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Mapping genes for nonsyndromic hereditary hearing
impairment may lead to identification of genes that
are essential for the development and preservation
of hearing. We studied a family with autosomal domin-
ant, progressive, low frequency sensorineural hearing
loss. Linkage analysis employing microsatellite poly-
morphic markers revealed a fully linked marker
(D4S126) at 4p16.3, a gene-rich reglon containing
IT15, the gene for Huntington’s diseagse (HD). For
D4S126, the logarithm-of-odds (lod) score was 3.64
at 6 = 0, and the overall maximum lod score was 5.05
at 6 = 0.05 for D4S412. Analysis of recomblinant
individuals maps the disease gene to a 1.7 million
base pair (Mb) region between D4S412 and D4S432.
Genes for two types of mutant mice with abnormal
cochleovestibular function, tilted (t/f) and Bronx
waltzer (bv), have been mapped to the syntenic region
of human 4p16.3 on mouse chromosome 5. Further
studies with the goals of cloning a gene for autosomal
nonsyndromic hearing Iimpairment and identifying the
murine homologue may explain the role of this gene
in the development and function of the cochlea.

INTRODUCTION

To date, several genes associated with syndromic hereditary
hearing impairment have been cloned, and still more have
been mapped (1,2). Yet, approximately two-thirds of all cases of
hereditary hearing impairment are non-syndromic (3). Several
genes for nonsyndromic hearing loss have been mapped, but
only X-linked and mitochondrial genes have been cloned (4—
12). The discovery of increasing numbers of loci linked to
hereditary hearing impairment attests to the marked genetic
heterogeneity of nonsyndromic deafness. Furthermore, there
are families with hereditary hearing loss that are not linked to
any known loci for hereditary hearing impairment (E.Wilcox
and R.J.H.Smith, pers. comm.).

Based on the Fay survey of deaf by deaf marriages, it was
estimated that there are at least 10 loci for recessive deafness,
assuming equal allele frequencies of the mutant genes (13).

Sixty autosomal loci for prelingual deafness and another 60
autosomal loci for postlingual deafness were predicted by
multiplying 20-fold the number of X-linked loci (14). The
number of genes involved in nonsyndromic deafness and the
interactions between them may be quite complex. It has been
suggested that high frequency hearing loss linked to 13q12
may be inherited either as a recessive or a dominant disorder,
resulting from different mutations in the same gene (8,11).
Allelic mutations can also cause clinically distinct phenotypes,
as in Jackson—Weiss and Crouzon syndromes (15).

Previously described loci for dominant nonsyndromic
hereditary hearing impairment include 5q31, 1p32 and 13q12
(6,7,11). The 5q31 locus was discovered through linkage
analysis of a Costa Rican family with low frequency hearing
loss. The hearing loss in these individuals invariably progresses
to bilateral profound hearing loss, distinguishing it from the
hearing loss in the present study. Hereditary high frequency
hearing loss progressing to profound hearing loss in an
Indonesian family and a United States family maps to 1p32,
and a French family with predominantly high frequency hearing
loss was linked to 13q12, a locus first identified as one for
recessive hereditary hearing impairment.

The present study involves a large multi-generational family
from the southeastern USA with nonsyndromic, progressive,
dominant low frequency hearing loss. This family was first
described in 1968 by the Vanderbilt University Hereditary
Deafness Study Group (16). The two sets of audiograms
obtained 25 years apart were useful in assessing the progression
of the hearing loss. Linkage analysis at that time revealed no
linkage to ABO, Rh or MNS.

In the majority of patients the hearing loss is bilateral and
symmetric, involving frequencies of 250, 500 and 1000 Hz at
onset. Speech discrimination scores were consistent with the
pure tone averages. The progression of the hearing loss was
quite variable but generally followed one of three patterns: (i)
remaining confined to the low frequencies; (ii) involving all
frequencies producing a flat audiogram; or (iit) involving low
and high frequencies with sparing of the middle frequencies
(2000 Hz). In the latter case, presbycusis or noise-induced
hearing loss accompanying the hereditary component cannot
be ruled out. The severity of hearing loss at a young age did
not invariably imply a progression to profound deafness, as
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Tested normal hearing

Hearing not tested, or age < 15 years

Mild LFHL 20-40 dB < 1000 Hz

Moderate LFHL > 40 dB < 1000 Hz

Severe LFHL > 40 dB 5 1000 Hz and > 20 dB at 2000 Hz
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LFHL = Low frequency hearing loss
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Figure 1. Haplotype analysis of family with nonsyndromic hereditary hearing impairment. Key to affected status is given in upper left corner. Parentheses
indicate inferred genotype. Question marks indicate genotype unknown. Markers genotyped are displayed vertically, from top to bottom: D4S43, D4S127,
D4S412, D4S126 and D4S432. Boxes indicate inheritance of the chromosome linked to the disease. Dashed lines indicate that the affected parent is uninformative

for that marker.

some hearing levels remained stable over decades. Most of
the family members do not use hearing aids, and none have
cochlear implants.

The age of onset is generally in the second decade of
life, with age-dependent penetrance. ‘Borderline affected’
individuals in the 1968 study had thresholds of 20-30 decibels
at frequencies below 2000 Hz. This group consisted of four
children ranging in age from 3 to 10 years. Although the
1968 thresholds were considered to be within normal limits,
audiograms obtained recently on two of these individuals were
consistent with those of affected family members. Thus, over
time, at least some of the individuals with minimal (<30
decibels) low frequency hearing loss will become affected. In
both studies, there were patients between the ages of 6 and 10
who could be clearly identified as affected; some had low
frequency thresholds as high as 40-50 decibels. No family
members presented with hearing loss before age 5, and all
affected members had developed hearing loss by age 15. To
allow for the change in penetrance from 0% before age 5 and
100% after age 15, individuals in this age group were assigned
to a liability class with an intermediate penetrance value of
60%. The complete clinical description of this family will be

reported elsewhere (J.W.Hall, M.M.Lesperance, E.R.Wilcox,
T.B.San Agustin and F.H.Bess, in preparation).

RESULTS

After exclusion of the known loci for autosomal dominant
hereditary hearing impairment [Sp31, 1p32 and 13ql2;
(6,7,11)], we performed a genome-wide search using published
maps of polymorphic microsatellite markers (17-19). Linkage
analysis was initially detected with marker D4S432 after
testing over 300 primer pairs. The commonly accepted criterion
for significant linkage holds true even when multiple markers
are tested. As stated by Terwilliger and Ott, ‘In a normal,
well-characterized mendelian disease, the critical value of
Znax>3 as a test for linkage is robust to multiple testing,
because as we find negative test results with more markers,
the prior probability of linkage to the remaining markers
increases sufficiently to offset the increased probability of
finding a significant result by chance’. It should be noted that
only one model, dominant inheritance with age-dependent
penetrance, has been tested (for further discussion, see refs
27,58). Detailed high resolution maps of the 4p telomere were
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Table 1. Nonsyndromic hereditary hearing impairment: pairwise lod scores

Human Molecular Genetics, 1995, Vol. 4, No. 10 1969

Locus Lod score at 8 =
(4] 0.025 0.05 0.1 0.2 0.3 04 6 nax Max lod score
D4543 —-4E + 19 3.97 4.04 3.88 3.15 2.15 0.93 0.05 4.04
D4S127 -4E + 19 2.46 2.85 3.00 2.62 1.84 0.79 0.1 3.00
D4S412 —4E + 19 5.01 5.05 481 391 2.70 1.23 0.05 5.05
D4S126 3.64 3.49 334 3.0t 2.30 1.48 0.57 Q 3.64
D45432 —4E + 19 3 393 39 3.30 2.30 1.03 0.075 3.97

Multipoint LOD Score In
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Figure 2. Multipoint LOD score in the linked region of 4pl6.3 for
nonsyndromic hereditary hearing impairment. A five-point analysis was
performed between the disease locus and four markers in the order as shown.
Map distances are given in recombination units. The zero point was arbitrarily
set at D4S5127. The curve asymptotically approaches infinity at marker loci at
which recombinants occurred. The curve reaches a maximum lod score of 6.5
in the interval between D4S126 and D45432.

then used to select other markers in the region (20-22). The
complete family set was then genotyped for D4S8432 (17),
D48412 (17), D4S127 (23), D4S43 (24) and D4S126 (25).
These five markers span a genetic distance of ~5 cM (22).
The region has a much higher rate of recombination (26) than
would be expected for its physical size (<3 Mb).

Four recombinants were identified by haplotype analysis
(Fig. 1). Individual III-21 has a recombination between D4S127
and D4S412. Individuals III-17 and ITI-19 are unaffected with
recombinations between D4S126 and D4S432. Since III-11 is
an affected individual with the same recombinant haplotype,
we postulate that the breakpoints for 1II-11 versus IH-17 and
I1I-19 lie on opposite sides of the gene for hearing loss.
D4S126 is not a fully informative marker; the affected parents
of the recombinants are homozygous at this locus, a state
which prevents detection of recombinants. Thus, the most

likely interval for the gene is between D4S412 and D4S432,
a distance of 1.7 Mb (20).

The logarithm-of-odds table for the family versus each
marker is shown in Table 1. The maximum lod score was 5.05
at O = 0.05 for D45412. As noted above, complete linkage
was noted for D4S126, with a lod score of 3.64 at 6 =
0. Given the marker order of D4S412-D4S126-D4S432,
multipoint mapping yielded a maximum lod score of 6.5 when
the disease gene was placed in the interval between D4S5126
and D4S432 (Fig. 2).

Individuals I1I-17 and 1II-19 may be unaffected because of
incomplete penetrance, rather than because of recombination.
To test for the effects of very low penetrance, that is 0.1%,
an affected-only analysis was performed, with the maximum
lod scores for each marker as follows: D4S43, 3.83; D4S127,
2.46; D4S412, 5.00; D4S126, 2.64; D45432, 2.93. The lod
scores decreased over all markers, as expected, because of the
loss of information from unaffected individuals (27). In general,
the recombination frequency yielding the maximum lod score
decreased, because the unaffected individuals were no longer
seen as recombinants. If only affected recombinants (1I1-11
and HI-21) are considered, the most likely interval for the
gene is between D45127 and D4S432.

DISCUSSION

The interval 4p16.3 has been well mapped, with over 20 genes
identified in the course of the search for the Huntington’s
disease gene, known as HD or IT15 (28,29). The 4p telomere
is a member of isochore family H3, a group of chromosomal
regions which are highly recombinogenic and known to have
a gene concentration 8—16-fold higher than the rest of the
genome (30). Isochores are defined by Bernardi as large
DNA regions (average >300 kb) that are compositionally
homogeneous characterized by different G+C levels and
distinct chromatin structure (31). The number of recombinant
events and the existence of many physical maps of the region
have allowed us to map the gene to an interval of ~2 Mb.
This discussion will highlight some of the potential candidate
genes in the region rather than attempting a comprehensive
review (29).

The gene for nonsyndromic hereditary hearing impairment
is fully linked to a marker, D4S126, that is 520 kb from the
3’ end of IT15, the gene for HD (28). Expression of IT15 has
been detected in all areas of the cerebral cortex, predominantly
in neurons (32). Hearing loss has not been described as a
clinical feature of HD; however, to our knowledge there has
been no study specifically screening hearing in patients with
HD. Our multipoint data suggest a location proximal to IT15
and D4S126, a region in which the gene for the a2C-adrenergic
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receptor (ADRA2C) maps (33). Alpha-2-adrenergic receptors
are widely expressed in the brain, especially in regions with
high dopamine content. Another candidate gene in this region
is the a2-macroglobulin receptor-associated protein, AZMRAP,
also known as LRPAPI, the low-density lipoprotein receptor-
related protein-associated protein 1 (34,35). Although the
function of this protein is unknown, its corresponding receptor
is important in proteinase inhibition and lipoprotein
metabolism.

Other genes in the region have been implicated in hereditary
hearing loss. Mutations in the a-L-iduronidase gene (IDUA)
cause mucopolysaccharidosis type I, an autosomal recessive
disorder with different clinical subtypes known as Hurler and
Scheie syndromes (36). Glycosaminoglycans accumulate in
the middle ear and eventually infiltrate the cochlear nerve,
leading to refractory chronic serous otitis media and mixed
hearing loss (37,38). Achondroplasia is caused by mutations
in FGFR3, the fibroblast growth factor-3 gene (39). Chronic
otitis media is common in achondroplasia because the abnor-
malities of the cranial base lead to eustachian tube dysfunction
(40). However, a significant incidence of sensorineural hearing
loss has also been reported (41). The homologous gene in the
mouse, fgfr3, is expressed at high levels in the hair cells and
supporting cells of the developing cochlea (42).

Distal 4p also contains a regulatory myosin light chain
gene, MYLS5 (43). Myosins are attractive candidate genes for
neuroepithelial defects because of a possible role in signal
transduction (1). MYLS5 is expressed in adult retina, basal
ganglia and cerebellum at very low levels consistent with
either low levels of cellular expression or a higher level of
tissue-specific expression (43). Mutations in myosin VIIA, a
myosin heavy chain gene, cause Usher syndrome type IB (2).

The Wolf-Hirschhorn syndrome is a contiguous gene syn-
drome involving deletions of 4p. The syndrome is characterized
by growth retardation, mental retardation, microcephaly,
dysmorphic facies and other features, including cleft lip and
palate (44). The critical region for Wolf-Hirschhorn syndrome
has been defined as a ~2 Mb region between D45S43 and
D4S142 (45). However, a deletion of ~8 Mb extending from
the p telomere to D4S62 was associated with hearing loss,
external ear deformity and cleft palate (46). A preliminary
phenotypic map of 4p, based on this patient and other cases
of Wolf-Hirschhorn syndrome, has been developed (47).
Although phenotypic maps must be interpreted with caution
(48), it is interesting to note that our map location for
nonsyndromic hereditary hearing impairment (between
D4S412 and D4S432) contains the interval for hearing loss
on the 4p phenotypic map (between D4S10 and D4S240).
Ideally, all patients with Wolf-Hirschhorn syndrome would
undergo a complete auditory work-up to verify these findings,
but testing mentally retarded infants can be very difficult.
Precise mapping of deletions using fluorescent in situ hybridiza-
tion (FISH) may provide further evidence of the existence of
a gene involved in hearing in this interval.

The murine homologues of many genes from human chromo-
some 4pl16.3 have been mapped to two regions of synteny
conservation on mouse¢ chromosome 5 (49). The mouse gene
tilted (¢f) maps to 5.21, at the same locus as DSH4S43, which
corresponds to the human D4S43 (50). Tilted mice cannot
swim, and the Preyer reflex is absent. The mutation is known
to be recessive but is otherwise not well characterized. Further

Table 2. Specific allele sizes in base pairs

D4543 D4S127 D45412 D4S126 D45432
1 =16l 1 =196 1 =253 1 =175 | =254
2=159 2 =190 2 =249 2 =167 2 =244
3 =155 3 =186 3 =247 3=173 3=1232
4 = 184 4 =245 4 =171 4 =224
5 =180 5 =243 5=169 5 =258
6 =194 6 = 237

investigation of the development, anatomy and function of the
inner ear in this mouse may reveal the role of the gene for
nonsyndromic hereditary hearing impairment herein described.

The locus order in human 4p16.3 has been conserved in the
mouse chromosome 5 except for the displacement of rd/, the
murine homologue of the human B-subunit of rod ¢cGMP
phosphodiesterase (PDEB), and idua, which map to mouse
5.49 (49). The mutation that causes the Bronx waltzer (bv)
mouse phenotype (deafness and circling) has been mapped to
5.50 (K.Steel and T.Bussoli, pers. comm.). The Bronx waltzer
mouse has loss of inner hair cells and spiral ganglion cell
degeneration with preservation of outer hair cells (50). Since
IDUA and PDEB are ~3 Mb distal to our locus, bv is a less
likely candidate gene.

We have mapped a gene for nonsyndromic hereditary hearing
impairment to 4p16.3. Although this is a well-studied, gene-
rich region, the interval between D4S125 and D4S10 has been
difficult to clone in YACs and cosmids (51). Further efforts
using positional cloning techniques to improve the resolution
of the map in this region, clone the gene and identify the
mutation responsible for the hearing loss may provide insight
into the mechanisms of genetic hearing loss, presbycusis and
even hearing itself.

MATERIALS AND METHODS

Family data

Thirty-four family members of three generations were available for the
analysis. Of the 17 affected family members, 10 were female and seven were
male. Seventeen unaffected family members included five unaffected spouses
(four females, one male), four unaffected children under 15 years old (two
females, two males) and eight unaffected adult family members (three female,
five male). Six additional spouses otherwise uninformative for linkage were
genotyped to obtain population allele frequencies (data not shown in Fig. 1).

Participating family members underwent a complete history and physical
examination, pure tone audiometry, speech audiometry, immittance testing
and distortion product otoacoustic emissions (DPOAE). The history revealed
progressive hearing loss without fluctuation. Tinnitus and vestibular symptoms
were uncommon. Selected patients underwent auditory brainstem response
(ABR), electronystagmography (ENG) and/or high resolution computerized
tomography (CT) of the temporal bone. Conductive hearing loss, retrocochlear
pathology and acquired causes of hearing loss (mumps, rubella, meningitis,
ototoxic drugs chronic otitis media) were ruled out. The family members were
generally in good health, with no features suggestive of syndromic hearing
loss such as vestibular, visual or pigmentary abnormalities. Two members
(TT1-18 and I11-19) are mentally retarded in association with Down’s syndrome;
nonetheless, they were able to complete the same evaluation as other family
members. The complete clinical description of this family will be reported
elsewhere (J.W.Hall, M.M.Lesperance, E.R.Wilcox, T.B.San Agustin and
F.H.Bess, in preparation).

PCR

Venous blood was collected from each consenting family member Standard
methodology was used to prepare genomic DNA from leukocytes. The genome
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search utilized commercially available primer pairs (Research Genetics) to
amplify microsatellite polymorphisms covering the 22 autosomal chromosomes
to an average density of 20-30 cM. The markers were screened with a subset
of 21 patents. For primer pairs not commercially available, oligonucleotides
were prepared on an Applied Biosystems 394 DNA/RNA synthesizer (Applied
Biosystems). Genetic maps from published literature covering the entire
genome (17-19) and those covering in detail 4p16.3 (20-22) were used to
determine the physical distance and recombination frequency between loci.
The complete family set was then genotyped for D45432 (17), D4S412 (17),
D4S5127 (23), D4S43 (24) and D4S126 (25).

The PCR reactions had a total volume of 10 pl containing 40 ng of genomic
DNA, 2.5 pmol of each primer, 0.2 pmol of one primer end-labeled with
{y-32P]ATP (ICN Pharmaceuticals), 200 uM of each dNTP, 0.25 U AmpliTag
DNA Polymerase (Perkin Elmer Cets), 0.055 pg of TaqStart™ Antibody
(Clontech), and 1 XPerkin Elmer Cetus PCR buffer. After an initial step at
95°C for 2 min to remove the monoclonal antibody and to denature, the
samples underwent 35 cycles of amplification (95°C for 30 s, 55°C for 30 s
and 72°C for 30 s) with a final extension step at 72°C for 3 min. After PCR,
5 pl of loading buffer (95% formamide, 0.1% bromophenol blue, 0.1% xylene
cyanol and 10 mM EDTA) was added to each sample. The samples were
denatured at 95°C for 5 min prior to loading. Gel electrophoresis was carried
out on a 6% denaturing polyacrylamide/urea gel. The gels were dried for 1 h
at 80°C prior to autoradiography with a film exposure between 2 and 12 h at
room temperature.

Linkage analysis

Pairwise and multipoint linkage analysis was performed on LINKAGE
software version 5.01 (52). SLINK simulation determined a maximum possible
logarithm-of-odds (lod) score of 7.53 at a recombination frequency 8 = O for
a fully informative marker with five equally frequent alleles (53,54). Three
liability classes were assigned: age under 5 years, 0% penetrance; age between
5 and 15 years, 60% penetrance; age over 15 years, 100% penetrance. Children
under 15 years of age without hearing impairment were considered to have a
phenotype of unaffected.

MLINK two-point linkage analysis was performed between the disease
gene and each marker. The discase allele frequency was set at 0.0001. Equal
recombination frequencies for males and females were assumed. Allele sizes
were estimated by comparison to a M13/pUCI18 sequencing ladder [dsDNA
Cycle Sequencing System (BRL, Gaithersburg, MD)] for all markers as given
in Table 2.

For markers D4S432 and D4S412, allele sizes were confirmed by genotyping
individual 1347-02 from the CEPH pedigrees (17). Allele frequencies were
determined by genotyping 11 spouses in the pedigree. We compared the allele
sizes and frequencies with those based on genotyping of CEPH families, as
reported in the Genome Data Base (55). Varying the allele frequencies did
not significantly change the lod scores, probably due to the small number of
untyped individuals in the pedigree. It is known that allele sizes may vary,
depending on which primer is kinased and other factors, and it is not unusual
to find new alleles (56). Therefore, we feel 1t is most accurate to report the
lod scores based on the spouse allele frequencies (Table 2).

Five-point multipoint analysis was performed using LINKMAP software
using the marker order D4S127-D48S412-D4S126-D48S432 (Fig. 2). Due to
computational constraints, it was necessary to down-code alleles to a maximum
of five for D4S412 and D4S43 (57).
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tls, tilted mouse; PDEB, B-subunit of rod cGMP phosphodiesterase.
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