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Abstract  17 

Endochondral ossification is the process of bone formation derived from growing 18 

cartilage during skeletal development. In previous studies, we provoked the osteocyte 19 

differentiation of osteoblast precursor cells under a three-dimensional (3D) culture 20 

model. In order to recapitulate the endochondral ossification, the present study utilized 21 

the self-organized scaffold-free spheroid model reconstructed by pre-chondrocyte cells. 22 

Within 2-day cultivation in the absence of the chemically induced chondrogenesis 23 

supplements, the chondrocyte marker was greatly expressed in the inner region of the 24 

spheroid, whereas the hypertrophic chondrocyte marker was strongly detected in the 25 

surface region of the spheroid. Notably, we found out that the gene expression levels 26 

of osteocyte markers were also greatly up-regulated compared to the conventional 2D 27 

monolayer. Moreover, after long-term cultivation for 28 days, it induced morphological 28 

changes in the spheroid, such as cellular hypertrophy and death. In this study, in order 29 

to recapitulate the initial stage of the endochondral ossification, we highlighted the 30 

potentials of the 3D culture method to drive the hypertrophic chondrocyte 31 

differentiation of the pre-chondrocyte cells  32 

 33 

Keywords 34 

3D culture; spheroid; chondrocyte; hypertrophic chondrocyte; osteocyte; endochondral 35 

ossification; ATDC5. 36 

 37 

1. Introduction 38 

For the last decade, a three-dimensional (3D) culture technology has been widely 39 

applied to various organs in the field of mammalian development and organ 40 

regeneration in the name of organoids (Eiraku et al., 2008; Eiraku et al., 2011; Huch 41 
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and Koo, 2015; Spence et al., 2011; Takebe et al., 2013). The 3D culture models are 42 

believed to exhibit a suitable culture environment with an appropriate cell-cell 43 

interaction (Ghezelayagh et al., 2021), whereas the conventional two-dimensional (2D) 44 

culture models inevitably provide such a greater cell-substrate interaction with a hard 45 

plastic or glass substrate via generating the tight filaments of actin cytoskeletons, which 46 

is different from an in vivo situation (Birgersdotter et al., 2005; Edmondson et al., 2014). 47 

Since the 3D culture models enable to recapitulate the developmental process of various 48 

organs in vitro (Kim et al., 2020; Rossi et al., 2018), it broadened our knowledge to 49 

make new insights on the cell behaviors beyond the findings occurred on the 50 

conventional 2D culture method. 51 

 52 

Endochondral ossification during the development process is the bone formation event 53 

initiated from the mesenchymal condensation process via cartilage formation, followed 54 

by apoptosis of hypertrophic chondrocytes (Mackie et al., 2008; Usmani et al., 2012). 55 

On the other hand, the intramembranous ossification is another bone developmental 56 

process which is directly derived from the mesenchymal condensation (Aghajanian and 57 

Mohan, 2018; Berendsen and Olsen, 2015). As various 3D culture models have been 58 

introduced in the field of cartilage tissue engineering (Furukawa et al., 2003; Furukawa 59 

et al., 2008; Tsumaki et al., 2015), most of them focused on the differentiation 60 

capability into chondrocytes or cartilage regeneration after transplantation. To date, 61 

however, there is no experimental in vitro model to study the endochondral ossification 62 

due to the lack of understanding in the cell behaviors inside the 3D culture model. In 63 

previous studies, our group reported that pre-osteoblast cells and mesenchymal stem 64 

cells in the 3D scaffold-free culture model provoked in vitro osteocyte differentiation 65 

(Kim et al., 2020; Kim and Adachi, 2021, 2020, 2019). Particularly, we recently 66 
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reported that the mesenchymal condensation process can be recapitulated from the 3D 67 

spheroid model reconstructed by human bone marrow derived mesenchymal stem cells 68 

(MSCs) (Kim and Adachi, 2021). As a result, compared to the 2D model, the MSC 69 

spheroid under the osteogenesis supplements exerted the osteocyte-likeness within 2 70 

days, which implied the potentials of MSC spheroid strategy as bone organoids to 71 

recapitulate the intramembranous ossification process. In this present study, we aimed 72 

to mimic the endochondral ossification process from 3D scaffold-free spheroids 73 

reconstructed by mouse chondrocyte precursor ATDC5 cells. 74 

 75 

2. Materials and methods 76 

2.1 Cell culture 77 

Mouse chondrocyte precursor cell line, ATDC5 cell, was provided by RIKEN Cell 78 

Bank (Japan). The ATDC5 cells were routinely cultured in DMEM/F12 (Gibco, USA) 79 

supplemented with 5% fetal bovine serum (Gibco, USA) and 1% antibiotic-antimycotic 80 

(Nacalai Tesque, Japan) in a humified incubator at 37℃ with 5% CO2. A cell passage 81 

was performed every 3 – 4 days when the cells become 80 – 90% confluent. To fabricate 82 

a self-organized spheroid, 2,500 cells were subcultured in Nunclon Sphera U-bottom 83 

plate (ThermoFisher, USA) for 2 days as illustrated in Fig. 1 (A). For a conventional 84 

2D monolayer model, 200,000 cells were subcultured in the 35 mm diameter petri dish 85 

to become confluent as previously described (Kim et al., 2020a).  86 

 87 

2.2 Real time-PCR 88 

After the samples were collected in Isogen II (Nippon Gene, Japan), total RNA was 89 

extracted using PureLink RNA Mini kit (Invitrogen, USA). Then, cDNA was 90 

synthesized from the extracted RNA using Transcriptor Universal cDNA Master 91 
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(Roche, Switzerland) according to the manufacturer’s protocol. We subsequently 92 

performed real-time PCR using PowerUp SYBR Green Master mix (ThermoFisher, 93 

USA) in a StepOnePlus Real-Time PCR system. To investigate the differentiation 94 

markers for chondrocytes, we examined the mRNA expressions of SRY-box 95 

transcription factor 9 (Sox9), aggrecan (Acan), and collage type II alpha 1 chain (Col2). 96 

For hypertrophic chondrocyte markers, we examined mRNA expressions of fibroblast 97 

growth factor receptor 3 (Fgfr3), collagen type X alpha 1 chain (Col10), and matrix 98 

metallopeptidase (Mmp13). For osteocyte marker, we examined mRNA expressions of 99 

osteopontin (Opn), dentin matrix acidic phosphoprotein 1 (Dmp1), and sclerostin (Sost). 100 

All the mRNA expressions were normalized to those of the housekeeping gene, 101 

glyceraldehyde-3-phosphate dehydrogenase (Gapdh). The relative mRNA expressions 102 

were subsequently calculated by the Delta-Delta Ct method. All the sets of gene-103 

specific oligonucleotide primers were described in Supplementary Table 1. 104 

 105 

2.3 Immunostaining 106 

The spheroids were fixed in the 4% paraformaldehyde. After permeabilization using 107 

0.1% triton X-100 for 30 min, the spheroid sample was blocked with 4% bovine serum 108 

albumin for 1 h and then treated with the primary antibody for 1 h. For the primary 109 

antibodies, we utilized COL2 (anti-collagen II antibody; Abcam, UK), COL10 (anti-110 

collagen X antibody; Abcam, UK), and DMP1 (Anti-DMP1 antibody; Abcam, UK) as 111 

chondrocyte, hypertrophic chondrocyte, and osteocyte markers, respectively. After 112 

washing with PBS, the samples were treated with the Alexa fluor 546 secondary 113 

antibody (Invitrogen, USA), Alexa fluor 488 phalloidin (Invitrogen, USA), and DAPI 114 

(Sigma, USA) for 1 h. The samples were subsequently observed by FLUOVIEW 115 

FV3000 (Olympus, Japan). 116 
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 117 

2.4 Histochemical assay 118 

After collecting the spheroids, they were fixed in 10% formalin neutral buffer solution 119 

(Nacalai, Japan). Then, the samples were treated with 30% sucrose in PBS for 2 h and 120 

embedded in O.C.T. compound (Sakura Tissue-TEK, Japan) for frozen block. The 121 

cryosections were prepared at 10 μm thickness using the Cryostat. The O.C.T. 122 

compound in the cryosections was removed by water immersion for 5 min prior to 123 

histological stains. According to the manufacturer’s protocol, the spheroids were 124 

stained with hematoxylin and eosin (HE) (Sigma, USA), Safranin-O (Merck, Germany).  125 

 126 

2.5 Statistics 127 

The bars in real-time PCR graph indicate the mean ± standard error values. To examine 128 

the statistical significance, Student’s t-test or one-way ANOVA with Tukey’s HSD 129 

post-hoc test was performed. If a p-value calculated is less than 0.05, the difference is 130 

considered statistically significant. 131 

 132 

3. Results 133 

3.1 Fabrication of spheroids 134 

In this study, we fabricated self-organized spheroids reconstructed by ATDC5 cells in 135 

the ultra-low attachment dish. After subculturing 2,500 cells for 2 days in the dish, the 136 

cells were aggregated under the dish and eventually formed about 150 μm diameter of 137 

spheroid as shown in the Fig. 1(B). For the comparative model, we utilized a 2D 138 

monolayer that had a fully confluent condition formed by ATDC5 cells in Fig. 1(C).  139 

 140 
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3.2 ATDC5 spheroid exhibited greater chondrocyte differentiation markers in the 141 

inner region of the spheroid. 142 

After 2-day culture, we examined the mRNA expression changes in the ATDC5 143 

spheroid measured by real-time PCR. To confirm the chondrocyte differentiation 144 

capability in the spheroid, we evaluated mRNA expression of chondrocyte markers in 145 

the spheroid normalized to those in the monolayer in Fig. 2(A). As a result, all the 146 

chondrocyte markers in the spheroid were greatly up-regulated within 2 days; Sox9 147 

(7.18-fold change; p < 0.05), Acan (20.3-fold change; p < 0.005), and Col2 (68.7-fold 148 

change; p < 0.005). We also conducted the immunostaining to detect the protein 149 

expression of chondrocyte marker, type II collagen (COL2), for the ATDC5 spheroid 150 

in Fig. 2(B). The staining results represented that the COL2 expression was strongly 151 

detected, particularly in the inner region of the spheroid, whereas the surface region of 152 

the spheroid relatively exhibited a weak level of COL2 expression.  153 

 154 

3.3 ATDC5 spheroid exhibited greater hypertrophic chondrocyte differentiation 155 

markers in the surface region of the spheroid. 156 

To evaluate the hypertrophic chondrocyte markers in the ATDC5 spheroid culture, we 157 

also performed real-time PCR and immunostaining. Figure 3(A) represented that there 158 

were significant and great expression changes in the hypertrophic chondrocyte markers 159 

in the spheroid compared to the monolayer; Fgfr3 (7.00-fold change; p < 0.005), Col10 160 

(102.6-fold change; p < 0.005), and Mmp13 (22.4-fold change; p < 0.05). We then 161 

carried out the immunostaining to detect type X collagen (COL10) expression for the 162 

spheroid in Fig. 3(B). The immunostaining results represented that COL10 expression 163 

was strongly detected in the surface region of the spheroid where the F-ACTIN were 164 

highly stained. Compared to the surface of the spheroid, the COL10 expression was 165 
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relatively weak in the inner region of spheroid. Hence, it induced the hypertrophic 166 

chondrocyte differentiation within 2 days in the surface region of the spheroid. 167 

 168 

3.4 ATDC5 spheroid remarkably up-regulated osteocyte markers in the spheroid. 169 

We then evaluated the osteocyte markers in the ATDC5 spheroid. The real-time PCR 170 

result in Fig.4(A) showed that the all the osteocyte markers were remarkably up-171 

regulated in the spheroid compared to the monolayer; Opn (87.7-fold change; p < 0.05), 172 

Dmp1 (182.0-fold change; p < 0.005), and Sost (7.17-fold change; p < 0.005). The 173 

immunostaining was then conducted to detect DMP1 expression as osteocyte marker. 174 

From the results shown in Fig. 4(B), the ATDC5 spheroid also exhibited the DMP1 175 

expression entirely, but its protein level of expression was weak compared to the 176 

expression of COL2 and COL10.  177 

 178 

3.5 3D spheroid culture is essential for up-regulations of chondrocyte, 179 

hypertrophic chondrocyte, and osteocyte markers.  180 

To evaluate the effect of 3D spheroid structure, we fabricated a new model termed sph-181 

mono model as illustrated in Fig. 5(A). The 2-day-old spheroid in the ultra-low 182 

attachment dish was transferred to the normal cell adhesive dish. Immediate after the 183 

spheroid was transferred, the spheroid initiated to attach and slowly spread over the flat 184 

dish. We subcultured the spheroids for another 4 days until the spheroids lost its initial 185 

3D shape as represented in the Fig. 5 (B) and (C), respectively.  186 

 187 

We then collected the sph-mono model and compared its gene expression changes 188 

against monolayer and spheroid models subcultured for 6 days in Fig.5(D). As a result 189 

of real-time PCR, similar to the previous experiment for 2 days, the spheroids 190 
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subcultured for 6-day exhibited much greater gene expressions level of chondrocyte 191 

(Sox9, Acan, and Col2), hypertrophic chondrocyte (Fgfr3 and Col10) markers than 192 

monolayer, whereas MMP13 expression was non-significantly altered. Regarding the 193 

osteocyte markers, while the increase in the early osteocyte markers (Opn and Dmp1) 194 

in the spheroid were diminished, the mature osteocyte marker, Sost, was greatly up-195 

regulated compared to the monolayer model. In the sph-mono model, on the other hand, 196 

mRNA expressions for chondrocyte (Sox9, Acan, and Col2), hypertrophic chondrocyte 197 

(Fgfr3 and Col10), and osteocyte markers (Sost) were altered. Particularly, mRNA gene 198 

expressions in the sph-mono model became similar level to the those of monolayer. In 199 

other words, the up-regulated gene expressions in the spheroid were reversed to the 200 

level of monolayer in the sph-mono. The results indicate that the 3D structure acquired 201 

from the spheroid culture contributed to the up-regulation of chondrocyte, hypertrophic 202 

chondrocyte, and osteocyte markers.  203 

 204 

3.6 Spheroids became hypertrophied after 4 days 205 

We then conducted a long-term culture up to 28 days as represented in Figure 6(A). In 206 

Figure 6(B), the projected area of spheroid became smaller until Day 4 compared to the 207 

2-day spheroid (92% of 2-day spheroid area), but the spheroid became enlarged from 208 

Day 4 up to Day 28 (Day 7: 102% of 2-day spheroid area; Day 14: 132% of 2-day 209 

spheroid area; Day 21: 181% of 2-day spheroid area). 210 

 211 

As a result of HE staining in Figure 6(C), we found the morphologic change of the cells 212 

in the spheroids. The cell nuclei in the 28-day spheroid were hypertrophied compared 213 

to the 2-day spheroid. Furthermore, the distances between the nuclei in the 28-day 214 

spheroid were greater than those of the 2-day spheroid. We also quantified the nuclear 215 
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size from images stained by Hoechst 33342 as shown in Figure S1, the results showed 216 

an increase in the size of 28-day spheroid compared to 2-day spheroid (1.68-fold 217 

change; 2-day spheroid: 23.4 ± 4.3 μm2; 28-day spheroid: 39.3 ± 5.4 μm2; mean ± SD). 218 

On the other hand, it represented a slight reduction of the cell number in the 28-day 219 

spheroid compared to the 2-day spheroid (0.89-fold change; 2-day spheroid: 73.6 ± 8.9 220 

cells; 28-day spheroid: 65.6 ± 14.7 cells; mean ± SD). The results indicate that the cells 221 

in the spheroid were hypertrophied after 28-day incubation. Moreover, severe cell death 222 

was also observed in the 28-day spheroid, whereas it did not have any vacant space 223 

inside in the 2-day spheroid. To examine proteoglycans as the main component of the 224 

extracellular matrix in the cartilage, Safranin-O staining was carried out for the ATDC5 225 

spheroids. In Figure 6(D), the cells in both 2-day and 28-day spheroids were stained 226 

pink, which represented that the ATDC5 cells in the spheroids produced the 227 

proteoglycan even after 28-day incubation. In Fig. 6(E), COL10 protein expression, 228 

hypertrophic chondrocyte marker, was entirely detected in the 28-day spheroid. 229 

 230 

4. Discussion 231 

To date, a pellet model was regarded as one of mainstreams of the 3D scaffold-free 232 

model in the field of cartilage tissue engineering due to its ease of handling in the assay 233 

process including the sectioning for staining (Kawanishi et al., 2007; Yamashita et al., 234 

2015). In this study, to examine chondrocyte differentiation capability in the scaffold-235 

free culture, we fabricated a smaller size of 3D scaffold-free spheroids (about 150 μm) 236 

than the conventional pellet model (0.5 – 2 mm). The smaller size of the spheroid is 237 

believed to be a low risk of cellular necrosis in the center of the spheroid due to the lack 238 

of nutrients and gasses, whereas the diameter of the pellet became reaches up to several 239 
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mm. Particularly, we fabricated the self-organized spheroid model reconstructed by 240 

ATDC5 cells without recruiting any scaffolds as previously studied (Kim et al., 2020).  241 

 242 

By comparing the spheroid model to the conventional 2D monolayer model, we 243 

suggested that the ATDC5 spheroid exerted the greater expressions of chondrocyte 244 

differentiation marker inside the spheroid and hypertrophic chondrocyte marker outside 245 

the spheroid. Moreover, these local protein expressions of chondrocyte-related markers 246 

including COL2 and COL10 expressions were detected in the same manner as previous 247 

studies (Marlovits et al., 2003; Yamashita et al., 2015). We also first found out the 248 

transient increase in the gene expressions of osteocyte markers in the ATDC5 spheroid 249 

model, compared to the monolayer. As the transient up-regulations of osteocyte 250 

markers for pre-osteoblast cells or mesenchymal stem cells in the 3D culture model 251 

were reported by our group (Kim et al., 2020; Kim et al., 2021; Kim and Adachi, 2021, 252 

2020, 2019), the chondrocyte precursor cells in the spheroid culture also triggered the 253 

transient increase in osteocyte gene expressions. The results represented that the 254 

significance of 3D culture to provoke the up-regulations of chondrocyte/hypertrophic 255 

chondrocyte/osteocyte markers, which might imply that the spheroid reconstructed by 256 

chondrocytes reconstituted the earl stage of the endochondral ossification process.  257 

 258 

In this study, to examine the effect of spheroid culture, we recruited the sph-mono 259 

model by transferring the spheroids from the ultra-low attachment dish to the cell 260 

adhesive normal culture dish as previously done using pre-osteoblast cells and 261 

mesenchymal stem cells(Kim et al., 2020a; Kim and Adachi, 2019). Since the mouse 262 

chondrocyte precursor ATDC5 cells has a lower cell mobility than mouse osteoblast 263 

precursor MC3T3-E1 cells, it took 4 days to dissociate the cells in the spheroid to lose 264 
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its 3D spheroid structure while the MC3T3-E1 cells took 2 days(Kim et al., 2021). 265 

Despite the longer time of dissociation for ATDC5 spheroids, the up-regulated 266 

chondrocyte and hypertrophic chondrocyte genes in the 6-day spheroid were 267 

dramatically suppressed in the sph-mono model. The results indicate that the cell 268 

condensed condition acquired in the 3D spheroid culture is essential for facilitation of 269 

the chondrocyte and hypertrophic chondrocyte differentiation. Moreover, we reported 270 

that up-regulation of osteocyte markers were also dependent on the 3D cellular structure, 271 

which was also observed in other spheroid model using pre-osteoblast cells and 272 

mesenchymal stem cells (Kim and Adachi, 2019; Kim and Adachi, 2021). 273 

 274 

Beyond the transient up-regulated hypertrophic chondrocyte marker in the gene 275 

expression level, the spheroid reconstructed by ATDC5 cells underwent the 276 

hypertrophic chondrocyte differentiation in the long-term experiment. After the self-277 

organized spheroid was formed, the size of spheroid became shrunk up to 4-day due to 278 

the cell-cell interaction in the spheroid like other spheroid models reconstructed by pre-279 

osteoblast cells or mesenchymal stem cells (Kim and Adachi, 2021). While those 280 

previous 3D osteocytic spheroid model using pre-osteoblast cells or mesenchymal stem 281 

cells became smaller after a long-term incubation, the ATDC5 spheroid exhibited a 282 

different behavior from the previous osteocytic models and was gradually 283 

hypertrophied from 4-day incubation. The reduction of the spheroid size reconstructed 284 

by pre-osteoblast cells or mesenchymal stem cells was thought to occur due to their 285 

strong cell-cell interaction force, whereas the cell-cell interaction force of ATDC5 cell 286 

was relatively weak, which induced the different cellular behavior of the spheroids. The 287 

increase in the size of ATDC5 spheroid was provoked by the hypertrophied cells as 288 

confirmed in the histochemical staining. Moreover, we also found the severe cell death 289 



 13 

inside the spheroid after 28-day incubation. This cell death is known to occur during 290 

the endochondral ossification of the developmental process. The chondrocytes in the 291 

growth cartilage undergo hypertrophy and then programmed cell death to provide a 292 

vacant space for the ossification after blood vessels penetrated. Since our model does 293 

not have any other cell source, the space derived from the cell death in the 28-day 294 

spheroids is remained vacant. By conjugating the microelectromechanical systems in 295 

our present model, it might be able to induce the angiogenesis and bone formation in 296 

order to reconstruct the late phase of the endochondral ossification in vitro. 297 

Nevertheless, our results might indicate the possibility that the spheroid culture for pre-298 

chondrocyte ATDC5 cells recapitulated the hypertrophic chondrocyte differentiation 299 

as well as cell death, early events of the endochondral ossification. Most importantly, 300 

our findings highlighted the significance of 3D culture environment to induce the 301 

hypertrophic chondrocytes beyond the chemically induced approach on the 302 

conventional 2D model. Hence, this type of cell condensation acquired from the 303 

structural change might become a triggering factor for the pre-chondrocyte cells in the 304 

bone collar to undergo the endochondral ossification in vivo. 305 

 306 

Transdifferentiation is that a fully differentiated cell in the tissue lineage converts into 307 

one of a distinct lineage (Pesaresi et al., 2019). This phenomenon is known to occur in 308 

multiple types of tissue such as neurons (Tanabe et al., 2015), hepatocytes(Schaub et 309 

al., 2018), chondrocytes (Zhou et al., 2014), etc. Particularly, the model of chondrocyte-310 

to-osetoblast/osteocyte transdifferentiation has been recruited in the ossification 311 

process, but the detailed mechanism remains veiled (Aghajanova et al., 2010). In the 312 

endochondral ossification process, the chondrocyte-to-osteoblast transdifferentiation 313 

has been often mentioned followed by terminal differentiation into 314 
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osteocytes(Aghajanian and Mohan, 2018). Several studies reported the validity 315 

evidence of chondrocyte-to-osteoblast transdifferentiation using in vivo model (Hu et 316 

al., 2017; Ruscitto et al., 2020). Our present study supported that the chondrocyte in 3D 317 

culture model provoked the chondrocyte-to-osteocyte transdifferentation. 318 

 319 

In conclusion, we fabricated the self-organized scaffold-free spheroids using mouse 320 

chondrocyte precursor cells. In the spheroids, the chondrocyte differentiation was 321 

induced in the inner region of the spheroid, whereas the hypertrophic chondrocyte 322 

differentiations were mainly detected in the surface region of the spheroid. Notably, we 323 

found out that the osteocyte markers were also greatly up-regulated in the spheroid 324 

reconstructed by pre-chondrocyte ATDC5 cells. Moreover, the cells in the spheroid 325 

underwent the hypertrophic chondrocyte differentiation after the long-term cultivation. 326 

Therefore, we suggested that our 3D spheroid culture has potentials to be utilized as a 327 

new in vitro model to recapitulate the early stage of endochondral ossification. 328 
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  445 

Figure legends 446 

Fig. 1 Fabrication of scaffold-free spheroid reconstructed by ATDC5 cells. (A) 447 

Schematic diagram of fabrication method for self-organized scaffold-free 448 

spheroid in the U-bottom ultra-low attachment dish after 2-day. Microscopic 449 

images of (B) spheroid and (C) monolayer after 2-day. Black bars indicate 200 450 

μm.  451 

Fig. 2 Evaluation of chondrocyte markers in the spheroid after 2-day cultivation. (A) 452 

Relative mRNA expressions of chondrocyte markers (Sox9, Acan, and Col2) in 453 

ATDC5 spheroids normalized to monolayer samples. The bars represent the 454 

mean± standard error (n = 8; p-value was calculated from Student’s t-test; * p < 455 

0.05, ** p < 0.005). (B) Immunostaining images of the ATDC5 spheroid; 456 

nucleus (DAPI), actin filaments (ACTIN), type II collagen (COL2), and merged 457 

image (MERGE). White bars indicate 100 μm. 458 

Fig. 3 Evaluation of hypertrophic chondrocyte markers in the spheroid after 2-day 459 

cultivation. (A) Relative mRNA expressions of hypertrophic chondrocyte 460 

markers (Fgfr3, Col10, and Mmp13) in ATDC5 spheroids normalized to 461 

monolayer samples. The bars represent the mean± standard error (n = 8; p-value 462 
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was calculated from Student’s t-test; * p < 0.05, ** p < 0.005). (B) 463 

Immunostaining images of the ATDC5 spheroid; nucleus (DAPI), actin 464 

filaments (ACTIN), type X collagen (COL10), and merged image (MERGE). 465 

White bars indicate 100 μm. 466 

Fig. 4 Evaluation of osteocyte markers in the spheroid after 2-day cultivation. (A) 467 

Relative mRNA expressions of osteocyte markers (Opn, Dmp1, and Sost) in 468 

ATDC5 spheroids normalized to monolayer samples. The bars represent the 469 

mean± standard error (n = 8; p-value was calculated from Student’s t-test; * p < 470 

0.05, ** p < 0.005). (B) Immunostaining images of the ATDC5 spheroid; 471 

nucleus (DAPI), actin filaments (ACTIN), dentin matrix protein 1 (DMP1), and 472 

merged image (MERGE). White bars indicate 100 μm. 473 

Fig. 5 Evaluation of gene expression change in cells dissociated from spheroid (sph-474 

mono). (A) Schematic diagram of fabrication method for sph-mono. The 475 

spheroids subcultured for 2-day in the ultra-low attachment dish were transferred 476 

to the normal cell attachment dish and subcultured for another 4-day. 477 

Microscopic images of the 2-day-old spheroid transferred to the normal 478 

attachment dish followed by incubation for another (B) 2-day and (C) 4-day 479 

(sph-mono). Black bars indicate 200 μm. (D) Relative mRNA expressions of 480 

osteocyte markers (Opn, Dmp1, and Sost) in ATDC5 spheroids normalized to 481 

monolayer samples. The bars represent the mean± standard error (n = 4; p-value 482 

was calculated from one-way ANOVA with Tukey’s HSD post-hoc test (α = 483 

0.05); Bar indicates the significance between groups; p < 0.05) 484 

Fig. 6 The spheroid was hypertrophied after a long-term cultivation up to 28-day. (A) 485 

Microscopic images of the spheroid after 2-day, 4-day, 7-day, 14-day, 21-day, 486 

and 28-day cultivation. White bars indicate 100 μm. (B) Projected area of the 487 
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spheroids during the long-term cultivation. The error bars indicate the mean± 488 

standard deviation (n = 34 from 3 independent experiments). (C) HE staining 489 

and (D) Safranin-O staining images of 2-day and 28-day spheroids. Black bars 490 

indicate 50 μm. (E) COL10 immunostaining image of 28-day spheroid. White 491 

bar indicates 50 μm. 492 

Figure S1 Fluorescence image stained by Hoechst 33342 of (A) 2-day and (B) 28-day 493 

spheroids. Binarization of fluorescence image using ImageJ for (C) 2-day and 494 

(D) 28-day spheroids. White bars indicate 50 μm.  495 


