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Abstract
Non-syndromic hearing impairment is
one of the most heterogeneous hereditary
conditions, with more than 40 reported
gene localisations. We have identified a
large Dutch family with autosomal dominant non-syndromic sensorineural hearing impairment. In most patients, the
onset of hearing impairment is in the first
or second decade of life, with a slow
decline in the following decades, which
stops short of profound deafness. The
hearing loss is bilateral, symmetrical, and
only aVects low and mid frequencies up to
2000 Hz. In view of the phenotypic similarities of this family with an American
family that has been linked to chromosome 4p16.3 (DFNA6), we investigated
linkage to the DFNA6 region. Lod score
calculations confirmed linkage to this
region with two point lod scores above 6.
However, as haplotype analysis indicated
that the genetic defect in this family is
located in a 5.6 cM candidate region that
does not overlap the DFNA6 region, the
new locus has been named DFNA14.
(J Med Genet 1999;36:532–536)
Keywords: non-syndromic hearing impairment; genetic
linkage analysis; DFNA6; DFNA14

Non-syndromic hereditary hearing impairment (NSHHI) is a common genetic disorder.
On the basis of age at onset, prelingual and
postlingual forms are recognised. Prelingual
NSHHI occurs in approximately 1 in 2000
births, is monogenic in origin in nearly all
cases, and follows an autosomal recessive
(75%), autosomal dominant (20-25%), or X
linked (1-4%) inheritance pattern.1
Postlingual NSHHI is less well characterised. Although environmental factors such as
noise play an important role, families with a
purely monogenic inheritance have been
described.2 Usually, the mode of inheritance is
autosomal dominant,2 although mitochondrial
mutations leading to postlingual NSHHI have
also been described.3 4
Over 47 nuclear gene localisations for
NSHHI have been reported.5 These loci are
named with the prefix “DFNA” for autosomal
dominant, “DFNB” for autosomal recessive,

and “DFN” for X linked loci, followed by a
number. Nineteen autosomal dominant loci,
20 autosomal recessive loci, and eight X linked
loci are referenced in the Hereditary Hearing
Loss Homepage (http://dnalab-www.uia.ac.be/
dnalab/hhh). However, some of these loci
involve the same gene. For example, DFNA8
and DFNA12 are both caused by mutations in
the á-tectorin gene.6 Other loci, such as
DFNB77 and DFNB11,8 have overlapping
candidate regions and a similar type of
NSHHI, and are therefore suspected to be
caused by a single gene.
With respect to phenotype, the autosomal
recessive NSHHI families have congenital profound deafness, with the exception of two
families with postlingual progressive HI linked
to DFNA89 and DFNB13.10 Most autosomal
dominant families, in contrast, have postlingual
progressive HI. The exceptions are three families linked to DFNA311 or DFNA8/DFNA126 9
that have a prelingual onset of HI. Unlike other
recessive families, the HI in these three families
is only moderate to severe and never profound.
When the audiometric data of the families
with postlingual NSHHI are compared, these
families fall into three broad categories. The
first group, including families linked to
DFNA2,12
DFNA5,13
DFNA7,14
and
DFNA9,15 have HI that initially only aVects the
high frequencies and then gradually includes
other frequencies. The second group, consisting of families linked to DFNA116 and
DFNA6,17 has a HI that is initially most
pronounced in the low frequencies, although a
significant diVerence in progression rate exists
between these families. In the family linked to
DFNA1, HI rapidly progresses from onset in
the first decade to severe HI across all frequencies before the third decade in all family members. In the DFNA6 family, the onset of HI is
generally in the second decade and progression
is slow, never becoming severe in degree.
The remaining families with NSHHI form a
loose third group that does not fit into the two
other categories. These families have a HI that
is initially most pronounced in the mid
frequencies (U shaped audiogram) or that
starts across all frequencies with nearly equal
thresholds (flat audiogram). However, for most
families in the third category, insuYcient
audiometric data have been published to
subcategorise them further.
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A gene for autosomal dominant hearing
impairment (DFNA14) maps to a region on
chromosome 4p16.3 that does not overlap the
DFNA6 locus

533

DFNA14 maps to a region not overlapping DFNA6

I

?
1
74 y

2
74 y

3
68 y

4
73 y

5
72 y

6
66 y

7
70 y

O

?

?

8
69 y

9
10
11
55 y 67 y 65 y

?
12 13
62 y 61 y

O

III
1
45 y

2
3
4
5
6
45 y 41 y 41 y 40 y 45 y

7
38 y

8
9
10
11
12
41 y 41 y 43 y 42 y 40 y

IV

13
14
15
16
17
18
19
20 21
22
23
24
25
26
27
43 y 39 y 38 y 39 y 37 y 34 y 31 y 24 y 29 y 27 y 25 y 22 y 35 y 32 y 32 y

28
27 y

?
1
2
14 y 12 y

3
4
5
6
18 y 16 y 12 y 14 y

7
14 y

Figure 1 Pedigree of the Dutch family with progressive HI. All living family members, including spouses, were tested audiometrically. The age of the family
members at the time of audiometry is given below their symbol. All family members with low frequency thresholds below the 95th centile are marked as
aVected. Family members with atypical audiograms or other possible causes of HI are marked with a question mark to indicate an unclear clinical
diagnosis. UnaVected persons below the age of 25 were given an unknown aVectedness status, indicated by a circle next to their symbol.

We have ascertained a large Dutch family
with sensorineural progressive HI starting in
the low and mid frequencies (up to 2000 Hz).
As another family from the USA with a similar
HI17 had been linked to chromosome 4p16.3
(DFNA6), we investigated linkage to this
region. We found significant linkage to chromosome 4p16 markers in our family and delineated a candidate region. However, this region
did not overlap the DFNA6 region. Therefore,
this new locus has been named DFNA14.

gel electrophoresis using standard procedures.
Lod score calculations were performed using
the LINKAGE computer programs.19 The HI
was coded as an autosomal dominant fully
penetrant disease with a frequency of 1 in
10 000. Equal recombination was assumed for
both sexes. We used the observed number of
alleles in the pedigree (N) in the lod score calculations and set the allele frequencies at 1/N.
Results
CLINICAL STUDIES

Methods
FAMILY STUDIES

All family members were interviewed regarding
their medical history and family relationships
and underwent an examination to exclude
signs of syndromic HI. Standard audiometry
(air and bone conduction) was performed and
a blood sample was obtained from all participating family members.
CLINICAL DIAGNOSIS

In families with progressive NSHHI, the clinical diagnosis is not always trivial. As hearing
thresholds increase significantly with age (presbyacusis) and vary between males and females,
we used a methodology based on the audiometric threshold profile and clinical history to
determine aVected status. First, family members with suspected or identifiable causes of HI
other than the familial HI were excluded. Second, hearing thresholds were compared with
normal thresholds for subjects of the same age
and gender.18 When hearing between 250 and
1000 Hz was worse than the 95th centile for
the general population, subjects were considered aVected. The type II error of this
procedure (including a genetically unaVected
subject as clinically aVected) is less than 5%.
Subjects older than 25 years of age with
hearing better than 20 dB HL or the 50th centile limit were considered unaVected.
GENETIC ANALYSIS

DNA was isolated from blood samples. Microsatellite genetic markers were analysed by
polymerase chain reaction and polyacrylamide

A total of 48 family members participated in a
clinical and genetic study after informed
consent (fig 1). Clinical investigations were
consistent with postlingual sensorineural nonsyndromic HI inherited as an autosomal dominant trait. The onset of HI in most patients was
in the first or second decade of life, after which
hearing slowly declined over the following decades. The HI was bilateral and symmetrical,
with only frequencies up to 1000 or 2000 Hz
being aVected. In general, hearing thresholds
below 2000 Hz were worse than the 95th centile for the general population, while at 4000
and 8000 Hz, thresholds remained better than
the 95th centile in most family members, even
in old age. This suggested that the hereditary
component of HI in this family is confined to
low and mid frequencies up to 2000 Hz. There
was no evidence for hearing deterioration
exceeding normal presbyacusis, as thresholds
did not exceed age matched normal levels at
high frequencies (4000 and 8000 Hz) in most
patients. Representative audiograms from affected family members of diVerent ages are
shown in fig 2.
A careful clinical selection of aVected and
unaVected members of the family was made as
described in the Methods section. A total of 20
family members were classified as aVected and
13 were classified as unaVected. In five family
members (II.4, II.8, II.10, II.11, IV.7) the
clinical diagnosis was unclear because of an
atypical audiometric pattern or the presence of
possible non-genetic causes of HI. These subjects are indicated by a question mark in fig 1.
Two persons below the age of 25 (III.20,
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Table 1 Results of two point linkage analysis between hearing impairment and 4p16
genetic markers
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4.35
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0.98
4.10
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2.90

2.41
2.29
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1.32
1.93
2.72
3.00
1.19
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0.23
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1.14
1.10
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1.22
1.48
0.37
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3.7
D4S412
1.6
0.1
1.3

DFNA 6

D4S2957
D4S432
D4S2925/D4S3023

4.1

III.24) were considered to be too young for a
reliable clinical diagnosis. These family members are indicated by a small circle next to the
symbol in fig 1. Eight normally hearing spouses
were given an unaVected status.

DFNA 14
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D4S2935
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2.2
D4S394
1.6

LINKAGE ANALYSIS IN THE DUTCH FAMILY

In view of the audiometric similarities of our
Dutch family to an American family (DFNA6)
that has been linked to chromosome 4p16.3,17
we investigated linkage to this region in our
family by analysing genetic marker D4S412.
The maximum lod score for linkage to this
marker was 3.8 at a recombination fraction of
0.1 (table 1). To confirm linkage, 11 other
genetic markers spanning a 20 cM region in
4p16.3 were analysed. All the markers used in
this study were taken from the Généthon
genetic linkage map.20 A genetic map containing all markers that were analysed is shown in
fig 3. Linkage to chromosome 4p16.3 was confirmed with two point lod scores exceeding 6
(table 1).
In order to determine the genetic interval
containing the genetic defect in this family,
haplotype analysis was performed and crossover events providing mapping information
were identified. Key crossovers delineating the
telomeric boundary of the HI mutation were
found in two subjects with a recombination
between D4S3023 and D4S431. One person
(IV.3 in figs 1 and 4) is aVected, while the other
(III.25 in figs 1 and 4) is unaVected at 35 years
of age. A single recombination between
D4S2935 and D4S3007 in an aVected family
member (IV.4 in figs 1 and 4) marks the
centromeric boundary of the candidate region.

D4S2983

5.8

D4S3009
Centromere

Figure 3 Genetic map of chromosome 14p16.3, showing
the markers used in this study. Bars on the right indicate
the linkage intervals of the DFNA6 and DFNA14
deafness loci. The marker order and intermarker distances
are based on the Généthon genetic map.20

In combination, these recombinational events
place the candidate region of the genetic defect
in the Dutch family between markers D4S3023
and D4S3007, a region of 5.6 cM on the
Généthon genetic map. This region is located
1.3 cM proximal to the DFNA6 region and
does not overlap it (fig 3).
LINKAGE ANALYSIS IN THE AMERICAN DFNA6
FAMILY

The centromeric delineation of the DFNA6
candidate region was based only upon the
result of marker D4S432 in a single aVected
member of the American DFNA6 family.17 To
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Figure 2 Typical audiograms for the right ear of aVected family members. Shown are an aVected female (IV.5) aged 12
(A), an aVected female (III.7) aged 38 (B), and an aVected male (II.2) aged 73 (C). Hearing thresholds are indicated by
dotted lines, age and sex matched 95th centile values for hearing (International Organisation for Standardisation, 1984)
are indicated by a solid line.
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Figure 4 Haplotype analysis with 4p16 markers in key
recombinants, delineating the DFNA14 candidate region.
The haplotype linked to deafness is boxed. II.11 has hearing
thresholds of approximately 60 dB for the low frequencies,
which is typical for the family. However, as the subject
suVers from several symptoms related to Menière disease,
which is associated with low frequency HI, he was
conservatively given an unknown aVectedness status.

confirm that the DFNA6 region and the
candidate region of the Dutch family do not
overlap, we repeated the analysis of D4S432 in
this key recombinant and analysed five additional markers centromeric to D4S432. Although markers D4S2957, D4S2925, and
D4S3023 were uninformative, D4S431 and
D4S2935 confirmed the DFNA6 key crossover. Subsequently, this patient was reexamined audiometrically and a new blood
sample was obtained five years after the initial
assessment. The new audiometric results
clearly confirmed that this key recombinant
was aVected. Three genetic markers were
retyped on the new DNA sample, giving results
identical to the previous findings. In view of the
evidence for separate candidate regions, the
HUGO/GDB
Nomenclature
Committee
named the new locus DFNA14.
Discussion
We report here a novel NSHHI locus
(DFNA14), which is responsible for an autosomal dominant form of postlingual HI mainly
aVecting the low frequencies. The candidate
interval of DFNA14 is a 5.6 cM region
between D4S3023 and D4S3007 on distal
chromosome 4p. This region does not overlap
the DFNA6 gene, which is responsible for a
similar low frequency HI.
The finding of separate candidate regions in
these two families suggests that there are two
diVerent genes responsible for low tone HI
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located in the same chromosomal band. This is
surprising, as the audiometric characteristics of
the American DFNA6 and the Dutch
DFNA14 families are specific and very similar.
Furthermore, postlingual slowly progressive
sensorineural HI starting in the low frequencies is very rare, and these two families are the
only ones with this kind of loss reported world
wide. If a single gene is responsible for DFNA6
and DFNA14, the centromeric boundary of
the DFNA6 linkage interval or the telomeric
boundary of the DFNA14 region may be
incorrect. This is possible if one of the key
recombinants is a phenocopy or nonpenetrant. In the DFNA14 family, however,
the telomeric boundary of the DFNA14 region
is defined by two recombinations in both an
aVected and an unaVected subject. Only if the
aVected recombinant is a phenocopy and the
unaVected recombinant is non-penetrant
would the telomeric boundary of the DFNA14
region be wrong. The centromeric boundary of
the DFNA6 region is defined by a single
aVected recombinant. Although a phenocopy
cannot be excluded, the uncommon occurrence of this type of HI in the general population remains an argument against this hypothesis.
Another possibility is the presence of a spontaneous mutation or a typing error in one of the
microsatellite markers, artificially creating a
recombinant haplotype. For the telomeric
boundary of the DFNA14 region, however,
both recombination events were confirmed by
diVerent markers (fig 4), excluding this possibility in the DFNA14 family. However, the
centromeric boundary of the DFNA6 region is
defined by a single recombinant, which was
shown by only a single marker (D4S432) in the
initial study.17 In this study, we repeated the
genetic analysis of D4S432 for the critical
DFNA6 recombinant using a new blood sample and obtained exactly the same result. In
addition, five other markers were analysed.
Although the two markers located between the
DFNA6 and DFNA14 candidate regions
(D4S2925 and D4S3023) were uninformative,
the crossover was confirmed by two markers
(D4S431 and D4S2935) centromeric to the
uninformative markers. This analysis excludes
a typing error, but a mutation in D4S432 cannot be excluded. However, the spontaneous
mutation rate in dinucleotide microsatellite
markers has been estimated at approximately 5
× 10-4, making it a very infrequent event.21
It may be possible that a mistake in the
genetic map position of the centromeric flanking marker of DFNA6 (D4S432) relative to the
telomeric flanking marker of the DFNA14
region (D4S3023) incorrectly separates the
DFNA6 and DFNA14 candidate regions.
However, the Marshfield genetic map (http://
www.marshmed.org/genetics/indexmap.html)
also confirms the localisation of D4S432
telomeric to D4S3023. In addition, even if the
relative order of D4S432 and D4S3023 were
reversed, D4S432 would remain the centromeric flanking marker for the DFNA6 region,
and this same marker would become the
telomeric marker for the DFNA14 critical

536

Van Camp, Kunst, Flothmann, et al

The authors thank Dr Olaf Riess for helpful discussions. A grant
from the University of Antwerp and a grant from the Flemish
Fonds voor Wetenschappelijk Onderzoek (FWO) supported this
research. IB, MB, and ML thank the University of Michigan
Biomedical Research Council for partial support. GVC holds a
research position with the FWO.
1 Cohen MM, Gorlin RJ. Epidemiology, etiology, and genetic
patterns. In: Gorlin RJ, Toriello HV, Cohen MM, eds.
Hereditary hearing loss and its syndromes. Oxford: Oxford
University Press, 1995:9-21.
2 Gorlin RJ. Genetic hearing loss with no associated
abnormalities. In: Gorlin RJ, Toriello HV, Cohen MM, eds.
Hereditary hearing loss and its syndromes. Oxford: Oxford
University Press, 1995:43-61.
3 Prezant TR, Agapian JV, Bohlman MC, et al. Mitochondrial
ribosomal RNA mutation associated with both antibioticinduced and non-syndromic deafness. Nat Genet 1993;4:
289-94.

4 Reid FM, Vernham GA, Jacobs HT. A novel mitochondrial
point mutation in a maternal pedigree with sensorineural
deafness. Hum Mutat 1994;3:243-7.
5 Van Camp G, Willems PJ, Smith RJH. Nonsyndromic hearing impairment: unparalleled heterogeneity. Am J Hum
Genet 1997;60:758-64.
6 Verhoeven K, Van Laer L, Kirschhofer K, et al. Mutations in
the human á-tectorin gene cause autosomal dominant
non-syndromic hearing impairment. Nat Genet 1998;19:
60-2.
7 Jain PK, Fukushima K, Deshmukh D, et al. A human recessive neurosensory nonsyndromic hearing impairment locus
is potential homologue of the murine deafness (dn) locus.
Hum Mol Genet 1995;4:2391-4.
8 Scott DA, Carmi R, Elbedour K, et al. An autosomal recessive nonsyndromic-hearing-loss locus identified by DNA
pooling using two inbred Bedouin kindreds. Am J Hum
Genet 1996;59:385-91.
9 Kirschhofer K, Kenyon JB, Hoover DM, et al. Autosomaldominant, prelingual, nonprogressive sensorineural hearing loss: localization of the gene (DFNA8) to chromosome
11q by linkage in an Austrian family. Cytogenet Cell Genet
1998;82:126-30.
10 Mustapha M, Chardenoux S, Nieder A, et al. A sensorineural progressive autosomal recessive form of isolated
deafness, DFNB13, maps to chromosome 7q34-q36. Eur J
Hum Genet (in press).
11 Chaib H, Lina-Granade G, Guilford P, et al. A gene responsible for a dominant form of neurosensory non-syndromic
deafness maps to the NSRD1 recessive deafness gene
interval. Hum Mol Genet 1994;3:2219-22.
12 Coucke P, Van Camp G, Djoyodiharjo B, et al. Linkage of
autosomal dominant hearing loss to the short arm of chromosome 1 in two families. N Engl J Med 1994;331:425-31.
13 Van Camp G, Coucke P, Balemans W, et al. Localization of
a gene for non-syndromic hearing loss (DFNA5) to
chromosome 7p15. Hum Mol Genet 1995;4:2159-63.
14 Fagerheim T, Nilssen O, Raeymaekers P, et al. Identification
of a new locus for autosomal dominant non-syndromic
hearing impairment (DFNA7) in a large Norwegian family.
Hum Mol Genet 1996;5:1187-91.
15 Manolis EN, Yandavi N, Nadol JB, et al. A gene for
non-syndromic autosomal dominant progressive postlingual sensorineural hearing loss maps to chromosome
14q12-13. Hum Mol Genet 1996;5:1047-50.
16 Léon PE, Raventos H, Lynch E, et al. The gene for an inherited form of deafness maps to chromosome 5q31. Proc Natl
Acad Sci USA 1992;89:5181-4.
17 Lesperance MM, Hall JW, Bess FH, et al. A gene for
autosomal dominant nonsyndromic hereditary hearing
impairment maps to 4p16.3. Hum Mol Genet 1995;4:196772.
18 International Organization for Standardisation. Acousticsthreshold of hearing by air conduction as a function of age and
sex for otologically normal persons. ISO 7029. Geneva: International Organization for Standardization, 1984.
19 Lathrop GM, Lalouel JM. Easy calculations of lod scores
and genetic risks on small computers. Am J Hum Genet
1984;36:460-5.
20 Dib C, Fauré S, Fizames C, et al. A comprehensive genetic
map of the human genome based on 5,264 microsatellites.
Nature 1996;380:152-4.
21 Goldstein DB, Ruiz Linares A, Cavalli-Sforza LL, et al.
Genetic absolute dating based on microsatellites and the
origin of modern humans. Proc Natl Acad Sci USA
1995;92:6723-7.
22 Allitto BA, MacDonald ME, Bucan M, et al. Increased
recombination adjacent to the Huntington disease-linked
D4S10 marker. Genomics 1991;9:104-12.
23 Mochizuki T, Lemmink HH, Mariyama M, et al. Identification of mutations in the á3(IV) and á4(IV) collagen genes
in autosomal recessive Alport syndrome. Nat Genet 1994;8:
77-81.
24 De Kok YJM, Vossenaar ER, Cremers CWRJ, et al. Identification of a hot spot for microdeletions in patients with
X-linked deafness type 3 (DFN3) 900 kb proximal to the
DFN3 gene POU3F4. Hum Mol Genet 1996;9:1229-35.

J Med Genet: first published as 10.1136/jmg.36.7.532 on 1 July 1999. Downloaded from http://jmg.bmj.com/ on May 19, 2022 by guest. Protected by copyright.

region on the basis of the unaVected recombinant III.25 (fig 4). The DFNA6 and
DFNA14 regions would thus remain not overlapping.
Three other possibilities should also be considered. First, the physical map may be small
compared to the genetic map. Increased
recombination is found on chromosome
4p16.3 and the 300-400 kb physical region
near marker D4S126 in the DFNA6 candidate
region17 corresponds to a genetic distance of
3.5 cM.22 If this high frequency of recombination extends in the centromeric direction, the
1.3 cM genetic distance between the DFNA6
and DFNA14 candidate regions could be
spanned by a single large gene. Second, a gene
duplication event may have occurred and two
ancestrally related but discrete genes could
cause DFNA6 and DFNA14. For example,
mutations in either of the two closely linked
collagen genes, á3(IV) or á4(IV), cause
autosomal recessive Alport syndrome.23 Third,
a single gene may be responsible for both
diseases, with mutations in one family in a 5'
enhancer region. This type of distant eVect has
been hypothesised in DFN3 (X linked deafness
with stapes fixation), where microdeletions 400
kb proximal to the POU3F4 gene are found in
some aVected persons.24 The mechanisms by
which these deletions cause an identical
phenotype to mutations in the coding region of
POU3F4 are currently unclear.
In conclusion, we have presented phenotypic
arguments for the involvement of a single gene
in DFNA6 and DFNA14, while the genetic
analysis of the families argues for two genes.
Whether DFNA6 and DFNA14 involve the
same gene or not will ultimately be resolved by
the identification of disease causing mutations.

