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Late-onset non-syndromic hearing impairment is the
most common type of neurological dysfunction in the
elderly. It can be either acquired or inherited, although

the relative impact of heredity on this type of loss is not
known. To date, nine different genes have been local-
ized, but none has been cloned. Using an extended
American family in which a gene for autosomal domi-
nant late-onset non-syndromic hearing impairment is
segregating, we have identified a new locus, = DFNA10,
on chromosome 6.

INTRODUCTION

or non-syndromic to reflect the presence or absence of co-inherited
physical abnormalities).

In the United States, one in 1000 neonates has congenital
severe-to-profound hearing impairment of sufficient magnitude to
preclude normal speech developméitiq half of these affected
babies, the loss is inherited. The prevalence of hearing impairment
increases with age, and by puberty, the number of affected persons
doubles {). With advancing years, median hearing thresholds
insidiously decline to such an extent that 50% of octogenarians have
a hearing loss greater than 25 @R {This age-related decrease in
auditory acuity makes late-onset hearing impairment the most
common type of neurological dysfunction of the elderly.

Both environmental and hereditary factors impact on age-related
hearing impairment, however the relative contribution of each is not
known. Most types of inherited late-onset non-syndromic hearing

Hearing impairment is commonly classified by audiometric criteriampairment appear to be autosomal dominant. To date, nine different
as conductive, sensorineural or mixed, and quantitatively gradedgames have been localized although none has been cloned)(Table
mild (26—40 dB), moderate (41-55 dB), moderately-severe (56—&ing an extended American family in which a gene for autosomal
dB), severe (71-90 dB) or profound (>90 dB) (n addition, by dominant late-onset progressive non-syndromic hearing impairment
medical history, it is described as congenital or late-onset, aigd segregating, we have identified a new loddBNALQ on
inherited or acquired. Inherited losses are subclassified as syndroaicomosome 6q.

Table 1.Location and screening markers for known autosomal dominant non-syndromic genes

Locus name Location Screening markers

DFNA1(6) 5031 D5S640, D5S410, D55412
DFNA2(7) 1p32 D1S432, MYCL1, D1S193
DFNA3(8) 13q12 D13S143, D13S175, D135292
DFNA4(9) 19913 D19S208, D19S224, ApoC2
DFNAS5 (10) 7p15 D7S629, D7S673, D7S529
DFNA6(11) 4p15.3 D4S1614, D4S412, D4S432
DFNAY (Tranebjeerg, L., pers. comm.) 1g21-g22 D1S194, D1S196, D1S210
DFNAS8 (Kirschhofer, K., pers. comm.) 15g15-921 THBS, D15S132, D15S123
DFNA9(12) 14912-q13 D14S252, D14S121, D14S49
DFNA10 6022-923 D6S267, D6S407, D6S472

Information available online at http//:alt-www.uia.ac.be/u/dnalab/hhh/html. Nomenclature used in this table has been approved by the HUGO Nomenclature (

mittee, Phyllis McAlpine, PhD, FCCMG, chair.
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Figure 1.Extended pedigree localizing tb&NA10gene to the D6S474-D6S270 interval on chromosome 6. Two-point lod scores of 4.44 and 4.00 were obtainec
atB = 0 with markers D6S472 and D6S407, female;[], male;@®, effected femalell, affected male).
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RESULTS Table 2. Two-point lod scores for markers linked&NA10

_ _ Locus symbol Locus name Het. Alleles 6 Zmax
Exclusion analysis D6S474 GATA31 64% 5 8.4 1.10
Linkage analysis was perform(_ed on a large muIti-gengr_ationa,ieszm 114xd12 75% 7 25 1.30
farr_nly from the United States (F@_.. Affected persons exhlb_lteq 5407 198wg11 93% 12 0 4.00
an inexorably progressive sensorineural hearing loss beginning in
the second-to-fifth decades and leading ultimately to severe-td26S472 059yd9 56% 7 0 4.44
profound hearing impairment requiring the use of amplificationpes27o 127xb2 85% 9 8.6 2.22
(Fig. 2). After excluding known loci for non-syndromic hearing .., 203229 82% 10 12.2 1.60

loss using markers listed on the Hereditary Hearing Loss
HOMEPAGE (http//:alt-www.uia.ac.be/u/dnalab/hhh/html), a N )
genome-wide search was initiated. Two hundred and twenty-fourBecause lod scores are sensitive to estimates of allele fre-
highly polymorphic microsatellite markers spaced at approxduency, two-point analysis was calculated using several different
mately 15-20 cM intervals across the genome were typed, a@tele distributions for D6S472 and D6S407. As the frequency of
areas of exclusion were calculated by two-point linkage analydf2 linked allele increased, the lod score with D6S472 quickly
using MLINK (version 5.10) of the Linkage Packag8)( dropped below 3.0, but with D6S407, it remained above 3.0 for
frequencies as high as 0.34. D6S407 has 12 alleles, the most

DFNAL0 maps to chromosome 6¢22.3-G23.2 common of whic_h occurs at a frequency of 0.20. Rep_e_ating
multipoint analysis using affecteds only also gave significant

Two-point lod scores of 4.44 and 4.00 were obtain@e &with  results, with a lod score between 3.46 and 3.66 over the

markers D6S472 and D6S407 (Tab)leA multipoint map of the D6S267-D6S472 interval.

region containin@FNA10was constructed ordering the markers

as shown in Figurd. This order was supported with odds of bscuyssion

1000:1 with the exception of markers D6S472 and D65S292

(only 700:1 better than inverting the pair). Multipoint linkageThe localization ofDFNA1Q defined by cross-overs, spans

analysis oDFNA10within a five marker linkage map yielded a (115 cM between markers D6S474 and D6S270. No obvious

maximum lod score of 5.27 with marker D6S407. The 1-lodandidate genes have been mapped to this interval. Although

support interval placd8FNA10within a 13.3 cM region on 6q regional assignments do include the laminin M chain gene

(Fig. 3). (LAMM) (14), a nucleotide pyrophosphatase gene (NPPase)
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behavior similar to, though more varied and chaotic than that of
Japanese waltzing mic&§). Thesv phenotype includes deaf-
ness, circling, hyperactivity and head tossing but expression is
limited to homozygotesl@). Thesvgene has been cloned and
R encodes an unconventional myosityo6 (20). Although the
N homologous gene has not yet been localized in humans, the
position ofMyo6 on the mouse genome suggests that the human
" a" AV counterpart may map to a region more centromeric than the
localization ofDFNA10(20).
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MATERIALS AND METHODS
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Family data
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The family in this study was ascertained through the University
of lowa Department of Otolaryngology-Head & Neck Surgery. A
family history was obtained by questionnaire and personal
500 1000 2000 4000  BOOO interviews, and audiograms were reviewed on most persons.
FREQUENCY IN HZ Blood samples were collected from cooperative family members.
Because age-of-onset of hearing loss was variable among
Figure 2. Audiogram of a 42-year-old male with progressive sensorineural affected perso_ns, fa,lm"y members under 50 year,s of age who ‘?“d
hearing loss IFNA1Q (abscissa, frequency in Hertz; ordinate, hearing NOt wear hearing aids were excluded from the linkage analysis.
threshold level in dB; measurements of hearing sensitivity scaled so that 20 dBhe portion of the extended family pedigree used to map
on th_e ordinate_ equgls one octave on the apscissa; shaded area, normal hearDENALO to chromosome 6 was limited to normal hearing
I(;&ag;r(;f)nducnon, right ea;, bone conduction, right ear; X, air conduction, ir!dividuals over 50 years of age. and affected per_spns_with hearing
aids 6 =9) or documented hearing loss-(2). Amplification has
been recommended for the latter two persons, both of whom have
moderate-to-severe sensorineural hearing impairment.
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Genotyping

DNA was prepared from peripheral blood lymphocy?d3 énd
amplified using polymorphic microsatellite primer pairs listed in
the Genome Database (GDB). Amplification was performed by
the polymerase chain reaction with 30 ng template DNApi
each primer (1QM), 1 yl each of 10 mM dATP, dTTP and dGTP,

1 ul [32P]-dCTP together with ful unlabeled 0.1 mM dCTP,
polymerase buffer as supplied by the vendor, andadiDNA
polymerase (Amersham) under the following conditions: dena-
turation at 95C for 30 s, annealing at %6 for 30 s, and
extension at 72 for 30 s, for a total of 25 cycles followed by a
post-PCR extension step at@for 10 min. Reaction products
were resolved on a 6% polyacrylamide gel, followed by drying
and autoradiography.
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Linkage analysis

Figure 3. DFNA1Oplaced in a multipoint map of the region constructed by Pairwise and multipoint linkage analyses were performed using
Do i e oot D75 and 6S5as.Tne avahe MLINK and LODSCORE: mocues of version 5.10 of he
E?ZTI l:r)nearkers is supported by odds gf at least 1000:1 with the exception cj".nkage Program packageaj. All analyses were performed
D6S472 and D6S292 (700:1) (dashed line = 1-lod confidence interval). ~ With recombination ratios d,/©s = 1. For construction of the
multipoint linkage, genotypes (version 3) were obtained from the
CHLC ftp site (ftp.chlc.org). The BUILD module of CRI-MAP
(15), phospholambari ) and connexin43 (GJA1)Q), none of version 2.4 was used to construct a multipoint map using different
these genes is known to be expressed in the inner ear or to belpaiys as anchors for the BUILD ru®). Markers were added in
to gene families important in hearing (Bussoli, T., and Fleminglecreasing order of informativeness. The same multipoint map of
J., pers. comm.). five markers was obtained from each of the runs. The overall
Possible animal models DFNA10based on synteny assign- support for the map was evaluated using the FLIPS option of
ments and phenotype are the fudeg) @ndSnell's waltze(sy)  CRI-MAP to invert pairs of adjacent loci. This five marker map
mouse mutants. THeu phenotype is expressed in both homo-was used for the multipoint linkage analysiDBNA10using the
zygotes and heterozygotes and includes deafness, in additioWVt®ESSE version 1.0 progran2¥). Recombination distances
occasional tail shortening or kinking and a type of choreibetween loci are based on reported dai®6). The frequency
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of theDFNA10gene was set at 0.001, and the disease was codé&d Manolis, E.N., Nadol, J.B., Eavey, R.D., McKenna, M., Rosenbaum, S.,
as fully penetrant and autosomal dominant.

ACKNOWLEDGMENTS

We are indebted to the described family and thank Phyllis Webgr'
for her help in making this study possible. This research was.
supported in part by a grant from the Simon and Louise
Henderson Foundation (RJHS).

REFERENCES
1.

2.

10.

11.

15.

Goodman, A.C. (1965) Reference zero levels for pure-tone audiometers.
ASHA7, 262—-263.

Smith, R.J.H. (1986) Medical diagnosis and treatment of hearing loss ¥®.
children. In Cummings, C.W., Frederickson, J.M., Harker, L.A., Krause, C.J.,
Schuller, D.E. (ed¥)tolaryngology-Head and Neck Surgérie CV Mosby
Company, St. Louis.

of males in profound childhood deafne&sn. Hum. GeneR9, 171-196.

. Morton, N.E. (1991) Genetic epidemiology of hearing impairment. In Ruben,

R.B., Van De Water, T.R., Steel, K.P. (eds.) Genetics of Hearing Impairmentg.
Ann. NY Acad. S#30, 16-29.

in the United States, 1960-1962. Report-Series Il, No. 32. National Center for
Health Studies, Rockville, MD. 20.

. Leon, P.E., Raventos, H., Lynch E., Morrow, J., and King, M-C. (1992) The

gene for an inherited form of deafness maps to chromosomeBQ&INat!
Acad. Sci. USR9, 5181-5184.

. Coucke, P., Van Camp, G., Djoyodiharjo, B., Smith, S.D., Frants, R.Ry;

Padberg, G.W., Darby J.K., Huizing, E.H., Cremers, W.R.J., Kimberling,
W.J., Oostra, B.A., Van de Heyning, P.H., and Willems, P.J. (1994) Linkage of

autosomal dominant hearing loss to the short arm of chromosome 1 in twg
families.N. Engl. J. Med331, 425-431. )

. Chaib, H., Lina-Granade, G., Guilford, P., Plauchu, H., Levilliers, J., Morgon,

A., and Petit, C. (1994) A gene responsible for a dominant form of
neurosensory non-syndromic deafness maps to the NSRD1 recessive
deafness gene intervilum. Mol. Genet3, 2219-2222.

. Chen, A., Ni, L., Fukushima, K., Marietta, J., O'Neill, M., and Smith, R.J.H.

(1995) Linkage of a gene for dominant non-syndromic deafness to
chromosome 1Hum. Mol. Gene#, 1073-1076.
Van Camp, G., Coucke, P., Balemans, W., Van \elzen, D., Van de Bilt, C., Van
Laer, L., Smith, R.J.H., Fukushima, K., Padberg, G.W., Frants, R.R., Van de
Heyning, P., Smith, S.D., Huizing, E.H., and Willems, P.J. (1995) Localiz24-
ation of a gene for non-syndromic hearing loss (DFNA5) to chromosome
7p15.Hum. Mol. Gene#, 2159-2163.

Lesperance, M.M., Hall, J.W., Bess, F.H., Fukushima K., Jain, P.K., Ploplig5.
B., San Agustin, T.B., Skarka, H., Smith, R.J.H., Wills, M., and Wilcox, E.
(1995) A gene for autosomal dominant nonsyndromic hereditary hearing
impairment maps to 4p16.8um. Mol. Genet, 1967-1972.

Yandavi, N., Khetarpal, U., Halpin, C., Merchant, S.N., Duyk, G.M.,
MacRae, C., Seidman, C.E.,, and Seidman, J.G. (1996) A gene for
non-syndromic autosomal dominant progressive postlingual sensorineural
deafness maps to chromosome 14q12HLg. Mol. Genet(in press).

Lathrop, G.M., Lalouel, J., Julier, C., Ott, J. (1984) Strategies for multilocus
linkage analysis in humarBroc. Natl Acad. Sci. US31, 3443-3446.
Vuolteenaho, R., Nissinen, M., Sainio, K., Byers, M., Eddy, R., Hirvonen, H.,
Shows, T.B., Sariola, H., Engvall, E., and Tryggvason, K. (1994) Human
laminin M chain (Merosin): Complete primary structure, chromosomal
assignment, and expression of the M and A chain in human fetal ti&sues.
Cell Biol. 124, 381-394.

Funakoshi, I., Kato, H., Horie, K., Yano, T., Hori, Y., Kobayashi, H., Inoue, T.,
Suzuki, H., Fukui, S., Tsukahara, M., Kajii, T., and Yamashina, I. (1992)
Molecular cloning of cDNAs for human fibroblast nucleotide pyrophospha-
tase Arch. Biochem. Biophy295 180-187.

Fujii, J., Zarain-Herzberg, A., Willard, H.F., Tada, M, and MacLennan, D.H.
(1991) Structure of the rabbit phospholamban gene, cloning of the human
cDNA, and assignment of the gene to human chromosoin&iel. Chem

266, 11669-11675.

. Fraser, G.R. (1964) Sex-linked recessive congenital deafness and the exd&ssCorcos, I.A., Meese, E.U., and Loch-Caruso, R. (1993) Human connexin43

gene locus, GJAL, sublocalized to band 6¢823.2 Cytogenet. Cell Genet

64, 31-32.

Dunn, L.C. and Caspari, E. (1945) A case of neighboring loci with similar
effects.Genetics30, 543-568.

. Roberts, J. (1968) Hearing status and ear examination: Findings among adylis | yon, M.F. and Searle, A.G. (eds) (198@Nnetic variants and strains of the

laboratory mouseOxford University Press, New York, 2nd edn.

Avraham, K.B., Hasson, T., Steel, K.P,, Kingsley, D.M., Russell, L.B.,
Mooseker, M.S., Copeland, N.G., and Jenkins, N.A. (1995) The mouse
Snell's waltzedeafness gene encodes an unconventional myosin required for
structural integrity of inner ear hair celidature Genetll, 369-375.

Grimberg, J., Nawoschik, S., Belluscio, L., McKee, R., Turck, A., and
Eisenberg, A. (1989) A simple and efficient non-organic procedure for the
isolation of genomic DNA from bloodlucleic Acids Red7, 390.

Doris-Keller, H., Green, P., Helms, C., Cartinhour, S., Weiffenbach, B.,
Stephens, K., Keith, T., Bowden, D., Smith, D., Lander, E., Botstein, D.,
Akots, G., Rediker, K., Gravius, T., Brown, V., Rising, M., Parker, C., Powers,
J., Watts, D., Kauffman, E., Bricker, A., Phipps, P., Muller-Kahle, H., Fulton,
T., Ng, S., Schumm, J., Braman, J., Knowlton, R., Barker, D., Crooks, S.,
Lincoln, S., Daly, M., and Abrahamson, J. (1987) A genetic linkage map of
the human genom€ell 51, 319-337.

23. O’Connell, J.R., and Weeks, D.E. (1995) The VITESSE algorithm for rapid

exact multilocus linkage analysis via genotype set-recoding and fuzzy

inheritanceNature Genetl1, 402.

Gyapay, G., Morissette, J., Vignal, A., Dib, C., Fizames, C., Millasseau, P.,
Marc, S., Bernardi, G., Lathrop, M., and Weissenbach, J. (1994) The 1993-94
Généthon human genetic linkage ndpture Genet?7, 246.

Buetow, K.H., Weber, J.L., Ludwigsen, S., Scherpbier-Heddema, T., Duyk,

G.M., Sheffield, V.C. and Murray, J.C. (1994) Integrated human genome-

wide maps constructed using the CEPH reference péatire Genet4,

391.



