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ABSTRACT

The role of Cilkl in tooth pattern formation

via Hedgehog pathway

Minjae Kyeong

Department of Applied Life Science

The Graduate School, Yonsei University

(Directed by Professor Sung-Won Cho)

Primary cilium is a solitary organelle that transmits chemical and mechanical

stimuli to the cell during development and tissue homeostasis. Cilk! (Ciliogenesis

Vi



associated kinase 1), which is a highly conserved serine/threonine-protein kinase, localizes
in primary cilia and regulates formation and function of primary cilia. It has been reported
that the loss of Cilkl disrupts the regulation of ciliary transport and Hedgehog signaling
during development, and leads to severe ciliopathy phenotypes such as polydactyly, edema,
cleft palate with perinatal lethality. However, tooth phenotype in Cilk/-deficient mice has
not been reported yet. In the present study, Cilkl-deficient mice showed supernumerary
teeth developing in both the maxilla and mandible, where they showed elongated cilia
length. Tooth pattern was altered in CilkI-deficient mice due to reduced Hedgehog

signaling activity. The correlation of tooth patterns along the Hedgehog pathway was

confirmed by cross mating with PCS1-MRCS14/4 mice, which is a Shh enhancer deleted

mice that exhibit supernumerary teeth. In Cilkl”" ;PCS1I-MRCS1%* mice,

supernumerary tooth enlargement and molar fusion were observed. Taken together, Cilkl
regulates the tooth patterning by modulating the Hedgehog signaling activity in developing

mice.

Keywords: Cilkl, Primary cilia, Hedgehog signaling, Tooth development, Supernumerary

teeth, Molar fusion
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I. Introduction

Primary cilia are microtubule-based organelles projecting from the surface of
most mammalian cells. Primary cilia can sense chemical and mechanical signals from the
extracellular environment and transduce these signals into the intracellular signaling to
regulate fundamental cellular functions during development and homeostasis (Christensen

et al. 2007).

Morphological abnormalities or dysfunction of primary cilia lead to ciliopathies,
which are a group of syndromes impacting nearly all organs of the body, resulting from
dysfunction in sensory and signaling activities (Reiter and Leroux 2017). Furthermore,
there are more than 200 putative and more than 150 known ciliopathy-related genes,
including /1188, Evc, Evc2, Ofd1 and Cilk1 (Mill, Christensen, and Pedersen 2023; Anvarian

et al. 2019; Yanardag and Pugacheva 2021).

Cilkl (Ciliogenesis associated kinase 1), which was previously known as Ick
(intestinal cell kinase) gene, is a highly conserved serine/threonine protein kinase that is
extensively distributed in development (Fu et al. 2019). Protein kinases represent one of
the largest and most functionally diverse gene families in eukaryotes (Manning et al. 2002).
Through phosphorylation, kinases can regulate the activity, localization, and overall
function of numerous target proteins. They are essential for signal transduction and the

coordination of complex cellular processes. Notably, cyclin-dependent kinases (CDKs) and



mitogen-activated protein (MAP) kinases are critical in regulating mammalian cell

proliferation and division (Lew 2003; Durandau and Pelet 2021).

Cilkl1 is one of the key regulators of the turnaround process in primary cilia and
binds to the IFT-B complex and is transported via binding to the IFT-B complex, causing
it to localize at the ciliary tips (Nakamura et al. 2020; Satoda et al. 2022a; Satoda et al.
2022b). Moreover, Cilkl loss of function results in elongated cilia and decreased Hedgehog

signaling (Yang, Roine, and Makela 2013; Nakamura et al. 2020).

Human CILKI1 gene mutations result in ciliopathies like endocrine-cerebro-
osteodysplasia (ECO) syndrome. Numerous phenotypic abnormalities, including cleft
palate, hydrocephalus, and polydactyly are shown in Cilkl " mice and are associated with

the human ECO syndrome (Moon et al. 2014; Oud et al. 2016; Lahiry et al. 2009).

Tooth represents an excellent organ for the study of developmental dynamics and
morphogenesis (Salazar-Ciudad 2012). Teeth are ectodermal organs that originate from the
cross-talk between dental mesenchyme and dental epithelium (Thesleff 1995; Abigail S.
Tucker 1998; Thesleff 2003). The tooth morphogenesis begins with thickening of the dental
epithelium and progresses through the lamina, bud, cap, and bell stage. After tooth
morphogenesis, cell differentiation, hard tissue formation in crown and root, and the
eruption occur subsequently. For the precise temporospatial tooth development, the

epithelial mesenchymal interactions are essential (Jernvall and Thesleff 2000).

Primary cilia are present in the dental epithelium and mesenchyme at the early



stages of tooth development, and subsequently during the differentiation of cells and the
production of hard tissues. Primary cilia are cellular antennae for biochemical signals

during interactions between both dental epithelium and mesenchyme (Hampl et al. 2017).

Primary cilia are involved in signal transduction of several signaling pathways,
such as Hedgehog (Goetz and Anderson 2010), Wnt, fibroblast growth factor (FGF), Hippo,
mTor, Notch, and platelet-derived growth factor (PDGF) (Wheway, Nazlamova, and
Hancock 2018; Lee 2020). Among these pathways, it has been reported that primary cilia
are most closely involved in the Hedgehog pathway (Lee 2020). Ciliary Hedgehog
signaling has been also reported in tooth development (Thivichon-Prince et al. 2009;
Ohazama et al. 2009; Nakatomi et al. 2013; Liu et al. 2014; Zhang et al. 2022). Hedgehog
signaling is essential for pattern formation of many organs including teeth. It has been
reported that supernumerary teeth or molar fusion were induced in several mutant mice
depending on the level of Hedgehog signaling activity. The deletion of MRCS1 and PCSI,
two oral-specific cis-regulatory element enhancers of Sonic hedgehog (S%4), induced the
formation of supernumerary teeth both in maxilla and mandible in mice (Seo et al. 2018),
while molar fusion was reported in K7t/ 4-cre; Sh"°* mice and Krt14-cre; Smo™"** mice.
Consistently, previous studies proposed that primary cilia play a pivotal role in tooth pattern
formation. Many mutant mice which lacks of primary cilia-related genes, such as Evcl,
Evce2, Fuz, Ift88, Ift121, Ift122, Kif3a, and OfdI, demonstrated abnormal craniofacial
defects and tooth patterns. The deletion of EVC2, IFTI121/122, OFDI or CILKI 1is

associated with abnormal tooth formation such as supernumerary tooth, hypodontia,



oligodontia, dysplastic teeth, natal teeth in humans (Baujat and Le Merrer 2007; Oud et al.
2016; Walczak-Sztulpa et al. 2010; Levin et al. 1977; Dodge and Kernohan 1967). On the
other hand, in mouse models, the deletion of OfdI or Ifi§8 results in the formation of
supernumerary teeth (Thivichon-Prince et al. 2009; Ohazama et al. 2009), and deletion of
Evc and Evc?2 leads to molar fusion (Nakatomi et al. 2013; Hampl et al. 2017). However,
the deletion of cilia-related genes such as [ft88, Ofdl, and Kif3a is highly lethal to
embryonic growth and development, often resulting in embryonic lethality before tooth
patterning formation (Willaredt et al. 2008; Garcia-Garcia et al. 2005; Ferrante et al. 2006).
Due to these challenges, research on tooth patterning has shifted from using null alleles of
these genes to utilizing hypomorphic allele mutations or the Cre-loxP system. While Cilkl
also exhibits embryonic lethality, it dies after tooth patterning is complete, making Cilkl
knockout mice suitable for studying tooth patterning by modulating Hedgehog pathway

activity. However, the tooth pattern of Cilk/™~ mice has not yet been reported.

In the present study, in order to better understand the role of Cilkl in tooth
patterning, gene expression pattern of Cilk! was investigated by the using RNA in situ
hybridization and single-cell RNA sequencing analysis. The role of Cilkl in tooth
development was explored by examining changes in tooth patterns of molars in CilkI-
deficient mice. The relationship between primary cilia and Hedgehog signaling activity was
examined in Cilkl-deficient mice. Furthermore, through the analysis of various intricate
tooth patterns governed by ciliary Hedgehog signaling, a theoretical mechanism for

understanding tooth patterning was suggested.



II. Materials and Methods

1. Single-cell RNA sequencing analysis

Publicly available single-cell RNA sequencing (scRNA-seq) datasets of E14.5 and
E16.5 mouse molars were obtained from the Gene Expression Omnibus (GEO) under
accession number GSE189381 (Jing et al. 2022). These pre-processed count matrices were
imported into the Cellenics® community instance (https://scp.biomage.net/) hosted by
Biomage (https://biomage.net/) for further analysis and visualization. Cell barcodes were
filtered sequentially using the platform's automatic settings, including cell size distribution,
mitochondrial content, number of genes vs UMI, and doublet filters. Post-filtering, 30,744
cells from E14.5 and 29,307 cells from E16.5 datasets were retained for analysis. The two
E14.5 datasets and the E16.5 dataset were integrated separately using the "Harmony"
method and normalized with the "LogNormalize" function. The top 2000 highly variable
genes (HVGs) were selected using the variance stabilizing transformation (VST) technique.
Dimensionality reduction was performed using principal component analysis (PCA) with
30 principal components (PCs) for both E14.5 and E16.5 datasets, explaining over 90% of
the total variance. Cell clusters were generated with the Louvain method and visualized
using Uniform Manifold Approximation and Projection (UMAP) embedding at a resolution
of 0.3. All cell clusters were manually annotated based on existing literature (Jing et al.

2022).



2. Animals

All animal experiments were performed under approved protocols of the
Intramural Animal Use and Care Committee of the Yonsei University College of Dentistry.
All mice were used for the study after euthanization utilizing CO, exposure at selected
postnatal ages and embryonic days. A mix of males and females was assigned without
considering the sex, and at least one individual from each sex was included in each group
after screening for the genotype with PCR. The Cilk/ KO mutant, which was a kind gift

from Professor H.W. Ko (Moon et al. 2014) is maintained in the C57BL/6 background.

PCS1-MRCS14% mice with a deletion of a 70 kb region from PCS1 to MRCS1

were previously described (Seo et al. 2018). All Cilkl ™~ mice and Cilkl " ;PCS1-MRCS1

A2 mice display perinatal lethality.

3. Whole mount in situ hybridization

Maxillae and mandibles were dissected mouse embryos and fixed overnight in 4%
paraformaldehyde (PFA) in DEPC-PBS, washed with DEPC-PBS, dehydrated in graded
methanol, and permeabilized by proteinase K. Specimens were then hybridized with
digoxigenin-labelled antisense RNA probes followed by incubation in anti-Dig antibody
conjugated with alkaline phosphatase. Colorimetric reaction was carried out using 4-nitro-

blue-tetrazolium (NBT) and 5-bromo-4chloro-3-indolyl-phosphate (BCIP) as the substrate.



4. Section in situ hybridization

Mandibles were dissected wild-type mouse embryos at E13.5, E14.5, E15.5 and
E16.5 on cold DEPC-PBS and fixed with 4% PFA in DEPC-PBS overnight at 4°C with
rocking. After being rinsed in DEPC-PBS, the samples were decalcified for 3 hours at 4°C
using 10% EDTA in DEPC-PBS. Decalcified samples were washed with DEPC-PBS
followed by a saline wash. Samples were dehydrated with a graded ethanol series. Embryo
samples were embedded in paraffin and sectioned at 5 um thickness. Advanced Cell
Diagnostics (Newark, USA) designed and manufactured antisense Ci/k/ RNA probes. The
RNAscope® 2.5 High Definition (HD) assay-brown (Advanced Cell Diagnostics) was used
for in situ hybridization in accordance with the manufacturer's instructions for 322452
(FFPE sample preparation and pretreatment) and 322310 (RNAscope® 2.5 HD Detection
Reagent-brown). Mm-Cilk1 (1177181, targeting NM_001163780.1, nucleotide 1358-2353)

RNA probe was used.

5. Three-dimensional (3D) reconstruction using computed tomography.

The dissected embryo heads were stained with phosphotungstic acid hydrate
(P4006-10G, Sigma-Aldrich) and scanned by a micro-computed tomography (CT) system
(Skyscan 1173; Bruker, Kontich, Belgium) using 90 kV, 88 nA, 360° rotation with a step
0f 0.3°, pixel size of 6 pm and an aluminum filter (1.0 mm of thickness) and reconstructed

by the NRecon software (Bruker). The reconstructions were visualized and converted to



3D volumes using the software 3D slicer (Fedorov et al. 2012).

6. Length measurement in molar, incisor, snout and mandible

Tooth size and bone length were measured on the micro-CT sections. The
mesiodistal length was measured for molar size. The size of incisor was measured from the
incisal tip to the cervical loop. Since the geometric morphometric analysis is difficult to
apply to the developing mouse skull at PN 0, the anteroposterior length of maxilla and
mandible bones harboring molars and incisors was measured. For maxilla, the snout length
was measured from distance from the interpupillary axis to the labial alveolar bone was
measured as described previously (Kanady et al. 2015). For mandible, the distance from
the posterior end of the condyle to the labial surface of alveolar bone was measured as

usual.

7. RNA sequencing analysis

To measure relative amount of Cilk] gene expression in tooth germ, maxilla tooth
germ was dissected at cap stage in DEPC-PBS. The 0.5 mm zirconia beads were used to
homogenize tooth germ samples in TRIZOL ® (Invitrogen) using the Bullet Blender ®
homogenizer (Next Advance, USA). Chloroform was used to phase separate the total RNA,
and isopropyl alcohol was used to precipitate it. After being cleaned with 75% ethanol, the

RNA pellet was eluted using RNase free water. NanoDrop (Thermo Fisher Scientific, USA)



was used to measure the concentration and quality of RNA. Paired-end reads were
produced after the library was built and sequenced on an Illumina platform. following the
mapping of the quality control reads into the reference genome (mm10). Using
featureCounts v1.5.0-p3, the read counts mapped to each gene were calculated and the
FPKM of every gene was computed by taking into account the gene's length and the read

counts mapped to it.

The number of reads mapped to each gene was quantified using featureCounts
v1.5.0-p3, and FPKM values were calculated based on gene length and read counts.
Differential expression analysis between the two conditions was performed using the
edgeR R package (3.22.5), with read counts adjusted by a scaling normalization factor. P-
values were adjusted using the Benjamini & Hochberg method, and a corrected Padj value
of 0.05 and an absolute fold change of 1.5 were set as the threshold for significance. Gene
Ontology (GO) enrichment analysis of differentially expressed genes were carried out
using ShinyGo 0.77 (http://bioinformatics.sdstate.edu/go/). GO terms with corrected P-

values below 0.05 were considered significantly enriched.

8. Measurement of the length and frequency of primary cilia.

For measurement of the length of primary cilia body, immunofluorescent were
performed and stained with Arl13b (CL488-17711, Proteintech). Confocal microscope the

Zeiss LSM 900 (Carl Zeiss, Jena, Germany) was used to capture the images. DAPI-positive



nuclei and Arl13b-positive primary cilia were counted. The Zeiss Zen 3.3 (blue edition)
program (Carl Zeiss) was used to measure the length of the cilia bodies in each mutant
mouse. The entire length of the primary cilia was captured on a single plane (7 pm thickness)

using confocal microscopy Z-stack images (DAPI, Cell Biolabs)

9. Statistical analysis

One-way analysis of variance (ANOVA) with Tukey’s test multiple comparisons
for the M1/M2 ratio and Student's t-tests (two-tailed) for ciliary length and mice incisor
length were used for statistical comparisons. Every graph was visualized with Prism 8.0
(GraphPad, San Diego, CA, USA). P value less than 0.05 was considered a statistically
significant difference. * and ** indicate p <0.05 and **p <0.01, respectively. P value larger

than 0.05 was considered a statistically non-significant difference (NS).

10



II1. Results

1. Cilkl was expressed in both the dental epithelium and mesenchyme in developing

teeth

To explore when and where Cilkl is expressed during tooth development, recently
published single-cell RNA sequencing data were utilized to analyze cell clustering in mouse
molars at E14.5 and E16.5 (Jing et al. 2022).

The UMAP visualization illustrated the unbiased detection of 11 clusters at E14.5 and 14
clusters at E16.5 in molars. Cilkl was expressed across both the epithelium and
mesenchyme during developmental stages (Fig. 1B, J). Other primary cilia-related genes
also were expressed throughout the epithelium and mesenchyme (Fig. 1C—H, K—P). In
frontal sections of the mandibular first molar (M1) (Fig. 2A—D), cells expressing Cilkl
were generally located in both the epithelium and mesenchyme from E13 to E16. The
expression of Cilkl in most cells in tooth germs and their surrounding tissues suggests that
Cilkl potential involvement in the function or formation of primary cilia during tooth

development.

2. Cilkl1 deletion led to the development of supernumerary tooth.

Morphological abnormalities were observed in Cilkl~ mice from E12 to E18
(Fig. 3). Cilkl™" mice exhibited cleft palate (Fig. 3B) and lobulated tongue (Fig. 3D, F, H),

which are consistent with the results of previous report (Moon et al. 2014).  Cleft palate

11



and lobulated tongue were observed with 100% probability in Cilk/ " mice.

Meanwhile, in tooth development, Cilkl " mice showed the supernumerary teeth
(R2) at E14.5 and E16.5 (Fig. 3L, P). At E14.5, one molar was observed in each of wild-
type and Cilkl " mice, and the molar in the wild-type mice was larger than that of
Cilkl " mice. At E16.5, two molars were observed. While the mesial molar was larger than
the distal molar in the wild-type, the mesial molar was smaller than the distal molar in
Cilkl " mice. This abnormal phenotype represents a typical tooth pattern of mouse
dentition which have supernumerary tooth (Ohazama et al. 2009). Based on this patterning,
the tooth germ formed at E14.5 can be regarded as supernumerary tooth. Supernumerary

tooth was observed in 100% of the maxilla and mandible in Cilk! " mice.

12
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Figure 1. Expression patterns of primary cilia-associated genes in multiple cell types

detected from single-cell RNA sequencing data of mouse molar tooth germs at E14.5

and E16.5.

(A, 1) Annotated single-cell transcriptomic map of mouse molars at E14.5 (A) and E16.5

(D) from data generated using scRNA-seq applied from Jing, J. et al.
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(B, J) Expression profiles of Cilkl among defined cell clusters shown in UMAP. (C—H,
K—P) Expression of genes related to primary cilia at each developmental stage. (B, J) Cilkl,

(C, K) Ift88, (D, L) Kif3a, (E, M) Ift122, (F, N) Fuz, (G.O) Evc, (H, P) Evc2.
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B [

Figure 2. Expression pattern of Cilkl during mouse tooth development

The Cilkl expression (small brown dots) in frontal sections of the developing first molars

(M1) of wild-type mice at E13, E14, E15.5 and E16.5. Cilkl is weakly expressed in dental

epithelium and dental mesenchyme. Scale bar: A—D, 50 pm.
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Figure 3. Cleft palate, lobulated tongue and supernumerary molars in Cilk1”~ mice
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(A) Wild-type mice show fused palatal shelves at E18. (B) Cilkl” mice show cleft palate
at E18.5 with two separated palatal shelves. (D) From E12.5, CilkI”~ embryo mandible
(Mn) shows a decreased size of tongue compared to wild-type mandible. (F, H) Globular
shaped and shortened tongue tip (black arrowheads) is observed in Cilk! mutant mouse
from E14 (I-P) tooth germs dissected from maxilla (Mx) and mandible (Mn) of WT and
CilkI”~ mice at E14.5 and E16.5. (J, N) Supernumerary tooth (R2) of CilkI”~ mice is
smaller in size than first molar (M1) of wild-type (WT) mice in both Mx and Mn. (L, P)
The persistent presence of R2 and the reduced size of M1 are consistently observed in

Cilkl™" mice after bell stage. Scale bars, A—H: lmm, I-P: 0.25mm

17



3. Cilk1”~ mice displayed decreased size of molar.

Since Cilkl”~ mice shows neonatal lethality, the last time point to study tooth
development is PNO. To conduct morphological analysis of teeth in Cilkl”™ mice, we

~~ and wild-type mice

compared micro-computed tomography (micro-CT) images of Cilkl
(Fig. 4A, B). In frontal sections of micro-CT, one supernumerary tooth was formed in each

of four jaw quadrants of CilkI™ mice. In addition, cleft palate and lobulated tongue were

observed again in micro-CT sections.

In histologic sections, R2 of CilkI™~ mice in both maxilla and mandible was
different in shape of dental epithelium from M1 of wild-type mice at E15.5. In particular,
the length of buccal dental epithelium was short in R2. There was no significant difference
in size between R2 of CilkI™ mice and M1 in wild-type mice at E15.5, while the size of
R2 was small than M1 in both maxilla and mandible at PNO (Fig. 4G, H, K, L). Additionally,
in mandibular R2, a short and thickened appearance of dental lamina was also observed
(Fig. 4L) wild-type, which lay the mandible tooth germ closer to the oral epithelium.
Furthermore, ameloblast and odontoblast were well differentiated in wild-type mice,

whereas they were less differentiated in Cilkl™~ mice (Fig. 4K’, ).
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Figure 4. Supernumerary molars in CilkI™~ mice

(A-D) Frontal micro-CT sections of (A, C) wild-type M1 and (B, D) Cilkl”~ R2 at
postnatal day (PN) 0. Cleft palate and lobulated tongue are observed in CilkI” mice in
micro-CT sections at the level of R2 and M1 (white asterisk in B and D). (E-L’)

Frontal histologic sections of M1 of wild-type and CilklI” mice. CilkI”~ mandibular R2
shows short and thick dental lamina (yellow asterisk in L). (K, L") Ameloblasts (AB) and

odontoblasts (OB) are well differentiated in M1 of wild-type mice but not in the R2 of the

CilkI” mice at PNO. Scale bars: A—D: 500 pm, E-L’: 50 pm.
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4. Cilkl deficiency resulted in decrease in the anteroposterior length in snout,

mandible, and incisors.

A decrease in tooth size in Cilkl™~

mice at PNO was observed not only in molars
but also in incisors. The anteroposterior length of the incisor in CilkI”~ mice were
approximately half of the anteroposterior length in wild-type mice in both maxilla and
mandible (Fig. S5E). This indicates that the development of molar and incisor was delayed
in Cilkl™" mice. Likewise, the snout length and anteroposterior length of the mandible was
shorter in CilkI”~ mice than in wild-type mice (Fig. 5F—J). Taken together, these results

indicate that the Cilkl involve not only in the growth of the incisor but also in the growth

of maxilla and mandible bones.
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CilkI”" mice at postnatal day 0
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(A—D) Maxilla and mandible incisor teeth of wild-type (A, B) and Cilkl '~ (C, D) in micro-
computed tomography section. (C, D) In contrast to the incisors of wild-type mice, reduced
incisor size and uneven labial side curvature can be observed in Cilkl~. (I) At the PN 0
stage, length of the Cilkl~ incisor from the cervical loop to the incisor tip is decreased
significantly. (E—H) Maxilla and mandible anteroposterior length of wild-type (E, F) and
Cilkl”~ (G, H) were measured on sagittal axis. Decreased snout length (J) from
interpupillary axis (yellow circle) to nasal cartilage tip and mandible length (K) from
condyle to end of mandible bone was observed in Cilkl~. (I: incisor lengths are measured
from at least 5 incisors from four or more embryos for each genotype, J: wild-type maxilla,
n=5; Cilkl maxilla, n = 5; wild-type mandible, n = 10; Cilkl~~ mandible, n = 10). **p

<0.01
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5. Tooth germs of CilkI™~ mice formed calcified teeth.

Since the Cilkl”~ mice are neonatal lethal, it is impossible to identify the final form of
teeth. To confirm the role of Cilkl gene in the later events of tooth development, such as
enamel, dentin, cementum and periodontal ligament formation, transplantation of

'~ mice into the

mandibular developing molars at the cap stage of WT and Cilkl
subcapsular layer of kidney of adult male mice was performed. At 4 weeks after
transplantation, the fully calcified teeth were formed from developing molars of both WT
and Cilkl” mice (Fig. 6A, B). In micro-CT sections, enamel, dentin, alveolar bones were
well observed in all teeth formed from wild-type and Cilkl™" tooth germs (Fig. 6G). In
histologic sections, dentinal tubules in dentin, pre-dentin, and odontoblasts in dental pulp

were clearly observed in wild-type and Cilkl™"~

teeth. Considering these results, Cilkl
affects tooth patterning and morphogenesis, but does not affect the formation of enamel

and dentin. These results suggest that ameloblast and odontoblast can be differentiated

without Cilk! in developing tooth.

Although the tooth structures were similar, two major differences were found
between wild-type calcified teeth and Cilk/ ™ calcified teeth. First, root length was shorter
in Cilkl”" teeth (Fig. 6G, H). Second, the tooth pattern was different (Fig. 6C, D). In wild-
type calcified teeth, the size of the teeth decreased from left to right (Fig. 6A, C), whereas
in CilkI™" calcified teeth, the central tooth was the largest (Fig. 6B, D). This is consistent
with the tooth pattern commonly seen in mutant mice that showed supernumerary tooth

formation (Tian et al. 2017; Seo et al. 2018; Ohazama et al. 2009) and the pattern seen in
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Cilkl”" mice at E16.5 (Fig. 3L, P). These results indicate that R2 in CilkI”~ mouse

embryos survived to form calcified teeth.
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Figure 6. Calcified teeth formed by mandibular E14.5 tooth germs of Cilkl™ mice

at 4 weeks after being transplanted into the subcapsular layer of kidney

(A, B) Calcified teeth and alveolar bone dissected from the kidney at 4 weeks after being
transplanted into the renal subcapsular layer of adult mice. (C—F) Three-dimensionally

(3D) reconstructed calcified teeth after removal of alveolar bone in occlusal view (C, D)
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and sagittal view (E, F) of the wild-type and Cilkl~ teeth. The wild-type and CilkI™~
teeth show calcified enamel (arrows in G and H), dentin, well-differentiated odontoblasts
in dental pulp, and protective stage ameloblasts (arrows in I and J). Calcified teeth are

well surrounded by alveolar bone (yellow arrowheads in G and H). Scale bars: A—H: 250

um, I-J: 50 um
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6. Ciliary length was decreased in the developing tooth germ of Cilkl™~ mice

To confirm whether the tooth pattern change was due to alterations in the frequency
and length of primary cilia were measured in the frontal sections of developing molars at
E15.5 (Fig. 7A, B). The frequency of primary cilia detected by primary cilia specific
marker, Arl13b, was significantly reduced in the dental epithelium and mesenchyme,
while cilia length was significantly increased in dental epithelium and mesenchyme of
CilkI™" tooth germ (Fig. 7F). These results indicate that Cilk] regulates the length and
frequency of primary cilia during tooth development, and that abnormalities in primary

cilia in teeth can cause significant changes in the tooth patterns.
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Figure 7. Alterations in the length and frequency of primary cilia in developing teeth

of Cilk1”~ mice

(A-D) Immunohistochemistry of Arll13b, cilia marker in cap stage tooth germ.
Quantification of cilia body length in the developing tooth germ of wild-type M1 and

CilkI”~ R2. (E) Primary cilia are significantly elongated in both the dental epithelium and
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mesenchyme of R2. (F) Percentage of ciliated dental epithelial and mesenchymal cells are

significantly decreased in R2 of Cilkl™ mice. *p < 0.05, **p < 0.01 Scale bar: A—D 20

m.
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7. Hedgehog signaling activity was down-regulated in the developing tooth germ.

In order to investigate the molecular changes underlying alterations in tooth
patterns of Cilkl™ mice, RNA sequencing was performed in maxillary molars at multiple
developmental stages, which are crucial stages for tooth pattern formation (Cho et al. 2011).
In Gene ontology (GO) enrichment analysis with the downregulated genes, ‘Smoothened
binding’, ‘Hedgehog receptor activity’ and ‘Hedgehog family protein binding’ were the
most significant enriched in molecular function (Fig. 8B). A significant down-regulation of
Hedgehog pathway target genes, including Glil, Sostdcl, and Ptchl, was observed in
Cilkl™ mice compare to wild-type mice at E13.5, E14.5, and E15.5 (Fig. 8C). In the list of
up-regulated or down-regulated genes in Cilkl” mice, genes in primary cilia formation

and other signaling pathways were not included.

These findings suggest that the crucial role of Cilk! in modulating the Hedgehog
pathway during tooth development, shedding light on the down-regulation of Hedgehog
signaling pathway as a key factor contributing to the alterations in tooth patterns of Cilkl"~

mice (Fig. 8).
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Figure 8. Alterations in gene expression level in developing molars of Cilkl™ mice

(A, B) Gene ontology enrichment analysis with the significantly downregulated genes

showing the most enriched GO biological process and GO molecular function terms. All

significantly enriched molecular function terms are associated with Hedgehog pathway. (C)

Heatmaps display the normalized count levels of genes in the Cilkl™~ and wild-type maxilla

tooth germs' developing stages of RNA sequencing analysis. Among Hedgehog related

genes, Shh targets genes including Glil, Ptchl, Sostdcl were significantly downregulated

in Cilkl™ mice.
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Table 1. Upregulated genes in Cilkl”~ mice compared to CilkI"* mice in maxillary

tooth germ at E13.5, 14.5, 15.5 (fold change > 1.5, P adj < 0.05)

Gene id Gene name Gene description ch;)gi P adj

ENSMUSG00000019852 Arfgef3 ARFGEF family member 3 2.50449 0.049612
ENSMUSG00000030607 Acan aggrecan 3.24530 0.034358
ENSMUSG00000070469 Adamtsl3 ADAMTS-like 3 2.09266 0.002244
ENSMUSG00000064294 Aox3 aldehyde oxidase 3 2.15780 0.021854
ENSMUSG00000021388 Aspn asporin 1.54526 0.000621
ENSMUSG00000058914 Clqtnf3 C1q and tumor necrosis factor related protein 3 1.77789 0.000008
ENSMUSG00000030669 Calca calcitonin/calcitonin-related polypeptide, alpha 1.78114 0.000937
ENSMUSG00000039145 Camkid calcium/calmodulin-dependent protein kinase 1D 1.56637 0.000784
ENSMUSG00000052353 Cemip bmc;ilrl]énigration inducing protein, hyaluronan 253610 0.001061
ENSMUSG00000026147 Col9al collagen, type IX, alpha 1 2.04133 0.000325
ENSMUSG00000021508 Cxcl14 chemokine (C-X-C motif) ligand 14 1.67597 0.008944
ENSMUSG00000068373 5Rﬁ<430041D0 RIKEN cDNA D430041D05 gene 2.13958 0.000596
ENSMUSG00000031285 Dcx doublecortin 1.84100 0.003041
ENSMUSG00000047842 Diras2 DIRAS family, GTP-binding RAS-like 2 1.69663 0.000021
ENSMUSG00000052572 Dlg2 discs large MAGUK scaffold protein 2 1.54910 0.003139
ENSMUSG00000005237 Dnah2 dynein, axonemal, heavy chain 2 1.76712 0.005147
ENSMUSG00000019936 Epyc epiphycan 3.70222 0.025796
ENSMUSG00000038233 Fam198a family with sequence similarity 198, member A 1.96281 0.012527
ENSMUSG00000074505 Fat3 FAT atypical cadherin 3 1.67634 0.000060
ENSMUSG00000021943 Gdf10 growth differentiation factor 10 1.73175 0.000165
ENSMUSG00000093587 Gm20554 predicted gene, 20554 1.98376 0.000002
ENSMUSG00000002771 |  Grin2d 4)9'”tamate receptor, ionotropic, NMDAZD (epsilon | g3 0.021663
ENSMUSG00000046711 Hmgal high mobility group AT-hook 1 1.52274 0.004886
ENSMUSG00000032269 Htr3a 5-hydroxytryptamine (serotonin) receptor 3A 1.69408 0.042466
ENSMUSG00000068154 Insm1 insulinoma-associated 1 5.53459 0.000163
ENSMUSG00000032243 Itgall integrin alpha 11 1.94045 0.003128
ENSMUSG00000040164 Kensl K+ voltage-gated channel, subfamily S, 1 2.17165 0.007749
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ENSMUSG00000046834 Krtl keratin 1 1.69418 0.005666
ENSMUSGO00000020140 |  Lgr5 rec':;tc(;'r‘: rich repeat containing G protein coupled 159217 0.015226
ENSMUSG00000092341 | Malat1 traﬂiﬁ?ﬁ'iﬂfﬁ";@ﬁ% ';”Ng;de”‘mmi”oma 151081 0.000024
ENSMUSG00000030218 Map matrix Gla protein 1.53236 0.019779
ENSMUSG00000040280 Ndufa4l2 Ndufa4, mitochondrial complex associated like 2 1.73475 0.003139
ENSMUSG00000022055 Nefl neurofilament, light polypeptide 3.87921 0.007237
ENSMUSG00000055409 Nelll NEL-like 1 157582 0.028180
ENSMUSG00000028341 Nr4a3 nuclear receptor subfamily 4, group A, member 3 2.95213 0.036599
ENSMUSG00000033768 Nrxn2 neurexin Il 1.69499 0.042466
ENSMUSG00000103567 Pcdhga5 protocadherin gamma subfamily A, 5 1.83061 0.042466
ENSMUSG00000041577 Prelp proline arginine-rich end leucine-rich repeat 1.54589 0.002964
ENSMUSG00000050558 Prokr2 prokineticin receptor 2 1.93883 0.042466
ENSMUSG00000027864 Ptgfr prostaglandin F2 receptor negative regulator 1.57723 0.001860
ENSMUSG00000060735 Rxfp3 relaxin family peptide receptor 3 2.12978 0.000534
ENSMUSG00000038738 Shank1 SH3 and multiple ankyrin repeat domains 1 1.75439 0.000023
ENSMUSG00000030257 Srgap3 SLIT-ROBO Rho GTPase activating protein 3 1.52258 0.000073
ENSMUSG00000035431 Sstrl somatostatin receptor 1 1.86944 0.019696
ENSMUSG00000052415 Tchh trichohyalin 2.07543 0.006277
ENSMUSG00000043592 Uncbc unc-5 family C-terminal like 1.50624 0.003041
ENSMUSG00000049641 Vgli2 vestigial like family member 2 6.14820 0.015227
ENSMUSG00000002266 Ziml zinc finger, imprinted 1 1.89058 0.000000
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Table 2. Downregulated genes in Cilkl™" mice compared to CilkI"”* mice in maxillary

tooth germ at E13.5, 14.5, 15.5 (fold change > 1.5, P adj < 0.05)

Gene id Gene name Gene description Fold P adj
change
a disintegrin-like and metallopeptidase (reprolysin :
ENSMUSG00000022449 Adamts20 type) with thrombospondin type 1 motif, 20 1.547635 0.000312
ENSMUSG00000031659 Adcy7 adenylate cyclase 7 -1.826641 0.000000
ENSMUSG00000037860 Aim2 absent in melanoma 2 -2.024405 0.014334
ankyrin repeat and sterile alpha motif domain )

ENSMUSG00000030909 Anks4b containing 4B 4.085682 0.014214
ENSMUSG00000031654 Chinl cerebellin 1 precursor protein -1.834697 0.000596
ENSMUSG00000032572 Col6a4 collagen, type V1, alpha 4 -3.523570 0.000603
ENSMUSG00000030905 Crym crystallin, mu -1.524970 0.036550
ENSMUSG00000019278 Dpepl dipeptidase 1 (renal) -2.728631 0.009293
ENSMUSG00000031383 Dusp9 dual specificity phosphatase 9 -1.646399 0.042466
ENSMUSG00000024053 Emilin2 elastin microfibril interfacer 2 -1.530719 0.009842
ENSMUSG00000038402 Foxf2 forkhead box F2 -2.433246 0.000000
ENSMUSG00000097084 FoxI1 forkhead box L1 -2.497854 0.000519
ENSMUSG00000091387 |  Gent glucosaminyl (N-acetyl) transferase 4, core 2 2507801 |  0.000325

(beta-1,6-N-acetylglucosaminyltransferase)
ENSMUSG00000046167 Gldn gliomedin -2.745938 0.000084
ENSMUSG00000025407 Glil GLI-Kruppel family member GLI1 -1.917435 0.000000
ENSMUSG00000001985 Grik3 glutamate receptor, ionotropic, kainate 3 -1.878303 0.031720
ENSMUSG00000003283 Hck hemopoietic cell kinase -1.756573 0.014255
ENSMUSG00000039628 Hs3st6 6 heparan sulfate (glucosamine) 3-O-sulfotransferase 2120624 0.000084
ENSMUSG00000009828 Cilkl ciliogenesis associated kinase 1 -1.711951 0.000000
ENSMUSG00000055675 Kbtbd11 kelch repeat and BTB (POZ) domain containing 11 -1.556939 0.013575
ENSMUSG00000026840 Lamc3 laminin gamma 3 -1.814345 0.000016
ENSMUSG00000038244 |  Mical2 microtubule associated monooxygenase, calponin 1581152 |  0.000595

and LIM domain containing 2
ENSMUSG00000040138 Ndp Norrie disease (pseudoglioma) (human) -2.643263 0.000312
ENSMUSG00000000120 |  Ngfr nerve growth factor receptor (TNFR superfamily, -1.789557 0.000000

member 16)
ENSMUSG00000059991 Nptx2 neuronal pentraxin 2 -2.366535 0.007237
ENSMUSG00000020902 Ntnl netrin 1 -1.820603 0.000030
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ENSMUSG00000102697 Pcdhac2 protocadherin alpha subfamily C, 2 -1.519936 0.004307
ENSMUSG00000102748 Pcdhgb2 protocadherin gamma subfamily B, 2 -1.569625 0.021979
ENSMUSG00000045573 Penk preproenkephalin -1.546431 0.003041
ENSMUSG00000063446 Plpprl phospholipid phosphatase related 1 -2.153345 0.000040
ENSMUSG00000021466 Ptch1 patched 1 -1.810172 0.000000
ENSMUSG00000028681 Ptch2 patched 2 -1.581137 0.000020
ENSMUSG00000024565 Sall3 spalt like transcription factor 3 -2.723254 0.012738
ENSMUSG00000057969 |  Semasb basf’c”:jii"a'rna'Qec'?;{‘;g"g%';z;ggﬁggaé” (I9), short -1.793651 0.007237
ENSMUSGO00000038264 |  Sema7a GPslen";;ﬁg?;ﬁ':a;@g‘:“&%ﬁggﬂgf&’gﬂ“ (Ig), and -1.810214 0.000014
solute carrier family 1 (neuronal/epithelial high
ENSMUSG00000024935 Slclal iffinity glutamate transporter, system Xag), member -5.037450 0.000009
ENSMUSG00000021136 Smocl SPARC related modular calcium binding 1 -2.144359 0.000000
ENSMUSG00000036169 Sostdcl sclerostin domain containing 1 -1.743712 0.000000
ENSMUSG00000031253 Srpx2 sushi-repeat-containing protein, X-linked 2 -1.639351 0.042466
ENSMUSG00000032327 Straé stimulated by retinoic acid gene 6 -1.993083 0.012527
ENSMUSG00000022658 Tagin3 transgelin 3 -1.731316 0.003911
ENSMUSG00000000782 Tef7 transcription factor 7, T cell specific -1.604772 0.001789
ENSMUSG00000032011 Thyl thymus cell antigen 1, theta -2.076785 0.000034
ENSMUSG00000032554 Trf transferrin -1.552167 0.007493
ENSMUSG00000030351 Tspanll tetraspanin 11 -1.741660 0.000002
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8. Different tooth patterning in more severe impaired Hedgehog pathway

The decreased Hedgehog signaling activity and defects in primary cilia observed
in Cilkl””~ mice suggest that Hedgehog signaling is impaired in Shh-responsive cells,

primarily in the dental mesenchyme, rather than in Shh-producing cells, which are located

in the enamel knot. Conversely, PCSI-MRCS14/4 mouse has been identified as having

reduction in Shh expression within Hedgehog-producing cells due to the deletion of oral-

specific Shh enhancers. PCSI-MRCS14/4 mice are viable and show calcified

supernumerary teeth in maxilla and mandible. In order to further reduce the Hedgehog

signaling activity in tooth germs, PCS1-MRCS14’4 mice were crossed with

Cilkl” mice to generate Cilkl~";PCSI-MRCS1%'* mice.

Similar to Cilkl™" mice, cleft palate and lobulated tongue were observed in

Cilkl™;PCS1-MRCS14'* mice at E16 (Fig. 9C, F). Also, the expression pattern of Shh

in tooth germs in Cilkl "~ ;PCSI-MRCS14’* mice was similar to that of Cilk! ' mice but

different from that wild-type mice. This result suggests the supernumerary tooth formation

in both maxilla and mandible of Cilk! " ;PCS1-MRCS14/~ mice.

Due to the lethality of Cilkl™~ and Cilkl”;PCS1-MRCS1%/* mice at birth,
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tooth pattern changes were examined at PN 0 (Fig. 10). Supernumerary teeth were

observed in the maxilla and mandible of Cilkl”~, PCS1-MRCSI142, and

Cilkl”";PCSI-MRCS1%’* mice. Additionally, the Cilkl”;PCSI-MRCS1%/* mice

exhibited molar fusion in the maxilla, but not in the mandible (Fig. 10G, g’, g”).

PCS1-MRCS14/4 mice showed supernumerary tooth pattern at a rate of 41% in

maxilla and 34% in mandible of PCS1I-MRCS14/“. In Cilkl”~ mice, supernumerary

tooth pattern occurred at a rate of 100% in both maxilla and mandible. In
Cilkl”";PCS1-MRCS1%/* mice the supernumerary tooth pattern and the molar fusion
appeared at a rate of 52% and 48%, respectively in maxilla, while the mandible

showed the supernumerary tooth pattern only (Fig. 12A). Interestingly, the ratio of R2 to

M1 in mesiodistal length was different among the three types of mutant mice showing the

supernumerary tooth pattern. In Cilkl " ;PCS1-MRCS14’~ mice, the mesiodistal length

of R2 was occasionally larger than that of the M1 during the formation of supernumerary

molars. Among the maxillary tooth phenotypes of Cilkl™";PCS1-MRCS14/* mice, 38%

exhibited R2 > M1, while in the mandible, 64% and 36% of cases exhibited R2 > M1 and

R2 < MI, respectively. The R2/M1 ratio was significantly increased in

Cilkl”;PCSI-MRCS1%/* mice compared to Cilkl”~ mice and PCSI-MRCS14/4
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mice. This phenomenon was observed in both maxilla and mandible (Fig. 12B). In

Cilkl”~;PCSI-MRCS14’* mice, the size of R2 was nearly identical to M1, with

occasional instances of R2 being larger than M1. These findings suggest that the R2/M1
ratio is associated with the level of Hedgehog signaling activity, highlighting the close

relationship between Cilkl and the Hedgehog pathway in tooth pattern formation.

To investigate the dependence of tooth pattern changes on Hedgehog activity during
development, we employed in situ hybridization to analyze the expression patterns of
genes involved in the Wnt-Shh-Sostdc1 negative feedback loop, including Lefl, Ptchl
and Sostdcl (Fig. 11). Hematoxylin and eosin staining results showed supernumerary

teeth in the mutant group (Fig. 11B,C). In situ hybridization results revealed that Ptchl

and Sostdcl expression was greatly decreased in Cilkl ™~ and Cilkl " ;PCS1-MRCS14/

“molars compared to wild-type dental mesenchyme (Fig. 11E-F, H-I). Interestingly, Lef1

expression was similar between wild-type and mutant molar tooth germs (Fig. 11J-L).

This suggests that Shh target genes affect tooth patterning in Cilk/”~ and

Cilkl”;PCSI-MRCS1%/* embryos during tooth development.
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Figure 9. Expression pattern of Shh in palatal rugae, tongue papillae, and tooth

germs of CilkI”", and Cilk1”-; PCS1-MRCS1%'* mice

(A-F) Visualized mutant phenotypic changes by whole mount in situ hybridization using

Shh mRNA on WT, Cilk1”, Cilk17;PCS1-MRCS14/~ mice maxilla and mandible at

E16. Decreased size of first molar (M 1) depends on changes in lower Hedgehog signaling

level. Scale bar: A-F, 500 um.
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Tooth pattering changes at PNO in wild-type (WT), Cilk1”-, PCS1I-MRCS14/4, Cilkl~

= PCS1-MRCS14/“maxilla and mandible. (A—H) Micro-computed tomography (micro-

CT) images showing sagittal view at postnatal day 0 (PNO) mouse. (a’ —h’) Hematoxylin

and Eosin (H&E) staining showing sagittal view of WT, Cilkl1”", PCSI-MRCS14/4,

Cilk17PCS1-MRCS14/4 maxilla and mandible (a” —h’’). Micro-CT images showing

occlusal section of WT, Cilk1”-, PCS1-MRCS14/4, Cilk1";PCS1-MRCS14/4 maxilla

and mandible (a>> —h”). 3D reconstructed occlusal view of WT, Cilk1”-,PCS1-MRCS1

A8 Cilkl”;PCS1-MRCS14/4 maxilla and mandible mouse molar model. (C—d’”’) In

Cilk1™", supernumerary tooth (R2) can be observed on the mesial side of first molar (M1).

(c’”,d””) On the occlusal view 3d reconstructed model, it can be seen that the cusp

formation is disorganized. (¢"") PCSI-MRCS14/# mice shows a cusp pattern in which

the lower part of the anterocone was cut off in the Mx first molar. (f"') In PCSI-MRCS1

A2 mandible, M1 cusp pattern remains under anteroconid of WT M1. (G—g”) In Cilk1™

PCS1-MRCS14» maxilla, fused molar is observed (Fig. 10g’). In Cilkl

PCS1-MRCS14/* mandible, R2 is observed bigger than M1 (n = 14). Scale bar: A—h’”,

250 pm
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Figure 11. Alterations in the gene expression in developing molars of Cilkl1™ and

Cilk17;PCS1-MRCS1%42 mice

(A—C) Hematoxylin and Eosin (H&E) staining showing sagittal view of WT, Cilk1™",

Cilk1";PCS1-MRCS14/* mandibular molar tooth germ at E15. (D—L) Section in situ

hybridization results showing expression patterns of Ptchl(D—F), Sostdcl (G—1) and Lef1

(J-L) in the mandibular molar tooth germ of E15.5. Scale bar, A—L: 100um
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Figure 12. Various tooth pattern depending on Hedgehog signaling activity

(A) Tooth pattern coverage of mutant group with supernumerary teeth. Fused molar is

observed only in Cilk1";PCS1-MRCS14/4 maxilla. (MX: PCSI-MRCS14/4, n = 24;

Cilkl ™", n = 20; , Cilk1;PCS1-MRCS14/4, n = 21) (MN: PCSI-MRCS14/4, n = 26;

Cilkl ™", n = 20;, Cilk1";PCS1-MRCS14/2, n = 22)
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(B) A more equal-sized first molar and supernumerary tooth are produced by a change in

the lower Hedgehog signaling activity. Statistical comparisons were made using the one-

way ANOVA for multiple comparisons. (MX: Wt, n=4; PCSI-MRCS14/4, n=5; Cilkl

= n=38;, Cilk1’7;PCSI-MRCS14/4, n=11) (MN: PCS1-MRCS1%'*,n =4; Cilk1 " n

=8;, Cilk1";PCS1-MRCS14/4, n = 22) (** p < 0.01, NS, nonsignificant.)
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IV. DISCUSSION

In line with an earlier study (Hisamoto et al. 2016), primary cilia were observed
in the majority of cells in both the dental epithelium and mesenchyme in the present study.
It's notable that most cells of the dental epithelium and mesenchyme express Cilk/ in wild-
type mice. Additionally, the increased number of cells lacking primary cilia and the longer
length of primary cilia in CilkI-deficient mice suggest that Cilk] plays a crucial role in the

formation of primary cilia during tooth development.

Molar tooth germ of Cilkl~ mouse embryos at E14.5 forms the calcified teeth
and alveolar bone in subcapsular layer of kidney at 4 week after transplantation. CilkI-
deficient teeth showed the significantly shorter root length compared to wild-type teeth.
This is consistent with previous results that [fi80, or [ft140-deficient mice show the
significantly short roots (Yuan, Cao, and Yang 2019; Li et al. 2018), suggesting an
important role of primary cilia in tooth root growth. Additionally, enamel, dentinal tubules,
predentin, dentin, alveolar bone and odontoblasts in dental pulp were observed in Cilkl ™~
teeth, indicating that Cilk/ might not be essential for ameloblasts and odontoblasts
differentiation and their hard tissue formation. However, this observation contrasts with
findings from previous tooth germ transplantation study. Tooth germs from Wntl-
cre;Kif3d"" mice, when transplanted into the kidney capsule, demonstrated the formation
of odontoblasts, but with significantly thin dentin and no enamel (Liu et al. 2014), and /1180,
1188, or Ift140-deficient mice showed thin dentin or enamel formation (Yuan, Cao, and

Yang 2019; Li et al. 2018; Kudo et al. 2023). Analyzing the shape of the crown and root,
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as well as the volume of hard tissue, in teeth developed through culture in kidney is
challenging due to spatial constraints within the renal capsule. Therefore, the precise role

of Cilkl in hard tissue formation should be further investigated.

In a previous study of tooth patterning using primary cilia-related genes,
supernumerary teeth were reported in Watl-cre/Ift88"7°¥"* mice. In contrast, no changes
in tooth patterning were observed in Krt5-cre/Ift88"°¥1°* mice and attrition was observed
in adult mice (Ohazama et al. 2009; Kudo et al. 2023). These results suggest that primary
cilia-related genes in the mesenchyme may be more involved in tooth pattern. The precise
dental epithelial-mesenchymal tissue specific CILK1 function in the interaction between
Shh producing-responding cells should be investigated using a multiple-model system in

further researches.

The importance of primary cilia in the development of craniofacial structure is
well known, since many craniofacial defects are caused by loss of primary cilia-related
genes in human and mice. In human, mutation in EVC, EVC2, IFT88, KIF3A4, OFDI, or
IFTI21, induces cleft lip, cleft palate, oligodontia, or supernumerary tooth (Dodge and
Kernohan 1967; Curry and Hall 1979; Bureau et al. 2014; Susami et al. 1999; Baujat and
Le Merrer 2007; Levin et al. 1977). In mice, deletions in Eve, Eve2, Fuz, Ift88, or Kif3a
genes often lead to a combination of cleft palate, tongue agenesis, mandibular hypoplasia,
and supernumerary molars (Ohazama et al. 2009; Tian et al. 2017; Brugmann et al. 2010;
Yuan et al. 2017; Nakatomi et al. 2013; Zhang et al. 2022; Zhang et al. 2011). In Cilkl-

deficient mice, cleft palate and lobulated tongue have already been reported (Moon et al.
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2014) and supernumerary teeth were discovered for the first time in the present study.

It has been suggested that mutations in primary cilia-related genes lead to similar
phenotypic changes because primary cilia are specialized for Hedgehog signaling pathway
(Goetz and Anderson 2010; Dorn, Hughes, and Rohatgi 2012; Zhang et al. 2022; Huangfu
et al. 2003; Liu et al. 2014). A close relationship between Cilk! and Hedgehog signaling
has also already been identified in various organs like central nervous system, smooth
muscle patterning, and palatal fusion (Chaya et al. 2014; Yang et al. 2021; Shin et al. 2019).
In the present study, the significant reduction in Hedgehog signaling activity observed
within in tooth germs of Ci/k/-deficient mice confirms a close interrelation between Cilk1,

primary cilia functionality, and Hedgehog signaling during tooth development.

Various tooth patterns have been created depending on the activity of Hedgehog signaling.

PCS1-MRCS14% mice and MRCS14/4;MFCS44/4 mice, in which Shh expression was

suppressed in Hedgehog-producing cells by removing the Sh/ enhancers, form
supernumerary teeth (Sagai et al. 2017; Seo et al. 2018). The complete absence of epithelial
Shh and Smo in Krtl14-cre;Sh'"and Krt14-cre;Smo™ " mice, respectively, leads to the
molar fusion (Dassule et al. 2000; Gritli-Linde et al. 2002). Treatment with anti-Shh
antibody or Hedgehog signaling inhibitors blocks the activity of Hedgehog signaling in
Hedgehog-responsive cells, resulting in the supernumerary tooth formation and molar
fusion (Cho et al. 2011; Mao et al. 2022). Molar fusion has been found also in mice deficient

in Eve, Eve2, or Ofd1 (Nakatomi et al. 2013; Liu et al. 2014; Zhang et al. 2022; Thivichon-
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Prince et al. 2009). However, molar fusion was not found in Ci/kI-deficient mice in the

present study.

Supernumerary teeth can be obtained in the hybrid mice between different mutant
mice that have a genetic defect in Hedgehog signaling but show normal tooth patterns.
Sostdc1;Shh™~ mice, which were created by crossing Sostdcl” mice and Shh™™ mice
with normal tooth pattern, showed supernumerary teeth (Ahn et al. 2010). However, there
has been still no clear evidence as to whether molar fusion can be induced in hybrid mice

between two different kinds of mutant mice with supernumerary teeth. In the present study,

Cilkl™";PCS1-MRCS1%/* mice created by crossing Cilkl "~ mice and PCS1-MRCS14/

“ mice with supernumerary teeth showed fused molars in maxilla. The synergy observed

in this hybrid mice is probably due to the simultaneous suppression of Hedgehog signaling
in Hedgehog-producing cells and Hedgehog-responsive cells by PCSI-MRCS1 deletion
and Cilkl deficiency, respectively (Fig. 13). This result strongly suggests that

supernumerary teeth and molar fusion occur sequentially as Hedgehog signaling activity

gradually declines. Unlike maxilla, the mandibles of Cilkl” ;PCSI-MRCS14~ mice

showed only supernumerary teeth, which was very similar to the previous results in Evc or
Evc2-deficient mice. In Eve mutant mice, molar fusion occurs in maxilla and mandible at
a penetrance of 100% and 17%, respectively (Nakatomi et al. 2013). Evc2 deficiency leads
to molar fusion in maxilla, but only the supernumerary tooth in mandible (Zhang et al.

2022). The cause of this difference in molar fusion susceptibility between maxilla and
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mandible remains unclear.

Understanding tooth patterns in some mice with significantly decreased
Hedgehog or Wnt signaling activity can be challenging. Gas! ™" mice and Shh“™* show
normal molar development, and approximately 80% of Gas/~”~ mice form supernumerary
teeth. However, it has been reported that the penetration of supernumerary teeth is reduced
to 38% in Gasl™;Shh“™" mice (Seppala et al., 2022). Wnt10b~' mice exhibit a regular
tooth pattern, and 80% of Wntl0a" ;Wnt10b~ mice have supernumerary teeth. However,
Wntl0a~;Wnt10b~~ mice, despite having the significantly small molars, and significantly
reduced maxilla, mandible, and the body length, exhibit only three molars, with the first
notably larger than the second, leading to the determination that supernumerary teeth are

absent in these mice (Yoshinaga et al. 2023). Similar tooth patterns were observed in the

present study. The R2/MI ratio in Cilkl” ;PCSI-MRCS14/* mice was about 1 on

average, but was over 2 in some mice. Furthermore R2/M1 ratio was larger in

Cilkl”";PCSI-MRCS14/2 mice than in Cilkl”~ mice and PCSI-MRCS14/4 mice.

These findings indicates that as Hedgehog signaling activity decreases, the size of the
supernumerary tooth increases, possibly surpassing the M1 size. Likewise, in mice with
genetically significantly reduced Hedgehog or Wnt signaling activity, such as Gasi™
~:Shh®™"* mice and Wntl10a~ ;Wnt10b” mice, the most mesial tooth is likely to be
supernumerary tooth. Additionally, it is suggested that the surpass of R2 over the size of

M1 in these mutant mice resulted from a minor fusion between R2 and M1.
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Tooth patterning is governed by the Wnt-Shh-Sostdc1 negative feedback loop
(Cho et al. 2011), where a reduction in Hedgehog signaling activity leads to a decrease in
the inhibitor Sostdcl. A hypothetic mechanism for tooth pattern formation determined by
Hedgehog signaling during tooth development is proposed here. In wild-type mice, the R2
at E14 is degenerated by inhibitors produced by M1, resulting in the three-molar patterns.
Conversely, in mice with reduced Hedgehog signaling activity, R2 persists instead of
regressing due to decreased inhibitor levels following a reduction in mediators in M1. As
Hedgehog signaling activity diminishes, the mutual interference effect between teeth
decreases, allowing R2 to increase in size up to a certain threshold. With further
downregulation of Hedgehog signaling, inhibitors are lost in both R2 and M1, leading to

their fusion (Fig. 14).
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Figure 13. A scheme showing the interaction between Shh-producing and -responsive

cells

In wild-type mice, Shh proteins are secreted due to increased Wnt signaling activity in Shh-

producing cells. These proteins then bind to Ptchl in Shh-responsive cells, activating Smo

and allowing GliA to enter the nucleus to transcribe Hedgehog signaling target genes.

However, in Cilkl’;PCS1-MRCS14* mice, Shh transcription and Shh protein secretion

are reduced. The absence of Cilkl decreases Smo activation, leading to GliR instead of

GliA entering the nucleus and preventing the transcription of target genes.
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V. CONCLUSION

Collectively, the findings of this study elucidate the pivotal role of Cilkl in the
formation and functionality of the primary cilia, which serves as a mediating organelle of
Hedgehog signaling. By modulating Hedgehog signaling activity in both the producing and
responsive cells, the study observed the occurrence of molar fusion alongside the
emergence of supernumerary teeth with varying sizes. This diversity in tooth patterns
contributes to a deeper understanding of the underlying mechanisms governing tooth

pattern formation and facilitates the analysis of unusual tooth patterns.
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