ROCK inhibition stimulates SOX9/Smad3-dependent COL2A1 expression in inner meniscus
cells

ABSTRACT
Background: Proper functioning of the meniscus depends on the composition and organization of its
fibrocartilaginous extracellular matrix. We previously demonstrated that the avascular inner meniscus
has a more chondrocytic phenotype compared with the outer meniscus. Inhibition of the Rho family
GTPase ROCK, the major regulator of the actin cytoskeleton, stimulates the chondrogenic
transcription factor Sry-type HMG box (SOX) 9-dependent α1(II) collagen (COL2A1) expression in
inner meniscus cells. However, the crosstalk between ROCK inhibition, SOX9, and other transcription
modulators on COL2A1 upregulation remains unclear in meniscus cells. The aim of this study was to
investigate the role of SOX9-related transcriptional complex on COL2A1 expression under the
inhibition of ROCK in human meniscus cells.
Methods: Human inner and outer meniscus cells were prepared from macroscopically intact lateral
menisci. Cells were cultured in the presence or absence of ROCK inhibitor (ROCKi, Y27632). Gene
expression, collagen synthesis, and nuclear translocation of SOX9 and Smad2/3 were analyzed.
Results: Treatment of ROCKi increased the ratio of type I/II collagen double positive cells derived
from the inner meniscus. In real-time PCR analyses, expression of SOX9 and COL2A1 genes was
stimulated by ROCKi treatment in inner meniscus cells. ROCKi treatment also induced nuclear
translocation of SOX9 and phosphorylated Smad2/3 in immunohistological analyses. Complex
formation between SOX9 and Smad3 was increased by ROCKi treatment in inner meniscus cells.
Chromatin immunoprecipitation analyses revealed that association between SOX9/Smad3
transcriptional complex with the COL2A1 enhancer region was increased by ROCKi treatment.
Conclusions: This study demonstrated that ROCK inhibition stimulated SOX9/Smad3-dependent
COL2A1 expression through the immediate nuclear translocation of Smad3 in inner meniscus cells.
Our results suggest that ROCK inhibition can stimulates type II collagen synthesis through the
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cooperative activation of Smad3 in inner meniscus cells. ROCKi treatment may be useful to promote
the fibrochondrocytic healing of the injured inner meniscus.
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Introduction
The meniscus is a fibrocartilaginous tissue that plays an important role in controlling
complex biomechanics of the knee [1]. Proper functioning of the meniscus depends on the
composition and organization of its extracellular matrix (ECM) [2]. Type I collagen accounts for more
than 90% of the total meniscal collagen and is present throughout the entire meniscus. On the other
hand, type II collagen is restricted to the inner avascular region of the meniscus [2-4]. However, the
distributions of types I and II collagen in human menisci are different from those in rabbit and sheep
menisci [5]. We previously demonstrated that the avascular inner meniscus has a more chondrocytic
phenotype compared with the outer meniscus [6, 7]. In addition, human inner meniscus cells have
chondrocytic morphology and an ability to produce type II collagen, a cartilage-specific ECM
component [6-9]. Physiological biomechanical stress induces α1(II) collagen (COL2A1) expression
through the activation of the chondrogenic transcription factor Sry-type HMG box (SOX) 9 in inner
meniscus cells [8]. Inhibition of the Rho family GTPase ROCK, the major regulator of the actin
cytoskeleton, also stimulates SOX9-dependent COL2A1 transactivation in inner meniscus cells [9].
Several transcription factors and coactivators, such as transforming growth factor-β receptor-regulated
Smad3, Scleraxis, E47, and p300, cooperatively modulate SOX9-dependent transcription by
interacting with SOX9 in chondrocytic cells [10]. However, the crosstalk between SOX9 and other
transcription modulators on COL2A1 upregulation remains unclear in meniscus cells.
Meniscal injury located in the avascular inner zone has poor healing potential even after
meniscal repair compared with that in the outer zone [11, 12]. Trials using the major angiogenic factor,
vascular endothelial growth factor (VEGF), have failed to promote the healing of meniscal injuries in
the avascular inner zone [13-15]. These angiogenic factor-based treatments for enhancing meniscal
healing may be inhibited by the deposition of endogenous anti-angiogenic factors such as
chondromodulin-I and endostatin in the inner region of the meniscus [7, 16]. Based on these findings,
we considered that the activation of chondrocytic gene expression may have a key role in promoting
the healing of inner meniscus injury. In this study, we analyzed the epigenetic regulation of COL2A1
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transactivation in chondrocytic inner meniscus cells. Furthermore, we investigated the role of
SOX9-related transcriptional complex on COL2A1 expression under the inhibition of ROCK.

Materials and methods

Cells and cell culture
Institutional Review Board approval and informed consent were obtained before all experimental
studies. Macroscopically intact lateral menisci were obtained at total knee arthroplasty in patients
suffering from medial compartmental osteoarthritis of the knee (n = 6). Inner and outer meniscus cells
were prepared from the undegenerated meniscal samples as described [6-9]. In brief, synovial and
capsular tissues were removed from the meniscus. Middle segments of the menisci were assessed for
histological analyses (Supplemental Fig. 1). Inner and outer meniscal tissues were obtained by careful
cut along the midpoint of meniscal width. Inner and outer meniscus cells were prepared by collagenase
(Sigma, St. Louis, MO) treatment from the inner 1/2 and outer 1/2, respectively. Attached cells
(passage 0) were maintained with Dulbecco’s modified Eagle’s medium (Wako, Osaka, Japan)
containing 10% fetal bovine serum (HyClone, South Logan, UT), and 1% penicillin/streptomycin
(Sigma). Meniscus cells between passage 1 and 3 were used.

ROCK inhibitor (ROCKi) treatment, immunohistological, western blot, and immunoprecipitation (IP)
analyses
Meniscus cells were cultured for 12 h in the presence or absence of ROCKi (Y-27632, Wako; 0, 0.1, 1,
and 10 μM) [9, 17]. After the ROCKi treatment, distribution of type I and II collagen in each meniscus
cell was observed using rabbit anti-collagen I antibody (1:200, Bioss, Woburn, MA) and mouse
anti-collagen II antibody (1:200, MP Biomedicals, Santa Ana, CA), respectively. Positive cell ratios
for type I and II collagens were calculated using a fluorescent microscope (5 experiments for each
cell). Nuclear translocalization of SOX9 and Smad2/3 in inner meniscus cells was assessed using
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mouse anti-SOX9 antibody (1:200, Sigma, St. Louis, MO) and goat anti-phosphorylated (P-) Smad2/3
antibody (1:200, Santa Cruz, Santa Cruz, CA) after 12-h-serum starvation followed by 2-h-ROCKi
treatment [18]. Alexa Fluor 568 phalloidin for detection of F-actin (Invitrogen, Carlsbad, CA) was
used under a fluorescence microscope. ROCKi-treated cellular morphologies are shown in
Supplemental Fig. 2. Nuclear extracts of inner meniscus cells were prepared in the presence (1 μM) or
absence of ROCKi. Protein concentrations were measured by BCA protein assay kit (Bio-Rad,
Hercules, CA). Equal amounts of proteins were applied (20 μg/lane). Western blot (WB) analyses
were performed using anti-SOX9 antibody (1:1000) and rabbit anti-Smad2/3 antibody (1:1000,
Millipore, Temecula, CA). A bovine serum albumin solution without the primary antibody was used
as a negative control. Relative amounts of detected proteins were compared with ROCKi-free controls
using Image J 1.31 [7]. Nuclear fractions of inner meniscus cells were prepared in the presence or
absence of ROCKi (1 μM, 2 h) as described [8, 9, 17]. Twenty percent volume of nuclear fraction was
loaded as an input fraction. Forty percent volume of extract was incubated with rabbit
anti-Smad3-specific antibody (Abcam, Cambridge, UK) and protein G beads (Sigma) for 4 h at 4°C.
The following western blot analysis was performed using an anti-SOX9 antibody.

Quantitative real-time PCR
RNA samples were obtained from cultured meniscus cells. Total RNAs were isolated using ISOGEN
reagent (Nippon Gene, Toyama, Japan). RNA samples (500 ng) were reverse-transcribed with
ReverTra Ace (Toyobo, Osaka, Japan). The following specific primer sets were used: SOX9, COL2A1,
and glyceraldehyde-3-phosphate dehydrogenase (G3PDH) [18, 19]. Quantitative real-time PCR
analyses were performed using FastStart DNA Master SYBR Green I kit (Roche Diagnostics,
Mannheim, Germany). The cycle number crossing the signal threshold was selected in the linear part
of the amplification curve. Amplification data of G3PDH were used for normalization. Relative
mRNA levels were normalized with the level of ROCKi-free condition for every sample.
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Chromatin immunoprecipitation (Chromatin IP)
Chromatin IP assays were performed as described [8, 9]. Inner meniscus cells were maintained in
ROCKi (1 μM)-supplemented conditions for 2 h after serum-free starvation. After crosslinking step,
nuclear fraction was collected. The sonicated cell lysates were suspended in nuclear lysis buffer. The
10% volume of supernatant was stocked as an input sample. The half of each remaining sample was
incubated for 12 h with mouse anti-SOX9 antibody (Sigma) or rabbit anti-Smad3-specific antibody
(Abcam). The remaining supernatant was incubated with mouse (or rabbit) IgG and protein G beads as
a control. Input fraction DNAs, DNA fragments immunoprecipitated with endogenous SOX9 (or
Smad3), and DNAs in IgG controls were purified. PCR reactions were performed using the primer set
to amplify specific regions of human COL2A1 promoter and enhancer [8], and allowed to proceed for
30 cycles.

Statistical analysis
All experiments were repeated three times independently. The expression of several genes and
proteins in response to ROCKi treatments were similar among the meniscus cells from all the donors.
Data were expressed as means with standard deviations. Mean values were compared with
Mann-Whitney U test. Significance was set at p < 0.05.

Results

Collagen synthesis in ROCKi-treated human meniscus cells
Type I collagen (COL1) deposition was observed around the nucleus of inner meniscus cells (Fig. 1A,
red). Type II collagen (COL2) distributed in the cytoplasm of inner cells (Fig. 1A, green). In outer
meniscus cells, intracellular COL1 was more detected than in inner cells (Fig. 1A). However, COL2
signal was weak in outer cells (Fig. 1A, yellow). COL1-COL2 double positive cell ratio was increased
by 1 μM of ROCKi treatment (12 h) in inner cells (Fig. 1B). ROCKi did not affect the ratio of
6

COL2-positive outer cells (Fig. 1C).

Chondrocytic gene expression in meniscus cells
ROCKi treatment increased expression of chondrogenic transcription factor SOX9 in inner meniscus
cells (Fig. 2A). SOX9 gene expression was increased to 2.1-, 12.5-, and 2.7-fold levels of untreated
cells by ROCKi (0.1, 1, and 10 μM, respectively) in inner meniscus cells. In outer meniscus cells,
SOX9 expression was enhanced to 3.9- and 2.5-fold levels of control in the presence of 1 and 10 μM
ROCKi, respectively (Fig. 2A). Expression of chondrocytic ECM molecule COL2A1 was increased to
13.8-fold level of control by 1 μM of ROCKi in inner cells (Fig. 2B). In addition, ROCKi treatment (1
and 10 μM) increased COL2A1 expression in outer cells (Fig. 2B). The highest expression of SOX9
and COL2A1 was induced by 1 μM of ROCKi treatment in inner meniscus cells.

Nuclear translocalization of SOX9 and Smad2/3 in ROCKi-treated inner meniscus cells
ROCK inhibition affected cellular morphology of inner meniscus cells (Fig. 3A, red). In addition,
ROCKi treatment (2 h) induced nuclear translocalization of SOX9 and phosphorylated Smad2/3 (Fig.
3A, green). SOX9 accumulated in the nuclear fraction was slightly increased by ROCKi (Fig. 3B).
Nuclear translocalization of Smad3 was also enhanced by 1 μM of ROCKi (Fig. 3C). IP analyses
revealed that the association between SOX9 and Smad3 was increased by ROCKi treatment in inner
meniscus cells (Fig. 3D).

ROCKi-mediated transcriptional regulation on the COL2A1 enhancer region
ROCKi treatment (2 h) did not show a remarkable increase of the association between SOX9 and the
conserved SOX9-binding site on the COL2A1 enhancer in inner meniscus cells (Fig. 4, A and B). On
the other hand, chromatin IP analysis revealed that the COL2A1 enhancer region immunoprecipitated
with Smad3 increased by ROCKi treatments (Fig. 4C).
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Discussion

The present study demonstrated that ROCK inhibition stimulated SOX9/Smad3-dependent
COL2A1 expression through the immediate nuclear translocation of Smad3 in inner meniscus cells.
ROCKi treatment also increased the gene expression levels of SOX9 and COL2A1 in outer meniscus
cells (Fig. 2). However, type II collagen deposition was not affected by ROCKi in outer meniscus cells
(Fig. 1, A and C). This may be caused by extremely low expression levels of SOX9 and COL2A1 in
outer meniscus cells. A few fibrochondrocytes that had a similar phenotype to inner meniscus cells
might be contaminated in cultured cells derived from the outer meniscus. We consider that the early
effect of ROCKi on COL2A1 expression would be influenced by the rapid activation of endogenous
SOX9-Smad3 transcriptional complex, not by a newly-produced SOX9. In fibrochondrocytic inner
meniscus cells, a small amount of SOX9 may be constantly activated even in the absence of ROCKi to
maintain type II collagen synthesis (Fig. 3, A and B). ROCK inhibition slightly increased the nuclear
translocalization of SOX9. On the other hand, Smad3 activation was strongly induced by ROCKi (Fig.
3, A and C). In addition, ROCKi treatment increased the complex formation between SOX9 and
Smad3 (Fig. 3D). In our previous studies, activated Smad3 can promote the SOX9-dependent
transcriptional activity by strengthen the association between SOX9 and co-factor p300 [10, 20, 21].
Based on these findings, ROCKi-mediated Smad3 phosphorylation may up-regulate the function of
SOX9/Smad3-related transcriptional complex in inner meniscus cells. ROCKi treatment also increases
the gene expression of SOX9 itself in human articular chondrocytes [17, 22], mouse chondrocytic cells
[23], and human inner meniscus cells [9]. Secondary accumulation of SOX9 in the nucleus may have
an important role in a sequential induction of COL2A1 expression.
Rho family small GTPases that include the Rho, Rac, and Cdc42 subfamilies regulate a
variety of cellular functions such as cytoskeletal rearrangement, migration, and cell contractility [24].
RhoA/ROCK signaling, which organizes the actin cytoskeleton, modulates SOX9 expression in
several chondrocytic cell types [9, 17, 23]. In this study, we could not detect a dose-dependent effect
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of ROCKi on type II collagen synthesis (Fig. 1). One μM of ROCKi showed the optimal increase of
SOX9/COL2A1 gene expression and type II collagen production in inner meniscus cells (Figs. 1 and
2). Several studies demonstrate that potential antagonism between the Rho/ROCK and Rac pathways
[25, 26]. ROCK inhibits the Rho-mDia-Rac pathway, whereas Rac can antagonize ROCK action. In
neuronal cells, the high level of Rho-GTP induces ROCK activation, whereas the low level of
Rho-GTP preferentially activates mDia and induces Rac activation [27]. In colon carcinoma cells,
ERK-MAPK signaling coordinately modulates the balance between the activation of Rho and Rac [26].
Ras can also activate Rho, but this signaling appears to be complex. In some cells, the signaling from
Ras to Rho has been reported to be positive, in others negative [24]. These findings indicate that the
degree of ROCK inhibition can modulate the activation balance between Rho and Rac in a
cell-type-dependent manner. We consider that a higher concentration of ROCKi can induce severe
morphological changes of the meniscus cells and may negatively regulate the gene expression of
SOX9 and COL2A1. Further investigations will be required to understand the complex crosstalk
among Rho small GTPases for activating chondrocytic ECM syntheses in inner meniscus cells.
Several studies show that the Rho/ROCK pathway modulates the phosphorylation status of
Smad2/3 [28-30]. In human breast cancer cells, Rho/ROCK can influence Smad signaling by
modulating phosphorylation of the Smad linker region [28]. ROCKi treatment (10 μM) suppresses
TGF-β1-induced Smad3 phosphorylation in mouse cardiomyocytes [30]. However, ROCKi does not
affect Smad2/3 phosphorylation in neural crest stem cells [29]. On the other hand, several authors
have demonstrated that Smads are also involved in the function of Rho/ROCK pathway. Dominant
negative Smad3 inhibits the Rho activity in human keratinocyte cells [31]. Inhibitory Smad7 that
antagonizes the phosphorylation of Smad2/3 can modulate the balance of Rho GTPases by inducing
the TGF-β-dependent activation of Cdc42 in human prostate cancer cells [32]. TGF-β can directly
regulate Rho/ROCK activity by inducing ubiquitin-mediated RhoA degradation in epithelial cells [33].
In our study, ROCKi treatment induced the accumulation of phosphorylated Smad3 in the nucleus of
inner meniscus cells (Fig. 3). These findings suggest that the crosstalk between Rho/ROCK and
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Smad3 may be cell type-specific. In addition to the ROCK pathway, RhoA has another key
downstream target protein kinase PKN [34]. Because the affinity of ROCKi for PKN is at least 20-30
times lower than that for ROCK [35], ROCKi treatment using Y27632 may not perfectly block the
RhoA signaling. We consider that the balance between Rho/ROCK activation and Smad3
phosphorylation may be influenced by the concentration and/or treatment time of ROCKi in a cell
type-specific manner. In addition, the TGF-β-mediated p38 MAPK pathway may have an additional
role in modulating the transcriptional complex formation between SOX9 and Smad3. Future work will
be directed toward understanding the precise mechanism of ROCKi-dependent Smad3 activation in
meniscus cells.
In conclusion, ROCK inhibition can stimulates SOX9/Smad3-dependent COL2A1
expression through the cooperative activation of Smad3 in inner meniscus cells. ROCKi treatment
may be useful to promote the fibrochondrocytic healing of the injured meniscus.

Declaration of interest
The authors have no conflict of interest.

References

1.

Fithian DC, Kelly MA, Mow VC. Material properties and structure-function relationships in the
menisci. Clin Orthop Relat Res 1990 Mar;252:19-31.

2.

McDevitt CA, Webber RJ. The ultrastructure and biochemistry of meniscal cartilage. Clin Orthop
Relat Res 1990 Mar;252:8-18.

3.

Cheung HS. Distribution of type I, II, III and V in the pepsin solubilized collagens in bovine
menisci. Connect Tissue Res 1987;16(4):343-56.

4.

Kambic HE, McDevitt CA. Spatial organization of types I and II collagen in the canine meniscus.
J Orthop Res 2005 Jan;23(1):142-9.
10

5.

Chevrier A, Nelea M, Hurtig MB, Hoemann CD, Buschmann MD. Meniscus structure in human,
sheep, and rabbit for animal models of meniscus repair. J Orthop Res 2009 Sep;27(9):1197-203.

6.

Furumatsu T, Kanazawa T, Yokoyama Y, Abe N, Ozaki T. Inner meniscus cells maintain higher
chondrogenic phenotype compared with outer meniscus cells. Connect Tissue Res 2011
May;52(6):459-65.

7.

Fujii M, Furumatsu T, Yokoyama Y, Kanazawa T, Kajiki Y, Abe N, Ozaki T. Chondromodulin-I
derived from the inner meniscus prevents endothelial cell proliferation. J Orthop Res 2013
Nov;31(11):538-43.

8.

Kanazawa T, Furumatsu T, Hachioji M, Oohashi T, Ninomiya Y, Ozaki T. Mechanical stretch
enhances COL2A1 expression on chromatin by inducing SOX9 nuclear translocalization in inner
meniscus cells. J Orthop Res 2012 Mar;30(3):468-74.

9.

Kanazawa T, Furumatsu T, Matsumoto-Ogawa E, Maehara A, Ozaki T. Role of Rho small
GTPases in meniscus cells. J Orthop Res. 2014 Nov;32(11):1479-86.

10. Furumatsu T, Asahara H. Histone acetylation influences the activity of Sox9-related
transcriptional complex. Acta Med Okayama 2010 Dec;64(6):351-7.
11. Rath E, Richmond JC. The menisci: basic science and advances in treatment. Br J Sports Med.
2000 Aug;34(4):252-7.
12. McCarty EC, Marx RG, DeHaven KE. Meniscus repair: considerations in treatment and update of
clinical results. Clin Orthop Relat Res. 2002 Sep;(402):122-34.
13. Petersen W, Pufe T, Stärke C, Fuchs T, Kopf S, Raschke M, Becker R, Tillmann B. Locally
applied angiogenic factors-a new therapeutic tool for meniscal repair. Ann Anat. 2005
Nov;187(5-6):509-19.
14. Petersen W, Pufe T, Stärke C, Fuchs T, Kopf S, Neumann W, Zantop T, Paletta J,Raschke M,
Becker R. The effect of locally applied vascular endothelial growth factor on meniscus healing:
gross and histological findings. Arch Orthop Trauma Surg. 2007 May;127(4):235-40.
15. Kopf S, Birkenfeld F, Becker R, Petersen W, Stärke C, Wruck CJ, Tohidnezhad M, Varoga D,
11

Pufe T. Local treatment of meniscal lesions with vascular endothelial growth factor. J Bone Joint
Surg Am. 2010 Nov 17;92(16):2682-91.
16. Pufe T, Petersen WJ, Miosge N, Goldring MB, Mentlein R, Varoga DJ, Tillmann BN.
Endostatin/collagen XVIII-an inhibitor of angiogenesis-is expressed in cartilage and
fibrocartilage. Matrix Biol. 2004 Aug;23(5):267-76.
17. Matsumoto E, Furumatsu T, Kanazawa T, Tamura M, Ozaki T. ROCK inhibitor prevents the
dedifferentiation of human articular chondrocytes. Biochem Biophys Res Commun. 2012
Mar;420(1):124-9.
18. Furumatsu T, Matsumoto E, Kanazawa T, Fujii M, Lu Z, Kajiki R, Ozaki T. Tensile strain
increases expression of CCN2 and COL2A1 by activating TGF-β-Smad2/3 pathway in
chondrocytic cells. J Biomech. 2013 May;46(9):1508-15.
19. Sakata K, Furumatsu T, Miyazawa S, Okada Y, Fujii M, Ozaki T. Comparison between normal
and loose fragment chondrocytes in proliferation and redifferentiation potential. Int Orthop 2013
Jan;37(1):159-65.
20. Furumatsu T, Tsuda M, Yoshida K, Taniguchi N, Ito T, Hashimoto M, Ito T, Asahara H. Sox9
and p300 cooperatively regulate chromatin-mediated transcription. J Biol Chem. 2005 Oct
21;280(42):35203-8.
21. Furumatsu T, Ozaki T, Asahara H. Smad3 activates the Sox9-dependent transcription on
chromatin. Int J Biochem Cell Biol. 2009 May;41(5):1198-204.
22. Furumatsu T, Matsumoto-Ogawa E, Tanaka T, Lu Z, Ozaki T. ROCK inhibition enhances
aggrecan deposition and suppresses matrix metalloproteinase-3 production in human articular
chondrocytes. Connect Tissue Res. 2014 Apr;55(2):89-95.
23. Woods A, Wang G, Beier F. RhoA/ROCK signaling regulates Sox9 expression and actin
organization during chondrogenesis. J Biol Chem. 2005 Mar 25;280(12):11626-34.
24. Burridge K, Wennerberg K. Rho and Rac take center stage. Cell. 2004 Jan 23;116(2):167-79.
25. Narumiya S, Tanji M, Ishizaki T. Rho signaling, ROCK and mDia1, in transformation, metastasis
12

and invasion. Cancer Metastasis Rev. 2009 Jun;28(1-2):65-76.
26. Vial E, Sahai E, Marshall CJ. ERK-MAPK signaling coordinately regulates activity of Rac1 and
RhoA for tumor cell motility. Cancer Cell. 2003 Jul;4(1):67-79.
27. Arakawa Y, Bito H, Furuyashiki T, Tsuji T, Takemoto-Kimura S, Kimura K, Nozaki K,
Hashimoto N, Narumiya S. Control of axon elongation via an SDF-1α/Rho/mDia pathway in
cultured cerebellar granule neurons. J Cell Biol. 2003 Apr 28;161(2):381-91.
28. Kamaraju AK, Roberts AB. Role of Rho/ROCK and p38 MAP kinase pathways in transforming
growth factor-β-mediated Smad-dependent growth inhibition of human breast carcinoma cells in
vivo. J Biol Chem. 2005 Jan 14;280(2):1024-36.
29. Chen S, Crawford M, Day RM, Briones VR, Leader JE, Jose PA, Lechleider RJ. RhoA modulates
Smad signaling during transforming growth factor-β-induced smooth muscle differentiation. J
Biol Chem. 2006 Jan 20;281(3):1765-70.
30. Wang S, Sun A, Li L, Zhao G, Jia J, Wang K, Ge J, Zou Y. Up-regulation of BMP-2 antagonizes
TGF-β1/ROCK-enhanced cardiac fibrotic signalling through activation of Smurf1/Smad6
complex. J Cell Mol Med. 2012 Oct;16(10):2301-10.
31. Shen X, Li J, Hu PP, Waddell D, Zhang J, Wang XF. The activity of guanine exchange factor
NET1 is essential for transforming growth factor-β-mediated stress fiber formation. J Biol Chem.
2001 May 4;276(18):15362-8.
32. Edlund S, Landström M, Heldin CH, Aspenström P. Smad7 is required for TGF-β-induced
activation of the small GTPase Cdc42. J Cell Sci. 2004 Apr 1;117(Pt 9):1835-47.
33. Xu J, Lamouille S, Derynck R. TGF-β-induced epithelial to mesenchymal transition. Cell Res.
2009 Feb;19(2):156-72.
34. Deaton RA, Su C, Valencia TG, Grant SR. Transforming growth factor-β1-induced expression of
smooth muscle marker genes involves activation of PKN and p38 MAPK. J Biol Chem. 2005 Sep
2;280(35):31172-81.
35. Ishizaki T, Uehata M, Tamechika I, Keel J, Nonomura K, Maekawa M, Narumiya S.
13

Pharmacological properties of Y-27632, a specific inhibitor of rho-associated kinases. Mol
Pharmacol. 2000 May;57(5):976-83.

14

Figure legends

Fig. 1. Collagen deposition in ROCKi-treated meniscus cells. (A) Type I collagen (COL1), red; Type
II collagen (COL2), green or yellow; Hoechst, blue. Bars, 50 μm. (B and C) COL1-COL2 double
positive cells/total cells in inner and outer meniscus cells (n = 5). * p < 0.05.

Fig. 2. SOX9 and COL2A1 expression in meniscus cells. (A) Real-time PCR analysis revealed that
ROCKi (0.1, 1, and 10 μM) increased SOX9 gene expression (to 2.1-, 12.5-, and 2.7-fold levels of
untreated cells, respectively) in inner meniscus cells (n = 4). In outer meniscus cells, SOX9 expression
was enhanced to 3.9- and 2.5-fold levels of control by 1 and 10 μM ROCKi treatments, respectively.
Relative expression level was normalized with the level of untreated inner meniscus cells (A and B).
(B) COL2A1 expression was stimulated by ROCKi in inner cells (0.1 μM, 2.2-fold level; 1 μM, 13.8;
and 10 μM, 1.6). In addition, ROCKi treatment (1 and 10 μM) increased COL2A1 expression in outer
cells (7.0- and 4.8-fold levels, respectively). * p < 0.05.

Fig. 3. Effect of ROCKi on nuclear translocalization of SOX9 and Smad2/3. (A) Shapes of inner
meniscus cells in the presence or absence of ROCKi (red, F-actin). SOX9 and phosphorylated
(P)-Smad2/3 were accumulated in the nucleus by ROCKi treatment (green, SOX9 or P-Smad2/3).
Bars, 50 μm. (B) Western blot (WB). ROCKi treatment (1 μM, 2 h) increased SOX9 deposition in the
nuclear fraction to a 1.2-fold level of untreated control. (C) Nuclear translocalization of Smad3 was
increased to a 4.8-fold level of control by ROCKi. (D) IP analysis revealed that the association
between SOX9 and Smad3 was increased by ROCKi treatment (1 μM, 2 h) in inner meniscus cells.

Fig. 4. Effect of ROCKi on the association among SOX9, Smad3, and the COL2A1 enhancer. (A) A
scheme involving the human COL2A1 gene and SOX9-Smad3/4 transcriptional complex is shown.
Filled box denotes the conserved SOX9-binding site on the COL2A1 enhancer. Numbers indicate the
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distance from the transcription start site of the COL2A1 gene (GenBank, AC004801). Arrowheads and
dotted lines denote the primer sets and expected PCR fragments in chromatin IP, respectively. (B)
Chromatin IP analyses revealed that endogenous SOX9 associated with the SOX9-binding site on the
COL2A1 enhancer in the presence or absence of ROCKi (1 μM, 2 h treatment). (C) However, ROCKi
treatment

increased

the

COL2A1

enhancer

fragments

co-immunoprecipitated

with

nuclear-translocalized Smad3. No fragments were observed using primers for the COL2A1 promoter
in chromatin IP fractions (B and C). Mouse and rabbit IgG were used as the controls for anti-SOX9
and Smad3 antibodies, respectively (IgG).

Supplemental Fig. 1. Histological phenotypes of inner and outer regions of the meniscus. (A)
Preparation of the meniscal samples and cells. The middle segment of the lateral meniscus was used
for histological analyses. White bar, 1 cm. (B-D) Safranin O-stained meniscal samples. (E-G) Type I
collagen deposition (brown) was assessed by a rabbit anti-collagen I antibody. (H-J) Type II collagen
deposition was visualized by a mouse anti-collagen II antibody. (E and H) Negative controls in the
absence of primary antibodies. Bars, 100 μm.

Supplemental Fig. 2. ROCKi-treated cellular morphologies were evaluated using a phase-contrast
microscope. Bars, 100 μm.
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