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Abstract

Cartilage injuries caused by arthritis or trauma pose formidable challenges for effective clinical 

management due to the limited intrinsic proliferative capability of chondrocytes. Autologous stem 

cell-based therapies and transgene-enhanced cartilage tissue engineering may open new avenues 

for the treatment of cartilage injuries. Bone morphogenetic protein 2 (BMP2) induces effective 

chondrogenesis of mesenchymal stem cells (MSCs) and can thus be explored as a potential 

therapeutic agent for cartilage defect repair. However, BMP2 also induces robust endochondral 

ossification. Although the precise mechanisms through which BMP2 governs the divergence of 

chondrogenesis and osteogenesis remain to be fully understood, blocking endochondral 

ossification during BMP2-induced cartilage formation may have practical significance for 

cartilage tissue engineering. Here, we investigate the role of Sox9-donwregulated Smad7 in 

BMP2-induced chondrogenic differentiation of MSCs. We find that overexpression of Sox9 leads 

to a decrease in BMP2-induced Smad7 expression in MSCs. Sox9 inhibits BMP2-induced 

expression of osteopontin while enhancing the expression of chondrogenic marker Col2a1 in 

MSCs. Forced expression of Sox9 in MSCs promotes BMP2-induced chondrogenesis and 

suppresses BMP2-induced endochondral ossification. Constitutive Smad7 expression inhibits 

BMP2-induced chondrogenesis in stem cell implantation assay. Mouse limb explant assay reveals 

that Sox9 expands BMP2-stimulated chondrocyte proliferating zone while Smad7 promotes 

BMP2-intitated hypertrophic zone of the growth plate. Cell cycle analysis indicates that Smad7 

induces significant early apoptosis in BMP2-stimulated MSCs. Taken together, our results strongly 
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suggest that Sox9 may facilitate BMP2-induced chondrogenesis by downregulating Smad7, which 

can be exploited for effective cartilage tissue engineering.
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INTRODUCTION

There have been currently limited techniques available to effectively repair cartilage injuries 

caused by osteoarthritis or trauma although cartilage restoration techniques have been 

explored for cartilage injury repair.1–4 The efficacy of cartilage restoration techniques, such 

as autologous chondrocyte implantation and osteochondral allograft, is largely limited by 

insufficient cell supplies, adverse donor site effects, and immunological reactions.5–7 

Autologous stem cell and/or gene-based cartilage tissue engineering techniques may open 

new avenues for the treatment of cartilage injuries.1,4,7,8

Bone morphogenetic protein 2 (BMP2), a member of the TGFβ/BMP superfamily, regulates 

multiple aspects of chondrogenesis 9–11. BMP2 can induce chondrogenic differentiation of 

mesenchymal stem cells (MSCs), such as human bone marrow-derived stromal cells 

(hBMSCs), adipose-derived stem cells (ADSCs), mouse embryonic fibroblasts (MEFs) 
4,12–17. During development, BMP2 promotes condensation, chondrogenic differentiation, 

chondrocyte proliferation, and hypertrophic differentiation4,16,18,19. Thus, BMP2 is capable 

of inducing both chondrogenic differentiation and endochondral ossification, which impairs 

cartilage formation by inducing apoptosis and degeneration 9,10,19–21. In fact, BMP2 was 

approved by the United States Food and Drug Administration (FDA) for promoting bone 

regeneration in spinal fusion and nonunion fracture healing 10,11,22. Thus, it is conceivable 

that BMP2 may be used for cartilage injury repair if BMP2-induced chondrogenesis in 

MSCs is enhanced and/or BMP2-induced osteogenesis is inhibited.

We have recently shown that exogenous expression of Sox9, an essential regulator of 

chondorgenesis4,8,16,23,24, is beneficial for cartilage formation through enhancing BMP2-

induced chondrogenic differentiation and inhibiting ossification 25. However, Sox9 alone 

fails to induce chondrongenic differentiation of MSCs 25,26. These findings indicate that 

Sox9 may coordinate BMP2 signaling activity in regulating chondrogenic differentiation. 

However, it is not clear how Sox9 regulates BMP2-induced chondrogenic differentiation in 

MSCs.

Here we investigated the effect of Sox9-donwregulated Smad7 on BMP2-induced 

chondrogenic differentiation of MSCs. Smad7 belongs to the inhibitory Smad family and is 

an intracellular inhibitor of the TGFβ/BMP pathway10,27–29. We found that overexpression 

of Sox9 led to a decrease in BMP2-induced Smad7 expression in MSCs. Forced expression 

of Sox9 promoted BMP2-induced chondrogenesis and suppressed BMP2-induced 

endochondral ossification, while constitutive Smad7 expression inhibited BMP2-induced 

chondrogenesis in vivo. Mouse limb explant assay revealed that Sox9 expanded BMP2-
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stimulated proliferating zone while Smad7 promoted BMP2-intitated hypertrophic zone of 

the growth plate. Furthermore, Smad7 induced significant early apoptosis in BMP2-

stimulated MSCs. These results strongly suggest that Sox9 may facilitate BMP2-induced 

chondrogenesis by downregulating Smad7, which can be exploited for effective cartilage 

tissue engineering.

MATERIALS AND METHODS

Cell culture and chemicals

HEK-293 and C3H10T1/2 cell lines were obtained from ATCC (Manassas, VA) and 

maintained in a complete Dulbecco’s modified Eagle’s medium (DMEM) (Hyclone, Logan, 

UT, USA) supplemented with 10% fetal bovine serum (FBS) (Hyclone), 100 U/ml penicillin 

and 100 mg/ml streptomycin at 37°C in humidified 5% CO2 as reported30,31. Unless 

indicated otherwise, all other reagents were purchased from MilliporeSigma (St. Louis, MO) 

or Thermo-Fisher Scientific (Waltham, MA).

Recombinant adenoviruses expressing GFP, BMP2, Sox9, and Smad7

All the recombinant adenoviruses were constructed with AdEasy technology as 

described32,33. Briefly, the coding regions of human BMP2, mouse Smad7, and human Sox9 

were PCR amplified and subcloned into adenoviral shuttle vectors, which were subsequently 

subjected to generating recombinant adenoviruses in HEK-293 or 293 derivatives 293pTP 

and RAPA lines 34,35, resulting Ad-BMP2, Ad-Smad7, and Ad-Sox9, which also co-express 

GFP. Ad-GFP was used as a mock virus control as described 36,37. For all adenoviral 

infections, polybrene (4–8μg/ml) was added to potentiate infection efficiency as previously 

described 38. Detailed information about vector constructions is available upon request.

Micromass plating and adenovirus infection of MSCs

Subconfluent MSCs were infected with Ad-GFP, Ad-BMP2, Ad-Sox9, Ad-Smad7, Ad-

BMP2 and Ad-Sox9, respectively. At 24h after infection, the cells were collected and 

resuspended in culture medium at high-density (106 cells in a 50μl drop of media) as 

described 17,39. The cell droplet (50 μl) was added at the center of each well in the 12-well 

plate and then transferred to CO2 incubators for 2h, followed by adding 3ml of culture 

medium to each well. The medium was changed every 3 to 4 days. GFP expression was 

recorded at different time points.

RNA isolation and quantitative PCR (qPCR)

Total RNA was isolated by using TRIzol reagent (Thermo Fisher) and subjected to reverse 

transcription with the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA) as reported 
36,40,41. The qPCR was carried out by using the SoAdvanced SYBR Green Supermix (Bio-

Rad) under the following conditions: 95°C for 3min ×1 cycle; 95°C for 10 sec, 58°C for 5 

sec ×40 cycles. The used qPCR primers include the following: Smad7 forward 5′-aag atc 

ggc tgt ggc atc-3″ and reverse 5′-cca aca gcg tcc tgg agt-3′; Col2a1 forward 5′-caa cac aat 

cca ttg cga ac-3′ and reverse 5′-tct gcc cag ttc agg tct ct-3′; Opn forward 5′-cct ccc ggt gaa 

agt gac-3′ and reverse 5′-ctg tgg cgc aag gag att-3′; and Gapdh forward 5′-cta cac tga gga 

cca ggt tgt ct-3′ and reverse 5′-ttg tca tac cag gaa atg agc tt-3′. The amplification efficiency 
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and specificity of each primer set were confirmed by comparing the standard curves of the 

threshold cycle (Ct) values to the cDNA serial dilutions and melting curves. Gapdh was used 

a reference gene.

Western blot analysis

Cells were collected with the Lysis Buffer (Beyotime, China). The total cell lysate was 

cleared and subjected to 10% SDS-PAGE, followed by transfer to PVDF membranes. The 

membranes were blotted with the antibodies against Smad7, BMP2, GFP, or Sox9 (Santa 

Cruz Biotechnology Inc., Santa Cruz, USA), and subsequently probed with secondary 

antibodies conjugated with horseradish peroxidase (EarthOx, Millbrae, CA, USA). The 

proteins of interest were visualized by using the ECL detection kit (MilliporeSigma).

Ectopic cartilage and bone formation assay

The use and care of the animals and the animal experimental procedures were approved by 

the Ethical Committee of Chongqing Medical University, Chongqing, China. The ectopic 

bone formation assay was carried out as described42–44. Briefly, subconfluent C3H10T1/2 

cells were infected with Ad-GFP, Ad-BMP2, Ad-Sox9, and/or Ad-Smad7. At 24h after 

infection, the cells were harvested and resuspended in PBS and injected subcutaneously 

(5×106 per injection) into the flanks of athymic nude (nu/nu) mice (5 mice per group, 6-wk 

old males; the Experimental Animal Center, Chongqing Medical University, Chongqing, 

China). The animals were maintained ad lib in the biosafety barrier facility. At 4 weeks after 

injection, the animals were euthanized. The ectopic masses were retrieved from injection 

sites and subjected to micro-CT imaging, followed by histological and other 

evaluations37,45.

Mouse fetal limb explant culture

Forelimbs of mouse embryos (E18.5) were dissected under sterile conditions and incubated 

in DMEM containing 0.5% FBS, 50 mg/ml ascorbic acid, 1 mM β-glycerophosphate, 100 

U/ml penicillin, and 100 mg/ml streptomycin at 37°C in humidified air with 5% CO2, for up 

to 14 days as described 46–48. At 12h after dissection the skin-free limbs were infected by 

adding Ad-GFP, Ad-BMP2, Ad-Sox9, and/or Ad-Smad7 to the culture medium. Medium 

was changed every 2 to 3 days. GFP signal was observed under a microscope to monitor the 

survival of the cells in the cultured tissues. At 14 days after culturing, the tissues were fixed 

for histological evaluation.

Hematoxylin and Eosin, Masson’s Trichrome and Alcian Blue staining

The retrieved and cultured tissues were fixed with 10% formalin, decalcified, and subjected 

to paraffin embedding. Serial sections at 5μm of embedded specimens were carried out, and 

mounted onto treated slides. The sections were deparaffinized and then rehydrated in a 

graduated fashion. H & E staining, Masson’s Trichrome staining, and Alcian Blue staining 

were done as described 49–51.
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Apoptosis analysis

Subconfluent C3H10T1/2 cells were infected with Ad-BMP2, Ad-GFP, Ad-Smad7 and/or 

Ad-Sox9 and cultured for 3 days. The cells were harvested, washed with PBS, and 

resuspended in the binding buffer (100μl of calcium buffer containing 10mM HEPES, pH 

7.4, 140mM NaCl, and 2.5mM CaCl2), followed by double staining with the APC Annexin 

V Apoptosis Detection Kit with 7-AAD (BioLegend, San Diego, CA, USA). The stained 

cells were subjected to flow cytometry to identify live cells (Annexin V-PE−/7-AAD−), early 

apoptotic cells (Annexin V-PE+/7-AAD−), late apoptotic or secondary apoptotic cells 

(Annexin V-PE+/7-AAD+), and necrotic cells (Annexin V-PE−/7-AAD+).

Statistical analysis

All quantitative experiments were performed in triplicate and/or repeated three independent 

experiments. Data were expressed as mean + standard deviation (SD). The one-way analysis 

of variance was used to analyze statistical significance. A value of p<0.05 was considered 

statistically significant.

RESULTS

Sox9 inhibits BMP2-induced Smad7 expression in MSCs

In order to achieve high levels of transgene expression we constructed a panel of 

recombinant adenoviruses expressing Smad7, BMP2, or Sox9. When C3H10T1/2 cells were 

seeded as micromass culture and infected with Ad-BMP2, Ad-Sox9, Ad-Smad7, Ad-

BMP2+Ad-Sox9, or Ad-GFP, we found that micromasses were effectively transduced by the 

adenoviral vectors at 24h after infection (Figure 1A). Western blotting analysis conformed 

that the transgenes were highly expressed in the micromasses that were infected with 

respective adenoviral vectors for 48h (Figure 1B).

Using the adenoviral vectors, we tested whether exogenous expression of Sox9 would affect 

Smad7 level upon BMP2 stimulation in C3H10T1/2 cells. Western blotting analysis revealed 

that Smad7 was up-regulated by BMP2 while Sox9 alone did not significantly affect Smad7 

expression, compared with that of the GFP alone group (Figure 2AB). However, constitutive 

Sox9 expression significantly inhibited BMP2-induced expression of Smad7, compared with 

that of the BMP2 alone groups (Figure 2AB). These results were further confirmed by qPCR 

analysis. We found that BMP2 effectively up-regulated Smad7 expression at days 3, 7 and 

11 days after infection (Figure 2C), while BMP2-induced Smad7 expression was 

significantly inhibited by Sox9, especially at days 7 and 11 after infection (Figure 2C). 

These results strongly suggest that Sox9 may suppress Smad7 expression induced by BMP2 

in MSCs.

Co-expression of BMP2 and Sox9 promotes chondrogenic differentiation while inhibiting 
osteogenic markers in MSCs

We further analyzed the effect on Sox9 on BMP2-induced expression of chondrogenic and 

osteogenic markers in MSCs. BMP2 was shown to effectively induce Opn expression, which 

Sox9 inhibited Opn expression (Figure 3AB). Furthermore, Sox9 was shown to significantly 

inhibit BMP2-induced Opn expression (Figure 3AB). Conversely, Sox9 was shown to 
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enhance BMP2-induced expression of chondrogenic marker Col2a1 (Figure 3AB). Similar 

results were obtained from qPCR analysis. BMP2 was shown to induce Col2a1 expression, 

which was significantly enhanced by Sox9 (Figure 3C). On the contrary BMP2-induced Opn 

expression was drastically suppressed by Sox9 expression although BMP2 effectively up-

regulated Opn expression (Figure 3C). Collectively, these results indicate that Sox9 can 

inhibit Smad7 expression and BMP2-induced endochondral ossification and hence promote 

BMP2-induced chondrogenic differentiation.

Sox9 impairs BMP2-induced ectopic ossification and promotes chondrogenesis, while 
Smad7 blocks BMP2-induced cartilage formation

We next analyzed the in vivo effect of Sox9 and Smad7 on BMP2-induced ectopic bone and 

cartilage formation using our previously established stem cell implantation assay 45,49,52,53. 

When C3H10T1/2 cells were infected with Ad-GFP, Ad-BMP2, Ad-Sox9, and/or Ad-Smad7 

and injected subcutaneously into the flanks of athymic nude mice for 4 weeks, we found that 

the cells transduced with Ad-GFP, AdSmad7 or AdSox9 alone failed to form any detectable 

masses (data not shown). The cells transduced by BMP2 alone formed the largest ectopic 

bone/cartilage masses, while BMP2+Smad7 group formed the smallest masses (Figure 4A-

ab). The cells co-transduced with BMP2 and Sox9 formed significantly smaller masses than 

that of the BMP2 alone group (Figure 4A-ab). Furthermore, microCT imaging analysis 

indicates that the mean bone mineral density was significantly decreased in BMP2+Sox9 

and BMP2+Smad7 groups, compared with that of the BMP2 only group (Figure 4A-c).

H & E staining indicates that BMP2 induced robust bone formation with traces of cartilage 

formation, which was significantly inhibited by Smad7 overexpression, while Sox9 

overexpression effectively inhibited BMP2-induced bone formation and led to the formation 

of cartilage-like tissues (Figure 4C-a). Trichrome staining further confirmed that BMP2-

induced ossification was completely inhibited by Sox9 overexpression (Figure 4C-b), while 

alcian blue staining analysis indicates that Sox9 significantly promoted BMP2-induced 

cartilage formation from MSCs (Figure 4C-c). These in vivo findings further confirm our in 
vitro results about the chondrogenesis-promoting effect of Sox9 on BMP2-induced 

differentiation of MSCs.

Smad7 promotes chondrocyte hypertrophy and apoptosis upon BMP2 stimulation, which 
is alleviated by Sox9

We further analyzed the interplay between Sox9 and Smad7 in the presence of BMP2 at 

growth plate using the fetal limb explant culture assay as described 46,54. The mouse E18.5 

perinatal forelimbs were cultured and shown to be effectively co-transduced with AdGFP, 

AdBMP2 and/or Ad-GFP, Ad-Sox9, or Ad-Smad7 for up to 2 weeks (Figure 5A). At the 

endpoint we analyzed the cultured explants histologically and found that BMP2 promoted a 

coordinated expansion of cartilage zones at the growth plat, while Sox9 overexpression 

enhanced BMP2-induced expansion of proliferating chondrocyte zone (Figure 5BC). 

However, overexpression of Smad7 led to a significant expansion of the hypertrophic 

chondrocyte zone while decreasing the proliferating chondrocyte zone (Figure 5BC). These 

results suggest that Smad7 may impair BMP2-induced chondrocyte proliferation and 
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promote chondrocyte hypertrophy in the fetal limb explant culture, which may be reversed 

by Sox9 overexpression.

We performed flow cytometry analysis to evaluate the effect of Smad7 on the apoptosis in 

BMP2-stimulated MSCs. We found that Smad7 overexpression significantly increased the 

early apoptosis rate in BMP2-stimulated MSCs, compared with that of the control group or 

Sox9 group (Figure 6AB). These results suggest that Smad7 may induce chondrocyte 

apoptosis. Thus, downregulating Smad7 expression such as through Sox9 overexpression 

may represent a novel approach to promote BMP2-induced chondrogenesis from MSCs.

DISCUSSION

BMP2 induces not only cartilage formation but also endochondral ossification although the 

precise mechanisms through which BMP2 governs the divergence of chondrogenesis and 

osteogenesis remain to be fully understood4,10,55. In this study, we found that overexpression 

of Sox9 can effectively suppress Smad7 expression in the later stage of chondrogenic 

differentiation even though Smad7 is upregulated by BMP2 during chondrogenesis. When 

Sox9 is overexpressed, Smad7 expression is downregulated and BMP2-induced 

chondrogenesis is concurrently enhanced in vitro and in vivo. Thus, our results strongly 

suggest that Sox9 may promote BMP2-induced chondrogenic differentiation through 

inhibiting Smad7 expression (Figure 6C).

As one of the two inhibitory Smad proteins, Smad7 seemingly plays a distinct role in 

BMP2-induced chondrogenic differentiation4. It was reported that BMP2-induced 

cartilaginous nodule formation was downregulated by Smad7, but not Smad6, through 

inhibiting the Smad1/5/8 and p38 pathway 27,56,57. Smad7 was shown more closely related 

to endochondral ossification as Smad7 knock-out mice exhibited ossification defects in the 

calvarial bones56. A partial loss of Smad7 function led to reduced osteogenic potential, 

fewer mineralized nodules, lower ALP activity, and reduced gene expression of osteogenic 

markers Col1A1, Runx2, and OCN58. Furthermore, it was reported that high levels of 

Smad7 induced by BMP2 may pose as a major obstacle to chondrogenic differentiation 
27,28.

In this study, we have demonstrated that Sox9 may suppress Smad7 expression and hence 

promote BMP2-induced chondrogenesis (Figure 6C). Even though Sox9 is considered as a 

key transcription regulator for chondrogenesis4,59, many studies demonstrate that Sox9 

alone is insufficient to chondrogenic differentiation from MSCs 4,60,61. Our results also 

revealed that exogenous expression of Sox9 failed to induce cartilage formation in stem cell 

implantation assay and had limited effect on inducing Col2al expression. Thus, it’s 

conceivable that Sox9 is more likely to cooperate with other regulators during BMP2-

induced chondrogenic differentiation of MSCs.

While the exact mechanism underlying the role of Sox9 in BMP2-induced chondrogenesis 

remains unclear, downregulation of Smad7 may at least in part explain how Sox9 cooperates 

with BMP2 in cartilage formation. Overexpression of Sox9 during BMP2-induced 

chondrogenesis may up-regulate Sox5/Sox6/Sox9 and hence enhance chondrogenic 
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differentiation62,63. We previously found that Runx2 can be downregulated by Sox9, which 

may lead to delayed ossification25. It was reported that a loss of Smad7 downregulated 

Runx2 expression58. Furthermore, BMP2 was shown to promote differentiation of 

osteoblasts and chondroblasts in Runx2-deficient cell lines19, suggesting that Runx2 may 

play a limited role during endochondral ossification. Nonetheless, a decrease in Smad7 may 

be beneficial for Sox9-promoting chondrogenic differentiation while blocking endochondral 

ossification in BMP2-transduced MSCs.

Blocking endochondral ossification during BMP2-induced cartilage formation may have 

practical significance for cartilage tissue engineering. During endochondral ossification 

chondrocytes in the centers of the cartilage condensations exit cell cycle and evolve into 

prehypertrophic, and then hypertrophic chondrocytes, which eventually undergo apoptosis. 

Subsequently, the cartilage matrix is invaded by blood vessels, osteoblasts, and osteoclasts, 

which degrade the cartilage matrix and replace cartilage with bone56. Smad7 expression is 

closely related with endochondral ossification and maturation of chondrocytes. Here, we 

demonstrated that Smad7 expression is suppressed by Sox9, resulting in diminished 

endochondral ossification and decreased apoptosis of chondrocytes.

In summary, we demonstrate that Sox9 can effectively down-regulate Smad7 expression, and 

hence cooperates with BMP2 during cartilage formation by enhancing chondrogenic 

differentiation and blocking endochondral ossification. Thus, it is conceivable that 

overexpression of Sox9 and/or inhibition of Smad7 may be exploited as novel strategies to 

develop more efficient cartilage tissue engineering to treat cartilage injuries.
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Figure 1. Adenovirus-mediated effective transduction of BMP2, Sox9, Smad7 and GFP into the 
micro-mass formed with C3H10T1/2 cells
(A) C3H10T1/2 cells were seeded as micromasses and infected with Ad-BMP2, Ad-Sox9, 

Ad-BMP2+Ad-Sox9, Ad-Smad7 and Ad-GFP. Representative bright field and GFP 

fluorescence fields were recorded at 24h after infection. Representative results are shown. 

(B) Western blot analysis of adenovirus-mediated transgene expression. Total cell lysate was 

collected form the micromass culture at 48h after infection and subjected to SDS-PAGE. The 

transgene expression of BMP2, Sox9 and Smad7 was probed with respective antibodies. Ad-

GFP infected cells were used as negative controls. GAPDH expression was used as loading 

controls. Representative results are shown.
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Figure 2. Sox9 down-regulates BMP2-induced expression of Smad7 in MSCs
(A & B) Western blotting analysis of Smad7 expression at protein level. C3H10T1/2 cells 

were infected with the indicated adenoviral vectors. At 7 and 11 days after infection, total 

cell lysate was prepared and subjected to Western blotting analysis with an anti-Smad7 

antibody or anti-β-actin control (A). The Western blotting results were quantitatively 

analyzed (B). BMP2-induced Smad7 expression was higher than that in the GFP group 

(p<0.05). In the BMP2+Sox9 group, overexpression of Sox9 downregulated BMP2-induced 

Smad7 expression at days 7 and 11 compared to that of the BMP2 group (p<0.05). (C) 

qPCR analysis of Smad7 expression at mRNA level. C3H10T1/2 cells were infected with 

the indicated adenoviral vectors. Total RNA was isolated at 3, 7, and 11 days after infection 

and subjected to quantitative RT-PCR (qPCR) using Smad7-rescific primers. BMP2 

upregulated Smad7 mRNA levels at days 3, 7, and 11 compared to the GFP group (p<0.05). 

At days 7 and 11 overexpression of Sox9 decreased BMP2-induced Smad7 mRNA level, 

compared to that of the BMP2 group (p<0.05). Gapdh was used as a reference gene. “*” 

p<0.05, vs. Ad-GFP; “#” p<0.05, vs. Ad-BMP2.
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Figure 3. Sox9 inhibits BMP2-induced osteogenic marker, but potentiates BMP2-induced 
chondrogenic marker
(A & B). Western blotting analysis of OPN and Col2aI expression. C3H10T1/2 cells were 

infected with the indicated adenoviral vectors. At 7 days after infection, total cell lysate was 

prepared and subjected to Western blotting analysis with an OPN, Col2al, or β-actin 

antibodies (A). Western blotting results were quantitatively analyzed by using Quantity one 

(B). (C). qPCR analysis of OPN and Col2aI expression. C3H10T1/2 cells were infected with 

the indicated adenoviral vectors. Total RNA was isolated at 5 days after infection and 

subjected to quantitative RT-PCR (qPCR) using Col2al and OPN-specific primers. Gapdh 

was used as a reference gene. “#” p<0.05, vs. Ad-BMP2; “*” p<0.05, vs. Ad-GFP group.
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Figure 4. Sox9 promotes BMP2-induced chondrogenesis in MSCs, which is inhibited by Smad7
(A) C3H10T1/2 cells were infected with the indicated adenoviral vectors and implanted 

subcutaneously in athymic nude mice for 8 weeks. The retrieved masses were subjected to 

microCT analysis (A-a) to determine the average bone volume (A-b) and the mean mineral 

density in Hounsfield unit (HU) (A-c). No masses were retrieved from Sox9 only, Smad7 

only, and GFP only groups. Representative images are shown. “*”, p<0.05, vs. Ad-

BMP2+Ad-GFP; “#” p<0.05, vs. Ad-BMP2+Ad-Sox9. (B). Histologic evaluation of the 

retrieved bone masses. The retrieved masses were fixed, decalcified and subjected to 

hematoxylin and eosin (H & E) (a), Masson’s trichrome (b), and alcian blue staining (c). 

Representative images are shown.
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Figure 5. Sox9 promotes BMP9-induced proliferation of chondrocytes while Smad7 promotes 
chondrocyte hypertrophy of mouse limb explants
(A) Mouse limb explant culture. Mouse E18.5 forelimbs (n=4 per group) were cultured in an 

organ culture medium containing Ad-BMP2 and Ad-GFP, Ad-Smad7, or Ad-Sox9. The 

infection efficiency was visualized under a fluorescent microscope at 48h after infection. 

Representative images are shown. (B) Histological analysis of the cultured forelimbs. The 

forelimbs were subjected to H & E staining (a). Representative images are shown. 

Quantitative analysis of the average length of proliferating chondrocyte zone, hypertrophic 

zones, and pre-hypertrophic zones of the growth plate (b). The histologic stains were 

analyzed by using the Image J software. “Pro”, proliferative chondrocyte zone; “Hyp”, 

hypertrophic chondrocyte zone; “Pre”, pre-hypertrophic chondrocyte zone. “#” p<0.05, vs. 

Ad-BMP2+Smad7; “*” p<0.05, vs. Ad-GFP.

Zhao et al. Page 17

Genes Dis. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Sox9 alleviates Smad7-induced early apoptosis in BMP2-stimulated MSCs
Subconfluent C3H10T1/2 cells were infected with the indicated adenoviral vectors for 3 

days. The infected cells were collected and subjected to apoptosis assay (A). The early 

apoptosis rates were quantitatively assessed and graphed (B). “*”, p<0.001 vs. BMP2+GFP 

group. (C) A potential mechanism underlying how Sox9 may promote BMP2-induced 

chondrogenic differentiation through inhibiting Smad7.
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