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Abstract
Background: Mesenchymal stem cells (MSC) are promising tools for tissue-engineering 
and musculoskeletal regeneration. They reside within various tissues, like adipose tissue, 
periosteum, synovia, muscle, dermis, blood and bone marrow, latter being the most common 
tissue used for MSC isolation. A promising alternative source for MSC is adipose tissue due to 
better availability and higher yield of MSC in comparison to bone marrow. A drawback is the 
yet fragmentary knowledge of adipose-derived stem cell (ASC) physiology in order to make 
them a safe tool for in vivo application. Methods/Results: 
expressed and crucial transcription factor in undifferentiated rat ASC (rASC). In comparison 
to rat bone marrow-derived stem cells (rBMSC), mRNA and protein levels of Sox9 were 

rASC and examined proliferation, apoptosis and the expression of osteogenic differentiation 

genes between undifferentiated rASC and rBMSC in early passages. Sox9 silencing induced the 
expression of osteocalcin, Vegf  and Mmp13, and decreased rASC proliferation accompanied 
with an induction of p21 and cyclin D1 expression and delayed S-phase entry. Conclusions: 
We suggest a pro-proliferative role for Sox9 in undifferentiated rASC which may explain the 
higher proliferation rate of rASC compared to rBMSC. Moreover, we propose an osteogenic 
differentiation delaying role of Sox9 in rASC which suggests that Sox9 expression is needed to 
maintain rASC in an undifferentiated, proliferative state.
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IntroductionMesenchymal stem cells (MSC) are able to self-renew and to differentiate into several lineages, i.e. chondrocytes, osteocytes or adipocytes and thus MSC are a highly attractive alternative for usage in tissue-engineering and regenerative medicine.In the past, adult MSC were commonly isolated from bone marrow. Bone marrow- derived stem cells (BMSC) form only 0.001– 0.01% of total nucleated cells in the aspirate [1] and, require therefore a considerable amount of primary cell material or a time consuming expansion period. Moreover, comorbidity constitutes a problem, as it is always required to induce a bone defect to aspirate the bone marrow. Today it is known that MSC can be found in nearly all adult tissues, e.g. adipose tissue, dermis, periosteum, peripheral and menstrual blood and in solid organs like liver, spleen and lung [2-4]. Therefore, adipose-derived MSC (ASC) qualify as an excellent alternative to BMSC. Advantages are the abundance of adipose tissue in the body of mammals and its easy accessibility as it is often prone to disposal as medical waste [5]. In addition, the method of obtaining a lipo-aspirate is less invasive and expensive which is in part attributable to the fact that adipose tissue displays a 2500-fold higher frequency of stem cells compared to bone marrow [6]. Molecular characteristics in terms of their immunosuppressive properties show that ASC behave similar to BMSC [7]. Recent studies related to bone tissue-engineering using ASC in combination with several clinically available biomaterials and scaffolds show promising results.  In a self-designed bioreactor, Fröhlich et al. cultured a scaffold construct seeded with human ASC and reported a profound increase in osteogenic differentiated cells and bone matrix formation [8]. Animal model studies support the idea that ASC are of interest for the fabrication of tissue-engineered bone in vitro. Notable, autologous ASC improved bone regeneration in a critical-sized skull defect of adult New Zealand white rabbits, when they were implanted after pre-osteogenic induction together with a ϐibronectin-coated porous cylindrical PLA (poly-L-lactic acid) scaffold [9].It is known that culture time and passage number of MSC in general, and ASC in particular crucially affect their biological activities and their immunophenotype.Different studies have compared and characterized the immunophenotype of freshly isolated ASC with serial passaged ASC, and found that during culture time the expression proϐile of stromal cell associated surface markers and colony forming unit capacity changed progressively while other markers as endothelial associated molecules remained unaffected [10, 11]. One reason is certainly the well known heterogeneity of fresh ASC preparations which most likely affects biological properties beside the expression of surface markers. Further, it is described that long-term in vitro expansion of human ASC affects osteogenic differentiation capacity negatively and increases cell senescence. After long-term in vitro expansion culture, ASC were able to differentiate into immature osteoblast-like cells only [12, 13]. Hence, a short-term expansion period of undifferentiated ASC in combination with the requirement to receive a sufϐicient number of cells is highly desirable for optimal therapeutically use. In this light, the physiology of ASC needs still in depth characterization to assure that there is no loss or alteration of the cellular or molecular phenotype during ex 
vivo culture and differentiation and subsequent in vivo application.Sox9 is mainly described as the master transcription factor for chondrogenic differentiation and is expressed in all osteo-chondroprogenitor cells and chondrocytes. It is required for mesenchymal condensation and inhibition of precocious hypertrophic conversion of proliferating chondrocytes during embryonic chondrogenesis [14, 15]. Several recent studies have demonstrated that Sox9 is also well expressed in adult tissues [16]. Sox9 is not only crucial for chondrogenic differentiation of BMSC [17, 18] but also of MSC from other sources. Yang et al. showed that Sox9 facilitates the differentiation of adipose tissue-derived stem cells into a chondrocyte-like phenotype in vitro [19].In addition to its critical involvement in chondrogenic differentiation during musculoskeletal development, Akiyama et al. suggest that osteo-chondroprogenitor 
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cells, derived from mesenchymal stem cells, adopt an osteogenic phenotype when Sox9 expression is lower than Runx2 expression which is supported by a delayed endochondral bone formation in Sox9 knock-in heterozygous mutant mice [16, 20]. In addition, when Sox9 is ectopically overexpressed in Runx2-expressing osteoblasts, the following ossiϐication process appears abnormal, indicating that Sox9 is able to inhibit regulators of osteoblast development [21]. The role of Sox9 for chondrogenesis has already been thoroughly studied in BMSC [17, 22, 23] as well as in ASC [24] but only little is known about the role of Sox9 in undifferentiated MSC and BMSC or ASC osteogenesis [25]. Lee et al. determined in their study the potential of SOX-trio co-transduced ASC (Sox9, Sox5 and Sox6) to repair osteochondral defects and to delay the progression of osteoarthritic lesions in a rat model and showed thereby a strong evidence for a beneϐicial effect of Sox9 on osteochondral defect healing in a surgically-induced osteoarthritis model [24]. Besides being an important transcription factor for proper differentiation and developmental processes, Sox9 is moreover known to affect the proliferation and cell cycle distribution in several cells and tissues. In lung adenocarcinoma, a Sox9 knockdown resulted in an upregulation of p21 and thus in a marked decrease of adhesive and anchorage-independent growth and is suggested to contribute to gain of tumor growth potential, possibly acting through affecting the expression of cell cycle regulators p21 and CDK4 [26]. P21 is well known as an negative regulator of the cell cycle [27], but recently other roles for p21 beside being a cell cycle inhibitor are reported. In this context, apoptosis, hypertrophy and cell morphology in different cell types could be affected via p21, depending on the subcellular localization of the protein [28]. In this study, we detected a strong induction of Sox9 in ASC compared to BMSC, and in addition differences in gene expression proϐile related to osteogenic differentiation. We therefore focused on Sox9 and observed an impact of this transcription factor on proliferation of ASC, accompanied by an increased p21 and cyclin D1 protein expression. Silencing Sox9 had a clearly stimulating effect on osteocalcin and Mmp13 gene expression in undifferentiated and osteogenic differentiated ASC. Matrix mineralization as an indicator for successful osteogenic differentiation is also reduced after Sox9 silencing. 
Materials and Methods

Isolation and culture of rASC and rBMSC MSC were isolated from the subcutaneous adipose tissue [29, 30] and bone marrow [31] of ϐive week old CD-rats and cultured in monolayer in appropriate media until reaching ~ 80% conϐluence. �ntil the ϐirst detachment from the cell culture ϐlask using Trypsin-�DTA (Sigma, St.Louis, Missouri, �SA), cells are deϐined as passage 0. Bone marrow-derived MSC (rBMSC) were cultured in Ƚ-M�M (Life Technologies, Carlsbad, California, �SA), supplemented with 10% fetal calf serum (FCS), 1% Penicillin-Streptomycin (PȀS) (all Sigma, St.Louis, Missouri, �SA) and 2% 
L�TAMAX (Life Technologies, Carlsbad, California, �SA), and adipose-derived MSC (rASC) in DM�M-F12 with 10% FCS and 1% PȀS (all Sigma, St.Louis, Missouri, �SA).
Flow cytometry

Immunophenotyping. After blocking with 5% mouse serum (Millipore, Billerica, Massachusetts, �SA), passage 1 and passage 2 cells (1x106) were suspended in PBS containing following conjugated antibodies each: FITC-coupled antibody against CD90 (Becton Dickinson, Franklin Lakes, New Jersey, �SA, #554897), P�-coupled antibody against CD11b (Becton Dickinson, Franklin Lakes, New Jersey, �SA, # 562105), P�-Cy5-coupled antibody against CD45 (Becton Dickinson, Franklin Lakes, New Jersey, �SA, # 559135). As isotype control nonspeciϐic FITC (Becton Dickinson, Franklin Lakes, New Jersey, �SA, #550616), P� (Becton Dickinson, Franklin Lakes, New Jersey, �SA, #562141) and P�-Cy5 (Becton Dickinson, Franklin Lakes, New Jersey, �SA, #550618) coupled antibodies were used. After incubation for 30 minutes at 4 Cι, the cells were washed with PBS and resuspended in 500μl PBS for analysis. Cell ϐluorescence was evaluated by ϐlow cytometry in a FACS Canto (Becton Dickinson, Franklin Lakes, New Jersey, �SA) and data were analyzed by using FlowJo software.
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Cell cycle analysis. Stable transduced rASC were harvested after selection and seeded with 500.000 cellsȀT-175 ϐlask in complete medium. After 48 hours of proliferation, the cells were washed twice with PBS and incubated in medium without FCS for additional 48 hours to obtain cells synchronized in 
0Ȁ
1. By re-adding FCS containing medium, the cells start to enter the cell cycle and samples are taken 72 hours after FCS addition. Cell pellets were washed with cold PBSȀ2%BSA and ϐixed with a methanol-acetone mixture. Staining of DNA content with propidium-iodide (50μgȀml for 1x106 cells in 500μl) was performed after RNase (1mgȀml) (both Sigma, St. Louis, Missouri, �SA) treatment for 1hour at 37ιC. Nuclei were analyzed in FACS Canto (Becton Dickinson, Franklin Lakes, New Jersey, �SA).
Osteogenic and adipogenic differentiationOsteogenic differentiation was induced when rBMSC and rASC reached 90-100% conϐluency. High glucose medium (4.5 gȀL glucose) (Life Technologies, Carlsbad, California, �SA) was supplemented with 10% FCS, 1% PȀS, 100nM Dexamethasone,  50μgȀml L-ascorbic acid-2-phosphate and 10 mM é-glycerol phosphate (all Sigma, St. Louis, Missouri, �SA) for 3 weeks. To control osteogenic differentiation, calcium precipitates were analysed with Alizarin RedS (Sigma, St. Louis, Missouri, �SA) histochemical staining. Adipogenic differentiation was induced in 80% conϐluent rASC and rBMSC cultures by supplementing the cell culture medium with 10μgȀml Insulin, 1μM Dexamethasone and 0,5mM 3-Isobutyl-1-methylxanthin (IBMX) (all Sigma, St. Louis, Missouri, �SA) for up to 21 days. After 21 days, histochemical staining with Oil Red O (Sigma, St. Louis, Missouri, �SA) was performed to detect lipid droplet formation.
Preparation of plasmids and retroviral transductionA retroviral transduction system was established for generating a stable Sox9 gene knockdown in rASC. Sox9-shRNA sequences were selected using algorithm promoted by Clontech (BD Bioscience, San Jose, California, �SA), manufactured at MW
 (�bersberg, 
ermany), ligated into a shRNA expression vector (RNAi-ready pSIR�N retro � plasmid expression vector) and transfected in a packaging cell line (�coPack̻2-293) (Clontech, BD, Bioscience, San Jose, California, �SA). The control expression vector contains a scrambled (no speciϐic target) shRNA sequence.  Replication-incompetent retroviral particles, produced by the packaging cell line (�coPack̻2-293) were used to transduce rASC.Therefore, cells were seeded in P2 at a low density. After 24 hours of proliferation, the transduction was performed on three consecutive days by adding medium supernatant of the virus producing cells containing fresh virus and culture medium containing 6μgȀml polybren (Sigma, St. Louis, Missouri, �SA) at the ratio of 1:1 to the rASC. As controls for the Sox9 knockdown experiments, a scrambled shRNA containing virus was used. Subsequently, transduced rASCs were subjected to selection with puromycin (Sigma, St. Louis, Missouri, �SA) to generate a stable vector integration and knockdown of Sox9. Sox9  knockdown cells showing more than 50% reduction of Sox9 gene and protein expression were used for further analysis. 
Growth kinetics To determine the duplication rate of proliferating rASC, the cells were seeded in a low density and cell number was determined every 24 hours using a Cedex counter (Roche, Penzberg, 
ermany). Doubling time calculation: Td = T x log(2) Ȁ log(NtȀN0)Td= doubling time, T: time when cell numbers increased from N0 to Nt; N0: initial cell numbers; Nt: ϐinal cell numbers after culture time.
BrdU incorporation assayCell proliferation was quantiϐied with a Brd� – �LISA based assay (Roche, Penzberg, 
ermany) according to manufacturer’s protocol. Transduced and selected cells were seeded in 96-well plates. After 24 hours, culture medium was changed to medium containing Brd�. After additional 24 hours, the amount of Brd� incorporated into the cells was determined by chemiluminescence (binding of a mouse anti-Brd� antibody conjugated with horseradish peroxidase). After colour development the signal was monitored at 450Ȁ690 nm in an �LISA reader (Tecan, Männedorf, Swiss).

http://dx.doi.org/10.1159%2F000350089


Cell Physiol Biochem 2013;31:703-717
DOI: 10.1159/000350089
Published online: May 16, 2013

© 2013 S. Karger AG, Basel
www.karger.com/cpb 707

Stöckl/Göttl/Grifka/Grässel: Sox9 in Adipose-Derived Stem Cells

Cellular Physiology 

and Biochemistry

Cellular Physiology 

and Biochemistry

Caspase-3/7 assayBy using the Apo-ON� Homogeneous Caspase-3Ȁ7 assay (Promega, Fitchburg, Wisconsin, �SA) we measured the caspase-3Ȁ7 enzymatic activity as indicator of apoptosis according to manufacturer’s instructions. A non-ϐluorescent caspase substrate (Z-D��D-R110), added to the ASC, was cleaved into ϐluorescent molecules with an emission maximum at 521nm in an �LISA reader (Tecan, Männedorf, Swiss).
Protein extraction and Westernblot analysisrASC were washed with PBS, detached with Trypsin-�DTA, harvested and lysed. Cell lysates were prepared with RIPA Buffer (Thermo Scientiϐic, Waltham, Massachusetts, �SA) containing phosphatase and proteinase inhibitors (Roche, Penzberg, 
ermany). Protein concentration of cell lysates was quantiϐied with a BCA-Assay (Thermo Scientiϐic, Waltham, Massachusetts, �SA) and subsequently 25-50 μg protein (depending on the protein of interest) was boiled for 5 min with SDS-sample buffer containing é-mercaptoethanol and subjected to 10%-12% SDS-PA
�. After electrophoretic separation, the proteins were transferred to nitrocellulose membranes (Bio-Rad, Hercules, California, �SA) or P�DF membranes (Roche, Penzberg, 
ermany). Blotted membranes were blocked with either 5% dry milk or 5% BSA and subsequently incubated with the following primary antibody for 16 hours at 4ιC or 1 hour at RT: rabbit polyclonal anti-Sox9 (Millipore, Billerica, Massachusetts, �SA, #AB5535), mouse monoclonal anti-p21 (BD Bioscience, San Jose, California, �SA, #556430), mouse monoclonal anti-Cyclin D1 (BD Bioscience, San Jose, California, �SA, #554180). �qual loading was veriϐied with rabbit monoclonal antibody to é-actin (Abcam, Cambridge, �K, #AB8227). After washing, the membranes were incubated with the appropriate horseradish peroxidise coupled secondary antibody (Santa Cruz Biotechnology, Santa Cruz, California, �SA, and Jackson Immuno Research, West 
rove, Pennsylvania, �SA). Proteins were detected using �CL detection reagents (Thermo Scientiϐic, Waltham, Massachusetts, �SA). 

Table 1. Primer sequences for real-time PCR
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Osteocalcin EIA�uantiϐication of osteocalcin in 50μg total cell lysates (RIPA) was performed according to the manufacturer̵s instruction using the Rat Osteocalcin High Sensitive �IA Kits (TAKARA, Shiga, Japan). The samples were read at 450 nm in duplicate using a microplate reader (Tecan, Männedorf, Switzerland).
RNA isolation and real time RT-PCRTotal RNA was isolated using Stratagene’s Absolutly RNA Miniprep Kit (Stratagene, La Jolla, California, �SA) according to the manufacturer’s instructions. To generate single-stranded cDNA, RNA was reverse transcribed with AfϐinityScript �PCR cDNA Synthesis Kit (Agilent Technologies, Santa Clara, California, �SA). PCR was performed with the Mx3005P �PCR System from Agilent Technologies (Santa Clara, California, �SA) using Brilliant II SYB�R 
reen qPCR Mastermix (Agilent Technologies, Santa Clara, California, �SA). The cDNA copy number of Sox9 in total RNA was measured using a standard curve generated with serially diluted plasmids containing the PCR amplicon sequences (range of cDNA copy number: 50-500.000 copies). All other genes were analyzed according to the relative quantiϐication method and normalized to é-actin using primers which are listed in Table 1. 
Darkly stained area (dark red and black) were analysed densitometrically using Photoshop CS3. Thereby, the pixel number of stained area were measured and related to the total area. 
Statistical AnalysisStatistical analyses were performed using 
raphPad Prism 4. Two-tailed Mann-Whitney-� test was used, determining if the medians of two groups are signiϐicant different. �xact p-values were calculated. 
Results

Immunophenotype and differentiation potential of rASC versus rBMSC We isolated mesenchymal stem cells from the subcutaneous adipose tissue (ASC) and from the bone marrow (BMSC) of ϐive week old CD-rats, and cultured the cells up to passage 2. Application of osteogenic and adipogenic differentiation conditions, using speciϐic culture medium supplements, conϐirmed differentiation potential which was documented via histological staining (Fig. 1A). The immunophenotypic proϐile showed that both cell types, rASC as well as rBMSC, are more than 96% CD90 positive in passage 1 and 2, and nearly completely negative for CD45 and CD11b. In contrast to rASC however, rBMSC in passage 1 included 11% CD11b positive cells (leukocyte marker), which decreased in passage two to 1% (Fig. 1B).
To compare the gene proϐile of rASC and rBMSC during the ϐirst two passages, we quantiϐied the expression of  a set of marker genes in passage 1 and 2 including  alkaline  and Integrin , which are known to be important in stem cell biology and differentiation.In passage 1 (P1), rASC displayed a 4-fold higher gene expression of as rBMSC. In contrast, Alp, Mmp13, Itga11 and osteocalcin gene expression was profoundly reduced in rASC compared to rBMSC. The gene expression level of Col1a1, Sox9 and Runx2 was not signiϐicantly different in rASC compared to rBMSC (Fig. 2A).In passage 2 (P2), especially the expression of the transcription factor Sox9 was strikingly upregulated. Sox9 was more than 103-fold higher expressed in rASC compared to rBMSC. Also Runx2, VegfȽ, osteocalcin, Itga11 and Col1a1 gene expression was clearly induced in rASC while Mmp13 gene expression was downregulated and Alp was comparable to rBMSC (Fig. 2B).As the Sox9 RNA level was highly induced in rASC compared to rBMSC, we determined Sox9 protein amount. Western blot analysis showed an increase of the Sox9 signal from P1 
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to P2 in rASC, whereas in rBMSC the signal strength remained approximately the same (Fig. 2C). Comparison of Sox9 gene expression, calibrated on rASC P1, revealed a strong increase between P1 and P2 in rASC while in rBMSC Sox9 mRNA expression was reduced (Fig. 2D).
Retroviral-mediated Sox9 knockdown in rASC affected proliferation, p21 and Cyclin D1 
protein expression and gene expression of osteogenic markers As we observed a signiϐicantly higher mRNA and protein expression of Sox9 in rASC compared to rBMSC in passage 2 (Fig. 2B, C, D), we addressed the role of this transcription factor in undifferentiated rASC with respect to cell growth and differentiation. Possibly, increased Sox9 expression is a major distinguishing feature between ASC and BMSC and might explain differences in the biology of these two adult stem cell types.For a more detailed functional analysis of the transcription factor, we next stably silenced Sox9 in rASC. Sox9 mRNA and protein level were signiϐicantly reduced via shRNA. Sox9 cDNA copies (per 100ng RNA) declined from about 12.000 to 4000 on average which is ~ 70% reduction of expression (Fig. 3A), and accordingly the protein signal was strongly reduced in western blots (Fig. 3B). In the following, Sox9 knockdown cells are termed “–SOX9” and all knockdown experiments were carried out with passage 2 rASC. One well known difference between ASC and BMSC is the higher proliferation rate of ASC. Therefore, we analysed the proliferative activity after Sox9 silencing in rASC. 
rowth kinetics demonstrated that after 72 hours of proliferation, the number of control cells 

Fig. 1. Characterization of osteo- and adipogenic differentiation and immunophenotype of rASC and rBMSC. a) Mineralization after osteogenic induction was visualized using Alizarin Red S staining, and lipid droplets in adipogenic differentiated MSC were stained with Oil Red O solution. Scale bar = 100μm. b) Flow cytometric analysis of MSC with speciϐic antibodies against CD90, CD45 and CD11b (black line). Arrow indicates CD11b positive cells. 
ray line shows isotype controls. Horizontal lines indicate cut-off for positive reactivity. X-axes = intensity log values, y-axes = cell counts. 
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(transfected with a scrambled shRNA construct = mock transfected) was signiϐicant higher compared to –SOX9 cells (Fig. 4A). From that data, we calculated a doubling time of –SOX9 rASC of about 60,96 hours days while control cells needed about 52,56 hours.Brd� incorporation assay displayed a 20% decreased Brd� signal in –SOX9 cells (Fig. 4B) and cell cycle analysis using ϐlow cytometry demonstrated a signiϐicant decrease of S-phase cells in the –SOX9 rASC population compared to control cells (Fig. 4C). Next we determined gene and protein expression of the cell cycle inhibitor p21 in –SOX9 rASC and controls. The p21 protein signal was strongly increased in –SOX9 cells compared to control cells (Fig. 4D). However, the mRNA level of p21 was not affected after Sox9 silencing (Fig. 4�).

Fig. 2. 
ene expression proϐile of rASC versus rBMSC. Relative gene expression quantiϐication of rASC and rBMSC in passage 1 (a) and passage 2 (b). 
ene expression of rBMSC was set as calibrator and constitutes the x-axis at 1. Results are mean ΪȀ- S�M. n= 4; ȗ pδ 0,05. c) Representative western blotting image demonstrates protein expression of Sox9 in rASC and rBMSC in P1 and P2. Cells were lysed in RIPA buffer and separated by SDS-PA
�. After immunoblotting, Sox9 was detected with an anti-Sox9 antibody and equal loading was controlled by an anti-é-actin antibody. n= 3. d) Sox9 gene expression for rASC and rBMSC in P1 and P2. Results are calibrated on rASC of P1, normalized to housekeeping gene -actin, and show mean ΪȀ- S�M. n= 4; ȗ pδ 0,05.
Fig. 3. Silencing of Sox9 in rASC. Sox9 mRNA and protein expression after Sox9 knockdown was compared to mock-transfected control rASC. a) �uantitative PCR revealed a 70% decrease of Sox9 cDNA copies in retroviral transduced rASC. b) Western Blot analysis showed a strongly decreased Sox9 protein signal compared to control cells. Results are mean ΪȀ- S�M. ȗ pδ 0,05. n=6 
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In addition, we analysed the protein and mRNA expression of cyclin D1, a cell cycle activator, after Sox9 knockdown. We observed an increase in cyclin D1 protein signal  (Fig. 4D) and a signiϐicant higher gene expression of Ccnd1 (cyclin D1) in –SOX9 rASC compared to controls (Fig. 4�).To ensure that the decrease of proliferation (Fig. 4A) and the diminished Brd� signal (Fig. 4B) is not due to decreased cell viability in the –SOX9 rASC population, we determined 

Fig. 4. Proliferation and apoptosis in -SOX9 rASC. a) 
rowth kinetics displayed a highly signiϐicant diminished proliferation rate in –SOX9 rASC after 72 hours. b) Brd� incorporation assay revealed a 20% reduced Brd� labelling of –SOX9 rASC. c) Cell cycle analysis via FACS revealed a diminished –SOX9 rASC S-phase population. d) Westernblot evaluation showed increased p21 and cyclin D1 protein signals in –SOX9 rASC. e) Cyclin D1 gene expression was signiϐicantly up regulated while p21 mRNA level was not affected. Results are mean ΪȀ- S�M. ȗ pδ0,05; ȗȗ p δ 0,01. n = 4. 
Fig. 5. Analysis of apoptotic activity in -SOX9 rASC. a) Caspase 3Ȁ7 activity assay demonstrated no changes in apoptotic activity of –SOX9 rASC versus controls. b) �xpression of anti-apoptotic gene Bcl-

2 was not regulated in –SOX9 rASC compared to control. Results are mean ΪȀ- S�M. n=3. 
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the apoptotic activity via a caspase 3Ȁ7 activity assay (Fig. 5A) and the expression of the anti-apoptotic gene Bcl-2 (Fig. 5B). We found no evidence for changes in caspase 3Ȁ7 activity and Bcl-2 mRNA level after Sox9 silencing and thus excluded alteration in apoptosis rate as a consequence of reduced proliferation.
Induction of osteocalcin and Mmp13 expression after Sox9 inhibition in undifferentiated 
rASCAs Sox9 downregulation is a prerequisite for osteogenic differentiation of progenitor cells during embryonic musculoskeletal development, we analysed the expression proϐile of marker genes related to osteogenic differentiation in undifferentiated –SOX9 rASC.   Among the thirteen analysed genes, only osteocalcin and Mmp13 mRNA levels were signiϐicantly up regulated in undifferentiated rASC after Sox9 knockdown (Fig. 6A). Analysis of protein expression showed an increase of osteocalcin concentration in –SOX9 cell lysates by trend (Fig. 6B). For –SOX9 rASC, the osteocalcin concentration varied between 1,3 – 0,7 ngȀml and for control cells between 0,9 and 0,5 ngȀml per 50μg total protein. Dlx3, p300, Runx2, 

Col1a1, Vegf  and Sox6  gene expression level were decreased in –SOX9 rASC compared to controls, whereas mRNA level of  Dlx5, Msx2, Sox5 and Itga11 were not affected.

Fig. 6. �xpression of osteogenic markers and staining of mineralization nodules in –SOX9 rASC. a) Relative gene expression analysis after Sox9 knockdown in undifferentiated rASC. Results are mean ΪȀ- S�M. ȗ pδ0,05; ȗȗ pδ0,01; ȗȗȗ pδ0,001; n=7-9. b) Osteocalcin protein concentration in undifferentiated –SOX9 and control rASC cell lysates [ngȀml] per 50μg total protein; n=4. c) �xpression of osteogenic markers after 7,14 and 21 days of osteogenic differentiation in –SOX9 rASC which were calibrated on control cells and normalized to housekeeping gene. Results are mean ΪȀ- S�M. ȗ pδ0,05; n=4. d) Alizarin Red S staining of –Sox9 rASC and control rASC after 21 days of osteogenic differentiation; Scale bar = 200μm; n=5. e) Densitometric measurement of Alizarin Red S stained areas by calculating the pixel number of stained nodules in relation to the pixel number of the total area. Results are mean ΪȀ- S�M. ȗ pδ0,05; n=5.
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Increased gene expression of osteocalcin, Mmp13 and Vegf  during osteogenic 
differentiation in –SOX9 rASCHere, we analysed whether the progression of in vitro osteogenic differentiation is affected by the Sox9 dose in rASC. In undifferentiated –SOX9 rASC markers for late osteogenesis like osteocalcin and 

Mmp13 were induced, and the expression of early markers like Runx2, Col1a1 and Vegf  were downregulated (Fig. 6A), however after 7 days of osteogenic differentiated, none of these genes was regulated at this time point (Fig. 6C). 
ene expression analysis after 14 days of osteogenic differentiation demonstrated that 
osteocalcin gene expression is signiϐicantly increased in –SOX9 cells, whereas Mmp13 and 
Alp, Vegf , Runx2 and Col1a1 were not regulated at that time point. However, after 21 days of osteogenesis, Vegf  and Mmp13 mRNA levels were signiϐicantly increased and osteocalcin by trend (Fig. 6C).Alizarin Red S staining of the mineralized matrix at the end point at day 21 visualizes an increase in nodule formation for –SOX9 rASC compared to controls (Fig. 6D), which was quantiϐied densitometrically by calculating the pixel number of the stained area in relation to the total area (Fig. 6�). For –SOX9 cells at average 9% of the total area was stained with Alizarin Red S, whereas control cells display only 4% staining at average. 

DiscussionIn order to promote usage of ASC in the ϐield of regenerative medicine, it is crucial to compare them with the better characterized BMSC with respect to cell activity and differentiation potential. Here, we analyzed the gene expression proϐile of some differentiation and stem cell biology markers between undifferentiated rASC and rBMSC in passage 1 and 2 which revealed signiϐicant discrepancies.The Ƚ11ß1 integrin receptor plays a major role in mediating the crosstalk and cell adhesion between MSC and the surrounding �CM via collagen I binding [32]. Therefore, the higher  expression in rASC compared to rBMSC might indicate an advantage in cellular processes, such as cell adhesion, migration and differentiation in general between the two cell types. Being moreover a marker for differentiation in MSC, a high Integrin Ƚ11 level is associated with less differentiation pointing to a higher “stemness” of ASC even in later passages [33]. Among others, Runx2 is a crucial transcription factor that regulates bone formation during early embryogenesis. Our results indicated increased Runx2 expression in rASC versus rBMSC in passage 2 together with a profoundly induced Sox9 expression.  Runx2 is a key regulator of osteoblast-speciϐic gene expression. �arious studies have veriϐied that induction of Runx2 commits MSC to osteogenesis through mediating expression of other osteogenic-target genes, such as Col1a1, and osteocalcin [34, 35]. In addition, Runx2 can also serve as a transcription factor to induce transcription of  which is regulated via Runx2 in a tissue speciϐic manner during endochondral bone formation [36]. Surprisingly, we noticed increasing osteocalcin gene expression in undifferentiated rASC in passage 2 compared to rBMSC. This observation indicates that osteocalcin might not be as speciϐic for osteoblasts as postulated by Ducy et al., who suggests that osteocalcin protein is speciϐically synthesized by osteoblasts and is a marker of osteoblast differentiation during the later stages of bone formation [37]. We unambiguously detected osteocalcin protein in cell lysates of undifferentiated rASC indicating extra functions of osteocalcin besides Ca2-binding which might be related to insulin metabolism. �x vivo, picomolar amounts of osteocalcin can stimulate cyclin D1 and insulin gene expression plus proliferation markers in beta-cells whereas nanomolar amounts induce adiponectin expression, an insulin-sensitizing adipokine, in adipocytes. Thus osteocalcin evolved as a novel molecular player which augments the effects of insulin and that way regulates glucose metabolisms and fat mass in the body [38, 39].  
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The most striking increase in gene and protein expression was found for transcription factor Sox9. Being on approximately the same level in rASC and rBMSC in P1, the mRNA level was up to 103-fold higher in rASC in comparison to rBMSC in P2 and moreover the protein level was clearly increased. That points to a crucial role for Sox9 in ASC which appears not to be restricted to differentiation processes per se.To elucidate putative functions of Sox9 in undifferentiated rASC, we silenced Sox9 via retroviral transduction and analysed the downstream effects. We observed a clear decrease in proliferative activity of rASC without increase in apoptotic activity. Concomitantly, we detected an increased protein level of the cell cycle inhibitor p21, however without an increase in gene expression what points to a post-transcriptional regulation of p21 mRNA as it was already shown for 3T3-L1 pre-adipocytes [40]. We suggest that in native ASC, the p21 protein signal decreases over passages which might be related to the higher Sox9 expression in rASC compared to rBMSC, as a Sox9 knockdown dramatically increases p21 protein expression indicating a pro-proliferative role of Sox9. This is in line with a recent report which described that the p21 expression is decreased in ASC compared to BMSC in patients with osteoporotic fractures, suggesting that this may be one reason for the higher proliferation potential of ASC. The authors concluded that proliferation and osteogenic differentiation of ASC were less affected by age and multiple passaging than BMSC, suggesting that ASC have the potential to become a more effective therapeutic option for cell-based therapy, especially in elderly patients with osteoporosis [41].  In this line, –SOX9 rASC displayed a signiϐicant decrease of S-phase cells compared to control cells. It is known that p21 functions as a regulator of cell cycle progression of the 
1ȀS-phase transition [42], leading to the conclusion that the high p21 level in Sox9 knockdown cells impairs the S-phase entry. On the basis of observations from Peng et al. [43]  and other groups that observed a higher proliferation rate in ASC vs. BMSC, we suppose that at least in part, the profoundly higher Sox9 level in ASC contributes to the higher proliferation rate. As it is known that the cell cycle inhibitor p21 is closely related to cyclin D1, we also analysed cyclin D1 level in undifferentiated rASC. We observed an increase in cyclin D1 protein together with the mRNA level as a consequence of Sox9 inhibition. That may suggest precocious senescence of the cells, according to Alt et al., who postulated that the accumulation of cyclin D1 in senescent cells may be due to elevated level of p21 [44] . Consequently, Sox9 is not only pro-proliferative, but also might prevent the cells from undergoing early senescence, what again supports the importance of proper Sox9 expression in undifferentiated stem cells. Coleman and co-workers proposed that an increase in cyclin D1 is sufϐicient to inhibit the proteasome-mediated degradation of p21 [45], hence a strongly elevated cyclin D1 level might potentiate delay in cell cycle progression by stabilizing p21 protein.Besides being crucial for the cell cycle distribution, cyclin D1, a target of é-catenin, is known to be required for the propagation of speciϐic types of osteoprogenitor cells at various developmental stages during calvarial morphogenesis. Mirando et al. showed several calvarial abnormalities of cyclin D1 -Ȁ- mice, like a delayed ossiϐication at the newborn stage, decreased mineralization and a wider suture region and suggest as underlying mechanism an impairment of osteoblast development caused by the loss of cyclin D1 [46].  This is interesting in the context of our observation that the expression proϐile of undifferentiated and osteogenic induced rASC after Sox9 inhibition revealed an induction of osteocalcin and 
Mmp13 suggesting a pro-osteogenic effect after Sox9 inhibition which in part might be mediated through cyclin D1. Notably, Vegf , Sox6, Col1a1, Dlx3, p300 and Runx2 were down regulated in undifferentiated -SOX9 cells indicating a decrease in the general differentiation capacity of MSC. Most likely, the impact of the transcription factor Sox9 is strictly differentiation stage and dose speciϐic, like it was shown for pre-hypertrophic chondrocytes where Sox9 prevented osteoblastic differentiation while early in development Sox9 is required to maintain growth plate chondrocyte proliferation [47]. Notably, the proliferation rate of expanded MSC showed a positive correlation with chondrogenesis suggesting that growth and differentiation steps are closely coordinated and resemble stages known from embryonic cartilage development 
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[48]. Possibly, too early inhibition of Sox9 expression in still undifferentiated MSC in general impairs proliferation and in consequence also differentiation capacity of the cells. The clear upregulation of osteocalcin and Mmp13 in undifferentiated –SOX9 rASC was accompanied by a decrease of Runx2 and its co-factors p300, Dlx3 and Vegf . As all of these genes are associated to osteogenic differentiation, we have exposed –SOX9 rASC to in vitro osteogenesis for up to 21 days. There are conϐlicting reports concerning osteogenic capacity of ASC. Hayashi et al. was unable to detect matrix formation or osteocalcin expression in rASC [49] whereas other groups described and characterized the osteogenic differentiation potential of ASC in detail [50, 51]. We clearly observed calcium matrix deposits and measured 
osteocalcin mRNA and osteocalcin protein expression under osteogenic favourable culture conditions. During the early phase of osteogenic differentiation, none of the analysed osteogenic marker were regulated in –SOX9 cells, however, on day 14 and day 21, gene expression of osteocalcin, Vegf  and Mmp13 was induced. Accordingly, we conclude that Sox9 has no impact on early osteogenic differentiation whereas the expression of osteogenic markers in later phases of in vitro osteogenesis were induced when Sox9 dose was less than 50% of controls. Moreover, after 21 days calcium mineralization deposits, as an indicator of successful osteogenesis, are signiϐicantly enhanced in –SOX9 rASC compared to control cells. �enkatesan and co-workers observed a reduced level of Mmp13 when they overexpressed Sox9 in human MSC and differentiated them into chondrocytes [52], and Liang et al. reported that transgenic mice with osteoblast-speciϐic Sox9 expression (Col1a1-Sox9 transgenic) have a signiϐicantly lower osteocalcin expression [53]. Accordingly, we suggest an inhibitory effect of Sox9 on osteocalcin and Mmp13 gene expression, as both are upregulated after Sox9 knockdown in undifferentiated and osteogenic differentiated rASC.

ConclusionIn conclusion, our study suggest that Sox9 has a pro-proliferative effect in undifferentiated rASC, presumably via regulation of p21 and cyclin D. Notably,  apoptosis rate and apoptosis related gene expression appears not to be affected by Sox9. Reducing the Sox9 dose δ 50% of controls impairs proliferation and increases the expression of differentiation related markers as osteocalcin and Mmp13 in undifferentiated and osteogenic differentiated rASC, suggesting the existence of regulatory mechanism of Sox9 with respect to these genes. We suggest that cyclin D1 might be a candidate for mediating the anti-proliferative and pro-osteogenic effects in our rASC study when the Sox9 level is critically reduced. 
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