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Abstract Usher syndrome is an autosomal recessive
condition characterized by sensorineural hearing loss,
variable vestibular dysfunction, and visual impairment
due to retinitis pigmentosa (RP). The seven proteins
that have been identified for Usher syndrome type 1
(USH1) and type 2 (USH2) may interact in a large pro-
tein complex. In order to identify novel USH genes, we
followed a candidate strategy, assuming that mutations
in proteins interacting with this “USH network” may
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cause Usher syndrome as well. The DFNB3I gene
encodes whirlin, a PDZ scaffold protein with expres-
sion in both hair cell stereocilia and retinal photorecep-
tor cells. Whirlin represents an excellent candidate for
USH2 because it binds to Usherin (USH2A) and
VLGRI1b (USH2C). Genotyping of microsatellite
markers specific for the DFNB3I gene locus on chro-
mosome 9q32 was performed in a German USH2 fam-
ily that had been excluded for all known USH loci.
Patients showed common haplotypes. Sequence analy-
sis of DFNB31 revealed compound heterozygosity for
a nonsense mutation, p.Q103X, in exon 1, and a muta-
tion in the splice donor site of exon 2, c.837+1G>A.
DFNB31 mutations appear to be a rare cause of Usher
syndrome, since no mutations were identified in an
additional 96 USH2 patients. While mutations in the
C-terminal half of whirlin have previously been
reported in non-syndromic deafness (DFNB31), both
alterations identified in our USH2 family affect the
long protein isoform. We propose that mutations caus-
ing Usher syndrome are probably restricted to exons
1-6 that are specific for the long isoform and probably
crucial for retinal function. We describe a novel genetic
subtype for Usher syndrome, which we named USH2D
and which is caused by mutations in whirlin. Moreover,
this is the first case of USH2 that is allelic to non-syn-
dromic deafness.

Introduction
Usher syndrome, which has an estimated general preva-
lence of 2-6.2 in 100,000 (Ahmed et al. 2003; Keats and

Corey 1999; Spandau and Rohrschneider 2002), is
divided into three clinical subtypes: type 1 (USHI;
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OMIM 276,900) represents the most severe subtype,
with profound congenital hearing impairment, variable
vestibular dysfunction, and early-onset RP. In contrast,
USH2 (OMIM 276,901, 276,905, and 605472) is
characterized by moderate-to-severe stable hearing
loss, normal vestibular reflexes, and onset of RP in the
first to second decade. In USH3 (OMIM 276,902),
which is common in the Finnish founder population
but rare elsewhere, hearing loss is progressive while
vestibular dysfunction and RP are variable. USH?2 is
probably the most frequent clinical subtype, accounting
for over half of all cases (Hope et al. 1997; Rosenberg
et al. 1997). In Germany, 75% of cases are clinically clas-
sified as USH2 (Spandau and Rohrschneider 2002).
Mutations in the USH2A gene account for >60% of
USH?2 (Pennings et al. 2004). Apart from USH3A foun-
der alleles in the Finnish population, USH gene founder
mutations have been found to segregate in the Ashke-
nazi Jewish population for USH3 (p.N48K) and for
USHIF (p.R245X) (Ben-Yosef et al. 2003; Ness et al.
2003), and for USH1C (c.216G>A) in the Acadian pop-
ulation (Bitner-Glindzicz et al. 2000; Verpy et al. 2000).

To date, eight genes for different USH subtypes
have been identified: USH1B (myosin-7a; MYO7A),
USHIC (harmonin; USHIC), USH1D (cadherin-23;
CDH23), USHIF (protocadherin-15; PCDH]I5),
USHI1G (scaffold protein containing ankyrin repeats
and a SAM domain; SANS), USH2A (Usherin;
USH2A), USH2C (very large G-protein coupled
receptor-1; VLGR-1), and USH3A (clarin-1; USH3A)
(Ahmed et al. 2003). Several studies suggest that all
known USH gene products except clarin-1 may inter-
act in a membrane-bound supramolecular complex
(Kremer et al. 2006).

In our attempt to identify new genes for Usher syn-
drome, we followed a candidate approach, assuming
that other proteins that interact with the “USH net-
work” may well be involved in Usher syndrome. We
considered the scaffold protein whirlin an excellent
candidate as recent studies suggest an interaction with
several USH proteins, including MYO7A, PCDHI15,
CDH23, as well as the long isoforms of the USH2A
and USH2C (VLGRI1b) proteins (Delprat et al. 2005;
van Wijk et al. 2006). Moreover, whirlin colocalizes
with USH2A and VLGRI1b in photoreceptor cells
(synaptic regions, connecting cilium and outer limiting
membrane) and hair cells (synapse, stereocilia)
(Mburu et al. 2003; van Wijk et al. 2006). Here, we
report a German USH2 family in which genotyping of
microsatellite markers was suggestive for a causative
role of the DFNB31 gene. Both patients from this fam-
ily were found to be compound heterozygous for a
nonsense mutation and a splice site mutation affecting
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the long isoform of whirlin. This is the first description
of whirlin mutations in Usher syndrome.

Materials and methods
Subjects

We clinically and genetically investigated a German
family with USH2 in two siblings. Written informed
consent was obtained from all participants, and the
study was approved by the institutional review board
of the Ethics Committee of the University Hospital of
Cologne. Hearing loss was quantified by pure-tone
audiometry at 125, 250, 500, 1,000, 1,500, 2,000, 3,000,
4,000, 6,000, and 8,000 Hz. Hearing loss was classified
as mild (20-40 dB), moderate (41-70 dB), severe (71—
95 dB), or profound (>95dB). Vestibular function
was evaluated by caloric reflex testing by electrony-
stagmography, ENG, and by medical history con-
cerning childhood motor development. Ocular
examination included best-corrected visual acuity, slit
lamp examination, and detailed stereoscopic fundus-
copy. Goldmann kinetic fields were obtained with the
targets V4de, Il4e, I4e on a standard background.
Electroretinograms were measured according to the
standard of the International Society for Clinical
Electrophysiology of Vision (Marmor etal. 2004),
beginning after 30 min of dark adaptation using 10 ps
xenon flashes in a Ganzfeld bowl. Pupils were fully
dilated using phenylephrine HCI (10%) and tropica-
mide (1%), and Burian—Allan bipolar corneal elec-
trodes were applied after proparacaine HCI (0.5%)
topical anesthesia. Retinal imaging according to stan-
dard operating procedures included fundus autofluo-
rescence imaging with a confocal scanning laser
ophthalmoscope (c-SLO-FAF, HRA-2, Heidelberg
engineering, Heidelberg, Germany) and digital fun-
dus photography (Zeiss FF4, Zeiss, Oberkochen, Ger-
many). DNA was extracted from peripheral blood
lymphocytes by standard procedures. RNA from
whole blood was isolated using the PAXgene system
(Pre AnalytiX; Germany).

Linkage analysis

We analysed microsatellite markers specific for the
USH gene loci USH2A, USH2C, USHIB, USHIC,
USHID, USHIF, USHIG, and USH3A, as well as for
the DFNB3I locus (markers were selected from the
UCSC Human Genome Browser). For PCR amplifica-
tion, we used fluorescent dye-labeled primers following
standard conditions. Products were analysed on an



Hum Genet (2007) 121:203-211

205

ABI-377 DNA sequencer and genotypes were deter-
mined by GeneScan software (Applied Biosystems).

Mutation analysis

For mutation analysis of the genes MYO7A and
DFNB31 (whirlin), we amplified coding exons using
primers located in flanking intron and UTR sequences
(primers were designed using ExonPrimer; Table S1).
PCR amplification, PCR product purification and
direct sequencing were carried out by standard condi-
tions.

RNA analyses

Reverse transcription from total RNA was carried out
with RevertAid™ H Minus M-MuLV Reverse Trans-
criptase (Fermentas). In order to characterize the con-
sequence of the splice site mutation c.837+1G>A, we
isolated RNA from blood of the index patient and an
unrelated healthy control and performed the reverse
transcription reaction using oligo (dT) primers. cDNA-
specific PCR amplification with FastStart Taq Polymer-
ase (Roche) was carried out using DFNB31-specific
primers complementary to sequences in exons 1 and 3,
respectively: forward primer, 5’'-gcggcgtgccaaggeccacg-
3’ (exon 1), and reverse primer, 5'-ctgccttctgcttca-
gagce-3' (exon 3) (Fig. 3c). After initial denaturation at
94°C for 5 min, 30 cycles were performed which con-
sisted of 94°C for 1 min, 65°C for 1 min, and 72°C for
1 min, with a final extension step of 72°C for 10 min.
PCR products were isolated from agarose gel (PCR
purification kit and QG bulffer, Qiagen) and sequenced
using the amplification primers.
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Fig.1 Left Audiogram of the index patient, I1I:5, at the age of
30 years. Hearing is normal up to 500 Hz; at frequencies >500 Hz,
there is a down-sloping configuration with maximum hearing loss
at 6,000 Hz (65 dB on the right and 70 dB on the left, respec-

Accession numbers

DFNB31 mRNA: GenBank NM_015404.

Results
Patients and clinical evaluation

The index patient (30 years), I11:5, had been diagnosed
with congenital hearing impairment. Averaged over
the frequencies of 0.5, 1, 2 and 4 kHz, hearing loss is
mild (Fig. 1, left). Hearing aids became necessary at
the age of 13 years and sufficiently compensate for the
deficit (the patient has no problems in communicating
over the phone, plays guitar). Language and motor
development was normal and there was no vestibular
dysfunction. The index patient’s eldest sister
(41 years), III:1, has congenital hearing loss and was
supplied with hearing aids at the age of 13 years. Hear-
ing impairment is moderate (averaged over 0.5, 1, 2
and 4 kHz; Fig. 1, right). There is no history of noise
exposure in I1I:5 and III:1. Non-syndromic late-onset
hearing loss was reported to segregate in an autosomal
dominant pattern in the family of the patients’ mother,
II:2. She was diagnosed with hearing loss at the age of
57 years and needed hearing aids by the age of
67 years. Hearing impairment starting at 50 years was
also reported in her brother, II:3, who was supplied
with hearing aids at the age of 60years (his son,
41 years, has normal hearing). I:1 already had hearing
loss at 30 years of age.

The index patient (II:5) noticed progressively
impaired night vision at the age of 20 years. Best-
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tively). Right Audiogram of the index patient’s affected sister,
III:1, at the age of 41 years. Note that hearing loss is more ad-
vanced in III:1. Circles left ear, squares right ear
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corrected visual acuity was 20/20 in both eyes. The
anterior segments were normal. The vitreous showed
liquefaction. Fundus examination (Fig.2a, upper left
panel) revealed mildly attenuated vessels and a normal
optic disc appearance. In both eyes, there was little int-
raretinal bone spicule-like pigment clumping in the
mid periphery. The right eye exhibited wrinkling of the
inner limiting membrane due to a mild epiretinal mem-
brane formation. Fundus autofluorescence imaging
revealed spotted decreased autofluorescence in the
mid periphery. The macular area exhibited mildly
reduced autofluorescence surrounded by a ring of
mildly increased autofluorescence (Fig. 2a, upper right
panel). Kinetic perimetry revealed concentric symmet-
ric restriction in both eyes with a preserved island for
Goldmann I14e in the temporal periphery (Fig. 2b). In
the dark-adapted scotopic electroretinogram (ERG),
there was no signal detectable; the cone-driven phot-
opic ERG (single-flash and 30 Hz flicker) showed only
residual responses with markedly subnormal ampli-
tudes in both eyes that were hardly distinguishable
from noise (Fig. 2c). The patient’s affected sister (I11:1)
had noticed impaired night vision at the age of 25 years
and progressive glare sensitivity for the last 5 years.
Best-corrected visual acuity was 20/20 in both eyes.
Anterior segment examination revealed a mild poster-
ior subcapsular cataract in both eyes. The vitreous
showed liquefaction. Fundus features of typical retini-
tis pigmentosa were generally more apparent com-
pared to her younger brother (I11.5), including mildly
to moderately attenuated vessels, waxy optic disc
appearance and intraretinal bone spicule-like pigment
clumping in the mid periphery (Fig.2a, lower left
panel). As in IIL:5, fundus autofluorescence imaging
revealed spotted decreased autofluorescence in the
mid periphery and mildly reduced autofluorescence
surrounded by a ring of mildly increased autofluores-
cence in the macular area. However, in the mid periph-
ery, the loss of autofluorescence was closer to the
retinal center and more pronounced. Compared to
III:5, the central area of reduced autofluorescence and
the surrounding ring of increased autofluorescence
were also smaller in diameter (Fig.2a, lower right
panel). Similar to III:5, kinetic perimetry showed sym-
metric restriction in both eyes with a preserved island
for Goldmann I14e in the temporal periphery (Fig. 2b),
and no signal was detectable in the scotopic ERG; the
photopic ERG (single-flash and 30 Hz flicker) showed
only residual responses with markedly subnormal
amplitudes in both eyes (Fig.2c). In summary, both
individuals exhibited a phenotype of a rod-cone dystro-
phy with preserved visual acuity, concentric visual field
loss, typical intraretinal pigment clumping in the mid
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periphery associated with signal reduction in fundus
autofluorescence imaging. The findings in III:5 were
generally less severe than in his 10 years elder sister
(III:1), which is in line with a progressive panretinal
dystrophy.

Linkage studies and mutation analysis

The most common USH2 locus, USH2A, could be
excluded in this family as haplotypes were inconsistent
with a mutation in the USH2A gene. Subsequent
marker analyses also excluded the loci USHIC,
USHID, USHIF, USHIG, USH2C, and USH3A
because haplotypes were inconsistent with a mutation
in the corresponding genes (data not shown). As haplo-
types were compatible with USHIB, and atypically
mild Usher syndrome due to MYO7A mutations has
been described previously (Liu et al. 1998), we per-
formed mutation analysis for the complete MYO7A
gene, but did not identify a causative mutation.
Because of its putative interaction with the USH
protein network, and with USH2A and VLGR1b in
particular, we then considered whirlin as a possible
candidate for USH2 in this family. Clearly, our family
was too small for obtaining statistically significant link-
age of the phenotype with any candidate locus (lod
scores for informative microsatellite markers analysed
ranged from 0.68 to 0.98). However, both patients in
the family shared common haplotypes for markers of
the DFNB31 gene locus (Fig. 3a). We therefore per-
formed sequence analysis for all 12 DFNB31 exons
including intron-exon boundaries and detected com-
pound heterozygosity for a nonsense mutation,
p-Q103X (c.307C>T), in exon 1 and a splice site muta-
tion, ¢.837+1G>A, in the donor site of exon 2 (Fig. 3b).
Both mutations show perfect segregation with the phe-
notype and were not detected in 100 healthy control
individuals. Following the nomenclature for differenti-
ation of genetic subtypes of Usher syndrome, we
named this novel subtype, which is defined by muta-
tions of the DFNB31 gene on chromosome 9q32,
USH2D. Because late-onset hearing loss segregates in
an autosomal dominant pattern in the family of the
patients' mother (II:2), who carries the ¢.837+1G>A
splice site mutation, we sequenced exon 2 in her like-
wise affected brother, II:3. He does not carry the
¢.837+1G>A mutation.

We performed mutation screening of the complete
DFNB31 gene in an additional 96 USH2 patients of
mostly European origin (including 24 Spanish individu-
als that have previously been excluded for mutations in
exons 2-22 of the USH2A gene; all individuals have
been excluded for the most common USH2A mutation,
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Fig. 2 a Composite image of
the fundus photographs of the
left eye of patient ITL:5 (upper
left panel) and of the right eye
of patient IIL:1 (lower left
panel). Panoramic fundus
autofluorescence images
(ART modus of the HRA2) of
the left eye of patient III:5
(upper right panel) and of the
right eye of IIT:1 (lower right
panel). b Kinetic monocular
visual fields (Goldmann V4e,
I14e, and I4e). ¢ Electroreti-
nographic responses in an
unrelated healthy subject
(left), patient IILI:5 (middle),
and patient IIL:1 (right). For
the scotopic ERG (upper
field), responses to 36 and

24 db (scotopic standard
ERG), 12 and 0 dB (maximal
combined response) attenua-
tion of the standard flash are
shown. For the photopic ERG
(lower field), responses to the
standard flash and to 30 Hz fli-
cker stimulation are shown.
One unit on the y-axis repre-
sents 200 and 100 pV for the
scotopic and photopic ERG,
respectively. One unit on the
x-axis represents 20 ms. The
arrows (scotopic ERG in
patient ITI:1) show blink
artefacts

scotopic

" healthy

photopic

l:1
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Fig. 3 a Pedigree of the O

USH2D family decribed here- a 4 2 b

in. Black symbols congenital p.Q103X

hearing loss and retinitis pig- - 837+1G

mentosa. Half-filled symbols P R S D Q L LF
rogressive hearing loss with L = , = i

gnsgt in third to sifth decade. i i Meiablase CTGeTETTC

IIL:5 index patient. Haplo- :1 It: 2 1:3 'nlk

types are given for markers D9S106 |117 109 113 113

componing o oo | oo M@mm

DFNB3I locus (markers were DFNB31—*| nocass (218 220 292

selected from the UCSC Hu- D9S155 122 118 122 124

man Genome Browser). b D9sS926 212 212 212 218 EXON 2 intron 2

DFNB31 mutations identified GOGG ATGAGA Eg Siagt »

in the USH2 family. An in- a vs-‘ as vs-(J_) sy | s vs-é % vs-* ; : 1010999

frame stop codon (p-Q103X) ih:1 12 03 -4 s AN AN | n' v |I

results from the transition 117 113 117 113 117 113 117 113 117 11 . ﬂ;\

¢.307C>T in exon 1. The tran- 240 244 240 242 240 242 240 242 240 244

sition ¢.837+1G>A affects the 120 11 120 118 120 118 120 118

invariant GT of the donor 218 222 218 222 218 222

splice site consensus adjacent 122 122 122 122 122 122

to exon 2. In a short N-termi- gele ME2s el

nal isoform of whirlin (Gen-

Bank AK056190), the latter ¢ dm ¢ ms

alteration translates as a mis- "

sense mutation, p.V280M. ¢ 5 1 | 2 ]3| 4 H 6 | 7 H 9 |10h 1112| 3

Scheme of full-length - «~WT (525 bp)

DFNB31 cDNA (drawn to " 525bp

scale; exons numbered from +—Mut (306 bp)

1-12) with locations of prim-

ers used for RT-PCR. d RT-

PCR analysis of the

¢.837+1G>A mutation: a seg-

ment of the DFNB31 cDNA e Control, 525 bp-amplicon

was amplified from whole

blood of the index patient and exon 1 |

exon 2 180 bp

an unaffected control (C). In
addition to the 525 bp wild-
type PCR product, the patient
(who is heterozygous carrier
of ¢.837+1G>A) shows an
aberrant amplicon of 306 bp.
M 100 bp DNA ladder. e
Sequencing of both PCR
products shown in d reveals
normal splicing in the un-
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€.2299delG). No additional DFNB3I mutations were
identified.

Analysis of the splice site mutation c.837+1G>A

The ¢.837+1G>A mutation resulted in a smaller PCR
product compared to the wild-type (Fig.3d).
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Sequencing revealed in-frame skipping of exon 2
(219 bp), predicted to result in an aberrant long
N-terminal isoform that lacks 73 residues, leading to a
“fusion” of PDZ, and PDZ, that lack 9 and 11 resi-
dues in their C- and N-terminal parts, respectively,
and the 53-residue linker region between them
(Fig. 3e).
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Discussion

Whirlin is the nearest homologue of the USH1C pro-
tein harmonin, possessing a similar modular structure
with, depending on the isoform, up to three PDZ
domains and a proline-rich domain. Mutations in the
C-terminal half, thus affecting both the long and the
short C-terminal isoform of whirlin (encoded by exon
1-12 and 6-12, respectively) have previously been
reported to cause human non-syndromic deafness in
humans (DFNB31; OMIM 607084) and in the whirler
mouse (wi) (Mburu et al. 2003; Tlili et al. 2005). All
DFNB31 and wi mutations described to date result in
premature stop codons upstream of, or within, the
region encoding PDZ;. Through PDZ,-PDZ;, whirlin
interacts with myosin-15a (MYO15a), a protein that is
also involved in non-syndromic deafness. Both pro-
teins, whirlin and myosin-15a, play a crucial role for
developmental differential elongation of hair cell ste-
reocilia (Belyantseva et al. 2005; Delprat et al. 2005;
Kikkawa et al. 2005).

The long isoform of whirlin probably interacts with
several proteins of the USH-network (Kremer et al.
2006). Whirlin colocalizes with two of these proteins,
USH2A and VLGR1b (USH2C), in both, hair cell ste-
reocilia and retinal photoreceptor cells. Applying a
combination of a functional candidate approach and
linkage studies, we show for the first time that whirlin
mutations result in Usher syndrome type 2, from now
on designated USH2D. While there are four genes
(MYO7A, CDH23, PCDH15, and USHIC) in which
allelic mutations either result in profound non-syndro-
mic recessive deafness (DFNB) or the most severe sub-
type of Usher syndrome, USH1 (with profound
deafness and RP (Ahmed et al. 2003)), we describe the
first example of Usher syndrome type 2 allelic to non-
syndromic deafness.

Strikingly, hearing impairment in our USH2D fam-
ily (Fig. 1) is mild-to-moderate, in contrast to prelin-
gual and profound deafness in the allelic non-
syndromic disorder, DFNB31 (Mustapha et al. 2002).
Hearing loss is significantly milder than has been
described for the corresponding age groups of USH2
patients in general (Sadeghi et al. 2004). Moreover,
and in contrast to the known DFNB-USH1 constella-
tions, where in-frame changes result in DFNB and
(mostly) truncating mutations cause USHI1, both,
DFNB31 and USH2D result from truncating muta-
tions—but these are localized in different regions of the
DFNB31 gene (Fig. 4) (Mburu et al. 2003). We specu-
late that in both cases, the mutant messages may sur-
vive nonsense-mediated mRNA decay (in case of our
family, this is suggested by the recovery of cDNA from

USH2A,
VLGR1b,
MYOT7A
MYQO15a,
whirlin

MYO15a,
whirlin

p.Q103X* ¢.837+1G>A* p.R778X ¢.2423delG

Fig. 4 Cartoon of the long (encoded by exons 1-12) and short
C-terminal isoforms (ATG start codon in exon 6) of whirlin
(drawn to scale). Bars indicate domains that may interact with
proteins involved in Usher syndrome (USH2A, VLGRbI,
MYO7A) and/or non-syndromic hearing impairment (MYO7A,
MYO15a, whirlin). Localization of the USH2-related mutations
identified in the family described herein (*) affect the long iso-
form, whereas DFNB31-related mutations are located in the C-
terminal half of whirlin and hence affect both the long and the
short C-terminal isoform

the mutant transcripts; Fig. 3d) and are translated to
truncated proteins of different lengths. The phenotype
(non-syndromic deafness vs. USH) may depend on the
extent of the C-terminal truncation. The short C-termi-
nal isoform (which is derived from an alternative start
ATG in exon 6 and comprises the proline-rich domain
and PDZ,) is crucial for hearing, as it largely rescues
the stereocilia growth and hearing defect in wi mice
(Mburu et al. 2003). The existence of a comparable
short isoform in humans has yet to be shown. In our
USH2D family, mutations affect the long isoform of
whirlin and are predicted to result either in truncation
upstream of PDZ, and PDZ, (p.Q103X) or in a large
in-frame deletion (c.837+1G>A). Of note, the latter
alteration translates as a missense mutation, p.V280M,
in a short N-terminal isoform of whirlin (GenBank
AKO056190 (Mburu et al. 2003)), consisting of exon 1
and an extended exon 2 (on the 3’ end, 201 bp are
included as the ¢.837+1G donor site is not used). The
short C-terminal isoform is predicted to remain pre-
served (assuming its existence in humans), which could
explain the mild-to-moderate hearing deficit instead of
profound deafness in our family (however, we can not
rule out that expression of the short C-terminal iso-
form is altered). This indicates that the N-terminal
domains, PDZ,; and PDZ,, also play a role in hearing
(which is reflected by the fact that outer hair cells still
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have mildly abnormal morphology in the wi mice
rescue experiment mentioned above (Mburu et al.
2003)), but to a lesser extent than the C-terminal iso-
form. Loss or structural impairment of the N-terminal
PDZ, and PDZ, domains, however, results in a visual
phenotype. We therefore speculate that the interaction
of whirlin with the USH2 proteins USH2A and
VLGRI1b, which is mediated by PDZ, and PDZ,
(Adato et al. 2005; van Wijk et al. 2006), is crucial for
both, normal hearing and retinal integrity in particular.
This hypothesis is in line with the lack of a retinal phe-
notype in both, DFNB31 individuals and the wi mouse.
Nevertheless, subclinical or mild retinal dysfunction
should be excluded in the DFNB31 patients reported
to date by detailed ophthalmological investigation. We
assume that only exons 1-6 of DFNB31 are candidate
regions for mutations in USH2 patients although, for
the time being, exons 7-12 should be investigated as
well. Further mutation screening in USH2 patients has
to be done in order to support this proposed genotype-
phenotype correlation. It cannot be excluded that trun-
cations on both DFNB3I alleles result in a more severe
phenotype. However, van Wijk et al. (2006) did not
identify any disease-causing DFNB31 mutations in 20
USH1 patients.

Because late-onset hearing loss was reported for the
family of the index patient's mother in at least two
generations, we hypothesized that heterozygosity for
the DFNB31 mutation contributed by II:2, ¢.837+
1G>A, may impair hearing. However, as her affected
brother, I1:3, does not carry this mutation, a genetic
cause other than whirlin is probably responsible for the
auditory phenotype in the mother’s family.

We show that DFNB3I is the ninth gene that is
involved in Usher syndrome. Our findings demonstrate
the usefulness of a functional candidate approach in
the identification of novel USH genes.
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