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Focusing on the genetics of hearing: you ain’t heard nothin’ yet
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The genetic complexity of hearing
+*�� %����

� �,� �������-� ���	
������	�� �*���(-� 
��	�

��%��
�
� ����*�	.� �*�� �		��� ���� ���� ��	������� �	��� 	�����

��%��
�
� ��� �*�� (���	�� �
� �	�����
�-� ���%��/$� +*�� ���'

�����	�������
%�	�
����
��	�
����*���
%�������
�	
������-��	�

�� ,��0��	�-� ��
������	� �*��� ����� ��� �*�� ��-�	� �,� 
�.	���	.


-
���
� 1#2$� +*�� �/0��
���� ��
%�	
���	�

� �,� �*�� �������-

%����

��
���,��������	��*��
�������������%��/��-��,��*�����*���

�	��*���		���������*��*��
��*��%�������
��������*��*��*��%����



�,��������-����	
������	�����
�%�����34�.��� #5$�+*��
	���'����

���	
��,��*�����*����*��
���*����.�	��,����������	�����%��*�'

����� 
��������� �*��� ��	
� �*�� ��	.�*� �,� �*�� ���*���$� �������-

���	
������	��
����������-���%�	��	���%�	��*��,�	����	��,�*���

����
� �*��� ��	
������� �	�� �,� �*�� ��
�� ��%����	�� ����� �-%�


���*�	��*����.�	��,�������1#2���*����.�	��,��������
����%�
��

�,���
�	.��������,��		���*��������
��	���*�������
��,�������*���

����
�34�.��� #5$� ��������
�����
���������(����
�����*�%��6���


�� �������(��� ����-� �,� ����	',������ 
����������� ,���� ��
� �%����


��,���$� +*�� �%����� 
��,���
� �,� *���� ����
� ���� (��*��� (-� �*�

%���

���'���*��	���-�%*��,� �*��
����������$���,������	��,

�*�� 
����������� (�	���� �	� ��
%�	
�� ��� 
��	������
� �������	.

���	��*�����*������
���
��	��*���%�	�	.��,���	��*�		��
��	��*�


�����������������	��	,��/�,�����*���	���-�%*��*���'�������%�'

����7����	�� 	�������	
������� �����
��� �	�� 
�.	���	.� ��� �*�


%����� .�	.���	� �	�� ���������-� �*�� (���	$� +*�� ���%��/��-� �,

�*�� �������-� %����

� �
� 	��� �	�-� ��,������� �	� �*�� ���(�����

��.�	��,�������� �*�����*���� �	�����
��-�������*�������� �-%�
�

��	-��,��*��*������	��	����(��������,���*����	.$�

����	��*�����%��/��-��	�������
��-��,����*�����
��������
����

������ (�� �/%������ �*��� �� ���.�� 	��(��� �,� .�	�
������� (�

�	������� �	� *����	.$� +*�� ��������-� �
� �*��� .�	����� ���,	�



������(���/%���������(���������(�-�*�����.�	���
���	���*�



���
� �	����� ���(�� �*�� ��
�$��� ���.��	��(��� �,� ����	�	��

����

���� �	�� 
�/'��	���� ���� ,��� 	�	'
-	������� ���,	�



3���,	�

����*�	����*���
-�%���
5�*����(��	���%%����	��*�

*���	� %�%������	� 182$� 9	� ������� ��� ����� ����� :;� ����� *���

(��	���%%����	����	��(���*����(��	����	��$�+*�
������
��-

����*��.�	�����������*�
�����*����*���	.��	.���(����������*�

	������ �,� .�	����� ��������	� ��	���(���	.� ��� ��
��
�� �	� �*�

*���	�%�%������	$���� �	�� �/������� ��� �
� *-%��*�
�7��� �*��

�*���� ���� ���������-� ,��� ����� �	������� �	� �����	� ��
��
�
�

���*� ���*� ����
� ��	���(���	.� �� ���������-���6��� �,,���� '� �*�

�����	���
��
�<�����	������	��*-%��*�
�
� 1=�>2$� 9	���	'

���
�� ���*�
�(��	�%��%�
����*��������������-� ���.��	��(����,

����� ��-� ��%���� �	� �	-� %���������� ��
��
��� (��� ���*� ���*

����
� *���	.� �� ���������-� 
����� ��	���(����	� ��� �*�� �������

%*�	��-%��'��*�������	���
��
�<������������*-%��*�
�
�1?2$

+*�����.��	��(����,����,	�

������*�
�(��	�������1@2��
�%��'

����	.�
����
�%%����,����*���������*-%��*�
�
��(����	�,�����*�

.�	����� ���%��/��-� �,� ���,	�

� 
���
������ �����-� ��� ��,����

�*�� �	����-�	.� �	������-� �,� �*�� 
��������� �	�� %����

�


�	������� �	� *����	.$� 9	������ ��	-� �,� �*�� ���,	�

� ����

��%%���������������-��������	
��*��������,�*�.*��/%��

����-

�	�� %�	����	��� ����
%������� �,� %�%������	� (���.���	��� 
�

�*�-� ��� 	��� ,��� �*�� �����	� ��
��
�<����� ������� ��������	� �,

����	.� �� ���������-� 
����� ��	���(����	� ��� �*�� %*�	��-%��

���*��.*��*����������	-��,��*��$

�������-�� �	��*�����
���� ���.��	��(����,����,	�

��	�<��

��
��(����� �������	
� *���� (��	� ���	��,���� �*��� �,,���

*����	.� ��� (���	��� �	�� ��
���� ,���� ��
���(�	��
� ��� �		��

Abstract

The complexity of genetic pathways for hearing is beginning to be amenable to unraveling by systematic
functional genomic analysis. Genome-wide mutagenesis studies in the mouse are beginning to shed
further light on the structure and regulation of the machinery of hearing. 
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Figure 1
The complexity of the mammalian auditory system and the process of
mechanotransduction reflects the underlying genetic complexity of
hearing. (a) A cross-section through a mammalian cochlea, illustrating the
fluid-filled scalae that transmit sound impulses to the organ of Corti, the
neuroepithelium where the process of mechanotransduction takes place
and sound is converted into neural signals. The organ of Corti consists of
one row of inner hair cells and three rows of outer hair cells (illustrated
in pink) that are overlaid by the tectorial membrane (yellow). (b) A
scanning electron micrograph (courtesy of Charlotte Rhodes) illustrating
the regular arrays of stereocilia that project from the surface of outer and
inner hair cells in the organ of Corti. (c) As sound impulses travel down
the cochlea, movement of the organ of Corti causes deflection of the
stereocilia. Tip links connect adjacent stereocilia and are believed to link
ion channels in one stereocilium to the tip of the adjacent stereocilium.
Movement of the stereocilia results in an increase in tension on the tip-
links and the gating of the ion channels, leading to cation influx from the
endolymph of the scala media, hair-cell depolarization, and the
transmission of a neural impulse to the brain via the spiral ganglion - the
process of mechanotransduction.
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Figure 2
The array of mouse and human deafness loci and genes. An analysis of the
distribution of identified mouse and human non-syndromic sensorineural
genes or loci and their overlap, on the basis of the identification of
conserved orthologous genes or conserved map positions (in the case of
loci for which the underlying gene has not been identified). A large
number of human sensorineural genes (14) or mapped sensorineural loci
(29) have been identified for which there is no mouse counterpart (right
side of the figure). A corresponding situation exists for the mouse (left
side of the figure). There are 18 loci in three classes, however, for which
common genes or loci have been identified in mouse and human: 10
mutant loci for which genes have been identified in both mouse and
human; 6 mouse mutant loci for which the gene has been identified and
for which there appear to be homologous human loci, on the basis of
conserved map position); and 2 mapped mouse mutant loci for which the
gene has not been identified but there appear to be homologous human
loci (based on conserved map position). Given the number of loci
identified in these overlapping classes, we can make a determination of
the total number of loci in mammals that might lead to non-syndromic
hearing loss. N, the total number of genes in the mammalian set, is given
by: N = M x H / C, where M is the total number of mouse loci assayed,
H the total number of human loci assayed and C the total number of loci
held in common. Thus, with current data, N = 36 x 63/18 = 126. This
estimate is very conservative and is likely to be an underestimate for two
reasons. Firstly, identifying orthologous loci on the basis of conserved
map position is relatively crude and leads to a potential inflation in the
number of overlapping loci. Secondly, mutant loci for which genes have
been identified in both mouse and human are not ascertained on a
random basis. Rather, once a gene has been cloned in one species,
significant effort is expended to identify orthologous genes and mutations
in the other species.
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Table 1

Genes involved in deafness

Class of protein Specific proteins and genes

Myosins Myosin VI (MYO6), myosin VIIA (MYO7A), myosin XV (MYO15), and non-muscle myosin heavy chain gene 9 (MYH9)

Non-myosin cytoskeletal Diaphanous-1 (HDIA1), Espin (Espn)

Extracellular matrix �-tectorin (TECTA), novel protein (COCH), type XI collagen  (COL11A2), and otogelin (OTOG)

Gap junctions/tight junctions Connexin 26 (GJB2), connexin 30 (GJB6), connexin 31 (GJB3), connexin 43 (GJA1), and claudin-14 (CLDN14)

Ion channels/transporters K+ channel (KCNQ4), K+ channel components (KVLQT1 and KCNE1), Na+-K+-Cl- co-transporter (Slc12a2), 
H+-ATPase B1 subunit (ATP6B1), pendrin (PDS, SLC26A4), and Ca2+ pump (ATP2B2)

Signaling molecules Integrin �8�1 (Itga8)

Transcription factors Pou domain transcription factors (POU4F3 and POU3F4), and Eyes absent homolog 4 (EYA4)

Others Transmembrane serine protease (TMPRSS3) and Wolfram syndrome gene 1 (WFS1)

Unknown function Otoferlin (OTOF ), novel protein (DFNA5), stereocilin, harmonin, and transmembrane cochlear-expressed gene 1 (TMC1)

This table does not provide a complete listing of all genes involved with deafness, but rather focuses on those involved with non-syndromic deafness in
human and mouse, with a few exceptions. For a comprehensive and up-to-date listing, see [2]. 



%��.���� ���	��,���� 
���	� 	��� ������
� �,� �*�� 2�..�, ����


18?2$��������	
��,�2�..�, ����������
��(������-
,�	����	��*��

�
����
���(-���,���
��	��*��������%��	���,��*��
���'��������

��	��
���	���*��%����
��	��,������%���������
��,�2�..�, 
*����

�����*�����	�	.��,� �*��.�	�$ 4���
�����,� �*���������	
�� �*�

%��.��

� �*��� �
� (��	.� ����� �	� ���	��,-�	.� �*�� �	����-�	.

.�	�
� �
�%������	.��
�,��� �	
�.*�
� �	���.�	�� ,�	����	� �	� �*�

�������-� 
-
���$ +*�� �"� �������	� ��
���(��� �(���� ��


���	��,����,�����*�������	�����.�	�
�
�%��.����1#=2$�+��

����	�	�� ��
��(����� �������	
�� ,� ��3 �	�� �. �"0*(.*�

���	��,���� �	� �*�� ��� �	�� �����	� ����.�	�
�
� %��.���
�

��
%�������-�� 
*����� ���-� 
������� %*�	��-%�
� 18@�8:2$����*

����	�
�
*���	������*����	.�(��������*��������7���(-����	'

�����	��,� �*��%�
������� �	���	������� 
���'��������� ��	��
� �


������
���
�����	.�%�����	�	.��	����-� �	� �*����.�	��,������$

+*����������������	��(��
��,�������*��������
���	���	�
���

��.��	
��*����.�	��,����������%�����-�����
��	�������,������

*��������
$�9	��������	������
��	���
�%��	������-��	����-%�'

����*��������
����*�������*������������%*���.-�����
��	����*�	

�*���		���*������������$����*�,� ��3 �	���. �"0*(.*����	�


�������%%���������
���*����
����8��	��*����(��	�
*��	

�����
����,�����������	
��	��*��� ##.�	�.�	����	���	�%�����'

����� �	� �*�� 
���	��&�4'����� ��%���� �,� �*�� �	������%�����	$

9��	��,������	� �	�� �*��������7����	� �,� �*�
������	�
� ��%��'

��������	�����.�	���I�..��#� �	��*��
�.	���	.�%����

�
��*��

%�����	� �*�� �		��� ���� 	�����%��*������ �	�� �������	�� �*�

�/�������	����-���.�������.�	�7����	��,�*��������
��	��	��.*'

(���	.� 
�%%����	.� ����
$� 9�� �
� �	����
��	.� ��� 	���� �*��

���*��.*� �� � ##.�	 �	���'���� ���
�� *��� ������-� (��	

���������	����
�*���7-.��
���(�-�	������*���%*�	��-%������

�*��������7���� �*�� 
�(���� ����	�	�� �,,���
� �	� �*�� *�����7-'

.���� �	� �*�� ��
��(����� �%%�����
� �	�� 	�����%��*������ %��'

���	�	.�*���(��	���

��$

��
%���� �*�
��	�������	�� ��
�����
�� �*���/�
��	.�������.��

�,����
������	�
������
�����%��-��	���%����	��������	���

���'

�	.� �*�� .�	����
� �,� �������-� ,�	����	$� 9	������ �*�� ����	�

���	�	.� �,� �*��2 �"4.* 18D2� �	��  3.,� 2 �"4.* 18A2� .�	�
�

(��*� �	����	.� ���*���	� ��������
�� *�
� �	�����	��� �*�

��%����	����,� �*�
� ���

��,���������� �	� �*�����	��	�	����,

�*��
������������	��*��
��,�����,�*��������
$�

9	���	���
��	�����*�����	�-�(�.�	�����	�������*��.�	����
��,

�*���������-� 
-
���$����*��.*� �*����

�����	��,� �*��.�	����

���%��/��-��,��*��*���	��������-�
-
����%��
�	�
�,������'

(��� �*����	.�
�� ���*� �*�� ���� �,� ���
�� ,�	����	��� .�	����

�%%����*�
� ��� ��	� ����� ,������� ��� �	� �	����
�	.�-� ���%

�	
�.*�� �	��� �*�� �����%��� %��*��-
� �*��� ���� ��0������ ,��

*����	.$�+*����������	-�
��%��
�
�
������*�����,��
$

References
1. Hudspeth AJ: How hearing happens. Neuron 1997, 19:947-950.
2. Hereditary Hearing Loss homepage

[http://www.uia.ac.be/dnalab/hhh]
3. Lander ES: The new genomics: global views of biology. Science

1996, 274:536-539.

4. Reich DE, Lander ES: On the allelic spectrum of human
disease. Trends Genet 2001, 17:502-510.

5. Pritchard JK: Are rare variants responsible for susceptibility
to complex diseases? Am J Hum Genet 2001, 69:124-137. 

6. Editorial: Challenges for the 21st century. Nat Genet 2001,
29:353-354.

7. Steel KP, Cros CJ: A genetic approach to understanding audi-
tory function. Nat Genet 2001, 27:143-149.

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

9. Bitner-Glindzicz M, Lindley KJ, Rutland P, Blaydon D, Smith VV, Milla
PJ, Hussain K, Furth-Lavi J, Cosgrove KE, Shepherd RM, et al.: A
recessive contiguous gene deletion causing infantile hyper-
insulinism, enteropathy and deafness identifies the Usher
type 1c gene. Nat Genet 2000, 26:56-60.

10. Verpy E, Masmoudi S, Zwaenepoel I, Leibovici M, Hutchin TP, Del
Castillo I, Nouaille S, Blanchard S, Laine S, Popot JL, et al.: Muta-
tions in a new gene encoding a protein of the hair bundle
cause non-syndromic deafness at the DFNB16 locus. Nat
Genet 2001, 29:345-349.

11. Fanning AS, Anderson JM: PDZ domains: fundamental building
blocks in the organisation of protein complexes at the
plasma membrane. J Clin Invest 1999, 103:767-772.

12. Kurima K, Peters LM, Yang Y, Riazuddin S, Ahmed ZM, Naz S,
Arnaud D, Drury S, Mo J, Makishima T, et al.: Dominant and
recessive deafness caused by mutations of a novel gene,
TMC1, required for cochlear hair-cell function. Nat Genet
2002, 30:277-284.

13. Vreugde S, Erven A, Kros CJ, Marcotti W, Fuchs H, Kurima K,
Wilcox ER, Friedman TB, Griffith AJ, Balling R, et al.: Beethoven, a
mouse model for dominant, progressive hearing loss
DFNA36. Nat Genet 2002, 30:257-258.

14. Nolan P, Peters J, Strivens M, Rogers D, Hagan J, Spurr N, Gray IC,
Vizor L, Brooker D, Whitehill E, et al.: A systematic, genome-
wide, phenotype-driven mutagenesis programme for gene
function studies in the mouse. Nat Genet 2000, 25:440-443.

15. Hrabe de Angelis MH, Flaswinkel H, Fuchs H, Rathkolb B, Soewarto
D, Marschall S, Heffner S, Pargent W, Wuensch K, Jung M, et al.:
Genome-wide, large-scale production of mutant mice by
ENU mutagenesis. Nat Genet 2000, 25:444-447.

16. Brown SDM, Balling R: Systematic approaches to mouse muta-
genesis. Curr Opin Genet Dev 2001, 11:268-273.

17. Mammalian Genetics Unit, Harwell UK
[http://www.mgu.har.mrc.ac.uk/]

18. Institute of Mammalian Genetics
[http://www.gsf.de/isg/index.html]

19. Gibson F, Walsh J, Mburu P, Varela A, Brown KA, Antonio M, Beisel
KW, Steel KP, Brown SD: A type VII myosin encoded by the
mouse deafness gene shaker-1. Nature 1995, 374:62-64.

20. Weil D, Blanchard S, Kaplan J, Guilford P, Gibson F, Walsh J, Mburu
P, Varela A, Levilliers J, Weston MD, et al.: Defective myosin VIIA
gene responsible for usher syndrome type 1b. Nature 1995,
374:60-61.

21. Liu XZ, Walsh J, Mburu P, Kendrick-Jones J, Cope MJ, Steel KP,
Brown SD: Mutations in the myoisn VIIA gene cause non-syn-
dromic recessive deafness. Nat Genet 1997, 16:188-190

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

23. Self T, Mahony M, Fleming J, Walsh J, Brown SD, Steel KP: Shaker-1
mutations reveal roles for myosin VIIA in both develop-
ment and function of cochlear hair cells. Development 1998,
125:557-566.

24. Kros CJ, Marcotti W, van Netten SM, Self TJ, Libby RT, Brown SDM,
Richardson GP, Steel KP: Reduced climbing and increased slip-
ping adaptation in cochlear hair cells of mice with Myo7a
mutations. Nat Neurosci 2002, 5:41-47.

25. Kiernan AE, Erven A, Voegeling S, Peters J, Nolan P, Hunter J, Bacon
Y, Steel KP, Brown SD, Guenet JL: ENU mutagenesis reveals a
highly mutable locus on mouse chromosome 4 that affects
ear morphogenesis. Mamm Genome 2002, 13:142-148.

26. Tsai H, Hardisty RE, Rhodes C, Kiernan AE, Roby P, Tymowska-
Lalanne Z, Mburu P, Rastan S, Hunter AJ, Brown SD, Steel KP: The

co
m

m
ent

review
s

repo
rts

depo
sited research

interactio
ns

info
rm

atio
n

refereed research

http://genomebiology.com/2002/3/6/comment/2006.5



mouse slalom mutant demonstrates a role for Jagged1 in
neuroepithelial patterning in the organ of Corti. Hum Mol
Genet 2001, 10:507-512.

27. Kiernan AE, Ahituv N, Fuchs H, Balling R, Avraham KB, Steel KP,
Hrabe de Angelis M: The Notch ligand Jagged1 is required for
inner ear sensory development. Proc Natl Acad Sci USA 2001,
98:3873-3878.

28. Di Palma F, Holme RH, Bryda EC, Belyantseva IA, Pellegrino R,
Kachar B, Steel KP, Noben-Trauth K: Mutations in Cdh23, encod-
ing a new type of cadherin, cause stereocilia disorganization
in waltzer, the mouse model for Usher syndrome type 1D.
Nat Genet 2001, 27:103-107.

29. Alagramam KN, Murcia CL, Kwon HY, Pawlowski KS, Wright CG,
Woychik RP: The mouse ames waltzer hearing loss mutant is
caused by mutation of Pcdh15, a novel prtocadherin gene.
Nat Genet 2001, 27:99-102.

6 Genome Biology Vol 3 No 6 �����	
�	��	������	


