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ICK is essential for cell type-specific ciliogenesis
and the regulation of ciliary transport
Taro Chaya1,2,3,4, Yoshihiro Omori1,2,3,5, Ryusuke Kuwahara6 & Takahisa Furukawa1,2,3,*

Abstract

Cilia and flagella are formed and maintained by intraflagellar
transport (IFT) and play important roles in sensing and moving
across species. At the distal tip of the cilia/flagella, IFT complexes
turn around to switch from anterograde to retrograde transport;
however, the underlying regulatory mechanism is unclear. Here,
we identified ICK localization at the tip of cilia as a regulator of
ciliary transport. In ICK-deficient mice, we found ciliary defects in
neuronal progenitor cells with Hedgehog signal defects. ICK-defi-
cient cells formed cilia with mislocalized Hedgehog signaling
components. Loss of ICK caused the accumulation of IFT-A, IFT-B,
and BBSome components at the ciliary tips. In contrast, overex-
pression of ICK induced the strong accumulation of IFT-B, but not
IFT-A or BBSome components at ciliary tips. In addition, ICK
directly phosphorylated Kif3a, while inhibition of this Kif3a phos-
phorylation affected ciliary formation. Our results suggest that ICK
is a Kif3a kinase and essential for proper ciliogenesis in develop-
ment by regulating ciliary transport at the tip of cilia.
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Introduction

Cilia are microtubule-based organelles that extend from the surface

of various types of cells in vertebrates (Fliegauf et al, 2007; Gerdes

et al, 2009; Nigg & Raff, 2009). Upon cell differentiation, some types

of cells change their ciliary function by altering their protein compo-

nents and morphology. For example, neuronal progenitor cells

possess short cilia that contain components of Sonic Hedgehog (Shh)

signaling such as Smo and Gli. Cilia are known to be important for

Shh signal transduction (Huangfu & Anderson, 2005). In the absence

of Shh pathway stimulation, Smo rarely localizes in the cilia. In this

condition, low levels of Gli transcription factors localize to the tip of

cilia. However, Shh pathway stimulation induces the accumulation

of Smo and Gli in the cilia and then triggers the transcription of target

genes (Corbit et al, 2005; Haycraft et al, 2005; Kim et al, 2009). In

the developing central nervous system (CNS), Shh signaling in the

cilia plays an essential role for neuronal progenitor cell proliferation

and differentiation (Chizhikov et al, 2007; Breunig et al, 2008; Han

et al, 2008; Spassky et al, 2008; Willaredt et al, 2008; Besse et al,

2011). In contrast, mature neurons in the adult brain develop long

primary cilia, on which several types of G-protein-coupled receptors

(GPCRs) for neurotransmitters such as melanin-concentrating

hormone and somatostatin are localized (Bishop et al, 2007; Berbari

et al, 2008; Arellano et al, 2012). Although cilia are morphologically

and functionally diverse among different cells as observed in CNS

development, the regulatory mechanisms underlying such cell type-

specific ciliogenesis are almost unknown.

Cilia are formed and maintained by the evolutionarily conserved

process called intraflagellar transport (IFT), the bidirectional protein

trafficking of IFT particles along ciliary microtubules. The IFT parti-

cles are composed of two subcomplexes called IFT-A and IFT-B.

Anterograde transport of these particles is driven by kinesin-2,

whereas retrograde transport is mediated by cytoplasmic dynein-2

(Rosenbaum & Witman, 2002). Anterograde transport is switched to

retrograde transport at the ciliary tip, where axonemal tubulins are

turned over (Ishikawa & Marshall, 2011). In Chlamydomonas and

C. elegans, IFT-A and IFT-B dissociate after reaching the ciliary/

flagellar tip and then IFT-B reassociates with IFT-A before retro-

grade transport (Pedersen et al, 2006; Wei et al, 2012). Although

the coordinated traffic switching at ciliary tips has been suggested

as required for normal ciliary formation and maintenance (Pedersen

et al, 2006; Wei et al, 2012), the regulatory mechanisms underlying

transport switching at ciliary tips are poorly understood.

Chlamydomonas LF4, Leishmania LmxMPK9, C. elegans Dyf-5,

and mouse Mak belong to the evolutionarily conserved MAP kinase

subfamily, which negatively regulates ciliary length (Asleson &

Lefebvre, 1998; Berman et al, 2003; Bengs et al, 2005; Burghoorn

et al, 2007; Omori et al, 2010). In contrast to cell type-specific

expression of Mak, another murine orthologue of Chlamydomonas

LF4, intestinal cell kinase (ICK), shows ubiquitous expression
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including in the developing CNS (Togawa et al, 2000). It was

reported that ICK is a substrate of cell cycle-related kinase (Ccrk)

(Fu et al, 2006). A mutant of Dyf-18, the C. elegans orthologue of

Ccrk, occasionally forms long-curved cilia (Phirke et al, 2011).

Broad-minded (Bromi), which interacts with Ccrk, is required for

the formation of proper structure in cilia (Ko et al, 2010). There was

a single case report of a novel neonatal lethal recessive disorder

with multiple anomalies involving the endocrine, cerebral, and skel-

etal systems (endocrine-cerebro-osteodysplasia, ECO) with a homo-

zygous missense mutation in human ICK, suggesting a key role for

ICK in the development of multiple organ system (Lahiry et al,

2009). However, the exact biological functions of ICK have not yet

been elucidated.

In the current study, we generated and analyzed retina- or brain-

specific ICK-deficient mutant mice as well as conventional ICK-defi-

cient mutant mice. These mice showed phenotypes defective in

Hedgehog (Hh) signal transduction in multiple organs. Unexpect-

edly, we found that ICK, which localizes at the tips of cilia, is

required for ciliogenesis in neural progenitor cells, but not in mature

neurons. Disruption of ICK leads to the accumulation of both IFT-A

and IFT-B particles. ICK-deficient MEFs have shortened and stumpy

cilia with an accumulation of Shh signaling molecules. Furthermore,

overexpression of ICK promoted the localization of IFT-B, but not

IFT-A, components at ciliary tips. We also found that ICK directly

phosphorylates Kif3a, a subunit of kinesin-2, and that Kif3a phos-

phorylation is required for normal cilia formation in vivo. These

results suggest that ICK is a Kif3a kinase and required for cilio-

genesis by regulating ciliary transport at ciliary tips.

Results

ICK-deficient mice show neonatal lethality with skeletal, lung,
and brain abnormalities

We first examined the expression pattern of ICK in the developing

CNS. We observed that ICK mRNA is expressed in the embryonic

day 10.5 (E10.5) neural tube and E15.5 brain including the cerebral

cortex (Supplementary Fig S1A and B). ICK mRNA was detected in

ganglion cells and weakly in progenitor cells at E17.5 in the retina

(Supplementary Fig S1C). We did not detect ICK mRNA at postnatal

day 3 (P3) or P21 in the retina (Supplementary Fig S1D and E). In

the brain, the expression of ICK reached its peak at P2 and gradually

decreased at later stages (Supplementary Fig S1F).

We generated ICK-floxed mice by flanking ICK exon 3 with two

loxP sites (Supplementary Fig S1G and H). We first mated ICK-floxed

mice with CAG-Cre mice, which express Cre recombinase in female

germ cells (Sakai & Miyazaki, 1997), and generated conventional

ICK-deficient (ICK�/�) mice. Absence of ICK mRNA and protein

expression in the ICK�/� mice was confirmed (Supplementary Fig

S2A and B). Ccrk mRNA expression was not upregulated in ICK�/�

MEFs (Supplementary Fig S2C). We did not detect Mak mRNA

expression in either ICK+/+ or ICK�/� MEFs. ICK+/� mice were

viable and fertile and developed without an obvious phenotypic

abnormality. In contrast, ICK�/� mice died around birth probably

because of respiratory failure. ICK�/� mice exhibited preaxial poly-

dactyly in both fore and hind limbs (Fig 1A–C). All four limbs were

severely shortened in the ICK�/� mice at E18.5 (Fig 1D and E). We

found that the lungs of ICK�/� embryos at E17.5 show the normal

arrangement of four right lobes and one left lobe; however, the

lobes were markedly smaller than those of wild-type embryos (Sup-

plementary Fig S2D and E). In contrast to the lung abnormality,

other organs, including the liver, kidney, and adrenal gland, were

normally developed at E17.5. We observed round-shaped olfactory

bulbs (Supplementary Fig S2F, arrowheads) and enlarged cerebral

cortexes in the ICK�/� embryos at E17.5 (Supplementary Fig S2G

and H). ICK�/� embryos showed hydrocephalus (Fig 1F and G). The

expression of Gli1, a downstream gene of the Shh signaling cascade,

decreased in the ICK�/� brain (Supplementary Fig S2I).

ICK is required for proper ciliogenesis of neural progenitor cells
and embryonic fibroblasts

ICK�/� embryos displayed phenotypes such as defects in cilia forma-

tion and/or Hh signaling; therefore, we analyzed ciliary formation

in ICK�/� mice. Since we found morphological malformations of the

brain in ICK�/� mice at E17.5, we focused on ICK function at an

earlier stage in the CNS. At E15.5, neuronal progenitor cells still

proliferate in the ventricular zone of the cerebral cortex (Dehay &

Kennedy, 2007). We tested whether loss of ICK affects ciliary forma-

tion of neural progenitors in the E15.5 cerebral cortex. We observed

that neural progenitor cells extend the cilia into ventricles in the

wild-type brain (Fig 1H and H0); however, we found few cilia in the

ICK�/� brain (Fig 1I and I0). In contrast, epithelial cilia in the nasal

pit were normal in the ICK�/� mice (Supplementary Fig S2J–K0). To
further investigate the effect of loss of ICK on ciliary formation, we

observed cilia in the kidney, skin, and intestine at E15.5 (Supple-

mentary Fig S2L–Q). Cilia in the nephric duct exhibited no obvious

change between ICK+/+ and ICK�/� embryos (Supplementary Fig

S2L and M). We found fewer cilia in the epidermis and dermis of

the skin of ICK�/� embryos (Supplementary Fig S2N and O). In addi-

tion, there were markedly fewer cilia in the intestinal muscular

layers and submucosa of ICK�/� mice (Supplementary Fig S2P and

Q). These results suggest that ICK is essential for ciliogenesis in a

tissue-specific manner.

Loss of genes required for ciliogenesis often causes defects in

dorsal-ventral neural tube patterning, which is tightly regulated by

the Shh morphogen (Dessaud et al, 2008). We examined the expres-

sion patterns of HNF3B, Shh, Pax6, Pax7, HB9, Nkx2.2, Nkx6.1, and

Islet1/2 at E10.5; however, we did not find any significant differ-

ences in their expression patterns between ICK�/� and wild-type

neural tubes (Supplementary Fig S3A–P). To investigate the ciliary

integrity of neural progenitors, we examined cilia in the neural tube

by immunohistochemistry. We found that cilia numbers and lengths

decrease in the ICK�/� neural tube (Supplementary Fig S3Q–T). To

analyze the ultrastructure of neural tube cilia, we performed scan-

ning electron microscopic analysis. We found that ciliary length

decreases in the ICK�/� neural tube (Fig 1J and K). Mutations in

Dync2h1, which encodes the heavy chain of the cytoplasmic dynein-2

motor, or Bromi cause morphological changes in the cilia (Ko et al,

2010; Ocbina et al, 2011). Unlike Dync2h1 or Bromi mutants, cilia in

the ICK�/� neural tube did not show a swollen morphology.

Although we observed ciliary defects in the ICK�/� neural tube, it

may not be severe enough to disrupt neural tube patterning.

To analyze ICK function in ciliogenesis, we examined the cilia

in mouse embryonic fibroblasts (MEFs) from ICK�/� embryos at
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Figure 1. Loss of ICK causes defects in development and ciliogenesis.

A Image of ICK+/+ (center), ICK+/� (left), and ICK�/� (right) embryos at E17.5.
B–E Skeletal defects in ICK�/� limbs and digits. (B–D) Alizarin red and alcian blue staining of forelimbs from ICK+/+ and ICK�/� mice at E18.5. (B, C) Forelimbs exhibited

preaxial polydactyly in ICK�/� embryos. (D, E) The distal long bone length of both forelimb and posterior limb was shorter in ICK�/� mice compared with that in
ICK+/+ mice.

F, G Nissl-stained coronal sections from ICK+/+ (F) and ICK�/� (G) mice at E17.5. ICK�/� mice showed hydrocephalus (G).
H–I0 The cilia in the cerebral cortex of ICK+/+ (H, H0) and ICK�/� (I, I0) mice at E15.5 were stained with an anti-adenylate cyclase 3 (AC3) antibody (green). Ciliary numbers

on the neuroepithelial cells (arrowheads) in the cerebral cortex are reduced in ICK�/� mice.
J, K Scanning electron microscopic analysis of ICK+/+ (J) and ICK�/� (K) neural tube cilia at E10.5. Cilia are shorter in the ICK�/� neural tube.
L, M ICK is localized at cilia tips. ICK+/+ (L) and ICK�/� (M) MEFs were immunostained with antibodies against ICK (red), acetylated a-tubulin (a marker for the ciliary

axoneme, green), and pericentrin (a marker for centrosomes, magenta). Arrowheads indicate ciliary tips.
N–Q Ciliary defects in ICK�/� MEFs. ICK+/+ (N) and ICK�/� (O) MEFs were immunostained with antibodies against pericentrin (red) and acetylated a-tubulin (green). The

numbers (P) and length (Q) of the cilia stained with an antibody against acetylated a-tubulin were measured. The cilia in ICK�/� MEFs are markedly fewer and
shorter.

Data information: Nuclei were stained with DAPI (blue). Scale bars, 10 mm (A), 2 mm (B–D), 1 mm (F, G), 100 lm (H, I), 20 lm (left panels in N, O), 10 lm (H0 , I0 , left
panels in L, M), 2 lm (right panels in N, O), 1 lm (center and right panels in L, M), and 500 nm (J, K). Error bars show the SD. *P < 0.03.
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E13.5. We generated an anti-ICK antibody and analyzed subcellu-

lar localization of ICK in MEFs. We found that ICK is localized at

the tips of the cilia in wild-type MEFs (Fig 1L). We confirmed the

loss of ICK in ICK�/� MEF cilia (Fig 1M). We observed back-

ground signals in the cytoplasm of both ICK+/+ and ICK�/� MEFs

(Fig 1L and M). We found that ciliated cells are fewer and the

ciliary length is shorter in ICK�/� MEFs (Fig 1N–Q; Supplementary

Fig S3U–Z). This result suggests that ICK is essential for ciliary

elongation, in contrast to the function of an ICK paralog, Mak,

which is required for the negative regulation of ciliary length

(Omori et al, 2010).

ICK is required for the ciliogenesis of retinal progenitor cells, but
not for photoreceptor cells

To investigate the in vivo function of ICK in the developing retina,

we mated the ICK-floxed mouse line with the Dkk3-Cre transgenic

mouse line, in which Cre-mediated recombination begins in almost

all retinal progenitors at around E10.5 (Sato et al, 2007). We gener-

ated ICKflox/flox; Dkk3-Cre+ (ICK Dkk3 CKO) mice and found that

they were viable and fertile. We confirmed almost complete loss of

the ICK mRNA in the ICK Dkk3 CKO retina (Supplementary Fig

S4A). ICK protein expression was lost in the ICK Dkk3 CKO retina

(Supplementary Fig S4B).

We found that retinal thickness was reduced in ICK Dkk3 CKO

mice compared to control mice at P0 (Supplementary Fig S4C–G).

The numbers of proliferating cells decreased in the ICK Dkk3 CKO

retina (Supplementary Fig S4C–F, H, and I). We found that the

numbers of cilia markedly decreased in the P0 ICK Dkk3 CKO retinal

progenitor cells (Fig 2A–C). It is known that cilia are essential for

Hh signal transduction and that Shh signaling controls cell prolifera-

tion of retinal progenitor cells (Corbit et al, 2005; Huangfu &

Anderson, 2005; Wang et al, 2005; Sakagami et al, 2009). Decreased

cell proliferation of retinal progenitor cells in the ICK Dkk3 CKO

retina is most likely due to the lack of cilia and Shh signaling in

retinal progenitor cells.
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Figure 2. Loss of ICK affects retinal and cerebellar development.

A–C The cilia in retinal neuroepithelial cells from the P0 control and ICK Dkk3 CKO mice were immunostained with an antibody against AC3 [green in (A) and (B)]. The
numbers of AC3-positive cilia in P0 control and ICK Dkk3 CKO retinas were counted (C). Ciliary numbers were reduced in the ICK Dkk3 CKO retina.

D Dorsal view of the dissected brain from control and ICK Nes CKO mice at the age of 1 month. The cerebellum (arrowheads) is smaller in ICK Nes CKO mice (right)
compared to that in control mice (left).

E–H Nissl staining of cerebellar (E, F) and hippocampal (G, H) sections from P21 control (E, G) and ICK Nes CKO (F, H) mice. The lobes of the cerebellum are markedly
smaller in ICK Nes CKO mice (F) compared to those in control mice (E). The hippocampal DG is smaller in ICK Nes CKO mice (H) compared to that in control mice
(G).

I–L Immunohistochemical analysis of the ICK Nes CKO cerebellum with cell proliferation markers. Sagittal cerebellar sections were immunostained with antibodies
against Ki67 (green in (I) and (J)) and PH3 (green in (K) and (L)). The external granule cell layer (EGL, shown with arrowheads) is thinner in ICK Nes CKO mice.

M–O The cilia in EGL cells of the control (M) and ICK Nes CKO (N) mice were stained with an antibody against AC3. The cilia in the EGL are fewer in the ICK Nes CKO
cerebellum. The number of AC3-positive cilia in the control and ICK Nes CKO EGL was counted (O).

Data information: Nuclei were stained with DAPI (blue). Scale bars, 5 mm (D), 1 mm (E, F), 500 lm (G, H), 100 lm (I–L), and 5 lm (A, B, M, N). Error bars show the SD.
*P < 0.03. NBL, neuroblastic layer.
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To test whether the loss of ICK affects photoreceptor cilia forma-

tion and maintenance, we immunostained retinal sections from

1-month-old ICK Dkk3 CKO mice with ciliary markers. We observed

no obvious difference in the number and length of the ciliary

axoneme and connecting cilia between control and ICK Dkk3 CKO

retinas (Supplementary Fig S4J–O). Ciliary localization of Mak was

unaltered between control and ICK Dkk3 CKO photoreceptors (Sup-

plementary Fig S4J–K″). These results suggest that ICK plays an

essential role in ciliogenesis in retinal progenitors but is dispensable

for ciliary assembly and maintenance in mature photoreceptor cells.

Conditional deletion of ICK in the brain causes cerebellar
developmental defects

Then, to investigate ICK function in the brain after birth, we gener-

ated mice with conditional deletion of ICK in the brain. We crossed

ICK-floxed mice with transgenic mice expressing Cre recombinase

under the control of the Nestin enhancer in neurons and glia

broadly in the brain at E11.5 (Isaka et al, 1999), to generate ICKflox/

flox; Nestin-Cre+ (ICK Nes CKO) mice. We confirmed that ICK mRNA

expression level is markedly reduced in the cerebellum, hippocam-

pus, cerebral cortex, and whole brain in ICK Nes CKO mice

compared to that of the control mice (Supplementary Fig S5A–D).

ICK protein expression was lost in the ICK Nes CKO brain (Supple-

mentary Fig S5E). Ccrk mRNA expression was not upregulated in

the ICK Nes CKO brain (Supplementary Fig S5F). We did not detect

Mak mRNA expression in either control or ICK Nes CKO brains. At

P4, ICK Nes CKO and control mice were indistinguishable; however,

at the age of 1 month, ICK Nes CKO mice exhibit growth retardation,

ataxia, and tremor (Supplementary Fig S5G).

We first analyzed the ICK Nes CKO brain at 1 month of age. We

found that the cerebella of ICK Nes CKO mice are obviously smaller

than those of the control mice (Fig 2D). We found that the cerebel-

lar lobes of ICK Nes CKO mice were smaller compared to those of

the control mice (Fig 2E and F). Similarly, the hippocampal dentate

gyrus (DG) was smaller in the ICK Nes CKO mice (Fig 2G and H). In

contrast to the ICK�/� mice, no expanded ventricle was observed in

the ICK Nes CKO brain at P21 (Supplementary Fig S5H and I).

In the cerebellum, cells in the external granule cell layer (EGL)

proliferate to produce the pool of granule cell precursors (GCPs)

during the first 2 weeks after birth. GCPs migrate internally past the

Purkinje cells to form the inner granule cell layer (IGL) (Sotelo,

2004). To investigate the development of the ICK Nes CKO cerebel-

lum more precisely, we compared the control cerebellum with the

ICK Nes CKO cerebellum at P4. We found defective cerebellar folia-

tion in the ICK Nes CKO mice (Supplementary Fig S5J and K). At this

stage, the EGL of the ICK Nes CKO cerebellum is thinner compared

to that of control cerebellum (Fig 2I–L). Proliferating cell numbers

were markedly reduced in the ICK Nes CKO cerebellum (Fig 2I–L;

Supplementary Fig S5L and M). Ciliary numbers were significantly

smaller in ICK Nes CKO mice compared to that of control mice

(Fig 2M–O). To test whether Shh signaling is affected in the ICK Nes

CKO cerebellum, we analyzed the expression of Gli1, a downstream

gene of the Shh signaling cascade. Gli1 expression significantly

decreased in the ICK Nes CKO cerebellum at P4 (Supplementary Fig

S5N). These results suggest that the loss of ICK causes ciliary loss in

EGL cells and abnormal Shh signaling, resulting in reduction of cell

proliferation in the EGL in the ICK Nes CKO cerebellum.

ICK is required for postnatal DG neurogenesis

In the DG, granule neuron precursors proliferate and differentiate

into granule neurons at postnatal stages (Altman & Bayer, 1990; Li

& Pleasure, 2005). The small size of the DG suggests a possible

defect in the postnatal generation of granule neurons in the ICK Nes

CKO mice. We found that numbers of proliferating cells decreased

in ICK Nes CKO mice (Supplementary Fig S5O–T). This observation

suggests that the production of new neurons is defective at postnatal

stages in the ICK Nes CKO DG.

To observe the cilia in granule neuron precursors, we immuno-

stained Ki67 and AC3 in the DG. We found that the number of Ki67-

positive cells with AC3-positive cilia was severely reduced in the

ICK Nes CKO DG (Fig 3A–C). Previously, formation of the primary

cilia and Shh signaling were shown to be required for postnatal DG

neurogenesis (Breunig et al, 2008; Han et al, 2008). We found that

the Gli1 expression level was significantly reduced in the ICK Nes

CKO hippocampus (Supplementary Fig S5U). These results suggest

that the loss of ICK in the hippocampus causes ciliary loss in DG

neural progenitor cells and affects neuronal production through the

Shh signal cascade. We did not observe any obvious differences in

ependymal cell ciliary formation between the P4 control and ICK

Nes CKO brain (Supplementary Fig S5V and W).

ICK-deficient mature neurons develop cilia

Mature neurons extend cilia in various parts of the brain including

the hippocampus and cerebral cortex. Several types of GPCRs

including somatostatin receptor 3 (SSTR3) and melanin-concentrat-

ing hormone receptor 1 (MCH1R) were found to localize to the

neuronal cilia (Handel et al, 1999; Berbari et al, 2008; Marley & von

Zastrow, 2010). We investigated the integrity of the neuronal cilia in

ICK Nes CKO mice. Unexpectedly, we found that the cilia are normal

in the ICK Nes CKO DG and cerebral cortex at 1 month of age

(Fig 3D–I).

We examined ciliary localization of GPCRs in mature neurons.

We found that MCH1R and SSTR3 are localized properly in the

neuronal cilia of the ICK Nes CKO cerebral cortex (Fig 3J–K0; Supple-
mentary Fig S5X–Y0). In contrast to the essential role of ICK for

neuronal progenitor ciliogenesis, loss of ICK does not appear to

significantly affect ciliary formation and GPCR localization in

mature neurons.

ICK is required for proper ciliary localization of Shh
pathway components

Shh pathway components including Smo and Gli localize to the

cilia, and ciliary localization of these components depends on stimu-

lation of Shh signaling (Corbit et al, 2005; Haycraft et al, 2005). To

investigate whether ICK is involved in the regulatory mechanism of

ciliary transport of Shh signaling components, we observed Shh

signal-dependent ciliary localization of Smo, Gli2, and Gli3 using

the ICK�/� MEF (Fig 4A–J; Supplementary Fig S6A–I). In the

absence of Shh pathway stimulation, Smo rarely localized in the

wild-type MEF cilia; however, Shh pathway stimulation with treat-

ment of a Smo-binding Shh pathway agonist (SAG) induced Smo

accumulation in the cilia (Fig 4A, B and I). In contrast, we often

observed accumulation of the Smo signal in the ICK�/� MEF cilia
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Figure 3. ICK is required for ciliogenesis in the developing hippocampal DG.

A–B0 Sagittal hippocampal sections from P4 control and ICK Nes CKO mice were immunostained with antibodies against Ki67 (red) and AC3 (green). Numbers of Ki67-
positive cells with the cilia were decreased in the ICK Nes CKO DG. Arrowheads indicate cilia on Ki67-positive cells.

C The percentage of Ki67-positive cells with AC3-positive cilia was quantified.
D–G0 Immunohistochemical analysis of the hippocampal DG (D–E0) and cerebral cortex (F–G0) from 1-month-old control (D, D0 , F, F0) and ICK Nes CKO (E, E0 , G, G0) mice.

Coronal sections were stained with antibodies against NeuN (a neuronal marker, red) and AC3 (green). No obvious difference in ciliary number or ciliary length
was observed between control and ICK Nes CKO mice.

H, I The numbers (H) and length (I) of the cilia stained with an anti-AC3 antibody were measured. There was no significant difference between the control and ICK Nes
CKO cerebral cortex.

J–K0 Ciliary localization of GPCR in the ICK Nes CKO cerebral cortex. Sections from cerebral cortex were stained with ciliary GPCR, MCH1R (red). The cilia were stained
with an anti-AC3 antibody (green). MCH1R (arrowheads) was localized in the cilia properly both in control and in ICK Nes CKO mice.

Data information: Nuclei were stained with DAPI (blue). Scale bars, 20 lm (D, E, F, G) and 10 lm (A–B0 , D0 , E0 , F0 , G0 , J–K0). Error bars show the SD. *P < 0.03. n.s., not
significant.
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even without Shh pathway stimulation (Fig 4C, D, and I). To

confirm the abnormal ciliary accumulation of Smo in the ICK�/�

MEFs, we co-immunostained Smo with c-tubulin in the ICK mutant

MEFs. We observed that Smo signals in the vicinity of the centriole

significantly increased in ICK�/� MEFs compared to those in wild-

type MEFs in the absence of Shh pathway activation (Supplemen-

tary Fig S6A–D). Unexpectedly, we found the Smo signal displayed

on cilia-like structure in the vicinity of centriole in more than 80%

ICK�/� MEFs. We found that about 10% of ICK�/� MEFs formed

acetylated a-tubulin-positive cilia (Fig 1N–P). Since acetylated

a-tubulin is a marker for the ciliary axoneme and Smo is a membrane

protein, these data suggest that ICK�/� MEF cilia have ciliary

membrane structures without acetylated a-tubulin-positive micro-

tubules. Although AC3 and Arl13b are ciliary membrane proteins,

we observed that about 10% of ICK�/� MEFs form AC3-positive cilia

and that about 30% of ICK�/� MEFs have Arl13b-positive cilia

(Supplementary Fig S3U–Z). The transport system for AC3 and

Arl13b in cilia may be different from that for Smo.

In wild-type MEFs, low levels of Gli2 and Gli3 were localized at

ciliary tips in the absence of Shh pathway stimulation (Fig 4E and J;

Supplementary Fig S6E and I). However, after stimulation with

SAG, Gli2 and Gli3 accumulated at ciliary tips (Fig 4F and J; Supple-

mentary Fig S6F and I). In contrast, Gli2 and Gli3 were enriched at

cilia tips in the ICK�/� MEFs either with or without Shh pathway

stimulation (Fig 4G, H, and J; Supplementary Fig S6G, H, and I).

Smo signals in the cilia increased in the E10.5 ICK�/� neural tube

and paraxial mesoderm (Fig 4K–N). Gli1 expression was signifi-

cantly downregulated in ICK�/� MEFs compared to that in wild-type

MEFs in the presence of Shh pathway stimulation (Supplementary

Fig S6J). These results suggest that ICK regulates the ciliary localiza-

tion of Shh pathway components.

A kinase-dead mutant and an ECO-associated mutant of ICK have
a reduced ability to rescue ciliary formation in ICK�/� MEFs

To investigate the regulatory mechanisms for ciliary formation by

ICK, we performed rescue experiments using ICK�/� MEFs. We

prepared constructs expressing a FLAG-tagged full-length wild-type

ICK (ICK-WT) or a kinase-dead mutant ICK (ICK-KD) (Fig 5A). The

ICK-KD construct was generated by substitution of a lysine residue

(K33) with an arginine residue (Xia et al, 2002; Fu et al, 2005). We

transfected these constructs into ICK�/� MEFs and observed the

acetylated a-tubulin-positive cilia (Fig 5B–E). While ICK-WT

rescued ciliary formation in ICK�/� MEFs (Fig 5C and E), ICK-KD

failed to rescue the cilia in those cells (Fig 5D and E). ICK-WT

rescued ciliary length in ICK�/� MEFs (Fig 5F). This result shows

that the kinase activity of ICK is essential for its function in cilia

formation. We observed that ICK-WT localizes at the ciliary tips

(Fig 5C). We found that ICK-KD also localizes in the cilia (Fig 5D),

suggesting that kinase activity is not required for ciliary localization

of ICK.

It was reported that a missense mutation in human ICK is associ-

ated with a developmental disorder, ECO (Lahiry et al, 2009). This

mutation results in an amino acid substitution from arginine to

glutamine at residue 272 of human ICK (R272Q). To investigate

whether this mutation affects ICK function, we generated constructs

expressing a FLAG-tagged full-length wild-type human ICK (hICK-

WT) and FLAG-tagged ECO-associated mutant R272Q of human ICK
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Figure 4. Signal-dependent ciliary transport of Shh components is
defective in ICK�/� cells.

A–H ICK+/+ and ICK�/� MEFs were treated or not treated with Smo agonist
(SAG) and immunostained with antibodies against Smo (green in A–D)
and Gli3 (green in E–H). The cilia were immunostained with antibodies
against acetylated a-tubulin (red in A–D) or AC3 (red in E–H). Smo and
Gli3 are aberrantly present in the ICK�/� MEF cilia without stimulation
with SAG.

I, J Quantification of the cilia with Smo and Gli3 signals. The percentages of
the cilia with Smo (I) and Gli3 (J) signals in ICK+/+ and ICK�/� MEFs with
or without treatment of SAG were quantified.

K, L ICK+/+ (K) and ICK�/� (L) neural tube cilia were immunostained with
antibodies against Smo (red) and polyglutamylated tubulin (green).
Arrowheads indicate Smo-positive cilia. Smo signals increased in ICK�/�

neural tube cilia at E10.5.
M, N Cilia in paraxial mesoderm regions of E10.5 ICK+/+ (M) and ICK�/� (N)

embryos were immunostained with antibodies against Smo (red) and
polyglutamylated tubulin (green). Smo signals in the cilia increased in
ICK�/� mice.

Data information: Nuclei were stained with DAPI (blue). Scale bars, 2 lm (A–H)
and 1 lm (K–N). Error bars show the SD. *P < 0.03.
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(hICK-ECO) (Fig 5G). We transfected these constructs into NIH3T3

cells and observed the subcellular localization of the FLAG-tagged

proteins (Fig 5H–K). We found that hICK-WT localizes to the ciliary

tips in 65% cells (Fig 5I and K). In contrast, the human mutant ICK

had a significantly decreased efficiency in localizing to the ciliary

tips compared to that of WT hICK (17%, Fig 5J and K). We next

examined the ability of the WT hICK and the human ECO mutant to

rescue the formation of acetylated a-tubulin-positive cilia in

A

E

F

G

H

L M N

I J

K

O

B C D

Figure 5. A kinase-dead mutant and an ECO-associated mutant of ICK show a decreased ability to rescue shortened cilia phenotype in ICK�/� MEFs.

A–F Kinase activity of ICK is required for ciliary formation but not for localization in the cilia. (A) Schematic representation of a kinase-dead ICK. (B–D) Constructs
expressing FLAG-tagged GFP (B), wild-type ICK (ICK-WT; C), or kinase-dead ICK K33R (ICK-KD; D) were transfected into ICK�/� MEFs. Localization of FLAG-tagged
proteins was observed using anti-FLAG (green) and anti-acetylated a-tubulin (red) antibodies. (E) The number of cilia stained with an anti-acetylated a-tubulin
antibody was counted. (F) The length of cilia stained with anti-acetylated a-tubulin antibody was measured.

G–O The ECO-associated mutant of human ICK has a decreased ability to induce ciliary formation. (G) Schematic representation of the ECO-associated mutant of
human ICK. (H–J) FLAG-tagged constructs expressing GFP (H), wild-type human ICK (hICK-WT; I), or ECO-associated mutant R272Q of human ICK (hICK-ECO; J)
were transfected into NIH3T3 cells. Localization of FLAG-tagged proteins was observed using anti-FLAG (green) and anti-acetylated a-tubulin (red) antibodies. (K)
The percentage of the cilia with the FLAG signal was quantified. (L–N) The FLAG-tagged GFP (L)-, hICK-WT (M)-, or hICK-ECO (N)-expressing plasmid was
transfected into ICK�/� MEFs. (O) The number of cilia stained with anti-acetylated a-tubulin antibody was counted.

Data information: Nuclei were stained with DAPI (blue). Scale bars, 5 lm (B–D, L–N) and 2 lm (H–J). Error bars show the SD. *P < 0.03. Arrowheads indicate ciliary tips.
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ICK�/� MEFs (Fig 5L–O). We found that hICK-WT effectively rescues

ciliary formation in ICK�/� MEFs, whereas hICK-ECO inefficiently

rescues cilia in those cells (Fig 5M–O). These results suggest that the

R272Q mutation in human ICK causes loss of proper ICK localization

in the cilia, resulting in a functional defect of ICK in the cilia.

ICK regulates the localization of IFT components at ciliary tips

IFT is required for proper ciliary localization of Shh signaling

components. To examine whether the loss of ICK affects ciliary

transport, we immunostained IFT88 (an IFT-B component) and

IFT144 (an IFT-A component) in the cilia of ICK�/� MEFs. We

observed that the level of IFT88 and IFT144 localized at ciliary tips

markedly increased in ICK�/� MEFs (Fig 6A–E). We next transfected

the FLAG-tagged IFT57 (an IFT-B component)-, IFT140 (an IFT-A

component)-, or BBS8 (a BBSome component)-expressing plasmids

into ICK�/� MEFs, and observed the subcellular localization of the

FLAG-tagged proteins. These FLAG-tagged proteins were concen-

trated at ciliary tips in ICK�/� MEFs (Fig 6F and G; Supplementary

Fig S6K–N). These results show that loss of ICK affects IFT machin-

ery. Unlike Ift122sopb mutant mice, which show defects in retrograde

IFT (Qin et al, 2011), we did not observe an accumulation of IFT88

at the tips of cilia in the ICK�/� neural tube at E10.5 (Supplementary

Fig S6O–P0). To observe whether overexpression of ICK affects cili-

ary localization of IFT components, we transfected FLAG-tagged

Kif3a, IFT88, IFT57, IFT140, or BBS8 expression constructs with or

without the ICK-expressing construct (Fig 6H–V). We found that

ICK signals at ciliary tips increase in ICK-overexpressing cells (Sup-

plementary Fig S7A and B). Overexpression of ICK induced slight

ciliary elongation (Supplementary Fig S7C–E). IFT88 was distributed

along the ciliary axoneme without the overexpression of ICK

(Fig 6L). In this condition, Kif3a, IFT57, and BBS8 rarely localized

to the cilia, and IFT140 only slightly localized at the base of the cilia

(Fig 6J, N, R, S, and U). When ICK was overexpressed, Kif3a, IFT88

and IFT57, but not IFT140 or BBS8, more clearly accumulated at cili-

ary tips (Fig 6K, M, O, R, T, and V). The level of IFT140 localized at

ciliary bases increased in ICK-overexpressing cells (Fig 6T). In these

cells, IFT88 signals occasionally showed a ring-like structure at the

tip of the cilia (Fig 6P and Q). These results show that ICK regulates

IFT machinery in the cilia.

Kif3a is phosphorylated by ICK and Kif3a phosphorylation is
required for ciliary formation

To identify a phosphorylation target for ICK, we searched for

consensus amino acid sequence R-P-X-S/T-P/A/T/S for phosphory-

lation by ICK in proteins associated with ciliary transport, including

components of IFT-A, IFT-B, BBSome, kinesin, and dynein motors.

We found that Kif3a contains a highly evolutionarily conserved

consensus sequence at position 671–675 in its C-terminal region

(Fig 7A and B) (Fu et al, 2006). We performed an in vitro kinase

assay using purified GST-ICK and found that Kif3a-C-WT is mark-

edly phosphorylated by ICK, whereas no obvious phosphorylation

of GST alone was detected (Fig 7C). We next generated a construct

harboring a Thr-to-Ala mutation at residue 674. We found that the

phosphorylation level of Kif3a-C-T674A is markedly weaker than

that of Kif3a-C-WT (Fig 7C). These results show that ICK directly

phosphorylates Kif3a, predominantly at residue 674. To explore

whether Kif3a is actually phosphorylated in cells, we made an anti-

body against phosphorylated Kif3a Thr-674 (p-Kif3a) (Supplemen-

tary Fig S8A–C0). We found that p-Kif3a localizes to the cilia in

ICK+/+ MEFs and that p-Kif3a signals were often enriched at ciliary
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Figure 6. Loss or overexpression of ICK affects ciliary localization of IFT
components.

A–G IFT components concentrated at cilia tips in ICK�/� MEFs. (A–D) ICK+/+

and ICK�/� MEFs were stained with anti-IFT88 (A, B) and anti-IFT144 (C,
D) antibodies. (E) The number of cilia with a concentration of IFT88 at
ciliary tips was measured. (F, G) FLAG-tagged BBS8-expressing plasmid
was transfected into ICK+/+ and ICK�/� MEFs. Cells were stained with
anti-acetylated a-tubulin (red) and anti-FLAG (green) antibodies.

H–Q FLAG-tagged constructs expressing GFP (H, I), Kif3a (J, K), IFT88 (L, M, P,
Q), or IFT57 (N, O) were transfected with or without an ICK expression
plasmid into NIH3T3 cells. Localization of FLAG-tagged proteins was
observed using anti-FLAG (green) and anti-acetylated a-tubulin (red)
antibodies.

R The number of cilia with the FLAG-tagged protein predominantly
localized at ciliary tips was counted.

S–V FLAG-tagged constructs expressing IFT140 (S, T) or BBS8 (U, V) were
transfected with or without an ICK expression plasmid into NIH3T3 cells.
Localization of FLAG-tagged proteins was observed using anti-FLAG
(green) and anti-acetylated a-tubulin (red) antibodies.

Data information: Nuclei were stained with DAPI (blue). Scale bars, 2 lm (A–D,
F–O, S–V) and 1 lm (P, Q). Error bars show the SD. *P < 0.03. Arrowheads
indicate ciliary tips.
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bases and tips (Fig 7D). In ICK�/� MEFs, the percentage of cilia with

p-Kif3a at the ciliary tips markedly decreased (Fig 7E and F). Inter-

estingly, a majority of shortened cilia lost p-Kif3a signals at the tips

of cilia (left and middle panels in Fig 7E), whereas cilia of normal

length often had p-Kif3a signals at ciliary tips in ICK�/� MEFs (right

panels in Fig 7E). This result suggests that Kif3a is phosphorylated

by ICK at ciliary tips and that phosphorylation of Kif3a at residue

674 is linked to ciliary formation.

To investigate the role of phosphorylation of Kif3a in ciliary

formation, we performed rescue experiments using NIH3T3 cells

(Fig 7G–M). We constructed a short hairpin RNA (shRNA) to knock-

down Kif3a (Supplementary Fig S8D) and found that shKif3a inhib-

its ciliary formation (Fig 7I and M). Expression of shRNA-resistant

Kif3a-WT rescued shKif3a-mediated inhibition of ciliation (Fig 7J

and M). Unexpectedly, shRNA-resistant Kif3a-T674A had a slightly

increased ability to rescue shKif3a-induced inhibition of ciliary

formation compared to that of Kif3a-WT (Fig 7K and M). Since

Kif3a-C-T674A was still phosphorylated by ICK (Fig 7C), we thought

that phosphorylation of other serine or threonine residues in the

C-terminal region of Kif3a may also be important for Kif3a function

in ciliary formation. To further analyze the role of phosphorylation

of the Kif3a C-terminal region in ciliary formation, we constructed a

plasmid encoding the Kif3a mutant in which 8 Ser or Thr residues

clustered in the C-terminal region, including residue 674, are

replaced with Ala (Kif3a-8xA) (Fig 7G). Expression of shRNA-resis-

tant Kif3a-8xA failed to rescue shKif3a-mediated inhibition of ciliary

formation (Fig 7L and M). These results suggest that phosphoryla-

tion of the C-terminal region of Kif3a affects ciliary formation in

cultured cells.

To investigate the role of phosphorylation of Kif3a in ciliary

formation in vivo, we performed rescue experiments using zebrafish

embryos. First, Kif3a antisense morpholino (Kif3a MO), which was

designed to inhibit translation of endogenous Kif3a, was injected

into zebrafish embryos. At 3 dpf, approximately 60% zebrafish

larvae showed a curly body axis, a typical phenotype observed in

mutants with ciliary defects (Fig 7N) (Tsujikawa & Malicki, 2004;

Omori et al, 2008). In this condition, approximately 30% larvae

exhibited severe curly tail phenotype (Fig 7O). In contrast, when we

co-injected in vitro transcribed wild-type mouse Kif3a (Kif3a-WT)

mRNA with Kif3a MO, the number of larvae with the curly tail

phenotype significantly decreased (Fig 7O). However, when we co-

injected Kif3a MO with Kif3a-8xA mRNA, the number of larvae with

the curly tail phenotype significantly increased compared to co-

injection with Kif3a-WT mRNA.

We also investigated ciliogenesis in the nasal pits of the larvae

injected with the morpholino and mRNA (Fig 7P–T). At 3 dpf, cilia

have developed in nasal pit epithelia in control larvae (Fig 7P and

T). In contrast, larvae injected with Kif3a MO and GFP lost cilia at

this stage (Fig 7Q and T). Loss of cilia by Kif3a MO injection was

partially rescued by co-injection with Kif3a-WT mRNA (Fig 7R and

T). However, co-injection with Kif3a-8xA mRNA failed to rescue the

ciliary defect by knockdown of Kif3a (Fig 7S and T). Taken

together, these results suggest that phosphorylation of the C-termi-

nal portion of Kif3a is essential for normal ciliary formation.

Discussion

Previous studies showed that molecular mechanisms underlying the

formation of the cilia are common in most cell types. IFT machinery

is essential for the formation of all types of cilia including motile and

non-motile (primary) cilia (Louvi & Grove, 2011). For example, a

defect of Kif3a causes ciliary loss both in neuronal progenitor cells

and in mature neurons (Davenport et al, 2007; Spassky et al, 2008).

Similarly, ciliary transition zone (TZ) components are also required

for the ciliogenesis in many types of cells (Czarnecki & Shah, 2012).

Loss of B9d2, a component of the ciliary TZ, causes the defect of the

cilia both in neuronal progenitors and in neurons in the hippocam-

pus (Breunig et al, 2008). In contrast to the phenotypes of these

previously reported mutants, we observed that ICK deficiency causes

defects only in neural progenitor cells and not in differentiated

neurons (Supplementary Fig S8E). This observation suggests that

Figure 7. The C-terminal portion of Kif3a is phosphorylated by ICK and Kif3a phosphorylation is essential for proper ciliary formation.

A Schematic representation of mouse full-length Kif3a.
B Amino acid sequence alignment of human KIF3A, mouse Kif3a, zebrafish Kif3a, Caenorhabditis elegans Klp-20, and Chlamydomonas FLA10 proteins. The predicted

amino acid sequences of these proteins were aligned by the ClustalW program (http://clustalw.ddbj.nig.ac.jp/). Asterisks, identical amino acids; colons and periods,
similar amino acids. Predicted ICK phosphorylation sites are shown in red.

C ICK phosphorylates Kif3a in vitro. GST-tagged C-terminal fragments (residues 455–701) of wild-type Kif3a (GST-Kif3a-C-WT) or T674A Kif3a (GST-Kif3a-C-T674A)
were purified from bacterial extracts and stained with Coomassie Brilliant Blue (left panel). GST-Kif3a deletion proteins were applied to the in vitro kinase assay
using purified GST-ICK (right panel).

D, E Ciliary localization of p-Kif3a in ICK+/+ (D) and ICK�/� (E) MEFs. Cells were immunostained with antibodies against p-Kif3a (green) and acetylated a-tubulin (red).
The proportion of cilia with p-Kif3a signals at ciliary tips decreased in ICK�/� MEFs. Arrowheads indicate ciliary tips.

F The percentage of cilia with p-Kif3a signals at the ciliary tips was quantified.
G The C-terminal amino acid sequence of mouse Kif3a containing eight serine or threonine residues (red).
H–M FLAG-tagged constructs expressing GFP or shRNA-resistant Kif3a (WT, T674A, or 8xA) were transfected with control shRNA or shKif3a-1 into NIH3T3 cells. Cells

were immunostained with anti-FLAG (green) and anti-acetylated a-tubulin (red) antibodies (H–L). The number of cilia stained with an anti-acetylated a-tubulin
antibody was counted (M).

N Injection with Kif3a antisense morpholino (Kif3a MO) into zebrafish embryos causes curly tail, a phenotype characteristic of ciliary defects.
O Quantification of curly tail phenotype larvae injected with wild-type and mutant Kif3a mRNA and Kif3a MO. Curly tail phenotype is partially rescued by injection

with Kif3a-WT mRNA. The numbers of larvae showing curly tail increased with injection with Kif3a-8xA mRNA compared to injection with Kif3a-WT mRNA.
P–T Cilia in nasal pit at 3 dpf larvae were observed by staining of acetylated a-tubulin (red). Representative images of nasal pit from each group were shown (P–S).

Actin was stained by phalloidin (green). Kif3a-WT mRNA injection partially rescued the loss of cilia caused by injection of Kif3a MO, whereas Kif3a-8xA mRNA
injection failed to rescue that. Signal intensity of acetylated a-tubulin staining of cilia in nasal pit was measured (T).

Data information: Nuclei were stained with DAPI (blue). Scale bars, 20 lm (P–S), 5 lm (H–L), and 2 lm (D, E). Error bars show the SD. *P < 0.03. CMO, control
morpholino.
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ICK belongs to a new category of factors required for ciliogenesis and

that a previously unknown mechanism regulates ciliary assembly in

progenitor cells. Why does the loss of ICK cause defects in ciliogene-

sis in neuronal progenitor cells but not in mature neurons? The first

possibility is that ICK deficiency can be functionally compensated by

other ciliary kinase(s) in mature neurons, but not in progenitor cells.

For example, an ICK paralog, Mak, probably compensates for ICK

function in the retinal photoreceptor cells at least. ICK and other

kinase(s) may function redundantly in mature neurons. The second

hypothesis is that ICK is specifically important for repeating the cycle

of formation and reabsorption of the cilia in progenitor cells. Progen-

itor cells repeatedly assemble and reabsorb cilia during the cell cycle

progression. In contrast, mature neurons basically form the cilia only

once and never resorb them. Since more IFT activity is probably

required for repeated assembly and disassembly of cilia, cilia in

progenitor cells may be more sensitive to a defect of protein trans-

port at ciliary tips than those in mature neurons.

We observed that ICK�/� mice display hydrocephalus, whereas

ICK Nes CKO mice did not. It was recently reported that ciliary

defects cause increased apoptosis and impaired proliferation of

NG2+PDGFR-a+ neural progenitors, resulting in neonatal hydro-

cephalus (Carter et al, 2012), suggesting that the hydrocephalus

observed in ICK�/� mice is due to ciliary abnormalities in those

progenitors. On the other hand, defects of ependymal cilia cause

progressive hydrocephalus at postnatal stages (Tissir et al, 2010).

It is known that cilia in ependymal cells are formed after birth

(Spassky et al, 2005). We did not observe any obvious differences

in ciliary formation of ependymal cells between the P4 control and

ICK Nes CKO brain. Perinatal hydrocephalus caused by the absence

of ICK may be compensated for in postnatal development.

A missense mutation in ICK was reported in a human ECO

patient (Lahiry et al, 2009). The ECO-associated mutant R272Q of

human ICK fails to localize at the nucleus and showed diminished

kinase activity (Lahiry et al, 2009); however, the molecular mecha-

nism underlying ECO has not yet been elucidated. In our study, we

observed that ICK�/� mice display neonatal lethality with multiple

organ defects including pulmonary hypoplasia, shortened limbs,

polydactyly, cerebral cortex malformation, and ventricular hydro-

cephalus, which is similar to the clinical and pathological features

of ECO patients. Thus, our results demonstrate that ICK loss of func-

tion causes some of the phenotypes observed in ECO patients. Inter-

estingly, the phenotypes observed in ICK�/� mice have similarities

with those mutants with defects in cilia formation and/or Hh signal-

ing. Indeed, we showed that ICK is required for proper cilia forma-

tion and Hh signaling activity and that the human ICK R272Q

mutant exhibits a diminished efficiency in localizing to ciliary tips

and fails to rescue ciliary formation in ICK�/� MEFs. This suggests

that ECO is caused by ciliary defects and/or impaired Hh signaling

pathway due to ICK dysfunction. ICK�/� mice can be useful as a

mouse model of human ECO and helpful for understanding the

pathogenesis of the disorder.

Our and other studies have revealed that Mak and its homo-

logues negatively regulate ciliary length (Asleson & Lefebvre, 1998;

Berman et al, 2003; Bengs et al, 2005; Burghoorn et al, 2007; Omori

et al, 2010). Since deficiencies in Mak and its homologues produce

elongation of the cilia, we first assumed that loss of ICK exhibits a

similar elongated ciliary phenotype. Unexpectedly, we observed

shortened and stumpy cilia in ICK�/� cells, suggesting that the

function of ICK is distinct from that of the previously characterized

homologues and paralogues of ICK. The functional difference in

ciliary length regulation between Mak and ICK may be due to differ-

ences of phosphorylation target specificity, although phosphoryla-

tion target specificity is likely to be similar between Mak and ICK

because of their well-conserved kinase domains. In contrast to our

observations using knockout experiments, a recent study showed

that cultured cells knocked down by siRNA against ICK exhibit

slightly elongated cilia (Yang et al, 2013). This phenotypic differ-

ence might be caused by a small amount of ICK remaining in the

knockdown cultured cells. We found that shRNA-resistant Kif3a-

T674A has a slightly increased ability to rescue shKif3a-induced

inhibition of ciliary formation compared to that of Kif3a-WT. Since

ciliary numbers decreased in ICK�/� cells, we first expected that

Kif3a-T674A would show reduced ability to rescue shKif3a-induced

inhibition of ciliary formation compared to that of Kif3a-WT. The

reason why the effect of Kif3a-T674A on ciliary formation in knock-

down and rescue experiments using cultured cells is the opposite of

the results obtained from ICK knockout experiments is unclear;

however, the study by Yang et al reported that knockdown of ICK

and Mak promotes ciliary formation in cultured cells (Yang et al,

2013). Suppression of the expression of ICK may promote ciliary

formation through reducing the level of Kif3a phosphorylation at

residue 674 in cultured cells.

How is ICK involved in cilia formation in progenitor cells?

Cilia are assembled by IFT, which is divided into anterograde

transport powered by kinesin-2 and retrograde transport driven by

cytoplasmic dynein-2 (Rosenbaum & Witman, 2002). IFT trains

turnaround and switch from anterograde to retrograde at the cili-

ary tip. IFT particles and their cargos dissociate after reaching the

ciliary tip and then reorganize for retrograde transport (Pedersen

et al, 2006). In this study, using overexpression and knockout

experiments, we showed that ICK localizes at ciliary tips and

regulates the ciliary transport machinery (Fig 8). A mutation in

Bromi, which encodes an interaction partner of Ccrk, leads to a

swollen or bulbous morphology in cilia (Ko et al, 2010), whereas

ICK�/� neural tube cilia do not display that morphology. Although

ICK is a substrate of Ccrk (Fu et al, 2006), ICK may have a

distinct function from that of Bromi. How does ICK get to ciliary

tips? If ICK is transported to ciliary tips by anterograde IFT, the

activity of ICK may be suppressed by unknown mechanisms

while this protein is being transported as a cargo. This is because

proteins that should function at a distinct cellular region must be

properly trafficked to that region by kinesin and play their roles

only after arriving.

It was reported that some factors are implicated in the regula-

tion of IFT at ciliary/flagellar tips in invertebrates. In Chlamydo-

monas and Tetrahymena, IFT172 is involved in the transport

transition between anterograde and retrograde IFT at the tips of

cilia and flagella (Pedersen et al, 2005; Tsao & Gorovsky, 2008).

The BBSome and DYF-2 (an orthologue of human IFT144) were

reported to cooperate to regulate IFT assembly and turnaround at

the ciliary tips in C. elegans (Wei et al, 2012). Hypomorphic

mutations in bbs-1 and dyf-2 cause the specific accumulation of

IFT-B components at ciliary tips, which is similar to the pheno-

type observed in ICK-overexpressing cells. In contrast, both IFT-A

and IFT-B components were concentrated at ciliary tips in ICK�/�

MEFs. ICK may regulate disassembly between IFT-A and IFT-B
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subcomplexes to prepare for retrograde transport. We also

observed that BBS8 is concentrated at ciliary tips in ICK�/� MEFs,

suggesting that ICK deficiency leads to an excess amount of

BBSome at ciliary tips and aberrantly promotes IFT assembly. ICK

may control ciliary transport through regulating BBS proteins. To

our knowledge, ICK is the only regulatory molecule identified to

date that controls transport switching at ciliary tips. How does

ICK regulate protein transport at ciliary tips through phosphoryla-

tion? We observed that Kif3a is directly phosphorylated by ICK.

The phosphorylated form of Kif3a localized to the ciliary tips. The

inhibition of phosphorylation of Kif3a affected its function in cili-

ary formation. Based on these observations, we propose a hypo-

thetical model in which ICK regulates protein transport at the

ciliary tips at least partially through phosphorylating Kif3a. Our

data on ICK phosphorylation of Kif3a are supported by a previous

study showing that loss of function of Dyf-5, the C. elegans ortho-

logue of ICK, affects the function of kinesin-2 motors in cilia

(Burghoorn et al, 2007). Since p-Kif3a signals at ciliary tips did not

completely disappear in ICK�/� MEFs, ICK may not be the only Kif3a

kinase. We observed that Kif3a-8xA more strongly affects ciliary

formation than Kif3a-T674A. This observation and the result that

Kif3a-C-T674A is still phosphorylated by ICK suggest that ICK regu-

lates Kif3a function through phosphorylation of residue 674 as well

as other residues in the Kif3a C-terminal region. However, we cannot

exclude the possibility that other kinases contribute to the phosphor-

ylation of that region of Kif3a. We further suppose that there may be

other ICK phosphorylation target proteins playing roles in the regula-

tion of ciliary transport. Future studies will advance our understand-

ing of the detailed mechanisms of protein transport at ciliary tips.

Materials and Methods

Generation of ICKflox mice

We subcloned an approximately 12-kb ICK genomic fragment,

inserted one loxP site into intron 2 and another loxP site into intron

3, cloned it into a modified pPNT vector to make a targeting

construct, and transfected the linearized targeting construct into the

TC1 embryonic stem (ES) cell line (Deng et al, 1996). The culture,

electroporation, and selection of TC1 were performed as described

previously (Muranishi et al, 2011). ES cells that were heterozygous

for the targeted gene disruption were microinjected into C57BL/6

blastocysts to obtain chimeric mice.

Generation of ICK knockout (KO) mice and ICK conditional
knockout (CKO) mice

We mated the ICKflox mouse line with a CAG-Cre transgenic mouse

line, which expresses Cre recombinase under control of the CAG

promoter, to obtain a null allele of ICK (Sakai & Miyazaki, 1997).

We also mated the ICKflox mouse line with transgenic mice express-

ing Cre recombinase under control of the Nestin promoter (Nestin-

Cre) (Isaka et al, 1999) or the Dkk3 promoter (Dkk3-Cre) (Sato et al,

2007).

Antibodies

We used the following primary antibodies for immunostaining:

mouse monoclonal anti-acetylated a-tubulin (Sigma, 6-11B-1,

1:1000), anti-Ki67 (BD Pharmingen, 556003, 1:200), anti-Gli3 (gift

from Dr. S. J. Scales, 1:1000) (Wen et al, 2010), anti-c-tubulin
(Sigma, GTU-88, 1:300), anti-FLAG-M2 (Sigma, F1804, 1:1000),

anti-NeuN (Millipore, MAB377, 1:500), and anti-polyglutamylated

tubulin (Adipogen, GT335, 1:500); mouse polyclonal anti-IFT144

(Abnova, H00057728-B01P, 1:250); rabbit polyclonal anti-AC3

(Santa Cruz, sc-588, 1:300), anti-phospho-histone H3 (Millipore, 06-

570, 1:300), anti-Smo (gift from Dr. K. V. Anderson, 1:500) (Ocbina

et al, 2011), anti-IFT88 (gift from Dr. G. J. Pazour, 1:1000) (Pazour

et al, 2002), anti-pericentrin (Abcam, ab4448, 1:1000), anti-Rpgr

(gift from Dr. T. Li, 1:1000) (Hong et al, 2003), anti-FLAG (Sigma,

F7425, 1:1000), anti-(pThr674) Kif3a (1:250), anti-IFT88 (Proteintech

Group, 13967-1-AP, 1:500), and anti-Arl13b (Proteintech Group,

17711-1-AP, 1:500); goat polyclonal anti-MCH1R (Santa Cruz, C-17,

1:500) and anti-SSTR3 (Santa Cruz, M-18, 1:500); guinea pig poly-

clonal anti-ICK (1:50), anti-Gli2 (gift from Dr. J. T. Eggenschwiler,

1:1000) (Cho et al, 2008), and anti-Mak (1:1000) (Omori et al,

2010) antibodies. Mouse monoclonal antibodies against Islet1/2,

Figure 8. A hypothetical model for ICK function in the regulation of IFT turnaround at ciliary tips.
Loss of function of ICK causes the accumulation of components of IFT-A, IFT-B, and BBSome at ciliary tips. Functional defects of cilia observed in ICK-deficient cells were
probably due to insufficient turnaround of IFT complexes in cilia. Under ICK overexpression conditions, an excess amount of ICK does not affect ciliogenesis but does cause IFT-
B (but not IFT-A) subcomplex accumulation at ciliary tips. Accumulation of IFT-B components occasionally forms ring-like structures at cilia tips. ICK may regulate the
disassembly between IFT-A and IFT-B subcomplexes at ciliary tips through phosphorylation of Kif3a C-terminal residues.
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HNF3B, HB9, Nkx2.2, Pax6, Pax7, Shh, and Nkx6.1 were obtained

from the Developmental Studies Hybridoma Bank. We used Cy3-

conjugated secondary antibodies (Jackson ImmunoResearch Labora-

tories, 1:500), Alexa Fluor 488-conjugated secondary antibodies

(Sigma, 1:500), and DyLight 649-conjugated secondary antibodies

(Jackson ImmunoResearch Laboratories, 1:500).

Plasmid constructs

A full-length cDNA fragment of mouse ICK was amplified by PCR

using the RIKEN full-length enriched library clone (GenBank acces-

sion no. AK087484) containing a missense mutation (Leu260Pro) as

a template, and cloned into the pCAGGSII expression vector (Omori

et al, 2010). This missense mutation was corrected by PCR primers.

A full-length cDNA fragment of human ICK was amplified by PCR

using a human ICK clone obtained from PlasmID (GenBank acces-

sion no. BC136420) as a template, and cloned into the pCAGGSII

vector. The mouse ICK K33R mutation and human ICK R272Q muta-

tion were introduced by PCR primers. Full-length cDNA fragments of

mouse IFT57 and BBS8 were amplified by PCR using the RIKEN full-

length enriched library clone (IFT57, GenBank accession no.

AK047217; BBS8, GenBank accession no. AK081697) as a template,

and cloned into the pCAGGSII expression vector. A full-length cDNA

fragment of mouse Kif3a was amplified by PCR using a mouse Kif3a

clone obtained from Open Biosystems (GenBank accession no.

BC052707) as a template, and cloned into the pCAGGSII vector. Full-

length cDNA fragments of mouse IFT88 and IFT140 were amplified

by PCR using a mouse P0 retinal cDNA library and cloned into the

pCAGGSII expression vector. A cDNA fragment encoding a partial

sequence of mouse Kif3a (Kif3a-C, residues 455–701) was amplified

by PCR using a mouse Kif3a clone obtained from Open Biosystems

(GenBank accession no. BC052707) as a template, and cloned into

the pGEX4T-1 vector (GE Healthcare). For Kif3a knockdown, pBAsi-

mU6 was used for DNA vector-based shRNA synthesis. Three target

sequences, GGGTGAACTTGGAGAAGATGG (shKif3a-1), GGACCTT

CTGAAAGCCCAACA (shKif3a-2), and GCCTGAGACCGTAATTG

ATTC (shKif3a-3), were selected from different positions in the

mouse Kif3a open reading frame and subcloned into the pBAsi-mU6

vector. To construct plasmids encoding shKif3a-1-resistant Kif3a,

seven silent mutations in the target sequence were introduced by

PCR-based mutagenesis.

Statistical analysis

Data are presented as means � SD. Statistical significance was eval-

uated using a Mann–Whitney U-test (Fig 7O) or a Student’s t-test

(other Figures), and P < 0.05 was taken to be statistically signifi-

cant.

Supplementary information for this article is available online:

http://emboj.embopress.org
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