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Ick Ciliary Kinase Is Essential for Planar Cell Polarity
Formation in Inner Ear Hair Cells and Hearing Function
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Cellular asymmetries play crucial roles in development and organ function. The planar cell polarity (PCP) signaling pathway is involved
in the establishment of cellular asymmetry within the plane of a cell sheet. Inner ear sensory hair cells (HCs), which have several rows of
staircase-like stereocilia and one kinocilium located at the vertex of the stereocilia protruding from the apical surface of each HC, exhibit
atypical form of PCP. Although connections between cilia and PCP signaling in vertebrate development have been reported, their precise
nature is not well understood. During inner ear development, several ciliary proteins are known to play a role in PCP formation. In the
current study, we investigated a functional role for intestinal cell kinase (Ick), which regulates intraflagellar transport (IFT) at the tip of
cilia, in the mouse inner ear. A lack of Ick in the developing inner ear resulted in PCP defects in the cochlea, including misorientation or
misshaping of stereocilia and aberrant localization of the kinocilium and basal body in the apical and middle turns, leading to auditory
dysfunction. We also observed abnormal ciliary localization of Ift88 in both HCs and supporting cells. Together, our results show that Ick
ciliary kinase is essential for PCP formation in inner ear HCs, suggesting that ciliary transport regulation is important for PCP signaling.
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(s )

The cochlea in the inner ear is the hearing organ. Planar cell polarity (PCP) in hair cells (HCs) in the cochlea is essential for
mechanotransduction and refers to the asymmetric structure consisting of stereociliary bundles and the kinocilium on the apical
surface of the cell body. We reported previously that a ciliary kinase, Ick, regulates intraflagellar transport (IFT). Here, we found
thatloss of Ick leads to abnormal localization of the IFT component in kinocilia, PCP defects in HCs, and hearing dysfunction. Our
study defines the association of ciliary transport regulation with PCP formation in HCs and hearing function. j

ignificance Statement

cellular asymmetries within the tissue plane. In vertebrates, PCP
is required for diverse processes in development and organ func-
tion. In the inner ear, hair cells (HCs) display a distinctive form of
PCP. The mammalian inner ear consists of the cochlea and the
vestibule responsible for hearing and balance, respectively. The

Introduction
Planar cell polarity (PCP) refers to coordinated polarization of
cells within the two-dimensional plane of a cell sheet, entailing
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cochlea harbors the organ of Corti, which contains one row of
inner HCs (IHCs), three rows of outer HCs (OHCs), and several
types of supporting cells (SCs). PCP in HCs refers to the asym-
metric structure formed by the stereociliary bundles and the ki-
nocilium protruding from the apical surface of the cell body. The
stereociliary bundles form a V-shaped array in OHCs and a semi-
circular shape in IHCs. The comprising stereocilia are aligned in
a staircase pattern, with the highest stereocilia adjacent to a single
kinocilium located at the lateral apex of the bundle. The staircase
structure of stereociliary bundles is essential for mechanotrans-
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Ick expression in developing cochlear and vestibular cells. A—H, In situ hybridization analysis of mouse /ck in the developing and adult cochlear cross-sections. lck was highly expressed

atE15.5 () and E18.5 (B) in epithelial cells (ec), spiral ganglion (sg), Reissner's membrane (Rm), stria vascularis (sv), and spiral ligament (sl). After P2, Ick expression decreased in the organ of Corti
(0), including IHCs and OHCs, sg, Rm, sv, and s| ((—H ). 1, RT-PCR analysis of mouse /ck at P28. Ick expression is retained at P28.J-Q, In situ hybridization analysis of mouse /ck in developing and adult
vestibule cross-sections. Ick was highly expressed in the cristaat E15.5 (J) and in the maculaat E18.5 (K). At P2, Ick signal was detected in the crista (L) and macula (M). At P9, Ick expression decreased

in both the crista (V') and macula (0). At P28, Ick was barely detectable (P, Q). Scale bars, 100 pm.

duction in HCs. Oscillations in air pressure generated by sound
sources induce vibrations in the basilar membrane, followed by
the deflection of stereociliary bundles. The stereociliary bundles
deflect in a direction from the shortest stereocilia to the long-
est, leading to the opening of mechanotransduction channels
(Schwander et al., 2010). The orientation of stereociliary bundles
is thought to be directed by the kinocilium (Cotanche and Cor-
win, 1991; Tilney et al., 1992). At embryonic day 14.5 (E14.5) in

mice, the kinocilium, assembled from the basal body, is located at
the center of the HC and surrounded by stereocilia (Sobkowicz et
al., 1995). As HCs begin to differentiate, the kinocilium moves to
the periphery and the stereocilia nearest to the kinocilium begin
to elongate (Tilney et al., 1992). By E18.5, the kinocilium reaches
the lateral position along the mediolateral axis and stereociliary
bundles are regularly organized (Kelly and Chen, 2007). Postna-
tally, kinocilia regress and disappear until postnatal day 21 (P21)
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* 2016). Auditory tests cannot be per-
formed in ECO patients because the syn-
drome is neonatally lethal. In the current
study, we investigated the role of Ick in the
developing inner ear.

Materials and Methods

Animal care. All procedures conformed to the
ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research and were ap-
proved by the Institutional Safety Committee
on Recombinant DNA Experiments (approval
ID 3380-6) and Animal Experimental Com-
mittees of Institute for Protein Research (ap-
proval ID 24-05-01), Osaka University. Mice
were housed in a temperature-controlled room
at 22°Cwith a 12 h light/dark cycle. Fresh water
and rodent diet were available at all times. All
animal experiments were performed on mice
of either sex.

Generation of Ick flox (Ick %) and Ick-null
(Ick ~/~) mice. The generation of Ick 1% mice
and Ick ~/~ mice was as described previously
(Chaya et al., 2014). Pax2-Cre mice (Ohyama

and Groves, 2004) were crossed with Ick 1o+

WT ICKKO

Acetylated tubulin Phalloidin

Figure 2.

10 wm. Error bars indicate SE. *p << 0.05.

(Lim and Anniko, 1985). SCs also possess a cilium on the apical
surface of the cell body.

Ciliary proteins are known to be associated with PCP forma-
tion in the inner ear. Bardet-Biedl syndrome is a ciliopathy,
which is a group of human disorders caused by defects in cilia
function. Mutations in Bardet—Biedl syndrome 4 (Bbs4) or Mkks
(also known as Bbs6) lead to misoriented or flattened sterociliary
bundles in OHCs. In addition, Mkks ~ '~ mutants display detach-
ment of the kinocilium from sterociliary bundles (Ross et al.,
2005). Mutant mice for MksI and Alsml, causative genes for
Meckel-Gruber syndrome and Alstrém syndrome in humans,
respectively, exhibit misorientation of sterociliary bundles and
abnormal localization of kinocilia (Cui et al., 2011; Jagger et al.,
2011). Furthermore, mice defective in Ift88 or Kif3a, both of
which are components of the intraflagellar transport (IFT) ma-
chinery, lack kinocilia and display misorientation or shape de-
fects of stereociliary bundles (Jones et al., 2008; Sipe and Lu,
2011).

We and others have reported previously that intestinal cell
kinase (Ick) and male-germ cell-associated kinase (Mak) are essen-
tial for the regulation of cilia formation in mammals (Omori et
al., 2010; Chaya et al., 2014; Moon et al., 2014; Oud et al., 2016).
Ick and Mak are serine-threonine kinases belonging to the MAP
kinase superfamily (Miyata and Nishida, 1999; Togawa et al.,
20005 Shinkai et al., 2002). Although Mak expression is cell-type
specific, Ick is expressed in various tissues (Togawa et al., 2000).
Two missense mutations in the human Ick gene, R272Q and
G120C, were identified in patients with endocrine-cerebro-
osteodysplasia (ECO) syndrome, a human recessive disorder as-
sociated with multiple anomalies involving the endocrine,
cerebral, and skeletal systems (Lahiry et al., 2009; Oud et al.,

Ick requlates cochlear extension. A, B, Stereo micrographs of whole cochlear ducts isolated from control (4) and
Ick ~~ mice (B) at E17.5. The length of cochlear ducts in fck /"~ mice (n = 3) was shorter than that in control mice (€). D—G,
Confocal images of the surfaces of cochlear whole mounts in the apical and the middle turns isolated from control (D, F) and
Ick /"~ mice (E, G) at E17.5. In the Ick ~/ ~ cochlea, additional rows of OHCs were observed. Scale bars: A, B, 200 um; DG,

mice to obtain Ick ™" ;Pax2-Cre* mice. To
generate inner ear Ick conditional knock-out
(CKO) mice, we crossed Pax2-Cre;Ickf1o¥/*
mice with Ick 191X mice,

In situ hybridization. Whole brains of E15.5
and E18.5 embryos and inner ear tissues of P2,
P9, and P28 mice were dissected and fixed in
4% paraformaldehyde (PFA) overnight at 4°C.
Tissues were subsequently equilibrated in 30%
sucrose overnight and cryosectioned at 25 wm
thickness. Generation of the Ick riboprobe and in situ hybridization were
performed as described previously (Chaya et al., 2014).

RT-PCR analysis. Inner ear total RNAs from wild-type mice were isolated
using TRIzol RNA extraction reagent (Invitrogen). RNA (2 ug) was reverse
transcribed into cDNA with random hexamers using Superscript II (Invit-
rogen). The cDNAs were used as templates for PCRs by rTaq polymerase
(Takara). The following sets of primers, which span an intron, were used:
5'-AAAGAATTCCCGACCCTGCAGTCCTCAGCAAAG-3" (ICK, for-
ward), 5'-AACCCTCTGCATGACAGAACCGAT-3" (ICK, reverse) and
5'-CGTGCGTGACATCAAAGAGAA-3’ (B-actin, forward) and 5'-TG-
GATGCCACAGGATTCCAT-3' (B-actin, reverse). The product sizes were
280 bp and 201 bp, respectively.

Immunohistochemistry. Inner ears from E17.5 Ick KO mouse embryos,
P1 Ick CKO mouse pups, and 6- to 7-week-old mice from both sexes were
dissected and fixed in 4% PFA in PBS for 1-24 h at 4°C. Dissected inner
ears were incubated with blocking solution (4% normal donkey serum
and 0.02% Triton X-100 in PBS) for 1 h at room temperature. We incu-
bated the inner ears in primary antibodies in blocking solution at 4°C
overnight. The inner ears were then washed four times with PBS for 15
min each and incubated with a secondary antibody in the blocking solu-
tion for 30 min at room temperature. The inner ears were washed with
PBS and mounted in gelvatol for examination. We used the following
primary antibodies for immunostaining: anti-acetylated o-tublin
(mouse, 6-11B-1, 1:1000; Sigma-Aldrich), anti-Pericentrin (rabbit,
923701, 1:400; BioLegend), anti-Ift88 (rabbit, 1:1000; a gift from Dr. G.J.
Pazour, Pazour et al., 2002), anti-Vangl2 (rat, 1:200; a gift from Dr. J.P.
Borg, Belotti et al., 2012), and anti-mPins (rabbit, 1:200, gift from Dr. M.
Montcouquiol, Ezan et al., 2013) antibodies. Cy3-conjugated IgG (Jack-
son ImmunoResearch Laboratories, 1:400) and DyLight 649-conjugated
IgG (Jackson ImmunoResearch Laboratories, 1:400) were used as sec-
ondary antibodies. Alexa Fluor 488-conjugated phalloidin (Invitrogen,
1:300) was used for staining the actin-rich stereocilia. The specimens
were observed under a laser confocal microscope (LSM700; Carl Zeiss).
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Figure3. Ickisrequired for PCP establishmentin cochlea development. AL, SEM in the middle and the basal turns of the organ of Corti isolated from control (4, B, E~H) and Ick ~/ ~ (€, D, I-L)
mice at E17.5. fck ~/ ~ OHCs and IHCs displayed aberrant localization of the kinocilium (G, 1, J, green arrows) and misoriented (C, J, blue arrowheads) or flattened stereociliary bundles (C, /, red
arrowheads) in the middle turn. In the basal turns of Ick ~/ ~ OHCs and IHCs, these PCP defects were not observed (D, K, L). Scale bars: E~L, 3 um.

Scanning electron microscopy (SEM). Inner ears from E17.5 Ick KO mouse
embryos, P1 Ick CKO mouse pups, and 6- to 7-week-old mice from both
sexes were dissected and fixed in 2% PFA and 2.5% glutaraldehyde in 0.1 M
PB. Inner ears were dissected and postfixed with 1% OsO, in H,O for 1 hon
ice. Tissues were then dehydrated in an ethanol series and freeze-dried in
t-butyl octanol or dried by isoamyl acetate in an HCP-2 critical-point dryer
(Hitachi), followed by osmium tetroxide treatment, before observation with
a scanning electron microscope (54800; Hitachi).

Area measurements of IHCs in the apical turns of the cochlea. The areas
of IHCs labeled with palloidin in the apical turns of the cochlea were

measured using Image] software. At least 70 cells were analyzed in each
genotype.

Analysis of kinocilium position and stereociliary bundle orientation. Ki-
nocilium position and stereociliary bundle orientation were analyzed by
SEM. Kinocilium positions were determined by drawing a line from the
position of the base of the kinocilium to the center of the cell. We defined
the angle of kinocilium position as the angle formed between this line and
the line parallel to the mediolateral axis (o angle). In wild-type mice, this
angle is close to 0° (see Fig. 5). The orientation of stereociliary bundles
(B angle) was determined as described previously (Montcouquiol et al.,
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Figure4. Thelck '~ vestibule is unaffected. 4, B, SEMs from the apical surface of crista.
C-F, Confocal images of the surfaces of vestibule whole mountsisolated from control (C, £) and
Ick =/~ (D, F) mice at E17.5. In both crista (A—D) and macula (E, F), no significant difference
between control and /ck ~/ ~ mice was observed. G, H, Confocal images of the surfaces of the
whole-mount utriclesisolated from control (6)and fck — ~ (H) mice at E17.5. In both utricles,
basal bodies in HCs pointed toward the line of polarity reversal (dotted lines). Scale bars: (—H,
20 pm.

2003). When the stereociliary bundles are flat, the 8 angle was deter-
mined by the angle formed between the line parallel to the mediolateral
axis and the line passing through the center of the line linking the ends of
the stereociliary bundles and perpendicular to this line. Length of the
kinocilium in IHCs and the cilium in SCs [Deiter’s cells (DCs), outer
pillar cells (OPCs), inner pillar cells (IPCs), and inner phalangeal cells
(IPHs)] was analyzed by confocal microscopy. MetaMorph software
(Molecular Devices) was used to measure cochlear length, kinocilium
position, and stereociliary bundle orientation. ZEN software (Carl Zeiss)
was used to measure the ciliary length of IHCs and SCs. Each row of HCs
and SCs was divided into three regions according to the position along
the length of the cochlea: basal, middle, and apical. Atleast 20 cells in each
row in each region were analyzed. The kinocilium position (« angle) and
the orientation of stereociliary bundles (3 angle) were plotted (see Fig.
5B, C). The kinocilium position relative to the orientation of stereociliary
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bundles was analyzed by an absolute value of subdifference between «
and 3 angles.

Auditory-brainstem response (ABR) and distortion product otoacoustic
emission (DPOAE) measurements. To assess hearing, mice were anesthe-
tized with intraperitoneal administration of 2.5-10 mg/kg xylazine and
25-100 mg/kg of ketamine-HCI. Hearing was evaluated using ABR at
6-7 weeks of age. The ABR waveforms were recorded using BioSigRP
software together with TDT system 3 Real-time Signal Processing System
(Tucker Davis Technologies) under the condition using 30—-3000 Hz
band-pass filter settings and ABR waveforms from 500 click stimuli were
averaged. Thresholds were defined as the sound intensity decreased by 10
dB steps. The intensity used was 0—100 dB SPL (and the threshold above
this range was considered as 110 dB SPL). The number of animals tes-
ted was six control (Ick¥1°%; Pax2-Cre ~, Ick™*; Pax2-Cre  and
Ick 1%/ *; Pax2-Cre *) and five Ick CKO (Ickﬂ‘"‘/ﬂ""; Pax2-Cre™) mice.

Measurements of DPOAE were tested bilaterally at the age of 6-7
weeks. The number of animals tested was five control and four Ick CKO
mice. DPOAEs were measured by commercial instrumentation HearID
Auditory Diagnostic System (Mimosa Acoustics) combined with CUBe-
DIS 1II version 2.40 software (Etymotic Research). DPOAE at the 2f1-f2
frequency was elicited using two tone stimuli, f1 and f2. A custom plastic
ear tip attached to an ER-10C probe (Mimosa Acoustics) was inserted
into the ear canal. DPOAE amplitudes were measured at f2 frequencies of
6, 12, 18, and 24 kHz and were plotted after substitution by noise floor
amplitude.

He&E staining. Inner ears were collected and fixed in 4% paraformal-
dehyde in PBS at 4°C overnight. After washing out the fixative with PBS,
the tissues were decalcified in 0.12 M EDTA for 5 d at room temperature.
The inner ears were embedded in paraffin, sectioned at 6 wm thickness,
deparaffined, and stained with H&E.

Statistical analysis. Statistical significance was evaluated using a Pear-
son’s correlation coefficient test for Figure 5F or a Student’s ¢ test for
other figures. Mean and SEs are shown.

Results

Ick is expressed in epithelial cells in the organ of Corti

during development

To determine whether Ick is expressed in the inner ear, we per-
formed in situ hybridization using developing and adult mouse
inner ear sections (Fig. 1A—H). In the cochlea, Ick was highly
expressed at E15.5 in epithelial cells, spiral ganglion, Reissner’s
membrane, stria vascularis, and spiral ligament (Fig. 1A). At
E18.5, a steady signal in the same region was observed (Fig. 1B).
The period from E14.5 to E18.5 is critical for stereociliary bundles
and kinocilium polarization (Jones et al., 2008). At P2, Ick expres-
sion decreased in the epithelial cells in the organ of Corti (Fig.
1C,D). In the later stages of inner ear development, at P9 and P28,
Ick expression decreased continuously (Fig. 1E-H). However,
RT-PCR detected Ick expression at P28 (Fig. 1I). We then exam-
ined Ick expression in the developing vestibule (Fig. 1J-Q). In the
vestibule, Ick signal was detected in epithelial cells in the crista
and macula through developmental stages (Fig. 1J-M). Ick ex-
pression slightly decreased at P9 and became barely detectable at
P28 (Fig. IN-Q).

Ick deletion causes a defect in cochlear extension

To determine a role for Ick in development of the organ of Corti,
we first examined the length of the cochlea at late embryonic
stages in control and Ick ~/~ mice. The cochlea is elongated from
a shorter and thicker primordium through cellular rearrange-
ment characteristic of convergent extension (Jones et al., 2008;
Rida and Chen, 2009). According to the evidence to date, it ap-
pears that the PCP pathway regulates convergent extension in
addition to the orientation of epithelial cells (Montcouquiol et
al., 2003; Rida and Chen, 2009). At E17.5, the length of cochlear
ducts in Ick ~'~ mice was significantly shorter than that in con-
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Figure5.  Ickis required for the normal kinocilium position and stereociliary bundle orienta-

tion. 4, Distributions of stereociliary bundle orientations. Deviation of bundle orientations was
more severe in OHC1 than in OHC2 and OHC3 in the middle turn of ick ~/ ~ mice. Arrows show
the percentages of the cells in which the absolute value of the angle of stereociliary bundle
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trol littermates (Fig. 2A—C). In the apical and middle turns of the
Ick '~ cochlea, OHCs were disorganized with the number of
OHC rows increased to four or five rows (OHC3+) compared
with the usual three rows of OHCs (OHC1-3s), consistent with a
defect in convergent extension (Fig. 2D—G). In the apical turn,
IHCs in Ick ~'~ mice were bigger than in control mice (control
mice, 12.8 + 0.35 um?% Ick~ '~ mice, 14.3 = 0.33 um?, p <
0.01). These data suggest that Ick is required for normal conver-
gent extension processes in inner ear development.

Ick deletion affects the kinocilium position and orientation of
stereociliary bundles

To examine Ick function in inner ear development, we next per-
formed SEM analysis on the middle and basal turns in the cochlea
at E17.5 (Fig. 3A-L). In the middle and basal turns of the control
cochlea, normal kinocilium position and orientation of stereo-
ciliary bundles were observed in both OHCs and IHCs (Fig.
3A,B, E-H). In contrast, compared with the V-shaped stereocili-
ary bundles in the control cochlea, we observed flattened stereo-
ciliary bundles both in Ick =/~ OHCs and IHCs (Fig. 3C,I, red
arrowheads). In addition, the Ick ~/~ cochlea displayed aberrant
localization of kinocilium and misorientation of stereociliary
bundles in the middle turn (Fig. 3C,J, green arrows and blue
arrowheads), suggesting that PCP is impaired in the Ick~/~ co-
chlea. In contrast, in the basal turn of the Ick~/~ cochlea, no
significant PCP defect was observed in either OHCs or IHCs (Fig.
3D,K,L).

To determine whether Ick is required for vestibular develop-
ment, we observed the vestibule by SEM and immunostaining
using antibodies against acetylated tubulins and phalloidin. As
far as we examined, we observed no significant difference be-
tween control and Ick ~/~ vestibules (Fig. 4A—F ). PCP formation
in the vestibule was further assessed by immunostaining using an
anti-pericentrin antibody and phalloidin. In the utricle of both
control and Ick ™/~ mice, HCs were uniformly oriented with
their polarized basal bodies labeled with pericentrin pointed to-
ward the line of polarity reversal (Fig. 4G,H ), suggesting that PCP
is unaffected in the Ick =/~ vestibule.

To further investigate whether PCP signaling molecules are
affected in the Ick ~/~ cochlea, we analyzed the deviation of ste-
reociliary bundle orientation. The percentages of the cells in
which an absolute value of the angle of stereociliary bundle ori-
entation were >30° were 24% in OHCI, 16% in OHC2, and 21%
in OHC3+, whereas in the control cochlea, those cells were

<«

orientation is >>30°. B, Schematic diagram of kinocilium position and stereociliary bundle
orientation in HCs. o represents the angle of rotation from zero degrees to the kinocilium
position; 3 represents the angle of rotation from zero degrees to the stereociliary bundle ori-
entation, determined as the center of the stereociliary bundle. C, Scatter plot of the kinocilium
position relative to the stereociliary bundle orientation. The kinocilium position was not corre-
lated with the stereociliary bundle orientation in the middle turn of ick —/ ~ mice compared
with that in control mice. However, in the basal turn of Ick ~/ ~ mice, the kinocilium position
was correlated with the stereociliary bundle orientation similar to controls. D, Difference be-
tween cand B angles in IHCs and OHCs in the middle and the basal turns. In the middle turn,
the difference between ccand 3 angles was largerin /ck ~/ ~ mice than that in control mice. E,
Schematic diagram of how to measure the bundle flatness score. F, Scatter plot of the bundle
flatness score relative to the difference between o and 3 angles in OHCs. In the middle turn of
Ick "/~ cochlea, the bundle flatness score negatively correlated with the difference between
acand Bangles (correlation coefficient (r) = —0.35, p << 0.01). In contrast, in the middle and
basal tums of control cochleaand in the basal tum of Ick ~/ ~ cochlea, nosignificant correlation
between the bundle flatness score and the difference between « and 3 angles was detected.
(r=—0.22, —0.16,and —0.11,p = 0.06,0.17,and 0.38, respectively). Error bars indicate SE.
**p < 0.01.
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barely observed, suggesting that the orientation defect was more
severe in OHC1 than that in OHC2 and OHC3 (Fig. 5A). This
phenotype is similar to the abnormal PCP phenotypes reported
in the Ift88 '~ cochlea, as well as in the cultured cochleae in
which G_; function is inhibited (Jones et al., 2008; Ezan et al.,
2013), whereas it is opposite of the PCP phenotypes detected in
homozygotes for the LP mutation (a spontaneous mutation in
Vangl2) and Fz3 ™~/ ;Fz6 '~ mice (Montcouquiol et al., 2003;
Wang et al., 2006).

We then examined the correlation between orientation of ste-
reociliary bundles and kinocilium position by quantifying the
difference between the angle of kinocilium position (« angle) and
the angle of stereociliary bundle orientation (/3 angle) in control
and Ick~/~ HCs (Fig. 5B). In control HCs, kinocilium position
was consistent with the orientation of stereociliary bundles in
both middle and basal turns. In contrast, the correlations be-
tween kinocilium position and stereociliary bundle orientation
were inconsistent in the middle turn of Ick '~ HCs (Fig. 5C).
The difference between « and 3 angles was significantly larger in
both Ick ~/~ OHCs and IHCs than that in control HCs (Fig. 5D).
These defects were not observed in the basal turn. These results
suggest that Ick is required for coupling the kinocilium move-
ment with the movement of stereociliary bundles.

Stereociliary bundle flatness was analyzed in OHCs, which
have a distinct V-shape array in wild-type mice and thus are more
suitable for quantification of the bundle flatness than IHCs. We
measured the width (a) and the height (b) of a triangle with its
base formed by the line connecting between the ends of the
V-shaped array, where the bundle flatness score was calculated as
b/a, which becomes 0 when the bundle is totally flat (Fig. 5E). We
investigated the correlation of the bundle flatness with the differ-
ence between « and 3 angles in each cell. In the middle turn of
cochlea, the bundle flatness score negatively correlated with the
difference between o« and 8 angles in Ick /™ mice but not in
control mice, suggesting the correlation between PCP defects and
bundle flatness. In contrast, no significant correlation was de-
tected in the basal turn of the cochlea both in Ick '~ mice and in
control mice (Fig. 5F).

Loss of Ick affects ciliary transport in both HCs and SCs
During cochlear PCP establishment, two PCP signaling pathways
cooperate to control kinocilium migration and orientation of
stereociliary bundles (Ezan et al., 2013). One is the core PCP
signaling, which is required for neural-to-abneural gradient of
cellular differentiation. The other is G-protein-dependent signal-
ing, which is activated shortly after the PCP signaling pathway
establishes the neural-to-abneural cues and instructs kinocilium
migration. Furthermore, mice with cilium-associated gene mu-
tations are known to exhibit PCP defects in the cochlea (Ross et
al., 2005; Jones et al., 2008; Sipe and Lu, 2011).

To determine whether Ick genetically interacts with core PCP
proteins, G-protein-dependent-proteins, or cilium-associated
proteins, we performed immunostaining analysis of control and
Ick ™'~ cochleae. We assessed whether the localizations of
Vangl2, mammalian partner of inscuteable (mPins), and Ift88 are
affected in Ick ~/ ~ HCs and SCs at E17.5. Ift88 is required for the
assembly of primary cilia (Lehman et al., 2008). In the middle
turn of the control cochlea, Ift88 was localized along the ciliary
axoneme and at the base in HCs (Fig. 6 A, B) and SCs (Fig. 6 A, C).
In contrast, in the middle turn of the Ick ~/ ~ cochlea, 1ft88 local-
ization along the axoneme decreased and Ift88 was enriched at
the ciliary tip and base in both HCs (Fig. 6D, E) and SCs (Fig.
6D, F). The enrichment of Ift88 at the ciliary tip and the decrease

J. Neurosci., February 22,2017 - 37(8):2073-2085 + 2079

of Ift88 along the ciliary axoneme were observed, not only in the
middle turn, but also in the basal turn (Fig. 6G-L). A core PCP
protein, Vangl2, and a G-protein-dependent-protein, mPins,
were distributed normally both in control and Ick ~/~ middle
turns of the cochlea (Fig. 6M-T)). In the Ick ™ '~ cochlea, cilia on
the surface of SCs were abnormally elongated both in the middle
and basal turns (Fig. 6 D,]). These data suggest that Ick loss im-
pairs ciliary transport in both HCs and SCs.

Ick-deficient mice show elongated cilia in inner ear SCs

To further examine the possible role of Ick in the regulation of
cilia length in inner ear development, we generated mice with a
conditional deletion of Ick in the developing inner ear because the
Ick KO mutation is lethal at PO. We crossed Ick-floxed mice
(Chaya et al., 2014) with a transgenic mouse line expressing Cre
recombinase under the control of the Pax2 locus in the otocyst at
E9.5 (Soriano, 1999; Ohyama and Groves, 2004) to generate
ICK ¥ pax2_Cre* (Ick CKO) mice. We performed immuno-
staining to analyze the Ick CKO cochlea at P1 because kinocilium
disappears until P21. Ciliary length in SCs in Ick CKO cochlea was
longer than that in the control cochlea (Fig. 7A-F). The mam-
malian organ of Corti contains several types of interdigitating
SCs: three rows of DCs (DC1-3s), OPCs, IPCs, and IPHs (Fig.
7G). Along the total length of the cochlea, cilia were significantly
elongated in DCs, OPCs, and IPCs (Fig. 7H-L). In contrast, cili-
ary length of IPHs in the Ick CKO cochlea were significantly
longer than that in the control cochlea only in the apical turn (Fig.
7M) and kinocilia in IHCs were elongated in the Ick CKO cochlea
only in the basal turn (Fig. 7N). Furthermore, in SEM analysis,
aberrant localization of kinocilium and misorientation or flat-
tened shape of stereociliary bundles in HCs were observed from
the apical to the middle turn (Fig. 70—R). In addition, the tips of
cilia on the surface of SCs bulged in the Ick CKO cochlea, suggest-
ing defects of the retrograde IFT (Fig. 7P—R). These data suggest
that Ick has an essential role for ciliogenesis in cochlear develop-
ment.

Mature Ick CKO mice display auditory dysfunction and PCP
defects in HCs

To examine a role for Ick in auditory function, we first tested
ABRs of control and Ick CKO mice. We tested hearing in 6- to
7-week-old Ick CKO and control mice using ABR, with broad-
band click stimuli corresponding to the low frequencies at 2—4
kHz and tone-burst stimuli at 8, 16, 24, and 32 kHz. As shown by
click stimuli and tone-burst stimuli at low frequencies of 8 kHz
and 16 kHz, Ick CKO mice exhibited significantly higher thresh-
olds compared with those of control littermates (Fig. 8 A,B). In
contrast, tone-burst stimuli at 24 and 32 kHz evoked no signifi-
cant difference in the threshold between control and Ick CKO
mice (Fig. 8B). We further tested DPOAEs to study OHC func-
tion. At stimulating frequencies of 6, 12, and 18 kHz, a significant
decrease in the DPOAE level was detected in Ick CKO mice and
no significant decrease was observed with stimulus at 24 kHz
between Ick CKO and control littermates (Fig. 8C).

Next, we performed whole-mount phalloidin staining of con-
trol and Ick CKO cochleae to ascertain morphological changes in
HCs. The 6- to 7-week-old control cochlea showed a normal
position of the basal body (Fig. 8D—F, arrows), which is located at
the vertex of the V-shaped stereociliary bundles, and a normal
orientation of stereociliary bundles (Fig. 8D-F, arrowheads). In
contrast, Ick CKO cochleae showed the aberrant positioning of
the basal body (Fig. 8G,H, arrows), as well as the misorientation
or flattened shape of stereociliary bundles (Fig. 8G,H, arrow-
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Figure 6.  Loss of Ick impairs ciliary transport in both HCs and SCs. A-T, Confocal images of the surfaces of cochlear whole
mounts isolated at E17.5 from control (4-C, G-I, M, N, Q, R) and ck ~/ ~ mice (D—F, J-L, 0, P, S, T). In the control middle turn of
the cochlea, Ift88 was localized along the ciliary axoneme and at the base in HCs (4, B, arrowheads) and in OPCs (4, C, arrowhead).
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heads), in the apical and middle turns.
These PCP defects were not observed in
the basal turn of the Ick CKO cochleae
(Fig. 8I). We further performed H&E
staining to explore other morphological
changes in control and Ick CKO cochleae
except HCs. No significant difference was
observed in the spiral ganglion, stria vas-
cularis, spiral ligament, or Reissner’s
membrane (Fig. 9A—F).

Discussion

PCP defects cause auditory dysfunction
in Ick CKO mice

In the current study, we found that Ick
CKO mice exhibit auditory dysfunction
and PCP defects from the apical to middle
turn in the cochlea. Do PCP defects cause
auditory dysfunction in Ick CKO mice?
The planar polarity of HCs depends on
cellular differentiation at early stages and
the reorientation process at later stages
during development. The differentiation
gradient spreads along both the basal-to-
apical and neural-to-abneural axis of the
cochlea (Dabdoub and Kelley, 2005). The
later reorientation process aligns the ste-
reociliary bundles correctly along the me-
diolateral axis of the organ of Corti.
During inner ear development, there is a
critical period during which planar polar-
ity defects are amended to some extent
(Copley et al., 2013). If PCP defects are
not amended during this critical period,
then the defects remain fixed and the con-
sequence of the PCP defects on hearing
function can be assessed. There have been
several studies on the correlation between
PCP defects and auditory dysfunction in
Mkks, Almsl, and Vangl2 mutant mice
(Ross et al., 2005; Jagger et al., 2011; Co-
pleyetal.,2013) (Table 1). Briefly, in all of
these mutant mice, PCP defects including
misorientation of stereociliary bundles
were observed. Furthermore, in the Mkks
and Alms] mutant mice, flattened stereo-

<«

Inthe Ick ~/~ middle tum of the cochlea, Ift88 protein level
localized along the axoneme decreased and ft88 was en-
riched at the ciliary tip and at the base in HCs (D, E, arrow,
ciliary tip; arrowhead, the base) and in OPCs (D, F, arrow,
ciliary tip; arrowhead, the base). In the control basal turn
of the cochlea, Ift88 was localized along the ciliary axon-
emein HCs (G, H, arrowhead) and in DCs (G, I, arrowhead).
Inthe lck —/ ~ basal turn of cochlea, the Ift88 protein level
localized along the axoneme markedly decreased in HCs as
wellasin OPCs (J—L). Ift88 was enriched at the ciliary tip in
HCs (J, K, arrow) and in DCs (J, L, arrow). Localization of a
core PCP protein, Vangl2 (M-P, arrowheads), and a
G-protein-dependent-protein, mPins (@-T, arrowheads),
was normal in both control and /ck ~/ ~ middle turns of
the cochlea. Scale bars: 4, D, G,J,M, 0,Q, S, 10 um; B, C,
EFH 1 KLNPRT2um.
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ciliary bundles and kinocilia mislocaliza-
tion were detected. Loss of HCs, a
morphological change in addition to PCP
defects, was observed in Alms1 '~ mice.
In all of these mutant mice, auditory dys-
function was detected, but it is difficult to
conclude whether PCP defects caused
the auditory dysfunction because the
chochlea regions where PCP defects were
observed did not correspond to the fre-
quency spacing of the auditory dysfunc-
tion detected. Therefore, it is unclear
whether auditory dysfunctions in these
mutant mice are caused by PCP defects in
the cochlea. In the current study, the
Ick~'~ mice also showed kinocilia mislo-
calization and the misorientation or flat-
tening of stereociliary bundles as observed
in Mkks, Almsl1, and Vangl2 mutant mice.
Interestingly, the Ick CKO cochlea dis-
played significant PCP defects consistent
with those observed in the Ick ~/ ~ cochlea
from the apical to middle turn and audi-
tory dysfunction in Ick CKO mice was de-
tected at frequencies <24 kHz. According
to the mouse cochlear place-frequency
map, the apical and middle regions of the
cochlea tonotopically correspond to fre-
quency spacing <24 kHz (Miiller et al.,
2005). In addition, in the 6-week-old Ick
CKO cochlea, no significant morphologi-
cal change except for the PCP defects in
the apical and middle turns was observed.
These observations suggest that auditory
dysfunction in the Ick CKO mice is caused
by PCP defects in the cochlea.

Ick is essential for PCP establishment
and cilia formation in the cochlea

We found that Ick is required for PCP es-
tablishment in HCs by showing that Ick
controls the position of kinocilium and
orientation of stereociliary bundles. We
also confirmed a role for Ick in cilia for-
mation in the organ of Corti by demon-
strating that Ick controls ciliary transport
in both HCs and SCs. Here, a matter of
great concern is whether PCP defects are

<«

IPHs, OHC1-3s, and a single row of IHCs. H—N, Ciliary length of
SCs (H—M) and IHCs (N). In DC1-3s, OPCs, and IPCs of /ck CKO
mice, cilia were elongated in all regions of the cochlea (H-L).
In IPHs of /ck CKO mice, cilia were significantly elongated in
only the apical region (M). In IHCs of Ick CKO mice, kinocilia
were elongated in the basal region (N). 0—R, SEMs of HCs
isolated from control (0) and /ck CKO (P—R) mice atP1. P, Q, Ick
(KO apical OHCs. R, Ick CKO middle IHC. Aberrant localization of
kinocilium and misorientation or flattening of stereociliary
bundles were observed in the apical and the middle turns of /ck
CKO mice. In addition, the tips of cilia on the surface of SCs
bulged in /ck CKO mice (arrowheads). Scale bars: A-F, 10 um.
Error bars indicate SE. **p < 0.01.
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ICK CKO

Ick CKO cochlea shows normal morphology. A-F, H&E analysis of the 6-week-old control (4, G, E) and /ck CKO middle turns of cochlea (B, D, F). €, D, Close-up images of the organ of Corti.

No significant morphological difference between control and /ck CKO cochleae was observed in stria vascularis (sv), spiral ligament (sl), and Reissner's membrane (Rm), the tunnel of Corti (tC), or

spiral ganglion (sg). Scale bars, 100 m.

caused by ciliary dysfunction. Several studies have connected the
primary cilium and PCP formation. The cilium restricts canoni-
cal Wnt signaling (Corbit et al., 2008) and acts as a switch from
canonical Wnt signaling to noncanonical Wnt/PCP signaling (Si-
mons et al., 2005). Vangl2 and Dvl are observed within or at the
base of the cilia (Ross et al., 2005; Park et al., 2008). Furthermore,
mice defective in ciliary proteins, including Mkks, Mks1, Alsm1,
and Kif3a, display the mislocation of kinocilium and/or basal
body relative to the stereociliary bundle vertex as was observed in

Ick mutant mice (Ross et al., 2005; Cui et al., 2011; Jagger et al.,
2011; Sipe and Lu, 2011). Although mice defective in Kif3a and
Mkks show an absence of or shortened kinocilia, kinocilia length
appears normal in MksI mutant mice (Cui et al., 2011; Sipe and
Lu, 2011; Rachel et al., 2012). The siRNA-mediated reduction of
Mks1 activity results in blocked centriole migration to the apical
membrane, indicating that MksIis required for centriole posi-
tioning (Dawe et al., 2007). In our study, the Ick '~ cochlea
showed misorientation of stereociliary bundles and misposition-
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Table 1. Summary of phenotypes in mouse models related to PCP

Okamoto, Chaya et al. @ Ick Regulates PCP in the Inner Ear

PCP defects
Range of
Region in Misorientation of ~ Flattened  Kinocilia Lossof  auditory
Gene Mutant Stage cochlea Cell type bundles bundles mislocalization ~ HCs dysfunction  Reference
Mkks Mhks —'~ Embryo  NA OHGs NA + + NA NA Ross et al., 2005
Adult NA OHGs + + NA NA NA
Alsm1 Alms1 =/~ Pup Whole OHCs + NA + + NA Jaggeretal., 2011
Adult Apical OHGs + NA NA + High
Vangl2  Pax2-Cre+,Vangl2™**®  Embryo ~ Whole OHGs/IHGs — + NA NA - NA Copleyetal,, 2013
Adult Apical OHGs/IHG + NA NA - Low-high
Ik Pax2-Cre;lck 1o/fiox Pup Apical/middle ~ OHCs/IHGs  + + + - NA Present study
Adult Apical/middle ~ OHCs/IHGs — + + + - Low-middle
Ik '~ Embryo  Apical/middle  OHCs/HCs  + + + - NA

NA, Not available

ing of kinocilium relative to the bundle vertex and accumulation
of Ift88 at the tip of kinocilium. Previously, we reported that Ick
may regulate disassembly between IFT-A and IFT-B subcom-
plexes in mouse embryonic fibroblasts (MEFs) (Chaya et al.,
2014). Accumulation of Ift88 at the tip of the kinocilium indicates
that, in HCs, Ick may control transport switching at the tip of the
kinocilium. Considering our data together with previous obser-
vations suggests that ciliary dysfunction induces the abnormal
coupling of the kinocilium and stereociliary bundles, resulting in
PCP defects.

In addition, Ick-deficient cochlea displayed elongated cilia in
SCs. Why are cilia in Ick-deficient cochlea elongated? Ciliary
length is controlled by the precise balance between tubulin as-
sembly and disassembly. These processes require a highly con-
served IFT system, which is a bidirectional movement of the
protein complex. Tubulin is transported by IFT and simple dif-
fusion. In growing cilia, the concentration of soluble tubulin
transported by IFT increases, resulting in the elongation of axon-
emal microtubules (Craft et al., 2015). Tubulin disassembly is
promoted by proteins possessing microtubule-depolymerizing
activity (Blaineau et al., 2007; Kobayashi et al., 2011; Niwa et al.,
2012). We showed that disruption of Ick leads to Ift88 accumu-
lation at the tip of cilia and cilia elongation in SCs in the cochlea,
suggesting that IFT dysfunction causes abnormally elongated
cilia in the Ick~’~ cochlea. It was reported previously that Ick
knockdown increased cilia length and that IFT speed is regulated
by Ickin cultured cells (Broekhuis et al., 2014). A loss of IFT speed
control by Ick is a possible mechanism underlying the cilia elon-
gation in the Ick~/~ cochlea. Although several studies reported
elongated cilia in Ick knockdown-cultured cells and in Ick-
deficient mouse embryonic limb buds (Broekhuis et al., 2014;
Moon et al., 2014; Paige Taylor et al., 2016), we and others ob-
served shortened cilia in the Ick-deficient neural tubes, Ick-
deficient MEFs, and primary fibroblasts derived from a human
ECO patient (Chaya et al., 2014; Oud et al., 2016). Ick may control
ciliary length by different mechanisms in different cell types. Fu-
ture analysis will be needed to clarify the molecular mechanisms
by which Ick controls cilia formation and contributes to PCP
establishment in the inner ear.
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