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Abstract

The molecular mechanisms underlying hair cell synaptic maturation are not well understood. Cadherin-23 (CDH23),
protocadherin-15 (PCDH15) and the very large G-protein coupled receptor 1 (VLGR1) have been implicated in the
development of cochlear hair cell stereocilia, while clarin-1 has been suggested to also play a role in synaptogenesis.
Mutations in CDH23, PCDH15, VLGR1 and clarin-1 cause Usher syndrome, characterized by congenital deafness, vestibular
dysfunction and retinitis pigmentosa. Here we show developmental expression of these Usher proteins in afferent spiral
ganglion neurons and hair cell synapses. We identify a novel synaptic Usher complex comprised of clarin-1 and specific
isoforms of CDH23, PCDH15 and VLGR1. To establish the in vivo relevance of this complex, we performed morphological
and quantitative analysis of the neuronal fibers and their synapses in the Clrn1—/— mouse, which was generated by
incomplete deletion of the gene. These mice showed a delay in neuronal/synaptic maturation by both immunostaining and
electron microscopy. Analysis of the ribbon synapses in Ames waltzer™* mice also suggests a delay in hair cell
synaptogenesis. Collectively, these results show that, in addition to the well documented role for Usher proteins in
stereocilia development, Usher protein complexes comprised of specific protein isoforms likely function in synaptic
maturation as well.
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Introduction

Inner hair cells (IHCs) are the cochlear mechano-electrical
sensors that transduce sound waves into electrical currents [1,2].
They are innervated by several synapses formed by type I afferent
spiral ganglion neurons (SGNs), facing a synaptic ribbon
surrounded by microvesicles, and lateral efferent fibers. Outer
hair cells (OHCs) are the sound-evoked cochlear amplifiers and
make synaptic contacts with type II afferent SGNs and efferent
fibers [3—5]. While there is a transient developmental innervation
of the mouse OHCs by type I afferent fibers, these are retracted
before the onset of hearing when the type I afferent neurons
specifically innervate the base of the IHCs [6-9].

Usher syndrome (USH) is a genetic neurosensory disorder
characterized by congenital deafness, variable vestibular dysfunc-
tion and progressive retinitis pigmentosa [10,11]. Among the 9 genes
associated with USH, mutations in the genes encoding adhesion
molecules, cadherin-23 (CDH23) and protocadherin-15
(PCDH15), the very large G protein-coupled receptor 1 (VLGRI)
and clarin-1 are associated to USHI1D, USHI1F, USH2C and
USHS3A, respectively [12-15]. It has been suggested that these
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Usher proteins play roles in hair cell development, neurogenesis
and synaptogenesis [16-19].

Most of the earlier work describing interactions between USH
related proteins was based on @ vitro studies using heterologous
expression systems [20-22]. Our own work and that of others,
demonstrate that some of these interactions occur i vivo [23,24].
These data combined with immunolocalization studies and a
splayed stereocilia phenotype shared by Usher mouse models
support a widely accepted view that Usher protein interactions
play a key role in stereocilia development and function [25-28].

There have been several reports demonstrating Usher protein
expression at the synapses of hair cells and photoreceptors
[16,19,22,29,30]. Based on these observations we explored the
possible existence and potential functional relevance of a synaptic
Usher complex(es) in cochlear hair cells. We observed pre- and
post-synaptic expression of the Usher proteins in IHCs and OHCs
during synaptic development and in mature IHCs. We demon-
strate the existence of a synaptic complex comprised of clarin-1
and specific isoforms of CDH23, PCDH15 and VLGR1. We show
a delay in cochlear hair cell synaptogenesis in the clarin-1
knockout mice (Clrnl—/—) as well as Ames waltzer mice (PCDHI15
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mutants). Combined, these data suggest that these Usher proteins
function as a complex in early phases of synaptic maturation.

Materials and Methods

Animals

Wild-type (WT) mice (post-natal day 1 [P1] to P60) were in the
129Sv/] strain and obtained from Jackson Laboratories (BarHar-
bor, ME). P3 to P14 ClmI—/— mice [31], P9 Ames walizer™” mice
[32] and strain age-matched controls were on the C57BL/6]
background. All mice were bred in-house. Experiments using mice
were carried out under an approved IACUC protocol, and every
effort was made to minimize pain and discomfort.

Antibodies

The rabbit polyclonal anti-clarin-1 was developed in our
laboratory, described and qualified by siRNA knockdown, peptide
competition assay and the use of knockout animals [19,33]. Rabbit
polyclonal anti-CDH23, anti-PCDH15 and anti-VLGR1 antibod-
ies were also developed by our laboratory, described and qualified
previously [24,27,34]. Fusion peptide constructs for CDH23,
PCDHI15 and VLGRI1 were produced and expressed in E.coli as
described in Zallocchi et al. [24] and antibodies were raised in
rabbits under contract with Chemicon (Temecula, CA). Anti-
CDHZ23 was raised against a peptide comprising amino acids 2954
to 3173, PCDH15 fusion peptide comprises amino acids 1490 to
1709 of the PCDH15 CD1 isoform [35] and VLGRI1 antibody was
raised against a peptide that corresponds to amino acids 3245-3421
(Fig. 1A and Table S1).

Other antibodies used in this work were mouse anti-myosin7A
[36], mouse anti-RIBEYE (BD Biosciences, CA), mouse monoclonal
anti-B-actin (Sigma, MO), mouse anti-SNAP25 (Abcam, MA), goat
anti-PMCA2 (Santa Cruz, CA), rabbit anti-glutamate receptor 2/3
(GluR2/3) and chicken polyclonal anti-peripherin (Chemicon, CA).

Immunofluorescence

Cochlea. Tissue was prepared as described by Zallocchi et al.
[19] using 10% of fetal calf serum and 0.1% of Triton X-100 in
PBS as blocking solution. Primary antibody dilutions were 1:800
for anti-PCDHI15, anti-CDH23 and anti-VLGRI1, 1:2,000 for
anti-clarin-1, 1:200 for anti-peripherin and 1:100 for anti-RIBEYE
and anti-myosin7A. Secondary antibodies were Alexa Fluor
conjugated antibodies (Invitrogen, NY). Controls with pre-
immune serum were done to test specificity of the antibodies.

Whole mount. For the study of the ribbon synapses, organs of
Corti from wild type (WT), Clmi—/— and Ames waltze™™ mice
were prepared according to Sendin et al. [37].
Hair cells isolation from P3 and P30 organs of
Corti was done according to Legendre et al. [38] with some
modifications. Briefly, microdissected organs of Corti were
incubated in the presence of 0.5% papain (Sigma, MO) for 10
(P30) or 20 (P3) minutes at room temperature, followed by a gentle
trituration to liberate the hair cells. Primary antibody dilutions
were 1:250 for all the Usher antibodies in fish gelatin blocking
solution (2% fetal calf serum, 0.2% BSA, 0.3% fish gelatin in PBS).

UB/OC-1 cells. Differentiated UB/OC-1 (University of
Bristol/organ of Corti-1) cells were grown and processed for
confocal microscopy as described by Zallocchi et al. [19]. Primary
antibody dilutions were 1:500 for anti-PCDH15 and 1:1,000 for
anti-VLGR1 and anti-CDH23 in fish gelatin blocking solution.

Hair cells.

Neuronal tracer application
WT and Clnl—/— type I afferent fibers were labeled as
described elsewhere [19,39,40]. Cross-sections were either immu-
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nostained for the specific Usher antibodies (dilution 1:250) or for
F-actin with phalloidin-Alexa Fluor-488.

Confocal microscopy

Slides were coverslipped using Vectashield mounting medium
containing DAPI to counter-stain the nuclei (Vector Lab. CA) and
confocal images captured using a Zeiss AxioPlan 2IF MOT
microscope interfaced with a LSM510 META confocal imaging
system. We used 20X NA: 0.5, 63X NA: 1.4 and 40X NA: 1.3 oil
objectives. To produce three-dimensional reconstructions of a
specimen (whole mounts), a z-axis stack of two-dimensional images
was taken with a step size of 0.5 um. Final figures were assembled
using Adobe Photoshop and Illustrator software (Adobe Systems,
CA).

Electron microscopy

P9 mouse cochleae were fixed with 4% PFA/2% glutaraldehyde
in 0.2 M phosphate buffer (pH 7.4), post-fixed with 1% Osmium
tetroxide and then decalcified in 0.12 mM EDTA. After
dehydration and infiltration, cochleae were embedded in resin
(Embed 812), bisected through the modiolus and re-embedded.
Mid-modiolar thin sections (70 nm) were placed on formvar-
coated copper slot grids and counterstained with Uranyl Acetate
and Lead Citrate. Sections were viewed on a Hitachi H-7500
transmission electron microscope. Digitized images were obtained
and archived with a CCD camera and AMT 12-HR software
(version 5.4.2.239). Final figures were assembled using Adobe
Photoshop and Illustrator software (Adobe Systems, CA).

Cell culture

Cultivation of UB/OC-1 was conducted as previously reported
[19,41,42]. Differentiated UB/OC-1 cells were used as a source of
protein or dissociated and plated onto poly-L-lysine coated

microscope slides (VWR, IL) for immunofluorescence analysis
(described above).

Transient siRNA knockdown

UB/OC-1 cells were electroporated in the presence of scrambled
siRNA or siRNAs specific for the different Usher proteins, as
described by Zallocchi et al. [19]. Scrambled and the specific siRNAs
were directed to the sequences used to derive the peptide
immunogens for each Usher transcript, and were designed by
Applied Biosystems (Foster City, CA.). Sense and antisense sequences
of the corresponding siRNAs are as follows (see also Table S1):
CDH23: GAACUUUGCGCAGACAGAAtt/UUCUGUCUGCG-
CAAAGUUCac. PCDH15: GAACAGAUUUUGAAGAGCU/
AGCUCUUCAAAAUCUGUUCgt. VLGR1: AGUCAAGACUA
UUUCAUCAtt/UGAUGAAAUAGUCUUGACUgt. Knockdown
cells were qualified by real-time quantitative RT-PCR using SYBR®
Green PCR Master Mix (Applied Biosystems, CA), according to the
manufacturer protocol, normalized with B-actin transcript abun-
dance, and compared with the scrambled siRNA. Real time PCR
primers (Table S1): CDH23: AGAAAGCTAAAGGCCATT
GTG/GTCTGCGATCTCACTCAGGTT. PCDH15: GAGGGT
GTGGAATCAGTCTG/GAACGTTGCTGCTACCTCTC. VLG
R1: ATGAGGGGAATGGATGTCGTC/ATATGGGGAAACG
CCAATATTAAAGG. A conventional PCR with the real time
primers was run using WT' cDNA from UB/OC-1 cells as template
and the PCR products were sequence verified.

Knockdown cells were processed for immunofluorescence and
western blot analysis. Specific bands were quantified using the
software Image] 1.43 from the National Institutes of Health, USA,
rsh.info.nih.gov/1ij.
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Figure 1. Isoform specificity by transient knockdown in differentiated UB/OC-1 cells. Panel A: Predicted structure and domains of full
length CDH23, PCDH15 and VLGR1 with the regions comprising the peptide immunogens indicated as double-headed arrows. SS: signal sequence.
EC: extracellular cadherin repeats. PBD: PDZ binding domain. TM: transmembrane domain. GPS: G-protein-couple receptor proteolytic site. CalX-f:
Ca*+binding domain of the Na+/Ca®+ exchanger molecule. LamG/TspN/PTX: laminin-G/thrombospondin-N/pentraxin homology domains. EAR/EPTP:
epilepsy-associated repeat/epitempin repeat. Domains are not to scale. Panels B-D: Differentiated UB/OC-1 cells were transiently transfected with
scrambled siRNA or siRNAs specific for mouse Cdh23, Pcdh15 or Vigr1 transcripts. Panel B: Real time gRT-PCR. Histogram shows percentage of mRNA
expression relative to scrambled. Panel C: Immunocytochemistry with anti-CDH23 (top), anti-PCDH15 (middle) and anti-VLGR1 (bottom). Scale bar:
10 um. Arrowheads denote plasma membrane localization (there were no differences between WT and Scrambled cells, data not shown).
doi:10.1371/journal.pone.0030573.g001
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RACE reactions. To amplify the different alternative spliced
isoforms of VLGRI1, specific primers were designed within the
immunogen region (exon 48) and used to perform rapid
amplification of cDNA ends (RACE). RNA was isolated from P3
inner ear, extracted using TRIzol and DNAse treated (Invitrogen,
NY). Three micrograms of total RNA were used for 5" and 3’
RACE, performed with the SMARTer™ RACE Amplification
kit (Clontech, CA). Running conditions were set as to obtain
products no longer than 5-kb and according to the manufacturer
mnstructions. The primer sequences were GGTGAAATGCCG-
TACTTGACAGCTTCCTG and CAGGAAGCTGTCAAG-
TACGGCATTTCACC for the 5" and 3" RACE, respectively.
The 4886-bp (Vigrl f.1, GenBank Acc. Number: JQ013292) and
780-bp (Vlgrl g.1, GenBank Acc. Number: JQO013291) products of
the 5" RACE and the 800-bp (Vlgrl £.2, GenBank Acc. Number:
JK693834) product of the 3" RACE were purified, cloned into the
TOPO TA vector cloning kit (Invitrogen, NY) and sequenced by
the University of Nebraska Medical Center DNA-Sequencing
Core Facility.

Co-immunoprecipitation (co-IP) studies

Differentiated UB/OC-1 cells were used for co-IP studies. In a
standard experiment eight 150 em? dishes were used and cells
were processed for the isolation of membranes as described by Le-
Niculescu et al. [43].

Sixty microliters of a 50% slurry suspension of protein A-
sepharose beads (Sigma, MO) were incubated overnight at 4°C
with 10 pl of the specific Usher antibodies, divided into two equal
aliquots and incubated overnight in the presence of UB/OC-1
membrane fraction (specific Usher antibody+M) or buffer (specific
Usher antibody+B, control 1). The membrane fraction was also
incubated overnight in the presence of normal rabbit serum coated
beads (NRS+M, control 2) or un-coated beads (NO AB+M, control
3). After several washes, co-IPs were resuspended in sample buffer
and analyzed by western blotting.

Lysates and synaptosomal preparations

Lysates. Organs of Corti, neuroretinas or differentiated UB/
OC-1 cells were homogenized in RIPA buffer (150 mM NaCl,
50 mM  Tris, 1 mM EDTA, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, pH 7.4) containing protease inhibitors,
and ten to thirty micrograms of protein (Bio-Rad CA. 500-0006)
[44] were analyzed by western blotting. In the case of UB/OC-1
knockdown cells, due to the limited amount of material after the
electroporation only three to five micrograms were analyzed.
Crude synaptosomes from neuroretina were isolated as
described by Reiners et al. [45], with adaptation to the nner
ear. Briefly, 16 organs of Corti from P3 WT mice were
homogenized in 200 pl of extraction buffer (0.32 M sucrose,
4 mM Hepes [pH 7.4], and protease inhibitors) and the post-
nuclear supernatant was centrifuged at 9,200 xg for 15 min. The
new supernatant (S1) was kept for western blot analysis while the
pellet, containing the synaptosomes, was resuspended and
centrifuged at 10,800 xg for 15 min. The new pellet containing
the crude synaptosomal fraction (P2) was analyzed by western-
blot.

Western blot

Western blot analysis was conducted as previously described by
Zallocchi et al. [24]. Secondary antibody was replaced by HRP-
conjugated protein A (GE Healthcare Life Sciences, NJ) or HRP-
conjugated protein-G (Chemicon, CA) dilution 1:20,000 to avoid
or decreased cross-reactivity with the IgGs present in the tissue
and co-IPs. Primary antibody dilutions: anti-VLGRI, anti-

@ PLoS ONE | www.plosone.org

Usher Complex Involvement in Synaptogenesis

CDH23 and ant-PCDHI15 2 ug/ml; anti-clarin-1 0.5 pg/ml,
anti-RIBEYE and anti-SNAP25 1:500, anti-PMCA2 1:200 and
anti-B-actin  1:2,000. For antibody qualification the specific
antibodies were pre-adsorbed with the immobilized peptide
immunogen overnight at 4°C with rocking. The flow through
(unbound) and the elute (affinity purified antibodies) were use for
western-blot analysis of P3 inner ear and neuroretina.

Results

Antibody qualification

To establish the specificity of the isoforms recognized by each of
these antibodies given the lack of true knockout mouse models
[29,46-49], we employed two different approaches: specific knock
down in UB/OC-1 cells (Fig. 1 and Fig. 2) and pre-adsorption of
the antibody with the peptide immunogen followed by western
blot analysis (Fig. 2). We transiently knocked down each Usher
transcript in differentiated UB/OC-1 cells with siRNAs targeted to
a region within the immunogen sequence (Fig. 1A, double-headed
arrows and Table S1). These cells were derived from a population
of non-sensory epithelial cells in the greater epithelial ridge that,
under differentiating conditions, adopt a hair-cell like phenotype
[41,42], and endogenously express all the known Usher proteins
[19,41; this work and unpublished data]. The knockdown cells for
CDH23, PCDHI15 and VLGRI were qualified by real-time
quantitative RT-PCR with primers directed to the regions
comprising the peptide immunogens (isoform specific primers)
(Fig. 1B and Table S1) and by immunofluorescence analysis
(Fig. 1C), and compared with cells transfected with scrambled
siRNA (controls). Western blot analysis of these knockdowns shows
a reduction of 20% to 100% for the different isoforms within a
given Usher protein (Fig. 2A), confirming the antibody specificity
for the various isoforms discussed in this work. Anti-CDH23 was
raised against part of the extracellular domain, transmembrane
domain and part of the cytoplasmic domain of the mouse CDH23
protein, including the amino acid sequence encoded by the
alternative spliced exon 68 [28] (Table S1 and Fig. S1). Any
alternative spliced protein isoform containing part of or the entire
region comprising the immunogen will be recognized by our
antibody preparation. By using siRNAs targeted to this region
(Table S1), we were able to knockdown most of these alternative
spliced isoforms, including the full length (V1) and “synaptic” (V3)
isoforms [28,29]. In the case of PCDH15, the antibody was raised
against part of the cytoplasmic domain (CD1 domain) [35,50] of
the mouse PCDHI15 encoded by exon 35, which itself can be
incompletely spliced out [51] (Table S1 and Fig. S1). We
detected and knocked down 5 different PCDH15 isoforms from
UB/OC-1 lysates (Fig. 2A). Most of these PCDH15 isoforms have
already been described at the transcript and/or protein level
[12,22,23,35,51,52]. Finally, the VLGR1 antibody was raised
against a peptide comprising the mouse EAR/EPTP (epilepsy-
associated repeat/epitempin repeat) domain (Fig. 1A and Table
S1). The anti-VLGRI1 antibody recognizes all the alternative
spliced isoforms containing part of or the entire EAR/EPTP
domain (Fig. S1). Using specific siRNAs directed to a small region
of this domain we were able to knock down 7 different VLGR1
isoforms (Fig. 2A). For all the three Usher proteins we were able
to knock down the isoforms relevant to this work (Fig. 2A and
additional Figures): CDH23 isoforms V1, V2, V3, V5b and V6,
PCDHI15 isoforms A (or CDI-1) [35,53] and G and VLGRI
isoforms “b”, “f/g/0”, “1”, “j” and “m”.

Similar results were obtained when the antibodies were pre-
adsorbed with the peptide immunogen followed by western blot
analysis in P3 inner ear and neuroretina (Fig. 2B). Using the
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Figure 2. Isoform specificity by transient knockdown and antibody pre-adsorption. Panel A: Western blot analysis showing different
degrees of knockdown for each isoform of the three different Usher proteins. Blots were stripped and re-probed for (3-actin as a loading control. Red
numbers are the percentage of expression relative to the scrambled and after normalization with B-actin. Isoforms were named according to
previously establish nomenclature systems. Molecular protein standards are indicated to the left of each membrane. Sc: scrambled; Sp: specific siRNA,
nd: no-detectable. Panel B: Western blot analysis of whole P3 inner ear (EAR) and neuroretina (EYE) in the presence of the affinity purify antibody (A-
P) or the pre-adsorbed antibody (F-Th) by the corresponding peptide immunogen. Membranes were stripped and immunoblotted for B-actin as
loading control. For CDH23, V1 corresponds to V1a and V1b, V2 corresponds to V2a and V2b, V3 corresponds to V3a and V3b and V5 corresponds to

V5a and V5b.
doi:10.1371/journal.pone.0030573.g002

unbound suspension (F-Th) as probe following pre-adsorption of
the antibodies shows a decreased or complete disappearance of the
bands for the specific Usher proteins compared with the affinity
purify antibodies (A-P), demonstrating that these bands are
specifically recognized by our antibody preparations. In some
cases we see a band in blots probed with the unbound fraction for
PCDHI15 and VLGRI1 immunoblots. This is likely due to an
incomplete adsorption of the antibody by the peptide immunogen
as the band intensities are significantly decreased relative to the
specific immunoblots.

Spatiotemporal localization of CDH23, PCDH15 and

VLGR1 proteins in mouse cochlea and hair cells

The expression of CDH23, PCDH15 and VLGRI1 was
analyzed in WT cochlea before (P1-P6) and after the onset of
hearing (P14) [37] by dual immunofluorescence confocal micros-
copy. All sections were counterstained with phalloidin to identify
hair cells by the presence of actin-rich stereocilia at the apical pole
of the cells (Fig. 3). There is a specific spatiotemporal pattern of
expression for these Usher proteins in cochlear hair cells and
neuronal terminals between P1 to P14. As was reported by others,
we observe expression of these proteins in the stereocilia of
cochlear hair cells [27,28,32,35,47,52]. Our antibody preparations
detect apical expression of CDH23 at P3 and P14 (Fig. 3G-H
and Fig. 4), and of PCDH15 and VLGR1 from P1 to P3 (Fig. 31—
L, Q-T and Fig. 4). There is also strong immunostaining at the
base of both inner and outer hair cells, mainly post-synaptic, from
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P1 to P6 for these Usher proteins. At P14 the expression persists at
the base of the IHCs (Fig. 3, arrows) and along the neuronal fibers
that contact the OHCs (Fig. 3, white dots) but is mostly absent
from the base of the OHGCs. Basal staining for CDH23 and
VLGRI1 has previously been described by others [29,30,49]. No
immunoreactivity was observed when sections where incubated
with pre-immune serum and the secondary fluorochrome-labeled
antibody, demonstrating the specificity of the staining (data not
shown).

These results show a developmentally regulated pattern of
expression at the hair cell basal pole and neuronal fibers for
CDH23, PCDH15 and VLGRI1 similar to the one previously
reported for clarin-1 [16,19] and coincident with the develop-
mental window for type I afferent remodeling [6,37;40].

The basal expression of the Usher proteins, including clarin-1,
was confirmed in P3 mouse cochleae by dual immunolabelling
with the hair cell marker myosin7A [54] and in isolated hair cells.
Figure 4 shows co-localization at the base of both OHCs and
IHC:s between the Usher proteins and myosin7A (arrowheads) and
at the stereocilia (asterisks). Apical and basal immunostaining were
also observed for the four Usher proteins in isolated hair cells
(green), with the basal staining enclosing the whole basolateral
membrane (Fig. 5, arrowheads). It is worth mention that in our
previous work [19] we were able to detect apical clarin-1
immunostaining at PO only. The fact that now we observe apical
expression at P3 (Figs. 4 and 5) and at P30 (Fig. S2) is likely
methodological and due to changes in blocking solutions, the
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Figure 3. Developmental expression of Usher proteins in mouse cochleae. Panel A: Cochlea cross-sections immunostained with anti-
CDH23 (A-H), anti-PCDH15 (I-P) and anti-VLGR1 (Q-X) (green) and counterstained with phalloidin for F-actin (red). P1 (A, B, I, J, Q, R); P3 (C, D, K,
L, S, T); P6 (E, F, M, N, U, V) and P14 cochleae (G, H, O, P, W, X). Synaptic staining at the base of IHCs and OHCs is denoted by arrows and
arrowheads, respectively. Asterisks: apical staining. White dots: weak immunostaining at the neuronal fibers. Scale bar: 5 um. Panel B: Toluidine blue
staining of P21 mammalian cochlea, for reference, showing the two different classes of hair cells and the innervation at their base. Magnification:
100 x.

doi:10.1371/journal.pone.0030573.g003
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Figure 4. Basal expression of CDH23, PCDH15, VLGR1 and clarin-1 in P3 cochleae. Cochlea cross-sections were dual immunostained with
the Usher proteins (green) and myosin7A (red). CDH23 (A-B); PCDH15 (C-D); VLGR1 (E-F) and clarin-1 (G-H). Arrowheads: basal pre-synaptic co-
localization. Asterisks: apical co-localization. White dot: non-specific staining. Scale bar: 5 um.

doi:10.1371/journal.pone.0030573.9g004
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Figure 5. Usher proteins are present at the apical and basal aspects of P3 hair cells. Isolated hair cells were immunostained for the Usher
proteins (green) and myosin7A (magenta) and counter-stained with phalloidin (red). Arrowheads: Usher staining at the base of the hair cells.
Asterisks: apical staining and co-localization with phalloidin. A a’, a”: CDH23. B, b’, b": VLGR1, C, ¢/, ¢": PCDH15, D, d’, d”: clarin-1. Scale bar: A-D:

2 um; a’-d": 4 um.
doi:10.1371/journal.pone.0030573.g005

fixation, and in the case of the isolated hair cells the digestion
treatment which reveals masked epitopes.

The pre-synaptic marker RIBEYE was also used to determine
sub-cellular localization of the Usher proteins (Fig. 83 and insets).
Single plane confocal images show that CDH23, PCDHI5,
VLGR1 and clarin-1 not only co-localize with RIBEYE
(arrowheads) that at P3 is expressed by both type of hair cells
[6,7,9] but also extend their expression beyond the ribbon along
the basolateral aspect of the hair cells. Particularly, in the case of
IHCs there is a diffuse immunostaining for the Usher proteins
along the cell body.

CDH23, PCDH15, VLGR1 and clarin-1 are expressed by
auditory nerve fibers (afferent fibers)

The final steps in synaptic remodeling occur post-natally in mice
and rats, where the type I afferent fibers retract from the base of
the OHG:s just prior to the onset of hearing [37,40,55]. Because
the spatiotemporal pattern of the Usher proteins coincides with
this synaptic remodeling event, we analyzed the origin of the
Usher-positive neuronal fibers in P3 mouse cochleae. Type 1
afferent fibers were labeled with a fluorochrome-conjugated
dextran, the cochleae were then cryosectioned and immunola-
beled for the different Usher proteins [19,39;40]. Figure 6 shows
co-localization between the Usher proteins and the dextran
staining, demonstrating their expression by type I afferent terminal
fibers (Fig. 6, panel A). Similar results were previously observed
for clarin-1 [19]. The immunostaining with CDH23, PCDH15
and VLGRI antibodies also shows pre-synaptic expression of the
corresponding proteins, suggested by positive immunoreactivity at
the base of the hair cells but absence of fluorochrome-conjugated
dextran staining (Fig. 6A, arrowheads). The Usher proteins are
not only present at the neuronal terminals and synaptic contacts
but also in type I afferent fibers and SGNs (Fig. 6, panel B). The
dual staining shows that only a sub-population of type I afferent
neurons (yellow) expresses the Usher proteins and that these
auditory nerve fibers are the ones that make synaptic contacts with
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the sensory epithelia. The greater epithelial ridge (GR) was also
immunopositive for the Usher proteins, especially for CDH23.

Because at this time point (P3) there is also type II afferent
mnervation at the base of the OHCs [40], we analyzed the possible
expression of the Usher proteins by dual immunofluorescence with
anti-peripherin, a marker for type II auditory nerve fibers [40;56].
Figure 7 shows that CDH23, PCDH15, VLGR1 and clarin-1 are
also expressed by type II afferent fibers and SGNs during early
stages in synaptic cochlear development. In this case all the type 1I
SGNs are positive for the Usher protein immunostaining (i.e. co-
localization with peripherin, Fig. 7, panel B).

Expression of CDH23, PCDH15, VLGR1 and clarin-1 persists
at the base of IHCs in adult mouse cochlea (Fig. 8A). This
expression is post-synaptic in type I afferent SGNs and their
neuronal fibers, that at P30 exclusively contact the base of the
IHCs (Fig. 8, panel B, arrowheads). Very little co-localization, if
any, 1s observed between the Usher proteins and RIBEYE (Fig. 8A
arrowheads), suggesting that the basal isoforms are being down-
regulated in the hair cells. Immunostaining of isolated hair cells
from P30 cochleae (Fig. 8$2) and cochlea cross-sections from P60
animals (Fig. 84) confirm the absence of the basal immunostain-
ing in mature hair cells. There is weak basal immunostaining for
PCDHI15 and a very strong immunostaining for the four Usher
proteins at the stereocilia (Fig. $2). It is worth noting that we
observe strong immunostaining in the apical region of the
stereocilia with our VLGR1 antibody in isolated P30 hair cells
(Fig. S2). This is not consistent with the transient “ankle link”
staining described previously [27], and likely represents an isoform
containing the EAR/EPTP domain but not the carboxyl-terminal
domain of the protein, since the earlier studies utilized antibodies
raised against the carboxy-terminal domain of VLGRI.

Clarin-1 and specific isoforms of CDH23, PCDH15 and
VLGR1 form protein complexes at hair cell synapses

To identify the specific Usher protein isoforms expressed at the
basal aspect of the neurosensory epithelia, we isolated synapto-
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Figure 6. Usher protein expression by type | afferent synapses and corresponding SGNs. Panel A: P3 type | afferent fibers were labeled
with a neuronal tracer (Texas Red conjugated-dextran) (A-F) and immunostained with anti-CDH23 (B), anti-PCDH15 (D) and anti-VLGR1 (F) (green).
Arrowheads: pre-synaptic expression, indicated by the absence of co-localization with the neuronal tracer. Scale bar: 5 um. Panel B: P3 cochlea
cross-sections showing expression of the Usher proteins (green, G-N) in the spiral ganglion neurons (SGN), neuronal fibers (NF) and hair cells (HCs)
and their co-localization with type | afferent neurons (red, H, J, L, N). GR: greater epithelial ridge cells. White dot: non-specific staining in the tectorial

membrane. Scale bar: 20 um.
doi:10.1371/journal.pone.0030573.g006

somes from P3 organs of Corti and neuroretinas, and analyzed
these preparations for the presence of the Usher proteins. The
expression profile of the synaptic isoforms for each Usher protein
(Fig. 9B) was compared with whole lysates derived from the same
tissues and also from differentiated UB/OC-1 cells (Fig. 9A).

To standardize isoform nomenclature we used the same system
previously described for each Usher protein [29,35,47,48,57,58]
(Fig. S1). Western blot analysis of CDH23 (Fig. 9A) shows an
identical pattern of isoforms in both the organ of Corti and retina
and very similar to that reported by others [23,29,49]. We detect
the full length CDH23 (isoforms “Vla” and “V1b”, 370/
365 kDa), isoforms “V2a” and “V2b” and the small “synaptic”
isoforms described by Lagziel et al. [29] in hair cells and
photoreceptors (“V3a” and “V3b”). We also observe a weak band
that we named “V6”, near the 250 kDa protein marker that may
belong to the group of isoforms lacking one or two cadherin
repeats [57], and a doublet at 50 kDa previously described [23,49]
and designated by us as “V5a” and “V5b” isoforms. UB/OC-1
cells only express isoform “V3b”. Two novel isoforms were
detected by our antibody preparation in both sensory organs as
well as in UB/OC-1 cells, “V7” near the 75 kDa protein marker
and a very small one at 25 kDa designated as “V8”.

There are three common PCDHI15 isoforms present in the
protein lysates. The full length PCDHI15 (roughly 250 kDa,
isoform “A”) [35,52,53], an additional high molecular weight
band “C” and a small isoform “G”. In retina and UB/OC-1 cells,
we detect two more isoforms (“B”, “E”) around the 50 kDa
marker. UB/OC-1 cells express a 150 kDa (isoform “D”), most
likely one of the CDI1-2 to CDI1-10 isoforms (Fig. S1) and a
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40 kDa protein isoform (“F”). These isoforms are undetectable or
absent from P3 organ of Corti. PCDHI15 isoform “H” (about
25 kDa) is only present in organ of Corti and neuroretina but not
in the hair cell line, suggesting that this isoform may be expressed
in neurons that contact the base of hair cells and photoreceptors.
Most of these PCDHI15 protein isoforms have been described
previously in mouse cochlea and retina at the transcript or protein
level (Fig. S1), however the small isoforms, “E” and “F”, are
novel isoforms [12,22,23,35,46,51,53,59].

The VLGRI isoform profile shows differences between P3
organs of Corti and retinas. Both tissues and the cell line express
the full length VLGR1 (690 kDa, “b” isoform), a 50 kDa isoform
“Vigrly” (Fig. S1), isoform “m” at roughly 30 kDa and a small
isoform at 25 kDa (“7”). Organ of Corti and hair cells express a
tissue specific isoform of 40 kDa (“/”) while neuroretina expresses
an isoform slightly smaller than 50 kDa (“4). The additional
isoforms are only observed in the hair cell line (“Vigrlf/g/o”
between the 500 kDa and 279 kDa protein markers, “Vigrih”
larger than the 100 kDa protein maker and “Vigr/:”, a doublet at
about 75 kDa), and may represent hair cell specific isoforms or low
abundance isoforms undetectable in whole organ of Corti. To our
knowledge this is the first evidence demonstrating the existence of
small protein isoforms for VLGR1. Although several reports have
been published regarding localization and alternative transcript
expression for VLGR1 [15,17,27,30,48,49,52,60], only one shows
the presence of the full length protein in chick retina [27], there is
no additional information regarding the smaller protein isoforms.
By performing RACE with primers specific to exon 48, we found
two novel 5'-end products (Vlgrl f.1 of 4.9 kb and Vlgrl g.1 of
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Figure 7. Usher protein expression by type Il afferent neurons and SGN cell bodies. Panel A: P3 cochlea cross-sections dual-
immunostained for peripherin (pph, green; A-H) and CDH23 (B), PCDH15 (D), VLGR1 (F) or clarin-1 (H) (red). Arrowheads: co-localization at the
neuronal terminals. Scale bar: 5 um. Panel B: P3 SGN cross-sections dual-immunostained with peripherin (green) and CDH23 (I), PCDH15 (J); VLGR1

(K) or clarin-1 (L) (red). Scale bar: 6 pm.
doi:10.1371/journal.pone.0030573.g007

780 bp) containing in frame favorable Kozak consensus sequences
[61] and one novel 3'-end product (Vlgrl f.2 of 800 bp) of the
Vigrl gene. When combined, along with the full length 5" or 3’
terminus of Vigr/b, these products can give rise to at least five
different transcripts. Because the 5" RACE products are partial
sequences lacking the 3'-end, it is possible that these transcripts
end in exon 52 (the novel 3’-end we characterized) or continue to
exon 90, the last exon of the gene. These will give rise to 4
different transcripts (Fig. S1), two starting at exon 24 and ending
at exon 52 or 90 (“Vigrih” and “Vigrlf”, respectively), and two
additional transcripts starting at exon 43 and ending in one of the
downstream exons (“Vigrlj” and “Vigrig”). The 3" RACE product
that includes the last 3 nucleotides of intron 49 and ends in exon
52 can produce a transcript starting in exon 1 (“Vgr/o™) or in one
of the starting sites corresponding to the Mass transcripts for which
no direct association with a particular termination site has been
firmly established [58]. Figure S1 shows the putative four Vigr/
transcripts derived from the 5" RACE and only one transcript
derived from the combination of the 3'RACE sequence and the
translational initiation site at exon 1. These five transcripts contain
the complete coding sequence for EAR/EPTP domain (Fig. S1).

It should be noted that the isoforms discussed for CDH23,
PCDHI15 and VLGRI1 do not represent non-specific binding of
antibodies since all of them are significantly reduced in siRNA
knockdown UB/OC-1 cells and by pre-adsorption of the
antibodies with the peptide immunogen (Fig. 2A and 2B).

@ PLoS ONE | www.plosone.org

Because the transcripts for the small isoforms of PCDHI15 (“E”
and “F”) and VLGRI1 (“7”, “k” to “n”) have not yet been
described it is possible that they are originated from proteolysis of
the large isoforms. However, the fact that most of them are
expressed by organ of Corti, neuroretina and UB/OC-1 cells, and
that some of them are present in the synaptosome preparations
from the same tissues (Fig. 9B) supports the likelihood that these
isoforms are products from yet un-described alternative transcripts
or from selective proteolytic cleavage. As was shown before
[19;25], the predominant clarin-1 isoform in all three lysates is the
30 kDa (isoform 2).

In an attempt to identify which of these isoforms are present at
the neurosensory cell synapses, we employed a method that allows
the isolation of the synaptosomal compartment [45]. Results from
these synaptosomal preparations (Fig. 9B) were compared with
the profile in Fig. 9A. Clarin-1 and specific isoforms of CDH23,
PCDHI15 and VLGRI not only are present in the sub-cellular
fraction corresponding to the synaptosomes but also co-fractionate
with RIBEYE (46 kDa), a specific and major component of the
ribbon synapses [62]. The organ of Corti synaptosomal prepara-
tion was also positive for SNAP25, a different synaptic marker
expressed in the neurosensory epithelia (Fig. 83) [29]. PMCA2,
an apical marker for hair cells [63] was absent from this fraction
but present in the supernatant S1 (Fig. 85), validating the
specificity of the synaptosomal preparations. Several CDH23
isoforms are present in synaptosomal preparations from both
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Figure 8. Expression of the Usher proteins in mature type | afferent neurons. Panel A: Single plane immunostaining of P30 IHCs with
RIBEYE (A-H, green) and CDH23 (B), PCDH15 (D), VLGR1 (F) or clarin-1 (H) (magenta). Arrowheads denote co-localization. Scale bar: 6 um. Panel B:
P30 cross-sections immunostained for CDH23 (I), PCDH15 (J), VLGR1 (K) or clarin-1 (L), showing expression of the Usher proteins in the SGNs, type |
afferent neuronal fibers (nf) and type | afferent terminals (arrowheads) that synapse the IHCs. Scale bar: 20 um.

doi:10.1371/journal.pone.0030573.g008

retina and organ of Corti, including isoforms “V3”, which were
previously described as synaptic [29]. Because these two isoforms
do not contain the extracellular and transmembrane domains,
they are cytosolic and may function as scaffold proteins through
their PDZ (Postsynaptic density 95/Discs large/Zona occludens-1)
domains [29]. We did not detect expression of the full length
CDH23. We only observed expression of the full length PCDH15
(isoform “A”) in the retinal synaptosomes, possibly due to the
limited starting material used for the cochlea preparation.
PCDHI15 isoform “G” is detected in synaptosomes from both
the organ of Corti and the retina. The full length VLGR1 protein
isoform (“Vigrl5”) is present in the synaptosomes of both types of
neurosensory epithelia as well as isoforms “Vigrif, g or 0” and
“Vigrim”. A 50 kDa isoform of VLGRI1 (“Vigrij”) is also detected
in the retinal preparation, but not in the organ of Corti
preparation. Clarin-1 (isoform 2) is observed in the synaptosomes
from both types of neurosensory cells. The differences in the
expression profile between retinal and cochlear synaptosomes may
reflect tissue specificity or/and differences in protein abundance
between tissues.

Due to the limited amount of material that we can obtain from
mouse cochlea or retina, we utilized a membrane-enriched
fraction from differentiated UB/OC1 cells as a platform for
biochemical analysis of native Usher protein interactions. We
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analyzed the interactions between CDH23, PCDH15, VLGRI1
and clarin-1 using a co-immunoprecipitation approach (Fig. 9C).
We observed interactions between the synaptic isoform of CDH23
(“V3” and specific isoforms recognized by anti-PCDHI15 and
anti-VLGRI1. The small isoform of PCDH15 (““G”) interacts with
CDH23 and VLGRI1 while the small isoform of VLGRI
(“VigrIm”) associates with CDH23 and PCDHI15. There is also a
specific interaction between VLGRI1 isoforms “Vigr/:” and
“Vilgrly” and CDH23, and within VLGRI1 protein isoforms
(between “Vigrih”, “Vigriv”, “Vigrly” and ““Vigrim™). Isoform 2 of
clarin-1 shows association with CDH23 and VLGR1 in UB/OC-1
membrane fractions. All these interactions are specific as shown by
the controls for specificity run in parallel for each experiment.

Usher mutant mice have altered cochlear synapses

To test the potential function of the synaptic Usher protein
complex In synaptic maturation @ vivo, we analyzed the
morphology of the developing neuronal fibers and synaptic
contacts in WT and Clmnl—/— mice [31,33]. Staining of type I
afferent fibers with a fluorescent neuronal tracer suggests a defect
in neuronal fiber maturation at P6 in the Chnl—/— cochlea
compare with the WT (Fig. 10A-D). While the type I innervation
at the base of OHGs is barely detectable in P6 WT (Fig. 10A and
10C), it is still readily visible in the mutant mouse (Fig. 10B and
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Figure 9. Biochemical analysis of the Usher synaptic isoforms. Panel A: Expression profile of the Usher proteins in differentiated UB/OC-1

cells (OC1), P3 organ of Corti (C) and neuroretina (R). f-actin was used as a |
the Usher isoforms in crude synaptosomal preparations from P3 organs

oading control. NRS: normal rabbit serum (control). Panel B: Expression of
of Corti (C) and neuroretina (R). The co-fractionation with RIBEYE (RIB)

demonstrates the presence of specific Usher isoforms at the synapses. Panel C: Co-immunoprecipitation analysis in differentiated UB/OC-1 cell
membrane fractions. Lanes Usher antibody+M represent specific antibody-coated beads incubated with the membrane fraction. Lanes Usher
antibody+B represent specific antibody-coated beads incubated with resuspension buffer only (control 1). Lane NRS+M represents unrelated
antibody-coated beads incubated with the membrane fraction (control 2). Lane NO AB+M represents un-coated beads incubated with the membrane
fraction (control 3). Arrowheads denote the IgGs from the immunoprecipitation assay. Molecular weight markers are denoted to the left. Isoforms
were named according to previously establish nomenclature systems Blots were cropped to show only the results relevant to this study.

doi:10.1371/journal.pone.0030573.g009

10D) and similar to the innervation pattern found in WT mice at
early ages (data not shown) [40]. No alterations were found in the
type II SGNs and neuronal fibers at the confocal level between
WT and mutant cochleae (Fig.10E-H).

The IHC ribbon synapses in the Clml—/— cochlea were
analyzed by confocal microscopy using pre-synaptic (RIBEYE)
and post-synaptic (GluR2/3) markers (Fig. 11A-L) [37]. At P3
the synapses are very immature with the classic juxtaposed pair
(RIBEYE/GIuR2/3) absent from the base of WT and mutant
IHCs (Fig. 11A-D). However, the number of ribbons is significant
reduce in the Clhml—/— cochlea compare with the WT. At P9 the
WT ribbon synapses can be easily identified as a juxtaposed pair of
immunofluorescence spots (Fig. 11E-F), in the mutant the
RIBEYE/GIluR2/3 pair is still absent (Fig. 11G—H). The number
of ribbons is similar between mutant and WT (bar graph) but only
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due to the decrease that normally occurs during cochlea
maturation. The GluR2/3 immunoreactivity in the Clml—/—
(green) shows a confluent pattern enclosing the entire basolateral
surface of the IHCs characteristic of immature ribbon synapses
(Fig. 11B) [37,64]. By P14 the juxtaposed pre- and post-synaptic
pairs have already been formed at the base of the mutant IHCs
(Fig. 11K-L), demonstrating a delay in synaptic maturation in the
Clrn1—/— cochlea. No significant differences were observed in the
number of ribbons per IHC between WT and Clnl—/— at P9
and P14 (bar graph, P3: 15.2+1.0 versus 10.5%£0.7, n =4 cochleae;
P9: 8.8£1.0 versus 9.9+1.2, n=3 WT and 4 KO cochleae; P14:
10.1+0.9 wversus 12.0x1.3, n=5 WT and 4 KO cochleae).
Ultrastructural analysis of the synapses also shows abnormalities
in P9 Clmi—/— mice (Fig. 11M-P and insets). We observed
multiple synaptic contacts in the Clrnl—/— OHCs compared with

1 February 2012 | Volume 7 | Issue 2 | 30573



Figure 10. Clrn1—/— mouse has immature type | afferent fibers.
P6 WT (A, C, E, G) or CIrn1—/— (B, D, F, H) whole mount organ of Corti
(A-B) or cochlea cross-sections (C-H) were labeled with the neuronal
tracer (A-D, red) and counter-stained with phalloidin for F-actin (green,
C-D) or with peripherin (pph, green, E-H). Arrowheads: specific
staining at the base of the OHCs. Scale bars: A-B: 20 um, C-D: 10 um,
E-F: 15 um and G-H: 6 um.

doi:10.1371/journal.pone.0030573.9g010

the WT (Fig. 11M-N). These synapses are less defined and
underdeveloped, more reminiscent of the WT at an earlier time
point. At the base of the IHCs (Fig. 110-P), the synaptic densities
also display qualitative differences. In the W'T' mice the synapses
present a confined electron dense area and show both pre- and
post-synaptic densities (Fig. 110 inse/). In the mutant mice
(Fig. 11P wnset), the synaptic densities are diffuse and more broadly
dispersed, with neuronal contacts spanning longer consecutive
lengths along the hair cell plasmalemma, which is a typical
configuration of an immature organ of Corti [6]. This result, as
well as the increased number and area of the synaptic contacts
observed ultrastructurally at P9 in the Clml—/— are characteristic
of immature WT hair cells [60], and suggest a defect in synaptic
maturation.

@ PLoS ONE | www.plosone.org
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The PCDH15 mutant mouse Ames waltzer™” was also used in

these studies (Fig. $6). Mutant animals still express PCDH15
transcripts and proteins (data not shown). The analysis of the
ribbon synapses in P9 Ames waltze™ animals shows differences in
synaptic protein expression between mutant (Fig. $6) and WT
animals (Fig. 11E-F). Consistent with the Clm/—/— mouse, we
observed an altered distribution of the post-synaptic marker
GluR2/3 by confocal immunostaining, suggesting that the delay in
synaptic maturation may be a more general feature shared by the
different Usher models, and further supporting a functional role
for the novel complex of small Usher protein isoforms in hair cell
synaptic maturation.

Discussion

Since the sequential discovery of the genes associated with
Usher syndrome, there have been many reports describing
expression of the Usher related proteins in the affected organs,
the eye and inner ear [20,21,65]. Regarding the latter, most of the
immunolocalization and morphological studies have been focused
at the apical aspect of vestibular and cochlear hair cells, probably
because of the structural abnormalities observed in the stereocilia
bundles for the different mouse models [25-27;31,32]. The fact
that vision is also affected and that the retina (the main affected
tissue in the eye) is devoid of stereocilia-like (actin paracrystal)
structures led us to examine Usher protein function at the ribbon
synapses, highly specialized structures present in both photore-
ceptors and hair cells, where many of the Usher proteins have
been localized [19,22,29,30,45]. A developmental survey for
Usher protein expression focused our initial studies on CDH23,
PCDHI15 (two cadherins involved in cell-cell adhesion contacts)
and VLGRI1 (a G-protein coupled receptor involved in neuro-
genesis) [17,18,60,66,67]. We developed and characterized
antibodies for these three Usher proteins [24,33,34]. Due to the
presence of multiple isoforms generated by alternative splicing
and/or by the use of alternative promoters and splice sites
[14,24,28,29,35,46-49,51,59,68], most of the Usher mouse models
available are not true knockouts but spontaneous or induced
mutants that either lack some of these isoforms or express
dysfunctional proteins [29,46-49]. Just recently, the expression of
several PCDHI)5 isoforms in the stereocilia were described using
the Ames waltzer mouse model av6}, that carries a presumptive in-
frame deletion in exon 22 [69]. The use of antibodies directed
against the three different cytoplasmic domains of PCDH15 (CD1,
CD2 and CD3) demonstrated normal immunostaining at the
stereocilia. However the use of an extracellular domain-directed
antibody showed a marked decreased in PCDHI15 expression,
demonstrating that the selection of the domain used to raise
antibodies is a critical step for isoform detection [69]. This concept
1s further validated by our demonstration of apical stereociliary
immunostaining for VLGRI1 hair cells isolated from P30 mice
(Fig. 82), which suggests that a previously undescribed isoform of
VLGRI1 containing the EAR domain, but not the carboxyl-
terminal domain is present in mature hair cell stereocilia.

Therefore, to establish the isoform specificity of our antibody
preparations, we used two different approaches: 1) western blot
analysis of P3 inner ear and neuroretina with the affinity purified
primary antibody (A-P) or the flow through (F-Th) following pre-
adsorbtion of antibodies with immobilized peptide immunogen
and 2) transient knock down studies of the Usher transcripts in
differentiated UB/OC-1 cells using siRNAs derived from the
DNA sequences comprising the peptide immunogens (Figs. 1, 2
and Table S1). Bands observed on western blots using affinity
purified antibodies were markedly reduced or absent when
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Figure 11. Clrn1—/— mouse has immature synaptic contacts. P3 (A-D), P9 (E-H) and P14 (I-L) IHC ribbon synapses immunostained for the
pre-synaptic marker RIBEYE (red) and the post-synaptic marker GIuR2/3 (green). Bar graph: Quantitative analysis of the ribbons in WT and Clrn1—/—
IHCs. Student's t test shows significant differences at P3 only (asterisk). M-P: Ultrastructural analysis of WT (M, O) and CIrn1—/— (N, P) P9 synapses at
the base of OHCs (M-N) and IHCs (O-P). Small arrows denote synaptic contacts between hair cells and neuronal fibers. Insets: magnification of
pointed area. N: nucleus. nf: neuronal fiber.. Scale bars. A-L: 2 um, N-Q: 500 nm.

doi:10.1371/journal.pone.0030573.g011

duplicate blots were probed with the flow through following
affinity purification on immobilized peptide immunogens. UB/
OC-1 cells showed differences in the efficiency of knockdown for
all the Usher transcript isoforms within a given Usher protein with
a reduction in expression between 20% to 100%, likely due to
differences in the efficacy of the siRNAs employed.

We were able to establish a spatiotemporal pattern of expression
for the Usher proteins at the apical and basal aspects of the hair
cells and in the neuronal terminals, between P1 and P14 (Fig. 3).
Basally, the pattern is similar to the one described for clarin-1
[16,19] and parallels the developmental window when synaptic
remodeling takes place at the base of the OHCs during the first
post-natal weeks in mouse cochlea [5,6,8,40].

We show, for the first time, that CDH23, PCDH15, VLGRI1
and clarin-1 are also expressed by both types of afferent fibers
(Fig. 6-7), with very prominent expression in a sub-population of
type I afferent neurons. The expression is not restricted to the
neuronal terminals but is observed throughout the neuronal fibers
to the SGN cell bodies. We also observed weak and diffuse
immunostaining in the cell bodies and at brighter spots of
immunostaining at the base of isolated hair cells from P3 mice
(Fig. 5). Although this basal immunoreactivity was observed
repetitively in the different hair cell preparations, we cannot rule
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out the possibility that this staining may be due to post-synaptic
fibers that remain attached after the isolation procedure. We feel
this is unlikely, however, given the clear co-localization of these
proteins with myosin7A in the isolated hair cell preparations
(Fig. 5). Cochlea cross-sections (Fig. 4) also show diffuse Usher
protein expression in the hair cell bodies that is similar to that
observed for other synaptic proteins at early developmental stages.
This may reflect the active protein trafficking that is taking place
during this maturational process [70-75].

In mature mouse cochlea (Figs. 8, S2 and S4) the Usher
proteins are still present post-synaptically at the base of IHCs and
in the contacting type I afferent fibers. This suggests two different
roles for the Usher proteins at the synapses, i) an early role that
may involve type I afferent synaptic maturation and ii) a later role
most likely related to maintenance of the afferent fibers and their
synaptic contacts in the adult cochlea (the isoforms involved in
these two functions may or may not be the same ones). While
mature hair cells show absence of basal immunostaining for the
Usher proteins (with the exception of PCDH15), their expression
persists at the stereocilia level (Fig. S2). In the case of VLGRI, a
component of the transient ankle links involved in hair bundle
development [27,52], we were able to detect strong expression in
the apical region of the stereocilia at P30 suggesting an additional
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and novel role for EAR/EPTP domain-containing VLGRI1
1soform(s) in mature stereocilia.

There are several lines of evidence reinforcing our notion of a
role for these Usher proteins in synaptogenesis. First, the VLGR1
synaptic isoforms recognized by anti-VLGRI1 contain the EAR/
EPTP domain. This domain defines a family of proteins
implicated in epileptic disorders and, in the case of VLGRI1, play
a key role in a Mendelian type of audiogenic epilepsy [17,18,67].
Second, clarin-1 is a tetraspanin with a high degree of sequence
similarity to stargazin, another tetraspanin of the same superfam-
ily. Because stargazin is involved in synaptic plasticity and
maintenance, it has been suggested a similar synaptic function
for clarin-1 [16,76,77]. Third, the Clmi—/— mouse shows a
deficit in afferent neuronal activation [25]. The presence of the
same small Usher isoforms at the synapses of both type of
neurosensory epithelia and the interactions observed between each
other in UB/OC-1 cells (Fig. 9) strongly supports the existence of
a functional Usher synaptic complex i vivo, with a potential role in
synaptogenesis. Although we cannot completely rule out an
indirect effect of the Usher proteins in synaptic maturation, the
evidence presented here, along with the recent novel findings of a
role for harmonin (isoform a) in the regulation of Cay1.3 channel
expression and function at the hair cell surface [78], argue in favor
of a direct role for some Usher protein isoforms in synaptic
maturation.

In the case of VLGR1 we characterized novel transcripts
containing the complete coding sequence for the EAR/EPTP
domain (Fig. S1) and may account for some of the protein
isoforms detected in Fig. 9. However, we did not observe any
small transcripts corresponding to the small bands detected by
western blot (isoforms “2”, “A” to “n”). These likely represent still
un-characterized transcripts or, as we suggested above, selective
proteolytic cleavage products.

We observed defects in synaptic maturation in Clnl—/— and
altered synapses in the Ames waltzer™” mice (Figs. 10-11, $6).
The abnormalities we documented at the mutant ribbon synapses
are strikingly similar to those observed in athyroid mouse models
where synaptic maturation is impaired [37]. Although the Usher
proteins are also present in type II afferent fibers it seems that the
main defect in the Clml—/— mouse emanates from the type I
afferent neurons as these are the ones showing a maturational
delay (Fig. 10). Although we cannot completely exclude the
involvement of clarin-1 and PCDH15, as isolated proteins, in hair
cell synaptic development, we believe this is unlikely due the
tremendous amount of work showing the existence of an “Usher
interactome” [20,21,24;26,30,34,65;79-82].

In conclusion, we show that specific Usher isoforms are
expressed pre- and post-synaptically in cochlear hair cells. There
is prominent expression of the Usher proteins in a sub-population
of type I afferent neurons that at P3 innervate both types of hair
cells but at P30 innervate only IHGCs. At the synapses, our results
suggest the existence of a novel Usher complex comprised mostly
of small isoforms. The absence of one of the components of the
complex, i.e. clarin-1 or PCDHI)5, results in defective synaptic
maturation, providing new evidence for a role of Usher proteins at
the synapses. This function may be direct through the interaction
and/or modulation of specific synaptic proteins as was recently
described for harmonin [78] or indirect through a more general
mechanism that ultimately affects the maturation and function of
the hair cell synapses. Altogether, the data suggest that the
synaptic Usher protein complex may provide signals that direct the
synaptic remodeling that occurs during development in cochlear
hair cells. Investigation of whether similar defects in synaptic
development/structure/function are also observed in the retina of
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Usher mouse models is needed. This work underscores the fact
that there are a large number of distinct Usher protein isoforms
that form specific complexes, likely many, as is the case for the
synaptic complex, with unexpected compositions and functions.
Thus it is likely that current views regarding the function of Usher
proteins in hair cells and photoreceptors are oversimplified. We
propose that the Usher protein complexes function as mediators of
protein trafficking, docking, and/or membrane fusion, likely
influencing both protein and membrane dynamics at both the
apical and basal aspects of neurosensory epithelial cells.

Supporting Information

Figure S1 Schematic representation of the Usher iso-
forms relevant to this work. VLGRI1 isoforms: Predicted
structure and domains of the full length VLGR1 (Vlgr1b). CalX-f:
Ca’+-binding domain of the Na'/Ca®' exchanger molecule.
LamG/TspN/PTX:  laminin-G/thrombospondin-N/pentraxin
homology domains. EAR/EPTP: epilepsy-associated repeat/
epitempin repeat GPS: G-protein-couple receptor proteolytic site
TM: transmembrane domain. Cyt: cytoplasmic domain. The new
transcripts obtained by RACE are also included (Vlgrlf, Vlgrlg,
Vlgrlh, Vlgrlj and Vigrlo). 5’'RACE products: 4.9-kb and 780-bp
products comprising exons 24 to 48 and 43 to 48, respectively.
These partial 5 transcripts were combined with the rest of the
sequence for Vlgrlb or with the novel 3'RACE product,
generating Vlgrlf, Vigrlh, Vlgrlg and Vlgrlj complete tran-
scripts. 3'RACE product: 800-bp product comprising exons 48 to
52. This partial 3" transcript was combine with the novel 5’'RACE
products and with the beginning of the transcript for Vlgrlb,
generating Vlgrlh, Vlgrlj and Vlgrlo complete transcripts. The
protein domains for each new isoform and their estimated
molecular weights are also included. PCDH15 isoforms: The
full length PCDH15-CD1 isoform (CD1-1 or isoform A) contains
11 cadherin repeats, a transmembrane domain (TM) and the
cytoplasmic domain 1 (CDI1) that includes the PDZ binding
sequence “STSL”. Several isoforms lacking a small part of the full
length PCDH15-CD1 have also been described (isoforms CD1-2
to CD1-10). Isoform B containing only one cadherin repeat and
several identified but still uncharacterized isoforms containing part
of the extracellular domain (D, G and H). Apparent or estimated
molecular weights are included. CDH23 isoforms: The full
length CDH23 (V1) contains 27 cadherin repeats, a transmem-
brane domain (TM) and a cytoplasmic domain (Cyt) with or
without the coding sequence present in exon 68 (red box). The
CDH23 V2 isoforms only contain 7 cadherin repeats and the
CDH23 V3 isoforms are cytosolic as they only include the
cytoplasmic domain and a 7 unique amino acid sequence (black
box). Additional CDH23 isoforms have been identified at the
transcript (V4 and V6) or protein (V5) level. The apparent or
estimated molecular weights for all these isoforms have been
included. *Transcripts and putative protein isoforms characterized
in this work. 8Isoforms characterized by others but named by us,
following the already established nomenclature system.

(TIF)

Figure S2 Isolated hair cells from P30 organs of Corti were
immunostained for the CDH23 (A, a’, a"), VLGRI (B, b’, b"),
PCDHI15 (C, ¢', ¢") and clarin-1 (D, d', d") (green), the hair cell
marker myosin7A (magenta) and counter-stained with phalloidin
(red). Asterisks: apical staining and co-localization with phalloidin.
Scale bar: A-D: 2.5 pm; a’'-d": 5 um.

(TTF)
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Figure S3 Pre- and post-synaptic expression of CDH23,
PCDH15, VLGRI1 and clarin-1 in P3 cochleae. Single plane
images from P3 cochlea cross-sections immunostained for the
Usher proteins (magenta) and the pre-synaptic marker RIBEYE
(green). CDH23 (A-B); PCDH15 (C-D); VLGRI1 (E-F) and
clarin-1 (G-H). Arrowheads denote basal pre-synaptic co-
localization in OHCs. Scale bar: 5 pum.

(TIF)

Figure $4 Expression of the Usher proteins in P60 type I
afferent neurons. Cochlea cross-sections immunostained for
CDH23 (A-B), PCDH15 (C-D), VLGR1 (E-F) and clarin-1 (G-H),
showing expression of the Usher proteins in the type I afferent terminals
that synapse the IHCs (A, C, D, E, G) and corresponding SGNs (B, D,
F, H) . Scale bar: A, G, E, G: 10 pm. B, D, F, H: 25 um.

(TIF)

Figure S5 Western blot analysis of synaptosomal prep-
aration from P3 organ of Corti. Left: the synaptic marker
SNAP25 was used to demonstrate the presence of the synapto-
somal preparation in P2 (see Materials and Methods). Note that
the apparent molecular mass of SNAP25 is bigger than expected
(25 kDa) as native conditions were used. Right: the apical marker,
PMCA2, was used to demonstrate distinct sub-cellular fraction-
ation. PMCA2 is present in S1 and absence from P2 where the
crude synaptosomes fractionate.

(TIF)
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