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Usher syndrome type 2 (USH2) is the predominant form of USH, a leading genetic cause of combined deafness
and blindness. PDZD7, aparalog of two USH causative genes, USH1C and USH2D (WHRN),was recently reported
to be implicated in USH2 and non-syndromic deafness. It encodes a protein with multiple PDZ domains. To
understand the biological function of PDZD7 and the pathogenic mechanism caused by PDZD7 mutations, we
generated and thoroughly characterized a Pdzd7 knockout mouse model. The Pdzd7 knockout mice exhibit con-
genital profound deafness, as assessed by auditory brainstem response, distortion product otoacoustic emis-
sion and cochlear microphonics tests, and normal vestibular function, as assessed by their behaviors. Lack of
PDZD7 leads to the disorganization of stereocilia bundles and a reduction in mechanotransduction currents and
sensitivity in cochlear outer hair cells. At the molecular level, PDZD7 determines the localization of the USH2 pro-
tein complex, composed of USH2A, GPR98 and WHRN, to ankle links in developing cochlear hair cells, likely
through its direct interactions with these three proteins. The localization of PDZD7 to the ankle links of cochlear
hair bundles also relies on USH2 proteins. In photoreceptors of Pdzd7 knockout mice, the three USH2 proteins
largely remain unchanged at the periciliary membrane complex. The electroretinogram responses of both rod
and cone photoreceptors are normal in knockout mice at 1 month of age. Therefore, although the organization
of the USH2 complex appears different in photoreceptors, it is clear that PDZD7 plays an essential role in organ-
izing theUSH2 complexatankle links indevelopingcochlearhair cells.GenBank accessionnumbers:KF041446,
KF041447, KF041448, KF041449, KF041450, KF041451.

INTRODUCTION

Usher syndrome (USH) is the most common genetic disease
characterized by hearing loss combined with retinitis pigment-
osa (1–3). It occurs in �1 in 23 000 people worldwide. USH
is categorized into three clinical types, according to its auditory
and vestibular symptoms. Type 2 USH (USH2) is the most
prevalent form, accounting for up to 60% of all USH cases (4).
USH2 patients exhibit moderate congenital hearing loss,

retinal degeneration, but normal vestibular function. To date,
the molecular mechanisms underlying USH2 are not completely
understood and there is no cure for this disease.

USH2A, GPR98 and WHRN are the three known USH2 causa-
tive genes, which are predicted to encode a cell adhesion protein,
a G protein-coupled receptor and a scaffold protein, respectively
(5–7). The N-terminal two PDZ domains of WHRN can bind to
the PDZ-binding motif (PBM) at the C termini of USH2A and
GPR98 in vitro. In photoreceptors, the three proteins are
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colocalized at the periciliary membrane complex between the
outer and the inner segment (8). Loss of any one of these
USH2 proteins causes mislocalization and reduced expression
of the other two USH2 proteins (8). Delivery of WHRN into
Whrn mutant photoreceptors can rescue the localization and ex-
pression defects of USH2A and GPR98 (9). These findings indi-
cate that the three USH2 proteins are present in the same
multiprotein complex, the USH2 complex, and that WHRN is
involved in organizing this complex. In cochlear hair cells, the
three USH2 proteins are colocalized at ankle links of the hair
bundle (8,10–12). However, their subcellular localizations do
not completely depend on each other, as they do in photorecep-
tors (8), indicating that the composition and formation of the
USH2 complex may not occur exactly the same in cochlear
hair cells as in photoreceptors.

Mutations in PDZD7 (PDZ domain-containing 7) were found
to cause congenital non-syndromic hearing impairment, to ex-
acerbate retinal symptoms in USH2 patients and to probably
contribute to digenic USH (MIM, ∗612 971) (13,14). PDZD7
is a paralog of WHRN and harmonin (USH1C). It shares 55
and 35% similarity in protein sequence with WHRN and harmo-
nin, respectively. PDZD7 was reported to interact in vitro with
USH2A, GPR98, harmonin and SANS (the USH1G protein)
(13,14). In zebrafish, PDZD7 is expressed beneath the kinocilia
in hair cells and at the base of the outer segment in photorecep-
tors. Reduction in PDZD7 expression by morpholino injection
results in bent hair bundles in hair cells and altered GPR98 ex-
pression in photoreceptors (14). In rats, PDZD7 was localized
to ankle links of cochlear (CHCs) and vestibular (VHCs) hair
cells, together with WHRN and GPR98 (15). Based on these
findings, PDZD7 could be a new component of the USH2
complex. In this paper, we have generated a Pdzd7 knockout
mouse. Using this mouse, we studied the expression, localization
and function of PDZD7 in (CHCs) and VHCs and retinal photo-
receptors. Our findings demonstrate that PDZD7 is an indispen-
sible organizer of the USH2 complex in cochlear hair cells and
that PDZD7 may play a little role in the organization of the
USH2 complex in photoreceptors.

RESULTS

Pdzd72/2 mice do not express PDZD7

A Pdzd7 mutant mouse line was created using Pdzd7tm1a(EUCOMM)Wtsi

embryonic stem cells. In this mutant mouse, a knockout-first
allele (tm1a) of Pdzd7 was generated by inserting a gene trapping
cassette between exons 1 and 2 and a loxP site between exons 5
and 6 of the gene (Fig. 1A and B). This targeted allele was
designed to trap and truncate Pdzd7 transcripts after exon 1
using a robust engrailed-2 splice acceptor site and an efficient
polyadenylation signal (16). Disruption of Pdzd7 transcription
in the mutant mice was confirmed by reverse transcriptase–
polymerase chain reaction (RT–PCR) using primers upstream
and downstream of the inserted cassette (Fig. 1A and D and Sup-
plementary Material, Table S1). Specifically, RT–PCR using
primers positioned in exons that encode the individual three
PDZ domains of Pdzd7 (l and m, n and o and j and k, Fig. 1A
and Supplementary Material, Fig. S2) confirm the elimination
of Pdzd7 transcripts with these domains. To examine protein ex-
pression of Pdzd7, we first generated antibodies against the N- or

C-terminal region of PDZD7 (PDZD7_N or PDZD7_C) from
rabbits and chickens (Supplementary Material, Fig. S1A). The
specificity of these antibodies against PDZD7 but not its paralogs
(harmonin or WHRN; Supplementary Material, Fig. S1B) and
no cross-reaction among the N- and C-terminal antibodies (Sup-
plementary Material, Fig. S1C) were verified in transfected
HEK293 cells. Immunostaining using the rabbit PDZD7_N
and chicken PDZD7_C antibodies detected signals at the coch-
lear hair bundle in the wild-type, but not mutant, mice (Fig. 1E).
However, western blotting analysis using the PDZD7 antibodies
could not detect PDZD7 expression in retinal or cochlear lysates
during development or in adulthood, suggesting that the protein
expression of PDZD7 had a very low level in these tissues.
Therefore, we tried another approach to examine PDZD7
protein expression, immunoprecipitation using the rabbit
PDZD7_C antibody followed by western blotting analysis
using the chicken PDZD7_C antibody. Using this approach, a
weak band was found at �120 kDa in the wild-type, but not
mutant, retina and cochlea during development (Fig. 1F). The
size of this band was the same as that of the recombinant full-
length PDZD7 in HEK293 cells. These results demonstrated
that the expression of PDZD7 was completely eliminated in
Pdzd7 mutant mice. Therefore, the Pdzd7 mutant mice are
Pdzd7 complete knockout mice (Pdzd72/2). These Pdzd72/2

mice were vital and fertile. Their body weight at P21–P28 was
similar to that of their wild-type littermates (9.40+ 0.14 g for
the wild-type and 9.51+ 0.55 g for the knockout, mean+SE,
n ¼ 5 each).

Pdzd72/2 mice have normal vestibular function
and congenital profound deafness

Pdzd72/2 mice exhibited no signs of head tossing/bobbing or
circling. The trunk curl test showed that they were able to
reach out to a presented horizontal surface as their wild-type lit-
termates. They could also swim. These observations suggested
that Pdzd72/2 mice had grossly normal vestibular function
(17). To examine the auditory function of Pdzd72/2 mice, we
performed the auditory brainstem response (ABR), distortion
product otoacoustic emission (DPOAE) and cochlear micropho-
nics (CM) tests. Compared with wild-type littermates, Pdzd72/2

mice were profoundly deaf at 3–4 weeks of age with severely
elevated ABR and DPOAE thresholds across all frequencies
tested (Fig. 2A–C). The increased DPOAE thresholds indicated
abnormal outer hair cell (OHC) function. Pdzd72/2 mice
showed reduced CMs at 3 weeks of age (Fig. 2D and E), suggest-
ive of defective mechanotransduction. Three weeks of age is the
time point when hair bundles and hair cells become functionally
mature. Therefore, PDZD7 is involved in hair cell development
and loss of its expression causes congenital profound deafness.

PDZD72/2 mice have defective hair bundles in cochlear
OHCs

Light microscopy showed that the gross morphology of the
cochlea in Pdzd72/2 mice was indistinguishable from that in
wild-type littermates at 1 month of age. The size and dimension
of the cochlea and the arrangement of one-row inner hair cells
(IHCs) and three-row OHCs appeared normal (data not
shown). Staining of the kinocilium, using an antibody against
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acetylated a-tubulin, and staining of the stereociliary bundle,
using phalloidin as a marker of actin filaments, revealed that
planar cell polarity appeared close to normal in both IHCs and
OHCs in Pdzd72/2 mice (Figs 3A and 4A). According to the
above observations, hair cell proliferation and early differenti-
ation may not be significantly affected in Pdzd72/2 mice.
However, abnormal morphology of hair bundles was observed
in the cochlear OHCs of Pdzd72/2 mice at postnatal day 4
(P4) and in adulthood (Figs 3 and 4 and Supplementary material,
Tables S2 and S3). At P4, kinocilia were mislocalized in �6.6%
of OHCs, and �30% of hair bundles had missing stereocilia
(Fig. 3A and D and Supplementary Material, Table S2). These
findings were further confirmed by scanning electron micros-
copy (SEM; Fig. 3B, Cc, Cd, Ce and D and Supplementary Ma-
terial, Table S2). Moreover, SEM revealed details of hair bundle
morphological defects at a high magnification. At P4, �78% of
Pdzd72/2 OHCs had hair bundles bent at their base and tilting
toward the shortest row of stereocilia (Fig. 3B, Cb, Cd, Cf,
Cg and D and Supplementary Material, Table S2), while

Pdzd7+/2 littermates had normal stereocilia morphology indis-
tinguishable from the wild-type (Fig. 3B and Ca and Supplemen-
tary Material, Table S2). The tilted stereocilia precluded us from
further examining the stereocilia in the shorter rows. At the age
of 1 month, less OHCs (�29%) showed fallen stereocilia
(Fig. 4E and Supplementary Material, Table S3), �5% of
OHC bundles completely disappeared along the cochlea
(Fig. 4B and E and Supplementary Material, Table S3) and
�49% of OHC bundles had splayed and twisted stereocilia
(Fig. 4Cb, Ce and E and Supplementary Material, Table S3).
Further examination found stereocilia with abnormal length
and thickness (Fig. 4Cc and Cf) and loss of stereocilia in the
shortest row (Fig. 4Cc, Cd and Ce) in Pdzd72/2 OHC bundles.
Therefore, knockout of Pdzd7 results in defects in OHC hair
bundle morphogenesis, which subsequently leads to disorgan-
ization, abnormal dimensions and eventual loss of stereocilia
in adult cochlear outer hair bundles. In IHCs, the morphological
defects in Pdzd72/2 hair bundles appeared less obvious at P4
and at 1 month of age (Figs 3B and 4D), which may be

Figure 1. Pdzd72/2 mice were generated. (A) A schematic diagram of the gene targeting Pdzd7tm1a(EUCOMM)Wtsi allele. Arabic numerals in rectangles denote the exon
numbers.Arrows with italic lower case letters label the positionof primers used in this study. En2 SA, mouse engrailed 2 gene splice acceptor; IRES, internal ribosomal
entry segment; bgal, b-galactosidase gene; pA, simian virus 40 polyadenylation signal; bact, human b-actin promoter; neo, neomycin phosphotransferase gene.
(B) Confirmation of insertion of the targeting cassette into the Pdzd7 gene by PCR using primer pairs of a/b and c/d. (C) Identification of the mutant allele by
routine genotyping PCR using primers, f, h and g. (D) Disrupted transcription of the Pdzd7 gene shown by RT–PCR analysis in the retina using primers e, i, j, k,
l, m, n and o. RT–PCR of rhodopsin was used here as a positive control. Note: primer pairs of l/m, n/o and j/k were designed to amplify PDZ1, PDZ2 and PDZ3
regions of PDZD7 cDNA, respectively. (E) Immunofluorescence demonstrates loss of PDZD7 expression in Pdzd72/2 cochlear hair cells at P4. Scale bars,
10 mm. (F) Western blotting (WB) following immunoprecipitation (IP) found loss of PDZD7 expression in the retina at P6 (middle) and in the cochlea at P9
(right) in Pdzd72/2 mice. The same procedure was performed using PDZD7-transfected HEK293 cells (left). The band just above 34 kDa on the P9 inner ear blot
showed no difference between wild-type and Pdzd72/2 littermates in another experiment at P5 (data not shown). Thus, it is considered non-specific. Arrowheads
point to the PDZD7 bands. Asterisks mark non-specific bands. IgG, non-immune rabbit immunoglobulin; rPDZD7_C, rabbit antibody against PDZD7_C ;
cPDZD7_C, chicken antibody against PDZD7_C; rPDZD7_N, rabbit antibody against PDZD7_N. +/+, wild-type; 2/2, Pdzd7 knockout. The DNA sequences
of primers are shown in Supplementary material, Table S1.
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because of inherent differences in the shape and organization of
IHC bundles compared with OHC bundles.

PDZD72/2 mice have defective MET in cochlear OHCs

Examination of mechanoelectrical transduction (MET) currents
in cochlear OHCs of Pdzd72/2 mice at P4–P6 revealed a signifi-
cant decrease in peak current amplitude, as well as a significant
broadening of the 10–90% operating range relative to wild-type
controls. MET currents were recorded from 16 OHCs from seven
Pdzd72/2 mice and 8 OHCs from five wild-type mice. Repre-
sentative families of transduction currents are shown in
Figure 5 for wild-type (Figure 5A) and Pdzd72/2 (Figure 5B)
OHCs. Loss of the Pdzd7 gene resulted in an average peak
current reduction of 52% (Fig. 5C and D). We also found that
the current reduction was accompanied by a reduction in sensi-
tivity. Sensitivity was assayed from stimulus–response relation-
ships (Fig. 5C), which were generated from peak transduction
currents plotted as a function of stimulus amplitude and fitted
with second-order Boltzmann equations. We measured sensitiv-
ity as the 10–90% operating range for wild-type and Pdzd72/2

OHCs and found an average increase of 0.22 mm (33%) in
Pdzd72/2 OHCs (Fig. 5E), which indicated reduced sensitivity.

We analyzed adaptation in Pdzd72/2 OHCs using current
traces evoked by a half maximal stimulus, but found no signifi-
cant differences relative to wild-type. Fast adaptation time con-
stants based on double exponential fits were 0.7+ 0.6 ms (n ¼

16 KO OHCs, 7 mice) and 0.8+ 0.6 ms (n ¼ 8 WT OHCs, 5
mice), respectively. Slow time constants for Pdzd72/2 OHCs
(18+ 13 ms) were not significantly different (P ¼ 0.09) from
wild-type controls (9+ 7 ms).

Next, we examined cochlear IHCs from wild-type and
Pdzd72/2 mice (Fig. 5F and G). We found no significant differ-
ence (P ¼ 0.8) in the maximal current amplitudes between
Pdzd72/2 (695+ 102 pA, n ¼ 14 IHCs, 2 mice) and wild-type
(706+ 126 pA, n ¼ 16 IHCs, 4 mice) IHCs and there were no
differences in sensitivity or adaptation between the two geno-
types, consistent with the lack of morphological defects in
Pdzd72/2 IHCs.

Lastly, we recorded from type II VHCs of the utricle, an otolith
organ sensitive linear head movements and gravity. There was
little difference in MET amplitude (Fig. 5H and I) between
VHCs of wild-type (163+ 17 pA, n ¼ 10 VHCs, 9 mice) and
Pdzd72/2 (182+ 15 pA, n ¼ 11 VHCs, 7 mice) animals, and
we found no differences in adaptation or hair bundle sensitivity.
These results were consistent with the lack of morphological
defects and the lack of balance problems in Pdzd72/2 mice.

In summary, the Pdzd72/2 OHCs exhibited reduced MET
currents and reduced sensitivity without a total loss of function,
whereas IHCs and VHCs had normal MET. The data suggest that
the structural defects in outer hair bundles are the primary defi-
cits in the inner ears of Pdzd72/2 mice and that the reduction
in MET current and decreased sensitivity are secondary conse-
quences of the structural defects. Indeed, if the primary defect

Figure 2. Pdzd72/2 mice have congenital profound deafness. (A) Representative ABR responses from a pair of wild-type (WT) and Pdzd72/2 (KO) littermates at P21
in response to click stimuli. (B) ABR response thresholds at different test frequencies measured from wild-type and Pdzd72/2 littermates at P21–P28. (C) DPOAE
response thresholds at different test frequencies measured from wild-type and Pdzd72/2 littermates at P21–P28. (D) Representative CMs from a pair of wild-type and
Pdzd72/2 littermates at P21. (E) CM amplitudes at different click levels measured from wild-type and Pdzd72/2 littermates at P21–P28. Numbers in the parentheses
are the numbers of mice tested. Error bars represent the SE.
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Figure 3. Pdzd72/2 mice have disorganized outer hair bundles in thecochlea during development. (A) Stainingofphalloidin(green) andacetylateda-tubulin (red) demon-
strated the close to normal orientation but disrupted morphology of hair bundles (phalloidin) in the Pdzd72/2 cochlea at P4. Arrows point to kinocilia (acetylateda-tubulin)
in hairbundles. Some of them moved to theside instead of being in the middle of the V-shaped hair bundles in the knockout. (B) SEM shows the morphology ofhairbundles
in the cochlear mid turn of Pdzd7+/2 (control) and Pdzd72/2 littermates at P4. (C) High magnification view of hair bundles at P4. Compared with the Pdzd7+/2 outer hair
bundle (a), Pdzd72/2 outer hair bundles showed stereocilia tilting at the base toward the cell center (b, d, f and g, different regions along the cochlea), missing stereocilia
(d and e) and mislocalized kinocilia (c and d). The simultaneous view of tilting OHC bundles and standing IHC bundles in Cg indicated that the tilting phenotype was not an
artifact due to the imagingangle. The tilting stereociliacompletely blocked the view of the two rows of shorter stereocilia. In some Pdzd72/2OHCs, undifferentiated micro-
villi remained on the apex of the cells (b, c, f and g). Arrows point to kinocilia. (D) Quantification of hair bundles with mislocalized kinocilia, partial hair bundles and tilted
hair bundles from SEM and fluorescence staining analyses. Details are shown in Supplementary material, Table S2. Scale bars, 5 mm (A and B) and 1 mm (C).
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was in the mechanotransduction machinery itself, it might be
expected to present in all hair cell types as is the case for Tmc1
and Tmc2 knockout mice (18). However, we found that both
IHCs and VHCs of Pdzd72/2 mice retained structural integrity
and normal mechanotransduction. An MET deficit that is
restricted to OHCs is consistent with the reduced CMs and the
elevated DPOAE and ABR thresholds we documented in
Pdzd72/2 mice (Fig. 2).

PDZD7 expresses its full-length isoform at the protein level
during development

Several splice variants of PDZD7 are expressed in both the inner
ear and the retina (13,14). To thoroughly investigate the expres-
sion of PDZD7 at the mRNA and protein levels, we carried out
RT–PCR and western blotting analyses. RT–PCR using
primers located on the first and last (exon 16) exons of the
Pdzd7 gene (Supplementary Material, Table S1) identified five
Pdzd7 splice variants from 19 independent clones in the P30
wild-type retina (Supplementary Material, Fig. S2). All five
Pdzd7 splice variants were predicted to be translated into pro-
teins with stop codons after the second and before the third
PDZ domain of PDZD7. Therefore, N-terminal but not full-
length Pdzd7 splice variants were detected in the adult mouse
retina. The same RT–PCR approach was used in the P5 and
P24 cochleas. Both full-length and N-terminal Pdzd7 splice var-
iants were found at these ages (Supplementary Material, Fig.
S2). The prevalence of the full-length Pdzd7 variant was very
low, 1 in 11 at P5 and 1 in 5 at P24. N-terminal Pdzd7 variants
found at these two time points were all predicted to be translated

into proteins with the N-terminal two PDZ domains similar to
those in the retina.

Western blotting analysis was conducted in the retina and
cochlea using all the PDZD7 antibodies we generated. Com-
pared with the Pdzd72/2 tissues, which we considered a nega-
tive control, we could not find PDZD7-specific bands in the
wild-type. However, as mentioned above, we were able to find
a specific weak band of �120 kDa in the immunoprecipitates
of the rabbit PDZD7_C antibody from the cochlea at P5–P9
and the retina at P6 (Fig. 1F). This weak band was not found in
the adult retina or cochlea using the same approach. These
results indicated that the full-length PDZD7 was probably
expressed in the cochlea and retina at a low level during develop-
ment and may be expressed at an even lower level in the adult
cochlea. Furthermore, we could not find any PDZD7-specific
bands in the immunoprecipitates of the rabbit PDZD7_N anti-
body from the retina or cochlea at various time points, even
though this antibody could be successfully used for immunopre-
cipitation in cultured cells (Fig. 8B). Therefore, if N-terminal
PDZD7 variants existed at the protein level, their expression
might be very rare throughout the development and adulthood.

PDZD7 is located at ankle links in developing inner ear hair
cells, but its localization cannot be determined in
photoreceptors

Immunostaining with phalloidin demonstrated that PDZD7 was
present at the base of hair bundles in cochlear IHCs and OHCs
from P0 to P10 (Fig. 6A) and in VHCs at P8 (Fig. 6B). GPR98
and WHRN have been localized to ankle links at the base of

Figure 4. Pdzd72/2 mice show stereocilia degeneration in mature cochlear outer hair bundles. (A) The cochlear mid turns from Pdzd7+/+ and Pdzd72/2 littermates at
1 month of age were stained with phalloidin. Empty arrowheads point to the phalloidin-labeled hair bundles. (B–E) SEM analysis of hair bundles from Pdzd7+/+ and
Pdzd72/2 littermates at 1 month of age. (B) Low magnification images of OHC bundles. The filled arrowhead points to a missing hair bundle. (C) Images of individual
OHC bundles. Compared with the Pdzd7+/+ hair bundle (a), Pdzd72/2 hair bundles had several obvious defects: (i) the stereocilia were separated with each other
(filled arrowheads in b and e); (ii) some neighboring stereocilia twisted against each other (empty arrowhead in b); (iii) the length of the stereocilia in the same
row varied (filled arrowheads in c); (iv) the stereocilia in the shortest row were missing (empty arrowheads in c, d and e); (v) the stereocilia tended to lie down
(filled arrowheads in e); (v) the stereocilia had different diameters in the same row (filled arrowheads in f). (D) Images of IHC bundles from Pdzd7+/+ and
Pdzd72/2 littermates. (E) Quantification of defective OHC bundles from the SEM analysis. Details are shown in Supplementary material, Table S3. Scale bars,
20 mm (A), 5 mm (B) and 1 mm (C and D).
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Figure 5. MET currents are abnormal in Pdzd72/2 cochlear OHCs. (A and B) Representative families of MET currents recorded from OHCs at P4 in response to
mechanical hair bundle deflections that ranged from 20.2 to 1.2 mm in 0.05 mm increments. The scale bar and stimulus protocol, which shows the stimulus envelope,
apply to both current families. Currents were recorded in voltage-clamp mode at 264 mV from the mid-apex. (C) Mean OHC stimulus response relations (n ¼ 8 WT
cells, 5 mice, circles; n ¼ 16 KO cells, 7 mice, diamonds). Peak transduction currents were taken from current families and plotted as a function of stimulus amplitude.
The data were shifted along the x-axis to align their mid-points, then averaged. The average data (+SE) were fitted with Boltzmann equations (lines). (D) Mean
maximal MET currents (+SE) from OHCs. Genotype and number of hair cells are shown at the bottom. (E) Mean 10–90% operating range (+SE) was estimated
from individual stimulus–response relations, like the one shown in (C). Genotype and number of OHCs are shown at the bottom. (F and G) Representative families of
MET currents recorded from IHCs at P4 in response to mechanical hair bundle deflections. Currents were recorded in the voltage-clamp mode at 284 mV from the
basal end. The scale bar applies to both panels. (H and I) Representative familiesof MET currents recorded from utricle type II hair cells at P4 in response to mechanical
hair bundle deflections. Currents were recorded in the voltage-clamp mode at 264 mV. The scale bar applies to both panels.
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hair bundles (10,11). To investigate whether PDZD7 was also
localized at ankle links, we performed double immunostaining
of PDZD7 with GPR98 and WHRN, respectively. PDZD7

signal was colocalized with GPR98 in both IHCs and OHCs
(Fig. 6C). Pearson’s coefficients were 0.88–0.91 for OHCs
and 0.88–0.94 for IHCs. PDZD7 signal also overlapped with

Figure 6. PDZD7 is localized at ankle links in mouse inner ear hair cells. (A) Double staining of PDZD7 (red) and phalloidin (green) in cochlear hair cells. PDZD7 was
localizedat the base of hair bundles (phalloidin) in both IHCs and OHCs during P0 and P10. The PDZD7 signal disappeared at P23. (B) Double staining of PDZD7 (red)
and phalloidin (green) in VHCs at P8.A Pdzd72/2 mouse (KO) was usedas a negative control. (C) Triple stainingdemonstrated that PDZD7(red) was colocalized with
GPR98 (blue) at ankle links of hair bundles (phalloidin, green) in cochlear IHCs and OHCs at P4. Note that the four cells at the low magnification (left) and one cell at
the high magnification (right) are five different cells for IHCs and OHCs. Correlation analyses between PDZD7 and GPR98 were conducted using images at both low
and high magnifications. Pearson’s and Manders’ coefficients are shown below images. (D) Double staining demonstrated that PDZD7 (green) was colocalized with
WHRN (red) at ankle links but not at the tip (arrows) of stereocilia in cochlear IHCs and OHCs at P4. Single cells in the enlarged view (right) were chosen from the four
cells in the low magnification view (left) for IHCs and OHCs. Correlation analyses between PDZD7 and WHRN were conducted using images at both low and high
magnifications. Pearson’s and Manders’ coefficients are shown below images. (E) Costaining of PDZD7_N and PDZD7_C in P4 cochlear hair cells. Left, low mag-
nification images of both IHCs and OHCs double labeled with two combinations of PDZD7_N and PDZD7_C antibodies. Right, images of individual IHCs triple
labeled with PDZD7_N, PDZD7_C and phalloidin (green). These individual cells were not chosen from the low magnification images. The colors of PDZD7_N
and PDZD7_C signals match those of their word labels. Correlation analyses between signals of PDZD7_N and PDZD7_C were conducted using images at both
low and high magnifications. Pearson’s and Manders’ coefficients are shown below images. r, Pearson’s coefficient; M1, Manders’ coefficient, fraction of green
or blue signals overlapping red signals; M2, Manders’ coefficient, fraction of red signals overlapping green or blue signals; cPDZD7_C, chicken antibody against
PDZD7_C; rPDZD7_N, rabbit antibody against PDZD7_N; rPDZD7_C, rabbit antibody against PDZD7_C; cPDZD7_N, chicken antibody against PDZD7_N;
Pha, phalloidin; Scale bars, 5 mm (A, low magnification images in C, D and E), 10 mm (B) and 1 mm (single cell images in C, D and E).
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WHRN at the base but not the tip of hair bundles (Fig. 6D). Pear-
son’s coefficients were 0.66–0.77 for OHCs and 0.78–0.88 for
IHCs. The fractions of WHRN signal overlapping PDZD7 signal
(M2) were 0.52–0.75, which were probably mainly from the
base of hair bundles. Therefore, colocalization of PDZD7 with
GPR98 and WHRN at the base of hair bundles indicates that
PDZD7 is present at ankle links in hair cells. Ankle links exist
in cochlear hair cells during hair bundle development (19). Con-
sistent with this time line, the staining signal of PDZD7 disap-
peared at the base of hair bundles in adult hair cells (P23 in
Fig. 6A) and its expression could not be detected in mature
cochleas by the previously mentioned western blotting and
immunoprecipitation studies. This localization of PDZD7 at
ankle links in mouse inner ear hair cells is in agreement with a
recent finding in rats (15). Additionally, double staining using
PDZD7_N and PDZD7_C antibodies gave staining patterns
similar to each other (Fig. 6E). Pearson’s coefficients were
0.83–0.84 for chicken PDZD7_C and rabbit PDZD7_N combin-
ation and 0.78–0.87 for rabbit PDZD7_C and chicken
PDZD7_N combination. This result indicates that full-length
PDZD7 and N-terminal PDZD7, if present, have similar subcel-
lular distributions.

In the adult retina, immunostaining using both rabbit and
chicken PDZD7_N antibodies found a strong signal between
the outer and inner segment next to but not exactly overlapping

with the WHRN signal. This signal pattern was similar to that
reported previously (14). However, we found the same signal
pattern in Pdzd72/2 mice, indicating that this signal is not
PDZD7-specific (data not shown). Immunostaining using
rabbit and chicken PDZD7_C antibodies did not detect any
obvious signals. These results support the notion that PDZD7 ex-
pression may be too low to be detected in the adult mouse retina.
Currently, the localization of PDZD7 in the retina is unclear.

PDZD7 determines the subcellular localization of GPR98,
WHRN and USH2A in cochlear hair cells but not in
photoreceptors

We examined whether PDZD7 played a role in the normal local-
ization of USH2 proteins and in maintaining the integrity of the
USH2 complex. Immunostaining showed a clear signal distribu-
tion of GPR98, WHRN and USH2A at ankle links and additional
WHRN at the tip of the hair bundle in wild-type cochlear IHCs
and OHCs at P4 (Fig. 7A–C). However, in the Pdzd7 knockout
of the same age, GPR98 moved up along the stereocilia and about
half of GPR98 was present at the tip of stereocilia in both IHCs
and OHCs (Fig. 7A, Supplementary Material, Fig. S3A and
Table S4). The localization of WHRN at ankle links was
largely eliminated in the cochlear IHCs and OHCs (Fig. 7B, Sup-
plementary Material, Fig. S3B and Table S4). The changes in

Figure 7. USH2 proteins are mislocalized in Pdzd72/2 cochlear hair cells. (A) GPR98 (red) was present at ankle links of hair bundles (phalloidin, green) in Pdzd7+/+

(WT) cochlear hair cells. In Pdzd72/2 mice (KO), only a small amount of GPR98 remained at ankle links. Most GPR98 moved upward toward the tip or along the
stereocilia in IHC and OHC bundles. (B) WHRN (red) was present at the tip and ankle links of hair bundles (green, phalloidin) in Pdzd7+/+ cochlear hair cells. In
Pdzd72/2 cochleas, the WHRN signals at the hair bundle tip stayed unchanged, while the signals at ankle links largely disappeared. (C) USH2A (red) was
present at ankle links of the hair bundle (green, phalloidin) in Pdzd7+/+ cochlear hair cells. In about half of Pdzd72/2 OHCs, partial USH2A signal was mislocalized
to the tip of the hair bundle, while the rest was still present at ankle links. In Pdzd72/2 IHCs, USH2Asignalswere significantly reducedat ankle links. Arrowheads point
to the base of hair bundles. Scale bars, 1 mm.
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USH2A distribution were not exactly the same between IHCs
and OHCs (Fig. 7C, Supplementary Material, Fig. S3C and
Table S4). In 38% of the OHCs examined, USH2A signals,
like GPR98, were moved to the tip of the stereocilia. The rest
OHCs showed diffused USH2A signals at the base of the hair
bundle. In IHCs, most USH2A signals disappeared, and only re-
sidual USH2A could be detected at ankle links. These misloca-
lizations of USH2 proteins in Pdzd72/2 hair bundles were
believed not due to stereocilia degeneration, which was not
severe at P4 as shown in the SEM study (Fig. 3). The distributions
of MYO7A and SANS, the two proteins encoded by the USH1B
and USH1G genes, were normal. MYO7A was located along the
entire stereocilia in IHCs and at the apical region of the stereoci-
lia in OHCs at P6 (Supplementary Material, Fig. S4A), while
SANS was present at the apical region of the stereocilia in
both IHCs and OHCs at P4 (Supplementary Material, Fig.
S4B). MYO15A is a WHRN-interacting protein and localized
at the tip of stereocilia (20). Knockout of Pdzd7 did not change
the localization of MYO15A in hair cells (Supplementary Mater-
ial, Fig. S4C). These findings demonstrated that PDZD7 was es-
sential for the localization of USH2 proteins at ankle links in
cochlear IHCs and OHCs. In addition, these results indicate
that the role of PDZD7 in the localization of USH2 proteins
may not be exactly the same in IHCs and OHCs. PDZD7 was pre-
viously reported to interact directly with GPR98 and USH2A
(14). To investigate whether a direct interaction also existed
between PDZD7 and WHRN, we transfected PDZD7 and
WHRN into HEK293 cells. The reciprocal coimmunoprecipita-
tion of these two proteins from the transfected cell lysate pro-
vided evidence to support their direct interaction (Fig. 8).
Therefore, PDZD7 determines the subcellular localization of
USH2 proteins probably through its direct interactions with
these proteins.

Immunostaining signals of USH2A, WHRN and GPR98 in
Pdzd72/2 photoreceptors were similar to those in wild-type
photoreceptors. They were present at the periciliary membrane
complex between the rootlet and the axonemal microtubules,

labeled by antibodies against rootletin and acetylated
a-tubulin, respectively (Fig. 9A–C). Therefore, PDZD7 plays
a limited role in localizing USH2 proteins in photoreceptors.
Additionally, both scotopic and photopic electroretinogram
responses, which represent the vision function mainly from
rod and cone photoreceptors, respectively, appeared normal
in Pdzd72/2 mice when compared with their wild-type or
heterozygous littermates at 1 month of age (data not shown).
Because of the presence of an Rd8 mutation in the genetic back-
ground of our Pdzd72/2 mice, we could not examine the effect
of Pdzd7 knockout on the vision function at older ages (21).

USH proteins play variable roles in the localization
of PDZD7 in cochlear hair cells

Immunofluorescence was performed to study the localization of
PDZD7 in a series of USH mutant mouse models (Fig. 10 and
Supplementary Material, Fig. S5). Two Whrn mutant mouse
lines were available in our laboratory. The whirler mouse
(Whrnwi/wi) had a naturally occurring deletion between exons 6
and 9 of the Whrn gene (22). The Whrn targeted mutant mouse
line (Whrnneo/neo) was generated by replacement of the 3′ part
of exon 1 with a neomycin cassette (8). PDZD7 localization
appeared close to normal in the majority of hair cells in both
Whrn mutant mouse lines at P4 (Fig. 10A–C, Supplementary
Material, Fig. S5A–C and Table S5). In a small proportion of
hair cells in these two mutant mice, PDZD7 showed a slightly
diffuse pattern at the base of OHC bundles and reduced signals
in IHCs. In Gpr98 mutant mice at P4, PDZD7 signals were not
restricted to the base of the hair bundle but diffused upward
(Fig. 10D, Supplementary Material, Fig. S5D and Table S5).
In IHCs, it was sometimes distributed along the entire stereoci-
lia. In Ush2a knockout mice, PDZD7 distribution was similar
to that found in Gpr98 mutant mice at P4 (Fig. 10E, Supplemen-
tary Material, Fig. S5E and Table S5). The PDZD7 signals even-
tually disappeared in OHCs at P7 (data not shown). In Sans2J2J

mutant mice, which had a deletion in the Ush1g gene, the

Figure 8. PDZD7 and WHRN directly interact in HEK293 cells. (A) PDZD7 was coimmunoprecipitated with (green fluorescent protein) GFP-tagged WHRN from
HEK293 cells double transfected with these two proteins. Immunoprecipitation (IP) was performed using a rabbit GFP antibody (rGFP). Cells double transfected with
GFP and PDZD7 were used as a negative control. Left, the success of IP was confirmed by western blotting (WB) using the rGFP antibody. Right, the presence of
PDZD7 in the immunoprecipitate was detected by western blotting using the chicken antibody against PDZD7_C (cPDZD7_C). (B) WHRN was coimmunoprecipi-
tatedwith PDZD7fromHEK293cells double transfected with these twoproteins. IP was performedusing the rabbit antibodyagainst PDZD7_N. Cells transfected with
only WHRN were used as a negative control. Left, the success of IP was confirmed by western blotting using the chicken antibody against PDZD7_C. Right, the pres-
ence of WHRN in the immunoprecipitate was detected by western blotting using a chicken antibody against the C-terminal region of WHRN (cWHRN_C). The filled
arrowheads on the right of blots point to the targeted proteins. The empty arrowhead points to GFP bands. The asterisk labels the rabbit GFP antibody bands.
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Figure 9. USH2 proteins remain at the periciliary membrane complex in Pdzd72/2 photoreceptors. Compared with wild-type (Pdzd7+/+) photoreceptors, the dis-
tributions of WHRN (green, A), USH2A (green, B) and GPR98 (green, C), relative to the ciliary rootlet (rootletin, red, left panels) and the axonemal microtubules
(acetylated a-tubulin, red, right panels), appeared normal in Pdzd72/2 photoreceptors. Similar results were obtained from three pairs of Pdzd7+/+ and Pdzd72/2

mice. Scale bars, 5 mm.

Figure 10. Localization of PDZD7 relies on USH2 proteins but not SANS in cochlear hair cells. Compared with wild-type mice (WT, A), distribution of PDZD7
appeared normal or slightly diffuse at the base of the hair bundle in IHCs and OHCs of both whirler (Whrnwi/wi, B) and Whrn targeted mutant (Whrnneo/neo, C)
mice. In Gpr982/2 (D) and Ush2a2/2 (E) mice, PDZD7 was mislocalized along the stereocilia in both IHC and OHC bundles. In Sans2J/2J mice (F), although the
hair bundle was severely disrupted, the localization of PDZD7 at ankle links was normal. Mutant mice at P4 were shown in all the panels. Red, signals from the
chicken antibody against PDZD7_C; Green, hair bundles labeled with phalloidin. Arrowheads point to the base of hair bundles. Scale bars, 1 mm.
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subcellular localization of PDZD7 was normal in both IHCs and
OHCs (Fig. 10F, Supplementary Material, Fig. S5F and
Table S5). Therefore, the localization of PDZD7 depends on
GPR98 and USH2A, while slightly relying on WHRN. Localiza-
tion of PDZD7 is independent on SANS.

On embryonic day 18 (E18), PDZD7 and USH2A were found
to express in the wild-type cochlear IHCs and OHCs, while
WHRN was not (Supplementary Material, Fig. S6). The signal
patterns of PDZD7 and USH2A at this age were similar to that
of GPR98 on E17 reported previously (10). In IHCs, they were
at the base of the emerging hair bundle. In OHCs, they exhibited
circular or semi-circular signals on the cellular apex. E17 is the
time point before the emergence of ankle links in mouse cochlear
hair cells. Therefore, PDZD7, USH2A and GPR98 but not
WHRN may depend on each other and be crucial for the initial
formation of the USH2 complex during the emergence of
ankle links.

Digenic heterozygosity of PDZD7 with USH genes does not
affect hearing function in young mice

Based on the previous report that PDZD7 contributed to digenic
USH with USH genes (14), it was possible that digenic heterozy-
gous mutant mice of Pdzd7 and USH genes had impaired hearing
function. To test this possibility, we performed ABR tests in
digenic heterozygous mice of Pdzd7 with Ush2a, Gpr98, Whrn
or Sans, respectively. No elevated ABR thresholds were found
in any of these digenic heterozygous mutant mice at P24 com-
pared with their control single heterozygous littermates (Supple-
mentary Material, Fig. S7). The involvement of Cdh23ahl allele
in some of the digenic heterozygous colonies precluded us from
testing ABRs at older ages. Therefore, these digenic heterozy-
gous mutant mice did not exhibit congenital hearing impairment,
which is typically found in human clinical cases of USH1 and
USH2.

DISCUSSION

In mouse cochlear hair cells, we show that PDZD7 is localized at
ankle links of the hair bundle during development, which con-
firms a recent study on PDZD7 in rats (15). Importantly, we dis-
covered the dependence of USH2 proteins on PDZD7 for their
normal localization in cochlear hair cells. In these cells,
PDZD7 appears to be an organizer of the USH2 complex up-
stream of WHRN, another organizer of the USH2 complex.
Therefore, disruption of PDZD7 expression affects the integrity
of the USH2 complex in hair cells, which is believed to be the
primary cause of disorganized hair bundles, abnormal MET
and eventual profound deafness. The functional significance of
PDZD7 as an organizer of the USH2 complex in photoreceptors
appears to be less than in hair cells. Therefore, our findings shed
light on the molecular basis underlying the pathogenesis of non-
syndromic hearing impairment, retinal diseases and digenic
USH2, caused or contributed to by PDZD7 mutations. Addition-
ally, this study provides evidence supporting the notion that the
formation and composition of the USH2 complex are not exactly
the same in cochlear hair cells as in photoreceptors.

The localization of PDZD7 at ankle links in the inner ear hair
cells is supported by the following lines of evidence. First, the

spatiotemporal expression profile of PDZD7 in cochlear hair
cells is similar to that of ankle links in mice (19). Second,
PDZD7 is colocalized with GPR98 and WHRN at the base of
hair bundles in cochlear hair cells, where GPR98 is an important
component of ankle links (10,11) and interacts with WHRN
(8,10,15). Third, PDZD7 interacts directly with WHRN as
well as two other USH2 proteins, GPR98 and USH2A (14,15).
Fourth, localization of the three USH2 proteins at ankle links
depends on the presence of PDZD7, and localization of
PDZD7 also relies on GPR98 and USH2A. Therefore, our
study now firmly establishes that PDZD7 is a novel and essential
component of the USH2 complex, which was previously known
to be comprised of USH2A, GPR98 and WHRN (8,10). PDZD7
and WHRN are paralogs sharing multiple protein–protein inter-
action modules, such as PDZ domains, a proline-rich region and
a harmonin_N module. Both their PDZ domains are able to bind
to the PBMs of USH2A and GPR98 (8,12,23). Loss of WHRN
causes mislocalization of USH2A in cochlear hair bundles
(10). Thus, both PDZD7 and WHRN play an important role in
the formation of the USH2 complex in vivo. However, the de-
pendence of WHRN on PDZD7 to localize at ankle links
(Fig. 7B) but not vice versa (Fig. 9B and C) indicates that
PDZD7 plays a more upstream role than WHRN in this function.
In addition, PDZD7 and SANS have been shown to interact dir-
ectly (13) and are colocalized in cultured cells (15). However, we
found that PDZD7 and SANS are not mutually dependent for
their normal localization in hair bundles in the cochlea (Fig. 10
and Supplementary Material, Fig. S4B). This finding indicates
that the interaction between PDZD7 and SANS may have little
significance in vivo. Moreover, MYO7A does not rely on
PDZD7 for its localization in hair bundles as well. Therefore,
PDZD7 may not be important for the USH1 protein network in
the cochlear hair bundle.

To date, several other proteins have been shown to interact
with USH2 proteins and/or to be present at ankle links in hair
cells. They include vezatin, espin and adenylyl cyclase 6
(10,24). Vezatin is an integral membrane protein associated
with actin filaments and binds to the cytoplasmic region of
USH2A (10,25). Espin interacts with WHRN, and this inter-
action has been shown to modulate the actin-binding/bundling
activity of espin (24). Adenylyl cyclase 6 has been proposed to
function downstream of GPR98 signaling, because loss of
GPR98 affects the expression and localization of adenylyl
cyclase 6 at ankle links (10). In view of these known and pre-
dicted functions of the proteins, the USH2 complex at ankle
links could have a role related to actin bundle formation/dynam-
ics in the stereocilia during hair bundle development. Actin
bundles are present immediately beneath the plasma membrane
of the stereocilia and provide crucial support to the stereocilia.
Without the fully functional USH2 complex, the actin bundles
could be less organized or less rigid to support the stereocilia,
which could explain why many stereocilia are bent or fallen at
the base of hair bundles in Pdzd72/2 mice, especially during de-
velopment. Similar defects are also seen in the pdzd7a knock-
down zebrafish and other USH2 mutant mice (10,11,14).
Additionally, in wild-type mice, the stereocilia in OHC hair
bundles seem to be more organized than in IHC hair bundles
(Fig. 4C and D). In Ush2a, Gpr98, Whrn, Pdzd7 mutant mice
(except the whirler mouse), hair bundle morphology and physi-
ology are usually more severely affected in OHCs than in IHCs
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(8,10,11,26) (this study). This suggests that the USH2 complex
plays a more important role in OHCs and it is probably involved
in the organization of stereocilia in hair bundles. Furthermore,
normal mechanotransduction found in Pdzd72/2 IHCs and
VHCs supports and extends the conclusion obtained from previ-
ous studies on two different Gpr98 mutant mice (10,11) that
ankle links and the USH2 complex do not directly participate
in mechanotransduction. We believe that the abnormal mechan-
otransduction at P4 and the reduced CMs at P21–P30 found in
Pdzd72/2 mice are secondary to the defective hair bundle organ-
ization. Finally, although USH2 proteins and PDZD7 are loca-
lized at ankle links in VHCs as well (11,15,27) (this study), it
is unclear why vestibular function is unaffected in most USH2
mutant mice (all except the whirler mouse), Pdzd72/2 mice or
USH2 patients.

PDZD7 expression varies in different tissues, with both
N-terminal and full-length transcripts in the cochlea and
probably only N-terminal transcripts in the mature retina. This
expression difference may explain why the homozygous recip-
rocal translocation, 46,XY,t(10;11),t(10;11), causes hearing
impairment but not retinal symptoms (13) and why the mutation,
R56PfsX, accelerates and exacerbates the retinal symptoms
in USH2A patients (14). The chromosomal translocation muta-
tion creates a breakpoint in intron 10 of the PDZD7 gene, which
should affect the full-length PDZD7 transcript but not the
N-terminal PDZD7 transcripts (Supplementary Material,
Fig. S2). In contrast, the mutation, R56PfsX, probably affects
the expression of N-terminal PDZD7 in the retina and both the
N-terminal and full-length PDZD7 in the cochlea (Supplemen-
tary Material, Fig. S2). At the protein level, only the full-length
PDZD7 transcript was detectable during development in this
study. However, we cannot rule out the existence of the
N-terminal PDZD7 proteins. They may exist transiently or at
an extremely low level, which may be a reason why we could
not determine the localization of PDZD7 in photoreceptors.
Interestingly, in the absence of PDZD7, the localization of the
three USH2 proteins appears to be unperturbed in photoreceptors
(Fig. 9). Therefore, unlike in the cochlear hair cells, PDZD7 may
play a less important role in photoreceptors. Considering our
previous findings on USH2 proteins in photoreceptors (8,9),
we believe that WHRN but not PDZD7 is indispensible for the
USH2 complex formation in photoreceptors.

In summary, this study demonstrates that PDZD7, a compo-
nent of the USH2 complex at ankle links, plays an essential
role in organization of this complex in developing cochlear
hair cells, while PDZD7 is not directly involved in MET. Loss
of PDZD7 expression leads to congenital hearing loss due to dis-
organized cochlear outer hair bundles. The function of PDZD7 in
cochlear IHCs and VHCs may be subtle or redundant. In photo-
receptors, the organization of the USH2 complex is probably dif-
ferent from that in cochlear hair cells. These findings provide
valuable new insights into the molecular mechanism underlying
deafness and blindness caused by mutations in PDZD7.

MATERIALS AND METHODS

Animals

All experiments involving animals were approved by the Institu-
tional Animal Care and Use Committee at the University of Utah

and in accordance with a protocol approved by the Institutional
Animal Care and Use Committee of the Boston Children’s Hos-
pital (Protocol 11-04-1959).

Pdzd7tm1a(EUCOMM)Wtsi embryonic stem cells were purchased
from EUCOMM and microinjected into blastocysts of an albino
C57BL6 strain (Jax stock # 000058). The chimeras mice were
backcrossed with the same strain of albino C57BL6 mice to gen-
erate Pdzd7 heterozygous mutant mice. This work was per-
formed by the University of Utah Transgenic and Gene
Targeting mouse core. The Pdzd7 homozygous mutant mice
were obtained by mating the heterozygous mutant mice. To
confirm the insertion of the large cassette into the Pdzd7 gene,
PCRs were conducted using the genomic DNA isolated from
the liver of the mutant mouse and primers located outside the
5′ and 3′ homology arms of the targeting vector (Fig. 1A and B
and Supplementary Material, Table S1). The insertion of the
third loxP between exons 5 and 6 was verified by sequencing
the PCR product containing this loxP site. The routine genotyp-
ing of this mutant mouse was conducted by short range PCRs as
shown in Figure 1C.

WHRN targeted mutant (Whrntm1Tili, referred to as Whrnneo in
this paper), whirler (Whrnwi) and Ush2a knockout (Ush2atm1Tili,
referred to as Ush2a2/2 in this paper) mice were described pre-
viously (8,22,26). Gpr98 mutant mice (Mass1Frings, referred to
as Gpr982/2 in this paper) were generated by crossing the
BUB/BnJ mice (Jax stock #000653) with wild-type mice
(mixed genetic background of C57BL6 and 129sv). The
obtained Gpr982/2 mice were free of the Pderd1 mutation.
Sans mutant mice (B6(Cg)-Ush1gjs22J/J, referred to as Sans2J/

2J in this paper) were purchased from the Jackson Laboratory
(Jax stock #006111).

Total RNA isolation, RT–PCR and DNA constructs

Total RNA was isolated from the mouse retina or cochlea at
various time points using the TRIzol reagent (Life Technologies,
Grand Island, NY, USA). RT–PCR was conducted using the
ThermoScriptTM RT-PCR system (Life Technologies). Manufac-
turer’s instructions were followed exactly in the above two experi-
ments. PDZD7 full-length cDNA (2–1021 amino acids,
NP_001182194) was generated by RT–PCR from the mouse
cochlear total RNA and inserted into the pcDNA3.1(2) and
pEGFP-C1 plasmids. PDZD7 cDNA fragments were amplified
from the PDZD7 full-length cDNA by PCR. PDZD7_N (1–316
amino acids, NP_001182194) and PDZD7_C (680–1021 amino
acids, NP_001182194) cDNA fragments were inserted into the
pET28 vector. PDZD7_N (1–308 amino acids, NP_001182194)
and PDZD7_C (835–1021 amino acids, NP_001182194)
cDNA fragments were inserted into the pEGFP-C1 vector. Har-
monin a isoform (1–584 amino acids, NP_076138) cDNA was
generated by RT–PCR from P5 mouse inner ear total RNA and
inserted in the pcDNA3.1(2) plasmid. USH2A (5053–5193
amino acids, NP_067383), GPR98 (1212–2211 amino acids,
NP_473394), WHRN (375–800 amino acids, NP_082916),
SANS (1–461 amino acids, NP_789817, aka USH1G),
MYO7A (1–997 amino acids, NP_001243010) and MYO15A
(2997–3511 amino acids, NP_034992) cDNA fragments were
generated from the mouse retinal total RNA by RT–PCR and
cloned into the pET28 vector. WHRN (721–907 amino acids,
NP_082916) cDNA was also generated from the mouse retinal
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total RNA by RT–PCR, but cloned into the pGEX4t-1 vector.
Green fluorescent protein (GFP) cDNA was taken from the
enhanced green fluorescent protein (pEGFP)-C1 vector and
inserted into the pET28 vector. All DNA constructs made in
this study were confirmed by DNA sequencing. The WHRN full-
length cDNA in thepcDNA3.1(2) and pEGFP-C2 plasmids
were described previously (24).

Antibodies

Recombinant His-tagged PDZD7_N, PDZD7_C, GFP, USH2A,
GPR98, WHRN, SANS, MYO7A and MYO15A proteins or
protein fragments were expressed in BL21-CodonPlus
(DE3)-arginine isoleucine, proline, leucine cells after isopropyl
beta-D-1-thiogalactogyranoside induction (Agilent Technolo-
gies, Santa Clara, CA, USA) using their pET28 constructs.
They were purified by chromatography using a Ni2+-charged
His†Bind resin column (EMD Millipore, Billerica, MA,
USA). The purified recombinant proteins were used to immunize
rabbits, while the purified PDZD7 proteins were also used to
immunize chickens. The rabbit PDZD7, USH2A, GPR98,
SANS, MYO7A, MYO15A and GFP antibodies were purified
by sequentially flowing through a column cross-linked with a
His-tag to clear antibodies against the His-tag and a column
cross-linked with their corresponding antigens. The rabbit
WHRN antibody was affinity-purified against the glutathione
S-transferase-tagged WHRN fragment. The chicken PDZD7
antibodies were affinity-purified from egg yolk extracts by
Aves Labs, Inc. (Tigard, OR, USA). The specificity of PDZD7,
USH2A, GPR98, WHRN, SANS and MYO7A antibodies was
confirmed by comparing their immunofluorescence between the
wild-type and their respective mutant cochlear hair cells. The spe-
cificity of the GFP antibody was verified by comparing the
western blotting signals of HEK293 cells transfected with GFP
and empty vectors. The polyclonal rabbit rootletin antibody and
chicken whirlin antibody were described previously (8,28).
Monoclonal mouse antibodies against acetylated a-tubulin and
actin were purchased from Sigma-Aldrich (St Louis, MO,
USA). Hoechst dye 33 342, Alexa fluorochrome-conjugated
phalloidin and secondary antibodies were obtained from Life
Technologies. Horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies were obtained from the Jackson Immuno-
Research Laboratories, Inc. (AffiniPure, West Grove, PA, USA).

Cell culture

HEK293 cells were cultured in the Dulbecco’s modified Eagle’s
medium medium supplemented with 5% fetal bovine serum and
1% penicillin-streptomycin (Life Technologies). Transient
transfections were carried out using the TurboFectTM in vitro
transfection reagent (Fermentas Life Sciences, Glen Burnie,
MD) according to the manufacturer’s instructions. Cells were
collected at �24 h after transfection.

Immunoprecipitation and western blotting

Transfected HEK293 cells, mouse retinas or mouse cochleas
were homogenized in lysis buffer [50 mM Tris–HCl, pH 8.0,
150 mM NaCl, 0.5% Triton X-100, 5 mM ethylenediaminetetraa-
cetic acid (EDTA), 0.5 mM phenylmethylsulfonyl fluoride, 1×

protease inhibitor and 1 mM dithiothreitol] and cleared by centri-
fugation at 21 000g for 10 min. The resulting lysate was pre-
incubated with protein G sepharose (GE Healthcare, Waukesha,
WI, USA) for 1 h, cleared by centrifugation at 21 000g for
10 min, incubated with a primary antibody for 3.5 h, cleared
again by centrifugation at 21 000g for 10 min and incubated
with protein G sepharose for another 1 h. After a brief spin-down
at 2000 g, the pellet was washed with lysis buffer four times and
boiled in the Laemmli sample buffer for 10 min. All the above
procedures were performed at 48C. For western blotting, two
retinas from one mouse, pooled cochleas from several mice, or
transfected HEK293 cells were homogenized in an appropriate
amount of the RadioImmune Precipitation Assay buffer
[10 mM Tris–HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100,
1% Deoxy Cholate sodium salt, 0.1% sodium dodecyl sulphate
(SDS)] and boiled with the Laemmli buffer for 10 min. The
resulting mouse tissue samples, cell lysates or the above-
generated immunoprecipitates were separated by SDS–
polyacrylamide gel electrophoresis and transferred to a polyvi-
nylidene difluoride (PVDF) membrane. The PVDF membrane
was sequentially subjected to blocking for 1 h, primary antibody
incubation overnight at 48C and HRP-conjugated secondary
antibody incubation for 1 h. The protein signals were developed
using the chemiluminescent substrate and detected using the
AlphaInnotech AlphaView software in a FluorChem Q
machine (Cell Biosciences, Inc., Santa Clara, CA, USA).

Immunofluorescence staining

Enucleated mouse eyes were frozen immediately in the Tissue-
Tekw OCT compound on dry ice and sectioned at 10 mm. The
retinal sections were then fixed in 4% formaldehyde/phosphate-
buffered saline (PBS) for 10 min and permeabilized by 0.2%
Triton X-100/PBS for 5 min. The mouse cochlea at various
time points was dissected, fixed in 4% formaldehyde/PBS
from 30 min to overnight depending on the antibodies and per-
meabilized by 0.5% Triton X-100/PBS for 15–20 min. Add-
itional incubations of the cochlea in 50 mM NH4Cl for 15 min
and in tween tris buffered saline (20 mM Tris, pH 7.5, 150 mM

NaCl, 0.1% Tween 20) for 10 min were performed for the
USH2A and WHRN antibodies. The retinal sections or whole-
mount cochleas were then blocked in 5% goat serum/PBS for
1 h, incubated with primary antibodies in 5% goat serum/PBS
at appropriate dilution ratios at 48C overnight, washed several
times with PBS and then incubated with the Alexa fluorochrome-
conjugated secondary antibodies in 5% goat serum/PBS for 1 h.
For the retinal staining, Hoechst dye 33 342 was added to the sec-
ondary antibody mixture. For the cochlear staining, Alexa
fluorochrome-conjugated phalloidin was added to the secondary
antibody mixture. For double and triple staining, primary anti-
bodies from different species were used. Alexa Fluorw 488,
594 and 647 secondary antibodies and phalloidin were followed.
The stained retinal sections or cochleas were viewed and photo-
graphed using a confocal laser scanning microscope with a
PLAPON 60XO objective (NA: 1.42) (Model FV1000,
Olympus, Tokyo, Japan). Most images were captured using
a zoom factor of 3–6 by the XY acquisition mode. Only a
small number of images were z-stacked images. Pearson’s and
Manders’ coefficients were calculated through correlation
analysis using Image J plugin, JACoP (29).
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Scanning electron microscopy

After transcardial perfusion with 2% glutaraldehyde/PBS,
mouse cochleas were dissected, fixed in 2% glutaraldehyde/
PBS for 2 h and decalcified in 100 mM EDTA for several days.
The transcardial perfusion and decalcification steps were
skipped for P4 pups. The cochleas were further dissected,
rinsed in PBS and post-fixed by alternative incubations in
0.5% osmium tetroxide, water and 0.3% thiocarbohydrizide.
Each step was 2 min long. Then the cochlear tissues were dehy-
drated in graded ethanol series and critical-point-dried. Images
were taken using a Hitachi S-4800 scanning electron micro-
scope. To quantify morphological defects of hair bundles,
regions along the cochlea were randomly imaged. Defective
hair bundles were counted from SEM images. The following cri-
teria were used to define the defects: (i) mislocalized kinocilia
were kinocilia not at the middle point of the symmetrical
V-shaped hair bundle (Fig. 3Cc and Cd); (ii) partial hair
bundles were hair bundles with one arm of the V-shape partially
or completely missing (Fig. 3Cd and Ce); (iii) tilted hair bundles
were hair bundles whose two short rows of stereocilia were com-
pletely blocked by the longest row of stereocilia from a top and
oblique view (Fig. 3Cb, Cd, Cf and Cg) and (iv) splayed hair
bundles were hair bundles whose stereocilia were not connected
to each other (Fig. 4Cb and Ce).

ABR, DPOAE, CM and electroretinogram tests

ABRs and DPOAEs were performed at 3–4 weeks of age. Mice
were anesthetized with a combination drug of ketamine
(100 mg/kg) and xylazine (10 mg/kg i.p.). ABRs/DPOAEs
were done in a double-walled sound chamber (IAC, Bronx,
NY, USA). The body temperature was maintained at �378C
via a heating lamp. Only the right ear from each animal was
tested. A small incision was made at the tragus to allow better
access to the ear canal. For ABRs, an electrostatic speaker
(EC-1, Tucker-Davis Technology, Alachua, FL, USA) fitted
with a 1.5 cm long polyethylene tube was placed abutting the
ear canal. Recording electrodes were placed under the skin at
the vertex and mastoid, with a remote ground in the rump area.
ABR signals were amplified with a TDT RA4 pre-amplifier, fil-
tered from 100 to 3000 Hz, averaged and digitized with a TDT
RA16BA processor controlled by BioSigRP software. Acoustic
stimuli were digitally generated and processed by a RX6 real-
time processor and passed through a PA5 attenuator prior to de-
livery to the speaker amplifier at a rate 24–32 times/s. A series of
responses to either clicks (0.1 ms) or tone pips (5 ms with 0.5 ms
cos2 rise and fall) were collected with 5 or 10 dB intensity steps,
over a 70–80 dB range.

To obtain CM, click polarities were not alternated and both
rarefaction and condensation click ABR were acquired. ABR
traces in response to tone pips were visually inspected after
plotting the amplitude of each peak against stimulus intensity.
Thresholds typically corresponded to a level one step below
that at which the peak-to-peak response amplitude began to
rise. The CMp-p was measured using a 1 ms window just
before the downward deflection of the N1 peak on the rarefac-
tion click ABR traces. The DPOAEs were measured using
an ER-10B+ (Etymotic Research) microphone coupled
with two EC1 speakers. Stimuli of two primary tones f1 and f2

(f2/f1 ¼ 1.2) were presented with f2 ¼ f1 – 10 dB. Primary
tones were stepped from 30 to 80 dB sound pressure level
(SBL) (for f1) in 10 dB increments and swept from 8 to
32 kHz in 1/2 octave steps. Stimuli were generated and attenu-
ated digitally (200 kHz sampling). The ear canal sound pressure
was preamplified and digitized. A fast Fourier transformation
was computed, and the sound pressures at f1, f2 and 2f1 2 f2
were extracted after spectral averaging from 50 serial wave-
form traces. The noise floor (average of 10 points in the fast
fourier transformation on either side of 2f1 2 f2) was also
measured: it ranged between 225 and 0 dB SPL, depending
on the test frequencies. All data were shown in mean+SE.
The procedure for electroretinogram tests was exactly the
same as described previously (9).

Hair cell electrophysiology

Cochleas from Pdzd72/2 and wild-type (B6.129S6 or Swiss
Webster) mice were harvested during the first postnatal week
(P3–P6). The organs of Corti were gently isolated and tectorial
membrane mechanically removed in minimum essential
medium (Invitrogen) supplemented with 10 mM hydroxyethyl
piperazineethanesulfonic acid (HEPES) and 0.05 mg/ml Ampi-
cilin at pH 7.4. The tissue was then divided into quarter turns
(base, mid base, mid apex and apex) and pinned beneath a pair
of thin glass fibers adhered to a round glass coverslip. The hair
cells were visualized from the apical surface using an upright
Axioskop FS microscope (Carl Zeiss) equipped with an X63
water-immersion objective with differential interference con-
trast optics. Images were acquired with a C2400 CCD camera
and Argus image processor (Hamamatsu).

Recordings were performed at a holding potential of
264 mV in standard artificial perilymph solution containing
(in mM): 137 NaCl, 0.7 NaH2PO4, 5.8 KCl, 1.3 CaCl2, 0.9
MgCl2, 10 HEPES and 5.6-Glucose. Vitamins (1:50) and
amino acids (1:100) were added from concentrates (Invitrogen)
and the solution adjusted by NaOH to a final pH of 7.4
(310 mOsm/kg). Recording pipettes (3–5 mV) were pulled
from R6 capillary glass (King Precision Glass) and filled with
intracellular solution containing the following (in mM): 135
KCl, 5 HEPES, 5 ethylene glycol tetraacetic acid, 2.5 MgCl2,
2.5 K2-ATP, 0.1 CaCl2, adjusted with KOH to pH 7.4
(285 mOsm/kg). Currents were recorded at room temperature
(22–248C) using an Axopatch 200B amplifier (Molecular
Devices), filtered at 10 kHz with a low-pass Bessel filter, digi-
tized at ≥20 kHz with a 16-bit acquisition board (Digidata
1322A) and pClamp 8.2 software (Molecular Devices). Data
were stored on disk for off-line analysis using OriginPro 7.5
(OriginLab) and the results are presented as the mean+SD.

Mechanical stimulation

Mechanical stimuli were transmitted to the stereocilia bundle
using a stiff glass probe with a fire polished tip �3–5 mm in
diameter (30). The probe was mounted on a one-dimensional
PICMA chip piezo actuator (Physik Instruments) driven by a
400 mA ENV400 amplifier (Piezosystem). Voltage steps were
used to evoke bundle deflections with a stimulus filtered at
10 kHz by a low-pass 8-pole Bessel filter (Krohn-Hite) to elim-
inate residual probe resonance. Hair bundle deflections were
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monitored continuously via video microscopy during recording
to ensure the probe and stereocilia bundle moved in unison.
Images of the probe at static voltage steps were used to calibrate
the stimulus displacement relative to the probe rest position to
2 mm in both the positive and the negative direction (spatial reso-
lution of �4 nm). Video images (temporal resolution �30 ms)
of the probe were recorded to confirm on-axis motion. The
10–90% rise time of the probe was �20 ms.

Statistical analysis

Student’s t-tests were conducted in Microsoft Office Excel to
compare values between two different groups. A P-value of
,0.05 was considered to indicate a significant difference
between groups.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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