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Editorial
Mesenchymal Stem Cells (MSCs) represent one of the most promising stem cells for regenerative 

medicine. As the most widely used stem cells for clinical trial, MSCs are able to differentiate into 
cartilage, bone and fat. Chondrogenesis is the process in which multipotent MSCs differentiate 
into chondrocytes to form cartilage, which involves recruitment, migration and condensation 
of mesenchymal stem cells, chondrocytes differentiation and deposition of cartilaginous Extra 
Cellular Matrix (ECM), resulting in the formation of cartilage and bone [1]. Chondrogenesis is 
delicately regulated by various signaling pathways in a temporal-spatial manner. Although MSCs 
have been studied for over 50 years, some gains in the understanding of the molecular basis 
underlying cartilage differentiation have been made, relatively limiting genetic factors involved 
in chondrogenesis have been identified, and gene network of chondrogenesis remains poorly 
understood. It is well known that Sox9 is master regulator of chondrogenesis [2,3]. Sox9 is highly 
expressed in mesenchymal stem cells, the proliferating and pre-hypertrophic chondrocytes but 
declines in the hypertrophic chondrocytes, suggesting that Sox9 plays a critical role in initiating and 
promoting early chondrocytes but repressing later maturation of chondrocytes [4,5]. Mutations 
in human Sox9 cause campomelic dysplasia, which displays abnormalities in cartilage formation 
[2,3]. Sox9 exerts its effects on chondrogenesis by directing the expression of chondrocytes-specific 
genes such as COL2A1, COL9A1, COL11A1 and Agc1 [6-9]. Expression or transcriptional activity 
of Sox9 is delicately regulated by upstream factors to regulate chondrogenesis. Overexpression of 
ZNF145 improves chondrogenesis whereas knockdown of ZNF145 slows down chondrogenesis, 
ZNF145 overexpression up-regulates Sox9 but Sox9 overexpression does not up-regulate ZNF145, 
indicating ZNF145 regulates chondrogenesis as an upstream factor of Sox9 [10]. However, how 
ZNF145 regulates Sox9 is still not fully understood. Knock down of Estrogen-Related Receptor 
alpha (ESRRα) decreases chondrogenic genes, including Sox9. It was shown that ESRRα directly 
binds to Sox9 to regulate its expression and cartilage development [11]. As a Nuclear Factor kappa 
B (NF-kB) member, RelA is co-localized with Sox9 in the limb cartilage. RelA is shown to induce 
chondrogenesis by binding to human Sox9 promoter [12]. Long non-coding RNA (lncRNAs) and 
microRNAs are also involved in regulation of chondrogenesis. lncRNAs, LOC102723505 (ROCR) 
is expressed with chondrogenic genes, its depletion reduces cartilage-specific gene expression 
including Sox9, leading to incomplete matrix component production. Overexpression of Sox9 
rescues impaired chondrogenesis by ROCR depletion, suggesting ROCR is an upstream factors 
of Sox9 [13]. The expression or transcriptional activity of Sox9 is also regulated by cofactors to 
regulate chondrogenesis. L-Sox5 and Sox6 have been shown to be essential transcriptional partners 
of Sox9 to enhance Sox9 activation of chondrocytes-specific genes during chondrogenesis. Sox5 
and Sox6 double knockout mice display severe cartilage defects [14]. Sox5 and Sox6 are undetected 
in Sox9 conditional-deficient mice, indicating Sox5 and Sox6 are downstream factors of Sox9 
[15]. PGC-1α directly interacts with Sox9 to promote Sox9 dependent transcriptional activity as a 
transcriptional co activator of Sox9 [16]. Znf219 acts as a transcriptional partner of Sox9 to enhance 
the transcriptional activity of Sox9 on the Col2a1 gene promoter [17]. Wwp2 interacts physically 
with Sox9 to regulate Sox9 transcriptional activity via its nuclear translocation [18]. P54nrb is co-
localized with Sox9 protein in nuclear para-speckle bodies, which physically interacted with Sox9 to 
enhance Sox9 dependent transcriptional activation of the Col2a1 promoter [19]. Jun and Sox9 co-
bound and co-activated a Col10a1 enhancer to promote hypertrophic gene expression [20]. Besides 
chondrocyte specific genes, Sox9 also regulates other chondrocytes related genes. It is shown that 
CTGF/CCN2 stimulates chondrocytes proliferation and maturation. The loss of Sox9 leads to the 
decrease in CTGF expression. Further study demonstrates that SOX9 binds to -70/-64 region of 
the Ctgf promoter, suggesting Ctgf is the direct target gene of SOX9 in chondrocytes [21]. MiR-
140 is a cartilage specific microRNA that regulates cartilage development and homeostasis. Sox9 
promotes miR-140 expression by binding to its promoter region [5]. With the development of 
state-of-the-art techniques and more efforts put in the field, more genes regulating chondrogenesis 
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have been identified. However, little is known about gene network 
of chondrogenesis. Chondrocytes are embedded in cartilage matrix, 
which make it hard to obtain enough cells for the use. ChIP-Seq is 
a powerful method to identify genome wide DNA binding sites 
for transcription factors and other proteins. However, ChIP-seq 
is not well established in the field of chondrogenesis due to limited 
chondrocytes. To move forward, it is necessary to establish platforms 
requiring fewer cells in the field of chondrogenesis. In addition, 
identification of more regulators involved in chondrogenesis will 
further our understanding toward regulation of chondrogenesis. 
Understanding of gene network of chondrogenesis will help us 
develop more effective therapies for cartilage regeneration and 
treatment of cartilage diseases.

References
1.	 Goldring MB, Tsuchimochi K, Ijiri K. The control of chondrogenesis. J 

Cell Biochem. 2006;97(1):33-44.

2.	 Foster JW, Dominguez-Steglich MA, Guioli S, Kwok C, Weller PA, 
Stevanovic M, et al. Campomelic dysplasia and autosomal sex reversal 
caused by mutations in an SRY-related gene. Nature. 1994;372(6506):525-
30.

3.	 Wagner T, Wirth J, Meyer J, Zabel B, Held M, Zimmer J, et al. Autosomal 
sex reversal and campomelic dysplasia are caused by mutations in and 
around the SRY-related gene SOX9. Cell.1994;79(6):1111-20.

4.	 Hattori T, Müller C, Gebhard S, Bauer E, Pausch F, Schlund B, et al. SOX9 
is a major negative regulator of cartilage vascularization, bone marrow 
formation and endochondral ossification. Development. 2010;137(6):901-
11.

5.	 Yamashita S, Miyaki S, Kato Y, Yokoyama S, Sato T, Barrionuevo F, et 
al. L-Sox5 and Sox6 proteins enhance chondrogenic miR-140 microRNA 
expression by strengthening dimeric Sox9 activity. J Biol Chem. 
2012;287(26):22206-15.

6.	 Lefebvre V, Huang W, Harley VR, Goodfellow PN, de Crombrugghe B. 
SOX9 is a potent activator of the chondrocyte-specific enhancer of the pro 
alpha1(II) collagen gene. Mol Cell Biol. 1997;17(4):2336-46.

7.	 Zhang P, Jimenez SA, Stokes DG. Regulation of human COL9A1 gene 
expression. Activation of the proximal promoter region by SOX9. J Biol 
Chem. 2003;278(1):117-23.

8.	 Bridgewater LC, Lefebvre V, de Crombrugghe B. Chondrocyte-specific 
enhancer elements in the Col11a2 gene resemble the Col2a1 tissue-specific 
enhancer. J Biol Chem. 1998;273(24):14998-5006.

9.	 Han Y, Lefebvre V. L-Sox5 and Sox6 drive expression of the aggrecan gene 
in cartilage by securing binding of Sox9 to a far-upstream enhancer. Mol 
Cell Biol. 2008;28(16):4999-5013.

10.	Liu TM, Guo XM, Tan HS, Hui JH, Lim B, Lee EH. Zinc-finger protein 
145, acting as an upstream regulator of SOX9, improves the differentiation 
potential of human mesenchymal stem cells for cartilage regeneration and 
repair. Arthritis Rheum. 2011;63(9):2711-20.

11.	Kim YI, No Lee J, Bhandari S, Nam IK, Yoo KW, Kim SJ, et al. Cartilage 
development requires the function of Estrogen-related receptor alpha that 
directly regulates sox9 expression in zebrafish. Sci Rep. 2015;5:18011.

12.	Ushita M, Saito T, Ikeda T, Yano F, Higashikawa A, Ogata N, et al. 
Transcriptional induction of SOX9 by NF-kappaB family member RelA in 
chondrogenic cells. Osteoarthritis Cartilage. 2009;17(8):1065-75.

13.	Barter MJ, Gomez R, Hyatt S, Cheung K, Skelton AJ, Xu Y, et al. The 
long non-coding RNA ROCR contributes to SOX9 expression and 
chondrogenic differentiation of human mesenchymal stem cells. 
Development, 2017;144(24):4510-21.

14.	Smits P, Dy P, Mitra S, Lefebvre V. Sox5 and Sox6 are needed to develop 
and maintain source, columnar, and hypertrophic chondrocytes in the 
cartilage growth plate. J Cell Biol. 2004;164(5):747-58.

15.	Akiyama H, Chaboissier MC, Martin JF, Schedl A, de Crombrugghe B. 
The transcription factor Sox9 has essential roles in successive steps of the 
chondrocyte differentiation pathway and is required for expression of 
Sox5 and Sox6. Genes Dev. 2002;16(21):2813-28.

16.	Kawakami Y, Tsuda M, Takahashi S, Taniguchi N, Esteban CR, Zemmyo 
M, et al. Transcriptional coactivator PGC-1alpha regulates chondrogenesis 
via association with Sox9. Proc Natl Acad Sci U S A. 2005;102(7):2414-9.

17.	Takigawa Y, Hata K, Muramatsu S, Amano K, Ono K, Wakabayashi M, et 
al. The transcription factor Znf219 regulates chondrocyte differentiation by 
assembling a transcription factory with Sox9. J Cell Sci. 2010;123(21):3780-
8.

18.	Nakamura Y, Yamamoto K, He X, Otsuki B, Kim Y, Murao H, et al. Wwp2 
is essential for palatogenesis mediated by the interaction between Sox9 and 
mediator subunit 25. Nat Commun. 2011;2:251.

19.	Hata K, Nishimura R, Muramatsu S, Matsuda A, Matsubara T, Amano 
K, et al.  Paraspeckle protein p54nrb links Sox9-mediated transcription 
with RNA processing during chondrogenesis in mice. J Clin Invest. 
2008;118(9):3098-108.

20.	He X, Ohba S, Hojo H, McMahon AP. AP-1 family members act with Sox9 
to promote chondrocyte hypertrophy. Development. 2016;143(16):3012-
23.

21.	Oh CD, Yasuda H, Zhao W, Henry SP, Zhang Z, Xue M, et al. SOX9 directly 
Regulates CTGF/CCN2 Transcription in Growth Plate Chondrocytes and 
in Nucleus Pulposus Cells of Intervertebral Disc. Sci Rep. 2016;6:29916.

http://www.ncbi.nlm.nih.gov/pubmed/16215986
http://www.ncbi.nlm.nih.gov/pubmed/16215986
https://www.ncbi.nlm.nih.gov/pubmed/7990924
https://www.ncbi.nlm.nih.gov/pubmed/7990924
https://www.ncbi.nlm.nih.gov/pubmed/7990924
https://www.ncbi.nlm.nih.gov/pubmed/7990924
https://www.ncbi.nlm.nih.gov/pubmed/8001137
https://www.ncbi.nlm.nih.gov/pubmed/8001137
https://www.ncbi.nlm.nih.gov/pubmed/8001137
https://www.ncbi.nlm.nih.gov/pubmed/20179096
https://www.ncbi.nlm.nih.gov/pubmed/20179096
https://www.ncbi.nlm.nih.gov/pubmed/20179096
https://www.ncbi.nlm.nih.gov/pubmed/20179096
https://www.ncbi.nlm.nih.gov/pubmed/22547066
https://www.ncbi.nlm.nih.gov/pubmed/22547066
https://www.ncbi.nlm.nih.gov/pubmed/22547066
https://www.ncbi.nlm.nih.gov/pubmed/22547066
https://www.ncbi.nlm.nih.gov/pubmed/9121483
https://www.ncbi.nlm.nih.gov/pubmed/9121483
https://www.ncbi.nlm.nih.gov/pubmed/9121483
http://www.ncbi.nlm.nih.gov/pubmed/12399468
http://www.ncbi.nlm.nih.gov/pubmed/12399468
http://www.ncbi.nlm.nih.gov/pubmed/12399468
http://www.ncbi.nlm.nih.gov/pubmed/9614107
http://www.ncbi.nlm.nih.gov/pubmed/9614107
http://www.ncbi.nlm.nih.gov/pubmed/9614107
http://www.ncbi.nlm.nih.gov/pubmed/18559420
http://www.ncbi.nlm.nih.gov/pubmed/18559420
http://www.ncbi.nlm.nih.gov/pubmed/18559420
https://www.ncbi.nlm.nih.gov/pubmed/21547890
https://www.ncbi.nlm.nih.gov/pubmed/21547890
https://www.ncbi.nlm.nih.gov/pubmed/21547890
https://www.ncbi.nlm.nih.gov/pubmed/21547890
https://www.nature.com/articles/srep18011
https://www.nature.com/articles/srep18011
https://www.nature.com/articles/srep18011
https://www.ncbi.nlm.nih.gov/pubmed/19254740
https://www.ncbi.nlm.nih.gov/pubmed/19254740
https://www.ncbi.nlm.nih.gov/pubmed/19254740
https://www.ncbi.nlm.nih.gov/pubmed/29084806
https://www.ncbi.nlm.nih.gov/pubmed/29084806
https://www.ncbi.nlm.nih.gov/pubmed/29084806
https://www.ncbi.nlm.nih.gov/pubmed/29084806
https://www.ncbi.nlm.nih.gov/pubmed/14993235
https://www.ncbi.nlm.nih.gov/pubmed/14993235
https://www.ncbi.nlm.nih.gov/pubmed/14993235
https://www.ncbi.nlm.nih.gov/pubmed/12414734
https://www.ncbi.nlm.nih.gov/pubmed/12414734
https://www.ncbi.nlm.nih.gov/pubmed/12414734
https://www.ncbi.nlm.nih.gov/pubmed/12414734
https://www.ncbi.nlm.nih.gov/pubmed/15699338
https://www.ncbi.nlm.nih.gov/pubmed/15699338
https://www.ncbi.nlm.nih.gov/pubmed/15699338
https://www.ncbi.nlm.nih.gov/pubmed/20940257
https://www.ncbi.nlm.nih.gov/pubmed/20940257
https://www.ncbi.nlm.nih.gov/pubmed/20940257
https://www.ncbi.nlm.nih.gov/pubmed/20940257
https://www.ncbi.nlm.nih.gov/pubmed/21427722
https://www.ncbi.nlm.nih.gov/pubmed/21427722
https://www.ncbi.nlm.nih.gov/pubmed/21427722
https://www.ncbi.nlm.nih.gov/pubmed/18677406
https://www.ncbi.nlm.nih.gov/pubmed/18677406
https://www.ncbi.nlm.nih.gov/pubmed/18677406
https://www.ncbi.nlm.nih.gov/pubmed/18677406
https://www.ncbi.nlm.nih.gov/pubmed/27471255
https://www.ncbi.nlm.nih.gov/pubmed/27471255
https://www.ncbi.nlm.nih.gov/pubmed/27471255
https://www.nature.com/articles/srep29916
https://www.nature.com/articles/srep29916
https://www.nature.com/articles/srep29916

	Title
	Editorial
	References

