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Abstract 23 

Purpose/Aim of the study: Previous studies of meniscal attachment have noted 24 

distinctions between medial meniscus posterior root and horn cells. However, the 25 

characteristics of root remnant cells have not been explored in detail. The purpose of this 26 

study was to evaluate the gene expression levels, proliferation, and resistance to mechanical 27 

stress of remnant and horn cells. 28 

Materials and Methods: Medial meniscus tissue samples were obtained from patients 29 

who underwent total or uni-compartmental knee arthroplasty. Cellular morphology, sry-30 

type HMG box 9, type II collagen, and chondromodulin-I gene expression levels were 31 

analyzed. Collagen synthesis was assessed by immunofluorescence staining. Proliferation 32 

analysis after 4 h-cyclic tensile strain was performed.  33 

Results: Horn cells displayed triangular morphology, whereas root remnant cells appeared 34 

fibroblast-like. Sry-type HMG box 9 mRNA expression levels were similar in both cells, 35 

but type II collagen and chondromodulin-I mRNA expressions were observed only in horn 36 

cells. The ratio of type II collagen-positive cells in horn cells was 12-fold higher than that 37 

in root remnant cells, whereas the ratio of sry-type HMG box 9-positive cells was similar. 38 

A significant increase in proliferation was observed in root remnant cells compared to that 39 

in horn cells. Further, under cyclic tensile strain, the survival rate was higher in root 40 

remnant cells than in horn cells.  41 

Conclusions: Medial meniscus root remnant cells showed higher proliferation and 42 

resistant properties to cyclic tensile strain than horn cells and showed no chondromodulin-43 

I expression. Preserving the medial meniscus posterior root remnant during pullout repair 44 

surgery might maintain mechanical stress-resistant tissue and support healing. 45 
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Introduction 48 

The meniscus comprises crescent-shaped cartilage on the medial and lateral articular 49 

surfaces of the tibial plateau. The meniscus is mainly composed of 70% water and 30% 50 

organic matter, and primarily collagen1. In the meniscus of humans, 10–25% of the outside 51 

area is rich in blood supply, whereas 75–90% of the interior area is composed of avascular 52 

tissue2. The cells from the vascularized area are fibroblast-like, whereas the cells in the 53 

avascular area are chondrocyte-like in shape3, 4.  54 

Meniscal root tears are radial and/or oblique tears within 1 cm of the meniscus insertion, 55 

which lead to failure to convert axial loads into transverse hoop stresses5. The medial 56 

meniscus (MM), especially the posterior root, bears greater knee pressure and is easily 57 

damaged in the axial and radial stress of the knee joint6, 7. The proportion of MM posterior 58 

root tears (PRTs) might represent approximately 20−30% of all medial meniscus tears8. 59 

After suffering from MMPRT, the ability of the meniscus to transmit hoop tension is 60 

disrupted and the meniscus will extrude to the side of the joint capsule9. Further, the peak 61 

contact stress of the medial tibiofemoral joint increases by 25%, which is similar to the 62 

peak stress after meniscectomy10, 11.  63 

There are currently several treatment options for MMPRT, including transtibial pullout 64 

repair12. Some surgeons will confirm the complete MMPRT and then shave and refresh the 65 

remnant of the posterior root. Although it has been reported that preserving ACL remnants 66 

during ACL reconstruction leads to improved stability and synovial coverage13, there are 67 

no studies about whether remnants of the posterior root should be preserved. The purpose 68 

of this research was to evaluate the gene expression levels, proliferation, and resistance to 69 

mechanical stress of MM posterior root remnant and horn cells. We hypothesized that MM 70 
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posterior root remnant cells would exhibit a higher survival rate and proliferation after 71 

mechanical stress, while showing lower collagen and anti-angiogenic gene expression 72 

levels compared to those in horn cells. 73 

 74 

Materials and Methods 75 

Material collection  76 

This study was approved by the Institutional Review Board (Okayama University 77 

NO.1608-019). Meniscal tissue samples were acquired from nine patients with 78 

osteoarthritis who were diagnosed with MMPRT and subjected to total or sub-79 

compartmental knee arthroplasty. Six women and three men were included with a mean 80 

age of 67 years (range, 53–75 years). An osteotomy was performed by using a System 8 81 

sagittal saw (model 8208; Stryker Instruments, Kalamazoo, MI), and the posterior segment 82 

of the meniscus was preserved as much as possible (Fig 1(a)). The serial numbers and 83 

patient information were recorded. The root remnant was defined as scar-like tissue located 84 

at the terminal MM posterior torn root from the attachment of the tibia surface (Fig 1(a)). 85 

Root remnant and horn tissues were carefully cut to show the section. (Fig 1(b)). 86 

 87 

Histological analyses and cell culture 88 

The selected meniscal tissues (n=4) were fixed in a 95% ethanol solution. Then, the tissues 89 

were decalcified in a 20% EDTA solution. Coronal sections (6 µm thickness) of the samples 90 

were prepared using safranin O staining as previously described14 (Fig 2(a-c)).  91 

The other meniscus samples (n=5) were divided into the remnant root and horn (Fig 1 and 92 

2) and were used for other experiments. Each tissue was cut into small pieces area and 93 
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incubated on small dishes in Dulbecco’s modified Eagle’s medium (Wako, Osaka, Japan), 94 

which including 1% penicillin/streptomycin (Sigma) and 10% fetal bovine serum 95 

(HyClone, South Logan, UT). When the cells were attached to the dish, they were recorded 96 

as the passage 0 cells. Cells were stored at atmospheric pressure at 37 °C with 5% CO2 and 97 

95% air. The culture medium was changed every 2 days. Cultured cells derived from the 98 

meniscus root remnant and horn cells were observed using a phase-contrast microscope 99 

(Olympus, Tokyo, Japan). Passage 1 meniscus cells (day 2) were then used (Fig 2(d-e)).  100 

 101 

Reverse transcription (RT)-polymerase chain reaction (PCR) and quantitative real-102 

time PCR analysis 103 

RNA samples were acquired from cultured remnant root and horn cells. Total RNA was 104 

isolated using TRIzol reagent (Thermo Fisher Scientific, Waltham, MA). Reverse 105 

transcription of RNA samples (1000 ng) was performed using Revertra Ace (Toyobo, 106 

Osaka, Japan). The acquired cDNA was then subjected to PCR amplification with specific 107 

primers using exTaq DNA polymerase (TaKaRa, Ohtsu, Japan). RT-PCR was carried out 108 

for 30–38 cycles. Quantitative real-time PCR analyses were accomplished using a FastStart 109 

DNA Master SYBR Green I kit (Roche Diagnostics, Basel, Switzerland). The cycle number 110 

crossing the signal threshold was selected from the linear part of the amplification curve. 111 

Glyceraldehyde-3-phosphate dehydrogenase (G3PDH) amplification data were used for 112 

normalization. The following specific primers were used: a1(II) collagen (COL2A1), Sry-113 

type HMG box 9 (SOX9) (5′-CTG AAC GAG AGC GAG AAG-3′, 5′-TTC TTC ACC GAC 114 

TTC CTC C-3′); Chondromodulin-I (ChM-I) (5′-GAA GGC TCG TAT TCC TGA GG-3′ 115 

and 5′-GGC ATG ATC TTG CCT TCC AG-3′), and G3PDH 2, 15-18. 116 
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 117 

Immunofluorescence staining 118 

The root remnant and horn cells were fixed on type I collagen-coated chambers loaded with 119 

1% paraformaldehyde solutions (Sigma). The expression of SOX9 was evaluated with a 120 

rabbit anti-SOX9 polyclonal antibody (1:500 for 1 h, Sigma-Aldrich, St. Louis, USA). The 121 

content of human meniscal type II collagen (COL2) was evaluated using a mouse anti-122 

COL2 monoclonal antibody (working dilution of 1:500 for 1 h, Kyowa Pharma Chemical, 123 

Toyama, Japan) as described18. The negative control was bovine serum albumin solution 124 

without the primary antibody. The OUMS-27 chondrosarcoma cells (Okayama University, 125 

Okayama, Japan) were used as a positive control because of their high expression of SOX9 126 

and COL2. An Alexa Fluor 488-conjugated antibody (Invitrogen, Carlsbad, CA) was used 127 

for SOX9 and COL2 detection (1:200 for 30 min) under a fluorescence microscope 128 

(Olympus). Moreover, Alexa Fluor 568 phalloidin (1:40 for 30 min, Molecular Probes, 129 

Eugene, OR) was used for F-actin staining with Hoechst 33,342 (1:1000 for 5 min, ICN 130 

Biomedicals, Aurora, OH)15, 18. The percentage of positive cells and total cells stained by 131 

corresponding antibodies for SOX9 and COL2 were measured in a 670×670 μm region. 132 

Root remnant and horn cells were analyzed repeatedly five times (a total of three replicates), 133 

and the average value was recorded. 134 

 135 

Cell proliferation assay and cyclic tensile strain (CTS) 136 

Proliferation assay and CTS experiments were performed as described19. Root remnant and 137 

horn cells were seeded into microplates (tissue culture grade, 96 wells, flat bottom). The 138 

cells were incubated at 37 °C with 95% air and 5% CO2 with 100 µL/well of culture 139 
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medium for 0 h, 24 h, 48 h, 72 h, and 96 h prior to the addition of the cell proliferation 140 

reagent, water-soluble tetrazolium-1 (WST-1; Roche Diagnostics, Basel, Switzerland). 141 

Absorbance was measured using a microplate reader at wavelengths of 450 and 630 nm.  142 

Uni-axial CTS (0.5 Hz, 5% or 7% stretch) examination was performed using a STB-140 143 

system (STREX, Osaka, Japan) for 4 h16. Root remnant and horn cells were incubated for 144 

24 h in the stretching chambers before adding WST-1. The control group was unstretched 145 

meniscus cells, which were cultured on a stretching chamber. Each experiment used three 146 

chambers for 4 h, representing 0%, 5%, and 7%. Each experiment was replicated three 147 

times, and the average was recorded. 148 

 149 

Statistical analysis 150 

All experiments were performed using SPSS Statistics Version 25.0 (IBM Corp., Armonk, 151 

NY, USA) and all experiments were repeated at least three times. Data were expressed as 152 

the mean ± standard deviation. Differences among groups were compared by using the one-153 

way ANOVA or Mann-Whitney U test. Statistical differences were set at P < 0.05. 154 

 155 

Results 156 

Root remnant cells were not stained red by Safranin O and showed a fibroblastic, slender 157 

morphology, whereas horn cells were stained red with Safranin O and showed a triangular 158 

morphology (Fig 2). Further, the root remnant cell counts were significantly greater than 159 

horn cell counts (Fig 2(b-c)). In the RT-PCR analyses, the expression of SOX9 was similar 160 

in both cells, whereas the expressions of the chondrocytic gene COL2A1 and anti-161 

angiogenic gene ChM-I were barely detectable in root remnant cells (Fig 3(a)). Further, 162 
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quantitative real-time PCR analyses revealed significantly higher gene expression levels of 163 

COL2A1 and ChM-I in horn cells than in root remnant cells (approximately 46- and 10-164 

times higher, respectively), whereas SOX9 gene expression levels were similar in both cells 165 

(Fig. 3(b-d)). Immunofluorescence staining revealed SOX9 and COL2 production in both 166 

root remnant and horn cells. The ratio of SOX9-positive cells was similar in both cells (Fig 167 

4), whereas the ratio of COL2-positive cells was about 10-fold higher in horn cells than in 168 

root remnant cells (Fig 5, P<0.01).  169 

The proliferation rate at 48, 72, and 96 h in root remnant cells was much greater than that 170 

of horn cells (Fig 6 (a), P<0.01). A significant decrease in the proliferation of horn cells 171 

after 4 h CTS (7%) was observed compared to that at 0% control and 5% CTS (Fig 6 (b), 172 

P<0.05), whereas cell proliferation in root remnant cells was similar even after 4 h CTS 173 

stimulation (5%, 7%) compared to that in controls (Fig 6 (b)). Further, root remnant cells 174 

demonstrated a higher survival rate than horn cells after uni-axial mechanical stretches.  175 

 176 

Discussion 177 

Medial meniscus posterior root remnant cells showed higher proliferation and survival 178 

rates after mechanical stress, as well as lower anti-angiogenic gene expression levels 179 

compared to those in horn cells, which confirmed our hypothesis. Because of this, 180 

preserving MM root remnants during pullout repair surgery might maintain proliferation 181 

potential. Meniscus cells in different locations have different characteristics20, 21. The inner 182 

meniscus cells maintain their chondrogenic phenotype, whereas the outer meniscus cells 183 

show a fibroblastic morphology and phenotype2, 19. Compared with the outer meniscus cells, 184 

the inner meniscus cells expressed more SOX9 and COL2A1, maintaining higher 185 
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chondrogenic potential2, 22. Further, it was reported that COL2A1 is expressed more in 186 

meniscus horn cells than in meniscus root cells, which results in main articular cartilage 187 

fibrillar collagen made from the extracellular matrix18, 23, 24. In this study, the results in horn 188 

cells were consistent with those in previous studies. The results of root remnant cells were 189 

somewhat different from those of previous studies on outer or root cells, in that expression 190 

of the transcription factor SOX9 was similar to that in horn cells but expression of the 191 

chondrogenic gene COL2A1 was barely detectable in root remnant cells.  192 

COL2A1 is regulated differently in root remnant and horn cells, resulting in different 193 

expression levels25, 26. The SOX9 protein specifically binds the sequence in the first intron 194 

of human COL2A1, and the expression of COL2A1 is directly regulated by SOX9 protein 195 

in vivo27, 28. The regulation of SOX9 occurs at the transcriptional and post-transcriptional 196 

levels29-31. Furthermore, chondrocyte differentiation is modulated by various epigenetic 197 

factors, such as transforming growth factor (TGF)-β, TGF-β-regulated Smad3/4, and 198 

transcription factors/coactivators such as Scleraxis/E47 and p30031-33. We consider that the 199 

results of this study were caused by the epigenetic status, including histone modification 200 

and chromatin structure, directly influencing SOX9-regulated chondrocyte (COL2A1) 201 

differentiation29. This result is consistent with our previous reports, which demonstrated 202 

that the activation of cell clusters and their products in torn menisci appears to contribute 203 

to the regulation of cartilage expression34. The difference was mainly due to the variety of 204 

extracellular matrix and signaling pathways in root remnant and horn cells. 205 

Expression of the ChM-I gene is regulated by a variety of factors such as oxygen content, 206 

growth factors, DNA methylation, and histone acetylation14, 35. The ChM-I concentration 207 

in the MM cells is higher than that in the outer meniscus cells14, 36. ChM-I derived from the 208 
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inner meniscus can inhibit endothelial cell proliferation to preserve the avascularity of the 209 

meniscus2, 37, 38. Furthermore, ChM-I is a cartilage-specific 25-kDa glycoprotein that 210 

stimulates DNA synthesis and colony formation in cultured chondrocytes in the presence 211 

of fibroblast growth factor-2 (FGF2) 39, 40. In this study, the ChM-I content in horn cells 212 

was significantly higher than that in root remnant cells, which demonstrates that horn cells 213 

maintain avascularity and more cartilage properties than root remnant cells.  214 

In the posterior 1/3 of the MM of the human cadaveric knee, the average compressive strain 215 

in the medial-lateral and in the superior-inferior directions were determined to be 2.2% and 216 

6.3%, respectively, and the average tensile strain in the anterior and posterior direction was 217 

3.8%.41 In previous studies，5% CTS significantly enhanced the mRNA expression of 218 

SOX9 and COL2A1 in the posterior root cells and horn cells15. Although the root cells and 219 

horn cells showed similar levels of proliferation after 48, 72, or 96 h of culture, the 220 

proliferation rate of horn cells decreased significantly compared to that of root cells after 221 

5% and 10% CTS for 2 h, which was similar to our results. 222 

This study had several limitations. First, the samples were from elderly patients with 223 

osteoarthritis. Patients with MMPRT are generally younger than those who undergo knee 224 

arthroplasty. Second, we used cultured meniscus cells at low passage (≦2) in order to obtain 225 

enough meniscus cells. Next, intracellular signaling changes, which caused the inhibition 226 

of SOX9 expression in root remnant cells, were not detected clearly. Moreover, this needs 227 

to be addressed further in future studies. Finally, the sample size should be expanded, and 228 

normal meniscus cell controls or animal meniscus controls should be included.  229 

 230 

Conclusions  231 
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This study showed that COL2A1 and ChM-I mRNA expression levels were observed only 232 

in horn cells and that MM root remnant cells showed higher proliferation and resistance 233 

properties to CTS than horn cells. Preserving MM root remnants during pullout repair 234 

surgery might be useful to maintain mechanical stress-resistant tissue and to support 235 

healing in terms of angiogenic activity. 236 

 237 

Funding 238 

No funding was received for this research. 239 

 240 

Declaration of Interests 241 

The authors report no conflicts of interest. 242 

 243 

Acknowledgments 244 

The authors alone are responsible for the content and writing of the article. Ximing Zhang 245 

would like to thank Otsuka Toshimi Scholarship Foundation for scholarship support 246 

(No.19-385, No.20-89). We would like to thank Editage (www.editage.jp) for English 247 

language editing.  248 

 249 

 250 

 251 

  252 

http://www.editage.jp/


13 
 

References 253 

1. Herwig J, Egner E, Buddecke E. Chemical changes of human knee joint menisci in 254 

various stages of degeneration. Annals of the rheumatic diseases 1984:43(4): 635-255 

640.doi:10.1136/ard.43.4.635. 256 

2. Furumatsu T, Kanazawa T, Yokoyama Y, Abe N, Ozaki T. Inner meniscus cells maintain 257 

higher chondrogenic phenotype compared with outer meniscus cells. Connect 258 

Tissue Res 2011:52(6): 459-465.doi:10.3109/03008207.2011.562061. 259 

3. Lu Z, Furumatsu T, Fujii M, Maehara A, Ozaki T. The distribution of vascular endothelial 260 

growth factor in human meniscus and a meniscal injury model. J Orthop Sci 261 

2017:22(4): 715-721.doi:10.1016/j.jos.2017.02.006. 262 

4. Makris EA, Hadidi P, Athanasiou KA. The knee meniscus: Structure-function, 263 

pathophysiology, current repair techniques, and prospects for regeneration. 264 

Biomaterials 2011:32(30): 7411-7431.doi:10.1016/j.biomaterials.2011.06.037. 265 

5. Bin SI, Kim JM, Shin SJ. Radial tears of the posterior horn of the medial meniscus. 266 

Arthroscopy 2004:20(4): 373-378.doi:10.1016/j.arthro.2004.01.004. 267 

6. Fox AJS, Bedi A, Rodeo SA. The basic science of human knee menisci: Structure, 268 

composition, and function. Sports health 2012:4(4): 340-269 

351.doi:10.1177/1941738111429419. 270 

7. Pache S, Aman ZS, Kennedy M, Nakama GY, Moatshe G, Ziegler C, LaPrade RF. 271 

Meniscal root tears: Current concepts review. The archives of bone and joint 272 

surgery 2018:6(4): 250-259 273 



14 
 

8. Lee DW, Ha JK, Kim JG. Medial meniscus posterior root tear: A comprehensive review. 274 

Knee surgery & related research 2014:26(3): 125-275 

134.doi:10.5792/ksrr.2014.26.3.125. 276 

9. Padalecki JR, Jansson KS, Smith SD, Dornan GJ, Pierce CM, Wijdicks CA, Laprade RF. 277 

Biomechanical consequences of a complete radial tear adjacent to the medial 278 

meniscus posterior root attachment site: In situ pull-out repair restores derangement 279 

of joint mechanics. Am J Sports Med 2014:42(3): 699-280 

707.doi:10.1177/0363546513499314. 281 

10. Allaire R, Muriuki M, Gilbertson L, Harner CD. Biomechanical consequences of a tear 282 

of the posterior root of the medial meniscus. Similar to total meniscectomy. J Bone 283 

Joint Surg Am 2008:90(9): 1922-1931.doi:10.2106/jbjs.G.00748. 284 

11. Harner CD, Mauro CS, Lesniak BP, Romanowski JR. Biomechanical consequences of 285 

a tear of the posterior root of the medial meniscus. Surgical technique. J Bone Joint 286 

Surg Am 2009:91 Suppl 2(257-270.doi:10.2106/jbjs.I.00500. 287 

12. Furumatsu T, Kodama Y, Kamatsuki Y, Hino T, Okazaki Y, Ozaki T. Meniscal extrusion 288 

progresses shortly after the medial meniscus posterior root tear. Knee Surg Relat 289 

Res 2017:29(4): 295-301.doi:10.5792/ksrr.17.027. 290 

13. Kodama Y, Furumatsu T, Hino T, Kamatsuki Y, Ozaki T. Minimal ablation of the tibial 291 

stump using bony landmarks improved stability and synovial coverage following 292 

double-bundle anterior cruciate ligament reconstruction. Knee Surg Relat Res 293 

2018:30(4): 348-355.doi:10.5792/ksrr.18.024. 294 



15 
 

14. Fujii M, Furumatsu T, Yokoyama Y, Kanazawa T, Kajiki Y, Abe N, Ozaki T. 295 

Chondromodulin-i derived from the inner meniscus prevents endothelial cell 296 

proliferation. J Orthop Res 2013:31(4): 538-543.doi:10.1002/jor.22257. 297 

15. Kanazawa T, Furumatsu T, Hachioji M, Oohashi T, Ninomiya Y, Ozaki T. Mechanical 298 

stretch enhances col2a1 expression on chromatin by inducing sox9 nuclear 299 

translocalization in inner meniscus cells. J Orthop Res 2012:30(3): 468-300 

474.doi:10.1002/jor.21528. 301 

16. Tetsunaga T, Furumatsu T, Abe N, Nishida K, Naruse K, Ozaki T. Mechanical stretch 302 

stimulates integrin alphavbeta3-mediated collagen expression in human anterior 303 

cruciate ligament cells. J Biomech 2009:42(13): 2097-304 

2103.doi:10.1016/j.jbiomech.2009.06.016. 305 

17. Furumatsu T, Shukunami C, Amemiya-Kudo M, Shimano H, Ozaki T. Scleraxis and 306 

e47 cooperatively regulate the sox9-dependent transcription. Int J Biochem Cell 307 

Biol 2010:42(1): 148-156.doi:10.1016/j.biocel.2009.10.003. 308 

18. Okazaki Y, Furumatsu T, Kamatsuki Y, Nishida K, Nasu Y, Nakahara R, Saito T, Ozaki 309 

T. Differences between the root and horn cells of the human medial meniscus from 310 

the osteoarthritic knee in cellular characteristics and responses to mechanical stress. 311 

J Orthop Sci 2020.doi:10.1016/j.jos.2020.02.015. 312 

19. Tanaka T, Furumatsu T, Miyazawa S, Fujii M, Inoue H, Kodama Y, Ozaki T. 313 

Hyaluronan stimulates chondrogenic gene expression in human meniscus cells. 314 

Connect Tissue Res 2017:58(6): 520-530.doi:10.1080/03008207.2016.1264944. 315 



16 
 

20. Tissakht M, Ahmed AM. Tensile stress-strain characteristics of the human meniscal 316 

material. J Biomech 1995:28(4): 411-422.doi:10.1016/0021-9290(94)00081-e. 317 

21. Mauck RL, Martinez-Diaz GJ, Yuan X, Tuan RS. Regional multilineage differentiation 318 

potential of meniscal fibrochondrocytes: Implications for meniscus repair. Anat Rec 319 

(Hoboken) 2007:290(1): 48-58.doi:10.1002/ar.20419. 320 

22. Furumatsu T, Maehara A, Ozaki T. Rock inhibition stimulates sox9/smad3-dependent 321 

col2a1 expression in inner meniscus cells. J Orthop Sci 2016:21(4): 524-322 

529.doi:10.1016/j.jos.2016.02.013. 323 

23. Kambic HE, McDevitt CA. Spatial organization of types i and ii collagen in the canine 324 

meniscus. J Orthop Res 2005:23(1): 142-149.doi:10.1016/j.orthres.2004.06.016. 325 

24. Furumatsu T, Maehara A, Okazaki Y, Ozaki T. Intercondylar and central regions of 326 

complete discoid lateral meniscus have different cell and matrix organizations. J 327 

Orthop Sci 2018:23(5): 811-818.doi:10.1016/j.jos.2018.05.006. 328 

25. Ghayor C, Herrouin JF, Chadjichristos C, Ala-Kokko L, Takigawa M, Pujol JP, Galéra 329 

P. Regulation of human col2a1 gene expression in chondrocytes. Identification of 330 

c-krox-responsive elements and modulation by phenotype alteration. J Biol Chem 331 

2000:275(35): 27421-27438.doi:10.1074/jbc.M002139200. 332 

26. Chadjichristos C, Ghayor C, Herrouin JF, Ala-Kokko L, Suske G, Pujol JP, Galéra P. 333 

Down-regulation of human type ii collagen gene expression by transforming 334 

growth factor-beta 1 (tgf-beta 1) in articular chondrocytes involves sp3/sp1 ratio. J 335 

Biol Chem 2002:277(46): 43903-43917.doi:10.1074/jbc.M206111200. 336 



17 
 

27. Bell DM, Leung KK, Wheatley SC, Ng LJ, Zhou S, Ling KW, Sham MH, Koopman P, 337 

Tam PP, Cheah KS. Sox9 directly regulates the type-ii collagen gene. Nat Genet 338 

1997:16(2): 174-178.doi:10.1038/ng0697-174. 339 

28. Lefebvre V, de Crombrugghe B. Toward understanding sox9 function in chondrocyte 340 

differentiation. Matrix Biol 1998:16(9): 529-540.doi:10.1016/s0945-341 

053x(98)90065-8. 342 

29. Furumatsu T, Asahara H. Histone acetylation influences the activity of sox9-related 343 

transcriptional complex. Acta Med Okayama 2010:64(6): 351-344 

357.doi:10.18926/amo/41320. 345 

30. Tew SR, Vasieva O, Peffers MJ, Clegg PD. Post-transcriptional gene regulation 346 

following exposure of osteoarthritic human articular chondrocytes to hyperosmotic 347 

conditions. Osteoarthritis Cartilage 2011:19(8): 1036-348 

1046.doi:10.1016/j.joca.2011.04.015. 349 

31. Tew SR, Peffers MJ, McKay TR, Lowe ET, Khan WS, Hardingham TE, Clegg PD. 350 

Hyperosmolarity regulates sox9 mrna posttranscriptionally in human articular 351 

chondrocytes. Am J Physiol Cell Physiol 2009:297(4): C898-352 

906.doi:10.1152/ajpcell.00571.2008. 353 

32. Furumatsu T, Ozaki T, Asahara H. Smad3 activates the sox9-dependent transcription 354 

on chromatin. Int J Biochem Cell Biol 2009:41(5): 1198-355 

1204.doi:10.1016/j.biocel.2008.10.032. 356 

33. Furumatsu T, Tsuda M, Yoshida K, Taniguchi N, Ito T, Hashimoto M, Ito T, Asahara H. 357 



18 
 

Sox9 and p300 cooperatively regulate chromatin-mediated transcription. J Biol 358 

Chem 2005:280(42): 35203-35208.doi:10.1074/jbc.M502409200. 359 

34. Kodama Y, Furumatsu T, Maehara A, Ozaki T. Composition of cell clusters in torn 360 

menisci and their extracellular matrix components. Acta Med Okayama 2018:72(5): 361 

499-506.doi:10.18926/amo/56248. 362 

35. Aoyama T, Okamoto T, Kohno Y, Fukiage K, Otsuka S, Furu M, Ito K, Jin Y, Nagayama 363 

S, Nakayama T et al. Cell-specific epigenetic regulation of chm-i gene expression: 364 

Crosstalk between DNA methylation and histone acetylation. Biochem Biophys 365 

Res Commun 2008:365(1): 124-130.doi:10.1016/j.bbrc.2007.10.135. 366 

36. Shukunami C, Hiraki Y. Role of cartilage-derived anti-angiogenic factor, 367 

chondromodulin-i, during endochondral bone formation. Osteoarthritis Cartilage 368 

2001:9 Suppl A(S91-101.doi:10.1053/joca.2001.0450. 369 

37. Hayami T, Funaki H, Yaoeda K, Mitui K, Yamagiwa H, Tokunaga K, Hatano H, Kondo 370 

J, Hiraki Y, Yamamoto T et al. Expression of the cartilage derived anti-angiogenic 371 

factor chondromodulin-i decreases in the early stage of experimental osteoarthritis. 372 

J Rheumatol 2003:30(10): 2207-2217 373 

38. Pufe T, Petersen WJ, Miosge N, Goldring MB, Mentlein R, Varoga DJ, Tillmann BN. 374 

Endostatin/collagen xviii--an inhibitor of angiogenesis--is expressed in cartilage 375 

and fibrocartilage. Matrix Biol 2004:23(5): 267-376 

276.doi:10.1016/j.matbio.2004.06.003. 377 

39. Hiraki Y, Tanaka H, Inoue H, Kondo J, Kamizono A, Suzuki F. Molecular cloning of a 378 



19 
 

new class of cartilage-specific matrix, chondromodulin-i, which stimulates growth 379 

of cultured chondrocytes. Biochem Biophys Res Commun 1991:175(3): 971-380 

977.doi:10.1016/0006-291x(91)91660-5. 381 

40. Hiraki Y, Shukunami C. Chondromodulin-i as a novel cartilage-specific growth-382 

modulating factor. Pediatr Nephrol 2000:14(7): 602-383 

605.doi:10.1007/s004670000339. 384 

41. Kolaczek S, Hewison C, Caterine S, Ragbar MX, Getgood A, Gordon KD. Analysis of 385 

3d strain in the human medial meniscus. J Mech Behav Biomed Mater 386 

2016:63(470-475.doi:10.1016/j.jmbbm.2016.06.001. 387 

  388 



20 
 

Figure legends 389 

Figure 1. Meniscal tissue sample. (a) Gross appearance of medial meniscus. (b) Section of 390 

medial meniscus. Bars = 1cm. 391 

 392 

Figure 2. Distribution and morphology of root remnant and horn cells of medial meniscus 393 

(MM). (a) Safranin-O-stained MM. (b) Root remnant cells were indicated by red 394 

arrowheads. (c) Horn cells were indicated by green arrowheads. (d) Root remnant cells 395 

showed fibroblastic morphology. (e) Horn cells showed triangular morphology. Bars = 100 396 

μm. 397 

 398 

Figure 3. Gene expressions in root remnant and horn cells. (a) Higher gene expression 399 

levels of COL2A1 and ChM-I were detected in horn cells than in root remnant cells. (b) 400 

SOX9 expression levels were similar. (c) COL2A1 gene expression levels were 46-fold 401 

higher in the horn cells. (d) ChM-I gene expression levels were 10-fold higher in the horn 402 

cells. *P<0.05. 403 

 404 

Figure 4. Immunofluorescence staining for SOX9 and F-actin. (a) Respective images. (b) 405 

The ratio of SOX9-positive cells was similar in both cells. Bars = 50 μm. 406 

 407 

Figure 5. Immunofluorescence staining for COL2 and Hoechst. (a) Respective images. (b) 408 

The ratio of COL2-positive cells was about 10-fold higher in horn cells. Bars = 50 μm. 409 

*P<0.01. 410 

 411 
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Figure 6. (a) Proliferating activity of root remnant cells was significantly higher than that 412 

of horn cell after 48h. (b) Horn cells was decreased significantly after 4-h cyclic tensile 413 

strain (5 and 7%) stimulation, whereas root remnant cells were similar. *P<0.05, **P<0.01. 414 

 415 

 416 
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