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Mutations in the gene encoding pejvakin, a newly
identified protein of the afferent auditory pathway,
cause DFNB59 auditory neuropathy

Sedigheh Delmaghani!, Francisco ] del Castillo!, Vincent Michel!, Michel Leibovici!, Asadollah Aghaie!,
Uri Ron?, Lut Van Laer?, Nir Ben-Tal?, Guy Van Camp?, Dominique Weil!, Francina Langa4, Mark Lathrop,
Paul Avan® & Christine Petit!

Auditory neuropathy is a particular type of hearing impairment in which neural transmission of the auditory signal is impaired,
while cochlear outer hair cells remain functional. Here we report on DFNB59, a newly identified gene on chromosome 2q31.1-
q31.3 mutated in four families segregating autosomal recessive auditory neuropathy. DFNB59 encodes pejvakin, a 352-residue
protein. Pejvakin is a paralog of DFNAS5, a protein of unknown function also involved in deafness. By immunohistofluorescence,
pejvakin is detected in the cell bodies of neurons of the afferent auditory pathway. Furthermore, Dfnb59 knock-in mice,
homozygous for the R183W variant identified in one DFNB59 family, show abnormal auditory brainstem responses indicative of
neuronal dysfunction along the auditory pathway. Unlike previously described sensorineural deafness genes, all of which underlie
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cochlear cell pathologies, DFNB59 is the first human gene implicated in nonsyndromic deafness due to a neuronal defect.

The mammalian hearing organ, the cochlea, consists of a coiled, fluid-
filled membranous duct that contains the sensory epithelium respon-
sive to sound. This sensory epithelium, termed the organ of Corti,
comprises two different kinds of sensory cells, inner hair cells (IHCs)
and outer hair cells (OHCs), that are surrounded by supporting cells.
The apical specialization of hair cells, the hair bundle, houses the

5Y8) mechanotransductive machinery that transforms sound-induced

mechanical stimuli into cell depolarization. This results in neuro-
transmitter release and the generation in spiral ganglion neurons
(auditory nerve) of action potentials that are relayed by the brainstem
to the auditory cortex. Each class of sensory cell serves a different
function. THCs are the genuine sound receptors, whereas OHCs
behave as active mechanical effectors that impart high sensitivity,
sharp tuning and wide dynamic range to the cochlea. This functional
difference is also evident in the afferent innervation of hair cells. Each
single THC is innervated by 15-20 type I spiral ganglion neurons that
provide very quick, parallel channels for transmitting auditory infor-
mation to the brain. In contrast, 30-60 OHCs are innervated by a
single type II spiral ganglion neuron, thus integrating the sensory
input from many different effector cells"?. The basic auditory signal
conveyed by spiral ganglion neurons is analyzed, decoded and inte-
grated along the afferent auditory pathway, which includes four major
relays (cochlear nuclei, superior olive, inferior colliculus and medial

geniculate body) before reaching the auditory cortex in the temporal
lobe of the brain®. Each level in the auditory pathway is tonotopically
organized, paralleling the distribution of the range of sound frequen-
cies perceived along the cochlear spiral, from base (high frequencies)
to apex (low frequencies)*.

Most forms of inherited sensorineural hearing impairment are due
to cochlear cell defects. However, a substantial proportion of cases,
including up to 10% of all cases of permanent hearing impairment in
children®, are caused by a lesion located beyond the cochlea. Clinical
tests for sensorineural hearing impairment include recording the
auditory brainstem response (ABR), which measures the acoustic
stimulus—evoked electrophysiological response of the auditory nerve
and brainstem®, and otoacoustic emissions (OAEs), which are low-
level sounds originating in the cochlea due to the mechanical activity
of OHCs’. Auditory neuropathy is a type of sensorineural hearing
impairment in which the ABR is absent or severely distorted while
OAEs are preserved®. This suggests a primary lesion located in the
IHC, in the auditory nerve or in the intervening synapse>!’, but may
also include damage to neuronal populations in the auditory pathway®.

We report here the identification of the DFNB59 gene, which
underlies autosomal recessive auditory neuropathy in four consangui-
neous families. We also describe a Dfnb59 knock-in mouse model of
auditory neuropathy whose abnormal ABRs show impairment of
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neural transmission. The product of DENB59, pejvakin, is expressed in
all the relays of the afferent auditory pathway from the cochlea to the
midbrain. Altogether, our results suggest a critical role for pejvakin in
the physiology of auditory neurons.

RESULTS

Clinical features

We ascertained two five-generation consanguineous families (families
705 and 312), from isolated villages located in different regions in Iran,
with autosomal recessive, non-syndromic, bilateral, prelingual sensor-
ineural hearing impairment (Fig. 1). In family 705, affected indivi-
duals present with profound deafness involving all frequencies that
impedes speech acquisition. In family 312, pure-tone audiometry in
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affected subjects showed flat audiograms with hearing levels charac-
teristic of severe hearing impairment (Fig. 2a and Supplementary
Note online).

We further characterized the hearing impairment in 12 affected
individuals from the two families by recording ABRs and synchro-
nized spontaneous OAEs (SSOAEs). ABRs and ipsilateral stapedial
reflexes were absent in all four subjects from family 705 and two
subjects from family 312. In the six remaining subjects, all belonging
to family 312, ABR thresholds were 80 dB (three subjects), 90 dB (one
subject) and 100 dB (two subjects) (Fig. 2b), with ipsilateral stapedial
reflexes present in 7 of 12 ears. Notably, these six affected individuals
showed a pathological increase in the latency of wave V, the only
wave that could be recognized in their ABRs (6.0-6.3 ms, compared
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Figure 1 Mapping the DFNB59 locus. (a,b) Pedigree and segregation analyses of families 705 (a) and 312 (b). The complete family 705 consists of

60 members, but only those relevant to the study are shown. Haplotypes are represented as columns of numbers, with the ancestral, disease-associated
haplotype boxed. The column on the extreme left indicates the physical distance of each microsatellite marker from the centrosome of chromosome 2. Filled
and open symbols denote hearing-impaired and unaffected individuals, respectively. (c) Two-point lod scores between 2q31.1-q31.3 polymorphic markers
and the DFNB59 locus in family 705. (d) Critical intervals for the three hearing impairment loci (DFNA16, DFNB27, and DFNB59) mapped to chromosomal

region 2q31.
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Figure 2 Audiological characterization of affected individuals with mutations in the DFNB59 gene. (a) Mean audiometric hearing thresholds for all tested
members of families 312 (blue circles) and 705 (purple squares). The binaural mean pure-tone averages of thresholds for air conduction at frequencies 0.5,
1 and 2 kHz (PTAg 5, 1, 2 kHZ) are 84.7 + 10.3 dB (family 312) and 102.2 + 7.4 dB (family 705). (b) Click-evoked ABR waveforms at different sound
intensities recorded in subject VI-6 of family 312 (black), compared to a control individual (red). The peaks of ABR waves I, Il and V are indicated. Note
the increased latency of wave V, the only wave that could be recognized in the affected individual. (c) SSOAE records at 3 kHz for affected individuals V-9 of
family 705 (top), VI-3 of family 312 (middle) and a control individual (bottom). All of them show preserved SSOAEs. SSOAEs are spontaneous, long-lasting
(up to 20 ms) ringing sounds emitted by the cochlea that are synchronized to an external stimulus and recorded by using time-averaging procedures.
SSOAEs are so stable in amplitude (up to 20 dB SPL) and frequency that repeated recordings overlap almost completely (blue and red traces in each
record). Preserved SSOAEs, regardless of their amplitude, indicate normal function of OHCs responding to the frequencies revealed in the SSOAEs.

with a maximum latency of 5.4 ms at 80 dB in normal-hearing
control individuals, analyzed with the same equipment). In
contrast, we recorded high-amplitude SSOAEs bilaterally in 11 of 12
subjects (Fig. 2c). These findings meet the diagnostic criteria for
auditory neuropathy?®.

Mapping the DFNB59 locus

We obtained DNA samples from 34 members of family 705 who were
available for the study, including 11 affected individuals. Individuals
were genotyped for a set of 400 microsatellite markers that were evenly
spaced along the whole genome at intervals of 10-12 ctM. We found
evidence of linkage to marker D2S364 on chromosome 2q31.1-g31.3.
Haplotype analysis showed that all affected individuals were homo-
zygous for additional markers in this region, and it defined a critical

nd D2S3025 (Fig. 1a) for the newly identi-
fied deafness locus, DFNB59, with a max-

la.l interval of 3.7 Mb between markers D251244

within the critical interval reported for recessive hearing impairment
locus DFNB27 (ref. 11) (Fig. 1d).

Additional linkage analyses established that deafness segregated
with DFNB59 markers in family 312 (Fig. 1b), and in two other
Iranian families (700 and 710) that originate from the same geogra-
phical area than family 705 (Supplementary Fig. 1 online).

Identification of the DFNB59 gene

Twelve known genes and as many ESTs mapped to the genomic region
delimited by markers D2S1244 and D2S3025 (Fig. 3a). We conducted
an exon-by-exon search for mutations in each of these genes by
sequencing PCR-amplified exons from affected individual IV-11 in
family 705. We did not find any disease-causing mutations in any of
the known genes within the interval. In contrast, we identified a

imum lod score of 7.75 at 0 = 0.0 for marker a éa% o §E§§§§Z g §
D2S138 (Fig. 1¢c). Of note, the interval for the $LQ P&8EERE 8 ]
DFNB59 locus was completely contained Chr2931.1-31.3  Cen : Tel
D2S1244 D2S138 D2S2173 D2S324 D2S83025 D2S384
Figure 3 Genomic structure of DFNB59. b
(a) Physical map of the region containing
DFNB59 on chromosome 2g31.1-g31.3 (UCSC
database, May 2004 release). The positions of
the microsatellite markers genotyped in this work c T541 R183W
are shown by arrowheads. Known genes within Wild-type ~ ATTTACTTCAAGACCTTTTACAC GGGAAGCAATGCGGGTAAACCAC

this interval are depicted as boxes. Scale bar, 1
Mb. (b) Exon-intron structure of DFNB59, which
consists of seven exons (boxes) spanning 9.8 kb.

DN o

The DFNBE9codingsequence is shaded. Affected AT TTACTTCALTACCT TTTACAC GGCALGCAATCTEEETAARCCAC
Asterisks indicate the position of the two A AR N il
> h ) i ) ‘ ‘r\]f\ / ,‘”“u[ \ A \
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changes T541 and R183W, identified in affected YIS S 8.V A
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electropherograms of wild-type, affected and
carrier individuals for each of the two DFNB59
mutations described in this work.
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homozygous C-to-T transition (Fig. 3c) in hypothetical gene
BC020859 that would result in the replacement of an arginine residue
with tryptophan in the predicted BC020859 polypeptide sequence.
Then, we verified that this C-to-T transition segregated with the
disease by sequencing BC020859 in all the remaining members of
family 705.

The transcript from database entry BC020859 lacked a Kozak
translation initiation sequence, suggesting that it did not represent a

© full-length cDNA. Thus, we identified its putative mouse ortholog by

querying the EST databases for sequence similarity to BC020859. We
=ve) then carried out 5’-RACE experiments on total RNA extracted from
@mouse inner ear in order to obtain the full-length mouse ¢cDNA
sequence. Alignment of the mouse cDNA sequence with human
genomic sequences provided the potential genomic structure of the
gene mutated in DFNB59 affected individuals. We used this informa-
tion to design primers for the screening of a human testis cDNA
library, from which we reconstructed the complete human transcript.
We named the gene DFNB59 and named the protein it encodes
‘pejvakin;, after the Persian word for ‘echo.

The DFNB59 gene consists of seven exons, spanning 9.8 kb of
genomic sequence (Fig. 3b), and codes for a 352-residue protein
(deduced molecular weight, 39.9 kDa; isoelectric point, 9.31). The
mutation detected in family 705 corresponds to the replacement of
arginine 183 with tryptophan (547C — T; R183W) in human pejvakin.

The identification of DFNB59 as the causative gene in DFNB59
auditory neuropathy was further substantiated by finding DFNB59
mutations in hearing-impaired subjects from families 312, 700 and
710. Affected individuals from families 700 and 710 were homozygous
for the R183W variant found in family 705. In family 312, we found
another C-to-T transition (Fig. 3c), segregating in homozygosity
with the disease, that would result in the replacement of threonine
54 with isoleucine (161C— T; T541) in pejvakin. We did not detect the
R183W and T54I variants in 200 chromosomes from normal-hearing
Iranian controls.

2006 Nature Publishing Group
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Figure 4 CONSEQ conservation analysis of human pejvakin based on the
alignment of the 53 full-length members of the pejvakin-DFNA5-gasdermin-
MLZE family known to date. Colors indicate the degree of conservation of
each residue. The putative nuclear localization signal (residues 249-258)
and zinc-binding motif (residues 305-331) are underlined. Abbreviations
used: b, buried; e, exposed; f, functional; s, structural. Arrowheads indicate
the two residues (Thr54 and Arg183) altered in individuals with DFNB59
auditory neuropathy.

Since DFNB27 and DENB59 might be allelic disorders, we
sequenced DFNB59 in affected individuals belonging to the family
that defined the DFNB27 locus'!. We did not detect any mutations in
any of the DFNB59 exons or splice sites in individuals with DFNB27
hearing impairment.

Pejvakin is a member of the DFNA5-gasdermin-MLZE protein
family

We did not detect the existence of any signal peptides or transmem-
brane segments using computer-assisted analysis of the pejvakin
sequence with different algorithms. Screening for sequence patterns
predicted the existence of a nuclear localization signal (residues 249—
258) and, with low scoring, a possible zinc-binding, DNA-interacting
motif (residues 305-331) (Fig. 4).

We found DFNB59 orthologs solely in vertebrate genomes (chim-
panzee, rhesus monkey, mouse, rat, dog, cow, opossum, chicken,
Xenopus laevis, zebrafish, Fugu rubripes and Tetraodon nigroviridis).
Multiple sequence alignments showed that the two altered residues,
T54 and R183, in DENB59 subjects are conserved among all
pejvakin orthologs.

Notably, BLAST database searches showed that pejvakin bears a
significant similarity to DFNAS, a protein of unknown function
altered in autosomal dominant nonsyndromic hearing impairment!2.
Alignments of pejvakin and DFNAS5 sequences showed that similarity
is confined to the respective N-terminal regions, with 32% identical
and 54% similar residues over a stretch of 250 amino acids (data not
shown). Exon organization in the two genes throughout the similarity
region is identical (data not shown), indicating that pevjakin and
DENA5 share a common origin.

DFNAS5 belongs to a family of proteins'?, found only in vertebrates,
that also includes the gasdermins (GSDM1, GSDC1 and GSDML),
involved in alopecia in mouse!*!3, and MLZE (melanoma-expressed,
leucine zipper—containing extranuclear factor). Multiple sequence
alignments indicated that pejvakin was a new member of this family
and that it was the one most closely related to DFNA5 (Supplemen-
tary Fig. 2 online). We analyzed sequence conservation and solvent
accessibility in the family using the CONSEQ web server!®. This
analysis predicted that Thr54 in human pejvakin is exposed to solvent
and, because of its conservation throughout the family, suggested that
Thr54 has a functional role (Fig. 4). Argl83 was also predicted to be
exposed to solvent; notably, although Argl83 is less well conserved
throughout the family, none of the 53 homologs of pejvakin known to
date harbors a tryptophan in the position equivalent to that of Argl183
in human pejvakin (Supplementary Fig. 2 online).

Auditory neuropathy in Dfnb59 R183W knock-in mice

To further substantiate the role of DENB59 mutations in DFNB59
auditory neuropathy, we generated two independent knock-in mouse
lines harboring the same R183W variant in exon 3 of Dfnb59
(approved allele designation is Dfib59""1U8%) by homologous
recombination techniques. Dfib59Ugds/miUgds mjce from both
lines were born at the expected mendelian frequency and showed
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Figure 5 Audiological characterization of a 80 b

postnatal day 30 Dfnb59 knock-in mice. 70

(a) Mean ABR thresholds of eight wild-type z
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(red) mice of mixed C57BL/6-129/Sv ° 501 i;
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frequencies tested, wave latencies in knock-in
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mice are longer than maximum latency observed in wild-type control littermates. (d) DPOAE growth functions at 15 kHz of ears from wild-type (n = 8; black)
and Dfnb59 tm1Ugdstm1Ugds mice with an ABR threshold elevation of >15 dB at 15 kHz (n = 6; red). Differences in the DPOAE growth functions between
wild-type and Dfnb59tm1Ugdstmllgds mice are not significant. Vertical bars: + 1 s.e.m.

no differences in growth, development or fertility from their
Dfnb59+* or Dfub59+/"1U% Jittermates. We did not observe any
balance defects in Dfinb59"™1Usds/tmlUgds mjce  indicating that their
vestibular functions are normal. In addition, tests for motor coordina-
tion and for perception of touch and pain did not uncover any
anomalies in Dfnb59"/"1Us% or Dfunb59m1Vgds/im1Ugds mjce,

We analyzed the auditory functions of 18 Dfub59!m!Ugds/tmiUgds
mice, on both pure 129/Sv (ten mice) and mixed C57BL/6-129/Sv
(eight mice) genetic backgrounds, by recording ABRs and
distortion-product OAEs (DPOAEs). When compared with their

o Dfith59'"* and Dfub59+/™1Us® Jittermates, all postnatal day (P) 30

@)
@Dfnlﬁy’"l Ugds/tmlUgds mjce consistently showee an increase in their

=" ABR thresholds at high frequencies (32—40 kHz); we observed the

highest increase (35-45 dB) in mice from mixed C57BL/6-129/Sv
genetic background (Fig. 5a). In all mice tested, threshold elevation
correlated with abnormal shapes and reduced amplitudes of all ABR
waves at the affected frequency (Fig. 5b). In particular, the absolute
latencies of all four ABR waves and the interpeak latencies for waves
I-IT (auditory nerve) and III-IV (brainstem) were significantly aug-
mented (Fig. 5b,c and Table 1), indicating conduction anomalies in
the corresponding afferent auditory neurons. In a fraction of mutant
mice, the increase in ABR thresholds extended into the middle-
frequency range (2 of 18) or encompassed all frequencies (2 of 18).
We recorded normal DPOAEs from mutant mice at the affected
frequencies (Fig. 5d). Altogether, these results led us to conclude
that the hearing impairment observed in Dfnb59 knock-in mice
qualifies as auditory neuropathy.

We next tested whether the hearing impairment in Dfnb59
knock-in mice is progressive. As the 129/Sv inbred strain of mice
exhibits age-related hearing loss (owing to cochlear hair cell death),
which is evident in the high frequencies (>16 kHz) as early as
3 months of age!’, we performed this study in mice from the
mixed C57BL/6-129/Sv background. The audiological parameters
of C57BL/6-129/Sv Dfub59!m1Ueds/im1Ugds mice remained stable up to

8 months of age, which implies that this form of auditory neuropathy
is non-progressive.

In view of the similarity between pejvakin and Dfna5 protein
sequences, we explored whether inactivation of Dfna5 would modify
the phenotype of Dfib59 knock-in mice. We obtained Dfna5~/~
Dfnb59"m1Usds/imlUgds - double mutants by crossing C57BL/6-129/Sv
Dfub59m Ugds/miUgds  mijce with CBA/Ca Dfna5~/~ mice's. The
auditory phenotypes of Dfinb59"1Usd/mIUgdsDfyq5+/+ and Dfnnas5~/~
animals were indistinguishable, indicating that lack of Dfna5 did not
have any effect on the hearing impairment of Dfinb59!" Usds/tm1Ugds
mice (see Supplementary Note).

We performed exhaustive morphological analyses of the cochleae of
Dfunb59"m1Ugds/tmlUgds mice at different ages by means of light micro-
scopy examination of cochlear semithin sections (data not shown) and
scanning electron microscopy (Supplementary Fig. 3 online). We also
examined the morphology of the brainstem in Dfnb59 knock-in mice
(data not shown). We did not observe any structural abnormalities.

Table 1 Absolute and interpeak latencies of ABR waves in
Dfnb59 tm1Ugdstm1Ugds mice and wild-type control littermates of the
same genetic background

Latencies in
Dfnb59 tm1Ugds/tm1Ugds

Latencies
in wild-type

ABR wave littermates (ms) mice (ms) P (Mann-Whitney test)
| <1.40 1.50-1.95 < 0.05

I <2.50 2.50-3.55 < 0.05

1 <3.40 3.40-4.55 < 0.05

v <4.60 4.80-6.10 < 0.05

I-11 1.10 1.00-1.60 < 0.05

11-111 0.90 0.90-1.00 Not significant
11-1v 1.20 1.40-1.55 < 0.05
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Expression of pejvakin in the inner ear and auditory pathway
RT-PCR analysis detected Dfnb59 transcripts in all the adult mouse
organs tested: brain, eye, inner ear, heart, lung, kidney, liver, intestine,
testis and weakly in skeletal muscle (data not shown).

We raised polyclonal antibodies (in rabbit and guinea pig) directed
against peptides of mouse pejvakin in order to monitor its expression
in the auditory system by immunofluorescence. We detected pejvakin
expression in the organ of Corti (Supplementary Note and Supple-
mentary Fig. 4 online) and the spiral ganglion within the cochlea in

e, the sensory areas of the vestibule (cristae ampullares of the semicir-

ular ducts, and maculae of the saccule and utricle) and in the first
three relays (cochlear nuclei, superior olivary complex and inferior
colliculus) of the afferent auditory pathway.

In the afferent auditory pathway, we always observed pejvakin
staining in the cell bodies of neurons (Fig. 6), with no labeling
evident in fiber bundles such as the trapezoid body in the brainstem
(Fig. 6¢). We detected pejvakin in spiral ganglion cells (Fig. 6a), which
form the auditory nerve and project to the cochlear nuclei in
the brainstem. Pejvakin labeling was also observed in each of the
following relays: the cochlear nuclei (Fig. 6b), the superior olive
(Fig. 6d) and the inferior colliculus (Fig. 6e). We did not observe
any differences in these pejvakin labeling patterns between wild-type
and Dfnb59"1Ueds/imiUgds pjce,

DISCUSSION

We have shown in this work that missense mutations in a newly
discovered gene, DFENB59, cause nonsyndromic, prelingual, severe-to-
profound sensorineural hearing impairment, which fits the diagnostic
criteria for auditory neuropathy. The DFNB59 gene lies within the
critical interval for DFNB27 (Fig. 1d), a locus for prelingual, severe-to-
profound deafness with autosomal recessive inheritance for which
published clinical data are sparse!!. We did not detect any mutations
in DFNB59 exons or splice junctions in DFNB27 affected individuals,
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Figure 6 Expression of pejvakin in the afferent auditory system of P30 mice
from pure 129/Sv genetic background. The block diagram shows the main
ascending pathways that project both ipsilaterally and contralaterally (for the
sake of clarity, only projections from one cochlea are presented). Images
show expression of pejvakin in the soma of neurons located in the spiral
ganglion (a), cochlear nuclei (b), superior olivary complex (d) and inferior
colliculus (e). Pejvakin expression was not detected in fiber bundles, such as
the trapezoid body (c). Although pejvakin expression is detected all spiral
ganglion neurons, only a subset of neurons in brainstem auditory nuclei
show pejvakin labeling, as indicated by coimmunolabeling with neuronal
marker NeuN on adjacent sections (data not shown). Scale bars: 10 pm
(a,c) and 50 pm (b,d,e).

which suggests that the causative genes in the two forms of hearing
impairment are distinct. However, we cannot formally exclude the
possibility that DENB27 affected individuals harbor mutations in
upstream regulatory sequences of the DFNB59 gene that were not
screened. Additional clinical characterization, such as recording ABRs
and OAEs, of DFNB27 affected individuals may help resolve whether
DFNB27 and DENB59 are allelic disorders.

We have corroborated the role of DFNB59 in hearing impairment
by generating knock-in mice whose high-frequency auditory neuro-
pathy mimics that observed in humans. Discrepancies between the
phenotype of Dfnb59 knock-in mice (ABRs with delayed but dis-
cernible waves) and the clinical manifestations observed in DFENB59
affected individuals (ABRs absent or with only a delayed wave V
present) probably reflect subtle differences between the two species in
the molecular physiology of the auditory pathway. Histological exam-
ination of the cochlea, the auditory nerve and the brainstem of
Dfnb59m1Ugds/tmUgds mice does not indicate any gross morphological
abnormalities or pathological processes such as demyelination, imply-
ing that the hearing defect in those mice is functional, and not
structural, in its origin. Comparison of the audiological data of
Dfnb59 knock-in mice and DFNB59 subjects uncovers two common
features of interest.

First, cochlear hair cell function is preserved. The persistence of
normal OAEs in both human subjects and Dfnb59 knock-in mice
shows that OHCs are functional. In addition, several lines of evidence
indicate that IHC function is also spared. The stapedial reflex
(a contraction of middle-ear muscles, prompted by acoustic over-
stimulation, that reduces sound transmission to the cochlea) is
preserved in some humans with DFNB59. Because the stapedial reflex
depends on acoustic information collected by IHCs and relayed by
spiral ganglion neurons®, we must conclude that THCs are functional
in those individuals. Moreover, the delay in ABR wave I in
Dfub59*m Ugds/tmIUgds mice at levels above 90 dB sound pressure level
(SPL) shows a wave corresponding to the early electrical responses of
hair cells (Fig. 5b and Supplementary Fig. 5 online), which are
usually masked by ABR wave 1. As a substantial part of that early
response stems from the electrical activity of IHCs!®, the presence of
the unmasked wave with a normal size indicates that IHC receptor
potentials are normal. Indeed, the persistence of functional IHCs in
the mouse must be related to the fact that pejvakin was never detected
in adult IHCs.

Second, DFNB59 human subjects and Dfnb59 knock-in mice show
impaired neural transmission of auditory information. Increases in
wave V latency in humans are paralleled by comparable increases
in both the absolute and interpeak ABR wave latencies in Dfnb59
knock-in mice. Notably, some DFNB59 affected individuals with
absent ABRs have measurable audiometric hearing levels. An
explanation for this phenomenon stems from the fact that the
ABR records the averaged response of many neurons in each relay
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along the afferent auditory pathway®. A successful ABR recording
requires that the timing of the neural discharges be almost identical
after each of the test stimuli, whereas dys-synchrony in neural firing is
believed to disrupt the averaged response so that it becomes unrecog-
nizable?®, Further proof for dys-synchrony comes from those subjects
with recordable hearing levels in which an ABR wave V is present
without discernible waves I or III. Likewise, wave IV is wider in
Dfubs9mUsds/miUgds  mice, implying that synchronous firing of
neurons is impaired. In the auditory system, timing of the
action potentials of neurons conveys the information essential to
interpret and localize sound?!; therefore, dys-synchrony severely
undermines the ability of the cortical auditory centers to decode the
sound signal.

Taken together, these characteristics strongly suggest that the
primary lesion in DFNB59 hearing impairment is not located in the
cochlea. Rather, our data support a dysfunction taking place in
neurons along the auditory pathway, which is consistent with the
observed distribution of pejvakin in the cell bodies of neurons in the
spiral ganglion and the brainstem auditory nuclei. Thus, we conclude
that pejvakin is essential in the activity of auditory pathway neurons.
On the basis of its subcellular localization, attractive hypotheses
include roles for pejvakin in the propagation of the action potential
or in intracellular trafficking.

Of note, it is uncertain whether the missense mutations identified in
this work abolish pejvakin function. Therefore, it is conceivable that
other DFNB59 mutations may result in different clinical entities,
including syndromic deafness. Generation of Dfnb59 knockout
mice should help clarify this issue and provide further data on
pejvakin function.

The term auditory neuropathy, because of its current operational
definition, encompasses various conditions with widely different
etiologies. These include neonatal insults (anoxia and hyperbilirubi-
nemia), infectious processes (mumps and meningitis) and genetic
factors!®?0, which together account for 7-10% of all childhood
permanent hearing impairment>?. Such etiologic diversity hinders
proper clinical management of affected individuals. Indeed, cochlear
implants (prosthetic electrode arrays inserted in the cochlea to directly

la.l stimulate the auditory nerve) are currently considered the most

uccessful treatment for auditory neuropathy?’. However, the outcome

=" of cochlear implantation in each auditory neuropathy subject is

uncertain owing to the diverse causes involved®?’. Thus, a more
comprehensive evaluation of individuals with auditory neuropathy
has been urged in order to accurately identify the anatomical location
of their lesions®’. So far, only one other gene, OTOF, encoding
otoferlin?®, has been shown to be involved in nonsyndromic auditory
neuropathy?#2>, Although retrospective analysis has shown that
cochlear implantation in individuals with an impairment due to
OTOF mutations is completely successful®>, the underlying defect
remains to be elucidated through the generation of an appropriate
mouse model. Progress in identifying genes involved in nonsyndromic
auditory neuropathy thus provides clinicians with a new, powerful
diagnostic tool to distinguish among its heterogeneous causes.
Then, the insights into the pathogenic processes derived from the
analysis of animal models for these newly identified monogenic
conditions, such as the model reported in this work, should help
clinicians decide on the suitability of performing implantation in each
particular case.

METHODS
Family data. Clinical examination was performed on a total of 12 affected
subjects: three male subjects and one female subject (age 12-19 years) from

family 705 and three male and five female subjects (age 16-23 years) from
family 312. Pure-tone audiometry was carried out to evaluate air and bone
conduction. Binaural mean pure-tone average of thresholds for air conduction
(in dB SPL) was calculated for audiometric frequencies 0.5, 1 and 2 kHz
(PTA¢s, 1, 2 ki) Hearing impairment was additionally assessed by means
of ABRs and SSOAEs. Otoscopic examination and tympanometry with
acoustic reflex testing were performed systematically to rule out any conductive
hearing impairment.

Genotyping and linkage analysis. This study was conducted with the approval
of the INSERM Ethics Committee. Informed consent was obtained from all the
subjects included in the study or from their parents. DNA was extracted from
peripheral blood samples by standard procedures. Subjects were genotyped for
a set of 400 microsatellite markers evenly spaced at 10- to 12-cM intervals
throughout the genome (ABI Prism Linkage Mapping Set 2, Applied Biosys-
tems). Lod scores were calculated by using the MLINK program of the
FASTLINK computer package?®. We assumed that hearing impairment was
inherited in a fully penetrant, autosomal recessive mode, with a disease allele
frequency of 0.001. Allele frequencies of polymorphic markers and meiotic
recombination frequencies of males and females were assumed to be equal.

Mutation screening of DFNB59 affected individuals. We identified candidate
genes in the region of shared homozygosity, delimited by markers D2S138
and D2S324, by querying the NCBI and UCSC human genome databases.
PCR primers were designed to amplify across all intron-exon boundaries
of candidate genes, including DFNB59 (Supplementary Table 1 online).
Amplified PCR products were sequenced in an ABI 3100 sequencer
(Applied Biosystems).

Cloning of a full-length DENB59 cDNA. Mouse Dfnb59 ¢cDNA was obtained
by 5" RACE PCR performed on an oligo(dT)-primed, double-stranded cDNA
library prepared with vestibular mRNA, extracted from postnatal day 1 (P1)
129/Sv mice?”. Human DFNB59 cDNA was reconstructed by RACE-PCR
performed on a human testis cDNA library, with primers designed according
to the sequence of human GenBank EST BQ887979. Mouse and human
PCR products were cloned into the pCR2.1-TOPO vector (Invitrogen)
and sequenced.

Sequence analyses. A search for sequence patterns (including zinc binding
motifs) was performed with the SMART web server?®. The nuclear localization
signal was predicted by the PREDICTNLS algorithm?®. The search for pejvakin
homologs was initiated by a BLASTP search against the SWISSPROT database.
This search clarified that pejvakin was paralogous to members of the protein
family that includes DENA5, the gasdermins and MLZE'3. The orthologs of
these different proteins were collected from the ENSEMBL database, release 36,
as well as from all fully sequenced eukaryote genomes by using BLAT*’. All
retrieved proteins sequences were multiply aligned using MUSCLE?!, and the
alignment was manually refined. The resulting alignment was used as input in
the CONSEQ web server!® to study the conservation pattern of pejvakin. In
addition, the multiple sequence alignment was used in the creation of a
phylogenetic tree using the PHYML algorithm®2.

Construction of Dfnb59!Ugds/tm1Ugds [enock-in mice. We subcloned a 9.4-kb
fragment of 129/Sv mouse genomic DNA, which included Dfnb59 exons 1 to 4,
using gap-repair homologous recombination®® on BAC 310E9 from the CITB-
CJ7B mouse BAC library (Research Genetics). To prepare the targeting vector,
we introduced the R183W variant at the end of exon 3, a floxed PGK-neo G418-
resistance cassette and a negative selection cassette coding for diphtheria toxin
A fragment (DTA) (Supplementary Fig. 6 online), by means of bacterial
recombinogenic engineering techniques*. CK 35 embryonic stem (ES) cells®,
derived from a 129/Sv embryo, were electroporated with the purified, linearized
targeting vector and plated on G418 selective medium as reported®. Two
independently obtained ES cell clones, in which one Dfnb59 wild-type allele had
been replaced with the Dfitb59"1Us® allele, were used to generate chimeric
mice by injection into C57BL/6 host blastocysts. The floxed PGK-neo cassette
was then removed by crossing Dfub59+/"Us% mice with PGK-Cre

deleter mice®’.
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Characterization of Dfnb59"™!Ugds/m1Ugds mice, Animal experiments were
carried out in accordance with the INSERM animal welfare guidelines,
approved by the French Ministere de I'Agriculture, de I’Alimentation, de la
Péche et de la Ruralité. All studies described were performed on both pure 129/
Sv and mixed C57BL/6-129/Sv genetic backgrounds. Balance tests were con-
ducted as described®®. Auditory tests, which consisted of DPOAEs, ABRs and
cochlear potentials, were performed in an anechoic room. Mice were deeply
anaesthetized by an intraperitoneal injection of ketamine chlorhydrate (3.5 mg
for a 15-g mouse, renewed as needed), initially administered with levomepro-
mazin chlorhydrate (0.1 mg). Cubic DPOAEs were elicited by a Cub®Dis system
(Mimosa Acoustics, v2.43) whose acoustic probe tip and calibration were
modified to fit a mouse ear. Frequency f2 was swept at one-tenth-octave steps
from 4 to 20 kHz (levels increased stepwise from 30-70 dB SPL). Input-output
curves, representing DPOAE levels at every tested f2 against stimulus intensity,
were plotted; averaged across wild-type, heterozygous and homozygous mutant
mice; and compared using one-way ANOVA. ABRs were collected in response
to calibrated short tone bursts in the 5-40 kHz range. The electroencephalo-
gram was recorded between subcutaneous stainless steel electrodes at the vertex
and ipsilateral mastoid, with the help of a standard digital averaging system. At
every sound level, synchronous averaging of 500 responses to the tone bursts
was performed. Well above threshold, ABRs consisted of at least four regularly
spaced waves (I to IV, at increasing post-stimulus onset latencies), and wave IV
was the last to disappear at near-threshold levels. ABR morphology was assessed
while tone burst levels varied stepwise from 10-110 dB SPL peak-equivalent in
5-dB steps, and ABR threshold was taken to be the smallest stimulus level
needed for producing at least one repeatable wave IV >0.3 pV.

http://www.nature.com/naturegenetics

Antibodies and immunocytofluorescence. We raised polyclonal antibodies
(Covalab) directed against synthetic peptides mixtures of mouse pejvakin
in rabbit and guinea pig. Peptide sequences were as follows: pejvakin-1
(19-33), NH,-RLVPVPSLSEADKYQ-COOH; pejvakin-2 (312-323), NH,-
GMGNLKRETVYG-COOH. The specificity of the affinity-purified antibodies
was verified by immunoblotting, immunostaining in HeLa cells that expressed
pejvakin-myc epitope fusion proteins, and antigen absorption assays. All
pejvakin antibodies gave similar staining patterns in immunofluorescence
experiments both in transfected HeLa cells producing pejvakin and in mouse
cochlear sections. Other primary antibodies used were as follows: mouse
monoclonal antibodies to myc epitope (9E10; Santa Cruz), and to acetylated
tubulin (C-11B-1; Sigma), rat monoclonal antibody to tyrosinated tubulin
(YL1/2; Chemicon). For immunofluorescence detection, we used the following
secondary antibodies: Alexa Fluor 488—conjugated goat anti-rabbit F(ab’), IgG
la. fragment (Molecular Probes), Cy3-conjugated sheep anti-mouse IgG (Amer-

© 2006 Nature Publishing Group

ham), Alexa Fluor 488—conjugated goat anti-guinea pig IgG (Molecular

=¥ probes) and Cy3- conjugated donkey anti-rat F(ab’), IgG fragment (Jackson
ImmunoResearch). HeLa cells were transiently transfected with Effectene
(Qiagen) and processed for immunocytofluorescence as reported®.

Inner ear morphology studies. For both light and electron microscopy studies,
inner ears from adult mice were fixed by perilymphatic perfusion with 2.5%
phosphate-buffered glutaraldehyde. Specimens were subsequently rinsed in PBS
buffer, decalcified in 0.35 M EDTA and immersed in 1% OsOy4 at 4 °C for 1 h.
For light microscopy studies, inner ears from three Dfib59/1Usds/tm1Ugds pjce
were then dehydrated through graded acetone solutions and embedded in
Durcupan resin. Tissue sections (1 pm thick) were stained with toluidine blue
and examined in a Leica optical microscope. Inner ears from a total of 11
Dfnb59*"* mice (nine at P30, one at P50, one at P75), five Dfnb59*/""! Ugds mice
(one at P15, two at P50, two at P75) and 21 Dfib591Ugds/tm1Ugds mice (three at
P15, 13 at P30, three at P50, two at P75) were analyzed by scanning electron
microscopy. Tissue specimens (including the cristae of semicircular ducts and
the maculae of the saccule and utricle) from glutaraldehyde-fixed inner ears
were microdissected, dehydrated in graded ethanol solutions and dried up to a
critical point. Processed specimens were then mounted on aluminum stubs
with colloidal silver adhesive and sputter-coated with gold palladium before
imaging in a JSM-6700 F Jeol scanning electron microscope.

Inner ear immunofluorescence analyses. For whole-mount preparations,
vestibular and cochlear sensory areas were dissected and processed as
described®. We carried out isolated hair cell staining as previously reported*’.
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Whole-mount and single cell preparations were analyzed on a Zeiss LSM540
laser scanning confocal microscope.

Brain immunohistofluorescence analyses. Adult mice (P30) were injected
with a lethal dose of ketamine chlorhydrate and perfused intravascularly with
PBS buffer, followed by 4% phosphate-buffered paraformaldehyde. The brain
was excised and fixed in 4% phosphate-buffered paraformaldehyde for 1 h at
4 °C. After fixation, the tissue was cryoprotected in 20% sucrose at
4 °C overnight. The brain was then frozen in dry ice-cooled isopentane at
-30 ° to =50 °C. We cut 14 pm-thick sections in the transversal plane in a Leica
CM3000 cryostat and processed them for immunofluorescence as described.

URLs. The NCBI, UCSC and ENSEMBL genome databases are avail-
able at http://www.ncbi.nlm.nih.gov, http://genome.ucsc.edu/, and http://
www.ensembl.org, respectively. The CONSEQ web server can be found at
http://conseq.bioinfo.tav.ac.il/. The PHYML web server is at http://
atgc.lirmm.fr/phyml/.

Accession codes. GenBank: human DFNB59 cDNA, DQ365827; mouse Dfnb59
cDNA, DQ365828.

Note: Supplementary information is available on the Nature Genetics website.
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