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ABSTRACT.

Non-syndromic X-linked deafness is genetically heterogeneous but clinical and 

radiological studies have defined a single phenotype with abnormal cochlear 

morphology which maps to Xq13-21, as well as families with normal radiology 

who also map to this region. The aim of this study in molecular genetics of X- 

linked deafness was to identify the gene(s) responsible in order to be able to 

offer families accurate genetic counselling based on mutation analysis, and to 

gain some insight into what kind of genes when mutated, cause non-syndromic 

hearing loss. A linkage study was carried out using three polymorphic 

microsatellite repeats from Xq21 and showed that families with and without 

abnormal cochlear morphology map to this region. The microsatellite at 

DXS995 achieved a maximum lod score of 10.73 at 0 = 0. Families with and 

without developmental cochlear abnormality could not be distinguished by 

linkage analysis. Additional patients were ascertained, phenotyped and 

characterised by deletion studies including dosage. The critical region for the 

disease gene was reduced to approximately 150kb and the entire region was 

cloned in cosmids. The distal breakpoints of the defining patients were 

identified. A CpG island and evolutionarily conserved fragments were identified 

in these cosmids and a candidate gene, the human homologue of the mouse 

gene brain 4, now called POU3F4, was mapped back to these cosmids. Two 

point mutations were identified in the candidate gene; a four base-pair deletion 

in the homeodomain of the predicted protein, and a missense mutation in a 

highly conserved amino acid residue, which was found to be a de novo 

mutation. Not all families with the characteristic morphology have mutations 

in POU3F4 and two British patients have microdeletions proximal to, but not 

encompassing POU3F4, leaving the precise reason for their deafness 

unexplained. None of the families with normal cochlear radiology have 

mutations in POU3F4, or chromosomal aberrations which affect its expression, 

implying the presence of another deafness gene in this region.
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Foreword
The hearing infant readily comes to recognize the sound of the mother's voice. 

He realises that sounds precede her entry to the room, that distant sounds 

indicate her continued presence and in time it is sound and experience which 

convinces the infant that objects no longer visible do still exist.

From the beginning of infancy, the human child effortlessly acquires language. 

In the early years, during the development of speech, information is derived 

from a variety of sources - from conversations, from television and radio, from 

reading and repetition of nursery rhymes and stories. All this is denied to the 

profoundly deaf child. For these reasons in the initial years deaf children are 

potentially seriously handicapped in an emotional and educational sense. 

Those who cannot communicate run the risk of being isolated from their family 

and society, being unable to communicate their desires, needs and questions 

whatever their native intellectual capacity. For centuries, the congenitally deaf 

were labelled "deaf and dumb" and were perceived as stupid and uneducable.

"Why is the uneducated deaf person isolated in nature and unable to 

communicate with other men? Why is he reduced to this state of imbecility? 

Does he not have everything he needs for having sensations acquiring ideas 

and combining them to do everything that we do? Does he not get sensory 

impressions from objects as we do? Are these not, as with us, the occasion of 

the minds sensations and its acquired ideas? Why then does the deaf person 

remain stupid while we become intelligent?" (Abbé Sicard as cited by Sacks, 

1989.)

It is because he has no language through which he can communicate his ideas 

and intellect to other people. Language does exist in media other than sound, 

and the intellectual capacity of deaf infants need not be stunted through lack 

of hearing. Hearing may be augmented and the use of spoken language 

encouraged, or the child may learn to communicate by sign language. What 

is clearly crucial is that if hearing is not present, that this fact be recognized 

early, preferably within the first year of life so that language development can 

be encouraged and nurtured.
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A study of genes which cause deafness might make a useful contribution in the 

following ways: in families where deafness is clearly inherited, the capacity to 

determine the causative mutation in a specific gene may enable the earliest 

possible diagnosis, bypassing a period of uncertainty regarding hearing status 

in the first few months of life. In cases of early onset, rather than congenital 

deafness, hearing may be normal initially. In families such as these, infants 

who have inherited a specific mutation could be fitted with hearing aids early 

on, so that by the time hearing begins to fail, the young child is likely to tolerate 

the aids well. Reassurance of normal hearing status by testing for a specific 

mutation in a family, obviates the need for repeated specialised auditory tests. 

Genetic testing of relatives of deaf individuals may give parents the information 

they desire regarding carrier status and recurrence risks for themselves and 

their offspring.
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INTRODUCTION.

As well as providing information on genetic status in particular families, 

knowledge of mutated genes and aberrant proteins which cause hearing loss 

may help us to understand the development of the ear and the biology of 

hearing. Accurate knowledge of how the hearing apparatus develops in utero 

and works in its mature state might shed some light on why environmental 

agents interact with genes, gene products and the machinery of the cell and 

cause this developmental process to go awry. In time such information might 

lead to improved treatments or preventive interventions for those deaf from 

environmental as well as genetic causes. An example of the way in which 

genetic study has shed light on the mechanism of environmental damage in the 

human inner ear, is the mitochondrial A to G (1555) 12S ribosomal RNA  

substitution in which there is a maternally inherited sensitivity to 

aminoglycoside-induced cochlear damage. Aminoglycoside antibiotics are 

known to exert their antibacterial effect by binding to the bacterial ribosome and 

inhibiting or inducing errors in protein synthesis. Human mitochondrial 

ribosomes bear a much greater resemblance to bacterial ribosomes than to 

human cellular ribosomes and it is proposed that an inherited mutation of the 

mitochondrial rRNA gene causes a conformational change of the mitochondrial 

ribosome causing it to become even more similar in structure to the bacterial 

ribosome, facilitating antibiotic binding. Interference with mitochondrial protein 

synthesis may cause a fall in ATP production and loss of ionic gradients in the 

hair cells of the cochlea which is crucial to their function in auditory transduction 

(Hutchin et al., 1993; Prezant et al., 1993).

1.1. Epidemiology of deafness.

Between 1 and 2 in 2000 children is born deaf or becomes deaf in early 

childhood (Fraser, 1976; Newton, 1985; reviewed by Morton, 1991). W hat is 

evident from population based studies is that at least half of these cases are 

attributable to genetic causes (Morton 1991 ibid; Marazita etal., 1993) and that 

the number due to environmental factors is decreasing as preventive measures 

such as rubella immunisation programmes and improving neonatal intensive 

care have an effect. In clinical practice deafness can be usefully divided into
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non-syndromic (in which there are no extra-auditory features) and syndromic 

(where deafness is one of a constellation of clinical features), of which there 

are over 400 entries in the London Dysmorphology Database (Winter and 

Baraitser, 1990).

1.2. Progress in mapping and identifying deafness genes.

That the causes of genetic deafness are numerous, can be seen by clinical 

history and physical examination. Observation tells us that deafness may be 

inherited in autosomal dominant, recessive and X-linked forms, or as Politzer 

wrote

" The most frequent causes of congenital deafness are hereditary, including 

direct transmission from the parents as well as indirect transmission from 

forefathers, and marriage between blood relations." (as cited by Ruben 1991).

Syndromic deafness accounts for about 30%  of the inherited forms of deafness, 

and families with the same constellation of clinical features are likely to have 

mutations in the same gene. A collection of families with the same syndrome 

paves the way for a linkage study but close attention to the details of complex 

phenotypes is critical, due to the problem of genetic heterogeneity. Definition 

of the phenotype has proved invaluable in the mapping of many diseases 

including Usher syndrome and Waardenburg syndrome where phenotypic 

variation has permitted clinical categorisation into several types for research 

purposes, enabling a gene to be mapped, and then cloned or a candidate gene 

identified (Kimberling e ta !.,  1989, 1992; Smith at a!., 1992a; Sankila e ta !., 

1995; Gibson eta!., 1995; Foy eta!., 1990; Hughes eta l., 1994; Tassabehji et 

al., 1992, 1994 ).

In the case of non-syndromic deafness however, faced with an isolated 

individual, there may be no helpful features to enable the clinician to determine 

whether the cause is genetic at all, and recurrence risks can only be given 

based on population figures, as was the case twenty years ago. Linkage 

studies in non-syndromic deafness are also hampered by genetic 

heterogeneity; 75%  of genetic deafness is inherited as an autosomal recessive
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trait (Rose etal., 1977) and marriages between deaf individuals with autosomal 

recessive hearing loss, which may result in either all hearing children or all deaf 

children, indicate that many genes may be responsible (Chung and Brown 

1970). Estimates of the number of genes involved in recessive deafness do 

not include the possibility that affected individuals are non-complementary 

double heterozygotes, as shown for retinitis pigmentosa (Kajiwara etal., 1994). 

In the case of this form of genetic blindness, individuals who were 

heterozygous for mutations in two different genes, R0M1 and RDS, suffered 

from retinitis pigmentosa, as well as individuals who were homozygous for 

mutations in either of the two genes. One can only be sure of studying a single 

gene effect, by taking a single large family oj^a single clinical entity. Large 

families are much less common than they used to be, particularly those in 

which the offspring are disadvantaged, and it is a fact that individuals who are 

deaf tend to marry deaf partners, complicating the genetics. As to studying a 

single clinical entity, the audiological description of deafness is not only in its 

infancy but is hampered by the inaccessibility of the ear to clinical examination 

and consequent accurate distinction of one kind of deafness from another. 

Furthermore, there is evidence that even families mapping to the same locus 

may show major phenotypic differences as judged by current audiological 

techniques (Guilford etal., 1994b). For these reasons, up until 1994 no loci for 

autosomal recessive non-syndromic deafness had been mapped. Recent 

efforts to map genes involved in autosomal recessive deafness have been 

based on the study of consanguineous families or inbred populations exploiting 

expected homozygosity (autozygosity) for an ancestral haplotype around the 

mutant gene of interest (tables 1.1 and 1.2).
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Table 1.1. Present locations of non-syndromic autosomal dominant deafness genes.
SNHL = sensorineural hearing loss.

Locus Phenotype Reference

DFNA1 5q31 Low freq.SNHL starting 2nd 

decade progressing to profound 

loss all freq. by 4th decade.

Leon et al., 

1992

DFNA^3 13q12 Early onset variably progressive 

SNHL, severe/profound in high 

freq., normal/profound in low 

freq.

Chaib et a!., 

1994

DFNA32 1p32 High freq. SNHL starting 2nd/3rd 

decades progressing to profound 

loss within ten years.

Coucke et 

a!., 1994

DFNA4 19q13 Mild SNHL across all freq. 

progressing to severe/profound in 

3rd/4th decades.

Chen et a!., 

1995

DFNA5 7p15 High frequency progressive 

hearing loss.

van Camp et 

a/., 1995

DFNA6 4p16.3 Progressive low frequency SNHL. Lesperance 

etal., 1995

DFNA7 1q21-

23

Progressive, mainly high freq. 

loss, but with intrafamilial 

variation.

Tranebjaerg 

etal., 1995

DFNA8 15q15 Moderate to severe SNHL Kirschhofer 

etal., 1995

DFNA9 14q12 No details submitted

DFNA10 6q22 No details submitted
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Table 1.2. Present locations of non-syndromic autosomal recessive deafness genes.

Locus Phenotype Reference

DFNB1 13q12 Profound, congenital SNHL Guilford et 

al., 1994a

DFNB2 11q13.5 Profound SNHL, variable onset , 

birth to 2nd decade.

Profound congenital.

Guilford et 

a!., 1994b

Fukushima 

etal., 1995

DFNB3 17

pericent.

Profound congenital SNHL Friedman et 

al., 1995

DFNB4 7q32 Severe congenital SNHL Baldwin et 

al., 1995

DFNB5 14q11.2-

12

Profound congenital SNHL Fukushima 

etal., 1995

DFNB6 3p14-21 No details. Smith etal., 

1995

DFNB7 9q11-13 No details. Jain et al., 

1995

DFNB8 21q22 Severe/profound childhood onset 

SNHL

Veske et al., 

1995

pending 2p22-23 No details. in press

/ /

/

1/ < ; Ĉc

/ V  7'
L ^
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To date, 9 loci for recessive deafness and 10 loci for dominant deafness have 

now been identified. However, it is not known whether these are major loci in 

outbred populations, which in this country at least, form the majority of families 

requesting genetic counselling. It may be that a limited number of recessive 

genes can be identified by autozygosity mapping although it is possible that 

genes identified in this way may lead to the suggestion of other related genes 

as candidates for deafness. For small outbred families where a linkage study 

or exclusion analysis is impossible, a candidate gene approach may be the 

most useful. A candidate gene is one whose biological function and pattern of 

expression and/ or chromosomal location suggest that mutations of the gene 

may cause a particular disease. Here, the study of mouse mutants may be 

particularly valuable in both non-syndromic and syndromic deafness (Deol, 

1969). Conserved linkage groups between man and mouse allow identification 

of homologous genes and positional cloning in the mouse is facilitated by the 

relative ease of high resolution genetic mapping through the creation of genetic 

backcrosses (Brown et al., 1991; Rinchik at a!., 1991). Mouse models for 

deafness syndromes, Waardenburg type I and II, the splotch mutant and the 

microphthalmia mutants were instrumental in leading to the identification of 

causative genes in humans.

Asher and Friedman discussed several mouse mutants as models for human 

Waardenburg Syndrome, a syndrome comprising deafness, pigmentary 

anomalies and facial dysmorphism associated rarely with limb abnormalities 

(Asher and Friedman, 1990). One of these mutants was the splotch (Sp) 

mouse, and the model was based on the observations that heterozygote mice 

had white belly patches and that homozygotes which died in utero exhibited 

cranioschisis, rachischisis and microcephaly. They pointed out that the Sp 

mutation mapped to mouse chromosome 1, in a region homologous to human 

chromosome 2q34-q36 where cytogenetic aberrations were noted in patients 

with features similar to Waardenburg syndrome. Linkage studies in humans 

confirmed a locus at 2q37 (Foy at al., 1990), and subsequent identification of 

mutations in the Pax-3 gene in Sp mice on mouse chromosome 1 was followed 

by the characterisation of mutations in the human homologue, PAX3, in patients 

with Waardenburg syndrome (Epstein at al., 1991; Tassabehji at al., 1992;
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Baldwin et al., 1992). Furthermore, heterozygous mouse microphthalmia (mi) 

mutants were observed to have reduced ocular pigmentation, lightly pigmented 

ears and white head and belly patches as adults; homozygotes died soon after 

birth with microphthalmia and colobomata, abnormal cochlear development 

causing deafness, depigmentation of all tissues and multiple skeletal 

abnormalities. The phenotypes of the 10 allelic variants of microphthalmia were 

noted to parallel the range of phenotypes seen in Waardenburg syndrome. 

W hen mutations in a gene coding for a transcription factor of the basic- helix- 

loop- helix -zipper type were shown to be responsible for the m/ phenotypes in 

mice, the human homologue, MITF, microphthalmia- associated transcription 

factor, became an attractive candidate for Waardenburg syndrome type II 

(Steingrimsson e ta l., 1994; Tachibana eta l., 1994). This had been shown to 

map to a region on human chromosome 3p14 (Hughes at a/., 1994), 

homologous with mouse chromosome 6 and mutations have now been found 

in the human homologue (Tassabehji e ta l., 1994).

1.3. Positional cloning.
Prior to the 1980's, disease-causing genes were identified by study of the 

pathological changes they caused, frequently the absence of an enzyme or 

presence of a mutant isoform of a protein. Purification of the wild-type protein, 

allowing partial amino acid sequencing, was a necessary step on the way to 

cloning the responsible gene, by an approach known as 'functional cloning’. 

Diseases such as thalassaemia and sickle cell anaemia were explained by 

mutations of the a  and (3globin genes. However, such an approach has limited 

uses where biochemical defects prove elusive or pathological changes 

observed are secondary or tertiary effects of the disease process. This is the 

situation most frequently encountered in non-syndromic deafness and so a 

functional cloning approach is not possible. Positional cloning describes the 

strategy used to identify a gene based solely on its chromosomal localisation, 

without any knowledge of the disease pathology. It involves mapping a mutant 

gene, usually by family linkage studies, physically mapping the chromosomal 

region, and detection of mutations in a candidate gene (reviewed by Collins, 

1992).
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Molecular genetics has now developed to the extent that genes may be 

identified without any knowledge of their function. Among the first successes 

of this approach were the genes causing Duchenne and Becker muscular 

dystrophies, retinoblastoma, and cystic fibrosis. The list of genes now identified 

on the basis of positional cloning is much greater and includes those causing 

Tuberous Sclerosis, Autosomal Dominant Polycystic Kidney Disease, Familial 

Breast-Ovarian Cancer and many others (reviewed by Collins 1995).

1.4. Mapping techniques.

The first step involved in the positional cloning of a gene is chromosomal 

assignment. For X-linked diseases, this is evident from the pedigree structure. 

Chromosomal rearrangements which truncate, delete or otherwise mutate 

genes may assign autosomal diseases to chromosomes and allow more precise 

localisation of disease genes to regions of both the autosomes and the X  

chromosome.

1.4.1. Contiguous gene deietion syndromes.
Many successful positional cloning projects, with some notable exceptions, 

have been aided by cytogenetic rearrangements. Deletions which are large 

enough to be seen at the cytogenetic level involve millions and millions of base 

pairs of DNA. For many gene rich regions of the genome, such deletions are 

incompatible with life. Such large deletions occurring in liveborn individuals 

almost invariably involve more than one gene locus so that an array of closely 

positioned genes lie within the deleted region. Clinically, what one observes 

is a number of single gene disorders being inherited together; characterisation 

of the deletion may help to identify genes responsible for specific components 

of the clinical picture. For example, the Langer- Giedion syndrome (tricho- 

rhino-phalangeal syndrome type II - TRPS II) has been shown to combine the 

clinical features of tricho-rhino-phalangeal syndrome type I, TR PS I, and 

multiple cartilaginous exostoses, EXT. Molecular analysis has confirmed that 

the TR PS gene maps proximal to the EXT1 gene and that both genes are 

apparently deleted in TR PS II (Lüdecke et al., 1995). Ballabio and Andria 

catalogue a number of chromosomal aberrations involving the distal short arm 

of the X chromosome and their significance in the positional cloning of disease
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genes (Ballabio and Andria, 1992).

1.4.2. X; autosome translocations.

Translocations associated with a disease phenotype frequently disrupt a 

structural gene. In the case of an X; autosome translocation the presence of 

the cytogenetic rearrangement is alluded to clinically by the presence of an X- 

linked condition manifesting in a female. Following X inactivation, the only 

surviving cells are those in which the abnormal X chromosome bearing the 

disrupted structural gene and the translocated autosome, remains active. X; 

autosome translocations were particularly significant in the mapping and 

eventual cloning of the Dystrophin gene (Monaco etal., 1986) and the gene for 

Lowe syndrome (Hodgson et a!., 1986; Mueller et a!., 1991).

1.4.3. Genetic Mapping.
W hen there are no cytogenetic clues to point the way to a gene locus, linkage 

studies may be able to localise the gene of interest to a chromosomal region. 

Genetic linkage describes the phenomenon by which a marker and a disease 

trait co-segregate together at meiosis more often than would be expected by 

chance because they lie close to each other on the same chromosome. A 

linkage study therefore sets out to test the null hypothesis that a disease trait 

and a piece of DNA, whose location is approximately known and which varies 

between the two chromosomes, are not linked in a series of meiotic events. 

Establishing linkage requires informative markers of known location as well as 

sufficient meioses to confirm or refute the null hypothesis at a particular level 

of statistical significance.

1.4.3.1. DNA polymorphisms.

Restriction Fragment Length Polymorphisms (RFLPs).

The human genome consists of 3 X 10® base pairs of DNA. Not all of the DNA  

consists of coding regions; in fact the majority does not and contains repetitive 

stretches of DNA whose function, if any, is unknown. Much of this "redundant" 

DNA varies in composition between individuals. Random variation of a single 

base, occurring within the recognition site for a restriction enzyme, results in the 

loss or gain of a cutting site, and is known as a restriction fragment length
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polymorphism or RFLP. The fragments of DNA produced by restriction enzyme  

digestion vary in length between different people and can be resolved by gel 

electrophoresis. Polymorphisms such as these which may lie close to or within 

a mutant gene co-seg regate with the disease phenotype at meiosis and are 

said to show linkage. The major limitation of the clinical use of RFLPs lies in 

their informativeness, or lack of it. Most RFLPs are dimorphic and so in 

pedigree analysis critical individuals may be homozygous and therefore 

uninformative.

Microsatellites.
Microsatellites are short runs of tandemly repeated dinucleotides, consisting for 

example of (dC-dA)n . (dG-dT) repeats (Litt and Luty, 1989; W eber and May,

1989) and are the most abundant polymorphisms in the human genome 

described to date. Estimates of copy number ranges from 35,000 to 130,000  

(W eber 1990), their density in eucaryotes being 4 to 30 per megabase of DNA. 

These polymorphisms simply consist of a run of dinucleotides, usually CA. The  

length of the repeat varies between chromosomes and therefore between 

individuals and so the power of the microsatellites in linkage mapping lies in 

their informativeness and the fact that they are amenable to amplification by 

PGR, rather than Southern based analysis. Primers are designed to anneal to 

single copy DNA flanking the repeats, and the products of amplification, varying 

in length within and between individuals, are resolved on polyacrylamide gels.

1.4.3.2. Linkage analysis.

The basis of establishing linkage lies in the observation that two regions of 

DNA which lie close to each other on the chromosome are inherited together 

at meiosis, whereas those which are distant from each other may be separated  

by crossing over of the chromatids, or recombination, depending on their 

distance apart. If a high degree of co-segregation is observed for a disease 

trait and a polymorphic marker this implies that they are linked and lie close to 

each other on the chromosome. Linkage analysis is only possible when 

several family members, including some affected by the disease, are available 

for typing with respect to marker alleles.
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T h e  re c o m b in a tio n  frac tio n  0  is th e  fre q u e n c y  w ith  w h ic h  re c o m b in a tio n  is 

o b s e rv e d  a n d  is e x p re s s e d  as:

0  = number of recombinants

number of recombinants plus number of non-recombinants, 

so if two loci are unlinked 

0 =  0.5

The genetic distance apart of two loci is defined in units of centiMorgans; two 

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

CentiMorgans are an approximate measure of distance along the chromosome, 

although this is not a linear relationship because some chromosomal regions 

may have particularly high or low recombination rates. Since the genome 

consists of 3 X 10® base pairs of DNA and the average chromosome contains 

' ISO cM , Ic M  is approximately equivalent to 1 X 10® base pairs. Recombination 

fraction and cM are proportional over short distances only, thus Ic M  is 

equivalent to a recombination fraction, 0, of 0.01 over distances of less than 

lOcM.

One can imagine that apparent linkage may occur rarely by chance when two 

loci are not actually close to each other and so evidence of linkage between 

two loci is defined in terms of statistical probabilities. The lod score provides 

a means of quantifying these probabilities. The lod score ( logahthm^o of the 

odds ratio) is based on a likelihood ratio that a given data set would be 

observed if the loci are linked with a recombination fraction 0, to the likelihood 

that they are not linked.

Likelihood ratio = likelihood ( data I 0  )

likelihood ( data I no linkage )

where likelihood ( data 1 0 )  is the probability of obtaining a linkage data set if 

the recombination fraction were 0  .
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In practice this ratio is computed for several values of 0  and the results are 

expressed as the log of the likelihood ratio, Z, the lod score

Z = log 10 likelihood ( data I 0  )

likelihood ( data I no linkage )

The most likely recombination fraction is the value of 0  which gives the 

highest lod score Data from several families may be summed and as

more data are added, 0„,ax may change. Positive lod scores favour linkage and 

negative lod scores make this less likely. A lod score of 3, representing an 

odds ratio of 1000:1 is taken as evidence that two loci are linked. This is 

approximately equivalent to a p value of 0.05 as there is already an a priori 

chance of 1:50 that the loci are linked, so a lod score of 3 will be observed 1 

in 20 times when actually the loci are not linked. For X-linked diseases, the 

two loci are already known to map to the same chromosome and the a priori 

odds against linkage are reduced so that a lod score of 2 is taken as evidence 

of linkage.

Since 0  is defined as the frequency with which recombination is observed, a 

recombination event may be defined as 0 and a non-recombinant as (1-0). 

Assuming a value for 0  it is possible to calculate the likelihood, L (0 ), of the 

observation, ie. the probability of occurrence of results; so if in a small family 

with 4 phase known meioses, recombination between a marker and disease 

trait is observed in one of them, then the likelihood of this observation, L (0 ), 

is

L ( 0 )  =  0 ( 1 - 0 ) "

For a given data set, the likelihood varies with the value of 0 . In the situation 

cited above, if 0  is very low it stands to reason that one is very unlikely to 

observe a recombination in one out of four meioses. On the other hand if 0  is 

high, ie. 0  = 0.5 ( they are unlinked) then
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L (0 ) = 0.5 X 0.5 X 0.5 x 0.5

0.0625

or there is a 1 in 16 chance that one could see these genotypes and 

phenotypes even if the loci are completely unlinked. W hat appears to be most 

likely is that the loci are not completely unlinked, but neither are they closely 

linked. Testing out a range of values of 0  between 0 and 0.5, the most likely 

event is somewhere in between, and in fact the highest probability of observing 

this data set is when 0  = 0.25.

Likelihood ratio = 0.25 (1-0.25) ^

(0.5) 4

0.105

0.0625

1.68

So there is a 1.7:1 likelihood of observing this data set if 0  = 0.25. 

In general, for phase known meioses, the likelihood is given by:

Likelihood ratio = 0® (1- 0)^ = 2° (1 -0)^ 0®

0.5"

and therefore the lod score is

Z (0 ) = log 10 (likelihood ratio)

log i o 2 " ( 1 - 0 ) ' 0 =

where

a = the number of recombinants

b = the number of non-recombinants
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c = the total number of offspring scored.

Fine genetic mapping can be used to identify further recombinations which may 

place the disease gene with respect to a set of genetic markers on the 

chromosome. However, this is limited by the natural occurrence of informative 

meioses and recombinations in the families available and low recombination 

rates of some chromosomal regions. The limited resolution of recombinational 

mapping has led to the use of fine structure linkage disequilibrium mapping to 

narrow the candidate region in appropriate situations. This strategy was used 

very successfully in the search for the gene causing diastrophic dysplasia in the 

Finnish population where it is thought that a single mutation is responsible for 

the disease as a result of founder effect (Hastbacka et a!., 1994).

1.5. Physical mapping.
Following the assignment of a gene to a particular chromosome, small 

chromosomal rearrangements, either translocations or microdeletions, may be 

the first indications of a candidate region for the gene. Cloning of translocation 

breakpoints were central to isolation of the genes causing Menke’s Disease and 

Neurofibromatosis type 1 (Chelly eta l., 1993; Mercer e ta l., 1993; Vuipe eta l., 

1993; W allace eta l., 1990) and identification of microdeletions in patients with 

McLeod syndrome and X-linked ocular albinism defined small candidate regions 

which were then screened for transcribed sequences (Ho eta l., 1994; Bassi et 

al., 1995).

In the absence of chromosomal rearrangements, the candidate region may lie 

between two flanking polymorphic markers shown to be closely linked to the 

disease but which have shown at least one recombination. These markers 

define a region of the chromosome in which all the transcripts in the region are 

potential candidates and all have to be examined for pattern of gene expression 

and possibly mutations. The classic example of this was the cloning of the 

gene mutated in cystic fibrosis where there were no chromosomal aberrations 

identifying a candidate region (Riordan et al., 1989) and more recently in the 

search for a gene causing familial breast-ovarian cancer, BRCA1 (Miki et al.,

1994) and that underlying Wiskott Aldrich syndrome (Derry et al., 1994).
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1.5.1. Yeast Artificial Chromosomes.

In order to search a chromosomal region for potential coding sequences, the 

region in question is cloned into a vector system. For large regions - of the 

order of several megabases of DNA - the most appropriate vector is the yeast 

artificial chromosome, VAC (Burke et al., 1987). Fragments of DNA from 

several hundred kb up to 1-2 Mb can be cloned into this system which consists 

of yeast telomere sequences, a centromere, an autonomously replicating 

segment (ARS) and a cloning site within a selectable gene. Ligation products 

are transformed into yeast spheroplasts and transformants selected. The insert 

in the VAC is propagated along with all the other yeast chromosomes. Several 

groups of scientists have cloned the entire human genome into VAC libraries 

which have been made available to the scientific community. Markers linked 

to a disease trait, or probes known to be deleted in some patents, can be used 

to identify appropriate YACs from the region of interest. One approach is to 

use PCR, with primers designed from known polymorphisms or markers, to 

screen pools of YACs. Successive rounds of screening pools eventually 

identify the VAC in question (Green et al., 1990).

A contiguous series of overlapping YAG clones, a contig, can then be built up 

over the entire region of interest. Genomic fragments from one end of the YAG  

can be isolated by digestion with restriction enzymes, ligation to a linker and 

amplification using a vector specific primer and a linker specific primer. 

Sequence from these terminal specific products can be used to design primers 

to the human genomic DNA for use in screening arrayed YAG pools for the 

next overlapping clone in the contig (Riley et a!., 1990; Kere et a!., 1991). 

Fidelity of the YAGs to the correct chromosomal region can be checked by 

FISH (fluorescent in situ hybridisation). However the human inserts in the 

YAGs are prone to DNA rearrangement, deletion and chimaerism. 

Gonsequently other vector systems are being developed, such as BAGs 

(Bacterial Artificial Chromosomes) and P I clones, which suffer less from the 

problems of DNA rearrangement but have smaller insert sizes of about lOOkb.

The ability to separate large fragments of DNA by pulsed field gel 

electrophoresis (PFG E) has greatly aided positional cloning. Genomic DNA
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from patients suffering from a disease may be digested with restriction enzymes 

that cut infrequently producing large fragments; the products of digestion can 

be separated according to size so that large fragments which differ from one 

another by tens of kb can be resolved. Previously, small deletions, duplications 

or translocations could only be detected by hybridisation with a probe 

corresponding to the deleted region ie. one had to be on top of a deleted region 

to detect it. Now it is possible to detect a small deletion in a large piece of 

chromosomal DNA using a probe situated hundreds of kb away on the same  

large fragment. Restriction mapping of cloned YAC DNA allows direct measure 

of physical distance along a chromosome and enables precise delineation of 

genomic rearrangements in patients by using restriction fragments from a 

particular part of the YAC as probes. Furthermore, construction of long range 

physical maps demonstrate clustering of recognition sites for rare cutting 

enzymes which cut at unmethylated CpG sites, signifying the 5 ’ ends of genes 

(Bird 1986).

1.5.2. Cloning in Cosmids.

YACs from disease critical regions have been used as probes to screen 

libraries of expressed sequences, as exemplified by the isolation of the gene 

for neurofibromatosis type 1 and that of aldose reductase (Wallace eta l., 1990; 

Elvin at a!., 1990) but generally frequent false positives are common. Cross

hybridisation of low and medium copy number repeats and the small proportion 

of the probe corresponding to coding sequences (low signal to noise ratio) 

present technical difficulties. Ideally, overlapping maps of smaller clones, 

cosmids, which have insert sizes up to 40kb, may be more suitable for detailed 

mapping of CpG islands or chromosome rearrangements. Integration of YAC  

and cosmid into a combined physical and genetic map was first achieved in the 

nematode C.eiegans  by hybridisation of a YAC to a cosmid library gridded on 

filters (Coulson at a!., 1988). This has been done subsequently in the human 

(Baxendale at a!., 1991) and circumvents the need to subclone YACs into 

cosmids.

Subcloning of human sequences from YACs into cosmids may be complicated 

by the presence of more than one YAC in some cells (whereas the use of gel
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purified YACs as probes on cosmid libraries circumvent this problem) and 

rearrangements in chimeric or internally deleted YACs may give rise to 

artefactual sequences arising at the junction points.

During the course of this work, YACs were subcloned into cosmids in Holland 

by Irene Bach and an X chromosome specific cosmid library was screened in 

England by the author. The cosmid library used in this work was made from 

flow sorted X  chromosomes (Nizetic et al., 1991; Imperial Cancer Research 

Fund). A flow sorted library consisting of only one particular chromosome is 

especially useful when chimeric YACs are used as probes, as the autosomal 

part does not hybridise with X chromosomal cosmids. Cosmids may be 

assembled into contigs, a series of contiguous overlapping cosmids, by 

restriction mapping, by hybridisation, or by fingerprinting with frequent cutters 

such as Hinf\. In the course of this work, all three methods were used.

1.6. Identification of expressed sequences.
The vast majority of eucaryotic genes have been shown to have a split gene 

structure - that is to say that short coding sequences are interrupted by 

intervening sequences, the introns (reviewed by Breathnach and Chambon, 

1981 ; Brennan and Hochgeschwender, 1995). Identifying these coding regions 

within a relatively vast candidate region of genomic DNA is frequently time- 

consuming and difficult. Generally, coding regions are conserved, single copy 

sequences, preceded by CpG islands. In the following pages a number of 

methods used to identify expressed sequences are outlined; the first of these, 

a search for conserved sequences, was the method used by the author during 

the course of this work, but other techniques, direct cDNA selection and exon 

trapping, were used in this region by other groups.

1.6.1. Conserved sequences.

The search for fragments of DNA that have been conserved across species 

during evolution, has proved to be a successful method of screening genomic 

DNA for potential coding sequences. DNA coding for proteins that have a 

biological function in various organisms is likely to have changed little 

compared to intervening sequences where change is not deleterious and
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therefore not selected against. This strategy has been used successfully to 

identify conserved DNA fragments in cosmids during cloning of the genes for 

Duchenne Muscular Dystrophy (Monaco eta l., 1986), choroideremia (Cremers 

eta l., 1990), and a gene termed DCC - deleted in colon cancer (Fearon eta l.,

1990). Cosmids or genomic fragments which show discrete positive signals 

when hybridised to Southern blots containing DNA from diverse animal species 

can be used to screen libraries of transcribed sequences. However this 

approach is by no means foolproof and is very labour-intensive. During the 

search for the ad renoleukodystrophy gene, every EcoR\ fragment from a 370kb  

candidate region was used as a probe on zooblots - restriction digests of 

genomic DNA from various evolutionarily diverse animals. However, cross- 

hybridising conserved genomic fragments from the candidate region failed to 

detect transcribed sequences in cDNA libraries from five tissues and on 

Northern blots (Mosser et al., 1993). The gene was eventually isolated by 

sequencing the conserved fragments and searching for putative coding regions 

using computer algorithms.

1.6.2. Exon amplification.
All methods which depend on the screening of expressed sequence libraries 

with genomic fragments are subject to the problem of screening a library from 

an inappropriate tissue, or a library made outside the temporal window of 

expression of a gene of interest. The method of exon amplification enables 

large genomic regions to be screened for coding sequences independent of the 

time or tissue of expression (Buckler et a/.,1991). Sections of genomic DNA, 

usually from cosmids, are cloned into a vector containing an intron of the 

Human Immunodeficiency Virus 1 faf gene along with part of its natural flanking 

exonic sequences. When the vector transfects CO S cells, mRNA is produced 

and spliced according to the splice signals contained within the vector and the 

cloned DNA. If an exon is contained within the genomic insert, the resulting 

transcript will have the new exon spliced in, and this can be amplified by 

reverse transcriptase- PCR, based on primers to the flanking exons. Products 

of this technique can then be used as probes (Taylor, 1990). Since its original 

inception modifications have been made to improve the system (Church eta l.,

1994) which has proved highly successful in the cloning of the glycerol kinase
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gene by one group and identification of the myosin VII gene in the Shaker 1 

mouse (Walker et al., 1993; Gibson et a!., 1995).

1.6.3. cDNA selection.

Identification of transcribed sequences from large genomic regions by direct 

selection has been shown to be effective, as demonstrated during cloning of 

the genes for the immunodeficiencies, X-linked agammaglobulinaemia and 

Wiskott Aldrich Syndrome (Vetrie et a!., 1993; Derry et a!., 1994). Using this 

technique, a YAC, or a cosmid contig is immobilised on a solid support such 

as beads or a membrane, and hybridised with total cDNA either from a library 

or a specific tissue. Unbound cDNAs are washed off and bound cDNAs may 

be eluted. These molecules are then amplified, using linkers attached to the 

cDNAs or vector primers if the cDNAs are cloned, and subject to repeated  

rounds of hybridisation and washing. Enrichment of specific bound cDNAs 

occurs with each round of amplification and washing; fidelity is checked by 

hybridisation back to the original genomic source (YAG) or by verification with 

a selectable marker (Lovett et a!., 1991). This method permits the screening 

of many more clones more quickly than is practical in conventional library 

screening. In the search for the gene for X-linked agammaglobulinaemia, 

Vetrie used enrichment of a-galactosidase transcripts as a marker of 

enrichment of cDNAs specific to the YAC of interest. As well as identifying a 

particular cDNA, this method identifies other transcripts from the genomic 

region enabling transcript maps to be constructed (Korn et al., 1992).

1.6.4. Computer programmes.

Computer programmes have been shown to be effective in identifying coding 

sequences in large regions of uncharacterised genomic DNA, for example in 

the identification of the genes for adrenoleukodystrophy and diastrophic 

dysplasia (Hastbacka e ta l, 1994; Mosser eta l, 1993). Protein coding regions 

can be recognised because the genetic code and amino acid composition of 

proteins impose constraints on DNA sequence. The frequency with which each 

of the four bases occupies the three positions in the codon is not random, as 

preferred codons are used to specify particular amino acids and all amino acids 

are not observed with equal frequency. In potential coding regions, three
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reading frames are examined, and in a coding region, one should show a good 

fit with the constraints whilst the other two will not. In addition the overall base  

composition of test DNA is compared to that of known coding and non-coding 

sequences (Ubernacher et a/., 1991). In diastrophic dysplasia, shotgun 

sequencing of genomic fragments (in which each member of a set of randomly 

generated subclones of the target region was completely sequenced and the 

sequence of the target region reconstructed by computer) showed one of these 

to bear a strong amino acid similarity to the 5 ’ coding region of the rat sat-1 

gene, a sulphate transporter (Hastbacka et al., 1994).

Nucleic acid sequences can also be used in sequence similarity searches of 

Genbank and EMBL nucleic acid databases using programmes such as BLAST  

(Basic Local Alignment Search Tool) to detect homology with known genes or 

expressed sequences. The efficiency with which a match is found and "scored" 

will depend on the parameters used in the search, and scores good for 

detecting similarity between greatly diverged sequences differ from those best 

for detecting short but nearly identical segments. BLASTX can be used to 

search a nucleic acid sequence directly for the presence of protein coding 

regions; the query sequence is translated in all six reading frames and is 

compared with a protein sequence database. Protein-protein comparison 

methods are important because distant evolutionary relationships which appear 

minor at the nucleic acid level can be much more compelling at the protein 

sequence level.

The impetus from the Human Genome Project has encouraged large scale 

efforts to sequence parts of expressed sequences, known as expressed  

sequence tags or ESTs (Adams eta l., 1991, and 1992) which are then entered 

onto a database, dbEST (Khan et al., 1992). The match of an expressed 

sequence with sequence from a genomic region confirms that a transcribed 

sequence is present and this technique should prove to be even more powerful 

once all these ESTs are mapped to YACs ( Berry et al., 1995).

1.6.5. HTF island rescue.
This technique for isolating coding sequences is based on Bird's observation
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that a large fraction, up to 60% , of promoters, especially those of 

"housekeeping" genes are associated with unmethylated CpG dinucleotides 

(HTF islands). Thus, DNA around HTF islands is enriched for first exons of 

genes. PCR based "rescue" of islands is achieved by cutting YACs or cosmids 

from a critical region, within an island with an enzyme that recognises CpG, 

and ligating fragments to a linker. This template is amplified using a linker 

specific primer and a primer to the family of abundant human repeat 

sequences, Alu. Products may then be used to screen libraries of expressed  

sequences (Valdes et al., 1994; John et a!., 1994). The effectiveness of this 

method in cloning new genes is yet to be proven (Shiraishi et al., 1995).

1.7. Candidate genes and positional candidates.
The role of mouse models in providing candidates for human deafness has 

already been discussed in section 1.2 and in several reviews (Steel and Brown, 

1994; Brown and Steel, 1994). Positional information may be necessary before 

a gene cloned in one species becomes a candidate for a human disease. For 

example, the myosin VII gene mutated in the Shaker-1 mouse (Gibson et al., 

1995) was a candidate for the human deafness syndrome Usher type IB  by 

virtue of its map location. Mutations have since been found (Weil e ta l., 1995), 

and this gene is also a candidate for human non-syndromic autosomal 

recessive deafness, DFNB2.

Most frequently, a  disease gene is mapped to a chromosomal region by linkage 

analysis and genes known to map nearby are considered as candidates. 

Mutations can then be sought in genes whose expression pattern and function 

is consistent with the disease phenotype. This approach has been used 

successfully in identification of the genes for achondroplasia as FG FR3  

(fibroblast growth factor receptor type 3), Charcot -Marie-Tooth disease type 1B 

as the myelin protein zero (Hayasaka et al., 1993a and 1993b), and Long Q T  

syndromes as a cardiac potassium channel gene and a sodium channel gene  

to name but a few (Shiang et al., 1994; Curran et al., 1995; Sanguinetti et al., 

1995; W ang e ta l., 1995).

In other instances however, a candidate gene has proved to be so compelling

39



even in the absence of positional information that mutations are sought in the 

human homologue. An example of this is the recently described PAX2  

syndrome in humans; the known expression pattern of PA X2  in the ureteric 

bud, optic cup, otic vesicle and parts of the central nervous system was 

predicted to cause autosomal dominant eye malformations, sensorineural 

hearing loss and renal hypoplasia. Mutations were therefore sought and found 

in PA X 2  in a family with optic nerve colobomata, renal hypoplasia, mild 

proteinuria and vesicoureteric reflux. (Sanyanusin et al., 1995).

1.8. Mutation Screening.

A variety of methods are available for scanning stretches of DNA for mutations, 

and each has advantages and disadvantages. There are broadly two types of 

strategy, those that detect aberrant migration of mutant molecules within gels 

(denaturing gradient gel electrophoresis, DGGE; heteroduplex analysis; single 

stranded conformational analysis, SSCA) and those that cleave RNA or DNA  

molecules prior to electrophoresis (chemical cleavage of mismatch; methods 

using mismatch repair enzymes and bacterial resol vases). The latter methods 

are able to screen larger stretches of DNA at a time, whereas the former tend 

to be more sensitive when used for shorter sequences of the order of 250-300  

base pairs and these were the methods employed for mutation detection 

during the course of this work. In each case the results are compared to those 

from normal, wild-type sequences, differences sought, and polymorphisms 

excluded.

Confirmation of mutation is achieved by DNA sequencing, prediction of effect 

on protein structure or function, and where possible, expression of a mutant 

protein and demonstration of loss or alteration of function. The occurrence of 

a sequence difference between parents and offspring, arising in an individual 

whose disease appears to be sporadic, is also powerful confirmation of a  

disease-causing mutation.

1.8.1. Single stranded conformational analysis.

Single stranded conformational analysis (SSCA) first described by Orita e ta l., 

1989, is based on the alteration of three- dimensional conformation of single
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stranded DNA by a point mutation. It is probably the simplest and most widely 

used method for scanning stretches of DNA for mutations. Patient DNA is 

amplified by PCR, denatured and electrophoresed through a non-denaturing 

polyacrylamide gel, often containing glycerol. The two single stranded 

molecules from each denatured PCR product adopt a three dimensional 

conformation dependent upon their base sequence. If a difference in sequence 

exists between two samples this may result in differential migration of one or 

both mutant strands and products with altered migration are then sequenced. 

Products are visualised either by incorporation of radioactivity into the 

amplification step, by silver staining or occasionally by staining with ethidium 

bromide. The sensitivity of this technique in detecting mutations depends on 

several factors; these include size of the amplification product, sequence 

context, the presence of glycerol which alters conformation, and temperature 

of the electrophoresis buffer since conformation is temperature dependent. 

Most authorities agree that the overall sensitivity of this method is about 89- 

100%  (reviewed by Leren et a/., 1993). A combination of SSCA and 

heteroduplex formation on the same gel is also a sensitive system for the 

detection of single base differences (Keen et al, 1991).

1.8.2. Dideoxy Fingerprinting.

Dideoxy fingerprinting (described by Sakar et al., 1992) combines single 

stranded conformational analysis with Sanger dideoxy sequencing. One of the 

dideoxy products of a sequencing reaction is run on a non-denaturing gel. If 

a mutation creates or abolishes the base used in the dideoxy sequencing 

component, an extra or absent band is detected. The sensitivity is further 

enhanced by the so-called "SSCA" component; the nested set of segments 

produced by the termination reaction, may also be shifted if they contain the 

mutation. The number of potentially informative segments in the SSCA  

component varies from 1 to greater than 50 depending on the position of the 

base change caused by the mutation. Given that the sequencing products are 

nested it is likely that at least one of them and potentially several of them will 

result in a visible shift. Further studies using this method examined the effect 

of gel matrix, temperature, glycerol and other factors on sensitivity (Liu and 

Somm er et al., 1994 ). In the original method, a single stranded template is
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produced for sequencing by transcription of the PCR product into RNA, made  

possible by means of inclusion of a T7 phage promoter sequence into one of 

the amplification primers. In the course of this work, the procedure was 

adapted by using cycle sequencing to create a single stranded template.

1.9. Amplification of 5’ ends of transcripts (RACE).
Rapid Amplification of cDNA Ends is a technique for identification of unknown 

5’ sequence from messenger RNA. During the course of this work it was used 

to investigate the possibility of there being an alternative (possibly tissue- 

specific) transcript with a different 5 ’ end from that isolated from brain tissue. 

An antisense gene specific primer is used during the reverse transcription step 

which enables the synthesis of cDNA from a specific mRNA. The first strand 

product is purified from other reagents and then the enzyme TdT (terminal 

deoxynucleotidyl transferase) is used to add a homopolymeric tail to the 3 ’ end 

of the first strand cDNA. The cDNA is then amplified by PCR using a nested 

gene specific primer and a primer complementary to the homopolymeric tail. 

The product of the PCR reaction can be sequenced directly or cloned and then 

sequenced. This method is represented diagramatically in figure 3.45.
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1.10. The structure and development of the ear.
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Figure 1.1. Relation of the external, middle and inner ear.

From " Otitis media in infants and children." by Bluestone and Klein.

The ear is an organ of hearing and balance. The external and middle ear 

receive and transmit sound waves and the inner ear senses the auditory 

information in the cochlea (figure 1.1). The remainder of the inner ear, the 

semicircular canals, the utricle and saccule, comprises the organ of equilibrium. 

In many invertebrates, the utricle and saccule comprise the entire ear which 

serves as an organ of balance alone. In vertebrates, the semicircular canals 

and the cochlear duct are secondary outgrowths of this older part. In fish and 

amphibians there is a rudimentary cochlea and in reptiles and birds it is a 

straight tube while in true mammals there is a coiled cochlea.
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Figure 1.2. Early development of the Inner ear.

From 'The developing human. Clinically oriented embryology." by Keith L  Moore. 

A, dorsal view of the otic placodes. B, D, F, G Illustrate development of the otic 

vesicles. 0  and E, lateral views of the cranial region of 24 and 28 day embryos.

1.10.1. The Inner ear.
The inner ear develops from the ectoderm (figure 1.2). The first stage of 

development occurs when thickening of the ectoderm forms the otic placode 

alongside the hindbrain at about three weeks. The placodes give rise to the 

otic pits which soon invaginate to form the otic vesicles, or otocysts, by the time 

the embryo is about four weeks. The ectoderm acquires its ear-forming ability 

early on in development, probably from the underlying mesoderm before there 

is any sign of the placodes. Ectoderm that is transplanted after this induction 

stage to another part of the body still forms an otocyst if it was previously in 

contact with mesoderm (reviewed by van de Water and Represa, 1991). Once 

the ear vesicle stage is reached, the hindbrain becomes the most important
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inductive influence. The developing vesicle does not grow unless it is in 

contact with the medulla, so that if the medulla is replaced by another region 

of the hindbrain, development goes awry, and if the medulla is transplanted 

elsewhere in the head under ectoderm an ear vesicle forms, although it is not 

morphologically normal.

In the fifth w eek the otocysts elongate (figure 1.3A). The dorsal part develops 

into the semicircular canals (semi-circular ducts), the intervening part later 

becomes the utricle and saccule, and the ventral part eventually gives rise to 

the cochlear duct. By the sixth week the semicircular ducts are visible as two 

flattened outpouches and the cochlear part has become elongated (figure 

1.38). The superior and posterior semicircular canals arise from a single pouch 

at the dorsal border of the otocyst and the lateral duct from a horizontal pouch. 

In the seventh week the semicircular canals are outlined by a process of 

opposition of their central flattened surfaces followed by fusion and resorption 

leaving a rim peripherally (figures 1 .38  and 1 .30 ). This process is complete by 

the eighth week and the canals well defined.

At the sam e time the utricle and saccule become more distinct by a process of 

constriction of the main body, and the cochlear duct begins to coil. By early in 

the third month, the inner ear is nearly fully developed into its mature form. 

The utricle is connected to the semicircular canals and becomes more 

separated from the saccule, and the fully coiled cochlea is separated by 

constriction from the saccule (figure 1.3E). This totally differentiated otocyst is 

called the membranous labyrinth.

The mesenchyme which surrounds the epithelial labyrinth is differentiated into 

a fibrous layer directly beneath the epithelium, and cartilage which surrounds 

the labyrinth. In the tenth week the cartilage reverts into precartilage and then 

to a syncytial reticulum, which becomes the perilymphatic space (figures 1.3 G- 

H).

45



e n d o ly m p h a t ic  duct

d ivert icu lum

e n d o ly m p h a t ic  

duct a n d  sac

d e v e lo p in g  posterior  

se m ic irc u la r  duct

semicircular
duct

a m p u l la

utricleabsorpt ion  

focussoccuie

co ch lea  E

utricular  an d  

saccular port ions o f  

otic  vesicle

c o c h le a r  duct

d e v e lo p in g  

spiral o rg a n

b o n y

la b y r in t h

ductus 

reun ien s

d e v e lo p in g

c o c h l e a r  duct

m e s e n c h y m e

c a r t i la g in o u s  

otic  capsu le

v a c u o le s
( d e v e l o p i n g  

p e r i l y m p h a t i c  s p o c e ]

d e v e lo p in g  sp ira l  

scala l ig am en t

ty m p o n i

vestibul

sp ira l  

g a n g l io n

spiral o rg a n

c o c h le a r
duct

Figure 1.3. Development of the membranous and bony labyrinths of the Inner ear from 

the 5th to 8th weeks. From 'The developing human. Clinically oriented embryology." 

by Keith L. Moore. Development of the membranous and bony labyiinthsfrom the 5th 

to 8th weeks (A-D). F-J, development of the spiral organ of CortI and perilymphatic 

space from 8th-20th weeks.

At this point the membranous labyrinth is suspended in the perilymphatic fluid 

of mesenchymal origin. The cochlear duct of the membranous labyrinth 

appears triangular in shape and is attached to the bony axis of the cochlea at 

its inner angle and to the peripheral bony labyrinth by its lateral wall (figure 

1.31). Thus there are perilymphatic spaces above and below the cochlear duct, 

the scala vestibuli above and the scala tympani below. The vestibular 

membrane (Reissner’s membrane) separates the scala vestibuli from the cavity 

of the cochlear duct and mesenchyme condenses to form the basilar membrane 

which separates the lower part of the cochlear duct from the scala tympani
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(figure 1.4). In the fifth month, the cartilage surrounding the perilymphatic 

spaces is replaced by bone. Condensation of mesenchyme around the 

developing labyrinth is probably induced by the wall of the labyrinth; if the 

labyrinth is removed from its mesenchyme there is no condensation in this 

region, but if transplanted to another body part it will induce mesenchymal cells 

of mesodermal origin to form a capsule.
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Figure 1.4

The spiral organ of Corti. From "Gray’s Anatomy " 37th Ed. Churchill Livingstone.

The spiral organ of Corti, the organ of hearing, develops slowly within the 

epithelium of the cochlea (figure 1.4). It develops on the basal surface of the 

cochlear duct, beginning as a thickening of the epithelium in the basal turn and 

progressing towards the apex. The epithelium differentiates into an inner ridge 

and an outer ridge. In the inner ridge, cells on the lateral part involute leaving 

the thin lining of the internal spiral sulcus. The cells of the outer ridge give rise 

to the flask shaped hair cells. The hair cells are essentially the sound 

receptors. At the apical surface of these cells are fine stereocilia arranged in
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order of height and connected together by tip links. Stretching of the tip links 

by movement of the basilar membrane results in the creation of action 

potentials by the hair cell. The hair cells are covered by the tectorial 

membrane, a gelatinous substance which is secreted by the epithelium. Nerve 

fibres from the cochlear nerve arborize about the bases of the sensory hair 

cells and run axially towards the centre of the cochlea to the spiral ganglion of 

the auditory nerve.

W hen a sound is applied to the ear, the piston action of the stapes on the oval 

window produces a pressure wave in the perilymphatic fluid of the scala 

vestibuli that travels to the helicotrema (a small communication between the 

scala vestibuli and tympani at the apex of the cochlear duct). A travelling wave  

is set up on the basilar membrane as a result of the pressure wave in the 

perilymph. The basilar membrane and the hair cells move together and the 

tectorial membrane moves separately. The processes of the hair cells receive 

a shearing action from this movement and this leads to ionic fluxes in the 

dendritic processes of the spiral ganglion cells. Action potentials set up in this 

way pass via the spiral ganglion of the cochlear nerve to the brain and result 

in the sensation of hearing.

The basilar membrane is narrower at the base of the cochlea than at its apex  

and so the mechanical properties of the organ of Corti change along its length. 

It is tonotopically organised so that the highest tones maximally stimulate the 

hair cells in the most basal part of the cochlea, where the basilar m em brane is 

narrowest and those of the lowest pitch maximally stimulate the most apical 

hair cells. Electrical recordings from the organ of Corti detect a potential whose 

amplitude varies with the movement of the basilar membrane. This potential 

is related to the frequency and amplitude of the sound applied and may reach 

a maximum value of about 5mV. In addition the cochlear duct has a  steady  

resting potential of about +80m V with respect to the other parts of the cochlea. 

It is the stria vascularis on the lateral wall of the cochlear duct which is thought 

to be responsible for the generation of this high resting potential and it controls 

the low Na+ levels and high K+ levels found in the endolymphatic fluid of the 

scala media of the cochlear duct.
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1.10.2. The middle ear.
At around 4 weeks of gestation, when the otocyst has formed from the otic cup, 

the middle ear begins to develop (figure 1.5). The surface ectoderm 

invaginates as the first branchial groove, or pharyngeal cleft. As it does so, a 

pouch of endoderm, the first pharyngeal pouch, grows laterally to meet it. The 

distal part of this pouch widens and forms the tubotympanic recess (figures 1.5 

B and C) which is the primitive tympanic cavity, while the proximal part remains 

narrow and forms the auditory (Eustachian) tube, leading to the nasopharynx.
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Figure 1.5. Development of the middle ear.

From The developing human. Clinically oriented embryology." by Keith L  Moore. 

A, development at 4 weeks. B, at 5 weeks. 0, later stage showing tubotympanic 

recess beginning to envelop ossicles. D, final stage of ear development.
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The ossicles develop from mesenchymal cartilage (figure 1.5 B to D). The  

malleus and incus are derived from the first pharyngeal arch and the stapes 

from the second arch cartilage. The developing ossicles lie embedded in loose 

connective tissue which later degenerates. The endodermal lining of the 

tubotympanic recess expands and envelops the ossicles by the eighth month. 

Whilst the ossicles are chondrifying they are still connected with their respective 

cartilaginous arches. As development progresses, the malleus (hammer) 

attaches to the eardrum, the stapes (stirrup) attaches to the oval window of the 

perilymphatic space and the incus (anvil) articulates with the other two.

1.10.3. The external ear.

The external auditory (acoustic) meatus develops from the first pharyngeal cleft. 

The meatal plug (figure 1.5 C) dissolves in late fetal life to form part of the 

tympanic membrane (eardrum). The eardrum itself is made up of ectoderm  

from the first pharyngeal cleft, endoderm from the tubotympanic recess and an 

intervening layer of connective tissue which is of mesodermal origin. The  

malleus occupies the majority of the surface of the tympanic membrane, the 

remainder serving to separate the auditory canal from the tympanic cavity. The  

auricle itself develops from six hillocks of tissue from the first and second 

branchial arches. Complex fusion of the hillocks gives rise to the auricles, 

which initially lie in the neck region but as the mandible develops, they ascend 

to the side of the head at the level of the eyes.
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1.11. G enes involved in ear developm ent

Very little is known about genes whose expression determines normal ear 

development and function. Pathological studies of animals and humans with 

congenital deafness have been useful in describing the range of developmental 

abnormalities which may result in deafness (Smith et al., 1992b). From the 

pathological point of view, three types of abnormality may be seen in mice: 

morphogenetic, cochleosaccular and neuroepithelial defects (Steel and Bock, 

1983).

1.11.1 Morphogenetic defects. These are defects in which the labyrinth has 

failed to develop in the usual manner, and may include abnormal development 

of the vestibular and cochlear parts together or separately. Genes causing this 

type of abnormality are likely to act early in fetal life to disrupt the normal 

developmental pathways.

Studies in mice indicate that normal development of the neural tube and 

hindbrain prior to otic development is necessary for ear morphogenesis (Deol 

1966). Induction of the inner ear is brought about by two overlapping inductive 

waves (reviewed by van de W ater and Represa, 1991). The first is derived 

from the mesoderm (see section 1.10.1.) and determines the region of 

ectoderm which will become the future otic placode, and the second is derived 

from the rhombencephalic neural crest and actually induces development of the 

otic vesicle. Deol proposed that ear defects in the kreisler, dreher, looptailan6  

splotch mice were secondary to disrupted neural development since inner ear 

malformations in all of them were preceded by malformations of the brain 

involving the otic area of the rhombencephalon.

The int-2  proto-oncogene has been put forward as an inductor of this second 

wave as it is expressed in the rhombencephalic neural tube at the time when 

classical experiments showed induction to occur. Targeted transgenic 

experiments in mice appear to lend support to this theory; transgenic 

disruptions of the int-2 proto-oncogene, yield homozygous mutants with tail 

defects and hydrops of the inner ear with failure of development of the 

endolymphatic duct (Mansour et al., 1993). Also, experiments in vitro using
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chick embryo expiants showed that formation of the otic vesicle is inhibited in 

the absence of rhombencephalic tissue, but that addition of basic fibroblast 

growth factor (bFGF), a molecule highly related to int-2, restored the 

rhombencephalic inductive signal in a dose dependent manner. Furthermore 

antibodies to Int-2 oncoproteins and antisense oligonucleotides targeted to 

secreted int-2, prevented otic vesicle formation in the presence of 

rhombencephalic tissue in culture (Represa et al., 1991).

In transgenic Hoxa-1'^ mutants the otocyst is displaced rostrally and ventrally 

due to the abnormal development of rhombomeres 4  and 5, and this may 

interfere with the continued inductive signals to the otocyst from the neural tube 

which are necessary for development of the membranous labyrinth (Lufkin et 

ai., 1991; Chisaka et al., 1992; Mark et ai., 1993). The phenotypic result is 

malformation of the inner, middle and external ear structures together with 

defects of the hindbrain, cranial nerves and ganglia.

In the case of the splotch mouse, Pax-3  is expressed in the spinal cord and 

hindbrain and midbrain regions, and homozygous mutant mice have 

abnormalities of neural crest derived structures, such as neural tube defects, 

malformations of the inner ear and pigmentation defects.

Developmental studies in the kreisler mouse have shown that the inner ear is 

abnormal from the earliest stages. The otic vesicle is displaced laterally and 

develops into a cystic structure lacking vestibular and cochlear components. 

Deol proposed that the primary effect of the kreisler mutation is on the neural 

tube and ganglia of the medulla and that its severe effects on the developing 

ear are actually secondary (Deol 1966). In homozygous mutants there is a 

defect in hindbrain segmentation in which cells in the region of rhombomere 5 

fail to acquire their proper identity. The facial acoustic ganglion complex fails 

to form an orderly mass and separates the neural tube from the vesicle thereby 

reducing the effect of neurally-derived inductive signals. Recently, the gene 

responsible for kreisler phenotype has been identified by a positional cloning 

approach and is known to be a basic domain leucine zipper transcription factor, 

which is never expressed in the developing otic vesicle but in the neural crest
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adjacent to the hindbrain (Cordes and Barsh, 1994).

In the dreher mouse, deafness results from less severe morphological 

abnormality in which there is a dilated or rudimentary endolymphatic duct and 

a loosely coiled, short cochlea. Deol, observing these defects, suggested that 

they might be secondary to an abnormal inductive signal from the neural tube 

and subsequently ̂ ound that an abnormality in the neural tube in the region of 

the ear did indeed precede the development of the otocyst.

Mutants such as these underline an important observation: genes which 

profoundly effect development of the ear may not be expressed in the otocyst 

itself but in the hindbrain and adjacent neural crest.

Most mice and indeed children with congenital deafness do not have 

morphogenetic defects of the ear. In these the defect is neuroepithelial or 

cochleosaccular:

1.11.2. Cochleosaccular defects. These occur in cases where there is a defect 

of the stria vascularis of the cochlear duct. The stria controls the composition 

of the endolymphatic fluid which has a high concentration of potassium and a 

low concentration of sodium maintaining the normal endocochlear potential. 

Histologically in these defects the stria is thinner than usual and does not 

mature, leading to secondary collapse of Reissner’s membrane due to lack of 

the normal osmotic pressures. There is later degeneration of the organ of Corti 

leading to hair cell loss. This type of deafness is frequently asymmetrical.

The presence of normal melanocytes which have migrated from the neural 

crest, is crucial for normal functioning of the stria and the generation of 

endocochlear potential is directly related to the number of melanocytes present. 

Their exact role however is not known. Mice with abnormal pigmentation and 

cochleosaccular abnormalities have been described; mice homozygous for 

mutations at the dominant spotting (W ) locus in the c-kit gene have pale coats 

and cochleosaccular defects as do mice with mutations in the gene coding for 

the ligand of this receptor, steel (Si). Also the splotch and microphthalmia
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mutants have defects in melanocyte migration and this may account for the 

cause of deafness in these animals.

1 .11 .3 . Neuroepithelial defects. In these the primary pathological changes 

affect the sensory neuroepithelium (the organ of Corti) which may be followed 

by atrophy of the spiral ganglion nerve cells. Although originally thought to be 

due to degeneration of the organ of Corti, in fact there is abnormal maturation 

which may lead to secondary degeneration of the hair cells. Reissner’s 

m em brane is usually in its normal position and the stria vascularis, although 

initially normal, may later degenerate. It may be that the majority of human 

congenital non-syndromic deafness is of this type. Candidate genes for this 

type of deafness are difficult to identify as very little is known at present about 

the mechanism of auditory transduction. Studies of the temporal bone of the 

shaker-1  mouse have shown there to be normal endocochlear potentials and 

position of Reissner’s membrane initially, and during this time the mice can 

hear, but within 3-4 weeks the organ of Corti begins to degenerate and the 

mice become deaf. These findings are consistent with the neuroepithelial type 

of deafness. Recently mutations in the myosin VII gene have been identified 

in the shaker-1 mouse mutant by a positional cloning strategy (Gibson et al.,

1995) and in the myosin VI gene in the Sneirs waltzerm ouse  (Avraham eta!.,

1995). The precise role of these gene products in auditory transduction is not 

yet known. Interestingly, this gene maps to mouse chromosome 7, a region 

homologous to human chromosome 11qS5 where a locus for non-syndromic 

recessive deafness in humans has been shown to map.

The lack of candidate genes for neuroepithelial forms of deafness is due in part 

to the difficulty of performing biochemical and physiological studies in an organ 

as small as the cochlea. Also until recently, no inner ear specific cDNA  

libraries were available for research. Within the last year however, several 

groups have had some success in isolating inner ear specific transcripts from 

specially constructed libraries and these may be possible candidates for 

deafness. Davis et a!., (1995) used teleostian fish saccular organs as a source 

for their cDNA library. In these fish the otoliths exhibit continued growth 

throughout postembryonic life resulting in the presence of more sensory cells.
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This high yield of sensory cells has enabled the construction of a library of 

transcripts from which clones expressed in liver were subtracted, to yield a 

much more cochlear- specific set of clones. The first cDNA analyzed appeared  

to code for a novel type of collagen which is hypothesized on the basis of 

expression data, to be a component of the tectorial membrane. Robertson et 

al., (1994) have constructed a human cochlear cDNA library using 173 human 

membranous labyrinths from 16-22 week fetuses. The library was subtracted 

with total fetal brain RNA to enrich for cochlear- specific transcripts. Screening 

of this library with labelled total cochlear and total brain cDNA enabled the 

researchers to select out clones that hybridised more strongly to the cochlear 

probe. In contrast to genes causing morphogenetic defects of the ear which 

are not necessarily expressed in the developing labyrinth, genes causing 

neuroepithelial-type deafness are more likely to be cochlear-specific, and 

libraries such as these may be invaluable for their identification.

Biological and genetic studies have also contributed to our knowledge of genes  

which, when mutated may cause later-onset hearing loss rather than congenital 

deafness (reviewed by Steel and Brown, 1994). The structural components of 

the ear are particularly important in this respect; mutations in collagen genes  

have been found in several genetic disorders which include hearing loss as one 

of the clinical features. In Alport syndrome, mutations have been found in the 

genes CO L4A5 and COL4A6 (X-linked forms), COL4A3 and CO L4A 4  

(recessive type) in which there is later onset deafness associated with 

progressive renal disease. In some families with Stickler syndrome, which 

comprises dysmorphic facial features with high myopia and joint problems, 

mutations have now been found in the genes C 0L2A 1 and C 0L 11A 1 . 

Disorders of myelin may also cause late onset deafness in association with 

disorders of the central or peripheral nervous system - mutations in PM P22 in 

Charcot Marie Tooth disease type 1A, in Pq in type IB , and in the connexin 32  

gene in the X-linked form (Kousseff, 1982; Cornell eta!., 1984). It is interesting 

that several of these genes were found to be differentially expressed in the 

cochlear library described by Robertson (eg. C 0L1A 2, C 0L2A 1 , PM P22). A 

number of mitochondrial genes are also expressed, which is not surprising in 

view of the high numbers of mitochondria needed in the metabolically active
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hair ceils of the organ of Corti and the stria vascularis and mutations of several 

mitochondrial genes have been described in syndromes which include deafness 

(Robertson et al., 1994, ib id ).
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1.12. X-linked deafness.

1.12.1. Hearing Loss.

Sound waves from an external source are conveyed through the external 

auditory canal and cause vibrations of the tympanic membrane and ossicles. 

At the stapedial footplate, the force per unit area of ossicular surface is 

increased twenty times from the tympanic membrane, so that movement of the 

stapes at the oval window produces a piston-like action which sets up a 

travelling pressure wave in the cochlea. If there is an obstruction to this 

process in either the external or the middle ear, a loss in hearing ability may be 

detected. This is called a conductive hearing loss. The causes of conductive 

hearing loss are usually mechanical and include wax in the auditory canal, fluid 

in the middle ear (called "glue ear" in children), perforation of the tympanic 

membrane, or rarely, conditions which impair the mobility of the ossicles. Most 

of these are easily treatable and am enable to correction by surgery. The best 

known cause of impaired ossicular mobility is otosclerosis in which the base of 

the stapes becomes joined by bone to the margins of the oval window, and it 

too can be treated by surgery. Thus, when perceived from the patient’s point 

of view, sounds which are conducted through air are much quieter than sounds 

which are directly conducted to the cochlea through vibration of the bone of the 

skull: a vibrating tuning fork placed next to the ear produces a quieter sound 

than when it is placed in contact with the head which is not the case in the 

normally hearing person.

A sensorineural hearing loss is caused by a lesion in the cochlea itself or in the 

auditory pathways leading from the cochlea to the brain. In the above case  

using the tuning fork, even if the outer or middle ear is bypassed by placing the 

tuning fork on the skull, the sound still appears faint or absent. It is possible 

to have a hearing loss in which there is a conductive and a sensorineural 

component, and this is termed a mixed hearing loss.

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

non-syndromic genetic deafness but was classified by McKusick into four types, 

according to the age of onset and the type of deafness as determined by the 

audiogram:
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1 . Congenital sensorineural.

2. Progressive sensorineural.

3. High tone sensorineural.

4. Mixed conductive and sensorineural deafness associated with "gusher" at 

stapes surgery.

(McKusick, 1992).

In the majority of cases, the onset is prelingual, precluding normal speech 

development, and so most cases fall in categories 1 and 4. In type four, 

surgery has been attempted in the past, in order to improve hearing by 

correcting the conductive element of the hearing loss (reviewed by Glasscock, 

1973). Reports in the surgical literature suggested that the stapes footplate 

w as congenitally fixed to the oval window, preventing normal movement of the 

ossicles. It was thought therefore that freeing the stapes might remove the 

conductive component of the hearing loss and in this way improve the patient’s 

hearing. However, attempts to manipulate the stapes led to a profuse flow of 

fluid from the perilymphatic space of the cochlea, the "gusher", such that 

visibility in the middle ear was completely obscured and the procedure had to 

be abandoned. Postoperatively, a leak of fluid from the ear continued for 

several days, necessitating the patient to remain recumbent and posing a 

significant risk of developing meningitis. The ultimate result was never an 

improvement of the hearing, but frequently a deterioration.

1.12.2. The perilymphatic gusher.

In order to understand the origin of this phenomenon of the "gusher", its cause, 

and the nature of the problem in these patients, it is necessary to outline what 

is known about the fluids in the ear and brain. The brain and spinal cord are 

covered by three connective tissue membranes, the meninges; the first is a 

delicate membrane known as the pia mater which is closely applied to the 

surface of the brain and spinal cord. Covering this is the arachnoid m ater and 

fine strands of connective tissue, trabeculae, stretch across the subarachnoid 

space between the pia and the arachnoid. Covering these two, is the thick 

dura m ater which lines the cranial cavity and vertebral canal around the spinal 

cord. The brain and spinal cord are suspended in a watery fluid called the
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cerebrospinal fluid (c.s.f.) that occupies the subarachnoid space. The total 

quantity in adults is about 130ml and is normally under a pressure of about 

150mm of water in a recumbent patient. It is thought to be an ultrafiltrate of 

blood with some constituents added by secretion; it contains water, electrolytes, 

glucose and very few lymphocytes. Perilymph, the fluid in which the 

membranous labyrinth is suspended and which fills the scala vestibuli and scala 

tympani, is in turn thought to be derived from c.s.f. (figure 1.3 G-H).
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Figure 1.6. The cochlear canaliculus and relationship of the perilymphatic space (scala 

tympani and vestibuli) to the subarachnoid space. From Anson et al., 1968.

Several lines of evidence lead to this conclusion: india ink particles injected into 

the subarachnoid space, are later found in the basal coil of the scala vestibuli 

and then scala tympani; individuals who have died of subarachnoid 

haemorrhage, are found to have red blood cells in the perilymphatic space at 

post mortem examination; individuals who have died from meningitis
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(inflammation of the meninges covering the brain) are found to have pus cells 

in the inner ear (Gray’s Anatomy, 1989). Exactly how the c.s.f. communicates 

with the perilymph in the perilymphatic spaces is not really known for certain. 

A small amount of c.s.f. may pass through the cochlear canaliculus (figure 1.6 ) 

into the scala tympani where it becomes perilymph. The cochlear canaliculus 

is however a tiny channel which extends from the basal turn of the cochlea 

through the adjacent bony part of the skull (petrous temporal bone) to open into 

the subarachnoid space in the cranial cavity. Many however believe that in life, 

this channel is blocked by connective tissue and indeed Glasscock reported 

that it could not be demonstrated in two of his cases at surgery (Glasscock 

1973).

W hatever the communication, flow between the subarachnoid and perilymphatic 

spaces must be slow and regulated under normal circumstances, otherwise 

surgeons would always encounter a profuse flow of fluid from the oval window 

at operation and this is not so. Glasscock points out that in order for a profuse 

flow of c.s.f. to occur, an abnormal communication must exist between the 

subarachnoid and perilymphatic spaces (reviewed by Glasscock, 1973). Some 

authors postulated that the internal auditory meatus and canal are the source 

of an abnormal communication between the subarachnoid and perilymphatic 

spaces. This internal auditory meatus is the aperture and channel in the skull 

where the seventh and eighth cranial nerves exit from the brain through the 

skull to their peripheral targets. It is best seen in figure 1.1 where the eighth 

cranial nerve (CN VIII) is seen as it traverses the temporal bone to innervate 

the semicircular canals and the cochlea. At the lateral end of the internal 

auditory meatus there is normally a plate of bone called the lamina cribrosa 

which is perforated by branches of the cochlear nerve passing from the spiral 

ganglion in the brain to the cochlea itself.

Glasscock was the first to note that the internal auditory canal was dilated on 

X-ray polytomography in two patients with an X-linked pattern of inheritance 

and stapes gusher, and that control of the gusher could be achieved by packing 

the internal auditory canal with muscle (Glasscock 1973). Using different 

views, others later reported that the separation of the lateral end of the internal
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auditory meatus and the basal turn of the cochlea was very thin if present at 

all (Jensen et al., 1977). The problem with tomography however was that 

pictures were inherently indistinct making actual measurements impossible.

More recently however, high resolution CT (Computed Tomography) scanning 

has surpassed X-ray tomography for the demonstration of fine bone detail, 

giving much clearer images. Not only did this technique confirm Glasscock’s 

observations of a dilated internal auditory canal, but demonstrated that the bony 

plate separating the subarachnoid space in the internal auditory meatus and the 

basal turn of the cochlea was very thin or deficient in some patients with X- 

linked deafness (Phelps eta!., 1991). Phelps pointed out that the phenomenon 

of partial volume averaging makes it impossible to distinguish between 

complete and partial deficiency and that there is likely to be microscopic 

communication between the c.s.f. in the internal auditory meatus and the 

perilymph in these patients. However, it is this bony deficiency that is probably 

the origin of the gusher phenomenon - the severe leakage of what is initially 

perilymph, but subsequently c.s.f. This is further supported by the observation 

that an individual who had experienced a gusher at stapes surgery in one ear, 

was found to have these same radiological findings on CT scan in the other ear 

(P. Phelps, unpublished data).

Many years ago, Farrior and Endicott postulated that the conductive component 

of the hearing loss in cases such as these was caused by "perilymphatic 

hydrops" (Farrior and Endicott, 1971). They proposed that the pressure of the 

c.s.f. in the perilymphatic space pushes the stapes outwards into the middle ear 

cavity so that it is splinted and immobile resulting in a conductive problem in 

the middle ear as well as a sensorineural defect in the inner ear. Thus, the 

defining characteristics of this type of X-linked deafness as categorised by 

McKusick, the mixed deafness and the gusher phenomenon, may be due to this 

anatomical, and therefore developmental, abnormality of the ear. Furthermore, 

documented progression of the sensorineural component may mask conductive 

hearing losses (Glasscock, 1973; Cremers eta!., 1985). This implies that some 

patients with Congenital Sensorineural Deafness (type 1 as described by 

McKusick) may actually have the same cause as type 4; their putative
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conductive component cannot be detected because their sensorineural 

component is too severe. Hence they will never come to surgery and be 

diagnosed as having a gusher because sensorineural deafness is not amenable 

to surgical treatment, although they may well have the same morphological 

defects. Reardon confirmed that families with sensorineural deafness could 

also have this developmental abnormality underlying the gusher phenomenon 

(Reardon et al., 1991).

1.13. Mapping genes causing X-linked deafness.

Localisation of a gene causing non-syndromic X-linked deafness has been 

accomplished in two ways. First, deafness was reported as part of a 

contiguous gene deletion syndrome in unrelated mentally retarded males with 

choroideremia, an X-linked retinal dystrophy, in whom interstitial deletions of the 

X chromosome were detected (Ayazi, 1981 ; Nussbaum eta!., 1987; Rosenberg 

eta!., 1987; Cremers eta!., 1989). Second, a gene causing X-linked deafness 

with perilymphatic gusher at stapes surgery was linked to probes from the 

proximal part of the long arm of the X chromosome in two separate large 

families with mixed deafness and perilymphatic gusher at stapes surgery 

(Brunner eta !., 1988; Wallis et al, 1988).

Patients with contiguous gene deletion syndromes appeared to have either 

sensorineural or mixed deafness. The same patient described by both Merry 

and Nussbaum was reported to have had mixed deafness and a gusher at 

stapes surgery, whereas Rosenberg’s patient had sensorineural deafness 

(Merry eta l., 1989). A multipedigree analysis showed that Xq 13-21 accounted 

for the majority of cases of non-syndromic X-linked deafness, as only one out 

of the seven families described was likely to be linked to a locus outside this 

region (Reardon et al., 1991). The use of high resolution C T scanning and 

detailed audiological evaluation confirmedXha\ patients with deafness linked to 

this region could have either mixed or sensorineural deafness. Furthermore, 

they could have either normal cochlear radiology, or the developmental 

abnormalities described above which are purported to underlie the gusher 

phenomenon. Thus it was possible that there were two genes in this part of 

the X chromosome, mutation of which caused X-linked deafness - one which
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caused deafness alone with no morphological abnormality, and one which 

resulted in a developmental abnormality in which the patients could have either 

a pure sensorineural or a mixed deafness, giving rise to a perilymphatic gusher 

at stapes surgery.

1.13.1. Genetic mapping.

Figure 1.7 shows a representation of the X chromosome. On the left of the 

diagram, are the names of probes which detect restriction fragment length 

polymorphisms used in mapping X-linked deafness genes in family linkage 

studies. Brunner used probes widely spaced along the X chromosome, some 

from the short arm as well as others from Xq26 and Xq28, and showed a large 

Dutch family to be linked to PGK in Xq13, achieving a lod score of 3 .07  with no 

recombinations (Brunner et al., 1988). Wallis found significant linkage with 

pDP34 (DXYS1) with a maximum lod score of 6.32 at 0  = 0 in a single large 

family, but as both these groups were only able to use dimorphic RFLPs, 

intervening markers which might have been physically closer to the disease 

locus were frequently uninformative and recombinations which might narrow 

down the region in question were not observed (Wallis et a/., 1988). In a 

multipedigree linkage study, probes from a broad region around X q l 3-21 again 

showed linkage (Reardon eta l., 1991). In addition the data indicated that non- 

syndromic X-linked deafness was a genetically heterogeneous disorder since 

one of the families studied was clearly failed to show linkage. Since then, a 

second locus for non-syndromic X-linked deafness has been localised to Xp 

(Lalwani e ta l., 1994).
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1.13.2. Physical mapping.

Analysis of genomic DNA from patients with cytogenetic deletions using probes 

from the Xq21 region allowed a critical region for deafness gene(s) to be 

determined, by demarcating a common region of deletion in all of them. Bach 

used additional, non-polymorphic probes from X q l 3-21, which lay between the 

polymorphic markers previously linked to the major locus for X-linked deafness 

- DFN3, to examine patients who had large deletions of the X chromosome with 

complex phenotypes (Bach et al., 1992a). These probes are shown in the 

centre of figure 1.7. The patient D20, with mixed deafness, choroideremia and 

mental retardation (Wells etal., 1991), was found to be deleted for D XS232 but 

was intact for DXS26. A patient with isolated choroideremia but a large 

interstitial deletion, LGL2905 (Sankila et al., 1990) was found to be intact for 

probes DXS26 and DXS232, indicating that a chromosomal region telomeric to 

D XS26 and centromeric to DXS121 harboured the loci for genes causing 

deafness and mental retardation. However, what proved to be exceptionally 

valuable was the finding of microdeletions, not visible at the cytogenetic level, 

in two patients with uncomplicated mixed deafness with a gusher at stapes 

surgery (figure 1 .8 ). One of these, 1/10  was from the family studied by Wallis 

in the original mapping work. The second was a male from a family in which 

there were also features of deafness and hypogonadism but neither of these 

patients had features of choroideremia or mental retardation. Both of these 

patients were intact for the marker DXS232 placing a candidate region for 

deafness alone centromeric to DXS232 but telomeric to DXS26 as defined by 

the breakpoint of D20 (Bach et al., 1992b).
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1.13.3. Objectives of the project

The previous section describes the information available on the location of 

deafness gene(s) in the X q l 3-21 region at the beginning of this study. The  

objectives of this work were:

i) to identify the causative gene(s) by positional cloning so that accurate 

genetic counselling based on mutation detection could be offered to families,

ii) to learn more about how mutation of the gene(s) causes deafness.

The decision was taken to collaborate with the group in Nijmegen, Holland. 

Physical mapping of a  critical region for deafness based on patients with large, 

overlapping deletions was already underway in Nijmegen as a result of cloning 

of the choroideremia gene (Cremers et al., 1990). W e could benefit from the  

progress in physical mapping by choosing polymorphic markers likely to be 

most useful in terms of carrier detection and use these to rapidly screen for 

deletions in preselected patients. From the Dutch point of view the candidate 

region remained large and the rarity of this condition necessitated a  

collaborative approach. The molecular genetics group in Nijmegen working 

alone had to rely on colleagues in a clinical genetic setting providing DNA from  

large families independently mapping to this region, from males with contiguous 

gene deletion syndromes or from males with perilymphatic gusher at stapes 

surgery. However, following the work of Phelps and Reardon, close attention 

to the clinical phenotype of the patients enabled us to clinically screen a much 

larger number of deaf boys than those seen in a clinical genetic setting; 

working with Dr. Peter Phelps in the field of neuroradiology we were able to 

select patients with the characteristic bony change of the inner ear from a large 

number of patients undergoing C T scanning for a wide variety of reasons. 

Audiological testing by Professor Linda Luxon and Dr. Sue Bellman could 

confirm that the patients selected had the characteristic profile of absent 

stapedial reflexes and vestibular hypofunction, described in patients with DFN3  

mutations.

The approach taken in the identification of the causative gene(s) was

i) to identify further families and individuals with the same characteristic 

radiological abnormality, by using information regarding the phenotype of a
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subset of families mapping to Xq 13-21, in order to increase the pool of patients 

available for study at the molecular level. Careful clinical and radiological 

examination would permit the inclusion of small families and isolated cases in 

this group of patients.

ii) to test newly isolated polymorphic microsatellite repeats from the 

region in a genetic linkage study. The purpose was to use closely linked 

markers for predictive carrier detection when requested by females from 

families with X-linked deafness, prior to the availability of mutation detection.

iii) to use the microsatellite and other markers to search for 

microdeletions by PGR-based techniques in order to further reduce the 

candidate interval.

iv) in particular, to confirm the radiological phenotype of patient D20. 

The critical region for a gene mutated in X-linked deafness, was defined by the 

breakpoints of patients 1/10 (mixed deafness and gusher) and patient D20 

(mixed deafness) at the start of this study. As there were possibly two genes 

in this region, one causing deafness with morphological abnormality and 

gusher, and the other causing deafness alone with normal ear development, it 

was important to confirm that patient D20 had the same phenotype as the other 

patients with microdeletions.

v) the positional cloning strategy used, involved the identification of 

overlapping deletions in unrelated patients to identify first one, and then a 

second region of deletion overlap. Cloning of one disease critical region (the 

smaller of the two in which the proximal and distal deletion breakpoints had 

been mapped) in YACs and subcloning the YACs into cosmids, was done by 

the Nijmegen group. This cosmid contig was incomplete over a small region 

of 150kb, which was precisely the area thought to harbour a gene responsible 

for deafness. Our group adopted the complementary approach of screening a 

g ridded cosmid library to complete the contig. Contigging of these cosmids, by 

hybridisation and by characterisation with restriction enzymes, and identification 

of deletion breakpoints in our patients enabled us to screen a few cosmids for 

coding sequences using cross-species conservation of sequences and 

identification of rare cutting restriction enzyme sites. Completion of the contig 

enabled a positional candidate gene to be mapped by the Nijmegen group and 

both groups sought mutations in the candidate gene.
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MATERIALS AND METHODS.

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

Restriction enzymes were obtained from Northumbria Biochemicals.

Taq  polymerase, lOx buffer, and 50m M MgClg were supplied by Bioline. 

Dyna-M-280-Streptavidin beads were supplied by Dynal. 

a-^^P-dCTP and o-^^S-dATP were supplied by ICN Biochemicals Ltd and 

Amersham International.

Sequenase V2.0 sequencing kit was supplied by United States Biochemicals. 

Protogel™ and Accugel™ were supplied by National Diagnostics.

MDE™  was supplied by J.T. Baker Inc.

Qiagen plasmid DNA extraction kit and Hybond N+ membrane were supplied 

by Amersham International pic.

Bacto-Agar was supplied by Difco Laboratories.

G 50 Sephadex, dNTPs, and hexadeoxyribonucleotides were supplied by 

Pharmacia.

Agarose was obtained from IBI ltd.

BSA was supplied by Boehringer Corporation Ltd.

lOObp ladder, NZY broth, DM EM , TRIZOL™  and 5 ’ RACE kit were supplied by 

GibcoBRL.

A Molecular Dynamics phosphorimager and Image Quant software were used.

2.1.1. Primers
Primers were synthesized on an ABI381 oligo synthesis machine by P. Rutland. 

Primer sequences and annealing temperatures for the microsatellites at loci : 

DXS995
5' A A G G G G C TG C TG A TG ATTA T 3 ’ (forward)

5' AA TG CG TTCC CC AA ATG T 3’ (reverse) 58°C

DXS1002
5 ’ C TG C TA C C C TTTA G TTC TC TC  3 ’ (forward)

5 ’ TC C A TG TTG C TG C G A A  3' (reverse) 5 6 %

DXS986

69



5 ’ CCTAA G TG C TCA TCA TCC CA 3 ’ (forward)

5 ’ AG G TCAATCCAAG TTG CTG A 3 ’ (reverse). 58°C

DXS26

5’ G G A G TTTG TTG G G TA TTTG G  3 ’ (forward) 58°G

5’ G GAGAGTGATTGTTAGATAT 3 ’ (reverse).

POU3F4

Primer set la and lb

5 ’ AGTAGTAGGGGATGGTGAGGG 3 ’ (forward) la 

5’ GGGTGGGTGAGAGTGGTGAG 3 ’ (reverse) lb 61 °G

Primer set lia and lib

S' G TGATTAGTTG G AG GG AG TTG G  3' (forward) lia 61°G

S' GGAGGATGGGGGTGAGGGTG 3' (reverse) lib 

(2.SmM MgGlj )

Primer set Ilia and lllb

S’ AGGTGTAGTGGGAGGGTGGG 3' (forward) Ilia 

S' GGGTGTGGGTGAAGGGGAAG 3' (reverse) lllb 64“G

(Im M  MgGlj )

Primer set IVa and IVb (POU specific domain )

S' GATGAGTTGGAAGAGTTGGGGAA 3' (forward) IVa  

S' TGAGAGTGAGGTGGATGGAGG 3' (reverse) IVb 64.5°G

Primer set V a  and Vb (homeodomain)

S' GATTGAGAAGATGGGTGGAG 3' (forward) Va  

S' GGGTGGTGGGTTGGTGGA 3' (reverse) Vb 61 °G

RACE primers.
Primer Ic (nested to lb for RAGE)

S' AAGTGGGTGGAAGTAATG 3' S3°G
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5' RACE Anchor Primer

5 ’C U A C U A C U A C U A G G C G A C G C G TC G A C TA G TA C G G G IIG G G IIG G G IIG 3’

5 ’ RACE Universal Amplification Primer 

5' C U A C UA CUA CU AG G C CA CG CG TCG AC TAG TAC 3 ’

2.1.2. Solutions

TE: lOm M  Tris (tris(hydroxymethyl)aminomethane)

Im M  EDTA pH adjusted to 8.0 with MCI.

l O x T A E :  0.39M  Tris

0 .12 M NaAc 

0.02M  EDTA

pH adjusted to 7 .7  with glacial acetic acid

5 X TBE: 0.089M  Tris

0.089m  Boric Acid 

2mM EDTA pH 8.0

20 X SBC: 2.9M  NaCI

0.3M  sodium citrate

pH adjusted to 7.0 with sodium hydroxide.

Loading dye:

50%  glycerol 

lOm M  EDTA  

0 .05%  bromphenol blue 

0.05%  xylene cyanol

Formamide Dye:

95%  Formamide 

20m M  EDTA  

0.05%  bromphenol blue
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0.05% xylene cyanol

100 X Denhardt’s Solution:

2%  w/v BSA 

2% w/v Ficoll

2%  w/v PVP (polyvinyl pyrollidone)

2.1.2.1 DNA Extraction Solutions.

Nuclei Lysis Buffer:

10mM Tris pH 8.0

400m M  NaCI /  2mM Na-EDTA

Proteinase K Solution:

2mM Na-EDTA /  1% SDS  

2 mg /  ml Proteinase K

2.1.2.2. Qiagen DNA Preparation Solutions.
Solution P I:

SOmM Tris-HCI pH 8.0  

lOm M EDTA  

100pg RNase/Vml

Solution P2:

0.2M  NaOH  

1% SDS

Solution P3:

3.0M  potassium acetate pH 5.5 at 4°C

Buffer Q B T:

750m M  NaCI 

50m M  M OPS  

15% ethanol

0.15%  Triton X-100 pH 7.0
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Buffer QC: 1 .OM NaCI

50m M M OPS

15% ethanol pH 7.0

Buffer OF:

1 .25M NaCI

SOmM Tris-HCI pH 8.5

15%  ethanol

2.1.2.3. Southern Blotting Solutions.

Oligolabelling Buffer (OLB):

1.25m M Tris pH 8.0, 0 .125M  MgClg 

1ml of solution O  

18pl of P mercaptoethanol

5pl of dATP (0.1 M) for^^PdCTP incorporation, orSpI of dCTP for 

^^SdATP incorporation.

5 pi of dTTP (0.1 M)

5 pi of dG TP (0.1M)

2M  HEPES pH 6.6  with 4M  NaOH  

random hexanucleotides in TE at 90OD/m l (Pharmacia) 

Solutions A:B:C mixed in the ratio 100:250:150

Hybridisation Solution:

4 x S S C

10 X Denhardt’s solution 

1% SDS

50mg/ml denatured salmon sperm DNA

PEG Hybridisation Solution:

0 .125M  NagHP04, pH 7.2 with NaH^PO^

0.25M  NaCI 

I.Om M  EDTA  

7%  SDS
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10%  PEG 8000 (BDH Chemicals Ltd.)

50|jg/ml denatured salmon sperm DNA (or 50pg/ml of boiled, 

sheared human placental DNA (Sigma) for human cosmid probes 

containing repeat sequences.

Formamide Hybridisation Solution (used for gridded cosmid filters at 42°C): 

50%  Formamide 

4 x  SSC

SOmM NaPi pH 6.B-7.2  

Im M  EDTA pH 8.0  

10%  Dextran Sulphate 

1% SDS

SOpg/ml denatured salmon sperm DNA  

10 X Denhardt’s solution

Dénaturation Solution:

1 .5M NaCI 

0.5M  NaOH

Neutralising Solution:

1.5M NaCI

0.5M  Tris-HCI pH 8.0

2.1.2.4. DNA Sequencing Solutions.
1. Circumvent Thermal Cycle Dideoxy DNA sequencing kit (New England

Biolabs).

10 X Circum vent Sequencing Buffer: 

lOOmM KCI 

lOOmM (N H J2SO 4 

2 00mM Tris-HCI, pH 8.8 

SOmM MgSO^

30 X Triton X-100:

74



3%  Triton X-100

Circum vent Deoxy /  Dideoxy Sequencing Mixes (|jM concentrations) 

made up in 1 x CircumVent sequencing buffer:

A M IX 0  M IX G M IX T  M IX

ddATP 900 - - -

ddCTP - 480 - -

ddGTP - - 400 -

ddTTP - - - 720

dATP 30 30 30 30

dCTP 100 37 100 100

dG TP 100 100 37 100

dTTP 100 100 100 33

2. Sequenase Version 2.0 Sequencing kit

5 X Sequenase buffer:

200mM Tris-HCI pH 7.5  

1G0mM MgClg 

250m M  NaCI

5 X labelling mix:

7.5pM  dGTP  

7.5pM  dOTP  

7.5pM  dTTP

ddTermination mixes (pM concentrations) in 50m M  NaCI:

ddA M IX ddC M IX ddG M IX ddT M IX

ddATP 8 - - -

ddCTP - 8 - -

ddGTP - - 8 -

ddTTP - - - 8

dATP 80 80 80 80

dCTP 80 80 80 80

dGTP 80 80 80 80
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dTTP 80 80 80 80

Sequence extending mix:

180mM each dGTP, dATP, dCTP dTTP, 50m M  NaCI.

Enzyme dilution buffer:

10mM Tris-HCI pH 7.5  

5mM DTT  

O.Smg/ml BSA

2.1.2.5. RACE kit solutions (Life Technologies).

10 X Reaction Buffer:

200m M  Tris-HCI (pH 8.4)

SOOmM KCI

dNTP mix:

lOm M  each dATP, dCTP, dGTP, dTTP.

2.1.2.6. Media Solutions.
LB (Luria - Bertani) Medium:

10g/l 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 MgSO^.THzO 

5g/l yeast extract

10g/l NZ amine ( casein hydrolysate)

Top agar: As NZY broth with 0.7%  agarose.
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NZY plates: 1 litre NZY broth with 15g bacto-agar added before 

autoclaving.

DME: Dulbecco’s Modified Eagle’s Medium (Gibco BRL).

DM EM  (complete):

supplemented with heat inactivated fetal calf serum (10%v/v) 

20m M  glutamine, and buffered with N a H C 0 3  (0.37%  v/v) and NaOH  

(7.5m M ).
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2.2. METHODS*
2.2.1. Preparation of DMA and RNA.

2.2.1.1. Extraction of human DMA from blood.

Up to 10 ml of venous blood was collected into EDTA-containing bottles using 

a  21 guage butterfly needle. Samples were stored at -70°C. EDTA tubes were 

defrosted by removing the caps and inverting inside 50ml plastic Falcon tubes. 

Ice cold water was added to each sample to a final volume of 50mi. Tubes 

w ere inverted gently and then spun at 900g  at 4°C for 20 minutes. The  

supernatant was discarded leaving the nuclear pellet. To this was added 25ml 

of 0.1 %  NP40 and the pellet was broken by vortexing. Tubes were spun again 

for 20  minutes at 900g  at 4°C. The supernatant was discarded and 3ml of cold 

nuclei lysis buffer was added in which to resuspend the pellet. To this was 

added 200pl of 10%  SDS and 600pl of fresh Proteinase K solution. Samples 

were incubated at 60°C for one hour or at 37°C overnight. Protein was 

precipitated by adding 1ml of saturated ammonium acetate solution, shaking 

vigorously for 15 seconds and then allowing to stand for 15 minutes at room 

temperature. Following centrifugation at 900 g fo r 15 minutes, the superatant 

was removed and to this was added 2 volumes of absolute ethanol. DNA was 

spooled out using a sealed glass pipette and then dissolved in 500pl of TE .

2.2.1.2. Preparation of cosmid DNA
For large scale preparation, 30ml of LB broth including 50pg/ml of kanamycin 

(or ampicillin, according to the antibiotic resistance of the cosmid vector used) 

was inoculated with a single bacterial colony grown on an agar plate (for small 

scale preparation, 5ml of LB broth was inoculated). Cultures were incubated 

at 37°G overnight in a shaking incubator.

Following overnight culture 30ml of broth was spun at 20 ,000g  for 5 minutes 

and drained well (for small scale preparation 1 .5ml was spun and drained and 

then another 1.5ml spun and drained). Cells were resuspended in 1ml of 

Qiagen Solution P I (or in 10OpI for small scale preparation) and vortexed. 1 ml 

of Qiagen Solution P2 (or 200pl for small scale preparation) was added and 

then placed on ice for 5 minutes after gentle inversion. The suspension was 

inverted a few times half way through. 1 ml of ice cold Qiagen Solution P3
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was added (or 150|jI for small scale preparation) and mixed gently then placed 

on ice for 5 mins. This was spun for 10 minutes at 20,000g  at 4°C, the 

supernatant removed and placed into a clean tube and then spun again for a 

further 5 minutes. An equal volume of cold phenol chloroform (pH 8 ) was 

added and shaken vigorously. This was then spun for 5 minutes at 20,000g. 

The aqueous layer (upper) layer was removed carefully into a clean tube and 

0.7  volumes of isopropanol were added and then centrifuged at 20,000gf at 

room temperature for 15 minutes. The supernatant was discarded and the 

remaining pellet washed in 70%  ethanol and then air-dried before being 

resuspended in lOOpI of TE  with RNase added (Ip l of 10Opg/ml RNase in 1ml 

of TE).

2.2.1.3. 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 BHI plates was inoculated into 5 mis of BHI 

and ampicillin added to a final concentration of 50pg/ml. This was incubated 

at 37°C overnight and then added the following day to 500ml of BHI in a  21 

conical flask with a final concentration of ampicillin of 50pg/ml. This was 

incubated at 37°C overnight in a shaking incubator.

The following day, the culture was removed and chilled. This was then 

centrifuged at 900g  for 10 minutes at 4°C. The bacterial pellet was 

resuspended in 10 ml of solution P I .  10ml of solution P2 was then added, 

mixed gently and left to stand at room temperature for 5 minutes. 10ml of 

solution P3 was then added and placed on ice for 20 minutes. This was then 

centrifuged for 30 minutes at 20,000gr and the supernatant removed into a 

clean tube and respun for 15 minutes. A Qiagen maxi column was equilibrated 

with 10 ml of buffer QB and the supernatant from the last spin added to the 

column. 2 X 30 ml of buffer Q C was then added to the column, and the DNA  

was eluted into a clean tube by addition of 15 ml of buffer QF. To this was 

added 0 .7  volumes of isopropanol which was then centrifuged at 20 ,000g  for 

30 minutes at 4°C. The DNA pellet was washed with 70%  ice cold ethanol and 

then air dried before being resuspended in 250pl of TE .
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2.2.1.4. Isolation of RNA from cell lines.

RNA was harvested from the human embryonic kidney cell line, 293. Cells 

frozen In liquid nitrogen were thawed quickly at 37°G and spun at 1200p fo r 2 

minutes, and the medium removed. Cells were then resuspended in DM EM  

(with gentamicin 0.5pg/ml, 10%v/v of fetal calf serum, and 20m M  glutamine) 

and grown in a small flask at 37°C until confluent.

Medium was removed from cells which were then washed with PBS. 1 ml of the 

reagent TR IZO L was added per lOcm^ of cells and then pipetted gently to 

ensure mixing and lysis. 1 ml of suspension was placed in 1 .5ml eppendorf 

tubes to aid ease of handling. The samples were incubated for 5 mins at room 

temperature, 0.2ml of chloroform was added per 1 ml of TR IZO L, samples 

shaken vigorously for 15 secs and incubated at room temperature for a further 

15 mins. The samples were then spun at 12000g for 15 mins at 4°C. The  

colourless upper aqueous phase was removed to a fresh tube and the RNA  

precipitated by mixing with isopropyl alcohol (0.5ml of isopropyl alcohol per 1 ml 

of TR IZO L used for the initial lysis). Samples were incubated at room 

temperature for a further 10 mins and centrifuged again at 12000g for 10 mins 

at 4°C. The supernatant was removed and the pellet washed once with 75%  

ethanol (m ade up with DEPC treated water), using 1ml of 75%  ethanol per 1 

ml of TR IZO L used for the initial lysis, and centrifuged at 7500g  for 5 mins at 

4°C. The pellet was air dried for 10 mins, dissolved in 30pl of DEPC treated  

water, and then incubated at 60°C for 10 mins to aid dissolution of the pellet.

All solutions and equipment were rendered RNAse free as much as possible, 

by soaking overnight in 0.01%  (v/v) aqueous DEPC solution and then 

autoclaved. Solutions were made up with DEPC treated water where  

appropriate and aseptic technique used in handling RNA samples.

2.2.2. Polymerase Chain Reaction.
25-500ng of DNA was amplified in the polymerase chain reaction (PCR). 

Reaction mix consisted of DNA, 50pmol of each primer, 5pl of 10X buffer 

consisting of 160mM (NHJgSO^, 670m M  Tris-HCI pH8.8  at 25°C (Bioline), 

1.5m M MgClg, 0.1%  Tween-20; 1.5mM MgClg 0.2m M  dGTP, dATP, dTTP and
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dC TP, and 1 unit of Taq polymerase (Bioline) in a reaction volume of SOpl. 

P C R  was carried out in 0.5ml Eppendorf tubes using a Techne PH C -2  or a 

Biometra thermal cycler. Each sample was overlaid with a drop of mineral oil 

to reduce evaporation.

Conditions for thermal cycling consisted of dénaturation at 95°C for 5 min, 

followed by 30 or 35 cycles at the annealing temperature of the primer for 30  

secs, extension at 72°C for 30 secs and 95°C for 30 secs, followed by a final 

extension step of 72°C for 10 mins.

For dinucleotide repeat analysis and SSCP, radiolabelled ^^P-dCTP was used 

as well as dCTP. The final concentrations of the nucleotides used were 0.2m M  

dATP, dTTP, dG TP and 0.02m M  dCTP and 1pl of ^"P dCTP ( 3000Ci/m m ol, 

Im C i =  lOOpI ) per 500pl of reaction mix.

2.2.3. Restriction endonuclease digestion.
Human, animal, cosmid and plasmid DNA was digested by restriction enzymes; 

for digestion of human DNA 5pg of DNA was added to 4pl of the appropriate 

restriction enzyme buffer and 10-20  units of restriction enzyme, and the volume 

m ade up to 40pl with water. The mixture was incubated at 37°C (except for 

Taq\ digests which were incubated at 65°C) for 4  hours. In the case of Msp\, 

digestion continued overnight after a further Ip l of enzyme had been added.

An aliquot of concentrated animal DNA was diluted to about 500pg/ml and then 

5pg removed for digestion and allowed to stand in enzyme buffer and dHgO on 

ice for 30 minutes before enzyme was added. This enabled adequate dilution 

of the concentrated DNA prior to restriction endonuclease digestion.

Cosmid DNA for electrophoresis was digested in a 20pl total volume with 2pl 

of enzym e buffer and 10-20 units of enzyme. For excision of cosmid DNA for 

labelling and use as probes, cosmid DNA was digested in a lOOpI volume, with 

10%  v/v of enzyme buffer and 2.5%  v/v of enzyme.
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2.2.4. Electrophoresis.

Agarose gel electrophoresis.
2.2.4.1. Separation of PCR products in agarose geis.

A 100ml solution of molten 2%  agarose in 1 x TBE buffer with 5|jl of Ethidium 

Bromide (lOmg/ml) was poured in to an NBL gel tray, sealed at both ends with 

tape. After setting, the gel was placed in an electrophoresis tank, covered with 

1 X TBE buffer, and the samples loaded. The gel was electrophoresed at 10 

volts/cm for 30-60 minutes and then transilluminated and photographed under 

U V light. The size of the amplified product was compared to a molecular 

weight marker (100 base pair ladder BRL) loaded at the same time as the PCR  

product.

PC R products which had been digested by restriction enzymes were separated  

on 3%  or 4%  agarose gels.

2.2 4.2. Separation of restriction enzyme fragments of human, piasmid and 

cosmid DNA.
A solution of 300 mis of 1 x TAE buffer containing 2.4g of agarose was boiled 

in a microwave oven. On cooling, 15pl of Ethidium Bromide (lOm g/m l) was 

added and the agarose poured into a 20cm x 20cm x 4cm NBL gel tray and 

allowed to set with a well-comb in position (20  wells).

W hen the gel had set, the well-comb was removed and the gel placed in an 

NBL electrophoresis tank and covered with 1 x TAE buffer. A volume of lOpI 

of loading buffer was added to each 40pl digest and the total volume loaded 

into a well. Molecular weight markers were also loaded (Ip g  of lambda DNA  

digested with either Hind\\\ or BstB \). Gels were run at 50 Volts for 16 hours 

overnight and photographed under ultraviolet light next to a fluorescent ruler. 

Gels containing digested cosmid fragments were also recorded by tracing onto 

an acetate sheet placed over the transilluminated gel and marking on the 

position of all the bands as well as that of the size marker with indelible marker 

pen.

2.2.4.3. Separation of insert from plasmid and cosmid.
The probe insert or cosmid band was separated by restriction enzyme digestion
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and agarose gel electrophoresis as detailed above in section 2.2 .4 .2 . The  

appropriate fragment was visualized under ultraviolet light, and cut from the gel 

in a slice with a scalpel. The gel slice was placed in a 0.5 ml eppendorf tube, 

packed at the bottom with glass wool and with a hole punctured in its base. 

This tube was then placed inside a 1.5ml eppendorf tube and the DNA eluted 

by centrifugation at 13000g in a bench microfuge for 10 minutes. The  

concentration of the eluted DNA was determined spectrophotometrically or by 

comparison with known DNA concentration markers.

Polyacrylamide gel electrophoresis
2.2.4.4. Dinucleotide repeat polymorphisms and sequencing products.
A pair of BRL sequencing plates were washed in detergent, rinsed, dried and 

wiped with 70%  industrial methylated spirit. The smaller top plate was coated 

with Sigmacote (Sigma). Two 0.4mm spacers were placed down the edges of 

the two opposed glass plates and these were then clipped together using 

bulldog clips.

The gel mix was kept at 4°C for storage and on ice until ready to pour. This 

consisted of 13.5ml 40%  Accugel (19:1 acrylamide: bisacrylamide), 7M urea, 

20ml of 5 X TBE made up to 100 mis with water, to which was added 500pl of 

10%  ammonium persulphate, and 80pl of TEM ED . The gel was quickly poured 

using a 50ml syringe with the plates lying horizontally. Two vinyl sharkstooth 

combs were placed beside each other with the flat edge approximately 1 cm into 

the gel. Clips were placed across the top of the plates until the get was set.

The gel was then placed in a vertical BRL tank and clamped into place. The  

upper and lower tanks were filled with 500ml of 1 x TBE. The sharkstooth 

combs were carefully removed and the gel was pre-run at 60W  for at least 40  

minutes. Following this the sharkstooth combs were inverted so that the teeth 

just penetrated the gel to form wells. The wells were washed out with 1 x TBE  

using a plastic pipette immediately prior to loading. 5pl of formamide dye was 

added to 5pl of each PCR product. The samples were then denatured by 

heating to 95°C for 3 mins and then placing them on ice. 2.5pl of each sample 

was loaded on to the gel and run at 60W  for about 2-3 hours depending on the
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size of the PCR product.

Following this, the gel was undam ped from the tank and the smaller glass plate 

was prised away from the larger one. The gel was then blotted onto a piece 

of 3M M  W hatm an paper, covered with clingfilm and dried on an ATTA Gel 

Drying Processor A E3700. The dried gel was exposed overnight at room 

tem perature to X-ray film.

2.2.4.5. Single Stranded Conformation (SSC) Analysis.

2.2.4.5.1. Radioactive SSC Analysis.

PCR amplification was performed using direct incorporation of radioactivity as 

described in section 2.2.2. 5pl of product was diluted in 15pl of formamide dye, 

denatured for 3 minutes at 95°C and 5pl loaded onto a non-denaturing gel. 

This consisted of 6 % polyacrylamide (Protogel: 30%  acrylamide to 0 .8%  bis 

acrylamide; 5%  glycerol, 1 x TBE. The gel was electrophoresed at 300-500  

volts overnight at either room temperature or at 4°C. Bands showing an altered  

mobility compared to normal controls were selected as samples to be 

sequenced.

2.2.4.5 2. Dideoxy fingerprinting.
Dideoxy fingerprinting was performed by electrophoresing one dideoxy 

termination reaction through a non-denaturing gel. Sequencing reactions were  

performed using the Circumvent Thermal Cycle Dideoxy DNA sequencing kit 

(New  England Biolabs) as described in section 2.2 .12.1 .

10pl of dye containing 50%  formamide 7M  urea was added to 2pl of one of the 

dideoxy termination reactions. 2.5pl of this was loaded onto an SSC  

polyacrylamide gel as described above and electrophoresed at 15W  at 4°C for 

4 hours. Alternatively, samples were loaded onto a 0.5 x M DE, 0 .5  x TB E gel 

and run under the sam e conditions. Gels were dried as described previously 

and exposed to X-ray film overnight at -70°C without intensifying screens.

2.2.4.5 3. Silver Staining SSC Analysis.
An alternative method to SSC analysis was adopted which avoided the use of 

radioactivity. PCR was performed without radioactivity and 5pl of product was
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diluted with 3pl of formamide dye, denatured and loaded onto a 1 x M DE, 0.5  

X TB E gel with or without 10%  glycerol and electrophoresed at 15 W  overnight 

at 4°C. The following morning the glass plates were prised apart and the 

bottom 4  inches of gel cut with a scalpel and discarded. The gel was blotted 

lightly onto 3M M  W hatman paper and then floated gel-side down on the surface 

of a large tray containing 250 mis of 10%  ethanol. A further 250 mis of 10%  

ethanol was poured onto the Whatman paper and the paper then peeled away  

leaving the gel floating on the ethanol. The gel was washed gently in ethanol 

for 5 minutes. Following this the gel was then oxidized for 3 minutes in 1%  

Nitric acid and then rinsed briefly with water. The gel was impregnated with 

silver by soaking it for 20 minutes in a 0 .012M  AgNOg solution and then rinsed 

again with water for a few seconds. Bands were visualized following the 

addition of a 0.28M  Na^COg, 0 .019M Formaldehyde solution. This was then 

removed and the gel soaked in 10%  acetic acid for 2 minutes and then washed  

with water. The gel was then shrunk by immersing it in 50%  ethanol for up to 

30  minutes. Finally the gel was blotted onto 3M M  W hatm an paper and dried 

at 80°C  for one hour.

2.2.5. Southern blotting and hybridisation.

DNA digests were separated by electrophoresis in 20cm  x 20cm, 0 .8%  agarose  

gels as described previously.

The gel was soaked in 0.5M  NaOH, 1 .5M NaCI for 30-60  minutes, with shaking, 

to denature the DNA. The gel was then inverted and placed onto the blotting 

apparatus. This consisted of a sponge soaked in 20 x SSC placed in a 

photographic tray containing 20 x SSC, and covered with two pieces of 3M M  

W hatm an paper lying across the length and width of the sponge to act as 

wicks.

A piece of charged nylon membrane (Hybond N+) was cut to fit the gel, soaked 

in 2  X SSC, and placed on top of the gel. On top of this were placed two 

sheets of 3M M  Whatman paper soaked in 2 x SSC. Clingfilm was then placed 

along the edge of the gel to over the side of the photographic tray, to prevent
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absorption of 20 x SSC by any route other than through the gel. Three paper 

towels were unfolded and placed on top of the W hatm an paper. Finally, paper 

towels w ere stacked to a height of approximately 15cm and a glass plate and 

weight were placed on the top.

Blotting continued overnight, or alternatively over the course of 4  hours when  

the towels were changed hourly. Following blotting, the apparatus was 

disassembled down to the Hybond N+. The position of the wells was marked 

on the filter using a permanent marker. The filter was then washed in 2  x SSC  

to remove any adhering agarose. DNA was then fixed to the filter by soaking 

in 0.4M  NaO H for 10 minutes and then rinsed again in 2 x SSC  to neutralise 

it. Filters were stored between layers of 3M M  paper at room tem perature or 

were prehybridised immediately.

2.2.6. Hybridisation of̂ ^P labelled DNA to filters.
Filters were soaked in 2 x SSC and Hybaid mesh laid between two filters. 

These were rolled and placed in a Hybaid bottle with lOmIs of prehybridisation 

solution, and placed in a Hybaid rotary oven for at least three hours at 65°C. 

Radiolabelled DNA probe was added to a final concentration of 1 x 10® dpm/ml 

hybridisation solution after the probe had been heat denatured by boiling in a  

water bath for three minutes. The filters were hybridised overnight at 65°C.

Following overnight hybridisation the filters were washed twice in 3 x SSC, 

0.1 %  SD S for 20 mins at room temperature and monitored with a beta emission 

counter. Depending on the signal detected they were then washed in 2  x SSC, 

0.1%  SD S for 20 mins at 65°C, followed by 1 x SSC, 0 .1%  SD S at 65°C for 20  

mins. If a  high background signal was still detected the filters were washed in 

0.5 X SSC, 0 .1% SDS and in 0.1 x SSC, 0 .1% SD S until the signal detected  

was at background level. Zooblots were always washed down to 2 x SSC, 

0.1%  SD S and then exposed before washing down further. If a band was 

thought to be present the zooblot was washed more stringently and re-exposed  

until either the band disappeared or the washing solution used was 0.1 x SSC, 

0.1%  SDS.
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Filters were then dried on 3M M  Whatman paper, wrapped in clingfilm and 

exposed to X-ray film at -70°C with intensifying screens for 1-7 days.

2.2.7. Oligolabelling of DNA.

50-1 OOng of probe DNA was placed in an eppendorf tube and a hole pierced 

in the lid. This was boiled for 5 minutes and then plunged into ice to prevent 

renaturation.

To this was added lOpI OLB, 2pl BSA (lOmg/ml), 5pl ^^PdCTP (3000Ci/m m ol), 

dHgO to a volume of SOpI, and 2 units (Ip l) of Klenow fragment of DNA  

polymerase. The reaction was then left at room temperature for at least three 

hours.

Labelled DNA was separated from unincorporated nucleotides by filtration 

through a Sephadex G -50 column in a  1 ml syringe plugged with an autoclaved 

glass bead. The column was equilibrated with TE, and the probe sample made 

up to a volume of 300pl with TE and added to the column. The elute was 

discarded. Radiolabelled DNA was eluted by adding a further 300pl of TE  to 

the drip column. The radioactivity of the eluted DNA was counted in a 4pl 

aliquot using a calibrated Bioscan Q C 2000 bench top beta counter. 1 xIO® 

dpm of probe per ml of hybridisation solution was added to prehybridising 

filters.

2.2.8. Competitive hybridisation of repeat sequences.

Human placental DNA lOmg/ml (Sigma) was boiled for 30 minutes in order to 

fragment the DNA. 5pl of this was loaded onto a  0.8%  minigel and 

electrophoresed at 75 volts for one hour with a size ladder to check that the 

average size of the fragments was about 500bp. lOOpg of placental DNA was 

added per ml of PEG prehybridisation solution and filters were prehybridised 

for at least 3 hours at 65°G.

In addition, the probe was denatured by boiling for 5 minutes and to this was 

added 300pg of previously sheared human placental DNA, PEG  

prehybridisation solution to a volume of 1 .8 ml and 20  x SSC  to a final 

concentration of 0.5 x SSC. This was maintained at 65°C for 90 minutes. The  

total volume was then added to the prehybridising filters.
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2.2.9. Quantitation of radioactivity using a phosphorimager.

Phosphorimager screens were erased prior to use by exposing them to yellow  

light for 6  minutes. Radioactive filters were exposed to phosphorimager 

screens for 24-96 hours and the radioactive signal quantitated using a 

phosphorimager (Molecular Dynamics). Screens were placed on the scanner 

and scanned.

Dosage was determined by measuring the ratio of radioactive signals from the 

test probe, E1, and a control probe E3.9 (Valentijn et al., 1992) using the 

phosphorimager. Normal males and normal females were used as controls for 

one and two copies of the X  chromosome and the mean ratio of E1/E 3.9 signal 

was calculated for fem ale controls. The E1/E3.9 ratio values for all samples 

were then normalised to this mean female value. Ten fem ales and fifteen 

males were used as normal controls. Samples from four obligate carriers from 

family 7 were measured and the mother of the proband in family 8 was 

compared to all of these subjects.

2.2.10. Cosmid walking.
2.2.10.1. Screening of X chromosome cosmid library filters.
Filters were wetted with 2 x SSC  and prehybridized in formamide 

prehybridisation solution overnight at 42°C. In order to distinguish the reference 

position of positive clones on the grid, the vector Lorist 4  was labelled with ^^S- 

dATP and hybridised to the filters. The following day radioactive probe labelled 

with ^^P-dCTP was added after competitive hybridisation with human placental 

DNA (as described in section 2.2.8) and then the filters hybridised overnight at 

42°C. Filters were washed in 3 x SSC twice at room temperature and then 

once in 0 .1X SSC, 0 .1% SD S at 65°C  for 30-60 minutes depending on the 

intensity of the radioactive signal. Following drying on 3M M  W hatm an paper, 

filters were exposed to X-ray film for between 1 and 16 hours. Co-ordinates of 

positive signals were identified and selected.

2.2.10.2. Selection of single copy probes for cosmid walking.

Cosmids were digested with restriction enzymes, electrophoresed and blotted 

as described previously. Blots were then hybridised with radiolabelled human 

placental DNA overnight and washed in 0.1 x SSC, 0 .1%  SDS for 30 minutes
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at 65°C  and exposed to X-ray film for 3 -24 hours at -70°C . A band showing no 

signal was selected as a probe for the next part of the walk and excised from  

a preparative 0 .8 %  agarose gel. Probes were preannealed with human  

placental DNA.

IC R F gridded X chromosome cosmid filters were hybridised as described 

above. EcoR\ digested DNA from positive colonies was compared with that 

of flanking cosmids, blotted and probed with the band which had originally been 

used to select them from the gridded filter. This ensured that they were true 

positive colonies. The whole process of probing with human placental DNA  

and band selection was repeated at the next stage of the walk.

2.2.10.3. Cosmid fingerprinting.
Cosmid miniprep DNA was digested with 2 units of Hinf\ (1pl of DNA in lOm M  

Tris-HCI pH 7.4, lOm M  magnesium acetate, 500 mM potassium acetate in a 

volume of 5pl) at 37°C for 2  hours. 2pl of labelling mix consisting of lOm M  

Tris-HCI pH 7.4, lOm M IVIgClg, 6 mM DTT, 0.1 mM dATP dTTP dGTP, 0 .05  

units/pl Klenow fragment and 0.2pCi ^^P-dCTP, 3000 Ci/mMol, (Amersham) was 

added to each digest at room temperature and left for 15 minutes and the 

reaction stopped by adding 7pl of formamide dye. Samples were denatured for 

3 minutes and 2pl loaded on a 6 %  acrylamide 7M Urea gel as described above 

and run at 30 W  for 1-2 hours. After drying and exposing the gel to film 

overnight, the banding patterns of cosmids were compared.

2.2.11. cDNA library screening.

The Stratagene fetal brain library was screened.

5pl of glycerol stock of broth containing XL1 -Blue cells was streaked out on an 

LB agar plate with added tetracycline (12.5pg/ml), using a sterile loop and 

incubated overnight at 37°C. The following day 50 ml of LB broth (containing 

0.2%  maltose and lOm M  M gS O J was inoculated with a single colony of XL1- 

blue cells. This was cultured overnight at 30°C in a shaking incubator. Cells 

were centrifuged at 900g  for 10 minutes the following day, the supernatant 

discarded and the pellet resuspended in 15 ml of lOm M  MgSO^. The cells 

were then counted and diluted to O .D .6oo= 0.5 with lOm M  MgSO^.
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Titering:

The library had already been diluted 1:10 in LB broth. Further dilutions of the 

phage were made in lambda dilution buffer. 200pl of O .D .6oo= 0 .5  cells were  

inoculated with diluted phage and incubated at 37°C for 15 mins. To this was 

added 3ml of top agar at 48°C  and then the entire mixture poured quickly onto 

100mm LB agar plates and gently mixed. Plates set at room tem perature for 

15 min and were then incubated overnight at 37°C. The following day the 

number of plaques were counted and the number of plaque forming units 

(pfu/ml) concentration of the library determined.

Screening:

150mm NZY agar plates which had been prepared at least two days in 

advance, were plated with 50 000 pfu/ plate with 600pl O .D .6oo= 0.5  host cells 

per plate and 6.5 ml of top agar per plate. (1 x 10® colonies were screened). 

Plates were incubated overnight at 37®C and then refrigerated at 4°C the next 

morning.

Plates were numbered consecutively and duplicate filters made for each plate. 

160mm circular nylon filters (Hybond) were placed on each plate for two 

minutes (4 minutes for the duplicate filters) and the filter and agar pricked in 

three places with either one two or three pinpricks whilst overlying a light box. 

For duplicate filters, the holes in the agar could be seen and the duplicates 

were re-pricked in the same place. Each filter was then floated on dénaturation 

solution for 1 minute and then submerged for a further 1 minute. This was 

followed by 5 minutes in neutralising solution and rinsing in 0 .2 M Tris-HCI pH

7.5, 2 X SSC  for 30 seconds. Filters were dried on W hatm an paper and baked 

at 80°C for 2  hours.

Filters were wetted and prehybridised as described in section 2 .2 .6  and the 

probe labelled to at least 1 x 1 0 ®  counts/ml of hybridisation solution. Filters 

were hybridised overnight at 65°C, washed down to 1 x SSC, 0 .1%  SDS, 

placed between two sheets of clingfilm and exposed to X-ray film at -70®C with 

two intensifying screens for 7 days.

Secondary and tertiary screens were not performed.
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2.2.12. DNA sequencing.

2.2.12.1. Cycle Sequencing.
PC R  products were sequenced using the Circumvent Thermal Cycle Dideoxy 

DNA sequencing kit (New England Biolabs). The coding sequence of the gene  

P O U 3F4 was amplified using sets of overlapping primers outlined in section

2 .1 .1 . 50pl of PCR product was cleaned by gel purification in a 1% agarose  

gel. 8.5pl of this was then used as template for the cycle sequencing reaction. 

1.2pmol of end-labelled primer was added, I.Sp I of 10X buffer, Ip l of 30X  

Triton and 1 pi of enzyme. 3.2pl of this mixture was then added to each of four 

tubes containing 3pl of a mixture of dNTPs and a single ddNTP in excess. The  

four tubes were then placed on a thermal cycling device and subjected to 20 

cycles of

95°C  dénaturation for 20  seconds 

55°C  annealing for 20  seconds 

72°C  extension for 20 seconds .

Following this, 4pl of formamide dye was added to stop the reaction. Samples  

were denatured for 3 minutes at 95°C prior to loading 2 pl on a sequencing gel 

(6 % acrylamide 7M  urea) which was electrophoresed for 2 hours at 60W .

2.2.12.2. End-labelling of primers with y-^^P-dATP
10 units of T 4  polynucleotide kinase (PNK) was added to a 0.5ml eppendorf 

tube containing lO.Spmol of primer, IX  PNK buffer (10X buffer = SOOmM Tris- 

HCI, pH 7.6, lOOmM MgClg, SOmM DTT) and 3.5 of y-^^PdATP; 5000 Ci/mmol; 

lOm Ci /ml made up to a volume of 25pl with dHgO. A drop of oil was placed 

on top of the liquid to reduce evaporation and the tube was heated to 37°C for 

30 minutes and then heated to 95°G for 5 minutes to denature the enzyme. 

Primer was stored at -20°C.

2.2.12.3. Sequencing using sequenase enzyme.
Preparation of single stranded template from PCR products:

A biotinylated primer was used in the PCR reaction. PC R products were gel 

purified as described above.

30pl of Dynabeads (Dynal UK Ltd.) were washed twice in lOm M  Tris-HCI pH 

8.0, Im M  EDTA, lOOmM NaCI using a Magnetic Particle Concentrator.
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W ashed beads were added to the gel purified PCR product, mixed gently and 

left to stand at room temperature for 10 minutes for the biotinylated DNA strand 

to adsorb on to the streptavidin coated beads. The supernatant was removed 

using the magnet and the beads washed again with TES. lOOpI of 0 .15M  

NaO H  was added and left for 5 minutes to make the DNA single stranded. The  

supernatant containing the non-biotinylated strand was removed using the 

magnet and retained.

The Dynabeads were then washed again with TE S  and once with dHgO. 

Finally the beads were resuspended in 7pl dHgO and kept at -20°C until 

sequencing.

The non-biotinylated DNA strand which had been retained was precipitated 

using 1/10th volume 3M NaAc pH 5.6 and 2Vg volumes of ethanol at -70°G. 

This was then washed and resusupended in 7pl of dHgO.

Sequencing reaction.

7pl of DNA template (either single stranded PCR product, single stranded 

plasmid or M l3 DNA), 2pl of sequenase reaction buffer and Ip l (1-5 pmoles) 

of primer were heated to 65°C for 3 minutes in a water bath and then allowed 

to cool to room temperature over 30 minutes. To the template were added 1 pi 

DTT, 2pl of labelling mix diluted 1 :3 -1 :1 4 ,  0.5pl S - dATP (1000 Ci/mmol) 

supplied by ICN, and 2 pl of sequenase enzyme diluted 1:8. The mixture was 

allowed to stand at room temperature for 3-5 minutes.

3.5pl of this mix was then added to each of 4 tubes containing 2.5pl of ddGTP, 

ddATP, ddTTP or ddCTP which had been previously warmed to 42°C. The  

tubes were incubated at 42°C for 3-5 minutes and then 4pl of formamide dye 

was added to stop the reaction. Samples were denatured by heating to 95°C  

for 5 minutes before loading 3pl on to a 6%  acrylamide 7M  urea sequencing 

gel.

2.2.13. RACE (Rapid Amplification of cDNA Ends).

The 5 ’ RACE system for Rapid Amplification of cDNA Ends kit (Life 

Technologies) was used. 2.5 pmoles of primer lib, from the PO U 3F4 gene, 

was added to <1pg of RNA isolated from the 293 cell line as outlined above
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and m ade up to a volume of 15pl with DEPC treated water. The mixture was 

heated to 70°C for 5 minutes to denature the RNA and then chilled for 1 minute 

on ice. To this was added 2.5pl of 10 x Reaction Buffer, 3pl of 25m M  MgClg, 

Ip l of lOm M  dNTP mix, 2.5pl of 0.1M  DTT and DEPC water to 24pl. The  

reagents were mixed and incubated at 42°C for 2 minutes. Ip l of 

S U P E R S C R IP T  II Reverse Transcriptase (200 units/pl) was added and the 

mixture incubated at 42°C  for 30 minutes. Two controls were set up; one in 

which the S U P E R S C R IP T  II Reverse Transcriptase was omitted, and the other 

in which RNA was replaced by DEPC treated water, to serve as a blank. 

Following this, the mixture was heated for 15 minutes at 65°C to inactivate the 

Reverse Transcriptase enzyme and then placed at 55°C whilst 1 pi of RNase H 

(2 units/pl) was added to destroy RNA part of RN /VDN A heteroduplexes, and 

incubated for 10 minutes. First strand cDNA was removed from other reagents 

using the G lassMAX DNA purification system.

To add a homopolymeric tail to the cDNA, lOpI of the cDNA elute from the 

GlassMAX procedure was mixed with 2.5pl of 10 x Reaction Buffer, 1.5pl of 

25m M  MgClg, 2.5pl of 2 mM dCTP and 7.5pl of DEPC treated water. After 

dénaturation by heating to 94°C for 2  minutes and then placing on ice, 1 pi of 

TdT (10 units/pl) was added and the mixture incubated for 10 minutes at 37°C. 

Following this the TdT  was inactivated by heating to 70°C for 10 minutes.

C-tailed cDNA was then used as a template in a PCR reaction using a nested 

gene specific primer, primer lb from the PO U 3F4 gene, and an anchor primer 

supplied in the kit. The PCR product obtained was gel purified (excised from 

a 0 .8%  LMP agarose gel run in 1 x TAE buffer and spun through glass wool for 

5 minutes). A further round of PCR was then performed using Ip l of this gel 

purified product as template; the primers used were primer Ic, from the 

P O U 3F4 gene, and the UAP, universal amplification primer, supplied in the kit. 

The sam e was done for the tube in which the Reverse Transcriptase had been 

omitted and also for the blank tube. The resulting PCR product of 360  bp was 

sequenced using the cycle sequencing kit.
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GlassM AX purification.

To the product of the first strand synthesis reaction was added 4.5  volumes of 

6 M sodium iodide solution, supplied in the kit, and the mixture transferred to a 

GlassM AX spin cartridge which was centrifuged at 1 3 0 0 0 g for 20 secs. To the 

cartridge was added 0 .4  ml of ice cold 1 x wash buffer and the cartridge was 

spun again at 13000g for 20 secs. The elute was discarded and the wash step 

repeated a further two times. Finally the cartridge was spun at 13000g  for 1 

minute; 50pl of sterilized, distilled water, preheated to 65°G was added to the 

cartridge and spun for 20  secs at 13000g and the e\ijje  collected into a  clean 

tube.

2.2.14. Linkage analysis.
Two point lod scores between the disease locus and three markers for loci, 

DXS986, D XS995 and DXS1002, were calculated using the computer 

programme LIPED. Allele frequencies at these loci were taken from the 

Genom e Data Base and were as follows:

D X S986 a 0.47, b 0 .2 2 , c 0.16, d 0.15.

D X S995 a 0.51, b 0.32, c 0.17.

D X S1002 a 0.19, b 0.39, c 0.30, d 0.12.

The frequency of the deafness allele was taken as 0.0001 with penetrance 

complete in males. Recombination fractions were converted into genetic 

distances using Haldane’s mapping function.
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2.2.15. Clinical details of patients studied.
2.2.15.1. Patients with non-syndromic deafness.
Pedigrees are shown in figure 2.1. Families 1 -6 have been previously reported 

(Reardon et al., 1991;1993) along with clinical details. Family 7 has been 

reported by Robinson eta!., 1992.

Family 8 and individual M.A. were clinically investigated by Professor Linda 

Luxon (Institute of Laryngology and Otology) and the CT scan performed by Dr. 

Peter Phelps (Royal National Throat Nose and Ear Hospital). There is no 

family history of deafness in the proband’s father in family 8 . Individual M.A. 

is the only living affected member of his family; both parents were hearing, and 

both grandparents deaf. The proband’s maternal grandmother was born blind
ir\

and deaf, but there are no other details of her family history. The proband’s 

maternal grandfather has a family history of profound prelingual deafness in 

male family members dating back to 1504.

Family 9, was referred by Dr. Peter Turnpenny who has supplied clinical 

information.

Family 10 was referred by Drs. Sankila, Hoglund, Kààriàinen from Finland.

Individual D20, previously reported by Wells et a!., 1991 was clinically 

investigated for the purposes of this study by Dr. Susan Bellman’s team (Great 

Ormond Street Hospital for Children NHS Trust). This child has choroideremia, 

deafness and severe mental retardation associated with an interstitial deletion 

of the X chromosome. Pure tone audiometry was not possible but brainstem 

evoked responses showed profound bilateral hearing loss. The CT scan was 

performed by Dr. Peter Phelps (Royal National Throat Nose and Ear Hospital) 

and was found to show the changes outlined in section 2.2.16.
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Family 1 (G6798)
Moderate sensorineural hearing loss in 111̂ and III3 and profound loss in Illy 

Normal stapedial reflexes in 111̂ and III3 but absent in Illy. Normal vestibular 
function in 111̂ and III3 but absent in Illy. All had normal CT scans.

Family 2 (G5082)
Severe/profound sensorineural hearing loss, absent 
stapedial reflexes, absent vestibular function and 
abnormal CT scan.
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Figure 2.1
Pedigrees of families described in this study. Numbers prefixed by G next to the family number refer to file numbers in the Clinical 
Genetics Department at the Institute of Child Health, London.
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Family 3 (G7243)
Severe/profound mixed hearing loss, absent stapedial reflexes, reduced vestibular function 
and abnormal CT scan.
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3 4 5  6 7 8 9  10 11 CT scan.
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Profound sensorineural 
hearing loss, absent 
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abnormal CT scan.
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Family 7 (G13778)
Profound sensorineural hearing loss 
and abnormal CT scan (no data 
regarding stapedial reflexes and 
vestibular function).
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Family 8 (G8314)
Profound sensorineural hearing loss, 
absent stapedial reflelxes, vestibular 
hypofunction and abnormal CT scan.

Family 10 (G13780)
Profound mixed hearing loss. 
Documented "gusher" at 
stapedectomy.

8 Family 9 (G13779)

IV Profound sensorineural hearing loss and 
abnormal CT scan (no other data).

Individual M.A. (G13777)
Profound sensorineural hearing loss, absent stapedial reflexes, 
profound vestibular hypofunction and abnormal CT scan.

M.A. ^



2.2.15.2. Deaf Mentally Retarded Males.

Blood for DNA was collected from deaf, mentally retarded males who were  

resident in institutions in Ireland by Dr. William Reardon as part of an M .D. 

thesis (1989-1990). The aim was initially to check for deletions of the X  

chromosome in these patients, whose clinical features could be compatible with 

a contiguous gene deletion syndrome. The patients were seen and their 

medical records examined and consent sought from next-of-kin. Chromosomes 

were karyotyped and were all found to be normal.

2.2.15.3. The Juberg-Marsldi Syndrome.

This is a rare X-linked-recessive condition characterized by severe mental 

retardation, growth failure, sensorineural deafness and microgenitalism (Juberg 

and Marsidi, 1980). The syndrome was mapped to Xq 12-21 by linkage in 1993  

(Saugier-Veber et al., 1993). DNA was sent by Dr. A. Munnich to look for 

microdeletions and for mutation screening .
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2.2.16. Radiology.
High Resolution Computed Tomography (HRCT) of the petrous temporal bones 

was performed under the direction of, and read by, Dr. Peter Phelps. Scanning 

was performed in the axial and coronal planes using the bone algorithm and 

1 mm contiguous sections. The sections covered the whole of the labyrinth and 

internal auditory meatus (lAM) in both planes. An example of the appearance 

seen in X-linked deafness of the type which maps to Xq21 is shown in figure

2 .2 . The abnormalities are

i) bulbous internal auditory meatus (lAM).

ii) incomplete separation of the coils of the cochlea from the lAM.

iii) wide first and second parts of the intratemporal facial nerve canal with a less 

acute angle between them.

\i

- 1 V.

Figure 2.2

Cochlear CT scans - In the axial (above) and coronal (below) planes in a profoundly 

deaf male from pedigree 3. The axial view demonstrates incomplete separation of the 

basal turn of the cochlea from the fundus of the I AM. Coronal view shows the bulbous 

lAM.
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RESULTS

3.1. Microsatellite analysis at the loci DXS995, DXS1002 and DXS986.

Initial investigation in analysis of families consisted of a study to refine the 

linkage map using microsatellite markers. Previous linkage studies had used 

widely spaced RFLPs from the proximal short and long arms of the X  

chromosome and these could not be used for carrier testing in females. This 

was due to their lack of informativeness and their distance from the disease 

locus leading to a high recombination error. Three new polymorphic 

microsatellite markers at DXS995, D X S1002  and D XS986 were assigned to this 

region but had not been ordered relative to each other by CEPH recombination 

data (Weissenbach et al., 1992). At the start of this study, one of them, at 

D XS995, was found to be deleted in the two patients with microdeletions, 1/10 

and TD  (figure 1.7) (Huber at a!., 1994) and therefore it seem ed likely that all 

three microsatellites would be useful in family linkage studies.

3.1.1 Linkage analysis.
An exam ple of microsatellite analysis at DXS995 is shown in figure 3.1, at 

D X S986 in figure 3.2 and at D X S 1002 in figure 3.3. Results of the genotyping 

in the families with X-linked deafness are shown as haplotypes on the 

appropriate pedigrees, figures 3.4 to 3.11, assuming the least number of 

recombination events. The order of the markers on the haplotypes is D XS986, 

D X S995 and D XS1002, as subsequently defined by deletion mapping (Clarke 

e ta !., 1994).

Initially, a single recombination was observed between the microsatellite at 

D X S 1002 and the disease gene, in family 1 who have a normal appearance on 

C T scan. This is shown in figure 3.4. Affected individuals 111̂ and III3 have  

inherited allele c, as has the unaffected individual lllg, whereas the affected 

male III7 has inherited allele a. Assuming the least number of recombination 

events, a cross-over has probably occurred in between individuals Ig and Mg. 

It is not possible to determine whether or not there has also been  

recombination between the microsatellites at D XS995 and D XS986 in this 

individual as her mother, Ig , is uninformative.
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Figure 3.1. Alleles of DXS995.
Alleles of DXS995 are shown for family 1. Affected males have all 
inherited the upper allele.
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Figure 3.2. Alleles of DXS986.
Alleles of DXS986 are shown in family 5. Affected males have 

inherited the upper allele.
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Figure 3.3. Alleles of DXS1002.
Alleles of DXS1002 In family 1. Three alleles can be seen.
Individual I2  has alleles ac and II2 , be. Affected individuals 111̂ and 

III2  have inherited allele c but lllg has inherited allele a. 
Recombination has probably occurred between I2  and individual II2
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Figure 3.7. Family 4 .
Results of linkage analysis with markers DXS986, DXS995 and DXS1002. No recombinations are 
seen. Individuals VIg and VIg do not have the same father.
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Results of linkage analysis with DX$986, DXS995 and DXS1002. No recombinations are seen.
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Families have been divided into two groups - those with an abnormal C T  scan 

of the inner ear (families 2, 3, 5, 6 , 7 and 9) and those with normal radiology 

(families 1 and 4). Results of the two point lod scores between the 

microsatellites at the marker loci and the disease are shown in tables 3.1 and

3.2. for families with and without the characteristic C T scan appearance. In 

families with the characteristic C T scan appearance, no recombinations are 

seen between any of the microsatellites and the disease gene, DFN3, resulting 

in maximum lod scores of 7.23, 5 .86 and 10.75 at 6  = 0 with the markers at 

D XS986, D X S995 and D XS1002 respectively.

In families with normal radiology, family 1 and family 4, significant linkage is 

seen with the microsatellites at DXS995 and DXS1002 (D XS 986 was 

uninformative in family 4. of 4.51 at 0  = 0 is seen with DXS 995.

Recombination between the disease gene and the microsatellite at D X S1002  

in family 1 results in a maximum two point lod score of 4.71 at 0  = 0.05.

Table 3.1.
Pairwise lod scores between the disease locus (DFN3) and marker loci in families 
with the characteristic radiological change.

Marker 0

0 0.001 0.01 0.05 0.1 0.2 0.3 0 .4

D X S986 7.23 7.22 7.11 6.59 5.90 4.37 2.65 0.92

D X S995 5.86 5.85 5.75 5.31 4.73 3.51 2.21 0.96

D X S 1002 10.75 10.74 10.57 9.82 8.84 6.72 4.38 1.90
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Table 3.2.
Pairwise lod scores between the disease gene and marker loci in families with 
normal radiology.

M arker 0

0 0.001 0.01 0.05 0.1 0.2 0.3 0 .4

D X S 986 1.20 1.20 1.18 1.09 0.98 0.72 0.44 0.15

D X S 995 4.51 4.51 4.42 4.05 3.55 2.49 1.41 0.52

D X S 1002 - 00 3.49 4.40 4.71 4.49 3.65 2.54 1.22

Table 3.3.
Pairwise lod scores between the disease gene and marker loci in both sets of families.

M arker 0

0 0.001 0.01 0.05 0.1 0.2 0.3 0 .4

D X S 986 8.43 8.42 8.29 7.68 6.88 5.09 3.09 1.07

D X S 995 10.73 10.36 10.17 9.36 8.28 6.00 3.62 1.48

D X S 1002 - 00 14.23 14.97 14.53 13.33 10.37 6.92 3.12
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3.1.2. Identification of carriers based on linkage analysis.

Haplotype analysis allowed identification of probable mutation carriers. These  

are as follows:

Table 3.4

Family Carriers based on 

haplotype

Non-carriers

1 Ills

3 IVg, IV ,

(Vi, Vg and V 3

uninformative)

vie

V I,. V I,

4 V 5. V , Va

Vie, V I,0, V I,2 Vie,VIg, V l„

5 IVz.V;

6 III,,

iv „

Va

IV ,0

7 III7 lllg

IV4

9 II,
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3.1.3. Retrospective identification of further recombination.

Following completion of the linkage study, mutations were found in the 

candidate gene Brain 4 /P O U 3F 4 in some families. In these families carrier 

status, as defined by the haplotype analysis presented in table 3.4, was 

confirmed by mutation detection (full results are presented later in section

3 .9 .1 .1 .). Band shift on SSC analysis was only found in individuals who were  

subsequently proven to have mutation by sequencing and not in 20  normal 

fem ale controls; 50 control females were analysed in Holland and no shifted 

bands on SS C  analysis were observed (de Kok et aL, 1995). During this work 

it was noted that individual II1̂  in family 6 who was confirmed to be a carrier 

by SSC analysis had not been genotyped for the marker at D X S 1002  for which 

she should have been informative (figure 3.9). For completeness, this woman, 

111̂1 was genotyped for the microsatellite at D X S 1002. This revealed the 

genotype b d ; b is  the paternally inherited allele and d the maternally 

inherited allele. Results are shown below in figure 3 .12a  and overleaf in 3.12b.

II

III

(b) (ab) D X S 9 8 6
(a) F / T  (p) (bb) D X S 9 9 5
(b) (bd) D X S 1 0 0 2

~ 1 ~ ^   ___________

D O Ï dno éf-o DOS ckSba 
ab

1 d 2 3 bb 4 b 5 6 b  7 8 9 bb 1 0 1 1  bd

Figure 3.12a. Family 6: Genotype of llli, at DXS1002 and likely haplotypes.

lllg, 1114, lllg and lllg indicate that allele b at D X S1002 is inherited with the mutant 

gene, and that allele d is inherited with the normal gene in 111̂ . Results of 

linkage analysis at D X S 1002  and SSC  analysis therefore differ indicating a 

recombination between the disease gene and the microsatellite at D XS1002. 

It is not possible to tell whether there has also been a recombination between  

the repeat at D X S995 and the gene or between the microsatellites at DXS 1002  

and D X S995, as llg is uninformative at DXS995. The disease gene is most 

likely placed proximal to D S 1002 by this recombination, given the order of loci 

as cen- D X S986- D XS995 - D X S 1002 -tel by physical data.
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Figure 3.12b . Family 6.
Further results of linkage analysis with markers DXS986, DXS995 and DXS1002. Recombination is seen 
between the disease locus and DXS1002 between II2 and individual llli .̂



Identification of this recombination event, changes the two point lod score 

between locus D X S 1002 and the disease gene as shown in table 3 .5  in families 

with the temporal bone defect, giving a maximum lod score of 8 .87  at 0 =  0.01. 

The combined lod scores for both sets of families are shown in table 3.6.

Table 3.5.
Pairwise lod scores between the disease gene (DFN3) and marker ioci in famiiies with 
the characteristic radioiogicai change foiiowing identification of the gene Brain 4 / 
POU3F4, after which a recombination was identified.

M arker 0

0 0.001 0.01 0.05 0.1 0.2 0.3 0.4

D X S 986 7.23 7.22 7.11 6.59 5.90 4 .37 2.65 0.92

D X S 995 5.86 5.85 5.75 5.31 4.73 3.51 2.21 0.96

DXS 1002 -00 8.04 8.87 8.82 8.14 6.32 4.16 1.83

Tabie 3.6.
Amended pairwise iod scores between the disease gene (DFN3) and marker ioci in 
both sets of famiiies.

M arker 0

0 0.001 0.01 0.05 0.1 0.2 0.3 0.4

D X S 986 8.43 8.42 8.29 7.68 6.88 5.09 3.09 1.07

D X S 995 10.37 10.36 10.17 9.36 8.28 6.00 3.62 1.48

D X S 1002 - 00 11.53 13.27 13.53 12.63 9.97 6.7 3.05
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3.1.4 Results of microsateliite analysis in family 8.

Result of microsatellite analysis at D XS995 is shown in figure 3 .13. Both

brothers, one deaf and one hearing have inherited the sam e maternal allele at

D XS995. This implies either a recombination between the disease gene and

DXS995, or a new mutation in the proband, or that the disease is due to

mutation at a  different locus. TK'is 4o iiiu i^  uoas lA C lw ded HrWL 

Ivvŝ Vcaq̂  analys is  as+W /k . uoas cxily oAJLCx|{ccired vuvxSiwdual.

3.1.5 Cases of non paternity.

Three instances of non-paternity are demonstrated in this study. In family 3 

(shown in figure 3.6) individual Vly does not have the sam e father as her sister 

VIg. In family 4  (figure 3.7) individuals VIg and VIg do not share a common 

haplotype and therefore must have different fathers as well as having inherited 

different maternal chromosomes. In family 7 (figure 3.10) individuals II I7, lllg 

and III10 do not have the sam e father and Il ly is the half sister of twins lllg and

' 10 -

Summary of Linkage Data.

There are three polymorphic microsatellites which are closely linked to the 

gene(s) for X-linked deafness. The first recombination event in individual llg 

from family 1, shows that recombination has occurred between D X S 1002 and 

the disease gene, but does not order DXS 1002 with respect to the disease 

gene since individual Ig is uninformative for the microsatellites at D X S986 and 

D XS995. The second recombination, between Mg and individual 111̂  ̂ from family 

6 , indicates that D X S 1002 lies telomeric to the disease gene, as SSC analysis 

shows her to carry the mutation in this family. D XS986 is placed proximal to 

D X S 1002 by physical mapping but since this individual’s mother is 

uninformative for the microsatellites at DXS995, D XS995 and D X S986 cannot 

be ordered relative to each other or relative to the disease gene. Also, the 

linkage data cannot distinguish families with normal cochlear morphology from 

those with abnormal morphology and thus a single disease gene locus is 

implied.
Y

'Ijp n rv j oj- jlu./+Vvû/ vwoL/ke '̂S WO u-icj enab le-fk iL  d isease cud
i-WL rvAcvker lo be cvdered.
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Figure 3.13. Family 8

Result of microsatellite analysis at DXS995.
Both brothers have inherited the same allele from their mother who is 
heterozygous.
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3.2 Cytogenetic rearrangement in family 7.
Families 1 -6 had cytogenetic analysis performed when the families were initially 

ascertained (Reardon et aL, 1991). Families ascertained subsequently also 

had chromosome analysis. Karyotype examination was performed by Mrs. 

Doreen Summers. Individual IIIiq, an obligate carrier from family 7 was found 

to carry a paracentric inversion of the X chromosome, (X) (q13.1q21.2) which 

is illustrated in figure 3.14 below. Karyotypes on other family members were 

then examined without the knowledge of affected or obligate carrier status. 

Individuals IVg, II7, 111̂ II4 and 11̂ , all affected males, were found to carry the 

inversion. Individual ll^i, a hearing male, had a normal X chromosome. 

Individuals 111̂0 and 11̂ , obligate carriers, had a normal and an inverted X 

chromosome and individual IV4 had 2 normal X chromosomes. Thus the 

inverted X chromosome segregated with the affected phenotype in this family.

Figure 3.14. Cytogenetic rearrangement In Family 7 (figure provided by Mrs. Doreen 

Summers).

X para inv(X) X para inv(X) X para inv(X)
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3.3 Microdeletion associated with inversion in family 7.

Following the discovery of microdeletions in some patients with X-linked  

deafness (Bach etal,  1992b) all newly ascertained individuals were screened  

for microdeletions by PCR for the microsatellites at DXS995, D X S 986 and 

D X S 1002 and DXS26, a non-polymorphic probe from Xq 13-21 (figure 3 .15) 

deleted in som e deaf patients. PCR analysis using primers for D XS26 showed 

an absent product in affected males in family 7. All affected males tested, II4, 

II5, \ \q, II7, llg, III1, III3, III5 and IVg appeared to be deleted for D XS26 and the 

four hearing males tested, llg, ll î I V 4 and IVg were not deleted. There was no 

deletion of D X S995. PCR was carried out using primers for D XS26 and the 

microsatellite at D XS995 in the same reaction mix; failure of the PCR reaction 

using primers for DXS26 alone might appear to be indicating a deletion of this 

marker, whereas amplification could be demonstrated to have occurred when 

two sets of primers were used in the same reaction (data not shown). In 

addition the presence of a deletion was demonstrated by Southern blotting 

(section 3.5). Since patients TD and 1/10 are deleted for both D X S995 and 

D X S26, the deletion in family 7 now defined the telomeric boundary for the 

D FN 3 region. This is shown in figure 3.15. So deaf males from family 7  carry 

a paracentric inversion of the X chromosome associated with a microdeletion.

3.4 Analysis of patient D20.

PC R  analysis of patient D20 showed that he was deleted for the microsatellites 

at D X S 995 and D X S 1002  but that the marker DXS26 was present.

Tem poral bone C T  scan, reported by Dr. P. Phelps, showed dilated internal 

auditory meati and deficiency of bone between the basal turn of the cochlea 

and the internal auditory meatus, confirming that D20 has the sam e radiological 

phenotype as other patients with deletions (such as family 7). It is therefore 

valid to use D20 to define the smallest region of deletion overlap in males with 

deafness and temporal bone abnormality. This places the gene at the DFN3  

locus to a region between D XS995 and DXS26 (figure 3.15). The studies here, 

combined with deletion mapping in patients with contiguous gene deletions 

define an order for the markers as cen-D XS986-D XS995-D XS1002-tel and 

delineate a critical region for a gene causing deafness, which lies between the 

breakpoints of deletions in family 7 and patient D20  (Clarke et aL, 1994).
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Figure 3.15
Locations of the microsateiiite markers and deietions of patients D20 

and 11/7 from family 7 on the X chromosome.
Note that patients TD and 1/10 (refer to figure 1.7) no longer define the 

critical region.

125



3.5 Dosage studies in families with deletions.

Loci D X S26 and D XS995 were used by I. Bach (Nijmegen) and collaborators, 

to identify two overlapping YACs which were subcloned into a cosmid contig. 

Cosmids from the contig were hybridised in Holland to DMA from males with X- 

linked deafness. The deletion in family 7 was confirmed and a deletion was 

found in the proband from family 8 , G 8314 (figure 3 .16). The deletion in the 

male from family 8  did not overlap that of D20. Deaf males in family 7 and the 

proband from family 8 were deleted for cosmid E l (figure 3.16). A single copy 

probe, E l , was isolated from cosmid E l . Deletions of probe E l are illustrated 

in figures 3 .17  and 3.18. Dosage studies were performed in order to determine  

whether the mother of the affected male in family 8  also carried this deletion or 

whether the deaf boy represented a new mutation, as the linkage data  

suggested. Dosage was assessed as described in section 2.2.9. by comparing 

the relative intensities of radioactive signals from probe E l and an autosomal 

reference probe E3.9, on Southern blots. Intensities are given in tables 3.6. 

and 3.7, for two Southern blots. The average E1/E 3.9 ratio in control fem ales 

is given below the tables. The values in the last column, entitled "% normal" 

show the E1/E3.9 ratio compared to the mean fem ale value. For normal 

fem ales this is around 100%  (mean and standard deviations are shown below  

the tables) and for males this is around 50% . The obligate fem ale carriers from 

family 7 served as controls for deletion carriers and the mother in family 8  was 

compared to these obligate carriers and to normal females.

3.5.1. Dosage study in family 7.

From the tables 3 .7  and 3.8 it can be seen that obligate fem ale carriers. Mg, 111,0 

and IVy have an E1/E3.9 ratio within the range of normal males confirming that 

they carry a deletion of probe E l .  This is represented in figure 3.19.

Individual Illy, who appears to carry the mutated gene based on the linkage 

data, is shown here to carry the deletion. Her daughter IV4, who has two 

cytogenetically normal X chromosomes, does not carry the familial deletion. 

This woman, IV4, who was previously at 25%  risk of being a carrier was 

informed of her status after becoming pregnant and requesting a carrier test.

126



IV)N

DXS232
pJL68

DXS995
AFM207zg5

DXS 26 
pHU16

DXS169
pX104f

q te r YAC 5045
c e n

YAC 4893

OHM '" -  
OHM, MR.............
OHM, MR. DFN3 - 
OHM, MR, DFN3 - 
OHM. MR, DFN3 "
DFN3------------/ / -
DFN3 ------------/ / -

DFN3
DFN3------------/ / -

— HS —  A6
—  B11 — 08 

—  E7 — F3
—  H3 — F4

>B12 —  A7 ^ K 2  A1 — 08 -^ G 4
— E8 — 04 — B5 — K9 — F6

— H8 — E12 — K6 — KIO — 09
— K8 — H12 —  F4 — El — B9

- // -

- // -

- //-
- // -

LGL2905
AP
D20
XL45
DM,SD
TD
1/10
11/7
G8314

100 200
I

300 400 500 600
“T ”
700 800

I
900 kb

Figure 3.16 (Adapted From Huber et a/., 1994).
Map of the critical region - showing the gap in the cosmid contig around DXS995. The cosmids 
flanking the gap are B12 and F4. Patients with deletions are depicted with stippled lines. Patient 
11/7 is from family 7 and G8314, the proband from family 8. DFN3 denotes deafness, OHM denotes 
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1 2 3 4 5

Figure 3.17
Autoradiograph of the band pattern generated with probes El (upper 

bands) and E3.9 (lower band) a control probe from chromosome 22, in 

family 7. Lane 1, affected male; lane 2, carrier of paracentric inversion (Illy);

lane 3, obligate female carrier (IV7 ); lane 4, obligate female carrier (lll^o)’

lane 5, female with two normal X chromosomes (IV4 ); lane 6  obligate female

carrier (llg). E c o  (2 .%_ cArgest.
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1 2 3 4 5 6 7 8

Figure 3.18.
Autoradiograph of the band pattern generated with probes El (upper 

bands) and E3.9 (lower band) in family 8 . Lane 1, mother of proband; lane 2, 
proband; lane 6 , repeat loading of proband; lane 7, repeat loading of 
mother; lane 8 , normal hearing brother of proband. Other lanes show 

normal controls. lîcoii2-X- cU g ests
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Table 3.7. Results of dosage studies using the phosphorimager in famiiy 7. Pedigree 
numbers refer to individuals from family 7.

Patient Peak 1 
height (E l)

Peak 2 
height (E3.9)

Ratio
(E1/E3.9)

% Normal

NF 2944 5185 0.568 103

NF 13059 22975 0.568 103

NF 3562 6951 0.51 93

NF 1638 2888 0.567 103

NF 4128 7938 0.52 95

NF 3781 7066 0.535 97

NF 7272 12972 0.56 102

NM 5151 18990 0.27 49

NM 1549 5007 0.309 56

NM 2865 7751 0.37 67

NM 4742 16581 0.286 52

NM 2933 9868 0.297 54

NM 6618 27825 0.238 43.5

llg carrier 3360 9577 0.35 64

lllio carrier 4420 12343 0.358 65

IVy carrier 5109 16007 0.357 65

Illy ?carrier 5120 16612 0.31 56

IV^Tcarrier 5023 8467 0.593 108

illg deaf male deleted

NM = normal male, NF = normal female, 
carrier = obligate carrier on pedigree,
?carrier = 25%  or 50%  carrier risk on pedigree.

Average fem ale ratio of peak 1 to peak 2 (E1/E3.9) = 0.547

% Normal = E1/E3.9 x 100%

Average female ratio of E1/E3.9
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Table 3.8. Results of dosage studies using the phosphorimager in family 8.
Subject refers to the mother of the affected male in this famiiy. Carriers are from 
famiiy 7.

Patient Peak 1 
height (El)

Peak 2 
height (E3.9)

Ratio
(E1/E3.9)

% Normal

NF 10658 6505 1.63 101

NF 10032 7016 1.43 89

NF 6292 3587 1.75 109

NM 1636 1832 0.89 55

NM 651 935 0.70 44

NM 492 776 0.63 40

NM 5986 7012 0.85 53

NM 1511 2171 0.69 43

NM 3548 4022 0.88 55

NM 2787 2625 1.06 66

NM 6750 6104 1.10 68

NM 4363 4666 0.93 58

llg carrier 3587 3927 0.91 56

lllio carrier 6237 7191 0.87 54

III5 deaf male deleted

Subject 14563 9390 1.55 96

Average fem ale ratio of peak 1 to peak 2 (E1/E3.9) = 1.603

M ean %  Normal in fem ales = 99.2  (in blots represented by tables 3 .7  and 3.8) 

Standard Deviation (SD) = 5.71

2 S D ’S of mean for normalized female value (87.8 - 109.6)

Mean %  Normal in males = 53.6,

Standard Deviation (SD) = 8.77  

2 SD 's of mean for normalized male value (36 .13 - 71.1)
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Figure 3.19
Normalized signal ratios of El to E3.9 using the phosphorimager. 
Triangle = subject (mother of proband in family 8). Horizontal lines 
represent two standard deviations of the mean of the control values.

The mean ratio for control females was 99.2% (SD=5.7) and the ratio for 
control males was 53.6 % (SD=8.77). The values for the four obligate 
female carriers from family 7 lie within the control male range as 
expected for deletion carriers. In family 8 the value of the mother falls 
within the control female range indicating that she has two copies of that 
region of the X chromosome and her son has a de novo deletion, or that 
she is a germline mosaic.
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3.5.2. Dosage study in family 8 .

The mother of the proband in family 8 , referred to as "subject" in table 3.8, has 

a value of the E1/ E3.9 ratio which falls within the normal female (table 3.8 and 

figure 3.19) implying that she does not carry the deletion seen in her son.

11685

116 86

Figure 3.20. Graphical representation of relative intensities of probes El (first peak) 

and E3.9 (second peak). Top panel shows the affected male from family 8 who has 

an absent peak 1 due to deletion of probe El ; second panel shows a normal female 

in whom the intensity of peak 1 is greater than that of peak 2; third panel shows the 

mother of the deaf boy in family 8 who shows the peak pattern of the normal female; 

bottom panel shows an obligate female carrier from family 7 (peak 1, representing 

probe El is smaller than peak 2, E3.9, because only one copy of El is present).
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3.6 Cosmid walking across the critical region for DFN3.

The cosmid contig constructed in Holland, by subcloning of the two YACs  

identified by using PGR to amplify sequences at the loci D X S995 and DXS26, 

is shown in figure 3.16. Note that there is a gap in the contig around DXS995. 

The overlapping deletions in patients D20 and 11/7, a male from family 7 are 

also shown. The deletion of G 8314, who is the proband from family 8 , does 

not overlap with the other two.

The approach taken in the identification of a causative gene was

i) to try and complete the contig across the region between D20 and 11/7

ii) to later proceed to map the proximal (centromeric) breakpoints of 11/7 and 

G 8314 and to extend the contig to include these breakpoints.

3.6.1. isolation of single copy probes from cosmids B12 and F4.
Cosmids B12 and F4 flanked the gap in the contig around D X S995. Single 

copy fragments were isolated from cosmids B12 and F4 as described in section

2.2 .10 .2 . in order to screen the ICRF X chromosome cosmid library. The band 

selected from each of the cosmids is indicated in figure 3.21. These bands did 

not hybridise with human placental DMA and were inferred not to contain highly 

repetitive sequences.

On screening the X chromosome gridded cosmid library these fragments 

hybridised to several cosmids including two referred to as P 0 5 1 7  and B1939. 

All positive clones were digested with EcoR\, blotted and probed with the B12 

and F4 fragments shown in figure 3.21. Cosmid P 0 5 1 7  hybridised strongly 

with the single copy fragment isolated from B12 confirming that it was a true 

positive (result not shown). Similarly, an EcoR\ digest of cosmid B1939  

hybridised with the single copy probe from F4 also confirming that it was a true 

positive selection. Other clones identified by these probes showed very weak  

or no signal when probed with the flanking cosmid fragments and were 

therefore deem ed to be false positive selections.
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Figure 3.21. Generation of single copy fragments for cosmid library screening. 
Lanes 1-5 are digests of cosmid 812 and lanes 6-9, digests of F4, using

various restriction enzymes. Lane 4 contains a A  SsfEII ladder.

a) Hybridisation with 812 and F4 cosmid DMA to demonstrate all the bands and
b) Hybridisation with total human DMA. The positions of two bands which 

show no signal with total human DMA are indicated by arrows. These were 

selected as fragments for screening the gridded cosmid library.
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3.6.2. Identification of new cosmids from the critical region.

Single copy fragments were subsequently isolated from cosmids P 0 5 1 7  and 

B1939. The fragments selected did not hybridise with cosmids B12 and F4. 

A single copy fragment from cosmid B1939, called B1939(5), a 2 .7  kb fragment 

generated by EcoR\ digestion, identified cosmids LO I 31, D 1812, D 0621  and 

cosmid A 2128 from the gridded X chromosome library. These results are 

shown in figure 3.22a. Two single copy fragments were isolated from clone 

P 0 5 1 7  by EcoR\ digestion, termed P 0 5 1 7 (1 ) and P 0 5 1 7 (3 ). The latter 

fragment when hybridised to the cosmid library hybridised only to the cosmid 

from which it was prepared, and did not identify any new clones. Fragment 

P 0 5 1 7 (1 ), a 7.4kb fragment, however hybridised to clones L O I 31, D 1812 and 

D 0 6 2 1 . This is shown in figure 3.22 b).

3.6.3. Verification by hybridisation that the cosmid contig is complete.
The three clones L O I 31, D1812 and D 0621 were selected by fragments from 

both the cosmids, P 0 5 1 7  and B1939, which flank the critical region. The new  

cosmids L O I 31, D1812, D 0621 and A 2128 were digested with EcoR\, blotted 

and hybridised with the probes B1939(5) and P 0 5 1 7 (1 ) to ensure that they 

were true positives. Results are shown in figure 3 .23  a), b), and c). Figure 

3.23  a) shows the band pattern generated by EcoR\ digestion of the cosmids. 

Figure 3 .23  b) confirms that clones L O I 31, D1812, D 0621  and A2128 (as well 

as clone B1939 itself) are true positives for the probe B1939(5). Figure 3.23

c) confirms that L O I 31, D1812 and D 0621 are true positives for fragment 

P 0 5 1 7 (1 ) and that A 2128 does not hybridise with P 0 5 1 7 (1 ). This correlates 

with the positive clones seen in figure 3.22 using the cosmid grids and the 

sam e fragments.

3.6.4. Verification byHin/1 fingerprinting that cosmid contig is complete.

Cosmids isolated from the gridded X chromosome library were digested with 

Hinf\. Digests of these cosmids are shown in figure 3 .24 . Many fragments are 

shared by cosmids B1939 and D1812, A2128, L O I 31 and D 0 6 2 1 , and 

fragments shared by P 0 5 1 7 , D 0 621 , LO I 31 and D 1812 are marked with a 

dot.

The completed contig is shown in figure 3.25.
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Figure 3.22
Hybridisation of cosmid libraries with
a) Single copy fragment from B1939 (B1939 (5) )
b) Single copy fragment from P0517 (P0517 (1) )

D0621

137



N

7 i o ü > c i r - c i T i a : ^
^  - ^ r o n O - ^ O - ^  po(o O) -L 00 cn %

g  S  M t i  0

■n C D > D r - o - u O D ^  
- " N ) O O - ^ O - " p 0
CO i\D cad rnCD 00 -A no "vi =

■n G D > D l “ D T 3 0 D ^

CO ro IV) CO -A m 
CD 00 — I\D —

JÊ^

mm

4#
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(B1939(5) is still visible.)

Figure 3.23. EcoR\ digests of the cosmids from the critical region.
a) is hybridised with radiolabelied cosmid L0131 and therefore shows the band pattern generated with EcoRI. b) shows the same 
digests hybridised with the probe B1939(5) which is the 5th largest fragment generated from EcoRI digestion of cosmid B1939.
c) shows the same digests hybridised with the probe P0517(1) which is the largest fragment generated fromEcoRl digestion of 
cosmid P0517. Bands positive for B1939(5) are still visible.
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Figure 3.24
Hinü digests of cosmids from the critical region
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Figure 3.25

Map of the critical region following the cosmid walk. Cosmid 101 denotes B1939, cosmid 102 denotes 

A2128,103 denotes LOI 31 and 104 denotes P0517.



3.6.5. Deletion breakpoints are contained within cosmids from the critical 

region.

Figure 3 .26  shows that the cosmid P 0 5 1 7  (IC 4 in figure 3 .25) detects a 

breakpoint in patient D20 since some fragments are absent and others are 

present. It is completely deleted in an affected male from family 7 (figure 

3.26b). Furthermore the cosmid L0131 (IC3 in figure 3 .25) which overlaps 

P 0 5 1 7 , detects the deletion breakpoint in family 7 and is completely deleted in 

patient D20 (figure 3.27). The deletion breakpoint spanned by LO I 31 in family 

7 results in some bands that are present on Southern blot but absence of the 

largest band. Thus female carriers of the deletion in family 7, have the normal 

intensity of non-deleted bands, but half the intensity of bands which are deleted  

in affected males (figure 3.27b).

The smallest region of deletion overlap therefore lies between the cosmids 

P 0 5 1 7  and LO I 31.
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Figure 3.26. Cosmid P0517 from the critical region detects deletion breakpoint.
a) Cosmid P0517 (IC4 in figure 3.25) detects a breakpoint in D20 but is deleted 

in 11/7 - an affected male from family 7.
b) Deletion of cosmid P0517 in family 7.
All other lanes show normal controls. e litesb s .
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Figure 3.27. Cosmid L0131 from the critical region detects deletion 
breakpoint. G eo  (2 ]L_ci'ig e s b s .
a) Cosmid L0131 (1C3 in figure 3.25) is deleted in patient D20 but detects a 

breakpoint in 11/7 - an affected male from family 7. Note that the 4.7 kb 

fragment is not deleted in this family. Other lanes show normal controls.
b) Hybridisation of cosmid L0131 with family 7 demonstrates a dosage 

effect in the females with the largest band being of only half intensity in the 

obligate carrier females. Unlabelled lanes are normal controls.
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3.7. Characterisation of overlapping cosmids.
3.7.1. Identification of Sad! sites in overlapping cosmids.

Single copy fragments were identified in the cosmids from the critical region 

(L O I 31, D1812, D 0621 and A2128) as described previously. Figure 3.28  

shows an EcoRl digest of each of the cosmids together with a double digest 

using enzymes EcoRl and S a d i. As outlined in section 1.6.5, the 5' region of 

some genes are rich in 5 ’ CpG 3 ’ -containing sequences. Such regions can 

be detected with rare cutter restriction enzymes which contain the CpG  

dinucleotide in their recognition sequence. The sequence recognised by the 

enzym e S a d i is 5 ’ CC G O G G  3 ’. There are at least three S a d i restriction 

enzym e sites in the cosmids D 0 6 2 1 , LO I 31 and D1812, shown by the 

disappearance of the three largest bands from the EcoRl digest following 

digestion with S a d i. The largest of these bands hybridises strongly with total 

human DNA and therefore contains high copy repeats. The second largest 

fragment generated by EcoR\ digestion, named LO I 31 (2), is 11 kb, and the 

4.7kb fragment which is the third largest fragment generated by EcoRl digestion 

is termed LO I 31 (3). LO I 31 (2 ) and LO I 31 (3) do not contain high copy repeats.

The restriction enzym e S a d i cuts unmethylated DNA. Since all bacterial/ 

cosmid DNA is unmethylated, the presence of these S ad i sites in normal 

human DNA was confirmed by restriction enzyme digestion of human DNA with 

EcoRl and E coR l/S ad i and then probing with one of the EcoRl cosmid 

fragments containing a S a d i site. The results show a single band when human 

DNA was digested with EcoRl and probed with a single copy probe, L O I 31 (3), 

a 4.7kb fragment, but two bands following digestion with E coR /S ac ll and 

hybridisation with the sam e probe (figure 3.29). This confirms the presence of 

the sam e S a d i site in human genomic DNA, detected by L O I31 (3).

3.7.2. Identification of conserved sequences.

Cosmid LO I 31 was hybridised to a zooblot as described in sections 2 .2 .3 . and 

2.2 .6  The results are shown in figure 3.30. and show bands in mouse DNA  

when blots were washed down to 1 x SSG, 0 .1%  SDS. The single copy 

fragment from cosmid LO I 31, termed LO I 31 (3), a 4.7kb fragment, also shows 

a band in mouse DNA when blots were washed down to 0 .5  x SSG, 0 .1%  SDS.
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Figure 3.28. EcoR\ and Sad I digests of cosmids from the critical region.

E = digestion with EcoRi, and E+S = digestion with EcoR\ and Sadi, a) Hybridisation with total cosmid L0131 to show all the 

bands. Note that the largest bands in the cosmids D0621, L0131 both contain Sadi sites since they disappear following 

digestion with Sadi, b) Hybridisation with total human DNA and Lorist DNA (cosmid vector) together.

The bands marked on a), L0131(2) and L0131(3), contain a Sadi site and do not hybridise with vector DNA or contain highly 

repetitive sequences, since they are absent from b).



Figure 3.29. Autoradiograph of EcoR\ /  SadI genomic digest hybridised with 

single copy fragment L0131(3) from the critical region. Human DNA digested 
with both enzymes shows two bands indicating that there is an unmethylated 

Sadi site recognized by the fragment L0131(3), in normal human DNA.
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a) Cosmid L0131, washed at 1 x SSG, 0.1% SDS Qjb 65® C

b) Probe L0131(3), washed to 0.5 x SSC, 0.1% SDS <3 . t  b e °C .

CD —  d  (/) _̂  UJ (0

iill

Figure 3.30.
Zooblots using cosmid LOI 31 and probe LO I31 (3) as probes.
Sequences in probe LOI 31 (3) are conserved from human to mouse DNA 
after stringent washing. cCgesLs
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3.7.3. Screening of human fetal brain cDNA library.

Two probes were suitable for screening a human fetal brain oDNA library, 

L 0 1 3 1 (2 ) and L 0131 (3 ). Both were single copy probes isolated from the 

critical region, both contained a S a d i site, and one was known to contain 

conserved sequences, although the other had not been examined on zooblots. 

The smaller of the two fragments, the 4.7kb fragment termed L0131 (3), rather 

than the 11 kb fragment, termed L O I 31 (2), was used to screen the library as 

described in section 2 .2 .11 . No positive clones were identified.

3.8 Mapping of the Brain 4 gene to cosmid fragments.
The murine gene, brain 4, coding for a transcription factor, was mapped in 

mouse to a region between the proteolipid protein gene, PLP, and the marker 

DXMit6 , close to the phosphoglycerate kinase 1 gene (Douville et a!., 1994). 

This region, Xq12-Xq22 in humans, shows evolutionary conservation between 

mouse and man, rendering this gene a positional candidate for X-linked 

deafness.

Figure 3.31 shows hybridisation of a radiolabelled PCR product from the 

homeodomain region of the human homologue (PO U 3F4) of the murine Brain 

4 gene to digests of cosmids from the critical region. The probe is seen to 

hybridise strongly to the 1 1kb band of cosmid LO I 31, previously shown to be 

single copy and to contain a S a d  I site. This is not the fragment selected to 

probe the cDNA library, which was the 4.7kb fragment termed LO I 31 (3).
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Figure 3.31. Mapping of the Brain 4 /  POU3F4 gene to cosmid fragments.

E = digestion with EcoR\, and E+S = digestion with EcoR\ and Sadi.

a) Hybridisation with total cosmid LOI 31 indicating all the bands. Single copy fragments which contain Sadi sites, LOI 31 (2) 

and L O I31 (3), are indicated.

b) Hybridisation with PCR product from the homeodomain of the gene POU3F4. PCR product can be seen to hybridise to 

LOI 31 (2).



3.9. Mutations of the Brain 4 / POU3F4 gene in deafness patients.

The sequence of the Brain 4 /  POU3F4 gene, determined in Nijmegen, Holland, is 

shown below. .
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Figure 3.32.
Sequence of the POU3F4 gene (from de Kok et al., 1995). Oligomers used 

as primers for SSC analysis and sequencing are indicated by arrows. The 

POU-specific and POU-homeodomains are boxed.

Mutations were found in the coding region of the Brain 4 /  PO U3F4 gene in 

families 5 and 6 in Holland and in families 9 and 10 by the author in London. 

These data are collated later in table 3.9.
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3.9.1. Family 9.

3.9.1.1. Detection of altered band on SSC analysis.

Figure 3 .33  shows SS C  analysis of the homeodomain of the Brain 4 /  PO U 3F4  

gene in family 9 using primers Va and Vb and shows the band shift detected  

on screening in this family. This demonstrates segregation of the mutant band 

in the family. All the deaf males as well as the two obligate carriers, llg and lig 

carry the mutant band which appears to arise in llg as a de novo mutation.

3.9.1.2. Sequencing of the mutation.
Sequencing of the PGR product of primers V a  and Vb revealed a 0  to T  

transition at position A312V in family 9. This is shown in figure 3.34.

3.9.1.3. Confirmation by restriction enzyme digestion.
The 0  to T  mutation in this family creates a novel restriction enzym e cutting 

site. The sequence is changed from 

G CAG AC to

G TAG AC

which becomes a recognition site for the enzyme Acc\ .cutting site 

GT W c  T/G AC
This is seen in figure 3.35 where digestion of the 304  bp PCR product 

generated using primers V a  and Vb, with AccI results in the creation of two 

bands of 133 and 171 bp. Creation of the novel enzyme site created by the 

mutation cosegregates with the deafness in this family and again appears as 

a do novo phenomenon in individual llg.

3.9.1.4. Confirmation of de novo mutation in individual 1̂ .

The mutation seen first in individual llg is not present in her mother 1̂ , or her 

sister 11̂ . However, linkage analysis with the marker DXS1002, which attained 

a two point lod score of 8 .87  at 0  = 0.01 with the disease gene (table 3.5) 

shows that the mutation is carried on the grandmaternal X chromosome, 

inherited from 1̂ and thus represents a  new mutation in llg (figure 3.36).
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Figure 3.33. SSC analysis in family 9.
Shifted bands (arrows) appear in individual II g and are inherited by the 

deaf boys in the family.
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Figure 3.34. Sequencing of the mutation in family 9. There is a 

C to T transition.
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Figure 3.35. Confirmation of mutation by restriction enzyme digestion 

in family 9.
Gain of an Acc\ cutting site as a result of the C to T transition, 
cosegregates with deafness in this family.
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Figure 3.36

Inheritance of alleles for the marker DXS1002 in family 9. Both II, and llg have 

inherited the same maternal X chromosome. Affected boys, III, and lllg, have also 

inherited the grandmaternal X chromosome from I, as has IV̂ . Thus the mutant SSC 

band observed in llg, not present in her sister, demonstrates a de novo change.
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3.9.2. Family 10

3.9.2.I. Detection of altered band on SSC analysis.

Figure 3 .37  shows the band shift in family 10 on SS C  analysis with primers Va  

and Vb.

3 9.2.2. Sequencing of mutation.

Sequencing of the PC R product of an affected male in family 10 revealed a 4bp 

deletion of the nucleotides AG TG , at position 862 - 865 in the homeodomain  

of the gene resulting in a frameshift. This is shown in figure 3.38.

3 9.2.3. Confirmation of mutation by restriction enzyme digestion.
The 4bp deletion alters the sequence from 

G G T G A G TG TCAA to 

G G TG TC A A

This abolishes a cutting site for the restriction enzym e Hph\ .cutting site 

5’ GGTGA(N)gJr 3’
In normal individuals digestion with Hph\ produces two bands of 58bp and 

246bp. Figure 3.39 demonstrates that the enzyme site is abolished in the two 

deaf brothers with retention of the 300bp band, and in their mother, who is 

heterozygous for the normal sequence. Forty normal X chromosomes were  

examined for the presence of this restriction enzym e site and it was present in 

all.
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Figure 3.37. SSC analysis of the homeodomain of the POU3F4 gene (primers Va and Vb). Lane 3 = affected male 

from family 9; lane 8 = affected male from family 10; lane 10 = affected male from family 5. All other lanes contain 

samples from normal individuals.
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Figure 3.38. Sequencing of the mutation in famiiy 10 .
There is a 4 base pair deietion in the affected boy in the homeodomain of the 
predicted protein.
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Figure 3.39. Confirmation of mutation by restriction enzyme digestion 

in family 10. The 4 bp deletion abolishes a cutting site for the enzyme 
Hph\ with consequent retention of a band at 300 bp seen in the mother 
and 2  deaf sons but not in the control. Size marker is 1 0 0  bp ladder.
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3.9.3. Summary of mutations found in Brain 4/ POU3F4.

A summary of mutations is given below. Mutations in families 5 and 6  w ere  

found in Nijmegen.

Table 3.9. Summary of mutations.

Family Temporal bone Deafness type Mutation

1 Normal Sensorineural None

2 Abnormal Mixed None -duplication is 
proximal to gene

3 Abnormal Mixed (L317W ) - mutation 
not confirmed in UK

4 Normal Sensorineural None

5 Abnormal Mixed L317W

6 Abnormal Sensorineural K202 stop

7 Abnormal Sensorineural None - deletion is 
proximal to gene

8 Abnormal Sensorineural None - deletion is 
proximal to gene

9 Abnormal Sensorineural A 312V

10 Abnormal Mixed S288 stop

Individual
M.A.

Abnormal Sensorineural None

The entire protein coding region of the gene was sequenced in Holland in 

families with no band shift on SS C  analysis. Families 3 and 5 were initially 

thought to have identical mutations although they were not related. 

Microdeletions in families 7 and 8 did not encompass the Brain 4 /  PO U 3F4  

gene, and neither did a duplication 150kb proximal to the gene, identified in 

family 2 in Holland. No mutations were found in the coding region in these families.
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3.9.4. Segregation of mutations with affected phenotype.

3.9.4.1. Family 5 and famiiy 3.

W ork done by the author showed that in family 5, SS C  analysis using primers 

V a and Vb demonstrated a shifted band which segregated with the affected  

phenotype in this family. Individual IVg, shown by linkage analysis not to carry 

the mutant chromosome, is shown not to carry the mutant band on SSC  

analysis (figure 3.40).

Family 3 were initially reported from Nijmegen as having the sam e L317W  

mutation as family 5 but did not show the sam e band shift on SS C  analysis. 

Alteration of SSC conditions failed to demonstrate any band shift in this family 

and figure 3.41 shows a band shift in affected males in family 5 using an M DE  

gel matrix, which is not seen in affected males from family 3. Figure 3 .42  also 

shows several shifted bands in an affected male from family 5 using dideoxy 

fingerprinting, which are not seen in an affected male from family 3. This 

indicates that the two families do nof have the sam e mutation. It is thought that 

a misidentification of cell lines occurred between UK and Nijmegen giving the 

impression that families 3 and 5 had the same mutation.
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Figure 3.40.

Family 5. SSC analysis showing segregation of shifted bands with 

affected phenotype.
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Figure 3.41

SSC analysis of PCR products in family 5 and family 3. Shifted bands are seen in 

lanes 1 and 3.

Lanes 1 and 3 show affected males from family 5 and lane 2 an unaffected male from 

family 5; lanes 4 and 6 show affected males from family 3 and lane 5 an unaffected 

male from family 3. No band shift is seen in family 3. Lane 7 is a normal unrelated 

male.
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1 2 3 4 5 6 7 8

Figure 3.42.
Dideoxy fingerprinting of PCR products in family 5 and family 3. Products 
from primers Va and Vb were run on a polyacrylamide gel without glycerol at 
4 ° 0 for 4 hours at 15W. Lane 5 shows an affected male from family 5 which 
clearly shows several shifted bands. Lane 7 shows an affected male from 
family 3 which does not show shifted bands indicating that the sequence 
change in the two families cannot be the same.
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S .9 .4 .2 . Fam ily 6 .

In family 6  a band shift was detected on SSC analysis using primers IVa and 

IVb. Segregation of this altered band with the affected phenotype is shown in 

figure 3 .43. Of the females at risk of being carriers, individuals Vg (denoted 18 

in figure 3.43), IV̂  ̂ (denoted 7 in figure 3 .43) and 111̂  ̂ (denoted 13) are shown 

to carry the shifted band in agreement with the result of the linkage analysis. 

Individual IV^q (denoted 10 in figure 3.43) however is confirmed not to be a 

mutation carrier.
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Figure 3.43. SSC analysis in family 6.

SSC analysis of the POU - specific domain of the Brain 4 /  POU3F4 gene with primer set IVa and IVb. Of individuals at risk of 

being carriers, 7,13 and 18 carry the mutant lower band and individual 10 carries only the wild type upper band.



3.10. Further SSC analysis of the Brain 4 gene in complex deafness.

3.10.1. Juberg - Marsidi Syndrome.

The entire protein coding region of the PO U 3F4 /  Brain 4  gene was screened  

in a  patient with Juberg - Marsidi Syndrome (section 2.2 .15). No mobility shifts 

w ere detected.

3.10.2. Deaf, mentally retarded males.
A panel of DMAs from 17 boys with deafness and mental retardation were  

screened by SS C  analysis (section 2.2 .15). No mobility shifts were detected.
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3.11. 5 ’ RACE of the POU3F4 gene.

Human fetal tissues were rapidly screened for expression of the POU3F4 gene 

by PCR amplification of cDNA samples from 6 and 8 week human fetuses. The 

samples were kindly supplied by Dr. Adrian Woolf and primer set IVa and IVb 

was used for amplification. The purpose was to try and obtain a transcript of 

the POU3F4 gene, which might vary in sequence from that isolated from brain 

(figure 3.30). The result of this amplification is shown below in figure 3.44.

amplification
product

primer

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Figure 3.44. PCR amplification of cDNA samples prepared from human fetal 

tissues. Lane 1 is brain, lane 2 eyq lane 3 spinal cord, lane 4 heart, lane 5 is 

liver, lane 6 limb, lane 7 gonad, lane 8 mesonephros, lane 9 metanephros, lane 

10 is embryonic human kidney cell line 293, lane 11 is Wilms tumour cell line, 

lanes 12 and 14 are human genomic DNA and lane 13 is a blank.

Liver cDNA (lane 5) and the human embryonic kidney cell line 293 (lane 10) 

both show a clear amplification product. However, because the primers used 

do not span an intron, amplification of genomic DNA gives the same size 

product as cDNA so that positive signals could potentially originate from the 

amplification of trace amounts of genomic DNA in the cDNA sample, giving a 

false representation of gene expression. Therefore only a tissue exhibiting 

clear amplification was chosen for further study and a negative control was 

incorporated into subsequent experiments.
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3' RNA

I
primer 

RT

3 ' 5 ' cDN A
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(CCCCCCC)n
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anchor I amplification
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(CCCCCCC)n

primer
lb

I 2nd round 
amplification

UAP

primer
Ic

Figure 3.45. Overview of S' RACE. Diagram shows the primers used: 
UAP = universal amplification primer, RT = reverse transcriptase, TdT 

= terminal deoxynucleotidyl transferase.
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As a result of the findings seen in figure 3.44, the cell line 293 was chosen for 

further study. RNA was extracted from the embryonic human kidney cell line 

293, as described in section 2.2.13. The RACE procedure was employed as 

outlined in figure 3.45: Following reverse transcription with the primer lib, and 

C-tailing, amplification of the C-tailed product using primers lb (a reverse 

primer, 5’ to primer lib) and the anchor primer, was performed. As the known 

sequence of the POU3F4 gene does not contain an intron, it is possible that 

the RACE procedure might amplify contaminating genomic DNA, present in the 

RNA sample, rather than mRNA. Consequently a control experiment was 

performed, in which the same RACE procedure was followed using an aliquot 

of the same RNA without a reverse transcription step, so that if the procedure 

did allow amplification of genomic DNA, this would be visible. The results of 

this amplification are shown below.

Figure 3.46. First round amplification of POU3F4 using the RACE technique.

Lane 1 shows the faint ampiification product using lb and anchor primer. Lane 2 

shows the same experiment but there had been no reverse transcription of the RNA 

in the initial step. The amplification product seen in lane 1 is not present in lane 2 and 

so cannot be due to amplification of any contaminating genomic DNA and must 

originate from cDNA. Lane 3 shows the expected 780 bp RACE product of control 

RNA supplied with the kit. Lane 4 is a blank which contained no RNA in the original 

reverse transcription reaction. Size marker is 100 bp ladder.
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A second round of amplification was then performed using the primers Ic (a 

reverse primer, 5’ to lb) and the Universal amplification primer supplied with the 

RACE kit. The templates of this amplification reaction were the products of the 

first round amplification ie. from lanes 1 and 2 in figure 3.46. The results are 

shown below.

< -

a) 1 2 3 b)

Figure 3.47. Second round of amplification of POU3F4 using the RACE technique.

a) Amplification with primers Ic and the Universal Amplification Primer. Lane 1 shows 

amplification product using product from lane 1 in figure 3.46, as template. Lane 2 - 

the template is taken from lane 2 in figure 3.46 ie. no Reverse Transcription step. The 

size marker is 100 bp ladder.

b) The amplification product is the same as in lane 1 in figure 3.47a). Further 

separation shows that there are two bands present termed a major band, and a minor 

band as marked.
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The products in figure 3 .47  were excised from the agarose gel and used as 

templates in sequencing reactions using the Cycle sequencing system as 

described in section 2.2 .12.1 . The combined sequence from the two fragments 

is shown below:

5 ’ GG

C G A G G G G G A G A C G C G G TG G G A TTG G C C G T G G TG G G TG C G G G TA A C C C  

G TG G TAG G G TG TTTG G G TG G G G G G AG G G TAG ATG TG AA AG G G TG AAG G T  

G GTG GGTTTGGGAGATTATAAGTA GTAGGGGATGGTGAGGGAGG  

O R F ->

ATG GGG AGA G G T GGG TGG AAT GGG TAG AGG ATT GTG AG T TGG AGG  

TGG GTA GTG  GAT GGG GAG TG T GGG GGG ATG GAG GAG G G G  AG T  

GGT TTG  GGG AAG GGT GAG AAA 3'

Figure 3.48.

Sequence of the RACE products in figure 3.47. The open reading frame is denoted 

by ORF. There are no sequence differences between this transcript and that shown 

in figure 3.32.
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DISCUSSION.

At the start of this research, it was known that there was a major locus for X- 

linked deafness, DFN3, at Xq21 (Reardon et al., 1991). Half of the families 

studied by Reardon had a developmental abnormality of the inner ear with the 

mutated gene mapping to this region, as well as patients with large deletions 

whose chromosomal aberrations probably removed the whole of this gene at 

Xq21 (section 1.13). Our strategy was therefore to concentrate primarily on 

these families and in collaboration, to identify the gene, which when mutated, 

gave rise to this phenotype. The possibility existed that a  ’knockout’ of this 

gene or its function might cause the specific radiological phenotype and that 

other mutations might give rise to a different phenotype ie. one of deafness with 

normal ear development, accounting for those families with normal cochlear 

morphology which also mapped to this region. As part of this approach we 

wished to improve the diagnostic precision and classification of X-linked  

deafness in order to identify more patients with the sam e phenotype. 

Subsequently the reclassification of X-linked deafness according to radiological 

change has facilitated genetic counselling of families within a service setting by 

indicating which families should be offered mutation screening (discussed in 

section 4.6). Our aim of identifying the mutated gene has been achieved to 

some extent, in that disease-causing mutations have been identified in PO U 3F4  

in some families, but several interesting questions have arisen and these will 

be discussed (section 4.4.8).

W as the approach adopted justified? The decision to collaborate with the 

group led by Professor Ropers in Nijmegen on this project was fruitful for both 

groups. W e benefitted from the progress in physical mapping by selecting a 

polymorphic marker shown by Nijmegen to be deleted in some patients with X- 

linked deafness and therefore likely to be most useful in terms of carrier 

detection. Linkage studies have shown that three microsatellites are useful for 

carrier detection in families where mutation detection is not yet available. In 

turn, in the first year of the collaboration we were able to re-establish contact 

with a previously published family and determine the presence of a 

microdeletion associated with a cytogenetic abnormality (family 7), to confirm 

that another previously ascertained patient (D20) had the sam e clinical
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phenotype and could be used to legitimately define a  region of deletion overlap, 

and to establish cell lines on these patients which could be used to provide 

material for pulsed field mapping of deletion breakpoints; the deletion 

breakpoints in both of these cases from London substantially reduced the 

smallest region of deletion overlap. The third patient identified by us was a  

probable de novo case (family 8 ) which defined a second region of deletion 

overlap.

In the second year of the collaboration, several attempts were m ade to 

subclone the YACs, identified in Dr. A .P.M onaco’s laboratory, into cosmids in 

Holland. These yielded a large but incomplete cosmid contig around one small 

region of deletion overlap which was now defined solely by British patients. 

Cosmids from the incomplete contig were screened for conserved sequences 

in Nijmegen and used in exon trapping systems and cDNA selection protocols 

by collaborators in Heidelberg, but no coding sequences were identified. 

During a third attempt at subcloning an alternative approach was used to bridge 

the gap in the contig in London, with the ICRF X chromosome g ridded cosmid 

library. This was successful and the contig was completed. A dual strategy at 

this point, a  candidate gene approach in Holland, and a positional cloning 

approach by us, identified conserved sequences one of which turned out to be 

the human homologue, PO U3F4, of the murine gene brain 4 (brn-4). This dual 

approach to identifying a gene involved in deafness, which included physical 

mapping of the region based on deletions in unrelated patients, enabled a  

candidate gene, thought initially to be a good candidate gene for X-linked 

mental retardation, to be accurately mapped rendering it an even more 

promising candidate for deafness.

It is probable that this is the way in which many disease genes will be identified 

in the future - that is to say, the positional cloning approach will become less 

widely used as the positional candidate approach is adopted (reviewed by 

Ballabio, 1993). As large regions of the genome are sequenced under the 

remit of the Human Genom e Project, and expressed sequences are 

characterized and mapped on to integrated genetic and physical maps, once 

a disease is assigned to a chromosomal region (a process also facilitated by
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the generation of high resolution genetic maps), the positional candidates will 

be available on databases ready for exclusion or confirmation of their role in 

disease pathology.

Thus collaborative work has characterised a mutant gene in families with 

abnormal cochlear morphology, as a class III POU domain gene. Broadly 

speaking the approach to explaining the genotype-phenotype correlation can 

be tackled in two ways: first by interpreting naturally occurring mutations 

(specific patients in which the mutation is known, section 4 .4 .6 .) from a gene  

function perspective; and second by using what is known about POU domain 

genes in development to construct likely scenarios and formulate specific 

hypotheses which can be tested (section 4.4 .7 .). It is this which will form the 

main basis for future work. The original approach used, that of concentrating 

on patients with the specific radiological phenotype in the hope that different 

mutations in the sam e gene might cause deafness with and without the 

radiological features characteristic of DFN3, means that we have not yet 

identified mutations in patients with normal ear morphology.

4.1. Linkage data.

O ne of the original aims of this work was to be able to use closely linked 

polymorphic markers for predictive carrier testing in fem ale family members 

prior to mutation detection becoming available. In those families where 

mutation detection has been possible retrospective appraisal has confirmed that 

all those females who were predicted to be carriers of a mutation, have turned 

out to be so.

Ill, in family 9, demonstrates a potential drawback of using linkage alone to 

predict carrier status. Figure 3.36  shows that 11̂ and llg have both inherited the 

sam e alleles from 1̂ and that this cosegregates with the mutant gene. With 

linkage data, 11̂ would have been given a high risk of carrying a mutation using 

a Bayesian calculation. However in family 9, mutation detection following 

identification of the disease gene has shown that the mutation first appeared  

in llg and that 11̂ does not show the gain of an Acc\ restriction enzyme site that 

demonstrates the presence of the point mutation. There remains the theoretical
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possibility that 11̂ does not carry the mutation because the two sisters had 

different fathers, implying that the father of 11̂ was normally hearing but that the 

father of llg was deaf and transmitted the mutation to his daughter. This cannot 

be the explanation because analysis with the informative microsatellite at 

D X S 1002 indicates that the mutation transmitted by llg to 111̂ , lllg, III3 and IV  ̂

has arisen on the chromosome inherited from 1̂ (figure 3.36). Since the 

mutation is not present in 11̂ who inherited the sam e m aternal chromosome, it 

must be a de novo mutation in ll  ̂ or germline mosaicism in 1̂ .

In cases where mutations have not been found, other methods of analysis have 

been used to confirm linkage results. In family 7 both dosage and cytogenetic 

methods were used to substantiate linkage data for individual IV4 who 

requested knowledge of her carrier status when she becam e pregnant; dosage  

was also used in family 8 to confirm the single linkage result which indicated 

that the deafness might be caused by a de novo mutation in the affected boy; 

in family 2 it will be possible to use dosage and detection of the duplication 

breakpoint fragment to confirm linkage data for Vg. In families with no 

chromosomal aberration however, one has to rely on linkage alone.

Linkage analysis has not distinguished between families with and without a  

temporal bone defect. The microsatellite at DXS1002 has recombined with the 

disease gene locus in both sets of families. All families map to this region and 

all are closely linked to the three microsatellites. These two groups of families 

are treated therefore as a single clinical entity and the linkage data pooled. For 

the microsatellite at D XS995 the maximum two point lod score is 5 .86  at 0  =  

0 in families with the temporal bone defect and 4.51 at 0  = 0  in families with 

normal temporal bones. Summation of the lod scores gives a Zm ax of 10.37  

at 0  = 0. The 95%  confidence limits indicate that 0  < 0 .05 for the microsatellite 

at D XS995, or that this marker is within 5cM of the gene calculated by 

subtracting one lod unit from the maximum lod score. For DXS986, 95%  

confidence limits indicate that 0  < 0.06. In a clinical situation a recombination 

rate of 5%  for the microsatellite at D XS995 and 6 %  for that at D X S986 would 

be given with 95%  certainty. In clinical practice markers which flank the gene  

rather than a single marker should be analysed to reduce risks. Although the
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linkage data do not prove that these microsatellites flank the gene, data from  

deletion mapping have demonstrated this and in fact D XS995 and D X S986  

flank the gene. So using flanking markers, if an individual requesting carrier 

testing inherits either the affected or the unaffected haplotype without evidence 

of recombination between the markers, then the chance of giving an erroneous 

result is reduced to 5%  of 6 %  ( ie. «  1%) ignoring interference effects. In this 

an error would only arise in the case of a double recombination.

In one of the families studied here, family 3, in whom there is no mutation in 

P O U 3F4 and no chromosomal aberration, the females in generation IV are  

uninformative for these microsatellites and therefore no useful information can 

be given to fem ales in generation V. Furthermore, the fem ales in generation 

VI would have to rely on the results of genotyping for the microsatellite at 

D X S 1002 alone because their mothers are uninformative for the other two 

microsatellites. For DXS1002, summation of the lod scores from all the 

families gives a maximum two point lod score of 13.5 at 0  = 0.05. The 95%  

confidence limits, indicate that 0  > 0 .005 but 0  < 0.1 or that this locus lies more 

than 0.5cM  but less than lOcM from the gene. In family 3 therefore one would 

be giving a recombination rate of up to 10%  using this microsatellite alone.

In the cases in which D X S1002 has recombined with the disease locus it is not 

possible to discern whether recombination has also occurred between D X S995  

and the disease locus since DXS995 is uninformative. In family 6 in whom a 

mutation has been found in PO U3F4, it is very unlikely that D XS995 has 

recombined with the disease locus because of the very close known proximity 

between the causative gene and the microsatellite. This would indicate that a  

recombination between D X S1002  and DXS995 is most likely, but certainly there  

has been recombination between DXS1002 and DXS986. Such information 

has added to the pool of knowledge about these markers since prior to this 

work no recombinations had been observed in the CEPH families between any 

of these three microsatellites. Computation of the two point lod score between  

the two loci, D X S1002 and DXS986, gives a Zm ax of 6 .02  at 0  = 0.05  (data not 

shown); this data can be added to the linkage data obtained from the CEPH  

families using these two microsatellites to produce an overall two point lod
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score and recombination fraction which would reflect the greater number of 

meioses examined.

4.2. Screening of human fetal brain cDNA library.

Section 3.7 .3 . shows that two cosmid probes were suitable for screening a  

human fetal brain cDNA library, on the basis that they were single copy 

fragments and contained S ad i sites. The smaller of the two, called L0131 (3 ), 

a 4 .7  kb fragment which showed cross-species conservation, was chosen to 

screen the library, although both could have been used, or even the entire 

cosmid from which they were derived. Examination, of figure 3 .2 /  however, 

shows that this was likely to be the least useful probe; cosmid L0131 detects 

the deletion breakpoint in family 7, but the 4 .7  kb fragment is clearly not 

deleted. Examination of these data should have prompted the use of the entire 

cosmid to screen the cDNA library as has been done successfully in the search 

for other genes (Ho et al., 1994). Figure 3.28 shows that the PO U 3F4  

structural gene maps back to the fragment LO I 31 (2 ).

4.3. Family 3/ family 5 mutation.
These families were initially reported to have the sam e mutation as determined  

by sequencing in Nijmegen. SSC analysis showed a band shift in family 5 that 

cosegregated with the affected phenotype but no band shift in family 3 in any 

system used. Both polyacrylamide and M DE gels were used under a  variety 

of conditions, as well as a technique based on dideoxy fingerprinting (Sarkar 

et a/., 1992) which combines SSC analysis with dideoxy sequencing. The  

loading of PGR products from both families on the sam e gel, one family 

showing a band shift while the other did not, demonstrated that the two families 

could not have the same mutation. Resequencing of the original sample from 

an affected male in Nijmegen showed again the sam e mutation in both families. 

The most likely explanation is an error of sample labelling occurring prior to 

transfer of cell lines to Holland. A different mutation has not yet been found in 

family 3 in the coding region of the gene, which would confirm a sample mix- 

up.
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4.4. POU genes.

4.4.1. Homeobox genes.

Development of the complex structure of the mammalian brain requires the 

differentiation of neuronal precursor cells into mature cell types, along specific 

pathways. Progress along these pathways is likely to require a cascade of 

expression of different genes in restricted regions of the brain at critical times 

in embryogenesis, in order to distinguish one highly specialised region of the 

brain from another, performing a different function.

Mutations in model systems such as Drosophila and C.elegans  have shed light 

on the identity of genes whose expression regulatesmorphogenesis. Homeotic 

mutants in Drosophila, in which one body segment is transformed into the 

structures of another, demonstrated that body patterning is controlled in part by 

a family of genes acting as transcriptional regulators (reviewed by Gehring 

1987). Transcription factors bind to short sequences of double stranded DNA  

in promoters or enhancers, the regulatory elements of genes, and stimulate 

transcription by direct interactions with DNA. Usually the DNA binding region 

of a transcription factor has a helical shape ( a  helix), within which or very close 

by is a cluster of positively charged amino acid residues. Analysis of the 

sequences of these homeotic genes led to the description of a highly conserved 

segment of DNA, the homeobox. The importance of the homeobox as a 

structural and functional motif was exemplified by its use as a probe to identify 

related genes which in turn, proved to be homeotic genes.

4.4.2. The POU domain gene family.

Subsequently, many genes isolated from a number of higher organisms, 

including mammals, have shown close sequence homology to the homeobox. 

An entire family of genes, the POU domain genes, falls within this category. 

In 1988 simultaneous cloning of 3 mammalian transcription factors, the pituitary 

specific pit-1, ubiquitous oct-1 and largely B-cell specific oct-2 , and comparison 

with a developmental regulatory gene unc-86  from C.elegans  revealed striking 

sequence similarity between part of these genes, although the remainder of the 

gene sequence had diverged considerably (reviewed by Verrijer and Van der 

Vliet, 1993). The conserved domain was named the POU domain after these
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transcription factors: 

pit-1

oct-1, oct-2 

unc-86

and the family of genes containing this conserved domain are known as POU 

domain genes. Unlike most of the classic homeodomain proteins, POU genes 

are widely expressed in the forebrain and midbrain which are evolutionarily 

recent structures.

The bipartite POU domain consists of a stretch of 150-160 amino acids. The 

first part, called the POU-specific domain (POUg) is unique to this family of 

genes. POUg consists of four a  helices, two of which include a region of basic 

amino acids (denoted +++ in figure 4.1 ) and is separated from the second part, 

the POU homeodomain (POU^q) by a linker region of 14-25 amino acids which 

is less highly conserved. The homeodomain, long recognised as a DNA 

binding motif since its initial description in Drosophila, consists of three a  

helices, with helix one preceded by a cluster of basic amino acids. The POU 

homeodomain was clearly related to other homeodomain-containing proteins 

particularly in its third a  helix, also termed the recognition helix, which binds to 

the major groove of DNA. Functional studies have shown that both these 

domains are required for site-specific, high affinity DNA binding (Ingraham et 

a!., 1990; Treacy at a!., 1992).

Since 1988, many POU domain genes have been cloned and sequenced in a 

variety of organisms. The striking sequence conservation across species in the 

POUj^omain is illustrated in figure 4.2. This family of genes has been divided /  

into six classes based upon the amino acid sequence of the linker region and 

that of the basic cluster at the amino terminus of the POU homeodomain. 

Within each class there is significant sequence conservation even within the 

linker region between species as diverged as C.elegans and mammals.
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Figure 4.1. Schematic diagram of a POU domain protein. The POU domain consists of the POU specific and POU 

homeodomains. The a helices are shown as cylinders. Basic regions are indicated (++++).



CLASS Gene ( s d )  POU HOMEODOMAIN

I pit-1 (r) rkrkrR T T I  s ia a k d a L E r hfgehskP ss qe I mrmA eeL  nleK eV v R V W F C N rR Q reK R

II oct-1 (h) r r r k k R T S I  e tn irv a L E k  s fle n q k P ts  e e Itm iA d q L  n m e K e V iR V W P C N rR Q K e K R

oct-2 (h) rrrkkR T S I  etnvrfaL E k sflanqkP ts  e e I l l i A eqL  hmeK eV i R V W F C N rR Q K eK R

III cfia d) r r r k k R T S I  evsvkgaLEq hfhkqpkPsa q e I ts iA d s L  q le K e V v R V W P C N rR Q K e K R

brn-i (r) RRRKKRTSI evsvkgaLEs h fikc p kP ss  q e Itn lA d s L  q le K e V v R V W F C N rR Q K e K R

brn-2 (r) RRRKKRTSI evsvkgaLEs h fikc p k P s a  q e I t s lA d s L  q le K e V v R V W P C N rR Q K e K R

tst-1 (r) rrrkkR T S I  evgvkgaL E s h f ik c p k P sa h e I tglA dsL  qleK eV v R V W P C N rR Q K eK R

ceh-6 (n) RRRKKRTSI e v n v k s rL E f hfqsnqkPna q e Itq v A m e L  q le K e V v R V W P C N rR Q K e K R

IV unc-86 (n) d k k r k R T S I aap ekreL E q  ffk q q p rP s g  e r Ia s iA d r L  d lkK n V v R V W P C N q R Q K q K R

brn-3(r) ekkrkR T S I  aapekrsL E a  yfavqprP ss ek I a a iA ekL  dlkK nV v R V W P C N qR Q K qK R

IV-i i-pou(d) EKK..RTSI aa p ekrsL E a  yfavqprP sg  e k Ia a iA e k L  d lkK n V v R V W P C N q R Q K q K R

V oct-3 (m) . rkrkR T S I enrvrwssL E t  mflkcpkP sl qqI t h iA nqL  gleK qV v R V W P C N rR Q K gK R

Antp erkrgR qty  tr yq tleL E k efhfnryltr  r r r ie iA haL  c l t e r q ik i .W P q .N R R mK wK k

Figure 4.2. Comparison of the POU homeodomain sequence of a family of related POU domain proteins (from

Rosenfeid, 1991 ).Species (sp) from which the factors are taken are rat (r), C.Eiegans (n), mouse (m) and human (h).



4.4.3. The role of POU domain genes in development

POU domain factors have been shown to regulate the expression of genes 

which play a critical role in the development of specific cell phenotypes. 

Mutation of the gene unc-86  in C.elegans results in the failure of development 

of specific neuronal cell types, as daughter cells maintain the phenotype of the 

mother cell instead of differentiating along their proper pathway (Finney and 

Ruvkun, 1990). Autosomal recessive mutations in the gene Pit-1 cause 

combined pituitary hormone deficiency in Snell and Jackson dwarf mice, as a 

result of failure of development of the pituitary gland. Electron microscopy 

studies have shown that mature thyrotroph, lactotroph and somatotroph cells 

never develop in the Snell dwarfs, and antisera against thyroid hormone, 

prolactin and growth hormone, fail to detect their presence (Li et a/.,1990). 

More recently mutations have been described in the human homologue of the 

Pit-1 gene resulting in combined pituitary hormone deficiency (Radovick eta!., 

1992; Pfaffle et a!., 1992; Tatsumi et a/., 1992) detailing the evidence that 

mutation of a POU domain transcription factor can cause A?uman developmental 

disease.

4.4.4. Brain 4.

The evidence that the POU domain genes Pit-1 and unc-86 influenced the 

development, or lack of development of specific neuronal cell phenotypes 

provided the impetus to isolate related novel genes. Expressed sequences 

from rat and mouse were screened with degenerate oligonucleotide primers to 

POU domain sequences (Le Moine eta!., 1992; Hara eta!., 1992) or with POU 

domain probes at low stringency (Mathis et a!., 1992).

The murine POU domain gene brain 4 (brn-4), and its homologue in the rat, 

RHS2, were isolated in this way, and sequencing of the linker and basic cluster 

regions showed that it belonged to Class III of the POU domain gene family. 

Members of the class III family are widely expressed at all levels in the 

developing neural tube, but unlike the other members, brn-4 shows a restricted 

pattern of expression in the adult, confined to a few regions in the forebrain. 

Like brn-4, none of the previously characterised members of this class, brn-^,
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brn-2 and tst-^, are thought to contain introns. Sequencing from genomic 

clones as well as cDNA clones has revealed that the whole open reading frame 

is contained within a single exon. Furthermore restriction mapping of genomic 

and cDNA clones supports this conclusion (Mathis e ta l., 1992). Hybridisation 

of a brn-4 specific DNA probe to rat genomic DNA digested with several 

different restriction enzymes, showed unique hybridising fragments of the 

expected size consistent with the restriction map of the genomic and cDNA  

clones. The knowledge that class III genes have also been found in 

Drosophila, amphibians and mammals leads to the hypothesis that ancestral 

class III genes probably originated 6 x 10® years ago (Hara et a!., 1992) as a  

result of retrotransposition (reverse transcription of a molecule of POU m RNA  

and the insertion of cDNA in the germline). The other members of the class III 

sub-family would then have arisen by a process of gene duplication, giving rise 

to the genes brn-^ ,-2 and -4.

The brn-4  transcript identified by Mathis in the rat had an open reading frame  

of 1083 bp and encoded a predicted protein 361 amino acids. The transcript 

appeared to be 3.2 kb in length as judged by the size of the message detected 

on Northern blots, using a unique fragment from the N-terminal of the predicted 

protein as a probe. This corresponded with the size of the longest brn-4 cDNA  

clone that was isolated. Northern blots showed smaller, more weakly 

hybridising transcripts at 1.7 kb and 1.4 kb whose presence was explained by 

the use of alternate polyadenylation sites, and indeed a polyadenylated 

transcript was identified, which was shortened in its 3 ’ untranslated region. 

Genomic clones corresponding to the rat brn-4 gene were characterized by 

restriction mapping which showed that the entire open reading frame was  

contained in a single exon; Southern blots showed that with all restriction 

enzymes used the fragments detected using a cDNA probe corresponded with 

the restriction mapping data from the genomic clones. Expression studies, 

using RNase protection assays. Northern blots and in-situ hybridisation, 

demonstrated that brn-4 was expressed in the rat from embryonic day 12 until 

birth at all levels of the developing neural tube (forebrain, midbrain, hindbrain 

and spinal cord) and also in the adult brain. Using these techniques there was 

no evidence of expression in other tissues examined. Le Moine noted
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expression in the otic vesicles and outer sheath cells of the whisker roots as 

well as in the c.n.s. (Le Moine et a l.,^992). In the adult rat, expression was 

restricted to the supraoptic and paraventricular nuclei of the hypothalamus, 

striatum, medial habenula, subependymal zone and subcommissural organ. 

Study of the mouse homologue, which shows 100%  amino acid identity with 

RHS2, showed there to be a single transcript of 4.8kb in adult mouse brain 

RNA on Northern blots with no evidence of expression in other tissues, using 

this technique (Hara e ta l., 1992).

Mathis confirmed that brn-4 is an activator of transcription and determined 

which part of the protein constituted the putative transcriptional activation 

domain (Mathis e ta l., 1992). Mutant constructs of the protein, in which amino 

acids 6 -158  had been deleted, were cotransfected with a luciferase reporter 

plasmid containing the octamer binding site. The result was a 74%  reduction 

of luciferase activity compared with the wild type protein. Furthermore, 

construction of a fusion protein consisting of amino acids 6 -158 of the rat brn-4 

protein with a heterologous DNA binding domain, the N terminal portion of the 

bacterial LexA protein, resulted in a five fold increase in luciferase activity when 

cotransfected with a reporter plasmid containing two LexA recognition elements.

4.4.5. Brain-4 in the deveioping ear.

Little is known about the expression of brn-4 in the developing ear. Recent in- 

situ hybridisation studies in the rat otocyst have shown that brn-4 is expressed 

in the periotic mesenchyme at embryonic day 14 but not in the sensory 

epithelium (Ryan et al., 1995). How might mutations in the brn-4 gene result 

in malformation of the ear and deafness? Since the developing labyrinth 

induces condensation of the surrounding mesenchyme to form cartilage, lack 

of mesenchymal expression of a factor might render it unreceptive to inductive 

influences from the labyrinth, and lead to disrupted bone development. Or, 

maybe the mesenchyme expresses a factor which promotes transcription of the 

inductive signal from the otic epithelium. It has been suggested that TGR-P^, 

a m em ber of the TGF-P-like superfamily of growth factors, might be one of the 

signal molecules that mediate the effects of the otic epithelium on the
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surrounding mesenchyme (Frenz et al., 1992). Perhaps the mesenchyme 

secretes brn-4 which activates transcription of a factor such as TG R -ft which 

then causes condensation of periotic mesenchyme into cartilage. Certainly the 

absence of brn-4 protein caused by mutation of the gene in humans, is 

associated with a deficiency of bone formation in a very localised region of the 

bony labyrinth - the basal turn of the cochlea.

However, the question of why absence of expression of brn-4  should cause  

deafness  remains a mystery. W hy should communication of the perilymphatic 

space with the c.s.f. cause hearing loss? Although the c.s.f. pressure is higher 

than that in the perilymph, children who have raised c.s.f. pressure due to 

congenital hydrocephalus are not deaf. Also, Glasscock points out that 

otoscierotics with perilymphatic gusher who presumably have raised 

perilymphatic pressure, have normal bone conduction, ie intact sensory hair 

cells, for many years. If it is not raised pressure that produces the hearing 

loss, is there degeneration of the sensory epithelium? Certainly in rodents there 

is no evidence that brn-4 is expressed in the neuroepithelium, and studies in 

the developing human have not yet been performed. In addition there are no 

pathological data, such as temporal bone histology, which might demonstrate 

whether there are other defects in the ear in this form of deafness, which are  

not visible by gross imaging. A knockout mouse has not yet been produced 

and so it is not possible to look in ultrastructural detail at the architecture of the 

organ of Corti.

186



4.4.6. Mutations in POU domain genes.

The human homologue of the murine gene brn-4 and the rat gene RHS2, has 

been named PO U 3F4 (for POU gene class 3, factor 4). Four mutations in the 

coding sequence of the P O U 3F4 gene have been identified in the families in 

this study (two in Holland and two by the author in London). All the mutations 

described to date in this gene have been located within the POU domain.

Previous studies of the structure and function of the PO U domain in various 

PO U genes help to interpret the likely functional consequences of the PO U 3F4  

mutations found in males with X-linked deafness. Mutagenesis experiments 

involving deletion analysis of Pit-1 and Oct-1 indicate that POUhd alone 

supports low affinity DNA binding with altered specificity, compared to the intact 

P O U  domain (ie. both the P O U g  and POUhd)- The P O U g  is needed for high 

affinity site-specific binding and its presence increases binding affinity for 

specific promoter sites of Pit-1 and Oct-1 up to 1000 fold (Ingraham et al., 

1990).

The sequence and structure of diverged homeodomains, Antennapedia, 

engrailed  and M ato2 has shown that there is a set of residues which is highly 

conserved among all homeodomains, including the homeodomain of P O U  

proteins. These determine the folding of the molecule and m ake critical 

interactions with DNA. The homeodomain consists of three a  helices, the 

second and third of which form a helix-turn-helix motif common to many DNA  

binding proteins even procaryotic repressors. As mentioned in section 4.1, 

helix 3, the recognition helix, makes contact with the major groove of DNA and 

contains the W FC  region, so-called after the amino acids contained (Trytophan, 

Phenylalanine, Cysteine). It is the W FC  region which is the most highly 

conserved region among all homeodomain proteins. The three basic amino 

acid clusters at the amino end of P O U g  (helix 1) and at the amino and carboxy 

termini of the POUhd (helix 3 W FC  region) serve critical functions in high affinity 

DNA binding. Site directed mutagenesis has shown that mutation here 

abolishes high affinity binding (reviewed by Rosenfeid, 1991).
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Figure 4.3. Schematic diagram of the Oct-1 POU domain bound to the histone H2B 

octamer sequence (from Herr and Cleary, 1995). POU g Is shown In red, POU is 

show In blue and the linker In gold. (N) amino terminus and (0) Is carboxyl terminus.

The naturally occurring mutations in mouse and human Pit-1 support the 

mutagenesis data. Point mutation in the Pit-1 gene of the Snell dwarf mouse 

in the W FC region in helix 3 (G to T, changing the highly conserved trytophan 

to a cysteine) abolished binding to a high affinity Pit-1 target site and as a 

result, antisera could not detect the synthesis of growth hormone (GH), 

prolactin (PPL) and thyroid stimulating hormone (TSH), (Li et al., 1990). 

Tatsumi found a point mutation converting an arginine residue in the POUg to 

a stop codon; this results in the production of a truncated peptide completely 

lacking a functional homeodomain. The resulting phenotype in the humans was 

again combined pituitary hormone deficiency (Tatsumi et a!., 1992). Other 

naturally occurring mutations have indicated regions important in transcriptional 

activation; Radovick detailed a point mutation outside the W FC region and 

outside the a  helical domain which did not lower the binding of Pit-1 to the GH 

gene promoter. However, constructs containing GH, or other specific
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promoters fused to a luciferase reporter showed that the mutant protein did not 

activate transcription but actually inhibited basal levels of transcription 

(Radovick et al., 1992). Similarly a mutation in the first a  helix of POUg, 

A 158P , had only a minimal effect on DNA binding but resulted in very much 

reduced transcriptional activation of target promoters (Pfaffle eta l., 1992). Both 

of these point mutations indicate that the mutated residues are important in 

transcriptional activation in the Pit-1 protein.

The A 158P  mutation is particularly interesting because it is highly informative 

concerning the different functions of the Pit-1 protein; the other mutations in 

murine and human Pit-1 caused combined pituitary hormone deficiency as well 

as pituitary hypoplasia in which somatotrophs, lactotrophs and thyrotrophs 

failed to develop, but the patients described by Pfaffle had normally sized 

anterior pituitary glands on magnetic resonance scanning. Thus the A158P  

mutation preserved the function of the Pit-1 protein to stimulate differentiation 

and growth of specific cell types but abolished its promotion of pituitary 

hormone synthesis. Furthermore, whilst the other mutations caused combined 

pituitary hormone deficiency (GH, PPL and TS H ) the A158P mutation caused  

GH and PPL deficiency but allowed a normal thyroxine (T4) level initially, in a 

family homozygous for this mutation. This tells us that Pit-1, and possibly other 

PO U proteins, have several roles - differentiation of neuronal cell phenotypes, 

m aintenance of specific cell phenotypes, and promotion of the synthesis of 

other proteins, and that transcriptional activation by PO U proteins may involve 

residues within the POU domain where some functions are concerned.

4.4.7. Mutations in Brain4 /  POU3F4 in X-Linked Deafness.

In family 9 a point mutation causing a C to T  transition at position 312 of the 

predicted protein was established by sequencing, restriction enzyme digestion 

and segregation of this change with phenotype. This results in an alanine to 

valine change substitution in the homeodomain region of the predicted protein. 

This alanine residue is situated in helix 2 and is completely conserved in all 

POU homeodomains sequenced to date (see figure 4 .2). This includes 

antennapedia  and ultrabithorax of Drosophila but not the engrailed  or M ato 2  

homeodomains, where it is replaced by a serine and a methionine respectively.
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W hy alanine 312 is completely conserved in the POU homeodomain but less 

so in other classical homeodomains is not known. X-ray crystallographic 

studies of Oct-1 indicate that helix 2 plays no part in DNA contact (Klemm et 

al., 1994). Indeed the fact that an alanine is not present in all classical 

independent homeodomain proteins in which the homeodomain alone confers 

binding specificity, and that it is not even replaced by the sam e amino acid in 

these proteins also suggests that it has no role in DNA binding. However, it is 

known that POU domain proteins may interact with other proteins to activate 

transcription; the herpes simplex virus VP 16 gene product, which cannot bind 

DNA by itself, recruits Oct-1 into a complex to transactivate viral genes. VP 16  

discriminates between Oct-1 and Oct-2  due to amino acid differences in the 

homeodomain, one of which is immediately adjacent to the alanine at position 

312 (Stern at a/., 1989). Perhaps, the base substitution seen in this family 

causes failure to bind to co-operative proteins needed for the transcriptional 

activation of downstream targets. It is also possible that this residue is itself 

involved in transcriptional activation of target genes. Elucidation of the 

functional consequence of this mutation will have to await expression of the 

human PO U 3F4 protein, in order to perform DNA binding and transcriptional 

activation studies.

In family 10, the effect of the mutation, a four base pair deletion at bases 863- 

865 in helix 1 of the predicted homeodomain, is easier to anticipate. The  

resulting frameshift is likely to result in a peptide with no DNA binding activity 

at all since the entire recognition helix will be affected. Although the POUg can 

itself bind to DNA effectively, both the POUg and POUhd recognise the target 

sequence; absence or missense of the homeodomain will allow the POUg to 

recognise half of the target sequence only.

This is well illustrated by studies of the recognition sequence of the Oct-1 

protein. Oct-1 and Oct-2  were so-called because of the octamer sequence to 

which they bound. The octamer motif (ATGCAAAT) is a DNA sequence, a 

transcription regulatory element found in the promoter and enhancer regions of 

many genes (reviewed by Scholer, 1991). For some POU proteins, the 

octamer sequence may not be their preferred binding site, but the example of

190



Oct-1 illustrates the importance of binding of both the POUhd and POUg 

domains and why the mutation in family 10 could be so deleterious; 

immobilised Oct-1 POUg and POUhd were used to select binding sites from a  

pool of random oligonucleotides (reviewed by Verrijzer and Van der Vliet, 

1993). Each of the domains was found to have a different sequence specificity. 

The POUg domain bound most strongly to the sequence:

5' AATATG TCA 3'

The PO U hd preference was less stringent

5' RTAATNA 3'

Alignment shows that these correspond to the left half and the right half of the 

octam er sequence:

ATG CA AAT consensus octamer motif.

a^^T ATG C^jAAT^^t Optimal Oct-1 POU domain recognition

sequence.

AAT A T ^ jC A  POUg recognition site.

RT AATNA POUhd recognition site.

Without a functional homeodomain, the mutant P O U 3F4 protein will be unable 

to recognise and bind to its target sequence.

The mutation K202stop, determined in Holland, found in family 6  is due to a  

four base pair deletion at the beginning of the POUg domain. It occurs in a  

position in the gene where the tetranucleotide CAAA is present in tandem  

(figure 3 .3 2 ) and may be the result of a slippage of the replication machinery 

at this point. The ensuing frameshift mutation will result in a protein which has 

a non-functional POUg and POUhd and will be unable to bind DNA at all.

The mutation L317W  in family 5, also characterised in Holland is interesting.
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The mutation occurs in a residue situated between helices 2 and 3 of the 

homeodomain, but not actually in helix 3 which is so crucial for DNA contact 

and binding. It is part of the "turn" in the HTH, helix-turn-helix, motif common 

to many transcription factors. This residue is highly conserved and is 

substituted for a methionine only in the POU domain factors Oct-1 and Oct-2 , 

although a lysine is still seen in the three ’classic’ homeodomain sequences 

MATo2, en and Antp. Substitution of tryptophan, a bulky amino acid with an 

aromatic side chain, at this position may well have an adverse effect on the 

tertiary structure of the protein in the turn between the two helices which allows 

the homeodomain to sit in the major groove of DNA. Again its precise 

functional effect will have to await DNA binding and transcriptional activation 

studies.

W hat is notable, when considering the mutations seen in the POU3F4 gene, is 

that all those described to date occur in the POU domain of the predicted 

protein. None have yet been described in the putative transcriptional activation 

region or in any other part of the gene.

4.4.8. Families with no mutation in POU3F4.

Several of the families or individuals with X-linked deafness studied during the 

course of this work have the characteristic phenotype of those with mutations 

at the DFN3 locus but have no mutation in the POU3F4 gene. These families 

or individuals fall broadly into three groups:

i) Patients with the developmental abnormality of the ear who have 

microdeletions or other aberrations close to POU3F4 (section 3 .9 .3 . and table 

3.9). These do not disrupt the POU3F4 gene and the gene sequence shows 

no evidence of point mutation -

- family 2 , who have been found to have a duplication 150 kb centromeric to 

the POU3F4 gene,

- family 7 who have a microdeletion 20 kb away, associated with a paracentric 

inversion.

- family 8 with a deletion 400 kb away,

- the patient described by Dahl et a i, 1995, with a deletion more than 500 kb
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from PO U3F4,

- the family described by Wallis et a/., 1988 (patient 1/10 in figures 3 .16  and 

3.25), with a deletion 15 kb away, (the first linkage study mapping the gene  

responsible to Xq21).

ii) Patients who have the developmental abnormality of the ear, but who have 

no DNA rearrangements and in whom the sequence of the P O U 3F4 gene is 

normal -

- individual M.A. (see section 2.2 .15.) who has a characteristic C T scan,

- family 3 with a characteristic C T scan (table 3 .9 ),

- the family described by Thorpe et a/., 1974, with a case of gusher at surgery 

and an abnormal C T  scan,

- the family described by Brunner et al., 1988, with a gusher at surgery, (also 

a family used In one of the original linkage studies).

iii) Patients with normal ear morphology in whom the gene(s) appear to map to 

this region (table 3.9)

- family 4  who independently achieve a lod score over 3 with markers from the 

Xq21 region,

- family 1 , consistent with linkage to this region.

In fact 7 mutations have been found to date in the PO U 3F4 gene (de Kok et 

al., 1995 and this thesis) and there are 9 further families /individuals with the 

sam e phenotype in whom no mutations have been found ie. groups i) and ii) 

above. In cases such as this where the rate of detection of disease-causing  

mutations is relatively low, additional mutations may be found in the non-coding 

regions of the genes such as introns, or rarely, promoter regions. The  

promoter is a region immediately upstream of the transcription initiation site, 

which consists of binding sites for transcription factors and the basic 

transcription machinery. A few of the uncharacterised mutations may be 

accounted for by mutations in the promoter of the gene. As this is thought to 

be an intronless gene and belongs to a class of similar genes, the remaining 

mutations must be accounted for by alternative hypotheses. Possible 

explanations include:
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i) There is more than one gene in this region mutation in which causes the 

temporal bone abnormality.

ii) The entire coding sequence of the gene has not yet been isolated and more 

mutations may be found in the unidentified regions.

iii) There is a position effect on the expression of the PO U 3F4 gene,

i) The presence of another gene.

It is possible that there is more than one gene in this region, mutation in which 

causes deafness together with the same phenotypic consequences as 

mutations in the PO U 3F4 gene (ie. temporal bone defect). Certainly the 

deletion in patient D20 does not overlap that of patient G 8314 from family 8. 

Linkage studies in families with the same phenotype have not indicated the 

presence of more than one locus, which would imply that a second gene, if 

present must be close to PO U3F4. Patients whose deletions potentially span 

both critical regions, such as patient SD (Reardon eta l., 1992) whose deletion 

was mapped by Dahl at a!., 1995, might be expected to have a more severe 

phenotype. However, the radiological appearance of this individual was 

reported to be "exactly resembling the findings in cytogenetically normal 

patients from pedigrees with X-linked deafness " (Reardon at a/., 1992). 

Furthermore, the patient reported by Tabor at a!., (1983) whose cytogenetically 

visible deletion also encompasses both the PO U 3F4 gene and a second 

putative region (defined by G 8314 from family 8 and the patient ML reported 

by Dahl), who would therefore be deleted for two deafness genes, is in fact not 

deaf at all. One has difficulty reconciling this patient's phenotype with deletion 

of P G U 3F4 but would have even more difficulty if there were to be two genes  

deleted, both without effect on the patient’s hearing unless deletion of two 

genes somehow cancelled out the effects of a mutation in either.

It must be quite likely that there is at least one other gene in this region, 

mutation of which causes deafness. Dahl mentions a single CpG island 

centromeric to PO U3F4 (Dahl at a!., 1995) between DXS26 and DXS169. One  

might account for the remaining patients with temporal bone defects if there
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were a position effect on the PO U 3F4 gene (the patients without chromosomal 

aberrations might have point mutations in an enhancer or locus control region 

(discussed in iii) below) but it would be difficult to explain those patients who 

have only sensorineural deafness without temporal bone defects. A simple 

reduction in expression of the PO U 3F4 gene is unlikely to cause two different 

phenotypes. The alternative might be that mutations in a second gene, which 

is defined by a second region of overlapping microdeletions, might also give 

rise to temporal bone defects, and that mutations in a  different domain of this 

unknown gene might cause sensorineural deafness alone. Although the 

genomic region covered by two overlapping YACs (figure 3 .25) was screened  

for coding sequences by a variety of methods (exon trapping, cDNA selection, 

and screening of cDNA libraries with cosmids - I. Huber PhD thesis, 1995) 

when the distal breakpoints of patients G 8314 and 11/7 are considered, which 

have not yet been mapped, and that of the patient ML (Dahl et a/., 1995), a  

region of common deletion in these patients has not been searched for coding 

sequences. Only then can it be said that there are no other genes in this 

region.

ii) The entire coding region of POU3F4 may not have been isolated.
During the identification of the human PO U 3F4 gene, a human P O U 3F4  

fragment was obtained by PCR of human genomic DNA using primers based 

on the sequence of the murine brn-4 gene (work done in Nijmegen). This 

fragment was used to screen a human fetal brain cDNA library and six 

overlapping clones were obtained. Sequencing of the clones revealed an open 

reading frame with no potential splice sites, which is highly homologous to the 

rat and mouse proteins at the amino acid level. The sequence is shown in 

figure 3.32. Based on the close sequence homology with the rodent genes, 

and with other class III POU genes, the human PO U 3F4 gene is also thought 

to be intronless (section 4.1.6.).

However, it is possible that the entire protein coding region of the gene has not 

yet been isolated and that there may be a 5 ’ exon upstream of the sequence  

shown in figure 3.32. This is unlikely to account for all of the patients in whom  

mutations have not yet been found, otherwise the structural gene would have
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to span hundreds of kilobases. The frequency of the disease does not suggest 

that this is the case, but there are some points worth considering:

The class IV POU domain genes brn-3a, -3b  and -3c  (also called brn-3.0, - 3 .2  

and -3.1  respectively) show a high degree of sequence homology with each 

other, and with the genes unc-86 from C.elegans  and l-POU from 

D.m elanogaster (Jhe\\ et a!., 1993). Mouse brn-3a  and brn-3c\Nere  found to 

both contain a single intron in the same position; brn-3a  gave rise to two 

transcripts, the shorter one transcribed from a start site within the second exon, 

and the longer one consisting of the entire coding sequence of both exons 

spliced together. brn-3b  however was thought to consist of a single exon but 

later emerged also to have an additional exon 5 ’ to the single one described 

originally (Xiang et a!., 1993). This first exon is spliced into the middle of the 

second exon and the first few amino acids encoded by the beginning of the 

second exon are spliced out of the mature transcript (Theil e ta l., 1994; Xiang 

et al, 1993). Thus it is possible that a similar situation exists with the PO U 3F4  

gene and that there is more coding sequence, although constraints imposed by 

a 3 ’ splice site necessitate a run of pyrimidines prior to the actual splice point, 

constraints which may be quite difficult to fulfil (Shapiro and Senepathy, 1987). 

The original brn-3b  sequence was derived from the ND7 neuronal cell line 

(Lillycrop et al., 1992), mouse embryonal spinal cord, (Theil et al., 1994) and 

human testis (Ring and Latch man, 1993) and the additional exon was 

discovered by sequencing clones derived from a different tissue, that of retina 

(Xiang et al., 1993) and confirmed in the mouse teratocarcinoma cell line F9 

(Turner et al., 1994).

In situ hybridisation and Northern blots in rodents suggest that the brn-4  gene  

is expressed only in the developing and adult brain. RT PCR however detects 

expression in the human fetal kidney at 6 and 8 weeks (de Kok et al., 

unpublished) and in an embryonic kidney cell line (section 3.10). The  

homologue of the murine brn-4 gene in Xenopus, X L P 0U 2 , is expressed in 

both brain and kidney (Agarwal and Sato, 1991). For many genes, including 

POU genes, different tissue-specific transcripts have been identified (Voss et 

al., 1993; D ’Souza et al., 1995). If this were the case for the PO U 3F4 gene, 

one would have to postulate the existence of an unidentified 5 ’ exon which is
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spliced into or onto the existing coding region, rather like the way in which an 

additional exon is spliced into the middle of exon 2 of brn-3b or the way in 

which the longer brn-Sa transcript is produced from the genomic sequence as 

described above (Theil et al., 1994). Examination of the Northern blots of 

Agarwal and Sato appear to show a second w eaker transcript of XLPO U2, the 

Xenopus homologue of murine brn-4, after washing at high stringency. 

XLPO U 1, also a class III POU protein, appears to show two c/ear transcripts 

on Northern blots with the larger transcript being localised to the head region 

only. It is not possible to tell from the data published whether the transcripts 

of X L P 0U 1 are due to spliced transcripts or the result of alternative 

polyadenylation signals. Perhaps there are tissue specific isoforms of 

PO U 3F4? Although there is no work published on the expression of PO U 3F4  

in the developing human brain and ear, there is some data (in abstract form) 

suggesting that a POU-domain gene is expressed at high levels in the 

developing human kidney and that this protein is highly homologous to the 

murine brn-4 protein, differing at its amino and carboxy termini (Burrow of a!., 

1995). It is possible that this sequence difference might represent more 

unidentified coding region of the PO U 3F4 gene. Alternatively it might represent 

a P O U 3F4 homologue, and its precise genomic location would be of great 

interest!

iii) Position effect

Chromosomes consist of visibly distinct regions which are due to differences 

in condensation and composition. These regions are also functionally different 

in that euchromatic regions are rich in single copy sequences and genes 

whereas heterochromatic regions are full of repetitive sequences with few  

genes. In Drosophila, genes which are juxtaposed to heterochromatin by 

chromosomal rearrangement are frequently inactivated. This is thought to be 

due to the spread of the heterochromatic state along the chromosome, the 

extent of spreading varying from cell to cell to produce mosaic expression of 

genes. This is called position-effect variegation (reviewed by Reuter and 

Spierer, 1992).

Transcription factors bind to short sequences of DNA in promoter regions (often
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8 or 10 base pairs of DNA, with some flexibility in recognition sequence). In 

large genomes such combinations of sequence might occur by chance, and 

transcription factors might bind and activate nearby genes inappropriately. 

Chromatin structure might therefore serve as an additional layer of 

transcriptional control. There is evidence that chromatin structure does 

influence transcription (reviewed by Dillon and Grosveld, 1994):

Sequences around actively transcribed genes are more accessible to the 

action of DNase I than are those around inactive genes, and electron 

microscopy studies show that chromatin is more extended in transcriptionally 

active regions. DNA which is packaged into nucleosomes is digested by low 

concentrations of DNase I into fragments that are multiples of 200 base pairs. 

In transcriptionally active regions however, much smaller, irregular pieces of 

DNA are produced by digestion and the susceptible regions extend several 

kilobases beyond the coding regions of the gene. This increased susceptibility 

of DNA to digestion implies that there are fewer nucleosomes or that the 

nucleosomes have an altered structure.

Deletion of the histone H4 gene in S.Cerevisiae  leads to constitutive 

expression of a number of genes which implies that nucleosomes have a 

normal role in repression of transcription. Modification of histones by 

acétylation in vitro is also associated with facilitated access of transcription 

factors to nucleosomal DNA. Furthermore, the positioning of nucleosomes in 

some genes is associated with repression of transcription, and nucleosome 

structure is disrupted in the transcriptionally active state.

Simplistically, it is possible that in the patients with microdeletions around X q 21 , 

the PO U 3F4 gene becomes juxtaposed to a heterochromatic region, or 

chromatin environment, which renders it transcriptionally silent, similar to the 

position effect variegation in Drosophila. In the yeast, Saccharomyces  

Cerevisiae, position effects have also been observed near heterochromatic 

domains such as telomeres, and genes located near or within these domains 

may be transcriptionally inactive and show variegation. Furthermore the extent 

of transcriptional silencing is increased by reducing proximity between the 

telomere and the promoter of a gene, and by mutations which reduce the 

strength of the promoter (Renauld et al., 1993).
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Alternatively, it might be that centromeric deletion removes an enhancer 

sequence needed for the expression of the PO U 3F4 gene. An enhancer is a  

sequence which increases transcriptional activity from the promoter of a gene  

and typically contains a collection of sites capable of binding activating, or 

repressing, factors (Dillon and Grosveld, 1993). The binding of such factors to 

transcriptional control regions can be detected by the presence of alterations 

in chromatin structure detected as DNase I hypersensitive sites. Many of these  

hypersensitive sites colocalise with transcriptional enhancers at their normal 

chromosomal localisations. Situations analogous to the deletions observed in 

some of our patients upstream of PO U 3F4 have been described at the pglobin  

locus; a naturally occurring deletion (the Hispanic deletion) which removes 

sequences located 60 kb upstream of the human Pglobin gene cluster, causes 

failure to transcriptionally activate the cis-linked p-like globin genes at any 

developmental stage, resulting in clinical (yÔ(^° thalassaemia in the presence 

of structurally intact genes (Forrester et al., 1990). In normal erythroid cells, 

the entire P globin gene cluster, whether transcriptionally active or not, is 

sensitive to DNase I, indicating that the locus may exist as a single large ’open’ 

domain in erythroid cells. In a patient heterozygous for the upstream deletion, 

the normal allele was DNase I sensitive, early replicating and transcriptionally 

active whereas the one harbouring the deletion was DNase I resistant, late 

replicating in erythroid cells and transcriptionally silent, implying that deletion 

of this upstream region has altered the tissue-specific chromatin structure. The  

changes in chromatin structure and replication caused by this deletion extend 

over a region of about 200 kb. This region, entitled the Locus Control Region, 

is not therefore just affecting transcription as in the case of an enhancer, but 

also replication and general chromatin structure.

W hatever, the precise mechanism, it is certainly possible that the chromosomal 

rearrangements around P O U 3F4 influence its expression. Although 

experiments supporting position effects have been conducted mostly in 

organisms other than vertebrates, there are now examples of human disease 

caused by apparent position effects, which are distant from structural genes. 

Two translocations, 85 kb and 125-185 kb distal to the PAX6 gene result in 

aniridia (Fantes at al., 1995) and translocations 50-100 kb distal to the SO X9
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gene result in campomelic dysplasia and sex-reversal (W agner et al., 1994). 

In the latter example the phenotype of the translocation patients was reported 

to be milder than those with mutations in the coding region, implying that the 

chromosomal rearrangement disrupted a distal regulatory element. The Snell 

W altzer mouse, a deaf mouse mutant, is another example of possible position 

effect; an inversion which does not interrupt the coding region of the structural 

gene myosin VI, causes the same phenotype as a point mutation within the 

gene. (Avraham et al., 1995). The inversion does not abolish expression of 

the gene at the mRNA and protein levels but considerably reduces it, again 

suggesting an alteration in a regulatory element.

4.5. Future work.

Teasing out which of these factors accounts for the unexplained cases of X- 

linked deafness will not be simple, due to the difficulty in performing expression 

studies particularly in humans. It might be possible to examine the chromatin 

structure in the region around PO U3F4 in normal individuals and those with X- 

linked deafness and chromosomal rearrangements, to see whether there is 

evidence for an altered chromatin environment. Precise physical mapping of 

the unexplained chromosomal aberrations might also be informative; the 

occurrence of non-overlapping deletions would mean that the disruption of an 

enhancer sequence some distance proximal to the gene is unlikely to account 

for all the remaining cases. W hat is required ideally, is access to a tissue in 

which PO U 3F4 is normally expressed in the adult, and to measure levels of 

expression in patients who have chromosomal rearrangements compared with 

controls. A normal level of PO U3F4 expression in these patients, combined 

with the sam e chromatin structure as in patients with PO U 3F4 point mutations, 

would suggest either the presence of another gene or more coding region of 

the PO U 3F4 gene. At present however, the only tissues known to express 

PO U 3F4 in humans are the fetal brain and kidney and the adult brain, and 

therefore examining factors that might quantitatively influence expression levels 

is not straightforward.

Creation of a knockout mouse may yield some useful information on PO U 3F4  

expression; in order to examine the effects of deletions proximal to the
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structural gene, mouse mutants each with a different structural rearrangement 

would need to be made, to define which chromosomal regions are needed for 

efficient transcription of the PO U 3F4 gene. Transgenic mice have been used 

extensively to study the way in which the LCR influences transcription of the p  

globin locus. Targeted deletions of particular parts of the LCR and replacement 

with a selectable marker gene, using homologous recombination in murine 

embryonic stem cells, appeared to result in reduced expression of all the P 

globin-like genes with homozygous mice exhibiting embryonic lethal 

thalassaem ia (Fiering eta l. 1995). However, removal of the selectable marker 

in embryonic stem cells harbouring the homologous recombination event, 

showed that deletion of the LCR element alone resulted in nearly full 

expression of the P globin-like genes and that the thalassaemic phenotype was 

caused by introduction of the selectable marker. Thus although elements of the 

LCR may demonstrate significant regulatory activity in a variety of assays, 

when using homologous recombination to analyze complex regulatory elements 

in vivo, the inserted selectable marker should be removed to avoid influencing 

the phenotype of the mutation.

Other avenues of investigation include an assay of segments of chromosomal 

DMA from the Xq21 region to see whether segments proximal to P O U 3F4 have 

enhancer properties on the P O U 3F4 promoter. Y  AC DMA from the putative 

regulatory region can be electroporated into mammalian cells which express 

PO U 3F4, such as the embryonic kidney cell line 293, and its effect on a 

reporter gene assessed, (ie. a luciferase gene fused to the P G U 3F4 promoter) 

compared with the effect of VAC DMA from a control region of the genome  

(Elicieri et al., 1991). This is not dissimilar to the principle proposed for 

investigation of the position effect on the PAX6 gene where it is planned to 

introduce human VAC clones containing different amounts of 3 ’ flanking DMA 

into mice and testing their ability to correct the small eye phenotype (Fantes at 

al., 1995).

4.6. Implications for the classification of X-linked deafness.
Mutation detection in these families has finally proven that a classification of X-

201



linked deafness based on the audiogram alone is no longer meaningful. 

Glasscock suggested that rapid progression of the sensorineural component of 

the hearing loss might mask a conductive element in these cases of non- 

syndromic X-linked deafness (Glasscock eta l., 1973), and the case reports of 

patients with contiguous gene deletion syndromes reported patients with both 

mixed deafness and sensorineural deafness (Merry etal., 1989; Reardon etal., 

1992b; Schwartz et al., 1988). Phelps pointed out that families with mixed and 

sensorineural hearing loss both showed temporal bone abnormalities (Phelps 

et al., 1991) but despite this, only male patients with m/xed deafness were  

thought to be at risk of a  perilymphatic gusher and the old classification of X- 

linked deafness based on audiogram has persisted; McKusick refers to the 

condition as X-linked mixed deafness with perilymphatic gusher at stapes 

surgery (McKusick, 1992).

Two families with sensorineural deafness, as well as families with a  mixed 

hearing loss, have now been found to have mutations in the PO U 3F4 gene 

(family 6 and family 9) and all families in whom mutations have been found in 

the PO U 3F4 gene have a temporal bone abnormality. Conversely, it is likely, 

although not yet proven, that all patients with temporal bone abnormality will 

turn out to have mutations either in PO U3F4 itself or in sequences that 

determine its expression.

For families in whom an X-linked pattern of inheritance is likely or even 

possible, what is the most informative test to perform from the point of view of 

genetic counselling? If one screens the PO U 3F4 gene, the absence of 

mutation does not exclude this locus or region of the X  chromosome as bearing 

the causative mutation, because less than 50%  of those who have the C T  scan 

abnormality have a characterised mutation (section 4.1.7.). The absence of a  

mutation in the PO U 3F4 gene does not exclude microdeletions centromeric to 

P O U 3F4 and mutations in the promoter or enhancer. Also, in which patients 

would one screen the PO U 3F4 gene for mutations? Screening the gene in 

males with mixed deafness would exclude all those with sensorineural deafness  

as indicated here, but screening of all males with severe and profound, 

congenital or early onset, sensorineural or mixed deafness, would mean that
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a great deal of deaf males would fall within this category and only a few would 

turn out to have PO U 3F4 mutations (X-linked deafness accounts for only about 

5%  of males with congenital deafness - Fraser, 1976). Thus for genetic 

counselling purposes, the most valuable examination in a male whose history 

is consistent with X-linked deafness (particularly if there are vestibular 

symptoms or late onset of walking, or absent stapedial reflexes) is a C T  scan 

of the petrous temporal bone. If positive, this will enable genetic information 

to be given to the greatest number of families. In current audiological practice 

this is now a routine investigation regardless of family history or even sex, 

performed in order to ascertain the cause of profound or progressive deafness, 

and the suitability of the child for cochlear implant. C T scan results will divide 

boys into those in whom a mutation in PO U 3F4 should be sought, who have 

the characteristic developmental abnormality of the cochlea, and those who 

should await the identification of other genes for further genetic counselling. 

The families of boys with positive C T scans in whom mutations in the PO U 3F4  

gene are identified can be offered accurate genetic counselling based upon 

mutation detection. The families of those with the temporal bone defect but 

with no mutation identified in PO U3F4, may be offered carrier detection based 

upon linkage analysis, until further information regarding elements controlling 

the expression of PO U3F4, or other genes in this region, is available.

In conclusion, our initial objectives of identifying gene(s) responsible for 

deafness in order to be able to offer accurate genetic counselling to families 

with X-linked deafness, and that of gaining some insight as to why mutation in 

genes such as these causes deafness, has been partially realised. A few years 

ago, particularly before the description of polymorphic microsatellites, the 

genetic heterogeneity of deafness seemed to be an insurmountable problem in 

the mapping and subsequent identification of causative genes. Different 

research groups used alternative approaches to try and overcome this problem; 

our group decided to work on a rare form of deafness (X-linked), in the hope 

that genetic heterogeneity would be less of an obstacle, and in which there 

were already clues as to the chromosomal and sub-chromosomal localisation 

of the causative gene(s). It was hoped that the decision to study such a rare 

clinical entity would be justified by the eventual application of the knowledge
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gained to other more common forms of deafness.

Several years on our approach has yielded some results: mutations have been 

found in the PO U 3F4 gene and accurate counselling is now possible in some 

families; in other families mutation detection should become available since the 

causative mutations lie within a  well-defined region of X q 21. By screening this 

region for coding sequences and for genomic sequences which are involved in 

the regulation of gene expression, we may hopefully elucidate the nature of 

mutations in remaining families and learn more about regulation of gene 

expression in general. W e know something of the structure and function of 

PO U domain genes through the work of other groups on transcription factors 

but we still do not understand why loss of function of PO U 3F4 causes deafness  

and ear malformation. However our hope that the application of knowledge 

gained through the study of rare diseases to more common conditions may be 

borne out; it is known that there are many members of this gene family 

scattered throughout the genome some of which are expressed in the 

developing ear and brain, and mutation of some members of this gene family 

both in humans and in other organisms causes disruption in developmental 

pathways. It remains to be seen whether more POU domain genes are 

implicated in other forms of deafness, particularly the morphogenetic types, in 

humans.
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Abstract
We have used three highly polymorphic 
microsatellite repeats from Xq21 to type 
families in whom a gene for X linked deaf
ness with perilymphatic gusher (DFN3) 
was segregating. All three markers were 
tightly linked to the disease in its ra
diologically normal and abnormal forms, 
with a maximum lod score of 10*37 with 
DXS995 and 8*44 with DXS986 at zero re
combination, and 14*03 with DXS1002 at 
0 = 0*01. In an isolated case o f deafness of 
this type, DXS995 indicated either the first 
recombination observed between the 
marker and the disease gene or a new 
mutation in the proband. Southern blot
ting using a cosmid fragment from the 
candidate region has confirmed a de novo 
mutation by showing a deletion in the 
proband which is not present in his mother 
as judged by dosage analysis. We also de
scribe a family with a paracentric in
version associated with a microdeletion 
and discuss how deletion mapping using 
these and other markers in the region has 
helped to define a candidate region for the 
gene.

{J M e d  Genet 1994;31:916-921)

In  clinical practice, deafness can usefully be 
classified into non-syndromic (in which there 
are no extra-auditory features) and syndromic, 
of which there are over 400 entries in the 
London Dysmorphology Database.’ X  linked 
deafness accounts for a small proportion of 
all non-syndromic genetic deafness, but it is 
nevertheless one of the best defined in terms 
of genetic and physical localisation. X  linked 
deafness was initially classified into four groups 
on the basis of the pure tone audiogram,^ but 
recent work has questioned the basis of that 
classification and proposes a radiological clas
sification instead.^ Phelps et al'̂  described a 
unique abnormality on the C T  scan of the 
petrous temporal bone in more than 50% of 
families with X  linked deafness which consisted 
of dilatation of the internal auditory meati and 
deficiency of the bone between the basal turn

of the cochlea and the internal auditory meatus. 
This abnormality has been shown to be con
sistent for affected males within each pedigree 
so that it was either present in all deaf males 
scanned or in none. The bony defect may 
explain the well described phenomenon of the 
perilymphatic “gusher” at stapes surgery since 
it proposes a communication between the cer
ebrospinal fluid and the perilymphatic space. 
Whether there are two genes in Xq21 causing 
deafness accounting for the two radiological 
types, normal and abnormal, or whether there 
is a single gene in which allelic mutations may 
cause different pathology, is a question that 
will only be satisfactorily answered once the 
gene(s) have been cloned. What is clear from 
previous linkage studies is that deaf males with 
the typical bony abnormality on C T  scan have 
a mutation in a gene at Xq21 in what is des
ignated the D F N  3 locus. Other non-syndromic 
forms o f X  linked deafness without distinctive 
bony changes show linkage heterogeneity, with 
only some mapping to Xq21. O f the two re
ported famihes that do not map to X q 21 ,̂  ̂one 
family maps to X p l 1.3-21.1® and the other 
family maps to neither of these loci (un
published data). Only families in whom tte 
bony abnormality has been shown or families 
which have previously shown independent link
age to markers from X q l3 -2 1  have been ex
amined in this study.

Localisation of a major non-syndromic X  
linked deafness locus to the broad area X q l3 -  
q21 is supported by linkage data from severa 
groups,^ by analysis of cytogenetically visible 
male viable deletions with complex phenotypes, 
and the detection of microdeletions in un
related male patients with X  linked deafness. 
We now describe the use of three highly ui 
formative microsatellite repeats” to type sey^ 
families with this condition and show tig 
linkage to the gene. One of these markers, 
D XS995, was used to type an additional sma ̂  
kindred in which a deaf male showed the 
diological abnormality characteristic o 
linked deafness. The result indicated either 
first recombination seen with this m a r k e t  a^  ̂
the disease gene or a de novo mutation lU 
proband. Southern blotting subsequently 
confirmed that there is a deletion in this pati
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Figure 1 Pedigree structure of family 8. Autoradiograph shows the band pattern 
observed with DXS995. The mother is heterozygous and both brothers have inherited the 
same allele.

which appears to be de novo, since dosage 
analysis indicates that it is not carried by the 
patient’s mother.

Materials and methods
PATIENTS
Eight families with X  linked deafness were 
studied using the microsatellite repeats 
DXS995, DXS986, and D X S 1002 and all were 
screened for deletions using PCR primers for 
DXS26, which Bach et a/‘“ have already shown 
is deleted in some patients with D F N  3.

Families 1 to 6 have been described pre
viously  ̂as has family 7.  ̂Family 8 has not been 
reported previously and is shown in fig 1. All 
affected males in these pedigrees had severe to 
profound hearing loss of prelingual onset. In 
families 3, 4, and 5 hearing loss was mixed and 
in the remainder it was a pure sensorineural 
hearing loss. Syndromic forms of deafness were 
excluded on the basis of history and clinical 
examination. Several deaf males from pedigrees 
1 to 6 had a C T  scan of the petrous temporal 
bone. Affected males from pedigrees 2, 3, 5, 
and 6 showed the characteristic bony defect 
described by Phelps et al.'̂  The single male in 
family 7 who had a C T  scan has shown the 
typical appearance.  ̂Blood was taken from one 
affected male from each family for cytogenetic 
analysis.

Patient D 20‘  ̂ with a cytogenetic deletion 
of band Xq21, deafness, choroideraemia, and 
developmental delay, was examined ra
diologically.

DNA ANALYSIS
D N A  was extracted from peripheral blood 
lymphocytes by standard techniques.’’ D N A  
was amplified in the polymerase chain reaction 
(PCR) by primers flanking dinucleotide repeat 
polymorphisms. Reaction mix consisted of 
250 ng of genomic D N A , 50 pmol of each 
primer, buffer consisting of 1-5 mol/1 Tris 
pH 8 3, 1-5 mmol/1 MgCl;, 50 mmol/1 KCl, 
0 2 mmol/1 dGTP, dATP, dTTP, and
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0 02 mmol/1 dCTP, 1 pi o f’^P-dCTP (3000 Ci/ 
mmol) per 1 ml of reaction mix, and 1 unit of 
Taq polymerase (Bioline) in a reaction volume 
of 50 pi. Products were separated on a 6 % 
acrylamide 7 mol/1 urea denaturing gel at 60 W  
for two to three hours. Dried gels were exposed 
to X ray film (X-Omat, Kodak) for 24 hours.

Primer sequences for the three mi
crosatellites are as follows: DXS995: 5' 
A A G G G G CTG CTG A TG A TTA T 3' (for
ward) and 5' A A TG C G TTC C C C A A A TG T 3' 
(reverse). DXS 1002: 5' C TG C TA C C C TTT- 
A G T T C T C T C  3' (forward) and 5' 
T C C A TG TTG C TG C G A A  3' (reverse). 
DXS986: 5' C C TA A G TG CTCA TCA TCC - 
CA 3' (forward) and 5' A GCTCAATCCA- 
A G T TG C T G A  3' (reverse).

Conditions for thermal cycling consisted of 
dénaturation at 95°C for five minutes, followed 
by 30 cycles of 58°C (DXS995 and DXS986) 
or 56°C (DXS 1002) for 30 seconds, 72°C for 
30 seconds, and 95°C for 30 seconds, followed 
by a final extension step of 72°C for 10 minutes.

Primer sequences for DXS26 are: 5'
G G A G T T T G T T G G G T A T T T G C  3' (for
ward) and 5' G G A C A C TG A TTC TTA G A - 
TAT 3' (reverse). Cycling conditions consisted 
of initial dénaturation at 95°C for five minutes, 
30 cycles of 95°C for one minute, 58°C for T5 
minutes, 72°C for one minute followed by a 
10 minute final extension step of 72°C.

RADIOLOGY
Patient D20 and the proband from family 8 
underwent high resolution C T  scanning of the 
petrous temporal bones.

TWO POINT LINKAGE ANALYSIS 
Maximum lod scores (Zmax), and the max
imum likelihood estimate of the recombination 
fraction 0 (Omax), were calculated for the deaf
ness locus and each of the three markers 
DXS995, DXS 1002, and DXS986 using the 
computer programme L IP F D .’"* Marker allele 
frequencies were taken from the Genome Data 
Base. The frequency of the deafness allele was 
taken as 0-0001  with penetrance complete in 
males. Recombination fractions were converted 
to genetic distances by using Haldane’s map
ping function.

SOUTHERN BLOTTING
D N A  was digested according to the man
ufacturer’s instructions using FcoRI (NBL), 
separated using 0 -8 % agarose gels and blotted 
onto Hybond N  H- (Amersham). Probes were 
labelled using random hexanucleotides to a 
specific activity of 1x10^ cpm/ml with ot-’^P- 
dCTP (3000 Ci/mmol) and preannealed with 
human competitor D N A  (Sigma) if necessary, 
as described by Blonden et a/.”  Filters were 
washed in 3 x SSC/0-1% SDS for 20 minutes 
at room temperature, followed by a single wash 
with 0-1 X SSC/0-1% SDS at 65°C. Radioactive 
filters were exposed to phosphorimager screens 
for 24 to 96 hours and the radioactive signal
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Table 1 Pairwise lod scores between the disease gene (D F N  3) and marker loci in 
families with the characteristic radiological change

Recombination fraction 0

0 0 0001 001 0 0 5 0 1 0-2 0-3 0-4

DXS986 
DXS995 
DXS 1002

7 23 7 22
5 86 5 85
9 80 9 78

7 11 
5 75 
9 63

6 59 
5 31 
895

5 90 
4 73 
8 05

4 37
3 51 
613

2 65 0 92
2 21 0 96
3 98 1 70

Table 2 Pairwise lod scores between the disease gene and marker loci in families with 
normal radiology

Recombination fraction 0

0-0 0001 0-01 0-05 0-1 0-2 0-3 0-4

DXS986 
DXS995 
DXS 1002

1 21 
4 51
— X'

1 20
4 50 
3 49

118
442
4 40

1 09 
4 05 
4 71

098
3 55
4 49

0 72
2 49
3 65

0 44
1 41
2 53

015
0 52
1 22

Bitner-Glindzicz, de Kok, Summers, Huber, Cremers, Ropers, Reardon, Pembrey,  ̂

Results
Two point lod scores between each 
crosatellite repeat and the disease locus 
given in tables 1 and 2 . Results in table 1 refer 
to families who show the C T  scan abnormality 
and table 2 refers to families who have a norm^ 
C T  scan appearance. The maximum lod scores 
observed indicate that all these markers are 
tightly linked with the disease. No re
combinations were observed between the dis
ease and any of the markers in families with 
abnormal radiology, resulting in lod scores of 
9 80 at 0 =  0 for DXS 1002 , Zmax of 5 86 at 
0 =  0 for DXS995, and Zmax of 7 23 at 0 = o 
for DXS986. In those families with normal 
radiology no recombinations were seen be
tween DXS986 and DXS995 and the disease 
locus with lod scores of 1 2 1  and 4 51 re
spectively at 0 =  0 , and a single recombination 
was observed between the disease and 
DXS 1002 giving a Zmax of 4 71 at 0 =  0 05.

Fig 1 shows the result of microsatellite ana
lysis using DXS995 in family 8 . Both brothers 
have inherited the same allele from their 
mother. On PCR analysis, DXS26 was not 
deleted in this family. None of the families was 
found to be deleted for DXS995, but all the 
affected males from one family, pedigree 7, 
failed to amplify using PCR primers for DXS26 
(data not shown). Cytogenetic analysis has 
shown that a paracentric inversion (fig 2) at 
Xq 13-21 segregates with the deafness in this 
family in five out of five deaf males, two out 
of two obligate female carriers, but not with 
one hearing male tested or a pregnant female 
at 50% risk of being a carrier. Chromosome 
preparations were examined without the know
ledge of affected or obligate carrier status.

Patient D20 was found to be deleted for 
DXS995 and DXS 1002 but not for DXS986. 
D N A  showed no deletion of DXS26 by PCR. 
C T  scan of the petrous temporal bone showed 
bulbous internal auditory meati and a de
ficiency of bone between the basal turn of the 
cochlea and the internal auditory meatus in 
patient D20 and the deaf male in family 8 .

quantitated using a phosphorimager (M o
lecular Dynamics).

PROBES
Cosmid E l is a subclone of a YAC which spans 
DXS26.'^ Probe E l is the 3 7 kb fragment of 
an EcoRl digest of cosmid E l and required 
preannealing with sheared human placental 
DNA. Probe E3.9 is a control probe from 
chromosome 2 2 .

DOSAGE
Dosage was determined by measuring the ratio 
of radioactive signals from the test probe, E l,  
and a control probe E3.9 using a phos
phorimager. Normal males and normal females 
were used as controls for one and two copies 
of the X  chromosome and the mean ratio of E l/  
E3.9 signal was calculated for female controls. 
The E1/E3.9 ratio values for all samples were 
then normalised to this mean female value. Ten 
females and 15 males were used as normal 
controls. Samples from four obligate carriers 
from family 7 were measured and the mother 
of the proband in family 8 was compared to 
all of these subjects.

11.21 i l i *
11.2 JIJ-

para inv(X) para inv(X) para inv(X)

Figure 2 Two partial karyotypes of the pairs of X  chromosomes in one of the obligate carrier females with the IS C N  (International System for Hum an  
Cytogenetic Nomenclature) idiogram showing the paracentric inversion (X ) (ql3. Iq21.2).
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Figure 3 Autoradiograph showing band pattern generated with probes E l  (upper bands) 
and E3.9 (lower band) (A ) in family 8. Lane 1, mother of proband; lane 2, proband; 
lane 6, repeat loading of proband; lane 7, repeat loading of mother; lane 8, normal 
hearing brother of proband. Other lanes show normal controls. (B ) Eamily 7. Lane 1, 
affected male; lane 2, carrier of paracentric inversion; lane 3, obligate female carrier; lane 
4, obligate female carrier; lane 5, female with two normal X  chromosomes; lane 6, 
obligate female carrier.

120 r

100

X 80

60

40

o Control females 

□ Control males

o 0 o

8a ^
o
o

Subject

• • •

20^

Figure 4 Normalised signal ratios of E l  to E3.9 using 
the phosphorimager. Open circles =  control females, open 
squares =  control males, closed circles =  obligate female 
carriers from family 7, triangle= subject (mother of 
proband in family 8). Horizontal lines represent two 
standard deviations of the mean of the control values.

Southern blotting shows that males from 
family 7 were deleted for the probe E l as was 
the proband in family 8 (fig 3A and B). The

21.1

21.33

DXS1 (P8) 
pSPTPGK

DXS72
(pX65H7)

DXS95 (PXG7) 
DXYS1X (pDP34) 
DXS3 (p19-2)

919

11/7 D20 G8314

DXS 169 DXS986
DXS26

DXS232 DXS995 
DXS121 -|

J DXS1002

J L J  L

Obligate
carriers

B

Figure 5 Idiogram of the X  chromosome showing (A) 
probes previously used for linkage by Reardon et cd. (B) 
Markers described by Bach et al. (C ) Relative location 
of markers used for linkage in this study. (D ) Deletions of 
patients described in this paper. Patient G8314 is the 
proband from family 8. Patient IP  7 is an affected male 
from family 7. Information on marker order is taken from 
references 18 and 19.

normalised ratios of the relative intensities of 
probe E l to control probe E3.9, for four ob
ligate carriers from family 7, control subjects, 
and the mother of the proband in family 8 are 
shown in fig 4. The mean ratio for control 
females was 99-2% (SD =  5-7) and the mean 
ratio for control males was 53 6% (SD =  8 77). 
The value for the four obligate female carriers 
from family 7 lie within the control male range 
as expected for deletion carriers. In family 8 , the 
mother’s value falls within the control female 
range indicating that she has two copies of that 
region of the X  chromosome and that her son 
has a de novo deletion.

Discussion
We have used three polymorphic microsatellite 
repeats to type families in whom a gene for X  
linked deafness at X q21 was segregating. The 
location of these markers in relation to markers 
used previously for linkage in this condition is 
shown in fig 5, which indicates the proximity 
of the microsatellites used here to the disease 
locus, based on physical data from deletion 
mapping. Although all three markers are tightly 
linked to the gene for X  linked deafness, it is 
not possible to discern on linkage analysis alone 
which is the closer marker, since lod scores 
between both DXS995 and DXS986 and the 
deafness locus were maximum at zero re
combination in both sets of families. The one 
recombination observed probably occurs be
tween DXS 1002 and the disease locus in I IT  
in pedigree 1 (fig 6 ). Since 12 is uninformative 
for the other two markers it is not possible 
to determine whether recombination has also 
occurred between the disease and one or both 
of the other two markers and therefore to place 
it with respect to all three markers by multipoint 
mapping.

Since it is not yet known whether there are 
two genes at X q21 causing deafness, or a single 
gene in which allelic mutations can cause deaf-
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Figure 6 Pedigree of family 1 showing haplotypes for markers DXS986, DXS995, and 
D X S 1002. Recombination is seen between D X S 1002 and the disease locus, probably in 
I I I .
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herited the same maternal allele at DXS995 
this either indicated the first recombinatio ' 
seen to date, or, as dosage studies now support 
a de novo mutation. ’

The order of the three microsatellite markers 
has been determined by deletion mapping using 
cell lines, as cen-D XS986, DXS995 
DXS 1002,-tel.'® Affected males in family 7 
were deleted for DXS26 using PCR, and this 
familial deletion has been confirmed here on 
Southern blotting using probe E l (fig 4 ) 
more extensively by hybridisation with a panel 
of cosmids from a contig in the region. DXS26 
must lie centromeric to DXS995 and 
DXS 1002, as both of these microsatellite re
peats are deleted in patient D20 who has the 
large cytogenetic deletion of band Xq21 but 
who shows no deletion of DXS26 on PCR (fig 
5). This would place the disease locus for 
D F N  3, the “gusher” form of X  linked deafness, 
between DXS995 and DXS26; however, the 
deletion seen in the proband from family 8 
does not overlap with that of D20 who is not 
deleted for E l (data not shown) which indicates 
that the gene must lie in the region en
compassing DXS26 and DXS995.'®

The remaining question of whether or not a 
single gene can give rise to both phenotypes, 
radiologically normal and abnormal, seen in 
non-syndromic X  linked deafness cannot be 
answered until the gene is cloned. Frenz er 
provides in vitro evidence for an influence of 
the developing sensory epithelium on the form
ation of the otic capsule. It is conceivable that 
a protein produced in the epithelium has two 
roles dependent on different domains, one of 
which is concerned with induction of cartilage 
formation, the other with development of the 
sensory epithelium. Large deletions such as the 
contiguous gene case reported by Reardon ei 
aP' are associated with the bony defect, so the 
prediction is that absence of the whole gene 
product gives this phenotype. It is possible that 
some mutant peptides just cause the sens
orineural hearing loss.

ness with or without radiological change, we 
have considered our lod scores separately in 
these two groups of families. However, our data 
show that both groups are closely linked to 
Xq21 and cannot be distinguished on linkage 
analysis alone, as the maximum two point lod 
score is 5 86 with no recombinations in families 
with the radiological change, and 4 51 with no 
recombinations in families with normal ra
diology with the marker DXS995. Fur
thermore, one large family with normal 
radiology independently achieves a lod score 
greater than 3. Summation of the lod scores 
gives a Zmax of 10-37 at 0 =  0 with DXS995. 
The 95% confidence limits indicate that 
0 <0-05 for DXS995 (or within 5 cM of the 
gene) and <0-06 for DXS986 (or within 6 cM  
of the disease locus), calculated by subtracting 
one lod unit from the maximum lod score. 
What is clear from these data is that families 
with normal temporal bone radiology can link 
to Xq21. So although abnormal cochlear ra
diology indicates mutation in the D F N  3 locus 
at Xq21, a normal scan in a family with an X  
linked pattern of inheritance does not exclude 
mutation at this locus.

These markers may be useful for carrier 
ascertainment in families with a radiological 
change or a pedigree which is linked to X q21, 
until such time as the gene is cloned and direct 
mutation detection becomes possible, or in 
those families in whom mutation detection is 
elusive. Haplotype analysis suggests that 16 
females in our pedigrees would appear to be 
carrying the gene for X  linked deafness within 
these confidence intervals. Such information 
on carrier status is requested by women of child 
bearing age as illustrated by our experience 
with one female who enquired about further 
information on her carrier status after becoming 
pregnant. Advice from audiological colleagues 
regarding early testing, diagnosis, and provision 
of hearing aids in a child with severe hearing 
impairment and the subsequent improvement 
in language development has encouraged some 
of these females who may be carriers to seek 
more information. The possible use of these 
markers by gene tracking in the diagnosis of 
severe to profound deafness in the baby sons 
of carrier mothers may lead to early intervention 
and auditory training. The predictive value 
of these tightly linked markers has been well 
illustrated in family 8 . As both brothers in-
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Abstract
The locus for X linked recessive myo
tubular myopathy (MTMl) has previously 
been mapped to Xq28 by linkage analysis. 
We report two new families that show re
combination between MTMl and either 
DXS304 or DXS52. These families and a 
third previously described recombinant 
family were analysed with two highly poly
morphic markers in the DXS304-DXS52 
interval, the DXS455 VNTR and a newly 
characterised microsatellite, DXS 1684 
(82% heterozygosity). These markers did 
not recombine with MTMl in the three 
families. Together with the recent map
ping o f an interstitial X chromosome de
letion in a female patient with moderate 
signs of myotubular myopathy, our data 
suggest the following order of loci in Xq28: 
cen-DXS304-(DXS455, MTM1)-DXS1684- 
DXS305-DXS52-tel. This considerably re
fined localisation o f the MTMl locus 
should facilitate positional cloning o f the 
gene. The availability o f highly poly
morphic and very closely linked markers 
will markedly improve carrier and pre
natal diagnosis of MTMl.

(J M e d  Genet 1994;31:922-924)

X  linked myotubular myopathy ( M T M l,  M IM  
31040) is characterised by congenital hy
potonia, muscle weakness, and associated re
spiratory insufficiency. Muscle biopsy shows 
many small, rounded fibres resembling myo- 
tubes, with centrally located nuclei. Stillbirth 
and perinatal death is common and affected 
boys rarely survive the first year of life.

Previous linkage studies have shown evid
ence for linkage between M T M l  and several 
Xq28 marker loci, including D XS52, D XS  15, 
and F 8 C.*“® One meiosis recombinant for 
D XS52 but not for D XS304 suggested that 
M T M l  is proximal to D X S 52, but odds were 
only 9:1 versus M T M l being distal.^ Another 
recombination event reported between M T M l  
and D X S 52 was not analysed at DXS304.^ 
Because of the very high neonatal mortality and 
the low incidence of this disease, informative 
families are very rare. We recently reported 
preliminary analysis of a cytogenetically de
tectable interstitial deletion in a young female 
patient who presented with a milder form of

myotubular myopathy.^ This suggested that 
M T M l  is located proximal to DXS305, a 
marker within the D XS304-D XS52 interval; 
however, other interpretations of the data are 
possible. In  order to improve the genetic map
ping of the M T M l  locus, and specifically to 
refine the analysis of critical recombinant fam
ilies reported at the recently created In
ternational M T M  Consortium,® we decided to 
develop microsatellite markers for the 
DXS304-D XS305 interval, a region of ap
proximately 2 Mb^ currently devoid of such 
markers. We report the isolation of a highly 
polymorphic microsatellite (D XS 1684) that 
was analysed, together with the DXS455 
VN TR *° in three recombinant M T M l  families. 
The cosegregation of M T M l and both 
DXS455 and D X S  1684 in these three families 
indicates that M T M l  is localised within the 
D XS304-D XS52 interval which overlaps with 
the distal end of the region deleted in the female 
patient, thereby validating the latter case for 
mapping the M T M l  locus. Taken together, 
the linkage data and the analysis of the deletion 
patient^ (Dahl et al, in preparation) con
siderably refine the localisation of M T M l to a 
region of less than 1 M b.

Material and methods
CHARACTERISATION OF M ICROSATELLITES 
Restriction digests of cosmid contigs from the 
Xq28 region were screened with a random 
primed C A iTG  repeat polynucleotide (Phar
macia) . Positive cosmids assigned to contigs in 
the D XS304-D XS305 interval (Gong et al, 
in preparation) were restriction digested with 
Sau3A and shot gun cloned in pBluescript, 
and subclones were rescreened for CA repeats. 
Selected subclones were sequenced using 
cycle sequencing with fluorescent di- 
deoxynucleotides and analysis on an Applied 
Biosystems sequencer. Three different CA re
peats were characterised and flanking primers 
were synthesised. Only one of them (St71.1, 
D XS 1684) was found to be polymorphic.

FAM ILY STUDIES
D N A  from available family members was ana
lysed by Southern blotting for DXS304 (probe 
U6.2, Taql digest), DXS455 (probe 346.72, 
BstYl digest), D XS52, and F 8 C (F814, BcH 
d ig es t).P o lym erase  chain reaction was per-
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We have found that the microsatellite marker 
AFM207zg5 (DXS995) maps to all previously described 
deletions which are associated with X-linked mixed 
deafness (DFN3) with or without choroideremia and 
mental retardation. Employing this marker and pHUl6 
(DXS26) we have identified two partially overlapping 
yeast artificial chromosome clones which were used 
to construct a complete 850 kb cosmid contig. Cosmids 
from this contig have been tested by Southern blot 
analysis on DNA from 16 unrelated males with X-linked 
deafness. Two novel microdeletions were detected in 
patients which exhibit the characteristic DFN3 
phenotype. Both deletions are completely contained 
within one of the known DFN3-deletions, but one of 
them does not overlap with two previously described 
deletions in patients with contiguous gene syndromes 
consisting of DFN3, choroideremia, and mental 
retardation. Assuming that only a single gene is 
involved, this suggests that the DFN3 gene spans a 
chromosomal region of at least 400 kb.

INTRODUCTION

X-linked mixed deafness with perilymphatic gusher at surgery 

in males (D F N 3; M IM  304400) is characterized by a severe 

hearing loss involving all frequencies, that may be progressive. 
About 50%  o f female heterozygotes show mild to moderate 
hearing impairment. Audiological studies indicate a basic 

sensorineural hearing loss, with the variable conductive element 
postulated to reflect outward perilymphatic pressure splinting the 

stapes footplate in the oval window ( I ) .  On opening o f the stapes 
footplate during surgery, an abnormal amount o f perilymph is 

encountered. Computerized tomography (C T ) studies have 

demonstrated an abnormal dilatation o f the internal acoustic canal 
(lA C ) as well as an insufficient structural separation between the 

lA C  and the basal coil o f the cochlea ( 2 - 4 ) .
Linkage studies in families with X-linked deafness have 

assigned the underlying gene to the X q l3 -q 2 1  region ( 4 - 7 ) .  
This localization is supported by the phenotype o f patients with 

cytogenetically visible deletions o fX q21  region, which includes

choroideremia (C H M ), mental retardation (M R ) and D F N 3  

( 8 - 1 2 ) ,  Molecular characterization o f Xq21 deletions has enabled 

us and others to refine the assignment o f  the D F N 3  gene to a 

small segment o f Xq21.1 ( 1 3 - 1 5 ) .  Subsequent examination o f  

patients with classic D F N 3  revealed the existence o f two  
submicroscopic deletions encompassing D X S 2 6  (cases T D  and 

1/10; Figure 1) (16).
W e now have employed yeast artificial chromosome (Y A C )  

and cosmid contig cloning to characterize a 850 kb chromosomal 
segment encompassing D X S 26  and D X S 995. This has enabled 

us to fine map several classic and syndromic D F N 3  deletions 

and to identify two novel microdeletions. Some o f the deletions 

are non-overlapping, which suggests that we have cloned a 

sizeable part o f the D F N 3  gene in cosmid clones,

RESULTS
Identification of YACs from the DFN3 region and 
construction of a cosmid contig
Physical mapping o f several recently isolated X-chromosomal 
markers using a deletion panel described by Philippe et al. (17) 
revealed that the microsatellite m arker A F M 207zg 5  (D X S 995 ) 
does not only map to large deletions o f the Xq21 band which  

are associated with X-linked deafness, C H M , and M R , but also 

to two previously described microdeletions (T D  and 1/10) in  

patients with non-syndromic D F N 3  (Philippe et al. in  

preparation).
By screening a human Y A C  library (18) w ith the probes 

A FM 207zg5 and p H U 16, we were able to isolate two Y A C  

clones, nos 5045 and 4893, respectively. Physical mapping o f  

Y A C  endclones generated by the ligation-mediated polymerase 

chain reaction (L M -P C R ) procedure (19 ), indicated that Y A C  

5045 is chimaeric containing an autosomal fragment at its 

proximal side (Figure 1). H igh molecular weight D N A  from both 

Y A C s was used to construct cosmid libraries consisting o f  

approximately 2500 independent clones for each Y A C  clone. 
Cosmids containing human inserts were identified and gridded 

on to several nylon membranes. Cosmid contigs were established 

by colony hybridization or Southern blot analysis o f E coR I- 
digested cosmid D N A s with p H U 16, Y A C  endclones, and 

iterative hybridization o f cosmid inserts. T w o  EcdPl restriction 

maps were constructed spanning a total o f  approximately 800

* Io  whom correspondence should be addressed
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Figure 1. Physical map of the DFN3 region. The X-chromosomal parts of the YACs are given in the upper part as bars. The position of the cosmids subcloned 
from the YACs or identified in the ICRF X-chromosome cosmid library by cosmid walking (IC I - IC 3 ) are depicted below the YACs. Deleted segments are depicted 
by stippled lines. The clinical features of the patients are given on the right side.

kb. Y A C  4893 was completely represented in the contig, whereas 
both the distal end o f Y A C  504^ as w ell as the chromosomal 
region spanning D X S 995  were found to be absent.

To  close the gap in the vicinity o f D X S 995 , cosmids 5045F4  
and 5045B12 were used to perform cosmid walking employing 
the IC R F  Cosmid Reference L ibrary (20). Three rounds o f  
cosmid walking resulted in the identification o f three new cosmids 
( IC 1 - IC 3 ) ,  which close the cosmid gap (Figure 1).

F ine mapping o f deletions associated w ith  complex syndromes 

and identification o f novel microdeletions in D F N 3  patients

A b d /B jjH II-in serts  o f the cosmid clones indicated in Figure 1 
were hybridized to fc o R I or Taql digested D N A s  from  

syndromic and classic D F N 3  patients as well as to EcoRI digested 
D N A  from  a patient showing choroideremia and mental 
retardation. The latter patient, A P , has a deletion which 
encompasses exons 2 through 15 o f the C H M  gene as well as 
the more proximally located D N A  markers D X S  165, D X S 233, 
D X S  121, and D X S 232 (van der M aarel et al. in preparation). 
The proximal deletion endpoint is situated in cosmid 5045B 11, 
approximately 30 kb from  the distal end o f the cosmid contig. 
Detailed analysis o f the deletions found in the ‘syndromic’ D F N 3  
patients D 20 and X L 4 5  positioned their respective breakpoints 
just proximal to D X S 995 and D X S 26 , respectively (Figure 1). 
The proximal deletion breakpoints in other patients with  
syndromic deafness (D M  and SD) mapped proximal to the cosmid 
contig and therefore do not provide additional mapping 

information.

Southern blot analysis o f D N A  from  16 unrelated patients with 
non-syndromic X-linked deafness using all cosmids from  the 

contig resulted in the identification o f two novel microdeletions, 
I I -7  and G 8314, as shown in Figure 2. This figure is a typical 
example of using Notl/BssUll cosmid inserts in a competitive 
D N A  hybridization assay. The deletion in patient 1/10 
encompasses the D N A  loci D X S 995, D X S 26, and D X S  169. The 
deletions in patients II-7  and G8314 merely span D X S 26 and thus 
are entirely contained within the micrbdeletion seen in patient 
1/10 (Figure 1). Interestingly, the G 8314 deletion does not 
overlap the deletions o f patients D 2 0  and X L 4 5 . The distance 
between the proximal deletion endpoint in D 20 and the distal 
deletion endpoint in G8314 is approximately 400 kb.

DISCUSSION

W e have established a cosmid contig spanning the critical region 
for D F N 3  and have identified two novel, highly informative 
deletions associated with X-linked deafness. Taken together, we 
have now found four microdeletions (T D , 1/10, n /7 , and G8314) 
among 16 patients with X-linked deafness. In all four patients 
with microdeletions the bony changes indicative o f D F N 3  were 
observed. For two patients suffering from  X-linked deafness, 
choroideremia and mental retardation, D 20 and X L 4 5 , the 
deletions were shown not to overlap with the deletion in patient 
G 8314. In patient D 20, the structural changes o f the inner ear 
indicative o f D FN 3 has been demonstrated by C T  (21). Although 
patient X L 45  was reported to have sensorineural deafness (22 ),
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Ji X-linked deafness employing cosmid 4893E1. Size markers are given to 
fight. X-only represents cell line 578, a hamster cell line containing one human 
diromosome.

is possible that the D F N 3  gene is involved in this case too. 
asscock (23) hypothesized that a very rapid progression o f the 

kitsorineural component o f D F N 3  can mask the conductive 
lement. Since in a younger brother o f X L 4 5  mixed deafness 
'as diagnosed (13), it is tempting to speculate that deafness in 
ith brothers is caused by a (partial) deletion o f the D F N 3  gene, 
inkage studies suggest that X-linked sensorineural deafness is 
inetically heterogeneous (7), but this hàs not been demonstrated 
)t the mixed type o f X-linked deafness. Assuming that only one 
:;ne is involved in D F N 3 , our results indicate that the D F N 3  
me spans a chromosomal segment o f at least 4(X) kb containing 
9th the DXS 995 and D X S 26  loci. However, it is possible that 
Tare are additional rearrangements in the X-chromosome of some 
f  the patients with deletions. W ithin  the limits o f resolution o f 
onventional Southern blotting, this has been excluded in the 
‘osmid contig region for patients T D , G 8314 and I I /7 ,  but not 
or patients 1/10, D 20, and X L 4 5 . I f  the rearrangements in the 
1FN3 patients presented here are not complex, the D F N 3  gene 

pight well be the second largest gene known to date, after the 
)uchenne muscular dystrophy (D M D ) gene which spans 
ipproximately 2.3 M b  (2 4 - 2 6 ) .  The D M D  and D F N 3  genes 
ire located in Xp21 and X q21 , respectively, the most prominent 
jiemsa dark-staining regions o f the X-chromosome. Another 
êne from  Xq21, the choroideremia gene, also spans a sizeable 
>  150 kb) chromosomal segment (27). Only two o f 15 deletions 
associated with classic C H M  are intragenic; the others extend 
%th proximal and distal o f the gene spanning a chromosomal 
'figment o f approximately 15 M b  (14 ,27). The classic D FN 3  
Wetions described here encompass chromosomal segments o f 
I) minimum o f 250 kb (patient G8314) to several megabases 
^patient 1/10). Together, these findings support the idea that the 
^q21 band contains a relatively small number o f large genes. 
If so, this has important implications for cloning strategies aiming 

the identification o f sequences o f the D F N 3  gene proper.

W e did not find smaller-sized deletions among our X-linked  
deafness patients, which might narrow down the search for some 
o f the protein coding sequences o f the D F N 3 gene. In the cosmid 
contig presented here, no CpG island indicative o f the presence 
o f the 5 ' end o f the D F N 3 gene was found. It is, however, 
possible that a sizeable portion o f the gene is located proximal 
to Y A C  4893. To investigate this chromosomal segment, we have 
identified a Y A C  clone spanning D X S 26 and D X S  169, which 
is currently under investigation.

Assuming the existence o f widely spaced small exons, as for 
example in the D M D  and C H M  genes, it might be difficult to 
find exons o f the D F N 3  gene by analysing cosmid clones for 
evolutionary conserved sequences. Alternative methods as for 
example exon trapping and cD N A  enrichment protocols are 
underway, which should soon enable us to identify D F N 3  protein 
coding sequences.

MATERIAL AND METHODS
Patients

All patients e.xcept AP, n/7, and G8314 have been extensively described elsewhere 
(15,16; and references therein). Patient AP suffers from CHM and MR (van der 
Maarel et a l ,  in preparation). Patients U/7 and G8314 show the classical features 
of DFN3 including the typical CT scan changes of the inner ear (4; M.Bitner- 
Glindzicz, unpublished data).

YAC clone screening and construction of YAC cosmid contigs

YAC 4893 (ICRFy901E1023) was isolated by hybridization with pHU16 from 
primary library filters of the human ICRF human YAC library (18). YAC 5045 
(ICRFy900B1210) was identified by a PCR screening protocol from pooled DNAs 
from the same library. Yeast cell culturing and DNA isolation was performed 
as described elsewhere (28). YAC endclones were generated by the ligation 
mediated polymerase chain reaction (LM-PCR) protocol essentially as described 
by Kere et al. (19). Restriction enzyme digestion of yeast DNA prior to ligation 
of adaptors was done with Alul, £coRV, Rsal, or P vmI I .  The procedure used 
for constructing cosmid libraries in the SuperCos 1 vector (Stratagene) has been 
described elsewhere (29).

Cosmid walking

DNA was isolated from cosmids 5045F4 and 5045B12 using a Qiagen midi-prep 
kit and digested using either £coRl or PsrI according to manufacturer’s instructions. 
Fragments were Southern blotted and hybridized with radiolabelled human placental 
DNA (Sigma), washed in 0.1 xSSC, 0.1% (w/v) SDS for 30 min at 65°C and 
exposed to X-ray film for 3 -2 4  h at -7 0 °C . A band showing no signal was 
selected as a probe for the next part of the walk, excised from a 0.8% agarose 
gel and spun through glass wool at 13 (XX) r.p.m. for 10 min. Probes were 
preannealed with human competitor DNA.

ICRF gridded X chromosome cosmid filters were hybridized as described by 
Nizetic et al. (30) and positive colonies selected. Digests of DNA from positive 
colonies were compared with those of flanking cosmids, blotted and probed with 
the band which had originally been used to select them from the gridded filter, 
to ensure that they were true positive colonies. The whole process of probing 
with human placental DNA and band selection was repeated at the next stage 
of the walk. Three such rounds of hybridization and walking were needed to 
bridge the gap in the cosmid contig around DXS995 and resulted in the 
identification of the following clones: IC l (ICRFcl04P0517), IC2 
(lCRFcl(ML0131), 1C3 (lCRFcl04B1939).

Southern blot analysis and DNA markers

Methods employed for the isolation of high-molecular-weight DNA, restriction- 
endonuclease digestion, as well as separation and blotting of DNA fragments have 
been described elsewhere (15). Hybridization of the cosmid inserts in the presence 
of excess human competitor DNA was done as described by Blonden et al. (31). 
Hybridized filters were washed at 65°C with 40 mM Na2HP04  (pH 7.2)/0.5% 
(w/v) SDS for 3x5 min and 1 x30 min. Autoradiography took 4 -1 6  h at -7 0 'C  
using two intensifying screens.

The markers pJL68 (DXS232), pHU16 (DXS26), pX104f (DXS169), and 
AFM207zg5 (DXS995) have been described elsewhere (9,32-34).
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Association Between X-Linked Mixed Deafness 
and Mutations in the POU Domain Gene POU3F4

Yvette J. M. de Kok,* Silvère M. van der Maarel,*
Maria Bitner-Glindzicz, Irene Huber, Anthony P. Monaco, 

Susan Malcolm, Marcus E. Pembrey, Hans-Hilger Ropers, 
Frans P. M. Cremerst

Deafness with fixation of the stapes (DFN3) is the most frequent X-linked form of hearing 
impairment. The underlying gene has been localized to a 500-kilobase segment of the 
Xq21 band. Here, it is reported that a candidate gene for this disorder, Brain 4 {POU3F4), 
which encodes a transcription factor with a POU domain, maps to the same interval. In 
five unrelated patients with DFN3 but not in 50 normal controls, small mutations were 
found that result in truncation of the predicted protein or in nonconservative amino acid 
substitutions. These findings indicate that POU3F4 mutations are a molecular cause of 
DFN3.

Severe, inherited childhood deafness oc
curs in about 1 out o f 1000 births and 
presents a serious worldwide public health 
problem ( 1 ). In  70% o f these cases, deafness 
is not associated w ith  other c lin ica lly rec
ognizable features (2). To date, genes for 
nonsyndromic sensorineural deafness have 
been mapped to five different autosomes 
(3), but none of these has been isolated yet. 
The most frequent cause of X-linked hear
ing impairment, X-linked mixed deafness 
(DFN 3) (McKusick catalog number 
304400), is characterized by a conductive 
hearing loss that results from stapes fixation 
and progressive sensorineural deafness (4, 
5). However, a profound sensorineural deaf-
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ness sometimes masks the conductive ele
ment (6). Computerized tomography (C T) 
studies in people w ith  DFN3 demonstrated 
an abnormal dilatation of the internal 
acoustic canal ( lA C ) as well as an abnor
mally wide communication between the

I A C  and the inner ear compartment (7V As 
a result, there is an increased perilymphatic 
pressure that is thought to underlie the 
observed “ gusher”  during the opening of 
the stapes footplate. The gene underlying 
DFN3 has been mapped to Xq21 by linkage 
analysis (8, 9) and through molecular char
acterization of large and submicroscopic de
letions (10, 11). Yeast artificial chromo
some (Y A C ) clones that span the critical 
region were isolated, and an 850-kb cosmid 
contig was constructed (12). This enabled 
us to identify and characterize two addition
al microdeletions, as well as a 150-kb dupli
cation in  patients w ith  DFN3, and to assign 
the gene underlying DFN3 to a 50u-kb 
interval o f X qZ l.I (12, 13) (Fig. IP).

Recently, the gene B ra in  4  (P o u ^ f4 ), 
which codes for a transcription factor, was 
mapped between the proteolipid protein lo
cus Pip  and the DXM itô marker ne the 
phosphoglycerate kinase 1 ( P g k l)  gene on 
the murine X chromosome (14). The chro
mosomal region between P g k l and Pip is 
evolutionarily conserved between humans 
and mice, which suggests that the human 
P O U 3 F 4  gene is located in the Xql3-q22
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Fig. 1. Localization of the human PO U 3F4  gene. (A) Southern blot analysis with the use of a mcuse 
Pou3f4  probe and a control probe, 8-aminolevulinate synthetase {ALAS2), with genomic DNAs from a 
control male, D20, and TD (76). Patient D20 has choroideremia (CHM), mental retardation (MR), and 
X-linked mixed deafness (DFN3); patient TD shows evidence of DFN3 (12). (B) Physical map of the CFN3 
critical region. All patients with deletions have been described elsewhere (12). Patient 5086 carries a 
150-kb duplication spanning DXS26. The extent of the cosmid contig is given at the bottom. POU3P4 is 
located on cosmids 102 (ICRFc104L0131) and 103 (IORFc104B1939), approximately 20 kb distal to 
DXS995 (12). Restriction mapping of the cosmid containing the PO U 3F4  gene indicated that the POt ^3F4 
gene is oriented with its 5' end toward the centromere.
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nterval. The rat homolog of P O U 3 F 4 ,  
lH S 2 , is expressed during embryonic devel

opment in the hrain, the neural tuhe, and 
the otic vesicle at 15.5 and 17.5 days after 
conception (1 5 ) .

Thus, both its map position and its tem
poral and spatial expression pattern in early 
emhryogenesis rendered P O U 3 F 4  an attrac
tive candidate gene for DFN3. To confirm 

d refine the localization o f the human 
)U 3 F 4  gene, we amplified a murine 

enomic P ou3f4  gene fragment by poly
erase chain reaction (PCR) and hybrid- 

:ed it to Southern (D N A ) blots containing 
o Rl-digested D N A  from patients w ith 

q21 deletions (1 6 ) .  A  12-kh Eco Rl frag
ment was seen in the male control but not 

in the DFN3 patients TD  and D20 who 
try variably sized deletions in  Xq21 (Fig. 

lA ) .  The deletions overlap in a small chro
mosomal segment encompassing DXS995 
(Fig. IB ), which positions the P O U 3 F 4  
gene in a 120-kb region of the previously 
Constructed 850-kb cosmid contig that 
ipans the DFN3 locus. By hybridizing the 
P o u 3 f4  probe to cosmids from this contig, 
we could localize the P O V 3 F 4  gene 20 kb 
distal to DXS995 (Fig. IB).

We used PCR primers complementary 
to the murine P o u 3 f4  gene sequences to 
amplify a human P O U 3 F 4  fragment from 
cosmid D N A , which was then used as a 
probe to screen a human fetal brain com
plementary D N A  (cD N A ) library (1 7 ) .  
Six overlapping cDNAs were identified 
and partially characterized. In  total, we 
isolated 1.4 kb of the human P O U 3 F 4  
cD N A  sequence, which contained the 
complete protein coding region of 1083 
)ase pairs as inferred from the rat R H S 2  
and mouse P o u 3 f4  sequences (15, 18, 19) 
(Fig. 2). The rat and mouse proteins are 
completely identical, and the human pro
tein contains only four conservative ami
no acid substitutions (Fig. 2).

To search for mutations in the P O U 3 F 4  
gene, we examined D N A from 14 unrelated 
patients w ith X-linked deafness and 50 un
related control females from different eth
nic origins for single-strand conformation 
(SSC) variants (20). Because the P O U 3 F 4  
gene contains no introns, five different 
PCR primer sets were sufficient to span the 
entire coding region of P O U 3 F 4 . Six o f the 
deafness patients (Table 1) had character
istic features of DFN3— that is, a bony de
fect observed during C T scanning or a peri
lymphatic gusher encountered upon stape
dectomy (4 -7 ). In one case (patient 5823), 
audiologic data were consistent w ith a pro
gressive mixed type of deafness, but neither 
C T  scan nor stapes surgery were performed. 
SSC shifts indicative of sequence alter
ations were found in four DR^3 patients, 
two of which are shown in Fig. 3A, but not 
in the 50 control females.

Subsequently, we sequenced the protein 
coding region of the P O U 3 F 4  gene in all 
patients w ith X-linked hearing impairment. 
In all four patients w ith SSC shifts as well as 
in patient 5823, who was not studied by

PCR-SSC analysis, mutations were observed 
in the P O U 3 F 4  gene. In three DFN3 pa
tients, we found small deletions in the 
POU-specific and POU homeodomains of 
P O U 3 F 4  that would result in frameshifts and
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ATG GCC ACA GOT GCC TCG AAT CGC TAC AGC ATT CTC AGT TCC ACC TCC CTA GTC CAT GCG GAC TCT GCG GGC ATG 
M A T A A S N P Y S I L S S T S L V N A D S A G M

_______ UJ______ \
CAG CAG GGG AGT CCT TTC CGC AAC CCT CAG AAA CTT CTC CAA AGT GAT TAG TTG GAG GGA GTT CGC AGC AAT GGG 

Q O G S P F R N P O K L L O S D r L G G V P S N GZ____ Lb_____
CAT CGC CTC GGG CAT CAC TGG GTG ACC AGT CTG AGC GAC GGG GGC CCA TGG TCC TCC ACA CTG GCC ACC AGC CGC 

H P L G H H U V T S L S D G G P U S S T L A T S P

CTG GAC CAG CAG GAC GTG AAG CGC GGG CGC GAA GAC CTG CAA CTG GGT GCG AT C ATC CAT CAC CGC TCG CCA CAC 
L D O Q D V K P G R E D L O L G A I  I H H R S P H

GTA GCC CAC CAC TCA CCG CAC ACT AAC CAC CCC AAC GCC TGG GGG GCC AGC CCG GCA CCG AAC CCG TCT ATC ACG 
V A H H S P H T N H P N A U G A S P A P N P S I T  
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TCA AGC GGC CAA CCC CTC AAC GTG TAC TCG CAG CCT GGC TTC ACC GTG AGC GGC ATG CTG GAA CAC GGG GGA CTC 
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ACC CCA CCT CCA GCT GCC GCC TCT GCA CAG AGC CTG CAC CCG GTG CTC CGA GAG CCC CCG GAT CAC GGC GAA CTG 
T P P P A A A S A Q S L H P V L R E P P D H G E L

POU-specific domain
J V a .
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TTC AAA CAA AGA AGA ATC AAG TTG GGC TTC ACG CAG GCC GAC GTG GGG TTG GCG CTG GGC ACA CTG TAT GGT AAC 
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CTG CTG AAC AAG TGG CTG GAG GAG GCG GAT 
L L N K U L E E A 0

-Z:

TCG TCC ACA GGG AGC CCG ACC AGC ATT GAC AAG ATC GCT GCA CAG 
S S T G S P T S I D K I A A Q 2 7 5

POU homeodomain
- I V b  ----------------------------------------------- ------------------------------------------------------------- Û  3 0 5 5

GGC CGC AAG CGC AAG AAG CGG ACC TCC ATC GAG GTG AGT GTC AAG GGC GTA CTG GAG ACG CAT TTC CTC AAG TGT 
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n  G 5 7 3 6
CCC AAG CCT GCC GCG CAG GAG ATC TCC TCG CTG GCA GAC AGC CTC CAG TTG GAG AAG GAA GTG GTG CGT GTC TGG 

P K P A A O E I S S L A D S L G L E K E V V R V U  
A - G 5 8 2 3

TTC TGT AAT CGA AGA CAA AAA GAG AAA AGA
F

ATG ACT CCG CCA GGG GAT CAG CAG CCG CAT GAG GTT TAT TCG CAC 
M T P P G D O Q P H E V Y S H  

/  ^
ACC GTG AAA ACA GAC ACA TCT TGC CAT GAT CTC TGA CTGGAGGAAGCGAGGAGGCGGCCGGCCGCACTGGGAGCAGCGCGGGATTTC 

T V K T D T S C H D L »

CTTTCTCTCTCACTCTCTTTCCTTTCATTCTAGTATTCTTAATTATTTATTTTTCTCTCTCTCTCGTTCGCTCGCTCTCTCGTACTCTCTCTCTTTTCC
TCCTTTCCTTTTTCTTTCCCTTTCCCCTTTTTCTTTCCCTTCTTTTTCCCTTTCCTTTCCTTTCATTTTCTTTCCTTTCCCCTTCCCTTCCCTTCCCTT
CCATCTCTTCCTTTCCTTTCCCTTTCTTTTCTTTTGCTTTCCTTTCCTTTTTTTCCCTTTTCTTTCCTTTTCATAAGAGGTTCTAACTTCTGTTGACAA
AGGAAACACATACTC

Fig. 2. Nucleotide sequence and the deduced amino acid sequence encoded by human POU3F4 (21). 
The oligonucleotides used for PCR-SSC analysis are indicated with arrows. The POU-specific and POU 
homeodomains are boxed. The human POU3F4 protein is identical to the protein in mice and rats, except 
for the following conservative amino acid changes from humans to rats and mice; T15S, PI 22S, A159T, 
and T356A. The nucleotide changes and deletions (A) in the DFN3 patients are indicated; affected 
nucleotides are marked with a bar. The asterisk indicates a stop codon.

Table 1. Clinical features and POU3F4  mutations of patients with X-linked deafness (21). The deafness 
type here is based on audiologic examination. The POU3F4  mutations are named "stop" according to 
the last wild-type amino acid that remains in the predicted protein. Blank spaces indicate that no CT scan 
(second column) or stapedectomy (third column) was performed. designates that no mutations were 
found in POU3F4.

Patient Bony
defect

Perilymph
gusher

Deafness
type

POU3F4
mutation Reference

2412 Yes Mixed - (29)
2540 Yes Yes Mixed - (5)
3055 Yes Mixed L298 stop (30)
3105 Yes Yes Mixed D215 stop (30)
5274 Yes Sensorineural K202 stop (9)
5736 Yes Mixed L317W (9)
5823* Mixed K334E (30)
2418 Sensorineural - (30)
2964 Sensorineural - (30)
3036 Sensorineural - (30)
3056 No Sensorineural - (30)
5106 No Sensorineural - (9)
5347 No Sensorineural - (9)
5943 No Sensorineural - (9)
2266 Conductive - (30)

'Some DFN3-affected maternal relatives of patient 5823 also have cataracts at a young age.
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premature stops of translation (Table 1 and 
Fig. 2). Patient 3055 carries a deletion of an 
A  nucleotide at position 895 (Figs. 2 and 
3C), patient 3105 has a deletion of one G 
that is part of a GGGG tetranucleotide 
stretch at positions 648 to 651, and in pa
tient 5274 a C A A A  tetranucleotide is delet
ed that is present in tandem at positions 603 
to 610 of the wild-type P O U 3 F 4  sequence. 
As shown in Fig. 3B by SSC analysis, the 
mutation found in patient 5274 cosegregates 
w ith the DFN 3 phenotype in the whole 
family. Two patients had missense mutations 
in the P O U 3 F 4  gene. In patient 5736, we 
found a T  to G transversion at position 950, 
whereas patient 5823 showed an A  to G 
transition at nucleotide 1000. These muta
tions result in the nonconservative L317W 
and K334E substitutions in the POU home
odomain (2 1 ) .

The leucine residue at position 317 that 
is mutated in patient 5736 is located be
tween helices 2 and 3 of the POU homeo
domain, as deduced from nuclear magnetic

resonance and crystallographic studies (22). 
It is conserved in six o f seven members of 
the non-POU domain proteins that belong 
to the homeodomain superfamily (23) and 
in all POU domain proteins, except Oct-2 
and emb. Here, the leucine residue is sub
stituted for a methionine and a tyrosine 
residue, respectively (24). The wild-type ly
sine residue at position 334 that is mutated 
in patient 5823 resides in helix 3 of the 
POU homeodomain. This residue is con
served among all POU domain proteins and 
members of the homeodomain superfamily 
(23, 24) and contacts the D N A  backbone 
in the major groove in the proposed crystal 
structure of the engrailed homeodomain- 
D N A  complex, but not in the Oct-1 POU 
domain-octamer complex (22, 25). Thus, 
these data strongly suggest that all muta
tions we observed in  the P O U 3 F 4  gene are 
clinically relevant and give rise to DFN3. 
Because DFN3 is a rare disorder, the total 
number o f DFN3 patients that can be in 
vestigated w ill remain limited. Neverthe-

m u u m n m  - DFN3
3055

nt 902

A s  g A

Î
G A T C I

nt 891

JZi— r -0

iz f-

15 6 7 10

Ô

1 2  3  4  5  6  7  8  9  1 0  11 1 2  1 3  1 4  1 5  1 6  1 7  1 8

m w t
m ACAAA

I
Fig. 3. Mutation analysis of POU3F4. (A) PCR-SSC analysis of the homeodomain of POU3F4  in 14 
patients with X-linked deafness and a male control (46, XY) with the use of the primer set V (20). The 
observed SSC shifts are indicated by arrows. (B) PCR-SSC analysis of the DFN3 family of patient 5274 
(indicated by an arrow) with the use of primer set IV. Obligate carrier females are marked as such in the 
pedigree (circles with dots). DFN3 patients are indicated with solid squares; symbols with lines designate 
deceased individuals. The asterisk indicates the presence of a weak wild-type ( WT) SSC band in lane 12. 
Of the four females at risk of carrying the CAAA deletion, individual 10 carries the wild-type POU3F4  
sequence, whereas individuals 7,13, and 18 carry the mutation. (C) Nucleotide (nt) sequence of part of 
the POU homeodomain of patient 3055 and a control male.

less, the identification of five mutations in 
seven DFN 3 patients as compared to no 
single mutation in 100 control X chi onto 
somes is statistically highly significant (26)

Unexpectedly, three Xq21 microdele. 
tions (G8314, 11/7, and 1/10) and one du
plication (in  patient 5086) that had been 
identified previously in patients with DFN3 
do not encompass the P O U 3 F 4  gene. In all 
four cases, the rearrangement is located 
proximal and 5' to P O U 3 F 4 , w ith physical 
distances varying between 15 and 4^0 kb 
(Fig. IB ). In none of these patients, nor in 
two others w ith either a perilymphatic 
gusher during stapes surgery or a temporal 
bone defect (patients 2412 and 2540^ were 
point mutations detected in the P O U 3 F 4  
gene. Thus, in these cases DFN3 may be 
caused by mutations that affect 5' noncod
ing or regulatory sequences mapping fi.: ther 
upstream. A lternatively, these aberrarions 
may affect the gross chromosomal structure 
and thus may affect expression of P 0 L jF 4 .  
Another, less likely explanation migl.i be 
the presence of other genes in Xq21.1 that 
can cause DFN 3.

In  seven patients w ith X-linked sensori
neural deafness and in one w ith X-linked 
conductive deafness, mutations were not 
found in  the P O U 3 F 4  gene. This is not 
surprising because previous linkage studies 
had indicated that X-linked deafness is het
erogeneous. In at least one family with 'Sen
sorineural deafness, the defect has been ex
cluded from Xq21 (9). In two other fami
lies, linkage to the Xq21 and X p ll.3 -p 2 i. l 
regions has been found (27). Here, we dem
onstrate that DFN3 is correlated with mu
tations that affect the POU3F4 protein. A t 
least five POU domain genes are expressed 
in different parts of the developing inner 
ear (28), and defects of POU domain genes 
may play a major role in the etiology of 
nonsyndromic hearing impairment.
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X-linked non-syndromic deafness accounts for a small propor
tion o f non-syndromic deafness. Clinical and radiological 
parameters have now identified a group of patients in whom  
the deafness gene maps either by linkage or by deletion 
mapping to the same region o f the X  chromosome (1 -3 ). 
Patients with a history o f perilymphatic gusher at stapes 
surgery or a radiological abnormality o f the cochlea on C T  
scan (4), which may be the cause o f the ‘stapes gusher’ , map 
to Xq l3-q21 and affected males may have either mixed 
deafness, or less commonly, sensorineural deafness. Some 
families in whom the radiology is normal have also been found 
to map to Xq21 although there is locus heterogeneity (2,5,6).

Recently, point mutations and small deletions have been 
described in the human homologue o f mouse Brain 4  gene 
(now called PO U3F4 ) in patients with X-linked deafness in 
whom there is a history o f gusher or who have the classical 
abnormality on C T  scan (7). PO U 3F4 is a member o f the POU  
fam ily o f genes which contain D N A  binding motifs and act 
as transcription factors. Using SSC analysis and sequencing 
o f genomic D N A  we analyzed the homeodomain o f human 
PO U3F4 in two families in whom X-linked deafness was 
segregating.

Family 1 (Fig. lb ), consists o f a mother and two sons of 
Finnish origin. The proband (LG L3673) has a mixed hearing 
loss o f 4 0 -5 0  dB and his brother (LG L3675) a loss o f 7 5 -95  
dB. One brother (LG L 3673) underwent stapedectomy and was 
found to have a perilymphatic gusher at surgery. Fam ily 2 
’(Fig. 2a) is a four generation British fam ily in which there 
are three affected males. A ll affected males have profound 
sensorineural deafness diagnosed in infancy with no suggestion 
of a conductive component. Individual II I ]  has a moderately 
severe learning difficulty o f unknown cause but IIU  and IV ,  
are o f normal intelligence. One o f the males underwent high 
resolution C T  scanning o f the cochlea and was found to have 
the characteristic bony abnormality o f deficiency o f bone 
between the basal turn o f the cochlea and the internal audit
ory meatus.

Genomic D N A  isolated from lymphocytes was amplified 
by PCR using primers described previously, (Va and Vb) 
and subjected to SSC analysis by electrophoresis in a 6%  
polyacrylamide gel with 5% glycerol at 300 V  overnight at 
4°C . PCZR products were gel purified and the sequence deter
mined using the Circumvent Thermal Cycle Dideoxy D N A  
sequencing kit (New  England Biolabs) using %  end-labelled

primers as directed. Mutations were confirmed by restriction 
enzyme digestion (H ph l in fam ily 1 and Acc] in fam ily 2) and 
separation o f products on a 4%  agarose gel.

In fam ily 1, sequencing o f the SSC/PCR product revealed 
a 4 bp deletion at bases 862 -866  located in the homeodomain 
which results in a frameshift (Fig. la). Mutation at this site 
abolishes a cutting site for the enzyme H ph\ with consequent 
production o f a large band o f 300 bp seen in the mother and 
two deaf sons (Fig. lb ). This change was not seen in 40  
normal X  chromosomes (data not shown).

In family 2, altered bands on SSC analysis appear in 
individual I I 2 as a de novo phenomenon and are inherited by 
the deaf boys in the fam ily (Fig. 2a). The mutant band is 
not present in this individual’s mother I,,  or her sister I I , .  
Furthermore, linkage analysis with the marker D X S  1002, 
which we have shown previously to have a two point lod 
score o f 9.8 at 0 =  0 with the disease gene, (5) shows that 
the mutation is carried on the grandmaternal X  chromosome, 
inherited from I, and thus represents a new mutation in I I 2 

(Fig. 3). Direct sequencing has shown this to be a C  to T

GATC GATC

fc - ^

Normal Affected

Figure 1. (a) In family I, sequencing shows a 4 bp deletion in the affected 
male compared with a normal male, (b) The 4 bp deletion abolishes a cutting 
site for the enzyme Hph\ with consequent retention of a band at 300 bp seen 
in the mother (LGL3676) and 2 deaf sons (LGL3673 and LGL3675), but not 
in the control. Size marker is 100 bp ladder.

*To whom correspondence should be addressed
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Family 2

îH

I 1

II
I I I

IV

Figure 3. Inheritance of alleles for the marker DXS1(K)2 in family 2. Botn 
111 and 111 have inherited the same maternal X chromosome. Affected boy*; 
(111| and 111]) have also inherited the grandmaternal X chromosome from 1, , 
as has IV |. Thus the mutant SSC band observed in lb , not present in her 
sister, demonstrates that this is a de novo change.

Family 2

Figure 2. (a) In family 2, autoradiograph of SSCP gel in which shifted bands 
appear in lb  as a de novo phenomenon and are inherited by the deaf boys 
and the obligate carrier 111) (b) Gain of an Accl cutting site as a result of the 
C to T transition which cosegregates with the deafness and appears in lb  as 
a de novo change.

transition at nucleotide 935 resulting in an alanine to valine 
substitution in a highly conserved residue of the homeodomain 
of the predicted protein. This mutation gives rise to a novel 
Accl restriction site (Fig. 2b), which also arises de novo in 
individual H i and cosegregates with the deafness in this family.

The POU domain family o f genes are transcription factors, 
expressed early in development in a temporally and tissue-

restricted manner. They have gained their name from sequence 
homology with three mammalian transcription factors Pit-1, 
Oct-1 and Oct-2, and a C.elegans developmental control gene 
unc-86. Developmental mutants in two o f these genes indicate 
that they have a role in determining cell fate and phenotype: 
mutations in the gene Pit-1  have been shown to cause pituitary 
dwarfism in the Snell mouse and in humans due to failure of 
development o f mature thyrotrophs, lactotrophs and somato
trophs (8,9); mutation in the gene unc-86 in C.elegans prevents 
mother cells from differentiating into daughter cells and 
subsequent failure of development o f specific types of sensory 
neurons. The POU domain is bipartite and consists of a POU  
specific domain (POUg), found only in this class o f genes, and 
a POU-homeodomain (POUhd) which has homology to other 
classical homeodomain containing proteins. In vitro studies 
have shown that both POUg and PO U hd contact D N A  and 
that POUg is required for high affinity, site-specific binding. 
The POU domain is highly conserved across species and 
exhibits remarkable amino acid conservation at critical residues 
between organisms as diverse as drosophila, zebrahsh and 
man. Point mutations leading to non-conservative amino acid 
substitutions in conserved regions o f the homeodomain (helix 
3) have been shown to greatly reduce or abolish D N A  binding 
in Pit-1 in one instance (8) and to preserve its D N A  binding 
ability but to inhibit its transcriptional activating ability in 
another (9).

The mutation described here in family 1 is predicted to 
cause a frameshift mutation from amino acid 13 of the 
homeodomain onwards which is likely to severely reduce or 
abolish D N A  binding. Functional D N A  binding studies should 
indicate whether or not this is the case. In family 2 the single 
base change resulting in an alanine to valine substitution 
occurs in helix 2 of the homeodomain in a residue conserved 
in all members o f the POU gene family from mammals to yeast, 
and also in the ‘classic’ homeodomain gene, Antennapedia. The 
observation that this is a de novo point mutation formally 
confirms that mutations in PO U3F4 cause deafness. This is 
the first gene known to cause non-syndromic deafness in
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humans and is only the second P O U  gene which has been 

confirmed to underlie a human disease, namely a form  o f X -  
linked deafness in which there is a developmental abnormality  

o f the cochlea, seen on C T  scan as deficient or absent bone 
between the lateral end o f the internal auditory meatus and 

the basal turn o f the cochlea together w ith  a dilated internal 
auditory meatus. Other members o f this gene fam ily  are 

numerous and are scattered throughout the genome (10).
PO U 3F 4 is the first gene known to cause non-syndromic 

deafness in humans. Identification o f mutations in  the gene in  
a subset o f patients has helped towards a reclassification o f 
non-syndromic X -linked  deafness. To date only patients w ith  

the bony abnormality o f the cochlea have mutations in P O U 3F 4  
whereas families that map to X q l3 -q 2 1  but have normal 
cochlear morphology do not. Furthermore, this study confirms 
that fam ilies w ith  m ixed deafness and fam ilies w ith  sensorineu
ral deafness both have mutations in P O U 3F 4  (7). Thus M cK us- 
ick ’s classification which distinguishes types o f non-syndromic 

X -linked  deafness on the audiometric findings alone would  
appear to need updating based on the results o f this work (11). 
Consequently, D F N 3  is not characterized by mixed conductive 
and sensorineural deafness associated w ith  perilymphatic  

gusher at stapes surgery, but by profound sensorineural deafness 
w ith or without a conductive component associated w ith  a 
unique developmental abnormality o f the ear.

9. Radovick, S., Nations, M., Du, Y., Berg, L. A., Weintraub, B.,Wondisford,
F. E. (1992) A mutation in the POU-homeodomain of Pit-1 responsible 
for combined pituitary hormone deficiency. Science 257: 1115-1118.

10. Siracusa, L. D., Rosner, M. H., Vigano, M . A., Gilbert, D. J., Staudt, L. 
M., Copeland, N. G.,Jenkins, N. A. (1991) Chromosomal location of the 
octamer transcription factors, Otf-1, Otf-2, and Otf-3, defines multiple 
Otf-3-related sequences dispersed in the mouse genome. Genomics 10: 
313-326.

11. McKusick, V.A. (1992). Mendelian Inheritance in Man. Johns Hopkins, 
Baltimore, University Press. 10th Edition.p.1811-1812.
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In the past two years, considerable progress has been made in the mapping 
and cloning of human deafness genes. Highlights are the chromosomal 
localization of at least five genes for autosomal forms of non-syndromic 
deafness and, more recently, the cloning of an X-linked deafness gene,
DFN3, and the Usher syndrome type IB gene. This last gene encodes a 
myosin-like protein and was identified as the human homolog of the mouse 
shaker-1 gene. The DFN3 gene Brain 4 encodes a POU domain containing 

transcription factor that is involved in the development of the inner ear.

Current Opinion in Genetics and Development 1995, 5:371-375

Introduction

Deafiiess is the most common inherited human sensory 
defect, affecting one in 2000 children [1]. In 70% of 
cases, the deafness is non-syndromic, i.e. not associ
ated with other clinical features [2]. Progress in map
ping deafness genes has been relatively slow for sev
eral reasons. Firstly ~75% o f cases are o f the recessive 
type [3] which, because of the inherently small pedigree 
sizes, renders linkage analysis difficult. Secondly several 
forms o f hearing loss are age-dependent; in others, dis
ease manifestation and clinical course depend on envi
ronmental factors. Thirdly, the nosologic classification of 
hearing loss is complicated by the inaccessibility of the 
inner ear for clinical examination. Fourthly our under
standing o f the auditory signal transduction cascade in 
the sensory hair cells o f the organ o f  Corti is still in 
its infancy so we know o f only a few candidate genes 
for hereditary forms o f sensorineural deafness that can 
be tested for mutations. Fifthly, only recently have in
ner ear specific cDNA Ubraries been established [4,5,6*]. 
Finally, when compared to the funding o f eye research, 
financial support for research into genetic forms o f deaf
ness has been relatively meager. Still, remarkable progress 
has been made in this field during the past few months. 
Molecular studies have recently shed more fight on the 
etiology and pathogenesis o f various syndromes in which 
deafness is an inconsistent or minor symptom.

In this review, we have chosen, somewhat arbitrarily to 
confine ourselves to two syndromes in which early-on- 
set deafiiess is a major symptom. Usher syndrome (USH) 
and Waardenburg syndrome (WS). The central focus of 
the review will be the human genes involved in non-syn
dromic deafness that have been mapped and cloned re
cently and on the nosologic implications o f this work. In

another review. Steel and Brown [7] have dealt with var
ious forms o f mammalian deafness on the basis o f their 
pathologic features.

Usher syndrome

USH comprises a group of autosomal recessive disor
ders associated with congenital sensorineural deafiiess 
and progressive visual loss caused by retinitis pigmen
tosa. Clinically at least three types o f Usher syndrome 
(USH 1-3) can be distinguished. Patients with U SH l 
have congenital, severe to profound hearing loss and 
absence of vestibular function, whereas in USH2, the 
hearing loss is congenital but moderate to severe and the 
vestibular function is normal.

Linkage studies suggest the presence o f causal genes for 
U SH l at 14q32.1-q32.3 {U SH lA ), l lq l3 .5  {USH1B), 
and I lp l5 .1 -p l4  {U S H IQ  [8-12]. Recently, a novel 
type VII myosin gene at l lq l3 .5  has been shown to be 
homologous to the murine deafness gene shaker- Ï and is 
responsible for U SH IB  [13", 14"]. The phenotypes of 
the original shaker-1 mutant and five other shaker-1 mu
tants seem to be different from that o f U SH l patients 
in that no retinal degeneration has so far been reported 
in these mouse mutants. In another study, the autoso
mal recessive deafness gene DFNB2  has been localized 
to the same interval o f chromosome 11 [15]. A major 
locus for USH2 {USH2A) is situated at lq41 [16-18], 
but evidence exists for a further USH2 locus, as one 
large USH2 family does not show linkage to Iq  [19]. 
The choroideremia-like gene C H M L  is a candidate for 
USH2A because it maps to the same chromosomal in-

Abbreviations
DFN3—X-linked deafness; USH—Usher syndrome; WS—Waardenburg syndrome.
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terval, but the search for C H M L  mutations in USH2A 
patients has been unsuccessful [20,21].

The third type o f Usher syndrome (USH3) differs from 
USH2 by the progressive nature of its hearing loss. 
Linkage studies have assigned the underlying gene to 
3q21-q25 [22]. A clear clinical distinction between 
USH2A and USH3 is difficult, as exemplified by the 
observed linkage of one ‘USH3’ family to lq41 [22] and 
the linkage o f five ‘USH2A’ families to 3q21-q25 (WS 
Kimberling, personal communication).

Waardenburg syndrome

Waardenburg syndrome (WS) is an auditory pigmentary 
syndrome in which hearing loss is associated with ab
normal pigmentation o f hair, skin and eyes. Clinically, 
WS has been divided into two types, W Sl and WS2, 
which are distinguished by the presence or absence o f 
mild facial dysmorphic features such as dystopia can- 
thorum, a lateral displacement o f the inner canthi o f 
the eyes, which is defined by the W  index. Redefini
tion of the W  index now allows a better classification 
o f WS families. Patients with W Sl have been shown 
to have mutations in the PAX3 gene [23,24], whereas 
WS2 patients have mutations in other genes. In a pu
tative mouse model for WS, mutations were found in 
the microphthalmia gene, encoding a novel basic helix- 
loop-helix zipper protein [25]. Subsequently, the human 
homologue o f this gene, M ITF, and a locus for WS2 
were mapped at 3p l4 .1 -p l2 .3  [26,27], and mutations 
were found in the M IT F  gene in two families with WS2 
[28]. As a result o f improved clinical classification, fam
ilies can now be reliably defined as W Sl or WS2 and 
mutations sought in the appropriate genes.

Mitochondrially inherited deafness

In recent years, mutations in the mitochondrial genome 
have been reported to be associated with a variety of 
multisystem disorders [29], many o f which include sen
sorineural deafiiess as a symptom. In four unrelated fam
ilies, a maternally transmitted susceptibiUty to non-syn
dromic sensorineural hearing loss was associated with 
a mitochondrial DNA mutation at nucleotide 1555 in 
the 12S rR N A  gene [30*]. In three o f these families, the 
disease became manifest after aminoglycoside antibiotic 
treatment; in the fourth family, it was associated with a 
mutation in an (as yet) unknown nuclear gene. Early-on- 
set sensorineural hearing loss in another maternal pedi
gree has been found to be associated with a mutation 
at nucleotide 7445, converting the 3' terminal thymine 
residue of tRNA-ser(UCN) to a cytosine [31].

Autosomal recessive deafness

Non-syndromic autosomal recessive deafness is ex
tremely heterogeneous, as documented by the fact that 
most marriages between unrelated deaf individuals do 
not result in affected offspring. Estimates o f the number 
o f genes involved in recessive deafiiess do not include the 
possibility that affected individuals are non-complemen- 
tary double heterozygotes, as shown recently in retini
tis pigmentosa [32"]. After a systematic genome-wide 
search using highly polymorphic microsatellite repeats, 
the first gene for autosomal recessive deafness {DFNB1) 
was localized to the pericentromeric region o f chromo
some 13. In this study, homozygosity by descent was 
observed in affected individuals fi-om consanguineous 
Tunisian families for two genetic markers [33]. The 
DFNB1 locus may also be involved in other popula
tions, as homozygosity for this region has also been 
found in a consanguineous family o f  Pakistani origin 
[34]. Using the same approach, a second locus for au
tosomal recessive deafiiess {DFNB2) was mapped to 
chromosome llq l3 .5  [15], a region which also har
bours the human U SH iB  gene [14"] (see above). A 
third autosomal recessive gene (DFNB3) was assigned 
to the pericentromeric region o f chromosome 17 by 
a strategy termed allele frequency dependent homozy
gosity mapping [35*]. Evolutionary conserved synteny 
with other markers indicates that the murine deafness 
gene shaker-2 may be the homologue o f DFNB3  [36].

Autosomal dominant deafness

In isolated populations, a single or very few deafness 
genes may prevail. This was illustrated in a Costa R i
can and an Indonesian pedigree in which genes for 
non-syndromic autosomal dominant deafness mapped to 
5q31 (D FN A I) and Ip (DFNA2), respectively [37,38]. 
In the latter study, the locus on Ip  was confirmed in 
an American family. Using a large French family, a third 
locus for autosomal dominant deafness has been local
ized recently to human chromosome 13 [39]. Possibly 
the same locus is involved as in DFNB1, the reces
sive form o f deafiiess described above. As this region 
has now been implicated in families from three differ
ent populations, it may be a major locus for deafness. 
Dominant and recessive forms o f deafness may result 
from different mutations in the same gene, as shown 
recently for mutations in the COL11A2  gene which 
can be associated with autosomal dominant and reces
sive forms of Stickler syndrome, a syndromic form of 
sensorineural deafness [40"].
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X-linked deafness

The most frequent form o f  X-linked deafness, DFN3 
(X-linked deafiiess with perilymphatic gusher during 
stapes surgery), has been mapped to the X q l3 -q22  re
gion by hnkage studies [41-43]. In patients with DFN3, 
computerized tomography has revealed specific struc
tural defects in the temporal bone resulting in an ab
normal wide communication between the cerebrospinal 
fluid and the perilymph, which appears to account for 
the ‘gusher’ observed during stapes surgery. In famihes 
with X-Iinked sensorineural deafiiess w ithout the bony 
defect, Hnkage studies suggest the association o f one lo
cus at or near Xq21 and another at Xp21 [44,45]. De
tailed analysis o f  Xq21 deletions associated with DFN3, 
choroideremia and mental retardation, and others found 
in patients with non-syndromic D FN3, has locaHzed the 
underlying gene to a 500kb segment ofXq21.1 [46-50].

These data, and the assignment o f  the mouse P O U  do
main encoding gene Brain 4 to the murine X-chrom o
some in a region homologous to human X q l3-q22  [51], 
have been instrumental in the recent isolation o f the 
human DFN3 gene [52"]. The human homologue o f 
Brain 4, POU3F4, could be mapped to the physical in
terval carrying the DFN3 locus, and POU3F4  mutations 
were found in five unrelated D FN 3 patients [52"]. Al
though these observations demonstrate that mutations in 
the POU3F4 gene cause D FN3, they do not explain the 
association o f DFN3 with four microdeletions and a du- 
phcation that map up to 400 kb proximal to POU3F4. 
Although the involvement o f  a second DFN3 gene in 
the Xq21.1 band cannot be excluded, it is equally pos
sible that rfr-acting regulatory sequences proximal (5') to 
POU3F4 are involved.

POU3F4 is a member o f  a multigene family encoding 
transcription factors (with >25 members) [53]. At least 
five P O U  domain genes have been found to be expressed 
in different parts o f the rat cochlea [54]. In the light o f 
our data [52"], it is now tempting to speculate that these 
genes are impHcated in other forms o f  deafiiess. In the 
mouse genome, several P O U  domain genes have been 
mapped [55], and the precise chromosomal localization 
o f their human counterparts is eagerly awaited.

Conclusions

Hereditary deafness is extremely heterogeneous. Most 
cases show an autosomal recessive mode o f inheritance. 
Through the widespread use o f  a dense array o f mi- 
crosateUite markers, the introduction o f  novel genetic 
mapping techniques and improved clinical classification, 
several deafness genes have been mapped in the human 
genome. Although in man, precise regional assignment 
of the underlying gene defects is frequently hampered 
by small family sizes, comparison o f their map locations 
with those o f corresponding defects in the mouse will

greatly facilitate their isolation. Recently, this has been 
illustrated by the identification o f the human U SH IB  
gene on the basis o f its murine homologue, shaker-1. 
Positional cloning and candidate gene approaches have 
led to the identification o f the gene for X-linked deaf
ness, D FN 3. Future efforts in cloning deafness genes will 
benefit from the availabiUty o f an increasing number o f 
candidate genes which are being isolated from inner ear 
specific cDNA libraries.
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Mapping genes for psychiatric disorders and behavioral traits
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In the past year, some of the most exciting findings in the genetic investigation 
of mammalian behavior have been obtained through mapping and through 
gene manipulation studies in the mouse system. These include the localization 
of a gene for circadian periodicity in the mouse, gene knockouts of serotonin 
receptors, and the development of a transgenic model of Alzheimer's disease.
The recent development of genetic maps covering the entire human genome 
and the implementation of new approaches to genetic analysis may now 
facilitate elucidation of complex behaviors in humans, particularly psychiatric

disorders.

Current Opinion in Genetics and Development 1995, 5:376-381

Introduction

Genetic approaches may be the most powerful means 
by which to elucidate the biological bases o f psychiatric 
diseases, as biochemical and neurophysiological studies of 
human behavior have been disappointingly inconclusive. 
However, although twin, family, and adoption studies 
suggest that several psychiatric syndromes are heritable 
[1*], no genes promoting susceptibility to these disorders 
have yet been cloned or even unequivocally mapped to a 
chromosomal region. In this review, we discuss obstacles 
to mapping behavioral traits and strategies to surmount 
them. We highlight findings from genetic investigation 
o f complex behaviors in the mouse, suggest their rel
evance to genetic studies o f human behavior, and cite 
examples of recent human gene mapping studies.

Obstacles in psychiatric linkage studies

The greatest difficulty facing psychiatric geneticists is 
uncertainty regarding the validity o f phenotype des
ignations, as diagnosis is unavoidably based solely on 
clinical observation and subjective reports. Addition
ally, lod score analysis, the method used most often to 
localize disease genes initially, may lose power if genetic 
parameters are mis-specified [2**]. These parameters are 
poorly defined for psychiatric disorders; for instance, be
cause incomplete penetrance probably characterizes most 
behavioral traits, the absence o f a disease phenotype does 
not indicate the absence o f a ‘disease’ genotype. Such 
uncertainties necessitate analysis o f linkage data under 
multiple genetic models, a process which diminishes 
the strength o f statistical conclusions [3]. As lod scores 
for behavioral traits may thus fall below the signifi

cance threshold traditionally used for Mendelian traits, 
one must choose between increasing the size of a study 
sample (even if this means that phenotypes are broadly 
defined) and limiting analyses to individuals with nar
rowly defined phenotypes (with the possibility that link
age may be missed because o f an inadequate sample size). 
The first route has been chosen by most psychiatric ge
neticists, without favorable results. The second approach 
has been adopted successfully in studies of several non
psychiatric disorders with complex inheritance patterns.

Genetic mapping studies of bipolar disorder and 
schizophrenia: a historical review

Genetic mapping studies in psychiatry have focused on 
bipolar disorder (BP) and schizophrenia, as they are com
mon, severe, and apparently genetically transmitted. Yet, 
designing genetic studies o f both BP and schizophrenia 
is complicated because each entity represents an amalga
mation o f symptoms that do not demarcate unique phe
notypes. Classic BP (also called BP-I), for example, is 
distinctive and consists o f severe episodes o f  elevated 
mood, or mania, and lowered mood, or depression, 
with associated disturbances in rhythmic behaviors such 
as sleeping, eating, and sexual activity. However, BP-I of
ten co-segregates in famihes with more etiologically het
erogeneous syndromes, such as major depressive disorder. 
Schizophrenia is a general term describing a combination 
o f psychosis and symptoms, such as blunting o f affect, 
that impair social functioning. There are also multiple 
etiologies for psychosis, however, and defining affected 
phenotypes for schizophrenia is even more complicated 
than for BP [1*].

Abbreviations
APM—affected pedigree member; BP— bipolar disorder; END— N-ethyl-N-nitrosurea; 5HT— 5-hydroxytryptamine; 

IBD— identical by descent; IBS— identical by state; MAO-A— monoamine oxidase type A; QTL— quantitative trait locus.
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