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A B S T R A C T   

An organoid culture system better recapitulates the cellular structure, function, and interaction 
between cells and the extracellular matrix (ECM) than a two-dimensional (2D) culture system. We 
here constructed a condylar cartilage organoid to explore the regulatory role of primary cilia. 
Similar to the natural condylar cartilage, the condylar cartilage organoid exhibited abundant ECM 
and comprised superficial, proliferative, and hypertrophic zones. Primary cilia in the condylar 
cartilage organoid were shorter on average than those in the 2D culture chondrocytes, but their 
average length was equivalent to those in the natural condylar cartilage. Notably, primary cilia in 
each zone of the condylar cartilage organoid had an average length similar to that of primary cilia 
in the natural condylar cartilage. According to transcriptomic and biochemical analyses, the 
expression of cilia-related genes and cilia-related Hedgehog (HH) signaling differed between the 
condylar cartilage organoid and 2D culture systems. IFT88 knockdown promoted the protein 
levels of COL-X, TRPV4, and HH signaling molecules in the condylar cartilage organoid, but 
decreased them in the 2D culture system. Notably, the protein levels of COL-X, TRPV4, and HH 
signaling molecules increased in the superficial zone of the si IFT88 condylar cartilage organoid 
compared with the condylar cartilage organoid. However, the protein levels of aforementioned 
molecules were not significantly different in proliferative and hypertrophic zones. Collectively, 
we successfully constructed the condylar cartilage organoid with a better tissue structure and 
abundant ECM. Moreover, the condylar cartilage organoid is more suitable for exploring primary 
cilia functions.   
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1. Introduction 

Traditional two-dimensional (2D) monolayer cell cultures are widely used in biomedical research, such as for cell function and drug 
safety evaluation. However, the 2D culture system is unsuitable for studying tissue development and the interaction between cells and 
the extracellular matrix (ECM) [1,2]. In the 2D culture system, the lack of cell–ECM interaction alters several biological processes, 
including cell proliferation, migration, and apoptosis [3,4]. This may be among the major reasons for the conflicting results of in vitro 
and in vivo experiments. For example, knockout of Yes-associated protein and transcriptional coactivator with PDZ-binding motif genes 
impaired murine chondrocyte proliferation in vitro. However, cartilage-specific knockout of the aforementioned genes marginally 
affected chondrocyte proliferation in vivo [5]. 

Many studies have focused on constructing organoid culture systems to overcome the aforementioned limitations of 2D culture 
systems [6]. These organoid systems can model the tissue architecture and complexity and be extensively used in many translational 
applications such as regenerative medicine, development research, and precision medicine [1,7]. Organoid culture systems preserve 
the natural tissue structure and ECM components compared with 2D culture systems and are therefore more advantageous in 
mimicking the in vivo microenvironment and reproducing physiologically relevant cell− microenvironment interactions. Moreover, 
cellular functions, such as receiving extracellular microenvironment signals and mediating signal transduction, are also different in 
organoid and 2D culture systems because of ECM re-establishment [8,9]. 

Many organs such as the liver, gut, and brain have been cultured using the organoid system [7,10]. Applying the organoid system to 
skeletal systems has also been explored. For example, the self-assembling knee cartilage was successfully constructed using the 
organoid culture and used for drug discovery. It exhibited prospects for application in regenerative medicine [11,12]. According to 
these advantages, condylar cartilage organoids may be a more appropriate platform for studying condylar cartilage development and 
regeneration. However, the construction of condylar cartilage organoids and related research are lacking. 

Based on the understanding gathered from the previously constructed knee cartilage, we here constructed a novel condylar 
cartilage organoid by using condylar chondrocytes from Sprague–Dawley (SD) rats [13,14]. The condylar cartilage organoid preserved 
the condylar cartilage’s natural organization and hierarchical structure and exhibited abundant ECM. ECM deposition in chondrocytes 
is closely associated with primary cilia [15,16]. Therefore, the primary cilia length between the condylar cartilage organoid and the 2D 
culture system was evaluated through immunofluorescence. To determine whether cilia-related genes and signaling transduction were 
also changed in the condylar cartilage organoid compared with 2D culture systems, RNA sequencing (RNA-seq) was performed. The 
expression of primary cilia-related genes was compared between the condylar cartilage organoid and 2D culture systems. We also 
attempted to elucidate whether primary cilia between the condylar cartilage organoid and 2D culture exerted a different effect on ECM 
deposition through these cilia-related genes and pathways. 

Altogether, the findings highlight that the condylar cartilage organoid can better present the natural condylar cartilage structure 
than the 2D culture. The regulatory roles of primary cilia in condylar chondrocytes differed drastically between the condylar cartilage 
organoid and 2D culture systems. 

2. Results  

1. Successful construction of the condylar cartilage organoid 

Condylar chondrocytes from the SD rats were seeded into agarose wells. After 1 or 2 days, the chondrocytes aggregated and formed 
a cellular mass. The thickness of the mass gradually increased, whereas its diameter gradually decreased on days 0–7. The mass 
gradually grew into the condylar cartilage organoid on days 7–10. The diameter of the organoid was 2–3 mm (Fig. 1A). 

Hematoxylin and eosin (HE), Safranin O, and Sirius Red staining presented the structure of the condylar cartilage organoid. HE 
staining revealed that the condylar cartilage organoid had a hierarchical structure and was segregated into three cellular zones (su-
perficial, proliferative, and hypertrophic zones) from the outside to the inside. This structure was similar to that of the natural condylar 
cartilage (Fig. 1B). Safranin O staining unveiled that aggrecan was concentrated in the superficial and hypertrophic zones of the 
condylar cartilage organoid, similar to that observed within the natural condylar cartilage (Fig. 1C). After Sirius Red staining, collagen 
fiber positivity was observed in the superficial and hypertrophic zones of the condylar cartilage organoid (Fig. 1D), similar to that 
observed within the natural condylar cartilage. Immunohistochemical staining unveiled type II collagen (COL2A1) positivity in the 
three zones of the condylar cartilage organoid, similar to that observed within the natural condylar cartilage (Fig. 1E).  

2. Abundance of ECM in the condylar cartilage organoid is associated with primary cilia 

Primary cilia are crucial mediators of ECM deposition [17,18]. Considering that ECM was abundant in the condylar cartilage 
organoid compared with the 2D culture chondrocytes, we speculated that the morphology and function of primary cilia also changed. 
Therefore, primary cilia length was compared among the 2D culture chondrocytes, condylar cartilage organoid, and natural condylar 
cartilage through confocal microscopy. Primary cilia were marked with IFT88 and acetylated-α-tubulin (Ac-α-tubulin) [19]. On 
average, primary cilia were longer in the 2D culture system than in the condylar cartilage organoid and natural condylar cartilage 
(Fig. 2A–C, E, G). Meanwhile, the average primary cilia length in the condylar cartilage organoid and natural condylar cartilage was 
similar (Fig. 2C–E, G). Moreover, similar to that in the natural condylar cartilage, primary cilia length differed in each zone of the 
condylar cartilage organoid, with the longest and shortest cilia observed in the hypertrophic and superficial zones, respectively 
(Fig. 2C, D, E, F, H, I). 
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3. RNA-seq reveals different expression of cilia-related genes and signaling pathways in the condylar cartilage organoid 

Because primary cilia were shorter in the condylar cartilage organoid than in the 2D culture chondrocytes, we speculated that the 
expressions of cilia-related genes also changed. The expressions of primary cilia-related genes between the condylar cartilage organoid 
and 2D culture system were compared through RNA-seq. Moreover, RNA-seq identified 4253 differentially expressed genes between 
the condylar cartilage organoid and 2D culture (Fig. 3A). Overall, 71 and 69 cilia-related genes were upregulated and downregulated, 
respectively (Fig. 3B). We focused on IFT-related genes between the condylar cartilage organoid and 2D culture chondrocytes 
considering that they are fundamental carriers of the cilia function [20,21] (Fig. 3C). Regarding the IFT-related genes, a heatmap 
unveiled that the downregulated genes belonged to the IFT-B complex, while the most upregulated genes belonged to the IFT-A 
complex. Exceptionally, IFT88, a necessary component of the IFT-B complex, was also significantly upregulated. Furthermore, ac-
cording to GSEA, the expressions of HH, canonical-Wnt, and Notch signaling pathways were upregulated in the condylar cartilage 
organoid compared with the 2D culture system (Fig. 3D). These signaling pathways were also associated with primary cilia [20,22,23]. 
This indicated that the primary cilia function altered between the condylar cartilage organoid and 2D culture system.  

4. Primary cilia differentially regulate ECM deposition between the condylar cartilage organoid and 2D culture chondrocytes 

Because the expressions of cilia-related genes and signaling pathways were altered in the condylar cartilage organoid, Gene 
Ontology (GO) analysis was performed to investigate whether cellular functions were altered. The GO analysis discovered the change 
in ECM structural constituents between the condylar cartilage organoid and 2D culture (Fig. 4A and B). This indicated that primary 
cilia differentially regulated ECM deposition between the condylar cartilage organoid and 2D culture. First, the IFT88 protein levels in 
the condylar cartilage organoid and 2D culture chondrocytes were detected. Confocal microscopy unveiled that the protein levels were 
upregulated in the condylar cartilage organoid compared with the 2D culture system (Fig. 5A). In western blotting, the IFT88 protein 
levels increased 30%–40 % in the condylar cartilage organoid compared with the 2D culture system (Fig. 5B and C). The impact of 
IFT88 knockdown on ECM deposition was explored in the condylar cartilage organoid and 2D culture system. IFT88 knockdown 
upregulated the COL-X protein level in the condylar cartilage organoid, whereas downregulated it in the 2D culture (Fig. 5D–G). Thus, 
the regulatory role of primary cilia in ECM deposition differed between the condylar cartilage organoid and 2D culture chondrocytes. 

Primary cilia are known to regulate ECM deposition through their associated ion channels and HH signaling [22,24–27]. According 
to the heatmap, TRPV4 and most HH signaling pathway-related genes were upregulated in the condylar cartilage organoid compared 
with the 2D culture system (Fig. 4C and D). The protein–protein interaction network also unveiled the link between IFT88 and HH 
signaling pathway-related genes (Fig. 4E). As evidenced in western blotting, the protein levels of TRPV4 and HH signaling molecules 
(Patched 1 [PTCH1] and Indian hedgehog [Ihh]) increased in the condylar cartilage organoid compared with the 2D culture system 
(Fig. 6A and B). Moreover, the distribution of COL-X-, TRPV4-, and Ihh-positive areas in the condylar cartilage organoid and the 
natural condylar cartilage was similar (Fig. 6C). According to the quantification analysis of immunohistochemistry, COL-X, TRPV4, 
and Ihh protein levels in the superficial, proliferative, and hypertrophic zones of the condylar cartilage organoid and natural condylar 
cartilage were almost equivalent (Fig. 6D). To investigate the effects of IFT88 knockdown on the protein levels of TRPV4 and HH 
signaling molecules in the condylar cartilage organoid, condylar chondrocytes were transiently transfected with IFT88 siRNA. Western 
blotting demonstrated that IFT88 knockdown upregulated the protein levels of TRPV4 and HH signaling molecules in the condylar 
cartilage organoid, whereas downregulated them in the 2D culture system (Fig. 6E–L). These results thus indicated that the regulatory 
role played by primary cilia in TRPV4 and HH singling pathways was different between the condylar cartilage organoid and 2D culture 
chondrocytes.  

5. Primary cilia play different roles in ECM deposition in each zone of the condylar cartilage organoid 

Considering that the average primary cilia length differed in each zone of the condylar cartilage organoid, we determined whether 
the regulatory role of primary cilia in ECM deposition also differed in each zone. Therefore, we constructed the si IFT88 condylar 
cartilage organoid, which comprised chondrocytes with IFT88 knockdown. Primary cilia length was compared between the condylar 
cartilage organoid and si IFT88 condylar cartilage organoid through confocal microscopy. On average, primary cilia were shorter in the 
constructed si IFT88 organoid than in the condylar cartilage organoid (Fig. 7A–C). The average primary cilia lengths in the prolif-
erative and hypertrophic zones of the si IFT88 condylar cartilage organoid significantly decreased compared with that in the control 
condylar cartilage organoid (Fig. 7A–C). Moreover, the average primary cilia length in the three zones of the si IFT88 condylar cartilage 
organoid was similar (Fig. 7 A, B, C). 

HE staining revealed that the thickness of the superficial zone increased, while the thickness of the proliferative and hypertrophic 
zones decreased in the si IFT88 condylar cartilage organoid (Fig. 7D). Meanwhile, chondrocytes in the superficial zone were 

Fig. 1. The histological features of condylar cartilage organoid. 
Panels A display the formation of condylar cartilage organoid after condylar chondrocytes were seeded. (B) HE staining of condylar cartilage 
organoid and natural condylar cartilage. Red, green, and blue arrows indicate the superficial zone, proliferative zone, and hypertrophic zone, 
respectively. (C) Safranin O staining indicates that aggrecan is concentrated in the superficial zone and hypertrophic zone of condylar cartilage 
organoid and natural condylar cartilage. (D) Sirius Red staining shows that collagen fibers concentrate in the superficial zone and hypertrophic zone 
of condylar cartilage organoid and natural condylar cartilage. (E) Immunohistochemical staining results show COL2A1-positive staining concen-
trates in the superficial, proliferative, and hypertrophic zones of condylar cartilage organoid and natural condylar cartilage. Scale bars = 100 μm. 
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hypertrophic in the constructed si IFT88 condylar cartilage organoid compared with the condylar cartilage organoid (Fig. 7D). Ac-
cording to Safranin O staining, aggrecan distribution increased in the superficial zone of the constructed si IFT88 condylar cartilage 
organoid compared with the condylar cartilage organoid (Fig. 7E). Immunohistochemical staining also unveiled that the COL-X protein 
level increased in the superficial zone of the si IFT88 condylar cartilage organoid compared with the condylar cartilage organoid. 
However, the protein level of COL-X in the proliferative and hypertrophic zones of si IFT88 condylar cartilage organoid were not 
significantly altered compared with the condylar cartilage organoid (Fig. 7F). These results indicated that the regulatory role of 

Fig. 2. The characteristics of primary cilia in condylar cartilage organoid and 2D culture chondrocytes. 
(A and B) Immunofluorescence of IFT88 (green) and Ac-α-Tubulin (red) in 2D chondrocyte culture. (C) Immunofluorescence of IFT88 (green) and 
Ac-α-Tubulin (red) in condylar cartilage organoid. (D) Immunofluorescence of IFT88 (green) and Ac-α-Tubulin (red) in the superficial zone, pro-
liferative zone, and hypertrophic zone of condylar cartilage organoid. (E) Immunofluorescence of IFT88 (green) and Ac-α-Tubulin (red) in rat 
condylar cartilage. (F) Immunofluorescence of IFT88 (green) and Ac-α-Tubulin (red) in the superficial zone, proliferative zone, and hypertrophic 
zone of natural condylar cartilage. (G) The length of primary cilia is measured and compared among 2D culture chondrocytes, condylar cartilage 
organoid, and natural condylar cartilage by ImageJ. (H and I) The length of primary cilia was measured and compared among the superficial zone, 
proliferative zone, and hypertrophic zone of condylar cartilage organoid and natural condylar cartilage. The length of cilia is measured from at least 
3 different fluorescent micrographs from each independent experiment by using the ImageJ straight-line tool. Arrowheads: primary cilia. The data 
for quantification are sourced from 3 independent experiments. The data are presented as the mean ± SD (n = 3). *P < 0.05; **P < 0.01; ***P <
0.001, ns: not significant. MCC: 2D culture mandibular condylar chondrocytes. Scale bars = 100 μm. 
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primary cilia in ECM deposition differed in each zone of the condylar cartilage organoid. 
Considering that primary cilia-mediated regulation of ECM deposition was associated with ion channels and HH signaling, we 

determined whether the effects of IFT88 knockdown on the protein levels of TRPV4 and HH signaling molecules (PTCH1, Ihh) also 
differed in each zone of the condylar cartilage organoid. According to the immunohistochemical staining, the levels of the afore-
mentioned protein and signaling molecules increased in the superficial zone of si IFT88 condylar cartilage organoid compared with the 
condylar cartilage organoid (Fig. 7G; Figs. S1A and B). Moreover, the protein levels of TRPV4 and HH signaling molecules in the 
proliferative and hypertrophic zones of si IFT88 condylar cartilage organoid were not significantly different from those in the pro-
liferative and hypertrophic zones of the condylar cartilage organoid (Fig. 7G; Figs. S1A and B). When the immunohistochemical results 
were quantitatively analyzed, we noted that COL-X, Ihh, PTCH1, and TRPV4 protein levels increased in the si IFT88 condylar cartilage 
organoid compared with the control organoid (Fig. 7H and I; Figs. S1C and D). These results indicated that the regulatory role of 
primary cilia in TRPV4 and HH singling pathways also differed in each zone of the condylar cartilage organoid. 

3. Discussion 

We here constructed a novel condylar cartilage organoid consisting of superficial, proliferative, and hypertrophic zones. This 
organoid was similar to the natural condylar cartilage. Moreover, in the condylar cartilage organoid, chondrocytes were encapsulated 
in the ECM comprising aggrecan, type II collagen, and COL-X. Therefore, the condylar cartilage organoid better recapitulated the 
natural environment of the chondrocytes than the 2D culture chondrocytes. Thus, it served as a suitable model for investigating the 
biological functions of chondrocytes. 

The reason for the difference in the regulatory role of primary cilia between the organoid and 2D culture remains unclear. This 
discrepancy may be attributable to differences in cell types and cellular density. First, diverse cell types within organoids (superficial, 
proliferative, and hypertrophic chondrocytes) distinctly separate them from 2D cultures. This cellular diversity causes variations in 
primary cilia length, the expression of cilia-related genes, and the interaction of cilia-related signaling pathways in the organoid 
compared with the 2D culture. Second, cellular density within organoids is notably higher than that of the density of chondrocytes in 
2D cultures. Cellular density also varies across different zones within the organoid. Thus, changes in cellular density may play a crucial 
role in shaping gene expression patterns. Both cellular varieties and density play critical roles in modulating gene expression and 
signaling transduction. However, which factor is more crucial is difficult to determine. In the future, comprehensive analyses will be 

Fig. 3. RNA-seq analysis of cilia-related genes and signaling pathways in condylar cartilage organoid. 
(A) Volcano plots of the differentially expressed genes in 2D culture chondrocytes versus condylar cartilage organoid (fold change >2, adjusted P <
0.05). (B) Heatmap displays the expression of primary cilia-related genes between 2D culture chondrocytes and condylar cartilage organoid. (C) 
Heatmap displays the expression of IFT-related genes between 2D culture chondrocytes and condylar cartilage organoid. The red indicates IFT-A 
complex genes; the blue indicates IFT-B complex genes. (D) GSEA reveals that the expression levels of primary cilia-related signaling pathways 
such as the HH, canonical-Wnt, and Notch are upregulated in condylar cartilage organoid when compared to that in 2D culture chondrocytes. 
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conducted to discern the relative contributions of cellular varieties and density to these gene expression patterns. 
Studies have constructed knee cartilage organoids using bovine or porcine chondrocytes [12,28,29]. However, these organoids had 

some disadvantages. First, obtaining bovine or porcine chondrocytes is difficult and expensive. Second, experimental results cannot be 
easily reproduced in vivo based on bovine- or porcine-derived organoid cartilage because feasible laboratory outposts for such large 
animals are lacking. Third, related bovine- or porcine tissue-targeting antibodies for subsequent experiments are lacking. The condylar 
cartilage organoid constructed in the present study offers unique advantages compared with the other cartilage models. First, our 
organoid was constructed using condylar chondrocytes from SD rats, which are cheaper and more convenient to obtain. Second, 
experimental results obtained using the condylar cartilage organoid can be easily reproduced in vivo. 

In the condylar cartilage organoid, primary cilia were shortened, but the protein levels of the cilia-related HH signaling molecules 
(PTCH1 and Ihh) increased. These results are contradictory to those of a previous study. In that study, primary cilia shortening 
decreased the protein levels of the aforementioned signaling molecules in 2D culture chondrocytes [2]. Considering that the in vivo and 
in vitro primary cilia-related results are always contradictory, the impact of IFT88 knockdown on HH signaling molecules was 
compared between the constructed organoid and 2D culture systems. IFT88 knockdown increased the PTCH1 and Ihh protein levels in 
the condylar cartilage organoid, whereas downregulated them in the 2D culture system. In some studies, many cartilage-specific 
IFT88-cKO mice were created to investigate the regulatory role of primary cilia in cartilage. The expression of COL-X and HH 
signaling molecules (such as PTCH1) increased in Col2aCre; IFT88 fl/fl mice compared to wild-type mice, similar to the results obtained 
for our si IFT88 condylar cartilage organoid [30]. Additionally, in the aggrecanCreERT2; IFT88 fl/fl mice, the expression of HH 
signaling molecules also increased [31]. Therefore, we consider that the condylar cartilage organoid is a more appropriate model for 
exploring primary cilia. 

Notably, IFT88 knockdown inhibited ECM deposition in the hypertrophic and proliferative zones of condylar cartilage organoid, 
whereas it promoted ECM deposition in its superficial zone. Additionally, primary cilia were longer in the hypertrophic and prolif-
erative zones than in the superficial zones within the condylar cartilage organoid. Accordingly, we speculate that changes in primary 
cilia length may be a crucial reason for the different regulatory roles of primary cilia in ECM deposition. However, this hypothesis 
requires further research. 

Fig. 4. RNA-seq analysis of ECM-related genes and cilia-related ion channels and HH signaling genes in condylar cartilage organoid. 
(A) Gene ontology analysis in 2D culture chondrocytes and condylar cartilage organoid. (B) Heatmap displays the expression of ECM constituent 
related genes between 2D culture chondrocytes and condylar cartilage organoid. (C) Heatmap displays the expression of HH signaling pathway 
genes between 2D culture chondrocytes and condylar cartilage organoid. (D) Heatmap displays the expression of ion channel activity related genes 
between 2D culture chondrocytes and condylar cartilage organoid. (E) Protein-protein interaction network demonstrates the interaction between 
IFT88 and HH signaling pathway related genes. 
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Our study has several limitations. The condylar cartilage organoid could not mimic the condylar cartilage development process. 
This is because many types of cells such as osteocytes and synoviocytes regulate the growth, ossification, and regeneration of the 
condylar cartilage [32–34]. The condylar cartilage organoid could not be used to investigate the interaction among chondrocytes, 
osteoblasts, and synoviocytes. Therefore, future studies will focus on establishing an organoid co-culture model of the temporo-
mandibular joint consisting of chondrocytes, osteoblasts, and synoviocytes. This may remarkably facilitate the study of temporo-
mandibular joint development and diseases. 

Collectively, we constructed a novel condylar cartilage organoid, which authentically recapitulates the structure of the natural 
condylar cartilage. The regulatory role of primary cilia in the condylar cartilage organoid is more similar to that in the natural condylar 
cartilage. This indicated that the condylar cartilage organoid is suitable for exploring primary cilia functions in the condylar cartilage. 
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Fig. 5. Primary cilia show the opposite impact on ECM deposition between condylar cartilage organoid and 2D culture chondrocytes. 
(A) The immunofluorescence of IFT88 in condylar cartilage organoid and 2D culture chondrocytes. Arrowheads: IFT88. (B) Western blotting of 
IFT88 in condylar cartilage organoid and 2D culture chondrocytes. (C) The relative protein expression levels of IFT88 are compared between 
condylar cartilage organoid and 2D culture chondrocytes by ImageJ. (D) Western blotting of IFT88 and COL-X in IFT88 siRNA-treated and controlled 
condylar cartilage organoid. (E) The relative protein expressions are compared between IFT88 siRNA-treated and control condylar cartilage 
organoid by ImageJ. (F) Western blotting of IFT88 and COL-X in IFT88 siRNA-treated and control 2D culture chondrocytes. (G) The relative protein 
expressions are compared between IFT88 siRNA-treated and control 2D culture chondrocytes by ImageJ. The data for quantification are sourced 
from 3 independent experiments. The data are presented as the mean ± SD (n = 3). *P < 0.05; **P < 0.01. MCC: 2D culture mandibular condylar 
chondrocytes. Scale bars = 50 μm. 
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Data availability 

The RNA sequencing data are uploaded to GEO (GSE230630). 
All data needed to evaluate the conclusions in the paper are present in the paper and/or the Supplementary Materials. Any 

additional information required to reanalyze the data reported in this paper is available from the lead contact upon reasonable request. 

Methods 

Animals 

A total of 24 neonatal SD rats were purchased from Hubei Experimental Animal Research Center (Wuhan, China) [License No. SCXK 

Fig. 6. The effects of primary cilia on TRPV4 and HH singling pathways between condylar cartilage organoids and 2D culture chondrocytes. 
(A, B) Western blotting of TRPV4, PTCH1, and Ihh in condylar cartilage organoid and 2D culture chondrocytes, and their statistical analyses. (C) 
Immunohistochemical staining results show COL-X, Ihh, and TRPV4 positive staining concentrates in the proliferative zone of natural condylar 
cartilage and IFT88 condylar cartilage organoid. (D) Quantitative data of the immunohistochemical signals of COL-X, Ihh, and TRPV4. (E, F) 
Western blotting of IFT88 and TRPV4 in IFT88 siRNA-treated and control condylar cartilage organoid, and their statistical analyses. (G, H) Western 
blotting of IFT88 and TRPV4 in IFT88 siRNA-treated and control 2D culture chondrocytes, and their statistical analyses. (I-J) Western blotting of 
IFT88, PTCH1, and Ihh in IFT88 siRNA-treated and control condylar cartilage organoid, and their statistical analysis. (K, L) Western blotting of 
IFT88, PTCH1, and Ihh in IFT88 siRNA-treated and control 2D culture chondrocytes, and their statistical analysis. The data for quantification are 
sourced from 3 independent experiments. Arrowheads: IFT88. The data are presented as the mean ± SD (n = 3). *P < 0.05; **P < 0.01; ***P <
0.001. MCC: 2D culture mandibular condylar chondrocytes. Scale bars = 100 μm. 
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(E) 2010–0009]. The rat mandibular condylar cartilage tissue from 24 SD rats were divided randomly into 3 groups: natural condylar 
cartilage, condylar cartilage organoid, and 2D culture chondrocytes. No significant difference was detected between males and fe-
males. Neonatal SD rats were euthanized by CO2 asphyxiation. The animal protocol used in this study was approved by the Medical 
Ethics Committee of the Hospital of Stomatology, Wuhan University (No. S07922040B). All animal procedures were performed in 
accordance with the guidelines of the ARRIVE 2.0 checklist. 

Isolation and culture of mandibular condylar chondrocytes of SD rats 

Condylar chondrocytes were isolated as previously described [35] from neonatal SD rats (the first day after birth). The rat 
mandibular condylar cartilage tissue was isolated from the condylar bone-cartilage junction in neonatal SD rats under a 

Fig. 7. The effects of primary cilia on COL-X, TRPV4 and HH singling molecules in each zone of condylar cartilage organoid. 
(A) The immunofluorescence of IFT88 (green) and Ac-α-Tubulin (red) in condylar cartilage organoid and si IFT88 condylar cartilage organoid. (B) 
The length of primary cilia was measured and compared among the superficial zone, proliferative zone, and hypertrophic zone of si IFT88 condylar 
cartilage organoid. (C) The length of primary cilia was compared among the superficial zone, proliferative zone, and hypertrophic zone of condylar 
cartilage organoid and si IFT88 condylar cartilage organoid. (D) HE staining of condylar cartilage organoid and si IFT88 condylar cartilage organoid. 
(E) Safranin O staining indicates that aggrecan in the superficial zone of si IFT88 condylar cartilage organoid is increased compared to condylar 
cartilage organoid. (F) Immunohistochemical staining results show COL-X positive staining concentrates in the superficial zone of si IFT88 condylar 
cartilage organoid. (G) Immunohistochemical staining results show PTCH1 positive staining concentrates in the superficial zone of si IFT88 condylar 
cartilage organoid. (H–I) Quantitative data of the immunohistochemical signals of COL-X, PTCH1, Ihh, and TRPV4. Red, green, and blue arrows 
indicate the superficial zone, proliferative zone, and hypertrophic zone, respectively. Arrowheads: primary cilia. The length of cilia is measured from 
at least 3 different fluorescent micrographs from each independent experiment by using the ImageJ straight-line tool. Scale bars = 100 μm. 
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stereomicroscope. Isolated condylar chondrocytes were identified through morphological evaluation and type II collagen immuno-
cytochemical staining, as described previously [36]. The dissected cartilage tissue was digested using 0.2 % type II collagenase (Gibco) 
for 3–4 h at 37 ◦C. After passing the solution through a 70-μm cell strainer (Falcon, Corning), the solution was centrifuged at 1000 rpm 
for 5 min to terminate digestion. The precipitate was resuspended in T25 plastic flasks (NEST, Beijing, China) containing Dulbecco’s 
Modified Eagle’s Medium (DMEM, Hyclone, Logan, UT, USA) supplemented with 20 % fetal bovine serum (Vivacell, Shanghai, China). 
The primary cells at passage 0 were cultured at 37 ◦C in an incubator under 5 % CO2. When the confluence rate reached 80 %, the cells 
at passage 0 were averagely seeded onto two T25 plastic flasks, which were termed passage 1. Similarly, the cells at passage 1 were 
averagely seeded onto two new T25 plastic flasks, which were termed as passage 2 and were used for subsequent experiments. 

Construction of condylar cartilage organoid 

Each well of a 96-well plate was cleaned three times with phosphate-buffered saline (PBS). Then, molecular biology-grade agarose 
(2 % weight/volume PBS) was boiled, and 100 μL of the agarose was added to the wells before it was solidified. Moreover, the plates 
were tilted to spread the agarose along the walls and then inverted to remove the excess agarose. Chondrocyte culture media were pre- 
saturated with chondrogenic medium (20 % fetal bovine serum (Vivacell); DMEM with GlutaMAX (Gibco); 1 % nonessential amino 
acids (0.1 mM) (Gibco); 1 % insulin, human transferrin, and selenous acid (ITS+; BD Biosciences); dexamethasone (100 nM) (Sigma- 
Aldrich); ascorbate-2-phosphate (50 μg/mL) (Sigma-Aldrich); and sodium pyruvate (100 μg/mL) (Sigma-Aldrich) and L-proline (40 
μg/mL) (Sigma-Aldrich) [12,28]. In the non-adherent agarose wells, 2.5 million cells were mixed with 200 μL of culture media. At the 
bottom of each well, condylar chondrocytes gradually formed self-assembled, scaffold-free, condylar cartilage organoid constructs in 
7–10 days. Each day, 400 μL of media was changed (200 μL twice daily). 

Histological analysis 

The condylar cartilage organoid and natural condylar cartilage were fixed in 4 % paraformaldehyde (PFA) solution at 4 ◦C for 24 h. 
After being embedded in paraffin, 4-μm sagittal sections were made (Leica RM2245. Wetzlar, Germany). Tissue sections were 
deparaffinated using xylene and rehydrated with hydrous ethanol series. The sections were then stained using hematoxylin and eosin 
(HE), Safranin O and Sirius Red. 

Immunohistochemistry 

Tissue sections were deparaffinated using xylene and rehydrated with hydrous ethanol series, followed by antigen retrieval solution 
(C1034, Solarbio, China) incubation for 15 min at 95 ◦C. Then, to block the endogenous peroxidase activity, sections were incubated 
with 3 % hydrogen peroxide for 10 min at room temperature. Tissue sections were blocked with 3 % bovine serum albumin for 1 h at 
37 ◦C and then incubated with the primary antibody targeting COL2A1 (ab34712, Abcam, China) overnight at 4 ◦C. Then appropriate 
secondary antibodies (Beyotime, Shanghai, China) were applied subsequently. Finally, the sections were stained with 3,3′-dia-
minobenzidine (DAB; Sigma) and covered. Negative controls were obtained by omitting the primary antibodies. 

The images obtained from COL-X, PTCH1, Ihh, and TRPV4 immunohistochemistry were analyzed using ImageJ; thresholds of 0 and 
160 were used to quantify the COL-X-, PTCH1-, Ihh-, and TRPV4-positive area. We calculated the percentage of the condylar cartilage 
organoid, si IFT88 condylar cartilage organoid, and natural condylar cartilage area which was COL-X-, PTCH1-, Ihh-, and TRPV4– 
positive. 

Total RNA extraction and sequencing 

To explore the characteristics of transcriptomics of 2D culture chondrocytes and condylar cartilage organoid, total RNA was 
extracted from the cells and tissues respectively using Trizol reagent (Life technologies, New York, USA) according to manual in-
struction. Six samples (three samples of 2D culture condylar chondrocytes and three condylar cartilage organoid) were sequenced at 
BGI (Wuhan, China) using transcriptome sequencing technology. 

Pathway and Functional enrichment analyses 

The sequencing data was filtered with SOAPnuke (v1.5.2) by Removing reads containing sequencing adapter; (2) Removing reads 
whose low-quality base ratio (base quality less than or equal to 5) is more than 20 %; (3) Removing reads whose unknown base (’N’ 
base) ratio is more than 5 %, afterwards clean reads were obtained and stored in FASTQ format. The clean reads were mapped to the 
reference genome using HISAT2 (v2.0.4) [37]. After that, Ericscript (v0.5.5) [38] and rMATS (V3.2.5) [39] were used to fusion genes 
and differential splicing genes (DSGs), respectively. Bowtie2 (v2.2.5) [40] was applied to align the clean reads to the gene set, a 
database for this organism built by BGI (Beijing Genomic Institute in ShenZhen), which known and novel, coding transcripts were 
included, then expression level of gene was calculated by RSEM (v1.2.12). The heatmap was drawn by pheatmap (v1.0.8) [41] ac-
cording to the gene expression in different samples. Essentially, differential expression analysis was performed using the DESeq2 
(v1.4.5) with Q value ≤ 0.05. To take insight to the change of phenotype, GO (http://www.geneontology.org/) enrichment analysis of 
annotated different expression gene was performed by Phyper (https://en.wikipedia.org/wiki/Hypergeometric_distribution) based on 
Hypergeometric test. The significant levels of terms and pathways were corrected by Q value with a rigorous threshold (Q value ≤
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0.05) by Bonferroni. Gene set enrichment analysis (GSEA) was performed using GSEA software (version 4.3.2). The significant levels of 
terms and pathways were corrected by Q value with a rigorous threshold (Q value ≤ 0.05) by Bonferroni. 

SiRNA transfection 

Using IFT88 siRNA (CCAACGACCUGGAGAUUAATT) purchased from GenePharma (Suzhou, China), transfection was performed 
when the cell density achieved 70 % confluency. The cells were transfected using the Lipofectamine 3000 system (Invitrogen, Thermo 
Fisher Scientific, USA) with siRNAs or control siRNAs. In the 2D culture system, after the chondrocytes were transfected for 72 h, the 
transfection efficacy was analyzed through western blotting. In organoid culture, after the chondrocytes were transfected for 24 h, 
these chondrocytes were seeded into agarose wells to construct si IFT88 condylar cartilage organoid. 

Western blotting analysis 

The cells were lysed in RIPA buffer (Beyotime, Shanghai, China) with a protease inhibitor cocktail (Roche, Mannheim, Germany). 
The condylar cartilage organoids and si IFT88 condylar cartilage organoids were harvested from agarose on the 7th day and then were 
ground into a paste before being lysed in RIPA buffer with a protease inhibitor cocktail. The quantification of proteins in collected 
lysates was conducted using a Bicinchoninic acid kit (Beyotime, Shanghai, China). The protein samples were subjected to 10 % sodium 
dodecyl sulfate-polyacrylamide gel (Bio-Rad) and then transferred to polyvinylidene difluoride membranes (Millipore, Billerica, MA, 
USA). After blocking with 5 % nonfat milk for 1 h, the membranes were first incubated with primary antibodies overnight at 4 ◦C and 
then incubated with appropriate secondary antibodies (1:10,000; ABclonal, Wuhan, China) for 1 h. The antibodies used are shown in 
Additional file 1. The immunoblots on the membrane were developed with an Enhanced Chemiluminescence kit (Advansta Inc., San 
Jose, CA, USA) and visualized using a chemiluminescence Odyssey Fc Imaging System (LI-COR Biosciences, Lincoln, NE, USA). A 
semiquantitative analysis of Western blots was carried out using Image J software as following: 1) The image was opened. 2) The image 
was converted into a grayscale picture. 3) The background was subtracted. 4) The integrated density was set. 5) Scales were set. 6) The 
image was inverted into a bright band. 7) The integrated gray values of the respective bands were acquired by freehand selection. The 
Western blot densities of indicated proteins were normalized with β-actin. Then, the fold changes were determined by calculating the 
ratio of indicated proteins to those of 2D culture mandibular condylar chondrocytes (MCC), MCC Si Control, and condylar cartilage 
organoid Si Control (the protein levels of MCC, MCC Si Control, and condylar cartilage organoid Si Control were set at 1). 

Immunofluorescence 

Mandibular condylar chondrocytes were first fixed with 4 % paraformaldehyde for 15 min, and then they were permeabilized with 
0.3 % Triton for 15 min. The condylar cartilage organoid and condylar cartilage were fixed in 4 % PFA solution at 4 ◦C for 24 h. After 
being embedded in paraffin, 4-μm sagittal sections were made (Leica RM2245. Wetzlar, Germany). Tissue sections were deparaffinated 
using xylene and rehydrated with hydrous ethanol. Tissue sections and chondrocytes samples were blocked with 3 % bovine serum 
albumin for 1 h and then incubated with the primary antibody targeting acetylated-α-tubulin (or IFT88 and TRPV4) overnight at 4 ◦C. 
The information of antibodies used for immunofluorescence is presented in Table S1. The samples were washed thrice with PBS, and 
goat anti-rabbit Alexa Fluor® 594 or 488-conjugated secondary antibody (1:200) was applied in a dark chamber for 1 h at 37 ◦C. 
Finally, these samples were stained with 1 μg/mL 4’,6-diamidino-2-phenylindole (DAPI) for 5 min and photographed using a Leica SP8 
confocal microscope (Leica Microsystems, Wetzlar, Germany; or OLYMPUS Corporation, Japan). 

The measurement of primary cilia length 

The co-staining of Ac-α-Tubulin and IFT88 was used to identify primary cilia. The length of primary cilia was measured from at least 
5 different fluorescent micrographs from each independent experiment using the Image J straight-line tool. A straight line was 
determined at the top and base of the cilia and automatically calculated by the software in pixels. The pixel value was converted to 
length in micrometers according to actual scale. The cilia prevalence was calculated by dividing the number of cells that contain a 
primary cilium by the number of cells on each micrograph. 

Statistical analysis 

All data were analyzed using GraphPad Prism software 8.4.0 (GraphPad Software, Inc.) and presented as the arithmetic mean 
values ± standard deviation (SD). The statistical significance comparing the two groups was assessed using two-tailed, unpaired 
Student’s t-tests. P < 0.05 was considered statistically significant. 
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