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Pejvakin, a Candidate Stereociliary Rootlet Protein,
Regulates Hair Cell Function in a Cell-Autonomous Manner
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Mutations in the Pejvakin (PJVK) gene are thought to cause auditory neuropathy and hearing loss of cochlear origin by affecting
noise-induced peroxisome proliferation in auditory hair cells and neurons. Here we demonstrate that loss of pejvakin in hair cells, but not
in neurons, causes profound hearing loss and outer hair cell degeneration in mice. Pejvakin binds to and colocalizes with the rootlet
component TRIOBP at the base of stereocilia in injectoporated hair cells, a pattern that is disrupted by deafness-associated PJVK
mutations. Hair cells of pejvakin-deficient mice develop normal rootlets, but hair bundle morphology and mechanotransduction are
affected before the onset of hearing. Some mechanotransducing shorter row stereocilia are missing, whereas the remaining ones exhibit
overextended tips and a greater variability in height and width. Unlike previous studies of Pjvk alleles with neuronal dysfunction, our
findings reveal a cell-autonomous role of pejvakin in maintaining stereocilia architecture that is critical for hair cell function.
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Significance Statement
Two missense mutations in the Pejvakin (PJVK or DFNB59) gene were first identified in patients with audiological hallmarks of
auditory neuropathy spectrum disorder, whereas all other PJVK alleles cause hearing loss of cochlear origin. These findings
suggest that complex pathogenetic mechanisms underlie human deafness DFNB59. In contrast to recent studies, we demonstrate
that pejvakin in auditory neurons is not essential for normal hearing in mice. Moreover, pejvakin localizes to stereociliary rootlets
in hair cells and is required for stereocilia maintenance and mechanosensory function of the hair bundle. Delineating the site of the
lesion and the mechanisms underlying DFNB59 will allow clinicians to predict the efficacy of different therapeutic approaches,
such as determining compatibility for cochlear implants.

Introduction
Our sense of hearing depends on the exquisite sensitivity of
cochlear hair cells to sound-induced deflections of their apical
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hair bundles. Hair bundles consist of an array of F-actin rich
stereocilia that are organized in rows of increasing height, with
a staircase-like geometry (Tilney et al., 1992a, b). Deflection of
the bundle toward its tall edge imparts tension on tip links,
which increases the open probability of mechanotransduction
channels at the lower end of each tip link (Pickles et al., 1984;
Howard and Hudspeth, 1988; Assad et al., 1991). Each stereocilium is tapered at its base and anchored into the cuticular
plate with a rootlet that provides mechanical durability during
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acoustic stimulation (Furness et al., 2008; Kitajiri et al., 2010).
Although many protein constituents of hair bundles have been
identified, the molecules that function at the base of stereocilia
and their role in hair-bundle morphogenesis and function are
largely unknown.
Hereditary deafness is a genetically heterogeneous disorder. To date, ⬎150 loci for monogenic hearing loss have been
reported (http://hereditaryhearingloss.org). Importantly, different mutations in the same gene often cause distinct disease
phenotypes (Astuto et al., 2002; Zhao et al., 2011). This is well
exemplified by DFNB59, a recessive form of sensorineural
hearing loss, caused by mutations in the PJVK gene (encoding
pejvakin) (Delmaghani et al., 2006). Pejvakin is a distantly
related member of the gasdermin protein family (Saeki et al.,
2000). Gasdermins share a common N-terminal domain (gasdermin domain) of unknown function. Missense mutations in
PJVK (p. T54I or p.R183W) were first identified in patients
with auditory neuropathy spectrum disorder (ANSD) (Delmaghani et al., 2006), a hearing disorder characterized by abnormal transmission of signals by the auditory nerve in
combination with apparently normal outer hair cell (OHC)
function (Starr et al., 1996; Kemp, 2002). The pathophysiology of ANSD includes defects either in the inner hair cells
(IHCs), the synapses between IHCs and afferent dendrites of
the auditory nerve, or the nerve itself. ANSD patients present
with abnormal auditory brainstem responses (ABRs) and preserved otoacoustic emissions (OAEs), an indication of functional OHCs. Likewise, Pjvk p.R183W knock-in mice showed
elevated auditory thresholds, increased ABR interpeak latencies, and normal OAEs (Delmaghani et al., 2006). It was therefore hypothesized that pejvakin regulates neuronal function.
Consistent with this idea, pejvakin antisera labeled auditory
neurons, but also hair cells and supporting cells in the cochlea
(Delmaghani et al., 2006). Yet, the specificity of these antisera
has recently been questioned by the same group (Delmaghani
et al., 2015).
Studies of an ENU-generated mouse model for DFNB59,
termed sirtaki, revealed more complex mechanisms of pathogenesis (Schwander et al., 2007). Surprisingly, sirtaki mice showed
OHC dysfunction and progressive hearing loss due to a nonsense
mutation (p.K290X) that deletes a predicted C-terminal Znbinding motif. The perception that pejvakin is functional only in
neurons has also been challenged by the finding that Pjvk mRNA
was detected exclusively in hair cells (Schwander et al., 2007).
In addition, Collin et al. (2007) described OHC defects in a
Turkish family that carry the same DFNB59 missense mutation
(p.R183W) reported in the original ANSD study (Delmaghani et
al., 2006). Although differences in genetic background or age of
the tested individuals may account for some of the phenotypic
variability, the findings clearly suggest that pejvakin is critical for
hair cell function.
Recent studies have ascribed a role for pejvakin in the oxidativestress induced proliferation of peroxisomes in hair cells and auditory
neurons in response to noise exposure (Delmaghani et al., 2015).
Using novel Pjvk conditional knock-out alleles, we show that pejvakin in neurons is not essential for auditory function. By contrast,
pejvakin is required for normal mechanotransduction in hair cells
before the onset of hearing. Finally, we demonstrate that pejvakin
selectively localizes to stereociliary rootlets and is required to preserve the integrity of mechanosensitive stereocilia, indicative of a role
for this gasdermin in hair bundle maintenance and function.
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Materials and Methods
Mouse strains and ABR measurement
All procedures were performed in accordance with research guidelines of the
institutional animal care and use committee of Rutgers University. Mice of
either sex were studied. To generate Pjvk fl mice, a gene-targeting vector was
generated to insert LoxP sites flanking exon 1 of the Pjvk gene, followed by a
neomycin-resistance cassette (PGK-neo) flanked by two FRT sites. The vector was electroporated into C57BL/6J embryonic stem cells. Targeted embryonic stem cell clones were screened by PCR for recombination of the 3⬘
arm (SP1: 5⬘-GCTACCCGTGATATTGCTGAAGAGCT and SP2: 5⬘CACAAGTGGAAGGAGAAAACTGAGTC) and the presence of the 5⬘
LoxP site (LP1: 5⬘-GATCTGCACCCAATTGTTTTTCT and LP2: 5⬘ACTCAGGGGTTGGTACTTGTCAGC). One confirmed clone was injected into C57BL/6J blastocysts to generate chimera, which were mated to
C57BL/6J females to obtain germline transmission. Heterozygous F1 mice
(Pjvk fl-neo/⫹) were mated with B6.Cg-Tg(ACTFLPe) mice (The Jackson Laboratory, stock #005703) to remove the pGK-neomycin selection cassette,
and the resulting offspring were subsequently mated to C57BL/6J mice to
remove the FLPe transgene. Crossing heterozygous mice generated Pjvk fl/fl
mice, and genotyping was performed by PCR on tail DNA. Detection of
floxed allele: FF: 5⬘-GAATTCCTCTTGGATGATGGCCACTGCAGA and
FR: 5⬘-AACGAAGCTCTTGGTAGCAGCAGCAAACAT.
Otof-Cre mice (kindly supplied by Dr. Ulrich Mueller, Scripps Research
Institute) were generated as described elsewhere (https://www.mmrrc.org/
catalog/sds.php?mmrrc_id⫽32781). In brief, a targeting vector was designed to insert a nuclear-localized Cre recombinase gene and polyA signal
followed by an FRT-flanked PGK-Neo cassette into the initiation codon of
the otoferlin (Otof) locus. This construct was electroporated into C57BL/6Jderived Bruce4 embryonic stem cells. Chimeric mice were bred to albino
C57BL/6J (B6(Cg)-Tyrc-2J/J) mice to establish the colony. Next, mutant
mice were bred with FLPe-expressing mice on a C57BL/6J congenic background to remove the FRT-flanked PGK-Neo cassette. The resulting OtofCre mice were then bred to C57BL/6J inbred mice for approximately two
generations, selecting away the FLPe transgene. Ngn1-CreER T2 transgenic
mice were a kind gift from Dr. Lisa Goodrich (Harvard Medical School)
(Koundakjian et al., 2007). Nestin-Cre transgenic driver mice, Ai9/tdTomato
reporter mice (B6.Cg-Gt(ROSA)26Sor tm9(CAG-tdTomato)Hze/J), and wildtype C57BL/6J mice were obtained from The Jackson Laboratory. Pjvk fl/fl
mice were mated to Nestin-Cre transgenic mice (Tronche et al., 1999; GrausPorta et al., 2001), Otof-Cre mice, and Ngn1-CreER T2 mice (Koundakjian et
al., 2007), which were genotyped as previously described (Graus-Porta et al.,
2001). Double heterozygous Pjvk fl/⫹; Nestin-Cre; Pjvk fl/⫹; Otof-Cre; and
Pjvk fl/⫹; Ngn1-CreER T2 mice were crossed with homozygous Pjvk fl/fl mice
to obtain animals used in experiments. To avoid pleiotropic effects due to
potential germline deletion of loxP-flanked pejvakin gene and to maintain
the CNS-restricted deletion status in Nestin-Pjvk conditional knockout
(cKO) mouse colonies, we performed PCR-based genotyping of mouse tail
DNA to detect Cre-mediated excision of exon 1 of the Pjvk gene. Detection of
Pjvk null allele: FF and NR: 5⬘-GAATTCCTCTTGGATGATGGCCACTGC
AGA. We further genotyped mice for the presence of the pejvakin floxed
allele to distinguish between heterozygous and homozygous pejvakin null
mice. To induce Cre activity in crosses with Ngn1-CreER T2 mice, pregnant
females at E10.5 were intraperitoneally injected with 12.5 g per gram
4-hydroxytamoxifen (Sigma), dissolved using Kolliphor EL (Sigma) as described previously (Chevalier et al., 2014). The measurement of ABRs and
distortion product otoacoustic emissions (DPOAEs) followed our published
procedures (Schwander et al., 2007).

Immunohistochemistry and electron microscopy
Whole-mount staining of cochlear sensory epithelia was performed as
described previously (Senften et al., 2006; Schwander et al., 2007). Commercially available (Sigma, #HPA042621 and Santa Cruz Biotechnology,
#167621) and custom rabbit polyclonal anti-pejvakin antibodies directed
against two coinjected peptides of mouse pejvakin (QVGDGGRLVPVPS
LS, DEQNPKGREKAIVFPAHT) were tested for their specificities on
HeLa cells transfected with an expression vector ( pEGFP-N1, Clontech)
encoding full-length pejvakin fused to EGFP. Protein expression was
evaluated by immunofluorescence analysis with anti-pejvakin antibodies
as described previously (Senften et al., 2006). TRIOBP-5 antisera were a
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kind gift from Dr. Thomas Friedman (National Institutes of Health,
Bethesda, MD). Additional antibodies were as follows: anti-myosin VIIa
(rabbit; Proteus Biosciences), anti-taperin (rabbit, Sigma), anti-PMP70
(rabbit, ab3421, Abcam), anti-Tuj1 (rabbit; Abgent), anti-cleaved
Caspase-3 (rabbit; Cell Signaling Technology), anti-GFP (chicken; Rockland), anti-GFP (rabbit; Abcam), anti-FLAG HRP conjugate (mouse,
Sigma), AlexaFluor-488, -568, and -647 anti-rabbit and anti-mouse
(Invitrogen), AlexaFluor-488 anti-chicken (Invitrogen) and AlexaFluor350, AlexaFluor-488, and phalloidin 647 (Invitrogen), and HRP-conjugated anti-rabbit (GE Healthcare).
For both scanning electron microscopy (SEM) and transmission electron microscopy (TEM), cochleae were rapidly removed, gently perfused
through the round and oval windows with 2.5% glutaraldehyde in 0.1 M
phosphate buffer, pH 7.4, and immersed in the same solution for 1 h at
room temperature. For SEM, cochleae were next perfused with 0.2 M
phosphate buffer and immersed over 30 min at room temperature. Specimens were stored and shipped in 0.1% glutaraldehyde in 0.2 M
phosphate buffer. The cochlear shell bone was shaved off and partially
removed, together with the stria vascularis, the Reissner’s membrane,
and the tectorial membrane, to expose the apical surface of the organ of
Corti. The specimens were, dehydrated through ethanol, critical point
dried with CO2, and coated with gold. Imaging was performed on a
Hitachi S4000 scanning electron microscope. For TEM, cochleae were
postfixed in a 2% aqueous solution of osmium tetroxide for 1 h at room
temperature, washed in the buffer, dehydrated, and embedded in Epon
resin. Transverse ultrathin sections of the organ of Corti were mounted
on formvar-coated grids, stained with uranyl acetate and lead citrate, and
observed using a Hitachi 7100 microscope. Adobe Photoshop was used
to adjust the contrast of the images and to measure the dimensions of the
IHC stereocilia.

In situ hybridization

In situ hybridization was performed on 12-m-thick cryosections, as
described previously (Schwander et al., 2007; Grillet et al., 2009). The
RNA probe is complementary to full-length mouse pejvakin cDNA
(NCBI: NM_001080711.2).
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GST pull-down assays
GST-TRIOBP-PH (aa 49 –320), GST-TRIOBP-CC (aa 314 – 627),
and GST-TRIOBP-midCC (aa 157– 627) fusion proteins were produced
in Escherichia coli BL21 cells (EMD Millipore) and affinity purified using
glutathione-Sepharose 4B beads (GE Healthcare). Approximately 4 g of
purified GST fusion proteins was incubated for 4 h with in vitro-transcribed/translated HA-PJVK and HA-phosphoglycerate kinase 1 (PGK1)
proteins (TNT; Promega) at 4°C in 0.5 ml of buffer A (50 mM Tris-HCl,
pH 7.6, 100 mM NaCl, 0.1 mM EDTA, 0.2% Triton X-100, 0.1%
␤-mercaptoethanol, 1 mM PMSF), supplemented with MS SAFE protease and phosphatase inhibitor mixture (1:100, Sigma). The beads were
washed four times with 0.7 ml of ice-cold buffer B (50 mM Tris-HCl, pH
7.6, 100 mM NaCl, 0.1 mM EDTA, 0.2% Triton X-100, 1 mM PMSF), and
MS SAFE (1;100, Sigma) at 4°C. Proteins bound to beads were denatured
in Laemelli sample buffer and subjected to SDS-PAGE and Western blotting. The blots were probed with anti-HA-HRP (rat, Roche) and antiGST-HRP (goat, Abcam) antibodies and analyzed using the ECL2
detection system (Thermo Fisher Scientific).

Culture and injectoporation of cochlear explants
Injectoporation of cochlear explants was performed following recently
established protocols (Xiong et al., 2014). In brief, cochleae were dissected from postnatal (P) day 4 and P5 wild-type mice, cut into three
pieces, and cultured for 4 h in DMEM/F12 medium with 10 ng/l ampicillin. Next, adherent cochlear explants were placed between two platinum wire electrodes (Surepure Chemetals) and injected with plasmid (1
g/l) between the second and third row of OHCs using a patch pipette
(2–3 m diameter). Pipette and electrode were positioned using a BX51
upright microscope with a 60⫻ objective (Olympus), and two micromanipulators (Sutter MPC-200). Next, 3–5 square-pulses with a magnitude
of 60 V (15 ms length, 1 s intervals) were applied, using an ECM 830
electroporator (Harvard Apparatus). Organs of Corti were cultured for
another 12 h in DMEM/F12 and fixed in 4% PFA for 40 min before
immunostaining. Samples were analyzed using a BX63 fluorescence microscope and cellSens software (Olympus).

DNA constructs, immunoprecipitations, and Western blot analysis

Mechanoelectrical transduction (MET) recordings

The apparent full-length cDNA encoding mouse pejvakin (352 aa) was
amplified from cochlear RNA by RT-PCR and inserted in frame into
BamHI/XhoI sites of pcDNA3 and XhoI/BamHI sites of pEGFP-N1
(Clontech) vectors. To generate HA-PJVK, PJVK-HA, and PJVK-FLAG,
the FLAG- or HA-tag sequences were included in the forward or reverse
primer and the product of PCR amplification was inserted into pcDNA3
vector using BamHI/XhoI sites. The point mutation (C343S) was introduced into pEGFP-N1-pejvakin using the site-directed mutagenesis kit
(Stratagene). PCR-generated deletion mutants (K290X, GSDM) and
C-terminal domain (aa 241–352) of pejvakin were cloned into XhoI/
BamHI sites of pEGFP-N1 vector, and XhoI/BamHI sites of pEGFPN1 and pEGFP-C1 vectors, respectively. The cDNA encoding mouse
TRIOBP1 (627 aa) was amplified from cochlear RNA by RT-PCR and
inserted in frame into XhoI/BamHI sites of pEGFP-N1 and pEGFP-C1
vectors. For TRIOBP1-HA, the HA-tag sequence was included in the
reverse primer and the product of PCR amplification was inserted into
pcDNA3.1 vector using XhoI /BamHI sites. PCR-generated deletion mutants of TRIOBP1, including pleckstrin homology (PH) domain (aa 49 –
320), mid-to-coiled-coil (midCC) region (aa 157– 657), and coiled-coil
(CC) domain (aa 314 – 657), were cloned into BamHI/NotI sites of
pGEX-4T1 vector. HEK293 cells were transiently transfected using
X-tremeGENE 9 DNA transfection reagent (Roche) according to the
manufacturer’s instructions. Cell lysis, immunoprecipitations with antiGFP antibody (rabbit, Sigma), and Western blot analysis were performed
as described previously (Kazmierczak et al., 2015), except that cellular
extracts were prepared in 50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1%
NP-40, and immunocomplexes washed three times in 50 mM Tris-HCl,
pH 7.6, 150 mM NaCl, and 0.25% NP-40. The blots were probed with
anti-GFP (rabbit, Sigma) and anti-HA-HRP (rat, Roche) antibodies. Primary antibodies and proteins were visualized with HRP-conjugated antirabbit antibody (1:20,000, GE Healthcare) using the ECL2 detection
system (Thermo Fisher Scientific).

Preparation and recordings. Animals were killed by decapitation using
methods approved by the Stanford University Administrative Panel on
Laboratory Animal Care. Organs of Corti were dissected from P7-P10
mice and placed in recording chambers as previously described (Beurg et
al., 2009). Tissue was viewed using a 60⫻ (1.0 NA, Olympus) or 100⫻
(1.0 NA, Olympus) water-immersion objective on a BX51 microscope
(Olympus). Tissue was dissected and perfused with external solution
containing the following (in mM): 140 NaCl, 2 KCl, 2 CaCl2, 2 MgCl2, 10
HEPES, 2 creatine monohydrate, 2 Na-pyruvate, 2 ascorbic acid, 6 dextrose, pH 7.4, 300 –310 mOsm. In all preparations, the tectorial membrane was peeled off the tissue.
Electrophysiological recordings. Whole-cell patch clamp was achieved
first or second row OHCs from middle to apical cochlea turns using an
Axon 200B amplifier (Molecular Devices) with thick-walled borosilicate
patch pipettes (2– 6 M⍀) filled with an intracellular solution containing
the following (in mM): 121 CsCl, 3.5 MgCl2, 5 ATP, 5 creatine phosphate,
10 HEPES, 2 ascorbate, 1 EGTA, pH 7.2, 280 –290 mOsm. Experiments
were performed at 18°C-22°C. Whole-cell currents were filtered at 10
kHz and sampled at 0.05–1 MHz using USB-6356 (National Instruments) controlled by jClamp (SciSoft). Cells were voltage clamped at
⫺80, not accounting for liquid junction potentials.
Stiff probe hair bundle stimulation. Borosilicate pipettes were fire polished to various shapes to test the effect of probe shape. These glass
probes were mounted in an aluminum holder attached to a piezoelectric
stack (AE0505D08F, Thorlabs; or PSt 150/7x7/7, APC International)
driven by a high voltage/high current amplifier. Step stimuli were filtered
with an 8-pole Bessel filter (L8L 90PF, Frequency Devices) at 5–10 kHz
and variably attenuated (PA5, Tucker Davis) before reaching the piezo
amplifier.
Data analysis. IX plots were generated by subtracting leak current and
normalizing to the peak current. IX plots were fit to a double Boltzmann
equation as follows:
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Figure 1. Generation of a conditional Pjvk allele. A, Schematic representation of the three alleles of the Pjvk gene: wild-type (⫹), targeting construct ( fl-Neo), and floxed allele of Pjvk conditional
knock-in mouse obtained after removal of Neo cassette with flippase ( fl ). 5⬘ and 3⬘ homology arms used for targeted recombination (black regions), loxP sites (triangles), and genotyping primers
(SP1, SP2, FF, FR) are indicated. B, PCR analysis of wild-type (E105) and targeted (E106) ES cells with SP1/SP2 primers. C, PCR analysis of Pjvk⫹/fl, Pjvk⫹/⫹, and Pjvkfl/fl mouse with FF/FR primers.
D, Schematic illustration of Cre-mediated excision of exon1 upon rare germline Nestin-Cre expression that led to the generation of Pjvk⫺/⫺ mice. E, Two pairs of genotyping primers, whose positions
are indicated in D, are used to distinguish between Pjvk⫹/⫺, Pjvk⫺/⫺, and Pjvk⫹/⫹ mice: the presence of Pjvk⫹ and Pjvk ⫺ alleles is detected with FF/FR and FF/NR genotyping, respectively. F, G,
Analysis of Pjvk mRNA expression in cochlear sections from P4 Pjvk⫹/⫹ (F ) and Pjvk⫺/⫺ (G) mice by ISH. Pjvk is specifically expressed in hair cells of Pjvk⫹/⫹, but not Pjvk⫺/⫺ mice (green dashed
line). Despite long incubation, resulting in nonspecific hybridization signal in the tectorial and Reissners’ membranes, there was no detectable Pjvk expression in the spiral ganglion of Pjvk⫹/⫹ mice
(red dashed line). Scale bars: F, G, 100 m; Insets, 20 m.

y⫽

I max
1 ⫹ ez 2共 x 0⫺x 兲 共1 ⫹ ez 1共 x 0⫺x 兲 兲

(1)

where Z1 and Z2 are the slope factors and x0 represents the operating
point. Data were analyzed using jClamp, MATLAB (The MathWorks),
and Microsoft Excel. Graphs were created using MATLAB, Origin 8.6
(OriginLabs), and Adobe Illustrator.

Results
Generation of pejvakin-flox mice
Although DFNB59 was initially characterized as auditory neuropathy (Delmaghani et al., 2006), subsequent studies revealed mutations in PJVK that cause OHC dysfunction (Collin
et al., 2007; Schwander et al., 2007), indicating that diverse
pathophysiological mechanisms underlie this disorder. Based
on the observations that pejvakin mRNA is selectively expressed by hair cells (Schwander et al., 2007) and that otoacoustic emissions are affected in some DFNB59 patients, we
hypothesized that pejvakin regulates hair cell but not neuronal
function. To determine the extent to which pejvakin regulates
the function of sensory hair cells and auditory neurons, we
generated mice carrying a conditional pejvakin allele (Pjvk fl/fl)
in which loxP sites flank the first coding exon of the Pjvk
gene, which encodes part of the conserved gasdermin (GSDM)
domain (Fig. 1A–C). Homozygous Pjvk fl/fl mice are fertile
and viable, with normal hearing and no gross anatomical
defects.

To inactivate pejvakin in auditory neurons, we obtained the
Ngn1-CreER T2 transgenic mouse line that allows for tamoxifeninducible Cre recombinase (CreER T2) expression in inner ear neural
precursors (Koundakjian et al., 2007) and Nestin-Cre mice (The
Jackson Laboratory) that express Cre in neuronal and glial progenitor cells of the central and peripheral nervous system (Tronche et al.,
1999). In accordance with previous studies (Zhang et al., 2013), we
found that the Nestin-Cre transgene at a low frequency allowed
transmission of a germline recombined Pjvk null allele (Pjvk ⫺ / ⫺) to
offspring (Fig. 1D,E). Subsequent breeding and genotyping allowed
us to generate Pjvk ⫺ / ⫺ mice. Following germline recombination,
Pjvk mRNA was no longer detected in hair cells of Pjvk ⫺ / ⫺ mice by
in situ hybridization (Fig. 1F,G).
To genetically ablate Pjvk in hair cells, we generated a knock-in
mouse line that expresses Cre from the endogenous otoferlin gene
locus (Otof-Cre) that is selectively active in hair cells of the inner ear
(Fig. 2A–D) (Yasunaga et al., 1999). To verify the Cre-mediated recombination pattern in inner ear sensory epithelia, we crossed the
transgenic lines Otof-Cre and Ngn1-CreER T2 (Koundakjian et al.,
2007) to Ai9 tdTomato Cre reporter mice (The Jackson Laboratory)
(Madisen et al., 2010). In the early postnatal (P3) cochlea, Otof-Cremediated recombination was observed in most IHCs (base, 96 ⫾
5%) and some of the OHCs (base, 28 ⫾ 7%) (Fig. 2E,F). By P30, all
IHCs (base, 100 ⫾ 0%) and most OHCs (base, 87 ⫾ 1%) showed
robust reporter activity (Fig. 2E,F). A few tdTomato-positive spiral
ganglion neurons were occasionally observed (Fig. 2E, arrowhead).
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Figure 2. Generation and characterization of transgenic Cre mouse lines. A, Schematic diagram of wild-type (⫹) and Cre (Cre-Neo, Cre) alleles of the Otof gene. Thick black bars
represent DNA segments used for constructing the targeting vector. Gray bars represent flanking genomic DNA. Relevant restriction sites (A, AflIII), Southern probe (thin black bar), and
PCR primers for screening the 5⬘ insertion (SP1, SP2) and Cre transgene (C1, C2) are indicated. The Otof-Cre-Neo allele was converted to Otof-Cre by crossing to ACTB-FLPe (FLPe) mice to
drive germline recombination of the FRT-Neo-FRT selection cassette. B, PCR analysis of targeted ES cell clone confirming correct 5⬘ insertion. C, PCR analysis of targeted ES cell clone
confirming presence of the Cre transgene. D, Southern blot analysis of targeted ES cell clone confirming correct 3⬘ insertion. Genomic DNA from wild-type and targeted ES cells was
digested with AflIII and hybridized with a 3⬘ external probe. L, DNA ladder; WT, wild-type ES cell DNA; Cre, Cre-Neo targeted ES cell DNA. E, Representative images of the cochlea from
Otof-Cre;Ai9 mice at P3 and P30 showing tdTomato expression (magenta) in hair cells (arrows). Sporadic Cre activity was detected in a few spiral ganglion neurons (bottom left).
F, Quantification of the percentage of tdTomato-positive IHCs and OHCs. G, Representative images of tdTomato expression in spiral ganglion neurons (SGNs) of Ngn1-CreER T2;Ai9 mice
following 4-OHT induction at E10.5. No tdTomato expression was detected in Cre-negative mice (middle bottom). A small number of tdTomato-positive SGNs were detected at P5 in the
absence of tamoxifen administration (bottom right). Values are mean ⫾ SEM. Scale bars: E, G, 50 m.

As reported previously, tamoxifen treatment at E10.5 caused strong
tdTomato labeling of cochlear ganglion neurons in Ngn1-CreER T2
transgenic mice (Fig. 2G) (Koundakjian et al., 2007; Coate et al.,
2012). Sporadic expression of tdTomato in spiral ganglion neurons
due to spontaneous Cre activity was also detected in the absence of
tamoxifen, as noted previously (Fig. 2G, bottom right) (Coate et al.,
2015).
Pejvakin in hair cells, but not in auditory neurons, is essential
for hearing
To assess the effect of pejvakin deficiency in hair cells on hearing function, we recorded ABRs to broadband click stimuli
in Pjvk fl/flOtof-Cre ⫹/ ⫺, Pjvk fl/⫹Otof-Cre ⫹/ ⫺, and control
(Cre ⫺ / ⫺) littermates. Wave I of the ABR represents the
summed activity of the eighth cranial nerve; the subsequent
peaks (II-IV) are the responses of neuronal populations in the
auditory brainstem (Zheng et al., 1999). ABR waveforms were
elicited in 1-month-old Pjvk fl/flOtof-Cre ⫹/ ⫺ mice but at significantly higher sound-pressure levels compared with control
mice (Fig. 3 A, B). By 2 months, Pjvk fl/flOtof-Cre ⫹/ ⫺ mice ex-

hibited severe hearing loss (hearing thresholds 80 ⫾ 3 dB SPL
vs 40 ⫾ 4 dB SPL in control littermates). Analysis of auditory
thresholds using pure tones between 4 and 32 kHz revealed
that Pjvk fl/flOtof-Cre ⫹/ ⫺ mice were affected across all frequencies with slightly more pronounced hearing loss at higher
frequencies (Fig. 3C).
To verify the proposed role of pejvakin in regulating the
activity of auditory pathway neurons (Delmaghani et al., 2006,
2015), we selectively inactivated the Pjvk gene in spiral ganglion neurons using Ngn1-CreER T2 mice. Relative to littermate controls, tamoxifen-treated Pjvk fl/flNgn1-CreER T2 mice
showed no significant difference in ABR thresholds (Fig. 3D,E) or
wave amplitudes (wave I amplitude in P60 Pjvk fl/flNgn1-CreER T2
mice for 12 kHz stimulus: 0.7 ⫾ 0.1 V, n ⫽ 10; vs 0.9 ⫾ 0.1 V,
n ⫽ 8; control littermates, p ⫽ 0.4, t test), indicating that both
auditory sensitivity and the number of responsive spiral ganglion
neurons were unaffected. In addition, absolute latencies of all
four ABR waves and interpeak latencies between ABR waves I and
IV were not shifted (Fig. 3F ), indicating normal conduction
properties of the corresponding auditory neurons. Likewise, no
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Figure 3. Analysis of auditory function in mice with conditional ablation of pejvakin in auditory hair cells and neurons. A, Representative ABR waveforms of Cre⫺/⫺ (Control ), Pjvkfl/fl
Otof-Cre⫹/⫺, and Pjvkfl/fl Ngn1-Cre⫹/⫺ mice at P60. B, C, ABR thresholds to click (B) and pure tone (C) stimuli in Pjvkfl/⫹ and Pjvkfl/fl mice from the Otof-Cre colony at P30 and P60. The number of
mice in each group is indicated in the bars in B. ***p ⬍ 0.001 (two-tailed t test). D, E, ABR thresholds to click (D) and pure tone (E) stimuli in cre-negative (Cre ⫺) and positive (Cre⫹) Pjvkfl/fl mice
from the Ngn1-Cre colony at P30 and P60 (numbers of mice are indicated in the bars). The T⫹ groups were injected with tamoxifen at E10.5. No significant effect of tamoxifen, age, or genotype was
detected (ANOVA, F ⫽ 1.5, Fcrit ⫽ 2.1, p ⫽ 0.2). F, Latencies of ABR waves I-IV evoked by 12 kHz pure tone stimulus in Ngn1-Cre colony mice. G, Click-ABR thresholds in mice from Nestin-Cre colony
show no significant effect of age or genotype (ANOVA, F ⫽ 1.2, Fcrit ⫽ 2.3, p ⫽ 0.3). H, I, Analysis of 10 kHz pure tone-evoked ABR thresholds (H ) and interwave latencies (I ) before and 2 d after
noise exposure in Cre-negative (Control ) and -positive Pjvkfl/fl mice from the Ngn1-Cre colony at P30. No significant difference was detected in ABRs before and after exposure. H, p ⫽ 0.5 (paired t
test). I, p ⫽ 0.9 (paired t test).

significant effect of Nestin-Cre-mediated ablation of pejvakin in
central neurons on the ABR was observed (Fig. 3G). We next
verified the impact of sound stimulation on hearing in tamoxifen-treated Pjvk fl/flNgn1-CreER T2 mice following a recently described protocol for “controlled sound exposure” (1000 tone
bursts at 10 kHz, at 105 dB SPL) (Delmaghani et al., 2015). Remarkably, no significant ABR threshold shifts were observed immediately after sound exposure and 2 d later (Fig. 3H ). In
addition, wave I-IV interpeak latencies remained unchanged
(Fig. 3I ). Together, the data suggest that pejvakin regulates hair
cell function in a cell-autonomous manner but under the conditions tested herein does not affect the propagation of soundevoked action potentials in the auditory pathway.
Pjvk ⴚ / ⴚ mice show progressive degeneration of hair cells
Because Pjvk fl/flOtof-Cre ⫹/ ⫺ mice may be mosaic for pejvakin
inactivation in OHCs, we further characterized the auditory phe-

notype of Pjvk ⫺ / ⫺ mice. Measurement of click-evoked ABRs
revealed that Pjvk ⫺ / ⫺ mice were profoundly deaf at 1 month of
age (hearing thresholds 86 ⫾ 3 dB SPL [n ⫽ 10] vs 36 dB ⫾ 2 dB
SPL [n ⫽ 16] in heterozygous control littermates) (Fig. 4A).
Analysis of responses to pure tones showed that the mutant mice
were deaf across the entire frequency range (Fig. 4B). Based on
our findings that pejvakin in hair cells is critical for hearing, we
next examined whether it may regulate hair cell differentiation by
analyzing the morphology of hair cells by immunohistochemistry
and electron microscopy. To evaluate survival of hair cells, we
stained cochlear whole mounts from Pjvk ⫹/ ⫺ and Pjvk ⫺ / ⫺ mice
with a myosin VIIa antibody. By fluorescence microscopy, both
IHCs and OHCs appeared normal in P10 Pjvk ⫺ / ⫺ mice (Fig. 4C).
However, in older mice, OHCs started to degenerate in a basal to
apical gradient along the cochlear duct, whereas IHCs remained
largely intact (Fig. 4C). By P30, loss of only a few OHCs was
observed in the mid-turn of the cochlea, whereas almost all
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Figure 4. Hearing impairment and hair cell degeneration in Pjvk mutant mice. A, B, ABR thresholds in response to click (A) and pure tone stimuli (B) in littermate Pjvk⫹/⫹, Pjvk⫹/⫺, and Pjvk⫺/⫺
mice. Numbers of mice in each group are indicated in the bars (mean ⫾ SEM). ***p ⬍ 0.005 (two-tailed t test). C, D, Cochlear whole mounts from littermate Pjvk⫹/⫺ and Pjvk⫺/⫺ mice (C), as well
as Pjvkfl/fl Otof-Cre ⫺ / ⫺ and Pjvkfl/fl Otof-Cre⫹/⫹ mice (D), were immunostained against MYO7A to visualize hair cells. The ages of mice are indicated at the left margin. Sporadic missing OHCs can
first be seen in the mediobasal turn at P30 (arrows). E, SEM reveals normal organization of hair cells in the organ of Corti of Pjvk⫹/⫺ mice at P30. F–J, Base-to-apex gradient of hair cell degeneration
in Pjvk⫺/⫺ mice at P30. Bundle organization appears normal in the medial turn (F ). In the mediobasal turn (G, H ), only a subset of bundles of the first row of OHCs is missing. In the basal turn, most
OHC bundles are missing while IHCs persist (I ). The remaining OHCs have fused stereocilia (J ). K, L, In the most basal “hook” region of the cochlea, IHC stereocilia fuse and degenerate. M, TEM
micrograph of a P30 Pjvk⫹/⫺ OHC reveals normal morphology. N, Example of a P30 Pjvk⫺/⫺ OHC with no signs of degeneration. O, Severe degenerative changes in another Pjvk ⫺ / ⫺ OHC. Note
the swollen nucleus and lack of cytoplasm, indicative of a nonapoptotic cell death mechanism. The cuticular plate, hair bundle, and mitochondria are still present. Scale bars: C, D, 10 m; E–I, 15
m; J, 6 m; K–O, 2 m.

OHCs were lost by P60 in the same region (Fig. 4C). A similar
pattern of hair cell degeneration was present in Pjvk fl/flOtofCre ⫹/ ⫺ mice (Fig. 4D). The degeneration pattern observed by
immunofluorescence was confirmed by SEM (Fig. 4E–L). Notably, at P30, the innermost row of OHCs (closest to the modiolus)
showed significantly more loss relative to the middle and outermost rows in the mediobasal cochlear turn (Fig. 4G,H ). In the
basal turn, degeneration of OHCs was evident in all three rows
(Fig. 4 I, J ), whereas IHCs were largely preserved except for the
most basal region, in which IHCs showed fusion of stereocilia
(Fig. 4 K, L). TEM analysis revealed the presence of degenerating
OHCs with swollen nuclei but no signs of nuclear condensation,
indicative of necrosis (Fig. 4M–O). No caspase-3-positive hair
cells were observed in Pjvk ⫺ / ⫺ cochlea (data not shown), further
suggesting that mechanisms of cell death other than apoptosis
contribute to hair cell loss.

Pejvakin localizes to the rootlets of stereocilia in
injectoporated hair cells
Although previous antibody studies found widespread expression for pejvakin in hair cells and neurons of the afferent
auditory pathway (Delmaghani et al., 2006), Pjvk mRNA was
specifically detected in hair cells but not in spiral ganglion
neurons (Fig. 1F ) (Schwander et al., 2007). A recent study,
also by Delmaghani et al. (2015), has described a peroxisomal
localization for pejvakin in hair cells. To verify the expression
of pejvakin in the auditory system, we tested commercially
available antibodies against pejvakin and custom-generated
rabbit polyclonal antisera directed against different epitopes
of mouse pejvakin. Three antibodies (see Experimental procedures) recognized pejvakin that was expressed as a GFPfusion protein in HeLa cells with high specificity (Fig. 5 A, B).
Pejvakin-GFP consistently exhibited a broad cytoplasmic dis-
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Figure 5. Pejvakin does not colocalize with peroxisomes. A–C, HeLa cells transfected with GFP-tagged pejvakin (A, C) and PGK1 (B) (green) were immunostained against PJVK (A, B) and
peroxisomal marker PMP70 (C) (magenta). Anti-PJVK antibody recognized PJVK (A), but not PGK1 (B). No colocalization was observed between PJVK and peroxisomes, detected with anti-PMP70
antibody (C). D, E, HeLa cells transfected with untagged (D) and FLAG-tagged (E) PJVK were immunostained against PMP70 (magenta) and PJVK (D) or FLAG (E) (green). No overlap was observed
between PJVK and peroxisomes. F, The constructs indicated below the bars were expressed in HeLa cells and their colocalization with peroxisomes, labeled with anti-PMP70 antibody, was quantified
with Pearson correlation method. Control group consisted of untransfected cells labeled with rabbit PMP70 antibody and two different secondary anti-rabbit antibodies. All Pearson correlation
coefficients were smaller than 0.2, except the positive control, indicating very low degree of correlation. The correlation of PJVK constructs with peroxisomes was not significantly different from the
two negative controls, PGK1 and MIB1 (one-way ANOVA, F ⫽ 0.9, Fcrit ⫽ 2.6, p ⫽ 0.4). The number of cells used for quantification is indicated above the bars. Positive control showed significantly
higher correlation than all constructs. ***p ⬍ 0.005 (two-tailed t test). G, Cochlear explants from P4 wild-type mice were injectoporated with PJVK-GFP (green) and immunostained with
anti-PMP70 antibody (magenta). The three presented OHCs are numbered: highly expressing (1), nontransfected (2), and weakly expressing (3). Peroxisomes were not detected at the rootlet level
in the cuticular plate, at which the expression of PJVK is most pronounced (left column). In the hair cell body, some PJVK-GFP aggregates are visible in a highly expressing cell (1, arrowhead), but not
in a weakly expressing one (3). PJVK-GFP aggregates do not colocalize with peroxisomes. Scale bars: All panels, 10 m.

tribution and formed punctate aggregates in cells expressing
high levels of the fusion protein (Fig. 5A). Likewise, anti-Flag
and anti-pejvakin antibodies yielded a punctate cytoplasmic
staining pattern in transfected HeLa cells expressing Flagtagged or untagged pejvakin, respectively (Fig. 5 D, E). In contrast to previous studies (Delmaghani et al., 2015), we found

no significant colocalization of GFP-, Flag-, or untagged pejvakin with the peroxisomal marker PMP70 in HeLa cells (Fig.
5C–E). A quantitative analysis revealed no significant difference between the degree of correlation of PMP70 signal with
pejvakin and with two unrelated proteins, PGK1 and MIB1,
which served as negative controls (Fig. 5F ).
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Figure 6. PJVK localizes to the base of stereocilia in auditory hair cells. A–F, Organs of Corti dissected from early postnatal C57BL/6J mice were injectoporated with PJVK-GFP (A–E) and
PJVK-dsRED monomer (F ) plasmids. A, In apical OHCs, PJVK-GFP localized to the rootlet region at the base of stereocilia (arrowhead). B, High-magnification images of the OHC depicted in A reveal
rootlet localization of PJVK-GFP. C, Localization of PJVK-GFP at rootlets in basal OHCs (arrowhead). Weak GFP signals were also detected near stereociliary tips (arrows). D, Cytoplasmic aggregates
of overexpressed PJVK-GFP are not visible in low-expressing OHCs (asterisks). E, F, Immunostaining of injectoporated explants against TPRN reveals that both PJVK-GFP (E) and PJVK-dsRED
monomer (F ) localize to the base of stereocilia, immediately below the taper region. G, OHCs from C57BL/6J mice were injectoporated to express the indicated mutant PJVK proteins. In contrast to
wild-type PJVK, the mutant PJVK proteins were no longer localized at rootlets. H, OHCs were injectoporated to express GFP-tagged DFNA5 or GFP alone. GFP fluorescence was visible only in the
cytoplasm. Scale bars: A, C, D, E–G, H, 5 m; B, and E, F, insets, 2.5 m.

Likely because of epitope masking and low expression levels of pejvakin, commercially available and our custom rabbit
polyclonal antibodies failed to detect any differences between
cochlear tissues from Pjvk ⫺ / ⫺ and wild-type mice. To examine the subcellular distribution of pejvakin, we expressed
cDNAs encoding various fragments of pejvakin as GFP fusions
in hair cells by injectoporation of cochlear explants from P4
wild-type mice, following a recently described protocol (Xiong et
al., 2014). After 1 DIV, cochlear explants were fixed and stained
with phalloidin to visualize F-actin in stereocilia. Strikingly, we
found that pejvakin-GFP accumulated in a dot-like pattern at the
base of stereocilia (Fig. 6A). Higher-magnification views revealed
the presence of the fusion protein at the base of stereocilia and
their extensions, the rootlets (Fig. 6B). When expressed in hair
cells closer to the cochlear base at P5 (⫹1 DIV), pejvakin-GFP
was primarily localized at rootlets, but occasional fluorescence

puncta were also visualized near the tips of stereocilia (Fig. 6C).
In cells expressing high levels of pejvakin-GFP, the fusion protein
formed aggregates in the cytoplasm of hair cells (Figs. 5G, 6 A, C),
whereas cells with low expression levels displayed only the rootlet
pattern (Fig. 6D). Importantly, there was little or no colocalization between cytoplasmic pejvakin-GFP aggregates and the peroxisomal marker PMP70 (Fig. 5G). Next, we injectoporated P4
cochlear explants with pejvakin-GFP and stained with an antibody to taperin to label the taper region in stereocilia (Rehman et
al., 2010). Pejvakin-GFP localized to a region immediately below
the stereocilia taper (Fig. 6E). Because some GFP fusions can
induce aggregation or inappropriate localization of appended
proteins (Rappoport and Simon, 2008), we next analyzed the
cellular distribution of pejvakin tagged with dsRed monomer.
This monomeric red fluorescent protein belongs to a different
group of fluorescent proteins that share no sequence homology
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with GFP, and it has been engineered to
eliminate the tendency of the original
dsRed to form tetramers (Campbell et al.,
2002). Pejvakin-dsRed monomer was observed as discrete foci at the base of stereocilia, similar in appearance to the pattern
observed for the GFP-tagged protein (Fig.
6F ). Next, we introduced the deafnesscausing mutations p.C343S (Mujtaba et
al., 2012) and p.K290X (Schwander et al.,
2007) into the cDNA encoding murine
pejvakin and expressed the proteins by
injectoporation in cochlear hair cells.
Pejvakin-C343S and pejvakin-K290X
were evenly distributed throughout the
cytoplasm, and the rootlet pattern was
abrogated (Fig. 6G). Likewise, diffuse cytoplasmic fluorescence, but no rootlet
pattern, was observed in hair cells expressing GFP-tagged DFNA5, the closest homolog of pejvakin, or GFP alone (Fig.
6H ). We conclude that exogenous pejvakin accumulates at actin-rich stereocilia
rootlets.
Although some of the anti-PJVK antibodies specifically detected PJVK-GFP in
transfected HeLa cells (Fig. 5A), as well as
its cytoplasmic aggregates in injectoporated hair cells (data not shown), they
failed to detect PJVK-GFP at rootlets, despite antigen retrieval and the apparent
presence of the fusion protein at this location as indicated by natural GFP fluorescence. This result suggests that pejvakin
may be incorporated into a tight rootlet
structure that is inaccessible to antibodies.
It also emphasizes the advantages of injectoporation techniques (Xiong et al., 2014)
in determining subcellular localization of
novel proteins.

Figure 7. Colocalization of TRIOBP1 and PJVK at stereociliary rootlets. A–C, GFP-TRIOBP1 (green) alone (A) or together with
PJVK-dsRED monomer (magenta) (B, C) were injectoporated into P4 organs of Corti. Cells were stained for taperin (TPRN, blue).
A, Expression of GFP-TRIOBP1 in a dot-like pattern. B, Extensive colocalization of GFP-TRIOBP1 and PJVK-dsRED in a region just
below the stereocilia taper. C, Analysis of vertical distribution of GFP-TRIOBP1 and PJVK-dsRED monomer on sequential focal
planes. Scale bars: A–C, 2.5 m; B, Inset, 1 m.

C terminus of pejvakin mediates rootlet localization and
interacts with TRIOBP
Given the localization of pejvakin to the base of stereocilia, we
next asked whether it might interact with TRIOBP, the only
known component of rootlets, with essential functions in their
assembly (Kitajiri et al., 2010). Injectoporation of OHCs from P4
wild-type mice with GFP-tagged TRIOBP1 yielded a dot-like pattern at the base of stereocilia, confirming that this technique is
well suited to evaluate localization of rootlet proteins (Fig. 7A).
Coexpression of GFP-TRIOBP1 and PJVK-dsRED monomer in
OHCs and labeling with anti-TPRN antibody showed that both
fusion proteins colocalized just below the taper region (Fig. 7B).
Analysis of sequential focal planes revealed that TRIOBP1 and
PJVK constructs are targeted to the same ⬃1-m-thick compartment at stereocilia rootlets (Fig. 7C).
We next asked whether the C-terminal domain or N-terminal
GSDM domain of pejvakin may colocalize with TRIOBP1 in HeLa
cells. Consistent with previous reports (Bradshaw et al., 2014), GFPtagged TRIOBP1 by itself formed large puncta of aggregated protein
(Fig. 8A). These aggregates were also formed by HA-tagged
TRIOBP1, although they had a ring-like appearance, which is likely
due to the inability of the anti-HA antibody to penetrate the tight

aggregate core (Fig. 8A). The cytoplasmic distribution of GFP-PJVK
C-terminal domain and PGK1, which served as a negative control,
was uniform (Fig. 8A). However, upon coexpression with TRIOBP1,
GFP-PJVK C-terminal domain formed large cytoplasmic puncta
that perfectly colocalized with TRIOBP1-HA (Fig. 8B). By contrast,
neither PJVK GSDM domain nor PGK1 colocalized with TRIOBP1
aggregates (Fig. 8B). We next repeated the colocalization assays
in HeLa cells with constructs containing different domains of
TRIOBP1 and PJVK and titrated the concentrations of each plasmid.
The mid-to-coiled-coil region (midCC) and the coiled-coil (CC)
domain of TRIOBP1 formed aggregates, even at low plasmid concentrations (1/10 dilution, 0.05 g/well), that colocalized with the
C-terminal domain of PJVK, but not with PABPC1, which served as
a negative control (Fig. 8C). Colocalization of TRIOBP1-CC and
PJVK C-terminal domain was also detected at the cell cortex (Fig.
8C, right, arrowhead). Thus, our data suggest that the two proteins
are appropriately localized in heterologous cell lines and hair cells to
act in a common subcellular compartment.
While colocalization of PJVK and TRIOBP1 at the rootlets may result from independent targeting of both proteins to the same area, the
apparent TRIOBP1-induced aggregation of PJVK C-terminal domain
strongly indicates that these proteins form a complex. To test this possibility, we performed coimmunoprecipitation assays in HEK293T cells
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Figure 8. Interactions between TRIOBP1 and PJVK C-terminal domain. A, HeLa cells were transfected with constructs indicated on top of each panel. The distribution of overexpressed proteins
was visualized with anti-HA antibody (magenta), natural GFP fluorescence (green), and phalloidin (F-actin, blue). TRIOBP1 forms cytoplasmic aggregates whose cores are so dense that they cannot
be penetrated by antibodies, giving TRIOBP1-HA aggregates a ring-like appearance. The ring-like appearance is not visible for TRIOBP1-GFP aggregates that can be visualized without antibody. PJVK
C-term is uniformly distributed in the cytoplasm, but it also shows affinity to the actin-based filopodial cores. No preferential association with F-actin or aggregate formation was observed for
PGK1-GFP, which served as a negative control. B, HeLa cells were cotransfected with constructs indicated on top of each panel and analyzed for protein localization 1 d after transfection. Magenta
represents HA-tagged TRIOBP1. Green represents GFP-tagged domains of PJVK and PGK1-GFP. F-actin was labeled with phalloidin (blue). The C-terminal domain, but not the gasdermin (GSDM)
domain, of PJVK or PGK1, colocalized with TRIOBP1 aggregates. C, HeLa cells were cotransfected with expression vectors for GFP-tagged PJVK C-terminal domain and either the mid-to-coiled-coil
region (midCC) or the coiled-coil domain (CC) of TRIOBP1 with an HA-epitope tag. TRIOBP aggregate formation occurred in cells transfected with either construct at standard or 10-fold lower plasmid
concentrations (1/10; 0.05 g/well). The C-terminal domain of PJVK (left insets), but not PABPC1 (right inset, left), colocalized with TRIOBP in aggregates and at the cell cortex (asterisk). D, HEK293T
cells were transfected with the constructs indicated on top of each panel. Immunoprecipitations were performed with GFP antibody followed by Western blotting with GFP and HA antibodies. E, In
vitro-translated PJVK-HA, HA-PJVK, and HA-PGK1 proteins were incubated with GST fusion proteins of TRIOBP1 PH domain (GST-PH), coiled-coil domain (GST-CC), and mid-to-coiled-coil region
(GST-midCC) bound to GST-beads, and the pulled-down proteins were analyzed by immunoblot with anti-HA and anti-GST antibodies. Scale bars: A–C, 10 m; Insets, 2.5 m.
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cotransfected with GFP and HA-tagged constructs. Although full-length pejvakin coprecipitatedTRIOBP1,italsoshowednonspecific
binding to other proteins in the CoIP assays
and its possible interaction with TRIOBP1
couldnotbereliablyverified(datanotshown).
However, an indication of the binding specificity was observed in coprecipitations with
differently GFP-tagged proteins. TRIOBP1HA specifically coprecipitated with the C-terminal domain of pejvakin tagged with GFP at
either end, but not with PGK1-GFP (Fig. 8D).
To further verify the interactions between
PJVK and TRIOBP1, we performed pulldown assays using GST-TRIOBP1 fusion proteins, containing the pleckstrin homology
(PH) domain, mid-to-coiled-coil (midCC) region, or coiled-coil (CC) domain
of TRIOBP1 immobilized on glutathioneSepharose beads. GST-TRIOBP1 fusion proteins were incubated with in vitro translated
HA-tagged full-length PJVK and PGK1 constructs. PJVK bound to the CC domain but
not the PH domain of TRIOBP1, whereas no
interactionswereobservedforPGK1(Fig.8E).
Together, these findings suggest that PJVK associates with the CC-domain of TRIOBP1 via
its C-terminal domain. The longest isoform
of TRIOBP, TRIOBP5, includes TRIOBP1 in its C-terminal domain (Kitajiri
et al., 2010). Hence, our finding that the
C-terminal pejvakin domain interacts
with TRIOBP1 also suggests an interaction between PJVK and TRIOBP5.
Figure 9. Gasdermin domain of Pejvakin localizes to actin-rich structures. A, OHC from a P4 cochlear explant injectopoWe next asked whether the C-terminal rated with PJVK GSDM-GFP and stained with phalloidin (magenta) to visualize F-actin and with anti-TPRN antibody (blue).
domain of pejvakin may be important for The GSDM domain localized along the length of stereocilia, as well as the actin-rich apical circumferential belt, rather than
rootlet localization, by injectoporating the rootlet region. B, HeLa cells were transfected with PJVK GSDM-GFP and stained with phalloidin (magenta). The GSDM
OHCs to express the GFP-tagged N-ter- domain preferentially localized to actin-rich structures in the cell cortex and filopodial cores. Scale bars: A, 5 m; B, 10 m;
minal GSDM domain of pejvakin. We Inset, 5 m.
found that the GSDM domain of pejvakin
was distributed along the length of steredistribution of taperin and radixin, two hair-bundle proteins that
ocilia (Fig. 9A). When expressed in HeLa cells, the GSDM dolocalize to the stereocilia basal taper, was not affected by disrupmain preferentially colocalized with F-actin in the cell cortex and
tion of pejvakin activity (Fig. 10A).
in filopodial cores (Fig. 9B). This localization pattern did not
Given the rootlet localization of pejvakin, we next examined
significantly differ from the one obtained in the presence of
rootlet ultrastructure in OHCs from Pjvk ⫹/ ⫺ and Pjvk ⫺ / ⫺ mice
TRIOBP1 and suggests that colocalization of the GSDM domain
by TEM. OHCs typically have three rows of stereocilia, all of
and TRIOBP1 in filopodia (Fig. 8B), but not in cytoplasmic agwhich form rootlets (Furness et al., 2008). Horizontal sections
gregates, results from independent targeting of these proteins to
through stereocilia insertions into the cuticular plate revealed
actin-rich structures. Together, these data suggest that the GSDM
that each rootlet consists of a central core surrounded by a pedomain of pejvakin has affinity to F-actin and is targeted to steripheral dense ring (Fig. 10B–E). At P18, no apparent differences
reocilia, whereas the C terminus anchors pejvakin at the stereoin the morphology of rootles were observed between genotypes,
cilia base, possibly via its interaction with TRIOBP1 and/or
and the width of the core actin bundles was comparable (Fig.
TRIOBP5.
10 D, E). Occasionally, additional dense material was noted near
the rootlet central core, indicating that rootlets may splay within
Pjvk ⴚ / ⴚ hair cells develop normal stereocilia rootlets
stereocilia (Fig. 10F–K, asterisks). These ultrastructural features
Previous studies have shown that mice deficient in the actinof
the rootlet were present in both Pjvk ⫹/ ⫺ and Pjvk ⫺ / ⫺ mice.
bundling proteins TRIOBP-4/5 develop hair bundles that lack
Even at P30, in longitudinal sections through OHCs (Fig. 10 L, M )
stereocilia rootlets (Kitajiri et al., 2010). We therefore wonand IHCs (Fig. 10N–P), rootlet structures appeared normal in
dered whether pejvakin and TRIOBP-4/5 might cooperate to regsize and were surrounded by a meshwork of dense material giving
ulate rootlet assembly. However, when we colabeled cochlear
the appearance of a lighter zone around the filaments (Furness et
tissues with a TrioBP4/5 antibody and phalloidin, we found that
al., 2008). Occasionally, dense material was observed further up
TRIOBP-4 and -5 were targeted normally to rootlets of hair cells
the shaft (Fig. 10P), which was displaced to the periphery of the
in both Pjvk ⫹/ ⫺ and Pjvk ⫺ / ⫺ mice at P7 (Fig. 10A). Similarly, the
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Figure 10. Normal ultrastructure of rootlets and distribution of stereociliary base components in Pjvk⫺/⫺ hair cells. A, Cochlear whole mounts from P7 Pjvk⫹/⫺ and Pjvk⫺/⫺ littermate mice
were stained with phalloidin (green) to visualize F-actin and with antibodies against rootlet and stereociliary proteins indicated on the left (magenta). The distribution of TPRN, RDX, and TRIOBP5
appears normal in P7 Pjvk⫺/⫺ mice. B–K, TEM of axial sections through the stereocilia of OHCs (B–E) and IHCs (F–K ) at P18. The rows are numbered 1–3, starting with the tallest. The geometry
of the bundle and the relative positioning of stereocilia in Pjvk⫺/⫺ and Pjvk⫹/⫺ OHCs (B–C) and IHCs (F–G). A series of adjacent, tallest row stereocilia of an OHC (D, E), cut at and around the
insertion point, reveals normal-looking, centrally located, electron-dense rootlet material. IHC rootlets also appear normal at the insertion point level (H, I ) and higher, close to the wide end of the
taper region (J, K ). Some stereocilia contain two rootlet branches (asterisks). L–P, Longitudinal sections through P30 stereocilia reveal normal rootlets, extending into the cuticular plate of OHCs
(L, M, white arrows) and IHCs (N–P). No abnormalities were observed in the taper region of Pjvk⫺/⫺ stereocilia (black arrows). Scale bars: A, 10 m; B–P, 500 nm.

core, as previously noted (Furness et al., 2008). Some rootlets
extended all across the cuticular plate (Fig. 10O). We conclude
that pejvakin, unlike TRIOBP-4/5 (Kitajiri et al., 2010), is not
essential for the formation of stereocilia rootlets.

Pejvakin regulates maintenance of shorter row stereocilia
No significant loss of OHCs was observed in Pjvk ⫺ / ⫺ mice at
P10, whereas, at P30, it was mostly confined to the basal region of
the cochlea (Fig. 4E–J ). Likewise, IHCs were present in Pjvk ⫺ / ⫺
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Figure 11. Structural defects in shorter row stereocilia of Pjvk⫺/⫺ hair cells. A, SEM micrographs of IHC bundles at P30 (mediobasal turn). Pjvk⫺/⫺ IHC stereociliary bundles exhibit abnormally
short (arrows) or missing (asterisks) fourth row stereocilia and second row stereocilia with elongated tips (arrowhead). Second row tip shapes are variable (bottom) but can still accommodate a tip
link (bottom right inset). B, Quantitation of stereocilia thickness. The thickness of IHC second row stereocilia is selectively decreased. C, Height of third row stereocilia. D, Pjvk⫺/⫺ OHCs lack multiple
third row stereocilia (arrowheads). E, OHC third row stereocilia count compared with the first row at P30 and P11 (expressed as percentage). One-way ANOVA showed no significant difference
between mice of the same genotype (Pjvk⫹/⫺: n ⫽ 18, n ⫽ 8, n ⫽ 23, F ⫽ 0.1, Fcrit ⫽ 3.2; Pjvk⫺/⫺: n ⫽ 6, n ⫽ 16, n ⫽ 12, F ⫽ 1.7, Fcrit ⫽ 3.3). Combining Pjvk⫹/⫺ and Pjvk⫺/⫺ mice in
the analysis showed significant difference between genotypes (F ⫽ 16.7, Fcrit ⫽ 2.3, p ⫽ 4 ⫻ 10 ⫺11). B, C, E, Each data point represents mean thickness (B), length (C), or count (E) of stereocilia
of a given row in a cell. Blue bars represent mean ⫾ SEM. ***p ⬍ 0.001 (ANOVA followed by post hoc t test). *p ⬍ 0.05 (ANOVA followed by post hoc t test). F, SEM micrographs of hair cells at P11
show similar structural defects. Whereas many medial turn bundles appear normal (second image), others have short or missing third row stereocilia (third image, arrowheads). Occasional slight
second row stereocilia tip deformation in OHCs and IHCs is visible (images 4 –7, arrowheads). Scale bars: A, 3 m (images 1–3) and 200 nm (images 4 – 6); D, 3 m; F, 3 m (images 1–3) and 500
nm (images 4 –7).

mice at P30 and did not display any obvious signs of degeneration
(Fig. 4E–I ), except for the most basal “hook” region (Fig. 4K–L),
indicating that hearing loss across frequencies may be due to
functional defects or subtle structural anomalies in hair cells. We
therefore performed a more detailed survey of stereocilia ultrastructure to delineate the mechanisms contributing to hair cell
degeneration. Upon closer inspection, we observed that, in IHCs
of Pjvk⫺/⫺ mice, the shortest stereocilia of the fourth row were
almost completely missing and stereocilia of the second row frequently displayed abnormally thin and elongated tips (Fig. 11A).
In addition, the thickness of second row stereocilia was reduced
(Fig. 11B) and the height of third row stereocilia was decreased
(Fig. 11C). Structural abnormalities in shorter row stereocilia
were also observed in OHCs of Pjvk⫺/⫺ mice. Multiple stereocilia
of the third row were missing, predominantly at the wings of the

hair bundle (Fig. 11D, arrowheads). This hair bundle phenotype
was observed both at the basal (top) and medial cochlear turn
(bottom). To quantify these differences, we counted third and
first row stereocilia from multiple OHCs in Pjvk⫹/⫺ and Pjvk⫺/⫺
(n ⫽ 3 mice per genotype). The ratio of third to first row stereocilia was severely decreased in Pjvk⫺/⫺ mice at P30 (Fig. 11E, Mice
1– 4). A small but significant decrease was also observed at P11
(Fig. 11E, Mouse 5, 6). At this early age, some OHCs appeared
normal (Fig. 11F, panel 2), whereas in others third row stereocilia
were either missing or severely reduced in length (Fig. 11F, panel
3, arrows). In addition, stereocilia in some of the IHCs and OHCs
exhibited overelongated tips (Fig. 11F, panels 4 –7), although this
phenotype was rarely observed at P11. Selective degeneration of
shorter row stereocilia combined with aberrant tip morphology
has also been reported in mice deficient for the hair-cell cytoskel-
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channels and single-channel conductance
are similar in mutants and controls. Although the differences observed in the
resting open probability of MET channels
and the deflection range that corresponds
to the current change from 10% to 90% of
its maximal deflection value did not reach
significance, they show the correct trend
to support the change in set point and altered slope parameter (Fig. 12D). These
changes could be explained by an increased elasticity in the tip-link/channel
complex or the stereocilia tips. The latter
model is particularly intriguing in view of
the aberrant tip morphology in Pjvk ⫺ / ⫺
mice.

Discussion
The precise assembly of the ordered staircase structure of the hair bundle is critical
for mechanotransduction and requires
sophisticated regulatory mechanism to
control stereocilia elongation, thickening,
and resorption of excess stereocilia (Manor
and Kachar, 2008). Although studies of hair
bundle phenotypes in mutant mice have
identified many of the actin-regulatory
Figure 12. Pjvk⫺/⫺ OHCs exhibit rightward shifted activation curves. A, Current traces recorded from an exemplary mechanisms that mediate stereocilia elonPjvk ⫹/ ⫺ (black) and Pjvk ⫺ / ⫺ (red) OHC in response to stepwise bundle deflection exhibit similar kinetics. B, Normalized gation during development, it is likely that
current-displacement curves for an exemplary Pjvk ⫹/ ⫺ and Pjvk ⫺ / ⫺ OHC. C, Summary plots of the three parameters similar active processes are required to
characterizing current-displacement curve, the set point (x0), and the slopes (Z1 and Z2) indicate decreased deflection maintain the precisely registered stereosensitivity of MET current in Pjvk ⫺ / ⫺ mice. Each data point represents the result from a separate mouse. Data points
cilia heights throughout life. Here, we recorresponding to the exemplary recordings from A and B are highlighted. **p ⬍ 0.005 (two-tailed t test). ***p ⬍ 0.001
(two-tailed t test). D, Summary plots of resting open probability (Popen), the width of bundle displacement corresponding port that pejvakin, a protein that has
to the 10%–90% activation range (Width10 –90), and the peak current recorded for maximal bundle deflection (Ipeak) show previously been linked to auditory neuropathy and cochlear deafness, is not
no significant difference between genotypes.
essential in auditory neurons for normal
hearing in mice. Instead, our findings
provide evidence that pejvakin acts celletal proteins, myosin 15 isoform 1 (Fang et al., 2015) and Esp8L2
autonomously in hair cells to maintain normal stereocilia
(Furness et al., 2013). These findings indicate that pejvakin is
staircase-structure and mechanotransduction. In injectoporated
essential for maintaining shorter row stereocilia, possibly by
hair cells, pejvakin is localized at the stereocilia rootlets, and its
modulating F-actin stability in hair bundles.
C-terminal domain binds to the common part of the rootlet components TRIOBP-1 and -5 (Kitajiri et al., 2010). In the absence of
Pejvakin deficiency decreases deflection sensitivity of MET
pejvakin, hair cells develop hair bundles with normal rootlets but
machinery in OHCs
exhibit fewer and malformed shorter rows stereocilia and reThe localization pattern of pejvakin in injectoporated hair cells
duced sensitivity in their mechanotransduction responses. We
prompted us to analyze the extent to which MET was affected in
conclude that pejvakin is required for the maintenance of mechaPjvk ⫺ / ⫺ hair cells. To determine whether hair cell function was
notransducing stereocilia and that deafness in Pjvk ⫺ / ⫺ mice and
affected before the onset of hearing, we recorded whole-cell
DFNB59 patients likely occurs as a consequence of functional
mechanotransducer currents in P7-P10 OHCs from the apical
defects in auditory hair cells.
turn of the cochlea using bundle deflections with a stiff probe.
Previous studies have shown that stereocilia of Triobp-4/5Both Pjvk⫺/⫹ and Pjvk ⫺ / ⫺ OHCs displayed characteristic rapid
deficient mice fail to assemble rootlets (Kitajiri et al., 2010).
inward transducer currents, which subsequently adapted with
Whereas TRIOBP-5 is localized at rootlets, TRIOBP-4 is distribthe expected fast and slow time constants (Fig. 12A). The normaluted along stereocilia (Kitajiri et al., 2010), suggesting that the
ized activation curve, which reflects the dependence of the curC-terminal domain might anchor TRIOBP-5 at rootlets. Consisrent on the magnitude of deflection, showed a rightward shift and
tent with this idea, we found that TRIOBP-1, which corresponds
altered slope parameter (Fig. 12 B, C), indicating that greater bunto the C terminus of TRIOBP-5, exclusively localizes to the
dle deflection is necessary to elicit the same current in Pjvk ⫺ / ⫺
base of stereocilia in injectoporated hair cells. In analogy to
mice. No significant difference was observed for the current
TRIOBP-5, the C-terminal domain of pejvakin is critical for rootrecorded at maximal deflection (Ipeak; Fig. 12D). The lack of a
let localization, as evidenced by the disruption of this pattern by
difference between the peak amplitudes of the transducer curthe C-terminal sirtaki (p.K290X) deletion and p.C343S missense
rents in Pjvk⫺/⫹ and Pjvk ⫺ / ⫺ OHCs at maximum deflection is
mutations. The C-terminal domain of pejvakin binds to and coconsistent with the reported normal peak currents in sirtaki mice
(Xiong et al., 2012), and indicates that the total number of MET
localizes with the coiled-coil domain of TRIOBP-1 in heterolo-
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gous cells, raising the possibility that pejvakin associates with
rootlets via binding to TRIOBP. Notably, the GSDM-N domains
of all gasdermins, except for pejvakin, bear intrinsic cytotoxic activity
(Op de Beeck et al., 2011; Shi et al., 2015). We found that the
N-terminal domain (aa 1–240) of pejvakin is localized along stereocilia in transfected hair cells as well as F-actin and filopodia in HeLa
cells. Filopodia, like stereocilia, are cylindrical extensions of the
plasma membrane that contain a bundle of parallel actin filaments at
their core (Mattila and Lappalainen, 2008). Our findings suggest that
the GSDM-N domain of pejvakin may have diverged significantly
from other gasdermins, possibly to mediate interactions with the
actin cytoskeleton or its associated proteins.
The precise formation and maintenance of the hair bundle’s
staircase organization are critical for its mechanosensory function. We show that alterations in hair bundle structure and eventual degeneration of hair cells in Pjvk ⫺ / ⫺ mice are associated
with profound hearing loss across the entire frequency range. A
remarkable finding is the selective loss of the shortest row stereocilia in OHCs at P30, accompanied by a decrease in width and
length of shorter rows stereocilia and overextended tips in IHCs.
The hair bundle phenotype suggests that actin polymerization or
filament maintenance is selectively affected in mechanotransducing stereocilia of both hair cell types. Several hypotheses as to how
the loss of pejvakin causes stereocilia degeneration are plausible.
Pejvakin may regulate actin assembly at the barbed ends of elongating actin filaments. However, at least in immature OHCs,
GFP-pejvakin was predominantly localized at rootlets and only
occasionally detected near stereocilia tips, the site of actin monomer addition. Alternatively, pejvakin at rootlets may direct the
trafficking of actin-binding proteins, such as myosins and their
cargo proteins into stereocilia. Indeed, mutations in several
actin-binding proteins, including Eps8L2 (Furness et al., 2013)
and myosin 15 isoform 1 (Fang et al., 2015), cause hair-bundle
anomalies similar to the phenotype observed in Pjvk ⫺ / ⫺ mice,
with selective loss of shorter row stereocilia. Of note, myosin 15
isoform 1, which localizes to the tips of shorter row stereocilia,
can affect tip shape in a manner highly reminiscent to the phenotype observed in Pjvk ⫺ / ⫺ mice (Fang et al., 2015). It will be
interesting to define in the future the extent to which pejvakin
functionally interacts with these and other actin-binding proteins
that regulate stereocilia elongation.
Recent studies have suggested that hypersensitivity to sound,
due to peroxisomal defects, plays a role in the degeneration of
hair cells and neurons in Pjvk ⫺ / ⫺ mice (Delmaghani et al., 2015).
We show here that hair cells in Pjvk ⫺ / ⫺ mice develop morphological and functional defects before the onset of hearing. Abnormal MET responses and loss of mechanotransducing stereocilia
are clearly present by P11, and thus unlikely the result of noise. In
P7-P10 Pjvk ⫺ / ⫺ mice, OHCs have normal transduction-current
amplitudes, suggesting that critical components of the MET machinery are transported into stereocilia. The shift in the I(X)
curve, however, demonstrates that the sensitivity of the MET
currents to hair bundle displacement is decreased, indicating that
pejvakin is required for normal mechanotransduction by OHCs.
Based on the distribution of pejvakin in stereocilia and the overextended stereocilia tips in Pjvk ⫺ / ⫺ mice, it is possible that effects
on mechanotransduction were caused by defects in the actin core
cytoskeleton or actin-membrane association at stereocilia tips,
which contribute to the stiffness of the hypothetical gating spring
element attached to the MET channel (Corey and Hudspeth,
1983; Howard and Hudspeth, 1987).
A recently proposed model for pejvakin in peroxisomal
proliferation was based on the generation of a monoclonal
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pejvakin antibody (Delmaghani et al., 2015). Although commercially available antibodies failed to detect endogenous pejvakin in mouse tissue, we found that they recognize exogenous
pejvakin in HeLa cells. Surprisingly, neither GFP-tagged nor
untagged pejvakin colocalized with the peroxisomal marker
PMP70 when expressed in HeLa cells or cochlear hair cells.
The use of hair cell injectoporation technique (Xiong et al.,
2014) allowed us to detect pejvakin in the basal compartment
of stereocilia and probe the effects of DFNB59 mutations on
pejvakin localization. This important feature would have
likely been missed using only antibodies, which specifically
detected pejvakin in cell lines but not at hair cell rootlets.
Indeed, when we expressed GFP-pejvakin in hair cells, the
fusion protein could be detected at the rootlets with an antiGFP antibody but not by antibodies against different epitopes
in pejvakin (data not shown), suggesting that, within densely
packed rootlet complexes, these epitopes may be masked by the
presence of pejvakin-associated proteins. Similarly, pejvakinspecific antibodies were unable to penetrate the dense round
structures formed in HeLa cells coexpressing TRIOBP1 and pejvakin, producing a characteristic ring-like signal.
Our studies show that genetic ablation of pejvakin in auditory
neurons has no effect on ABR thresholds and latencies, which is
consistent with the lack of detectable levels of pejvakin mRNA in
these cells in wild-type mice. Initial expression studies with a polyclonal antibody indicating neuronal expression (Delmaghani et al.,
2006) were later put into question (Delmaghani et al., 2015), whereas
in recent studies with a pejvakin monoclonal antibody neuronal
expression has not been reported (Delmaghani et al., 2015). Notably,
ABRs were unaffected in 2-month-old Pjvk fl/flNgn1-CreER T2 mice
exposed to the same natural acoustic environment as Pjvk ⫺ / ⫺ mice.
Furthermore, controlled acoustic stimulation failed to detect the recently proposed hypersensitivity of auditory neurons to noise (Delmaghani et al., 2015). These findings raise the question as to how
pejvakin mutations might cause ANSD.
In agreement with a previous study (Delmaghani et al., 2015),
we show here that hair cell degeneration in pejvakin loss-offunction mouse models is not limited to OHCs. Given the absence of a phenotype in the neuron-specific Pjvk knock-out mice,
it seems plausible that IHC dysfunction contributes to hearing
loss in DFNB59 patients with intact OAEs. Intriguingly, we observed that p.C343S and p.K290X mutations, which disrupt
OAEs in human patients and sirtaki mice, respectively, abolish
the localization of pejvakin at the base of stereocilia, indicating
that its presence at rootlets is critical for OHC function. No morphological abnormalities in hair cells of p.R183W knock-in mice
have been described (Delmaghani et al., 2006). ANSD-linked
mutations may therefore have a subtler effect on pejvakin and
predominantly affect IHC function or lead to a slower progression of OHC degeneration. Indeed, the p.R183W mutation can
cause hearing loss with or without normal OAE responses in
different individuals (Delmaghani et al., 2006; Collin et al., 2007),
suggesting that OAEs may disappear with the progression of the
disease or be dependent on additional genetic factors. We conclude that pejvakin plays a vital role in hair cells and is required to
sustain OHC activity and survival. Finally, our findings have
therapeutic implications. The distinction between ANSD and a
cochlear defect is important as cochlear implants may be of marginal value in patients with ANSD caused by cochlear nerve damage but have proven effective for treatment of individuals with
hair cell-related deafness.
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