Sayre 

syndrome. Myoclonic epilepsy and ragged red fibres (MERRF), 

Mitochondrial encephalopathy, lactic acidosis and stroke-like episodes 

(MELAS) and Diabetes Mellitus (Reviewed in Fischel-Ghodsian, 1998).

Some sensorineural non-syndromic and antibiotic-induced hearing 

losses show a mitochondrial mode of inheritance. The first homoplasmic 

mutation associated with non syndromic deafness was identified in an 

Arab Israeli pedigree. An A1555G mutation in the mitochondrial 12S 

rRNA gene was identified as the pathogenic mutation, and the same 

mutation was also found to predispose individuals to aminoglycoside- 

induced hearing loss (Prezant et al, 1993). The postulated mechanism of 

aminoglycoside susceptibility is that the mutation makes the rRNA more 

similar to the bacterial rRNA, which is involved in aminoglycoside- 

induced bactericidal activity (Prezant at al, 1993). The role of the 

A1555G mutation in hereditary deafness and its relationship with 

aminoglycoside treatment was investigated in 70 unrelated Spanish 

families with sensorineural hearing loss (Estivill at al, 1998b). The
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A1555G mutation was observed in 19 families with progressive and 

maternally transmitted deafness, making this mutation the most common 

cause of late-onset familial sensorineural deafness in the families 

studied. The same study also showed that aminoglycosides accelerated 

the development of deafness. The onset of deafness in patients treated 

with aminoglycosides was lower than the onset in those individuals who 

did not receive antibiotics (Estivill et al, 1998b). It has been suggested 

that the A1555G mutation alone is not severe enough to cause hearing 

loss. Not all the patients with the mutation became deaf, suggesting the 

involvement of other factors in the development of the hearing loss in 

affected individuals. A second mutation in the gene encoding tRNA 

ser(UCN) has been identified in a family with maternally inherited 

sensorineural deafness (Reid at al, 1994). The same mutation, A7445G, 

has also been associated with progressive hearing loss and 

palmoplantar keratoderma (Sevior etal, 1998).

In the case of the A1555G mutation, it was postulated that the mutation, 

which is in a highly conserved region of the mitochondrial 12S rRNA 

gene, elongates the tRNA binding region on the ribosome, with an 

adverse effect on the accuracy of the translation of the mRNA, leading to 

hair cell death (Prezant et al, 1993).

1.7. Syndromic deafness

The association of hearing loss with additional clinical features outside of 

the auditory system, account for approximately 30% of inherited forms of

72



deafness. Hundreds of syndromes have been described in which hearing 

loss is associated with a variety of anomalies such as eye, renal, 

nervous and pigmentary disorders (Winter and Baraitser, 1998). A large 

number of causative genes have been identified and, as is the case for 

non-syndromic deafness genes, the genes responsible for syndromic 

forms of deafness encode for a diverse range of molecules including 

extracellular matrix components, transcription factors and cytoskeletal 

components (Reviewed in Petit, 1996; Kalatzis and Petit, 1998).

Genetic mapping and gene identification in a rare syndromic form of 

deafness, the Jervell and Lange-Nielsen syndrome forms the basis of 

part of this thesis.

1.7.1. The Jervell and Lange-Nielsen syndrome (JLNS)

Jervell and Lange-Nielsen syndrome (JLNS) was first reported in 1957 in 

a Norwegian family (Jervell and Lange-Nielsen, 1957). Four of six 

children born to unrelated parents suffered from profound congenital 

deafness. The affected children had multiple fainting attacks from 3 to 5 

years of age. There were no signs of heart disease clinically or on x-ray, 

the only pathologic finding was a prolongation of the QT interval on 

electrocardiogram (ECO). Three of the four children died suddenly 

following syncopal episodes.

Untreated, the syndrome has a very high mortality. Although the 

condition is very rare with an estimated prevalence of up to 10 per
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million, a number of other cases have been reported since the original 

description, and autosomal recessive inheritance has been confirmed 

(Fraser, 1976).

1.7.1.2. Ear pathology in JLNS

The primary mechanism of hearing loss in patients with Jervell and 

Lange-Nielsen syndrome is thought to be cochleosaccular. 

Developmental abnormalities of the stria vascularis in mice and in 

humans may result in reduction of the normal osmotic pressure of the 

endolymphatic duct resulting in collapse of Reissner’s membrane. The 

collapse of Reissner’s membrane was one of the observations noted by 

Freidmann in 1966 on post-mortem examination of the inner ear of 

patients diagnosed with JLNS (Freidmann et al, 1966; Freidmann at al, 

1968). Observations strikingly similar to those observed by Freidmann, 

were noted in isk-knockout mice (Vetter at al, 1996). Behaviourally, mice 

homozygous for a complete targeted disruption of the IsK gene exhibit 

hyperactivity, bi-directional circling, head tilt and head bobbing, 

classically described as shaker/waltzer phenotype. This behaviour is 

indicative of inner ear dysfunction. Examination of the inner ear of these 

mice showed the collapse of the Reissner’s membrane and degeneration 

of the organ of Corti (Vetter at al, 1996); an inner ear pathology closely 

resembling that seen on post-mortem examination of human subjects 

who have died from JLNS (Friedmann at al, 1966; Friedmann at al, 

1968). Controversy exists over the cardiac phenotype of this mouse. In 

some instances surface electrocardiogram (ECG) recordings of IsK
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knockout mice showed a longer QT interval, and hence cardiac 

repolarisation, at slow heart rates (Drici et al, 1998), but additional 

investigations at the cellular level showed that ventricular repolarisation 

of IsK knockout mice was not prolonged and indistinguishable from 

control mice (Charpentier et al, 1998). The discrepancies over the 

cardiac phenotype in this mouse means it may not be the most 

appropriate model to study repolarisation abnormalities associated with 

the long QT syndromes, but the inner ear pathology of the IsK-knockout 

mouse suggests it as a model for the hearing loss associated with JLNS.

1.7.2. Romano Ward syndrome (RWS)

Phenotypically JLNS has similarities with Romano Ward syndrome. 

Romano and Ward independently described a condition of isolated 

cardiac syncope, not associated with deafness, inherited in an autosomal 

dominant manner (Ward, 1964; Reviewed in Ackerman, 1998a). Three 

individuals were described with prolonged QT intervals on 

electrocardiogram. The two affected children had syncopal attacks, with 

documented ventricular fibrillation. One of the children died at 18 months 

(Ward, 1964). This form of long QT syndrome is more common than 

Jervell and Lange-Nielsen, with an estimated incidence of 1 in 10000 

(Reviewed in Wang, Q. etal, 1998).

Fraser speculated that the two conditions, JLNS and RWS, might have a 

common pathogenesis and the connection between the cardiac and 

auditory defect in JLNS might be due to electrolyte imbalance (Fraser,
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1976). It was also suggested that individuals with RWS might be 

heterozygous for a mutant allele and those with recessive JLNS 

homozygous for the same allele or a different allele at the same locus. 

Against this hypothesis was the absence of syncope and sudden death 

in normal hearing relatives of individuals with JLNS.

The progress in the molecular genetics of Romano Ward syndrome has 

been very rapid. Four genes have been implicated in causing isolated 

long QT syndrome: HERG, SCN5A, KVLQT1, ISK and a fifth locus on 

chromosome 4 for which the gene has not yet been identified (Curran et 

al, 1995; Wang et al, 1995; Wang et al, 1996; Splawski et al, 1997a; 

Schott et al, 1995). The known genes all encode components of ion 

channels. HERG encodes a potassium channel, which underlies Lr, the 

rapidly-activating component of the delayed rectifier current (Sanguinetti 

et al, 1995). SCN5A encodes an a-subunit of a cardiac sodium channel, 

KVLQT1 encodes an a-subunit of a cardiac potassium channel and ISK 

(minK) encodes a unique transmembrane p-subunit. KVLQT1, the 

product of the KVLQT1 gene has been shown to associate with IsK, to 

form a channel reproducing the properties of Iks, the slowly-activating 

component of the delayed rectifier current (Barhanin et al, 1996; 

Sanguinetti etal, 1996a).

Besides the genetic factors, long QT syndrome can be caused by 

acquired factors such as cardiac ischaemia, metabolic abnormalities and
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medications including antiarrhythmic drugs, antidepressants and 

antihistamines (Reviewed in Ackerman, 1998a).

1.7.3. Ion channels

Ion channels are macromolecular protein tunnels that span the lipid 

bilayer of cell membranes. They form pores that allow the passage of 

millions of ions per second. Ion channels are classified according to the 

type of ion they allow to pass, for example potassium, sodium, chloride 

and calcium, and according to how they are gated, for example, changes 

in transmembrane voltage, extracellular ligand or intracellular secondary 

messenger (Hebert, 1998). Ion channels regulate a wide variety of 

cellular functions. Two critical roles are the generation of electrical 

impulses and the maintenance of salt balance in fluids.

1.7.4. The cardiac action potential

A crucial role for ion channels in the heart is the orchestration of the 

cardiac action potential. Voltage-activated sodium, calcium and 

potassium ion channels are the principal ion channels responsible for the 

cardiac action potential in the ventricular myocyte. The action potential is 

due to a sequence of permeability changes to sodium and potassium, 

and can be divided into 5 phases, as illustrated in figure 1.9.
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Figure 1.9.

The five phases of the cardiac action potential. Reproduced from 

Wang, Q. etal, 1998.

The underlying defect in Long QT syndrome is aberrant cardiac 

repolarisation, affecting phases 2 and most commonly phase 3 (figure 

1.9). Cardiac repolarisation requires the action of a specific potassium 

current, the delayed rectifier current. This current has two components: a 

rapidly-activating component, Lr, and a slowly-activating component, Ls-

1.7.5. The electrocardiogram (EGG)

The electrocardiogram (EGG) is the summation on the surface of the 

body of the individual action potentials from throughout the heart. The 

spread of the cardiac impulse through the heart gives rise to the main 

deflections of the EGG: P, QRS, T, as illustrated in figure 1.10. The PR 

interval represents the time taken for the cardiac impulse to spread over 

the atrium and through the AV node and His-Purkinje system. The QRS 

complex represents the spread of depolarisation through the ventricles 

and the QT interval represents the total time from the onset of ventricular 

depolarisation to the completion of repolarisation. The QT interval is 

measured from the beginning of the Q wave to the end of the T wave.
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Figure 1.10.

Waves of the ECG. From “Review of Medical Physiology by WF 

Ganong.

The registration on the ECG of electrical disturbances of the heart plays 

an essential diagnostic role.

1.7.5.1. Prolonged QT interval

The ECG defect observed in patients with long QT syndrome is a 

prolonged QT interval. Figure 1.11 illustrates a normal and prolonged QT 

interval. The QT interval represents the total time from the onset of 

ventricular depolarisation to the completion of repolarisation; a prolonged 

QT interval is an indication of abnormal cardiac repolarisation.
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Figure 1.11.

Representation of a normal (Top) and prolonged (bottom) QT 

interval. Reproduced from Schwartz, 1994.

The importance of a prolonged QT interval is its association with a risk of 

ventricular tachycardias, in particular “Torsade de Pointes”. “Torsade de 

Pointes” describes a form of polymorphic ventricular arrhythmia which 

can degenerate into ventricular fibrillation. Ventricular fibrillation is a 

rapid uncoordinated, fluttering contraction of the ventricles resulting in 

the loss of cardiac output. This in turn causes syncope (fainting attack 

with loss of consciousness), and if not defibrillated, sudden death. This 

form of ventricular fibrillation is responsible for the symptoms of syncope 

and sudden death in long QT syndrome patients.

1.7.6. Diagnosis of Long QT syndrome.

The diagnosis of long QT syndrome is primarily based on QT interval 

corrected for heart rate, QTc, which is calculated using Bazett’s formula
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(QTc= QT/VRR). T w o  major factors for diagnosis are considered. One is 

clinical symptoms, which include the presence of syncope, the age of 

onset of symptoms and the occurrence of family history and the other is 

the length of the QT interval and appearance of the T waves (Schwartz 

et al, 1993; Ackerman, 1998a). A QTc of greater than 440 milliseconds 

(ms) is considered to be abnormal (Schwartz at a/, 1993). In addition, 

affected persons with Jervell and Lange-Nielsen syndrome also suffer 

from profound, congenital, sensorineural deafness.

81



CHAPTER 2: MATERIALS AND METHODS

2.1. MATERIALS

All chemicals were obtained from Sigma, except for the following; 

Restriction enzymes were obtained from New England Biolabs. 

Polynucleotide kinase was supplied by Promega.

Taq polymerase, lOx buffer and 50mM MgCb were supplied by Bioline. 

ot-22p_dCTP and y-^^P dATP, Qiagen plasmid DMA extraction kit and 

Hybond N+ membrane were supplied by Amersham International. 

Protogel™ and Sequagel™ was supplied by National Diagnostics.

MDE™ was supplied by Flowgen.

dRhodamine cycle-sequencing kit was supplied by Perkin Elmer Applied 

Biosystems.

Agarose, lOObp ladder. Superscript II, DNase I, NZY broth, LB broth and 

TRIZOL™ were supplied by GibcoBRL.

Quikchange™ site-directed mutagenesis kit was supplied by Stratagene. 

dNTPs, Ficoll-Paque and Ready-To-Go™ DNA labelling kit was supplied 

by Pharmacia Biotech.

2.1.1. Primers

All primers were synthesised by MWG and Genosys with the exception 

of those used in site-directed mutatgenesis, which were synthesised by 

PE Applied Biosystems. PGR reactions were carried out at an annealing 

temperature of 55°C with 1.5mM MgCb, unless stated othenA/ise. Primers 

used in the genome search and for linkage on the X-chromsome were
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microsatellite markers part of Research Genetics mapping set 6.0, 

designed by the Co-operative Human Linkage Centre (CHLC) 

(http://www.chlc.org).

Primer sequences for the additional microsatellites analysed are listed 

below. Sequences were obtained from GDB 

(http://www.hgmp.mrc.ac.uk) or published sources where indicated.

2.1.1.1. X chromosome 

DXS995

Forward 5’ AAGGGGCTGCTGATGATTAT 3’ 58°C

Reverse 5’ AATGCGTTCCCCAAATGT 3’

DXS1002

Forward 5’ CTGCTACCCTTTAGTTCTCTC 3’ 56°C

Reverse 5’ TCCATGTTGCTGCGAA 3’

DXS986

Forward 5’ CCTAAGTGCTCATCATCCCA 3’ 58°C

Reverse 5’ AGCTCAATCCAAGTTGCTGA 3'

DXS990

Forward 5’ AGCTATATGACCAGTACAAACATAC 3’ 56°C

Reverse 5’ GACAGAAGGGACATCAACTC 3’

DXS1106

Forward 5’ TATGAGAACTCCCTAAACAAA 3’

Reverse 5’ TGATGCACCAAATACCA 3'

CA-PLP
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Forward 5’ CAACAGCATCTGGACTATCTTG 3’ 58°C

Reverses’ CCCAATGGTTGCACATAAATTG 3’

DXS1230

Forward S' TATTGGGCAGAGCCTGT 3'

Reverse S’ TCCCGTTGTGGGATAAA 3’

COL4A5, Barker etal, 1992

Forward S’ TATAATGGAAGTTATTGATGTAGAG 3’ S7°G

Reverse S’ GTGATTGAGATGTTAGTTAAGGAG 3’

DXS1210

Forward S’ TGATGTGAAAGTGGAGAAGGAGTA 3’ S9°G

Reverse S’ GGGGTGAAATGTTGAGAGAGTGTA 3’

DXS1231

Forward S’ AAAAGGAGGGTGATAGGAAGG 3’ 59°G

Reverse S’ GGGTGTGTGGAGGAGGAT 3’

DXS1220

Forward S’ AGGGAGAGTGTGAGGGAG 3’ S8°G

Reverse S’ GGGGGGTATAAAATGGAG 3’

DXS1001

Forward S’ TAGAAGTAAGGGTGGTGAGA 3’ S3°G

Reverse S’ GTTATGGAATGAATGGAAGTG 3’

DXS178

Forward S’ AGTTGGAAAGAAAATGGGAAGA 3’ 52°G

Reverse S’ ATTGTAAAAGTTGATATTTGGT 3’

DXS8020

Forward S’ GTAATGGGGGTGGATG 3’
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Reverse 5’ ACAATTCTGTATAGACTTTGTGTG 3’

DXS6809

Forward 5’ TGAACCTTCCTAGCTCAGGA 3'

Reverse 5’ TCTGGAGAATCCAATTTTGC 3'

5’ DYS I

Forward 5’ ATAAATGGATAAAAAAGTGG 3' 50°C

Reverse 5’ TTATATAAATGAATATTCCG 3'

DMD Intron 44

Forward 5’ TCCAACATTGGAAATCACAT7TCAA 3’ 54°C

Reverse 5’ TCATCACAAATAGATGTTTCACAG 3’

DMD intron 45

Forward 5’ GAGGCTATAATTCTTTAACTTTGGC 3' 54°C

Reverse 5’ CTCTTTCCCTCTTTATTCATGTTAC 3'

DMD Intron 49

Forward 5’ CGTTTACCAGCTCAAAATCTCAAC 3’ 54°C

Reverse 5’ CATATGATACGATTCGTGTTTTGC 3’

DMD Intron 50

Forward 5’ AAGGTTCCTCCAGTAACAGATTTGG 3’ 54°C

Reverse 5’ TATGCTACATAGTATGTCCTCAGAC 3'

DMD Intron 62/63

Forward 5’ TTCTTCGTCGATACCCCCATTCCA 3' 60°C

Reverse 5’ CTCTTTGAGTTTGAAGTTACCTGA 3’

3’ STR HI

Forward 5’ ACGACAAGAGTGAGACTCTAG 3’ 51 °C

Reverse 5’ ATATATCAAATATAGTCACTTAGG 3'
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2.1.1.2. Chromosome 1 

D1S255

Forward 5’ TTAGCAAATCCCAAGCAATA 3’

Reverse 5’ GTGATGGTGGTAAAGGCAGA 3 

D1S193

Forward 5’ ACTCTAGCOTGGGTGACAAG 3'

Reverse 5’ AGACTGGGAAAATGCAAATG 3’

D1S194

Forward 5’ AGCTAGGCTGTAAGTTTTCTGCTC 3’

Reverse 5’ GTCTCTTGCTGGACTGGGA 3'

D IS  196

Forward 5’ GGCTGTGGGTGTTTCTCCTA 3’

Reverse 5’ AGGGCTCATGNCTTTACATTCT 3'

018210

Forward 5’ GGTGAGTTGATTGGGGATAA 3’

Reverse 5’ AGGTGAATGTGAGGGAATAAGTA 3’

2.1.1.3. Chromosome 2 

D2S144

Forward 5’ TGTGGGTGAGAGAGTGTGGG 3' 60 °G

Reverse 5’ GGTGGATAGGGGGTAGTGAG 3’

D2S171

Forward 5’ TGGGAGGGAGAGGTTA 3'

Reverse 5’ GTGGAAAGGGGGAGAG 3’

D2S158

Forward 5’ GGAGGATATTGGAGTGTGAGG 3’
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Reverse 5’ ATGAAACAACCAACCTGAGAATA 3’

2.1.1.4. Chromosome 3 

D3S1298

Forward 5’ AGGTCTGAGTGOGACCCG 3'

Reverse 5’ GAAAAATGGGGTGTGAAGGG 3'

D3S1100

Forward 5’ GGTTTGATATAGGATGAATGGGAG 3'

Reverse 5’ GTAGAGGATGATGAGGAGTGTGG 3'

D3S1211

Forward 5 GAGGGGI IGTGGGAI IAGAA 3 

Reverse 5’ ATTTGAGATTTGAGGAGAAGGG 3’

D3S1767

Forward 5’ ATGGTGTATTTGAAGAGAGAGG 3’

Reverse 5’ AATTAGGGAGGGTAGGAGAG 3'

D3S1289

Forward 5’ AAAGGAAGTTGTAAGAGAGGA 3'

Reverse 5’ GTGGTAGATATAATGAGTGGGA 3'

D3S1582

Forward 5’ GAGGAGGTAGTATGAAAGGGTGT 3' 61 °G

Reverse 5’ GGAAGAGGGGTATGGTTGAG 3'

2.1.1.5. Chromosome 4 

D4S402

Forward 5’ GTTAGTGTGTTGGGGAAGGT 3'

Reverse 5’ AGGTGTATGATTGATTTGAAGTTTG 3’

D4S430
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Forward 5’ TAACCCTGTATATGTTAATGTGC 3’ 

Reverse 5' GGACCCAGTCTTGCTATG 3’ 

D4S406

Forward 5’ CTGGTTTTAAGGCATGTTTG 3’ 

Reverse 5’ TCCTCAGGGAGGTCTAATCA 3’ 

D4S1614

Forward 5’ CATCTAGGAGAATCAGTACTTGG 3' 

Reverse 5’ TTACCATGAGCATATTTCCA 3’ 

D4S412

Forward 5’ ACT ACCGCCAGGCACT 3’

Reverse 5’ CTAAGATATGAAAACCTAAGGGA 3' 

D4S432

Forward 5’ ACTCTGAAGGCTGAGATGGG 3’ 

Reverse 5’ CTGAACGGCAGATCCCC 3'

2.1.1.6. Chromosome 5 

D5S640

Forward 5’ CCCACATAGCACTCACAGC 3’ 

Reverse 5’ GCCCAGTTGCCACCTT 3’

D5S410

Forward 5’ TTCTGCTAGTTTATCCCACTG 3’ 

Reverse 5’ TCATGCCACACATTGTTT 3’

D5S412

Forward 5’ GCTGGGGAATGTTACAGTAT 3’ 

Reverse 5’ CCCATGAGAACTTCCACATA 3'

2.1.1.7. Chromosome 7
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D7S483

Forward 5’ AGTGGTCATTAGCCTTGGCAAAATC 3’ 56°C

Reverse 5’ AACCAGAGTTGTAAGCCATGAAAGT 3’

D7S636

Forward 5’ GGAGTGACTGGGCAGGAA 3’ 56°C

Reverse 5’ AGCTTGTGTGGGGTTTCA 3’

D7S505

Forward 5’ AGTGGCCTGGCAGAGTCT 3' 56°C

Reverse 5’ CAGCCATTCGAGAGGTGT 3’

D7S629

Forward 5’ ATTTCTGATTCAAAATGCCG 3’

Reverse 5’ AATGTTATACCCAAGGATTTCTGT 3'

D7S673

Forward 5’ GGGGNCCTTGAGAAGT 3’

Reverse 5’ TCCCAGTCCTGTGGGTAC 3’

D7S529

Forward 5’ AAATTGTAGAGATGGGGTGTAA 3’

Reverse 5’ GGTAGGATGAGGAGAATGAA 3'

D7S501

Forward 5’ GAGGGTTGTGATGGGAGAG 3'

Reverse 5’ ATTTGTTAGGAGGGAGAGTGGT 3'

D7S523

Forward 5’ GTGATTGATAGGAGGAGTTG 3'

Reverse 5’ AAAAGATTTGGATTAGGAGTG 3’

D7S496
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Forward 5’ AACAACAGTCAACCCACAAT 3’ 53 °C

Reverse 5’ GCTATAACCTCATAANAAACCAAAA 3’

2.1.1.8. Chromosome 9 

D9S50

Forward 5’ GATCCTTTTCATOTTCTGAG 3’

Reverse 5’ GAGGGAGGGAGCAACTGAT 3’

D9S301

Forward 5’ AGTTTTGATAAGAGAAAAGAGAAGA 3’

Reverse 5’ AGGTAAATGTTGATGAAAAGAGG 3’

D9S166

Forward 5’ AAATGATGGAATTGATTTGA 3’

Reverse 5’ TGGTAATTGAGTGGGAAAAG 3'

D9S175

Forward 5’ GTAATGTGGTAAATAGGAGAGTTG 3'

Reverse 5’ GGGTTAGGTAGAATGGGG 3’

D9S43

Forward 5’ TTGTGATATGAAAAGGTGGG 3'

Reverse 5’ AAGGATATTGTGGTGAGGA 3’

D9S1862

Forward 5’ GATGAGAGGAGTGTATGAGGGG 3’

Reverse 5' AGATGAGGATTGTGGGTTG 3’

2.1.1.9. Chromosome 10 

D10S193

Forward 5 TATATGGAGI I IGGGATGGG 3 

Reverse S' ATTGGGGTGTGGGTAGAGTT 3’
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D10S537

Forward 5’ CCTACTGTGCCTGGCTAGA 3’

Reverse 5’ ATTTGGATGAAACCCACG 3’

2.1.1.10. Chromosome 11 

D11S922

Forward 5’ GGGGCATCTTTGGCTA 3'

Reverse 5’ TCCGGTTTGGTTCAGG 3’

D11S4046

Forward 5’ ACTCCAGGCTGGGAAAC 3’ 56°C

Reverse 5’ TGATAGAGAGAGCOATTGO 3'

D11S131

Forward 5’ GGGGTATGGGAAGAGG 3’ 56°G

Reverse 5’ TGTGGATGTNGATGAGTG 3’

D11S4088

Forward 5’ GGGGAGAGGGAGTGGAG 3’ 56°G

Reverse 5 GGATGI I IGGGGGGTG 3

D11S4146

Forward 5’ AAGAGGAGGTTAAGGAGAG 3’ 56°G

Reverse 5’ GAATGAAGAATTTTGGAAAGTAG 3’

D11S1345

Forward 5’ TGGGAGAGTAATAGATGTGTGTAAT 3’

Reverse 5’ TAGTGAGTGGTGAGGGGATA 3’

D11S934

Forward 5’ GGTGTGGGTGAGAAGTAGATGG 3'

Reverse 5’ TTGGATGAGAAGTGGGAATGAG 3’
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D11S1320

Forward 5’ AACATTACTAAAAGGTTAAATGAGC 3’

Reverse 5’ ATTAAGGCACCAAATGGG 3’

D11S911

Forward 5’ CTTCTCATGCTTGACCATTT 3’

Reverse 5’ CTTCTGAACAATTGCCACAT 3’

D11S937

Forward 5’ CTAATAAAGAAATCCCTCTACCTCC 3'

Reverse 5’ TAGTCAGTCAGGGACCGAAGT 3’

D11S925

Forward 5’ AGAAGGAAGGTGGTAAGTGGTG 3’

Reverse 5’ TTAGAGGATTATGGGGGGAA 3'

D11S1347

Forward 5’ GAGGGTGGGGAATAGT 3’

Reverse 5’ GGAGGAAGAAGAAGAATAA 3'

D11S527

Forward 5’ GGGGGTGTAGTTGTGTGGAG 3’

Reverse 5’ ATGGGGGTGGAAGAGAAGTTG 3'

2.1.1.11. Chromosome 13 

D13S115

Forward 5’ TGTAAGGAGAGAGAGATTTGGAGA 3’ 57 °G

Reverse 5’ TGTTAGGTGGTGGTGGTGG 3’

D13S175

Forward 5’ TATTGGATAGTTGAATGTGGTG 3’

Reverse 5’ TGGATGAGGTGAGATAGGTTA 3’
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OMP

Forward 5’ CTGAAAGGTAAAACAATAATGC 3’ 56 °G

Reverse 5’ TGTCCTCCTACCACTAATGC 3’

D13S292

Forward 5’ TAATGGCGGACCATGC 3’ labelled with FAM 53°C

Reverse 5’ TTTGACACTTTCCAAGTTGO 3’

D13S141

Forward 5’ GTCCTCCCGGCCTAGTCTTA 3' 57°C

Reverse 5’ ACCACGGAGCAAAGAACAGA 3’ labelled with FAM

D13S143

Forward 5’ CTCATGGGCAGTAACAACAAAA 3’ labelled with TET 

Reverse 5’ CTTATTTCTCTAGGGGCCAGGT 3’

D13S232

Forward S' TGGTGAGTGGTGTTGTGATT 3' labelled with HEX 

Reverse S' GGGAGAGAAATAAATGTTGATG 3'

2.1.1.12. Chromosome 14 

D14S70

Forward S' ATGAATTTGGTAGTTTGGGA 3'

Reverse S' AGGTAATGAGTTAGAGAGGTTGTAG 3'

D14S253

Forward S' GGAGGATAAAAAAGAGAGAT 3'

Reverse S' TGTGGGGGGAGAGATT 3'

D14S286

Forward S' GATTAAGGGAAATTGGAGAA 3' S3°G

Reverse S' TTGTTTGGGGTTTGTTTATG 3'
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2.1.1.13. Chromosome 15 

D15S132

Forward 5’ CTGATAATAAAACCAGGAAGACAC 3’

Reverse 5’ TATTGGCCTGAAGTGGTG 3’

D15S123

Forward 5’ AGCTGAACCCAATGGACT 3’

Reverse 5’ TTTCATGCCACCAACAAA 3'

2.1.1.14. Chromosome 17 

D17S122

Forward 5’ CAGAACCACAAAATGTCTTGCATTC 3’

Reverse 5’ GGCOAGACAGACCAGGCTCTGO 3’

D17S805

Forward S' ATCACTTGAACCTGAGGGG 3’ 60 °C

Reverse S' AATGAGATACCGATCCATGC 3'

D17S842

Forward S' AGCTCACTGTAGCCTATCCTC 3' 60 °C

Reverse S' AAATGCAGAGTCAAACTTGTAGA 3'

2.1.1.15. Chromosome 19 

D19S208

Forward S' CCCAGTGGGCCTTAGAGATA 3'

Reverse S' GGATGCCTGACGGTGTTTAC 3'

D19S224

Forward S' AACACCATTCCTGATCTTCC 3'

Reverse S' CCCAGGCCCTATCTGA 3'

APOC2
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Forward 5’ CATAGCGAGACTCCATCTCC 3’

Reverse 5’ GGGAGAGGGCAAAGATCGAT 3’

2.1.1.16. Chromosome 21 

D21S212

Forward 5’ GATTTTAATGAACACCGOTC 3’

Reverse 5’ GGCCTCCTGGAATAATTCTC 3'

D21S1225

Forward 5’ AGAAGTGCCTGGATTCAGC 3' 58 °C

Reverse 5’ AGGTTTTACAAATAAGCAGAAAGG 3'

D21S1575

Forward 5’ GAAACCCATCTCACATGCAG 3' 57 °C

Reverse 5' GAAGTGCTCTAAGAACTTGC 3’

D21S261

Forward 5’ AAAACACGTTACCTAAAACAGCA 3’

Reverse 5’ AGATGATGGTGAGTCCTGAG 3’

D21S1895

Forward 5' AGTCCTACTGATAAACTGTGGGC 3’ 56°C

Reverse 5’ CTGTCTCATAAGAACCTACCTGG 3’

D21S1252

Forward 5’ TCTGTCTTTGTCTCACTATCTG 3' 56°C

Reverse 5’ GCAATGGTCTGTGGCT 3'

D21S1254

Forward 5’ AAATACTGATGATCCTTAATTTTGG 3' 56°C

Reverse 5 GGTGGCTGAGCGAGAC 3

D21S268
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Forwârd 5 GGGAGGCTGAAGCGAGG 3 

Reverse 5’ CCCCGGTGGCAGTGTA 3'

D21S265

Forward 5’ TTAAAGCAATCAATCATGG 3’

Reverse 5 GGGl ICTGTGAATATGGG 3 

D21S1253

Forward 5’ GAAGAATCTCCCGAACCAGG 3’

Reverse 5’ AAGACCAGTGTTATTCAGAGCC 3’

D21S269

Forward 5’ AAAAAGTCTCGCATTATACAATAG 3’

Reverse 5’ GGGTTTGGTTTAGAAATGT 3'

D21S1258

Forward 5’ GGTTTGAATATAGAGGAGATAAAGG 3'

Reverse 5’ AGGTGAAGTGGGAAAATGTAAG 3'

D21S263

Forward 5’ TTGGGTTTGGAAGGAG 3'

Reverse 5’ GATGAGGAAGGGTGGTG 3’

2.1.1.17. DDP (Jin etal, 1996)

Exon1

Forward 5’ GGGGAGTTGGTGTGTGGAAGG 3' 62°G

Reverse 5’ GTAGGTAGAGTGTTTAGGTG 3'

Exon 2

Forward 5’ GTTGAGTGGGTAGATTGG 3’ 62°G

Reverse 5’ GTAAGGAAGAAAAAGGGAG 3’

2.1.1.18. POU3F4 (de Kok etal, 1995)
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Primer set 1a and 1b

Forward 5’ ACTAGTAGGGGATCCTCACCG 3’ 61 °C

Reverse 5’ CCGTCGCTCAGACTGGTCAC 3'

Primer Vb

Reverse 5’ GCCTCCTCGCTTCCTCCA 3' 61 °C

2.1.1.19. ISK (Tesson etal, 1996)

IF  5’ GATCCTGTCTAACACCAC 3’ 56°C

2R 5’ AATGGGTCGTTCGAGTGC 3'

3F 5’ TACATCCGCTCCAAGAAG 3' 56°C

4R 5’ TCGTCTCAGGAAGGTGTG 3'

2.1.1.20. KVLQT1 cDNA (Lee etal, 1997)

LQT109 5’ AGCAAGCGCGGAAGCCTTACGATGTGC 3’ 64°C

LQT209 5’ AGCTGCGTCACCTTGTCTTCTACTCGG 3’

2.1.1.21. HPRT (Jolly etal, 1983)

Forward 5’ CCACGAAAGTGTTGGATATAAGC 3’ 58°C

Reverse 5’ GGCGATGTCAATAGGACTCCAGATG 3'

2.1.2. Solutions

TE: 10mM Iris (tris(hydroxymethyl)aminomethane)

ImM EDTA pH adjusted to 8.0 with MCI.

TAE: 0.38M Tris
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5 X TBE:

0.12M NaAc

0.02M EDTA

pH adjusted to 7.7 with glacial acetic acid

0.089M Tris

0.089M Boric acid

2mM EDTA pH 8.0

20 X SSC:

Loading dye:

2.9M NaCI

0.3M sodium citrate

pH adjusted to 7.0 with sodium hydroxide

50% glycerol 

10mm EDTA 

0.05% bromophenol blue 

0.05% xylene cyanol

Formamide dye: 95% Formamide

20mM EDTA 

0.05% bromophenol blue 

0.05% xylene cyanol

Loading dye for the ABI 377:

17% Loading dye (PE Applied Biosystems) 

83% Formamide
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Loading dye for Heteroduplex gels:

50% sucrose

0 .2 % bromophenol blue

0.3% xylene cyanol

2.1.2.1. DNA extraction solutions

Nuclei lysis buffer: 10mM tris pHS.O

400mM NaCI/ 2mM Na-EDTA

Proteinase K solution:

2mM Na-EDTA/ 1%SDS

2mg/ml Proteinase K

STE buffer:

lOOmM MaCI 

10mM Tris (pH 8.0) 

10mM EDTA

Storage buffer:

482.5pl STE buffer 

0.2mg/ml Proteinase K 

0.5% SDS

2.1.2.2. Qiagen DNA preparation buffers

Buffer P1 : 50mM Tris-HCI
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10mM EDTA

100|ig RNaseA/ml

Buffer P2: 0.2M NaOH 

1%SDS

Buffer P3: 3.0M potassium acetate pH 5.5 at 4°C

Buffer QBT: 750mM NaCI

50mM MOPS

15% ethanol

0.15% Triton X-100 pH 7.0

Buffer QC: I.OmM NaCI 

50mM MOPS 

15% ethanol pH7 .0

Buffer OF: 1.25mM NaCI 

50mM tris-HCI 

15% ethanol pH 8.5

2.1.2.3. Southern blotting solutions

PEG Hybridisation buffer:

0.125M Na2HP0 4 , pH 7.2 with NaHzP0 4  

0.25M NaCI
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I.OmM EDTA 

7% SDS

10% PEG 8000 (BDH Chemicals Ltd.)

50|ig/ml denatured salmon sperm DNA

Dénaturation solution:

1.5M NaCI 

0.5M NaOH

2.1.2.4. Media solutions

LB (Luria-Bertani) medium:

10g/I Bactotryptone 

5g/l Bacto-yeast extract 

10g/l NaCI

LB agar: 1 litre of LB broth with 15g bacto-agar added before

autoclaving

NZY broth: 5g/l NaCI

2 g/l MgS0 4 .7 H2 0  

5g/l yeast extract

10g/l NZ amine (casein hydrolysate)

2.1.2.5. Solutions in supplied kits

ABI PRISM™ dRhodamine Terminator cycle sequencing
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Terminator ready reaction mix:

A-dye Terminator labeled with dichloro[R6 G]

C-dye Terminator labeled with dichloro[TAMRA] 

G-dye Terminator labeled with dichloro[R110]

T-dye Terminator labeled with dichloro[ROX] 

deoxynucleoside triphosphates (dATP, dCTP, dITP, 

dTTP)

AmpliTaq DNA polymerase, FS, with thermally

stable pyrophosphatase

MgCb

Tris-HCI buffer, pH 9.0

DNA labelling

Reaction mix: dATP, dGTP, dTTP, FPLpure® klenow fragment and

random oligodeoxyribonuclotides 

Site-directed mutagenesis 

Reaction mix: 1Q0mM KOI

lOOmM (NH4)2S0 4  

200mM Tris-HCI pH8 .8 )

20mM MgS0 4  

1% Triton X-1 GO

1 mg/ml nuclease-free bovine serum albumin (BSA)

2.2. METHODS

2.2.1. Preparation of DNA and RNA
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2.2.1.1. Extraction of human DNA from blood

DNA was extracted from 10ml venous blood, stored at -70°C in EDTA- 

containing tubes. EDTA tubes were defrosted by removing the caps and 

inverting inside a 50ml plastic falcon tube. Ice cold distilled water was 

added to each blood sample to a final volume of 50ml. Tubes were 

inverted gently to mix and centrifuged at 900g at 4°C for 20 minutes. The 

supernatant was discarded into chloros, leaving the nuclear pellet. 25ml 

of 0.1% NP40 was added, and the pellet broken by vortexing. Tubes 

were centrifuged at 900g, 4°C for a further 20 minutes. The supernatant 

was discarded, 3ml of cold nuclei lysis buffer was added and the pellet 

resuspended by vortexing. 200pl of 10% SDS and 600^1 fresh proteinase 

K solution was added to this, and the sample incubated at 60°C for 1 

hour. Protein was precipitated by adding 1ml of saturated ammonium 

acetate solution and shaking vigorously for 15 seconds. After allowing to 

stand for 15 minutes, the sample was centrifuged at 900g for 15 minutes. 

The supernatant was removed to a falcon tube and to this was added 2 

volumes of absolute ethanol to precipitate the DNA. DNA was spooled 

out using a sealed glass pipette and dissolved in 300^1 of TE.

2.2.1.2. Extraction of DNA from lymphoblastoid ceil lines and urine

Cell suspension was centrifuged at 900g for 20 minutes at 4°C. The 

supernatant was discarded, leaving the cell pellet. 25ml of 0.1% NP40 

was added, and the pellet broken by vortexing. DNA was extracted as 

described in section 2 .2 .1 .1 .
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2.2.1.3. DNA isolation from a mouth swab (Muelenbelt etal, 1995)

The inside of the mouth, especially cheek and gums, were wiped using 

one end of a clean cotton bud. This bud was then placed sample end 

first in a plastic 50ml falcon tube containing 10ml of storage buffer. A 

maximum of 10 cotton buds were placed in each falcon tube. The 

sample was then stored at room temperature prior to isolation of DNA.

In order to lyse the buccal cells, the falcon tube containing the cotton 

buds in storage buffer was placed in a waterbath at 65°C for 2 hours. 

The cotton buds were then placed in a 20ml syringe upside down in a 

falcon tube and centrifuged at 400g for 1 minute. The syringe containing 

the dry cotton buds was removed and the lysation product transferred to 

1.5ml eppendorf tubes. To this was added 1 volume of 

phenol/chloroform/isoamyl alcohol (24:24:1) to each tube, and mixed 

gently by rotation. Tubes were then centrifuged at 14000 rpm for 5 

minutes. The aqueous upper layer was removed to a clean 1.5ml 

eppendorf, to which was added 1 volume of chloroform/isoamyl alcohol 

(24:1). The sample was mixed gently by rotation and the tubes 

centrifuged at 14000 rpm for 5 minutes. The aqueous layer was removed 

to a clean 1.5ml eppendorf tube. To this was added 0.1 volume of 3M 

NaAc (pH 5.2) and 1 volume of 98% isopropanol. Tubes were then 

placed at -20°C for a minimum of 30 minutes, after which the tubes were 

centrifuged at 14000 rpm for 30 minutes. The 98% isopropanol was 

removed and discarded, and the pellet washed with 500|il of 70% 

ethanol. Tubes were centrifuged for 5 minutes at 14000 rpm. This 

washing step was repeated. The 70% ethanol was removed and
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discarded, and the pellet was allowed to air-dry before re-dissolving in 

100pl TE.

2.2.1.4. Preparation of Plasmid DNA

DNA was extracted using the Qiagen “maxi-prep” kit and the solutions 

and protocol supplied.

A single bacterial colony grown on LB plates was inoculated into 5ml of 

LB, and ampicillin added to a final concentration of 50pg/ml. This was 

incubated overnight at 37°C. The next day, the 5ml culture was added to 

500ml of LB in a 2L conical flask with a final concentration of ampicillin of 

50pg/ml. This was incubated overnight in a shaking incubator at 37°C. 

The next day, the culture was centrifuged at 6000g for 15 minutes at 4°C. 

The bacterial pellet was re-suspended in 10ml of buffer PI. 10ml of 

buffer P2 was added, the tube inverted gently to mix and left to stand at 

room temperature for 5 minutes. 10ml of ice cold buffer P3 was then 

added and the sample placed on ice for 20 minutes. The sample was 

then centrifuged at 20000g for 30 minutes at 4°C. The supernatant was 

removed to a clean tube and re-centrifuged for 15 minutes. This 

supernatant was applied to a Qiagen maxi-prep column that had been 

equilibrated with 10 ml of buffer QB. 2x30ml of buffer QC was then 

added to the column, and the DNA eluted into a clean tube on addition of 

15ml of buffer QF. 0.7 volumes of isopropanol was added, the sample 

mixed and immediately centrifuged at 15000g for 30 minutes at 4°C. The 

DNA pellet was washed with 70% ethanol, and centrifuged at 15000g for

105



10 minutes. The supernatant was discarded, and the pellet allowed to 

air-dry before being re-suspended in 200pl of TE.

2.2.1.5. Isolation of RNA from lymphoblastoid cell lines, urine and 

fetal tissues

Human tissues were provided by the Medical Research Council-funded 

Human Embryo bank maintained at the Institute of Child Health. Fetal 

tissue samples were homogenised in 1ml (or lOx volume) of TRIZOL 

using a DE PC-treated glass homogeniser. For urine samples and 

lymphoblastoid cell lines, cells were pelleted by centrifugation and lysed 

with 1ml of TRIZOL reagent per 5-10 x 10® cells. The homogenised 

samples were incubated for 5 minutes at room temperature to allow the 

nucleoprotein complexes to completely dissociate. 0 .2 ml chloroform per 

1ml TRIZOL used in the initial homogenisation was added and the 

sample shaken vigorously for 15 seconds. After incubation at room 

temperature for 3 minutes, the tubes were centrifuged at 12000g for 15 

minutes at 2 to 8 °C. Following centrifugation, the colourless upper 

aqueous phase was transferred to a clean tube. To this was added 0.5ml 

of isopropanol per 1ml TRIZOL reagent used for the initial 

homogenisation, to precipitate the RNA. Samples were incubated at 

room temperature for 1 0  minutes, then centrifuged at 1 2 0 0 0 g for 1 0  

minutes at 2 to 8 °C. The supernatant was discarded and the pellet 

washed in 1ml 75% ethanol. The sample was allowed to air-dry before 

resuspending in 100-500pl of Rnase-free water.
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2.2.1.6. RNA extraction from whole blood

2ml fresh venous blood was diluted with an equal amount of PBS. The 

diluted blood sample was carefully layered upon 3ml Ficoll Paque in a 

clear plastic falcon tube and centrifuged at 400g for 40 minutes. Without 

disturbing the interface, the upper layer was drawn off using a pasteur 

pipette, and discarded. The interface (lymphocyte layer) was then 

transferred to a clean falcon tube. The cells were gently suspended in 

6 ml of PBS and centrifuged at lOOg for 10 minutes. The supernatant was 

removed and discarded, and the cells gently re-suspended in 6 ml of 

PBS. The sample was centrifuged at lOOg for 10 minutes. The 

supernatant was removed and discarded. SOOpI TRIZOL reagent was 

added to the cells and RNA extracted as described in section 2.2.1.5.

2.2.2. Polymerase chain reaction (PCR)

25-250ng of DNA was amplified in the polymerase chain reaction (PCR). 

Reaction mix consisted of DNA, SOpmol of each primer, 5pl of 10 X 

Buffer consisting of 160mM (NH4 )2S0 4 , 670mM Tris-HCI pH8 . 8  at 25°C 

(Bioline), 1.5mM MgCb, 0.2mM dGTP, dATP, dTTP and dCTP and 1 unit 

of Taq polymerase (Bioline) in a reaction volume of 50pl. Each sample 

was overlaid with one drop of mineral oil to reduce evaporation. PCR 

was carried out in 0.5ml eppendorf tubes using a Hybaid Omn-E or 

Biometra thermal cycler.

All genotyping performed as part of the genome search was performed in 

96-well Omniplates (Hybaid) under oil. PCR was performed with 25ng of
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DNA in a 10pl volume containing lOpmol 3’-primer, 1 X buffer (Bioline), 

1.5mM MgCb, 0.2mM dGTP, dATP, dTTP and dCTP and 0.2U Taq 

polymerase (Bioline). Prior to amplification, lOpmol 5’-primer per 10pl 

reaction was end-labelled with O.SpI [y-^^P]dATP (3000Ci/mmol) with 0.5 

units of polynucleotide kinase (Promega), 1 x PNK buffer (10 x buffer = 

500mM Tris-HCI, pH7.6; 100mMMgCI2: 50mM DTT), distilled water to a 

volume of lOpI and incubated at 37°C for 30 minutes.

For dinucleotide repeat analysis and radioactive SSC analysis, 

radiolabelled ^^P-dCTP was used as well as dCTP. The final 

concentrations of the nucleotides used were 0.2mM dGTP, dATP and 

dTTP, 0.02mM dCTP and 1pl of ^^P-dCTP (3000Ci/mmol; ImCi = 100pl) 

per 1 ml of reaction mix.

Conditions for thermal cycling consisted of dénaturation at 95°C for 5 

minutes, followed by 30 or 35 cycles at 95°C for 30 seconds- 1 minute, 

30 seconds- 1 minute at the annealing temperature of the individual 

primer pair, extension at 72°C for 45 seconds - 1 minute, followed by a 

final extension step of 72°C for 10 minutes.

2.2.2.1. Reverse transcriptase (RT) PCR

1st strand cDNA synthesis was carried out in duplicate. Prior to 1st 

strand cDNA synthesis, 5pg RNA was treated with DNase I. 2 units of 

enzyme and 1 X buffer was added to the RNA sample and made up to a 

final volume of 20pl with DEPC-treated water. The sample was incubated

108



for 15 minutes at room temperature. In order to stop the reaction, 50 mM 

EDTA pH 8.0 was added and the sample placed at 65°C for 10 minutes.

DNase-treated RNA was used in the synthesis of 1st strand cDNA. To 

the RNA sample was added 7pl 5 x First strand buffer (Gibco BRL), 3.5pl 

0.1M DDT, 2pl 20mM dNTPs, lOOpmol oligo dT, lOOpmol 9mer, 40 units 

rRNAsin Ribonuclease inhibitor and DEPC-treated water to a final 

volume of GOpl. The sample was incubated at 65°C for 10 minutes then 

plunged on ice. The sample was pre-warmed for 2 minutes at 42°C prior 

to the addition of 200 units of Superscript II to one of the samples. The 

conditions for 1st strand synthesis consisted of 42°C for 90 minutes, 

followed by 15 minutes at 72°C. 4pl 1st strand cDNA was subsequently 

used in PCR.

2.2.3. Restriction endonuclease digestion

For digestion of human DNA, 5pg of DNA was added to 4pl of the 

appropriate restriction enzyme buffer, 1 0 - 2 0  units of restriction enzyme, 

and the volume made up to 40pl with distilled water. For EcoR I digests, 

the sample was incubated at 37°C for 4 hours, with a further 1pl of 

enzyme added after 2  hours.

For digestion of PCR products, lOpI PCR product, 3pl appropriate 

restriction buffer, 1 0 - 2 0  units of restriction enzyme and the volume made 

up to 30pl with distilled water. The sample was then incubated for 2
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hours at the appropriate temperature; 37°C for Bfa I, Dde I, EcoR I, Hha I 

and Hinfl, 60°C for BsiE I, 65°C for Taq I.

2.2.4. Electrophoresis

Agarose gel electrophoresis

2.2.4.1. Separation of PCR products in agarose gels

2g agarose in 100ml 1 x TBE was boiled in the microwave. On cooling, 

5)liI of ethidium bromide (10mg/ml) was added and the gel poured in to a 

BRL midi gel tray. After setting, lOpI of PCR product was diluted with 5pl 

of loading buffer, loaded onto the gel and the gel electrophoresed at 1 0 0  

volts for 20-40 minutes. The gel was transilluminated and photographed 

under ultraviolet (UV) light. The size of the amplified product was 

compared to a 100 base pair ladder loaded at the same time as the PCR 

product.

PCR products which had been digested by restriction enzymes were 

separated on 3% Nusieve/1% agarose gels.

2.2 4.2. Separation of restriction enzyme fragments of human DNA 

for Southern blotting.

2.4g agarose in 300ml 1 x TAB buffer was boiled in the microwave. On 

cooling, ISpI of ethidium bromide (lOmg/ml) was added and the gel 

poured in to a 20cm x 20cm NBL tray. Once set, lOpI loading buffer was 

added to each 40pl digest and the total volume loaded into a well. 

Molecular weight marker, Ipg of lambda DNA digested with BstE II, was
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also loaded. Gels were electrophoresed at 50 volts for 16 hours, and 

photographed under UV light next to a fluorescent ruler.

Polyacrylamide gel electrophoresis.

2.2.4.3. Microsatellite analysis.

^^P-labelled dinucleotide repeat polymorphisms.

A pair of BRL sequencing plates were washed in detergent, rinsed with 

water, dried and wiped with 70% ethanol. The smaller plate was coated 

in Sigmacote (Sigma). Two 0.4mm spacers were placed along the edges 

of the two opposed plates and these were then clipped together using 

bulldog clips. Gel mix consisted of 70ml Sequagel (6 %, 19:1 

Acrylamide:Bisacrylamide, 1 x TBE), to which was added 560pl 10% 

APS. The gel was quickly poured using a 50ml syringe, with the gel 

plates lying horizontally. Two vinyl sharks tooth combs were placed 

beside each other with the flat surface approximately 0.5cm into the gel. 

Clips were placed across the top of the plates until the gel was set.

Once set, the gel was placed in a vertical BRL tanked and clamped into 

place. The combs were removed and the gel was pre-run in 1 x TBE at 

65W for 1 hour. Following this the combs were inverted so that the teeth 

just penetrated the gel to form wells. The wells were washed out with 1 x 

TBE prior to loading.

PCR amplification was performed using direct incorporation of a-^^P- 

dCTP as described in section 2.2.2. 5pl of PCR product was diluted in
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51̂ 1 formamide dye, denatured for 3 minutes at 95°C, held on ice and 

3.5|il loaded onto the gel. The gel was run at 65W for about 2-3 hours at 

depending on the size of the PCR product. Following this, the gel plates 

were prised apart and the gel blotted onto a piece of 3MM Whatman 

paper, covered with cling film and dried at 80°C for 1 hour. The dried gel 

was exposed to X-ray film, overnight at room temperature.

Microsatellite markers labelled with fluorescent dyes

PCR reaction was carried out in a 25)liI volume as described in section

2.2.2. Gel plates were washed in alconox, rinsed thoroughly in milliQ 

water and left to air-dry. Once dry the plates were then assembled in the 

cassette with 0.2mm spacers and the plates clamped. Polyacrylamide 

gel electrophoresis was carried out on the ABI 377. Gel mix consisted of 

37ml diluent (Sequagel), 8 ml concentrate (Sequagel), and 5ml of 10x 

TBE. Prior to pouring, 400pl 10% APS and 20pl TEMED was added. The 

gel was quickly poured using a 50ml syringe, with the gel plates lying 

horizontally, and left to set for 1 hour prior to running. A 1 in 10 dilution of 

each PCR product was made, and 2pl of this diluted product was added 

to 2pl of size standard, GS350 (PE Applied Biosystems). These samples 

were denatured at 95°C for 3 minutes and held on ice prior to loading 

2.5pl per lane. The gel was electrophoresed for 2.5 hours under the 

parameters stipulated by Genescan programme GS2400C. Following 

this, the data was collected and analysed using the Genescan version 

2.0 and Genotyper software, supplied by the manufacturer (PE Applied 

Biosystems).
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2 2.4.4. Sequencing products

Direct sequencing was performed on an ABI 377 automated DNA 

sequencer (PE Applied Biosystems). Gel plates were prepared as 

described for microsatellite markers labelled with fluorescent dyes, in 

section 2.2.4.3. Gel mix consisted of 18g ultrapure urea, 5.2ml 

acrylamide [19:1], 25ml milliQ water and 0.5g Amberlite in order to 

deionise the solution. Once dissolved, 5ml of 10 x TBE was added and 

the gel mix filtered and de-gassed using a 0.2pM cellulose nitrate filter. 

Prior to pouring, 250pl freshly-made 10% APS and 35pl TEMED was 

added. The gel was quickly poured using a 50ml syringe, with the gel 

plates lying horizontally. Once set, the gel was wrapped in cling film and 

allowed to stand for 2  hours prior to running.

The gel was electrophoresed for 7 hours using the following parameters: 

Dye set: DT dRset-Any; Matrix: dRHOD; Plate check: Plate check A; Pre­

run module: Seq PR 36A-1200 and Run module: Seq run 36E-1200. The 

following day, the sequence run was analysed using the Sequence 

Analysis version 3.0 and Sequence Navigator f software (PE Applied 

Biosystems).

2.2.4.S. Single Stranded conformation (SSC) analysis

2.2.4.5.1. Silver Staining SSC analysis

Gel mix consisted of 30ml Mutation Detection Enhancement (MDE) gel, 

6 ml of 5 X TBE, with or without 7ml 87% glycerol and made up to a final 

volume of 60ml with distilled water. To this was added 30|il of TEMED
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and 300^1 10% APS. 3̂ 1 non-radioactive PCR product was diluted with 

5pl of formamide dye, denatured for 3 minutes at 95°C, and loaded on 1 

X MDE gel at room temperature with and without 10% glycerol and 

electrophoresed at 45W for 4 hours in 0.5 x TBE. Additional gels were 

electrophoresed at 15W, overnight at 4°C. Following electrophoresis, the 

glass plates were prised apart and the gel blotted onto 3MM Whatman 

paper and then floated gel-side down in a tray containing 500ml of 10% 

ethanol. A further 500ml of 10% ethanol was poured onto the gel and the 

3MM Whatman paper peeled away. The gel was washed in 10% ethanol 

for 5 minutes. Following this, the gel was oxidised in 1% nitric acid for 3 

minutes then washed briefly in distilled water. The gel was then 

impregnated with 0.012M silver nitrate solution for 20 min and rinsed 

again with distilled water for a few seconds. After developing the bands 

to optimum intensity with 0.028M N2CO3 in 0.019% formaldehyde, the 

reaction was stopped with 10% acetic acid for 2 minutes. After a final 

rinse step with distilled water, the gel was shrunk by immersing it in 50% 

ethanol for up to 30 minutes. Finally the gel was blotted onto 3MM 

Whatman paper and dried at 80°C for 1 hour.

2.2.4.5 2. Radioactive SSC analysis

PCR amplification was performed using direct incorporation of a-^^P- 

dCTP as described in section 2.2.2. 5pl of PCR product was diluted in 

5pl formamide dye, denatured for 3 minutes at 95°C and 3.5pl loaded 

onto a non-denaturing gel. This consisted of 6 % polyacrylamide 

(Protogel: 30% acrylamide to 0.8% bis acrylamide; 5% glycerol, 1 x
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TBE). The gel was electrophoresed at 360 volts overnight at either room 

temperature or at 4°C. Following this, the gel plates were prised apart 

and the gel blotted onto a piece of 3MM Whatman paper, covered with 

cling film and dried at 80°C for 1 hour. The dried gel was exposed to X- 

ray film, overnight at room temperature.

2 2.4.6. Heteroduplex analysis

Gel plates were prepared as described for ^^P-labelled dinucleotide 

repeat polymorphisms in section 2.2.4.3, with the exception that 1mm 

spacers were used. The gel mix consisted of 75ml MDE, 18ml 5 x TBE 

and 2 2 .5g of urea, and made up to a final volume of 150ml with distilled 

water. To this was added 600pl 10% APS and 60|il TEMED, and the gel 

poured quickly using a 50ml syringe, with the gel plates horizontal. 4pl 

PCR product was diluted with 1pl sucrose loading dye, and denatured 

under the following conditions: 95°C for 5 minutes, 75°C for 5 minutes, 

55°C for 5 minutes and held at 37°C until loading. This allows the strands 

to separate and reanneal slowly to form heteroduplexes. For detection of 

autosomal recessive mutations and X-linked mutations in males, 2pl 

mutant PCR product was diluted with 2pl control PCR product and 1pl 

sucrose loading dye prior to dénaturation, in order to force the formation 

of a heteroduplex. Gels were electrophoresed in 0.6 x TBE at 700 volts 

for 16 hours. Following this, the gels were stained in 1 litre of 0.6 x TBE 

containing lOOpI ethidium bromide (lOmg/ml) for 5-10 minutes. Bands 

were visualised and photographed under UV light. Alternatively, the gels
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were stained with 0.012M Silver nitrate solution as described in section

2.2.4.5.1.

2.2.5. Southern blotting and hybridisation

2.2.5.1. Southern blotting

DNA digests were separated by electrophoresis in 20cm x 20cm, 0.8% 

agarose gels overnight in 1 x TAE buffer as described in section 2.2.4 2.

The gel was soaked in dénaturation solution for 30-60 minutes, with 

shaking. The gel was then inverted and placed onto the blotting 

apparatus. This consisted of a sponge soaked in 20 x SSC placed in a 

tray containing 20 x SSC, and covered with two pieces of 3MM Whatman 

paper lying across the sponge to act as wicks.

A piece of nylon membrane (Hybond N+), cut to the same size of the gel, 

was soaked in 2 x SSC and then placed on top of the gel. On top of this 

was placed two pieces of 3MM Whatman paper soaked in 2 x SSC. 

Clingfilm was placed along the edge of the gel to prevent absorption of 

20 X SSC by any other route other than through the gel. Three paper 

towels were unfolded and placed on top of the gel/filter/Whatman paper. 

Finally, paper towels were stacked to a height of approximately 10cm 

and a glass plate and weight were placed on the top.

The gel was blotted overnight, or during the day with frequent changing 

of the paper towels. Following this, the apparatus was disassembled.
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leaving the Hybond N+. The position of the wells was marked and the 

filter washed in 2 x SSC. DNA was then fixed to the filter by soaking in

0.4M NaOH for 10 minutes after which the filter was repeatedly rinsed in 

2 X SSC to neutralise it.

2.2 5.2. Oligolabelling

This was performed using the Ready-To-Go™ DNA labelling kit 

(Pharmacia Biotech) with the solutions and protocol supplied.

20pl distilled water was added to the reaction mix tube supplied to 

reconstitute its contents, and incubated on ice for 15 minutes. 25-50ng 

probe DNA was placed in an eppendorf tube and a hole pierced in the 

lid. The DNA was denatured for 3 minutes at 95-100°C, then placed on 

ice for 2 minutes to prevent renaturation. After pulse centrifugation, the 

DNA was added to the reaction mix and to this was added 5pl a-^^P- 

dCTP (SOOOCi/mmol) and distilled water to a final volume of 50pl. The 

sample was gently mixed and pulse centrifuged prior to incubation at 

37°C for 15 minutes.

Labelled DNA was separated from unincorporated nucleotides by 

filtration through a Sephadex G-50 column in a 1ml syringe plugged with 

an autoclaved glass bead. The column was equilibrated with 300pl of TE. 

The volume of the probe sample was made up to 300pl with TE and then 

added to the column. The elute was discarded. The radiolabelled DNA 

was eluted by adding a further 300pl of TE to the column. The
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radioactivity of the eluted DNA was counted in a 4\i\ aliquot using a 

calibrated Bioscan bench top beta counter. 1x10® dpm of probe per ml 

of hybridisation solution was added to pre-hybridising filters.

2.2.5 3. Hybridisation of labelled DNA to filters

Hybond N+ filters were soaked in 2 x SSC. These were then rolled and 

placed in a Hybaid bottle with 15ml of prehybridisation solution, and 

incubated in a Hybaid rotary oven at 65°C for 3 hours. Denatured, 

radiolabelled DNA probe was added to a final concentration of 1 x 10® 

dpm/ml hybridisation solution and the filters hybridised overnight at 65°C 

in the rotary oven.

Following hybridisation, the filters were washed twice in 3 x SSC/0.1% 

SDS at room temperature for 20 minutes. Depending on the signal 

detected with a beta emission counter, filters were then washed in 1 x 

SSC/0.1% SDS at 65°C for 20 minutes. Filters were then dried on 3MM 

Whatman paper, wrapped in cling film and exposed to X-ray film at -70°C 

with intensifying screens for 1-7 days.

2.2.6. DNA Sequencing

2.2.6.1. Cycle sequencing on ABI 377 

Purification of PCR products

PCR products demonstrating SSCP variants were eluted through 

Microspin S-400 HR columns (Pharmacia Biotech). Each column was
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vortexed gently to resuspend the resin. The cap was loosened and the 

bottom closure snapped off. The column was placed in a 1.5ml 

eppendorf, which had had its lid removed, and centrifuged for 1 minute at 

13000 rpm in a MSE micro centaur centrifuge. The column was then 

transferred to a clean 1.5ml eppendorf and 40pl product carefully applied 

to the column, and centrifuged at 13000 rpm for 2 minutes. 5pl of the 

cleaned PCR product was diluted with 3pl of loading dye and 

electrophoresed on a 2% agarose gel, with a lOObp ladder, to estimate 

the volume of product required for the sequencing reaction.

Cycle sequencing

Direct sequencing was performed on both strands using ABI Prism 

dRhodamine Terminator cycle-sequencing kits (PE Applied Biosystems). 

The cycle sequencing reaction mixture consisted of 2-5pl PCR product, 

4pl Terminator Ready Reaction mix, 3.2pmol primer, made up to a final 

volume of lOpI with MilliQ water, in a 0.5ml eppendorf. The sample was 

mixed, centrifuged and overlaid with 30pl of mineral oil. The tubes were 

placed on a Tech ne Gene-E thermal cycler. Cycling conditions consisted 

of 25 cycles of 96°C for 30 seconds, 50°C for 15 seconds and 60°C for 4 

minutes. Tubes were held at room temperature until ready to purify.

Purification of sequenced products

lOpI of sequenced product was removed from under the mineral oil and 

placed on a piece of parafilm. The parafilm was gently tipped, in order to 

separate the product from any residual oil. The product was then placed
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in a clean eppendorf tube on ice and to this was added 2^\ 3M NaAc (pH 

4.6) and 50^1 95% ethanol. The sample was mixed by vortexing and left 

on ice for 15 minutes under foil to prevent any light degradation of the 

fluorescent product. After this time, the samples were centrifuged at 

13000 rpm for 30 minutes. The supernatant was removed, the pellet 

washed with 200pl 70% ethanol further centrifuged for 5 minutes. The 

pellet was allowed to air-dry, under foil and was re-suspended in 4pl 

loading dye prior to loading the gel.

Sequencing conditions

The samples were denatured at 94°C for 3 minutes and held on ice. The 

lanes were washed with 1 x TBE and 2pl of sample was loaded in 

alternate lanes, and the samples allowed to run into the gel for 3 

minutes. The wells were rinsed again, and the second batch of samples 

loaded. The gel was electrophoresed for 7 hours in 1 x TBE as described 

in section 2.2.4 4.

2.2.7. Site-directed mutagenesis

This was performed using the Quikchange™ site-directed mutagenesis 

kit (Stratagene) with the solutions and protocol supplied.

2.2.7.1. Primer design.

PCR primers for site-directed mutagenesis were designed using the 

following criteria:
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1. Both mutagenic primers must contain the desired mutation and anneal 

to the same sequence on opposite strands of the plasmid.

2. Primer length between 25 and 45 bases.

3. Melting temperature (Tm) of the primer greater than or equal to 78°C

4. Desired mutation in the middle of the primer, with 10-15 bases of 

correct sequence on either side.

5. Minimum GC content of 50%.

6. Each primer must terminate in one or more C or G bases.

These primers were ordered from PE Applied Biosystems, with 

Readypure™ purification.

2.2 7.2. Temperature cycling.

Four sample reactions with varying concentrations of template were 

prepared in 0.5ml thin-walled eppendorf tubes using 5ng, lOng, 20ng 

and 50ng of human IsK clone as template. Primers were added in 

excess. The reaction mix consisted of 5pl of 10 x reaction buffer, 5-50ng 

of double-stranded DNA template, 125ng of each mutagenesis primer, 

Ip l dNTP mix, made up to a final volume of 50pl with distilled water. To 

this was added 2.5 units of PfuTurbo DNA polymerase, and the sample 

overlaid with 30pl of mineral oil. Cycling parameters consisted of 95°C 

for 30 seconds, followed by 18 cycles of 95°C for 30 seconds, 55°C for 1 

minute and 68°C for 7 minutes and 36 seconds (2 minutes per Kb plamid 

length). 18 cycles were chosen due to the complex nature of the desired 

mutation. Following this, the samples were placed on ice for 2 minutes to 

cool the reaction to 37°C. In order to check for sufficient amplification.
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10|jl of the PCR product was electrophoresed on a 1% gel, as described 

in section 2.2.4.1.

2 2.7.3. Dpn I digestion

10 units of Dpn I was added directly to each amplification reaction 

underneath the oil. The sample was mixed gently and incubated at 37°C 

for 1 hour to digest the methylated, nonmutated parental DNA template.

2.2.7.4. Transformation

Following Dpn I digestion, the double stranded DNA template was 

transformed into E.Coli XL-1 blue competent cells. Ipl of Dpn I-digested 

DNA from each reaction was added to separate 50pl aliquots of 

competent cells contained in pre-chilled 15ml falcon tubes, and the 

reaction heat pulsed for 45 seconds at 42°C. These were then placed on 

ice for 2 minutes.

500pl pre-warmed NZY^ broth was added to each transformation 

reaction and incubated at 37°C for 1 hour with shaking at 225-250rpm. 

Immediately following this, the entire volume of each sample 

transformation was plated on LB-ampicillin plates and incubated at 37°C 

for 16 hours. The following day, single colonies were used to inoculate 

5ml LB and ampicillin added to a final concentration of 50pg/ml. This 

was incubated overnight at 37°C.

2 2.7.5. Characterisation of mutation.
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In order to check for the creation of the desired mutation, the next day 

5|jl of the 5ml culture was removed and diluted with 50|jl of distilled water 

in a 0.5ml eppendorf. This was heated at 95°C for 5 minutes, after which 

6pl was removed to use as a template in a PCR reaction. Direct 

sequencing, as described in section 2.2.4.4., was used to check for the 

mutation. DNA was prepared from the 5ml cultures as described in 

section 2.2.1.4.
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2.3. CLINICAL DETAILS OF PATIENTS STUDIED

2.3.1. X-linked deafness families

2.3.1.1. Family CN

Affected males in this family suffer from a severe/profound pure 

sensorineural hearing loss which is prelingual in onset. Re-evaluation of 

Family CN, figure 2.1, revealed that individual IV12 has congenital 

profound sensorineural hearing loss and also suffers from Downs 

Syndrome. In the past this individual was typed as unaffected, as little 

was known about him. Individual II4, previously shown to be affected with 

hearing loss but with no other family history, is shown as unaffected here 

since the sudden onset of her hearing loss was revealed to have dated 

from a severe head injury sustained in her teens. A CT scan of the 

petrous temporal bone in affected males showed no abnormality. All of 

the obligate female carriers have shown a mild/moderate hearing loss, 

more pronounced in the higher frequencies but none has complained of 

a subjective hearing loss. There was no family history of renal disease 

and urinalysis was normal. Ophthalmic evaluation was also normal.

2.3.1.2. Family FP

Affected males in Family FP have a moderate to severe sensorineural 

hearing loss of childhood onset (age 3-9 years at diagnosis) and all have 

developed speech. Obligate female carriers have a mild hearing loss. CT
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scan of the petrous temporal bone of an affected male showed no

abnormality. Family FP is shown in figure 2.2.

2.3.2. Deafness/Dystonia affected males 

Individual NB

This individual was diagnosed as profoundly deaf at 8 months of age. He 

suffers from progressive dystonia. There is no family history of deafness 

and/or dystonia.

Individual GF

This individual was diagnosed as profoundly deaf at 12 months of age 

although hearing loss was suspected within the first 4 months of life. He 

was diagnosed with Dystonia at the age of 17. Symptoms are 

progressive. There is no family history of deafness and/or dystonia.

2.3.3. Jervell and Lange Nielsen syndrome

Individuals were considered to have JLNS if they had profound 

sensorineural deafness and a prolonged QTc interval. Most individuals 

were ascertained following syncopal episodes (although families N5B 

and NBA were ascertained following ECG screening of deaf children). 

QTc intervals were calculated using Bazett’s formula and a QTc interval 

of greater than 440ms is generally considered to be prolonged (Schwartz 

et al, 1993). Some gene carriers fulfil the criteria for a prolonged QT 

interval.

2.3.3.1. British families
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Pedigrees are shown in figure 2.3.

Family UK1S

Family UK1S is a British family. Ili and II2 have congenital profound 

sensorineural hearing loss with absent vestibular function. II2 has a QTc 

interval of 488ms and II1 a QTc interval of 478ms. II2 had 3 episodes of 

syncope on exertion prior to diagnosis and treatment, one of which 

required resuscitation. Both parents have normal QTc intervals. II2 has 

retinal pigmentation of unknown origin but both boys have normal 

electroretinograms, excluding a diagnosis of Usher syndrome.

Family UK2T

Family UK2T comes from Turkey but is resident in the U.K. Parents are 

first cousins. The proband has prelingual deafness and suffered from 

syncope. His QTc is 480ms and that of his sister is 374ms. The QTc of 

the parents are within the normal range.

Family UK3C

Family UK3C is a British family. Mi was diagnosed as having a congenital 

long QT syndrome at 15 months when he had an episodic loss of 

consciousness. An ECG confirmed a long QT interval in sinus rhythm 

and typical Torsades de pointes were seen during attacks. He and his 

brother (II2) were both known to have bilateral sensorineural deafness 

since early infancy and a subsequent ECG confirmed that II2 also had a 

long QT interval. Neither parent has a long QT interval in sinus rhythm. 

The QTc of the mother is 428ms, that of the father is 430ms and
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individual II2 is 456ms. The proband, individual II1 has a QT interval of 

520-560ms.

2.3 3.2. Norwegian families

Pedigrees are shown in figure 2.4.

Family N1H

Family N1H originates from Norway and has been previously reported 

(Jervell et al, 1966). The parents are not related. The QTc of the proband 

is 646ms. Her mother has a QTc of 430ms and her father’s is 400ms. No 

QTc are available for the unaffected siblings.

Family N2S

Family N2S originates from Norway and has been previously reported 

(Jervell at a/, 1966). The proband is congenitally deaf and suffered from 

syncopal episodes provoked by exercise and fear. DNA was available 

from the parents and unaffected sibling. DNA was not available from the 

proband.

Family N3S

Family N3S originates from Nonvay. The proband is congenitally deaf 

and suffered from syncopal episodes elicited by stress. His QT interval is 

600ms, but no other information is available.

Family N40
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This family originates from Norway. The proband was diagnosed with 

congenital deafness at 18 months, and had three syncopal attacks, after 

which an ECG was requested and showed a prolonged QT interval of 

500ms. No QTc intervals are available for the parents and the unaffected 

child.

Family N5B originates from Norway. The proband is congenitally deaf 

and the diagnosis was made on ECG examination (customary practice 

for all deaf children in Norway). The affected girl’s QTc is 540ms, her 

father’s is 410ms, her brother’s is 370ms and that of her mother is 

470ms at rest increasing to 540ms on exercise.

Family N6K. The proband in Family N6K is congenitally deaf, and 

comes from the same geographical region in NonA/ay as Family N7J. No 

QTc intervals are available.

Family N7J formed the basis of the original description of this condition 

by Jervell and Lange-Nielsen in 1957 (Jervell and Lange-Nielsen, 1957). 

The QTc of the proband, individual lli, is 533ms. The parents are not 

related and have QTc values in the normal range.

Family NBA comes from Pakistan but is resident in NonA/ay. The parents 

are first cousins. The diagnosis was made neonatally based on the 

family history and finding of a QTc of 650ms in the proband. She is 

congenitally deaf. The QTc of the mother is 450ms, that of the father is
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410ms, that of the proband’s older sibling is 430ms and that of the 

younger sister is 400ms.

Family N9A originates from NonA/ay. The proband is congenitally deaf 

and has suffered from episodes of syncope. No QTc intervals are 

available for the proband or her mother.

Family N10D originates from NonA/ay. The proband is congenitally deaf 

and has suffered from episodes of syncope. The proband, individual IVi 

has a QTc of 500ms, that of her father is 470ms, her mother’s is 430ms 

and her sister’s is 360ms. Individual IV 5  was independently ascertained 

with Romano-Ward syndrome following a syncopal episode. This 

individual has a QTc of 500ms.

2.3.4. Autosomal recessive Long QT syndrome

2.3.4.1. Family N160

This family originates from Norway. The parents are first cousins. The 

proband was diagnosed with Romano Ward syndrome, following the 

identification of a prolonged QT interval on ECG. Her hearing is normal. 

The QTc of the parents and unaffected sibling are normal. Family N160 

is shown in figure 2.5.
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Figure 2.1. Pedigree of X-linked deafness family, Family CN.
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Figure 2.2.

Pedigree of X-linked deafness family, Family FP
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Figure 2.3.

Pedigrees of British Jervell and Lange-Nielsen families described in 

this study. Double line denotes consaguinity.
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Figure 2.4.

Pedigrees of Norwegian Jervell and Lange-Nielsen families 

described in this study. Double line denotes consanguinity, dashed 

line indicates suspected consanguinity.
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Figure 2.5.

Pedigree of Family N160 segregating autosomal recessive Long QT 

syndrome. Double line indicates consanguinity.
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CHAPTER 3: RESULTS

3.1. X-LINKED DEAFNESS

The work on X-linked deafness is divided into two sections. The first part 

addresses the issue of locus heterogeneity in X-linked deafness. From 

one of the first publications on the mapping of genes for X-linked 

deafness, (Reardon et al, 1991), it has been known that, despite 

accounting for a small percentage of inherited forms of deafness, X- 

linked deafness is genetically heterogeneous. Analysis of seven families 

segregating X-linked deafness confirmed the existence of a locus at 

Xq13-q21 in the majority of these families with one exception; Family CN 

represents the family which originally suggested genetic heterogeneity 

(Reardon at al, 1991). The aim of this part of the study on X-linked 

deafness was to perform linkage analysis and map the disease locus in 

Family CN and another family with X-linked deafness. Family FP, and 

work towards the identification of the causative gene.

The second part of this study on X-linked deafness, section 3.1.5, 

examines the DFN3 locus at Xq13-q21 and the question of heterogeneity 

at this locus, since not all families mapping to DFN3 have mutation in 

POU3F4.

3.1.1. Analysis of published loci in Family CN

Two loci for X-linked deafness, DFN3 at Xq13-q21, and DFN4 at Xp21.1, 

were initially analysed in Family CN.
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3.1.1.1. Microsatellite analysis at DXS995 and DXS1002

Since DFN3 accounts for the majority of cases of X-linked deafness, 

Family CN was analysed for the markers DXS995 and DXS1002 at this 

locus on Xq13-q21 to confirm whether or not DFN3 is the disease locus 

in this family. DXS995 and DXS1002 are known to flank the POU3F4 

gene at DFN3 (Nelson et a/,1995). DXS995 lies within 5cM of DFN3 

(Bitner-Glindzicz et a/,1994) and physical data has shown that it actually 

lies within 20kb of the POU3F4 gene (de Kok et a/,1995). The affected 

individuals of this family have not inherited the same alleles for the 

markers DXS995 and DXS1002, as shown in figures 3.1 and 3.2 

respectively. Affected individual IVi has inherited allele c, as has the 

unaffected individual I V #  for the marker DXS995, whereas the affected 

males Vg and Vg, have inherited allele d. Assuming the least number of 

recombination events, a cross over has probably occurred between 

individuals IV 7  and V 4 , and individuals Ills and I V # ,  with DXS995 and 

between Ills and IV #  with DXS1002. These multiple recombinations 

effectively exclude DFN3 as the causative locus.
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Figure 3.1.

Microsatellite analysis of Family CN at DXS995. Individuals 

analysed for this marker are indicated. Individual numbers 

correspond to the original pedigree, figure 2.1.
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Figure 3.2.

Microsatellite analysis of Family CN at DXS1002. Individuals 

analysed for this marker are indicated. Individual numbers 

correspond to the original pedigree, figure 2.1.
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3.1.1.2. Microsatellite analysis at the Duchenne Muscular Dystrophy 

(DMD) locus

Family CN was also typed for microsatellite markers which span the 

Duchenne muscular dystrophy gene located in Xp21.1 in order to 

analyse the DFN4 locus. The DFN4 locus included lOcM of 5’ end of 

DMD locus and 1.6cM centromeric to DMD. Physically, the region 

corresponds to 1.5Mb both within and centromeric to DMD (Lalwani et 

a/,1994). Linkage of a second family to the DMD locus at Xp21.1 refined 

DFN4 to entirely within the DMD locus (Pfister et al, 1998). The following 

markers, which span the DMD gene from the 5' promoter to the 3' 

untranslated region in Xp21.1, were typed in Family CN in order to 

exclude or establish linkage to DFN4: 5’ Dys I, intron 44, intron 45, intron 

49, intron 50, introns 62/63 and 3’ STR HI. Typing of Family CN for these 

markers revealed different haplotypes across the entire DMD locus, thus 

effectively excluding DFN4 as the causative locus in this family (Personal 

communication. Dr. M. Bitner-Glindzicz).

3.1.2. Linkage analysis

With the exclusion of DFN3 and DFN4 as the disease loci in Family CN, 

further genetic heterogeneity in X-linked deafness was established. The 

next stage was to map the disease locus in Family CN.

3.1.2.1. Microsatellite analysis of markers at Xq22

Typing with polymorphic microsatellite markers along the long arm of the 

X-chromosome from Xq21 to Xq24, revealed a region of linkage at Xq22.
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Microsatellite markers analysed were DXS995, DXS1002, DXS990, 

DXS1106, PLP, DXS17, DXS1230, COL4A5, DXS1210, DXS1220, and 

DXS1001. The dinucleotide repeat marker at COL4A5 was fully 

informative in Family CN. Allele c of this marker faithfully co-inherits with 

the deafness in this family. Results of microsatellite analysis at COL4A5 

are shown in figure 3.3.
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Figure 3.3.

MIcrosatelllte analysis of Family CN at the dinucleotide repeat 

marker at COL4A5. Individuals analysed for this marker are 

indicated. Individual numbers correspond to the original pedigree, 

figure 2.1. Arrow indicates allele c, which co-inherits with the 

deafness in this family.

143



3.1.2.2. Linkage of DFN2 to Xq21-q23

Family CN is shown in Figure 3.4 with haplotype data for X chromosome 

polymorphic markers. Two-point lod scores between the disease gene 

and marker loci were generated by LI FED. These are shown in Table

3.1. A maximum two-point lod score of 2.91 at zero recombination was 

observed with dinucleotide repeats at COL4A5 and DXS1106. For X- 

linked diseases, the two loci, the disease locus and the microsatellite 

marker, are already known to map to the same chromosome. The prior 

probability of odds against linkage are reduced so that a lod score of 2 is 

considered as evidence of linkage. Likely recombinations occurred 

between individuals IIU and IVn between the markers DXS990 and 

DXS1106, and between individual IVn and her sons Vg and Vg between 

DXS1220 and DXS1001. A recombination between DXS990 and 

DXS1106 places the disease allele telomeric to DXS990, and a 

recombination between DXS1001 and DXS1220 places the disease 

allele centromeric to DXS1001. This work demonstrates that the mutant 

deafness gene in this family maps to Xq22, with a significant lod score of 

2.91, between the microsatellite markers DXS990 and DXS1001. The 

approximate size of the candidate region in Family CN is 20-25cM 

(Nelson etal, 1995; Dib etal, 1996).

Analysis of Family CN identified a new locus for X-linked deafness on 

Xq22, the nomenclature assigned for this locus is DFN2.
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Lod score at 6 =

0 .05 .1 .2 .3 .4 .5
Omax Max

lod
score

DXS1002 -99.99 0.057 0.293 0.429 0.380 0.243 0 0.2 0.429

DXS990 -99.99 0.057 0.293 0.429 0.380 0.243 0 0.2 0.429

DXS1106 2.913 2.671 2.42 1.894 1.327 0.706 0 0 2.913

PLP 1.408 1.297 1.182 0.934 0.661 0.353 0 0 1.408

DXS17 1.12 1.002 0.869 0.562 0.230 -0.016 0 0 1.12

DXS1230 0.505 0.461 0.416 0.322 0.222 0.116 0 0 0.505

COL4A5 2.913 2.671 2.42 1.894 1.327 0.706 0 0 2.913

DXS1210 1.408 1.297 1.182 0.934 0.661 0.353 0 0 1.408

DXS1220 1.138 1.046 0.951 0.749 0.527 0.280 0 0 1.138

DXS1001 -99.99 -0.148 0.284 0.504 0.412 0.166 0 0 0.504

Table 3.1.

Pairwise Lod scores between the disease locus and Xq 

chromosome markers for Family CN.
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IV

Markers genotyped are displayed vertically, 
from lop to bottom:
DXS995
DXS1002
DXS990
DXS1106
PLP
DXS17
DXS1230
COL4A5
DXS1210
DXS1220
DXS1001
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Figure 2.4. Pedigree of Family CN, showing probable haplotypes across Xq21-q24.



3.1.3. Analysis of candidate genes in Xq22.

The DFN2 candidate region is approximately 20-25cM (Nelson et al, 

1995; Dib at al, 1996). Without additional recombinations in Family CN 

and other families with X-linked deafness mapping to the same interval, 

the DFN2 region is too large to consider a positional cloning approach. A 

positional candidate gene approach was undertaken to identify the 

causative gene.

Several syndromic forms of deafness map to Xq22, including Alport 

syndrome (Barker at al, 1990) and Mohr-Tranebjærg syndrome (MTS) 

(Tranebjærg at a/,1995). The aim of this work was to investigate whether 

or not the deafness in Family CN represents an allelic form of one of 

these conditions. The genes screened as part of this work were 

Deafness/Dystonia peptide (DDP), COL4A5 and a novel human 

homologue to the Drosophila gene diaphanous, DiaX.

3.1.3.1. Mutation analysis of DDP (Deafness/Dystonia peptide)

Mutation in DDP results in a rare syndromic form of deafness, the Mohr- 

Tranebjærg syndrome (Jin at al, 1996). The Mohr-Tranebjærg syndrome 

was originally described by Mohr and Mageroy in 1960 in a family with a 

non-syndromic form of progressive sensorineural deafness (Mohr and 

Mageroy, 1960). However re-evaluation of the family revealed additional 

clinical symptoms which include progressive dystonia, spasticity, mental 

deterioration and visual symptoms leading to blindness (Tranebjærg at 

al, 1995). On SSC analysis of DDP in Family CN, no aberrant shifts were

147



observed in the affected males of this family, as compared to control 

individuals. No mutation was identified on direct sequencing of the DDP 

gene in individual V4 of Family CN, making it unlikely that mutation in 

DDP is responsible for this form of non-syndromic X-linked deafness.

3.1.3.1.1. Further analysis of DDP in affected males with Deafness 

and dystonia

The DDP gene was screened by SSC analysis and direct sequencing in 

two affected males with isolated deafness and dystonia. A g to a 

transition at the invariant gt of the 5’ splice donor site of exon 1 was 

identified in patient NB. A donor consensus splice site consists of 

CAGgtaagt; an AG, or less commonly CG or GG, dinucleotide at the end 

of the exon followed immediately by a gt dinucleotide sequence in the 

intron (Shapiro and Senapathy, 1987). The mutation is depicted in figure

3.5, the sequence change is shown in figure 3.6.

Exonic sequence Intronic sequence

Wild type CTT TGT TGG

Mutant CTT TGT TGG

Consensus splice site CAG

gtgaggagc

atgaggagc

gtaagt

Figure 3.5.

Illustration of the DDP mutation identified in individual NB. The g to 

a transition is shown in bold. Upper case lettering denotes coding 

sequence, lower case denotes intronic sequence.
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C T G G G G 
150

T T T G T T G G R T G R H  G R G L 
140

WILD TYPE SEQUENCE 

MUTANT SEQUENCE

Exon

TT TGT TGG 

TT TGT TGG

Intron

g^gaggagcctgggg 

atgaggagcctgggg

Figure 3.6. Sequence analysis of DDP in individual NB. Sequence of 

mutation is illustrated. DNA sequence of wild type and mutation is 

displayed beneath the electropherogram, with the g to a transition 

highlighted in bold.

In order to predict the effect of this mutation on splicing, the wild type and 

mutant DNA sequences of DDP were submitted for analysis by a Neural 

Network available on the World Wide Web (http://www- 

hgc.lbl.gov/projects/splice.html). Analysis of the wild type sequence by 

Neural Network identifies all the splice sites in the sequence, and 

assigns a score (maximum 1.0) according to the suitability of that site as 

a potential 5’ splice donor. The wild type 5’ donor site for exon 1 is given 

a score of 0.8. Analysis of the mutant sequence reveals abolition of this 

splice donor site. A new donor splice site is suggested, 60 nucleotides 

proximal to this site within the coding region of exon 1, with a score of 

0.57. The use of this site would result in the in frame deletion of 20 

amino acid residues and hence a truncated protein. The consequence of 

this mutation at the RNA level needs to be confirmed.
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No mutation was identified by SSC analysis or direct sequencing of the 

DDP gene in individual GF.

3.1.3.2. X-linked diaphanous

DFNA1 encompasses an autosomal dominant, fully penetrant non- 

syndromic sensorineural progressive hearing loss, which was localised in 

a large Costa Rican kindred to chromosome 5q31 (Leon et a/, 1992). 

During the cloning of the gene for DFNA1, a human homologue of 

Drosophila gene Diaphanous (Lynch etal, 1997), work by Eric Lynch and 

Mary-Claire King at the University of Washington School of Medicine 

identified a second human homologue, related to but not identical to the 

autosomal homologue. This homologue was partially sequenced and it 

was demonstrated to map to Xq22. Mapping data was on the basis that 

the homologue is represented by several IMAGE clones, including 

IMAGE clone consortium number 626664, a 3.1Kb cDNA clone from a 

HeLa cDNA library. When searched against the GenBank database, a 

portion of the Diaphanous clone was identical to genomic DMA from PAG 

117P19. This PAC had been sequenced and mapped by the Sanger 

Centre to Xq21.3. This homologue is denoted Diaphanous X (DiaX). 

Since the deafness in Family CM localises to Xq22, we were approached 

by Eric Lynch and Mary-Claire King to test DiaX as a candidate gene for 

the deafness in Family CM. Several strategies were undertaken.

3.1.3.2.1. Mutation analysis of Diaphanous X
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From the partial sequence generated by Eric Lynch of the 3.1Kb DiaX 

cDNA clone, overlapping PCR primers were designed using a primer 

design programme at HGMP. The primers were checked for specificity to 

DiaX using a BLAST search programme. These were then used to 

amplify cDNA generated from total RNA isolated from a lymphoblastoid 

cell line of individual V4 (Family CN) and from lymphoblastoid cell lines of 

5 control individuals. PCR primers are shown in table 3.2. 812bp of 

sequence was available from the 5’ end of the 3.1Kb clone, and 829bp of 

sequence was available from the 3'end of the clone, leaving 1459bp of 

unknown sequence, the middle portion of the clone. Partial sequence 

and position of PCR primers is shown in figure 3.7.

Radioactive single stranded conformation polymorphism (SSC) analysis 

was used to screen for mutations in the portion of DiaX for which the 

sequence was known. No shifts were observed in cDNA from individual 

V4 as compared to cDNA from 5 control individuals. A representation of 

this is shown in figure 3.8.

Southern blots were prepared from EcoRI-digested genomic DMA of 

affected males of Family CN, Family FP and control individuals. A DiaX 

PCR product, using PCR primers 5’4F and 3'4F (PCR product ~ 1.5Kb), 

generated from the clone was radiolabelled and used as a probe for 

Southern blotting to detect any gross rearrangements of Diaphanous X in 

these families. No altered bands were observed, as indicated in figure
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3.9, indicating that no deletions or rearrangements of DiaX was detected 

in these families.

In order to screen the middle portion of DiaX cDNA without prior 

knowledge of the sequence, a PCR product was generated using the 

PCR primers 5’4F and 3’4F from cDNA of individual V4 and 5 control 

individuals. Since the size of the product is approximately 1.5Kb, it was 

digested with the restriction enzymes Hha\, Hinf\ and EcoRl to generate 

products less than 1Kb in order to perform heteroduplex analysis. No 

heteroduplex bands were observed.

These three experiments, SSC analysis. Southern blotting and 

heteroduplex analysis, did not identify a mutation in DiaX in Family CN.
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PRIMER

NAME

PRIMER SEQUENCE, 5' TO 3' ANNEALING

TEMPERATURE

(°G)

5’ 1F 

5’ 1R

GOA CGA GOG TTA AGG AAG AG 

GAA AGG GTG AGG GAT TGT AGG 57°G

5’ 2F 

5’ 2R

TGG GGT ATA TGA GAT GAG AAA GTT G 

TGG TAG AAT GGT TTG TAA GGG AA 53°G

5’ 3F 

5’ 3R

GGG TGA AAG GAT TTA TGA ATA ATA AG 

GGG TGG AGA AGT GGT GAA A 58°C

5’ 4F 

5’ 4R

AGG AAG AAA TAA GAG GGA AGG 

GAA TTG GAG AAG AGG GTG AAA 55°G

3' 1F 

3 1R

GGA GTA GAA AGT TTT AGT AGT TGA TTA TG 

GAT GGA TAA TGT TGT AGA AGG GG 54°G

3' 2F 

3' 2R

GTG TGT GAA TGG TGG AGG TG 

TGT GAA GAA GTT GGG AAG TTT G 55°C

3' 3F 

3' 3R

ATA TTG TTT TGT GTG AGT GGT TGG A 

GAG AAA TGA AGA GGA TAG GTG TGT 53°G

3’ 4F 

3’ 4R

GGG GAG TGT TTG TAA AGT GGT G 

GGT TAA AGA ATG GGT AAA ATG GA 57°G

Table 3.2. PCR primers used to amplify DiaX.
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5 '  I F
GCACGAGCCTTAACGAAGAGAAAAAAGCTCCTTTACaAAACAAAGACTTTACCACCAAAC

6 0
CGTGCTCGGAATTGCTTCTCTTTTTTCGAGGAAATGcTTTGTTTCTGAAATGGTGGTTTG

GTGAGATGGTTGTCCAGTATATTTCTGCCACTGCCAAATCTGGTGGGCTGAAAAACAGCA

1 2 0
CACTCTACCAACAGGTCATATAAAGACGGTGACGGTTTAGACCACCCGACTTTTTGTCGT

5 ' 2 F
AACATGAATGCACCCTGTCTTCACAAGAATATGTTCATGAATTACGATCGGGTATATCAG

1 8 0
TTGTACTTACGTGGGACAGAAGTGTTCTTATACAAGTACTTAATGCTAGCCCATATAGTC

ATGAGAAACTTCTTAATTGCCTAGAATCCCTCAGGGTTTCTTTAACCAGCAATCCGGTCA

2 4 0
TACTCTTTGAAGAATTAACGGATCTTAGGGAGTCCCAAAGAAATTGGTCGTTAGGCCAGT

5 ' IR

GCTGGGTTAACAACTTTGGCCATGAAGGTCTTGGACTCTTATTGGATGAGCTGGAAAAGC

3 0 0
CGACCCAATTGTTGAAACCGGTACTTCCAGAACCTGAGAATAACCTACTCGACCTTTTCG

TTCTGGACAAAAAACAGCAAGAAAATATTGACAAGAAGAATCAGTATAAACTTATTCAAT

3 6 0
AAGACCTGTTTTTTGTCGTTCTTTTATAACTGTTCTTCTTAGTCATATTTGAATAAGTTA

5 ' 3 F
GCCTCAAAGCATTTATGAATAATAAGTTTGGCTTACAAAGGATTCTAGGAGATGAAAGAA

4 2 0
CGGAGTTTCGTAAATACTTATTATTCAAACCGAATGTTTCCTAAGATCCTCTACTTTCTT

5 ' 2R

Figure 3.7.

Sequence of 5’ and 3’ ends Diaphanous X cDNA clone, generated 

by Eric Lynch, at the University of Washington School of Medicine. 

The position of primers designed at ICH is indicated by an 

underlined, bold sequence.
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GTCTTTTGCTATTGGCAAGAGCAATTGACCCCAAACAACCCAACATGATGACTGAAATAG

4 8 0
CAGAAAACGATAACCGTTCTCGTTAACTGGGGTTTGTTGGGTTGTACTACTGACTTTATC

TAAAAATACTTTCGGCAATTGCATTGTTGGAGAAGAGACACTCTAGATAAACTTTTACGG

5 4 0
ATTTTTATGAAAGCCGTTAACGTAACAACCTCTTCTCTGTGAGATCTATTTGAAAATGCC 

5 ' 4F
GGCTACAACACAGCAGCACGAAGAAATAACACGGAACGACTTTCACCACTTGTGGACCGT

6 0 0
CCGATGTTGTGTCGTCGTGCTTCTTTATTGTGCCTTGCTGAAAGTGGTGAACACCTGGCA

5 ' 3 R

TTACAAATCANGAATCCTTGCATTACAGGTGGCTGCATGCACTTTATAATGCCCATGTAC

6 6 0
AATGTTTAGTNCTTAGGAACGTAATGTCCACCGACGTACGTGAAATATTACGGGTACATG

TTCTCCTTAGAGCTGCATTTCGACACTTTACGGATGATTCCTCGTCACGACTAAACACAG

7 2 0
AAGAGGAATCTCGACGTAAAGCTGTGAAATGCCTACTAAGGAGCAGTGCTGATTTGTGTC

TACAGATGATAGCAAAGAGATGTGAGCTGACATCACTTGACGTATTTGTAACACAAAAAT

7 8 0
ATGTCTACTATCGTTTCTCTACACTCGACTGTAGTGAACTGCATAAACATTGTGTTTTTA

GCCTACCGCATTTCACCCTCTTCTGCAATTG

CGGATGGCGTAAAGTGGGAGAAGACGTTAAC
5 ' 4 R

3 ' e n d  o f  c l o n e

3 ' I F
TTTTTTTTTTTTTTTTTTTCATGTTTCCACTAGAAACTTTTACTACTTGATTATCTTAAA

60
AAAAAAAAAAAAAAAAAAAGTACAAAGGTGATCTTTGAAAATGATGAACTAATAGAATTT

AAGTCATGTTGTACCATCACCCAATCCTGTTTAAAACAGCACTCAGGCCGTTTATGTAGC

120
TTCAGTACAACATGGTAGTGGGTTAGGACAAATTTTGTCGTGAGTCCGGCAAATACATCG

Figure 3.7 continued.
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TGATCTTGGATTAGCCCTTGTTGCACAGGGATGATTTACCACTGGATTCCTTGGAATCCG

1 8 0
ACTAGAACCTAATCGGGAACAACGTGTCCCTACTAAATGGTGACCTAAGGAACCTTAGGC

3 ' 2 F
CTTTCGACGGTCTCTGAATGCTGCACCTGATTGTAGGGCTTCTAGAAGATTATCCATCAC

2 4 0
GAAAGCTGCCAGAGACTTACGACGTGGACTAACATCCCGAAGATCTTCTAATAGGTAGTG

3 ' IR

ACCAGTCTCATCACCCTCTTTGTTTATATCAATGAGTTGTTTCTTTTTCTTCTGGCGTTC

3 0 0
TGGTCAGAGTAGTGGGAGAAACAAATATAGTTACTCAACAAAGAAAAAGAAGACCGCAAG

TAACTTTTCTTGTTCAGCTTTCTCTTTTGCAAGTTTTGCCCTCCTGGTCTTCTCTTCCAT

3 6 0
ATTGAAAAGAACAAGTCGAAAGAGAAAACGTTCAAAACGGGAGGACCAGAAGAGAAGGTA

3 ' 3 F
TTCTCTTCTCATATTGTTTTCTCTCACTGCTTCCAAAAACAAAGTTCGGAAGTTGTTGAG

4 2 0
AAGAGAAGAGTATAACAAAAGAGAGTGACGAAGGTTTTTGTTTCAAGCCTTCAACAACTC

3 ' 2 R

ATCACCAAAGAACTCTTCTATGCTCACTGTCTTTGAGTCAAAAATGAAGTATTCTCCAAG

4 8 0
TAGTGGTTTCTTGAGAAGATACGAGTGACAGAAACTCAGTTTTTACTTCATAAGAGGTTC

ATTCTCATAGAGCTTCATCATGTTGTTGTGCATGGTTGGACAGTTTTTCATACAGTTCTC

5 4 0
TAAGAGTATCTCGAAGTAGTACAACAACACGTACCAACCTGTCAAAAAGTATGTCAAGAG

3 ' 4 F
GGGCAGTCTTTGTAAACTGGTCATCTTTTCACACACCTATCGTGTTGATTTCTGCTTGGC

6 0 0
CCCGTCAGAAACATTTGACCAGTAGAAAAGTGTGTGGATAGCACAACTAAAGACGAACCG

3 ' 3 R

GGAATTTCTTGATGTCACTTCCAGATGAACAATTGTTGTTCCATGATGCAGGGTGCTCTG

6 6 0
CCTTAAAGAACTACAGTGAAGGTCTACTTGTTT^CAACAAGGTACTACGTCCCACGAGAC

Figure 3.7 continued.
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ACAACTTGGGCTGAACTTGCTTGCACTTCAACGTGTTCACATTCTTAGGACATTTTAGAA

7 2 0
TGTTGAACCCGACTTGAACGAACGTGAAGTTGCACAAGTGTAAGAATCCTGTAAAATCTT

TCTCAATTTTCCTCCAAAGTCGGCATAATCGAACGGTTGTTTTAATCGCGAATAAAACCT

7 8 0
AGAGTTAAAAGGAGGTTTCAGCCGTATTAGCTTGCCAACAAAATTAGCGCTTATTTTGGA

CGATTTTACGGATTGTTTAACCCAACCGGGATTTTGACCGCTTACTTTC

GCTAAAATGCCTAACAAATTGGGTTGGCCCTAAAACTGGCGAATGAAAG
3 ' 4 R

Figure 3.7 continued.
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Figure 3.8.
Radioactive SSC analysis of DiaX, using primers 3’ 3F and 3’ 3R. No 

aberrant shifts were observed in individual V4, family CN (lane 3) as 
compared to control individuals (lanes 1,2,4-7).
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Figure 3.9.
Southern blot analysis of DiaX. EcoRI-digested DNA, probed with 
radiolabelled DiaX PCR product (primers 5’ 4P and 3’4F), illustrating 

the same pattern of bands in individual V4 , family CN (lanes 1 and 9) 

and in individual III4, family FP (lanes 3 and 1 0 ) as compared to 
control individuals (lanes 4-8,11-20).
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3.1.3.2.2. Deletions of Xq21.1-q22 

Individual MBU

A DNA sample and lymphoblastoid cell line were available from this 

patient. This individual has a characterised deletion of Xq21.1-22, from 

DXS33 to pF1 (Bach et al, 1992; Clark et al, 1994), and clinically has 

choroideremia and mental retardation, but normal hearing. PCR analysis 

of microsatellite markers in Xq21-q24 was performed to further refine the 

extent of the deletion and establish whether or not patient MBU is 

deleted for DiaX.

The microsatellite markers analysed were DXS986, DXS1002, DXS990, 

PLP, DXS1231, DXS8096, DXS1230, DXS1106, DXS1210, DXS1220 

and DXS1001. Individual MBU is deleted for the following markers; 

DXS1002, DXS990, DXS1231, and not deleted for the following markers; 

DXS986, DXS1106, DXS1230, PLP, DXS1210, DXS1220 and DXS1001. 

The minimum deletion of Xq21-q22 in individual MBU is between 

DXS1002 and DXS1231. Diagrammatic representation of MBU deletion 

is shown in figure 3.10.

Southern blotting, using the radiolabelled PCR products 5’4F and 3'4F 

(PCR product ~ 1.5Kb) 5’1F and 5'3R (PCR product ~600bp) and 3’1F 

and 3'3R (PCR product ~ 560bp) generated from the clone as probes, 

was used to detect any gross rearrangements of DiaX in patient MBU. 

On Southern blot analysis (figure 3.11), MBU is deleted for several 

bands, indicating a possible deletion of DiaX. The presence of some
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bands on Southern blot analysis due to cross hybridisation of the 

autosomal homologue could not be ruled out.
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Figure 3.10.
Diagrammatic representation of MBU deletion in relation to the 

microsatellite markers analysed in this study, the DFN2 candidate 

region, and the approximate position of DiaX. The deletion is 
represented by a solid black line. The DFN2 candidate region is 

defined by a solid red line, a dashed line indicates the markers 

between which a recombination has been observed in Family CN.
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Figure 3.11.
Southern blot analysis of DiaX in individual MBU. EcoRI-digested 

DNA, probed with radiolabelled DiaX PCR product (primers 5’ 4P 

and 3’4F), illustrating deletion of bands observed in individual MBU 

(lanes 5 and 15, indicated by arrows) as compared to control 

individuals (lanes 1, 3-4, 6-14, 17)
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3.1.3.2.3. Mapping of Diaphanous X cDNA on a YAC contig 

encompassing Xq21-q22

This work was carried out in collaboration with Drs. David Vetrie and 

Elaine Kendall at Guy’s Hospital, London. The purpose of this work was 

to map more precisely the position of DiaX. PCR products 5’4F and 3’4F 

(PGR product ~ 1.5Kb) 5’1F and 5’3R (PCR product ~600bp) and 3'1F 

and 3’3R (PCR product ~ 560bp) generated from the clone at ICH, were 

used by Elaine Kendall as probes to map DiaX cDNA onto a complete 

YAC contig and cosmid interval map covering human Xq21.33 to Xq22.3 

from DXS3 to DXS287 (Kendall et al, 1997). These results localised the 

entire DiaX gene just telomeric to DXS458. The position of DiaX and 

DXS458 with respect to the DFN2 candidate region and deletion 

observed in MBU is illustrated in figure 3.10.

3.1.3.2.4. Further microsatellite analysis of Xq22 in Family CN.

The recombination defining the centromeric boundary of the DFN2 

candidate region is between the markers DXS990 and DXS1106. In 

order to define more precisely the position of this recombination in 

Family CN, additional microsatellite markers located between DXS990 

and DXS1106 were analysed. The results of which would hope to 

establish whether DiaX still mapped within the candidate region for the 

deafness in this family. Additional microsatellite markers analysed were 

DXS6809, DXS8020 and DXS178. The order of markers in relation to 

DXS458 and DiaX is as indicated: DXS990, DXS458, DXS6809, DiaX, 

DXS178, DXS8020 and DXS1106 (Collins et al, 1996). These markers
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were not fully informative in this family, hence the recombination 

between DXS990 and DXS1106 could not be more finely mapped. DiaX 

still maps within the candidate region.

Compilation of these results makes it unlikely that the deafness in Family 

CN is caused by mutation in DiaX. It was demonstrated that DiaX maps 

just telomeric to DXS458, within the minimum deleted region of Xq22 

observed in individual MBU. This mapping data combined with Southern 

blot and microsatellite analysis indicates that MBU is deleted for DiaX. 

Since MBU is not deaf, this suggests that complete deletions of DiaX do 

not result in hearing loss. DiaX maps within the DFN2 candidate region, 

but a mutation in DiaX was not identified by SSC and heteroduplex 

analysis in Family CN.

3.1.3.2.5. Expression of Diaphanous X in fetal tissues

Human autosomal diaphanous is ubiquitously expressed as 

demonstrated by Northern blot analysis (Lynch et al, 1997). In order to 

establish expression of DiaX, total RNA was extracted from tissues 

dissected from a 72 day old fetus. Expression of DiaX was demonstrated 

in fetal ear, gut, kidney and adrenal, stomach and hindbrain using RT- 

PCR, as shown in figure 3.12. The primers used were 3’ IF  and 3’1R, 

giving a PCR product of 211 bp. Since the genomic structure of the gene 

is unknown, primers could not be designed to specifically cross an intron. 

Therefore in order to rule out the possibility of genomic DNA 

contamination, controls were set up in which no reverse transcriptase
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enzyme had been added to the 1st strand cDNA reaction. This 

demonstrated that DiaX is widely expressed in fetal tissues including the 

ear.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Figure 3.12.
PCR amplification of oDNA samples prepared from human fetal 
tissues, illustrating DiaX expression in fetal ear (lanes 2 and 12), gut 

(lane 4), kidney and adrenal (lane 6), stomach (lane 8) and hindbrain 
(lane 10). Lane 1, lOObp ladder. Lane 14, genomic control. Lane 15, 
IMAGE clone626664,1/20 dilution. Lane 16, blank.
Lanes 3, 5, 7, 9,11 end 13 are rt* minus controls.
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3.1.4. Family FP

A second family with X-linked deafness, Family FP, was analysed for 

markers at the known XLD loci, DFN3, DFN4 and the new locus 

identified in Family CN (DFN2).

3.1.4.1. Microsatellite analysis at the DFN3 locus

Analysis of this family with the markers DXS986 and DXS1002, from 

Xq13-q21 showed multiple recombinations and excluded POU3F4 

(DFN3) as the disease gene. Two-point lod scores generated by Liped 

are shown in table 3.3. DFN3 can be excluded as the disease gene if a 

lod score of -2 is taken as evidence against linkage.

Locus Lod score at 0 =

0.0 0.001 0.05 0.1 0.2 0.3 0.4

DXS986 -99.99 -7.371 -2.339 -1.505 -0.744 -0.365 -0.142

DXS1002 -99.99 -7.371 -2.339 -1.505 -0.744 -0.365 -0.142

Table 3.3.

Two point lod scores between the disease gene and marker loci for 

Family FP.

3.1.4.2. Microsatellite analysis at the DFN4 locus

Family FP was typed for the following microsatellite markers which span 

the DMD gene in order to exclude linkage to DFN4: 5’ DYS I, intron 44, 

intron 45, intron 49, intron 50, introns 62/63 and 3’ STR-HI. Typing
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revealed different haplotypes in affected males across the entire DMD 

locus, excluding DFN4 as the causative locus in Family FP. The 

haplotypes are shown in figure 3.13 and show that the affected males, 

II2, II5, II7 and III4 do not share a common haplotype in this region, 

effectively excluding linkage.

3.1.4.3. Microsatellite analysis at the DFN2 locus

Subsequent to the observation of linkage of Family CN to Xq22, Family 

FP was typed for the dinucleotide repeat marker at COL4A5. As shown 

in figure 3.14, three of the affected males, II5, II7 and III4, have different 

alleles, indicating that the COL4A5 gene is an unlikely candidate for the 

deafness in this family

3.1.4.4. Microsatellite analysis of X chromosome markers

Family FP was typed for the following markers shown in table 3.4, as 

part of the Research Genetics mapping set 6.0. These markers are 

spaced approximately at 10.75cM intervals along the X-chromosome, 

with an average heterozygosity of 0.75. Typing of these markers in 

Family FP failed to identify an informative marker consistent with linkage.

Microsatellite analysis of Family CN identified a novel locus for X-linked 

deafness, DFN2. The causative gene remains to be identified. Although 

it is unlikely that Family FP maps to either DFN2, DFN3 or DFN4, if new 

X-linked deafness genes are identified, then this family can be analysed 

for exclusion of a candidate gene. At the present time the small family
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size precludes the possibility of independently establishing or refuting 

linkage.
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ab
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a'a

Order of Markers 
5’ DYS I 
S IR  44 
STR 45 
STR 49 
STR 50 
STR 62/63  
3' STR HI

Figure 3.13.

Family FP. Probable haplotypes across the DFN4 locus at Xp21.1 

assuming the least number of recombinations. The affected males 

do not share a common haplotype in this region. Individuals I I I 2 ,  I I I 3 ,  

Ills, I V 1  and I V 2  were not typed for this marker since DNA was not 

available.
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Figure 3.14.
Microsatelllte analysis of Family FP with the diducleotide repeat at 

COL4A5. The three affected males I I 5 ,  I I 7  and IIU have different 
alleles effectively excluding this as the disease gene. Individuals 

I I I 2 ,  I I I 3 ,  I I I 5 ,  I V 1  and I V 2  were not typed for this marker since DNA was 

not available.



Marker Heterozygosity cM between Total cM along 

chromosome

DXS6807 0.68 0

DXS987 0.83 14 14

DXS989 0.80 17 31

DXS1068 0.79 17 48

DXS6810 0.66 6 54

DXS1003 0.81 13 67

DXS7132 0.73 9 76

DXS6800 0.76 10 86

DXS6789 0.76 14 100

DXS6799 0.70 5 105

DXS6797 0.76 6 111

DXS6804 0.66 6 117

DXS1001 0.82 14 131

DXS1047 0.81 12 143

DXS1193 0.75 27 170

Table 3.4.

Microsatellite markers analysed as part of Research Genetics 

mapping set 6.0. Average heterozygosity and spacing of the 

markers along the X chromosome is indicated in centimorgans 

(cM).



3.1.5 DFN3 and POU3F4

The second part of the work on X-linked deafness addresses the clinical 

heterogeneity in DFN3. The majority of DFN3 families are accounted for 

by mutation in the POU3F4 gene (de Kok et a/, 1995; Bitner-Glindzicz at 

al, 1995). However in some X-linked deafness families which map to 

Xq12-q21, POU3F4 mutations have not been identified. In some of these 

cases, microdeletions proximal to the POU3F4 gene have been 

characterised (de Kok etal, 1995; de Kok etal, 1996).

The aim of this work was to analyse individuals with X-linked deafness 

who have characterised microdeletions proximal to POU3F4 in order to 

study the effect of the deletion on POU3F4 expression. From whether or 

not the expression of POU3F4 is altered in these individuals, it would 

provide evidence for the presence of another gene in the commonly- 

deleted region shared by these individuals, mutation in which results in 

deafness, or a position effect on the expression of the POU3F4 gene.

3.1.5.1. Expression system

The first task was to find an accessible tissue in which to study POU3F4 

(BRN-4) expression. Ideally, one where POU3F4 is expressed at a 

detectable level, in order to look for a difference in level of expression 

between control individuals and individuals with the proximal deletion. 

Brn-4 (pou3f4) expression has been demonstrated in the developing and 

adult brain (Wegner et al, 1993) and the developing inner ear of the 

mouse (Phippard etal, 1998). RT PCR detects expression in human fetal
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kidney at 6 and 8 weeks, and in an embryonic kidney cell line (M. Bitner- 

Glindzicz, 1996, PhD thesis). For this reason, urothelial cells sloughed 

into the urine were chosen as a source of RNA to examine POU3F4 

expression.

3.5.1.1.1. POU3F4 expression in urine

Total RNA was extracted from urine from control individuals. First strand 

cDNA was used to amplify, by PCR, the region of BRN-4 using the 

primers la and lb. cDNA amplification was not observed in urine as 

shown in figure 3.15. A band of approximately 220bp in the genomic 

control lane indicated that the PCR was successful. In order to check the 

integrity of cDNA from the urine sample, the 1st strand cDNA was used 

to amplify, by PCR, the region of HPRT between exon 7 and exon 9 

(Jolly et al, 1983). The presence of a cDNA amplification product is 

indicated by a product size of approximately 200bp. Any genomic DNA 

contribution is indicated by a band of approximately 1.5kb. This PCR 

demonstrated the presence of cDNA in the sample. Having established 

this, the BRN-4 PCR product was electrophoresed on a 0.8% agarose 

gel, and a Southern blot generated. The presence of BRN-4 product was 

demonstrated using a radiolabelled BRN-4 PCR product as a probe 

(primers la and Vb, product size 1.1Kb). A diffuse band (lane 1) was 

observed on overnight exposure, as shown in figure 3.16. Lanes 3 and 4 

show strong hybridisation to the genomic control.
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Figure 3.15.
cDNA amplification of POU3F4 from urothelial cells from adult 

urine. Lanes 2 and 4, cDNA from urine. Lane 3, RT minus control, 

Lane 5, genomic DNA. Lane 6, blank. Lanes 1 and 7, lOObp ladder.
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Figure 3.16.
Autoradiograph demonstrating POU3F4 expression in cells 

obtained from urine (Lane 1). Lane 2, RT minus control, Lanes 3 and 
4, genomic control, lane 5, blank.
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This work demonstrated low level expression of POU3F4 in urine. Due to 

doubts whether differences in expression of POU3F4 between 

individuals with the proximal deletion and control individuals could be 

accurately detected using this method and the problem of susceptibility 

to DNA contamination at such low levels of expression, another source 

of RNA was sought.

3.5.1.1.2. POU3F4 expression in lymphoblastoid cell lines

Total RNA was extracted from lymphoblastoid cell lines of control 

individuals and individuals with characterised deletions. PCR analysis 

showed that BRN-4 is not expressed in lymphoblastoid cell lines, an 

observation in keeping with published data (de Kok et al, 1996). HPRT 

control reaction demonstrated the integrity of the cDNA in the sample, as 

shown in figure 3.17.

Despite the demonstration of POU3F4 expression in cells obtained from 

urine, it was thought that this method would not be sensitive enough to 

detect changes in expression of POU3F4. Further experiments need to 

be performed to address the problem of whether the deletions cause a 

position effect on the POU3F4 gene, or whether the presence of a 

another transcript in the commonly-deleted region is responsible for the 

hearing loss in these individuals.
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1 2 3 4 5 6 7 8 9  10 11 12 13 1415 16 17

Figure 3.17.
PCR amplification of cDNA samples prepared from lymphoblastoid 
cell lines, demonstrating HPRT expression in lanes 2, 4, 6, 8, 10, 12 

and 14. Lane 16, genomic control. Lane 17, blank.

Lanes 3 , 5 , 7 , 9 , 1 1 , 1 3  and 15 are RT minus controls.
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3.2. JERVELL AND LANGE-NIELSEN SYNDROME

3.2.1. Genetic mapping

At the start of this work, Jervell and Lange-Nielsen syndrome had not 

been mapped. The aim was to map this syndrome using homozygosity 

mapping and work towards the identification of the causative gene. The 

mapping strategy employed was a genome search in combination with 

microsatellite analysis of candidate loci. Very few families were available 

at the time, thus the mapping of JLNS centred around a single 

consanguineous British family. Family UK1S (Figure 2.3). Only affected 

members of the family were typed initially for each microsatellite marker. 

Once homozygosity for a single marker was observed, the entire family 

was then analysed at that locus. If homozygosity-by-descent was found 

for Family UK1S, then these regions were checked in other families with 

JLNS, which became available at a later stage of the work. During the 

course of this work, Neyroud et al described homozygosity for a single 

mutation in the potassium channel gene KVLQT1 in two families with 

JLNS (Neyroud etal, 1997).

3.2.1.1. Microsatellite analysis at candidate loci

Due to the clinical overlap between Romano Ward syndrome and Jervell 

and Lange-Nielsen syndrome, ion channels genes and loci implicated in 

Romano Ward syndrome were chosen as candidate regions (Wang at al, 

1996; Curran at al, 1995; Wang at al, 1995; Schott at al, 1995). At least 

three highly polymorphic microsatellite markers were typed for each
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candidate locus, as indicated in table 3.5. Additional markers within the 

chosen candidate locus were analysed if the results for a particular 

microsatellite marker was uninformative. Loci for autosomal recessive 

and autosomal dominant non-syndromic deafness were also chosen as 

candidate regions, information for which are shown in tables 3.6 and 3.7. 

These were chosen on the basis that syndromic and non-syndromic 

forms of deafness map to the same chromosomal location and could 

therefore be allelic (Everett et al, 1997: Li at al, 1998; Weil at al, 1995a; 

Liu at al, 1997a; Weil atal, 1997; Liu atal, 1997b)

3.2.1.2. Exclusion of candidate loci

Analysis of Family UK1S excluded the KVLQT1 gene as the disease 

locus, homozygosity for the microsatellite markers typed was not 

observed in the affected boys of Family UK1S. Initially, the markers 

D11S922, D ll SI 318 and D ll 84146 were typed in Family UK1S. 

Additional markers were analysed due to the re-positioning of the 

KVLQT1 gene with respect to these microsatellite markers (Dausse at al,

1995). The exclusion of KVLQT 1 as the disease locus provided 

evidence for genetic heterogeneity in Jervell and Lange-Nielsen 

syndrome. Microsatellite analysis of Family UK1S at this locus is shown 

in figure 3.18 and haplotype data is shown in figure 3.19.

All other candidate loci, loci for LQT2-LQT4, DFNA1-12 and DFNB1-12, 

and DFNB16, were excluded as the disease locus in Family UK1S on the 

basis that homozygosity by descent was not observed with any of the
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microsatellite markers analysed. A genome search was initiated, typing 

microsatellite markers as part of the Research Genetics mapping set 6.0, 

spaced at approximately 10cM intervals.
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Locus
name

Location Gene Microsatellite markers Reference

LQT1 11p15.5 KVLQT1 D11S922, D11S4046, 
D11S1318, D22S4088, 
D11S4146

Wang et a/, 
1996

LQT2 7q35-36 HERG D7S483, D7S636, 
D7S505

Curran at al, 
1995

LQT3 3p21-24 SCN5A D3S1298, D3S1100, 
D3S1211

Wang at al, 
1995

LQT4 4q25-27 unknown D4S402, D4S430, 
D4S406

Schott at al, 
1995

Table 3.5.
Microsatellite markers for Ion channel genes and loci implicated in
Romano Ward syndrome, screened as part of genome search.
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Locus
name

Location Microsatellite markers Reference

DFNA1 5q31 D5S640, D5S410, D5S412 Leon et al, 1992

DFNA2 1p32 D1S255, MYCL1, D1S193 Coucke et ai, 1994

DFNA3 13q12 D13S143, D13S175, 
D13S292

Chaib etal, 1994

DFNA4 19q13 D19S208, D19S224,ApoC2 Chen etal, 1995

DFNA5 7p15 D7S629, D7S673,D7S529 Van Camp et al, 1995

DFNA6 4p16.3 D4S1614, D4S412, D4S432 Lesperance et al, 1995

DFNA7 1q21-q23 D1S194, D1S196, D1S210 Fagerheim et al, 1996

DFNA8 11q22-24 D11S1345, D11S934, 
D11S1320

Kirschhofer et al, 1998

DFNA9 14q12-q13 D14S70, D14S121.D14S290 Manolis etal, 1996

DFNA10 6q22-q23 D6S267, D6S407, D6S472 O'Neill etal, 1996

DFNA11 11q13.5 D11S911, D11S937 Tamagawa et al, 1996

DFNA12 11q22-24
D11S925, D11S1347, 
D11S934 Verhoeven et al, 1997

Table 3.6.
Microsatellite markers for autosomal dominant non-syndromic
deafness loci screened as part of genome search.
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Locus
name

Location Microsatellite markers Reference

DFNB1 13q12 D13S143, D13S175, 
D13S292

Guilford etal, 1994a

DFNB2 11q13.5 D11S911, D11S527, 
D11S937

Guilford at al, 1994b

DFNB3 17p11.2-q12 D17S122, D17S805, 
D17S842

Friedman etal, 1995

DFNB4 7q31 D7S501, D7S496, D7S523 Baldwin etal, 1995

DFNB5 14q12 D14S79, D14S253, 
D14S286

Fukushima etal, 1995a

DFNB6 3p14-p21 D3S1767, D3S1289, 
D3S1582

Fukushima etal, 1995b

DFNB7 9q13-q21 D9S50, D9S301, D9S166 Jain et al, 1995

DFNB8 21q22 D21S212, D21S1225, 
D21S1575

Veske et al, 1996

DFNB9 2p22-p23 D2S144, D2S171, D2S158 Chaib etal, 1996a

DFNB10 21q22
D21S1225, D21S212, 
D21S1575 Bonné-Tamir ef a/, 1996

DFNB11 9q12-q21
D9S166, D9S175, D9S43, 
D9S1862 Scott et al, 1996

DFNB12 10q21-q22 D10S193, D10S537 Chaib etal, 1996b

DFNB16 15q21-q22 D15S132, D15S123 Campbell etal, 1997

Table 3.7.
Microsatellite markers for autosomal recessive non-syndromic
deafness loci screened as part of genome search.
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Figure 3.18.
Microsatellite analysis of Family UK1S at the KVLQT 1 locus on 

11p15.5. Markers shown are D11S922, D11S1318 and D11S4146.
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Family UK1S
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Figure 3.19.

Results of haplotyping for three markers, D11S922, D l l  S I 318 and 

D1134146 on chromosome 11 around the LQT1 locus in Family 

UK1S. The double line between the parents denotes consanguinity. 

The results show that although the two boys in this family have 

inherited the same alleles flanking this locus, they are not 

homozygous for any of the markers.
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3.2.1.3. Genome search

A region of homozygosity by descent in Family UK1S was found on 

chromosome 21q22 with D21S261 after 50 microsatellite markers had 

been genotyped. Other markers which showed homozygosity are 

D21S1895 and D21S1252 but not D21S268 (D21S1254 was 

uninformative). Markers are in the order cen-D21S261, D21S1254, 

D21S1895, D21S1252, D21S268-tel. The minimum region of 

homozygosity is between the markers D21S263 and D21S1252, 

corresponding to an approximate genetic distance of 7cM (Dib et al, 

1996). Microsatellite analysis of these markers is shown in figure 3.20, 

marker haplotypes are shown in Figure 3.21.
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Figure 3.20.
Microsatellite analysis of Family UK1S at D21S261, D21S1895, and 
D21S1252.
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Figure 3.21.

Family UK1S with haplotype data for chromosome 21 markers, 

indicating homozygosity for the markers D21S261, D21S1254, 

D21S1895 and D21S1252.
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Analysis of additional microsatellite markers on chromosome 21,
02\S2(:>5
B2Q2QB, D21S1253, D21S269, D21S1258, D21S263, D21S1255, and 

D21S1259, demonstrated that the region of homozygosity observed in 

Family UK1S does not overlap with the autosomal recessive non- 

syndromic locus DFNB8 or DFNB10 (Veske et al, 1996; Bonné-Tamir et 

al, 1996), or the locus for Usher syndrome type IE (Chaib et al, 1997).

3.2.2. Analysis of candidate gene, IsK

A candidate gene, IsK (minK), maps to the homozygous region observed 

in Family UK1S (Shimizu et al, 1995). The IsK gene is placed between 

the microsatellite markers D2181254 and D21S1895 (Collins et al,

1996). The coding sequence of the IsK gene was analysed in Family 

UK1S and in 11 other families with JLNS using SSC analysis. Previously 

described intragenic polymorphisms were detected (Lai et al, 1994; 

Tesson et al, 1996) but no novel shifts were seen in single stranded DNA 

in the affected boys of Family UK1S or their parents or in any other JLNS 

families. However, novel heteroduplexes were observed in both parents 

in Family UK1S in double stranded DNA, neither of which were seen in 

over 60 control individuals (120 chromosomes) or in any other individuals 

with JLNS, as shown in figure 3.22.

Sequencing of the PCR products IsK gene showed the changes 

illustrated in figure 3.23, in which three separate nucleotides have been 

altered. The mutation identified is an A to C transition at nucleotide 

position 172, an insertion of C and a deletion of G within a stretch of 6
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nucleotides, resulting in the overall change from ACCCTG to CCCCCT. 

The mutation described here causes Th%# and Leugg each to be replaced 

by Proline in the transmembrane region of the predicted protein.

Molecular analysis of Family UK1S excluded the KVLQT1 gene as the 

disease gene in this family, identified a new locus for Jervell and Lange- 

Nielsen syndrome, and implicated IsK as the causative gene. This is the 

first report of mutations in IsK associated with a human disease. This 

work demonstrated that more than one gene underlies the cardio- 

auditory syndrome, JLNS.
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Figure 3.22.

SSC analysis of the IsK coding region in Family UK1S. Novel 

heteroduplexes were observed in individuals h and I2 (lanes 6 and 

7). No aberrant bands were observed in the affected boys (lanes 4 

and 5). Lanes 1-3, and 8-11 are control individuals.
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C T T C T T C A C C  C T G G  G C A T  C

C T T C T T C  C C C  C C T G  G C A T C A T

WILD TYPE SEQUENCE 

MUTANT SEQUENCE

Phe Thr Leu Giy lie

TC TTC ACC CTG GGC ATC

TC TTC CCC CCT GGC ATC

Phe Pro Pro Giy lie

Figure 3.23.

Sequencing of mutation In Family UK1S. Top panel shows the wild 

type IsK sequence, lower panel the homozygous mutation. The DNA 

and protein sequences of the normal and mutant IsK alleles are 

displayed underneath the electropherograms. The base pair 

changes are Indicated with an asterlx.
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3.2.3. Microsatellite analysis of JLNS families at the IsK locus on

chromosome 21q22

Two additional families with Jervell and Lange-Nielsen syndrome were 

ascertained, families UK2T and UK3C, and in collaboration with 

Professor Lisbeth Tranebjærg in Norway, a further ten families were 

obtained, including the original JLNS family described in 1957 (Jervell 

and Lange-Nielsen, 1957).

DNA was initially available from three Norwegian families, families N3S, 

N5B and N8A, for mapping purposes. N8A is a small, consanguineous 

family, and in families N3S and N5B, consanguinity is suspected, but 

cannot be confirmed. Results of microsatellite analysis at the IsK locus 

for these families showed that the affected individuals of these families 

were not homozygous-by-descent for the microsatellite markers 

D21S1254, D21S1895 and D21S1252. Figure 3.24 illustrates results of 

haplotyping for three markers on chromosome 21, demonstrating that the 

IsK locus on chromosome 21 is not the disease locus in these families.

194



Family N3S Family N5B

6 1

à □
3 1 
2 
5

i

1
2

2 4

□2 3 
2 
5

Family N8A

2 3
n  4

2 : 
2 1 

2 3 2-  w

k C
1

2 3 
2 1
3 1

)  C 
2

3 2 
1 2 
4 5

Centromeric

D21S1254

D21S1895

D21S1252

Telomeric

Isk

Figure 3.24.

Haplotype analysis at the IsK locus in families N3S, N5B and N8A, 

demonstrating lack of homozygosity-by-descent for microsatellite 

markers at this locus.
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3.2.4. Microsatellite analysis of additional JLNS families at the

KVLQT1 locus on chromosome 11p15.5

3.2.4.1. Norwegian families

Families N1H, N2S, N3S, N40, N5B, N6K, N7J, N8A and N10D were 

typed with microsatellite markers flanking and within the KVLQT 1 locus 

on chromosome 11p15.5. Mapping data in these additional families is 

consistent with linkage to chromosome 11 and the KVLQTI locus. 

Haplotypes are shown in Figure 3.25. Families N1H and N10D were 

homozygous for markers D11S4046 and D1181318, in Family N3S and 

N7J homozygosity by descent was seen for all the markers typed, 

D1181318, D1184088 and D1184146. In Family N8A and N5B markers 

distal to D1181318 were homozygous whereas in Family N6K 

homozygosity was observed for the markers D1181318 and D1184088.

There has been some debate on the position of the KVLQT 1 gene with 

respect to these microsatellite markers. Previous analysis of 

recombinants in families with JLN8 had indicated that the KVLQTI gene 

is placed between the microsatellite markers D118922 and D1184146 

(Neyroud et al, 1997) with the presumed order being D l l8922, 

D1184046, D1181318, D1184088, D1184146 (Dib at al, 1996). The 

mapping of 12 recombinants in eight French families with autosomal 

dominant Long QT syndrome placed the gene distal to D l l81318 

(Dausse at al, 1995). Correlation of the haplotype data for these 

Norwegian families shows the markers consistently homozygous are
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D11S1318 and D11S4088. This suggests that the mutant gene is located 

between the markers D11S1318 and D11S4088, but given that the 

KVLQT 1 gene covers a large genomic region (at least 300Kb), it is 

possible that some of these markers may lie within the gene itself (Lee et 

a/, 1997).

3.2.4 2. British families 

UK2T

The proband of Family UK2T is homozygous by descent for all the 

markers typed, D11S4046, D l l SI 318, D ll 84088 and D1184146, and 

therefore consistent with KVLQTI as the disease locus in this family. 

Haplotypes are shown in figure 3.26.

UK3C

Family UK3C was first reported by Jeffrey et al (Jeffrey et ai, 1992) as 

being excluded from the KVLQT 1 locus. The affected sibs in this family 

were found to have inherited different parental alleles for a marker 

closely linked to the LQT1 locus (Harvey-ras) (Jeffrey et a/, 1992). The 

Harvey-ras marker had not previously shown any recombinations with 

the disease locus in Romano-Ward families (Keating et al, 1991a: 

Keating et al, 1991b), until a report in 1994 excluded Harvey-ras from the 

Long QT locus (Roy et al, 1994). Refined mapping of the LQT1 locus 

(Neyroud et al, 1997; Dausse et al, 1995) and the availability of 

polymorphic markers closer to the KVLQT 1 gene, prompted re-analysis
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of this family. Haplotyping showed that recombination has occurred distal 

to Harvey-ras on the paternal chromosome, the two affected have 

inherited different paternal alleles for the marker D11S922. Both boys 

have inherited the same parental alleles for the markers D11S1318 and 

D11S4146, which are now known to flank the disease gene (Figure 

3.27). Therefore the data in this family are now consistent with mutation 

at the LQT1 locus.
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Figure 3.25.

Results of haplotyping for markers on chromosome 11 around the 

KVLQTI locus in Norwegian JLNS families. Double line indicates 

consanguinity, dashed line indicates suspected consanguinity. 

Order of markers is as indicated in the key.
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Figure 3.25 continued.
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94
1416
25

O

44  
1616 1 
5 5

9 4 
2 16 
2 5

49
162
52

D11S922
D11S4046
D11S1318
D11S4088
D11S4146

LQT1

Figure 3.26.

Results of haplotyping for markers on chromosome 11 around the 

KVLQT1 locus in family UK2T. Double line indicates consanguinity. 

Order of markers is as indicated in the key.
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a

KvLQTI
(LQT1)

(Harvey-ras)

D11S922

D11S1318

D11S4146

2.8cM

2.4cM

Figure 3.27.

Results of haplotyping for three markers, D11S922, D11S1318 and 

D11S4146 on chromosome 11 around the LQT1 locus in Family 

UK3C. The position of the Harvey-ras locus and its distance from 

D11S922 is shown in parentheses. Re-analysis of this family shows 

that a recombination has occurred on the paternal chromosome 

and that both sons have inherited the same parental alleles flanking 

the LQT1 locus.
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3.2.5. PCR analysis of KVLQT1

The coding region of the KVLQT1 gene was amplified in the polymerase 

chain reaction (PCR) by intronic primers. Initially, only 40% of the 

genomic structure of KVLQT1 was known, exons 2 to 7 encoding the S2 

to S6  transmembane domains (Wang et al, 1996). Primers designed by 

Wang were used to amplify KVLQT1 from genomic DNA between the S2 

and S6  transmembrane segments (Wang etal, 1996).

Additional intron sequences were obtained from raw sequence data 

available on the world wide web at the University of Texas Southwestern 

Medical Centre at Dallas Genome Science and Technology Centre 

(GESTEC) (http://gestec.swmed.edu/sequence.htm). The GESTEC 

project efforts include the mapping and sequencing of human 

chromosome 11 and human chromosome 15. The policy is to release 

pre-analysed and analysed sequence information into a public database 

on the World Wide Web. From this sequence information, it was possible 

to obtain genomic structure for the KVLQTI gene. Using information 

regarding the intron/exon boundaries (Lee at a/, 1997) and the cDNA 

sequence of KVLQTI (Wang at ai, 1996), exons were identified from raw 

sequence data available for PACs 5541, pDJ74K15, pDJ608B4; BAC 

7016 and clone 6959, using a BLAST (Basic Local Alignment Search 

Tool) programme. The position of these clones in relation to the KVLQTI 

coding region is illustrated in figure 3.28. Primers were designed from the 

intronic sequence using a primer design programme at HGMP. PCR 

primers designed at HGMP were checked for specificity to KVLQTI
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using a BLAST programme. No other significant homology was found. 

Exon 11 was screened in two parts A and B. From the raw sequence 

data analysed, it was evident that there was an additional intron, splitting 

the exon 11 coding sequence. Exon 11 had previously been published 

as one exon (Lee et al, 1997). This was the first set of primers to screen 

the C-terminal region of KVLQTI from genomic DNA. Primer sequences 

are shown in Table 3.8.
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Figure 3.28.

Chromosome 11p15.5 contig, reproduced from the University of 

Texas Southwestern Medical Centre World Wide Web homepage 

(http://gestec.swmed.edu/sequence.htm), indicating the position of 

the KVLQT1 coding region with respect to clones analysed in this 

study.
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Exon Primer sequence

Product

size

Annealing

temperature

r c )

1 her. 5' lAAIGGAIGACIGGGI 1 I ICG 3’ 

Rev. 5’ AGGGAGATGCCAGCTTCC 3'

291bp 60°G

2 Wang et al, 1996

3 Wang et al, 1996

4 For. 5’ CCCACACCATCTCCTTGG 3' 

Rev. 5’ CCCGTTCAGGTACCCCTG 3'

258bp 57.5°G

5 Wang et al, 1996

6 Wang et al, 1996

7 Wang et al, 1996

8 For. 5’ AGCTGTAGCTTCCATAAGGGC 3' 

Rev. 5’ ATGGTGAGATCCCAGCCTC 3'

286bp 62°G

9 Larsen et al, 1997

1 0 For. 5’ CTCCTTGAGCTCCAGTCCC 3' 

Rev. 5’ CACAGCACTGGCAGGTTG 3'

236bp 58°G

11A For. 5’ CAGGTCTCAGATAGGCCTGC 3' 

Rev. 5’ CCACTCACAATCTCCTGTCCTC 3'

260bp 62°G

11B For. 5’ GAGGGAAGAAGTGAGGGTGTG 3’ 

Rev. 5’ GTGAGTGGGTGGAGTTTGAG 3'

284bp 62°G

1 2 For. 5' GGGGAGGTGAAGGTGTGT 3’ 

Rev. 5’ GGAATGGGGGATTGTGAG 3'

239bp 56°G

13 For. 5’ GAGGAGGGTAAGGAGAAGGAG 3' 

Rev. 5’ I l  I I  GAGTGTGAGGTAGGTGGG 3’

218bp 62°G

14 For. 5' GGTTGGGAGGAGTGAGTGTG 3’ 

Rev. 5’ TGTGAGTGAGGGGGATGG 3'

315bp 60°G

Table 3.8. PCR primers used to amplify KVLQT1.
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3.2.5.1. Mutation screening of KVLQT1

Non-radioactive single-strand conformation polymorphism (SSC) 

analysis was used to screen for mutations in KVLQT 1.

3.2.5.2. SSC analysis results

Single-strand conformation polymorphism (880) analysis of KVLQT1 

demonstrated aberrant bands in exon 2 (Families N1H, N28, N40, N5B 

and N10D), exon 4 (Family UK2T), exon 6  (Family UK3C) and exon 11A 

(Families N28, N38, N40, N6 K and N7J). 880 analysis results for exon 

11A is shown in figure 3.29. Both single stranded and heteroduplex 

bands are represented on the single gel. Interestingly, the mutations 

identified in exon 11A were only seen as heteroduplexes, no shifts were 

seen in the single-stranded DNA.
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Figure 3.29.

SSC analysis of KVLQT1 exon 11 A, for families N2S (lane 2), N3S 

(lanes3-5, 9), N40 (lanes 6-8, 10), N6K (lanes 11-14), N7J (lanes IS ­

IS) and NBA (lanes 19-23). Lane 31 represents a control individual 

demonstrating a novel polymorphism. Both single- and double­

stranded DNA is represented on the same gel. Arrows indicate the 

shifts observed as heteroduplexes.
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3.2 5.3. Sequencing and confirmation of mutations

Direct sequencing was performed on PCR products demonstrating 

SSOP variants on both strands on an ABI 377 automated DNA 

sequencer. Novel KVLQT1 mutations were identified. Figure 3.30 

illustrates a single KVLQT1 a-subunit, showing the position of each 

mutation with its corresponding premature stop codon.

Mutation 1, 572-576 delTGCGC.

A 5bp deletion in exon 2, 572-576 delTGCGC, was identified in six 

families from NonA/ay; homozygous in the probands of families N1H, N5B 

and N10D, and heterozygous in the probands of families N2S, N40 and 

N9A. Sequence data is shown in figure 3.31. This 5bp deletion results in 

a frameshift, disrupting the coding sequence of KVLQTI after the second 

putative transmembrane domain. It is predicted to lead to premature 

termination of the transcript at codon 282, the final amino acid residue of 

the fifth transmembrane domain. The predicted protein will lack the pore 

region, the SB transmembrane domain and the entire intracellular C- 

terminal region.

This mutation and all subsequent mutations identified were confirmed, by 

either SSC analysis or restriction enzyme digest, in affected and 

unaffected members of the family, and in at least 50 control individuals 

( 1 0 0  chromosomes) to rule out the possibility of the nucleotide change 

being a polymorphic variant.
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The mutation 572-576 delTGCGC abolishes the cut site for the enzyme 

Hha\ (cut site 5’...GCGC...3’). In normal controls, digestion with Hha\ 

yields fragments of 98bp and approximately 80bp. In the homozygous 

affected individual, the 5bp deletion abolishes the cut site for the enzyme 

in the PCR fragment for exon 2, resulting in a single fragment of 

approximately 180bp as demonstrated in figure 3.32. In heterozygotes 

after Hha\ digestion there are fragments of ~180bp, 98bp and -80bp and 

an additional fainter band at 200bp. This faint band at 200bp probably 

represents heteroduplexes, partially resistant to Hha\ digestion. This 

band, which is not present in controls or homozygous affected 

individuals, can be created by mixing PCR products from a normal and a 

homozygous affected individual, and then digesting with Hha\. This 

mutation was not observed in 1 2 0  normal chromosomes examined by 

restriction analysis.

Mutation 2, 728 G>A.

Direct sequencing of exon 4 revealed a homozygous substitution of G to 

A at position 728 in the proband of Family UK2T as illustrated in figure 

3.33. This missense mutation results in an arginine being replaced by 

histidine at codon 243, a highly conserved residue in the S4 

transmembrane domain. Both parents and sister are carriers for this 

mutation.

The mutation 728G>A disrupts a Ss/EI restriction site in the exon 4 PCR 

fragment. This mutation destroys a single BsiE\ site in this PCR
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fragment. In unaffected individuals and controls digestion with BsiE\ 

yields fragments of 194bp and 64bp. In the homozygous affected 

individual, the mutation abolishes the cut site for the enzyme, leaving 

intact a single fragment of 258bp as demonstrated in lane 2, figure 3.34. 

In heterozygotes after BsiE\ digestion, there are fragments of 258bp, 

194bp and 64bp. This mutation was not observed in 80 normal 

chromosomes examined by restriction analysis.

Mutation 3 ,1008delC.

An aberrant band was noted in the PCR product of exon 6  in Family 

UK3C. The affected boys of this family and their mother were 

heterozygous for this shift. Direct sequencing showed a deletion of a 

single 0 nucleotide at position 1008, which results in a frameshift (Figure 

3.35). This deletion of 0 nucleotide leads to a frameshift at codon 337 

within the S6  domain, and the introduction of a premature stop codon at 

position 354. The protein, if produced, is predicted to lack the entire 

intracellular C-terminal portion of KVLQTI.

This shift was not seen in 50 Caucasian control individuals by SSC 

analysis.

Mutation 4 , 1 5 5 2 0 T .

Two different mutations were identified in part A of exon 11. The aberrant 

SSCP band observed in families N2S, N3S and N40 corresponds to a 

substitution of C to T at position 1552 (1552C>T) (Figure 3.36) This
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mutation changes an arginine residue at position 518 to a stop codon 

(TGA). The proband of families N2S, N40 and N9A are heterozygous for 

this nonsense mutation, the proband of Family N3S is homozygous.

The mutation 1552C>T abolishes the cut site for the enzyme Taq\ (cut 

site 5’..TCGA...3’) in the exon 11A PCR fragment. Figure 3.37 

demonstrates that the enzyme site is abolished in individuals 

homozygous for this mutation leaving intact a single fragment of 260bp. 

In unaffected individuals and controls, digestion yields fragments of 

189bp and 71 bp and in heterozygotes, after Taq\ digestion, there are 

fragments of 260bp, 189bp and 71 bp.

Mutation 5 , 1 5 8 8 0 T .

A second mutation in exon 11A was identified in families N6 K and N7J. 

The affected individuals of both families are homozygous for this 

mutation. Electropherograms are shown in figure 3.38. This mutation is a 

0 to T transition at position 1588, causing a substitution of glutamine at 

position 530 for a stop codon (TAG).

The mutation 1588C>T creates a cutting site for the restriction enzyme 

Bfa\ (cut site 5 ...CTAG...3 ) in the exon 11A PCR fragment. Bfa\ does 

not cut in unaffected individuals, leaving intact the 260bp fragment as 

shown in figure 3.39 In the homozygous affected individuals, this 

mutation creates the cut site for the enzyme, resulting in two fragments
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of 153bp and 107bp. In heterozygotes, after Bfa\ digestion, there are 

three fragments of 260bp, 153bp and 107bp.

A summary of mutations in KVLQT 1 identified in this study is shown in 

table 3.9. Numbering for all the mutations starts at the A nucleotide in the 

ATG initiation codon (Yang etal, 1997; Chouabe etal, 1997).

With the exception of the missense mutation identified in Family UK2T, 

the novel KVLQTI mutations identified in these JLNS families are 

frameshift and nonsense mutations, resulting in the premature truncation 

of the predicted protein. The missense mutation of a highly conserved 

amino acid in the S4 transmembrane domain appears to be an 

exception.

213



PORE

728
0>A 1008 del C

S4 1008 del C 
STOP

15520T 
1588 O T

COOH’

Figure 3.30.

Diagrammatic representation of a single KVLQT1 alpha-subunit. 

The “rectangles” represent transmembrane alpha-helices, 

numbered S1 to S6. The pore of the channel is formed by the loops 

between segments S5 and S6. The position of the novel mutations 

identified in this study is indicated. For the frameshift mutations, 

572-576 delTGCGC and 1008 deIC, the predicted position of protein 

termination is also indicated.
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Figure 3.3.1.

Sequence analysis of KVLQTI: mutation 1, 572-576 delTGCGC. 

Sequence is shown for a control individual (top panel), a carrier 

(middle panel) and the affected individual (lower panel). An arrow 

indicates the site of the mutation. The DNA and polypeptide 

sequence of the normal and mutant KVLQTI allele is displayed 

underneath the electropherograms.
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300bp— 
200bp

lOObp-

9 10 11 12 13 14 15

Figure 3.32.

Confirmation of mutation 1, 572-576 delTGCGC. PCR amplification 

products of exon 2 after digestion with the enzyme Hhai. In control 

individuals digestion yields fragments of 98 and SObp (lanes 2, 5, 6, 

13,and 14). In heterozygotes, after digestion there are fragments of 

180, 98 and 80bp (lanes 7, IT  and 12) and in the homozygous 

affected individuals, the mutation abolishes the cut site for the 

enzyme, resulting in a single fragment of 180bp (lanes 3 and 9).
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728G>A

A C C A C C A G  G G

I

Val Asp Arg Gin Gly
W Ï GTC GAG CGC CAG GGA

MUTN GTC GAC CAC CAG GGA
Vai Asp His Gin Gly

Figure 3.33.

Sequence analysis of KVLQT1: mutation 2, 728 G>A. Sequence is 
shown for a control individual (top panel), a carrier (middle panel) 

and the affected individual (lower panel). An arrow indicates the site 
of the mutation. The DNA and polypeptide sequence of the normal 
and mutant KVLQT1 allele is displayed underneath the 

electropherograms.
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Figure 3.34.

Confirmation of mutation 2, 728 G>A. PCR amplification of exon 4 of 
the KVLQT1 gene after digestion with BsiEI. Results are shown 
below the pedigree. This mutation destroys a single BsiEI site in 

this PCR fragment. In unaffected individuals and controls, digestion 

yields fragments of 194bp and 64bp (lanes 6 , 7 and 8 ). In the 

homozygous affected individual, the mutation abolishes the cut site 
for the enzyme, leaving intact a single fragment of 258bp (lane 2). In 
heterozygotes after BsiEI digestion, there are fragments of 258bp, 
194bp and 64bp (lanes 3,4 and 5). Lane 1 shows 100bp ladder 

(Gibco BRL).
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Val Phe Ala lie Ser Phe
WT GTC TXT GCC ATC ICC T IC  stop,,7,,
MUTN GTC TXT GCA TCT CCT TCT stop,^

Val Phe Ala Ser Pro Ser

Figure 3.35.
Sequence analysis of KVLQT1: mutation 3, 1008 delC. Sequence is 
shown for a control individual (top panel) and a heterozygote 

(middle panel). This mutation was found only in the heterozygote 

form. An arrow indicates the site of the mutation. The DNA and 

polypeptide sequence of the normal and mutant KVLQTI allele is 

displayed underneath the electropherograms.
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1552CV1'

I
I1 /

6 G T

G G T C T T T G

Val Ile Arg Arg
W T G GTC ATT CGA CGC AT

MUTN G GTC ATT TGA CGC AT
Val Ile Stop

Figure 3.36.

Sequence analysis of KVLQT1: mutation 4, 1552 C>T. Sequence is 
shown for a control individual (top panel), a carrier (middle panel) 

and the affected individual (lower panel). An arrow indicates the site 
of the mutation. The DNA and polypeptide sequence of the normal 
and mutant KVLQTI allele is displayed underneath the 
electropherograms.
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Figure 3.37.
Confirmation of mutation 4, 1552 OT. PCR amplification products 

of exon 11 of the KVLQTI gene after digestion with Taql. Results 

are shown below each pedigree. In unaffected individuals and 
controls, digestion yields fragments of 189bp and 71 bp (Panel A; 

lanes 2-4, 14-16: Panel B; lanes 2,3,5). In the homozygous affected 
individual, the mutation abolishes the cut site for the enzyme, 

resulting in a single fragment of 260bp (Panel A; lane 6 ). In 
heterozygotes, after Taql digestion, there are fragments of 260bp, 

189bp and 71 bp (Panel A; lanes 5,7,8,9,12: Panel B; lane 4). Lane 1 

of each panel shows lOObp ladder (Gibco BRL).
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Figure 3.38.

Sequence analysis of KVLQT1: mutation 5, 1588 C>T. Sequence is 

shown for a control individual (top panel), a carrier (middle panel) 

and the affected individual (lower panel). An arrow indicates the site 

of the mutation. The DNA and polypeptide sequence of the normal 

and mutant KVLQTI allele is displayed underneath the 

electropherograms.
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260bp
153bp
107bp

Figure 3.39.

Confirmation of mutation 5, 1588 C>T. PCR amplification products 

of exon 11 of the KVLQTI gene after digestion with Bfal. Results are 

shown below each pedigree. This mutation introduces a single Bfal 

site in this PCR fragment. Bfal does not cut in unaffected 

individuals, leaving intact the 260bp fragment (control individuals 

lanes 10, 11; Family N6K, lane 3). In the homozygous affected 

individual, this mutation creates the cut site for the enzyme, 

resulting in two fragments of 153bp and 107bp (lanes 2 and 6). In 

heterozygotes, after Bfal digestion, there are three fragments of 

260bp, 153bp and 107bp (Lanes 4,5,7 and 8). Lane 1 shows lOObp 

ladder (Gibco BRL).
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FAMILY PROBAND EXON NUCLEOTIDE
CHANGE

AMINO ACID 
CHANGE

PREDICTED
PROTEIN

N1H HOMOZYGOUS 2 572-576 del 
TGCGC

FRAMESHIFT 
AT CODON 191

TRUNCATED AT 
CODON 282,
S5 DOMAIN

N2S HETEROZYGOUS 2 572-576 del 
TGCGC

FRAMESHIFT 
AT CODON 191

TRUNCATED AT 
CODON 282,
S5 DOMAIN

HETEROZYGOUS 11A 1552 O T ARG 518 STOP TRUNCATED AT 
CODON 518, 
C-TERMINUS

N3S HOMOZYGOUS 11A 1552 C>T ARG 518 STOP TRUNCATED AT 
CODON 518, 
C-TERMINUS

N 40 HETEROZYGOUS 2 572-576 del 
TGCGC

FRAMESHIFT 
AT CODON 191

TRUNCATED AT 
CODON 282,
S5 DOMAIN

HETEROZYGOUS 11A 1552 C>T ARG 518 STOP TRUNCATED AT 
CODON 518, 
C-TERMINUS

N5B HOMOZYGOUS 2 572-576 del 
TGCGC

FRAMESHIFT 
AT CODON 191

TRUNCATED AT 
CODON 282,
S5 DOMAIN

N6K HOMOZYGOUS 11A 1588 C>T GLN 530 STOP TRUNCATED AT 
CODON 530, 
C-TERMINUS

N7J HOMOZYGOUS 11A 1588 O T GLN 530 STOP TRUNCATED AT 
CODON 530, 
C-TERMINUS

N9A HETEROZYGOUS 2 572-576 del 
TGCGC

FRAMESHIFT 
AT CODON 191

TRUNCATED AT 
CODON 282,
S5 DOMAIN

HETEROZYGOUS 11A 1552 O T ARG 518 STOP TRUNCATED AT 
CODON 518, 
C-TERMINUS

N10D HOMOZYGOUS 2 572-576 del 
TGCGC

FRAMESHIFT 
AT CODON 191

TRUNCATED AT 
CODON 282,
S5 DOMAIN

UK2T HOMOZYGOUS 4 728 G>A ARG243HIS FULL LENGTH

UK3C HETEROZYGOUS 6 1008delC FRAMESHIFT 
AT CODON 337

TRUNCATED AT 
CODON 354, S6 
DOMAIN

Table 3.9.

Summary of KVLQTI mutations identified in families with JLNS in 

this study.
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3.2.S.4. Polymorphisms

A novel intronic polymorphism, a T to C transition 14 nucleotides 

downstream of the end of exon 11 A, was identified. This change was 

confirmed in control individuals by restriction digest with Dcfei.

3.2.6. Family N10D

The proband of Family N10D with Jervell and Lange-Nielsen syndrome, 

individual IVi, is homozygous for the mutation 572-576 delTGCGC. In 

the same family. Individual IV5 was independently ascertained with 

Romano Ward syndrome, and is heterozygous for the same 5 base pair 

deletion. Identification of the mutation in this family allowed the 

characterisation of additional carriers of this mutation by restriction 

analysis. This is shown in figure 3.40. Where available the QTc values 

are indicated, showing that a number of asymptomatic carriers of this 

mutation have QTc values within the normal range (< 440ms).

225



Ill 2
1

3
3  -------  1

2
1

6 8  4 7 0 4 3 0 6
b 4 W - +/- 5

IV
2 2

5 0 0 1 1 NA
+ /+ 6 6 -/-

5 5
4 4 + 1-

3 3  
3 8  
8  16 
4 2

tel

D11S4046 
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□Normal

H  Affected witfi JLNS (deafness and Long QT)

H  Affected with Romano W ard Syndrome (Long QT only)

Figure 3.40.

Haplotype and mutation analysis of Family N10D. This is a large 

extended family with the 5bp deletion, 572-576 delTGCGC, in which 

only a single individual heterozygous for this mutation suffered 

from syncope (individual I V 5 ) .  Genotypes are shown next to each 

individual. The subject’s QTc intervals (milliseconds) are shown 

below, NA denotes not available. Where applicable, below the QTc 

intervals for each individual, is their mutation status, annotated as 

follows: +/-, heterozygous for 5bp deletion, +/+, homozygous for 

5bp deletion and -/-, no mutation. Order of markers is as indicated 

in the key.
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3.2.7. Expression of KVLQT1

Previously, expression of mouse kviqtl had been demonstrated in the 

inner ear by in situ hybridisation (Neyroud et al, 1997). In order to 

investigate KVLQT1 expression in human tissues, total RNA was 

extracted from ear and heart of a 72 day old fetus. RT-PCR analysis was 

performed using oDNA primers LQT109 and LQT209. These primers 

amplify KVLQT1 between exons 11B and 14 (Lee et al, 1997), the cDNA 

product size is 220bp, and that of genomic DNA is greater than 2kb. 

Figure 3.41 shows that KVLQT1 is expressed in the fetal heart and fetal 

ear.

2 3 8  9 10 11 12 13 14

Figure 3.41.

PCR amplification of cDNA samples prepared from human fetal 

tissues, demonstrating expression of KVLQT1 in lymphoblastoid 

cell lines (lanes 2 and 4), fetal ear (lane 6 and 12) and fetal heart 

(lane 10). Lane 13, genomic control. Lane 14, blank. Low level 

expression was observed in the kidney (lane 8).
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3.2.8. Further analysis of the KVLQT1 gene in Autosomai recessive 

Long QT syndrome

A report of a single family with autosomal recessive long QT (Priori et al, 

1998) prompted the analysis of KVLQT1 in Family N160, a 

consanguineous Norwegian family with autosomal recessive long QT

3.2.8.1. Mutation anaiysis of KVLQT1

Single stranded conformation polymorphism (SSC) analysis was used to 

screen for mutations in KVLQT1 in Family N160. No aberrant shifts were 

observed.

3 2.8.2. Microsatellite analysis of the KVLQT1 iocus.

Family N160 was typed for microsatellite markers at the KVLQT1 locus 

to establish whether or not KVLQT1 could still be the causative gene in 

this family, despite normal analysis of the coding region. Analysis of 

Family N160 excluded the KVLQT1 gene as the disease locus since 

homozygosity by descent was not observed with the microsatellite 

markers D11S4046, D11S1318, D11S4088 and D11S4146, thus 

providing evidence for genetic heterogeneity in autosomal recessive long 

QT syndrome. Microsatellite analysis of Family N160 at this locus is 

shown in figure 3.42. Haplotype data is shown in figure 3.43.

3.2.8.3. Microsatellite analysis of the IsK locus

Exclusion of KVLQT1 as the disease locus in Family N160 prompted the 

analysis of the IsK locus on chromosome 21q22. Family N160 was
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typed for the microsatellite markers D21S1254, D21S1895 and 

D21S1252. Analysis of Family N160 excluded the IsK gene as the 

disease locus since homozygosity by descent was not observed with any 

of the microsatellite markers analysed in the proband of this family. 

Microsatellite analysis of Family N160 at this locus is shown in figure 

3.44. Haplotype data is shown in figure 3.45.

This work excluded both the KVLQT1 and the IsK loci as the disease 

locus in Family N160, providing evidence for genetic heterogeneity in 

autosomal recessive long QT syndrome. Further haplotype analysis at 

the other RWS loci, the HERG locus on chromosome 7, the SCN5A 

locus on chromosome 3 and the locus on chromosome 4, may identify a 

new locus for this form of inherited long QT syndrome.
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Figure 3.42.

Microsatellite analysis of Family N160 at the KVLQT1 locus on 

chromosome 11. Microsatellite markers analysed were D11S4046, 
DllSISISand D11S4088.
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Figure 3.43.

Haplotype analysis of Family N160 at the KVLQT1 locus on 

chromosome 11, demonstrating lack of homozygosity for the 

markers analysed in individual lli. Order of markers and position of 

the KVLQT1 gene is as indicated in the key.
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Figure 3.44.
Microsatellite analysis of Family N160 at the IsK locus on 
chromosome 21. Microsatellite markers analysed were D21S1254, 
D21S1895 and D21S1252.
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Figure 3.45.

Haplotype analysis of Family N160 at the IsK locus on chromosome 

2 1 , demonstrating lack of homozygosity for the markers analysed in 
individual Ih. Order of markers and position of the IsK gene is as 

indicated in the key.
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3.2.9. Site-directed mutagenesis of ISK

Human IsK in the vector pGEM A was supplied by Dr. M. Sanguinetti at 

the Ecoles Institute of Human Genetics, University of Utah, USA.

In order to create the IsK mutation observed in Family UK1S, an A to C 

transition, an insertion of C and deletion of G, a pair of primers was 

designed to incorporate all three base changes as detailed in table 3.10.

Name Primer Sequence 5’ to 3' Length

(bases)

Tm

rc )

IsK SDF CGGCTTCTTCCCCCCTGGCATCATGCTG 28 67. fC

IsK SDR C AG C ATG ATG C C AG G G G G G AAG AAG CC G 28 67. fC

Table 3.10.

Primers used for site-directed mutagenesis of IsK.

Following temperature cycling, Dpn\ digestion and transformation, 6  

single colonies were picked and analysed for the mutation. The genomic 

sequence of IsK and that of the IsK clone differ in nucleotide, but not 

amino acid, composition. The IsK clone is an artificial gene synthesised 

for expression efficiency. Hence, the enzyme sites for confirmation of the 

mutation in genomic DNA were not available in the clone. In order to 

confirm the presence of the mutation, each clone was sequenced. Direct 

sequencing indicated that 3 of the 6  clones contained all three base 

changes. The remainder of the clones were wild type. Sequence data is
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shown in figure 3.46. On sequencing of the entire IsK clone, no other 

base changes apart from the desired mutation were observed. This work 

produced the IsK mutant for future in vitro functional work.

C G G C T T C T T C C C C C C T G G C fl T C R T 
H O  1 5 0

WILD TYPE SEQUENCE TO TTC ACC CTG GGC ATC 

MUTANT SEQUENCE TC TTC CCC CCT GGC ATC

Figure 3.46.
Sequence analysis of IsK clone, illustrating the creation of the 

desired mutation. DNA sequence of wild type and mutation is 
displayed beneath the electropherogram; nucleotide changes are 

indicated with an asterix.
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CHAPTER 4: DISCUSSION

4.1.X-LINKED DEAFNESS

At the start of this research, it was known that X-linked deafness is 

genetically heterogeneous and that there was a major locus, DFN3, at 

Xq13-q21. The work on X-linked deafness is divided into two parts; the 

first is the mapping of a novel locus for X-linked deafness, DFN2, and the 

second section addresses heterogeneity at the major locus DFN3.

4.1.1. DFN2

Linkage analysis of Family ON defined a new locus for X-linked 

deafness, DFN2, introducing further genetic heterogeneity in this form of 

inherited hearing loss. Since no additional families have been found that 

mapped to the same locus, refinement of the DFN2 locus seems 

unlikely. Due to the large size of the candidate region, a positional 

candidate gene approach was used to work towards the identification of 

the causative gene. As several syndromic forms of deafness map to 

Xq22, including Alport syndrome and Mohr-Tranebjærg syndrome 

(MTS), it was investigated whether or not the deafness in Family CM 

represented an allelic form of one of these conditions.

The first positional candidate gene chosen was COL4A5, mutations in 

which cause Alport syndrome (Barker et al, 1990). Screening of the 

COL4A5 gene in Family CN was undertaken by Dr. Frances Flinter at 

Guy’s Hospital, London, to exclude an unusual allelic variant, as 

mutation in the COL4A5 gene has been described in a family with
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characteristic renal disease but without hearing loss (Kawai et al, 1996). 

No mutations in the COL4A5 gene were identified in Family CN by SSC 

analysis or by Southern blotting. Normal ophthalmic examination, normal 

urinalysis and lack of family history of renal disease, as well as the age 

of onset and pattern of hearing loss made Alport syndrome unlikely. The 

gene COL4A6, which lies in a head to head configuration with COL4A5, 

remains a possible candidate, although deletions of the 5’ end of this 

gene and part of the neighbouring COL4A5 gene are reported to cause 

diffuse leiomyomatosis (DL) and Alport syndrome (Heidet at al, 1995). 

However, no mutations in COL4A6 alone have yet been described, so 

the phenotype associated with mutations in this gene alone are 

unknown.

The locus DFN1 was originally described in a family with X-linked non- 

syndromic progressive sensorineural hearing loss (Mohr and Mageroy, 

1960), but recent restudy of the same family revealed additional clinical 

features of late-onset which now define this clinical entity as a new 

syndrome, Mohr-Tranebjærg Syndrome (Tranebjærg et al, 1995). The 

Mohr-Tranebjærg syndrome (MTS) comprises progressive sensorineural 

deafness, progressive dystonia, spasticity, mental deterioration and 

visual symptoms leading to blindness (Tranebjærg et al, 1995) and is 

caused by mutation in the gene DDP, Deafness/dystonia peptide (Jin et 

al, 1996). The DDP gene was identified through the molecular analysis of 

an individual with a deletion of the X-linked agammaglobulinaemia (XIA) 

gene, BTK. This individual has an apparent contiguous gene deletion
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syndrome of XLA, progressive sensorineural deafness and dystonia. The 

deletion was shown to extend into a second gene. Since the deletion of 

BTK accounted for the immunodeficiency, the deletion of the second 

gene prompted the analysis of this gene as a candidate for deafness and 

dystonia. The gene, named DDP, was isolated and characterised (Jin et 

al, 1996). Although the role of this gene remains to be determined, the 

DDP protein is evolutionarily conserved since it shows striking similarity 

to a predicted Schizosaccharomyces pombe protein of no known 

function.

No mutations in this gene were identified in Family CN making it unlikely 

that DDP is the deafness gene in this family. None of the clinical features 

associated with MTS, dystonia, mental deterioration and blindness, have 

been observed in the affected males IVi and IV12 who are now in their 

thirties and forties, nor have such features been reported in previous 

generations. Additionally, there is no evidence of progression of the 

deafness in Family CN.

A splice mutation in the DDP gene was identified in this study in an 

affected male with progressive deafness and dystonia, individual NB. 

This is only the fourth mutation to be identified in this gene. In addition to 

the individual with XLA and the deletion of DDP, mutations in DDP have 

been identified in only 2 families, the original DFN1/MTS family and a 

second family with deafness, dystonia, mental deficiency but not 

blindness (Jin et a/, 1996). These mutations in DDP are small deletions
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resulting in a frameshift and premature truncation of the predicted 

protein. A complete deletion of the DDP gene, as observed in the 

individual with the contiguous gene deletion appears to have the milder 

phenotype of deafness and dystonia. The consequence of the splice 

mutation identified in individual NB needs to be confirmed at the RNA 

level. A mutation of a splice site can result in one of a combination of 

splicing defects. The defects include (i) the failure to recognise the 

affected exon, so that it is skipped; (ii) the activation of a cryptic splice 

site; and (iii) the failure to recognise the intron, so it is retained (Maquat,

1996). The predicted effect of the mutation identified in NB is the 

abolishment of the wild type 5’ donor splice site (refer to section

3.1.3.1.1.). If indeed, on abolishing the wild type donor splice site of exon 

1 , splicing occurs within exon 1 , the consequence of the mutation would 

be an in-frame deleted transcript. In frame deleted transcripts may be 

stable and indeed translated into protein, as shown recently for the 

dystrophin gene underlying X-linked Duchenne and Becker muscular 

dystrophies (Dunkley et al, 1998).

A third candidate gene screened in this study was Diaphanous X (DiaX), 

a human homologue of the Drosophila gene diaphanous. Two human 

homologues of this gene have now been identified, one mapping to 

human chromosome 5q31, the other to human Xq22. Mutation in human 

diaphanous 1, mapping to 5q31, is associated with a form of autosomal 

dominant non-syndromic deafness, DFNA1 (Lynch etal, 1997).
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Human Diaphanous 1, Drosophila diaphanous and mouse p140mDia are 

homologues of the S.cervisiae protein Bni1p. They are all members of 

the formin gene family which are involved in cytokinesis and the 

establishment of cell polarity. Cytokinesis is the division of the entire cell 

and it is believed to be mediated by contraction of a structure, the 

contracile ring, the contraction of which is brought about by force 

generated by actin and myosin (Castrillon and Wasserman, 1994). 

Members of the formin gene family interact with the protein profilin, which 

in turn binds actin monomers and is a regulator of actin polymerisation 

(Castrillon and Wasserman, 1994).

A proposed role for Diaphanous in hearing is the regulation of actin 

polymerisation (Lynch et al, 1997). Actin is a major component of the 

cytoskeleton of hair cells. Hair cell stereocilia may be the site affected by 

the aberrant protein. Stereocilia are membrane-enclosed rigid structures 

that contain hundreds of bundled actin filaments which serve to provide 

structural support to this structure. One can imagine that if organisation 

of the actin is disrupted by mutation in a gene crucial to its regulation, 

then the maintenance of the rigidity of this structure and hence its 

function will be impaired.

The second human homologue, mapping to Xq22, was isolated during 

the cloning of DFNA1, and because of the implication of diaphanous 1 in 

a form of hearing loss. Diaphanous X (DiaX) became an attractive 

candidate gene for the deafness in Family CN. No mutations, deletions
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or rearrangements of DiaX were found in the affected individuals in 

Family CN. In addition it was shown that deletion of DiaX does not result 

in deafness, as illustrated by characterisation of the deletion observed in 

individual MBU and refined mapping of DiaX (section 3.1.3.2.2.). 

Individual MBU is deleted for a region of the X chromosome between the 

microsatellite markers DXS1002 and DXS1231. Since deletion of this 

region does not result in deafness, the DFN2 candidate region can be 

narrowed to between the microsatellite markers DXS1231 and the 

centromeric recombination, between DXS1220 and DXS1001. This has 

narrowed the region by 5cM to approximately less than 20cM, in which to 

look for positional candidate genes.

Subsequent to the work on DiaX, a report has implicated DiaX in 

premature ovarian failure (POF) (Sala etal, 1997; Bione etal, 1998). The 

last intron of the DiaX gene is interrupted by a balanced translocation in 

a patient with POF. Previous cytogenetic analysis of Xq rearrangements 

defined a critical region on human Xq from Xq13 to Xq26 as the “critical 

region” for normal ovarian function and although it is thought that several 

genes may be involved in normal ovarian development and/or 

oogenesis, the role of diaphanous is strengthened by the fact that mutant 

alleles of diaphanous are responsible for sterility in male and female fruit 

flies (Castrillon et al, 1993; Castrillon and Wasserman, 1994). In addition 

there is no evidence of hearing loss in the individual with POF. Since 

translocations do not necessarily disrupt a structural gene (Reviewed in
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Kleinjan and van Heyningen, 1998), the role of DiaX in POF remains to 

be substantiated.

It is therefore possible that the deafness in Family CN is caused by 

mutation in an unknown gene in Xq22. In order to identify candidate 

genes for human hearing disorders, Skvorak and colleagues have 

submitted an aliquot of an unsubtracted human fetal cochlear cDNA 

library to the IMAGE consortium for the generation of expressed 

sequence tags (ESTs) (Skvorak et al, 1999). The analysis of ESTs has 

proven useful in identifying positional candidate genes for human 

disease. ESTs are short, unique nucleotide sequences that are 

identifiers of both novel and known genes. Map positions of ESTs form 

cDNA libraries are a crucial resource for determining positional 

candidates for disease genes, and amongst the ESTs generated from 

the Morton fetal cochlear cDNA library, 437 of the cochlear-specific ESTs 

have now been mapped, providing candidate genes for non-syndromic 

hearing disorders. Three such cochlear-specific ESTs have been 

mapped, using radiation hybrids, to Xq22 and the DFN2 candidate region 

(http://www.bwh.partners.org/pathology). These ESTs do not match the 

nucleotide or protein sequence of any previously identified genes but 

such ESTs will be considered as potential positional candidate genes 

during the course of future work.

If new X-linked deafness genes are identified. Family FP can be 

analysed for exclusion of a candidate gene. At the present time the small
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family size precludes the possibility of independently establishing or 

refuting linkage.

4.1.2. DFN3

Since most families with X-linked deafness map to Xq13-q21 (Reardon 

et al, 1991), DFN3 is considered a major locus for X-linked deafness, 

with the majority of DFN3 families accounted for by mutation in POU3F4. 

The aim of this work was to study individuals with X-linked deafness, 

known to map to this locus at Xq13-q21, but in which no mutation in the 

POU3F4 gene has been identified. Families with no mutation in the 

POU3F4 fall broadly into three groups. The first group includes patients 

with the developmental abnormality of the ear characteristic of DFN3, 

who have microdeletions or other aberrations proximal to the POU3F4 

coding region. These microdeletions, which do not disrupt the POU3F4 

gene, are located 15-800Kb 5’ to the POU3F4 coding region (de Kok at 

al, 1995; de Kok at al, 1996). The second group includes patients who 

have the developmental abnormality of the ear, but have no DNA 

rearrangements or mutations in the POU3F4 gene and the final group 

include patients from pedigrees which appear map to this locus, but have 

normal ear morphology.

The work on DFN3 centred around patients in the first group, with 

previously characterised microdeletions proximal to the gene (de Kok et 

al, 1995; de Kok et al, 1996). Possible explanations for the phenotype 

observed in these individuals include
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(i) The presence of another gene in this region, mutation in which causes 

deafness, or

(ii) a position effect on the expression of the POU3F4 gene.

By studying the effect of the deletion on the expression of POU3F4 in 

this group of individuals, it was hoped it would provide evidence for either 

of the above explanations. If the phenotype observed in these individuals 

is a result of a deleterious change in the level of expression of POU3F4, 

one would hope to see a difference in expression of POU3F4 between 

control individuals and individuals with proximal microdeletions. The 

problem in studying a position effect is accessibility to a tissue in which 

the gene is normally expressed, and then to measure levels of 

expression accurately. A normal level of expression of POU3F4 in 

patients with microdeletions would favour the argument of the presence 

of another gene or indeed more coding region of the POU3F4 gene. 

Since the only tissues known to express POU3F4 in humans are fetal 

brain, fetal kidney and adult brain, examining factors that influence 

expression levels of this gene would not be straightforward. Since 

POU3F4 expression in lymphoblastoid cell lines has not been observed 

(de Kok et al, 1996 and this study), urothelial cells obtained from adult 

urine was chosen as a source of RNA. Unfortunately, at the level of 

expression of POU3F4 in the cells obtained from urine, it would not be 

accurate to quantitatively determine POU3F4 expression. In addition, the 

experiment is too susceptible to DNA contamination at such low levels of 

expression. Thus it remains to be proven whether a second gene at the
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DFN3 locus or a position effect on the POU3F4 accounts for the DFN3 

cases in which no mutation in the POU3F4 gene has been identified.

Evidence for a position effect comes from a variety of human diseases. 

Position effects are mutations that alter gene expression through long 

range effects on chromatin structure or by disrupting distal regulatory 

elements of a gene. These mutations can be located several hundred 

kilobases from the affected gene, from 85 to 185Kb in Aniridia and 50 to 

850Kb upstream of S0X9 (Reviewed in Bedell et al, 1996; Kleinjan and 

van Heyningen, 1998). It is possible that the chromosomal 

rearrangements observed in these DFN3 individuals influence POU3F4 

expression. In patients with microdeletions around Xq21, the POU3F4 

gene may become repositioned to a different chromatin environment, 

rendering the gene transcriptionally silent. Alternatively, the deletion 

could separate the promoter/transcription unit from an essential distant 

regulatory element, removing the effect of this regulator on the gene. For 

example, if a deletion removes an enhancer, a sequence which 

increases transcriptional activity from the promoter of a gene, the 

absence of this element would lead to reduction or absence of 

transcription from the gene.

Position effects have been associated with a number of human genetic 

diseases (reviewed in Kleinjan and van Heyningen, 1998). The PAX6  

gene, mutations in which underlie Aniridia, (Jordan et al, 1992) was one 

of the first to provide evidence that a position effect could play a role in
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human genetic disease. Aniridia is a congenital malformation of the eye 

which typically features severe hypoplasia of the iris. It is caused by loss 

of function of one copy of the PAX6  gene (PAX6  haploinsufficiency) as 

illustrated by deletion cases and the identification of loss of function 

mutations (Davis and Cowell, 1993). Two aniridia patients have been 

described in which translocation breakpoints map 85Kb and 125-185Kb 

distal to the PAX6  gene (Fantes et al, 1995). An example of a position 

effect involved in deafness in mammals is the deaf-mouse mutant Snell’s 

waltzer. A paracentric inversion that does not disrupt the coding region of 

myosin VI causes the same phenotype as an intragenic deletion 

(Avraham et al, 1995). The inversion reduces mRNA and protein levels, 

suggesting that the chromosomal rearrangement results in the alteration 

in a regulatory element.

It is also possible that there is more than one gene in the DFN3 region, 

mutation in which causes deafness and the temporal bone abnormality. 

The molecular characterisation of the region 600-1200Kb proximal to the 

POU3F4 gene identified a hotspot for DFN3-associated microdeletions 

proximal to the POU3F4 gene. These microdeletions overlap in an 8 Kb 

fragment (de Kok et al, 1996). A YAC or cosmid contig of this region 

would allow the search for potential coding sequences by exon trapping, 

cDNA selection or GRAIL analysis. It remains to be shown whether 

mutation in one gene can account for all the remaining DFN3 patients 

with and without the inner ear abnormality.
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Finding out which of the factors, a second gene or a position effect on 

the POU3F4 gene, is responsible for the unexplained cases of DFN3 

may not be a simple task. The study of a knockout mouse may provide 

some useful information. It may be possible to generate mouse mutants 

with deletions proximal to the pou3f4 gene, to study the phenotype 

observed and see if the phenotype is correctable with BAC-transgene 

rescue, a procedure employed in the identification of the gene myo15 

underlying the deafness in the mouse mutant shaker-2 (Probst at al, 

1998). This is a similar scenario to that being planned for investigating 

the position effect on the PAX6  gene. The importance of the region distal 

to PAX6  has been investigated by introducing human YAC clones 

containing different amounts of 3’ flanking DNA to see if the small eye 

phenotype, caused by mutation in the murine homologue of PAX6 , can 

be corrected (Fantes etal, 1995).
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4.2. JERVELL AND LANGE-NIELSEN SYNDROME (JLNS).

The efficiency of mapping disease phenotypes using conventional 

linkage strategies is limited by the acquisition of appropriate families and 

genotyping using genetic markers which span the genome. With the 

availability of a large number of highly polymorphic microsatellite 

markers, a genome wide search for linkage has become a feasible task. 

The employment of novel mapping strategies, such as homozygosity 

mapping, has allowed significant lod scores to be obtained from single 

small families thus dispensing with the requirement for large families, 

and minimising the problems of genetic heterogeneity. The work 

presented here on the cardioauditory syndrome JLNS represents a 

success of homozygosity mapping and the candidate gene approach. 

The powerful nature of the technique is illustrated in that evidence for 

both genetic heterogeneity in JLNS and the involvement of a new gene 

was suggested on analysis of a single consanguineous family with two 

affected individuals.

4.2.1. Mutation in IsK causes Jervell and Lange-Nielsen syndrome.

A genome search in association with screening of candidate loci 

identified a region homozygous-by-descent on chromosome 2 1 q2 2  in 

Family UK1S. A candidate gene, IsK, mapped to this homozygous 

interval. Several lines of evidence including predicted function and 

expression data rendered IsK an excellent candidate gene for the 

disorder in Family UK1S.
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IsK cDNA was first isolated from a rat kidney library, by expression 

cloning in Xenopus oocytes of a slow potassium current strikingly similar 

to IKs (Takumi et al, 1988). In “expression cloning” in vitro transcripts of 

mRNA from a cDNA library derived from a tissue known to be rich in a 

particular ion channel, are injected into individual Xenopus oocytes. The 

currents in these oocytes are measured by two-electrode voltage clamp 

techniques. The mRNA from a single cDNA clone that confers the 

desired ion channel activity can be isolated. IsK encodes a small protein 

of 129 amino acids, with one putative a-helical transmembrane domain 

and no pore region, as found in other voltage-sensitive channels (Takumi 

etal, 1988; Murai etal, 1989).

Recent physiological studies suggest that IsK interacts with KVLQT1 to 

form a channel reproducing the properties of IKs, the slowly activating 

component of the delayed rectifier potassium current in the heart 

(Barhanin etal, 1996; Sanguinetti et al, 1996a). KVLQT1 encodes an a- 

subunit of a voltage-gated potassium channel, with the characteristic six 

membrane-spanning domains, pore region, and intracellular N- and C- 

termini (Wang et al, 1996; Hebert, 1998). KVLQT1 alone expresses a 

fast-activating current of small amplitude with no equivalent current 

described in the heart. Co-expression of the IsK protein dramatically 

increases current amplitude but decreases activation rate and shifts the 

voltage-dependence of activation to more positive potentials, producing a 

current closely resembling IKs (Barhanin et al, 1996; Sanguinetti et al, 

1996a). IsK appears to be a regulatory protein that modulates KVLQT1
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channel activity. An interaction of IsK with HERG, a potassium channel 

gene, has also been demonstrated (McDonald etal, 1997).

The mechanism of interaction of KVLQT1 and IsK subunits has recently 

been elucidated (Wang, K-W., et al, 1996; Romey et al, 1997; Tai et al, 

1998). Biochemical studies have shown that there is a physical 

association between the C-terminal domain of IsK with the pore region of 

KVLQT1. Voltage-gated potassium channels, such as KVLQT1, are 

tetrameric proteins, i.e. four a-subunits assemble to form the functional 

channel (Ackerman and Clapham, 1997). The number of IsK subunits 

per KVLQT1 channel is unknown, however a correlation between level of 

IsK expression and the slowing down of the current has been observed 

(Romey etal, 1997).

IsK is expressed in many mammalian tissues (Barhanin et al, 1998). 

Expression in the ear and the heart has been demonstrated. 

Immunohistochemical studies in the rat and mouse inner ear have 

localised IsK to the endolymphatic surface of the marginal cells and in 

the vestibular dark cells (Sakagami et al, 1991; Vetter et al, 1996). 

Staining was not observed for the Reissner’s membrane, the spiral 

ligament nor the organ of Corti. Mouse kviqtl is expressed in the 

marginal cells of the stria vascularis (Neyroud et al, 1997). Human 

KVLQT1 expression has also been demonstrated in heart, kidney, lung 

and placenta (Wang et al, 1996). The co-localisation of the two proteins, 

KVLQT1 and IsK, in both heart and inner ear provides a clear
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explanation for the main clinical symptoms observed in patients with 

JLNS.

In the heart, IsK associates with KVLQT1, reproducing the properties of 

IKs, the slow component of the delayed rectifier current in the heart 

(Barhanin et al, 1996; Sanguinetti et al, 1996a). This current is 

responsible for the repolarisation phase of the cardiac action potential.

In the ear, the marginal cells of the stria vascularis are known to secrete 

endolymph, a potassium rich fluid of the inner ear, which bathes the 

stereocilia of the sensory hair cells. IsK appears to be responsible for 

transporting high concentrations of potassium into the endolymph, thus 

establishing the ionic environment necessary for normal hair cell 

transduction (Wangemann et al, 1995). Any disruption to this potassium 

environment would ultimately lead to hearing loss.

In conjunction with mapping data, the function and expression pattern of 

IsK in the ear and the heart rendered IsK an excellent positional 

candidate gene.

Mutation in IsK in Family UK1S.

A mutation in IsK was demonstrated in Family UK1S. The mutation 

identified is and A to C transition at nucleotide position 172, an insertion 

of C and a deletion of G, within a stretch of 6  nucleotides, resulting in the 

overall change from ACCCCC to CTGCCT. A survey of the Human Gene
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mutation database illustrates that complex mutations such as the one 

described here are rare (Krawczak and Cooper, 1997). A proposed 

mechanism of how the mutation may have arisen is outlined in figure 4.1. 

Approximately 60 bases upstream of the mutation is a small region of 

sequence similarity sufficient to allow transient mispairing of the two 

regions in the germline of an ancestor (figure 4.1c). This would be 

followed by attempted correction of the 3’ sequence, based on the 

template of the upstream 5’ sequence. Certainly the base changes that 

have arisen as a result of the mutation, create greater homology 

between these two regions.

The mutation causes threonine at position 58 and leucine at position 59 

each to be replaced by proline in the transmembrane region of the 

predicted protein. The cyclical structure of proline is expected to 

influence the resulting protein structure since it causes bending of folded 

protein chains (Stryer, 1988). Observations of the relative occurrence of 

amino acids in a-helices show that proline is the least likely of all the 

amino acids to be found in this secondary structure (Stryer, 1988).

Site-directed mutagenesis of the IsK gene has also contributed insight 

into the functional domains of this small protein. Amino acid substitutions 

at a number of positions within and outside the transmembrane region 

were found to have varying effects on the functional activity of the 

channel. Mutation of the threonine residue at position 58 to a structurally 

related amino acid, valine, was shown to cause a reduction in channel
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activity as observed by electrophysiological measurements in oocyte 

systems (Takumi et al, 1991). The mutation in Family UK1S alters both 

this amino acid, Thrss and the one adjacent to it, Leusg and is therefore 

very likely to be of functional significance and disease-causing.

Site-directed mutagenesis to create the IsK mutation identified in Family 

UK1S has been completed. The next step is the synthesis of 

complementary RNA to inject into Xenopus oocytes to evaluate the 

functional significance of this mutation in vitro. From this work it will be 

interesting to establish if the mutant IsK protein is localised to the 

membrane, or if it associates with KVLQT1 or whether insertion or 

assembly with KVLQT1 is prevented by the cyclical nature of the proline 

residues in the transmembrane region. Furthermore, it is important to 

establish if the mutation in IsK results in a stable protein. This could be 

demonstrated in vitro by placing an epitope tag on the IsK clone. If the 

subsequent mutant transcript was degraded, this would manifest as a 

reduction or absence of protein on a western blot probed with antibodies 

to the epitope tag. Functional data is available for the two mutations in 

IsK underlying autosomal dominant long QT syndrome. These are 

missense mutations in the intracellular C-terminus (Splawski et ai, 

1997a). The mutant IsK subunits form heteromultimeric channels with 

wild type IsK and KVLQT1, and reduce IKs by a strong dominant 

negative mechanism. Reduction of this outward current during the 

repolarisation phase of the cardiac action potential lengthens this phase 

and hence increases the risk of arrhythmias.
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In summary, the following are evidence that mutation in the IsK gene 

causes JLNS in Family UK1S. Mutation in KVLQT1 has been excluded in 

this family due to lack of homozygosity for markers on chromosome 

11p15.5, but homozygosity-by-descent for markers flanking the IsK gene 

was observed. The interaction of the IsK gene product with that of 

KVLQT1, provides a plausible biological mechanism for the disease 

pathology. Finally, the identification of IsK as a gene underlying JLNS in 

humans is strongly supported by observations in IsK-knockout mice 

(Vetter etal, 1996; Drici etal, 1998; Charpentier etal, 1998).

The involvement of IsK in JLNS has now been confirmed by other 

reports (Schulze-Bahr et al, 1997; Duggal et al, 1998), although it 

remains a rare cause of this syndrome. Mutation in IsK has now been 

identified in two families with autosomal dominant isolated long QT 

syndrome or Romano Ward syndrome (Splawski et al, 1997a), 

demonstrating that mutation in IsK can give rise to both recessive and 

dominant phenotypes.
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4.2.2. Mutation in KVLQT1 causes Jervell and Lange-Nielsen 

syndrome

After the initial identification of a mutation in IsK, analysis of 12 unrelated 

families with JLNS failed to identify another mutation in IsK. During the 

course of this work, Neyroud et al published two families with JLNS 

homozygous for a single mutation in KVLQT1 (Neyroud at a/, 1997), a 

gene previously implicated in autosomal dominant Romano Ward 

syndrome (Wang at a!, 1996). Haplotype data for the additional families 

described in this study is consistent with mutation in KVLQT1. Exons of 

the KVLQT1 gene were identified and primers designed in order to 

screen the entire gene from genomic DNA. Novel mutations were 

identified, thus analysis of these additional JLNS families confirmed the 

role of KVLQT 1 in JLNS and also demonstrated that KVLQT1 is the 

major locus for this syndrome.

It is now shown that an indistinguishable phenotype arises from mutation 

in either IsK or KVLQT 1 the two subunits of the slow component of the 

delayed rectifier current Iks. The interaction of IsK with HERG (McDonald 

at a/, 1997) implicates mutations in HERG as a cause of JLNS, although 

none have been described to date. Evidence against this is that in this 

particular study of 13 JLNS families, the molecular basis of the disease is 

accounted for by either mutation in IsK or KVLQT 1. Although, mutations 

in HERG account are the second most common cause of RWS, mutation 

in HERG in JLNS would be rare.
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Norwegian families

Ten unrelated NonA^egian families were ascertained in collaboration with 

Professor Lisbeth Tranebjærg, including the original JLNS family 

described in 1957 (Jervell and Lange-Nielsen, 1957).

SSC analysis and direct sequencing of KVLQT1 identified three common 

mutations in this subset of families; a 5 base pair deletion, denoted 572- 

576 delTGCGC, and two nonsense mutations, 1552C>T (Arg518Stop) 

and 1588C>T (Gln530Stop).

The 5 base pair deletion was identified in six families from Norway, in 

both the homozygous and heterozygous form. The consequence of this 

mutation is the premature truncation of the predicted protein in the 85 

transmembrane domain. The predicted protein, if produced, will lack the 

pore region, the 86 transmembrane domain and the entire intracellular 

C-terminus. 8ince interaction of KVLQT1 with IsK involves the pore 

region of KVLQT 1, it is unlikely that this mutant subunit would retain the 

ability to interact with IsK.

A founder effect, which is the introduction of a mutation into a small 

population by one member, leading to a relatively high prevalence of that 

mutation in the population in future generations, is likely since a common 

haplotype for markers spanning the KVLQT1 gene was observed in 

these families, figure 3.26. These families are not known to be related, 

but do originate from the same county in NonA/ay.
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Two novel nonsense mutations were identified in exon 11A of the 

KVLQT1 gene, which encodes part of the C-terminus of the predicted 

protein. The same nonsense mutation, 1552C>T, was identified in three 

Norwegian JLNS families. The mutation occurred on two different 

haplotypes for markers around the KVLQT1 gene on chromosome 

11 pi 5.5, figure 3.26, suggesting that these are independent mutation 

events. However, further refinement with markers closer to the KVLQT 1 

gene needs to be performed, since the interval at present spans a region 

of 6cM.

Another nonsense mutation in exon 11 A, 1588C>T, was found in two 

Norwegian families, N6K and N7J. These families share a common 

haplotype for polymorphic markers at the KVLQT1 locus.

No mutation has been identified by SSC analysis in Family N8A. There is 

no suggestion of the involvement of another gene; the proband is 

homozygous-by-descent for markers flanking the KVLQT1 gene, and 

there remains a small area of the gene unscreened. Direct sequencing of 

the entire KVLQT 1 gene, and southern blot analysis to examine the gene 

for rearrangements, would hope to identify the mutation in this family.

British families

The mutation identified in Family UK2T results in a histidine replacing an 

arginine at position 243 in the S4 transmembrane domain of the
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predicted protein. The S4 transmembrane domain contains a cluster of 

positively-charged amino acids such as arginines and lysines, and is the 

major voltage sensor of the ion channel (Hebert, 1998). A mutation of an 

arginine to a different residue may affect the function of this domain. 

Neutralisation of the four positively charged residues in the S4 segment 

of a sodium channel by site-directed mutagenesis has been shown to 

have major effects on the voltage dependence of activation (Catterall, 

1995). The mutation described in Family UK2T, a histidine replacing an 

arginine, may affect the voltage dependence of activation of the channel, 

in turn affecting the IKs current, although histidine also carries a positive 

charge, albeit a weaker one. Additionally, in the KVLQT 1 gene, this 

arginine residue is highly conserved in human, mouse, xenopus and C. 

elegans (Chouabe etal, 1997).

Family UK3C was originally published as being excluded from the 

KVLQT 1 locus (Jeffrey et al, 1992). However, subsequent 

recombinations between Harvey-ras and Romano Ward syndrome 

(RWS) and the repositioning of the KVLQT1 gene with respect to 

microsatellite markers prompted the re-analysis of this family which 

showed that they are consistent with mapping to the KVLQT1 locus. 

Evidence of genetic heterogeneity is provided by the molecular analysis 

of Family UK1S. Both the affected boys of Family UK3C and their mother 

are heterozygous for a 1 bp deletion at position 1008 of the KVLQT1 

gene. The father does not have this particular mutation; his mutation and 

hence the second mutation in these boys has not yet been identified.
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Direct sequencing of the entire KVLQT 1 gene, including a previously 

unscreened exon, would hopefully identify the mutation in this family.

Each of the mutations identified, with the exception of Family UK2T, are 

nonsense and fra mesh ift mutations prematurely truncating the predicted 

protein in the C-terminus.

4.2.3. Molecular mechanism of KVLQT1 mutations in JLNS

A mutation of a gene might cause a phenotypic change in either of two 

ways; the product may have reduced or no function (loss-of-function 

mutation) or the product may function in an abnormal way. The majority 

of mutations in KVLQT 1 identified in JLNS in this study are predicted to 

result in the translation of an aberrant or truncated protein, which is 

unlikely to act as a functional channel subunit. The domains involved in 

the assembly of the KVLQT 1 tetrameric channel are not known. If co­

assembly requires an intact C-terminus, then mutant subunits truncated 

in this domain cannot interact with other subunits, hence the molecular 

mechanism of these mutations is likely to be loss of function. The 

homozygous missense mutation, Arg243His, of a highly conserved 

residue, identified in one of the 12 families studied, appears to be an 

exception, but functional studies of HERG, mutations in which cause 

chromosome-7 linked RWS, have shown that missense mutations can 

act as loss of function mutations (Sanguinetti et al, 1996b). Additionally, 

low penetrance missense mutations in the S4 domain of KVLQT 1 have 

recently been described (Priori et a/, 1999). An alternative explanation is
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that since IsK associates with the pore region of KVLQT 1 (Wang, K-W., 

et al, 1996; Romey et ai, 1997; Tai et al, 1998), then mutant subunits 

truncated before the pore region, for example the 572-576 delTGCGC 

and 1008 deIC mutations, would lack the ability to physically assemble 

with IsK, producing an aberrant IKs.

The functional significance of mutations in ion channels can be assayed 

using Xenopus oocytes. These oocytes are large enough to be injected 

with exogenous mRNA and are capable of synthesising the resulting 

foreign proteins. After microinjection of the mRNA and incubation, the 

activity of the channel protein can be determined by patch-clamping 

techniques (Ackerman and Clapham, 1997). By measuring the 

electrophysiological properties of the reconstituted channel in the oocyte 

it is possible to elucidate the mechanisms by which mutations in KVLQT 1 

cause disease. Analysis of the properties of mutant alleles of KVLQT1 

are performed in the presence of IsK in order to reproduce, as far as 

possible, the IKs current in patients. By examining whole cell currents 

and comparing with control conditions (wild type KVLQT 1 with and 

without IsK), it should be possible to tell if mutations produce functional 

channels. If mutant subunits do not interact with wild type subunits, then 

one would expect a 50% wild type current, on a 1:1 expression of wild 

type and mutant subunits, the equivalent of injecting half the amount of 

wild type subunit alone. This was subsequently observed for the first 

homozygous KVLQT 1 mutation described in families with JLNS, an 

insertion/deletion mutation resulting in a frameshift, disrupting the coding
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region after the S6 transmembrane domain and premature truncation of 

the predicted protein in the cytoplasmic C-terminus (Neyroud et al,

1997). Expression of the mutant subunit alone did not show novel 

currents, nor did it assemble with wild type subunits, demonstrating that 

this mutation acts as a loss of function mutation (Wollnik et ai, 1997). It 

remains to be seen if this is the molecular mechanism by which all 

truncating mutations act. Transcripts with premature translational 

termination are often degraded by mechanisms not fully understood 

(Maquat, 1996). This could be demonstrated in vitro by placing an 

epitope tag on the KVLQT 1 clone. If the subsequent mutant transcript 

was degraded, this would manifest as a reduction or absence of protein 

on a western blot probed with antibodies to the epitope tag.

4.2.4. Significance

From the clinical data available for the families in this study, the majority 

of mutation carriers do not have prolonged QTc (section 2.3.3). The 

parents of children with JLNS may occasionally have prolonged QTc and 

some gene carriers may even be symptomatic (Splawski et ai, 1997b), 

but a family history of syncope and sudden death is rare in individuals 

with JLNS and has not been reported in the literature until recently 

(Neyroud et al, 1997; Splawski et al, 1997b). These mutations appear to 

be low penetrance in the heterozygous state, in contrast to the higher 

penetrance traditionally described in RWS (Vincent et ai, 1992). In the 

case of the 5 base pair deletion, 572-576 delTGCGC, only a single 

carrier from a total of 16 suffered from syncope, a penetrance much
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lower than that seen in RWS, even “forme fruste” long QT syndrome 

(Donger et al, 1998). Furthermore, an apparently normal phenotype has 

been described for a heterozygous missense mutation in the pore region 

of KVLQT 1, individuals homozygous for this mutation suffered from 

JLNS (Neyroud et ai, 1998). An important consequence of the 

identification of low penetrance mutations, is that so called “sporadic" 

cases of long QT, thought to out number the genetic cases, may have 

mutations of low pentrance, and therefore appear to have no family 

history. The finding that QTc intervals may be prolonged in infants 

subsequently dying of SIDS (Schwartz et ai, 1998) may now be 

accounted for at the molecular level; some infants may have new 

missense mutations in KVLQT 1 but some may be heterozygous for low 

penetrance (“loss of function”) mutations in KVLQT 1 such as those 

identified in this study, which are not clinically manifest in their parents 

and rarely give rise to familial recurrences.

It is interesting to speculate what determines whether these “low 

penetrance” mutations do become clinically apparent in the 

heterozygous state. The intrafamilial variation of penetrance and disease 

severity in the long QT syndromes may be influenced in part by common 

polymorphisms in the IsK gene (Lai et ai, 1994; Tesson et al, 1996), 

which have an effect on the function of the KVLQTI/lsK complex. The 

sequence variations, harmless by themselves may influence the 

phenotype of heterozygous carriers of KVLQT1 mutations. It is only by 

correlating genotype, phenotype and functional effects of mutations and
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polymorphisms that such an interaction could be determined. 

Environmental or hormonal factors may also influence the phenotype of 

carriers.

4.2.5. Mutations in KVLQT1 in Romano Ward syndrome.

Romano Ward or autosomal dominant long QT syndrome is 

characterised by isolated cardiac syncope and prolongation of the QT 

interval on electrocardiogram. Of the four genes implicated in RWS, 

mutations in KVLQT1 account for approximately 40% of cases of 

inherited long QT (Ackerman, 1998a).

Of the 30 different mutations in KVLQT 1 that underlie dominant Long QT 

syndrome 26 are missense mutations (Reviewed in Wang, Q. et al,

1998).

An exception to this rule appears to be the 3bp deletion described by 

Wang (Wang at al, 1996), the 3bp deletion described by Ackerman 

(Ackerman at al, 1998b), and the novel mutations identified by Li (Li, H., 

atal, 1998).

However, the 3bp deletion described by Wang (Wang at al, 1996), 

results in the deletion of an amino acid, and a substitution of a 

phenylalanine residue for a tryptophan residue in the second putative 

transmembrane domain of the predicted protein. Essentially, this 

mutation can be considered to be a missense, since the effect of the

264



mutation is localised, there is no major frameshift or premature 

truncation. The 3bp deletion reported by Ackerman also results in the in­

frame deletion of a single phenylalanine residue without frameshift 

(Ackerman etal, 1998b).

Li and colleagues have recently identified novel mutations in KVLQT 1 in 

families with Romano-Ward syndrome (Li, H. et ai, 1998) which they 

propose both cause a frameshift, disrupt splicing and lead to premature 

truncation of the KVLQT1 protein. However, this may not be the only 

explanation of the effect of these mutations. A splice site mutation, 

SP/A249/g-a was identified in 4 families. Most commonly, a mammalian 

spice site mutation results in exon skipping (Maquat, 1996). The 

mutation which is denoted SP/A249 (g-a) occurs at a splice junction and 

may cause the exon to be skipped with the resulting mRNA, in this 

particular case, still reading “in frame". Li also identified a novel 3bp 

deletion which spans an exon-intron boundary. However, the 5’ donor 

splice consensus sequence seems to be intact (Shapiro and Senapathy, 

1987) and splicing may still occur at this position, 3 nucleotides proximal 

to the wild type splice site. The consequence of this mutation may 

therefore be a mutant protein with a deletion of a single amino acid, 

valine. If this is the case, these mutations may have a localised effect 

and are not necessarily null alleles as proposed.

In summary, the type of mutation in KVLQT 1 that predominates in RWS 

is missense or small in-frame deletions with localised effects.
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Molecular mechanism of KVLQT1 mutations in RWS

The missense mutations identified in KVLQT 1 underlying autosomal 

dominant long QT syndrome (RWS), that have been functionally 

assessed to date, result in a dominant-negative suppression of 

potassium channel activity as judged by electrophysiological studies in 

Xenopus oocytes (Russell at a/, 1996; Wollnik at al, 1997; Shalaby at al, 

1997; Chouabe at al, 1997). A dominant-negative effect occurs when the 

mutant product not only loses its own function but prevents the product 

of the normal allele from functioning in a heterozygous person. This 

effect is often seen with proteins that work as dimers or multimers. The 

mutant protein retains the ability to assemble, sequestering the wild-type 

subunit into dysfunctional channels. By co-injecting oocytes with mutant 

and wild-type mRNA it is possible to determine these effects.

4.2.6. Mutation in KVLQT1 in autosomal recessive Long QT 

syndrome

Homozygosity for a mutation in KVLQT 1 in an autosomal recessive 

variant of RWS has recently been described in a single consanguineous 

family (Priori at al, 1998). The affected individual suffered from classic 

RWS symptoms, characterised by syncope and prolongation of the QT 

interval on EGG, but did not suffer from hearing loss. His parents, both 

carriers of the mutation, had normal EGGs. The mutation, a missense 

mutation of a highly conserved residue in the pore region, only manifests 

the cardiac phenotype in the homozygous state. In the case of
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multimeric complexes, for recessive mutations it requires that the 

mutated subunit does not interact with the wild type subunit, 

compromising the function of the mutant/wild type channel, or if it does 

assemble, the function of the resulting mutant/wild type channel is not 

compromised sufficiently to cause disease. The mutant allele described 

here may still interact with wild type subunits, leaving residual channel 

activity. Hence the heterozygous carrier is asymptomatic. This suggests 

that the ear is less sensitive than the heart to a dysfunctional potassium 

current. Interestingly, this mutation is only 5 amino acid residues away 

from a mutation found in the homozygous state in an individual with 

JLNS (Neyroud etal, 1998).

The molecular analysis of Family N160 in this study provides evidence 

for genetic heterogeneity in autosomal recessive long QT syndrome, as 

this family is not consistent with mapping to either KVLQT 1 or IsK. The 

analysis of other loci and genes implicated in Romano Ward syndrome, 

HERG, SCN5A and the locus on chromosome 4, will be candidate 

regions for future work.

4.2.7. Recessive versus dominant mutations in KVLQT1.

Now it has now been shown at the molecular level that autosomal 

recessive JLNS and the autosomal dominant RWS are allelic conditions 

caused by mutation in the gene KVLQT 1, it is interesting to speculate 

what accounts for the two phenotypes observed.
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Analysis of the large number of families with JLNS, allows for 

comparisons at the molecular level between JLNS and RWS and from 

this study, it is proposed that different types of mutation and the position 

of mutations in KVLQT 1 differ in JLNS and RWS. Can the different 

phenotypes can be accounted for by the type and position of the 

mutation in the KVLQT1 molecule?

The predominance of nonsense and frameshift mutations in KVLQT1 in 

families with JLNS is a different scenario to that observed in Romano- 

Ward syndrome. No nonsense mutations have been identified so far in 

patients ascertained as Romano-Ward syndrome.

The type of mutation in KVLQT 1, and hence the molecular mechanism 

through which it acts may account for the differences in symptoms in 

heterozygotes for the two conditions, explaining why carriers of 

missense mutations, acting in a dominant-negative manner, tend to 

suffer from RWS, characterised by syncopal episodes, whereas 

nonsense and frameshift “loss of function” mutations only rarely give rise 

to symptoms except in the homozygous state. The main difference 

between RWS and JLNS mutations in KVLQT1 could be the presence or 

absence, respectively, of a dominant-negative effect on the gene product 

of the wild type allele.

Expression of these mutations in Xenopus oocytes should confirm if 

these different types of mutation have a significant functional difference.
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Not only does the type of mutation in KVLQT 1 appear to differ between 

JLNS and RWS, but the position of mutation appears to be different. 

From this study and that of Neyroud (Neyroud et al, 1997) and Splawski 

(Splawski at al, 1997b), mutations in KVLQT 1 in families with JLNS 

appear to truncate the predicted protein in the C-terminus.

Initially, the KVLQT1 mutations identified in RWS appeared to be 

clustered in the S2-S6 domains of the predicted protein, but this was the 

only part of the gene for which primers had been designed to amplify 

genomic DNA (Wang at al, 1996), and hence there would have been a 

bias towards this part of the gene. The C-terminus can now be screened 

from genomic DNA, analysis of this part of the KVLQT 1 gene may reveal 

additional mutations, since many groups have failed to identify mutations 

in KVLQT 1 in families with RWS consistent with mutation at this locus 

(Neyroud atal, 1997; Saarinen atal, 1998).

A mutation in the C-terminal region of KVLQT 1 has resulted in “forme 

fruste” long QT (Donger atal, 1997). This C-terminal mutation resulted in 

a mild clinical phenotype. Of the 44 carriers of the mutation, only 5 

suffered from syncope, and 2 died suddenly. The QTc intervals of the 

mutation carriers were often borderline, but they were significantly lower 

than seen in individuals with mutations in the transmembrane regions 

(Donger at al, 1997). It remains to be seen whether all C-terminal
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mutations in families ascertained with RWS will be mild and whether a 

phenotype can be predicted from mutation location.

A scenario similar to that seen for mutations in KVLQT1 in JLNS and 

RWS is the situation with Myotonia Congenita. Both recessive and 

dominant forms of Myotonia Congenita are due to mutations in the gene 

CLCN1, encoding the major skeletal muscle chloride channel CIC-1 

(Koch et al, 1992). More than 30 different mutations have been identified, 

scattered the entire length of the channel protein. Total loss of function 

mutations, like those truncating the protein before the cytoplasmic C- 

terminus always lead to recessive disease, as do some missense 

mutations. Mutations found in autosomal dominant Myotonia Congenita 

exert dominant-negative effects on the co-expressed wild type subunits. 

However, it has also been found that some mutations do not conform to 

simple “dominant” or “recessive”. Some mutations have reduced 

penetrance, some have been found associated with both dominant and 

recessive forms of Myotonia. Recent studies on the CIC-1 gene indicate 

that it is impossible to predict phenotype based on location or type of 

mutation (Kubisch etal, 1998).

4.2.8. KVLQT1 and imprinting

KVLQT 1 is in a cluster of imprinted genes at the Beckwith Wiedemann 

syndrome locus on 11 p i5.5. The cluster of genes include the maternally 

expressed genes H I9 and p57*̂ '̂ ,̂ and the paternally expressed genes 

INS and IGF2 (Li et al, 1997). Genomic imprinting is an epigenetic
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mechanism controlling gene expression in which the transcriptional 

activity of each allele is dependent on its parental origin. In most tissues, 

KVLQT 1 is preferentially expressed from the maternal allele, however in 

the heart, it is biallelically expressed (Lee et al, 1997). In the mouse 

during early embryogenesis, expression of kviqtl is maternal in origin, 

the paternal allele only becomes activated later in fetal development. 

Juvenile and adult animals show complete biallelic expression (Gould 

and Pfeifer, 1998). Lack of imprinting in the human heart would account 

for why no parent of origin effect of transmission is seen in RWS.

Beckwith Wiedemann syndrome (BWS) is an overgrowth disorder 

characterised by developmental anomalies, tissue and organ 

hyperplasia, and an increased risk of embryonal tumours (Li et al, 1997). 

KVLQT 1 is implicated in the aetiology of BWS in that the gene spans 

translocation breakpoints associated with the disease (Lee et al, 1997; 

Reid et al, 1997). KVLQT 1 occupies a very large genomic region of at 

least 300Kb, therefore these translocations may not be of functional 

consequence; the rearrangements may disrupt the expression of multiple 

loci nearby by disrupting an imprinting centre or by “position effects”. To 

date there is no known relationship between mutations in the potassium 

channel gene KVLQT 1 and the BWS phenotype.

4.2.9. Future work

Only functional analysis of mutations identified in this study in expression 

systems such as the Xenopus oocyte and mammalian cell lines can try
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to establish the functional possibilities that may explain the various 

clinical phenotypes seen in the heterozygotes and homozygotes in the 

Romano Ward and Jervell and Lange-Nielsen syndromes. This should 

provide better clinical insight into the possible range of severity of 

mutations in the potassium channel gene KVLQT 1.
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Non-syndromic X-linked deafness is a rare form of gen­
etic deafness accounting for a small proportion of all 
hereditary hearing loss. It is both clinically and geneti­
cally heterogeneous and five loci have been described 
to date but only two of these have been mapped. DFN2 
represents a locus for congenital profound sensorineu­
ral hearing loss that has yet to be mapped. We describe 
a four generation family with this phenotype in which fe­
male carriers have a mild/moderate hearing loss affec­
ting the high frequencies. The mutant gene has been 
mapped to Xq22 using polymorphic microsatellite 
markers. A maximum two point lod score of 2.91 at 6 = 0 
was observed with a fully informative dinucleotide re­
peat at COL4A5, and flanking recombinations were ob­
served at DXS990 and DXS1001.

INTRODUCTION

Deafness is one of the most common human sensory defects 
affecting ~1 in 1000  live births and is thought to be inherited in 
more than half of cases (1). O f these, -70%  are considered to be 
non-syndromic, that is, not associated with other clinically 
recognisable features outside the auditory system. X-linked 
deafness accounts for only a few percent of all non-syndromic 
deafness but nevertheless is genetically heterogeneous.

McKusick has categorised X-linked deafness into four types 
according to age of onset and audiogram (2 ) but recent genetic 
work has shown this classification to be oversimplified. Geneti­
cally, the locus D FN l has been assigned to the phenotype of 
progressive sensorineural hearing loss, M IM  304700 (3), but 
recent restudy of the same family has revealed the additional 
clinical features of blindness, dystonia, spasticity and fractures, 
which define this clinical entity as a new syndrome, Mohr-Tra- 
nebjærg Syndrome (4). This syndrome has been mapped to Xq22 
(4). The symbol DFN2 has been assigned to profound congenital 
sensorineural deafness (M IM  304500) and is unmapped. The locus 
DFN3, to which the majority of families with non-syndromic 
X-linked deafness map, was assigned to a gene causing progressive 
mixed deafness with perilymphatic gusher at stapes surgery (M IM  
304400) and mapped to Xql3-q21 (5,6,7). It is now known that 
both mixed and pure sensorineural deafness may be caused by 
mutations in the same gene, POU3F4, at this locus (8,9) and that

they share the same radiological phenotype (10). However, not all 
cases of mixed or sensorineural deafness which map to Xql3-q21 
are accounted for by mutations in POU3F4 and there may be 
another gene in this region, mutation in which results in deafness 
(11,12). DFN4 has been mapped to Xp21.2 in a region containing 
the Duchenne muscular dystrophy locus and mutation at this locus 
results in congenital, profound sensorineural deafness in males and 
mild to moderate high frequency sensorineural hearing loss of 
adult onset in females (15).

We describe the re-evaluation of a four generation British- 
American family with congenital profound sensorineural hearing 
loss in males, similar to that ascribed to the unmapped locus 
DFN2. We present evidence of linkage of the mutant gene in this 
family to markers in Xq22 and describe a smaller family which 
does not show linkage to any of the loci described previously.

RESULTS

Family 1

This family was typed using markers from Xq 13-q21, to exclude the 
DFN3 locus. DXS995 and DXS1002 are known to flank the 
POU3F4 gene at DFN3 (13). DXS995 lies within 5 cM of DFN3 
(14) and physical data has shown that it actually lies within 20 kb 
of the POU3F4 gene (8 ). Recombinations between individuals IV 7 

and V 4, and individuals IHg and IV ]], with DXS995 and recombina­
tion between Big and IV]] with DXS1002 effectively excludes 
DFN3 as the causative locus. Lod scores are detailed in Table 1.

Both families were typed for microsatellite markers which span 
the DMD  gene in Xp21.1 in order to exclude linkage to DFN4. 
Typing revealed different haplotypes in affected males across the 
entire D M D  locus, excluding DFN4 as the causative locus in 
family 1.

Re-examination of previous linkage data prompted a search for 
linkage on the long arm of the X  chromosome. Typing with 
commercially available primer pairs detecting microsatellite 
polymorphisms revealed a region of linkage at Xq22.

The two-point lod scores between the disease gene and marker 
loci, generated by LIPED, are shown in Table 1. A maximum 
two-point LOD score of 2.91 at zero recombination was observed 
with dinucleotide repeats at COL4A5 and at DXS1106. Likely 
recombinations occurred between individuals Illg and IV ]] 
between the markers DXS990 and DXS1106, and between 
individual IV]% and her sons Vg and V 9 between DXS1220 and 
DXSIOOI.

*To whom correspondence should be addressed
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Figure 1. Family 2. Probable haplotypes across the DFN4  locus at Xp21.1 assuming the least number of recombinations. DFN4  is encompassed by the 5' end of the 
D M D  gene and a region between intron 50 (STR5Q) and the 3' untranslated region (15).

Table 1. Pairwise LO D scores between the disease locus and Xq chromosome markers

Locus LO D  score at 8 = 

0 0.05 0.1 0.2 0.3 0.4

DXS995 -99.99 - 1.002 -0.509 -0.127 0.007 0.037 0.037

DXSIOOI -99.99 0.057 0.293 0.429 0.390 0.243 0.429

DXS990 -99.99 0.057 0.293 0.429 0.390 0.243 0.429

DXS1J06 2.913 2.671 2.42 1.894 1.327 0.706 2.913

PLP 1.408 1.297 1.182 0.934 0.661 0.353 1.408

DXS17 1.12 1.002 0.869 0.562 0.230 -0.016 1.12

DXS1230 0.505 0.461 0.416 0.322 0.222 0.116 0.505

C0LAA5 2.913 2.671 2.42 1.894 1.327 0.706 2.913

D XS12I0 1.408 1.297 1.182 0.934 0.661 0.353 1.408

DXSJ220 1.138 1.046 0.951 0.749 0.527 0.280 1.138

DXSIOOI -99.99 -0.148 0.284 0.504 0.412 0.166 0.504

Family 2

Analysis of this family with markers from Xql3-q21 showed 
multiple recombinations and excluded POU3F4 (DFN3) as the 
disease gene, as indicated in Table 2. DXS986 lies within 6  cM of 
DFN3 (14) and so DFN3 can be excluded as the disease gene if 
a lod score of -2  is taken as evidence against linkage (Haldane’s 
mapping function).

The DFN4 locus has previously been mapped between 
DXS992, a microsatellite marker which lies between intron 50 of 
the DMD  gene and the 3' untranslated region, and DXS1068 
which lies within 0.01 cM of the 5' end of the gene (15). Family 
2 was typed for the following microsatellite markers which span

the DMD  gene from the 5' brain promoter to the 3' untranslated 
region in Xp21.1 in order to exclude linkage to DFN4: 5' DYS 1, 
intron 44, intron 45, intron 49, intron 50, introns 62/63 and 3' 
STR-Hl. Typing revealed different haplotypes in affected males 
across the entire DMD  locus, excluding DFN4 as the causative 
locus in Family 2. The haplotypes are shown in Figure 1 and show 
that the affected males, I I2, I I5, I I7 and II I4 do not share a common 
haplotype in this region, effectively excluding linkage.

Subsequent to the observation of linkage of Family 1 to Xq22, 
Family 2 was typed for the marker at COL4A5. As shown in 
Figure 2, three of the affected males, I I5, I I7 and II I4, have 
different alleles, indicating that the COL4A5 gene is an unlikely 
candidate for this disorder in Family 2.
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Figure 2. Microsatellite analysis of Family 2 with the dinucleotide repeat at 
COL4A5. The three affected males II5, I I7 and III4 have different alleles 
effectively excluding this as the disease gene. Individuals Hh. I I I3, I I I5, IV  | and 
IV ] were not typed for this marker since DNA was not available.

Table 2. Two point LOD scores between the disease gene and marker loci for 
Family 2

Locus Lod score at 6 = 

().() ().(X)I 0.03 0.1 0.2 0.3 0.4

COL4A5 -99.99 -4.673 -1.36 4).843 -0.403 - 0.200 -0.078

D x s m -99.99 -7.371 -2.339 -1.303 -0.744 -0.363 4). 142

DXSIOOI -99.99 -7.371 -2.339 -1.303 41.744 -0.363 -0.142

DISCUSSION

Linkage of Family 1 to Xq22 provides a map location for DFN2. 
Several syndromic forms of deafness map to Xq22, including 
Alport syndrome, Mohr-Tranebjærg syndrome (MTS) and 
Pelizaeus-Merzbacher disease ( PMD). At present it is not known 
whether our family represents an allelic form of one of these 
conditions although phenotypically this is very unlikely.

Normal ophthalmologic examination, normal urinalysis and 
lack of family history of renal disease, as well as the age of onset 
and pattern of hearing loss makes Alport syndrome unlikely. 
Nevertheless, screening of the COL4A5 gene is being undertaken 
in Family 1 to exclude an unusual allelic variant; mutation in the 
COL4A5 gene has been described in a family with characteristic 
renal disease but without hearing loss (16). The gene COL4A6 
which lies in a head to head configuration with COL4A5, remains 
a possible candidate, although deletions of the 5' end of this gene 
and part of the neighbouring COL4A5 gene are reported to cause 
diffuse leiomyomatosis (DL) and Alport’s syndrome (17). 
However, no mutations in COL4A6 alone have yet been described, 
so the phenotype associated with mutations in the gene is unknown. 
By itself. Family 2 is too small to establish or exclude linkage to a 
chromosomal region but recombinations with the intragenic marker 
in C01AA5 exclude this as a candidate gene in this family.

The Mohr-Tranebjærg syndrome (MTS), which has been 
recently mapped to Xq22 (4), was originally described by Mohr 
in 1960 in a family with a non-syndromic form of progressive 
sensorineural deafness. However, recent re-evaluation has re­
vealed additional clinical features which include progressive 
dystonia, spasticity, mental deterioration and visual symptoms 
leading to blindness. None of these features have been observed in 
Family 1, none having been present in the affected males of 
generation II or in individuals IV 1 and IV ]2 who are now in their 
thirties and forties. Furthermore, there is no evidence of progression 
of the deafness in this family. Whether or not MTS represents an 
allelic form of Pelizaeus-Merzbacher disease (PMD) is not yet 
known. This is a possibility since mutations in the proteolipid protein 
gene responsible for PMD have also been reported in families with 
complex X-linked spastic paraplegia (18).

It is therefore possible that the deafness in our Family 1 is 
caused by mutation in an unknown gene in Xq22. Expressed 
sequences in this region have been identified during work 
undertaken in the identification of the htk gene, mutations in 
which cause X-linked agammaglobulinaemia ( 19,20). Such ESTs 
will be considered as potential positional candidate genes during 
the course of future work.
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Figure 3. (a) Audiogram of affected male. Family I. individual IV  |. (b) A typical audiogram of an obligate female carrier {IV7) from Family I.
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F ig u re  4 . Family tree for Family 1, showing X-linked inheritance and probable haplotypes across Xq21 -q24, assuming the least number of recombinations. Likely 
recombination has occurred between individuals Illg and IV  i ] between the markers DXS990 and DXS1I06, and between individual IV  ; j and her sons Vg and Vg 
between DXS1220 and DXSIOOI. An x symbol in the haplotype indicates that the individual was not typed for that marker.

Audiological testing of obligate female carriers in this family 
has shown that III], IIIô, HIg, IIIjo, IV 7 and IV] ] have a mild to 
moderate hearing loss (an example of which is shown in Fig. 3b). 
During the course of this work, linkage analysis has identified 
several females who carry the affected haplotype (IV 2, IV 5, IV 9, 
IV] 3, V 5, Vg and V 7). Of these, individuals IV 13 and Vg are 
reported to have a mild hearing loss on pure tone audiometry and 
the hearing status of IV 2 and V 7 is unknown. Individual IV 5 who 
is aged 37 years, gives a history of subjective hearing loss and has 
a mild/moderate hearing loss on pure tone and Bekesy audio­
metry; IV 9 (aged 4 1 years), however, has a normal audiogram but 
very small otoaccoustic emissions as does her daughter V 5 (data 
not shown). Previous clinical studies of obhgate carriers of 
X-linked deafness have shown that such females do not always have 
audiometrically detectable hearing loss (13,21). Thus, normal pure 
tone audiometry in a female does not exclude carrier status; the value 
of other forms of audiometric testing, such as otoaccoustic emission 
data, in detecting carriers neeik to be evaluated.

If  new X-ünked deaftiess genes are identified. Family 2 can be 
analysed for exclusion of a candidate gene. At the present time the

small family size precludes the possibility of independently 
establishing or refuting linkage. However, chnical investigation may 
reveal the carrier status of females and their children in this family, 
which would enable more meioses to be scored. Individuals IV \ and 
IV 2 are too young to show a hearing loss detectable by pure tone 
audiometry, based upon the natural history of hearing loss seen in 
other hearing impaired males in the family.

The nomenclature of non-syndromic X-linked deafness is 
confusing as it preceded molecular analysis of families. DFNl 
was originally assigned to the phenotype of progressive non-syn- 
dromic deafness (3) which has subsequently been shown to be a 
form of syndromic deafness (4). Similarly, DFN3 represented 
mixed deafness with perilymphatic gusher but has since been 
shown to encompass the phenotype of pure sensorineural 
deafness (8,9). The locus DFN2 has traditionally been allocated 
to a gene causing congenital sensorineural deafness (22-27), 
which could encompass Family I. Hopefully, the molecular 
dissection of non-syndromic X-linked deafness will allow 
classification based upon genetic loci alone and elucidate a 
genotype-phenotype correlation.
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MATERIALS AND METHODS cM X chr Marker

Family 1 (Fig. 4) has been described previously as family 7 (7). 
Re-evaluation of this family revealed that individual IV |2  has 
congenital profound sensorineural hearing loss and also suffers 
from Down’s Syndrome. In the past this individual was typed as 
unaffected because little was known about him. Individual I I4, 
previously shown to be affected with hearing loss but with no 
other family history, is shown as unaffected here since the sudden 
onset of her hearing loss was revealed to have dated from a severe 
head injury sustained in her teens. Affected males in this family 
suffer from a severe/profound pure sensorineural hearing loss 
which is prelingual in onset. The audiogram of an affected male 
(individual IV ]) is shown in Figure 3a. A CT scan of the petrous 
temporal bone in affected males showed no abnormality. All of the 
obligate female carriers have shown a mild/moderate hearing loss, 
more pronounced in the higher frequencies but none has com­
plained of a subjective hearing loss. An example of this is shown 
in Figure 3b. There was no family history of renal disease and 
urinalysis was normal. Ophthalmic evaluation was also normal.

Family 2 has not been reported previously (Fig. 1). Affected 
males have a moderate to severe sensorineural hearing loss of 
childhood onset (age 3-9 years at diagnosis) and all have 
developed speech. Obligate female carriers have a mild hearing 
loss. CT scan of the petrous temporal bone of an affected male 
showed no abnormality.

PCR analysis

DNA was extracted from peripheral blood lymphocytes by 
standard techniques and was amplified in the polymerase chain 
reaction (PCR) by primers flanking dinucleotide repeat poly­
morphisms. Reaction mix consisted of 250 ng genomic DNA, 50 
pmol of each primer, buffer consisting of 1.5 mM Tris pH 8.3 ,1.5 
mM KCl, 0.2 mM dGTP, dATP, dTTP and 0.02 mM dCTP, I|il 
[^^PjdCTP (3000 Ci/mmol) per 1 ml of reaction mix, and IU  Taq 
polymerase (Bioline) in a reaction mix of 50 |il. Products were 
separated on a 6 % acrylamide-7 M  urea denaturing gel at 60 W  
for 2-3 h. Dried gels were exposed to X-ray film (X-OMAT, 
Kodak) for 24 h.

All primer sequences are available from Généthon (28) except 
for PLP (29), C01AA5 (30), DXS17 (31), 5' DYS I  (32) STR 
44/45/49/50 (33), STR H I  and STR 62/63. (J. Taylor and A. 
Brinke, pers. comm.).

Conditions for thermal cycling consisted of dénaturation at 
94 °C for 5 min, followed by 30 cycles of 94°C for 1 min, I min 
at the annealing temperature of the individual primer pair, 1 min 
at 72°C, followed by a final extension step of 72°C for 10 min.

The annealing temperatures of primer pairs were as follows: 5' 
DYS /, 44°C; DXS1106, 50°C; 3' STR HI, 5 I°C ; DXS1230 and 
DXSIOOI, 53°C; STR 44,45,49 and 50, 54°C; DXS995, 55°C; 
C 0U A 5  and DXS990, 56°C; DXS986, DXS1220 and PLP, 
58°C; DXS1210,59°C and STR 62/63, 60°C.

Linkage analysis

Pairwise lod scores were calculated between the disease gene and 
the marker loci using LIPED. Penetrance was taken as 100% in 
males. Frequency of the deafness allele was estimated at 0.0001.

Locus order and interloci distances were determined from the 
most recently available data (I3)(Fig. 5).
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Figure 5. Postulated order of X  chromosome markers used in this study (13).
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two other levothyroxine-treated patients with thyroid can­
cer whose serum thyrotropin concentrations had been de­
liberately suppressed (Patients 10 and 11), the values rose 
into the normal range during sertraline therapy. The value 
for the serum free thyroxine index decreased in all patients 
in whom it was measured (Table 1). No patient had symp­
toms of hypothyroidism at this time. The patients ranged 
in age from 37 to 70 years (mean, 49), and all but one 
were women. The causes of hypothyroidism had included 
chronic autoimmune thyroiditis (in six patients), radio- 
iodine therapy (three patients), and thyroidectomy (two 
patients). The duration of hypothyroidism ranged from 
1 to 23 years (mean, 6 ).

Since this phenomenon had not been specifically sought, 
it was noticed only at the time of scheduled follow-up vis­
its six weeks to six months after the start o f sertraline ther­
apy. All the patients had been taking the same dose of le- 
vothyroxine for at least six months, and all were thought 
to be taking it as recommended. The elevation in serum 
thyrotropin was confirmed one to three weeks later in six 
patients who were retested. The dose of levothyroxine was 
increased for all the patients. Two months after the in­
crease, the serum thyrotropin concentration had returned 
to base line in seven patients, whereas in the remaining 
four a further dose increase was necessary.

The mechanism by which sertraline lowers serum thy­
roxine concentrations (and raises those of serum thyrotro­
pin) is uncertain. We doubt that the absorption of levothy­
roxine is altered, because there was an appropriate increase 
in the scrum thyroxine concentration,' from 6 .6  to 8.5 /xg 
per deciliter (85 to 109 nmol per liter) in one patient three 
hours after an oral dose of 0.35 mg of levothyroxine. Se­
rum concentrations of thyroxine-binding globulin, meas­
ured in six patients, did not change during sertraline ther­
apy. Although some patients were taking medications that 
can alter the serum thyroxine concentration (ethinyl estra­
diol, conjugated estrogen, and phenytoin), these medica­
tions antedated the therapy with sertraline, and we doubt 
that they were responsible for the observed effects. One re­
ported case in which sertraline caused a low serum total 
thyroxine concentration but normal concentrations of thy­
rotropin and free thyroxine in an adolescent patient- in­
dicates that sertraline may increase the clearance of thy­
roxine. We know o f three other levothyroxine-treated 
patients whose serum thyrotropin concentrations remained 
stable after the initiation of sertraline therapy, but we have 
not yet determined the frequency with which patients 
treated with sertraline have altered requirements for thy­
roxine.

K m œ n  C. M c C o w e n , M.B., M .R.C.P.I.
J effr ey  R .  G .\r b e r , M .D .

•H ar\’ard P ilg rim  H ea lth  Care
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2. Hard Z, Biro FM , Tedford W L. Elicet o f long term treatment with ser­
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Spokespersons for Pfizer reply;

To the Editor: The letter from McCowen and colleagues 
describing small decreases in serum thyroxine concentra­
tions and small increases in serum thyrotropin concentra­
tions after the initiation of sertraline treatment in thyrox­
ine-treated patients with hypothyroidism is consistent with 
previous reports of similar changes in patients treated with 
other antidepressant drugs. Post-treatment declines in se­
rum thyroxine (sometimes with resultant increases in serum 
thyrotropin) have been described in euthyroid patients re­
ceiving other treatments for affective illness, including tri­
cyclic antidepressant drugs, selective serotonin-reuptake in­
hibitors, lithium, and carbamazepine.'

We reviewed Pfizer’s early-alert safety data base for ser­
traline through July 31, 1997, and identified 14 cases of 
hypothyroidism for which there was no other obvious 
cause and for which a possible relation to sertraline could 
not be excluded. Seven of the patients were taking thyrox­
ine. In one case, the patient had a history of hypothyroid­
ism during previous fluoxetine therapy; in another, hy­
pothyroidism was diagnosed after the patient discontinued 
sertraline and initiated fluoxetine. Hypothyroidism is listed 
in the new product labeling for sertraline as an adverse 
event observed during post-marketing evaluation.^

In view of the literature indicating potential changes in 
thyroid function with many antidepressant drugs and the 
complex interrelation'between the hypothalamic-pitu­
itary-thyroid axis and affective illness, optimal manage­
ment of patients with thyroid disease who are receiving 
any type of treatment for depression should include peri­
odic reassessment of thyroid function.

C.\THRYN M. C la ry , M .D . 
W il m a  M . H .\ r r is o n , M .D.

Pfizer
N ew  York, N Y  100 1 7

1. Shelton RC, Winn S, Ekhatorc N , Loosen FT. The effects o f antideprcs- 
sants on the thyroid axis in depression. Biol Psychiatry 1993;33:120-6.
2. Sertraline. New York: Pfizer, 1997 (package insert).

Molecular Basis o f the Long-QT Syndrome

To the Editor: Sphwski et al. (May 29 issue)' and others- 
have shown at the molecular level that the Jervell and 
Lange-Nielsen syndrome (prolonged QT interval on the 
electrocardiogram, associated with profound congenital 
deafness) may be caused by a homozygous mutation in the 
K lT Q T l  gene, confirming that the Jervell and Lange- 
Nielsen syndrome and the Romano-Ward syndrome are 
allelic. Genetic heterogeneity has previously been demon­
strated in the Romano-Ward syndrome, in that a hetero­
zygous mutation in any of three genes, KVLQTl (at the 
L Q T l locus), HERG  (at the LQT2 locus), and SCN5A 
(at the LQT3 locus), and another as yet unidentified gene 
(at the LQT4 locus) can cause isolated long-QT syn­
drome.^

Genetic heterogeneity has now been suggested in the 
Jervell and Lange-Nielsen syndrome'-^ because of the re­
sults of linkage analysis in a sibship that was described pre­
viously."' The affected siblings in this family were found to 
have inherited different paternal alleles for a marker closely
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Figure 1. Results of Hapiotyping for Three Markers, D11S922, 
D11S1318, and D11S4146, on Chromosome 11 around the 

•LQTl Locus in Two British Families.

The position of the Harvey-ras locus and its distance from  
D11S922 are indicated in parentheses. Previous analysis of 
Family 1 with a probe at the Harvey-ras locus showed that the 
brothers had inherited different alleles from their father, im ply­
ing that the Jervell and Lange-N ielsen syndrome is not linked 
to the LQTl locus in this family.^ However, reanalysis shows 
that a recombination has occurred on the paternal chrom o­
some and that both sons have inherited the same parental 
alleles flanking the LQTl locus (Panel A). Hapiotyping in a 
second, previously undescribed fam ily (Panel B) shows that al­
though the two boys in this fam ily have inherited the same al­
leles flanking this locus, they are not homozygous for any of 
the markers. Circles indicate female family members, squares 
male fam ily members, and solid symbols affected m embers. 
The double line between the parents indicates consanguinity.

linked to the L Q T l locus (Harvey-ras). The Harvey-ras 
marker had not previously shown any recombinations with 
the disease locus in families with the Romano-Ward syn­
drome.

Refined mapping of the L Q T l locus, placing it distal 
to the marker D 1151318,-’“ together with the availability 
of polymorphic markers closer to the KVLQTl gene, 
prompted reanalysis of this family. Hapiotyping showed 
that recombination has occurred distal to the Harvey-ras 
marker on the paternal chromosome and that both boys 
have inherited the same parental alleles flanking the dis­
ease gene (Fig. lA ). Therefore, the data in this family are 
now consistent with mutation at the LQ Tl locus and 
should no longer be cited as evidence of the existence of 
genetic heterogeneity in the Jervell and Lange-Nielsen 
syndrome.

Hapiotyping of another British family, however, does 
provide strong evidence of genetic heterogeneity in the 
Jervell and Lange-Nielsen syndrome. The parents of the 
affected boys are consanguineous (first cousins once re­
moved). In the context of a rare recessive disorder, the 
boys should be homozygous for a single mutation inher­
ited from a common ancestor and homozygous for genetic 
markers around the mutant gene.“ Hapiotyping shows that 
although the boys have inherited the same parental alleles, 
they are not homozygous at any of the surrounding mark­
er loci (Fig. IB ). Furthermore, hapiotyping for markers 
around LQT2, LQT3, and LQT4 shows no evidence of 
homozygosity in these regions, which suggests that muta­
tion of a different gene must cause the Jervell and Lange- 
Nielsen syndrome in this family.

M a r j.v BiTN’tR -G u N ’D Z icz , M .R .C .P . ,  P h .D .

J e s s ic a  T y so .n , B.Sc.
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St. George’s Hospital M edical School 
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Med 1997;336:1562-7.
2. Keyrond N, Tesson F, Denjoy 1, et al. A novel mutation in the potassi­
um channel gene K \’LQT1 causes the Jervell and Lange-Nielsen cardioau- 
ditory syndrome. Nat Genet 1997;15:186-9.
3. Third and long (Q T). Nat Genet 1996;12:1-2.
4. Jeffery S, Jamieson R, Patton M \ ,  Till J. Long Q T and Harvey-ras. Lan­
cet 1992;339:255.
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Dr. Keating replies:

To the Editor: In our article, we proposed that mutations 
in the minK {IsK) gene might also be responsible for the 
Jervell and Lange-Nielsen syndrome.' This hypothesis was 
based on data showing that minK joins with KVLQT pro­
tein to form cardiac Iĵ  ̂channels-’̂  and that KVLQTl mu­
tations cause this disorder.'’"* The data presented by Bitner- 
Glindzicz et al. support, but do not prove, the hypothesis 
that mutations in a second gene can cause the Jervell and 
Lange-Nielsen syndrome. Mutational analysis of DNA from
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this and other consanguineous families may prove that ho­
mozygous mutations of the minK  gene also cause the Jer­
vell and Lange-Nielsen syndrome.

T. K e a t in g , M .D .
H o w a rd  H ughes M edical In stitu te  

Salt Lake C ity , U T  8 4 1 1 2

1. Splawski I,  Timothy KVV, Vincent G M , Atkinson D L , Keating MT. M o­
lecular basis o f the long-QT svndrome associated with deafness. N  Engl J 
Med 1997;336:1562-7.
2. Sanguinetti M C , Curran M E, Zou A, et al. Coassembly o fK (V )L Q T l 
and minK (IsK) proteins to form cardiac I(Ks) potassium channel. Nature 
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3. Barhanin J, Lcsage F, Guillemare E, Fink M , La/.dunski M , Romey G. 
K(V)LQ T1 and IsK (minK) proteins associate to form the I( lb )  cardiac 
potassium current. Nature 1996;384:78-80.
4. Neyroud N , Tesson F, Denjoy 1, et al. A  novel mutation in the potassi­
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Perforated Duodenal Ulcer

To the Editor: Molmenti (May 22 issue)’ presented an 
Image in Clinical Medicine showing a perforated duodenal 
ulcer. The surgeon closed the ulcer with several stitches 
but subsequently performed a vagotomy. Vagotomy was 
once the standard surgical treatment as prophylaxis against 
recurrence of the ulcer. We now know that infection with 
Helicobacter pylori is thé main cause of duodenal ulcers.  ̂
I f  this infection is cured, ulcers and their complications 
rarely recur.  ̂ A very small percentage of duodenal ulcers 
are caused by aspirin or nonsteroidal antiinflammatory 
drugs, and these can be managed safely by stopping treat­
ment with these drugs or, if  this is impossible, adding mi­
soprostol or acid-reducing drugs. Because antibiotics can 
cure duodenal ulcer disease, a surgeon operating on an ul­
cer complication should ligate the bleeding or patch the 
perforation but should not perform a prophylactic vagot­
omy, 4.5

In my teaching hospital, the professor o f medicine al­
ways threatened to cut off a finger of every resident who 
had not performed a digital rectal examination. Although 
I  have no recollection of any of my colleagues going 
through life with fewer than 1 0  fingers, his oft-repeated 

. threat taught us never to forget this part o f the physical 
examination. It is time to threaten our surgical colleagues 
that we will cut off one of their fingers if they dare to put 
a knife in the precious vagus nerve. Apparently, they must 
be taught that ulcer disease is managed medically and that 
vagotomy is no longer appropriate.

W in k  A . d é  B o e r , M .D .

Sint Anna H ospital 
N L -5 3 4 0  B E Oss, the Netherlands
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The author replies:

To the Editor: Dr. de Boer states that “antibiotics can 
cure duodenal ulcer disease” and threatens any surgeon 
who “dare[s] to put a knife in the precious vagus nerve.” 
Not everybody, however, is quite so dogmatic.

In a recent review in the Journal  ̂ Walsh and Peterson 
point out that “despite the fact that H. pylori is necessary 
for the development of peptic ulcers in most patients, it is 
far from sufficient.”’ Others have observed that H. pylori 
Had a limited role in causing disease in surgical patients, 
and suggested that an “adequate acid reduction procedure 
will still be the main objective of surgical treatment and 
prevention of . . . ulcer recurrence.”- Still others corrob­
orate our observations that omental-patch closure com­
bined with parietal-cell vagotomy is an excellent approach 
to the treatment of patients with perforated pyloroduode- 
nal ulcers.  ̂ It not only allows the resolution of an emer­
gency but simultaneously provides protection for patients 
who would have required additional surgical interventions 
for continued ulcer disease. The most recent textbooks of 
medicine and surgery assert that vagotomy is an acceptable 
treatment for perforated duodenal ulcers.'’-̂

E r n e s t o  P. M o l m e n t i , M .D.
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Use o f Veterans Affairs Medical Care 
by Enrollees in Medicare HMOs

To the Editor: Older people in the United States who use 
the medical services of the Veterans Health Administration 
are frequently also entitled to health care through Medi­
care. Although most do not use both these federally fund­
ed systems at the same time, substantial use of both the 
Veterans Health Administration and Medicare fee-for-serv- 
ice care has been documented.’"̂  Less is known about the 
use of Veterans Health Administration services by enrollees 
in Medicare health maintenance organizations (HMOs). 
We studied the dual use of these two federal programs 
with respect to inpatient and outpatient services.

We merged inpatient and outpatient data from the Miami 
Veterans Affairs Medical Center (VAMC) for 1992 and 
1993 with data on Medicare enrollment in Florida in those 
years, to determine eligibility for Medicare. We obtained in­
formation on H M O  enrollment, age, and race from the 
Medicare files of the Health Care Financing Administration. 
Our analyses were limited to men 65 years of age or older.

O f 5074 inpatient admissions to the Miami VAMC of 
Medicare beneficiaries over the age of 65, 27.5 percent in-
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Jessica Tyson\ Lisbeth Tranebjaerĝ , Sue Bellman̂ , Christopher Wren̂ ,
James F.N. Tayior̂ , Jorn Bathen̂ , Bjorn Aslaksen̂ , Svein Jan Borland̂ ,
Ole Lund̂ , Sue IVIalcoim\ Marcus Pembrey\ Shomi Bhattacharyâ  and 
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The Jervell and Lange-Nielsen syndrome (JLNS) 
comprises profound congenital sensorineural deafness 
associated with syncopal episodes. These are caused 
by ventricular arrhythmias secondary to abnormal 
repolarisation, manifested by a prolonged QT interval 
on the electrocardiogram. Recently, in families with 
JLNS, Neyroud etal. reported homozygosity for a single 
mutation in KVLQTl, a gene which has previously been 
shown to be mutated in families with dominantly 
inherited isolated long QT syndrome [Neyroud et al.
(1997) Nature Genet, 15,186-189]. We have analysed a 
group of families with JLNS and shown that the majority 
are consistent with mutation at this locus: five families 
of differing ethnic backgrounds were homozygous by 
descent for markers close to the KVLQTl gene and a 
further three families from the same geographical 
region were shown to be homozygous for a common 
haplotype and to have the same homozygous mutation 
of the KVLQT1 gene. However, analysis of a single small 
consanguineous family excluded linkage to the 
KVLQT1 gene, establishing genetic heterogeneity in 
JLNS. The affected children in this family were 
homozygous by descent for markers on chromosome

21, in a region containing the gene IsK. This codes for 
a transmembrane protein known to associate with 
KVLQT1 to form the slow component of the delayed 
rectifier potassium channel. Sequencing of the affected 
boys showed a homozygous mutation, demonstrating 
that mutation in the IsK gene may be a rare cause of 
JLNS and that an indistinguishable phenotype can arise 
from mutations in either of the two interacting 
molecules.

INTRODUCTION

The cardioauditory syndrome of Jervell and Lange-Nielsen 
(JLNS) was first described in 1957 in a Norwegian family (1). 
Four of six children bom to unrelated parents suffered from 
profound congenital deafness associated with syncope and 
prolongation of the QT interval on electrocardiograms. Syncope 
arises as a consequence of abnormal ventricular repolarisation, 
which triggers potentially life-threatening ventricular 
arrhythmias. Untreated, the syndrome has a very high mortality. 
Although the condition is very rare, with an estimated prevalence 
of up to 10 per million, a number of other cases have been 
reported since the original description and autosomal recessive 
inheritance has been confirmed (2). A  hypothesis, many years 
ago, suggested that the connection between the auditory and the

*To whom correspondence should be addressed. Tel: +44 171 242 9789; Fax: +44 171 404 6191; Email :mbitnerg@hgmp.mrc.ac.uk
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Figure 1. Family UK IS with haplotype data for chromosome 21 markers. The 
IsK gene is situated between markers D 2IS  1254 and D 2IS  1895 (36).

cardiac defect in JLNS may be due to transmembrane electrolyte 
imbalance (2 ).

The cardiac action potential consists of a depolarisation phase, 
due mainly to a large influx of sodium ions, a plateau phase 
dependent mainly on calcium influx and repolarisation, associated 
with an increase in potassium permeability. This repolarising 
potassium current, the delayed rectifier current, has a rapidly 
activating component and a slowly activating component Ijcs-

In the ear, endolymphatic fluid produced by the stria vascularis 
surrounds the sensory hair cells of the cochlea. This fluid has a 
high concentration of potassium and a low concentration of 
sodium, resulting in a resting potential of about +100 mV with 
respect to other parts of the cochlea (3). Developmental 
abnormalities of the stria vascularis in mice and in humans may 
result in reduction of the normal osmotic pressure in the 
endolymphatic duct, resulting in collapse of Reissner’s 
membrane and features similar to those seen in post-mortem 
studies of humans with JLNS (4-6).

Phenotypically, JLNS has similarities to the Romano-Ward 
syndrome, in which there is an isolated long QT interval without 
deafness, transmitted as an autosomal dominant condition. It has 
been hypothesised that the two conditions could be allelic (2 ). 
Three genes are known to underlie dominantly inherited isolated 
long QT syndrome (Romano-Ward syndrome), HERG, SCN5A 
and KVLQT7, and a fourth as yet unknown gene has been mapped 
to chromosome 4 (7-10). The three known genes all encode ion 
channels: HERG encodes a potassium channel gene, related to the 
Drosophila ether-a-go-go gene, which underlies Ikt, the rapidly 
activating component of the delayed rectifier current responsible 
for cardiac repolarisation; SCN5A encodes an a  subunit of a

cardiac sodium channel; KVLQTl encodes a potassium channel. 
KvLQTl, the product of the KVLQTl gene, has been shown to 
associate with IsK, a small membrane-spanning glycoprotein. 
Together these two molecules reproduce the properties of Iks, the 
slowly activating component of the delayed rectifier current 
(11,12). Recently it has been shown at the molecular level that 
JLNS and Romano-Ward syndrome can be caused by mutations 
in the same gene, KVLQT1,]LNS being the homozygous form of 
Romano-Ward syndrome (13,14).

We analysed a single small family with JLNS and excluded the 
KVLQTI gene as the disease locus, proving that genetic 
heterogeneity exists in JLNS as it does in Romano-Ward 
syndrome. Using this family, a genome search, combined with 
exclusion of other candidate loci, identified a region of 
homozygosity on chromosome 2 1 , in a region harbouring the 
candidate gene IsK. We demonstrate a homozygous mutation in 
IsK in this family. Hapiotyping of a group of families with JLNS 
shows that the majority of families are consistent with mutation 
in KVLQTI, but that mutation in IsK, whose protein product 
associates with that of the KVLQTI gene to form the delayed 
rectifier potassium channel, may be a rare cause of JLNS, 
phenotypically indistinguishable from that caused by mutation in 
KVLQTL

RESULTS

Chromosome 21-linked family

Haplotype analysis in family UK IS excluded linkage to the 
KVLQTI locus on chromosome 11, as the affected brothers were 
not homozygous by descent for any markers in this region of 
chromosome 11 (data not shown). In addition, all the other known 
long QT loci, as well as all loci for non-syndromic recessive and 
dominant deafness described to date, were not linked to the 
disease (15). Non-syndromic loci were tested on the basis of 
observations that syndromic and non-syndromic forms of 
deafness may map to the same loci and therefore could be allelic 
(16,17). A genome-wide search in family UK IS demonstrated a 
region of homozygosity by descent on chromosome 21 with 
D21S261 after 50 markers had been genotyped. Other markers 
which showed homozygosity are D21S1895 and 0 2 IS 1252, but 
not D21S268 (021S1254 was uninformative). Markers are in the 
order cen, 021S261, 021S1254, 021S1895, 021 S I252, 
021S268, tel. Marker haplotypes in this region are shown in
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Figure 2. Sequence analysis of the mutation in an affected individual is shown together with that of a normal and a carrier parent. Substituted bases are marked ’ 
the affected individual. The carrier parent is clearly heterozygous for the mutation.
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Phe Thr Leu Gly lie 
a) WILD TYPE SEQUENCE TO TTC ACC CTG GGC ATC

MUTANT SEQUENCE TC TTC CCC CCT GGC ATC 
Phe Pro Pro Gly lie

PROPOSED MECHANISM OF MUTATION

5'AGGTCCCCCCGCAGCAG- 
3 ' TCCAGGGGG6CGTCGTC'

5 ' AGGTCCCCCCGCAGCAG' 
3 ’ TCCAGGGGGGCGTCGTC‘

(N)53

(N)53

TRANSIENT
MISPAIRING

3'TCCAGGGGGGCGTCGTC '
(N)53

3 ' TCCAGGGGGGCGTCGTC
(N)53

3 'AGGTCCCCCCGCAGCAG-

-TCTTCACCCTGGGCATC 3 '  WILD TYPE CHROMOSOME 

"AGAAGTGGGACCCGTAG 5 '

— TCTTCACCCTGGGCATC 3 '  
-AGAAGTGGGACCCGTAG S '

WILD TYPE CHROMOSOME

  AGA|jîT||| <j:||AG 5 '

5' AGGTCCCCCCGCAGCAG- - TCTTCACCCTGGGCATC 3 '

 ̂ deltran sition  ^ ^

 AGAAGTGGG CGTAG 5 '

S' AGGTCCCCCCGCAGCAG-

-TCTTCCCCCC GCATC 3 '  

-AGAAGGGGafCGTAG 5 '

RESULTING
MUTANT

S'AGGTCCCCCC GCAGCAG-

■TCTTCACCCTGGGCATC 3 '

TCTTCACCCTGGGCATC 3'

Figure 3. (a) The wild type and mutant sequences. There are three nucleotide substitutions which are indicated by *  in the mutant sequence, (b -d ) A  proposed 
mechanism for the complex mutation. There are two regions of sequence similarity -6 0  bases apart in the gene. Transient mispairing between these two regions is 
shown in (c). Attempted correction of the 3'-sequence based on the template of the 5'-sequence is shown in (d). Partial correction results in the changes observed in 
the mutant sequence.

Figure 1. The maximum lod scores for this small family at zero 
recombination were 1.47 for D21S1252 and 1.69 forD21S1895.

A  candidate gene, the potassium channel IsK (minK) mapping 
to the homozygous region, was screened for mutations in family 
UKIS using SSCP (18). Previously described intragenic 
polymorphisms were detected (19,20) and shifted bands were 
observed in both parents in family U KIS  in double-stranded 
DNA (possibly heteroduplexes), which were not seen in over 60 
control individuals (1 2 0  chromosomes) or in any other 
individuals with JLNS from 11 families. Sequencing of the PCR 
products of the IsK gene showed the changes illustrated in Figures 
2 and 3a, in which three separate nucleotides have been altered. 
The changes cause Thr59 and Leu60 each to be replaced by Pro 
in the transmembrane region of the predicted protein.

Chromosome 11-llnked families

Haplotype data from eight families are shown in Figure 4. The 
offspring of families N 8A and UK2T are the product of first cousin 
marriages. In families N IK , N3S, N5B and NIOD, consanguinity 
or a founder effect is suspected (represented by a dashed line), as 
the parents originate from the same county in Norway. Parents of 
fandhes N6K and N7J are not known to be related.

Homozygosity by descent was seen for all the markers typed, 
D11S4046, D11S1318, D11S4088 and D11S4146, in families 
UK2T and N3S. In family N 8A and family N5B, markers distal 
to D1 IS 1318 were homozygous, whereas in family N IH , 
homozygosity was observed for D 11S1318 itself and the marker 
proximal to it, D11S4046. In family NIOD, homozygosity was

observed for the following markers, D11S4046, D11S1318 and 
D11S4088, as shown in Figure 4.

SSCP screening of the KVLQTI gene corresponding to the 
S2-S3 domains of the protein (PCR primers IF  andlR) (9) showed 
an aberrant conformer which is homozygous in the affected 
individuals in families N IH , N5B and NIOD and present in the 
heterozygous state in their parents (not shown). Sequencing of the 
PCR product showed a homozygous 5 bp deletion of nt 187-191 
(according to the numbering in 9) in affected individuals, which 
abolishes zHhal restriction enzyme site (Fig. 5). This was not seen 
in 40 normal controls (80 chromosomes).

DISCUSSION

We provide evidence that mutation in the gene IsK can cause 
JLNS, which appears to be clinically indistinguishable from cases 
caused by mutation in KVLQTI. The biological interaction of the 
two molecules supports this observation. The product of the 
KVLQTI gene has been shown to associate with the product of the 
IsK gene to form a channel with properties of the slow component 
of the delayed rectifier current in the heart (11,12). In the ear, IsK 
appears to have a role in the transport of high concentrations of 
K+ into the extracellular endolymph surrounding the hair cells 
(21). Mice homozygous for a complete targeted disruption of the 
IsK gene show shaker/waltzer behaviour characteristic of inner 
ear dysfunction and inner ear pathology closely resembling that 
seen in human subjects who have died from JLNS (21). 
Combined with the mapping data in family UKIS, this rendered
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IsK an excellent candidate gene for JLNS in a family in whom the 
KVLQTI gene had been excluded.

The minK protein (product of the IsK gene) has an unusually 
simple structure for an ion channel, consisting of only 130 amino 
acids. The molecule has an extracellular portion, a transmembrane 
a-helical region and an intracellular region (22). Sequencing of the 
PCR products of the IsK gene in the affected boys in family UKIS  
showed the changes illustrated in Figures 2 and 3a in which three 
separate nucleotides have been altered. The changes cause Thr59 
and Leu60 each to be replaced by Pro in the transmembrane region 
of the predicted protein.

The cyclical stmcture of proline is expected to influence the 
resulting protein structure, since it causes bending of folded protein 
chains (23). Indeed, observations of the relative occurrence of 
amino acid residues in a-helices show that proline is the least hkely 
of aU the amino acids to be found in this secondary stmcture (23). 
Site-directed mutagenesis of the IsK gene has also contributed 
insight into the functional domains of this small protein. Amino 
acid substitutions at a number of positions within and outside the 
transmembrane region were found to have varying effects on the 
functional activity of the channel. Mutation of Thr59 to a 
stmcturally related amino acid, valine, was shown to cause a 
reduction in channel activity as judged by electrophysiological

measurements in oocyte systems (22). The mutation in family 
UKIS alters both this amino acid, Thr59 and the one adjacent to 
it, Leu60, and is therefore very likely to be of functional 
significance and disease causing. In vitro studies in oocyte systems 
should confirm the functional significance of this mutation.

A recent survey of published databases has indicated that 
complex changes such as the one described here are very rare (24). 
It is interesting to speculate how such a mutation may have arisen 
and a proposed mechanism is outlined in Figure 3. Approximately 
60 bases upstream of the mutation is a small region of sequence 
similarity sufficient to allow transient mispairing of the two regions 
in the germline of an ancestor (Fig. 3c). TTiis would be followed by 
attempted correction of the 3'-sequence, based on the template of 
the upstream '̂-sequence. Certainly the base changes that have 
arisen as a result of the mutation create greater homology between 
these two regions. These changes are present in carriers and in 
both affected individuals.

In family U KIS, the following are evidence that mutation in the 
IsK  gene causes JLNS: mutation at KVLQTI has been excluded 
in this family due to the absence of homozygosity by descent for 
markers in this region, but homozygosity for markers flanking the 
IsK gene is demonstrated. The chromosome 21 markers typed are 
highly polymorphic, with D21S1895 having 10 alleles and
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Figure 5. PCR amplification products from the S2-S3 domains of the KVLQTI 
gene (9) after digestion with the enzyme Hhal. In normal controls, digestion 
yields fragments of 98 and -8 0  bp (lanes 2 ,5 ,6 ,1 3  and 14). In the homozygous 
mutant, the 5 bp deletion abolishes the cut site for the enzyme, resulting in a 
single fragment of -180  bp (lanes 3 and 9). In  heterozygotes after Hhal 
digestion there are fragments o f -1 80,98 and -8 0  bp and an additional fainter 
band at 200 bp (lanes 7, 11 and 12). This faint band at 200 bp probably 
represents heteroduplexes, partially resistant to Hhal digestion. This band, 
which is not present in normals or homozygous mutants, can be created by 
mixing PCR products from a normal and a homozygous mutant and then 
digesting with Hhal (lane 4).

heterozygosity of 82%. The sequence changes in IsK in the affected 
boys of family U Kl S are not seen on SSCP analysis of 120 normal 
chromosomes. This mutation results in substitution of two proline 
residues, predicted to cause severe disruption to the hehcal 
structure of the transmembrane region of the molecule. Functional 
studies on one of the mutated residues has previously shown this 
to be important for channel activity. Interaction of the IsK gene 
product with that of the KVLQTI gene, already known to cause 
JLNS, provides a plausible biological mechanism for the disease 
pattiology. The rarity of mutations in the IsK gene in JLNS is 
accounted for by demonstrating that the majority of cases of this 
rare condition are veiy likely to be caused by mutation in KVLQTI. 
The identification of IsK as a gene underlying JLNS in humans is 
strongly supported by observations in Isk knockout mice.

Although 11 unrelated individuals/families with JLNS were 
screened for mutations in the IsK gene, none were found. This is 
not surprising, as hapiotyping of eight of the families, presented 
here, together with the mutation described in KVLQTI, provide 
good evidence that the majority of famihes map to the IG/LQTI 
locus. Of the remaining three families, all are non-consanguineous 
and provide very little mapping information (pedigrees not shown). 
However, two of these diree non-consanguineous famihes are 
heterozygous for the 5 bp deletion characterised here and the third 
shows a heterozygous SS(2P shift in the KVLQTI gene, indicating 
that they may also be accounted for by mutation at the major locus, 
KVLQTI (data not shown). Thus all individuals with JLNS 
available to us for study are accounted for.

Since families N IH , N5B and NIOD originate from the same 
part of Norway, a founder effect is likely to account for the 
mutation in these families and, indeed, a common haplotype is 
seen in these three families, suggestive of linkage disequihbrium.

The 5 bp deletion in the KVLQTI gene encoding the S2-S3 
membrane-spanning segment of the predicted channel will cause 
a frameshift and is highly likely to be disease causing.

The results shown in Figure 4 refine previous combined 
mapping data on the location of the KVLQTI gene, probably 
because a large number of ancestral meioses have been sampled. 
Previous analysis of recombinants in families with JLNS had 
indicated that the KVLQTI gene mapped between D11S922 and 
D11S4146 (13), with the presumed order being D11S922, 
D11S4046,D11S1318,(D11S4088),D11S4146. The mapping of 
12 recombinants in eight French families with dominant long QT 
syndrome placed the gene distal to D11S1318 (25). Our data 
indicate that the mutant gene is located between the markers 
D11S1318 and D11S4088, but given that the KVLQTI gene 
covers a large genomic region (at least 300 kb), it is possible that 
some of these markers may he within the gene itself (26).

Not all families of Norwegian origin share the common 
haplotype or demonstrate the SSCP shift seen in famihes N IH , 
N5B and NIOD. Famihes N 6K and N7J share a haplotype which 
differs from that seen in famihes N IH , N5B and NIOD, 
suggesting that more than one mutation in the KVLQTI gene must 
be present in the Norwegian population. However, this group of 
eight families shown in Figure 4 originates from several different 
ethnic backgrounds, including Turkey, Pakistan and Norway. 
This indicates that the majority of cases of JLNS can be accounted 
for by mutation in the KVLQTI gene.

Now that it has been shown that homozygous mutations in 
either KVLQTI or IsK can cause JLNS in humans, it remains to 
be seen whether JLNS can result from compound heterozygosity 
for mutations in both genes, so-caUed digenic inheritance (27), or 
whether the resulting phenotype may differ. Certainly, families 
have been reported in which there is both deafness and a long QT 
interval but in whom the pattern of inheritance is not completely 
consistent with an autosomal recessive mode of transmission 
(28,29).

MATERIALS AND METHODS

Family data

Individuals were considered to have JLNS if  they had profound 
sensorineural deafness and a prolonged QTc interval. Most 
individuals were ascertained following syncopal episodes 
(although families N5B and N 8A were ascertained following 
ECG screening of deaf children). QTc intervals were calculated 
using Bazett’s formula and a QTc interval of >440 ms is generally 
considered to be prolonged (30). Some gene carriers fulfil the 
criteria for a prolonged QT interval.

Family UKIS is a British family. Hi and I I2 have congenital 
profound sensorineural hearing loss with absent vestibular 
function. I I2 had three episodes of syncope on exertion prior to 
diagnosis and treatment, one of which required resuscitation. I I2 

has a QTc interval of488 ms and I I i  a QTc interval of478 ms. QTc 
intervals are 414 ms in the father and 418 ms in the mother (30). 
I I2 has retinal pigmentation of unknown origin but both boys have 
normal electroretinograms, excluding a diagnosis of Usher 
syndrome.

Family UK2T comes from Turkey but is resident in the UK. 
Parents are first cousins. The proband has prelingual deafness and
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suffered from syncope. His QTc is 480 ms and that of his sister is 
374 ms.

Family N IH  originates from Norway and has been reported 
previously (case 1,31). The mother has a QTc of 430 ms and the 
father’s is 400 ms.

Family N3S originates from Norway. The proband is 
congenitally deaf and suffered from syncopal episodes elicited by 
stress. Her QT interval is 600 ms, but no other information is 
available.

Family N5B originates from Norway and has not been reported 
previously. The proband is congenitally deaf and the diagnosis was 
made on ECG examination (customary practice for all deaf 
children in Norway). The affected girl’s QTc is 540 ms, her father’s 
is 410 ms, her brotiier’s is 370 ms and that of her mother is 470 ms 
at rest, increasing to 540 ms on exercise.

The proband in Family N 6K  is congenitally deaf and comes 
from the same geographical region in Norway as family N7J. No 
QTc intervals are available.

Family N7J has been reported previously (1) and formed the 
basis of the original description of this condition by Jervell and 
Lange-Nielsen.

Family NBA comes from Pakistan but is resident in Norway. The 
parents are first cousins. The diagnosis was made neonatally based 
on the family history and finding of a QTc of 650 ms in the proband. 
He is congenitally deaf. The QTc of the mother is 450 ms, that of 
the father is 410 ms, that of the proband’s older sibling (21727) is 
430 ms and that of the younger sister (21728) is 400 ms.

Family NIOD originates from Norway. The proband is 
congenitally deaf and has suffered from episodes of syncope. The 
proband has a QTc of 500 ms, that of her father is 470 ms, her 
mother’s is 430 ms and her sister’s is 360 ms.

PCR analysis

DNA was prepared from blood using standard protocols or from 
buccal swabs (32). Information on (CA)„ microsatelhte markers 
were provided by Généthon human genetic linkage maps (33), the 
Hereditary Hearing Loss Homepage (15) and published references 
(7-10,25). A ll genotyping was performed in 96-well Omniplates 
(Hybaid) under oil. PCR was performed with 40 ng genomic DNA  
in a 10 p,l volume containing 10 pmol 3'-primer, Ix  Bioline buffer 
(Bioline), 1.5 mM Mg^+, 0.2 mM dGTP, dATP, dTTP and dCTP 
and 0.2 U Taq polymerase (Bioline) under standard conditions. 
Prior to amplification, 10 pmol 5'-primer per 10 p.1 reaction were 
end-labelled with 0.5 p,l [y-^^P]dATP(3000 Ci/mmol) with 0.5 U  
polynucleotide kinase (Promega) for 30 min. Alleles were 
separated as described previously (34) and sizes were determined 
by comparing migration relative to an M13 sequencing ladder.

Linkage analysis was performed using the M LINK programme 
of LINKAGE. Marker allele frequencies were obtained from 
Généthon (33). Penetrance was assumed to be 100% and gene 
frequency 0 .0 0 0 0 1 .

SSCP analysis

SSCP analysis of the KVLQTI gene was performed using 
published primer sequences (10). The coding sequence of the IsK 
gene was amplified by PCR using primer pairs at 56°C according 
to Tesson et al. (20). Non-radioactive PCR products were 
analysed on Ix  Mutation Detection Enhancement gel (EMC 
Bioproducts) at 4°C or room temperature, with or without 10%

glycerol, at 45 W, 0.5x TBE, for 4 h. This allowed visualisation 
of both single and double-stranded DNA. The gels were stained 
with 0.012 M  silver nitrate as described previously (35).

Sequence analysis of IsK

Biotinylated PCR products were purified using Dynabeads 
(Dynal, UK) and single-stranded products sequenced using the 
USB Sequenase v.2.0 kit, according to the manufacturer’s 
instructions.

Sequence analysis of KVLQ TI

PCR products demonstrating SSCP variants were sequenced 
directly on both strands using the fluorescent dideoxy terminator 
method and analysed using an A B I377 DNA sequencer.
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Splice Mutations in KVLQTll
To The Editor:

Li et al‘ propose that 2 new mutations in KVLQTI in 
Romano-Ward syndrome (RWS) disrupt splicing, leading to 
frameshift and premature protein truncation, acting through a 
loss-of-function mechanism. This is surprising because missense 
mutations in KVLQTI, acting in a dominant-negative manner, 
predominate in RWS. In Table 2 of the article by Li et al, 24 of 
the 26 mutations are missense (the 2 remaining being discussed 
here). We suggest alternative interpretations.

The SP/A249/g-a mutation is a substitution G to A at the third 
position of codon 249, in which GCG is altered to GOA, 
occurring at the donor sphce junction of exon 6. Mutation of 
splice sites can cause skipping of the affected exon, activation of 
cryptic splice sites, or retention of the intron.  ̂Exon skipping is 
common. If  this occurs in SP/A249/g-a, the predicted protein will 
lack part of the pore and S6 transmembrane domain but may still 
multimerise, because if  exon 6 is skipped, the resulting mRNA 
would still read “in frame.” In-frame but deleted transcripts may 
be stable and translated into protein, as shown for the dystrophin 
gene.  ̂The effect of the mutation should be confirmed in RNA, 
because frameshift and premature truncation of the KVLQTI 
protein, as suggested by Li et al, would be a truly novel type of 
KVLQTI mutation in RWS.

The second mutation is the 3-bp deletion across an exon/intron 
boundary (denoted SP/V212/AGGT), disrupting the 5' donor site 
of exon 5. A donor consensus splice site consists of CAG.etaagt.  ̂
In the patient in the study by Li et al, the wild-type exonic 
sequence GGG.GTG.gtaagt is mutated to GGG.GTaagt by dele­
tion of 3 nucleotides, Ggt. The authors propose that the mutation 
SP/V212/AGGT alters splicing, leading to a 1-bp deletion in the 
coding region, causing frameshift and premature truncation of 
the predicted protein (see Figure).

However, a potential splice sequence, GGG.gtaagt remains.  ̂
Splicing here would delete a single valine,  ̂ causing a mutant 
protein capable of dominant-negative action.

Missense mutations in KVLQTI predominate in RWS, 
whereas nonsense mutations predominate in Jervell and Lange- 
Nielsen syndrome (Tyson, 1998, unpublished data). Carriers of

Consensus splice site

Normal

Mutant

CAS_gtaagt

5 ' splice donor site
TG G TG G G G G G TG  gtaagtl 

Trp Trp Gly Vai

TGG TGG GGG GTG gt aagt
3bp deletion

TGG TGG GGG GT aagt 
Trp Trp G ly .

' New 5 ' splice donor site 
Causing single residue deletion

nonsense mutations rarely manifest RWS clinically. The gene 
product of the null allele should not interfere with the wild-type 
allele in a dominant-negative manner.

Jessica Tyson, BSc 
Sue Malcolm, PhD 

Maria Bitner-Glindzicz, MRCP, PhD
Molecular Genetics Unit 
Institute of Child Health 
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