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Abstract Defective primary cilia cause a range of diseases known as ciliopathies, including
hearing loss. The etiology of hearing loss in ciliopathies, however, remains unclear. We analyzed
cochleae from three ciliopathy mouse models exhibiting different ciliogenesis defects: Intraflagellar
transport 88 (Ift88), Tbc1d32 (a.k.a. bromi), and Cilk1 (a.k.a. Ick) mutants. These mutants showed
multiple developmental defects including shortened cochlear duct and abnormal apical patterning
of the organ of Corti. Although ciliogenic defects in cochlear hair cells such as misalignment of the
kinocilium are often associated with the planar cell polarity pathway, our results showed that inner
ear defects in these mutants are primarily due to loss of sonic hedgehog signaling. Furthermore, an
inner ear-specific deletion of Cilk1 elicits low-frequency hearing loss attributable to cellular changes
in apical cochlear identity that is dedicated to low-frequency sound detection. This type of hearing
loss may account for hearing deficits in some patients with ciliopathies.

Introduction

The primary cilium is a microtubule-based organelle protruding from the apical surface of nearly all
animal cells (Goetz and Anderson, 2010). This microtubular projection is anchored by the basal
body and enveloped by the plasma membrane. The formation and maintenance of primary cilia are
regulated by a dynamic transport system known as intraflagellar transport (IFT), which is the bidirec-
tional cargo transport system gated by ciliary appendages (Goetz and Anderson, 2010). The ciliary
cargos include proteins that make up the cilium, as well as various signaling receptors and effectors.
Such enrichment of various signaling components within a slender cellular apparatus may be a good
strategy to improve sensitivity to receiving signals, making the primary cilium an efficient receiving
center (Goetz and Anderson, 2010; Pala et al., 2017).

Primary cilia are known to play crucial roles in animal development and homeostasis by mediating
various signaling pathways including sonic hedgehog (SHH), WNT, platelet-derived growth factor
(PDGF), TGF-B, Notch, and mechanosensation (Christensen et al., 2017, Nishimura et al., 2019).
The planar cell polarity (PCP) pathway, which is associated with non-canonical WNT signaling, has
also been implicated with primary cilia (Wallingford, 2012). Thus, gene mutations affecting ciliary
formation and function elicit a broad spectrum of genetic disorders known as ciliopathies
(Nishimura et al., 2019; Reiter and Leroux, 2017). Hearing loss is one of the sensorineural defects
commonly observed in ciliopathies (Esposito et al., 2017; Lindsey et al., 2017; Reiter and Leroux,
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2017; Ross et al., 2005), yet the etiology of hearing loss in relation to ciliary defects remains
unclear.

The organ of Corti is the peripheral auditory sensory organ of the inner ear, comprised of mecha-
nosensory hair cells (HCs) and various supporting cells (SCs). Primary cilia are present in both HCs
and SCs, with those in HCs known as kinocilia. The role of kinocilia has been highlighted by their
polarized migration to the abneural (lateral) side of the HC, which guides the subsequent orientation
of actin filament-rich stereociliary (hair) bundles. Thus, a hair bundle, arranged in a three-row stair-
case pattern, is positioned such that the tallest row is closest to the kinocilium (Figure 2A). Notably,
the hair bundle of outer hair cells (OHCs) is V-shaped, with its vertex located directly adjacent to the
kinocilia at the abneural side (Figure 2A). Mutants lacking kinocilia due to mutations in genes encod-
ing the IFT complex such as [ft88, Ift20, and Kif3a exhibit abnormal hair bundle orientation and mor-
phology as well as random localization of the basal body, which forms the basis for the kinocilium
(Jones et al., 2008; May-Simera et al., 2015; Sipe and Lu, 2011). The kinocilium-directed uniform
orientation of hair bundles is considered essential for efficient responses to sound vibrations and
normal hearing. However, recent studies have indicated that defective hair bundle polarity is not
always associated with hearing loss, as is observed in Ttc8” (a.k.a. Bbs8”") and Alms1” mutant
mice, in which hearing is normal until several months after birth despite evident neonatal polarity
defects (Collin et al., 2005; Jagger et al., 2011, May-Simera et al., 2015). These results suggest
that polarity defects may not account for all instances of hearing loss observed in ciliopathies.

Other than polarity defects, mutants lacking primary cilia exhibit severe shortening of cochlear
ducts, which may lead to hearing loss due to cochlear hypoplasia or Mondini disorders (Jones et al.,
2008; May-Simera et al., 2015; Montcouquiol and Kelley, 2020; Sipe and Lu, 2011). Considering
the role of primary cilia in PCP signaling, which provides the directionality for convergent extension
(Rida and Chen, 2009; Wallingford, 2010), cochlear shortening in ciliary mutants could result from
abnormal PCP signaling. However, research has shown that Tmemé7 and Bbs8 (a.k.a. Ttc8) mutant
ciliopathy models or inner ear-specific Vangl2 mutants showed normal cochlear lengths despite
exhibiting severe polarity defects (Abdelhamed et al., 2015, Copley et al., 2013, May-
Simera et al., 2015). These data suggest that PCP signaling may be uncoupled from cochlear exten-
sion and that there may be an additional role of primary cilia in promoting cochlear extension.

In this study, to better understand the role of primary cilia in the cochlea, we analyzed cochlear
phenotypes in three different categories of ciliopathy mouse models, including no cilia (/ft88
mutants), morphologically defective cilia (Tbc1d32P™°™ mutants), and abnormally elongated cilia
(Cilk1 mutants) (Jones et al., 2008; Ko et al., 2010; Moon et al., 2014). Comparative analysis of
our results and previous studies suggest that there are two categories of cochlear phenotypes in cili-
opathy models: one associated with impaired SHH signaling and the other without SHH-associated
defects. Our work suggests that dysregulation of SHH signaling is an important consideration for the
etiology of hearing loss in ciliopathies.

Results

Primary cilia are required for SHH signal transduction in the inner ear
primordium

To investigate the role of primary cilia in inner ear development, we first examined whether primary
cilia are present in the otocyst, or inner ear primordium, at embryonic day (E) 10.5 (Figure 1). Pri-
mary cilia were visualized by immunostaining with antibodies against ARL13B and y-tubulin, which
are localized to the ciliary membrane and basal body, respectively (Cantagrel et al., 2008). Primary
cilia were observed in otic epithelium projecting toward the lumen of the otocyst (Figure 1B, Ba, C)
and in the periotic mesenchyme (Figure 1Bb). The abundance of primary cilia appeared to be pro-
portional to the thickness of the otic epithelium, higher in the ventral and medial regions than in the
dorsolateral region (Figure 1B,C; Figure 1—figure supplement 1). SHH target genes including
Ptch1 and Gli1 are most strongly expressed in the ventral and medial regions, closer to the SHH
sources such as the floor plate and notochord (Figure 1G’), than in the dorsal and lateral regions
(Figure 1G-I). Interestingly, the abundance of ciliated cells in each otic region is generally correlated
with the expression levels of SHH target genes (Figure 1—figure supplement 1).
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Figure 1. Sonic hedgehog signaling is affected in 1ft88 cKO otocysts. (A-C) In E10.5 wild-type embryos, primary cilia visualized by ARL13B and y-tubulin
immunostaining were observed in the otic epithelium (B, Ba, C) and periotic mesenchyme (Bb). (D-F) In It88 cKO embryos, primary cilia were
disappeared in the otic epithelium (E, Ea, F) but not in periotic mesenchyme (Eb). (G-I, L-N) Shh is expressed in the floor plate (G, G, L, L"; black
arrowheads) and notochord (G, G, L, L'; black arrows) in both E10.5 wild-type and Ift88 cKO embryos. Yellow arrows and arrowheads indicate the
endolymphatic duct and vertical pouch, respectively. The sonic hedgehog (SHH) target genes, Ptch1 and GliT, are expressed in a graded pattern,
stronger in the ventral and medial regions and weaker in the dorsolateral region of the otocyst in wild-type embryos (H, 1), but dramatically decreased
in Ift88 cKO embryos (M, N; red arrows). (J, K) In E11.5 wild-type otocysts, Otx2 is expressed in the lateral side of the developing cochlea and Msx1 is
expressed in the apical tip of the cochlea (K; arrowhead). (O, P) In [ft88 cKO otocysts, while Otx2 expression appears normal, Msx1 expression is
completely downregulated (P; red asterisk). nt, neural tube; ot, otocyst. In all images, dorsal is up and lateral is right. Scale bar in A, 200 um, also
applies to D; scale bar in B, 20 um, also applies to C, E, F; scale bar in Ba, 3 um, also applies to Bb, Ea, Eb; scale bar in G, 200 um, also applies to H-P.
The online version of this article includes the following source data and figure supplement(s) for figure 1:

Figure supplement 1. Quantification of cilia number and sonic hedgehog (SHH) target gene expression in the inner ear.
Figure supplement 1—source data 1. Raw data for cilia number and in situ hybridization signal intensity shown in Figure 1—figure supplement 1.

To examine the role of primary cilia in the otocyst, we ablated primary cilia in the otic epithelium
by crossing Ift88™f mice with Pax2-Cre mice. IFT88 is an IFT-B component that is essential for anter-
ograde transport along the cilia (Pazour et al., 2000), and Pax2-Cre mice induce Cre-mediated
recombination in the otic placode as early as six to seven somite stages (Ohyama and Groves,
2004). In E10.5 Pax2-Cre; 1ft88™" (1£t88 conditional knockout [cKOJ) embryos, primary cilia were spe-
cifically ablated in the otic epithelium (Figure 1Ea), but not in the periotic mesenchyme
(Figure 1Eb), compared to controls (Figure 1A-C). Although Shh expression in the ventral midline
structures, floor plate and notochord, was not downregulated in [ft88 cKO embryos (Figure 1G,L;
black arrowhead and arrow), SHH target genes including Ptch1 and Gli1 were significantly
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downregulated in the otic epithelium but not in the periotic mesenchyme (Figure 1H,I,M,N; Fig-
ure 1—figure supplement 1). The dorsal otocyst showed relatively normal morphology with the
endolymphatic duct and vertical pouch (Figure 1G,L; yellow arrow and arrowhead); however, the
ventral tip of the cochlear primordium was not as prominent as that in wild-type embryos
(Figure 1H,I,M,N; black and red arrows). Consistent with these results, expression of Msx1 at the tip
of apical cochlea, which requires strong SHH signaling (Figure 1K, arrowhead, Son et al., 2015),
was not detected in [ft88 cKO embryos at E11.5 (Figure 1P; red asterisk). In contrast, expression of
Otx2, which requires a relatively lower level of SHH signaling than Msx1 (Bok et al., 2007,
Morsli et al., 1999; Riccomagno et al., 2002), was comparable between Ift88 cKO and wild-type
embryos (Figure 1J,0). These results suggest that primary cilia are required for normal SHH signal
transduction in the inner ear primordium, particularly the strong SHH activity required for apical
cochlear patterning.

Cochlear phenotypes in three different types of ciliary mutants

Next, we examined the role of primary cilia in cochlear development and HC differentiation by ana-
lyzing the cochlear phenotypes of three different types of ciliary mutants, whose ciliogenesis pheno-
types have been characterized in other tissues: (1) Pax2-Cre; 11t88™"* (1ft88 cKO) mutant lacking
primary cilia (Haycraft et al., 2007, Jones et al., 2008), (2) Thc1d32°°™ mutant, generated by
ENU-mutagenesis and exhibiting defective ciliary morphology such as swollen or bulbous cilia
(Ko et al., 2010), and (3) Cilk1 (also called Ick) knockout mutant exhibiting abnormal ciliary length
(Moon et al., 2014). Cochleae were dissected at E18.5 and stained with phalloidin and anti-ARL13B
antibody to visualize stereociliary bundles and primary cilia, respectively (Figure 2).

In wild-type mice, the cochlear length reached one and a three-quarter turns by E18.5
(Figure 2B), and the organ of Corti showed a progression of HC differentiation from base to apex,
with morphologically more organized mature HCs at the base (Figure 2C), compared to less orga-
nized immature HCs toward the apex (Figure 2D, E). Kinocilia were present at the vertex of V-shaped
stereociliary bundles in mature HCs at the base (Figure 2Ca, Cb; yellow arrows) and in the center of
immature HCs at the apex (Figure 2Ea; yellow arrows). Primary cilia were found in SCs, such as Dei-
ters’ cells (Figure 2Ca; white arrows) and pillar cells (Figure 2Cb; white arrowheads).

In Ift88 cKO mutants, kinocilia in HCs and primary cilia in SCs were mostly absent (Figure 2F-J).
As previously reported (Jones et al., 2008), Ift88 cKO mutants exhibited shortened cochlear ducts
with multiple extra rows of HCs at the apex and severe hair bundle polarity defects (Figure 2F-I,U).
Total HC number was significantly reduced proportional to the decreased cochlear length
(Figure 2U,V). We also observed that HCs were prematurely differentiated based on the hair bundle
morphology of the apical HCs, compared to wild types (Figure 2E,l). Interestingly, ectopic vestibule-
like HCs were observed in the non-sensory region of Kélliker's organ in Ift88 cKO cochlea
(Figure 2J; n = 4/4).

In Thc1d32°°™ mutants, cochlear length was also shortened (Figure 2K,U), with multiple extra
rows of HCs at the apex (Figure 2M,N) and with a significant decrease in total HC number propor-
tional to the shortened cochlear length (Figure 2U,V). Kinocilia were significantly elongated, com-
pared with wild-type cochlea (Figure 2T), and ciliary tips were often swollen (Figure 2—figure
supplement 1A-F, red arrow). Despite the presence of kinocilia in HCs, ARL13B-positive primary
cilia were not detected in most SCs including Deiters’ cells (Figure 2La; asterisks) and pillar cells
(Figure 2Lb; asterisks). The presence of SCs was confirmed by SOX2 immunostaining (Figure 2—fig-
ure supplement 1G-L). Similar to Ift88 cKO, Tbc1d32°7™ mutants exhibited premature HC differ-
entiation (Figure 2N), compared to wild type (Figure 2E). Similar to [ft88 cKO, Thc1d32brom
mutants also showed ectopic vestibule-like HCs in the non-sensory region of the Kélliker's organ
(Figure 20; n = 3/4) and adjacent to inner hair cells (IHCs) (Figure 2M; yellow arrowheads).

In Cilk1 KO mutants, both kinocilia of HCs and primary cilia of SCs were significantly elongated
compared with those in wild-type cochlea (Figure 2Q-S,T). Some of the SCs from Cilk1 KO mutants
lacked primary cilia (Figure 2Qa; asterisk). Cochlear length was significantly shortened, but longer
than those in Ift88 cKO and Tbhc1d32°™ mutants (Figure 2P,U), and the total number of HCs was
also higher (Figure 2V). HCs appeared slightly more mature than wild type based on a more orga-
nized pattern and stereociliary bundles in the apex (Figure 25).

Due to the shortened cochlear length of ciliary mutants, the absolute distances of 90% of the
length from the basal end of Tbc1d32°°™, Ift88, and Cilk1 mutant cochlea correspond to 52%, 58%,
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Figure 2. Cochlear phenotypes of three ciliary mutants at E18.5. (A) Schematic diagram of E18.5 organ of Corti. OHC, outer hair cell; IHC, inner hair
cell; DC, Deiter's cell; OPC, outer pillar cell; IPC, inner pillar cell. (B-E) In E18.5 wild-type cochlea, stereociliary bundles and primary cilia were visualized
by staining with phalloidin (red fluorescence) and immunostaining with anti-ARL13B antibody (green fluorescence), respectively. Images of organ of
Corti from 10% (base), 75% (mid-apex), and 90% (apex) cochlear positions from the basal end show a progression of HC differentiation from base to

Figure 2 continued on next page

Moon et al. eLife 2020;9:e56551. DOI: https://doi.org/10.7554/eLife.56551

5 of 28


https://doi.org/10.7554/eLife.56551

e Llfe Research article

Figure 2 continued

Developmental Biology

apex based on overall organization and stereociliary bundles in the hair cells (HCs). White brackets indicate one row of IHCs and three or more rows of
OHCs. Magnified images show kinocilia of OHCs (Ca, Cb, Ea; yellow arrows) and primary cilia of Deiters’ cells (Ca; white arrows) and pillar cells (Cb;
white arrowheads). (F=J) In [ft88 cKO mutants, cochlea shows a severe shortening (F), premature HC differentiation (G-), and multiple extra rows of
OHCs in the apex (H, 1). Both kinocilia and primary cilia are absent from most HCs and supporting cells (SCs) (Ga, Gb; asterisks). Ectopic vestibule-like
HCs are present in the Kalliker's organ (J). (K=O) In Thc1d32°7™ mutants, cochlea shows a severe shortening (K), premature HC differentiation (L-N),
and multiple rows of OHCs in the apex (M, N). Kinocilia of HCs are present (La; yellow arrow) but primary cilia in the SCs are missing (La, Lb; asterisks).
Ectopic vestibule-like HCs are present adjacent to inner HCs (M; yellow arrowheads) and in the Kalliker's organ (O). (P=S) In CilkT KO mutants, cochlea
shows a slight shortening (P), slightly premature HC differentiation (Q-S), and increased OHCs in the apex (S). Both kinocilia and primary cilia are
abnormally elongated (Qa, Qb) and primary cilia are often absent from SCs (Qa; asterisk). Scale bar in B, 500 um, also applies to F, K, P; scale bar in C,
10 um, also applies to D, E, G-I, L-N, Q-S; scale bar in Ca, 2 um, also applies to Cb, Ea, Ga, Gb, La, Lb, Qa, Qb; scale bar in J, 2 um, also applies to
O. (T-V) Quantification of ciliary lengths (T; measured from at least 100 cells from three or more embryos for each genotype), cochlear lengths (U;

n = 5-7 embryos for each genotype), and HC numbers (V; n = 3-5 embryos for each genotype). Values and error bars represent the mean =+ standard
deviation. Statistical comparisons were made using the two-tailed Student’s t-test (**p<0.01, ***p<0.001).

The online version of this article includes the following source data and figure supplement(s) for figure 2:

Source data 1. Raw data for cilia length, cochlear length, and HC number shown in Figure 2.
Figure supplement 1. SEM and immunofluorescent images of hair cells (HCs) of The1d32°7°™ mutants.

Figure supplement 1—source data 1. Raw data for quantification of abnormal cilia shown in Figure 2—figure supplement 1.

Figure supplement 2. Comparison of hair cells (HCs) located at the same distance from the basal end of wild-type and ciliary mutant cochlea.
Figure supplement 3. Premature hair cell differentiation in ciliary mutant cochlea.

and 75% of the length of wild-type cochlea, respectively (Figure 2—figure supplement 2A). Inter-
estingly, when comparing HCs located at the same distance, the differentiation status of the apical
HCs of ciliary mutants looked similar to (Cilk1T mutants) or mildly more mature (Thc1d32brom
Ift88 mutants) compared to wild types (Figure 2—figure supplement 2B-E). These results may sug-
gest that HC differentiation proceeds faster in ciliary mutants due to the shorter length of the
cochlea.

and

Premature HC differentiation in ciliary mutants was further confirmed by examining expression
patterns of genes essential for HC differentiation such as Atoh1 and Pou4f3. In E17.5 wild-type
cochlea, Atoh1 and Pou4f3 were expressed from the base to mid-apex, but not in the apex (Fig-
ure 2—figure supplement 3A-B; asterisks). In contrast, both genes were expressed in the entire
duct, including the apex in the ciliary mutant cochleae (Figure 2—figure supplement 3C-H; red
arrows), confirming that HC differentiation proceeds faster in ciliary mutants than in wild-type
controls.

These analyses revealed that there are several common cochlear phenotypes among the three cil-
iary mutants (Table 1). First, all three mutants showed defective cochlear elongation with varying
severity, with Thc1d32P™™ and 1ft88 cKO more severe than Cilk1 KO mutants (Figure 2U). Second,
total HC number decreased in proportion to the severity of cochlear shortening (Figure 2V). Third,
there were multiple rows of HCs in the apical cochlea, with Thbc1d32°™™ and Ift88 cKO mutants
more severe than Cilk1 KO mutants (Figure 2), which could be related to the shortened cochlea.
Fourth, all three mutant cochleae showed premature HC differentiation, with Thc1d32P™ and Ift88
cKO mutants more severe than Cilk1 KO mutants (Figure 2). Fifth, ectopic vestibule-like HCs were
present in the non-sensory region of the Kélliker's organ in Thc1d32°™ and ft88 cKO mutants
(Figure 2J,0). These common cochlear phenotypes of ciliary mutants closely resembled phenotypes
observed in mutants with impaired SHH signaling (Table 1; Bok et al., 2005; Bok et al., 2007,
Bok et al., 2013; Brown and Epstein, 2011; Driver et al., 2008; Riccomagno et al., 2002;
Tateya et al., 2013), suggesting that most cochlear defects observed in ciliary mutants may be due
to abnormal SHH signaling.

SHH signaling is impaired in the developing cochlea of ciliary mutants

We examined whether SHH signaling is impaired in ciliary mutant cochleae at E14.5, an age when
SHH signaling is active with an apical-to-basal gradient and regulates various essential cochlear
developmental processes (Bok et al., 2013; Liu et al., 2010). SHH signaling was determined by ana-
lyzing SHH target genes, including Ptch1 and Gli1, by in situ hybridization and quantitative real-time
PCR (gPCR) (Figure 3). To visualize expression gradients along the cochlea, we semi-quantified the
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Table 1. Comparisons of cochlear phenotypes of ciliary mutants and sonic hedgehog (SHH) pathway mutants*.

Impaired SHH signaling Defective primary cilia
No
Loss of SHH from both Loss of SMO after cilia  Abnormal Abnormal
midline and ganglion Defective Loss of SHH from cochlear All (Ift88 morphology length
sources’ GLI? ganglion source® specification® combined cKO) (Thc1d32P™™) (Cilk1 KO)
Complete loss of +++ - - - +++ — — —
cochlea
Shortened n.a. +++ +++ + +++ +++ e+ +
cochlea
Reduced HC n.a. n.d. +++ + +++ +H+ +
number
Premature HC ~ n.a. n.d. +++ + +++ +++ e+ +
differentiation
Multiple rows of n.a. +++ +++ - +++ +H+ -
HCs in the apex
Ectopic n.a. + n.d. n.d. + + + -
vestibule-like
HCs
Reversed HC n.a. n.d. +++ - +++ +++ et
differentiation
wave
Defective apical n.a. + - n.d. + + + +
identity
Low-frequency  n.a. +* n.d. + + na. na. +
hearing loss
Impaired SHH ~ +++ +++ +++ n.d. +++ +++ e+ ++
signaling
Defective hair n.a. - - - - +++ - -

bundle polarity

*This table summarizes cochlear phenotypes of ciliary mutant mice (this study) and SHH signaling mutant mice (previous reports).

+sign indicates the presence of defective phenotype. '+++" indicates that the phenotype is severe, '++" intermediate, and '+" mild.

—sign indicates the absence of defective phenotypes.

n.a. not applicable due to embryonic lethality or structural loss.

n.d. not determined.

"(Bok et al., 2007, Brown and Epstein, 2011; Riccomagno et al., 2002).

%(Bok et al., 2007, Driver et al., 2008).

*Bok et al., 2013; Son et al., 2015).

Y(Tateya et al., 2013).

*Hearing data are obtained from human patients with Pallister—Hall syndrome (Driver et al., 2008).

intensity of in situ hybridization signals in all cochlear sections (Figure 3—figure supplement 1). The
strongest intensity among all wild-type sections was set to 100%, and the relative intensity of each
section (Y-axis) was plotted according to the section number starting from the base to the apex (X-
axis). Consistent with the shortened cochlear lengths (Figure 2), the number of cochlear sections of

ciliary mutants was much less than that of wild-type controls (Figure 3—figure supplement 1).

In wild-type controls, direct targets of SHH signaling such as Ptch1 and Gli1 are expressed in a
graded pattern, stronger in the apex and gradually weaker toward the base (Figure 3A,B). In Ift88
cKO and Tbc1d32°™™ mutants, expression levels of Ptch1 and Gli1 were dramatically decreased in
the shortened cochlea and lost the typical apical-to-basal gradients (Figure 3E,F,J,K; Figure 3—fig-
ure supplement 1). In Cilk1 KO mutants, expression levels of Ptch1 and Gli1 were also reduced, but
to a lesser extent than in Thc1d32°°™ and Ift88 cKO mutants (Figure 30,P; Figure 3—figure sup-
plement 1). Our gPCR results confirmed that expression levels of Ptch1 and Gli1 were significantly
reduced in all three ciliary mutant cochleae, and Thc1d32°°™ and Ift88 cKO mutants showed a
much greater reduction than CilkT KO mutants (Figure 3I,N,S). These results indicate that SHH sig-

naling is compromised at varying degrees in all three ciliary mutants.
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Figure 3. Impaired sonic hedgehog (SHH) signaling and reversed wave of HC differentiation in ciliary mutant cochleae. (A-D) In E14.5 wild-type
cochlea, SHH target genes Ptch1 and Gli1 are expressed in a graded pattern of stronger in the apex (A, B; arrows) and weaker toward the base. Atoh1
expression representing HC differentiation is observed in the base and middle cochlear turns but not in the apical turn (C; arrows), whereas Sox2
expression representing prosensory domain is observed in all cochlear turns (D). (E-H) In Ift88 cKO cochlea, Ptch1 and Gli1 are greatly downregulated

Figure 3 continued on next page
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(E, F; asterisks). Atoh1 is ectopically expressed in the apex (G; red arrow) but not in the base (G; red asterisk). (J-M) In Thc1d32°™™ mutant cochlea,
Ptch1 and Gli1 are greatly downregulated (J, K; asterisks). Atoh7 is ectopically expressed in the apex (L; red arrow) but not in the base (L; red asterisk).
(O-R) In Cilk1 KO cochlea, Ptch1 and Gli1 are downregulated (O, P; asterisks). Unlike Ift88 cKO and Thc1d32°™™ mutants, Atoh1 is expressed in the
base and middle turns (Q; arrows). (I, N, S) Quantitative real-time PCR analyses to determine expression levels of Ptch1 and GliT in the cochleae of Ift88
cKO (n = 4), The1d32°™™ (n = 3), and Cilk1 KO (n = 4) mutants relative to wild-type controls (n = 3). Values and error bars represent the mean +
standard error. Statistical comparisons were made using two-tailed Student’s t-test (*p<0.05, **p<0.01). (T-V) E14.5 whole cochlear images stained with
phalloidin and anti-MYO7A antibody. In wild-type controls, MYO7A immunofluorescence is detected in the basal cochlea region (T, Ta; 25% from basal
end) but not in the apical region (Tb; 75% from basal end). In Thc1d32°™™ and Ift88 cKO mutants, MYO7A immunofluorescence is detected in the
apical cochlear region (Ub, Vb; 75% from basal end) but not in the basal region (Ua, Va; 25% from basal end). Scale bar in A, 100 um, also applies to B-
R; scale bar in T, 500 um, also applies to U and V; scale bar in Ta, 20 um, also applies to Tb, Ua, Ub, Va, and Vb.

The online version of this article includes the following source data and figure supplement(s) for figure 3:

Source data 1. Raw data for gRT-PCR assays shown in Figure 3.

Figure supplement 1. Relative signal intensity of in situ hybridization for Ptch1, Gli1, Atoh1, and Sox2 along the cochlea.

Figure supplement 1—source data 1. Raw data for quantification of in situ hybridization signal intensity of [t88cKO.

Figure supplement 1—source data 2. Raw data for quantification of in situ hybridization signal intensity of Thc1d32bromi.

Figure supplement 1—source data 3. Raw data for quantification of in situ hybridization signal intensity of Cilk7KO.

Defective ciliogenesis causes a reversal of HC differentiation wave
In the developing cochlea, the terminal mitosis of HC precursors starts from the apical region and
spreads toward the basal direction, but HC differentiation occurs in an opposite wave from base to
apex (Chen et al., 2002; Lee et al., 2006). Thus, HC precursors in the apex exit from the cell cycle
first, but they are the last to differentiate. This unique basal-to-apical wave of HC differentiation is
known to be controlled by an apex to base gradient of SHH signaling, which inhibits HC differentia-
tion (Bok et al., 2013). We questioned whether the impaired SHH signaling observed in the ciliary
mutants would disrupt this unique HC differentiation pattern. In E14.5 wild-type cochlea, the master
regulator of HC differentiation, Atoh1, was expressed in Sox2-positive pro-sensory domains of the
basal and middle, but not the apical turns, representing a basal-to-apical wave of HC differentiation
(Figure 3C,D; Chen et al., 2002). Notably, in Ift88 cKO and Tbc1d32°°™ mutants, Atoh1 was
expressed in apical, but not basal cochlea (Figure 3G,L; red arrow and asterisk), suggesting a rever-
sal of the HC differentiation wave. By contrast, Atoh1 expression wave was not reversed, showing
the typical basal-to-apical wave in Cilk1 KO mutants (Figure 3Q). These results suggest that HC dif-
ferentiation wave is affected differently depending on the degree of SHH defects in ciliary mutants.
The reversed apical-to-basal wave of HC differentiation in Ift88 cKO and Thc1d32°™°™ mutants
was confirmed by myosin 7a (MYO7a) immunostaining to visualize differentiating HCs and phalloidin
staining to visualize filamentous actin bundles (Figure 3T-V). In E14.5 wild-type controls, MYO7A
immunoreactivity was observed in the basal cochlea (Figure 3T and Ta), but not in the apex
(Figure 3Th). In contrast, in Thc1d32brom (Figure 3U-Ub) and Ift88 cKO (Figure 3V-Vb) mutants,
MYO7A immunoreactivity was detected in the apical cochlea, but not in the base. Such reversal of
the HC differentiation wave has only been reported in mutants in which SHH signaling is disrupted
(Bok et al., 2013). Thus, we speculate that the reversal of HC differentiation wave observed in ciliary
mutants is most likely due to dysregulation of SHH signaling caused by defective ciliogenesis.

Ciliary fre?uenc in the developing cochlea is correlated with the
severity of cochlear defects

To better assess the correlation between deficits in SHH signaling and defects in primary cilia in the
three mutants, we examined the mutant cochleae at E14.5, when SHH signaling is active in the
cochlea (Bok et al., 2013; Son et al., 2015). In E14.5 wild-type cochlea, IHCs had begun differentia-
tion at the base, based on the cortical actin condensation (Figure 4B; bracket and arrowheads), and
primary cilia were present in almost all precursor cells in the cochlear epithelium, regardless of cell
types and stages of differentiation (Figure 4A-D,Q). In contrast, in E14.5 Ift88 cKO cochlea, primary
cilia were absent due to the loss of IFT88, which is required for ciliogenesis (Figure 4E-H,Q), but
cortical condensation was apparent in both IHCs and OHCs along the entire length of the cochlea
(Figure 4F-H; brackets). Unexpectedly, in E14.5 Thc1d32°°™ cochlea, most precursor cells lacked
primary cilia (Figure 4I-L,Q). This phenotype is different from E18.5 Thc1d32°°™ cochlea, which
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Figure 4. Frequency of ciliated cells in E14.75 ciliary mutant cochleae. Immunofluorescent staining of primarily cilia with anti-ARL13B antibody (green)
and cell boundaries with phalloidin (red) of 14.5 cochleae from wild-type (A-D), Ift88 cKO (E-H), Thc1d32°7™ (1-L), and Cilk1 KO (M-P) mice. Brackets
indicate IHC and OHC rows, and arrowheads indicate cells with cortical actin condensation. Higher magnification images showing the lack of
abnormally elongated cilia are displayed for each genotype (Ba, Fa, Ja, Na). Scale bar in A, 500 um, also applies to E, I, and M; scale bar in B, 10 um,
also applies to C, D, F-H, J-L, and N-P. (Q) Percentages of ciliated cells are quantified in basal, middle, and apical regions of the cochlea from each
genotype. The presence or absence of primary cilia is determined from at least 150 cells per region (at least 450 cells per embryo) from three different

Figure 4 continued on next page
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Figure 4 continued

embryos for each genotype embryos. (R) Quantification of ciliary lengths measured from at least 100 cells from wild-type (n = 3) and CilkT KO (n = 3)
embryos. Values and error bars represent the mean + standard deviation. Statistical comparisons were made using the two-way ANOVA with Bonferroni
correction for multiple comparisons (**p<0.01, ***p<0.001).

The online version of this article includes the following source data for figure 4:

Source data 1. Raw data for cilia frequency and length shown in Figure 4.

showed a selective absence of primary cilia in the SCs only (Figure 2L-N). These results suggest that
HCs acquire kinocilia, but not SCs, in Thc1d32°°™ mutants at least by E18.5. Cortical condensation
was present in both IHCs and OHCs in the apex (Figure 4L; brackets), but only in IHCs in the middle
and base (Figure 4J,K; brackets and arrowheads), indicating a reversed apical-to-basal wave of HC
differentiation. In E14.5 Cilk1 KO cochlea, abnormally elongated primary cilia were present in 60—
80% of the cells depending on the cochlear region (Figure 4M-P,R). These results show that I{t88
cKO and Tbhc1d32°°™ mutants, which are unciliated in most cochlear cells at E14.5, exhibit more
severe cochlear defects than the ciliated Cilk1 KO mutants. These results are consistent with the
hypothesis that SHH mediates its effects via primary cilia.

Hair bundle polarity is mildly affected in Tbc1d32°™ and Cilk1
mutants, unlike Ift88 mutants

Defective PCP signaling is also associated with shortened cochlea and multiple rows of HCs in the
apex (Etheridge et al., 2008; Montcouquiol et al., 2003). Accordingly, we examined whether PCP
signaling is disrupted in the ciliary mutants by analyzing the basal body positioning as a proxy for
hair bundle orientation, which is regulated by PCP signaling (Jones et al., 2008). Deviation of basal
body positioning was determined by measuring the angle between a line connecting the basal body
to the HC center and a line connecting the centers of three adjacent HCs (Figure 5A; Copley et al.,
2013; Yin et al., 2012). When the basal body was positioned at the abneural (lateral) pole, the angle
was defined as 0°. In E18.5 wild-type cochlea, basal body deviation was generally less than 30° in
either clockwise or counterclockwise directions in IHCs and all three rows of OHCs (OHC1, OHC2,
and OHC3) (Figure 5F). We thus considered a basal body deviation <30° as a normal range,
although OHC3 often showed deviation >30° probably due to immaturity of apical and middle
cochlear regions at this stage. Figure 5F illustrates the distribution of basal body angles from com-
bined HCs in the base, middle, and apex of cochleae, whereas results from individual regions are
shown in Figure 5—figure supplement 1.

In [ft88 cKO mutants, basal body positioning was significantly deviated from controls especially in
OHCs: 71.5% of OHCs showed deviations >30°, compared to 12.6% in wild-type controls, and devia-
tions extend to +180° (Figure 5F; Figure 5—figure supplement 1). These results confirmed the
severe polarity defects reported in the Ift88 cKO mutants (Jones et al., 2008). In contrast, only
23.0% of OHCs in Thc1d32°™°™ mutants exhibited deviations of >30° and 9.94% in Cilk1 KO mutants
(Figure 5F; Figure 5—figure supplement 1), and the deviations were seldom greater than 60"
These results indicate that unlike Ift88 cKO, basal body positioning is only mildly affected in
Tbc1d32°7™ and Cilk1 KO mutants.

It was previously reported that Cilk1 KO cochleae show greater deviation of kinocilia positioning
in the middle but not basal turn (Okamoto et al., 2017). We also observed similar results, in which
basal body deviations >30° in OHCs of Cilk1 KO cochleae were more common in the middle (13.4%)
than basal (5.8%) and apical (10.0%) regions (Figure 5—figure supplement 1). In Thc1d32brom
mutants, OHCs with deviations >30" were more common in all cochlear regions (base 23.8%, middle
22.0%, and apex 22.9%), compared to those in wild-type controls (base 2.9%, middle 19.0%,
and apex 17.8%) (Figure 5—figure supplement 1). These results indicate that deviations of basal
body positioning in Cilk1 KO and Tbc1d32°™ mutants are much milder than those of Ift88 cKO
mutants (base 71.0%, middle 75.4%, and apex 67.9%), suggesting that PCP defects based on kinoci-
lia alignment are fairly mild in Tbc1d32°°™ and Cilk1 KO mutants. Moreover, it has been reported
that the localization of core PCP proteins is unaffected in the cochlea of ciliary mutants, including
Ift88 and Cilk1 mutants (Jones et al., 2008; Okamoto et al., 2017). We also observed normal locali-
zation of FZDé in Tbc1d32°™°™ mutants (Figure 2—figure supplement 1). Together, these results
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Figure 5. Deviation of basal body positioning in the three ciliary mutants. (A) Diagram showing how to measure
the deviation of basal body position. When the basal body is positioned at the abneural side of HCs, the angle
was defined as 0°. The basal position was determined by measuring angles deviated from the abneural side. (B-E)
Whole mount cochlear images of WT and the three ciliary mutants stained with phalloidin to visualize F-actin (red)
and anti-y-tubulin antibody to visualize basal bodies (green). (F) Percentages of HCs showing the degrees of basal
body deviation in each genotype. Angles are measured from at least 100 hair cells per embryo from at least three
different embryos for each genotype. Scale bar in B, 20 um, also applies to C-E.

The online version of this article includes the following source data and figure supplement(s) for figure 5:

Source data 1. Raw data for basal body positioning shown in Figure 5.

Figure supplement 1. Deviation of basal body positioning in Thc1d32°°™ and Cilk1 KO mutants.

Figure supplement 1—source data 1. Raw data for graphs shown in Figure 5—figure supplement 1A-C.
Figure supplement 1—source data 2. Raw data for graphs shown in Figure 5—figure supplement 1D.
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suggest that PCP defects in the otic epithelium are unlikely to be a primary cause of cochlear short-
ening defects in ciliary mutants.

Apical cochlear specification is affected in ciliary mutants

In addition to cochlear extension and HC differentiation, a gradient of SHH signaling plays a crucial
role in specifying regional cochlear identity along the cochlea duct that prefigures tonotopic organi-
zation (Son et al., 2015), which based on differences in HC morphology and physiology, allows HCs
at the basal cochlea to tune to high frequency sounds and those at the apex to lower frequencies.
We wondered whether defective ciliogenesis leads to changes in regional cochlear identity. This was
accomplished by analyzing expression patterns of genes, expressed in either a basal-to-apical or api-
cal-to-basal gradient along the developing cochlea (Figure 6A-P; Son et al., 2015).

In wild-type controls, expression patterns of A2m and Inhba were strongest in the basal end and
gradually weakened toward the apex (Figure 6A,B,Q), whereas expression patterns of Msx1 and Fst
were the opposite, being strongest in the apical end and gradually weaker toward the base
(Figure 6C,D,Q; Son et al., 2015). In Ift88 cKO mutants, while A2m and Inhba basal expression gra-
dients were generally normal (Figure 6E,F, Qa, Qb), Msx1 expression was greatly decreased and
barely detectable in a few apical sections (Figure 6G; red asterisk, and Qa; arrow). Fst expression
was also reduced in the mid-cochlea (Figure 6H; arrowhead) and its apical expression domain was
reduced (Figure 6Qb; arrow). Similarly, Thc1d32°°™ mutant cochlea showed relatively normal basal
expression gradients of A2m and Inhba (Figure 61,J, Qc, Qd), whereas apical expression domains of
Msx1 and Fst were decreased (Figure 6K,L; asterisk and arrowhead, and Qc, Qd). Cilk1 KO mutants
also showed decreases in apical expression gradients of Msx1 and Fst to a lesser extent than Ift88
cKO and Thc1d32°™°™ mutants (Figure 60,P; red asterisk and arrowhead, and Qe, Qf), while there
was no evidence of changes in basal expression gradients of A2m and Inhba (Figure 6\M,N, Qe, Qf).
Based on the changes in the expression gradients of these regional markers (Figure 6Q), all three
ciliary mutants appeared to have apically truncated cochleae due to abnormal specification of apical
cochlea, consistent with a deficit in SHH signaling (Bok et al., 2007; Son et al., 2015), which may
account for the cochlear shortening in these ciliary mutants.

Cilk1 mutants exhibit low frequency hearing loss

We next examined whether abnormal apical cochlear specification during development leads to
tonotopic changes in the mature cochlea, resulting in low frequency hearing loss. Because all three
ciliary mutants are embryonic lethal, we generated an inner ear-specific conditional knockout of the
Cilk1 gene by crossing Foxg1<®* mice with Cilk1"" mice. The Foxg1°"’*; Cilk1"" mutant (Cilk1
cKO) mice can survive until adulthood and reproduce the same cochlear phenotypes of Cilk1 KO
mutants, including abnormal elongation of the cilia, disruption of SHH signaling, shortening of the
cochlea, and abnormal apical cochlear specification (Figure 7—figure supplements 1, 2, and
3). Cilk1 cKO hearing function was examined at 4 weeks by measuring the thresholds of auditory
brainstem responses (ABRs) in response to the click stimuli of broadband mixed sounds (Figure 7A)
or pure tone sounds at individual frequencies (Figure 7B-D). ABR thresholds for click stimuli were
slightly increased in Cilk1 cKO mice, but the threshold shift was not statistically significant
(Figure 7A). In contrast, ABR thresholds for pure tone stimuli were significantly elevated in lower fre-
quencies ranging from 4 to 8 kHz but not in higher frequencies (Figure 7B), indicating a low fre-
quency-specific hearing loss. The elevated ABR thresholds could be a result of a failure of IHCs to
stimulate spiral ganglion neurons or OHCs to function as a cochlear amplifier, or both. The ABR
wave | amplitudes, which reflect the summed responses of auditory nerve fibers, were not signifi-
cantly different between wild-type and Cilk1 cKO mice at low (8 kHz) or high (18 kHz) frequency
sounds (Figure 7C,D). In contrast, the thresholds for distortion product otoacoustic emissions
(DPOAEsS), which indicate cochlear amplifier function of OHCs, were specifically elevated in response
to lower frequencies at 6 and 8 kHz, but not to higher frequencies (Figure 7E). The input/output
function of DPOAE amplitudes confirmed that DPOAE production was significantly decreased in
response to a low frequency (8 kHz), but not to a high frequency (18 kHz), sound in Cilk1 cKO mice
(Figure 7F,G). Together, these results indicate that CilkT cKO mutants suffer from low frequency-
specific hearing loss, most likely due to defective OHC function in response to low frequencies.
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Figure 6. Specification of apical cochlear regional identity is compromised in ciliary mutants. (A-P) Gene
expression patterns of basal cochlear markers (A2m, Inhba) and apical cochlear markers (Msx1, Fst) in cochleae of
E14.75 ciliary mutants. (A-D) In wild-type controls, A2m and Inhba are expressed in the basal cochlear turn (A, B;

Figure 6 continued on next page
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Figure 6 continued

arrows), whereas Msx1 and Fst are expressed in the apical cochlear turns (C, D; arrows). (E-P) In [ft88 cKO,
Tbc1d32°™™ and Cilk1 KO mutants, basal genes (A2m and Inhba) are generally unaffected and maintained in the
basal cochlear turns (E, F, I, J, M, N; arrows). In contrast, Msx1 is greatly downregulated in apical turns (G, K, O;
red asterisks), and Fst is reduced and more restricted in the apical turns (H, L, P; black arrows for strong
expression and arrowheads for weak expression). (Q) Relative signal intensity of in situ hybridization for A2m,
Inhba, Msx1, and Fst along the cochlear duct of wild-type and ciliary mutants. For each gene, the strongest signal
intensity among all wild-type cochlear sections is set to 100%, and the relative signal intensity (Y-axis) of each
cochlear section of wild-type and ciliary mutants is plotted from the base to apex (X-axis). Arrows indicate the
apical end of the shortened cochlear duct of each mutant. Gray boxes below 0% in each graph indicate
background signals. Representative measurement graphs from one wild-type and one mutant cochlea for each
gene are shown. Scale bar in A, 100 um, also applies to B-P.

The online version of this article includes the following source data for figure 6:

Source data 1. Raw data for quantification of in situ hybridization signal intensity shown in Figure 6Q.
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Figure 7. Low frequency hearing loss in 4-week-old Cilk1 cKO mutants. (A-D) Auditory brainstem response (ABR) thresholds of wild-type and Cilk1 cKO
mice are not significantly different in response to click stimuli (A) but are significantly increased in low frequency pure tone stimuli at 4, 6, and 8 kHz but
not in higher frequencies in CilkT cKO mice (B). Input/output function analyses of wave | amplitudes show no significant differences between wild-type
and Cilk1 cKO mice at 8 and 18 kHz (C, D). (E-G) 2f,-f, distortion product otoacoustic emission (DPOAE) thresholds are significantly increased in low
frequencies at 6 and 8 kHz but not in higher frequencies in Cilk1 cKO mice (E). DPOAE input/output function analyses of 2f;-f, DPOAE levels show a
significant reduction at 8 kHz (F) but not at 18 kHz (G) in Cilk1 cKO mice. Values and error bars are mean =+ standard error. Statistical comparisons were
determined using the two-way ANOVA with Bonferroni correction for multiple comparisons (n.s., non-significant, *p<0.05, **p<0.01, ***p<0.001).

The online version of this article includes the following source data and figure supplement(s) for figure 7:

Source data 1. Raw data for ABR and DPOAE analyses shown in Figure 7.

Figure supplement 1. Cochlear phenotypes of Cilk1 cKO mutants at E18.5.

Figure supplement 1—source data 1. Raw data for quantification of cochlear length and cilia length shown in Figure 7—figure supplement 1.

Figure supplement 2. Sonic hedgehog (SHH) signaling is impaired in Cilk1 cKO mutant cochlea.

Figure supplement 2—source data 1. Raw data for gRT-PCR assays and quantification of in situ hybridization signal intensity shown in Figure 7—fig-
ure supplement 2.

Figure supplement 3. Specification of apical cochlear identity is impaired in Cilk1 cKO mutants.

Figure supplement 3—source data 1. Raw data for quantification of in situ hybridization signal intensity shown in Figure 7—figure supplement 3.
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Hair bundle morphology is altered to adopt more basal cochlear
properties in Cilk1 mutants

The low frequency hearing loss due to OHC dysfunction prompted us to examine OHC morphology
in the mature cochlea of 4-week-old Cilk1 cKO mutants. Scanning electron micrographs lacked evi-
dence of IHC and OHC degeneration in Cilk1 cKO cochlea (Figure 8A-F), indicating that the low fre-
quency hearing loss is not due to HC loss in the apical cochlea. We thus examined whether the
tonotopic properties of stereocilia were altered in 4-week-old Cilk1 cKO cochlea. It is well known
that stereocilia lengths are shorter at the base and gradually elongate toward the apex
(Wright, 1984). We measured the stereocilia lengths of OHCs in wild-type and Cilk1 cKO cochleae
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Figure 8. Decreased stereocilia lengths in 4-week-old Cilk1 cKO mutants. (A-L) Scanning electron micrographs of
the organ of Corti of wild-type and Cilk1 cKO mutants. There is no obvious HC degeneration in the base, middle,
and apex of the cochlea (A-F). Higher magnification images show that OHC stereociliary lengths are decreased in
the basal, middle, and apical cochlea of Cilk1 cKO mutants (G-L; brackets). (M) Quantification of stereociliary
lengths of OHCs demonstrate significant decreases along the cochlear duct position in CilkT cKO mutants.
Stereociliary lengths were measured from at least 30 OHCs per each region from three animals per each
genotype. Data are displayed as box plots. Individual dots represent individual data values, the boxes represent a
range of 25-75%, the horizontal lines in the boxes represent the median, the whiskers represent the 5% and 95%
values, and the points outside the whiskers represent outliers. Scale bar in A, 5 um, also applies to B-F; scale bar
in G, 1 um, also applies to H-L. ***p<0.001, as determined by two-way ANOVA with Bonferroni correction for
multiple comparisons.

The online version of this article includes the following source data and figure supplement(s) for figure 8:

Source data 1. Raw data for quantification of stereociliary length shown in Figure 8.

Figure supplement 1. Comparison of OHC stereociliary lengths at the same distance from the basal end of wild-
type and Cilk1 cKO mutant cochlea.

Figure supplement 1—source data 1. Raw data for stereociliary length shown in Figure 8—figure supplement
1.
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from five different tonotopic locations based on a percentage of the overall length. Wild-type
cochlea showed an increasing gradient of stereocilia lengths from base to apex (Figure 8G,I,K,M).
Interestingly, in CilkT cKO cochlea, stereocilia lengths were significantly decreased across all
cochlear regions while maintaining the increasing gradient (Figure 8H,J,L,M). Since the cochlear
ducts were shorter in Cilk1 cKO mutants, we compared stereociliary lengths at the same distance
from the base in wild-type and Cilk1 cKO mutants (Figure 8—figure supplement 1). Interestingly,
stereociliary lengths in the apical regions of Cilk1 cKO mutants were comparable to those in the mid-
dle or mid-apical region of wild-type controls, indicating a loss (or truncation) of the apical cochlea
(Figure 8—figure supplement 1). These results are consistent with the downregulation of apical
cochlear markers in ciliary mutants (Figure 6). These results suggest that the tonotopic gradient of
stereocilia lengths is shifted to adopt more basal features due to a failure of apical cochlea specifica-
tion in Cilk1 cKO cochlea, resulting in low frequency-specific hearing loss (Figure 7).

Discussion

In the current study, we investigated the role of primary cilia in the cochlea to provide insights into
the mechanism of hearing loss in ciliopathies. In addition to the essential role of kinocilia in determin-
ing hair bundle polarity (Jones et al., 2008; May-Simera et al., 2015; Sipe and Lu, 2011), primary
cilia are present in the inner ear primordium long before kinocilia emerge in differentiating HCs and
control multiple cochlear developmental events by mediating SHH signaling (Table 1). Notably, cili-
ary mutants mouse models exhibit low frequency hearing loss resulting from abnormal apical
cochlear specification due to impaired SHH signaling.

Impaired SHH signaling accounts for most cochlear phenotypes of
ciliary mutants

Research has shown that there are two distinct sources of SHH signaling contributing to inner ear
development. SHH signaling from the ventral midline sources, the floor plate and notochord, speci-
fies the dorsoventral otic identity that determines vestibular and cochlear fates and also confers the
apicobasal cochlear identity that prefigures the tonotopic axis (Bok et al., 2007, Brown and
Epstein, 2011; Son et al., 2015). In contrast, SHH signaling from the spiral ganglion neurons located
in the apical cochlea promotes cochlear elongation and determines the timing and wave of HC dif-
ferentiation (Bok et al., 2013; Liu et al., 2010; Son et al., 2015; Tateya et al., 2013). Both sources
provide an SHH activity gradient that is higher in the ventral inner ear (or apical cochlea) and gradu-
ally lower toward the dorsal inner ear (or basal cochlea), and this is mediated by a balance between
GLI activator and repressor activities (Bok et al., 2007; Bok et al., 2013; Driver et al., 2008;
Son et al., 2015).

Thus, inner ear defects may differ depending on when and where SHH signaling becomes
impaired (Table 1). Briefly, when SHH signaling is absent (Shh") or when otic epithelium cannot
transduce SHH signaling at all (FongC’e;Smoﬂ/ﬂ), the cochlea is completely lost (Bok et al., 2007,
Brown and Epstein, 2011; Riccomagno et al., 2002). When SHH signaling is impaired due to defec-
tive GLI activator/repressor functions (Gli2”;Gli3""and Gli32¢?7/2%%%), the cochlea is present, although
it is severely shortened without apical identity and multiple extra rows of HCs are found in the distal
region. Additionally, ectopic vestibular-like HCs are found in the Kélliker's organ (Bok et al., 2007;
Driver et al., 2008). When SHH signaling is absent from the spiral ganglion source (Foxg1";Shh™/#
and Neurog1-CreR™2; Shhf) the cochlea is also shortened with multiple rows of HCs in the apex,
and HCs are differentiated prematurely in a reverse apical-to-basal direction (Bok et al., 2013).
Lastly, when SHH signaling becomes impaired after cochlear specification (Emx2°7:Smo™®, mild
cochlear shortening and premature HC differentiation in the developing cochlea are accompanied
by low frequency hearing loss in the mature cochlea (Tateya et al., 2013).

Our analyses of ciliary mutants, summarized in Table 1, revealed that cochlear phenotypes
induced by ciliary defects encompass all of the defects resulting from impaired SHH signaling
described above, except for a complete loss of the cochlea observed in Shh”” mutants. Although pri-
mary cilia are not essential for cochlear fate specification, these results demonstrate that primary cilia
are required to mediate a multitude of spatiotemporally distinct processes regulated by SHH signal-
ing in the developing cochlea, which are crucial for building a mature cochlea with normal auditory
function.

Moon et al. eLife 2020;9:€56551. DOI: https://doi.org/10.7554/eLife.56551 17 of 28


https://doi.org/10.7554/eLife.56551

e Llfe Research article

Developmental Biology

Temporally distinct roles of primary cilia in the developing cochlea

In addition to SHH signaling, primary cilia have been shown to be associated with PCP signaling,
which is important for hair bundle polarity and cochlear extension (Jones et al., 2008, May-
Simera et al., 2015; Wallingford, 2010). However, the polarity defects are not always associated
with cochlear extension phenotypes such as inner ears that lack Bbs8, Tmemé7, or Vangl2
(Abdelhamed et al., 2015; Copley et al., 2013; May-Simera et al., 2015). Instead, cochlear short-
ening in ciliary mutants appears to be tightly associated with SHH signaling defects (Table 2). For
example, in ciliopathy models exhibiting both cochlear shortening and polarity defects, including
Ift88, Kif3a, Ift27, Cilk1, and Thc1d32°™™ mutants (Figure 2; Jones et al., 2008; May-Simera et al.,
2015; Sipe and Lu, 2011), SHH signaling is impaired (Table 2; Bangs and Anderson, 2017,
Eguether et al., 2018; Huangfu et al., 2003). In contrast, in ciliopathy models displaying polarity
defects but normal cochlear length, including Alms1, Gmap210, Ift25, and Tmemé7 mutants
(Abdelhamed et al., 2015; Leightner et al., 2013; May-Simera et al., 2015), SHH signaling is unaf-
fected (Table 2; Chen et al., 2017, Keady et al., 2012; Chen et al., 2017, Smits et al., 2010).
These results indicate that cochlear shortening is observed in ciliary mutants if SHH signaling is
impaired regardless of polarity defects (Table 2), suggesting that primary cilia regulate cochlear
extension and hair bundle polarity in a temporally and spatially distinct manner. Furthermore, our
results suggest that during early cochlear development, primary cilia act as the signaling center for
SHH signaling to control multiple developmental steps, including cochlear elongation (Figures 2
and 3). Later on, in differentiating HCs, the polarized localization of kinocilia, which reflects the role
of the basal body as a microtubule organizing center, determines hair bundle polarity (Jones et al.,
2008; May-Simera et al., 2015; Sipe and Lu, 2011).

Distinct ciliogenesis mechanisms between primary cilia and kinocilia

An interesting observation in E18.5 Thc1d32°°™ mutants was the selective loss of primary cilia in
SCs but not kinocilia in HCs (Figure 2), suggesting that TBC1D32/BROMI proteins are necessary for
ciliogenesis in primary cilia, but not for kinocilia. Consistent with this, primary cilia are absent from
nearly all precursor cells of Thc1d32°7°™ mutant cochlea at E14.5, when HC differentiation has just
begun and kinocilia have not yet appeared (Figure 4). A similar phenotype has been reported in
Tmemé67 mutant cochlea, where primary cilia are selectively lost in SCs but not HCs
(Abdelhamed et al., 2015). These results indicate that primary cilia in SCs and kinocilia in HCs utilize
distinct ciliogenesis mechanisms, and these results further suggest that molecular constituents and
ciliary function are different between primary cilia and kinocilia. This speculation is consistent with
the distinct roles of primary cilia as SHH signaling center in the developing cochlea and of kinocilia
as a regulator of hair bundle polarity in differentiating HCs.

Possible etiology of hearing loss in ciliopathy models

Based on comparative analysis of our results and previous studies (Table 2), we propose that
cochlear phenotypes of ciliopathy mutants can be categorized into two groups: a group associated
with impaired SHH signaling and the other group without SHH-associated defects.

The first group with defective ciliogenesis with abnormal SHH signaling includes most IFT com-
plex mutants as well as Cilk1 and Thc1d32°™°™ mutants (Table 2). We and others have observed
that Cilk1 cKO mutants, which show relatively mild SHH impairment and survive postnatally, exhibit
low frequency hearing loss at 4-7 weeks (Figures 7 and 8; Okamoto et al., 2017). A previous study
proposed that hair bundle polarity defects are a major cause of low frequency hearing loss in Cilk1
cKO mutants (Okamoto et al., 2017). However, Cilk1 cKO cochlea exhibited only a mild hair bundle
polarity defect (Figure 5). Furthermore, polarity defects do not always result in hearing loss as in the
case of Bbs8” and Alms1” mutants (see below), questioning the direct contribution of polarity
defects to hearing function (Jagger et al., 2011; May-Simera et al., 2015). Our findings here sug-
gest that apical cochlear specification is compromised in Cilk1 cKO mutants due to impaired SHH
signaling, resulting in basally shifted tonotopy and low frequency hearing loss. Consistent with this,
the importance of SHH signaling for low frequency hearing in humans has been demonstrated in
Pallister—Hall syndrome patients, in which SHH activity is impaired due to abnormal GLI activator
function (Driver et al., 2008).
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Primary
cilia Hair Core PCP
(kinocilia) Impaired Shortened Multiple bundle Hair bundle protein
in the SHH cochlear rows of polarity morphology localization Hearing loss
Mutants cochlea signaling duct HCs defect defect defect (HL) Refs.
Ciliopathy Ift88 Absent ++ ++ ++ ++ ++ — (Vangl2/  n.a. This study and
models with Fzd3) Jones et al., 2008;
impaired May-Simera et al.,
SHH 2015
signaling Kif3a Absent ++# ++ ++ T+ ++ — (Dvi2/ n.a. Huangfu et al.,
Fzd3) 2003, Sipe and Lu,
2011
I1ft20 Absent n.d. ++ ++ ++ ++ + (Vangl2) n.a. May-Simera et al.,
2015
Ift27 Present ++# + ++ — + — (Vangl2) na. Eguether et al.,
2018; May-
Simera et al., 2015
Cilk? (Ick) Elongated + + — +/- +/- — (Vangl2)  HL (1 month) low This study and
freq. Okamoto et al.,
2017
Tbc1d32 Malformed ++ ++ ++ +/- +/- n.d. n.a. This study
(bromi) (HC);
absent(SC)
Mks1 Present ++# n.d. n.d. + + n.d. n.d. Cui et al., 2011
Weatherbee et al.,
2009
Cep290  Elongated ++* n.d. n.d. - - n.d. HL (3-4 Hynes et al., 2014;
(Nphpé) months) all freq. Rachel et al., 2012
Ciliopathy Alms1 Present —# n.d. n.d. ++ + n.d. Normal hearing  Chen et al., 2017,
models with (1 month); Collin et al., 2005;
normal HL (6-8 month)  Jagger et al., 2011
gi:raling Gmap210 Present —# - - - + — (Vangl2) n.d. May-Simera et al.,
(Trip11) 2015; Smits et al.,
(or unknown) 2010
Tmemé7 Present _# — — ++ ++ — (Vangl2) n.d. Abdelhamed et al.,
(Mks) (HC); 2015; Lee et al.,
absent(SC) 2017;
Leightner et al.,
2013
1ft25 Present +(E9.5);, — - - - — (Vangl2) n.a. Keady et al., 2012;
(Hspb11) —(E10.5)* May-Simera et al.,
2015
Bbs8 Present n.d. — n.d. ++ ++ + (Vangl2/ Normal hearing May-Simera et al.,
(Ttc8) Gaid) (2 months) 2015
Bbs4 n.d. n.d. n.d. n.d. + + n.d. n.d. Ross et al., 2005
Bbsé Present or n.d. n.d. n.d. + + — (Vangl?2); HL(@3 Ezan et al., 2013,
(Mkks) absent + (Goid) months) in ~50% May-Simera et al.,

tested

2015; Rachel et al.,
2012; Ross et al.,
2005

“This table summarizes cochlear phenotypes of ciliary mutant mice from this and previous studies.

*sign indicates the presence of defective phenotype. ‘+" and ‘++" indicate mild and severe phenotypes, respectively.

“sign indicates the absence of defective phenotype.

n.a. not applicable due to embryonic lethality.

n.d. not determined.

#SHH signaling data are obtained from other tissues (e.g. neural tube, limb) or in vitro assay systems.

In the second group of ciliopathy models, which include Bardet-Bied| syndrome (Bbs4™”", Mkks™"

(Bbs6”), and Bbs8”"), Alstrém syndrome (Alms17), and Meckel-Gruber syndrome (Tmemé677), the
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primary cilia are present with relatively normal SHH signaling and normal cochlear lengths
(Table 2; Abdelhamed et al., 2015; Ezan et al., 2013; Jagger et al., 2011; Leightner et al., 2013;
May-Simera et al., 2015; Rachel et al., 2012; Ross et al., 2005). Despite evident neonatal polarity
defects, hearing loss only develops after 6 months in Bbs8”" and Alms1”" mutants
(Table 2; Collin et al., 2005; Jagger et al., 2011; May-Simera et al., 2015), and this hearing loss is
associated with HC degeneration in Alms 17" mice (Collin et al., 2005; Jagger et al., 2011). Histo-
pathological analysis of human inner ears from Alstrém syndrome patients confirmed the degenera-
tion of cochlear HCs, spiral ganglion neurons, and stria vascularis (Nadol et al., 2015). These results
suggest that hearing loss in the second ciliopathy group with normal SHH signaling is caused by
degeneration of cochlear cells and tissues, which could be due to dysfunction of SHH-independent
ciliary roles or cilium-independent roles of BBS or ALSM1 proteins.

In the current study, we show that primary cilia play multiple essential roles in cochlear develop-
ment and hearing function (Table 1). Comparative analyses of various ciliopathy models (Table 2)
indicate that hair bundle polarity defects, although observed in most ciliopathy models, are unlikely
to be the major cause of hearing loss. Instead, cochlear hypoplasia (shortening) and abnormal tono-
topic organization should be considered as a potential etiology for hearing loss in a group of ciliopa-
thies with defective ciliogenesis leading to impaired SHH signaling.

Materials and methods

Source or reference
The Jackson Laboratory  022409; RRID:IMSR_JAX:022409

Identifiers Additional information

(B6.129P2-I#t88™ 18K/ J)

Genetic reagent
(M. musculus)

C”k»’tmm/tm‘la

Moon et al., 2014

Genetic reagent Thc1d32bromi Ko et al., 2010
(M. musculus)
Genetic reagent Pax2-Cre MMRRC 10569; RRID:MMRRC_010569-UNC

(M. musculus)

(Tg(Pax2-cre)

1Akg/Mmnc)

Genetic reagent
(M. musculus)

Foxg1-Cre

The Jackson Laboratory 004337; RRID:IMSR_JAX:004337

(129(Cg)-Foxg1tmeeIskmy j)

Genetic reagent B6,SJL-Tg The Jackson Laboratory 003800; RRID:IMSR_JAX:003800
(M. musculus) (ACTFLP&)9205Dym/J
Antibody Anti-ARL13B This paper 1:3000
(Rabbit polyclonal)
Antibody Anti-MyoVlla Proteus Biosciences 25-6790; RRID:AB_10015251 1:200
(Rabbit polyclonal)
Antibody Anti-Frizzledé R and D Systems AF1526; RRID:AB_354842 1:200
(Goat polyclonal)
Antibody Anti-y tubulin Sigma Aldrich T3195; RRID:AB_261651 1:500
(Rabbit polyclonal)
Antibody Anti-Sox2 Santa Cruz Biotech sc-17320; RRID:AB 2286684 1:500
(Goat polyclonal)
F-actin probe Alexa Fluor Invitrogen A12380 1:80
568 Phalloidin
Chemical DAPI Invitrogen D1306; RRID:AB_2629482 1 ug/mL
compound, drug
Recombinant Pax2 Morsli et al., 1999 In situ hybridization probe pBluescript Il (KS) backbone
DNA reagent (Plasmid)
Recombinant Otx2 Morsli et al., 1999 In situ hybridization probe pBluescript Il (KS) backbone
DNA reagent (Plasmid)

Continued on next page
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Additional information

Recombinant
DNA reagent

Ptch1_243 (plasmid)

Son et al., 2015

In situ hybridization probe

pBluescript Il (KS) backbone

Recombinant
DNA reagent

Ptch1_617 (plasmid)

Son et al., 2015

In situ hybridization probe

pBluescript Il (KS) backbone

Recombinant
DNA reagent

Gli1 (plasmid)

Son et al., 2015

In situ hybridization probe

pBluescript Il (KS) backbone

Recombinant
DNA reagent

Atoh1 (plasmid)

Bok et al., 2013

In situ hybridization probe

pBluescript Il (KS) backbone

Recombinant Sox2 (plasmid) Son et al., 2015 In situ hybridization probe pCRII-TOPO
DNA reagent
Recombinant Msx1 (plasmid) Son et al., 2015 In situ hybridization probe pCRII-TOPO
DNA reagent
Sequence- AZm_F Son et al., 2015 PCR primers for in situ TCC AGT CCT CTC TGC AGC AT
based reagent hybridization probe
Sequence- A2m_R Son et al., 2015 PCR primers for in situ AGT GAG CCC TTT ACC GGT TT
based reagent hybridization probe
Sequence- A2m_T7 Son et al., 2015 PCR primers for in situ TAA TAC GAC TCA CTA
based reagent hybridization probe TAG GGA GAC

TTG GAT CTT GGC ATT CAC A
Sequence- Inhba_F This paper PCR primers for in situ CCA AGG AAG GCA GTG ACC TG
based reagent hybridization probe
Sequence- Inhba_R This paper PCR primers for in situ TGG GTC TCA GCT TGG TGG GC
based reagent hybridization probe
Sequence- Inhba_T7 This paper PCR primers for in situ TAA TAC GAC TCA CTA
based reagent hybridization probe TAG GGA GAG

GGG CTG TGA CCC CTC ATG C
Sequence- Fst_F Son et al., 2012 PCR primers for in situ CCTCCTGCTGCTGCTACTCT
based reagent hybridization probe
Sequence- Fst R Son et al., 2012 PCR primers for in situ GCAGCGGGGTTTATTCTTCT
based reagent hybridization probe
Sequence- Fst_T7 Son et al., 2012 PCR primers for in situ TAATACGACTCACTATAGGGAGA
based reagent hybridization probe TTCTTCTTGTTCATTCGACATTTT
Sequence- Pou4f3_F This paper PCR primers for in situ CGACTTACTTGAGCACATCTCG
based reagent hybridization probe
Sequence- Pou4f3_R This paper PCR primers for in situ TTAGGCTCTCCAGGCTCCTC
based reagent hybridization probe
Sequence- Pou4f3_T7 This paper PCR primers for in situ TAATACGACTCACTATAGGG
based reagent hybridization probe AGAGAACCAGACCCTCACCACAT
Sequence- Gfil_F This paper PCR primers for in situ TCTGCTCATTCACTCGGACA
based reagent hybridization probe
Sequence- Gfi1_R This paper PCR primers for in situ TCCACAGCTTCACCTCCTCT
based reagent hybridization probe
Sequence- Gfi1_T7 This paper PCR primers for in situ TAATACGACTCACTATAGGGAGA
based reagent hybridization probe CAGCAGTCTCCCCAGAAGAG
Sequence- Ptch1_F PrimerBank gPCR primers AAAGAACTGCGGCAAGTTTTTG
based reagent 1 6679519a
Sequence- Ptch1_R PrimerBank qPCR primers CTTCTCCTATCTTCTGACGGGT
based reagent 1 6679519a1
Sequence- Gli1_F PrimerBank qPCR primers CCAAGCCAACTTTATGTCAGGG
based reagent : 6754002a1
Sequence- GIli1_R PrimerBank qPCR primers AGCCCGCTTCTTTGTTAATTTGA

based reagent

1 6754002a1

Continued on next page
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Additional information

Sequence- Pax2-Cre_F MMRRC Genotyping primer for GCC TGC ATT ACC GGT

based reagent ID # 10569 CGA TGC AAC GA

Sequence- Pax2-Cre_R MMRRC Genotyping primer for GTG GCA GAT GGC GCG

based reagent ID # 10569 GCA ACACCATT

Sequence- 1ft88 lox_F The Jackson laboratory  Genotyping primer for GAC CAC CTT TTT AGC CTC
based reagent ID #16967 CTG

Sequence- Ift88 lox_R The Jackson laboratory ~ Genotyping primer for AGG GAA GGG ACT TAG

based reagent ID #16969 GAA TGA

Sequence- Cilk1t™12_F Moon et al., 2014 Genotyping primer CGC GTC GAG AAG TTC CTATT
based reagent

Sequence- Cilk1t™'@ R Moon et al., 2014 Genotyping primer ATC ATC CCG ATC AAG TCA GC
based reagent

Sequence- Foxg1-Cre_F The Jackson Laboratory, Genotyping primer for GCG GTC TGG CAG TAA

based reagent ID oIMR1084 AAA CTATC

Sequence- Foxg1-Cre_R The Jackson Laboratory, Genotyping primer for GTG AAA CAG CAT TGC

based reagent ID oIMR1085 TGT CACTT

Sequence- CilkT WT_F This paper Genotyping primer GCTGACTTGATCGGGATGAT
based reagent

Sequence- Cilk1 WT_R This paper Genotyping primer TGGCCAGGCTGGAACTCACTATA
based reagent

Sequence- Cilk1 lox_F This paper Genotyping primer CACTGTGGGCAGAATCACCT
based reagent

Sequence- CilkT lox_R This paper Genotyping primer CCGCCTACTGCGACTATAGA

based reagent

Sequence- Tbc1d32/bromi_F Ko et al., 2010 Genotyping primer AAT TTA GTC TCT GGG
based reagent CAC AAC AA
Sequence- Tbc1d32/bromi_R Ko et al., 2010 Genotyping primer TCA TCA GCT TTC ATA
based reagent GCT TCA CA

Software, algorithm

Software, algorithm

SPSS
Graphpad Prism 8.0

Mice

SPSS
Graphpad

RRID:SCR_002865
RRID:SCR_002798

Inner ear-specific Ift88 conditional knockout (/t88 cKO) mice were generated by crossing t88™""
mice (JAX) with Pax2-Cre transgenic mice (Ohyama and Groves, 2004). The generation of
Thbc1d32°°™ mutant (Ko et al., 2010) and Cilk1t™1#t™12 knockout (Cilk1 KO) mice (Moon et al.,
2014) was previously described. Cilk1"® mice were generated by crossing Cilk1™'¥* heterozygote
mice with transgenic mice expressing a FLP1 recombinase gene under the control of the ACTB pro-
moter (B6;SJL-Tg(ACTFLPe)92205Dym/J; JAX). Inner ear-specific Cilk1 conditional knockout (Cilk1
cKO) mice were generated by crossing Cilk1%" mice with Foxg1<™® mice (Hébert and McConnell,
2000). Cilk1tm1/+ heterozygous mice, Cilk 1" mice, and Ift88"" mice were maintained in a C57BL/
6N background and Tbc1d32°°™ mutant mice in a C57BL/6J background. All animal protocols
were approved (No. 2018-0023) by the Institutional Animal Care and Use Committee at Yonsei Uni-
versity College of Medicine.

Immunofluorescent staining and measurement of HC number and ciliary
length and number

Immunofluorescent staining was performed as previously described (Son et al., 2015). Primary anti-
bodies used were anti-ARL13B (1:3000, generated from rabbit) (Moon et al., 2014), anti-MYO7A
(1:200; Proteus biosciences, 256790), anti-acetylated tubulin (1:200, Sigma, T7451), anti-y-tubulin
(1:500, Sigma, T3195), anti-FZDé (1:200, R and D Systems, AF1526), and anti-SOX2 (1:500, Santa
Cruz Biotechnology, dc-17320). Secondary antibodies used were Alexa Fluor 488 antibodies (1:200,
Thermo Fisher Scientific, A11008, A11055, A11001) and Alexa Fluor 568 Phalloidin (1:100, Thermo
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Fisher Scientific, A12380). Immunolabeled cochlear tissues were mounted with ProLong Gold Anti-
fade Mountant (Thermo Fisher Scientific, P36930). All immunofluorescent images are representative
of at least three different samples in two or more independent experiments, and all measurements
were performed with at least three different samples.

Basal body positioning

To analyze basal body positioning, the organ of Cori was immunolabeled with anti-y-tubulin anti-
body (y-tubulin, 1:500, Sigma, T3195) and Alexa Fluor 568 Phalloidin (1:100, Thermo Fisher Scien-
tific, A12380). The deviation of basal body position was determined by measuring the angle
between a line connecting the basal body and the center of HC and a line connecting the centers of
three adjacent HCs using ImageJ software (Figure 5A; Copley et al., 2013; Yin et al., 2012). When
the basal body was located at the abneural pole of HCs, the angle was defined as 0° (Figure 5A).
The angles were measured from at least 30 HCs in each row of IHC, OHC1, OHC2, and OHC3+
from each cochlear region (base, middle, and apex).

In situ hybridization and measurement of signal intensities

Inner ears dissected from E14.5 embryos were fixed in 4% paraformaldehyde overnight and embed-
ded in Tissue-Tek optimum cutting temperature (OCT) compound. Inner ear tissues were sectioned
at a 12 um thickness using a cryostat (Thermo Fisher Scientific). Serial cochlear sections were col-
lected from the base to the apex onto Superfrost Plus microscope slides (Thermo Fisher Scientific)
and subjected to in situ hybridization as previously described (Son et al., 2015). Antisense RNA
probes for Shh, Ptch1, Gli1, Otx2, Msx1, Atoh1, Sox2, Fst, A2m, and Inhba were prepared as previ-
ously described (Ankamreddy et al., 2019; Son et al., 2015; Son et al., 2012). Images of in situ
hybridization were acquired using a Leica DM2700 optical microscope.

To visualize expression gradients along the cochlear duct, in situ hybridization signal intensities
were measured using Multi Gauge software (FUJIFILM). Images of all cochlear sections were col-
lected and numbered from the base to the apex. The number of cochlear sections were around 35—
42 in wild-type cochlea, and less for ciliary mutants, between 26 and 31. To measure signal intensi-
ties in cochlear section, a rectangle (15 x 4.5 um for A2m, Inhba, Msx1, Ptch1, Gli1, Atoh1, and
Sox2 and 20 x 6 um for Fst) was positioned on the cochlear epithelial region that shows hybridiza-
tion signals for the gene of interest (e.g. the lesser epithelial ridge area for Msx1), and the signal
intensity within the rectangle was measured as a quantum level (Q). Then, the same size rectangle
was positioned in a nearby epithelial region that is not expressing the gene of interest to measure
background level (B). The intensity of in situ hybridization signal in each cochlear section was calcu-
lated by subtracting the background level (B) from the quantum level (Q) and designated as QB.
Cochlear sections that were obliquely sectioned due to the coil structure, such as the curvature of
the spiral, were excluded from the analysis. For each gene, the lowest QB value among all sections
with positive signals from a cochlea was set as ‘the threshold QB’, and the relative signal intensity of
each section was calculated as follows:

(QB value of a section) — (the threshold QB value)
(the highest QB value among all sections) — (the threshold QB value)

% intensity of asection =

The in situ hybridization signal with the highest QB value among all cochlear sections from a wild
type was designated as 100% intensity and the signal with the threshold QB value as 0% intensity.
The percent intensities of each section from wild-type and mutant cochleae (Y-axis) were plotted
according to the section number starting from the base to the apex (X-axis). Each graph shown in
figures is a representative result conducted on a single sample of wild type and mutant obtained
from the same experiment.

Scanning electron microscopy (SEM) and measurement of stereociliary
lengths

Cochlear samples from 4-week-old Cilk1 cKO mice were prepared for SEM analysis as previously
described (Son et al., 2015). Platinum coated specimens were mounted on a stub holder and
imaged using a cold field emission scanning electron microscope (JSM-7001F; JEOL). SEM images
of HCs were taken from the lateral side so that the tallest stereocilia of each HC could be easily
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visible for analysis. For measurements of stereociliary lengths along the cochlear duct, SEM images
obtained from entire cochlear regions were combined using Adobe Photoshop software, and the
cochlear regions were divided into five regions 10-18%, 28-36%, 46-54%, 64-72%, and 82-90%
from the basal end to represent base, mid-base, mid, mid-apex, and apex of the cochlea, respec-
tively. We excluded 0-10% (basal end) and 90-100% (apical end) regions from measurement
because of irregular stereociliary morphology often found in these regions. The lengths of the three
tallest stereocilia were measured from at least 30 HCs in each region from three wild-type and three
Cilk1 cKO mice using ImageJ software (NIH). Averages of the three tallest stereocilia in each HC
were plotted as a box plot using Prism 8.0 software (GraphPad, USA). In the box plot, individual
dots represent individual data values, the box represents a range of 25-75%, the horizontal lines in
the boxes represent the median, the whiskers represent 5% and 95% values, and the points outside
the whiskers represent outliers.

Auditory brainstem response

ABR thresholds were measured in a sound-proof chamber using Tucker-Davis Technologies (TDT)
RZ6 digital signal processing hardware and the BioSigRZ software package (Alachua, FL, USA). Sub-
dermal needles (electrodes) were positioned at the vertex and ventrolateral to the right and left ear
of the anesthetized mice. Calibrated click stimulus (10-us duration) or tone burst stimuli (5 ms dura-
tion) at 4, 6, 8, 10, 12, 18, 24, 30, and 42 kHz were produced using the SigGenRZ software package
and an RZ6 digital signal processor and delivered to the ear canal through a multi-field 1 (MF1) mag-
netic speaker (TDT). The stimulus intensity was increased from 10 to 95 dB SPL in 5 dB SPL incre-
ments. The ABR signals were fed into a low-impedance Medusa Biological Amplifier System (RAA4LI,
TDT), which then was used to deliver the signal to the RZ6 digital signal processing hardware. The
recorded signals were filtered using a 0.5-1 kHz band-pass filter, and the ABR waveforms in
response to 512 tone bursts were averaged. The ABR thresholds for each frequency were deter-
mined using the BioSigRZ software package. Wave | amplitudes were determined at two specific fre-
quencies (8 and 18 kHz) by calculating P1-N1 peak amplitudes (in uV) as input/output (I/0O) functions
with stimulus levels increased from 50 to 90 dB SPL in 10 dB SPL increments.

Distortion product otoacoustic emission

DPOAEs were measured using a combined TDT microphone-speaker system. Primary stimulus tones
were produced using an RZ6 digital signal processor and the SigGenRZ software package and deliv-
ered through a custom probe containing an ER 10B+ microphone (Etymotic, Elk Grove Village, IL,
USA) with MF1 speakers positioned in the ear canal. The primary tones were set at a frequency ratio
(fo/f1) of 1.2 with target frequencies at 6, 8, 10, 12, 16, 18, 24, and 30 kHz. The f; and f, intensities
were set at equal levels (L1 = L2) and increased from 20 to 80 dB SPL in 5 dB SPL increments. The
resultant sounds in response to the primary tones were received by the ER 10B+ microphone in the
custom probe and recorded using the RZ6 digital signal processor. The input/output (I/O) functions
for the DPOAEs were determined at two specific frequencies (8 and 18 kHz). The intensity levels of
the primary tones were increased from 20 to 80 dB SPL in 5 dB SPL increments. At each primary
tone for each intensity for the 1/O functions, the fast Fourier transform (FFT) was performed using
the BioSigRZ software package to determine the average spectra of the two primaries, the 2f;-f, dis-
tortion products, and the noise floors.

Statistical analysis

Statistical comparisons were made using two-way analysis of variance (ANOVA) with Bonferroni cor-
rections for multiple comparisons for ABRs, DPOAEs, and stereociliary length, and with Student’s
t-tests (two-tailed) for ciliary length, cochlear length, HC number, and ciliary frequency using Prism
8.0 (GraphPad, San Diego, CA, USA) and SPSS (IBM Institute). All graphs with statistical analysis are
expressed as the mean =+ standard error. Statistical significance is indicated in the figures as n.s.,
non-significant (p>0.05), *p<0.05, **p<0.01, ***p<0.001.

Moon et al. eLife 2020;9:€56551. DOI: https://doi.org/10.7554/eLife.56551 24 of 28


https://doi.org/10.7554/eLife.56551

e Llfe Research article

Developmental Biology

Acknowledgements

We thank Dr. Doris Wu for critical reading of the manuscript, Dr. Ping Chen and Dr. Sun Myoung
Kim for providing Ift88 cKO embryo samples for initial study, and members of the Bok laboratory for
constructive discussion of the manuscript.

Additional information

Funding

Funder Grant reference number  Author
National Research Foundation NRF- Jinwoong Bok
of Korea 2014M3A9D5A01073865

National Research Foundation NRF-2016R1A5A2008430 Jinwoong Bok
of Korea

National Research Foundation NRF-2017R1A2B3009133 Jinwoong Bok
of Korea

National Research Foundation NRF- Hyuk Wan Ko
of Korea 2014M3A9D5A01073969

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Kyeong-Hye Moon, Conceptualization, Investigation, Visualization, Formal analysis, Methodology,
Validation, Writing—original draft, Writing—review and editing; Ji-Hyun Ma, Validation, Investiga-
tion; Hyehyun Min, Formal analysis, Validation; Heiyeun Koo, Validation, Investigation, Methodology;
HongKyung Kim, Investigation; Hyuk Wan Ko, Jinwoong Bok, Conceptualization, Supervision, Fund-
ing acquisition, Writing - review and editing

Author ORCIDs
Kyeong-Hye Moon (&) https://orcid.org/0000-0002-6015-1690
Jinwoong Bok () https://orcid.org/0000-0003-1958-1872

Ethics
Animal experimentation: All animal protocols were approved by the Institutional Animal Care and
Use Committee (IACUC) at Yonsei University College of Medicine with NIH guidelines (No. 2018-
0023).

Decision letter and Author response
Decision letter https://doi.org/10.7554/elife.56551.sa1
Author response https://doi.org/10.7554/elife.56551.5a2

Additional files

Supplementary files
 Transparent reporting form

Data availability
All data generated or analysed during this study are included in the manuscript. Source data files
have been provided for all the data that are represented as graphs in Figures.

Moon et al. eLife 2020;9:€56551. DOI: https://doi.org/10.7554/eLife.56551 25 of 28


https://orcid.org/0000-0002-6015-1690
https://orcid.org/0000-0003-1958-1872
https://doi.org/10.7554/eLife.56551.sa1
https://doi.org/10.7554/eLife.56551.sa2
https://doi.org/10.7554/eLife.56551

e Llfe Research article

References

Developmental Biology

Abdelhamed ZA, Natarajan S, Wheway G, Inglehearn CF, Toomes C, Johnson CA, Jagger DJ. 2015. The Meckel-
Gruber syndrome protein TMEM®67 controls basal body positioning and epithelial branching morphogenesis in
mice via the non-canonical wnt pathway. Disease Models & Mechanisms 8:527-541. DOI: https://doi.org/10.
1242/dmm.019083, PMID: 26035863

Ankamreddy H, Min H, Kim JY, Yang X, Cho ES, Kim UK, Bok J. 2019. Region-specific endodermal signals direct
neural crest cells to form the three middle ear ossicles. Development 146:dev167965. DOI: https://doi.org/10.
1242/dev.167965, PMID: 30630826

Bangs F, Anderson KV. 2017. Primary cilia and mammalian hedgehog signaling. Cold Spring Harbor Perspectives
in Biology 9:a028175. DOI: https://doi.org/10.1101/cshperspect.a028175, PMID: 27881449

Bok J, Bronner-Fraser M, Wu DK. 2005. Role of the hindbrain in dorsoventral but not anteroposterior axial
specification of the inner ear. Development 132:2115-2124. DOI: https://doi.org/10.1242/dev.01796,
PMID: 15788455

Bok J, Dolson DK, Hill P, Riither U, Epstein DJ, Wu DK. 2007. Opposing gradients of gli repressor and activators
mediate shh signaling along the dorsoventral Axis of the inner ear. Development 134:1713-1722. DOI: https://
doi.org/10.1242/dev.000760, PMID: 17395647

Bok J, Zenczak C, Hwang CH, Wu DK. 2013. Auditory ganglion source of sonic hedgehog regulates timing of cell
cycle exit and differentiation of mammalian cochlear hair cells. PNAS 110:13869-13874. DOI: https://doi.org/
10.1073/pnas.1222341110, PMID: 23918393

PMID: 21831920

Brown AS, Epstein DJ. 2011. Otic ablation of smoothened reveals direct and indirect requirements for hedgehog
signaling in inner ear development. Development 138:3967-3976. DOI: https://doi.org/10.1242/dev.066126,

Cantagrel V, Silhavy JL, Bielas SL, Swistun D, Marsh SE, Bertrand JY, Audollent S, Attié-Bitach T, Holden KR,
Dobyns WB, Traver D, Al-Gazali L, Ali BR, Lindner TH, Caspary T, Otto EA, Hildebrandt F, Glass IA, Logan CV,

Johnson CA, et al. 2008. Mutations in the cilia gene ARL13B lead to the classical form of Joubert syndrome.
The American Journal of Human Genetics 83:170-179. DOI: https://doi.org/10.1016/j.ajhg.2008.06.023,
PMID: 18674751

establishment of the sensory primordium from hair cell fate determination. Development 129:2495-2505.
PMID: 11973280

Chen P, Johnson JE, Zoghbi HY, Segil N. 2002. The role of Math1 in inner ear development: uncoupling the
Chen JH, Geberhiwot T, Barrett TG, Paisey R, Semple RK. 2017. Refining genotype-phenotype correlation in

Alstrém syndrome through study of primary human fibroblasts. Molecular Genetics & Genomic Medicine 5:
390-404. DOI: https://doi.org/10.1002/mgg3.296, PMID: 28717663

Christensen ST, Morthorst SK, Mogensen JB, Pedersen LB. 2017. Primary cilia and coordination of receptor

tyrosine kinase (RTK) and transforming growth factor B (TGF-) Signaling. Cold Spring Harbor Perspectives in
Biology 9:a028167. DOI: https://doi.org/10.1101/cshperspect.a028167, PMID: 27638178

Collin GB, Cyr E, Bronson R, Marshall JD, Gifford EJ, Hicks W, Murray SA, Zheng QY, Smith RS, Nishina PM,

Naggert JK. 2005. Alms1-disrupted mice recapitulate human Alstrém syndrome. Human Molecular Genetics
14:2323-2333. DOI: https://doi.org/10.1093/hmg/ddi235, PMID: 16000322

Copley CO, Duncan JS, Liu C, Cheng H, Deans MR. 2013. Postnatal refinement of auditory hair cell planar
polarity deficits occurs in the absence of Vangl2. Journal of Neuroscience 33:14001-14016. DOI: https://doi.
org/10.1523/JNEUROSCI.1307-13.2013, PMID: 23986237

Cui C, Chatterjee B, Francis D, Yu Q, SanAgustin JT, Francis R, Tansey T, Henry C, Wang B, Lemley B, Pazour GJ,

Lo CW. 2011. Disruption of Mks1 localization to the mother centriole causes cilia defects and developmental
malformations in Meckel-Gruber syndrome. Disease Models & Mechanisms 4:43-56. DOI: https://doi.org/10.
1242/dmm.006262, PMID: 21045211

Driver EC, Pryor SP, Hill P, Turner J, Ruther U, Biesecker LG, Griffith AJ, Kelley MW. 2008. Hedgehog signaling
regulates sensory cell formation and auditory function in mice and humans. Journal of Neuroscience 28:7350-
7358. DOI: https://doi.org/10.1523/JNEUROSCI.0312-08.2008, PMID: 18632939
Eguether T, Cordelieres FP, Pazour GJ. 2018. Intraflagellar transport is deeply integrated in hedgehog signaling.
Molecular Biology of the Cell 29:1178-1189. DOI: https://doi.org/10.1091/mbc.E17-10-0600, PMID: 29540531
Esposito G, Testa F, Zacchia M, Crispo AA, Di lorio V, Capolongo G, Rinaldi L, D’Antonio M, Fioretti T, ladicicco
P, Rossi S, Franzé A, Marciano E, Capasso G, Simonelli F, Salvatore F. 2017. Genetic characterization of Italian
patients with Bardet-Bied| syndrome and correlation to ocular, renal and audio-vestibular phenotype:
identification of eleven novel pathogenic sequence variants. BMC Medical Genetics 18:10. DOI: https://doi.
org/10.1186/512881-017-0372-0, PMID: 28143435
Etheridge SL, Ray S, Li S, Hamblet NS, Lijam N, Tsang M, Greer J, Kardos N, Wang J, Sussman DJ, Chen P,
Wynshaw-Boris A. 2008. Murine dishevelled 3 functions in redundant pathways with dishevelled 1 and 2 in
normal cardiac outflow tract, Cochlea, and neural tube development. PLOS Genetics 4:e1000259. DOI: https://
doi.org/10.1371/journal.pgen.1000259, PMID: 19008950
Ezan J, Lasvaux L, Gezer A, Novakovic A, May-Simera H, Belotti E, Lhoumeau AC, Birnbaumer L, Beer-Hammer
S, Borg JP, Le Bivic A, Niirnberg B, Sans N, Montcouquiol M. 2013. Primary cilium migration depends on
G-protein signalling control of subapical cytoskeleton. Nature Cell Biology 15:1107-1115. DOI: https://doi.org/
10.1038/ncb2819, PMID: 23934215

Goetz SC, Anderson KV. 2010. The primary cilium: a signalling centre during vertebrate development. Nature
Reviews Genetics 11:331-344. DOI: https://doi.org/10.1038/nrg2774, PMID: 20395968

Moon et al. eLife 2020;9:€56551. DOI: https://doi.org/10.7554/eLife.56551

26 of 28


https://doi.org/10.1242/dmm.019083
https://doi.org/10.1242/dmm.019083
http://www.ncbi.nlm.nih.gov/pubmed/26035863
https://doi.org/10.1242/dev.167965
https://doi.org/10.1242/dev.167965
http://www.ncbi.nlm.nih.gov/pubmed/30630826
https://doi.org/10.1101/cshperspect.a028175
http://www.ncbi.nlm.nih.gov/pubmed/27881449
https://doi.org/10.1242/dev.01796
http://www.ncbi.nlm.nih.gov/pubmed/15788455
https://doi.org/10.1242/dev.000760
https://doi.org/10.1242/dev.000760
http://www.ncbi.nlm.nih.gov/pubmed/17395647
https://doi.org/10.1073/pnas.1222341110
https://doi.org/10.1073/pnas.1222341110
http://www.ncbi.nlm.nih.gov/pubmed/23918393
https://doi.org/10.1242/dev.066126
http://www.ncbi.nlm.nih.gov/pubmed/21831920
https://doi.org/10.1016/j.ajhg.2008.06.023
http://www.ncbi.nlm.nih.gov/pubmed/18674751
http://www.ncbi.nlm.nih.gov/pubmed/11973280
https://doi.org/10.1002/mgg3.296
http://www.ncbi.nlm.nih.gov/pubmed/28717663
https://doi.org/10.1101/cshperspect.a028167
http://www.ncbi.nlm.nih.gov/pubmed/27638178
https://doi.org/10.1093/hmg/ddi235
http://www.ncbi.nlm.nih.gov/pubmed/16000322
https://doi.org/10.1523/JNEUROSCI.1307-13.2013
https://doi.org/10.1523/JNEUROSCI.1307-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/23986237
https://doi.org/10.1242/dmm.006262
https://doi.org/10.1242/dmm.006262
http://www.ncbi.nlm.nih.gov/pubmed/21045211
https://doi.org/10.1523/JNEUROSCI.0312-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18632939
https://doi.org/10.1091/mbc.E17-10-0600
http://www.ncbi.nlm.nih.gov/pubmed/29540531
https://doi.org/10.1186/s12881-017-0372-0
https://doi.org/10.1186/s12881-017-0372-0
http://www.ncbi.nlm.nih.gov/pubmed/28143435
https://doi.org/10.1371/journal.pgen.1000259
https://doi.org/10.1371/journal.pgen.1000259
http://www.ncbi.nlm.nih.gov/pubmed/19008950
https://doi.org/10.1038/ncb2819
https://doi.org/10.1038/ncb2819
http://www.ncbi.nlm.nih.gov/pubmed/23934215
https://doi.org/10.1038/nrg2774
http://www.ncbi.nlm.nih.gov/pubmed/20395968
https://doi.org/10.7554/eLife.56551

e Llfe Research article

Developmental Biology

Haycraft CJ, Zhang Q, Song B, Jackson WS, Detloff PJ, Serra R, Yoder BK. 2007. Intraflagellar transport is
essential for endochondral bone formation. Development 134:307-316. DOI: https://doi.org/10.1242/dev.
02732, PMID: 17166921

Hébert JM, McConnell SK. 2000. Targeting of cre to the Foxg1 (BF-1) locus mediates loxP recombination in the
telencephalon and other developing head structures. Developmental Biology 222:296-306. DOI: https://doi.
org/10.1006/dbio.2000.9732, PMID: 10837119

Huangfu D, Liu A, Rakeman AS, Murcia NS, Niswander L, Anderson KV. 2003. Hedgehog signalling in the mouse
requires intraflagellar transport proteins. Nature 426:83-87. DOI: https://doi.org/10.1038/nature02061,

PMID: 14603322

Hynes AM, Giles RH, Srivastava S, Eley L, Whitehead J, Danilenko M, Raman S, Slaats GG, Colville JG, Ajzenberg
H, Kroes HY, Thelwall PE, Simmons NL, Miles CG, Sayer JA. 2014. Murine joubert syndrome reveals hedgehog
signaling defects as a potential therapeutic target for nephronophthisis. PNAS 111:9893-9898. DOI: https://
doi.org/10.1073/pnas.1322373111, PMID: 24946806

Jagger D, Collin G, Kelly J, Towers E, Nevill G, Longo-Guess C, Benson J, Halsey K, Dolan D, Marshall J,
Naggert J, Forge A. 2011. Alstrém syndrome protein ALMS1 localizes to basal bodies of cochlear hair cells and
regulates cilium-dependent planar cell polarity. Human Molecular Genetics 20:466-481. DOI: https://doi.org/
10.1093/hmg/ddg493, PMID: 21071598

Jones C, Roper VC, Foucher |, Qian D, Banizs B, Petit C, Yoder BK, Chen P. 2008. Ciliary proteins link basal body
polarization to planar cell polarity regulation. Nature Genetics 40:69-77. DOI: https://doi.org/10.1038/ng.2007.
54, PMID: 18066062

Keady BT, Samtani R, Tobita K, Tsuchya M, San Agustin JT, Follit JA, Jonassen JA, Subramanian R, Lo CW,
Pazour GJ. 2012. IFT25 links the signal-dependent movement of hedgehog components to intraflagellar
transport. Developmental Cell 22:940-951. DOI: https://doi.org/10.1016/j.devcel.2012.04.009, PMID: 2259566
9

Ko HW, Norman RX, Tran J, Fuller KP, Fukuda M, Eggenschwiler JT. 2010. Broad-minded links cell cycle-related
kinase to cilia assembly and hedgehog signal transduction. Developmental Cell 18:237-247. DOI: https://doi.
org/10.1016/j.devcel.2009.12.014, PMID: 20159594

Lee YS, Liu F, Segil N. 2006. A morphogenetic wave of p27Kip1 transcription directs cell cycle exit during organ
of corti development. Development 133:2817-2826. DOI: https://doi.org/10.1242/dev.02453, PMID: 16790479

Lee SH, Nam TS, Li W, Kim JH, Yoon W, Choi YD, Kim KH, Cai H, Kim MJ, Kim C, Choy HE, Kim N, Chay KO,
Kim MK, Choi SY. 2017. Functional validation of novel MKS3/TMEMé67 mutations in COACH syndrome.
Scientific Reports 7:10222. DOI: https://doi.org/10.1038/s41598-017-10652-z, PMID: 28860541

Leightner AC, Hommerding CJ, Peng Y, Salisbury JL, Gainullin VG, Czarnecki PG, Sussman CR, Harris PC. 2013.
The meckel syndrome protein meckelin (TMEMé67) is a key regulator of cilia function but is not required for
tissue planar polarity. Human Molecular Genetics 22:2024-2040. DOI: https://doi.org/10.1093/hmg/ddt054,
PMID: 23393159

Lindsey S, Brewer C, Stakhovskaya O, Kim HJ, Zalewski C, Bryant J, King KA, Naggert JK, Gahl WA, Marshall JD,
Gunay-Aygun M. 2017. Auditory and otologic profile of alstrém syndrome: comprehensive single center data
on 38 patients. American Journal of Medical Genetics Part A 173:2210-2218. DOI: https://doi.org/10.1002/
ajmg.a.38316, PMID: 28573831

Liu Z, Owen T, Zhang L, Zuo J. 2010. Dynamic expression pattern of sonic hedgehog in developing cochlear
spiral ganglion neurons. Developmental Dynamics 239:1674-1683. DOI: https://doi.org/10.1002/dvdy.22302,
PMID: 20503364

May-Simera HL, Petralia RS, Montcouquiol M, Wang YX, Szarama KB, Liu Y, Lin W, Deans MR, Pazour GJ, Kelley
MW. 2015. Ciliary proteins Bbs8 and Ift20 promote planar cell polarity in the cochlea. Development 142:555-
566. DOI: https://doi.org/10.1242/dev.113696, PMID: 25605782

Montcouquiol M, Rachel RA, Lanford PJ, Copeland NG, Jenkins NA, Kelley MW. 2003. Identification of Vangl2
and Scrb1 as planar polarity genes in mammals. Nature 423:173-177. DOI: https://doi.org/10.1038/
nature01618, PMID: 12724779

Montcouquiol M, Kelley MW. 2020. Development and patterning of the cochlea: from convergent extension to
planar polarity. Cold Spring Harbor Perspectives in Medicine 10:a033266. DOI: https://doi.org/10.1101/
cshperspect.a033266, PMID: 30617059

Moon H, Song J, Shin JO, Lee H, Kim HK, Eggenschwiller JT, Bok J, Ko HW. 2014. Intestinal cell kinase, a protein
associated with endocrine-cerebro-osteodysplasia syndrome, is a key regulator of cilia length and hedgehog
signaling. PNAS 111:8541-8546. DOI: https://doi.org/10.1073/pnas. 1323161111, PMID: 24853502

Morsli H, Tuorto F, Choo D, Postiglione MP, Simeone A, Wu DK. 1999. Otx1 and Otx2 activities are required for
the normal development of the mouse inner ear. Development 126:2335-2343. PMID: 10225993

Nadol JB, Marshall JD, Bronson RT. 2015. Histopathology of the human inner ear in Alstrém’s syndrome.
Audiology and Neurotology 20:267-272. DOI: https://doi.org/10.1159/000381935, PMID: 26111748

Nishimura Y, Kasahara K, Shiromizu T, Watanabe M, Inagaki M. 2019. Primary cilia as signaling hubs in health
and disease. Advanced Science 6:1801138. DOI: https://doi.org/10.1002/advs.201801138, PMID: 30643718

Ohyama T, Groves AK. 2004. Generation of Pax2-Cre mice by modification of a Pax2 bacterial artificial
chromosome. Genesis 38:195-199. DOI: https://doi.org/10.1002/gene.20017, PMID: 15083520

Okamoto S, Chaya T, Omori Y, Kuwahara R, Kubo S, Sakaguchi H, Furukawa T. 2017. Ick ciliary kinase is essential
for planar cell polarity formation in inner ear hair cells and hearing function. The Journal of Neuroscience 37:
2073-2085. DOI: https://doi.org/10.1523/JNEUROSCI.3067-16.2017, PMID: 28115485

Moon et al. eLife 2020;9:€56551. DOI: https://doi.org/10.7554/eLife.56551 27 of 28


https://doi.org/10.1242/dev.02732
https://doi.org/10.1242/dev.02732
http://www.ncbi.nlm.nih.gov/pubmed/17166921
https://doi.org/10.1006/dbio.2000.9732
https://doi.org/10.1006/dbio.2000.9732
http://www.ncbi.nlm.nih.gov/pubmed/10837119
https://doi.org/10.1038/nature02061
http://www.ncbi.nlm.nih.gov/pubmed/14603322
https://doi.org/10.1073/pnas.1322373111
https://doi.org/10.1073/pnas.1322373111
http://www.ncbi.nlm.nih.gov/pubmed/24946806
https://doi.org/10.1093/hmg/ddq493
https://doi.org/10.1093/hmg/ddq493
http://www.ncbi.nlm.nih.gov/pubmed/21071598
https://doi.org/10.1038/ng.2007.54
https://doi.org/10.1038/ng.2007.54
http://www.ncbi.nlm.nih.gov/pubmed/18066062
https://doi.org/10.1016/j.devcel.2012.04.009
http://www.ncbi.nlm.nih.gov/pubmed/22595669
http://www.ncbi.nlm.nih.gov/pubmed/22595669
https://doi.org/10.1016/j.devcel.2009.12.014
https://doi.org/10.1016/j.devcel.2009.12.014
http://www.ncbi.nlm.nih.gov/pubmed/20159594
https://doi.org/10.1242/dev.02453
http://www.ncbi.nlm.nih.gov/pubmed/16790479
https://doi.org/10.1038/s41598-017-10652-z
http://www.ncbi.nlm.nih.gov/pubmed/28860541
https://doi.org/10.1093/hmg/ddt054
http://www.ncbi.nlm.nih.gov/pubmed/23393159
https://doi.org/10.1002/ajmg.a.38316
https://doi.org/10.1002/ajmg.a.38316
http://www.ncbi.nlm.nih.gov/pubmed/28573831
https://doi.org/10.1002/dvdy.22302
http://www.ncbi.nlm.nih.gov/pubmed/20503364
https://doi.org/10.1242/dev.113696
http://www.ncbi.nlm.nih.gov/pubmed/25605782
https://doi.org/10.1038/nature01618
https://doi.org/10.1038/nature01618
http://www.ncbi.nlm.nih.gov/pubmed/12724779
https://doi.org/10.1101/cshperspect.a033266
https://doi.org/10.1101/cshperspect.a033266
http://www.ncbi.nlm.nih.gov/pubmed/30617059
https://doi.org/10.1073/pnas.1323161111
http://www.ncbi.nlm.nih.gov/pubmed/24853502
http://www.ncbi.nlm.nih.gov/pubmed/10225993
https://doi.org/10.1159/000381935
http://www.ncbi.nlm.nih.gov/pubmed/26111748
https://doi.org/10.1002/advs.201801138
http://www.ncbi.nlm.nih.gov/pubmed/30643718
https://doi.org/10.1002/gene.20017
http://www.ncbi.nlm.nih.gov/pubmed/15083520
https://doi.org/10.1523/JNEUROSCI.3067-16.2017
http://www.ncbi.nlm.nih.gov/pubmed/28115485
https://doi.org/10.7554/eLife.56551

e Llfe Research article

Developmental Biology

Pala R, Alomari N, Nauli S. 2017. Primary Cilium-Dependent signaling mechanisms. International Journal of
Molecular Sciences 18:2272. DOI: https://doi.org/10.3390/ijms 18112272

Pazour GJ, Dickert BL, Vucica Y, Seeley ES, Rosenbaum JL, Witman GB, Cole DG. 2000. Chlamydomonas IFT88
and its mouse homologue, polycystic kidney disease gene Tg737, are required for assembly of cilia and
flagella. Journal of Cell Biology 151:709-718. DOI: https://doi.org/10.1083/jcb.151.3.709

Rachel RA, May-Simera HL, Veleri S, Gotoh N, Choi BY, Murga-Zamalloa C, McIntyre JC, Marek J, Lopez |,
Hackett AN, Brooks M, den Hollander Al, Beales PL, Li T, Jacobson SG, Sood R, Martens JR, Liu P, Friedman
TB, Khanna H, et al. 2012. Combining Cep290 and mkks ciliopathy alleles in mice rescues sensory defects and
restores ciliogenesis. Journal of Clinical Investigation 122:1233-1245. DOI: https://doi.org/10.1172/JCl60981

Reiter JF, Leroux MR. 2017. Genes and molecular pathways underpinning ciliopathies. Nature Reviews Molecular
Cell Biology 18:533-547. DOI: https://doi.org/10.1038/nrm.2017.60, PMID: 28698599

Riccomagno MM, Martinu L, Mulheisen M, Wu DK, Epstein DJ. 2002. Specification of the mammalian cochlea is
dependent on sonic hedgehog. Genes & Development 16:2365-2378. DOI: https://doi.org/10.1101/gad.
1013302, PMID: 12231626

Rida PCG, Chen P. 2009. Line up and listen: Planar cell polarity regulation in the mammalian inner ear. Seminars
in Cell & Developmental Biology 20:978-985. DOI: https://doi.org/10.1016/j.semcdb.2009.02.007

Ross AJ, May-Simera H, Eichers ER, Kai M, Hill J, Jagger DJ, Leitch CC, Chapple JP, Munro PM, Fisher S, Tan PL,
Phillips HM, Leroux MR, Henderson DJ, Murdoch JN, Copp AJ, Eliot MM, Lupski JR, Kemp DT, Dollfus H, et al.
2005. Disruption of Bardet-Bied| syndrome ciliary proteins perturbs planar cell polarity in vertebrates. Nature
Genetics 37:1135-1140. DOI: https://doi.org/10.1038/ng 1644, PMID: 16170314

Sipe CW, Lu X. 2011. Kif3a regulates planar polarization of auditory hair cells through both ciliary and non-ciliary
mechanisms. Development 138:3441-3449. DOI: https://doi.org/10.1242/dev.065961

Smits P, Bolton AD, Funari V, Hong M, Boyden ED, Lu L, Manning DK, Dwyer ND, Moran JL, Prysak M, Merriman
B, Nelson SF, Bonafé L, Superti-Furga A, lkegawa S, Krakow D, Cohn DH, Kirchhausen T, Warman ML, Beier
DR. 2010. Lethal skeletal dysplasia in mice and humans lacking the golgin GMAP-210. New England Journal of
Medicine 362:206-216. DOI: https://doi.org/10.1056/NEJM0a0900158

Son EJ, Wu L, Yoon H, Kim S, Choi JY, Bok J. 2012. Developmental gene expression profiling along the
tonotopic Axis of the mouse cochlea. PLOS ONE 7:€40735. DOI: https://doi.org/10.1371/journal.pone.
0040735, PMID: 22808246

Son EJ, Ma JH, Ankamreddy H, Shin JO, Choi JY, Wu DK, Bok J. 2015. Conserved role of sonic hedgehog in
tonotopic organization of the avian basilar papilla and mammalian cochlea. PNAS 112:3746-3751. DOI: https://
doi.org/10.1073/pnas. 1417856112, PMID: 25775517

Tateya T, Imayoshi |, Tateya |, Hamaguchi K, Torii H, Ito J, Kageyama R. 2013. Hedgehog signaling regulates
prosensory cell properties during the basal-to-apical wave of hair cell differentiation in the mammalian cochlea.
Development 140:3848-3857. DOI: https://doi.org/10.1242/dev.095398

Wallingford JB. 2010. Planar cell polarity signaling, cilia and polarized ciliary beating. Current Opinion in Cell
Biology 22:597-604. DOI: https://doi.org/10.1016/].ceb.2010.07.011

Wallingford JB. 2012. Planar cell polarity and the developmental control of cell behavior in vertebrate embryos.
Annual Review of Cell and Developmental Biology 28:627-653. DOI: https://doi.org/10.1146/annurev-cellbio-
092910-154208, PMID: 22905955

Weatherbee SD, Niswander LA, Anderson KV. 2009. A mouse model for Meckel syndrome reveals Mks1 is
required for ciliogenesis and hedgehog signaling. Human Molecular Genetics 18:4565-4575. DOI: https://doi.
org/10.1093/hmg/ddp422, PMID: 19776033

Wright A. 1984. Dimensions of the cochlear stereocilia in man and the guinea pig. Hearing Research 13:89-98.
DOI: https://doi.org/10.1016/0378-5955(84)20099-6, PMID: 6706866

Yin H, Copley CO, Goodrich LV, Deans MR. 2012. Comparison of phenotypes between different vangl2 mutants
demonstrates dominant effects of the looptail mutation during hair cell development. PLOS ONE 7:€31988.
DOI: https://doi.org/10.1371/journal.pone.0031988, PMID: 22363783

Moon et al. eLife 2020;9:€56551. DOI: https://doi.org/10.7554/eLife.56551 28 of 28


https://doi.org/10.3390/ijms18112272
https://doi.org/10.1083/jcb.151.3.709
https://doi.org/10.1172/JCI60981
https://doi.org/10.1038/nrm.2017.60
http://www.ncbi.nlm.nih.gov/pubmed/28698599
https://doi.org/10.1101/gad.1013302
https://doi.org/10.1101/gad.1013302
http://www.ncbi.nlm.nih.gov/pubmed/12231626
https://doi.org/10.1016/j.semcdb.2009.02.007
https://doi.org/10.1038/ng1644
http://www.ncbi.nlm.nih.gov/pubmed/16170314
https://doi.org/10.1242/dev.065961
https://doi.org/10.1056/NEJMoa0900158
https://doi.org/10.1371/journal.pone.0040735
https://doi.org/10.1371/journal.pone.0040735
http://www.ncbi.nlm.nih.gov/pubmed/22808246
https://doi.org/10.1073/pnas.1417856112
https://doi.org/10.1073/pnas.1417856112
http://www.ncbi.nlm.nih.gov/pubmed/25775517
https://doi.org/10.1242/dev.095398
https://doi.org/10.1016/j.ceb.2010.07.011
https://doi.org/10.1146/annurev-cellbio-092910-154208
https://doi.org/10.1146/annurev-cellbio-092910-154208
http://www.ncbi.nlm.nih.gov/pubmed/22905955
https://doi.org/10.1093/hmg/ddp422
https://doi.org/10.1093/hmg/ddp422
http://www.ncbi.nlm.nih.gov/pubmed/19776033
https://doi.org/10.1016/0378-5955(84)90099-6
http://www.ncbi.nlm.nih.gov/pubmed/6706866
https://doi.org/10.1371/journal.pone.0031988
http://www.ncbi.nlm.nih.gov/pubmed/22363783
https://doi.org/10.7554/eLife.56551

