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Abstract
Usher syndrome (USH) is the most common cause of inherited deaf-blindness, manifested as USH1, USH2 and USH3 clinical
types. The protein products of USH2 causative and modifier genes, USH2A, ADGRV1, WHRN and PDZD7, interact to assemble a
multiprotein complex at the ankle link region of the mechanosensitive stereociliary bundle in hair cells. Defects in this com-
plex cause stereociliary bundle disorganization and hearing loss. The four USH2 proteins also interact in vitro with USH1 pro-
teins including myosin VIIa, USH1G (SANS), CIB2 and harmonin. However, it is unclear whether the interactions between
USH1 and USH2 proteins occur in vivo and whether USH1 proteins play a role in USH2 complex assembly in hair cells. In this
study, we identified a novel interaction between myosin VIIa and PDZD7 by FLAG pull-down assay. We further investigated
the role of the above-mentioned four USH1 proteins in the cochlear USH2 complex assembly using USH1 mutant mice. We
showed that only myosin VIIa is indispensable for USH2 complex assembly at ankle links, indicating the potential transport
and/or anchoring role of myosin VIIa for USH2 proteins in hair cells. However, myosin VIIa is not required for USH2 complex
assembly in photoreceptors. We further showed that, while PDZ protein harmonin is not involved, its paralogous USH2 pro-
teins, PDZD7 and whirlin, function synergistically in USH2 complex assembly in cochlear hair cells. In summary, our studies
provide novel insight into the functional relationship between USH1 and USH2 proteins in the cochlea and the retina as well
as the disease mechanisms underlying USH1 and USH2.
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Introduction
Usher syndrome (USH) is the leading cause of inherited
deaf-blindness, with a prevalence of 1 in 6000 people worldwide
(1–4). Among the three clinical types of USH, type 1 (USH1) is the
most severe form, characterized by congenital profound deaf-
ness, vestibular areflexia and onset of retinal degeneration (i.e.

retinitis pigmentosa) before 10 years of age. Type 2 (USH2) is the
most common form and manifests as congenital moderate to
severe hearing impairment, little balance problem and onset of
retinitis pigmentosa by the teenage years. The molecular basis
underlying these USH clinical types is not completely under-
stood, and there is no cure available (5).

In the inner ear, the stereociliary bundle on the apex of coch-
lear hair cells is the critical structure for mechanotransduction
(6–8). This structure has three graded rows of actin-based ster-
eocilia and one transient microtubule-based kinocilium.
ADGRV1, usherin and whirlin are the protein products of the
USH2 causative genes, ADGRV1, USH2A and WHRN, respectively,
and PDZD7 is the protein product of the USH2 modifier gene,
PDZD7 (9–12). The four USH2 proteins interact with one another
and constitute a multiprotein complex, the USH2 complex (also
known as ankle link complex), at the cytoplasmic region of
ankle links (13–16), which are a mesh of thin fibers connecting
stereocilia at their bases and exist only during development
(17). Defects in the USH2 protein complex cause disorganization
of the stereociliary bundle, loss of individual stereocilia or entire
stereociliary bundle and eventually hearing loss (13,18–21). The
proteins encoded by USH1 genes also interact with one another
and form various multiprotein complexes and interstereociliary
links in the stereociliary bundle. For example, harmonin,
USH1G and myosin VIIa form a complex at the upper tip link
density (UTLD) and are involved in adaption of mechanotrans-
duction in mature hair cells (22–29).

Interestingly, biochemical assays have demonstrated that
USH2 proteins interact directly in vitro with USH1 proteins
including myosin VIIa, USH1G, harmonin and CIB2 (13,30–32).
However, no studies have been conducted to systematically
examine the role of the USH1 proteins in USH2 complex assem-
bly during hair cell stereociliary bundle development.
Furthermore, harmonin, which has three PDZ domains, is par-
alogous to USH2 scaffold proteins, PDZD7 and whirlin (12,14,33).
Whether these three paralogous PDZ domain-containing pro-
teins function together in cochlear hair cells have not yet been
explored. In this study, we investigated the effect of loss of
USH1 proteins on the assembly of the USH2 complex in cochlear
hair cells during development. We focused on the USH1 pro-
teins known to interact with USH2 proteins. We also carefully
compared the USH2 complex defects in Pdzd7 and Whrn single-
and double-mutant cochlear hair cells. Our findings provide
novel insight into the functional relationship between USH1
and USH2 proteins and the molecular pathogenesis underlying
USH1 and USH2. This knowledge might help future develop-
ment of mechanism-based therapies for USH1 and USH2.

Results
Myosin VIIa interacts with the PDZ domains of PDZD7

Myosin VIIa, encoded by the USH1B gene, was previously shown to
interact directly with ADGRV1, usherin and whirlin (13,34). In this
study, we investigated whether myosin VIIa also interacted with
PDZD7. We double-transfected HEK293 cells with a FLAG-tagged
myosin VIIa fragment without the ATPase motor domain (the my-
osin VIIa tail) and GFP-tagged PDZD7 fragments (Fig. 1A). FLAG
pull-down experiments (Fig. 1B) demonstrated that myosin VIIa
tail was able to pull down full-length PDZD7 protein as well as the
PDZD7 PDZ1 and PDZ3 fragments. Myosin VIIa tail was unable to
pull down the PDZD7 PDZ2 fragment and the negative control GFP

Figure 1. Myosin VIIa interacts with PDZD7. (A) Domain organization of myosin VIIa and PDZD7. Lines below each diagram indicate the myosin VIIa and PDZD7 frag-

ments used in this study. (B) FLAG-myosin VIIa tail pulled down GFP-PDZD7 full-length (FL, lane 7), PDZ1 (lane 8) and PDZ3 (lane 10) proteins, but not GFP-PDZD7 PDZ2

(lane 9) or GFP (pEGFP-C1, lane 6) protein. The lower anti-FLAG blot demonstrates the success of the FLAG pull-down assay. Lanes 1-5 are input samples showing the

presence of the transfected proteins in cell lysates.þand -, presence and absence of proteins in the transfected cells, respectively.
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protein. Therefore, myosin VIIa is able to interact with PDZD7
through its PDZ1 and PDZ3 domains but not its PDZ2 domain.

Myosin VIIa determines the distribution of the four
USH2 proteins at the ankle link region in cochlear
hair cells

Because myosin VIIa is able to interact with all four USH2 pro-
teins in vitro, we studied the role of myosin VIIa in the localiza-
tion of the USH2 complex during cochlear hair cell development
using Myo7ash1-7J/J (referred to hereafter as Myo7a7J/7J) mice. We
identified the Myo7a7J/7J mutation by reverse transcription-
polymerase chain reaction (RT-PCR). DNA sequencing analysis
of the RT-PCR product generated from Myo7a7J/7J retinas by pri-
mers 7F and 13R (Supplementary Material, Table S1) identified a
778-bp deletion between 4349 and 5126 bp (c.4349_5126del,
pAla1363AlafsTer27) in myosin VIIa transcript 2 (NM_008663)
(Supplementary Material, Fig. S1), the major myosin VIIa tran-
script in the retina and the inner ear. This mutation is also
equivalent to an 892-bp deletion between 4349 and 5240 bp (c.
4349_5240del, pAla1363AlafsTer27) in myosin VIIa transcript 1
(NM_001256081), which was also expressed in the inner ear. The
Myo7a7J/7J mutation is expected to cause a reading frame shift
and premature truncation of the protein immediately after the
myosin VIIa motor. RT-PCR using primers at other regions of
the gene produced products of similar size from Myo7aþ/7J and
Myo7a7J/7J retinal cDNAs. Immunostaining using our myosin
VIIa antibody, which detects the N-terminal region of myosin
VIIa (1 -997 aa), showed that Myo7a7J/7J cochlear hair cells lack
immunoreactivity at the stereociliary bundle, while the immu-
noreactivity was seen in the stereociliary bundle of wild-type
mice (Supplementary Material, Fig. S1C), indicating that a sig-
nificantly low level or none of truncated myosin VIIa protein is
expressed in Myo7a7J/7J cochlear hair cells.

The Myo7a7J/7J cochlear hair cells showed elongated, splayed
and disorganized stereocilia, visualized by actin-staining with
phalloidin (Fig. 2), similar to those previously reported in other
Myo7a mutant strains (35,36). To avoid the confounding effect of
secondary defects due to the severe morphological defects in
Myo7a7J/7J cochlear stereociliary bundles, we performed our experi-
ments at postnatal day 4 (P4), 2 days after the formation of the
USH2 complex, when the USH2 protein signals just become robust
(13,15–18,34,37). Compared with wild-type cochleas (Fig. 2A), the
vast majority of ADGRV1 immunoreactivity was mislocalized as
large punctate signals on the apical surface of hair cells [91.1% of
inner hair cells (IHCs) and 83.6% of outer hair cells (OHCs)] in the
entire Myo7a7J/7J cochleas, while residual ADGRV1 immunoreactiv-
ity also remained at some ankle links (73.7% of IHCs and 62.7% of
OHCs) and/or was mislocalized at the stereociliary tips (17.5% of
IHCs and 9.6% of OHCs) (Fig. 2B and Supplementary Material,
Table S2). The usherin fluorescent signal largely disappeared in
Myo7a7J/7J IHC (100%) and OHC (100%) stereociliary bundles (Fig. 2C
and Supplementary Material, Table S2). These ADGRV1 and ush-
erin signal patterns were consistent with a previous report in the
IHCs of a different Myo7a mutant mouse line Myo7a4626SB at P6 (13).
The distributions of whirlin and PDZD7 were also affected in the
absence of myosin VIIa. The whirlin signal was significantly
decreased (32.4% of IHCs and 53.8% of OHCs) or absent (61.8% of
IHCs and 30.8% of OHCs) at the ankle link region, i.e. the base of
the stereocilia, but remained at the stereociliary tip in both IHCs
and OHCs (Fig. 2D and Supplementary Material, Table S2). The
PDZD7 immunoreactivity was barely detectable at the stereociliary
bundles of Myo7a7J/7J IHCs and OHCs (Fig. 2E and Supplementary

Material, Table S2), indicating that myosin VIIa is likely the major
motor protein that localizes PDZD7 at the ankle link region.
Therefore, myosin VIIa could be involved in transporting
USH2 proteins along the actin filaments in the cochlear hair cell
cytoplasm and/or anchoring these proteins to the actin bundles
at the stereociliary base. Interestingly, immunostaining of
Myo7a7J/7J retinas did not show obvious mislocalization of whirlin
(Supplementary Material, Fig. S2). Because we previously reported
that the protein level of whirlin is normal in Myo7a7J/7J retinas (38)
and that whirlin recruits ADGRV1 and usherin to the periciliary
membrane complex in photoreceptors (39), this result indicates
that the localization of ADGRV1 and usherin in Myo7a7J/7J photo-
receptors is probably normal. Therefore, the role of myosin VIIa in
USH2 complex assembly is not the same in hair cells and
photoreceptors.

USH1G interacts with the cytoplasmic region of ADGRV1
and usherin in vitro, but is dispensable for the normal
localization of USH2 proteins in cochlear hair cells

USH1G (also known as SANS) interacts directly with whirlin
through the whirlin PDZ1 and PDZ2 domains (30) and also inter-
acts with PDZD7 (33) in vitro. In this study, we investigated
whether USH1G interacted with ADGRV1 and usherin. USH1G is a
cytoplasmic protein; therefore, its interactions with ADGRV1 and
usherin would occur inside cells. We thus cotransfected HEK293
cells with FLAG-tagged ADGRV1 or usherin cytoplasmic fragment
and GFP-tagged full-length USH1G. FLAG pull-down assays (Fig.
3A) showed that FLAG-ADGRV1 and FLAG-usherin cytoplasmic
fragments were able to pull down GFP-USH1G but not GFP.
Additionally, FLAG tag was unable to pull down GFP. These re-
sults indicated that USH1G interacts specifically with ADGRV1
and usherin cytoplasmic fragments. However, USH1G was previ-
ously reported to colocalize only partially with whirlin when
cotransfected in COS7 cells and not to colocalize with USH2 pro-
teins in cochlear hair cells (15,24,40). To test the possibility that
USH1G associated with USH2 proteins transiently during the
transport of USH2 proteins to the ankle link region and thus
played a role in the localization of the USH2 complex in cochlear
hair cells, we performed immunostaining of Ush1gjs-2J (referred to
hereafter as Ush1g2J/2J) cochleas for USH2 proteins.

We first identified the Ush1g2J/2J mutation as c.302_456del
(NM_176847) using the mouse genomic DNA by PCR and DNA
sequencing (not shown). At the protein level, this mutation
(p.Leu81GlyfsTer103) led to a protein fragment truncated before
any predicted USH1G functional domains. Therefore, the Ush1g2J/2J

mouse was Ush1g-null. In Ush1g2J/2J mice at P4, the stereocilia
were severely splayed and disorganized in the stereociliary bun-
dle, similar to those reported in Ush1gis mice, a different Ush1g
mutant mouse line (35). Among the stereociliary bundles in the
entire Ush1g2J/2J cochlea, we chose the ones less disorganized to
examine USH2 protein localization (Fig. 3B–D). ADGRV1 (Fig. 3B)
and usherin (Fig. 3C) remained at the base of stereocilia, similar to
wild-type mice (Fig. 2A). Whirlin was localized normally at both
the tip and the base of the stereocilia (Fig. 3D). The percentages of
Ush1g2J/2J IHCs and OHCs with abnormal ADGRV1, usherin or whir-
lin distribution were very low and are shown in Supplementary
Material, Table S2. We previously showed that PDZD7 was nor-
mally localized in the cochlear stereociliary bundle of Ush1g2J/2J

mice (16). Therefore, unlike myosin VIIa, despite the in vitro inter-
action of USH1G with each of the USH2 proteins, USH1G is dis-
pensable for the localization of the USH2 complex in cochlear hair
cells.
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Figure 2. USH2 protein distribution is abnormal in Myo7a7J/7J cochlear hair cells. (A) USH2 protein distribution in wild-type (WT) cochlear IHCs and OHCs at P4. ADGRV1,

usherin, whirlin and PDZD7 (magenta) are localized to the ankle link region at the base (empty arrows) of stereocilia (phalloidin, green), while whirlin is also present at

the stereociliary tip. The immunoreactive specificity of our USH2 antibodies in these stereociliary locations was previously verified by absence of their immunoreactiv-

ities in their corresponding mutant cochlear stereociliary bundles (15). Note that the magenta signals outside the stereociliary bundle are non-specific. For an unknown

reason, our usherin antibody usually gave this non-specific signal. (B) In P4 Myo7a7J/7J IHCs and OHCs, a large amount of ADGRV1 forms aggregates at the medial side of

the stereociliary bundle on the apical surface of hair cells, while a trace amount of ADGRV1 remains at the ankle links (empty arrows) and is mislocalized at the stereo-

ciliary tips (filled arrows). The signal intensity at the stereociliary tip was �10% of those at the stereociliary base and at the cell apex and was thus enhanced in order to

be seen. Boxed regions are amplified and shown on the right of the original images. n� 2 pups from 1 litter. (C) Usherin immunofluorescence is undetectable in P4

Myo7a7J/7J IHCs and OHCs. Empty arrows: the base of stereocilia. n�3 pups from 3 litters. (D) Immunofluorescent signals of whirlin are detectable at the tip (filled

arrows) but not at some of the ankle link region (empty arrows) in P4 Myo7a7J/7J cochlear stereociliary bundles. n�3 pups from 3 litters. (E) Immunoreactivity of PDZD7

is barely detectable at the stereociliary base (empty arrows) of P4 Myo7a7J/7J IHCs and OHCs. n�2 pups from 1 litter. Some single-channel images of USH2 proteins are

shown in grayscale on the right of or below the merged images, where the position of arrows is matched in the single-channel and merged images. Scale bars, 1 mm.
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CIB2 plays an insignificant role in the localization of
Ush2 proteins in cochlear hair cells

CIB2 was recently identified as the causative gene for USH1J and
nonsyndromic autosomal recessive deafness DFNB48 (32). Its
protein CIB2 was previously reported to interact with whirlin
in vitro (32). Therefore, we studied whether CIB2 was important
for the localization of USH2 proteins in cochlear hair cells dur-
ing development. Unlike other USH1 proteins that have been ex-
tensively studied in various mouse models, CIB2 has been
studied mainly in zebrafish and drosophila by morpholino and

RNA interference-mediated knockdown, respectively (32). We
generated Cib2tma1 mice (referred to as Cib2-/- mice thereafter), in
which a gene trap cassette was inserted between exon 3 and
exon 4 of the Cib2 gene (Supplementary Material, Fig. S3) and is
expected to affect the expression of all four Cib2 splice variants.
We tested the hearing function of Cib2-/- mice to examine
whether the Cib2-/- mice exhibit hearing impairment similar to
that observed in USH1J and DFNB48 patients as well as in cib2
knockdown zebrafish (32). Auditory brainstem response (ABR)
tests found that the response thresholds of Cib2-/- mice to

Figure 3. Interactions of USH1G with usherin and ADGRV1 and distribution of USH2 proteins in Ush1g2J/2J cochlear hair cells. (A) GFP-USH1G (lane 9 and lane 10), but not

GFP (pEGFP-C1, lane 7 and lane 8), was pulled down by FLAG-usherin and FLAG-ADGRV1 cytoplasmic fragments (c-ter) using anti-FLAG M2 affinity agarose. The FLAG

peptide expressed by p3xFLAG-Myc-CMV-26 vector was used as a negative control (lane 6). The bottom anti-FLAG blot demonstrates the success of the FLAG pull-down

assay. Lanes 1-5 are input samples showing the expression of GFP-USH1G, GFP, FLAG-usherin c-ter, FLAG-ADGRV1 c-ter and FLAG peptide in the transfected HEK293

cells.þand -, presence and absence of protein fragments in the transfected cells, respectively. (B-D) Although the stereociliary bundle (phalloidin, green) is significantly

distorted in Ush1g2J/2Jcochlear hair cells, localizations of ADGRV1 (magenta, B), usherin (magenta, C) and whirlin (magenta, D) at the ankle link region (empty arrows)

are normal. Additionally, whirlin localization at the stereociliary tips (filled arrows, D) is also normal in P4 Ush1g2J/2Jcochlear hair cells. n�2 pups from 2 litters for

ADGRV1 immunostaining; n�4 pups from 4 litters for usherin immunostaining; and n�2 pups from 2 litters for whirlin immunostaining. The magenta signals outside

the stereociliary bundle are non-specific. Scale bars, 1 mm.
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sounds at 4–45 kHz were significantly elevated at P35 (Fig. 4A).
Therefore, Cib2-/- mice had profound hearing loss. Distortion
product otoacoustic emission (DPOAE) tests at the same age
also showed significantly high thresholds in Cib2-/- mice at the
f2 frequencies of 8–32 kHz (Fig. 4B), indicating that the cochlear
OHCs were dysfunctional in Cib2-/- mice. We further assessed
the balance behaviour of Cib2-/- mice at P40 by rotarod tests. To
our surprise, although Cib2-/- mice did not show obvious circling
or head bobbing behaviour, they were unable to stay on the
rotating rod as long as their wild-type littermates (Fig. 4C), indi-
cating that the vestibular system, probably the utricle and sac-
cule, of Cib2-/- mice might have defects.

Phalloidin staining of Cib2-/- cochleas at P4 showed that the
morphology of Cib2-/- stereociliary bundles was grossly normal
with three rows of stereocilia (Fig. 5), unlike the stereociliary bun-
dles in other USH1 mutant cochleas, which were usually split into
several tufts (e.g. Fig. 2B,D,E, 3C and D, 5C and D) (35). The planar
cellular polarity of the stereociliary bundles in Cib2-/- cochleas also
appeared normal. Because of the low resolution of phalloidin stain-
ing compared with scanning electron microscopy, we did not
measure the length and width of individual stereocilia. The most
obvious abnormality in Cib2-/- cochlear hair cells at P4 was the
small ectopic stereocilia extending from the bundle toward the
medial side on the OHC apexes (1.9% from 1569 wild-type cells,
n� 14 pups; 29.2% from 349 Cib2-/- cells, n� 8 pups, blue arrows in
Fig. 5A,C and D). Occasionally, ectopic stereocilia were also
observed on the IHC apex (6.1% from 556 wild-type cells, n� 14
pups; 16.7% from 114 Cib2-/- cells, n� 8 pups, red arrow in Fig. 5A).
Despite these defects, immunostaining of Cib2-/- cochleas at P4
demonstrated that ADGRV1 (Fig. 5A), usherin (Fig. 5B), whirlin
(Fig. 5C) and PDZD7 (Fig. 5D) were normally localized at the base of
stereocilia, with whirlin also normally located at stereociliary tips
(Fig. 5D) in all IHCs and OHCs examined (Supplementary Material,
Table S2). These findings suggest that CIB2 is not necessary for
USH2 protein localizations in cochlear stereociliary bundles and
CIB2 protein may not interact with USH2 proteins in vivo.

Harmonin, a PDZ domain-containing Ush1 protein, is
not essential for localization of the Ush2 protein com-
plex in cochlear hair cells

Among all USH1 proteins, harmonin, encoded by the USH1C
gene, is paralogous to the two scaffold proteins in the USH2
complex, whirlin and PDZD7 (12,33). Despite the existence of al-
ternative splicing in the genes encoding these three proteins,
their long isoforms all have three PDZ domains, a proline-rich
region and several harmonin N-like domains (14,28). The PDZ1
domain of the harmonin a1 splicing isoform, similar to the
PDZ1 and PDZ2 domains of whirlin and PDZD7 (12,14,41), inter-
acts directly with the PDZ-binding motif of ADGRV1 and usherin
(31). Additionally, harmonin a1 was shown to associate with
PDZD7 in the mouse retinal lysate (33). Based on these findings,
we studied whether harmonin was important for USH2 complex
localization at the ankle link region during cochlear hair cell de-
velopment. We performed immunostaining for each USH2 pro-
tein at P4 in Ush1c-/- mice (42). Because Ush1c-/- stereociliary
bundles were usually splayed and divided into multiple stereo-
ciliary tufts (42), examination of USH2 protein localization was
conducted in the stereociliary bundles with a relatively better
morphology. ADGRV1, usherin and PDZD7 were present at the
stereociliary bases, and whirlin was present at both the stereo-
ciliary tips and bases in all Ush1c-/- IHCs and OHCs examined
(Fig. 6 and Supplementary Material, Table S2). The USH2 protein

distributions in Ush1c-/- cochleas were indistinguishable from
those in wild-type cochleas (Fig. 2A). Therefore, although har-
monin is a close paralog of whirlin and PDZD7 and is localized
in cochlear stereociliary bundles, harmonin is not involved in
the localization of the USH2 complex in cochlear hair cells.

The PDZ domain-containing USH2 proteins, whirlin and
PDZD7, play a synergistic role in usherin localization in
cochlear hair cells

We previously reported that the two paralogs of harmonin, PDZD7
and whirlin, are both required to interact with ADGRV1 and ush-
erin to form the USH2 quaternary protein complex (14). In cochlear

Figure 4. Hearing and balance impairments in Cib2-/- mice. ABR (A) and DPOAE

(B) thresholds in Cib2þ/þ (WT) and Cib2-/- littermates at P35. n¼3-5 mice for WT

and n¼4–6 mice for Cib2-/-. Error bars, standard error of the mean (SEM). P<0.01

when thresholds were compared between Cib2þ/þand Cib2-/- littermates at each

sound frequency. (C) Rotarod result of Cib2þ/þand Cib2-/- littermates at P40. n¼ 5

mice for each group. Error bars, SEM. **P<0.01.
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hair cells, PDZD7 is essential for the localization of ADGRV1, ush-
erin and whirlin, while whirlin plays only a minor role in the local-
ization of ADGRV1 and is not involved in the localization of
usherin or PDZD7 (15,16). We here studied whether PDZD7 and
whirlin functioned synergistically in localizing ADGRV1 and ush-
erin in cochlear hair cells during development. We generated
Pdzd7-/-;Whrnneo/neo double-mutant mice. Immunostaining found
that usherin immunoreactivity was absent in the IHCs (100%) and
nearly indiscernible in the OHCs (�99%) of Pdzd7-/-;Whrnneo/neo mice
at P4 (Fig. 7C and Supplementary Material, Table S3). Consistent
with our previous reports (15,16), usherin was significantly reduced
in the ankle link region of IHCs (�67%) and was localized diffusely
along stereocilia of OHCs (�87%) in P4 Pdzd7-/- cochleas (Fig. 7B
and Supplementary Material, Table S3), and usherin was localized
almost normally at the base of stereocilia in P4 Whrnneo/neo

IHCs (�97%) and OHCs (�99%) (Fig. 7A and Supplementary
Material, Table S3). Therefore, PDZD7 and whirlin probably have a
synergistic effect on normal usherin localization in cochlear hair
cells. Immunostaining also showed that the mislocalized ADGRV1
signals had a similar pattern in Pdzd7-/-;Whrnneo/neo and Pdzd7-/-

cochlear hair cells at P4 (Fig. 8B and C). Both showed random punc-
tate signals along the stereocilia or at the stereociliary tip. These
defective ADGRV1 signal patterns were observed in all the exam-
ined IHCs and OHCs of Pdzd7-/-;Whrnneo/neo and Pdzd7-/- mice
(Supplementary Material, Table S3). In most Whrnneo/neo cochlear
stereociliary bundles (�63% for IHCs and �68% for OHCs), ADGRV1
distribution was normal, while a small amount of ADGRV1 was
mislocalized at the stereociliary tip in the rest of Whrnneo/neo hair
cells (Fig. 8A and Supplementary Material, Table S3). We further
tested the hearing function of Pdzd7-/-;Whrnneo/neo mice by ABR and

Figure 5. Normal distribution of USH2 proteins in Cib2-/- cochlear hair cells. Immunofluorescent staining demonstrated that ADGRV1 (magenta, A), usherin (magenta,

B), PDZD7 (magenta, C) and whirlin (magenta, D) are localized at the base (empty arrows) of stereocilia (phalloidin, green), while whirlin is also localized at the stereo-

ciliary tips (white filled arrows) in P4 Cib2-/- cochlear hair cells. Blue and red arrows point to the ectopic stereocilia found in Cib2-/- OHCs and IHCs, respectively.

Experiments were performed in 3 litters of Cib2-/- pups for ADGRV1 immunostaining, 1 litter for usherin immunostaining, 1 litter for PDZD7 immunostaining and 2 lit-

ters for whirlin immunostaining. Scale bars, 1 mm.

Figure 6. USH2 protein distribution is normal in Ush1c-/- cochlear hair cells. Immunofluorescent staining of Ush1c-/- cochleas at P4 demonstrated that ADGRV1 (magenta,

A), usherin (magenta, B), whirlin (magenta, C) and PDZD7 (magenta, D) are localized at the base (empty arrows) of stereocilia (phalloidin, green) in IHCs and OHCs,

while whirlin is also localized at the stereociliary tip (filled arrows) in IHCs and OHCs. The experiments were performed in 2 litters of Ush1c-/- pups for ADGRV1 immu-

nostaining, 1 litter for usherin immunostaining, 4 litters for whirlin immunostaining and 2 litters for PDZD7 immunostaining. Scale bars, 1 mm.
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DPOAE at P45 (Fig. 9). The ABR thresholds were similar between
Pdzd7-/-;Whrnneo/neo and Pdzd7-/- mice at the sound frequencies from
4 to 45 kHz, except at 11.3 kHz where the Pdzd7-/-;Whrnneo/neo mice
had a threshold that was approximately 10% higher than Pdzd7-/-

mice (P< 0.05). DPOAE testing showed no difference in the thresh-
olds between Pdzd7-/-;Whrnneo/neo and Pdzd7-/- mice at the f2 frequen-
cies of 8–32 kHz. The ABR and DPOAE thresholds of
Pdzd7-/-;Whrnneo/neo and Pdzd7-/- mice were higher than those of
Whrnneo/neo mice (40). Therefore, PDZD7 and whirlin act synergistic-
ally in usherin localization, but do not appear to act synergistically
in ADGRV1 localization and hearing function.

Discussion
This study is the first to thoroughly examine the role of USH1
proteins in the assembly of the USH2 complex at ankle links in
cochlear hair cells, multiprotein complex critical for a stereo-
ciliary bundle organization during development. We demon-
strated that myosin VIIa, associated with USH subtype 1B, is
indispensable for normal localization of USH2 proteins and
thus USH2 complex assembly in cochlear hair cells. This

finding indicates a functional interaction between myosin VIIa
and USH2 proteins in cochlear hair cells and an overlap be-
tween the molecular mechanisms underlying USH1B and
USH2 pathogenesis. However, myosin VIIa plays an insignifi-
cant role in the USH2 complex assembly in retinal photorecep-
tors, supporting the notion that USH2 complex assembly is not
exactly the same between cochlear hair cells and retinal
photoreceptors. Additionally, although other USH1 proteins
interact with USH2 proteins in vitro, we found that these USH1
proteins did not appear to function in USH2 complex assembly
in vivo, as demonstrated by normal localization of USH2 pro-
teins in the cochlear hair cells of the mutant mice lacking
these USH1 proteins. These findings suggest that the previ-
ously reported in vitro interactions between USH1 and USH2
proteins (31) unlikely occur at the stereociliary base in cochlear
hair cells. Finally, our study on the three paralogous PDZ
domain-containing USH proteins, the USH1 protein harmonin
and the two USH2 proteins PDZD7 and whirlin, showed that
PDZD7 and whirlin function synergistically in USH2 complex
assembly, while harmonin is not involved in this process in
cochlear hair cells.

Figure 7. Usherin is undetectable at the ankle link region in the Pdzd7-/-;Whrnneo/neo cochlear stereociliary bundle. (A) Usherin (magenta) is normally localized at the

base of stereocilia (phalloidin, green) in P4 Whrnneo/neo IHCs and OHCs. n�3 pups from 3 litters. (B) Usherin is reduced at the stereociliary base of Pdzd7-/- IHCs and

moves toward stereociliary tips in Pdzd7-/- OHCs at P4. Usherin signal was enhanced in the IHC to show the reduced signal at the stereociliary base. n�3 pups from 3 lit-

ters. (C) Usherin immunoreactivity is absent in the IHC stereociliary bundle and is barely detectable in the OHC stereociliary bundle in P4 Pdzd7-/-;Whrnneo/neo cochleas.

The filled arrow points to an extremely weak and diffuse usherin signal in the middle of stereocilia. n�2 pups from 2 litters. The magenta signals outside the stereocili-

ary bundle in this figure are non-specific and were usually seen for usherin staining. Single-channel images of usherin signals are shown in grayscale on the right of

the merged images with the position of arrows the same as that in the merged images. Empty arrows point to the base of stereocilia. Scale bars: 1 lm.
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The functional significance of myosin VIIa in the USH2 com-
plex could extend to all USH2 complex components, although
these components have not yet been identified completely.
Vezatin, an integral membrane protein, interacts with usherin
and myosin VIIa in vitro (43) and transiently colocalizes with
ADGRV1 at ankle links during stereociliary bundle development
(13). Vezatin is thus thought to be a component of the USH2
complex in hair cells. In Myo7a4626SB mutant mice, the distribu-
tion of vezatin at the stereociliary base is perturbed (13).
Additionally, myosin VIIa partially overlaps USH1 proteins at
distinct stereociliary positions (24,25,32,44–49), since myosin
VIIa is localized along the entire stereocilia during mammalian
cochlear development (23,35,50,51). Myosin VIIa interacts
in vitro with USH1 proteins including CDH23, PCDH15, harmonin
and USH1G (23,24,51,52) and is essential for harmonin and

PCDH15 localization in stereociliary bundles (35,51,53).
Therefore, myosin VIIa is likely a linker between the USH1 and
USH2 complexes at the stereociliary bundle in hair cells. Myosin
VIIa is an actin-based motor protein with a slow ADP releasing
rate and a long lifetime binding to actin filaments (54). In coch-
lear hair cells, myosin VIIa may take part in transporting USH1
and USH2 proteins from the cell body to the stereociliary bundle
and/or tethering USH1 and USH2 proteins to actin filaments in
the stereociliary bundle. These two potential functions of my-
osin VIIa could exist simultaneously or one could be more pre-
dominant than the other.

Harmonin is localized at the stereociliary tip during embry-
onic development and moves to the UTLD during postnatal de-
velopment in mouse cochleas (23–25,35). At the UTLD,
harmonin is involved in mechanotransduction through

Figure 8. ADGRV1 mislocalization is similar between Pdzd7-/-;Whrnneo/neo and Pdzd7-/- cochlear hair cells. (A) A small amount of ADGRV1 is mislocalized at the stereocili-

ary tip (filled arrows) in about one third of Whrnneo/neo IHCs and OHCs. (B) ADGRV1 is localized either at the stereociliary tips or along the stereocilia as random puncta

in Pdzd7-/- IHCs and OHCs. (C) In Pdzd7-/-;Whrnneo/neo IHCs and OHCs, the severity and pattern of ADGRV1 mislocalization are similar to those observed in Pdzd7-/- IHCs

and OHCs. One litter of Whrnneo/neo pups, one litter of Pdzd7-/- pups and five litters of Pdzd7-/-;Whrnneo/neo pups were examined. The magenta signals outside the stereo-

ciliary bundle are non-specific. Single-channel images of ADGRV1 signals are shown in grayscale on the right of the merged images with the position of arrows the

same as that in the merged images. Empty arrows, the base of stereocilia. Scale bars, 1 lm.
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interactions with CDH23, myosin VIIa and USH1G (23–25). The
overt cochlear phenotypes in Ush1c (24,25,35), Pdzd7 (16) and
Whrn (21,40,55,56) single-mutant mice suggest that harmonin,
PDZD7 and whirlin have their own distinct functions in the
cochlear stereociliary bundle and are unable to completely com-
pensate for each other’s loss. Our present study clearly demon-
strated that harmonin does not participate in the assembly of
the USH2 complex. We showed that the abnormal usherin local-
ization in Pdzd7-/-;Whrnneo/neo mice is much more severe than
the sum of those in Pdzd7-/- and Whrnneo/neo mice, suggesting a
synergistic effect between PDZD7 and whirlin functions. The
similar severity of ADGRV1 mislocalization and ABR/DPOAE
threshold elevations between Pdzd7-/-;Whrnneo/neo mice and
Pdzd7-/- mice is probably due to the dominant role of PDZD7
over whirlin in ADGRV1 localization as well as stereociliary bun-
dle morphology and function (15). The similar ABR/DPOAE
phenotypes between Pdzd7-/-;Whrnneo/neo mice and Pdzd7-/- mice
also suggest that the different degrees of defective usherin lo-
calization at the stereociliary bundle may contribute insignifi-
cantly to hearing loss.

In summary, our findings shed new light on the molecular
mechanisms underlying stereociliary bundle development,
which is crucial to understand the biology and mechanotrans-
duction in cochlear hair cells. Furthermore, the findings in this
study provide new clues to the disease mechanisms underlying
hearing loss in both USH1 and USH2 and might be valuable for
developing mechanism-based therapies in the future.

Materials and Methods
Animals

Cib2tm1a(EUCOMM)Wtsi (Cib2-/-, MGI: 4432101) frozen sperms were
purchased from the European Conditional Mouse Mutagenesis
Program (EUCOMM) and revived by the University of Utah
Transgenic and Gene Targeting Mouse Facility. Myo7ash1-7J/J
(Myo7a7J/7J, Jax stock # 002919, MGI: 3045593) and Ush1gjs-2J/J
(Ush1g2J/2J, Jax stock # 006111, MGI: 3640130) mice were pur-
chased from the Jackson Laboratory (Bar Harbor, ME, USA).
Whrntm1Tili (Whrnneo/neo, MGI: 4462398), Pdzd7tm1a(EUCOMM)Wtsi

(Pdzd7-/-, MGI: 4433578) and Ush1ctm1Xzl (Ush1c-/-, MGI: 4437562)
mice were generated as described previously (16,21,42). All ex-
periments involving animals were approved by the Institutional
Animal Care and Use Committee at the University of Utah.

RNA isolation, reverse transcription-polymerase chain
reaction (RT-PCR) and DNA construct cloning

Total RNA was isolated from mouse retinas and inner ears using
TRIzol reagent (Life Technologies, Carlsbad, CA, USA) and was
used to generate cDNAs using oligo(dT) or random primers by
ThermoScriptTM RT-PCR system (Life Technologies, Carlsbad,
CA, USA). Myosin VIIa tail cDNA (2799–6908 bp in NM_001256081
corresponding to 847–2215 aa in NP_001243010) was cloned into
p3xFLAG-Myc-CMV-26 vector (Sigma-Aldrich, St. Louis, MO,
USA) at the NotI and EcoRI sites, and USH1G full-length cDNA
(66–1448 bp in NM_176847 corresponding to 2–461 aa in
NP_789817) was cloned into pEGFP-C1 vector (Clontech
Laboratories, Inc., Mountain View, CA, USA) at the BamHI and
EcoRI sites using standard molecular cloning approach. The
constructs of GFP-PDZD7 FL (2–1021 aa, NP_001182194), GFP-
PDZD7 PDZ1 (84–164 aa, NP_001182194), GFP-PDZD7 PDZ2 (209–
289 aa, NP_001182194), GFP-PDZD7 PDZ3 (856 - 944 aa,
NP_001182194), FLAG-ADGRV1-c-ter (6149–6298 aa, NP_473394)
and FLAG-usherin-c-ter (5044–5193 aa, NP_067383) were made
and described previously (14).

Antibodies

Rabbit polyclonal antibodies against GFP (full-length), myosin
VIIa (1–997 aa, NP_001243010), ADGRV1 (1212–2211 aa,
NP_473394), usherin (5053–5193 aa, NP_067383), whirlin (721–800
aa) and PDZD7 (680–1021 aa, NP_001182194) were generated pre-
viously (15,16). The specificity of these antibodies was verified
by the presence of immunoreactivity in wild-type cochlear hair
cells and lack of immunoreactivity in cochlear hair cells of the
corresponding mutant mice (USH protein antibodies) or by the
presence of immunoreactivity in GFP-transfected HEK293 cells
but absence of immunoreactivity in non-transfected HEK293
cells (GFP antibody). Alexa fluorochrome-conjugated phalloidin
and secondary antibodies (Life Technologies, Carlsbad, CA,
USA), monoclonal mouse antibody against FLAG (F1804, Sigma-
Aldrich, St. Louis, MO, USA) and horse radish peroxidase-
conjugated secondary antibodies (Jackson ImmunoResearch
Laboratories, West Grove, PA, USA) were purchased
commercially.

Immunofluorescence

Postnatal mouse cochleas were dissected and fixed in 4% for-
maldehyde/PBS for 40 min (myosin VIIa, usherin and whirlin
immunostaining), 2 h (PDZD7 immunostaining) or overnight

Figure 9. The severity of hearing loss is similar between Pdzd7-/-;Whrnneo/neo and

Pdzd7-/- mice. The ABR and DPOAE thresholds are elevated to similar levels in

Pdzd7-/-;Whrnneo/neo and Pdzd7-/- mice at P45. n¼3 mice for each group. *P< 0.05.

Error bars, SEM.
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(ADGRV1 immunostaining). The cochleas were then permeabi-
lized by incubating in 0.5% Triton X-100/PBS for 5 min.
Additional incubations of cochleas for usherin and whirlin
immunostaining were performed in 50 mM NH4Cl for 15 min
and in Tween Tris-buffered saline (20 mM Tris pH 7.5, 150 mM
NaCl and 0.1% Tween 20) for 10 min. Adult mouse eyes were
enucleated, frozen immediately in Tissue-TekVR O.C.T. com-
pound (Sakura Finetek USA Inc, Torrance, CA, USA) and sec-
tioned at 10 mm. Retinal sections were fixed in 4%
formaldehyde/PBS for 10 min and permeabilized in 0.2% Triton
X-100/PBS for 5 min. Whole-mount cochleas and retinal sections
were subsequently blocked in 5% goat serum/PBS for 1 h, incu-
bated with primary antibodies in 5% goat serum/PBS at a 1:2000
dilution ratio at 4�C overnight, washed several times with PBS
and incubated with Alexa FluorVR 594-conjugated goat anti-
rabbit secondary antibody and Alexa FluorVR 488-conjugated
phalloidin (cochleas only) in 5% goat serum/PBS for 1 h. After
extensive washes with PBS, the stained cochleas and retinal
sections were mounted on glass slides using ShandonTM Immu-
MountTM aqueous non-fluorescing mounting medium (Thermo
Electron Corporation, Pittsburgh, PA, USA) and imaged using an
Olympus FV1000 confocal laser scanning microscope. For each
immunostaining experiment, wild-type or heterozygous mice
were included as a positive control.

FLAG pull-down assay and immunoblotting analysis

HEK293 cells (ATCC, Manassas, VA, USA), grown in Dulbecco’s
Modified Eagle Medium supplemented with 10% fetal bovine
serum, 100 units/ml penicillin and 100 mg/ml streptomycin,
were double transfected with GFP-tagged and FLAG-tagged
cDNA plasmids using PEI, according to the manufacturer’s
protocol (Polysciences, Inc, Warrington, PA, USA). Cells were
harvested 24 hours after transfection and homogenized in lysis
buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.5% (v/v) Triton X-
100, 5 mM EDTA, 1 X protease inhibitor and 1 mM DTT). After
centrifugation at 21,000 X g for 10 min, the supernatants of cell
lysates were incubated with anti-FLAG M2 agarose affinity gel
(A2220, Sigma-Aldrich, St. Louis, MO, USA) for 2 h or overnight
with gentle agitation. The agarose beads and their binding pro-
teins were then spun down, washed four times with lysis buffer
and boiled in Laemmli sample buffer for 5 min. Standard im-
munoblotting procedures were followed using mouse monoclo-
nal anti-FLAG M2 antibody and rabbit GFP antibody (14).

Auditory brainstem response (ABR), distortion product
otoacoustic emission (DPOAE) and rotarod tests

ABR and DPOAE tests were conducted as previously described
(16). Briefly, mice were anaesthetized by intraperitoneal injec-
tion of ketamine (100 mg/kg) and xylazine (10 mg/kg). Body tem-
perature was maintained at 37 �C using a heating lamp. 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 through a small incision at the tragus.
Stimuli for ABR were digitally generated in SigGenRP, processed
by a RX6 real-time processor and passed through a PA5 attenu-
ator prior to delivery to the speaker. Recording electrodes were
placed under the skin at the vertex and mastoid, and a remote
ground electrode was placed in the rump area. ABR responses
were bandpass (100–3000 Hz) filtered, amplified, digitized and
averaged with a RA16BA processor controlled by TDT BioSigRP
software. ABR thresholds were determined as the lowest sound

pressure levels (SPL) at which the response was clearly
discernible.

DPOAEs were tested using an ER-10B6 microphone (Etymotic
Research, Elk Grove Village, IL, USA) coupled with two EC1 speak-
ers. Stimuli of two primary tones f1 and f2 (f2/f1¼1.2) were pre-
sented with L2¼ L1–10 dB. Primary tones were stepped from 30 to
80 dB SPL (L1) in 10 dB increments and swept from 8 to 32 kHz in
1=2 octave steps (f2). Stimuli were generated and attenuated digit-
ally (200 kHz sampling). The ear canal sound pressure was pre-
amplified and digitized. A fast Fourier transformation was
computed, and the sound pressures at f1, f2 and 2f1- f2 were ex-
tracted after spectral averaging from 50 serial waveform traces.
DPOAE thresholds were determined as the lowest L1 SPLs at
which the 2f1- f2 distortion product was observable above the
noise floor.

Rotarod testing was performed exactly as described previ-
ously (56).

Statistical analysis

Two-tailed Student’s t-tests assuming equal variances were
performed using Microsoft Office Excel. A P-value of< 0.05 was
considered to indicate a significant difference between the val-
ues from two different groups.

Supplementary Material
Supplementary Material is available at HMG online.
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