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Usher syndrome is a genetically heterogeneous disorder characterized by hearing and balance dysfunction and progressive retinitis
pigmentosa. Mouse models carrying mutations for the nine Usher-associated genes have splayed stereocilia, and some show delayed
maturation of ribbon synapses suggesting these proteins may play different roles in terminal differentiation of auditory hair cells. The
presence of the Usher proteins at the basal and apical aspects of the neurosensory epithelia suggests the existence of regulated trafficking
through specific transport proteins and routes. Immature mouse cochleae and UB/OC-1 cells were used in this work to address whether
specific variants of PCDH15 and VLGR1 are being selectively transported to opposite poles of the hair cells. Confocal colocalization
studies between apical and basal vesicular markers and the different PCDH15 and VLGR1 variants along with sucrose density gradients
and the use of vesicle trafficking inhibitors show the existence of Usher protein complexes in at least two vesicular subpools. The apically
trafficked pool colocalized with the early endosomal vesicle marker, rab5, while the basally trafficked pool associated with membrane
microdomains and SNAP25. Moreover, coimmunoprecipitation experiments between SNAP25 and VLGR1 show a physical interaction of
these two proteins in organ of Corti and brain. Collectively, these findings establish the existence of a differential vesicular trafficking
mechanism for specific Usher protein variants in mouse cochlear hair cells, with the apical variants playing a potential role in endosomal
recycling and stereocilia development/maintenance, and the basolateral variants involved in vesicle docking and/or fusion through
SNAP25-mediated interactions.

Introduction
Mutations within the Usher genes cause an autosomal recessive
disorder called Usher syndrome (USH) characterized by congen-
ital deafness and progressive retinitis pigmentosa (Hallgren, 1959;
Boughman et al., 1983). Of the 11 loci associated with this disease,
nine genes have been identified and the subcellular distribution
of the encoded proteins partially characterized in both types of
neurosensory cells, hair cells and photoreceptors (Petit, 2001;
Reiners et al., 2006). In vitro and in vivo analysis of the Usher
protein interactions along with immunolocalization studies sug-
gest the existence of protein complexes comprised of specific
Usher isoforms. The splayed stereocilia phenotype and the ab-
normalities observed in zebrafish and Usher mouse models
strongly point to a role in hair bundle morphogenesis and synap-
tic maturation for the Usher complexes (Seiler and Nicolson,

1999; Seiler et al., 2005; Zallocchi et al., 2009, 2012; Gregory et al.,
2011; Phillips et al., 2011).

Defects in the Ca 2�-dependent cell adhesion molecule
protocadherin-15 (PCDH15) cause USH1F and nonsyndromic
deafness DFNB23 (Ahmed et al., 2003, 2008). PCDH15 in coor-
dination with cadherin-23 (CDH23, USH1D) form the transient
kinociliary links and the tip links that gate the mechanotransduc-
tion channels in auditory hair cells (Kazmierczak et al., 2007).
The very large G-protein-coupled receptor-1 (VLGR1) is a com-
ponent of the ankle links present during stereocilia development,
and mutations within its gene cause USH2C and audiogenic ep-
ilepsy (Skradski et al., 2001; Staub et al., 2002; McGee et al., 2006;
Michalski et al., 2007). Multiple isoforms for all three Usher pro-
teins have been described, with some of them also playing a role
in hair cell synaptic maturation and function (Petit, 2001; Lagziel
et al., 2009; Reiners et al., 2006; Phillips et al., 2011; Gregory et al.,
2011; Zallocchi et al., 2009, 2012).

The presence of the Usher proteins in both the basal and apical
poles of the hair cells (and photoreceptors) suggests a regulated
trafficking inferring a specific recognition/association pathway
for distinct vesicular subpools. Using antibody preparations to
PCDH15 and VLGR1 against distinct regions of the two proteins,
we examined the distribution of specific Usher variants at the
apical and basal aspects of cochlear hair cells. We were able to
identify distinct vesicle pools that are being trafficked to either the
basal or apical aspects of immature cochlear hair cells. Each pool
contains specific variants of VLGR1 and PCDH15. One vesicle
pool associates with ADP-ribosylation factor 1 (Arf1)-positive
vesicles, colocalizes with the endosomal GTPase, rab5, and is
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trafficked to the apical aspect of cochlear hair cells. The second
pool is defined by its partial association with membrane mi-
crodomains and adaptin-1 (AP-1)-positive post-trans-Golgi
vesicles and by its interaction with SNAP25 (synaptosomal-
associated protein of 25 kDa). This pool is trafficked to the
basal aspect of the hair cells.

These newly found associations with distinct vesicle/mem-
brane markers link for the first time a differential trafficking
mechanism for the Usher proteins, in which the basolaterally
trafficked variants may be involved in docking/fusion functions
while the apically trafficked variants may play a role in the endo-
somal recycling and stereocilia maintenance pathways.

Materials and Methods
Animals
Postnatal day 1 (P1) and P3 wild-type mice of either sex were in the
129Sv/J strain, obtained from Jackson Laboratories, and bred in-house.
Experiments using mice were performed under an approved Institu-
tional Animal Care and Use Committee protocol, and every effort was
made to minimize pain and discomfort.

Antibodies
The rabbit polyclonal PCDH15(C), VLGR1 EAR, and VLGR1 CT anti-
bodies were developed in our laboratory, described, and characterized
previously (McGee et al., 2006; Maerker et al., 2008; Zallocchi et al., 2010,
2012). Anti-PCDH15(C) recognizes an immunogen region within the

Figure 1. Comparative analyses of PCDH15 and VLGR1 variants in cochlea and UB/OC-1 cells. A, Structure and domains (not to scale) of full-length PCDH15 and VLGR1. Regions comprising the
peptide immunogens are indicated with double-headed arrows and by colored shadows. SS, Signal sequence; EC, extracellular cadherin repeats; TM, transmembrane domain; PRM, proline-rich
motif; PBM, PDZ-binding motif; GPS, G-protein-coupled receptor proteolytic site; CalX-b, Ca 2�-binding domain of the Na �/Ca 2� exchanger molecule; LamG/TspN/PTX, laminin-G/thrombospon-
din-N/pentraxin homology domains; EAR/EPTP, epilepsy-associated repeat/epitempin repeat. B, Western blot analysis of scrambled (Ctl) and Usher specific knock-down (KD) cells immunoblotted
for anti-PCDH15(M) [IB PCDH15(M)] or anti-VLGR1 CT (IB VLGR1 CT). Immunoblots were stripped and reprobed for �-actin as a loading control. Red numbers represent the percentage of expression
relative to the scrambled and after normalization with �-actin. C, Protein lysates from P1 cochleae (P1) or UB/OC-1 cells (OC1) were immunoblotted for anti-PCDH15(C) and anti-PCDH15(M) (left
panels) or VLGR1 EAR and anti-VLGR1 CT (right panels). D, Summary table of the different Usher variants with the corresponding putative protein region. “�” denotes presence of that particular
domain. “�“ denotes absence of that particular domain. “�/�” denotes presence of that particular domain in at least one of the variants. Molecular weight markers (kDa) are indicated to the left
and name of the variant to the right. Variants were named according to previously establish nomenclature systems (Ahmed et al., 2003, 2006; McMillan and White, 2004; Reiners et al., 2005;
Kazmierczak et al., 2007; Zallocchi et al., 2012). Asterisks denote novel specific PCDH15 variants.
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cytoplasmic domain between amino acids 1490 –1709 of PCDH15 CD1
isoform (Ahmed et al., 2003, 2006). The immunogen regions for the
VLGR1 antibodies include amino acids 3245–3421 comprising the EAR/
EPTP domain, for anti-VLGR1 EAR, and amino acids 6153– 6298 in the
C-terminal region for anti-VLGR1 CT. The rabbit polyclonal anti-

PCDH15(M) that recognizes the cytoplasmic do-
main region between amino acids 1823–1943 of
PCDH15 isoform CD1 was kindly provided by
Dr. U. Muller (Scripps Research Institute) (Sen-
ften et al., 2006).

Other antibodies used in this work were
mouse anti-SNAP25 (Abcam), goat anti-rab5A
(Santa Cruz Biotechnology), mouse anti-ribeye
(BD Biosciences), chicken anti-GFP (Novus
Biologicals), mouse IgM anti-�-tubulin (BD
Biosciences), and mouse anti-rab5 and mouse
anti-�-actin (Sigma).

Antibody qualification for the specific
variants detected by PCDH15(M) and
VLGR1 CT antibody preparations
Differentiated UB/OC-1 (University of Bristol/
Organ of Corti-1) cells (�1 � 106) were electro-
porated with 1 �g of the scrambled siRNA or
siRNAs specific for PCDH15 or VLGR1. The spe-
cific siRNAs were directed to the sequences used
to derive the peptide immunogens for each Usher
transcript and were designed by Applied Biosys-
tems. Sense and antisense sequences of the corre-
sponding siRNAs are as follows: PCDH15(M):
5�-CGUUUGAUGGCGUGCAAGAtt-3�/5�-UC
UUGCACGCCAUCAAACGct-3�. VLGR1 CT:
5�-GGAGUUUGAUGACCUGAUAtt-3�/5�-UA
UCAGGUCAUCAAACUCCtg-3�. Knock-down
cells were qualified by real-time quantitative
RT-PCR using SYBR Green PCR Master Mix
(Applied Biosystems), according to the manu-
facturer instructions, normalized to GAPDH
transcript abundance, and compared with the
scrambled siRNA. Real-time PCR primers
were as follows: PCDH15(M): 5�-GAACTGGA
GAGAGCGCAATGCATA-3�/5�-GAGAACGT
CCTTGCTGGGTTAGGCTG-3�; VLGR1 CT:
5�-CAGACCAGCCAGGCAAGCCCTGATTT-3�/
5�-GTTGTCACTGACACTGAGACCAGCAC-3�.
After 48–72 h, knock-down cells were processed
for immunofluorescence and Western blot anal-
ysis. Specific bands were quantified using the
software ImageJ 1.43 from the National Institutes
of Health (http://imagej.nih.gov/ij). Immuno-
blots were stripped and reprobed with anti-�-
actin, which was used as a loading control.

Tissue preparation and hair cell isolation
Anesthetized animals were heart perfused with 5
ml of PBS, followed by 5 ml of 4% paraformalde-
hyde (PFA) in 0.1 M phosphate buffer as previ-
ously describe by Zallocchi et al. (2009).
Microdissected cochleae were fixed in PFA 4%
for 3 h at 4°C and transferred to 30% sucrose in
0.1 M phosphate buffer overnight at 4°C. Fixed
tissue was mounted using OCT compound, fro-
zen, and cut at 12 �m for immunohistochemistry.

Hair cell isolation from P1 cochleae was per-
formed according to Zallocchi et al. (2012).
Briefly, cells were dissociated from organs of
Corti with papain 0.5% for 25 min at room tem-
perature, transferred to glass slides, fixed for 30
min with 4% PFA, and permeabilized for 10 min
with 0.3% Triton X-100 (PBST).

Cell culture
Cultivation of UB/OC-1 was conducted as previously reported (Rivolta
et al., 1998, 2002; Zallocchi et al., 2009, 2012), with noted exceptions.
Briefly, cells were maintained in DMEM/F-12 medium (Invitrogen) sup-

Figure 2. Immunolocalization analysis of the Usher protein variants in mouse cochlea. P1 cochlea cross-sections and isolated
hair cells immunostained with the different Usher protein antibodies (green) and counterstained with phalloidin for F-actin (red).
DAPI was used to stain the nucleus. A, B, I, PCDH15(C); C, D, J, PCDH15(M); E, F, K, VLGR1 EAR; G, H, L, VLGR1 CT. Asterisks denote
Usher protein immunostaining in stereocilia. Arrowheads denote basal expression of the Usher proteins. Scale bars: A–H, 10 �m;
I–L, 2 �m. Table summarizes the immunofluorescence results where “�” denotes expression and “�” denotes lack of expres-
sion. ST, Stereocilia; BM, basolateral membrane; NT, neuronal terminal.
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plemented with 5% fetal calf serum (FCS, Invitrogen), 100U/ml penicil-
lin, 0.1 mg/ml streptomycin, and 0.29 mg/ml L-glutamine (Invitrogen).
To propagate them, cells were maintained at 33°C and the culture me-
dium supplemented with 10U/ml mouse recombinant �-interferon
(Calbiochem). Subconfluent cultures (�80%) were dissociated with

0.05% trypsin, 0.02% EDTA (Invitrogen), and replated at 1:5. To induce
differentiation, dissociated cells were grown in medium lacking
�-interferon and maintained at 37°C for at least 10 d. Fully differentiated
cells were used as a source of protein for further biochemical analysis or
dissociated, plated onto poly-L-lysine coated microscope slides (VWR

Figure 3. Expression analysis of the Usher proteins in differentiated UB/OC-1 cells. Cells were immunostained for the different Usher proteins (green) and �-tubulin (red) or counter stained with
phalloidin for F-actin (red). DAPI was used to stain the nucleus. A–H, Merged images. a’– h’, Usher protein immunostaining; a”– h”, cytoskeletal marker staining; A–a”, E– e”, PCDH15(C); B– b”,
F–f”, VLGR1 EAR; C– c”, G– g”, PCDH15(M); D– d”, H– h”, VLGR1 CT; A– d”, �-tubulin immunostaining; E– h”, actin counterstaining. Arrowheads denote plasma membrane localization. Scale bar,
15 �m.
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International), and maintained at 37°C for at least 24 h before immuno-
fluorescence studies.

The cells attached to the slides were subsequently treated with brefel-
din A (BrfA), 1 �g/ml for 30 min or A5 50 �M for 8 h (Calbiochem), and
analyzed by confocal microscopy with the specific antibodies. Controls
for drug specificity were also performed (data not shown).

Immunofluorescence
Cochlea. Fixed tissue was blocked for at least 30 min with PBST 0.3%
containing 10% FCS and incubated with the primary antibodies in the
same blocking solution. Primary antibody dilutions were 1:800 for anti-
PCDH15(C) and anti-VLGR1 EAR, 1:500 for anti-VLGR1 CT and anti-
PCDH15(M), 1:200 for anti-SNAP25, and 1:100 for goat anti-rab5A.
Secondary antibodies were Alexa Fluor-conjugated antibodies (Invitro-
gen). In some experiments, 1:400 dilution of Alexa Fluor 594-conjugated
phalloidin was included in the secondary antibody solution to label ste-
reocilia. Controls with preimmune serum were done to test specificity of
the antibodies (data not shown).

Isolated hair cells. Cells were incubated with the primary Usher anti-
bodies 1:500 dilution in fish gelatin blocking solution (2% FCS, 0.3% fish
gelatin in PBS), overnight at 4°C.

UB/OC-1 cells. Differentiated UB/OC-1 cells were grown and pro-
cessed for confocal microscopy as described by Zallocchi et al. (2009).
Dual immunostaining with rab5 was done in the absence of cell permea-
bilization. Primary antibody dilutions were 1:800 for anti-VLGR1 EAR,
anti-VLGR1 CT, and anti-PCDH15(C), 1:500 for anti-PCDH15(M),
1:300 for anti-SNAP25 and mouse anti-rab5, and 1:200 for anti-�-
tubulin and anti-GFP. Alexa Fluor 594-conjugated phalloidin was used
at a dilution 1:200 to label microfilaments.

Cholera toxin labeling in live UB/OC-1 cells. The labeling of plasma
membrane microdomains was done according to Lajoie et al. (2009) with
some modifications. Briefly, cells attached to slides were incubated with 5
�g/ml Cholera toxin (CTXB)-Alexa 568 (Invitrogen) for 30 min on ice to
prevent internalization. Cells were fixed with 4% PFA for 30 min at room
temperature and permeabilized for 7 min with PBST 0.3%. After several

washes with PBS, cells were incubated with
anti-ribeye 1:100 dilution and the primary
Usher antibodies.

RabQ79L experiments
Eight days differentiated UB /OC-1 cells grown
in 100 mm 2 dishes were electroporated with
10 �g of pEGFP-C1 empty vector (EV-GFP,
Clontech Laboratory) or GFP-Rab5Q79L
( provided by J. Lippincott-Schwartz, National
Institutes of Health, Bethesda, MD) (Nichols et
al., 2001) in the presence of Gene Pulser Elec-
troporation Buffer (Bio-Rad) and according to
the manufacturer’s instructions. Forty-eight
hours following electroporation, cells were 4%
PFA fixed and stained for GFP and VLGR1 CT.

Confocal microscopy
Slides were coverslipped using Vectashield
mounting medium containing DAPI to counter-
stain the nuclei (Vector Labs) and confocal im-
ages captured using a Zeiss AxioPlan 2IF MOT
microscope interfaced with a LSM510 META
confocal imaging system, using a 63� NA:1.4 oil
objective. Final figures were assembled using
Adobe Photoshop and Illustrator software
(Adobe Systems).

Colocalization analysis
Colocalization was analyzed using ImageJ 1.43
as previously described (Li et al., 2004; Grati
and Kachar, 2011). Two different colocaliza-
tion indexes were calculated. The Rr or Pear-
son’s correlation coefficient for fluorescence
images with values close to �1 for positive cor-
relation and near to �1 for negative correla-

tions. A value near 0 indicates no correlation, values between �0.5 and
�0.5 do not allow any conclusions. The intensity correlation quotient or
ICQ, described by Li et al. (2004), is based on the principle that if two
proteins are forming a complex, their staining will vary in synchrony
(dependence, 0�ICQ � �0.5), whereas if they are part of different struc-
tures or complexes their fluorescence staining will vary asynchronously
(segregation, 0�ICQ � �0.5). Random staining intensities will result in
an ICQ � 0. Intensity correlation analysis (ICA) plots derived from the
ICQ algorithm can be generated for each color channel. The axes on the
plots represent the Product of the Differences from the Mean (PDM) on
the x-axis and the red or green intensity on the y-axis. A random distri-
bution will generate a symmetrical hourglass shape scatter plot while
plots for a dependent or segregated distribution will generate hourglass
shapes markedly skewed toward positive or negative values, respectively.

Velocity gradients
Differentiated UB/OC-1 cells were grown to confluence and processed
for sucrose velocity gradients as described before for the isolation of
vesicular complexes, but adapted for cell culture (Deretic and Papermas-
ter, 1991; Zallocchi et al., 2010). Briefly, two 150 mm 2 dishes were
washed three times with cold phosphate buffer, cells were scraped in a
total volume of 7.5 ml of sucrose buffer [10 mM Tris-Ac pH 7.4, 0.25 M

sucrose, 1 mM MgCl2, and protease inhibitor cocktail (Sigma)]. The cells
were homogenized, cleared by centrifugation, and the supernatant lay-
ered in a continuous 20 –39% w/v sucrose gradient with a 49% w/v su-
crose cushion. After 20 h of centrifugation at 22,000 rpm using a SW28
rotor (Beckman Coulter), 14 fractions (2.75 ml each) were collected from
the bottom (fraction 1) to the top (fraction 14) of the gradient and
analyzed by Western blot. Silver staining of polyacrylamide gels were run
in parallel to corroborate the presence and intactness of protein in all the
fractions and not only in the ones where we detect the Usher proteins
(data not shown). Results are representative of at least three independent
experiments.

Figure 4. Quantitative colocalization analysis between the Usher proteins and the cytoskeletal proteins. A, Rr and ICQ values. In
the case of the Usher proteins with a filamentous-like distribution, the whole-cell area was used for the quantitative analysis.
Colocalization indexes for PCDH15(M) and VLGR1 CT variants were calculated for the perinuclear region. I, Inconclusive results; n,
number of independent experiments. B, Left, High-magnification and colocalization coefficients for the area denoted with arrow-
heads in Figure 2. Right, ICA plots (intensity correlation analysis) for PCDH15(M) and actin at the cell surface of UB/OC-1 cells (left
panels).
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Sucrose gradient analysis of
TX-100-insoluble proteins
Equilibrium sucrose gradient centrifugation
was performed according to Paladino et al.
(2004) but adapted to smaller scale samples.
Briefly, one 150 mm 2 dish of confluent UB/
OC-1 cells was scraped and homogenized in
TNE/1%TX-100 buffer (Tris:HCl 25 mM pH
7.5, NaCl 150 mM, EDTA 5 mM, and 1% Triton
X-100). Cell suspension was brought to 40%
sucrose and placed at the bottom of a 5–35%
discontinuous sucrose gradient. Samples were
centrifuged at 33,000 rpm for 18.5 h in a TLS 55
swinging bucket rotor (Beckman Coulter) and
12 fractions were collected from the bottom of
the tube (fraction 1). Samples were assessed for
the presence of GM1 ganglioside by dot-blot
with HRP-conjugated CTXB (Sigma) or TCA-
concentrated and analyzed by immunoblot for
the different Usher proteins.

Immunoprecipitation studies
Coimmunoprecipitation studies with SNAP25.
P1 inner ear and P3 brain were homogenized in
coimmunoprecipitation (co-IP) buffer (Tris:
HCl 10 mM pH 7.4, NaCl 150 mM, MgCl2 0.5
mM, CaCl2 0.5 mM, and Brij 97 1%) and used
for interaction studies. Sixty microliters of a
50% slurry suspension of protein G-agarose
beads (Sigma) were incubated overnight at 4°C
with 3 �g of mouse anti-SNAP25 or normal
mouse serum. The antibody-conjugated beads
were incubated overnight in the presence of pro-
tein lysates (0.5 mg for organ of Corti, 2 mg for
brain). After several washes, co-IPs were resus-
pended in sample buffer and analyzed by West-
ern blotting.

Immunoprecipitation studies from UB/OC-1
membrane fractions. Differentiated UB/OC-1
cells were used for immunoprecipitation (IP)
studies with the different Usher antibodies as
described previously (Zallocchi et al., 2012). In
brief, eight 150 mm 2 confluent cultures were
processed for the isolation of membranes as
described by Le-Niculescu et al. (2005). Sixty
microliters of a 50% slurry suspension of pro-
tein A Sepharose beads (Sigma) were incubated
overnight at 4°C with 10 �l of the specific
antibody or normal rabbit serum. After two
washes with 500 �l of IP buffer (HEPES 25 mM

pH 7.4, NaCl 150 mM, Mg2Cl 1 mM, NP-40 1%,
and protease inhibitor cocktail), immuno-
beads were incubated overnight at 4°C in the presence of the membrane
fraction. Immunobeads were then washed five times with IP buffer, re-
suspended in sample buffer, and used for Western blot analysis.

Western blot
Differentiated UB/OC-1 cells and P1 cochleae 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,
cleared by centrifugation, and 20 –30 �g (cells) or 50 – 60 �g (cochleae)
of protein used for Western blot analysis. Gradient (4 –20%, Invitrogen),
10% or 8% acrylamide gels were used to resolve the protein samples and
immunoblots were conducted as previously described by Zallocchi et al.
(2012). HRP-conjugated protein A (GE Healthcare Life Sciences) dilu-
tion 1:20,000 was used instead of secondary antibody to avoid or decrease
cross-reactivity with the IgGs present in the tissue and tissue extracts used
for IPs and co-IPs. Primary antibody dilutions were as follows: Usher
antibodies 1:500; anti-SNAP25 1:500, anti-rab5A 1:200, and anti-�-actin
1:2000.

Results
Determination of variant specificity for anti-PCDH15(M) and
anti-VLGR1 CT
The specificity of anti-PCDH15(M) and anti-VLGR1 CT has
been previously demonstrated through the use of Usher mutant
mouse models and heterologous expression systems (Senften et
al., 2006; McGee et al., 2006; Maerker et al., 2008). We further
qualified these reagents to establish their isoform specificity in
the mouse embryonic hair cell line UB/OC-1 that endogenously
expresses many isoforms of all the known Usher proteins (Rivolta
et al., 1998, 2002; Zallocchi et al., 2009, 2012) (our unpublished
data). As previously shown for qualifying PCDH15(C) and
VLGR1 EAR antibody specificity (Zallocchi et al., 2012), we tran-
siently knocked down PCDH15 and VLGR1 transcripts with siR-
NAs targeted to a region within the immunogen sequence for
anti-PCDH15(M) and anti-VLGR1 CT (Fig. 1A, double-headed

Figure 5. Immunofluorescence analysis of PCDH15 and VLGR1 in differentiated UB/OC-1 cells treated with the trafficking
inhibitors brefeldin A or A5. Cells were incubated with vehicle (A, B), brefeldin A (BrfA) (C–E), or A5 (D–F ). I: A, C, D, anti-
PCDH15(C). B, E, F, Anti-PCDH15(M). II: A, C, D, Anti-VLGR1 EAR. B, E, F, Anti-VLGR1 CT. DAPI was used to stain the nucleus.
Asterisks denote perinuclear distribution in treated cells. Scale bar, 15 �m.
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arrows) (see Materials and Methods). Real-time quantitative RT-
PCR showed a �50% reduction for these transcripts in the spe-
cific knock-down cells compared with the scrambled siRNA cells
(data not shown). Immunocytochemistry studies also showed a
decrease of the fluorescence signal in the specific knock downs
(data not shown). Western blot analyses of these knock downs
show a reduction of 52% to 91% for the PCDH15(M) variants
and between 46% and 93% for the VLGR1 CT variants (Fig. 1B).
PCDH15(M) antibody was raised against the terminal part of the
cytoplasmic domain of PCDH15 CD1 (Fig. 1A) (Senften et al.,
2006, Webb et al., 2011) and thus recognizes all the variants con-
taining the immunogen region coded by exon 35, which itself can
undergo incomplete splicing (Alagramam et al., 2007). We de-
tected and specifically knocked down four previously described
PCDH15(M) variants from UB/OC-1 lysates (Fig. 1B) and two
novel variants (asterisk). In the case of VLGR1 CT, this antibody
was raised against the last portion of the mouse C-terminal do-
main (Fig. 1A) and, thus, recognizes all the variants containing
this domain. By using specific siRNAs we were able to knock
down four different VLGR1 variants (Fig. 1B). Although we have
already demonstrated that Vlgr1l is a specific VLGR1 variant rec-
ognized by the anti-VLGR1 EAR antibody preparation (Zallocchi
et al., 2012), we did not observe any reduction when using a
different set of siRNA sequences and anti-VLGR1 CT as the blot-
ting antibody. This negative result is probably due to the absence
of that particular complementary sequence from Vlgr1l.

We did not characterize these Usher protein bands at the tran-
script level. Since they can arise from either alternative splicing of
the full-length transcripts or from translational modifications of
the different known protein isoforms (i.e., specific proteolysis,

lipidation, glycosylation, etc.), we hence-
forth refer to them as variants. Overall, the
reduction in abundance observed for the
specific knock downs (KD) compared
with the scrambled (Ctl) transfected cells
(Fig. 1B) demonstrates the specificity of
the bands detected by these antibodies on
Western blots.

Differential expression of PCDH15 and
VLGR1 protein variants in immature
mouse cochlea and hair cells
The comparative analysis of the Usher
variants in UB/OC-1 cells and P1 mouse
cochleae demonstrate there is common as
well as RNA source-specific bands de-
tected by the Usher antibodies (McMillan
and White, 2004; Reiners et al., 2006;
Ahmed et al., 2006; Kazmierczak et al.,
2007; Zallocchi et al., 2012). Figure 1C
(left panels) shows there are six common
variants recognized by anti-PCDH15(C)
and anti-PCDH15(M) in UB/OC-1 and
cochlea lysates. Both antibodies detect
the full-length PCDH15 (variant “A”)
(Ahmed et al., 2003, 2006; Reiners et al.,
2005a) and five additional variants: vari-
ant “C” at �250 kDa (Ahmed et al., 2006;
Zallocchi et al., 2012), variant “D” at 120
kDa (Zallocchi et al., 2012), the bands be-
tween the 71 kDa and 50 kDa markers
(Fig. 1C, asterisk), variant “B” at �50 kDa
(Ahmed et al., 2003; Reiners et al., 2005a),

and at �50 kDa, variant “E” (Zallocchi et al., 2012). Because these
five variants are being recognized by both PCDH15 antibodies
(Fig. 1A), they likely contain the complete cytoplasmic domain
(Fig. 1D). There are three variants recognized exclusively by anti-
PCDH15(C): variants “F” and “H” detected only in UB/OC-1
cells and variant “G” present in both P1 cochlea and UB/OC-1
cells.

The analysis of VLGR1 expression in cochleae and UB/OC-1
cells (Fig. 1C, right) shows there are again common variants
detected by both antibody preparations, which suggests they con-
tain the EAR/EPTP and cytoplasmic domains (Fig. 1A). Anti-
VLGR1 EAR and anti-VLGR1 CT detect the full-length VLGR1
(Vlgr1b at 690 kDa) (McMillan and White, 2004) as well as Vlgr1f/g/o
(several bands near the 279 kDa marker), Vlgr1 h at 120 kDa, Vlgr1i
at �70 kDa, and Vlgr1l at �40 kDa. In addition, the EAR domain
antibody reacts with three smaller variants, Vlgr1j at �50 kDa and
Vlgr1m and Vlgr1n around the 31 kDa marker. Because these three
variants are being recognized by anti-VLGR1 EAR exclusively, they
contain the EAR/EPTP domain but not the cytoplasmic region used
to develop anti-VLGR1 CT.

The differences in the pattern of expression between P1 co-
chleae and UB/OC-1 cells for PCDH15 and VLGR1 may, very
likely, represent differences in protein abundance. Most of these
PCDH15 and VLGR1 variants have already been described at the
protein and/or transcript level by different groups (Ahmed et al.,
2003, 2006, 2008; Reiners et al., 2005a; McMillan and White,
2004; Kazmierczak et al., 2007; Zallocchi et al., 2012). Preliminary
results from our laboratory suggest the existence of novel alter-
native spliced PCDH15 CD1 transcripts expressed in P1 mouse
inner ear (data not shown).

Figure 6. Biochemical characterization of Usher proteins from UB/OC-1 cells fractionated by velocity sedimentation on sucrose
gradients. Left panels, Analysis of PCDH15 distribution following velocity sedimentation on sucrose density gradients. Fourteen
samples were collected from the bottom (1) to the top (14) of the gradient and membranes were immunoblotted with anti-
PCDH15(M) (top) or anti-PCDH15(C) (bottom). Right panels, Analysis of VLGR1 distribution following velocity sedimentation on
sucrose density gradients. Membranes were immunoblotted with anti-VLGR1 CT (top) or anti-VLGR1 EAR (bottom). Asterisk
denotes some insoluble material for that particular experiment. Bottom middle panels, Sucrose density gradients were also used to
analyze the distribution of rab5 and SNAP25. Molecular weight markers (kDa) are denoted to the right. The letters next to each
band refer to specific variants according to pre-established designations (Ahmed et al., 2003, 2006, 2008; Reiners et al., 2005a;
McMillan and White, 2004; Kazmierczak et al., 2007; Zallocchi et al., 2012).
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Figure 1D summarizes the results pre-
sented in Figure 1C, including the puta-
tive protein domains present in each
variant according to the antibody-antigen
recognition pattern.

Because PCDH15 and VLGR1 are lo-
calized at the apical and basal aspects of
cochlear hair cells (van Wijk et al., 2006;
Yagi et al., 2007; Zallocchi et al., 2012), we
explored whether distinct variants are
present in these locations using the two
different antibody preparations for each
of these Usher proteins (Fig. 1). As we pre-
viously observed in mouse cochlea (Zal-
locchi et al., 2012), the subset of variants
recognize by anti-PCDH15(C) and anti-
VLRG1 EAR are present at the stereocilia
level (Fig. 2A,B,E,F, I,K, asterisks) and
also at the base of inner and outer hair
cells and in the afferent fibers that inner-
vate them (arrowheads). The PCDH15
variants detected by anti-PCDH15(M)
are present at the apical aspect of cochlear
hair cells (Fig. 2C,D, J, asterisks) and at
the neuronal terminals (arrowheads). No
expression was detected for these variants
at the base of the hair cells (Fig. 2 J).

The apical expression of the full-length
PCDH15 as well as its role in tip link for-
mation is well established (Seiler et al.,
2005; Senften et al., 2006; Alagramam et
al., 2007, 2011; Kazmierczak et al., 2007;
Lelli et al., 2010; Webb et a., 2011). The
fact that anti-PCDH15(M) does not show
any basal immunoreactivity in isolated cochlear hair cells (Fig.
2 J) suggests that the five additional variants (“C,” “D,” “*,” “B,”
and “E,” Fig. 1C) shared by both antibody preparations may be
exclusively present at the apical aspect of the hair cells. An alter-
native explanation is that they are present both apically and post-
synaptically at the neuronal terminals, but not at the basal aspect
of cochlear hair cells. As for the two additional variants “F” and
“H” (Fig. 1C), recognized exclusively by anti-PCDH15(C), they
may represent low abundance variants (we only detect them in
UB/OC-1 lysates), present at the synapses, as is the case for vari-
ant “G” (Zallocchi et al., 2012) or basal and apical PCDH15 vari-
ants.

Anti-VLGR1 CT reacts only with VLGR1 variants present at
the apical aspect of the hair cells, no basal or neuronal expression
was observed in either cochlea cross-sections or isolated hair cells
(Fig. 2G,H,L).

Little information is currently available regarding the VLGR1
variants present at the hair bundle. Our previous studies demon-
strated the expression of the full-length and two additional vari-
ants (Vlgr1f/g/o and Vlgr1m) at the synapses of cochlear hair cells
(Zallocchi et al., 2012). The fact that VLGR1 CT does not show
any immunoreactivity at the base of the hair cells but still reacts
with some of the synaptic variants (Vlgr1f/g/o) in our Western
blots (Fig. 1C) is likely due to epitope masking or inaccessibility
after PFA fixation.

Summarizing, the results show that distinct variants of
PCDH15 and VLGR1 are present at the basal and apical poles of
cochlear hair cells, suggesting a regulated differential intracellular
trafficking (Fig. 2, table): Specific pools of variants recognized by

anti-PCDH15(C) and by anti-VLGR1 EAR are present in the
stereocilia (ST) and basal membrane (BM) while the variants
recognize by anti-PCDH15(M) and anti-VLGR1 CT are present
primarily in the stereocilia (ST). Postsynaptic expression is also
observed for variants recognize by anti-PCDH15(C), anti-
PCDH15(M), and anti-VLGR1 EAR (NT).

A similar analysis was performed in UB/OC-1 cells. Figure 3
shows a differential pattern of immunostaining for these anti-
bodies, suggesting that distinct variants are being recognized by
the different antibody preparations. PCDH15(C) and VLGR1
EAR antibodies show a filamentous-like immunostaining that
colocalized with microtubules (Fig. 3A–b”) but not with micro-
filaments (Fig. 3E–f”). The variants recognized by PCDH15(M)
and VLGR1 CT antibodies present a prominent perinuclear im-
munostaining and poor colocalization with both cytoskeleton
markers (Fig. 3C–d” and G–h”). However, at the cell surface there
is a prominent colocalization between the actin cytoskeleton and
the PCDH15(M) variants (Fig. 4).

The differential expression in UB/OC-1 cells parallels that ob-
served in P1 mouse cochlea, where the “basal” variants detected by
anti-PCDH15(C) and anti-VLGR1 EAR present a filamentous-like
distribution and the “apical” variants detected by anti-PCDH15(M)
and anti-VLGR1 CT a perinuclear localization.

These observations suggest that the same or similar variants
are being recognized by the Usher antibodies both in the cochlea
and in the hair cell line, making the latter a good system to study
the trafficking and distribution of specific Usher variants.

Quantitative analysis of the relationship between the Usher
proteins and the cytoskeletal markers confirm what we observed

Figure 7. Association of Usher variants with membrane domains. A, Membrane fractions from UB/OC-1 cells were immuno-
precipitated, immunoblotted, and probed using the indicated antibodies. IB PCDH15(C), Immunoblot for anti-PCDH15(C). IB CT,
Immunoblot for anti-VLGR1 CT. IB EAR, Immunoblot for anti-VLGR1 EAR. 15(C), Immunoprecipitation with anti-PCDH15(C). CT,
Immunoprecipitation with anti-VLGR1 CT. EAR, Immunoprecipitation with anti-VLGR1 EAR. NRS, Immunoprecipitation with nor-
mal rabbit serum. B, After centrifugation in a discontinuous sucrose density gradient, fractions were collected from the bottom (1)
to the top (12) of the gradient, TCA precipitated, fractionated by SDS-PAGE, and detected on Western blots using the indicated
antibodies. Top left, Membranes were immunoblotted with anti-PCDH15(C). Bottom left, Membranes were immunoblotted with
anti-VLGR1 EAR. Molecular weight markers (kDa) are denoted to the right. Top right, Before the TCA precipitation, an aliquot of
each fraction was used for dot-blot to reveal GM1-enriched microdomains. Bottom right, Distribution curves are the average of four
independent experiments (SEs bars and positioning of the DRM fraction are indicated).
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by dual confocal immunostaining (Fig. 4A). There is a strong
association between tubulin and the variants detected by anti-
PCDH15(C) and anti-VLGR1 EAR. Pearson’s values (Rr) are
�0.82 and �0.83 for PCDH15 and VLGR1 respectively, while the
ICQs (intensity correlation quotient, see Material and Methods)
are �0.37 and �0.35. Conversely, a weak association exists be-
tween these Usher variants and microfilaments. At the perinu-
clear region, where PCDH15(M) and VLGR1 CT are present, the
colocalization with the cytoskeletal markers is weak or inconclu-
sive in the case of Pearson’s values ( I). Similar ICQs were ob-
tained between actin and PCDH15(C) or PCDH15(M) (Fig. 4A),
suggesting these are the shared apical actin-bound variants rec-
ognized by both antibody preparations. PCDH15(M) variants
also localize with tubulin in UB/OC-1 cells, resulting in weak
colocalization coefficients compared with PCDH15(C) variants.
However, PCDH15(M) colocalization indexes show a strong as-
sociation with cortical actin (Fig. 4B). ICA plots (see Materials
and Methods) for colocalization values between PCDH15(M)
and actin (Fig. 4B, x–y graphs) generate hourglass figures that are
skewed to the positive values demonstrating a dependent distri-
bution at the cell surface for both proteins.

Specific variants of PCDH15 and VLGR1 are present in
distinct vesicular subpools
Because the Usher proteins are trafficked to opposite poles in hair
cells and photoreceptors, a vesicular association for some of these
variants has been suggested (Maerker et al., 2008; Zallocchi et al.,
2009, 2010). To address whether distinct pools of vesicles are
trafficking Usher proteins, we treated UB/OC-1 cells with differ-
ent vesicular trafficking inhibitors. BrfA is an inhibitor of the
ADP-Arf1, which is required for the formation of transport ves-
icles from Golgi membranes (Tsai et al., 1993; Duijsings et al.,
2009), and A5 is a small molecule inhibitor of post-trans-Golgi

Figure 8. Usher protein colocalization with membrane microdomains and ribeye at the cell filopodia. Live UB/OC-1 cells grown on slides were labeled with Alexa 568-conjugated CTXB, fixed in
PFA, and immunolabeled using the indicated anti-Usher protein antibodies (magenta) and anti-ribeye (green). Note that the Usher antibodies do not react as well as with acetone fixed cells and that
anti-ribeye recognizes both isoforms, the transcription factor (nucleus staining), and the presynaptic marker (filopodia’s tip staining). A, PCDH15(C) � GM1 � ribeye. B, VLGR1 EAR � GM1 �
ribeye. C, PCDH15(M) � GM1 � ribeye. D, VLGR1 CT � GM1 � ribeye. High-magnification images correspond to the framed areas in A–D. Scale bar, 20 �m.

Table 1. Colocalization indexes between GM1-positive membrane microdomains
and the Usher proteins

P1 cochlea UB/OC-1

Rr ICQ Rr ICQ

PCDH15(C) � GM1 �0.53 	 0.10 �0.24 	 0.03 �0.73 	 0.04 �0.39 	 0.08
VLGR1 EAR � GM1 I �0.24 	 0.04 �0.74 	 0.14 �0.43 	 0.02
PCDH15(M) � GM1 I �0.23 	 0.02 �0.67 	 0.11 �0.36 	 0.09
VLGR1 CT � GM1 ND ND ND ND

The basal region of the inner hair cells in P1 cochlea and the cell filopodia in UB/OC-1 cells were used to obtain the
colocalization indexes. I, Inconclusive; ND, not determined. Four to six independent experiments were performed for
P1 cochleae and three for UB/OC-1 cells.

Zallocchi et al. • Usher Protein Transport in Hair Cells J. Neurosci., October 3, 2012 • 32(40):13841–13859 • 13849



vesicle transport that blocks the activity of
AP-1 (Duncan et al., 2007). Figure 5
shows the redistribution pattern of the
Usher proteins following drug treatment.
BrfA specifically disrupts the distribution
of the variants with a perinuclear immu-
nostaining (Fig. 5E). In contrast, A5 dis-
rupts the distribution of the variants
presenting a filamentous-like immunolo-
calization pattern (Fig. 5D). The incuba-
tion with A5 reveals that there is also
perinuclear immunostaining for the vari-
ants recognized by anti-PCDH15(C) and
anti-VLGR1 EAR. This perinuclear im-
munostaining may be due to a reorgani-
zation of the “basal variants” from a
filamentous to a perinuclear pattern after
drug treatment. An alternative explana-
tion is the masking of the perinuclear pat-
tern by the more robust filamentous
immunostaining in untreated cells versus
A5-treated cells. If the latter is indeed the
case, the perinuclear immunoreactivity
may correspond to the subgroup of vari-
ants detected at the apical aspect of the
hair cells (Fig. 2), which is consistent with
the observation that these antibodies react
to Usher proteins at both apical and basal
poles of cochlear hair cells.

There is a correlation between the vari-
ants that localize to the stereocilia and
those associated to Arf1-positive Golgi
vesicles in UB/OC-1 cells. Likewise, a cor-
relation also exists between the variants
associated to the post-trans-Golgi com-
partment in UB/OC-1 cells and the ones
detected at the basal aspect of the hair
cells. Together, these results argue in favor
of at least two distinct vesicular subpools
differentially trafficked to either the basal
or apical poles in cochlear hair cells.

The vesicular nature of the Usher vari-
ants was also addressed biochemically, by
sucrose density velocity gradient experi-
ments using UB/OC-1 cell extracts. This
approach was previously described for the
isolation of vesicular complexes from frog
photoreceptors (Deretic and Papermas-
ter, 1991), and applied by our group to the
characterization of Usher protein com-
plexes in tracheal epithelial cells (Zalloc-
chi et al., 2010). Figure 6 shows there are
two groups of Usher variants sedimenting
into distinct fractions. The first group of
PCDH15 and VLGR1 variants cosedi-
ments between fractions 11 and 14, at the
top of the gradient (buoyant fraction), and the second group
cofractionates toward the middle of the gradient (fractions 7–9).
PCDH15 “A,” “C,” and “D,” detected with both antibodies, sed-
iment to the top fractions (left panels). Variants “B” and “E,”
although recognized by both antibodies in total protein lysates,
are only detected by anti-PCDH15(C) after sucrose gradient frac-
tionation. These two variants, together with “G” and “F,” specific

for anti-PCDH15(C) (Fig. 1C) (Zallocchi et al., 2012), also co-
sediment in the buoyant fraction. Only one variant, “G,” detected
by anti-PCDH15(C) sediment toward the middle of the gradient
between fractions 7 and 9 (one of the bands forming a doublet at
31 kDa).

The velocity gradient analysis of VLGR1 (Fig. 6, right panels)
show two common variants, Vlgr1i and Vlgr1l (doublet), cosedi-

Figure 9. Partial colocalization of GM1-microdomains with the Usher proteins at the basal aspect of the hair cells in P1 cochlea.
P1 cochlea cross-sections were double labeled for the Usher proteins (green) and GM1-DRMs (red). A, PCDH15(C)�GM1. B, VLGR1
EAR � GM1. C, PCDH15(M) � GM1. D, VLGR1 CT � GM1. High magnification of the basal regions is shown to the right. Asterisks
denote apical expression of the Usher proteins. Arrowheads denote the presence of GM1-DRMs along the basolateral membrane.
Arrows denote the presence of postsynaptic microdomains. Arrowheads in high-magnification images show points of colocaliza-
tion. Scale bar, 5 �m.
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menting in the top fractions while Vlgr1 h, also common to both
antibodies, migrates toward the middle of the gradient (fractions
7–9). Vlgr1f/g/o sediments into the buoyant fraction. Although
this variant reacts with both antibody preparations (Fig. 1), here
we only detect it in VLGR1 CT immunoblots. Vlgr1j cosediments
toward the middle of the gradient with Vlgr1 h. The small Vlgr1m

variant, specific for anti-VLGR1 EAR,
sediments into the buoyant fraction as do
most of the variants.

Although we cannot completely rule
out the possibility that some of the Usher
variants from the complex may have dis-
sociated due to the long centrifugation
times, we feel this is unlikely, given that
this sedimentation pattern was observed
in several replicate experiments.

It is notable that we were unable to de-
tect all the PCDH15 and VLGR1 variants
present in UB/OC-1 cells (Fig. 1). This is
likely due to their low abundance follow-
ing the dilution of the sample after the
sucrose fractionation.

The velocity gradient results reinforce
the notion that at least two different com-
plexes exist with distinct biochemical
properties (i.e., different number of inter-
acting proteins, size, and lipid composi-
tion, etc.) that may account for the
distinct sedimentation velocities. The very
different band sizes cofractionating in the
detergent-free sucrose gradient, especially
for the variants sedimenting into the top
fractions, is consistent with a vesicular or
membrane association (Deretic and Pa-
permaster;, 1991; Zallocchi et al., 2010).

Structural analysis of the full-length
PCDH15 and VLGR1 suggests the presence
of one and seven putative transmembrane
domains, respectively (Petit, 2001; Reiners
et al., 2005b, 2006; Kremer et al., 2006). To
address whether some of the variants con-
taining these domains may be bound to
plasma or intracellular membranes, we per-
formed immunoprecipitation studies from
UB/OC-1 membrane-enriched fractions.
Figure 7A shows one of these experiments in
which anti-PCDH15(C) immunoprecipi-
tates variants “B,” “E,” and the synaptic vari-
ant “G” (Zallocchi et al., 2012), while the
VLGR1 antibodies immunoprecipitate the
full-length VLGR1 (Vlgr1b), Vlgr1f/g/o,
Vlgr1 h, Vlgr1i, Vlgr1j, and the synaptic vari-
ant Vlgr1m (Zallocchi et al., 2012). These
results demonstrate not only that these vari-
ants are associated to membranes but also
further confirm the specificity of some of
the bands detected by the antibodies.

The immunoprecipitation with anti-
PCDH15(M) did not show any specific
band, which may suggest that we did not
use optimal immunoprecipitation con-
ditions for that particular antibody or
that the antibody does not perform well

for immunoprecipitation assays.

Characterization of the apical and basal vesicular subpools
It has been suggested that sphingolipid (i.e., ganglioside GM1)
and cholesterol-rich microdomains are involved in membrane
signaling and trafficking of apical vesicles through their capacity

Figure 10. Colocalization analysis of the Usher proteins with basal and apical vesicular markers in P1 cochlea. P1 cochlea
cross-sections were double immunostained for the Usher proteins (green) and the vesicular markers (red). A, PCDH15(C) �
SNAP25. B, VLGR1 EAR � SNAP25. C, PCDH15(M) � rab5. D, VLGR1 CT � rab5. High magnification of the basal (A, B) or apical (C,
D) regions is shown to the right. Asterisks denote apical expression of the Usher proteins. Arrowheads denote colocalization of
SNAP25 and Usher proteins at the base of the hair cells. White dots denote nonspecific staining of the anti-mouse secondary
antibody. Scale bar, 6 �m.
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to specifically partition certain types of lipids and proteins (Si-
mons and Ikonen, 1997; Brown and London, 1998; Paladino et
al., 2004, 2008; Sato et al., 2011). Studies in lower vertebrates
demonstrated a high lipid order in the apical surfaces of polarized
epithelia compared with the basolateral membranes (Owen et al.,
2010). HEK293 cells stably transfected with clarin-1 showed an
enrichment of this Usher protein in detergent resistant mem-
branes (DRMs) (Tian et al., 2009). Based on these observations
we aimed to address whether there is an association between the
Usher vesicular complexes and membrane microdomains (Fig.
7B). DRMs can be isolated by extraction with a nonionic deter-
gent at 4°C followed by centrifugation to equilibrium on discon-
tinuous sucrose density gradients (Brown and Rose, 1992;
Paladino et al., 2004, 2008). Through performing these experi-
ments we found that only a small fraction (�2%) of the VLGR1
variants (Vlgr1b and Vlgr1m, both synaptic) (Zallocchi et al.,
2012) floated to the DRM-GM1 fraction. The majority of the
bands were enriched in the fractions with higher isopycnic den-
sity (fractions 1– 4) while only the tail of the gradient overlapped
with the fractions in which the DRMs were recovered (fractions
6 – 8).

A second approach was also used to study the possible associ-
ation of Usher proteins and membrane microdomains: Live UB/
OC-1 cells were stained with Alexa-conjugated cholera toxin
followed by PFA-fixation and immunostaining for the different
Usher proteins and the presynaptic marker ribeye (Sendin et al.,
2007). Figure 8 shows colocalization between the membrane mi-
crodomains and PCDH15 or VLGR1 EAR variants at the tip of
the cell filopodia where ribeye is localized (Fig. 8A–C, framed
areas and magnified images). Pearson’s and ICQ values confirm
the existence of an association between membrane GM1-positive
microdomains and the Usher proteins at the cell filopodia (Table
1). No colocalization is observed between the membrane mi-
crodomains and the variants recognize by the VLGR1 CT anti-
body (Fig. 8D).

A similar analysis in P1 cochleae show partial colocalization
between the membrane microdomains and the Usher variants
that are expressed by both hair cells (“basal variants”) and affer-
ent terminals (Fig. 9). GM1-positive microdomains are present at
both the hair cell basolateral membrane (arrowheads) and the
neuronal terminals (arrows). Although Pearson’s values are in-
conclusive, at least for VLGR1 EAR and PCDH15(M) variants,
the positive ICQ values show dependency in the distribution be-
tween the basal Usher proteins and membrane microdomains
(Table 1). Anti-VLGR1 CT, which reacts with apical variants,
does not show any localization or any association with membrane
microdomains.

Overall, Figures 7–9 suggest there is a small fraction of the
Usher variants that show some association with GM1-positive
microdomains in mouse cochlea and at the cell filopodia in UB/
OC-1 cells. For PCDH15, we did not observe cosedimentation
with GM1 in sucrose velocity gradients, but still we observed
partial colocalization with the membrane microdomains by
immunofluorescence analysis. This discrepancy may be ex-
plained by the few contact points between CTXB and PCDH15
that exist in both UB/OC-1 cells and P1 mouse cochleae. A
similar explanation can account for VLGR1. Only a small per-
centage (�2%) of the synaptic variants (Vlgr1b and Vlgr1m)
that cofractionate with GM1, localizes with the membrane
microdomains and ribeye.

In an attempt to differentiate the apical and basal Usher vesic-
ular subpools, we examined SNAP25 and rab5 as possible vesic-
ular markers. SNAP25 is a peripheral plasma membrane

associated protein that interacts with synaptobrevin and syntaxin
I to form the soluble NSF (N-ethylmaleimide-sensitive fusion
protein) attachment protein receptor (SNARE) complex in-
volved in synaptic vesicle docking at the site of neurotransmitter
release (Oyler et al., 1989; Söllner et al., 1993; Safieddine and
Wenthold, 1999; Wenthold et al., 2002). However, during brain
and cochlea maturation, a role in synaptic development has been
suggested for SNAP25 where SNAP25a is found primarily in ves-
icles (Mayanil and Knepper, 1993; Bark et al., 1995). Colocaliza-
tion of SNAP25 and CDH23 has been demonstrated at the base of
cochlear and vestibular hair cells and neuronal fibers (Lagziel et
al., 2009).

Rab5 belongs to the family of small GTPases that play key roles
in polarized trafficking, recycling, and motility of endosomes and
in cell signaling (Lanzetti et al., 2000; Mottola et al., 2010). Rab5
shows expression in ciliated epithelia and apical colocalization
with the Usher proteins has been previously demonstrated by our
laboratory in mouse trachea (Tsarouhas et al., 2007; Zallocchi et
al., 2010). Both SNAP25 and rab5 fractionate toward the top
fractions in sucrose density gradients (Fig. 6), consistent with a
vesicular localization and suggesting a possible interaction with
the Usher proteins. Figure 10 shows P1 cochlea cross-sections
immunostained for the “basal” Usher variants and SNAP25 (Fig.
10A,B) and the “apical” Usher variants and rab5 (Fig. 10C,D).
SNAP25 colocalizes with the PCDH15(C) and VLGR1 EAR vari-
ants at the base of the inner hair cells and to some degree at the
base of the outer hair cells (high-magnification images). Con-
versely, there is colocalization between rab5 and VLGR1 CT or
PCDH15(M) in the stereocilia (high-magnification images). The
positive colocalization coefficients obtained by quantitative anal-
ysis confirm the associations with the corresponding vesicular
proteins (Table 2).

Differentiated UB/OC-1 cells were also used to study the dis-
tribution of the Usher proteins relative to these two vesicular
markers (Fig. 11). Again, there is colocalization between the
Usher variants showing a filamentous pattern of staining and
SNAP25 (Fig. 11A,B), and the ones that show perinuclear ex-
pression and rab5 (Fig. 11C,D). Although there is expression of
the Usher proteins at the cell surface (arrowheads), the association
with SNAP25 occurs intracellularly in SNAP25-positive vesicles, ev-
ident by the characteristic punctate pattern of immunostaining
(high-magnified images in red). The perinuclear variants,
PCDH15(M) and VLGR1 CT, show strong association with the api-
cal vesicular marker rab5. While only a fraction of the PCDH15(M)
variants-containing vesicles colocalize with rab5 (high-magnified
images, arrowhead), the variants detected by the VLGR1 CT anti-
body show a strong association with rab5-positive tubulovesicular

Table 2. Colocalization indexes between the vesicular markers, SNAP25 and rab5,
and the Usher proteins

P1 cochlea UB/OC-1

Rr ICQ Rr ICQ

PCDH15(C) � SNAP25 �0.72 	 0.08 �0.34 	 0.04 �0.61 	 0.10 �0.32 	 0.02
VLGR1 EAR � SNAP25 �0.73 	 0.01 �0.30 	 0.01 �0.72 	 0.14 �0.34 	 0.05
PCDH15(M) � SNAP25 �0.71 	 0.03 �0.29 	 0.05 �0.67 	 0.06 �0.34 	 0.03
VLGR1 CT � SNAP25 ND ND I �0.18 	 0.03
PCDH15(C) � Rab5 I �0.21 	 0.03 �0.61 	 0.05 �0.32 	 0.03
VLGR1 EAR � Rab5 I �0.23 	 0.05 �0.59 	 0.12 �0.33 	 0.07
PCDH15(M) � Rab5 �0.61 	 0.20 �0.23 	 0.12 �0.56 	 0.09 �0.35 	 0.04
VLGR1 CT � Rab5 �0.60 	 0.07 �0.31 	 0.03 �0.73 	 0.04 �0.31 	 0.02

In the case of P1 cochleae, the basal or apical regions were used to obtain the colocalization indexes between the
Usher proteins and SNAP25 or rab5, respectively. In the case of UB/OC-1 cells the whole cell body (for SNAP25) or the
perinuclear region (for rab5) were used to calculate the colocalization indexes. Two to three independent experi-
ments were performed for P1 cochleae and two to five for UB/OC-1 cells. ND, Not determined; I, inconclusive.
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structures. In some cases it is even possible to discriminate, within
the same subcellular structure, the membrane-associated expression
of VLGR1 CT versus the intra-tubulovesicular expression of rab5
(arrowhead in high magnified image).

A reciprocal set of immunolocalization experiments in co-
chleae and UB/OC-1 cells (Figs. 12, 13) and the corresponding
colocalization indexes (Table 2) suggest there is an association
between rab5 and the apical PCDH15(C) and VLGR1 EAR vari-
ants (P1 cochlea ICQs values � �0.20, Rr values inconclusive;
UB/OC-1 cells ICQs values � �0.30; Rr values � �0.60). On the
other hand, we observe association between the postsynaptic

variants detected by PCDH15(M) and SNAP25 (P1 cochlea ICQ
value, �0.29; Rr value, �0.71; UB/OC-1 cells ICQ value, �0.34;
Rr value, �0.67). As we expected, VLGR1 CT variants show little
or no association with the basal vesicular marker SNAP25.

Finally, and because of the strong association between VLGR1
and both vesicular markers, SNAP25 (Rr��0.70 and ICQ��0.30
for VLGR1 EAR) and rab5 (Rr � �0.60 and ICQ � �0.30 for
VLGR1 CT) in cochlea and UB/OC-1 cells, we decided to address
whether a physical interaction exists between specific VLGR1 vari-
ants and the corresponding vesicular markers by coimmunoprecipi-
tation studies. Figure 14 (top panels) demonstrates that there is

Figure 11. Colocalization analysis of the Usher proteins with SNAP25 and rab5 in differentiated UB/OC-1 cells. Cells were fixed and double immunostained for the Usher proteins (green) and the
vesicular markers (red). A, PCDH15(C) � SNAP25. B, VLGR1 EAR � SNAP25. C, PCDH15(M) � rab5. D, VLGR1 CT � rab5. A–C, Arrowheads denote expression of the corresponding Usher protein
at the cell surface. High-magnification images of the framed areas are shown to the right, arrowheads point to tubulovesicular structures that show the presence of the vesicular marker and the
corresponding Usher protein. Scale bar, 10 �m.
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indeed an association between SNAP25 and
some of the VLGR1 synaptic variants (Zal-
locchi et al., 2012). We used both P1 inner
ear and also P3 brain since SNAP25 and
VLGR1 are highly coexpressed in the same
cortical areas during brain development
(Mayanil and Knepper, 1993; Bark et al.,
1995; Yagi et al., 2005). The fact that we ob-
served different variants immunoprecipi-
tated from the inner ear (Vlgr1f/g/o and
Vlgr1l) versus brain (Vlgr1m) suggests that
the interactions between SNAP25 and the
VLGR1 EAR variants are tissue specific (and
likely developmentally regulated). The same
conditions were used to analyze putative in-
teractions between rab5 and VLGR1. Al-
though no association was observed by
coimmunoprecipitation studies (data not
shown), the fact that both proteins colocal-
ize in cochlea and cultured hair cells suggests
that some interactions may exist but are not
detectable by our assays. We used an alter-
native approach to test whether rab5 is in-
fluencing Usher protein trafficking by
introducing, in UB/OC-1 cells, a constitu-
tively active GFP-rab5 fusion protein
(Rab5Q79L) that produces an enlargement
of the early endosomes (Stenmark et al.,
1994; Ezratty et al., 2009). Figure 14 (bottom
panels) shows that a subset of the GFP-
positive vesicles also contains VLGR1 CT
antibody-reactive variants (Fig. 14D–F, ar-
rowheads). Moreover, the overexpression
of a constitutively active rab5 produces a
saturation or hyperactivity of the general
protein transport that results, as is the case
for VLGR1 CT, in a mislocalization and ex-
pression at the tip of the cell’s filopodia
(framed area in Fig. 14F and high-
magnification images). The GFP-empty
vector (GFP-EV) shows a more homoge-
nous distribution for GFP and the normal
perinuclear expression for VLGR1 CT (Fig.
14A–C). These experiments suggest that al-
though we were unable to see an association
between rab5 and VLGR1 by coimmuno-
precipitation, an indirect interaction may
exist as demonstrated by the altered intra-
cellular trafficking.

In summary, results from Figures
10 –14 show there are indeed at least two
distinct vesicular Usher complexes. The
first one colocalizes with rab5 and traffics
apically to the hair cell bundle, while the
second one, through interactions between
SNAP25 and VLGR1 synaptic variants
(Zallocchi et al., 2012), traffics basally to
the developing hair cells synapses.

Discussion
Although little is known regarding vesicle transport in hair cells,
the fact that distinct functional specializations are present at op-
posite poles of the neurosensory epithelia predicts the existence

of regulated polarized vesicular trafficking mechanisms. The im-
portance of this vesicular transport is evidenced by the large
number of cytoskeletal adaptor proteins expressed by hair cells
and by the discovery of hearing loss-associated diseases in which

Figure 12. Reciprocal colocalization analysis of the Usher proteins with basal and apical vesicular markers in P1 cochlea. P1 cochlea
cross-sections were double immunostained for the Usher proteins (green) and the vesicular markers (red). A, PCDH15(C)� rab5. B, VLGR1
EAR� rab5. C, PCDH15(M)�SNAP25. D, VLGR1 CT�SNAP25. High magnification of the apical (A, B) or basal (C, D) regions is shown to
the right. Scale bar, 10 �m. White squares in C and D represent nonspecific staining of the secondary mouse antibody.
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their function is abrogated (Hasson et al., 1997; Boëda et al.,
2002).

Through the use of multiple antibody preparations recogniz-
ing distinct antigenic regions of PCDH15 and VLGR1, we were
able to establish the presence of two distinct vesicular subpools
that traffic specific Usher variants to either the apical or basal
poles in cochlear hair cells. One pool is associated to Arf1-positive

vesicles and present at the apical aspect of the hair cells, while the
other associates with post-trans-Golgi vesicles and localizes to the
auditory synapses. The fact that A5 is a potent inhibitor of AP-1,
an adaptor protein involved in basolateral trafficking in polarized
epithelia (Carmosino et al., 2010), suggests that this particular
vesicular subpool traffics Usher proteins to a basal destination in
cochlear hair cells. Previous studies demonstrated that the incu-

Figure 13. Reciprocal colocalization analysis of the Usher proteins with SNAP25 and rab5 in differentiated UB/OC-1 cells. Cells were fixed and double immunostained for the Usher proteins
(green) and the vesicular markers (red). A, PCDH15(C) � rab5. B, VLGR1 EAR � rab5. C, PCDH15(M) � SNAP25. D, VLGR1 CT � SNAP25. High-magnification images of the framed areas are shown
to the right. Scale bar, 7 �m.
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bation of HeLa cells with A5 produced a
redistribution of AP-1 from the cytosol
to perinuclear structures (Duncan et al.,
2007). Similar results are shown in this
work for the “basal” Usher variants,
strongly supporting an association with
AP-1-positive vesicles.

The association with the cytoskeletal
machinery has already been described
for several Usher proteins including
PCDH15 (Adato et al., 2005). Colocaliza-
tion studies with actin or tubulin show
variations in the degree of interaction that
each group of variants has with the cyto-
skeleton. There is a strong association of
the “basal” Usher proteins with microtu-
bules while a very weak interaction is ob-
served between both group of variants,
“apical” and “basal,” and the actin cyto-
skeletal network. Although colocalization
indexes are low for actin and the
PCDH15(M) variants (ICQ �0.18), there
is a strong association with the cortical
actin network (ICQ: �0.33). In polarized
epithelia the directional trafficking of
cargo molecules involves transport along
microtubules (Carmosino et al., 2010). It
is likely a similar mechanism may exist for
vesicle transport of Usher proteins in hair
cells involving distinct microtubule adap-
tor proteins as route determinants. Once,
for example, at the apical pole of the hair
cells (or the cell surface in UB/OC-1 cells)
as is the case for the PCDH15(M) vari-
ants, they are transferred to the actin net-
work for their final destination, the tip
link (Kazmierczak et al., 2007).

Our own previous work and that of
others demonstrated the existence of
vesicle-associated Usher protein com-
plexes in ciliated epithelial cells and
photoreceptors (Maerker et al., 2008; Zal-
locchi et al., 2010). Using nondetergent
UB/OC-1 lysates as a source of Usher pro-
teins, we observed two well defined pools
of Usher variants after sucrose density
gradient fractionation. One group com-
prised of most of the Usher variants, sed-
iments into the buoyant fraction (11–14),
while a second group fractionates into the
middle of the gradient (7–9). The dispar-
ity in the molecular sizes within a specific
Usher protein sedimenting together into
the low density fractions and the fact that
most of these Usher variants contain pu-
tative transmembrane domains suggest,
as it was previously shown in tracheal ep-
ithelial cells, that they are associated with vesicles (Zallocchi et al.,
2009).

In hair cells, as in any other polarized epithelia, the asymmet-
ric distribution of plasma membrane proteins into apical (stere-
ocilia bundle) and basolateral (ribbon synapses) domains
depends on distinct trafficking characteristics. These include not

only vesicle association to specific cytoskeletal adaptor proteins,
but also presence of consensus motifs/conformations and/or
posttranslational modifications within the cargo molecules, oli-
gomerization, and differential affinity of the cargo proteins for
small lipid rafts present in the vesicular membrane (Rodriguez-
Boulan et al., 2005). The most accepted hypothesis for the apical

Figure 14. Specific VLGR1 EAR variants interact in vivo with SNAP25 while constitutive active rab5 influences VLGR1 trafficking.
Top panels, Coimmunoprecipitation studies with anti-SNAP25 were performed in P3 brain (left panels) and P1 inner ear (right
panel), followed by immunoblotting with anti-VLGR1 EAR (IB VLGR1). Lys, Total lysate from P3 brain. SNAP25, Specific coimmu-
noprecipitation with anti-SNAP25. NMS, Nonspecific coimmunoprecipitation with normal mouse serum. Note that there are only
two main variants expressed in brain, the full-length (Vlgr1b) and the 30 kDa synaptic variant (Vlgr1m). Molecular weight markers
are on the left (kDa). HC, IgG heavy chain. LC, IgG light chain. Bottom panels, Differentiated UB/OC-1 cells were electroporated in
the presence of GFP-empty vector (GFP-EV, A–C) or the constitutive active Rab5Q79L (D–F ). After 48 h postelectroporation, cells
were fixed and immunostained for GFP (green, A, D) and VLGR1 CT (red, B, E). Arrowheads denote GFP-positive vesicles; some of
them containing VLGR1 CT. Framed area (F ) denote colocalization at the cell filopodia. High-magnification images correspond to
the framed area. Scale bar, 20 �m.

13856 • J. Neurosci., October 3, 2012 • 32(40):13841–13859 Zallocchi et al. • Usher Protein Transport in Hair Cells



sorting of cargo molecules postulates an association with mem-
brane microdomains rich in glycosphingolipids and cholesterol.
However, since several basolateral proteins also have a high affin-
ity for the same type of membrane microdomains, it has been
suggested that an association with those structures is necessary
but not sufficient to target the vesicles to the correct destination
(Paladino et al., 2004).

To elucidate whether an involvement of GM1-rich membrane
microdomains may exist in Usher vesicular trafficking, we used
two different approaches: DRMs fractionation from UB/OC-1
cells and colocalization studies in mouse cochlea and hair cells.
To our surprise the results obtained contrast with the most ac-
cepted hypothesis that postulates apically sorted proteins have
high affinity for membrane microdomains (Carmosino et al.,
2010). Only a small fraction of the synaptic Usher variants is
associated with these structures. The DRM fractionation experi-
ments show the presence of at least two of the VLGR1 synaptic
variants (Vlgr1b and Vlgr1m) (Zallocchi et al., 2012). Moreover,
confocal colocalization studies in cochlea cross-sections show
that the highest density of membrane microdomain punctae is
present along the basolateral membrane and at the afferent neu-
ronal terminals.

In UB/OC-1 cells a common pattern is observed between the
variants reacting basally in cochlear hair cells [PCDH15(C),
PCDH15(M), and VLGR1 EAR] and GM1-positive microdo-
mains. There is a high degree of colocalization at the tip of the cell
filopodia, where the presynaptic protein ribeye is concentrated.
Based on what we observed in DRM-fractionation experiments,
only a few contacts exist between specific Usher variants and
membrane microdomains. These observations, along with the
interaction found between the VLGR1 synaptic variants and
SNAP25 and the recent emerging evidence of a role for some
Usher protein variants in synaptogenesis (Gregory et al., 2011;
Phillips et al., 2011; Zallocchi et al., 2012), imply that membrane
microdomains may also be involved in ribbon synapse organiza-
tion, maturation, and perhaps function.

The possible association of the Usher complexes with SNAP25
during cochlear development is also of interest. Previous reports
have shown a developmental upregulation of SNAP25 protein
during synaptogenesis and neuronal maturation (Mayanil and
Knepper, 1993; Bark et al., 1995) with a broader pattern of ex-
pression compared with adult nervous system. Moreover, there is
a shift in SNAP25 subcellular localization from synaptic vesicles
to synaptic membranes during development, suggesting a spatio-
temporal regulation for this SNARE (Oyler et al., 1989; Mayanil
and Knepper, 1993). The possible involvement of SNAP25 in hair
cell ribbon synapse maturation has already been suggested by
Sendin et al. (2007), where thyroid hormone plays a key role in
SNAP25 upregulation.

The results presented here, colocalization of SNAP25 and the
Usher proteins at the base of the hair cells at the postnatal devel-
opmental time when the synapses are undergoing active remod-
eling, the presence of these proteins in the same vesicular pool,
and the interaction between SNAP25 and VLGR1, argue in favor
of a putative Usher:SNAP25 synaptic complex involved in post-
natal synaptic development in cochlear hair cells.

Although apical expression of rab5 has been shown in differ-
ent polarized epithelia (Tsarouhas et al., 2007; Zallocchi et al.,
2010; Clark et al., 2011), this is the first report demonstrating its
expression at the stereocilia bundle in auditory hair cells in higher
vertebrates. Rab5 plays a key role in endosome fusion during
receptor-mediated endocytosis acting on the EEA1 (early endo-
somal autoantigen 1) effector protein and promoting vesicle teth-

ering and membrane fusion (Chamberlain et al., 2010). The
observation that the highest colocalization occurs with VLGR1
CT and PCDH15(M) variants, both in cochleae and UB/OC-1
cells, and that a constitutively active form of rab5 produces the
mislocalization of VLGR1 CT to the cell filopodia, suggests an
involvement (direct or indirect) of this small GTPase in the apical
trafficking of vesicles transporting Usher protein complexes.

Rab5 activity is regulated by Esp8 through the recruitment of
one of its GTPase-activating factors (GAP) (Lanzetti et al., 2000).
Esp8 is also involved in stereocilia development with Esp8 mu-
tant animals presenting shorter stereocilia in cochlear hair cells
(Manor et al., 2011). Most of the Usher mouse models display
varying degrees of stereocilia abnormalities, suggesting that these
proteins function at different levels in the process of hair bundle
development (McGee et al., 2006; Lefèvre et al., 2008; Geng et al.,
2009). Some of these mutants also display protein trafficking
defects in photoreceptor cells suggesting Usher proteins are play-
ing a role in protein transport (Peng et al., 2011). Investigating
whether Usher proteins may associate with rab5 and affect the
apical trafficking of the tri-partite complex, Esp8-GAP-rab5, nec-
essary for stereocilia elongation, is now an open question that
needs to be addressed not only to gain a better understanding of
Usher syndrome pathology but also the more general mechanism
of stereocilia maturation.

Altogether the results presented in this work support the ex-
istence of at least two distinct pools of Usher variants that move in
vesicles to opposite poles of the hair cells. The recognition of
specific markers or tags within those vesicles by the cytoskeletal
and trafficking machinery allows the correct targeting to their
final destination where they likely play key roles in the matura-
tion of both stereocilia and ribbon synapses.
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