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As auditory genes and deafness-associated mutations are discovered at a rapid rate, exciting opportunities have
arisen to uncover the molecular mechanisms underlying hearing and hearing impairment. Single genes have been
identified to be pathogenic for dominant or recessive forms of nonsyndromic hearing loss, syndromic hearing loss,
and, in some cases, even multiple forms of hearing loss. Modifier loci and genes have been found, and investigations
into their role in the hearing process will yield valuable insight into the fundamental processes of the auditory
system.

Introduction

Over the past 5 years, remarkable progress has been
made in the identification of new loci for nonsyndromic
hearing impairment (NSHI) and in the cloning of deaf-
ness genes (fig. 1; table 1). To date, 77 loci have been
reported for nonsyndromic deafness: 40 autosomal dom-
inant, 30 autosomal recessive, and 7 X-linked (Hered-
itary Hearing Loss Homepage). In addition, 51 auditory
genes have been identified: 15 for autosomal dominant
NSHI loci, 9 for autosomal recessive NSHI loci, 2 for
X-linked NSHI loci, 5 mitochondrial, and �32 genes
for syndromic hearing loss (note that some genes cause
multiple forms of deafness) (table 1). Although signifi-
cant advances have been made, there is no doubt that
many more genes await discovery. Identifying these
genes and characterizing the proteins they encode will
increase our knowledge of the molecular processes in-
volved in the auditory system and will improve our un-
derstanding of how such processes can become altered
and lead to hearing impairment.

Hearing loss is a common sensory disorder in the
human population. The incidence of congenital hearing
loss is estimated at 1 in 1,000 births, of which approx-
imately equal numbers of cases are attributed to envi-
ronmental and genetic factors (fig. 2) (Morton 1991;
Gorlin et al. 1995). Environmental factors leading to
hearing loss include acoustic trauma, ototoxic drugs
(e.g., aminoglycosides), and bacterial and viral infec-
tions. Of the hearing-loss disorders attributable to ge-
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netic causes, ∼70% are classified as nonsyndromic and
the remaining 30% as syndromic. Hundreds of syn-
dromic forms of deafness have been described, and the
underlying genetic mutation has been identified for
many of the more common forms (table 1) (Gorlin et
al. 1995; Steel and Kros 2001). Among the many dis-
orders classified as syndromic hearing loss, the pathol-
ogy varies widely, but, in nonsyndromic deafness, the
defect is generally sensorineural.

Nonsyndromic hearing impairment can be further
subdivided by mode of inheritance: ∼77% of cases are
autosomal recessive, 22% are autosomal dominant, 1%
are X-linked, and !1% are due to mitochondrial in-
heritance (fig. 2) (Morton 1991). Dominant loci are
denoted with the prefix “DFNA,” recessive loci with
“DFNB,” X-linked loci with “DFN,” and modifying
loci with “DFNM.” Generally, patients with autosomal
recessive hearing impairment have prelingual and pro-
found deafness, and patients with autosomal dominant
hearing impairment have progressive and postlingual
hearing impairment. This observation may be explained
by the complete absence of functional protein in patients
with recessive disorders, whereas, in patients with au-
tosomal dominant disorders, dominant mutations may
be consistent with initial function and subsequent hear-
ing impairment due to accumulation of pathology.

Genes Involved in Deafness

The cochlea is an intricate organ composed of dozens
of cell types and specialized regions required for the nor-
mal process of hearing. Of the genes responsible for deaf-
ness, many of the encoded proteins have been shown to
be expressed within the cochlea and can be grouped into
functional categories that are instructive in providing
insight into the biology of hearing (fig. 3).
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Figure 1 Timeline indicating the years in which genes were identified as causing deafness. Genes are listed in chronological order within
the year in which mutations were first identified as causing nonsyndromic (red), syndromic (blue), or mitochondrial (green) deafness. An asterisk
(*) indicates that mutations in a particular gene cause multiple forms of deafness in that classification (for example, MYO7A, which is colored
red and has an asterisk, causes both dominant and recessive nonsyndromic deafness). See table 1 for disorders associated with each gene.

Hair-Cell Structure

The intricate nature of the sensory epithelium and its
highly organized stereocilia necessitates that a precise
structure be maintained to ensure proper function. This
is supported by the number of deafness-associated mu-
tations in genes encoding structural proteins found in hair
cells. Two unconventional myosin genes, MYO7A (MIM
276903) and MYO15 (MIM 602666), have been shown
to play a critical role in the structural integrity of the
stereocilia (table 1) (reviewed by Friedman et al. [1999]).
In addition to the important function of MYO7A in the
inner ear, as evidenced by its etiology in DFNA11 (MIM
601317) and DFNB2 (MIM 600060]), its involvement in
Usher syndrome type 1B (USH1B [MIM 276903) dem-
onstrates that similar macromolecular interactions are re-
quired for proper function in both the ear and eye. Also,
the human orthologs for the genes mutated in the mouse
waltzer (Cdh23; Mouse Genome Informatics [MGI] ac-
cession number 1890219) and Ames waltzer (Pcdh15;
MGI accession number 1891428) have recently been iden-
tified in persons with Usher syndrome type 1D (USH1D
[MIM 601067]) (Bolz et al. 2001; Bork et al. 2001) and
Usher syndrome type 1F (USH1F [MIM 605514]) (Ah-
med et al. 2001; Alagramam et al. 2001), respectively.
Another myosin gene, MYO6 (MIM 600970), found to
result in the disorganization and fusion of stereocilia in
Snell’s waltzer mouse when defective (Self et al. 1999;
Melchionda et al. 2001), accounts for nonsyndromic au-
tosomal dominant hearing loss in an Italian family (Mel-
chionda et al. 2001). Though the predicted role of MYO6
in anchoring the stereocilia is crucial in the ear, a lack of
phenotype in the eye demonstrates that this function is
not necessary for vision.

Extracellular Matrix

Comparable to the fundamental role of structural pro-
teins in the proper functioning of the stereocilia, the
importance of extracellular matrix genes to other struc-
tures in the ear is illustrated by mutations in these genes
that affect hearing (table 1). Several collagens are im-
portant for integrity in many organ systems, and the
inner ear is no exception (table 1). Similarly, disruption
of usherin (MIM 276901), a laminin homolog and part
of the extracellular matrix in the cochlea and Buchs
membrane of the eye, results in Usher syndrome type
2A (USH2A [MIM 276901]) (Eudy et al. 1998). DFNA9
(MIM 601369), a dominant nonsyndromic deafness dis-
order with vestibular pathology, is caused by mutations
in COCH (MIM 603196), which encodes a secreted pro-
tein (Robertson et al. 1998). The presence of the mutant
protein causes a loss of cells in the spiral ligament and
limbus and the accumulation of acidophilic deposits in
the nerve channels and supporting tissues of the organ
of Corti, perhaps leading to compression or blockage of
the cochlear nerve. The importance of the tectorial
membrane, which is composed of an extracellular ma-
trix, in the conduction of sound is supported by the
findings that mutations in TECTA (MIM 602574),
which codes for the tectorial membrane protein a-tec-
torin, are etiologic for both the dominant DFNA8/12
(MIM 601543, MIM 601842) (Verhoeven et al. 1998)
and recessive DFNB21 (MIM 603629) (Mustapha et al.
1999) nonsyndromic deafness disorders.

Ion Homeostasis

The primary organization of compartmentalization
and ionic balance of fluids in the ear has been highlighted
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Figure 2 Classification of etiologies of deafness. Some examples of environmental causes of deafness and of more-common forms of
syndromic deafness disorders are listed.

by the number of gap junctions and ion channels found
to control critical transport of different molecules. Mu-
tations in the gap junction subunits, connexins, are eti-
ologic in several types of nonsyndromic deafness, with
GJB2 (encoding connexin 26 [MIM 121011]) being re-
sponsible for as much as 50% of profound congenital
nonsyndromic recessive deafness in some populations
(Rabionet et al. 2000). Several potassium channels, in-
cluding KCNQ4 (MIM 603537) and KCNE1 (MIM
176261), are also crucial because of their role in K�

recycling (reviewed by Steel [1999]). With the ion flux
created by the aforementioned proteins, it is critical to
keep inner ear fluids separate to maintain a resting
potential. The discovery of pathogenic mutations in
CLDN14 (MIM 605608) in DFNB29 (MIM 605608)
identified a tight junction protein involved in compart-
mentalization of endolymph (Wilcox et al. 2001).

Transcription Factors

As with other biological pathways, transcription factors
are essential in hearing, and defects in these proteins help
to elucidate critical components in this process. One path-
way has been partially defined by the discovery of inter-
actions between MITF (MIM 156845), PAX3 (MIM
193500), and SOX10 (MIM 602229), which have been
found to be defective in different types of Waardenburg
syndromes (types I [MIM 193510], II [MIM 193500], III
[MIM 148820], and IV [MIM 277580]). MITF is known
to be a key player in the regulation of melanocyte de-

velopment which, when interrupted, disrupts pigmenta-
tion as well as hearing function (Tachibana et al. 1996).
It has since been discovered that SOX10 and PAX3 syn-
ergistically transactivate MITF and that pathogenic mu-
tations in SOX10 or PAX3 disrupt their binding to and
induction of the MITF promoter (Bondurand et al. 2000;
Potterf et al. 2000).

Another family of transcription factors, the EYA
genes, is critical in embryonic development. Although it
has been known that branchio-oto-renal (BOR [MIM
113650]) and branchio-otic (BO [MIM 602588]) syn-
dromes are allelic disorders resulting from mutations in
EYA1 (MIM 601653) (Abdelhak et al. 1997; Vincent et
al. 1997), it has just recently been discovered that
DFNA10 (MIM 601316) is due to mutations in EYA4
(MIM 603550), which is predicted to function in the
mature organ of Corti (Wayne et al. 2001). The absence
of syndromic features associated with DFNA10 is in-
triguing and is suggestive of redundancy during embry-
ogenesis or of various functions affected differentially
by known mutations.

Miscellaneous

Some proteins associated with hearing loss do not fit
into any summary categories and may represent the first
members of new groups of proteins whose importance
is only now being appreciated. Mutations in a novel
serine protease gene, TMPRSS3 (MIM 605511), were
found in DFNB8/10 (MIM 601072 and MIM 605316)
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Table 1

Chronological List of Deafness Genes Identified Since 1986

Number and Gene Map Position Type of Hearing Lossa Disorder Date First Reported Reference

1. COL1A2 (MIM 120160) 7q22.1 SHL Osteogenesis imperfecta (MIM 166200) July 1986 Sykes et al. 1986
2. COL4A5 (MIM 303630) Xq22 SHL Alport syndrome (MIM 104200 and MIM 203780) June 1990 Barker et al. 1990
3. tRNA-leu (MIM 590050) Mitochondrial SHL Myopathy, encephalopathy, lactic acidosis and

stroke-like episodes (MELAS [MIM 540000])
December 1990 Goto et al. 1990

Diabetes mellitis and deafness (MIM 520000) August 1992 van den Ouweland et al. 1992
4. tRNA-lys (MIM 590060) Mitochondrial SHL Myoclonic epilepsy and ragged-red fiber disease

(MERRF [MIM 545000])
June 1990 Shoffner et al. 1990

5. PAX3 2q35 SHL Waardenburg syndrome type I February 1992 Tassabehji et al. 1992
Waardenburg syndrome types I and III March 1993 Hoth et al. 1993

6. NDP (MIM 310660) Xp11.3 SHL Norrie disease (MIM 310600) June 1992 Berger et al. 1992
June 1992 Chen et al. 1992

7. 12S rRNA (MIM 561000) Mitochondrial NSHL Mitochondrial deafness (MIM 221745) July 1993 Prezant et al. 1993
8. COL4A3 (MIM 120070) 2q36-q37 SHL Alport syndrome September 1994 Mochizuki et al. 1994
9. COL4A4 (MIM 120131) 2q36-q37 SHL Alport syndrome September 1994 Mochizuki et al. 1994
10. tRNA-ser (MIM 590080) Mitochondrial NSHL � SHL Sensorineural deafness (MIM 590080) October 1994 Reid et al. 1994

Progressive myoclonic epilepsy, ataxia, and hearing
loss (MIM 590080)

August 1995 Tiranti et al. 1995

Palmoplantar keratoderma and deafness (MIM
590080)

January 1998 Sevior et al. 1998

11. MITF 3p14.1-p12.3 SHL Waardenburg syndrome type II November 1994 Tassabehji et al. 1994
12. SOX9 (MIM 114290) 17q24.3-q25.1 SHL Campomelic dysplasia (MIM 114290) December 1994 Foster et al. 1994
13. COL11A2 6p21.3 NSHL � SHL Stickler syndrome (STL2 [MIM 604841]) February 1995 Vikkula et al. 1995

DFNA13 (MIM 601868) December 1999 McGuirt et al. 1999
14. POU3F4 (MIM 300039) Xq21.1 NSHL DFN3 (MIM 304400) February 1995 de Kok et al. 1995
15. tRNA-glu (MIM 590025) Mitochondrial SHL Maternally inherited diabetes and deafness (MIM

590025)
May 1995 Hao et al. 1995

16. EDNRB (MIM 131244) 13q22 SHL Waardenburg syndrome type IV December 1995 Attie et al. 1995
17. TCOF1 (MIM 154500) 5q32-q33.1 SHL Treacher Collins (MIM 154500) February 1996 Dixon 1996
18. EDN3 (MIM 131242) 20q13.2-q13.3 SHL Waardenburg syndrome type IV April 1996 Edery et al. 1996
19. COL2A1 (MIM 120140) 12q13.11-q13.2 SHL Stickler syndrome (STL1 [MIM 108300]) June 1996 Williams et al. 1996
20. COL11A1 (MIM 120280) 1p21 SHL Stickler syndrome (STL2) September 1996 Richards et al. 1996
21. DDP (MIM 304700) Xq22 NSHL DFN1 (MIM 304700) October 1996 Jin et al. 1996
22. EYA1 8q13.3 SHL BOR syndrome February 1997 Abdelhak et al. 1997
23. KVLQT1 (MIM 192500) 11p15.5 SHL Jervell and Lange-Nielsen Syndrome (JLNS1 [MIM

220400])
February 1997 Neyroud et al. 1997

24. MYO7A 11q12.3-q21 NSHL � SHL DFNA11 March 1997 Liu et al. 1997c
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DFNB2 June 1997 Liu et al. 1997b
DFNB2, USH1B June 1997 Weil et al. 1997

25. GJB2 13q12 NSHL DFNB1 May 1997 Kelsell et al. 1997
DFNA3 May 1998 Denoyelle et al. 1998

26. DIAPH1 (MIM 602121) 5q31 NSHL DFNA1 (MIM 124900) November 1997 Lynch et al. 1997
27. KCNE1 21q22.1-q22.2 SHL Jervell and Lange-Nielsen Syndrome (JLNS2 [MIM

220400])
November 1997 Tyson et al. 1997

November 1997 Schulze-Bahr et al. 1997
28. PDS 7q31; 7q21-34 NSHL � SHL Pendred syndrome (MIM 274600) December 1997 Everett et al. 1997

DFNB4 March 1998 Li et al. 1998
29. SOX10 22q13 SHL Waardenburg syndrome type IV February 1998 Pingault et al. 1998
30. POU4F3 (MIM 602460) 5q31 NSHL DFNA15 (MIM 602459) March 1998 Vahava et al. 1998
31. TECTA 11q22-q24 NSHL DFNA8, DFNA12 May 1998 Verhoeven et al. 1998

DFNB21 March 1999 Mustapha et al. 1999
32. USH2A 1q41 SHL USH2A June 1998 Eudy et al. 1998
33. MYO15 17p11.2 NSHL DFNB3 (MIM 600136) June 1998 Wang et al. 1998
34. DFNA5 (MIM 600994 7p15 NSHL DFNA5 (MIM 600994) October 1998 Van Laer et al. 1998
35. COCH 14q12-q13 NSHL DFNA9 November 1998 Robertson et al. 1998
36. GJB3 (MIM 603324) 1p34 NSHL DFNA2 December 1998 Xia et al. 1998
37. ATP6B1 (MIM 192132) 2cen-q13 SHL Distal renal tubular acidosis associated with senso-

rineural deafness (MIM 267300)
January 1999 Karet et al. 1999

38. KCNQ4 1p34 NSHL DFNA2 February 1999 Kubisch et al. 1999
39. OTOF (MIM 603681) 2p22-p23 NSHL DFNB9 (MIM 601071) April 1999 Yasunaga et al. 1999
40. PMP22 (MIM 601097) 17p11.2 SHL Charcot-Marie-Tooth disease (MIM 118220) June 1999 Kovach et al. 1999
41. GJB6 (MIM 604418) 13q12 NSHL DFNA3 September 1999 Grifa et al. 1999
42. USH1C (MIM 605242) 11p15.1 SHL Usher syndrome type 1C (USH1C [MIM 605242]) September 2000 Verpy et al. 2000

September 2000 Bitner-Glindzicz et al. 2000
43. MYH9 22q13 NSHL � SHL May-Hegglin (MIM 155100) and Fechtner (MIM

153640) syndromes
September 2000 The May-Hegglin/Fechtner

Syndrome Consortium 2000
DFNA17 (MIM 603622) November 2000 Lalwani et al. 2000

44. CDH23 10q21-q22 NSHL � SHL USH1D January 2001 Bolz et al. 2001
USH1D and DFNB12 January 2001 Bork et al. 2001

45. CLDN14 21q22 NSHL DFNB29 January 2001 Wilcox et al. 2001
46. TMPRSS3 21q22.3 NSHL DFNB8, DFNB10 January 2001 Scott et al. 2001
47. EYA4 6q22-q23 NSHL DFNA10 February 2001 Wayne et al. 2001
48. PCDH15 (MIM 605514) 10q21-22 SHL USH1F July 2001 Ahmed et al. 2001

August 2001 Alagramam et al. 2001
49. MYO6 6q13 NSHL DFNA22 (MIM 600970) September 2001 Melchionda et al. 2001
50. USH3 3q21-q25 SHL USH3 October 2001 Joensuu et al. 2001

SHL Wolfram syndrome October 1998 Inoue et al. 1998
December 1998 Strom et al. 1998

51. WFS1 4p16 NSHL DFNA6/14 October 2001 Bespalova et al., in press

a SHL p syndromic hearing loss; NSHL p nonsyndromic hearing loss.
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Figure 3 Cross section of the cochlear duct, showing the major regions found within the cochlea. Selected genes and the regions in which
they are expressed are as follows: endolymphatic duct: PDS; hair cells: DIAPH1, POU4F3, MYO6, MYO7A, MYO15, KCNQ4, OTOF,
USH1C, MYH9, CDH23, and CLDN14; extracellular matrix: USH2A; Reissner’s membrane: MYH9 and CDH23; spiral ligament: COCH,
MYH9, and NDP; spiral limbus: COCH, GJB2, GJB3, GJB6, and ATP6B1 (interdental cells); stria vascularis: NDP, KCNE1 (marginal cells),
and KVLQT1 (marginal cells); supporting cells: GJB2, GJB3, and GJB6; and tectorial membrane: TECTA. (Adapted with permission from
Steel [1999].)

and were correlated with the allelic difference observed
in the age at onset between DFNB8 and DFNB10 (Scott
et al. 2001). TMPRSS3 is the first example of a dys-
functional protease causing deafness, indicating that crit-
ical regulators of pathways in the inner ear are activated
through proteolytic cleavage. Homozygous and com-
pound heterozygous mutations in another novel gene,
USH3 (MIM 276902), have recently been shown to un-
derlie Usher syndrome type 3 (USH3 [MIM 276902])
(Joensuu et al. 2001). USH3 encodes a protein contain-
ing two predicted transmembrane domains with un-
known function and is expressed in many tissues, in-
cluding the retina (Joensuu et al. 2001). Mutations in
another gene, WFS1 (MIM 606201), responsible for
Wolfram syndrome (MIM 606201), an autosomal re-
cessive disorder characterized by diabetes mellitus, optic
atrophy, and often, deafness, has recently been found to
be responsible for the dominant nonsyndromic deafness
disorder, DFNA6/14 (Bespalova et al., in press). WFS1
encodes a protein, called “wolframin,” containing nine
putative transmembrane domains with unknown func-
tion (Bespalova et al., in press). Interestingly, it is not
known why some WFS1 mutations selectively affect low-
frequency hearing (DFNA6/14), whereas other WFS1
mutations affect higher frequencies, as in the hearing
loss associated with Wolfram syndrome (Bespalova et
al., in press).

Phenotypic Diversity

Gene discovery in the auditory system has provided
many examples that illustrate that mutations in one gene
may give rise to quite variable phenotypes. For example,
mutations in a single gene can lead to both syndromic
and nonsyndromic hearing loss (as is the case with
COL11A2 [MIM 120290], MYH9 [MIM 160775],
MYO7A, PDS [MIM 274600], CDH23 [MIM 605516],
and WFS1 [MIM 606201]). Moreover, mutations in a
single gene can cause both dominant and recessive forms
of nonsyndromic hearing loss (e.g., GJB2 for both
DFNA3 [MIM 601544] and DFNB1 [MIM 220290)],
and TECTA for DFNA8/12 and DFNB21). These ex-
amples of phenotypic diversity demonstrate how the
type of mutation, the position of the mutation within
the gene, and allelic combinations (i.e., compound het-
erozygosity) can affect the overall clinical presentation.

MYO7A Mutations in DFNA11, DFNB2, and USH1B

MYO7A mutations result in a range of human disease
phenotypes. A single MYO7A mutation causes deaf-
ness in an autosomal dominant nonsyndromic form
(DFNA11) (Liu et al. 1997c) and at least four mutations
result in a recessive nonsyndromic form (DFNB2) (Liu
et al. 1997b; Weil et al. 1997). Further, �41 mutations
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cause an autosomal recessive syndromic form of deaf-
ness that is accompanied by retinitis pigmentosa
(USH1B) (Weil et al. 1995; Weston et al. 1996; Adato
et al. 1997; Levy et al. 1997; Liu et al. 1997a, 1998;
Janecke et al. 1999). Although MYO7A genotype-phe-
notype correlations are, in general, difficult to synthesize
coherently, it has been hypothesized that many of the
recessive MYO7A mutations are pathogenic by loss of
function (Liu et al. 1998; Janecke et al. 1999). In con-
trast, the DFNA11-associated MYO7A mutation is
likely to have a dominant negative effect; all DFNA11
patients have a 9-bp deletion in exon 22, which encodes
a coiled-coil domain important for homodimerization
(Liu et al. 1997c). The precise mechanisms by which the
majority of MYO7A mutations lead to hearing loss are
not yet known, and the way in which mutations in the
same gene result in both syndromic and isolated hearing
impairment remains to be determined. The possibility
that tissue-specific differences in the function of MYO7A
may result in distinct mutations having variable effects
in the eye but similar effects in the inner ear is under
consideration (Liu et al. 1998).

CDH23 Mutations in DFNB12 and USH1D

CDH23 mutations cause recessive hearing loss in both
nonsyndromic (DFNB12 [MIM 601386]) and syndromic
(USH1D) forms. Interestingly, a correlation between mu-
tation and phenotype seems to exist: six missense CDH23
mutations lead to amino acid substitutions and are found
in families with DFNB12, whereas two nonsense and two
splice-site mutations lead to truncated CDH23 protein
and are found in families with typical and atypical
USH1D (Bork et al. 2001).

GJB2 Mutations in DFNB1 and DFNA3

Mutations in GJB2 (encoding connexin 26), are path-
ogenetic in both autosomal dominant (DFNA3) and au-
tosomal recessive (DFNB1) forms of hearing loss (Kelsell
et al. 1997; Denoyelle et al. 1998). More than 50 GJB2
mutations have been identified and account for as much
as 50% of all congenital cases of nonsyndromic hearing
impairment, with a high prevalence of three mutations
(35delG, 167delT, and 235delC) in specific populations
(white, Ashkenazi Jewish, and Asian, respectively) (Con-
nexins and Deafness Homepage). The severity of hearing
loss and the likelihood of progression are variable, even
with a single mutation, complicating predictions of phe-
notype in the setting of genetic counseling.

PDS Mutations in DFNB4 and Pendred Syndrome

Mutations in PDS, encoding an anion transporter
named “pendrin” which is proposed to function in en-
dolymphatic fluid homeostasis (Everett et al. 1999),
cause recessive hearing loss in both nonsyndromic

(DFNB4 [MIM 600791]) and syndromic (Pendred syn-
drome [MIM 274600]) forms (Everett et al. 1997; Li
et al. 1998). At least 47 different PDS mutations, most
of which are specific to individual families, are asso-
ciated with either DFNB4 or Pendred syndrome and
are thought to adversely affect fluid homeostasis, re-
sulting in the cochlear malformations and temporal
bone anomalies that eventually lead to hearing loss
(Campbell et al. 2001 and references therein). Muta-
tions that abrogate ion transport in the chloride-iodide
transport protein, pendrin, cause syndromic hearing
loss in Pendred syndrome, whereas apparently less-se-
vere mutations that decrease ion flow are responsible
for isolated hearing loss in DFNB4 (Scott et al. 2000).

TECTA Mutations in DFNA8/12 and DFNB21

Mutations in TECTA, encoding a-tectorin, are re-
sponsible for nonsyndromic hearing loss in both dom-
inant (DFNA8/12) (Verhoeven et al. 1998; Alloisio et al.
1999; Balciuniene et al. 1999) and recessive (DFNB21)
(Mustapha et al. 1999) types. DFNB21-affected family
members, who have prelingual severe-to-profound sen-
sorineural deafness, harbor a splice-site mutation pre-
dicted to lead to a truncated a-tectorin protein. DFNA8/
DNFA12-affected members, who demonstrate prelin-
gual and stable midfrequency hearing loss, have missense
mutations that replace conserved amino acid residues
within the zona pellucida domain of a-tectorin (Ver-
hoeven et al. 1998; Alloisio et al. 1999). Affected mem-
bers of another family with DFNA12, who, interestingly,
also have significant linkage to the DFNA2 locus (MIM
600101), show a later-onset progressive hearing loss and
have a mutation in a different domain of a-tectorin, the
zonadhesion/von Willebrand domain, resulting in re-
placement of a cysteine with a serine in one of the von
Willebrand repeats (Balciuniene et al. 1999). One pos-
sible explanation for the observed spectrum of hearing
phenotypes, ranging from prelingual to late-onset pro-
gressive in families with the dominant form of hearing
loss, may lie in the position of the mutation in the protein
(i.e., the particular domain affected). This may differ-
entially alter the ability of a-tectorin to interact with
certain molecules and may thus result in various degrees
of improper assembly of the noncollagenous tectorial
matrix (Balciuniene et al. 1999). Another fascinating
possibility is that the difference in phenotypes is due to
modification of TECTA by a gene at another locus (e.g.,
DFNA2) (Balciuniene et al. 1999).

Modifier Genes

Modifier genes influence the expression or function of
other genes. Several modifier loci and their genes for
hereditary hearing loss have been discovered in both
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humans and mice. In the mouse, modifier genes have
been identified as a result of divergent phenotypes at-
tributed to the genetic background of various strains.

tub and moth1

Tubby mice are homozygous for an autosomal reces-
sive mutation (tub/tub [MGI accession number 98868])
causing adult-onset insulin-resistance–associated obesity
and early-onset cochlear and retinal degeneration (Ikeda
et al. 1999). Obesity is observed in tubby mice after age
12 wk, although abnormal electroretinograms and au-
ditory brain stem responses are detectable as early as
age 3 wk (Ikeda et al. 1999). Although it is known that
the tub gene encodes a transcription factor (Boggon et
al. 1999), the exact mechanisms by which the tub allele
leads to the tubby phenotypes have not been elucidated.
A genetic modifier of tubby hearing, moth1 (MGI ac-
cession number 1346024), can worsen or prevent the
tubby hearing impairment, depending on the type of
moth1 allele and on whether one or both copies of the
allele are present (Ikeda et al. 1999). A dominant moth1
allele protects the tubby mouse against hearing loss in
one strain (CAST/Ei.B6; tub/tub), whereas a recessive
moth1 allele worsens the deafness in a different tubby
strain (C57BL/6; tub/tub) (Ikeda et al. 1999).

dfw and mdfw

Another example of a deafness modifier gene in mice
is mdfw (modifier of deaf waddler [MGI accession num-
ber 1202391]), for which two different alleles have been
identified (Noben-Trauth et al. 1997). Deaf waddler
mice are homozygous for an autosomal recessive mu-
tation (dfw [MGI accession number 105368]), exhibit
highly unbalanced and uncontrolled movements by age
2 wk, and are profoundly deaf by age 3 wk as a result
of progressive hair-cell degeneration (Lane 1987; Street
et al. 1995; Noben-Trauth et al. 1997). dfw encodes
an ATPase pump (Atp2b2 [MGI accession number
105368]) that is required for maintenance of low cy-
tosolic Ca2� by pumping Ca2� out of both auditory and
vestibular hair cells (Kozel et al. 1998; Street et al. 1998).
Interestingly, in one strain (CBy), heterozygotes for dfw2J

exhibit abnormal auditory brain stem responses (ABR)
and age-dependent progressive hearing loss, whereas in
another strain (CBy/CAST/Ei) only about one-quarter of
dfw2J heterozygotes displayed increased ABR thresholds
(Noben-Trauth et al. 1997). This difference in pene-
trance of the hearing impairment in the two strains has
been attributed to a naturally occurring modifier, mdfw,
mapped to chromosome 10 (Noben-Trauth et al. 1997).
The dominant CAST/Ei-derived mdfw allele protects
dfw heterozygotes from hearing loss, whereas the reces-
sive CBy-derived mdfw allele permits hearing loss in the
dfw heterozygotes.

DFNB26 and DFNM1

Autosomal recessive, nonsyndromic, sensorineural
hearing loss has been mapped to 4q31 in a large con-
sanguineous Pakistani family and has been designated
“DFNB26” (MIM 605428) (Riazuddin et al. 1999). Of
interest, seven family members homozygous for the mu-
tant DFNB26 haplotype were found to have normal
hearing. A second linkage analysis identified a deafness
modifier gene (DFNM1 [MIM 605429]), mapped to
1q24, which is thought to suppress the DFNB26 deaf-
ness in these individuals. Identification of these two
genes (DFNB26 and DFNM1) will lead to an under-
standing of the interaction of their gene products and
facilitate elucidation of the pathway that leads to the
DFNB26 phenotype.

Mitochondrial Modifier Locus

A mouse model of hearing loss modified by a mito-
chondrial locus has been identified. A mitochondrial al-
lele, causing presbycusis, or age-related hearing loss, has
been shown to interact with a nuclear locus (ahl [MGI
accession number 87972]) on mouse chromosome 10
(Avraham 2001). Mice with both copies of the A/J ahl
allele were found to have more-severe hearing loss than
mice with a single allele (Johnson et al. 2000).

The Future of Auditory Research

The past decade has witnessed impressive advancements
in auditory research. With both the human and mouse
genomes sequenced to near completion and the advent
of gene chip technology, gene discovery and functional
genomics in the auditory system will continue at a rapid
pace. To this end, we are ever closer to an enhanced
understanding of the hearing process, which will lead to
increased availability of diagnostic and presymptomatic
genetic testing options, early intervention, and disease-
based treatments.
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EYA4 [MIM 603550], GJB2 [MIM 121011], GJB3 [MIM
603324], GJB6 [MIM 604418], KCNE1 [MIM 176261],
KCNQ4 [MIM 603537], KVLQT1 [MIM 192500], MITF
[MIM 156845], MYH9 [MIM 160775], MYO15 [MIM
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NDP [MIM 310600], OTOF [MIM 603681], PAX3 [MIM
193500], PCDH15 [MIM 605514], PDS [MIM 274600],
PMP22 [MIM 601097], POU3F4 [MIM 300039], POU4F3
[MIM 602460], SOX10 [MIM 602229], SOX9 [MIM
114290], TCOF1 [MIM 154500], TECTA [MIM 602574],
TMPRSS3 [MIM 605511], tRNA-glu [MIM 590025],
tRNA-leu [MIM 590050], tRNA-lys [MIM 590060], tRNA-
ser [MIM 590080], USH1C [MIM 605242], USH2A [MIM
276901], USH3 [MIM 276902], WFS1 [MIM 606201];
nonsyndromic deafness disorders: DFNA1 [MIM 124900],
DFNA2 [MIM 600101], DFNA3 [MIM 601544], DFNA5
[MIM 600994], DFNA8 [MIM 601543], DFNA9 [MIM
601369], DFNA10 [MIM 601316], DFNA11 [MIM
601317], DFNA12 [MIM 601842], DFNA13 [MIM
601868], DFNA15 [MIM 602459], DFNA17 [MIM
603622], DFNA22 [MIM 600970], DFNB1 [MIM 220290],
DFNB2 [MIM 600060], DFNB3 [MIM 600316], DFNB4
[MIM 600791], DFNB8 [MIM 601072], DFNB9 [MIM
601071], DFNB10 [MIM 605316], DFNB12 [MIM
601386], DFNB21 [MIM 603629], DFNB29 [MIM
605608], DFN1 [MIM 304700], DFN3 [MIM 304400],
sensorineural deafness [MIM 590080]; and syndromic deaf-
ness disorders: Alport syndrome [MIM 104200, 203780],
BO syndrome [MIM 602588], BOR syndrome [MIM
113650], campomelic dysplasia [MIM 114290], Charcot-
Marie-Tooth disease [MIM 118220], diabetes mellitis and
deafness [MIM 520000], distal renal tubular acidosis as-
sociated with sensorineural deafness [MIM 267300], Fecht-
ner syndrome [MIM 153640] , JLNS1 [MIM 220400],
JLNS2 [MIM 220400], maternally inherited diabetes and
deafness [MIM 590025], May-Hegglin syndrome [MIM
155100], mitochondrial deafness [12S rRNA ] [MIM
221745], MERRF [MIM 545000], MELAS [MIM 540000],
Norrie disease [MIM 310600], osteogenesis imperfecta
[MIM 166200], palmoplantar keratoderma and deafness
[MIM 590080], Pendred syndrome [MIM 274600], pro-
gressive myoclonic epilepsy, ataxia and hearing loss [MIM
590080], STL1 [MIM 108300], STL2 [MIM 604841],
Treacher Collins [MIM 154500], USH1B [MIM 276903],
USH1C [MIM 605242], USH1D [MIM 601067], USH1F
[MIM 605514], USH2A [MIM 276901], USH3 [MIM
276902], Waardenburg syndrome type I [MIM 193500],
Waardenburg syndrome type II [MIM 193510], Waarden-
burg syndrome type III [MIM 148820], Waardenburg syn-
drome type IV [MIM 277580], and Wolfram syndrome
[MIM 606201])

Mouse Genome Informatics (MGI), http://www.informatics
.jax.org/ (for ahl [MGI accession number 87972], Atp2b2
[MGI accession number 105368], cdh23 [MGI accession
number 1890219], mdfw [MGI accession number
1202391], moth1 [MGI accession number 1346024],

Pcdh15 [MGI accession number 1891428], and tub [MGI
accession number 98868])
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Joensuu T, Hämäläinen R, Yuan B, Johnson C, Tegelberg S,
Gasparini P, Zelante L, Pirvola U, Pakarinen L, Lehesjoki
A-E, de la Chapelle A, Sankila E-M (2001) Mutations in a
novel gene with transmembrane domains underlie Usher
syndrome type 3. Am J Hum Genet 69:673–684

Karet FE, Finberg KE, Nelson RD, Nayir A, Mocan H, Sanjad
SA, Rodriguez-Soriano J, Santos F, Cremers CW, Di Pietro
A, Hoffbrand BI, Winiarski J, Bakkaloglu A, Ozen S, Du-
sunsel R, Goodyer P, Hulton SA, Wu DK, Skvorak AB, Mor-



Resendes et al.: Gene Discovery in the Auditory System 933

ton CC, Cunningham MJ, Jha V, Lifton RP (1999) Muta-
tions in the gene encoding B1 subunit of H�-ATPase cause
renal tubular acidosis with sensorineural deafness. Nat Ge-
net 21:84–90

Kelsell DP, Dunlop J, Stevens HP, Lench NJ, Liang JN, Parry
G, Mueller RF, Leigh IM (1997) Connexin 26 mutations in
hereditary non-syndromic sensorineural deafness. Nature
387:80–83

Kovach MJ, Lin J-P, Boyadjiev S, Campbell K, Mazzeo L,
Herman K, Rimer LA, Frank W, Llewellyn B, Wang Jabs E,
Gelber D, Kimonis VE (1999) A unique point mutation in
the PMP22 gene is associated with Charcot-Marie-Tooth
disease and deafness. Am J Hum Genet 64:1580–1593

Kozel PJ, Friedman RA, Erway LC, Yamoah EN, Liu LH,
Riddle T, Duffy JJ, Doetschman T, Miller ML, Cardell EL,
Shull GE (1998) Balance and hearing deficits in mice with
a null mutation in the gene encoding plasma membrane
Ca2�-ATPase isoform 2. J Biol Chem 273:18693–18696

Kubisch C, Schroeder BC, Friedrich T, Lutjohann B, El-Am-
raoui A, Marlin S, Petit C, Jentsch TJ (1999) KCNQ4, a
novel potassium channel expressed in sensory outer hair
cells, is mutated in dominant deafness. Cell 96:437–446

Lalwani AK, Goldstein JA, Kelley MJ, Luxford W, Castelein
CM, Mhatre AN (2000) Human nonsyndromic hereditary
deafness DFNA17 is due to a mutation in nonmuscle myosin
MYH9. Am J Hum Genet 67:1121–1128

Lane PW (1987) New mutants and linkages: deafwaddler
(dfw). Mouse News Letter 77:129

Levy G, Levi-Acobas F, Blanchard S, Gerber S, Larget-Piet D,
Chenal V, Liu XZ, Newton V, Steel KP, Brown SD, Munnich
A, Kaplan J, Petit C, Weil D (1997) Myosin VIIA gene:
heterogeneity of the mutations responsible for Usher syn-
drome type IB. Hum Mol Genet 6:111–116

Li XC, Everett LA, Lalwani AK, Desmukh D, Friedman TB,
Green ED, Wilcox ER (1998) A mutation in PDS causes
non-syndromic recessive deafness. Nat Genet 18:215–217

Liu X-Z, Hope C, Walsh J, Newton V, Ke XM, Liang CY, Xu
LR, Zhou JM, Trump D, Steel KP, Bundey S, Brown SDM
(1998) Mutations in the myosin VIIA gene cause a wide
phenotypic spectrum, including atypical Usher syndrome.
Am J Hum Genet 63:909–912

Liu X-Z, Newton VE, Steel KP, Brown SD (1997a) Identifi-
cation of a new mutation of the myosin VII head region in
Usher syndrome type 1. Hum Mutat 10:168–170

Liu X-Z, Walsh J, Mburu P, Kendrick-Jones J, Cope MJ, Steel
KP, Brown SD (1997b) Mutations in the myosin VIIA gene
cause non-syndromic recessive deafness. Nat Genet 16:
188–190

Liu X-Z, Walsh J, Tamagawa Y, Kitamura K, Nishizawa M,
Steel KP, Brown SD (1997c) Autosomal dominant non-syn-
dromic deafness caused by a mutation in the myosin VIIA
gene. Nat Genet 17:268–269

Lynch ED, Lee MK, Morrow JE, Welcsh PL, Leon PE, King
MC (1997) Nonsyndromic deafness DFNA1 associated with
mutation of a human homolog of the Drosophila gene di-
aphanous. Science 278:1315–1318

May-Hegglin/Fechtner Syndrome Consortium, The (2000)
Mutations in MYH9 result in the May-Hegglin anomaly,
and Fechtner and Sebastian syndromes. Nat Genet 26:103–
105

McGuirt WT, Prasad SD, Griffith AJ, Kunst HP, Green GE,

Shpargel KB, Runge C, Huybrechts C, Mueller RF, Lynch
E, King MC, Brunner HG, Cremers CW, Takanosu M, Li
SW, Arita M, Mayne R, Prockop DJ, Van Camp G, Smith
RJ (1999) Mutations in COL11A2 cause non-syndromic
hearing loss (DFNA13). Nat Genet 23:413–419

Melchionda S, Ahituv N, Bisceglia L, Sobe T, Glaser F, Ra-
bionet R, Arbones ML, Notarangelo A, Di Iorio E, Carella
M, Zelante L, Estivill X, Avraham KB, Gasparini P (2001)
MYO6, the human homologue of the gene responsible for
deafness in Snell’s waltzer mice, is mutated in autosomal
dominant nonsyndromic hearing loss. Am J Hum Genet 69:
635–640

Mochizuki T, Lemmink HH, Mariyama M, Antignac C, Gub-
ler MC, Pirson Y, Verellen-Dumoulin C, Chan B, Schroder
CH, Smeets HJ, Reeders ST (1994) Identification of muta-
tions in the a3(IV) and a4(IV) collagen genes in autosomal
recessive Alport syndrome. Nat Genet 8:77–81

Morton NE (1991) Genetic epidemiology of hearing impair-
ment. Ann NY Acad Sci 630:16–31

Mustapha M, Weil D, Chardenoux S, Elias S, El-Zir E, Beck-
mann JS, Loiselet J, Petit C (1999) An a-tectorin gene defect
causes a newly identified autosomal recessive form of sen-
sorineural pre-lingual non-syndromic deafness, DFNB21.
Hum Mol Genet 8:409–412

Neyroud N, Tesson F, Denjoy I, Leibovici M, Donger C, Bar-
hanin J, Faure S, Gary F, Coumel P, Petit C, Schwartz K,
Guicheney P (1997) A novel mutation in the potassium chan-
nel gene KVLQT1 causes the Jervell and Lange-Nielsen car-
dioauditory syndrome. Nat Genet 15:186–189

Noben-Trauth K, Zheng QY, Johnson KR, Nishina PM (1997)
mdfw: a deafness susceptibility locus that interacts with deaf
waddler (dfw). Genomics 44:266–272

Pingault V, Bondurand N, Kuhlbrodt K, Goerich DE, Prehu
MO, Puliti A, Herbarth B, Hermans-Borgmeyer I, Legius E,
Matthijs G, Amiel J, Lyonnet S, Ceccherini I, Romeo G,
Smith JC, Read AP, Wegner M, Goossens M (1998) SOX10
mutations in patients with Waardenburg-Hirschsprung dis-
ease. Nat Genet 18:171–173

Potterf SB, Furumura M, Dunn KJ, Arnheiter H, Pavan WJ
(2000) Transcription factor hierarchy in Waardenburg syn-
drome: regulation of MITF expression by SOX10 and
PAX3. Hum Genet 107:1–6

Prezant TR, Agapian JV, Bohlman MC, Bu X, Oztas S, Qiu
WQ, Arnos KS, Cortopassi GA, Jaber L, Rotter JI, Shohat
M, Fischel-Ghodsian N (1993) Mitochondrial ribosomal
RNA mutation associated with both antibiotic-induced and
non-syndromic deafness. Nat Genet 4:289–294

Rabionet R, Gasparini P, Estivill X (2000) Molecular genetics
of hearing impairment due to mutations in gap junction
genes encoding beta connexins. Hum Mutat 16:190–202

Reid FM, Vernham GA, Jacobs HT (1994) A novel mito-
chondrial point mutation in a maternal pedigree with sen-
sorineural deafness. Hum Mutat 3:243–247

Riazuddin S, Castelein CM, Friedman TB, Lalwani AK, Liburd
NA, Naz S, Smith TN, Riazuddin S, Wilcox ER (1999) A
novel nonsyndromic recessive form of deafness maps to
4q28 and demonstrates incomplete penetrance. Am J Hum
Genet Suppl 65:A101

Richards AJ, Yates JR, Williams R, Payne SJ, Pope FM, Scott
JD, Snead MP (1996) A family with Stickler syndrome type
2 has a mutation in the COL11A1 gene resulting in the



934 Am. J. Hum. Genet. 69:923–935, 2001

substitution of glycine 97 by valine in a1 (XI) collagen. Hum
Mol Genet 5:1339–1343

Robertson NG, Lu L, Heller S, Merchant SN, McKenna M,
Eavy RD, Nadol JB, Myamoto RT, Lubianca Neto JF, Hud-
speth AJ, Seidman CE, Morton CC, Seidman JG (1998)
Mutations in a novel cochlear gene cause DFNA9, a human
nonsyndromic deafness with vestibular dysfunction. Nat Ge-
net 20:299–303

Schulze-Bahr E, Wang Q, Wedekind H, Haverkamp W, Chen
Q, Sun Y, Rubie C, Hordt M, Towbin JA, Borggrefe M,
Assmann G, Qu X, Somberg JC, Breithardt G, Oberti C,
Funke H (1997) KCNE1 mutations cause Jervell and Lange-
Nielsen syndrome. Nat Genet 17:267–268

Scott DA, Wang R, Kreman TM, Andrews M, McDonald JM,
Bishop JR, Smith RJ, Karniski LP, Sheffield VC (2000) Func-
tional differences of the PDS gene product are associated
with phenotypic variation in patients with Pendred syn-
drome and non-syndromic hearing loss (DFNB4). Hum Mol
Genet 9:1709–1715

Scott HS, Kudoh J, Wattenhofer M, Shibuya K, Berry A, Chrast
R, Guipponi M, Wang J, Kawasaki K, Asakawa S, Mi-
noshima S, Younus F, Mehdi SQ, Radhakrishna U, Papa-
savvas MP, Gehrig C, Rossier C, Korostishevsky M, Gal A,
Shimizu N, Bonne-Tamir B, Antonarakis SE (2001) Insertion
of b-satellite repeats identifies a transmembrane protease
causing both congenital and childhood onset autosomal re-
cessive deafness. Nat Genet 27:59–63

Self T, Sobe T, Copeland NG, Jenkins NA, Avraham KB, Steel
KP (1999) Role of myosin VI in the differentiation of coch-
lear hair cells. Dev Biol 214:331–341

Sevior KB, Hatamochi A, Stewart IA, Bykhovskaya Y, Allen-
Powell DR, Fischel-Ghodsian N, Maw MA (1998) Mito-
chondrial A7445G mutation in two pedigrees with palmo-
plantar keratoderma and deafness. Am J Med Genet 75:
179–185

Shoffner JM, Lott MT, Lezza AM, Seibel P, Ballinger SW, Wal-
lace DC (1990) Myoclonic epilepsy and ragged-red fiber
disease (MERRF) is associated with a mitochondrial DNA
tRNA(Lys) mutation. Cell 61:931–937

Steel KP (1999) Perspectives: biomedicine. The benefits of re-
cycling. Science 285:1363–1364

Steel KP, Kros CJ (2001) A genetic approach to understanding
auditory function. Nat Genet 27:143–149

Street VA, McKee-Johnson JW, Fonseca RC, Tempel BL, No-
ben-Trauth K (1998) Mutations in a plasma membrane
Ca2�-ATPase gene cause deafness in deafwaddler mice. Nat
Genet 19:390–394

Street VA, Robinson LC, Erford SK, Tempel BL (1995) Mo-
lecular genetic analysis of distal mouse chromosome 6 de-
fines gene order and positions of the deafwaddler and op-
isthotonos mutations. Genomics 29:123–130

Strom TM, Hortnagel K, Hofmann S, Gekeler F, Scharfe C,
Rabl W, Gerbitz KD, Meitinger T (1998) Diabetes insipidus,
diabetes mellitus, optic atrophy and deafness (DIDMOAD)
caused by mutations in a novel gene (wolframin) coding for
a predicted transmembrane protein. Hum Mol Genet 7:
2021–2028

Sykes B, Ogilvie D, Wordsworth P, Anderson, Jones N (1986)
Osteogenesis imperfecta is linked to both type I collagen
structural genes. Lancet 2:69–72

Tachibana M, Takeda K, Nobukuni Y, Urabe K, Long JE,
Meyers KA, Aaronson SA, Miki T (1996) Ectopic expression
of MITF, a gene for Waardenburg syndrome type 2, converts
fibroblasts to cells with melanocyte characteristics. Nat Ge-
net 14:50–54

Tassabehji M, Newton VE, Read AP (1994) Waardenburg syn-
drome type 2 caused by mutations in the human microph-
thalmia (MITF) gene. Nat Genet 8:251–255

Tassabehji M, Read AP, Newton VE, Harris R, Balling R,
Gruss P, Strachan T (1992) Waardenburg’s syndrome pa-
tients have mutations in the human homologue of the Pax-
3 paired box gene. Nature 355:635–636

Tiranti V, Chariot P, Carella F, Toscano A, Soliveri P, Girlanda
P, Carrara F, Fratta GM, Reid FM, Mariotti C, Zeviani M
(1995) Maternally inherited hearing loss, ataxia and my-
oclonus associated with a novel point mutation in mito-
chondrial tRNASer(UCN) gene. Hum Mol Genet 4:1421–
1427

Tyson J, Tranebjaerg L, Bellman S, Wren C, Taylor JF, Bath-
en J, Aslaksen B, Sorland SJ, Lund O, Malcolm S, Pem-
brey M, Bhattacharya S, Bitner-Glindzicz M (1997) IsK and
KvLQT1: mutation in either of the two subunits of the slow
component of the delayed rectifier potassium channel can
cause Jervell and Lange-Nielsen syndrome. Hum Mol Genet
6:2179–2185

Vahava O, Morell R, Lynch ED, Weiss S, Kagan ME, Ahituv
N, Morrow JE, Lee MK, Skvorak AB, Morton CC, Blu-
menfeld A, Frydman M, Friedman TB, King MC, Avraham
KB (1998) Mutation in transcription factor POU4F3 as-
sociated with inherited progressive hearing loss in humans.
Science 279:1950–1954

van den Ouweland JM, Lemkes HH, Ruitenbeek W, Sandkuijl
LA, de Vijlder MF, Struyvenberg PA, van de Kamp JJ, Maas-
sen JA (1992) Mutation in mitochondrial tRNA(Leu)(UUR)
gene in a large pedigree with maternally transmitted type II
diabetes mellitus and deafness. Nat Genet 1:368–371

Van Laer L, Huizing EH, Verstreken M, van Zuijlen D, Wau-
ters JG, Bossuyt PJ, Van de Heyning P, McGuirt WT, Smith
RJ, Willems PJ, Legan PK, Richardson GP, Van Camp G
(1998) Nonsyndromic hearing impairment is associated
with a mutation in DFNA5. Nat Genet 20:194–197

Verhoeven K, Van Laer L, Kirschhofer K, Legan PK, Hughes
DC, Schatteman I, Verstreken M, Van Hauwe P, Coucke P,
Chen A, Smith RJ, Somers T, Offeciers FE, Van de Heyning
P, Richardson GP, Wachtler F, Kimberling WJ, Willems PJ,
Govaerts PJ, Van Camp G (1998) Mutations in the human
a-tectorin gene cause autosomal dominant non-syndromic
hearing impairment. Nat Genet 19:60–62

Verpy E, Leibovici M, Zwaenepoel I, Liu XZ, Gal A, Salem
N, Mansour A, Blanchard S, Kobayashi I, Keats BJ, Slim R,
Petit C (2000) A defect in harmonin, a PDZ domain-con-
taining protein expressed in the inner ear sensory hair cells,
underlies Usher syndrome type 1C. Nat Genet 26:51–55

Vikkula M, Mariman EC, Lui VC, Zhidkova NI, Tiller GE,
Goldring MB, van Beersum SE, de Waal Malefijt MC, van
den Hoogen FH, Ropers HH, Mayne R, Cheah KS, Olsen
BR, Warman ML, Brunner HG (1995) Autosomal dominant
and recessive osteochondrodysplasias associated with the
COL11A2 locus. Cell 80:431–437

Vincent C, Kalatzis V, Abdelhak S, Chaib H, Compain S, He-



Resendes et al.: Gene Discovery in the Auditory System 935

lias J, Vaneecloo FM, Petit C (1997) BOR and BO syndromes
are allelic defects of EYA1. Eur J Hum Genet 5:242–246

Wang A, Liang Y, Fridell RA, Probst FJ, Wilcox ER, Touchman
JW, Morton CC, Morell RJ, Noben-Trauth K, Camper SA,
Friedman TB (1998) Association of unconventional myosin
MYO15 mutations with human nonsyndromic deafness
DFNB3. Science 280:1447–1451

Wayne S, Robertson NG, DeClau F, Chen N, Verhoeven K,
Prasad S, Tranebjarg L, Morton CC, Ryan AF, Van Camp
G, Smith RJ (2001) Mutations in the transcriptional acti-
vator EYA4 cause late-onset deafness at the DFNA10 locus.
Hum Mol Genet 10:195–200

Weil D, Blanchard S, Kaplan J, Guilford P, Gibson F, Walsh
J, Mburu P, et al (1995) Defective myosin VIIA gene re-
sponsible for Usher syndrome type 1B. Nature 374:60–61

Weil D, Kussel P, Blanchard S, Levy G, Levi-Acobas F, Drira
M, Ayadi H, Petit C (1997) The autosomal recessive isolated
deafness, DFNB2, and the Usher 1B syndrome are allelic
defects of the myosin-VIIA gene. Nat Genet 16:191–193

Weston MD, Kelley PM, Overbeck LD, Wagenaar M, Orten
DJ, Hasson T, Chen Z-Y, Corey D, Mooseker M, Sumegi J,
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