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LINKAGE OF AUTOSOMAL DOMINANT HEARING LOSS TO THE SHORT ARM OF
CHROMOSOME 1 IN TWO FAMILIES
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Abstract Background. Atleast half of the cases of pro-
found deafness of early onset are caused by genetic fac-
tors, but few of the genetic defects have been identified.
This is particularly true of the most common hereditary
forms of deafness, which occur in the absence of any
associated syndrome.

Methods. We studied a large Indonesian family in
which hearing loss was inherited in an autosomal domi-
nant pattern. The hearing loss first affects the high fre-
quencies during the teens or 20s and becomes profound
within 10 years. To locate the responsible gene, we per-
formed genetic-linkage analysis, using microsatellite
markers distributed over the entire genome. We then
performed linkage analyses in an American family and

EAFNESS affects approximately one person in

two by the age of 80 years.! Hearing loss also
affects about one in every thousand children.!* More
than 60 percent of the cases of profound early-onset
deafness are caused by genetic factors, in most cases
probably single gene mutations.* About 75 percent of
the people with genetically determined deafness have
no additional clinical abnormalities. The other 25 per-
cent have clinically recognizable signs that constitute
an identifiable syndrome."” In progressive hearing
loss in the later decades, environmental causes play an
important part, although underlying genetic risk fac-
tors are also likely to be involved.

A number of forms of syndromic deafness have
been mapped by genetic-linkage analysis. Usher’s
syndrome is genetically heterogeneous, involving loci
on chromosomes 1q, 14q, 11p, and 11q,*® but the re-
spective genes have not been cloned yet. Waarden-
burg’s syndrome, characterized by pigmentary ab-
normalities and sensorineural deafness, is due to
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a Dutch family with similar patterns of hereditary hear-
ing loss.

Results. In the extended Indonesian family, a gene
linked to deafness mapped to chromosome 1p, with a mul-
tipoint lod score of more than 7. In the American family,
deafness was linked to the same locus on chromosome
1p, with a multipoint lod score of more than 5. In the Dutch
family, however, this locus was ruled out. The flanking
markers D1S255 and D1S211 defined a region of 6 cM on
chromosome 1p that is likely to contain the gene associat-
ed with deafness in the first two families.

Conclusions. In some families with early-onset auto-
somal dominant hearing loss, the responsible gene is on
chromosome 1p. (N Engl J Med 1994;331:425-31.)

mutations in the PAX3 gene, a gene involved in em-
bryonic development.®!® In Alport’s syndrome, there
is a combination of progressive loss of kidney function
and progressive sensorineural hearing loss, caused by
mutations in the collagen a5 (IV) gene. Syndromic
deafness is usually the consequence of maldevelop-
ment of specific organs or structures, and the genes
responsible for them are generally structural proteins
or genes involved in development.

Little is known about the genes involved in human
nonsyndromic genetic deafness. Localization of these
genes depends on genetic-linkage analysis of large
families. In many cases the most efficient strategy is a
genome search, in which typing of genetic markers
over the whole genome is carried out in large families
with many affected members, to identify cosegregation
with the disease. However, because marriages be-
tween deaf people are frequent in the Western world,
affected families may often have more than one gene
for deafness as well as hearing loss due to nongenetic
factors. Consequently, large pedigrees with a clear
pattern of segregation of only one factor responsible
for hearing loss are uncommon. Studying many small
families cannot overcome this problem because the
genes responsible for hearing loss may differ from fam-
ily to family.

One way to overcome these problems is to study
families from relatively isolated populations. This
strategy proved to be successful in a large Costa Rican
family with autosomal dominant nonsyndromic hear-
ing loss that first affected the low frequencies,!! in
which the genetic defect was mapped to the long arm
of chromosome 5,'? and in a Tunisian family with a
recessive form of nonsyndromic deafness linked to
chromosome 13q."* Only a few additional genes en-
coding for nonsyndromic deafness have been located,
including two encoding for X-linked forms of heredi-
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tary deafness, one'* of which has been linked to chro-
mosome Xq12 and the other'® to chromosome Xq21.1.
None of these genes have been isolated yet. Also, a
mutation in the mitochondrial 12S ribosomal RNA
has been described in white families with maternally
transmitted susceptibility to aminoglycoside ototoxici-
ty and in an Israeli-Arab family with mitochondrial
inheritance of hearing loss.'®

In this study we performed a genome search to lo-
calize a gene for nonsyndromic deafness in a large
Indonesian family with nonsyndromic, autosomal
dominant progressive sensorineural hearing loss first
affecting the high frequencies.

MEeTHODS
Patients

We performed pure-tone audiometry with aerial conduction at
250, 500, 1000, 2000, 4000, 6000, and 8000 Hz and with bone con-
duction at 500, 1000, 2000, and 4000 Hz. Family members were
considered to be affected only if they had bilateral sensorineural
hearing loss of more than 25 dB at more than one frequency or of
more than 30 dB at one frequency (with respect to the age-depend-
ent curve of the general population'’). Members 30 years old or
older whose audiograms were normal according to the age-depend-
ent control curve'’ were considered to be unaffected. Members at
risk who were less than 30 years old and whose audiograms were
normal were not included in the linkage analysis. Patients with
sensorineural hearing loss suspected of being due to other factors,
such as infection, chronic middle-ear disease, otologic trauma or
ototoxic antibiotics, and Meniere’s disease, were excluded from the
linkage analysis.

DNA Analysis

Genomic DNA was extracted by a standard technique.'® Micro-
satellite polymorphisms were amplified by polymerase chain reac-
tion and analyzed on polyacrylamide gels, as described by Hughes.'

Linkage Analysis

Linkage analysis was performed with the software package Link-
age (version 5.1).%° An estimated gene frequency of 2.5X107° for
nonsyndromic autosomal dominant deafness affecting the high
frequencies was used in the calculations, and penetrance was set at
100 percent because no evidence of nonpenetrance was found
in the three families studied. Allele frequencies were set equal
to each other for the markers used in the genome search. Af-
ter linkage had been detected, Indonesian allele frequencies
for the Généthon markers that were subsequently used were calcu-
lated on the basis of the genotypes of 42 unrelated healthy Indone-
sians. In the white families from the United States and the Nether-
lands, the allele frequencies for whites in the Genome Database?!
were used.

REsuLTS
Patients
Indonesian Family

A high concentration of cases of deafness with a
strong familial character was known to exist in an
isolated village, Mekarsari, with a total population of
approximately 4000, located south of Bandung, the
capital of West Java. An anamnestic pedigree was
reconstructed for 821 family members, of whom 140
were deaf; these affected members were descended
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from a common ancestor who had lived seven genera-
tions ago in West Java. The pattern of deafness in this
family clearly showed an autosomal dominant inherit-
ance with high penetrance, given the several affected
generations, the absence of transmission of deafness
by members with normal hearing, the ratio of mem-
bers with deafness to siblings with normal hearing, the
sex ratio, and the transmission of deafness by affected
males. Family members described hearing loss that
was first noticed in the second or third decade of life
and that was preceded by tinnitus in most cases. In
general, the hearing loss increased in less than 10
years to more than 60 dB (Fletcher index), resulting in
an inability to understand speech. Clinical and oto-
scopic examinations, pure-tone audiometry, tympa-
nometry, and acoustic-reflex testing were conducted
in 392 family members. All affected members had
hearing losses of at least 30 dB by the age of 30 years
and of at least 55 dB by the age of 40. More than
30 children under the age of 10 years who had affected
parents were tested by audiometry, but no hearing loss
was detected, indicating that hearing loss in this
family starts in general after the age of 10. Affected
members typically had bilateral, symmetric sensori-
neural hearing loss and normal tympanograms. The
audiograms varied markedly, ranging from curves
showing a normal threshold up to 2000 Hz but a dip at
6000 Hz or a very steep drop at higher frequencies, to
relatively flat curves showing severe hearing loss at all
frequencies. In patients with mild or moderate hear-
ing loss, acoustic reflexes could be detected at levels
less than 60 dB above the pure-tone threshold, demon-
strating recruitment. Fifteen patients with deafness
underwent complete diagnostic evaluations: their phe-
notypes were normal except for their hearing loss, and
extensive ophthalmologic and neurologic examination
detected no abnormality in any of them. All 15 pa-
tients had normal results on a number of hematologic
tests as well as tests of thyroid, kidney, and liver
function.

American Family

An American family had 27 members with autoso-
mal dominant sensorineural hearing loss over four
generations. The family was of European descent and
traced its ancestors to France and Luxembourg. All
family members included in this study were tested
audiometrically. There was no indication of nonpene-
trance of the hearing loss. A hearing loss of at least 60
dB was diagnosed in several of the affected members
by the age of six years. Every patient had hearing loss
of at least 55 dB by the age of 30, and most had
profound hearing loss by the age of 40. All patients
had audiograms on which a sloping configuration be-
ginning after the 1000-Hz mark was maintained, al-
though family members with severe-to-profound hear-
ing loss in the high frequencies also had moderate loss
in the low and middle frequencies. Tinnitus was re-
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ported by some of the affected members, but no other
consistent medical or physical abnormalities were de-
tected.

Dutch Family

In a Dutch family comprising 338 members in five
generations, 66 members were found to have auto-
somal dominant, progressive sensorineural hearing
loss first involving the high frequencies. This family
has been described previously.?** Hearing loss start-
ed between the ages of 5 and 15 years, affecting
the high frequencies. With increasing age the low
frequencies also became affected, and in the fifth dec-
ade the hearing loss became severe. Vestibular func-
tions were not affected, and no family member report-
ed tinnitus. There were no associated abnormalities
in this family, indicating that the deafness was non-
syndromic.

Linkage Analysis
Indonesian Family

We first tested the Indonesian family for linkage
with the known loci'*" for hereditary deafness on
chromosome 5q and 13q, but linkage to both chromo-
somal regions was excluded by multipoint linkage
analysis. Since no loci other than the 5q and 13q loci
are known to cause nonsyndromic deafness, a search
of the complete genome was subsequently initiated.
The Indonesian family was coded as three separate
families in the linkage programs, because of the uncer-
tainty of some family relationships (Fig. 1, dashed
line), although this resulted in some loss of power in
the linkage analysis. Since no allele frequencies are
known for the Indonesian population, allele frequen-
cies equal to each other were used in the linkage calcu-
lations, eliminating the need for typing of a large num-
ber of unrelated Indonesians for all the markers used
in the genome search. Although the use of incorrect
allele frequencies may lead to false positive evidence of
linkage under certain conditions, the power to detect a
true linkage remains largely unaffected.?’?° After 60
microsatellite markers randomly distributed over the
genome had been typed, producing negative or incon-
clusive results, linkage was detected with the marker
DIS186, located on chromosome 1p. This marker
gave a maximal lod score of 8.39 at 0 percent recombi-
nation with the gene for deafness.

In view of the detailed Généthon genetic maps,*
which can be correlated with extensive physical maps,
we analyzed a number of markers from the Géné-
thon microsatellite genetic map covering the same
chromosomal region (Fig. 2). Because the marker
D1S186 cannot be positioned on this map, it was not
used further. Analysis with the markers D1S255 and
D1S193 produced lod scores of 7.06 and 2.14, both at
0 percent recombination. The results of this analysis
are shown in Table 1. Varying the gene frequency
between 107* and 107°, as well as changing the pene-
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trance to 95 percent, had only minor effects on the lod
scores and did not alter the conclusions. Multipoint
linkage analysis with D1S255 and D1S193 revealed a
peak lod score of 7.70. Haplotypes were constructed
with the four markers D1S201, D1S255, D1S193, and
D18211, revealing interesting recombinational events
(Fig. 2). Obligate recombinations between D1S201
and the gene for deafness were found in two affected
members (Fig. 1, members V-9 and VI-2). These obli-
gate recombinations were confirmed by the finding
that allele 2 segregated with deafness in all offspring of
members II-1 and II-2, whereas allele 7 segregated
with hearing loss in the offspring of member I1-4, im-
plying an inferred recombination in at least one com-
mon ancestor of all these members. An obligate re-
combination between the gene for deafness and the
marker D1S211 was found in member V-10 (Fig. 1).
All these recombinational events localized the gene for
deafness between D1S201 and D1S211 in an interval
of approximately 11 cM.

American Family

Multipoint linkage analysis with chromosome 5
markers excluded the possibility that chromosome 5q
was the locus of the gene for deafness'? in the Ameri-
can family. To test this family for linkage with the
chromosome 1p locus, typing for D1S201, D1S255,
DI1S193, and DI1S211 was carried out (Fig. 1). The
highest lod scores, 4.97 and 4.77, were obtained with
DI1S193 and DI1S211, respectively, both at 0 percent
recombination (Table 1). Multipoint linkage analysis
with D15255 and D1S193 yielded a peak lod score of
5.89. To locate the recombinants in this family, haplo-
types were constructed with these four markers (Fig.
1). A recombination between D15255 and the gene for
deafness was found in member IV-5, who was healthy
and had a normal audiogram at the age of 40 years
(Fig. 1). The finding of this recombination localized
the gene for deafness centromeric to D1S255 in this
family (Fig. 2).

Dutch Family

The chromosome 5 locus'? was ruled out in the
Dutch family by multipoint linkage analysis. Fam-
ily members were subsequently tested for linkage
with the chromosome 1p locus by means of Géné-
thon markers D15255 and D1S193 (Fig. 2 and Table
1). Negative lod scores were obtained with both
markers (Table 1). Multipoint linkage analysis with
D18255 and D1S193 produced lod scores below —2 for
a region ranging from more than 10 ¢cM telomeric
from D18255 to more than 10 ¢M centromeric from
D1S193, thus excluding the entire candidate region on
chromosome 1p.

Discussion

In this study of an extended Indonesian family with
autosomal dominant deafness affecting high frequen-
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cies, we localized the gene for deafness to chromosome
lp after searching the genome with microsatellite
markers dispersed over the whole genome. This local-
ization was helped by two factors: the family lived in
two isolated small villages close to each other, thereby
facilitating the construction of a large pedigree; and
selective mating in this population is infrequent be-
cause of the social acceptance of deafness by the com-
munity and the rather late onset of deafness in family
members, limiting the introduction of genes for sec-
ondary deafness.

After detecting linkage with chromosome 1p in the
Indonesian family, we performed linkage analysis in
two white families with autosomal dominant deafness
affecting the high frequencies. Linkage to the chromo-
some 1p region was also found in the American family.
Although deafness in this family was linked to the
same locus as in the Indonesian family, it developed at
an earlier age. Whereas hearing loss could never be
detected in members of the Indonesian family before
the age of 10, it was diagnosed in several children in
the American family by the age of 6. This could be due
to the presence of different mutations with different
expression in the two families. Since the Indonesian
and the American families are of different ethnic
backgrounds, it is likely that the gene responsible for
deafness on chromosome lp is responsible for hear-
ing loss in other families throughout the world.
Therefore, we are currently performing linkage anal-
ysis in more families with autosomal dominant hear-
ing loss.

Autosomal dominant hearing loss of high tones is
genetically heterogeneous. We found one locus on
chromosome 1p responsible for hearing loss in the
Indonesian and American families, and determined
that there must be another, unknown locus in the
Dutch family. Furthermore, there is at least one locus
for low-frequency hearing loss on chromosome 5.'2
Autosomal recessive nonsyndromic deafness is also ge-
netically heterogeneous, since linkage to the locus on
chromosome 13q has not been demonstrated in all
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Figure 1. Part of the Pedigree of an Indonesian Family, an Ameri-
can Family, and a Dutch Family with Autosomal Dominant
Deafness.

Only family members whose DNA was studied or who are neces-
sary to reconstruct the pedigrees are represented. Affected family
members are represented by solid symbols, male family mem-
bers by squares, and female members by circles. The apparent
excess of affected members represents an ascertainment bias,
since more affected than unaffected members cooperated in this
study and members less than 30 years old with normal audio-
grams were excluded from the pedigrees. The most likely haplo-
type for the chromosome 1 markers is shown below each mem-
ber of the Indonesian and American families from whom DNA
was available; each number beside a bar is an allele number.
The solid portion of the bars indicates the haplotypes linked
to the gene for deafness in each branch of the pedigree. The
order of the markers from the top to the bottom of each bar is
D1S201, D15255, D1S193, and D1S211. In the American family,
it is not known which of the parents in generation |
was affected.

families affected.® Other loci for nonsyndromic deaf-
ness will no doubt be identified as genome searches are
carried out in more families.

In the Indonesian family, the gene for deafness was
located with a high degree of certainty in an interval
of 11 ¢cM between D1S201 and D1S211, because sev-

Chromosome 1p Indonesian Family ~ American
Family
Telomere V- VIi2  V-10 V-5

36.3
86.2 Telomere
36.1
35
45 +D18201
343
33
32 5cM

r D1S255
31

5¢cM

22
” 1 mTO1S198

- D1S211
13
12 Centromere

Centromere

Figure 2. Key Recombinants between the Gene for Hearing Loss
and Genetic Markers in the Indonesian and American Families, in
Relation to a Microsatellite Genetic Map of Chromosome 1p.
The microsatellite map was obtained from the Généthon data
base.® The bars indicate chromosomal regions that contain the
gene for deafness, vertical lines noninformative regions, and
open bars regions that do not include the gene. In indonesian
family members V-9 and VI-2, recombination has occurred be-
tween the gene for deafness and marker D1S201, localizing
the gene centromeric to D1S201. The recombination between
D1S211 and the gene in family member V-10 localizes the gene
telomeric to D1S211. In the American family, there is a recom-
bination in unaffected family member IV-5 between the gene
for deafness and D1S265, localizing the gene centromeric to
D18255. Combining the information from all the recombinations
delineates the candidate region between the markers D1S255
and D1S211.
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Table 1. Two-Point Lod Scores for the Association of Hearing
Loss with Chromosome 1p Loci in Three Families with Autosomal
Dominant Hearing Loss.*

FAMILY AND
Locus RECOMBINATION FRACTION (6) Zmax (6)
0.00 0.01 0.05 0.10 0.20 0.30 0.40
Indonesian
family
D1S201 -« 3.01 3.80 3.64 2.69 1.56 055 3.81
(0.057)
D1S255 7.06 6.89 6.24 5.41 3.73 210 073 17.06
(0.00)
Di1S193 2.14 2.09 1.87 1.61 1.09 0.65 0.29 214
(0.00)
DIS211 -« 3.14 343 3.19 2.36 1.45 0.63 3.44
(0.042)
American
family
D1S201 ~« 3.50 3.82 3.64 2.89 194 093 3383
(0.046)
DI1S255 -« 1.25 1.69 1.66 1.30 0.84 0.40 1.71
(0.066)
D1S193 497 4.87 4.49 3.99 2.97 1.92 0.90 497
(0.00)
DI1S211 4.77 4.67 4.29 3.81 2.84 1.85 089 477
(0.00)
Dutch family
DiS193 -~ -7.83 -3.81 -222 -0.86 -0.27 —0.02
D18S255 -« -531 -2.61 -1.52 -0.57 -0.16 0.01

* denotes the frequency of recombination, and Z,,, the maximal lod score.

eral recombinational events were found in affected
members (Fig. 1 and 2). In the American family, a
recombination between D1S255 and the gene for deaf-
ness in an apparently unaffected member localized the
gene centromeric to D15255 (Fig. 1 and 2). When the
member with the recombination was examined at
the age of 40, he had no signs of hearing loss; it is
therefore likely that he did not inherit the gene for
deafness, since every affected family member more
than 30 years old had a hearing loss of more than 55
dB. When the findings in this family are combined
with those in the Indonesian family, it can be seen that
the genetic defect causing the hearing loss in these
two families is most probably located in an interval of
6 cM between D1S255 and D1S211 on the short arm
of chromosome 1 (Fig. 2).

A number of genes may be located in this region,
although the exact place of most of them on the genet-
ic map is unknown. The candidate genes include sev-
eral collagen genes: a2 (VIII),* a2 (I1X),*? and al
(XVI).*3* These collagen genes are of particular in-
terest because mutations in the collagen a5 (IV) gene
can lead to syndromic deafness.*

The genes responsible for nonsyndromic deafness
are likely to have specific roles in the hearing process.
However, little is known at the molecular level about
the process of hearing in the cochlea, and virtually
nothing is known about the genes involved. The iden-
tification of these genes will be a first step in the eluci-
dation of the physiologic mechanisms of hearing and
could lead to substantial improvements in our ability
to diagnose and possibly even treat deafness.
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