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Abstract 

Ciliogenic components, such as the family of intraflagellar transport (IFT) proteins, are 

recognized to play key roles in endochondral ossification, a critical process to form 

most bones. However, it remains unclear how each IFT protein performs its unique 

function to regulate endochondral ossification. Here, we show that intraflagellar 

transport 20 (IFT20) is required for early chondrogenesis. Utilizing three osteo-

chondrocyte lineage-specific Cre mice (Prx1-Cre, Col2-Cre and Aggrecan-CreERT2), 

we deleted Ift20 to examine its function. While chondrocyte-specific Ift20 deletion with 

Col2-Cre or Aggrecan-CreERT2 drivers did not cause overt skeletal defects, mesoderm-

specific Ift20 deletion using Prx1-Cre (Ift20:Prx1-Cre) resulted in shortened limb 

outgrowth. Although primary cilia were not formed in Ift20:Prx1-Cre mice, ciliary 

Hedgehog signaling was only moderately affected. Interestingly, loss of Ift20 lead to 

upregulation of Fgf18 expression resulting in ERK1/2 activation and sustained Sox9 

expression, thus preventing endochondral ossification. Inhibition of enhanced phospho-

ERK1/2 activation partially rescued defective chondrogenesis in Ift20 mutant cells, 

supporting an important role for FGF signaling. Our findings demonstrate a novel 

mechanism of IFT20 in early chondrogenesis during endochondral ossification. 
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Introduction 

Endochondral ossification is an essential process which forms the majority of bones1,2. 

Unlike intramembranous ossification, which consists of direct conversion of 

mesenchymal cells to osteoblasts, in endochondral ossification mesenchymal cells 

differentiate into chondrocytes that create a cartilage template. Then later in 

development osteoblasts replace this cartilage with bone3,4. In past decades, tremendous 

progress has been made toward understanding the molecular mechanisms of 

endochondral ossification5,6. These studies have identified genetic and growth factor 

signaling pathways that are tightly linked to govern spatiotemporal development of 

endochondral ossification. For example, transforming growth factor-β/bone 

morphogenetic protein (TGF-β/BMP), Wnt and Hedgehog signaling interact with each 

other to control proliferation and survival of oesteo-chondrogenic progenitor cells7-9. 

However, it remains elusive how growth factor signals are precisely transduced into 

these cells to control endochondral ossification. 

 Primary cilia are microtubule-based antenna-like organelles that project from the 

surface of vertebrate cells10-12. Previously we reported, along with others, that primary 

cilia play a pivotal role in regulating developmental signals, such as Hedgehog, TGF-

beta, and platelet-derived growth factor (PDGF)11,13. Because primary cilia participate 

in controlling multiple developmental pathways, a better understanding of the regulation 

of ciliogenesis has become increasingly important as ciliary defects continue to be 

linked to numerous diseases, collectively called “ciliopathies”14. These findings suggest 

that dysfunction and/or altered formation of cilia may directly contribute to the 

pathogenesis of skeletal diseases. 

 A fundamental role of intraflagellar transport (IFT) complex is to assemble 
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cilia10,15. In humans, mutations in ciliary genes frequently result in skeletal 

abnormalities16-19. There are several skeletal ciliopathies identified such as Verma-

Naumoff syndrome, Majewski syndrome, Jeune syndrome, and Ellis-van Creveld 

syndrome17,20. Similar to these conditions, loss of IFT component function also results 

in abnormalities in skeletogenic cell proliferation, survival and differentiation in mice21-

24. For example, IFT88, a component of the IFT-B complx, in the mesenchyme is 

important for embryonic limb outgrowth23. KIF3A, a subunit of the Kinesin II motor 

complex required for IFT, is critical for postnatal growth plate development, and 

formation of cranial base and synchondroses22,25. IFT80 is indispensable for cartilage 

and bone development in both embryonic and postnatal stages26. However, the roles 

played by other IFTs in bone formation and regulating the process of endochondral 

ossification remains unclear. Additionally, while ciliary Hedgehog signaling has been 

found to be an important process involved in skeletal ciliopathies, the phenotypes 

observed in IFT mutants cannot be solely explained by the alteration of ciliary 

Hedgehog signaling27,28. Therefore, it is important to explore whether other signaling 

pathway(s) are involved in the etiology of skeletal ciliopathies in IFT mutants. 

 In this study, we examine the function of IFT20, a component of the IFT-B 

complex, during endochondral ossification. Our findings demonstrate that IFT20 is 

required for early chondrogenesis, which has not been characterized before in 

endochondral ossification. 

 

Materials and methods 

Animals 

Ift20-floxed mice29, Prx1-Cre mice30, and Aggrecan-CreERT2 mice31 were obtained 
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from the Jackson Laboratory. Col2-Cre mice32 were obtained from Dr. Florent 

Elefteriou (Baylor College of Medicine). These mice were maintained on a mixed 

genetic background. The Animal Welfare Committee, and the Institutional Animal Care 

and Use Committee of the McGovern Medical School approved the experimental 

protocol (AWC-18-0137). 

 

Histological analysis, skeletal staining and immunostaining 

H&E, Safranin-O, Picrosirius red staining and von Kossa staining were carried out 

using standard methods33. Staining of long bones with Alizarin red and Alcian blue was 

carried out as previously described33. Immunofluorescent staining and TUNEL assays 

were performed as previously described34. Anti-acetylated tubulin (Sigma; T6793, 

1:1,000), anti-gamma tubulin (Sigma; T5326, 1:1,000), anti-phospho Histone H3 

(Millipore; #06-570, 1:100), anti-SOX9 (Santa cruz biotechnology; sc-20095, 1:100), 

anti-phospho ERK1/2 (Cell signaling technology; #4376, 1:100) antibodies were used 

for immunostaining. Slides were imaged under an Olympus FluoView FV1000 laser 

scanning confocal microscope using the software FV10-ASW Viewer (version 4.2). 

 

Section in situ hybridization 

A digoxygenin-labelled RNA probe was generated by in vitro transcription (Sigma-

Aldrich). In situ hybridization was performed according to standard procedures35. 

 

Micromass culture 

Micromass culture was carried out using a standard method36. Briefly, mesenchymal 

cells were harvested from Ift20flox/flox limb buds at E11.5. After 0.25% trypsin treatment 
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at 37OC for 10min, 15µl spots of cell suspension (2.5×105 cells/spot) were plated onto 

4-well culture dishes (Thermo Fisher Scientific; 176740) and cultured using Advanced 

DMEM medium (Sigma-Aldrich; 12491-023) containing 10% fetal bovine serum 

(Sigma-Aldrich; F4135), 2% L-glutamine (Sigma-Aldrich; G7513), and 1% Penicillin-

Streptomycin (Sigma-Aldrich; P4333). To disrupt Ift20, adenovirus-Cre (5x109 pfu, 

Vector lab, Baylor College of Medicine) was transduced in Ift20flox/flox limb 

mesenchymal cells at 37OC for overnight. As a control, adenovirus-empty vector was 

used. To inhibit the phospho-ERK1/2 activity, U0126 (Cell Signaling technology; 9903) 

was used. DMSO-vehicle solution was used as a control. 

 

Quantitative real-time RT-PCR 

Total RNA was extracted using TRIzol Reagent (Thermo Fisher Scientific; 15596-026). 

Quantitative RT-PCR was carried out using the SsoAdvanced Universal SYBR Green 

Supermix (Bio-Rad; 1725274). The conditions for qRT-PCR were 95°C for 2 min, 95°C 

for 5 sec, and 60°C for 30 sec, for 40 cycles. The sequences of each primer are listed 

(Supplemental Table 1). Data were normalized to Gapdh levels and quantified using the 

2−∆∆CT method. 

 

Western blotting analysis 

Cell lysates were separated by SDS-PAGE (Bio-Rad; 4561036). Anti-IFT20 

(Proteintech; 13615-AP, 1:1,000), anti-GAPDH (Cell Signaling technology; #2118, 

1:5,000), anti-GLI1 (R&D systems; AF3455, 1:500), anti-SOX9 (Santa cruz 

biotechnology; sc-20095, 1:1,000), anti-phospho ERK1/2 (Cell Signaling technology; 

#4376, 1:1,000), anti-ERK1/2 (Cell Signaling technology; #4695, 1:1,000), anti-active 
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β-Catenin (Cell signaling technology; #8814, 1:1,000), anti-β-Catenin (BD Biosciences; 

#610153, 1:1,000), anti-rabbit IgG HRP-conjugate (Cell Signaling technology; #7074, 

1:5,000), anti-mouse IgG HRP-conjugate (Cell Signaling technology; #7076, 1:5,000) 

and anti-goat IgG HRP-conjugate (Invitrogen; #PA1-28664, 1:2,000) antibodies were 

used for western blotting. The Clarity Max ECL Substrate (Bio-Rad; 1705061) was 

used for chemiluminescent detection on a Chemidoc XRS+ imaging system (Bio-Rad), 

and the signals were quantified using the Image Lab Version 6.0 software (Bio-Rad) 

and the image-J software. 

 

Statistical analysis 

A two-tailed Student’s t test was used for comparisons between two groups. A p value 

of less than 0.05 was considered statistically significant. 

 

Results and Discussion 

Mesoderm-specific disruption of Ift20 results in a shorter limb development 

To examine the function of IFT20 during endochondral ossification, Ift20 floxed mice 

and Prx1-Cre mice were used to delete Ift20 in a mesodermal cell-specific manner 

(“Ift20:Prx1-Cre” hereafter). Around the age of weaning, the locomotion of Ift20:Prx1-

Cre mice is defective (Supplemental video 1). This is likely due to the formation of 

shorter limbs in Ift20:Prx1-Cre mice (Fig. 1A). Skeletal staining revealed short-limbed 

dwarfism with polydactyly in Ift20:Prx1-Cre mice (Fig. 1B). Polydactyly is a common 

abnormality frequently observed in ciliopathies and an expected result of altered ciliary 

Hedgehog signaling23,37,38. In this paper, we focus specifically on investigating the 

molecular basis for the defective limb phenotypes. 
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 Compared with wild-type controls (“WT” hereafter), the body size is 

significantly smaller in Ift20:Prx1-Cre mice (Fig. 1A, B). However, this growth 

retardation is possibly a secondary phenotype. Due to mobility issues, Ift20:Prx1-Cre 

mice have difficulties accessing the dam, and may not nurse effectively compared to 

WT littermates. Detailed morphological analysis revealed that these characteristic 

phenotypes were evident by embryonic day (E) 18.5 (Supplemental Fig. 1). Western 

blotting analysis using embryonic limb lysates confirmed that IFT20 is knocked-out in a 

subset of cells in Ift20:Prx1-Cre mice (Fig. 1C). Confocal microscopy analysis revealed 

that while the basal body was present, no primary cilia are formed in Ift20:Prx1-Cre 

humerus (Fig. 1D). 

At P4, compared with WT, picrosirius red  staining is weaker in Ift20:Prx1-Cre 

mice (Fig. 1E, upper and middle panels). This suggests that production of type I 

collagen was severely attenuated in Ift20:Prx1-Cre mice. To examine whether the 

reduction of type I collagen was due to altered endochondral ossification, cartilage 

formation was also examined. In Ift20:Prx1-Cre mice, the entire area of the humerus 

stains positively with Safranin-O (Fig. 1E, lower panel). This suggests that cartilage 

template was not appropriately replaced by osteoblasts in Ift20:Prx1-Cre mice. In situ 

hybridization analysis further confirmed that, compared with WT, type I collagen 

expression was decreased, but the expression of type II collagen was sustained in 

Ift20:Prx1-Cre mice at P4 (Fig. 1F). To determine whether the initial conversion 

process from cartilage template to osteoblasts was affected, embryonic hindlimb section 

was examined by double staining of von Kossa and Alcian blue. At E16.5, the process 

of bone mineralization was hampered in Ift20:Prx1-Cre mice (Fig. 1G). These results 

suggest that IFT20 plays a pivotal role during endochondral ossification. 
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Chondrocyte-specific disruption of Ift20 does not cause bone and cartilage defects 

Endochondral ossification is a series of developmental processes initiated by 

appropriate chondrogenesis: (i) differentiation of mesenchymal cells to chondrogenic 

precursors, (ii) differentiation of chondrogenic precursors to chondrocytes, and (iii) 

maturation of chondrocytes. Depending on these developmental stages, each ciliary 

gene may function differently. To clarify the role of IFT20 at each chondrogenic stage, 

Col2-Cre mice was used to delete Ift20 (“Ift20:Col2-Cre” hereafter). Unlike 

Kif3a:Col2-Cre mutant mice22,25, Ift20:Col2-Cre mice did not survive after birth. The 

exact cause of lethality is unknown. Chondrocyte-specific disruption of Ift20 results in 

loss of primary cilia (Fig. 2A), suggesting that Ift20 was efficiently deleted in 

Ift20:Col2-Cre chondrocytes. We noted that primary cilia in the perichondrial layer are 

intact in Ift20:Col2-Cre mice (Fig. 2A). This observation is consistent with previous 

reports that Col2-Cre does not effectively target the perichondrium22,32. Unlike 

Ift80:Col2-Cre mutant mice26, growth morphology of both forelimb and hindlimb was 

comparable between WT and Ift20:Col2-Cre mice (Fig. 2B). Histological analysis 

confirmed that there were no overt skeletal defects in Ift20:Col2-Cre mice (Fig. 2C). 

To examine whether the loss of Ift20 in Col2-Cre labeled chondrocytes affects 

cell viability, cell proliferation activity and survivability were examined by phospho-H3 

(PHH3) immunostaining and TUNEL assay. As expected, chondrogenic proliferation 

and survival were comparable between WT and Ift20:Col2-Cre mice (Fig. 2D, E). To 

further examine whether IFT20 is predominantly involved in the regulation of early 

chondrogenesis, Aggrecan-CreERT2 mice were used to examine the role of IFT20 during 

chondrocyte maturation (“Ift20:Aggrecan-CreERT2” hereafter). Similar to Ift20:Col2-

Cre mice, no overt forelimb and/or hindlimb abnormalities were found in 
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Ift20:Aggrecan-CreERT2 mice (Supplemental Fig. 2). These results suggest that IFT20 

is indispensable for early chondrogenesis but dispensable for the stages of chondrocyte 

differentiation and maturation during endochondral ossification. 

 

Ciliary Hedgehog signaling is moderately affected in Ift20:Prx1-Cre mice 

Because Ift20:Prx1-Cre mice displayed shortened limb outgrowth, we hypothesize 

whether this defect is attributed to the decreased cell proliferation and/or increased cell 

death. To address these questions, cell proliferation and survivability were examined by 

immunohistochemistry and TUNEL assay. Compared with WT, Ift20:Prx1-Cre mice 

showed decreased cell proliferation activity while increased cell death (Fig. 3A, B), 

suggesting both chondrogenic cell proliferation and survival were affected. 

 Multiple studies have demonstrated that ciliary hedgehog signaling is required 

for proper bone growth39-41. For example, mesoderm-specific Ift88 mutant mice and 

chondrocyte-specific Ift80 mutant mice show the reduced Hedgehog signaling and 

leading to shorter limb development23,26. Therefore, it is reasonable to predict that the 

attenuation of ciliary Hedgehog signaling may cause abnormal limb outgrowth in 

Ift20:Prx1-Cre mice. To test this hypothesis, forelimb tissues (excluding limb buds) 

were isolated, then examined for gene expression related to Hedgehog signaling. Genes 

such as Indian hedgehog (Ihh), Gli1 and Ptch1 were quantified using qRT-PCR at 

E12.5-E13.5 when chondrogenic precursors start to differentiate. Among these 

Hedgehog signaling-associated genes, Gli1 expression is slightly decreased in 

Ift20:Prx1-Cre mice (~E13.5) (Fig. 3C). GLI1 western blotting further confirmed that 

ciliary Hedgehog signaling is moderately affected in Ift20:Prx1-Cre mice (Fig. 3D, E). 

These observations are important because mesoderm-specific Ift88 mutant mice develop 
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similar limb outgrowth defects seen in Ift20:Prx1-Cre mice, but Ift88 mutant’s 

abnormalities are attributed to the abrogated Hedgehog signaling (i.e., reduction of Ihh 

expression, no expression of Ptch1 or Gli1)23. These results suggest that each ciliary 

component may have their own unique role to transduce signals during endochondral 

ossification. Therefore, in addition to the moderately altered Hedgehog signaling, other 

signaling cascade(s) may be involved in the pathology of Ift20:Prx1-Cre mice. 

 

Upregulation of FGF signaling prevents chondrogenesis in Ift20:Prx1-Cre mice 

During skeletal development, fibroblast growth factor (FGF) signaling is another of the 

key regulators to coordinate endochondral ossification2,4. In the early embryonic stages 

of skeletal development, FGF signaling has promitogenic activity in chondrocytes. On 

the other hand, during late stages of skeletal growth, FGF signaling functions to inhibit 

chondrogenesis, preventing their differentiation to prehypertrophic and hypertrophic 

chondrocytes42. This paradoxical FGF signaling activity explains how the alteration of 

FGF signaling causes defective skeletal growth, frequently observed in skeletal 

dwarfism43,44. Because Ift20:Prx1-Cre mice showed only modest alterations of ciliary 

Hedgehog signaling (Fig. 3C-E), we hypothesized that aberrant FGF signaling may 

explain the defective limb outgrowth. To test this hypothesis, the levels of phospho-

ERK1/2 (p-ERK1/2), a downstream target of FGF signaling, were examined by 

immunohistochemistry. In WT humerus, p-ERK1/2 signaling was mainly detected in 

the perichondrium, while p-ERK1/2 was highly activated in all cartilaginous cells in 

Ift20:Prx1-Cre mice (Fig. 4A). This p-ERK1/2 activation was also observed in 

Ift20:Prx1-Cre mice at P4 (Supplemental Fig. 3), suggesting that aberrant p-ERK1/2 

activation causes abnormal chondrogenesis via suppressing hypertrophic differentiation. 
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To examine whether the enhanced p-ERK1/2 activation is due to the upregulation of 

FGF ligands and/or its receptors in Ift20:Prx1-Cre mice, we examined expression of 

these genes by qRT-PCR analysis. Among FGF signaling-related genes, compared with 

WT, Fgf18 expression was upregulated in Ift20:Prx1-Cre mice (Fig. 4B). To examine 

how the aberrant FGF signaling results in altered chondrogenesis, Sox9 expression, a 

key regulator of chondrogenesis, was examined. During the early chondrogenesis stage 

(~E12.5), the levels of Sox9 expression was comparable between WT and Ift20:Prx1-

Cre mice (Fig. 4C). However, Sox9 expression was increased during chondrogenesis 

differentiation (~E13.5) in Ift20:Prx1-Cre mice (Fig. 4C, D). Sox9 expression was still 

sustained when osteogenesis initiates in Ift20:Prx1-Cre mice (~E15.5) (Fig. 4E). These 

observations are consistent with the evidence that overexpression of Sox9 leads to 

delayed hypertrophy during chondrocyte maturation45,46. To examine whether 

augmentation of FGF pathway is involved in defective chondrogenesis in Ift20:Prx1-

Cre mice, chondrocyte micromass culture was performed. After harvesting limb 

mesenchymal cells from Ift20flox/flox mice at E11.5, Ift20 was deleted by infecting cells 

with an adenovirus that constitutively expresses Cre. Consistent with in vivo 

observation (Fig. 4A), p-ERK1/2 was highly activated in Ift20 mutant cells (Fig. 4F). To 

suppress levels of p-ERK1/2 the small molecule inhibitor of MEK1/2 (U0126) was 

used.  Treatment of U0126 suppressed the aberrant p-ERK1/2 activation in Ift20 mutant 

cells (Fig. 4F), and inhibition of p-ERK1/2 partially rescued the defective cartilaginous 

nodule formation in Ift20 mutant cells (Fig. 4G). These results suggest that while we 

found a moderate alterations in Hedgehog signaling, there was a much greater change in 

FGF-ERK1/2 signaling in Ift20 mutants. Our data suggests that disruption of IFT20 

increases the expression of Fgf18 that leads to p-ERK1/2 activation, thus sustaining 
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SOX9 expression and suppressing hypertrophic differentiation in Ift20:Prx1-Cre mice 

(Fig. 4H). Because FGF signaling can activate Wnt/β-catenin signaling and suppresses 

hypertrophic differentiation47,48, we also hypothesized that FGF-Wnt/β-catenin 

signaling pathway may cause shorter limb formation in Ift20:Prx1-Cre mice. However, 

the levels of both active β-catenin and total β-catenin were comparable between WT and 

Ift20:Prx1-Cre mice (Supplemental Fig. 4). This suggests that activation of the FGF 

signaling pathway may predominantly hamper endochondral ossification process in 

Ift20:Prx1-Cre mice. 

 At this moment, it is unclear how the deletion of Ift20 results in the upregulation 

of Fgf18. How does primary cilium restrain Fgf18 expression? It is noteworthy that 

another ciliary mutant, Ellis-van Creveld 2 (Evc2) mice, displays defective limb 

outgrowth and shows an elevation of FGF signaling due to the upregulation of Fgf1849. 

Therefore, it may be reasonable to speculate that primary cilia may serve as a negative 

regulator to control FGF signaling during limb outgrowth. This possibility needs to be 

investigated further in the future. 

 It has been known that FGF signaling controls the length of cilia50. In zebrafish, 

knockdown of the Fgf receptor and/or Fgf ligand results in shortened primary cilia51,52. 

In mice, a mutation in the FGF receptor causes abnormal ciliogenesis and leads to 

skeletal defects53,54. While FGF signaling is important for regulating cilia length in 

multiple developmental contexts, our study highlights the importance of ciliary proteins 

such as IFT20 and Evc2, which are critical for regulating FGF signaling during 

endochondral ossification. 

 

Author contributions 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449945doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449945


                                                                                                       Yamaguchi et al., 2021 
 

 
 

14 

Y.K. designed the study. H.Y., M.K., K.U., L.H., J.W., and Y.K. performed the 

experiments. H.Y., M.K., and Y.K. analyzed the data. D.P., W.L., and Y.K. wrote the 

manuscript. All authors contributed to the manuscript. Y.K. supervised the project. 

 

Acknowledgments 

We thank Dr. Florent Elefteriou for the Col2-Cre mice. We gratefully acknowledge Dr. 

Mark Corkins for critical reading of this manuscript. This study was supported by a 

research grant NIDCR/NIH R01DE025897 (Y.K.) and by a fellowship from the Uehara 

Memorial Foundation (H.Y.). 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449945doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449945


                                                                                                       Yamaguchi et al., 2021 
 

 
 

15 

References 

1 Kronenberg, H. M. Developmental regulation of the growth plate. Nature 423, 

332-336, doi:10.1038/nature01657 (2003). 

2 Ornitz, D. M. & Marie, P. J. FGF signaling pathways in endochondral and 

intramembranous bone development and human genetic disease. Genes & 

development 16, 1446-1465, doi:10.1101/gad.990702 (2002). 

3 Maes, C., Kobayashi, T. & Kronenberg, H. M. A novel transgenic mouse model 

to study the osteoblast lineage in vivo. Annals of the New York Academy of 

Sciences 1116, 149-164, doi:10.1196/annals.1402.060 (2007). 

4 Ornitz, D. M. & Marie, P. J. Fibroblast growth factor signaling in skeletal 

development and disease. Genes & development 29, 1463-1486, 

doi:10.1101/gad.266551.115 (2015). 

5 Regard, J. B., Zhong, Z., Williams, B. O. & Yang, Y. Wnt signaling in bone 

development and disease: making stronger bone with Wnts. Cold Spring Harbor 

perspectives in biology 4, doi:10.1101/cshperspect.a007997 (2012). 

6 Long, F. & Ornitz, D. M. Development of the endochondral skeleton. Cold Spring 

Harbor perspectives in biology 5, a008334, doi:10.1101/cshperspect.a008334 

(2013). 

7 Alman, B. A. The role of hedgehog signalling in skeletal health and disease. Nat 

Rev Rheumatol 11, 552-560, doi:10.1038/nrrheum.2015.84 (2015). 

8 Salazar, V. S., Gamer, L. W. & Rosen, V. BMP signalling in skeletal development, 

disease and repair. Nature reviews. Endocrinology 12, 203-221, 

doi:10.1038/nrendo.2016.12 (2016). 

9 Lyons, K. M. & Rosen, V. BMPs, TGFbeta, and border security at the interzone. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449945doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449945


                                                                                                       Yamaguchi et al., 2021 
 

 
 

16 

Current topics in developmental biology 133, 153-170, 

doi:10.1016/bs.ctdb.2019.02.001 (2019). 

10 Rosenbaum, J. L. & Witman, G. B. Intraflagellar transport. Nature reviews. 

Molecular cell biology 3, 813-825, doi:10.1038/nrm952 (2002). 

11 Sharma, N., Berbari, N. F. & Yoder, B. K. Ciliary dysfunction in developmental 

abnormalities and diseases. Current topics in developmental biology 85, 371-427, 

doi:10.1016/S0070-2153(08)00813-2 (2008). 

12 Singla, V. & Reiter, J. F. The primary cilium as the cell's antenna: signaling at a 

sensory organelle. Science 313, 629-633, doi:10.1126/science.1124534 (2006). 

13 Eggenschwiler, J. T. & Anderson, K. V. Cilia and developmental signaling. 

Annual review of cell and developmental biology 23, 345-373, 

doi:10.1146/annurev.cellbio.23.090506.123249 (2007). 

14 Reiter, J. F. & Leroux, M. R. Genes and molecular pathways underpinning 

ciliopathies. Nature reviews. Molecular cell biology 18, 533-547, 

doi:10.1038/nrm.2017.60 (2017). 

15 Kozminski, K. G., Johnson, K. A., Forscher, P. & Rosenbaum, J. L. A motility in 

the eukaryotic flagellum unrelated to flagellar beating. Proceedings of the 

National Academy of Sciences of the United States of America 90, 5519-5523 

(1993). 

16 Serra, R. Role of intraflagellar transport and primary cilia in skeletal development. 

Anatomical record 291, 1049-1061, doi:10.1002/ar.20634 (2008). 

17 Yuan, X., Serra, R. A. & Yang, S. Function and regulation of primary cilia and 

intraflagellar transport proteins in the skeleton. Annals of the New York Academy 

of Sciences 1335, 78-99, doi:10.1111/nyas.12463 (2015). 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449945doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449945


                                                                                                       Yamaguchi et al., 2021 
 

 
 

17 

18 Merrill, A. E. et al. Ciliary abnormalities due to defects in the retrograde transport 

protein DYNC2H1 in short-rib polydactyly syndrome. American journal of 

human genetics 84, 542-549, doi:10.1016/j.ajhg.2009.03.015 (2009). 

19 Taylor, S. P. et al. Mutations in DYNC2LI1 disrupt cilia function and cause short 

rib polydactyly syndrome. Nature communications 6, 7092, 

doi:10.1038/ncomms8092 (2015). 

20 Huber, C. & Cormier-Daire, V. Ciliary disorder of the skeleton. Am J Med Genet 

C Semin Med Genet 160c, 165-174, doi:10.1002/ajmg.c.31336 (2012). 

21 Liu, M., Alharbi, M., Graves, D. & Yang, S. IFT80 Is Required for Fracture 

Healing Through Controlling the Regulation of TGF-beta Signaling in 

Chondrocyte Differentiation and Function. Journal of bone and mineral 

research : the official journal of the American Society for Bone and Mineral 

Research, doi:10.1002/jbmr.3902 (2019). 

22 Song, B., Haycraft, C. J., Seo, H. S., Yoder, B. K. & Serra, R. Development of the 

post-natal growth plate requires intraflagellar transport proteins. Developmental 

biology 305, 202-216, doi:10.1016/j.ydbio.2007.02.003 (2007). 

23 Haycraft, C. J. et al. Intraflagellar transport is essential for endochondral bone 

formation. Development 134, 307-316, doi:10.1242/dev.02732 (2007). 

24 Yuan, X. et al. Ciliary IFT80 balances canonical versus non-canonical hedgehog 

signalling for osteoblast differentiation. Nature communications 7, 11024, 

doi:10.1038/ncomms11024 (2016). 

25 Koyama, E. et al. Conditional Kif3a ablation causes abnormal hedgehog signaling 

topography, growth plate dysfunction, and excessive bone and cartilage formation 

during mouse skeletogenesis. Development 134, 2159-2169, 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449945doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449945


                                                                                                       Yamaguchi et al., 2021 
 

 
 

18 

doi:10.1242/dev.001586 (2007). 

26 Yuan, X. & Yang, S. Deletion of IFT80 Impairs Epiphyseal and Articular 

Cartilage Formation Due to Disruption of Chondrocyte Differentiation. PloS one 

10, e0130618, doi:10.1371/journal.pone.0130618 (2015). 

27 Hilton, M. J., Tu, X., Cook, J., Hu, H. & Long, F. Ihh controls cartilage 

development by antagonizing Gli3, but requires additional effectors to regulate 

osteoblast and vascular development. Development 132, 4339-4351, 

doi:10.1242/dev.02025 (2005). 

28 St-Jacques, B., Hammerschmidt, M. & McMahon, A. P. Indian hedgehog 

signaling regulates proliferation and differentiation of chondrocytes and is 

essential for bone formation. Genes & development 13, 2072-2086, 

doi:10.1101/gad.13.16.2072 (1999). 

29 Jonassen, J. A., San Agustin, J., Follit, J. A. & Pazour, G. J. Deletion of IFT20 in 

the mouse kidney causes misorientation of the mitotic spindle and cystic kidney 

disease. The Journal of cell biology 183, 377-384, doi:10.1083/jcb.200808137 

(2008). 

30 Logan, M. et al. Expression of Cre Recombinase in the developing mouse limb 

bud driven by a Prxl enhancer. Genesis 33, 77-80, doi:10.1002/gene.10092 (2002). 

31 Henry, S. P. et al. Generation of aggrecan-CreERT2 knockin mice for inducible 

Cre activity in adult cartilage. Genesis (New York, N.Y. : 2000) 47, 805-814, 

doi:10.1002/dvg.20564 (2009). 

32 Ovchinnikov, D. A., Deng, J. M., Ogunrinu, G. & Behringer, R. R. Col2a1-

directed expression of Cre recombinase in differentiating chondrocytes in 

transgenic mice. Genesis 26, 145-146 (2000). 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449945doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449945


                                                                                                       Yamaguchi et al., 2021 
 

 
 

19 

33 Noda, K., Kitami, M., Kitami, K., Kaku, M. & Komatsu, Y. Canonical and 

noncanonical intraflagellar transport regulates craniofacial skeletal development. 

Proceedings of the National Academy of Sciences of the United States of America 

113, E2589-2597, doi:10.1073/pnas.1519458113 (2016). 

34 Komatsu, Y., Kaartinen, V. & Mishina, Y. Cell cycle arrest in node cells governs 

ciliogenesis at the node to break left-right symmetry. Development 138, 3915-

3920, doi:10.1242/dev.068833 (2011). 

35 Komatsu, Y., Kishigami, S. & Mishina, Y. In situ hybridization methods for 

mouse whole mounts and tissue sections with and without additional beta-

galactosidase staining. Methods in molecular biology 1092, 1-15, 

doi:10.1007/978-1-60327-292-6_1 (2014). 

36 Mello, M. A. & Tuan, R. S. High density micromass cultures of embryonic limb 

bud mesenchymal cells: an in vitro model of endochondral skeletal development. 

In Vitro Cell Dev Biol Anim 35, 262-269, doi:10.1007/s11626-999-0070-0 (1999). 

37 Zhang, Q., Seo, S., Bugge, K., Stone, E. M. & Sheffield, V. C. BBS proteins 

interact genetically with the IFT pathway to influence SHH-related phenotypes. 

Human molecular genetics 21, 1945-1953, doi:10.1093/hmg/dds004 (2012). 

38 Hwang, S. H. et al. The G protein-coupled receptor Gpr161 regulates forelimb 

formation, limb patterning and skeletal morphogenesis in a primary cilium-

dependent manner. Development 145, doi:10.1242/dev.154054 (2018). 

39 Chen, J., Holguin, N., Shi, Y., Silva, M. J. & Long, F. mTORC2 signaling 

promotes skeletal growth and bone formation in mice. Journal of bone and 

mineral research : the official journal of the American Society for Bone and 

Mineral Research 30, 369-378, doi:10.1002/jbmr.2348 (2015). 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449945doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449945


                                                                                                       Yamaguchi et al., 2021 
 

 
 

20 

40 Chen, J. & Long, F. mTORC1 signaling controls mammalian skeletal growth 

through stimulation of protein synthesis. Development 141, 2848-2854, 

doi:10.1242/dev.108811 (2014). 

41 Fang, F. et al. Neural Crest-Specific TSC1 Deletion in Mice Leads to Sclerotic 

Craniofacial Bone Lesion. Journal of bone and mineral research : the official 

journal of the American Society for Bone and Mineral Research, 

doi:10.1002/jbmr.2447 (2015). 

42 Ornitz, D. M. & Marie, P. J. Fibroblast growth factors in skeletal development. 

Current topics in developmental biology 133, 195-234, 

doi:10.1016/bs.ctdb.2018.11.020 (2019). 

43 Ornitz, D. M. & Legeai-Mallet, L. Achondroplasia: Development, pathogenesis, 

and therapy. Developmental dynamics : an official publication of the American 

Association of Anatomists 246, 291-309, doi:10.1002/dvdy.24479 (2017). 

44 Marie, P. J., Coffin, J. D. & Hurley, M. M. FGF and FGFR signaling in 

chondrodysplasias and craniosynostosis. Journal of cellular biochemistry 96, 

888-896, doi:10.1002/jcb.20582 (2005). 

45 Dy, P. et al. Sox9 directs hypertrophic maturation and blocks osteoblast 

differentiation of growth plate chondrocytes. Developmental cell 22, 597-609, 

doi:10.1016/j.devcel.2011.12.024 (2012). 

46 Hattori, T. et al. SOX9 is a major negative regulator of cartilage vascularization, 

bone marrow formation and endochondral ossification. Development 137, 901-

911, doi:10.1242/dev.045203 (2010). 

47 Krejci, P. et al. Receptor tyrosine kinases activate canonical WNT/beta-catenin 

signaling via MAP kinase/LRP6 pathway and direct beta-catenin phosphorylation. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449945doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449945


                                                                                                       Yamaguchi et al., 2021 
 

 
 

21 

PloS one 7, e35826, doi:10.1371/journal.pone.0035826 (2012). 

48 Buchtova, M. et al. Fibroblast growth factor and canonical WNT/beta-catenin 

signaling cooperate in suppression of chondrocyte differentiation in experimental 

models of FGFR signaling in cartilage. Biochimica et biophysica acta 1852, 839-

850, doi:10.1016/j.bbadis.2014.12.020 (2015). 

49 Zhang, H. et al. Elevated Fibroblast Growth Factor Signaling Is Critical for the 

Pathogenesis of the Dwarfism in Evc2/Limbin Mutant Mice. PLoS genetics 12, 

e1006510, doi:10.1371/journal.pgen.1006510 (2016). 

50 Basu, B. & Brueckner, M. Fibroblast "cilia growth" factor in the development of 

left-right asymmetry. Developmental cell 16, 489-490, 

doi:10.1016/j.devcel.2009.04.004 (2009). 

51 Hong, S. K. & Dawid, I. B. FGF-dependent left-right asymmetry patterning in 

zebrafish is mediated by Ier2 and Fibp1. Proceedings of the National Academy of 

Sciences of the United States of America 106, 2230-2235, 

doi:10.1073/pnas.0812880106 (2009). 

52 Neugebauer, J. M., Amack, J. D., Peterson, A. G., Bisgrove, B. W. & Yost, H. J. 

FGF signalling during embryo development regulates cilia length in diverse 

epithelia. Nature 458, 651-654, doi:10.1038/nature07753 (2009). 

53 Kunova Bosakova, M. et al. Regulation of ciliary function by fibroblast growth 

factor signaling identifies FGFR3-related disorders achondroplasia and 

thanatophoric dysplasia as ciliopathies. Human molecular genetics 27, 1093-1105, 

doi:10.1093/hmg/ddy031 (2018). 

54 Martin, L. et al. Constitutively-active FGFR3 disrupts primary cilium length and 

IFT20 trafficking in various chondrocyte models of achondroplasia. Human 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449945doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449945


                                                                                                       Yamaguchi et al., 2021 
 

 
 

22 

molecular genetics 27, 1-13, doi:10.1093/hmg/ddx374 (2018). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449945doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449945


                                                                                                       Yamaguchi et al., 2021 
 

 
 

23 

Figure legends 

Fig. 1. Mesoderm-specific disruption of Ift20 results in a shorter limb development. 

(A, B) Whole mount view and skeletal staining analysis of wild-type (WT) and 

Ift20:Prx1-Cre mice at postnatal day (P) 20. (C) Western blotting analysis using tissue 

lysates from forelimbs at embryonic day (E) 15.5. (D) Immunohistochemical analysis to 

examine the presence of primary cilia. (E) Picrosirius Red staining and Safranin-O 

staining using humerus tissue section. (F) Gene expression analysis of Col I and Col II 

by section in situ hybridization. (G) von Kossa and Alcian blue double staining. Data in 

(C) are represented as mean ± SD, n = 3 in each group. *p<0.05. 

 

Fig. 2. Chondrocyte-specific disruption of Ift20 does not cause limb defects.  

(A) Immunohistochemical analysis to examine the presence of primary cilia. R, resting; 

Pr, proliferating; PH, pre-hypertrophic; H, hypertrophic; PC, perichondrium. Arrows 

indicate the primary cilia. (B) Skeletal staining analysis and quantification of the length 

of forelimbs and hindlimbs in WT and Ift20:Col2-Cre mice at E17.5. (C) Safranin-O 

staining. (D) Immunohistochemical analysis for pHH3 (magenta) and quantification 

analysis using humerus tissues. R, resting; Pr, proliferating; PH, pre-hypertrophic; H, 

hypertrophic. (E) TUNEL assay (magenta) and quantification analysis in humerus 

tissues. R, resting; Pr, proliferating; PH, pre-hypertrophic; H, hypertrophic. Data in (B), 

(D) and (E) are represented as mean ± SD, n = 3 in each group. *p<0.05, N.S., not 

significant. 

 

Fig. 3. Ciliary Hedgehog signalling is moderately affected in Ift20:Prx1-Cre mice. 

(A) Immunohistochemical analysis for pHH3 (magenta) and quantification analysis 
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using humerus tissues. (B) TUNEL assay (magenta) and quantification analysis in 

humerus tissues. Arrows show TUNEL positive signals. (C) qRT-PCR analysis for Ihh, 

Gli1 and Ptch1 using cell lysates from forelimb tissues. (D) Western blotting analysis 

for GLI1 using cell lysates from forelimb tissues. (E) Quantification analysis of GLI1 

production from (E). Data in (A), (B), (C) and (E) are represented as mean ± SD, n = 3 

in each group. *p<0.05, N.S., not significant. 

 

Fig. 4. Upregulation of FGF signaling results in abnormal endochondral 

ossification in Ift20:Prx1-Cre mice. 

(A) Immunohistochemical analysis to examine the levels of P-ERK1/2 in humerus. (B) 

qRT-PCR analysis for examining the expression of FGF-related genes using cell lysates 

from forelimb tissues at E13.5. (C) qRT-PCR analysis for examining the expression of 

Ift20 and Sox9 using cell lysates from forelimb tissues. (D) Western blot analysis for 

SOX9 and IFT20 using cell lysates from forelimb tissues at E13.5. Levels of SOX9 

production is quantified. (E) Immunohistochemical analysis to examine the levels of 

SOX9. (F) Western blotting analysis for p-ERK1/2, ERK1/2 and GAPDH using cell 

lysates from micromass cultures. (G) Alcian blue staining of micromass culture with- or 

without-U0126 treatment. (H) Proposed model for the role of IFT20 in early 

chondrogenesis during endochondral ossification. (a) IFT20 is indispensable for 

regulating early chondrogenesis. (b) In wild-type, primary cilia function restrains FGF 

signaling pathway. Without cilia, elevation FGF signaling pathway suppresses 

hypertrophic differentiation via SOX9 sustained expression. This further causes 

delaying conversion process from chondrocytes and osteoblasts critical for 

endochondral ossification. Therefore, it leads to shorter limb formation in Ift20:Prx1-

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449945doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449945


                                                                                                       Yamaguchi et al., 2021 
 

 
 

25 

Cre mice. Data in (B), (C), and (D) are represented as mean ± SD, n = 3 in each group. 

*p<0.05, N.S., not significant. 

 

Supplemental figure legends 

Supplemental Fig. 1. Phenotypic analysis of Ift20:Prx-Cre mice. 

(A) Whole mount view and skeletal staining analysis of WT and Ift20:Prx-Cre mice. 

(B, C) Skeletal staining and quantification analysis of the length of forelimb and 

hindlimb in WT and Ift20:Prx1-Cre mice at E18.5. Data in (C) are represented as mean 

± SD, n = 3 in each group. *p<0.05. 

 

Supplemental Fig. 2. Phenotypic analysis of Ift20:Aggrecan-CreERT2 mice. 

(A) Whole mount and skeletal staining analysis of forelimb from WT and 

Ift20:Aggrecan-CreERT2 at E18.5. (B) Quantification of forelimb length from WT and 

Ift20:Aggrecan-CreERT2 at E18.5. Data in (B) are represented as mean ± SD, n = 3 in 

each group. N.S., not significant. 

 

Supplemental Fig. 3. Analysis of p-ERK1/2 in Ift20:Prx-Cre mice at postnatal 

stage. 

Levels of p-ERK1/2 was examined by immunohistochemistry (green). 

 

Supplemental Fig. 4. Wnt/β-catenin signaling is intact in Ift20:Prx-Cre mice. 

(A) Western blotting analysis to examine active β-catenin and total β-catenin using cell 

lysates from forelimb tissues at E13.5. (B) Quantification analysis of active β-catenin 

and total β-catenin. Data in (B) are represented as mean ± SD, n = 3 in each group. N.S., 
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not significant. 

 

Supplemental Table 1. 

Primer sequences for quantitative RT-PCR used in this study. 

 

Supplemental video. 

This movie shows the locomotion of WT (large body size) and Ift20:Prx1-Cre mice 

(small body size) at P25. 
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Yamaguchi et al., Supplemental  Fig. 2

5mm

1mm

E18.5

WT Ift20:Aggrecan-CreERT2

Forelimb

0.0

1.0

2.0

3.0

4.0

5.0

Humerus Radius Ulna

N.S. N.S. N.S.

WT
Ift20:Aggrecan-CreERT2

Le
ng

th
 (m

m
)

A

B



Yamaguchi et al., Supplemental  Fig. 3

100μm

D
AP
I

WT Ift20:Prx1-Cre
P4

P-
ER
K1
/2

Humerus



Yamaguchi et al., Supplemental  Fig. 4

Active 
β-catenin

β-catenin

100
75

150

0.0

0.5

1.0

1.5

100
75

150

N.S.

WT
Ift20:Prx1-Cre

R
el

at
iv

e 
pr

ot
ei

n 
le

ve
l o

f 
ac

tiv
e 

β-
ca

te
ni

n

A B
WT Ift2

0:P
rx1
-C
re

(kDa)



Primer for sequences for qRT-PCR
Gene name Forward primer (5'-3') Reverse primers (5'-3')

Gapdh CGTCCCGTAGACAAAATGGT TCAATGAAGGGGTCGTTGAT

Ift20 TGTGGAGCTCAAGGAGGAGT TGGCCTTCATCTTCTCGTTC

Ihh CAATCCCGACATCATCTTCA TGACAGAGATGGCCAGTGAG

Gli1 CCAAGCCAACTTTATGTCAGGG AGCCCGCTTCTTTGTTAATTTGA

Ptch1 AAAGAACTGCGGCAAGTTTTTG CTTCTCCTATCTTCTGACGGGT

Sox9 AGGAAGCTGGCAGACCAGTA TCCACGAAGGGTCTCTTCTC

Fgfr1 TAATACCACCGACAAGGAAATGG TGATGGGAGAGTCCGATAGAGT

Fgfr2 AATCTCCCAACCAGAAGCGTA CTCCCCAATAAGCACTGTCCT

Fgfr3 TGGATCAGTGAGAATGTGGAGG CCTATGAAATTGGTGGCTCGAC

Snail1 CACACGCTGCCTTGTGTCT GGTCAGCAAAAGCACGGTT

Snail2 TGGTCAAGAAACATTTCAACGCC GGTGAGGATCTCTGGTTTTGGTA

Stat1 TCACAGTGGTTCGAGCTTCAG GCAAACGAGACATCATAGGCA

Fgf1 CAGCTCAGTGCGGAAAGTG TGTCTGCGAGCCGTATAAAAG

Fgf2 GCGACCCACACGTCAAACTA TCCCTTGATAGACACAACTCCTC

Fgf3 TGCGCTACCAAGTACCACC CACTTCCACCGCAGTAATCTC

Fgf4 GGGCATCGGATTCCACCTG GCTGCTCATAGCCACGAAGAA

Fgf8 AGGGGAAGCTAATTGCCAAGA CCTTGCGGGTAAAGGCCAT

Fgf9 ATGGCTCCCTTAGGTGAAGTT TCATTTAGCAACACCGGACTG

Fgf10 TTTGGTGTCTTCGTTCCCTGT TAGCTCCGCACATGCCTTC

Fgf18 CCTGCACTTGCCTGTGTTTAC TGCTTCCGACTCACATCATCT

Fgf23 ATGCTAGGGACCTGCCTTAGA AGCCAAGCAATGGGGAAGTG

Yamaguchi et al., Supplemental Table 1
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