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잊지 않고 광형이 해주는 덕담 또한 나에게 큰 힘이 되었습니다. 고

맙습니다.  
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ABSTRACT 

 

Differential role of primary cilia on cochlear development 

Kyeong-Hye Moon 

 

Department of Medical Science 

The Graduate School, Yonsei University  

 

(Directed by Professor Jinwoong Bok) 

 

The primary cilium serves as a signaling center for various cellular pathways 

important for animal development and homeostasis. Defects in the primary cilium 

cause a range of genetic diseases known as ciliopathies, which include hearing loss. 

The primary cilium in the inner ear hair cells (HCs) was associated with planar cell 

polarity (PCP) signaling, which is important for HC polarity and cochlear elongation. 

However, the etiology of hearing loss in ciliopathies remains unclear. To understand 

the role of primary cilium in inner ear development and function, we analyzed three 

different ciliopathy mouse models; conditional knockout of Intraflagellar transport 

88 (Pax2-Cre; Ift88lox/lox, Ift88 cKO), Tbc1d32bromi (a.k.a. bromi) mutant, and 

Cilk1a.k.a. Ick) knockout (KO). Ift88 cKO lacks the primary cilium, while 

Tbc1d32bromi and Cilk1 mutants have abnormal ciliary morphology and length.  Ift88 

cKO exhibited severe defects of both HC polarity and cochlear elongation, 

Tbc1d32bromi and Cilk1 mutants only showed defects of cochlear elongation with 

relatively normal HC polarity. All three mutants exhibited extra rows of HCs in the 

apex, premature HC differentiation, and decreased HC number. In addition, Ift88 and 

Tbc1d32bromi mutants developed ectopic vestibule-like HCs in the Kölliker’s organ 
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and exhibited a reversed wave of HC differentiation. These phenotypes share those 

of mutants carrying defective SHH signaling and SHH target genes such as Ptch1 and 

Gli1 was significantly downregulated. Furthermore, Msx1 expression, which 

indicates apical cochlear specification and requires high levels of SHH signaling, was 

also reduced or absent in the developing cochlea of ciliary mutants. Consistent with 

abnormal apical specification, Cilk1 cKO (Foxg1Cre; Cilk1lox/lox) exhibited low-

frequency specific hearing loss. Together, these results suggest that a major cause of 

cochlear defects in these ciliary mutants is a misregulation of SHH signaling, which 

may account for hearing loss in a certain group of ciliopathies. 

----------------------------------------------------------------------------------------------------- 

Key words : primary cilia, SHH signaling, cochlear duct, hair cell, tonotopy, 

ciliopathy    
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I. INTRODUCTION 

 

The primary cilium is a microtubule-based organelle protruding from the apical 

surface of nearly all animal cells 1. These microtubular projections are anchored by 

the basal body and surrounded by an extension of plasma membrane. The formation 

and maintenance of the primary cilium are regulated by a dynamic transport system 

known as intraflagellar transport (IFT), which is a special extension of cytosolic cargo 

transport system and is gated by the ciliary appendages 1. The ciliary cargos include 

building materials of the cilium itself as well as various signaling receptors and 

effectors. Thus, such enrichment of various signaling components within a slander 

cellular apparatus can be a good strategy to improve the sensitivity to signaling 

ligands, which makes the primary cilium as an efficient signaling center1,2.  

The primary cilia are shown 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-β, Notch, and 
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mechanosensation 3-5. Planar cell polarity (PCP) pathway regulated by non-canonical 

Wnt signaling is also associated with the primary cilia 6. Thus, mutations of genes 

involved in ciliary formation and function cause a broad spectrum of genetic disorders 

known as ciliopathies 3,7. Hearing loss is one of the sensorineural defects commonly 

observed in a group of syndromic ciliopathies such as Alström syndrome and Bardet-

Biedl syndrome 7-10. However, the etiology of hearing loss in ciliopathies remains 

unclear.  

The organ of Corti is the peripheral hearing organ residing along the cochlea 

duct and is comprised of mechanosensory hair cells (HCs) and their associated 

supporting cells. The primary cilia are present in the apical surface of both HCs and 

supporting cells, with those in HCs is called kinocilia. The special role of kinocilia 

during HC differentiation is highlighted by its polarized migration from the center to 

the lateral side of each HC, which dictates the orientation of actin filament-rich 

stereociliary bundles. In particular, the stereociliary bundle of outer hair cell is V-

shaped with its vertex positioned right next the kinocilium in the lateral side of HC. 

Mutants lacking kinocilia due to mutations in genes encoding IFT complex such as 

Ift88, Ift20, and Kif3a exhibited misorientation and abnormal morphology of the V-

shaped stereociliary bundles accompanied by random localization of the basal body 

11,15,16. The kinocilium-directed uniform orientation of stereocilia bundle is considered 

essential for efficient response to sound vibrations and thus for normal hearing 

function. However, recent studies reported that defective hair bundle polarity is not 

always accompanied by hearing loss, as is in the case with Bbs8-/- and Alms1-/- mutants, 

in which hearing is normal until several months after birth even though the polarity 

defects are evident neonatal 11,14. These results suggest that the polarity defect may 

not account for all hearing loss observed in ciliopathies. 

Besides the bundle polarity defects, IFT mutants exhibited severely shortened 

cochlear duct and stacking of multiple rows of HCs in the apical cochlea 11,15,16. 

Considering the central role of primary cilia in PCP signaling which provides the 

directionality of convergent extension 17, the shortened cochlear duct observed in the 
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IFT ciliary mutants could also be due to defective PCP signaling. However, mouse 

mutants for other ciliopathy genes such as Tmem67 and Bbs8 or inner ear-specific 

deletion of Vangl2 exhibited severe defects in bundle polarity, showed normal 

cochlear elongation 11,18,19. These data imply that PCP signaling can be uncoupled 

from cochlea elongation and there may be additional role of primary cilia in 

promoting cochlear extension. 

In this study, to better understand the role of primary cilia in cochlear 

development and function, we compared cochlear phenotypes of three different 

categories of ciliary mutant mice: 1) Ift88 inner ear-specific cKO lacking the primary 

cilium 15, 2) Tbc1d32bromi mutant exhibiting ciliary morphology defects 20, 3) Cilk1 

knockout (KO) exhibiting ciliary length defects 21. Unlike Ift88 cKO, which showed 

severe defects of both bundle polarity and cochlear extension, Tbc1d32bromi or Cilk1 

mutants only exhibited defects of cochlear extension but not of bundle polarity. 

Nevertheless, all three ciliary mutant cochlea share several common phenotypes, 

which closely resemble those of mutants with impaired SHH signaling. Furthermore, 

Cilk1 cKO showed low-frequency specific hearing loss, consistent with the abnormal 

specification of apical cochlear identity, which requires high levels of SHH signaling. 

These results suggest that the primary cilia play differential roles during cochlear 

development: 1) before HC differentiation, the primary cilia mediate SHH signaling 

that is essential for several developmental processes such as the specification of 

cochlear regional identity, the promotion of cochlear extension, and the regulation of 

timing and wave of HC differentiation, 2) upon HC differentiation, the kinocilia 

migrate and localize to the lateral side and dictate stereociliary bundle polarity and 

morphology. Comparative analysis of our results and previous studies also suggest 

that There are two categories of cochlear phenotypes in ciliopathy models: one 

associated with impaired SHH signaling and another without SHH-associated defects. 

Our work suggests that dysregulation of SHH signaling is an important consideration 

for the etiology of hearing loss in ciliopathies.   
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II. MATERIALS AND METHODS 

 

1. Mice management 

Cilk1tm1a (KOMP)Mbp mice were obtained from KOMP repository and homozygote 

Cilk1tm1a/tm1a mouse were designated as Cilk1 KO, genotyped as previously described. 

To obtain conditional Knock out mice of Cilk1, we generated Cilk1lox/+ mice 

containing allele with loxP flanked Cilk1 exon 6 were generated by crossing 

Cilk1tm1a/+ heterozygote mice with actin-flippase mice (B6;SJL-Tg 

(ACTFLPe)9205Dym/J). Cilk1lox/lox mice. Were mated with Foxg1Cre mice (from S. 

McConnell, Stanford University, Stanford, CA) for the generation of 

Foxg1Cre;Cilk1lox/+ mice line and crossed with Cilk1flox mice for inner ear specific 

knockout mice of Cilk1 (Foxg1Cre;Cilk1lox/lox mice, designated as Cilk1 cKO). 

Tbc1d32bromi mice null for broad minded genes (C6orf170) were generated and 

genotyped as previously described.  Ift88lox/lox mice (from Seok joon Moon. Yonsei 

University college of medicine, Seoul) were crossed with transgenic mice expressing 

Cre recombinase under control of the Pax2 promoter to inactivate Ift88 gene in 

developing inner ear. Cilk1tm1a/+ heterozygous mice, Cilk1lox/lox mice and Ift88lox/lox 

mice were maintained in a C57/BL6N background. Tbc1d32bromi mutant mice in 

C57BL/6J background. Animal care and experiments were in accordance with the 

guidelines for the Care and Use of Laboratory Animals of Yonsei university of 

medicine.  

 

2. Tissue dissection and immunostaining 

 

Hemi-sectioned and brain removed head of E17.5 and E18.5 embryos were 

harvested and incubated in 4% paraform aldehyde PBS (pH7.4) at 4°c overnight. For 

whole mount immunostaining of inner ear, temporal bone was isolated from head and 
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briefly washed with PBS, and blocked with 3% BSA and 5% normal serum matched 

with host animal of secondary antibodies. Primary antibody were incubated 4℃ 

overnight (Arl13b, 1:3000, produced from rabbit; Myo7a, 1:200, Proteus biosciences, 

256790; Acetylated tubulin, 1:200, Sigma, T7451; γ-tubulin, 1:500, Sigma, T3195). 

After washing primary antibodies with 0.02% triton-X treated PBS 8 times for 15min, 

secondary antibodies were incubated at room temperature for 1hr to 1hr 30min (A488 

conjugated igG,1:200, Invitrogen, A11008, A11055, A11001), Alexa Fluor 568 

phalloidin,1:100, Invitrogen, A12380). Washing with 0.02% triton-X treated PBS 8 

times for 15min, and mounting with antifade solution (Invitrogen, P36930). For 

immunohistochemistry of developing organ of Corti, E17.5 head were fixed as 

described above. After washing with PBS, 30% sucrose-PBS was used to dehydrate 

the tissue. Head containing inner ear were embedded with the O.C.T compound 

(Tissue-Tek, 4583) and frozen section with normal angle cut were prepared on slides. 

Immunostaining step was same with whole mount immunostaining protocol but with 

more brief washing 3 times for 15min. Each specimen was observed and its images 

were taken by confocal microscopy (Lms780, Carl Zeiss). 

 

3. In situ hybridization 

Harvested embryos were fixed in 4% paraformaldehyde in PBS. For 

dehydration, embryos were immersed in 30% sucrose and embedded in OCT 

compound (Tissue-Tek). The frozen specimen was sectioned at 12㎛ thickness in 

cryotome chamber at -20℃ onto coated Superfrost slides and stored at -80℃. These 

sectioned tissue slides were dried at room temperature, and post-fixed. Hybridization 

was performed in pre-hybridization solution. Each bag contained four slides and 10㎖ 

of hybridization solution with a probe.  
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4. Scanning electron microscopy (SEM) 

E18.5 cochlear were dissected out and fixed in 2% paraformaldehyde and 2.5% 

glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) at 4℃ overnight. After 

fixation specimens were washed with 0.1 M sodium cacodylate buffer with 2mM 

CaCl2 and post-fixed using the osmium tetroxide (OsO4)/thiocarbohydrazide 

(OTOTO) protocol (ref). Graded series of ethanol were used for dehydration and 

critical point dryer (HCP-2; Hitachi) for drying. Platinum coated specimens were 

mounted on a stub holder and observed using a cold field emission scanning electron 

microscope (S-4300; Hitachi) operated at 15 kV.  

 

5. Measurement of hair cell number, ciliary length and frequency 

For measurement of hair cell number, whole mount immunostaining of E17.5 

Organ of Corti were performed and stained with Myo7a antibody. The images were 

taken by confocal microscopy, and Myo7a positive cells were counted. The ratio of 

total hair cell number of each mutant mice was calculated with its littermate control 

and averaged ratio were displayed as graph. Primary cilia and cell boundary were 

visualized with whole mount immunostaining using Arl13b and Phalloidin antibodies. 

Z-stack images of confocal microscopy enabled single plane capture of total length 

of primary cilia. Ciliary length and frequency were measured by Image J program 

(National Institutes of Health). 

 

6. Analysis of positional deviation of basal body 

 

Basal bodies were stained with r-tubulin antibody (γ-tubulin, 1:500, Sigma, 

T3195) with Phalloidin by whole mount immunostaining, and confocal image were 
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used. The connecting lines of 3 points ; basal body- center of hair cells - 3 centers of 

adjacent 3 hair cells yield the angle on the center of the hair cells and were measured 

by Image J program (National Institutes of Health), as described previously. 

 

7. In situ hybridization and measurement of signal intensities 

The inner ears dissected from E14.5 embryos were fixed in 4% 

paraformaldehyde overnight and embedded in Tissue-Tek optimum cutting 

temperature (OCT) compound. The inner ear tissues were sectioned at 12 mm 

thickness using a cryostat (Thermo Scientific). Every cochlear section from basal end 

to apical end was collected on 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 previously described 32. Images of in situ hybridization were 

acquired using Leica DM2700 optical microscope.  

To visualize expression gradients along the cochlear duct, in situ hybridization 

signal intensities were measured using Multi Gauge program (FUJIFILM). Images of 

all cochlear sections were collected, and each cochlear section was numbered from 

the basal end to the apical end. The number of cochlear sections are around 35 to 42 

in wild types, and those of ciliary mutants are proportionally less depending on the 

degree of cochlear shortening. To measure a signal intensity from a cochlear section, 

a rectangle (15 X 4.5 μm for A2m, Inhba, Msx1, Ptch1, Gli1, Atoh1 and Sox2 and 20 

X 6 μm for Fst) was positioned in a cochlear epithelial region that normally express 

the gene of interest and show purple-colored positive signals (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 does not normally express the gene to measure a background level (B). 

The intensity of in situ hybridization signal in each cochlear section was calculated 

by subtracting the background level (B) from the quantum level (Q) and designated 
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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 

ckground level (B) from the quantum level (Q) and designated as QB. Cochlear 

sections that were  

 

% intensity of a section =
(QB value of a section)−(the threshold QB value)

(the highest QB value among all sections)−(the threshold  QB value)
  

 

The in situ hybridization signal with the highest QB value among all section 

from a wild type cochlea 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 starting from the basal end to the 

apical end (X-axis). 

 

8. Measurement of the length of stereocilia 

4weeks old mouse were harvested and prepared for SEM observation. In the 

SEM image, the lengths of 3 stereocilia located within the 8 stereocilia distance from 

the vertex of the hair cells were measured by Image J program (National Institutes of 

Health). Averaged length of 3 stereocilia in one hair cells were displayed as one plot 

in the graph in figure 12, as previously described. At least 30 cells were analyzed in 

one cochlear samples.     

 

9. Auditory brainstem responses  

The litter mate control genotyped as Foxg1Cre;Cilk1lox/+ or Cilk1lox/lox were 

designated as control to the Foxg1Cre;Cilk1lox/lox mouse. 12 weeks old mouse were 

anesthetized and sub-dermal needles (electrodes) were positioned below the pinna in 
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a sound chamber. Multi-Field (MF1) magnetic speaker (Tucker-Davis Technologies, 

TDT) were applied to outer ears. Responses were fed into low-impedance Medusa 

Digital Biological Amplifier System (RA4LI, TDT; 20 dB gain). To determine the 

threshold dB SPL (sound pressure level), signal measurement at 2~7kHz mixed sound 

or Tone Burst (3,4, 6, 12, 18, 24, 30kHz) were performed, and he sound stimulus 

intensity ranges 90 to 10 dB in 5 dB gaps. The band-pass filter for recorded signal 

were from 500 Hz to 1 kHz and ABR waveforms were averaged in response to 512 

tone bursts. BioSigRP software were utilized to analyze data. 

 

10.  Statistical analysis  

Statistical comparisons were made with the two-way analysis of variance 

(ANOVA) with Bonferroni corrections for multiple comparisons for the ABRs, 

DPOAEs, and stereociliary length, and with Studentes.  rcent intensities  positive 

signals from a cochlea wasngth, hair cell 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 means ± s.e. Statistical significance is indicated 

in the figures as n.s., non-significant (P > 0.05), *P < 0.05, **P < 0.01, ***P < 0.001.  
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III.  RESULTS 

 

1. Primary cilium is 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 the primary cilia are present in the inner ear primordium, the 

otocyst, at embryonic day (E) 10.5 (Fig. 1). Primary cilia were visualized by 

immunostaining with antibody against ARL13b and γ-tubulin, which is localized in 

the ciliary membrane and basal body, respectively 22. Primary cilia were observed in 

otic epithelium projecting towards the lumen of the otocyst (Fig. 1B and C) and in 

the periotic mesenchyme (Fig. 1B-2). The abundance of the primary cilia appeared to 

be proportional to the thickness of the otic epithelium, such that there were higher 

numbers of primary cilia present in the ventral and medial side than in the dorsolateral 

side of the otocyst. (Fig. 1B and C, Fig. 3B). Interestingly, these ciliary distributions 

were consistent with the graded expression patterns of SHH target genes such as 

Ptch1 and Gli1 in the otocyst, stronger in the ventral and medial side than the 

dorsolateral side (Fig. H and I, Fig. 3C).  

To examine the role of primary cilia in the developing otocyst, we ablated 

primary cilia in the otic epithelium by crossing Ift88lox/lox mice with Pax2-Cre mice. 

IFT88 is an IFT-B component essential for ciliogenesis 23 and Pax2-Cre mice induce 

Cre-mediated recombination in the otic placode as early as 6-7 somite stages 24. In 

E10.5 Pax2-Cre; Ift88lox/lox (Ift88 conditional knockout; Ift88 cKO) embryos, primary 

cilia were almost completely ablated in the epithelium of the otocyst (Fig. 1D-F and 

E-1) and remained in the periotic mesenchyme (Fig. 1E-2), indicating a specific 

deletion of Ift88 in the Pax2-positive otic epithelium. Consistent with the well-

established role of primary cilia in SHH signal transduction, expression of SHH target 

genes such as Ptch1 and Gli1 was greatly downregulated in the otic epithelium, but 
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not in the neural tube or periotic mesenchyme in Ift88 cKO embryos (Fig. 2G and H; 

red arrows, Fig. 3C-D). Shh expression in the floor plate and notochord was not 

downregulated (Fig. 2F; arrow and arrowhead). Even though SHH signaling is 

impaired due to the lack of primary cilia, the otocyst developed with apparent 

endolymphatic duct and vertical pouch (Fig. 2F-H), yet the ventral tip of cochlear 

primordium was slightly blunted in E10.5 Ift88 cKO embryos (Fig. 2F-H). Consistent 

with these results, while Otx2, a cochlear marker 25, was expressed in the ventral 

extension (Fig. 2I), Msx1, which is induced by high levels of SHH signaling and 

indicates the apical end of cochlear identity 26, was not detected in E11.5 Ift88 cKO 

embryos (Fig. 2J; asterisk). These results indicate that the primary cilia mediate SHH 

signal transduction in the inner ear primordia, particularly the strong SHH activity 

essential for apical cochlear patterning. 
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Figure 1. Primary cilia mediate SHH signaling in the otocyst. (A-C) Primary cilia 

visualized by ARL13B and γ-tubulin immunostaining were present in the otic epithelium (B-

C) and periotic mesenchyme (B-2) in E10.5 wild type embryos. The abundance of primary 

cilia were much higher in the ventral (B) and medial (C) regions of the otocyst compared to 

that in dorsolateral region (C). (D-F) Primary cilia were not readily detectable in the otic 

epithelium (E-F), but present in the periotic mesenchyme (E-2) in Ift88 cKO embryos. nt, 

neural tube; ot, otocyst. In all images, dorsal is up and lateral is left. scale bars in B, 10 μm, 

also applies to C, E, F; scale bars in B-1, 3μm, also applies to B-2, E-1, E-2; scale bar in G, 

200μm, also applies to H-P. 
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Figure 2. SHH signaling in E10.5 otocyst of wild type and Ift88 cKO. . (A-J) Gene 

expression patterns of SHH signaling components and ventral otic markers in wild type and 

Ift88 cKO embryos. Shh was expressed in the floor plate (A, F; arrowheads) and notochord 

(A, F; arrows) in both E10.5 wild type and Ift88 cKO embryos. SHH target genes, Ptch1 and 

Gli1, were 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 (B, C), but dramatically 

decreased in Ift88 cKO embryos (G, H; red arrows). In E11.5 otocyst, Otx2 was expressed in 

the lateral side of the entire developing cochlea and Msx1 was expressed in the apical cochlear 

end in wild type embryos (D, E, arrowhead). Otx2 expression was unaltered (I), but Msx1 

expression was completely downregulated in Ift88 cKO embryos (J, red asterisk). nt, neural 

tube; ot, otocyst. In all images, dorsal is up and lateral is left. scale bar in A, 200μm, also 

applies to B-J. 
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Figure 3. Quantification of cilia number and SHH target gene expression in the E10.5 otocyst 

of wild type and Ift88 cKO mouse. (A) The otocyst is divided into four regions: ventromedial 

(VM), ventrolateral (VL), dorsomedial (DM), and dorsolateral (DL), which are numbered 1, 

2, 3, and 4, respectively. The number of lumenal cilia was counted in the areas indicated by 

yellow lines (80 µm in length). (B) Quantification of the number of cilia in control and Ift88 

cKO otocysts. The number of cilia is higher in the ventral otic regions than the dorsal regions 

in controls, while nearly no cilia are observed in Ift88 cKO otocysts (n=3 for wild type, n=3 

for Ift88 cKO). (C,D) Quantification of the signal intensity for in situ hybridization of Ptch1. 

The strongest intensity among all measurements was set as 100%, and the relative signal 

intensity of otic epithelium and periotic mesenchyme in each region of wild type and Ift88 

cKO otocysts are plotted (n=3 for wild types, n=3 for Ift88 cKO). Values and error bars 

represent the mean ± standard deviation. Statistical comparisons were made using two-way 

ANOVA with Bonferroni correction for multiple comparisons (*P < 0.05 **P < 0.01, ***P < 

0.001). 
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2. Cochlear phenotypes of three different categories of ciliary mutants. 

We next examined the role of primary cilia in cochlear development and hair 

cell differentiation by analyzing and comparing the cochlear phenotypes from three 

different categories of ciliary mutants: 1) Ift88 cKO (Pax2-Cre; Ift88lox/lox) lacking 

primary cilia in the otic epithelium 15, 2) Tbc1d32bromi mutant generated by ENU-

mutagenesis, exhibiting defective ciliary morphology 20, and 3) Cilk1 knockout (KO) 

exhibiting abnormal ciliary length regulation 21. Cochleae were dissected at E18.5 

and stained with phalloidin and anti-ARL13 antibody to visualize stereociliary 

bundles and primary cilia, respectively (Fig. 4).  

In wild types, the cochlear length reached one and a half turn (Fig. 4B) and the 

progression of HC differentiation from basal to apical cochlea was evident from a 

well-organized organ of Corti with mature HCs in the base (Fig. 4C) and less 

organized with immature HCs towards the apex (Fig. 4D and E). The primary cilia of 

HCs, known as the kinocilia, were present at the vertex of V-shaped stereociliary 

bundles in the mature HCs of the basal cochlea (Fig. 4Ca and Cb, yellow arrows). 

Primary cilia were also observed in the supporting cells such as Deiters’ cells (Fig. 

4Ca, white arrows) and pillar cells (Fig. 4Cb,white arrowheads).  

In Ift88 cKO mutants, kinocilia in the HCs and primary cilia in the supporting 

cells were mostly absent (Fig. 4G-J). As previously described 15, Ift88 cKO cochlea 

exhibited shortened cochlear duct with stacking of HCs in the apex and severely 

misoriented bundle polarity (Fig. 4G-I, U). The total number of HCs was significantly 

reduced proportional to the decreased cochlear length (Fig. 4U and V). In addition, 

HC differentiation appeared to occur prematurely based on more mature stereociliary 

bundle morphology in the apex compared to that of wild types (Fig. 4Ea and I). 

Surprisingly, we observed ectopic vestibule-like HCs in the non-sensory region of 

Kölliker’s organ in Ift88 cKO cochlea (Fig. 4J; n=4/4).  

In Tbc1d32bromi mutants, cochlea extension was severely affected reaching only 
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one turn (Fig. 4K and U) with multiple extra rows of HCs in the apex (Fig. 4M and 

N). The total number of HCs was significantly decreased proportional to the reduction 

of the cochlear length (Fig. 4U and V). The kinocilia of HCs in Tbc1d32bromi mutants 

were significantly elongated compared with those of wild types (Figs. 4T) and the 

tips of kinocilia were bulged (Fig. 5B, D, E and F). Interestingly, ARL13b-positive 

primary cilia were not detected in most supporting cells including Deiters’ cells (Fig. 

4La, white asterisk) and pillar cells (Fig. 4Lb, white asterisk) in Tbc1d32bromi mutants. 

The presence of supporting cells was confirmed by immunostaining with SOX2 (Fig. 

5G-L), indicating that Tbc1d32bromi mutant cochlea selectively loses the primary cilia 

in supporting cells but not the kinocilia in HCs. Furthermore, as shortened cochlear 

ducts in ciliary mutants were often associated with the defective PCP signaling which 

can be indicated by mislocalization of core PCP proteins, the localization of the 

known Core PCP protein Frizzled6(Fzd6) was investigated in Tbc1d32bromi mutants. 

The distribution of Fzd6 in OoC of Tbc1d32bromi mutant was shown to be normal (Fig. 

5M-R), reminding the normal distribution of core PCP proteins in Ift88 cKO 11. 

Similar to Ift88 cKO, Tbc1d32bromi mutants also exhibited premature HC 

differentiation based on mature stereocilia bundle morphology in the apex (Fig. 4N). 

Unexpectedly, Tbc1d32bromi mutant also showed ectopic vestibule-like HCs adjacent 

to the inner HCs (Fig. 4M, yellow arrowheads) and in the non-sensory region of 

Kölliker’s organ (Fig. 4O; n=3/4).In Cilk1 KO mutants, both kinocilia of HCs and 

primary cilia of supporting cells were significantly elongated compared with those of 

wild types (Fig. 4Q-S and T). We noticed that some of the supporting cells lost 

primary cilia in Cilk1 KO mutants (Fig. 4Qa, white asterisk). The lengths of cochlear 

duct were slightly but significantly shortened compared with those of wild types (Fig. 

4P and U) and the number of HCs was also reduced accordingly (Fig. 4V). HCs 

appeared slightly more mature in Cilk1 KO mutants than wild types based on more 

organized patterns of HCs and evident stereociliary bundles in the apex (Fig. 4S). 

Due to the shortened cochlear length of ciliary mutants, the absolute distances 
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of 90% of the length from the basal end of Tbc1d32bromi, Ift88, and Cilk1 mutant 

cochlea correspond to 52%, 58%, and 75% of the length of wild type cochlea, 

respectively (Fig. 6A). Intriguingly, when comparing hair cells located at the same 

distance, the differentiation status of the apical hair cells of ciliary mutants looked 

similar to (Cilk1 mutants) or mildly more mature (Tbc1d32bromi and Ift88 mutants) 

compared to wild types (Fig. 6B-E). These results may suggest that hair cell 

differentiation proceeds faster in ciliary mutants due to the shorter length of the 

cochlea. Thus, premature hair cell differentiation in ciliary mutants was confirmed by 

examining expression patterns of genes essential for hair cell 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. 7A-B; asterisks). In contrast, both 

genes were expressed in the entire duct, including the apex in the cochleae of ciliary 

mutants (Fig. 7C-H; red arrows), confirming that HC differentiation proceeds faster 

in ciliary mutants than in wild types. 

Our analyses revealed that there are several common cochlear phenotypes from 

three different ciliary mutants (Table 1). First, all three mutants exhibited defective 

cochlear extension with different severity, Tbc1d32bromi mutant being most severe and 

Cilk1 KO being least affected (Fig. 4U). Second, the total number of HCs was 

decreased in proportion to the severity of cochlear shortening (Fig. 4V). Third, there 

were stacking of HCs in the apical cochlea, Tbc1d32bromi and Ift88 mutants exhibiting 

more severe stacking than Cilk1 mutants (Fig. 4). Fourth, all three mutant cochleae 

exhibited premature HC differentiation, Tbc1d32bromi and Ift88 mutants being more 

mature than Cilk1 mutants (Fig. 4). Fifth, ectopic vestibule-like HCs were present in 

the non-sensory region of Kölliker’s organ in Tbc1d32bromi and Ift88 mutants (Fig. 4O 

and J). Interestingly, these common cochlear phenotypes of ciliary mutants closely 

resemble those observed in mutants with impaired SHH signaling 26-28, suggesting 

that most, if not all, cochlear defects of ciliary mutants may be attributed to abnormal 

SHH signal transduction.  
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Figure 4. 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 
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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 apex based on overall 

organization and stereociliary bundles in the hair cells. 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 Ift88 cKO mutants, cochlea shows a severe shortening (F), 

premature HC differentiation (G–I), and multiple extra rows of OHCs in the apex (H, I). Both 

kinocilia and primary cilia are absent from most HCs and SCs (Ga, Gb; asterisks). Ectopic 

vestibule-like HCs are present in the Kölliker’s organ (J). (K–O) In Tbc1d32bromi mutants, 

cochlea shows a severe shortening (K), premature HC differentiation (L–N), and multiple 

rows of OHCs in the apex (M, N). Kinocilia of hair cells are present (La; yellow arrow) but 

primary cilia in the SCs are missing (La, Lb; asterisks). Ectopic vestibule-like hair cells are 

present adjacent to inner hair cells (M; yellow arrowheads) and in the Kölliker’s organ (O). 

(P–S) In Cilk1 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, 500μm, also applies to F, K, P; scale bar in C, 10μm, also applies to D-E, G-I, 

L-N, Q-S; scale bar in Ca, 2 μm, also applies to Cb, Ea, Ga, Gb, La, Lb, Qa, Qb; scale bar in 

J, 2 μm, 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 hair cell 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). 

. .  
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Figure 5. SEM and immunofluorescence images of hair cells of Tbc1d32bromi mutants. (A-

D) Scanning electron micrographs of OHCs of wild type and Tbc1d32bromi mutants at E17.5. 

Tbc1d32bromi mutants exhibit elongated kinocilia with swollen tips more frequently compared 
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to wild types controls (B; red arrow). (E, F) The frequency of swollen kinociliary tips and 

their diameters are quantified from at least 100 hair cells in each region of wild type (n=3) 

and Tbc1d32bromi mutants (n=3). 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). (G-L) Immunofluorescent images of the 

organ of Corti of E17.5 wild type and Tbc1d32bromi cochleae. HCs are stained with anti-

MYO7A antibody (red) and SCs are stained with anti-SOX2 antibody (green). Extra rows of 

HCs and SCs are displayed in the middle and apical cochlear section of Tbc1d32bromi mutants. 

(M-R) Whole mount immunofluorescent images of the organ of Corti of E18.5 wild type and 

Tbc1d32bromi cochleae, stained with phalloidin and anti-FZD6 antibody. Scale bar in A,1 μm, 

also applies to B; scale bar in C, 4 μm, also applies to D; scale bar in G, 20 μm, also applies 

to H-L; scale bar in M, 10 μm, also applies to N-R. 
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Figure 6. Comparison of hair cells located at the same distance from the basal end of 

wild type and ciliary mutant cochlea. (A) Schematic diagram showing the relative cochlear 

lengths of wild type and ciliary mutant cochlea. The basal cochlear end is set to 0%, and the 

apical end is set to 100%. The absolute distance of the 90% position of Tbc1d32bromi, Ift88 

cKO, or Cilk1 mutant cochlea corresponds to 52%, 58%, or 75% of wild type cochlea. (B-E) 

Stereocilia and primary cilia were visualized by staining with phalloidin (red) and 

immunostaining with anti-ARL13B antibody (green). Hair cells located at 90% position of 

Tbc1d32bromi (B, B’), Ift88 (C, C’), or Cilk1 (D, D’) mutant cochlea were compared with wild 

type hair cells located at the same distance from the base. Scale bar in B, 10 μm, also applies 

to all panels; scale bar in the inset in B, 2 μm, also applies to all insets. 
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Figure 7. Premature hair cell differentiation in ciliary mutant cochlea. (A–B) Atoh1 and 

Pou4f3 are expressed in the base, mid-base, and mid-apex (black arrows), but not in the apex 

(red asterisks), of wild type cochlea at E17.5. (C–H) Atoh1 and Pou4f3 are expressed in the 

entire cochlear duct including the apex (red arrows) in E17.5 ciliary mutants. Scale bar in B, 

200μm, also applies to A–G. 
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Table 1. Cochlear phenotypes of three ciliary mutants at E18.5.  

  

Phenotype Cilk1 KO Tbc1d32bromi Ift88 cKO 

Cochlear elongation Shortened(83%) Shortened(58%) Shortened(64%) 

Hair cell number Decreased(87%) Decreased(59%) Decreased(66%) 

Apical stacking  
of outer hair cells 

+ 
Up to 4 rows, 90%regoin 

+++ 
Up to 8 rows, 90% region 

+++ 
Up to 8 rows, 90% region 

Maturation of  

apical hair cells 
+ ++ +++ 

Wave of hair cell 
differentiation 

Normal Mildly reversed Reversed 

Ectopic hair cells  

in Kolliker’s Organ 
No Yes Yes 
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3. SHH signaling is impaired in the developing cochlea of three ciliary 

mutants. 

We examined whether SHH signaling is impaired in the ciliary mutant cochlea 

at E14.5, when SHH signaling is active with an apex-to-base gradient due to Shh 

expression in the spiral ganglion neurons are strong in the apical turn 27. SHH 

signaling was determined by analyzing SHH target genes, including Ptch1 and Gli1, 

by in situ hybridization and quantitative real-time PCR (qPCR) (Fig. 8). To visualize 

expression gradients along the cochlea, we semi-quantified the intensity of in situ 

hybridization signals in all cochlear sections (Fig. 9). 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 (Fig. 4), the number of 

cochlear sections of ciliary mutants was much less than that of wild type controls (Fig. 

9).  

In wild types, direct targets of SHH signaling, Ptch1 and Gli1, were expressed 

in a graded pattern, stronger in the apex and gradually weaker towards the base (Fig. 

8A and B, Fig. 9). In Ift88 cKO cochlea, Ptch1 and Gli1 expression was dramatically 

reduced in the epithelium but not in the mesenchyme of severely shortened cochlea 

(Fig. 8E and F, Fig. 9A and B). Quantitative real-time PCR (qPCR) analyses using 

whole cochlear tissues confirmed significant decrease of Ptch1 and Gli1 (Fig. 8I). In 

Tbc1d32bromi mutant cochlea, Ptch1 and Gli1 expression was significantly decreased 

in the severely shortened cochlea (Fig. 8J and K, N). In Cilk1 mutants, expression 

levels of Ptch1 and Gli1 were also reduced yet in lesser degrees compared to 

Tbc1d32bromi and Ift88 cKO mutants (Fig. 8O and P, S). These results indicate that 

SHH signaling is downregulated in all three ciliary mutants with different severities. 
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4. Defect of ciliogenesis caused a reversal of HC differentiation wave. 

In E14.5 wild type cochlea, Atoh1, the master regulator of HC differentiation, 

was expressed in the base mid, indicating an base-to-apex wave of HC differentiation 

(Fig. 8C, Fig. 9). This characteristic directional HC differentiation is controlled by 

the apex-to-base SHH signaling gradient, which is established by a restricted 

expression of Shh in the spiral ganglion neurons specifically localized in the apical 

turn 27. In Cilk1 KO mutants, Atoh1 expression showed the typical base-to-apex 

gradient in a shortened cochlear duct, with a slight increase of expression level in the 

middle turn (Fig. 8Q, Fig. 9K). Surprisingly, in Ift88 cKO and Tbc1d32bromi mutants, 

where SHH signaling is greatly diminished, Atoh1 was prematurely expressed in the 

apex, but not observed in the base, indicating a reversal of HC differentiation wave 

(Fig. 8G, L, red arrows and asterisks, Fig. 9C and G). Similar reversal of HC 

differentiation wave has been reported in mutants in which SHH signaling is 

compromised by deleting Shh specifically in the spiral ganglion neurons 27, further 

demonstrating an impaired SHH signaling in Ift88 cKO and Tbc1d32bromi mutants. 

The reversed wave of HC differentiation was confirmed by immunostaining for 

myosin 7a (MYO7a) to visualize differentiating HCs and staining with phalloidin to 

visualize filamentous actin bundles (Fig. 8T-V). In E14.5 wild types, MYO7A 

immunoreactivity was observed in the basal (Fig. 8Ta), but not the apical (Fig. 8Tb), 

cochlear region, indicating the typical base-to-apex progression of HC differentiation. 

In contrast, MYO7a immunoreactivity was detected in the apical, but not the basal 

cochlear regions of Ift88 cKO (Fig. 8Vb) and Tbc1d32bromi mutants (Fig. 8Ub), 

confirming the reversal of HC differentiation wave. These results indicate that SHH 

signaling is severely impaired in the developing cochlea of ciliary mutants, resulting 

in a revered progression of HC differentiation. 
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Figure 8. Impaired SHH signaling and reversed wave of HC differentiation in ciliary 

mutant cochlea. (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 
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prosensory domain is observed in all cochlear turns (D). (E–H) In Ift88 cKO cochlea, Ptch1 

and Gli1 are greatly downregulated (E, F; asterisks). Atoh1 is ectopically expressed in the 

apex (G; red arrow) but not in the base (G; red asterisk). (J-M) In Tbc1d32bromi mutant cochlea, 

Ptch1 and Gli1 are greatly downregulated (J, K; asterisks). Atoh1 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 Tbc1d32bromi 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 Gli1 in the cochleae of Ift88 cKO 

(n=4), Tbc1d32bromi (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 Tbc1d32bromi and Ift88 cKO mutants, 

MYO7A immunofluorescence is detected 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, 100μm, also 

applies to B-R; scale bar in T, 500 μm, also applies to U and V; scale bar in Ta, 20 μm, also 

applies to Tb, Ua, Ub, Va, and Vb. 
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Figure 9. Relative signal intensity of in situ hybridization for Ptch1, Gli1, Atoh1 and Sox2 

along the cochlea. In situ hybridization signal intensity was quantified from all cochlear 

sections of wild type controls and ciliary mutant cochlea. For each gene, the strongest signal 

intensity among all wild type cochlear sections was set to 100%, and the relative signal 

intensity (Y-axis) of each cochlear section of wild type and ciliary mutant cochlea is plotted 

from the base to apex (X-axis). Black arrows indicate the apical end of the shortened cochlear 

duct of each mutant. Gray shadow below 0% in each graph indicate background signals. The 

measured graphs are representative, data from one wild type and one mutant cochlea for each 

gene are shown. 
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5. Ciliary frequency in the developing cochlea correlates with severity of 

cochlear defects 

Our results suggest that the common features of cochlear defects of three 

different ciliary mutants are attributable to abnormal SHH signaling (Fig. 8, Fig. 9). 

We asked whether the status of primary cilia in the developing cochlea at earlier 

stages is correlated with the outcome of cochlear phenotypes of the ciliary mutants. 

We examined primary cilia at E14.5, when SHH signaling is active in cochlear 

development such as cochlear elongation and HC differentiation 27. In wild types, 

most pro-sensory cells in the prospective organ of Corti possessed primary cilia along 

the entire length of developing cochlea (Fig. 10A-D, Q). Differentiating HCs 

accumulate fibrous actin filaments at the cell boundaries referred as cuticular 

condensation, which is a good indicator for early HC differentiation 31. Cuticular 

condensation was shown only for the inner HCs in the base, but not the middle and 

apex, of E14.5 wild type cochlea, indicating the typical base-to-apex wave of HC 

differentiation (Fig. 10B-D). In E14.5 Ift88 cKO cochlea, most cells lack primary 

cilia due to the loss of IFT88, a key player important for ciliogenesis (Fig. 10F-H, Q). 

Only few cilia below 10% were found in the apical region especially in cells with 

smaller size but barely found in relatively mature or condensed cells. Cuticular 

condensation was apparent in both inner and outer HCs along the entire length of 

E14.5 Ift88 cKO cochlea (Fig. 10F-H). In Tbc1d32bromi mutant cochlea, most of the 

prosensory cells lacked primary cilia (Fig. 9J-L, Q), which is different from E18.5 

Tbc1d32bromi cochlea where only the supporting cells but not HCs lacked primary cilia 

(Fig. 4L-N). These results suggest that SHH signal transduction is compromised in 

the developing cochlea of Tbc1d32bromi mutants due to the lack of primary cilia. 

Consistent with reversed expression patterns of Atoh1 and MYO7a, cuticular 

condensation was shown for both inner and outer HCs in the apex but only for inner 

HCs in the base and middle cochlear regions (Fig. 10J-L), indicating a premature and 

reversed progression of HC differentiation in Tbc1d32bromi mutants. In Cilk1 KO 
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cochlea, about 80% of the cells possessed primary cilia and the lengths of primary 

cilia were abnormally elongated compared with those of wild types (Fig. 10N-P, Q, 

Fig. 10R). Cuticular condensation was shown in the base and middle, but not in the 

apex, indicating that HC differentiation occurs in the normal base-to-apex direction 

slightly prematurely in Cilk1 KO cochlea. Together, these results suggest that the 

frequency of ciliated cells is closely related to SHH signaling activity and severity of 

cochlear defects in ciliary mutants.   
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Figure 10. Frequency of ciliated cells in E14.5 ciliary mutant cochleae. Whole mount 

immunostaining of primary 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), Tbc1d32bromi (I–L), 

Cilk1 KO (M–P) mice. Brackets indicate 1 row of IHC and 3 rows of OHC, and arrowheads 

indicate cells with cortical actin condensation(cuticular condensation). Higher magnification 

images showing the lack of or abnormally elongated primary cilia are displayed for each 

genotype (Ba, Fa, Ja, Na). Scale bar in A, 500 μm, also applies to E, I and M; scale bar in B, 

10 μm, also applies to C–D, F–H, J–L and N–P. (Q) Percentages of ciliated cells are quantified 
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in basal, middle, and apical regions of the cochlea from each genotype. The presence or 

absence of primary cilia are determined from at least 150 cells per region (at least 450 cells 

per embryo) from 3 different embryos for each genotype. (R) Quantification of ciliary lengths 

measured from at least 100 cells from wild types (n=3) and Cilk1 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). 
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6. Basal body position of hair cell is mildly affected in Tbc1d32bromi and Cilk1 

mutant, unlike Ift88 mutants. 

Our results suggest that abnormal SHH signaling is a main cause of cochlear 

defects in ciliary mutants. However, the shortened cochlear duct with HC stacking in 

the apex can also be explained by a failure of convergent extension resulted from 

defective planar cell polarity (PCP) signaling 15. We thus examine whether PCP 

signaling is affected in Cilk1 and Tbc1d32bromi mutants by analyzing the cellular 

position of the basal body (Fig. 11). The basal body position in the HCs was 

determined by measuring the angle between the line connecting the basal body and 

the center of HC and the line connecting the centers of three adjacent HCs (Fig. 11A) 

19,29. The angle was defined as 0° when the basal body is located at the lateral pole of 

HCs, and the PCP defect was judged by how much the angles are deviated from the 

normal range observed in wild types. 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 11F), we thus 

considered a basal body deviation < 30° as a normal range, although the angles were 

often deviated more than 30° but did not exceed 60° in the third and more rows of 

OHCs (OHC3+) probably due to less mature status of HC differentiation. 

In Ift88 cKO, the basal body position was deviated up to 180° in the OHCs 

(Fig. 11F), confirming the PCP defects in the absence of IFT function 15. In contrast, 

Tbc1d32bromi and Cilk1 mutant cochlea showed much milder deviation of the basal 

body position. The percentages of OHC1 and OHC2 exhibiting the angle deviation 

more than 30° were OHC1 : 6%, OHC2 : 7% in Cilk1 KO and OHC1 : 17%, OHC2 : 

14% in Tbc1d32bromi mutants compared to OHC1 : 3%, OHC2 : 3% in wild types , 

indicating that unlike Ift88 cKO cochlea, there is no evident PCP defect in the basal 

body position in Tbc1d32bromi and Cilk1 mutants(Fig. 12D). It was previously reported 

that Cilk1 KO cochlea showed the deviation of kinocilia position in the middle, but 

not basal cochlear region 30. We thus assessed the basal body position at three different 
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cochlear regions, base, middle and apex (Fig. 12A-C). We also observed that the 

percentage of HCs exhibiting the basal body deviation exceeding 30° were higher in 

the middle (IHC and OHC1-3 respectively, 5.4%, 9.3%, 15.0%, 16.7%)  and apical 

(IHC and OHC1-3 respectively, 12.5%, 7.7%, 5.3%, 18.2%) cochlear region than 

basal (IHC and OHC1-3 respectively, 0%, 0%, 0%, 18.2%) regions in Cilk1 KO 

cochlea (Fig. 12B). In Tbc1d32bromi mutant cochlea, the percentage of HCs with more 

than 30° deviation were greater than wild types in all cochlear regions (Fig. 12C). 

Neither fragmented nor doughnut-shaped stereociliary bundles were observed in 

Cilk1 and Tbc1d32bromi mutants (Fig. 4). These results indicate that unlike Ift88 cKO 

mutants, PCP defects in the basal body position is only mildly affected in Cilk1 and 

Tbc1d32bromi mutants(Fig. 12D), and also suggest that the shortened cochlear duct 

with HC stacking in Tbc1d32bromi and Cilk1 mutants is not resulted from abnormal 

convergent extension due to PCP defects.
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Figure 11. Planar cell polarity analysis of the three ciliary mutants. (A) Schematic 

diagram of planar cell analysis in organ of Cori. The angle between the connecting lines of 3 

points ; basal body- center of hair cells - 3 centers of adjacent 3 hair cells the basal cochlear 

side were measured. (B-E) Whole mount image of WT and the three cilia mutant stained with 

filamentous actin(red) and γ-tubulin(green). (F) Percent of the total hair cell numbers which 

yield each marked degree. The degree gap in the bottom line of the graph is 30. Compare to 

wild type, Cilk1 KO and Tbc1d32bromi only shows mild deviation, which is distinguishable 

with the obvious PCP defect presented by Ift88 cKO. Scale bars in B, 20 μm; also applies to 

C, D, E. 
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Figure 12. Basal body positional deviation of hair cells in Cilk1 KO and Tbc1d32bromi 
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mutants. (A-C) Averaged angular deviation of hair cell basal body position in the each region 

of cochlear duct- Base, Mid, Apex. The measurement was performed as described in Figure 

11. In Cilk1 KO, the averaged deviation of basal body in mid region were mildly affected 

showing significant difference but under 5 degree compared with its littermate control. 

Deviation in apex shows lower degree than wild type, explained by premature hair cell 

differentiation. Tbc1d32bromi mutants also revealed significant difference in basal region which 

also under 7 degree, further revealing only mildly affected PCP. (D) The percentage of HCs 

with > 30° deviations is significantly higher in all regions in Ift88 cKO mutants, compared to 

wild type cochlea. In contrast, Cilk1 and Tbc1d32bromi mutants show no statistically significant 

difference in all cochlear regions, compared to wild types, except for the basal OHCs in 

Tbc1d32bromi mutants. Values and error bars represent the mean ± standard deviation. 

Statistical significance was determined using the unpaired Student’s t-test (n.s. nonsignificant, 

*P < 0.05, ***P < 0.001).  
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7. Apical cochlear specification is affected in ciliary mutants  

SHH signaling gradient has been shown to play a crucial role in specification of 

regional identity along the length of developing cochlea, which prefigures the 

tonotopic organization essential for sound frequency discrimination 32. 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 organization 32, 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 apical-to-basal 

gradient along the developing cochlea (Fig. 13) 32.  

Expressions of basal genes, A2m and Inhba, were restricted in the basal turn of 

the developing cochlea (Fig. 13A,B and Q), whereas Msx1 expression was mostly 

restricted in the apical turn and Fst expression was strongest in the apex and gradually 

weaker toward the base (Fig. 13C,D and Q)32. 

In Ift88 cKO mutants, expression of A2m and Inhba was restricted in the basal 

cochlea similar with those of wild types (Fig. 13E, F, arrows, and Qa, Qb), yet Msx1 

expression was greatly decreased (Fig. 13G, red asterisk, and Qa) and Fst expression 

was more confined to the apical turn (Fig. 13H, arrow and arrowhead). In 

Tbc1d32bromi mutants, A2m and Inhba were expressed not only in the base but also in 

the middle region of the shortened cochlea (Fig. 13I, J, arrows). Msx1 expression was 

greatly decreased (Fig. 13K, red asterisk, and Qc) and Fst expression appeared more 

restricted to the apical cochlea (Fig. 13L, arrow and arrowhead). In Cilk1 KO mutants, 

expression of basal genes A2m and Inhba were generally unaffected (Fig. 13 M,N, 

arrows and Qe, Qf), yet expression levels and domains of apical genes Msx1 and Fst 

appeared slightly reduced compared to those of wild types (Fig. 13O, red asterisk,  

P, arrow and arrowheads and Qe, Qf). Together, these results show that while basal 
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genes are generally unaffected, apical genes are downregulated in ciliary mutants, 

indicating that specification of apical cochlear identity is compromised in ciliary 

mutants most likely due to disrupted SHH signaling.   
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Figure 13. Specification of apical cochlear region identity is compromised in ciliary 

mutants. (A–P) Gene expression patterns and analyses of basal cochlear markers (A2m, Inhba) 
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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; arrows), whereas 

Msx1 and Fst are expressed in the apical cochlear turns (C, D; arrows). (E–P) In Ift88 cKO, 

Tbc1d32bromi, 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, 100μm, also applies to B–P. 
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8. Cilk1cKO mutants exhibit hearing impairment in low frequency. 

We next examined whether abnormal apical cochlear specification during 

development leads to tonotopic changes in the mature cochlea, resulting in hearing 

impairment in low frequency. Because all three ciliary mutants are embryonic lethal, 

we generated an inner ear-specific conditional knockout of the Cilk1 gene by crossing 

Foxg1Cre/+ mice with Cilk1fl/fl mice. The Foxg1Cre/+; Cilk1fl/fl mutant (Cilk1 cKO) mice 

can survive until adulthood and reproduce the same cochlear phenotypes of Cilk1 KO 

mutants, including abnormal elongated cilia, compromised SHH signaling, 

shortening of the cochlea, and abnormal apical cochlear specification (Fig. 15, 16, 

17). 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 14A) or pure tone sounds at individual frequencies 

(Figure 14B-D). ABR thresholds for click stimuli were slightly increased in Cilk1 

cKO mice, but the threshold shift was not statistically significant (Figure 14A). In 

contrast, ABR thresholds for pure tone stimuli were significantly elevated in lower 

frequencies ranging from 4 to 8 kHz but not in higher frequencies (Figure 14B), 

indicating a low frequency-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 I amplitudes, which reflect 

the summed responses of auditory nerve fibers, were not significantly different 

between wild type and Cilk1 cKO mice at low (8 kHz) or high (18 kHz) frequency 

sounds (Figure 14C, D). In contrast, the thresholds for distortion product otoacoustic 

emissions (DPOAEs), 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 14E). 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 14F, G). All together, these results indicate that Cilk1 cKO mutants exhibit 
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low frequency-specific hearing loss, most likely due to defective OHC function in 

response to low frequencies. 
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Figure 14. Low frequency specific hearing loss in Cilk1 cKO mutants. (A-D) ABR 

thresholds of wild type control 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, not in higher frequencies in Cilk1 cKO mice (B). Input/output function analyses 

of wave I amplitudes do not show significant differences between wild type and Cilk1 cKO 

mice at 8 and 18 kHz (C, D). (E–G) 2f1-f2 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 2f1-f2 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). 
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Figure 15. Cochlear phenotypes of Cilk1 cKO mutants at E18.5. Stereocilia and primary 

cilia are visualized by staining with phalloidin (red) and immunostaining with anti-ARL13B 

antibody (green). In Cilk1 cKO mutants, cochlea exhibits slightly shortened duct (E, I), and 

both kinocilia in HCs and primary cilia in SCs are abnormally elongated (F–H, J). Values and 

error bars (I, J) represent the mean ± standard deviation. Statistical significance was 

determined using the unpaired Student’s t-test (***P < 0.001). 
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Figure 16. SHH signaling is impaired in Cilk1 cKO mutant cochlea. SHH target genes 

Ptch1 and Gli1, expressed in a gradient pattern in E14.5 wild type cochlea (A, B), are 

downregulated in Cilk1 cKO mutants cochlea (E, F). Atoh1 and Sox2 expression patterns are 

similar between wild type control and Cilk1 cKO mutant cochlea (C, D, G, H). (I) qPCR 

confirms a significant reduction in expression of Ptch1 and Gli1 in Cilk1 cKO cochlea. Values 

and error bars (I) represent the mean ± standard error. Statistical significance was determined 

using the unpaired Student’s t-test (n=6, **P < 0.01, ***P < 0.0001). (J) Measurement of  

signal intensities of in situ hybridization for Ptch1, Gli1, Atoh1, and Sox2 along the cochlea 
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of wild type control and Cilk1 cKO mutants. Black arrows indicate the apical end of Cilk1 

cKO cochlea. Gray shadow 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, 100μm, also applies to B–H. 
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Figure 17. Apical cochlear specification is impaired in Cilk1 cKO mutants. In Cilk1 cKO 

mutants, expressions of basal genes (A2m and Inhba) are generally unaffected and maintained 

in the basal cochlear ducts (A, B, E, F; arrows). In contrast, Msx1 expression is severely 

downregulated in apical ducts (C ,G; red asterisk), and Fst expression is reduced and more 

restricted in the apical ducts (D, H; black arrows for strong expression and arrowheads for 

weak expression). (I, J) Measurement of signal intensity of in situ hybridization for A2m, 

Inhba, Msx1, and Fst along the ducts of wild type control and Cilk1 cKO mutant cochlea. 

Scale bar in A, 100μm, also applies to B–H. 
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9. Hair bundle morphology is altered to adopt more basal cochlear 

properties in Cilk1 cKO mutants. 

Given that the low frequency detection of Cilk1 cKO were affected with 

disrupted response of OHC, which can be attributed to the abnormal tonotopic 

establishment, there are many chances of altered tonotopic character of Cilk1 cKO 

mutants. Tonotopy is established by the physical properties of the structural and 

physiological component which contribute of the transduction of the sound vibration. 

Therefore, it the tonotopic character is altered, it is reflected by the physical properties 

including the width of the stereocilia, the length of the stereocilia, the thickness of the 

basilar membranes 33. In tonotopic aspect of stereocilia morphology, basal cochlear 

duct are comprised by relatively shorter length of stereocilia with wide-angled, and 

apical cochlear duct are comprised by more longer stereocilia with narrower-angle . 

The low frequency hearing loss due to OHC dysfunction prompted us to 

examine OHC morphology in the mature cochlea of 4 weeks old adult Cilk1 cKO 

mutants by scanning electron microscopy. Scanning electron micrographs lacked 

evidence of IHC and OHC degeneration in Cilk1 cKO cochlea (Fig. 18A-F), 

indicating that the low frequency hearing loss is not due to HC loss in the apical 

cochlea. We thus examined whether the tonotopic properties of stereocilia were 

changed in adult Cilk1 cKO cochlea. We measured the stereocilia lengths of OHCs in 

wild type and Cilk1 cKO cochleae from five different tonotopic locations based on a 

percentage of the entire cochlear length as previously reported34. Wild type cochlea 

showed an increasing gradient of stereocilia lengths from base to apex (Fig. 18G, I, 

K and M). Interestingly, in Cilk1 cKO cochlea, stereocilia lengths were significantly 

decreased across all cochlear regions while maintaining the increasing gradient 

(Figure 18H, J, L and M). Since the cochlear ducts were shorter in Cilk1 cKO mutants, 

we compared stereocilia lengths at the same distance from the base in wild type and 

Cilk1 cKO mutants (Fig. 19). Intriguingly, stereocilia lengths in the apical regions of 
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Cilk1 cKO mutants were comparable to those in the middle or mid-apical region of 

wild type controls, indicating a loss (or truncation) of the apical cochlea (Fig. 19). 

These data are consistent with the downregulation of apical cochlear markers in 

ciliary mutants (Fig. 13, 17) and suggest that the tonotopic gradient of stereocilia 

lengths is shifted to adopt more basal like properties due to a failure of apical cochlea 

specification in Cilk1 cKO cochlea, resulting in low frequency-specific hearing loss 

(Fig. 14 ). 
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Figure 18. Decreased stereocilia length in 4weeks old Cilk1 cKO mutants. Scanning 

electron micrographs of the organ of Corti of wild types and Cilk1 cKO mutants (A-F). There 

is no obvious HC degeneration in the base, middle, and apex of the cochlea Higher 

magnification images indicate that OHC stereociliary lengths are decreased in the basal, 

middle, and apical cochlea of Cilk1 cKO mutants (G-L; white brackets). (M) Measurement 

of stereociliary lengths of OHCs demonstrate significant decreases along the cochlear duct 

position in Cilk1 cKO mutants. Stereociliary lengths were measured from at least 30 OHCs 

per each region from three animals per each genotype. 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, 5μm, also applies to B-F, scale bar in G, 1μm, also applies 

to H-L. ***P < 0.001, as determined by two-way ANOVA with Bonferroni correction for 

multiple comparisons.  
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Figure 19. Comparison of OHC stereocilia lengths at the same distance from the basal 

end of wild type and Cilk1 cKO mutant cochlea. (A) Schematic diagram discribing the 

relative lengths of wild type and Cilk1 cKO mutant cochlea. Numbers 1 through 6 represent 

locations at the same absolute distance from the basal end in wild type and Cilk1 cKO mutant 

cochlea. Since the cochlear length of Cilk1 cKO mutant is shorter than that of wild type, the 

apical region (82-90%) of Cilk1 cKO mutants corresponds to the mid-apical region (68-75%) 

of wild type. (B) Measurement of stereociliary lengths of OHCs located at the same distance 

from the basal end. Stereociliary length was measured from at least 30 OHCs per each region 

from three animals per each genotype. Individual dots represent individual data values, boxes 

represent the 25-75% range, horizontal lines in boxes represent median values, whiskers 

represent 5% and 95% values, and points outside the whiskers represent outliers. Statistical 
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significance was determined by two-way ANOVA with Bonferroni correction for multiple 

comparisons (n.s. nonsignificant, **P < 0.01, ***P < 0.001).  
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IV. DISCUSSION 

1. Impaired SHH signaling accounts for most of cochlear phenotypes 

observed in diverse ciliary mutants.  

There are piling studies on the role of cilia in embryonic development in 

various tissues, and precise investigations on the primary cilia have suggested for  

better understandings on the etiology of tissue specific phenotypes of 

ciliopathies14,18,21,35,36. The demonstrations on the roles of primary cilia also have been 

performed in the field of inner ear development. Many studies elucidate the role of 

primary cilia in PCP establishment in hair cells and further suggesting PCP as a 

putative explanation of hearing loss in ciliopathies 14,30,37. However, previously 

suggested role of primary cilia in inner ear development as PCP executor mainly 

reflects the role of basal body as microtubule organizing center, rather than primary 

cilia as signaling center, with limitation for the precise understanding on inner ear 

development.  

Research has reported 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, specifies the dorsoventral otic identity that 

determines vestibular and cochlear fates and also confers the apicobasal cochlear 

identity that prefigures the tonotopic axis 26,32. 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 differentiation 26,27,32. Both sources 

provide an SHH activity gradient that is higher in the ventral inner ear (or apical 

cochlea) and gradually lower toward the dorsal inner ear (or basal cochlea), and this 

is mediated by a balance between GLI activator and repressor activities 15,26,27,32.  

Thus, inner ear defects can be resulted differently depending on when and 

where SHH signaling is impaired. Briefly, when SHH signaling is absent (Shh-/- ), 

cochlea is completely lost 26. When SHH signaling is impaired due to defective GLI 
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activator/repressor functions (Gli2-/-;Gli3-/-and Gli3Δli33ator), 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 Ke between GLI ac26,28. When SHH signaling is absent from the spiral ganglion 

source (Foxg1Cre;Shhfl/fl and Neurog1-CreERT2; Shhfl/fl), 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 27. Lastly, when SHH signaling becomes impaired 

after cochlear specification (Emx2Cre;Smofl/fl), mild cochlear shortening and 

premature HC differentiation in the developing cochlea are accompanied by low 

frequency hearing loss in the mature cochlea 44.  

Interestingly, these observations associated with SHH signaling are consistent 

with the results of current study. In this study, three ciliary mutants shared few 

common phenotypes in cochlear development, 1) Shortened cochlear duct 2) 

Stacking of hair cells in the apical cochlear region 3) Decreased number of hair cells, 

closely matched with the cochlear length 4) Premature hair cell differentiation 5) 

Ectopic hair cells in the GER of Tbc1d32bromi and Ift88 cKO (Fig. 4), suggesting that 

SHH signaling is strongly affected in diverse ciliary mutants.  

Our analyses of ciliary mutants, summarized in Table 1, and resembling 

phenotypes observed in diverse ciliary mutants revealed that cochlear phenotypes 

induced by ciliary defects encompass all of the defects resulting from impaired SHH 

signaling. Although primary cilia are not essential for cochlear fate specification (Fig. 

1), these results demonstrate that primary cilia are required to mediate a multitude of 

spatiotemporally distinct processes regulated by SHH signaling in the developing 

cochlea, which are crucial for formation of a mature cochlea with normal auditory 

function.  
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2. Primary cilia regulate cochlear elongation and hair cell number by 

mediating SHH signaling. 

The cochlea starts to elongate from E11.5 cochlear primordium and dynamically 

extend their length to make approximately one and a half turn around the birth 

40.There are two factors important for final cochlear length, 1) The total number of 

hair cells40 2) Successful convergent extension15,16. In three ciliary mutants in current 

study, unsuccessful convergent extension with stacking of hair cells in apical cochlear 

duct were observed. However, the amount of stacked hair cells in apical region of 

Tbc1d32bromi and Ift88 cKO mutant cochlea is not sufficient to explain the 

approximately half of length of their littermate control. Rather than that, number of 

hair cells and found that it is closely matched the cochlear length ratio in each of the 

ciliary mutants. These results suggest that ciliary defect also affect the final number 

of hair cells and the following length of cochlear ducts (Fig. 4U, V).  

According to previous report on hair cell number and cochlear length, final hair 

cell numbers and cochlear length are determined by Fgf signaling mediated in otic 

mesenchyme 40, and mesenchymal SHH signaling and Fgf signaling act 

synergistically and direct the outgrowth of limb and midbrain 41-43. Interestingly, Cilk1 

KO which have longest cochlear length presented highest level of SHH signaling in 

the otic epithelium among the three ciliary mutants and Tbc1d32bromi and Ift88 cKO 

presented relatively row SHH signaling level in the otic epithelium. Considering that 

Ift88 cKO possess primary cilia in otic mesenchyme and showed longer cochlear duct 

than Tbc1d32bromi, it is possible that the primary cilia in otic mesenchyme can 

contribute to determine the total number of hair cells and cochlear length through 

mediating SHH /Fgf signaling around otic epithelium, similar way in limb bud or 

midbrain. Further studies are required for the elucidation on relation between primary 

cilia and hair cell number.  

  



 

60 

 

3. Temporally distinct roles of primary cilia in the cochlear development. 

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 11,15,45. However, the polarity defects are not always associated with 

cochlear extension phenotypes such as inner ears that lack Bbs8, Tmem67, or Vangl2 

11,18,19. Instead, cochlear shortening in ciliary mutants appears to be tightly associated 

with SHH signaling defects. For example, in ciliopathy models exhibiting both 

cochlear shortening and polarity defects, including Ift88, Kif3a, Ift27, Cilk1, and 

Tbc1d32bromi mutants (Fig. 4) 11,15,16,30, SHH signaling is impaired 38. In contrast, in 

ciliopathy models displaying polarity defects but normal cochlear length, including 

Alms1, Gmap210, Ift25, and Tmem67 mutants 11,14,18, SHH signaling is unaffected. 

These results indicate that cochlear shortening is observed in ciliary mutants if SHH 

signaling is impaired regardless of polarity defects, 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 (Fig. 4, 10). 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 

11,15,16. 
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4. Distinct ciliogenesis mechanisms between primary cilia and kinocilia. 

An interesting observation in E18.5 Tbc1d32bromi mutants was the selective 

loss of primary cilia in SCs but not kinocilia in HCs (Fig. 4), 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 Tbc1d32bromi mutant cochlea at E14.5, when HC differentiation has just 

begun and kinocilia have not yet appeared (Fig. 10). A similar phenotype has been 

reported in Tmem67 mutant cochlea, where primary cilia are selectively lost in SCs 

but not HCs 18. 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.  
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5. Possible etiology of hearing impairment observed in ciliopathy 

models. 

Based on comparative analysis of our results and previous studies, current 

study propose that cochlear phenotypes of ciliopathy mutants can be classified into 

two groups: a group associated with impaired SHH signaling and another group 

without SHH-associated defects.  

The first group with defective ciliogenesis with abnormal SHH signaling 

includes most IFT complex mutants as well as Cilk1 and Tbc1d32bromi mutants. We 

and others have observed that Cilk1 cKO mutants, which show relatively mild 

decrease of SHH signaling and survive postnatally, exhibit low frequency hearing 

impairment at 4-7 weeks (Fig. 14), consistent with previous study 30. A previous study 

proposed that hair bundle polarity defects are a major cause of low frequency hearing 

loss in Cilk1 cKO mutants 30. However, Cilk1 cKO cochlea exhibited only a minor 

hair bundle polarity defect (Fig. 11). Furthermore, polarity defects do not always 

result in hearing loss as in the case of Bbs8-/- and Alms1-/- mutants 11,14, questioning 

the direct contribution of polarity defects to hearing function. Our findings here 

suggest that apical cochlear specification is compromised in Cilk1 cKO mutants due 

to impaired SHH signaling, resulting in basally shifted tonotopy and low frequency 

hearing impairment. 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 

28. 

In the second group of ciliopathy models, which include Bardet-Biedl 

syndrome 9,11,12, Alstrsecond group14, and Meckeld group of cilio 18, the primary cilia 

are present with relatively normal SHH signaling and normal cochlear lengths 

9,11,12,13,14,18. Despite evident neonatal polarity defects, hearing loss only develops after 

6 months in Bbs8-/- and Alms1-/- mutants 11,14, and this hearing impairment is 

associated with HC degeneration in Alms1-/- mice 14 , consistent with that human 
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patient of Alstrent ondrome suffer from degeneration of cochlear HCs, spiral ganglion 

neurons, and stria vascularis. These results suggest that hearing impairment 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.  
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V. CONCLUSION 

 

In the current study, we investigated the role of primary cilia from early(E10.5) 

to late(E18.5) stage of embryonic cochlear development, and this investigation 

provide insights into the mechanism of hearing loss in ciliopathies.  

In addition to the essential role of kinocilia in determining hair bundle polarity 

11,15,16, primary cilia are present in the inner ear primordium long before kinocilia 

emerge in differentiating HCs and control multiple cochlear developmental events 

such as cochlear elongation and proper regional specification for future tonotopy, by 

mediating SHH signaling. Notably, ciliary mutants mouse models exhibit low 

frequency hearing loss resulting from abnormal apical cochlear specification due to 

impaired SHH signaling. Comparative analyses of various ciliopathy models suggest 

that hair bundle polarity defects, although observed in most ciliopathy models, are 

unlikely to be the major cause of hearing impairment. Instead, cochlear shortening 

and abnormal tonotopic organization should be considered as a potential etiology for 

hearing loss in a group of ciliopathies with defective ciliogenesis leading to impaired 

SHH signaling. 
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 ABSTRACT (IN KOREAN) 

 

 

달팽이관 발생과 청각 형성에 기여하는 섬모세포소기관의 다양한 

역할 

 

<지도교수 복진웅> 

 

연세대학교 대학원 의과학과 

 

문경혜 

 

섬모세포소기관은 척추동물의 발생과 항상성 유지에 중요한 여러 

신호전달체계의 중추로써 작용한다. 섬모세포소기관의 유전적 결함은 

ciliopathy라 하고 하는 선천 질환을 야기 하는데, 이 질환의 증상에는 

청력 손실이 포함된다. 소리를 인지하여 청각 신호를 전달하는 달팽이관 

속의 청각유모세포에도 섬모세포소기관이 존재 하는데, Kinocilia로 

알려진 이 섬모세포소기관은 청각유모세포의 평면 세포 극성을 구현 

하고 달팽이관 신장에도 기여 할 수 있는 것으로 알려져 있다. 이러한 

이전의 연구 결과들을 토대로 섬모세포소기관은 달팽이 관에서 평면 

세포 극성을 구현함으로써 청력에 기여 할 것으로 추측 되었다. 그러나 

최근 연구에 따르면 일부 섬모세포소기관 돌연변이 및 ciliopathy 마우스 

모델들에서는 청각유모세포에서 평면 세포 극성 결함이 관찰됨에도 
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불구하고 정상적인 달팽이관 신장 및 정상 청력을 보였다. 이에 

섬모세포소기관 결함으로 인한 평면세포극성 결함이 반드시 청력 손실을 

유도하는 것이 아니라고 유추 할 수 있고, ciliopathy에서 청력 손실이 

야기되는 기전은 추가적인 규명이 필요한 상태이다. 

본 연구에서는 달팽이관 발생 및 청각 형성에 있어서 

섬모세포소기관의 역할을 추가적으로 밝히고 이를 토대로 ciliopathy에서 

나타나는 청력 손실의 원인을 새롭게 제시 하고자 한다. 이에 청각 

유모세포 형성 이후의 섬모세포소기관 역할에 중점을 두었던 이전 

연구들의 한계를 극복하고자 유모세포 형성 이후의 후기 달팽이관 발생 

과정과 더불어 초기 달팽이관 발생 과정 동안의 섬모세포소기관의 

역할을 규명 하였다. 이를 위해 세가지 다른 종류의 섬모세포소기관 

돌연변이 마우스의 달팽이관 및 청각 유모세포 발생 과정을 관찰 하였다 

세 종류의 섬모세포소기관 돌연변이 마우스에서는 공통적으로 짧은 

달팽이관, 청각 유모세포 개수 감소, 달팽이관 부위별 특이 유전자의 

발현 저해 등의 형질이 관찰 되었고, 이는 SHH 신호전달체계에 결함이 

있는 돌연변이들의 형질을 닮아 있었다. 실험 결과 섬모세포소기관 

돌연변이 마우스의 달팽이관에서도 비정상적인 SHH 신호전달체계가 

관찰 되었다. 달팽이관은 각 부위별로 가장 잘 반응 할 수 있는 소리 

주파수가 다른데, 이러한 특질을 Tonotopy라 하고, SHH 신호 

전달체계는 Tonotopy의 확립에 중요한 것으로 알려져 있다. Tonotopy가 

잘 확립 되어야 서로 다른 소리의 주파수를 구별 할 수 있으며 이는 

정상 청력의 토대가 된다. 섬모세포소기관 돌연변이에서 비정상적인 

SHH 신호전달 체계가 관찰된 것과 연관하여 내이(inner ear) 특이적 

섬모세포소기관 돌연변이 마우스인 Foxg1Cre;Cilk1lox/lox 마우스에서 청력 

및 Tonotopy 특질을 반영하는 인자를 관찰 한 결과, 저주파 특이적인 
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청력 손실, 비정상적인 tonotopy를 반영하는 짧아진 청각 섬모가 관찰 

되었다.  

이러한 결과를 종합하여, 본 연구에서는 달팽이관 발생 과정 중 

섬모세포소기관은 SHH 신호전달을 통해 달팽이관 신장, 청각 유모세포 

개수 조절, 청각 유모세포 분화 시기 조절, 정상 Tonotopy의 확립에 

기여 한다는 것을 밝혔다. 또한 이를 바탕으로 정확한 병인 기전이 

밝혀지지 않았던 일부 ciliopathy 질환 군에서 나타나는 청력 손실을 

섬모세포소기관 결함으로 인한 SHH 신호전달 저해와 연계하여 설명 할 

수 있을 것으로 판단된다. 

중심단어 : 섬모세포소기관, SHH 신호전달, 달팽이관, 청각 유모세포, 

ciliopathy 

 


