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Abstract

Mutations in the Pejvakin (Pjvk) gene cause autosomal recessive hearing loss DFNB59 with 

audiological features of auditory neuropathy spectrum disorder (ANSD) or cochlear dysfunction. 

The precise mechanisms underlying the variable clinical phenotypes of DFNB59 remain unclear. 

Here, we demonstrate that mice with conditional ablation of the Pjvk gene in all sensory hair cells 

or only in outer hair cells (OHCs) show similar auditory phenotypes with early-onset profound 

hearing loss. By contrast, loss of Pjvk in adult OHCs causes a slowly progressive hearing loss 

associated with OHC degeneration and delayed loss of inner hair cells (IHCs), indicating a 

primary role for pejvakin in regulating OHC function and survival. Consistent with this model, 

synaptic transmission at the IHC ribbon synapse is largely unaffected in sirtaki mice that carry a 

C-terminal deletion mutation in Pjvk. Using the C-terminal domain of pejvakin as bait, we 

identified in a cochlear cDNA library ROCK2, an effector for the small GTPase Rho, and the 

scaffold protein IQGAP1, involved in modulating actin dynamics. Both ROCK2 and IQGAP1 

associate via their coiled-coil domains with pejvakin. We conclude that pejvakin is required to 

sustain OHC activity and survival in a cell-autonomous manner likely involving regulation of Rho 

signaling.
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Introduction

Hair cells of the mammalian inner ear are highly specialized mechanosensors that convert 

mechanical stimuli into electrical impulses. There are two types of hair cells in the organ of 

Corti, the sensory epithelium of the cochlea, that have different morphological and 

physiological properties and subserve unique functions (Dallos, 1992). IHCs are the true 

sensory cells that transmit the electrical signals via specialized ribbon synapses to the 

auditory nerve (Wichmann and Moser, 2015), whereas OHCs act as mechanical amplifiers 

that enhance weak sounds in the cochlea and are regulated by efferent input from the 

brainstem (Warr and Guinan, 1979; Zheng et al., 2000; Liberman et al., 2002; Dallos et al., 

2008). Much remains to be known about the molecular mechanisms that control the 

morphological and functional specialization of these two types of hair cells and maintain 

their integrity throughout life.

Sensorineural hearing loss is frequently caused by defects in OHCs that seem more 

susceptible to damage by noise and genetic perturbations than IHCs. By contrast, mutations 

in only a few genes disrupt IHC function, without directly compromising OHC activity, 

including otoferlin (OTOF), SLC17A8 (encoding the vesicular glutamate transporter-3 

(VGLUT3)), and Diaphanous homolog 3 (DIAPH3) (Varga et al., 2003; Roux et al., 2006; 

Ruel et al., 2008; Schoen et al., 2010). Patients carrying mutations in these genes often 

present with an abnormal auditory brainstem response (ABR), indicative of IHC 

dysfunction, but preserved otoacoustic emissions (OAEs), reflecting normal OHC activity, 

and therefore meet the diagnostic criteria for ANSD (Starr et al., 1996; Kemp, 2002b; Moser 

and Starr, 2016). ANSD is caused by defects in the encoding and processing of sound at 

IHCs, the IHC synapse, or the auditory nerve itself. While mutations in the OTOF and 

SLC17A8 genes cause defects at the IHC synapse (also termed auditory synaptopathy) 

(Roux et al., 2006; Ruel et al., 2008), DIAPH3 is critical for the long-term maintenance of 

IHC stereocilia and possibly synapses (Schoen et al., 2010). Thus, while only few genetic 

forms of ANSD are known, they have mostly been attributed to defects at the IHC synapse. 

More complex mechanisms may contribute to DFNB59, an autosomal recessive form of 

hearing loss that can manifest as ANSD or cochlear deafness (Delmaghani et al., 2006; 

Collin et al., 2007a; Schwander et al., 2007b). Two missense mutations (p.T54I and 

p.R183W) in Pjvk were initially reported in DFNB59 patients with audiological hallmarks 

of ANSD including abnormal ABR and preserved OAEs (Delmaghani et al., 2006). 

Evidence suggests that these mutations affect the conduction of signals in the auditory nerve, 

while leaving OHC function unaffected (Delmaghani et al., 2006). However, subsequent 

studies identified Pjvk nonsense mutations in DFNB59 patients with progressive hearing 

loss and, in many cases, absent OAEs (Chaleshtori et al., 2007; Collin et al., 2007b; 

Ebermann et al., 2007; Schwander et al., 2007a; Zhang et al., 2015). Importantly, abnormal 

OAEs have also been reported in individuals carrying the ANSD-linked p.R183W mutation 

(Collin et al., 2007b), raising the question of whether OHC defects may secondarily develop 

over time as the disease progresses and whether DFNB59 meets the diagnostic criteria of 

ANSD.

Pejvakin is a distantly-related member of the gasdermin family of genes (Saeki et al., 2000). 

All gasdermins share a common N-terminal gasdermin (GSDM) domain. The GSDM N-

Harris et al. Page 2

Neuroscience. Author manuscript; available in PMC 2018 March 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



domain of some gasdermins bears intrinsic cytotoxic activity (Op de Beeck et al., 2011; Shi 

et al., 2015), although no such function has been reported for the GSDM N-domain of 

pejvakin. The C-terminal domain of pejvakin bears homology with Zinc binding proteins, 

and its deletion causes progressive hearing loss and abnormal OAEs in the ENU-induced 

sirtaki mouse line (Schwander et al., 2007a), suggesting a critical role for the C-terminal 

domain in pejvakin function. A recent study suggested a possible role for pejvakin in 

regulating peroxisome proliferation in sensory hair cells and auditory neurons in response to 

oxidative stress (Delmaghani et al., 2015), although no peroxisomal targeting sequence has 

been detected in its primary sequence. Thus, clarification of the mechanisms underlying the 

phenotypic variability associated with mutations in the Pjvk gene awaits identification of its 

molecular and cell-type specific functions.

To determine the extent to which pejvakin regulates the development and maintenance of 

IHCs and OHCs, we have carried out targeted disruption of the Pjvk gene in the early 

postnatal and adult cochlea. Here, we report that genetic ablation of pejvakin in all cochlear 

hair cells or only in OHCs leads to an early-onset profound hearing loss. Pejvakin is also 

required to sustain the activity and survival of OHCs in the adult cochlea but is largely 

dispensable for synaptic transmission at the IHC ribbon synapse. Using yeast two-hybrid 

screens of a cochlear cDNA library, we identified ROCK2 and IQGAP1, well-known 

regulators of actin dynamics, as binding proteins for pejvakin (Mateer et al., 2002; Shimizu 

et al., 2003; Brown and Sacks, 2006; Truebestein et al., 2015). Our findings show that loss 

of function mutations in Pjvk affect OHC function in an age-dependent manner, possibly by 

compromising the integrity of the hair cell cytoskeleton.

Experimental Procedures

Mouse strains, ABR and DPOAE measurements

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. The 

measurement of ABRs and distortion product otoacoustic emissions (DPOAEs) was carried 

out as described (Schwander et al., 2007a). tdTomato reporter mice (B6.Cg-

Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J) and wild-type C57BL6 mice were obtained from 

The Jackson Laboratory. Atoh1-CreER™ (Chow et al., 2006) and Prestin-CreERT2 (Fang et 

al., 2012) mice were a kind gift from S. Baker and J. Zuo (St. Jude Children’s Research 

Hospital, Memphis, TN), respectively. Generation of pejvakin floxed mice (Pjvkfl/fl) mice 

will be described in detail elsewhere (M. Kazmierczak, P. Kazmierczak, A.W. Peng, S.L. 

Harris, P. Shah, J.-L. Puel, M. Lenoir, S.J. Franco, and M. Schwander, unpublished 

observations). Pjvkfl/fl mice were crossed with Atoh1-CreER™ and Prestin-CreERT2 mice 

and genotyped as previously described (Graus-Porta et al., 2001). Double heterozygous 

Pjvkfl/+; Atoh1-CreER™ and Pjvkfl/+; Prestin-CreERT2 mice were crossed with 

homozygous Pjvkfl/fl mice to obtain animals used in experiments. To induce Cre activity in 

crosses with Atoh1-CreER™ mice, pups were intraperitoneally (IP) injected once daily with 

tamoxifen (T5648, Sigma) dissolved in corn oil (C8267, Sigma) at a dose of 3mg/40g body 

weight at P0 and P1. To induce Cre activity in crosses with Prestin-CreERT2 mice, pups 

were injected IP once daily either at P2-P4 with 3mg/40g or at P21 and P22 with 9 mg/40g 
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body weight. Pjvk conditional knockout (KO) mice were genotyped for the presence of Cre 

recombinase and the pejvakin floxed allele. Detection of Cre allele: Cre_fw 

GACATGTTCAGGGATCGCCAGGCG, Cre_rv1 GACGGAAATCCATCGCTCGACCAG; 

Detection of Flox allele: FloxLongfw GAATTCCTCTTGGATGATGGCCACTGCAGA, 

FloxLongrv AACGAAGCTCTTGGTAGCAGCAGCAAACAT. Sirtaki mice were genotyped 

as previously described (Schwander et al., 2007b).

Histology and immunohistochemistry

Inner ear sections were stained with hematoxylin and eosin as described (Schwander et al., 

2007b). Whole mount staining of cochlear sensory epithelia with anti-myosin VIIa (rabbit; 

Proteus Biosciences) and 488-phalloidin (Life Technologies) were carried out as described 

(Senften et al., 2006; Schwander et al., 2007b). The whole mount preparations were imaged 

with a BX63 fluorescence microscope (Olympus). Hair cells were counted as present if 

myosin VIIa-positive cell bodies and V-shaped hair bundles were intact. CellSense software 

(Olympus) was used to measure the total length of cochlear whole mounts and the length of 

individual counted segments. The total number of IHCs and OHCs was counted in each of 

three cochlear segments (apical, medial and basal) of 600–1600 μm. Density (cells per 100 

μm) of hair cells was then calculated for each segment.

Immunohistochemistry for CtBP2 and GluR2/3 was performed as described previously 

(Khimich et al., 2005). In brief, the organs were fixed with 4% formaldehyde for 10 minutes 

on ice, immunolabeled by mouse IgG1 anti-CtBP2 (BD Biosciences, 1:200) and rabbit anti-

GluR2/3 (Chemicon, 1:200) primary antibodies and secondary AlexaFluor488- and 

AlexaFluor568-labeled antibodies (Molecular Probes, 1:200). Confocal images were 

acquired using a laser scanning confocal microscope (Leica TCS SP2, Leica Microsystems 

CMS GmbH, Mannheim, Germany) with 488 nm (Ar) and 561 nm (He-Ne) lasers and a 60× 

oil immersion objective. Z-axis stacks of 2D images were taken with a step size of 0.5 μm. 

Z-projections and analysis were done in ImageJ. The ribeye/CtBP2 and GluR2/3 

immunofluorescence spots were counted in the z-stacks and divided by the number of IHCs. 

Juxtaposed spots of pre- and postsynaptic immunofluorescence were taken to identify intact 

IHC ribbon synapses.

In addition, HeLa cells were co-transfected with an expression vector (pcDNA3.1, Clontech) 

encoding the N-terminal gasdermin domain (amino acids 1–239) or C-terminal domain 

(amino acids 241–352) of pejvakin fused to FLAG-epitope tag and pEGFP-IQGAP1. Protein 

expression was evaluated by immunofluorescence analysis with anti-GFP (rabbit; Abcam) 

and anti-Flag (mouse, Sigma) antibodies as described (Senften et al., 2006). Additional 

antibodies were as follows: Alexa Fluor 568 anti-rabbit and anti-mouse (Life Technologies), 

and Alexa Fluor 488–phalloidin (Life Technologies), and horseradish peroxidase-conjugated 

anti-rabbit (GE Healthcare).

DNA constructs, immunoprecipitation and western blot analysis

pEGFP-IQGAP1 was a kind gift from David Sacks (Addgene plasmid # 30112). HA-tagged 

ROCK2 (pXJ40 HA Rok-alpha) was a kind gift from Thomas Leung (Leung et al., 1996). 

HEK293 cells were transiently transfected using X-tremeGENE 9 DNA transfection reagent 
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(Roche) according to the manufacturer’s instructions. Cell lysis, immunoprecipitations with 

anti-GFP antibody (rabbit, Sigma) or anti-Flag antibody (mouse, Sigma) and Western blot 

analysis were carried out as described (Kazmierczak et al., 2015), except that cellular 

extracts were prepared in 50 mM TrisHCl, pH 7.6, 150 mM NaCl, 1% NP-40 and 

immunocomplexes washed three times in 50 mM TrisHCl, pH 7.6, 150 mM NaCl, and 

0.25% NP-40. The blots were probed with anti-GFP (rabbit, Sigma), anti-Flag (mouse, 

Sigma) and anti-HA-HRP (rat, Roche) antibodies. Primary antibodies and proteins were 

visualized with HRP-conjugated anti-rabbit antibody (1:20000, GE Healthcare) using the 

ECL2 detection system (Thermo Fisher Scientific).

Patch-clamp recordings

Recordings were performed in 2–3-week-old mice. The apical cochlear turns were dissected 

in HEPES Hank’s solution containing (in mM): 5.36 KCl, 141.7 NaCl, 1 MgCl2, 0.5 

MgSO4, 10 HEPES, 11.1 D-glucose and 3.42 L-glutamine, pH: 7.2. IHCs were patch-

clamped in the perforated-patch configuration as previously described (Brandt et al., 2003). 

The pipette solutions contained (in mM): 130 Cs-gluconate, 10 TEA-Cl, 10 4-AP (4-

aminopyridine; Merck KGaA, Darmstadt, Germany), 1 MgCl2, 10 HEPES, 300 μg/ml 

amphotericin B (Calbiochem, La Jolla, CA), pH: 7.17, osmolarity: approx. 290 mOsm. The 

extracellular solutions contained (in mM): 113 NaCl, 35 TEA-Cl, 2.8 KCl, 2 CaCl2, 1 

MgCl2, 10 HEPES, 1 CsCl, 11.1 D-glucose, pH: 7.2, osmolarity: approx. 300 mOsm). All 

chemicals were obtained from Sigma-Aldrich (St. Louis, MO). Recordings were done at 

room temperature with an EPC-9 amplifier (HEKA Electronics, Lambrecht, Germany) 

controlled by Pulse software (HEKA). Membrane capacitance increments (ΔCm) were 

measured as previously described (Moser and Beutner, 2000), averaging 400 ms before and 

after (skipping the first 100 ms) depolarization. To measure ΔCm, IHCs were stimulated by 

depolarizations of different durations to peak Ca2+ current potential at intervals of 30 to 60 s. 

For Ca2+ current inactivation experiments IHCs were depolarized for 100 ms. All voltages 

were corrected for liquid junction potential (-14 mV). Analysis of results from patch-clamp 

experiments was performed in Igor Pro (Wavemetrics, Eugene, OR) software. Current-

voltage relationships were fitted with a custom made macro in Igor Pro: the reversal 

potential was estimated by fitting a line to the IV in the range of 20–40 mV (not corrected 

for the liquid junction potential). Conductance was calculated as G(V)=I(V)/(V-Vrev), where 

V is the test potential, Vrev is the estimated reversal potential, I(V) is the average current at 

V, and G is the conductance at V. Conductance traces were normalized and the normalized G 

trace was fitted with the Boltzmann equation G(V)=Gmax/(1+exp((Vhalf-V)/slope), where 

Vhalf is potential of half activation. Data were tested for randomness, normality (Jarque-Bera 
test) and equality of variances (F-test) and compared for statistical significance using 

Student’s t test or Wilcoxon rank-sum test, as appropriate.

Quantitative PCR

Reverse transcription and qPCR was performed as described previously (Kazmierczak et al., 

2015). Primers recognizing Pgk1 were: forward, 5′-CAACAACATGGAGATTGGCACA, 

reverse 5′-ACAGTAGCTTGGCCAGTCTTG; and for Pjvk: forward 

CGGTGCCTTCGACATTTGTG, reverse 5′-GCGTCCATCACTCTCCTGTT. No reverse 

transcriptase controls (no-RT controls) were included as negative controls for each sample 
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and primer pair to assess the levels of nonspecific amplification, as described previously 

(Kazmierczak et al., 2015).

Yeast two-hybrid screens

P4–P7 mouse cochlear cDNA library was a kind gift of Ulrich Muller (Zhao et al., 2014). 

Full length and C-terminal portion pejvakin (amino acids 239–352) were cloned into both 

LexA-N and LexA-C bait vectors (Dualsystems), which allow expression of N-and C-

terminal LexA fusion proteins and carry a TRP1 auxotrophic marker. Both the DNA binding 

domain-bait and bait-DNA binding domain orientation were used to account for differences 

in case of self-activation of the reporter gene or improper folding of the bait protein. Bait 

plasmids were transformed into the NMY51 yeast reporter strain using LiAc methods. Yeast 

two-hybrid screens were performed according to the manufacturer’s instructions 

(Dualsystems) and more than 10 million transformants were screened for each bait. The 

interactions between candidate clones and baits were verified by isolating and re-introducing 

the respective bait and prey plasmids into the NMY51 yeast strain. The transformants were 

reassessed by nutritional selection and X-α-gal plate assay as described in the 

manufacturer’s instructions (Dualsystems).

Statistical analysis

Data analysis was performed using Igor Pro (Wavemetrics, Eugene, OR) and Excel 

(Microsoft, Redmond, WA) software. All data are mean ± standard error of the mean (SEM). 

Data were tested for randomness, normality (Jarque-Bera test) and equality of variances (F-

test) and compared for statistical significance using Student’s t-test or Wilcoxon rank-sum 

test, as appropriate (*p < 0.05, **p < 0.01, *** p < 0.001). The number “n” in each assay 

corresponds to the number of independent data points and is equal to the number of animals 

analyzed for each group. In all analysis, a Bonferroni test was used to correct for multiple 

comparisons.

Results

Pjvk is selectively expressed in sensory hair cells

Pejvakin was initially reported to be broadly expressed in hair cells, supporting cells, and 

different neuronal populations of the auditory pathway (Delmaghani et al., 2006). Recent 

studies based on a monoclonal antibody detected pejvakin in hair cells of the inner ear, while 

neuronal expression has not been reported (Delmaghani et al., 2015). To further define the 

expression pattern of pejvakin, we compared the relative levels of pejvakin mRNA, 

normalized to the housekeeping gene Pgk1, in different inner ear tissues at P5 by 

quantitative real-time PCR. Expression of Pjvk transcripts was more than three-fold higher 

in the organ of Corti when compared to stria vascularis (p < 0.01, two-tailed t-test) or 

modiolus (p < 0.01), which harbors spiral ganglion neurons (Fig. 1A). These findings are 

consistent with the hair cell-specific expression pattern of pejvakin in the Shared Harvard 

Inner-Ear Laboratory Database (https://shield.hms.harvard.edu). By in situ hybridization, we 

detected Pjvk expression in sensory hair cells (Fig. 1B and C, arrowheads) of the cochlea at 

postnatal (P) day 4 but not in spiral ganglion neurons (asterisks). No signal was observed in 

hair cells with a sense probe (Fig. 1D and E, arrowhead).
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Since Pjvk mRNA is present in hair cells and OHC function is affected in some DFNB59 

patients carrying the p.R183W mutation (Collin et al., 2007a), we hypothesized that 

pejvakin might be important for hair cell survival. To define the effect of pejvakin deficiency 

on the morphology of hair cells and auditory neurons, we examined sagittal sections from 

the inner ears of 4-month-old wild-type and sirtaki mice that carry a deletion mutation 

(p.K290X) in the Pjvk gene, abrogating the pejvakin C-terminal domain (Schwander et al., 

2007b). We observed profound degenerative changes in the basal turn of the mutant cochlea 

(Fig. 2A and B) including the loss of hair cells (arrowheads) and a reduction in the density 

of spiral ganglion neurons (arrows). We next analyzed the cochlear sensory epithelia of 

homozygous and heterozygous sirtaki mice by immunofluorescence staining with an 

antibody to myosin VIIa and DAPI to label hair cells and nuclei, respectively. A detailed 

survey of the most basal region of the cochlea in homozygous sirtaki mice at P30 revealed 

scattered loss of OHCs (Fig. 2C–F; arrowheads), whereas IHCs were largely preserved (Fig. 

2G, H). Quantification of the number of myosin VIIa-positive hair cells confirmed that the 

OHC density (cells per 100 micron) is significantly decreased in basal regions of the mutant 

cochlea (16 ± 7 OHCs/100 μm, mean ± SEM, p < 0.05, two-tailed t test) compared to 

heterozygous controls (39 ± 1 OHCs/100 μm) at this age (Fig. 2I). These results point to a 

critical role of the C-terminal domain of pejvakin in maintaining the integrity of sensory hair 

cells and possibly auditory neurons.

Function and morphology of IHC ribbon synapses is preserved in sirtaki mice

Because p.T54I and p.R183W mutations in Pjvk have been linked to ANSD (Delmaghani et 

al., 2006), we next asked whether pejvakin regulates synaptic transmission at the IHC ribbon 

synapse. To analyze the presynaptic function of IHCs we performed patch-clamp recordings 

of Ca2+ currents and exocytosis in sirtaki and age-matched control mice. We first examined 

the Ca2+current that is largely mediated by CaV1.3 channels (Platzer et al., 2000; Brandt et 

al., 2003; Dou et al., 2004). No significant changes in the voltage-dependence were observed 

(the potential of half activation: −27.8 ± 1.1 vs. −30.4 ± 1.6 mV (p = 0.2, Student’s t test); 
and the slope factor: 6.4 ± 0.1 mV vs. 5.9 ± 0.2 mV (p = 0.1, Wilcoxon rank-sum test) in 

IHCs of wild-type and sirtaki mice, respectively, as obtained by Boltzmann fits to the 

current-voltage relationships, see Experimental Procedures), while Ca2+ current amplitudes 

were slightly increased in the mutant mice (Fig. 3A). Likewise, a small increase in Ca2+ 

current inactivation was detected in mutant IHCs (Fig. 3B, C). We next analyzed 

depolarization-induced exocytosis using capacitance (Cm)measurements in perforated-patch 

recordings from IHCs in the cochlea of 2–3-week-old sirtaki and wild-type mice. Membrane 

capacitance (Cm) increments reflecting exocytosis were similar in IHCs of sirtaki and wild-

type mice (Fig. 3) both for short stimuli (up to 20-ms depolarization: fusion of the readily 

releasable pool of vesicles, Fig. 3D) and for longer depolarizations (likely reporting vesicle 

replenishment and subsequent fusion, Fig. 3E). We further evaluated the integrity of IHC 

ribbon synapses in cochlear whole mount stainings with antibodies against the presynaptic 

ribbon protein Ribeye/CtBP2 and the postsynaptic glutamate receptor GluA 2/3 (Khimich et 

al., 2005). The number of synapses in mutant IHCs (Fig. 3F) was comparable to that of 

wild-type IHCs (Fig. 3G), while the overall number of ribbons and GluA receptor 

immunospots was slightly decreased (Table 1). Thus, in agreement with a previous study 
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(Delmaghani et al., 2015), we find that the electrophysiological and morphological 

properties of IHC synapses are largely unaffected in pejvakin mutant mice.

Hearing loss and hair cell degeneration in mice lacking pejvakin in OHCs

Based on the morphological defects observed in sirtaki mice, we hypothesized that pejvakin 

might primarily regulate the function of OHCs. To compare the effect of pejvakin deficiency 

in all hair cells or only in OHCs on auditory function, we crossed the tamoxifen-inducible 

hair cell-specific Atoh1-CreER™ and OHC-specific Prestin-CreERT2 mouse lines with a 

conditional pejvakin allele (Pjvkfl/fl) in which the first coding exon of the Pjvk gene is 

flanked by loxP sites (Pjvkfl/fl mice will be described in detail elsewhere) and performed 

neonatal tamoxifen injections (Experimental Procedures). We first verified the Cre-mediated 

recombination pattern in cochlear sensory epithelia by crossing the Atoh1-CreER™ and 

Prestin-CreERT2 transgenic lines to Ai9 tdTomato Cre reporter mice (The Jackson 

Laboratory) (Madisen et al., 2010). In the early postnatal (P5) cochlea, Atoh1-CreER™-

mediated recombination was observed in all hair cells following tamoxifen injections at P0 

and P1 (Fig. 4A, C). In Prestin-CreERT2 mice, treated with tamoxifen (at P2, P3 and P4), 

many OHCs showed robust reporter activity at P7 whereas no Cre activity was detected in 

IHCs (Fig. 4B, D).

We next investigated the contribution of OHC defects to hearing loss in pejvakin mutant 

mice by comparing click-evoked auditory brainstem responses (ABRs) in Pjvkfl/flAtoh1-
CreER™, Pjvkfl/flPrestin-CreERT2 and control mice (Pjvkfl/+Atoh1-CreER™, 

Pjvkfl/+Prestin-CreERT2) subjected to the aforementioned tamoxifen regimens. At 1 month 

of age, click-ABR thresholds were highly increased in tamoxifen-treated homozygous 

Pjvkfl/flAtoh1-CreER™ mice (83 ± 4 dB SPL, n = 6, mean ± SEM, p<0.001, two-tailed t-
test) compared to heterozygous Pjvkfl/+Atoh1-CreER™ littermate controls (33 ± 3 dB SPL, 

n = 7) (Fig. 4E). No significant differences were found in ABR thresholds between untreated 

Pjvkfl/flAtoh1-CreER™ mice (30 ± 2 dB SPL, n = 7) and untreated heterozygous littermates 

(32 ± 2 dB SPL, n = 6, p > 0.4, two-tailed t-test) (Fig. 4E). At 2 months, tamoxifen-treated 

Pjvkfl/flAtoh1-CreER™ mice were profoundly hearing impaired with ABR thresholds 

exceeding 90 dB SPL (n = 6) (Fig. 4E, arrow). Analysis of ABR thresholds in 

Pjvkfl/flPrestin-CreERT2 mice (with neonatal tamoxifen injection) revealed a severity and 

progression of hearing impairment remarkably similar to the auditory phenotype of 

Pjvkfl/flAtoh1-CreER™ mice. ABR thresholds in tamoxifen-treated Pjvkfl/flPrestin-CreERT2 

mice were by 1 month at 89.2 ± 3.0 dB SPL (n = 6, mean ± SEM, p < 0.005, two-tailed t-

test) compared to heterozygous controls 31.3 ± 2.3 dB SPL (n = 8) and by 2 months > 90 dB 

SPL (Fig. 4F). Slightly elevated thresholds were also observed in tamoxifen-treated 

heterozygous Pjvkfl/+Prestin-CreERT2 mice (p < 0.05, n = 5, compared to untreated mice of 

the same genotype (n = 4)), which may be due to low levels of Cre-mediated toxicity (Forni 

et al., 2006).

To evaluate survival of hair cells we stained cochlear whole mounts from Pjvkfl/flAtoh1-
CreER™, Pjvkfl/flPrestin-CreERT2 and control mice (Pjvkfl/+Atoh1-CreER™, all 3 lines 

with neonatal tamoxifen injection) with a myosin VIIa antibody. By fluorescence 

microscopy, both IHCs and OHCs appeared normal in Pjvkfl/+Atoh1-CreER™ mice at P60 
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(Fig. 5A, D, G). In Pjvkfl/flAtoh1-CreER™ mice however, there was a substantial loss of 

IHCs and OHCs in a basal to apical gradient along the cochlear duct (Fig. 5B, E, H). In the 

basal turn, OHCs were largely missing in all three rows, while a few IHCs were still 

preserved (Fig. 5H). By contrast, IHCs in Pjvkfl/flPrestin-CreERT2 mice appeared largely 

intact, and OHC loss was mostly confined to the medial and basal turns of the cochlea (Fig. 

5C, F, I). The quantification of hair cell loss in Pjvkfl/flAtoh1-CreER™ mice and their 

heterozygous littermates (Fig. 5J) revealed a significant decrease in the density of OHCs 

throughout the cochlea that was most pronounced in the basal turn (95 ± 3%, p < 0.001, n = 

3–4, two-tailed t-test), while the density of IHCs was only significantly reduced at the 

cochlear base (76 ± 3%, p < 0.05). Importantly, Pjvkfl/flPrestin-CreERT2 mice (Fig. 5K) 

exhibited significant, 69 ± 4 and 88 ± 7% decreases in OHC density only in mid-basal and 

basal cochlea, respectively (p < 0.001 and p < 0.05, two-tailed t test, n = 3–4). The more 

restricted pattern of OHC degeneration in Pjvkfl/flPrestin-CreERT2 mice (Fig 5C, F, I, K) 

could be explained by differences in the onset of Cre activity between the two Cre mouse 

lines. Nevertheless, our data suggest that the presence of pejvakin in OHCs is essential for 

their survival.

To determine whether functional defects in OHCs are present prior to hair cell degeneration, 

we recorded distortion product otoacoustic emissions (DPOAEs), which are distortions of 

the sound input created and amplified by normally functioning OHCs that can be recorded 

by a microphone from the ear canal (Kemp, 2002a). At P17, DPOAE thresholds were highly 

elevated in tamoxifen-treated (at P2, P3 and P4) Pjvkfl/flPrestin-CreERT2 mice at all 

frequencies tested (for 16 kHz stimulus: 57 ± 3 dB SPL (n =4) versus 18 ± 1 dB SPL (n =4) 

control littermates, p < 0.001, two-tailed t-test) (Fig. 6A). To quantify OHC loss, we 

sacrificed the mice after auditory testing and stained cochlear whole mounts with a myosin 

VIIa antibody to visualize hair cells. No significant differences in the morphology (Fig. 6B) 

and density (p > 0.05, two-tailed t-test) (Fig. 6C) of OHCs were observed at this age. Since 

DPOAEs depend on the mechanical activity of OHCs, the data indicate that functional 

defects in OHCs precede hair cell degeneration in Pjvkfl/flPrestin-CreERT2 mice.

Pejvakin in adult OHCs is critical for normal hearing in mice

Hearing loss with either intact or absent OAEs has been reported in DFNB59 patients 

carrying the p.R183W mutation (Collin et al., 2007b), indicating that more subtle mutations 

in pejvakin may cause OHCs to degenerate over time. These findings together with the 

recently proposed role of noise in the etiology of DFNB59 (Delmaghani et al., 2015) 

prompted us to examine the degree to which changes in pejvakin activity in adult OHCs may 

affect auditory function. We therefore treated Pjvkfl/flPrestin-CreERT2 mice with tamoxifen 

at P21 and P22, a time when hair cells in the cochlea are functionally mature, and recorded 

ABRs at different ages. Following tamoxifen injections, robust tdTomato signal was detected 

in OHCs throughout the cochlea of Prestin-CreERT2; Ai9 mice at P30 (Fig. 7A–C). 

Heterozygous (Pjvkfl/+Prestin-CreERT2) littermates had normal click- and pure-tone-evoked 

ABR thresholds at 1, 2, 4, and 7 months of age (Fig. 7D, E). ABR thresholds in 1-month-old 

Pjvkfl/flPrestin-CreERT2 mice did not differ significantly from the heterozygous controls 

(click-ABR: 35 ± 3 versus 41 ± 5 dB SPL (p > 0.05, two-tailed t-test) in homozygous and 

heterozygous mutant mice, respectively) (Fig. 7D, E). However, at 2 months of age, 
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homozygous mutant mice had slightly elevated ABR thresholds (click-ABR: 75 ± 3 dB 

SPL) compared to heterozygous littermates (37 ± 4 dB SPL, p < 0.01, two-tailed t-test) and 

the difference progressively increased with age (Fig. 7D, E). By 7 months, homozygotes had 

profound hearing loss across all frequencies (Fig. 7E). We conclude that the auditory 

phenotype in Pjvkfl/flPrestin-CreERT2 mice is progressive in nature and affects all tested 

frequencies.

Whole mount staining of organs of Corti revealed that many OHCs and IHCs were missing 

throughout the cochlea of homozygous (Fig. 7I–K) but not heterozygous (Fig. 7F–H) mutant 

mice at this age. Quantification of hair cell densities revealed that OHCs were lost to a 

greater extent than IHCs in the mutant cochlea (Apex: 88 ± 6% versus 51 ± 4% decreases in 

densities of OHCs and IHCs, respectively (p < 0.05, two-tailed t-test, n = 3 mice per group) 

(Fig. 7L). Differences observed in OHC density did not reach significance at the cochlear 

base because pronounced OHC loss in this region also occurred in some heterozygous 

mutants at this age. This is likely due to the C57BL/6J genetic background of the pejvakin 

mutant lines and its previously reported effects on hair cell loss (Spongr et al., 1997).

Pejvakin binds to ROCK2 and IQGAP1

To gain insight into the molecular pathways that are regulated by pejvakin in hair cells, we 

carried out yeast two-hybrid (Y2H) screens of a cochlear cDNA library (Zhao et al., 2014) 

using as bait either full length pejvakin or pejvakin C-terminal domain (aa 239–352). 

Despite high transformation efficiency, the full-length pejvakin bait only yielded 7 colonies 

on plates with quadruple dropout medium (SD/-Trp/-Leu/-His/-Ade) (Fig. 8A). This result 

may be explained by an autoinhibited conformation of pejvakin that precludes prey binding, 

as described for other gasdermins (Op de Beeck et al., 2011; Shi et al., 2015). Screens using 

pejvakin C-terminal domain (N-or C-terminally tagged with LexA) identified a larger 

number of transformants. All transformants were further tested for growth and blue color on 

plates with quadruple dropout medium (SD/-Trp/-Leu/-His/-Ade) and X-α-gal, yielding a 

total of 15 positive transformants (Fig. 8A). DNA sequence analysis of the inserts in the 

pGAD-HA library vector from these transformants revealed fragments corresponding to 

regions of ROCK2, an effector for the small GTPase Rho, and the scaffold protein IQGAP1, 

both well-known regulators of actin/microtubule dynamics (Amano et al., 1997; Bensenor et 

al., 2007; Le Clainche et al., 2007) (Fig. 8B). A small group of centrosomal proteins was 

also identified in the screen (Fig. 8B). The two-hybrid interactions defined regions 

encompassing coiled-coil domains in ROCK2, IQGAP1 and several other candidate proteins 

as the putative binding sites for the pejvakin C-terminal domain (Fig. 8C, data not shown). 

In particular, the pejvakin interacting region of ROCK2 (aa 682–1056) overlaps with its 

predicted coiled-coil domain, which binds to scaffold proteins that may orient ROCK2 

towards its substrates (Truebestein et al., 2015). IQGAP1 contains several putative coiled-

coil specific IQGAP1 repeats just downstream of its calponin homology domain (CHD) 

(Fig. 8C), and the sequence of the identified Y2H clone overlaps with one of the repeats 

(Fig. 8C).

Since both ROCK2 and IQGAP1 interacted with pejvakin in Y2H screens, we next asked 

whether they also form protein complexes in vitro. We therefore prepared constructs 
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containing the N-terminal (aa 1–240) or C-terminal (aa 241–352) domains of pejvakin fused 

to GFP (Gsdm-PJVK-GFP and GFP-PJVK-C-term) or FLAG-epitope tag (Gsdm-PJVK-

FLAG and FLAG-PJVK-C-term) as well as GFP-tagged IQGAP1. When co-expressed in 

HeLa cells, Gsdm-PJVK-FLAG and IQGAP1-GFP co-localized along cortical actin 

filaments around the cell periphery (Fig. 9A). Some overlap of fluorescent signals was also 

observed between IQGAP1-GFP and C-term pejvakin-FLAG (Fig. 9B), while no co-

localization was detected with phosphoglycerate kinase 1 (PGK1)-FLAG (Fig. 9C), which 

served as a negative control. We next coexpressed the FLAG-tagged N- and C-terminal 

domains of pejvakin together with GFP-tagged IQGAP1 or PGK1 in HEK293 cells and 

performed co-immunoprecipitation assays. GFP-IQGAP1 co-precipitated with the N-

terminal domain of pejvakin (Fig. 9D, arrowhead) and, to a lesser extent, with its C-terminal 

domain (Fig 9E, arrowhead), but not with PGK1. We also prepared an HA-tagged version of 

ROCK2 (Leung et al., 1996) and tested for interactions with GFP-tagged pejvakin following 

its expression in HEK293 cells. The C-terminal domain of pejvakin bound efficiently to HA-

ROCK2 (Fig. 9F, arrowhead) whereas no interaction could be detected with its N-terminal 

domain. Our data suggest that pejvakin associates with ROCK2 and other cytoskeletal 

signaling molecules mainly via its C-terminal domain.

Discussion

DFNB59 was initially characterized as auditory neuropathy (Delmaghani et al., 2006), while 

subsequent studies identified mutations in PJVK that cause hearing loss due to cochlear 

dysfunction, as evidenced by absent OAEs (Collin et al., 2007a; Ebermann et al., 2007; 

Schwander et al., 2007b). This indicates that diverse pathophysiological mechanisms 

underlie this disorder. The precise cell-type specific functions of pejvakin in the auditory 

system have not yet been fully resolved. Here, we demonstrate that pejvakin regulates OHC 

function and integrity in a cell-autonomous manner. Moreover, its activity in adult OHCs is 

essential for maintaining hair cell integrity and auditory function in mice. We found that 

both IHCs and OHCs degenerate in Pjvkfl/flAtoh1-CreER™ mice that lack pejvakin 

specifically in hair cells, which is consistent with a recent report (Delmaghani et al., 2015). 

In these mice, scattered loss of IHCs and OHCs was evident throughout the cochlea at 2 

months of age, but hair cell degeneration was more pronounced towards the cochlear base. 

By contrast, IHCs were less affected in mice lacking pejvakin only in OHCs and the 

degeneration of OHCs was mostly confined to the basal half of the cochlea. Surprisingly, 

hearing thresholds were equally and significantly elevated in both Pjvk conditional KO 

models at 1- and 2 months. Differences in the Cre-mediated recombination patterns between 

the two Cre lines may account for the more restricted pattern of OHC degeneration in 

Pjvkfl/flPrestin-CreERT2 mice, but they alone cannot explain the similarity of the auditory 

phenotypes. Thus, it seems likely that the similar increases in ABR thresholds (of about 50 

dB) in Pjvkfl/flAtoh1-CreER™ and Pjvkfl/flPrestin-CreERT2 mice are caused by functional 

in addition to morphological defects in OHCs. This interpretation is consistent with the 

reported 40- to 60-dB decrease of cochlear sensitivity in prestin mutant mice (Liberman et 

al., 2002) due to the loss of cochlear amplification by OHCs (Ryan and Dallos, 1975; 

Kharkovets et al., 2006). Indeed, we found that in tamoxifen-treated Pjvkfl/flPrestin-
CreERT2 mice, DPOAE thresholds were highly elevated at all frequencies tested prior to 
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OHC loss. Our data thus suggest that OHC dysfunction is a major contributor to the hearing 

loss observed in mice and human patients carrying loss of function mutations in the Pjvk 
gene.

Another unexpected finding of our study is the slowly progressive hearing loss in mice 

induced by ablation of pejvakin in OHCs at P21, a time when cochlear function reaches 

maturity in the mouse. With respect to DFNB59, the idea that loss of function mutations in 

pejvakin may affect OHC function, leading to a decline of cochlear amplification and 

hearing sensitivity, is well established. Sirtaki mice develop early-onset progressive hearing 

loss and abnormal OAEs due to a C-terminal deletion mutation in Pjvk (Schwander et al., 

2007b). Likewise, DFNB59 patients carrying nonsense mutations in Pjvk show a moderate 

to profound hearing loss that is progressive in nature (Ebermann et al., 2007; Schwander et 

al., 2007b). Progressive hearing loss has also been reported in patients carrying a p.C343S 

missense mutation, although OAEs were not assessed (Mujtaba et al., 2012). Lastly, 

abnormal OAEs were detected in individuals of a Turkish family (Collin et al., 2007a) 

carrying the same p.R183W mutation initially reported in Iranian families with ANSD 

(Delmaghani et al., 2006). These findings clearly suggest that pejvakin is critical for OHC 

function, although differences in genetic background, age of the tested individuals or, as 

recently suggested, in the exposures to noise (Delmaghani et al., 2015) might contribute to 

some of the observed phenotypic variabilities. We therefore propose that ANSD-linked 

mutations in the Pjvk gene may cause the disappearance of OAE responses over time, 

because, in our study, lack of pejvakin in adult OHCs led to a slow decline in hearing 

sensitivity. Indeed, OAEs are generally present in patients with ANSD, while in some cases 

they have been reported to be absent and/or changing over time (Berlin et al., 2010). Since 

no morphological defects in hair cells have been reported in p.R183W knock-in mice, it 

seems plausible that this ANSD-linked mutation may have a more subtle effect on pejvakin 

and either causes a slower progression of OHC degeneration and/or predominantly affects 

IHCs. It is currently unclear whether defects in IHCs contribute to the elevated ABR 

thresholds in DFNB59 patients with preserved OAEs. Our study shows that at least synaptic 

transmission at the IHC ribbon synapse is largely intact in sirtaki mice, in agreement with a 

previous report (Delmaghani et al., 2015).

Delmaghani et al. (2015) have indicated a critical role of pejvakin in peroxisome 

proliferation, as it occurs during noise exposure. Our study suggests another candidate 

molecular pathway of pejvakin, which involves the interaction of pejvakin with the Rho 

effector proteins ROCK2 and IQGAP1 that control actin nucleation and dynamics to alter 

cell shape (Amano et al., 1997; Bensenor et al., 2007; Le Clainche et al., 2007). Two 

independent ROCK2 clones were found to interact with pejvakin and were isolated a total of 

five times from the screen, while a single clone for IQGAP1 was isolated six times. ROCK2 

is thought to anchor to the plasma membrane via its C-terminal PH domain, localizing its N-

terminal kinase domain to substrates in the actin cortex through a long, central coiled-coil 

domain that acts as a molecular ruler (Shimizu et al., 2003; Truebestein et al., 2015). The 

coiled-coil domain may bind to scaffolding proteins that adjust the position of the coiled-coil 

and orient ROCK2 toward its substrates. Our study shows that the C-terminal domain of 

pejvakin interacts with the coiled-coil segment of ROCK2, suggesting a possible role for 

pejvakin in regulating ROCK2 kinase-substrate engagement. ROCK-mediated signaling 
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cascades have been implicated in modulating OHC electromotility by selectively targeting 

the cytoskeleton (Kalinec et al., 2000; Zhang et al., 2003). We show that DPOAEs, which 

depend on the mechanical activity of OHCs, are greatly reduced in mice lacking pejvakin 

specifically in OHCs. It will be interesting to determine in the future whether pejvakin is 

directly involved in this process or whether it regulates other aspects of cytoskeletal 

organization that are critical for OHC function.

Another candidate binding protein for pejvakin, the scaffold protein IQGAP1, is 

ubiquitously expressed and binds to F-actin via its N-terminal calponin homology domain 

(CHD) (Mateer et al., 2002; Brown and Sacks, 2006). The pejvakin interacting region 

overlaps with one of several putative coiled-coil specific IQGAP1 repeats (IR) that bind to 

the N-terminal FERM domain of ezrin, an interaction that may help position IQGAP1 at the 

cell cortex. Importantly, IQGAP2, a homolog of IQGAP1 with 62% similarity and a 

common domain structure, has been linked to age-related hearing impairment (ARHI) in a 

Finnish Saami population (Van Laer et al., 2010). This finding is particularly intriguing in 

view of the fact that certain mutations in pejvakin cause progressive hearing loss in mice and 

DFNB59 patients.

Conclusion

The results from our study demonstrate that pejvakin is required to sustain OHC activity and 

survival in a cell-autonomous manner and imply pejvakin defects in sensory hearing loss 

rather than ANSD. Based on our finding that inactivation of pejvakin in adult OHCs leads to 

progressive hearing loss, it is tempting to speculate that milder alleles of pejvakin may cause 

a slow degeneration of OHCs in adults while leaving hair cell development unaffected. 

Further, we show that pejvakin forms protein complexes with Rho effectors, including 

ROCK2, which has been implicated in the regulation of actin dynamics in OHCs (Kalinec et 

al., 2000; Zhang et al., 2003; Han et al., 2015). Understanding the effects of individual 

pejvakin mutations on Rho signaling may therefore shed light on the pathogenetic 

mechanisms that underlie the observed variability in clinical phenotypes in DFNB59 

patients.
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Highlights

• Mutations in pejvakin cause auditory neuropathy or hair cell-related deafness

• We have tested the cell-type specific functions of pejvakin in the auditory 

system

• Lack of pejvakin in all hair cells or in outer hair cells causes profound 

deafness

• Pejvakin is critical for adult outer hair cells but not inner hair cell synapses

• Pejvakin forms a complex with the Rho effectors ROCK2 and IQGAP1
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Figure 1. Hair cell expression of Pjvk
(A) Quantitative-PCR analysis of Pjvk in RNA extracted from inner ear tissues at P5. mRNA 

levels of Pjvk in stria vascularis (SV), organ of Corti (OC) and modiolus (MOD) were 

quantified in relation to the housekeeping gene Pgk1. All values are mean ± SEM (n = 4 

mice; **p < 0.01, two-tailed t-test). (B–E) Analysis of Pjvk expression by in situ 

hybridization on P4 inner ear sections. Pjvk is selectively expressed in cochlear hair cells (B, 

C, arrowheads), but there was no detectable signal in spiral ganglion neurons (B, asterisks). 

Nonspecific hybridization signal in the tectorial membrane and Reissner’s membrane was 

also observed in sections incubated with a Pjvk sense probe (D, E, arrows), which served as 

a negative control. No signal was seen in either hair cells (arrowheads) or auditory neurons 

(asterisks). Scale bars: (in B and C) B–E, 100 μm.
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Figure 2. Hair cell degeneration in Pjvk mutant mice
(A, B) Sagittal inner ear sections from 4-month-old C57BL/6J wild-type (A) and sirtaki 
mutant (B) mice were stained with hematoxylin-eosin. Severe degeneration of hair cells in 

the organ of Corti (arrowheads) and spiral ganglion neurons (arrows) was evident in mutant 

but not in wild-type mice. No structural abnormalities of the stria vascularis were noted 

(asterisks). (C–H) Whole mounts from the basal turn of the cochleae from P30 littermate 

heterozygous (C, E, G) and homozygous (D, F, H) sirtaki mice were stained with an 

antibody against myosin VIIa and DAPI to label hair cells and nuclei, respectively. Note that 

sporadic missing OHCs (D, F, arrowheads) can be seen in the basal turn while IHCs are 

Harris et al. Page 20

Neuroscience. Author manuscript; available in PMC 2018 March 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



preserved. (I) Quantification of hair cell density in each cochlear turn of P30 heterozygous 

(HET; n = 3) and homozygous (MUT; n = 3) sirtaki mice (mean ± SEM, *p < 0.05, 

Student’s t-test). Scale bars: (in A) A, B, 80 μm; (in C) C, D, 50 μm; (in E) E–H, 10 μm.
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Figure 3. Synaptic function of IHCs is preserved in sirtaki mice carrying a C-terminal deletion in 
pejvakin
(A) Current-voltage relationship of the voltage-gated Ca2+ current normalized to the cell 

membrane capacitance in sirtaki (grey; n = 10) and wild-type control (black; n = 10) IHCs 

from 2–3-week-old mice. In the mutant IHCs Ca2+ current densities were slightly larger (*, 

Student’s t-test, p = 0.02). (B–C) Absolute (B) and normalized (C) Ca2+ currents in response 

to 100-ms depolarizations to the peak Ca2+ current potential. Note a stronger Ca2+-current 

inactivation in the mutant IHCs. In 100 ms, Ca2+ current was reduced for 23 ± 1 and 30 

± 2% in wild-type (n = 10) and mutant (n = 10) IHCs, respectively (calculated as the ratio of 

the final and initial calcium current amplitude, Ifinal/Iinitial; p = 0.005, Student’s t-test). The 

slope of the linear fit (1/s) to the Ca2+ currents in wild-type (n = 10) and mutant (n = 10) 

Harris et al. Page 22

Neuroscience. Author manuscript; available in PMC 2018 March 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



IHCs had a value of 1.1 ± 0.1 and 1.6 ± 0.1, respectively (p = 0.002, Student’s t-test). (D) 

Representative Ca2+ currents (top) and membrane capacitance (Δ Cm) responses (bottom) 

evoked by 20-ms depolarization to peak Ca2+ current potential. (E) Exocytosis (Δ Cm, top) 

and the corresponding Ca2+ current integrals (QCa, bottom) as a function of duration of 

depolarizations to the peak Ca2+ current potential. The Cm increases and QCa are 

comparable in the mutant (grey) and the wild-type (black) IHCs (p > 0.05, Student’s t-test 

and Wilcoxon rank-sum test). All responses are given as grand averages (calculated from the 

means of the individual cells) ± S.E.M. (F–G) Confocal images of whole-mounts of organs 

of Corti double stained for the presynaptic marker CtBP2/Ribeye (magenta) and 

postsynaptic marker GluA 2/3 (green). The number of synapses in mutant IHCs (F) was 

comparable to that of wild-type IHCs (G), however in total we observed fewer ribbons and 

fewer GluA receptor immunospots (see Table 1).
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Figure 4. Hearing loss in Atoh1-CreER™; PjvkCKO and Prestin-CreERT2; PjvkCKO mice
(A, C) Representative images of the cochlea from Atoh1-CreER™; Ai9 tdTomato mice at P5 

following injections with tamoxifen (3mg/40g body weight) at P0 and P1. The timeline 

shows the protocol for tamoxifen injection (Tam) and cochlea collection (Sac). Note that 

tdTomato (red) is expressed in both IHCs and OHCs that are labeled with phalloidin (green). 

(B, D) Representative images of tdTomato expression in OHCs of tamoxifen-treated (at P2, 

P3 and P4) Prestin-CreERT2; Ai9 tdTomato mice at P7. Note that mice are mosaic for 

tdTomato expression in OHCs at this age whereas no Cre activity was observed in IHCs. (E) 

Average click-ABR thresholds in tamoxifen-treated (T+) and untreated (T−) Atoh1-
CreER™Pjvkfl/fl (fl/fl) and Atoh1-CreER™Pjvkfl/+ (fl/+) mice at 1 and 2 months of age. 
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The timeline shows the protocol for tamoxifen injection (Tam) and ABR recordings (ABR). 

Data are presented as mean ± SEM. ***p < 0.001 (Student’s t-test, n ≥ 4 mice per group). 

Individual mice in the 2 months tamoxifen-treated mutant (fl/fl, T+) group displayed 

auditory thresholds beyond the range of our measurements (>90 dB SPL). Arrows indicate 

that the mean thresholds are higher than shown on the graph. (F) Average click-ABR 

thresholds in tamoxifen-treated (T+) and untreated (T−) Prestin-CreERT2Pjvkfl/fl (fl/fl) and 

Prestin-CreERT2Pjvkfl/+ (fl/+) mice at 1 and 2 months of age (*p < 0.05, ***p < 0.001, 

Student’s t-test; n ≥ 4 mice per group; mean ± SEM.). Scale bars: (in A) A, B, 50 μm; (in C) 

C, D, 10 μm.
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Figure 5. Hair cell degeneration in Atoh1-CreER™; PjvkCKO and Prestin-CreERT2; PjvkCKO 

mice
(A–I) Cochlear whole mounts of tamoxifen-treated Atoh1-CreER™Pjvkfl/+, Atoh1-
CreER™Pjvkfl/fl and Prestin-CreERT2 Pjvkfl/fl mice at P60 were stained with phalloidin (F-

actin, green), DAPI (nuclei, blue) and an antibody against myosin VIIa (red) to visualize hair 

cells. Apical, middle and basal cochlear turns for each genotype are shown. (J, K) 

Quantification of hair cell density in four different regions (apex, apex-mid, mid-base and 

base) along the cochlear sensory epithelium of tamoxifen-treated Atoh1-CreER™; PjvkCKO 

(J) and Prestin-CreERT2; PjvkCKO (K) mice at P60. Data are presented as mean ± SEM. *p 
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< 0.05, *p < 0.01, ***p < 0.001 (Student’s t-test, n = 3 mice per group). Scale bars: (in I) A–

I, 10 μm.
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Figure 6. Analysis of DPOAEs in Prestin-CreERT2; PjvkCKO mice
(A) Average DPOAE thresholds at different frequencies in tamoxifen-treated Prestin-
CreERT2+/− Pjvkfl/fl mice (Cre+, fl/fl; red) and Prestin-CreERT2-/− Pjvkfl/fl littermates (Cre−, 

fl/fl; black) at P17. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, 

(Student’s t-test, n = 4 mice per group). (B) Whole-mount surface views at low (left panels) 

and high magnification (right panels) of the base of a Cre-positive (Cre+, fl/fl) and Cre-

negative (Cre+, fl/fl) Prestin-CreERT2 Pjvkfll/fl cochlea at P17 immunolabeled with myosin 

VIIa antibody. (C) Quantification of hair cell numbers at P17 shows no significant changes 

in the density of OHCs in cochlea of Cre-positive (Cre+) and Cre-negative (Cre−) Prestin-
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CreERT2 Pjvkfll/fl mice. Data are mean ± SEM (n = 3 cochleae from different mice per 

group; p > 0.05; Student’s t-test).
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Figure 7. Prestin-CreERT2-mediated pejvakin ablation in adult OHCs causes a slowly 
progressive hearing loss
(A–C) Representative images of whole mounts from the apical, medial and basal turns of the 

cochlea of tamoxifen-treated (at P21 and P22) Prestin-CreERT2; Ai9 mice at P30 showing 

tdTomato+ OHCs (red) and F-actin (phalloidin, green). Note that tdTomato is not expressed 

in IHCs. (D) Average click-evoked ABR thresholds for 1, 2, 4, and 7-months-old Prestin-
CreERT2Pjvkfl/fl (cre+ fl/fl; n = 13) and Prestin-CreERT2Pjvkfl/+ (cre+ fl/+; n = 11) mice 

following tamoxifen injections at P21 and P22 (mean ± SEM; **p < 0.01, ***p < 0.001; 

Student’s t-test) (E) Average pure tone-evoked auditory thresholds for Prestin-
CreERT2Pjvkfl/fl (fl/fl; n = 13) and Prestin-CreERT2Pjvkfl/+ (fl/+; n = 11) mice subjected to 

the same tamoxifen regimens (mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, Student’s 

t-test). (F–K) Cochlear whole mounts of tamoxifen-treated (at P21 and P22) 7-months-old 

Prestin-CreERT2Pjvkfl/+ (F–H) and Prestin-CreERT2Pjvkfl/fl (I–K) mice were stained with 

an antibody against myosin VIIa (red) and DAPI (blue) to label hair cells and nuclei, 

respectively. (L) Quantification of hair cell density in the different regions of the cochlea of 

7-months-old heterozygous (fl/+) and homozygous (fl/fl) Prestin-CreERT2Pjvkfl/+ mice. 

Data are mean ± SEM (n = 3 cochleae from different mice per group; *p < 0.05, ***p < 

0.001, Student’s t-test). Scale bars: (in C) A–C, 10 μm; (in F), F–K, 50 μm.
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Figure 8. Interaction of pejvakin with cytoskeletal proteins in a yeast two-hybrid assay
(A) Summary of the number of transformants, clones that grew on quadruple dropout media 

(SD-WLHA), and clones verified for growth and blue color on SD-WLHA and X-α-gal 

media. The different bait constructs containing either full length or C-terminal domain of 

pejvakin are indicated in the left column. (B) Venn diagram illustrating the overlap between 

the three pejvakin binding candidates datasets described in this study. (C) Schematic 

representation of domains and motifs in ROCK2 and IQGAP1. In ROCK2, N-terminal 

kinase and C-terminal membrane-binding PH and C1 domains are separated by a predicted 

coiled-coil regions that contains the Rho-binding domain. Clones identified in the Y2H 

screen with pejvakin C-terminal domain are aligned relative to the sequence of ROCK2 (red 

bars). The pejvakin interacting region of ROCK2 (amino acids 682–1056) is located within 

the coiled-coil region of ROCK2. IQGAP1 contains an N-terminal calponin homology 

domain (CHD), putative coiled-coil domains (CC); a poly-proline protein-protein domain 

(WW), an IQ calmodulin binding motif (IQ), a rasGAP-related domain (GRD) and a C-

terminal RasGAP domain (RasGAPc). The interacting region determined from the 

overlapping sequence of a Y2H clone is indicated (red bar). Abbreviations: Ccndbp1, cyclin 

D-type binding-protein 1; Gprasp, G protein-coupled receptor associated sorting protein 1; 

Cenpk, centromere protein K; Pcnt, pericentrin; ROCK2, Rho-associated coiled-coil 

containing protein kinase 2; Cntln, centlein; Gaa, glucosidase alpha acid; Atxn10, ataxin 10; 

Dmtf1, cyclin D binding myb-like transcription factor 1; C1d, C1D nuclear receptor co-

repressor; IQGAP1, IQ motif containing GTPase activating protein 1; Prkra, protein kinase, 

interferon inducible double stranded RNA dependent activator.
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Figure 9. Interactions between pejvakin and Rho effectors
(A–C) HeLa cells were co-transfected with expression vectors for GFP-tagged IQGAP1 and 

FLAG-tagged pejvakin N- and C-terminal domains (PJVK) or PGK1-FLAG, which served 

as a negative control, and analyzed for protein localization one day after transfection. GFP-

tagged IQGAP1 is shown in green, domains of PJVK and PGK1-FLAG in red. F-actin was 

labeled with phalloidin (blue). Scale bars: 10 μm, insets: 5 μm. (D, E) HEK293T cells were 

transfected with the constructs indicated on top of each panel. Immunoprecipitations were 

carried out with FLAG antibody followed by western blotting with GFP and FLAG 

antibodies to detect GFP-IQGAP1 (arrowhead) and bait proteins, respectively. The upper 

rows show CoIP results and the lower rows show input protein. (F) HEK293 cells were 

transfected with the constructs indicated on top of the panel. Immunoprecipitations were 

carried out with GFP antibody followed by western blotting with GFP and HA antibodies. 

Note that binding activity was detected between GFP-PJVK C-term (arrow) and HA-

ROCK2 (arrowhead), while no binding was detected with PGK1-HA (asterisks).
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