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Abstract: Murine micromass models have been extensively applied to study chondrogenesis 

and osteogenesis to elucidate pathways of endochondral bone formation. Here we provide 

a detailed comparative analysis of the differentiation potential of micromass cultures 

established from either BMP-2 overexpressing C3H10T1/2 cells or mouse embryonic limb 

bud-derived chondroprogenitor cells, using micromass cultures from untransfected 

C3H10T1/2 cells as controls. Although the BMP-2 overexpressing C3H10T1/2 cells failed 

to form chondrogenic nodules, cells of both models expressed mRNA transcripts for major 

cartilage-specific marker genes including Sox9, Acan, Col2a1, Snorc, and Hapln1 at 

similar temporal sequence, while notable lubricin expression was only detected in primary 

cultures. Furthermore, mRNA transcripts for markers of osteogenic differentiation 

including Runx2, Osterix, alkaline phosphatase, osteopontin and osteocalcin were detected 

in both models, along with matrix calcification. Although the adipogenic lineage-specific 

marker gene FABP4 was also expressed in micromass cultures, Oil Red O-positive cells 

along with PPARɔ2 transcripts were only detected in C3H10T1/2-derived micromass 

cultures. Apart from lineage-specific marker genes, pluripotency factors (Nanog and Sox2) 

were also expressed in these models, reflecting on the presence of various mesenchymal 
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lineages as well as undifferentiated cells. This cellular heterogeneity has to be taken into 

consideration for the interpretation of data obtained by using these models. 

Keywords: chondrogenesis; osteogenesis; adipogenesis; pluripotency factors; marker gene 

expression; C3H10T1/2; high density culture 

 

Abbreviations: AP, alkaline phosphatase; BMP, bone morphogenic protein; CMF-PBS, calcium 

and magnesium free PBS; DMEM, Dulbeccoôs modified essential medium; DMMB, dimethyl-methylene 

blue; dNTP, deoxy nucleotide triphosphate; ECM, extracellular matrix; EDTA, ethylene diamine  

tetra-acetic acid; ERK, extracellular signal-regulated kinase; ESC, embryonic stem cell; FABP, fatty 

acid binding protein; FCS, foetal calf serum; FGF, fibroblast growth factor; GDF, growth and 

differentiation factor; HD, high density; HDC, high density culture; HE, haematoxylin-eosin;  

hMSC, human mesenchymal stem cell; IGF, insulin-like growth factor; MAPK, mitogen activated 

protein kinase; N-CAM, neuronal cell adhesion molecule; OC, osteocalcin; OP, osteopontin; Osx, 

osterix; PBS, phosphate buffered saline; PPAR gamma, peroxisome proliferator-activated receptor 

gamma; RT-PCR, reverse transcription followed by polymerase chain reaction; TGF-ɓ, transforming 

growth factor beta. 

1. Introduction  

The main events marking the formation of the embryonic skeleton are cell proliferation and 

condensation of undifferentiated mesenchymal cells, followed by differentiation into chondroblasts 

and chondrocytes that can undergo hypertrophy and contribute to tissue calcification, and eventually 

endochondral bone formation. This process largely depends on complex signalling that is facilitated 

through cell-cell and cell-matrix contacts, regulated by several adhesion molecules and extracellular 

components such as N-cadherin and N-CAM, as well as gap junctions [1,2]. It has been widely 

established that soluble factors including members of the transforming growth factor-ɓ (TGF-ɓ) 

superfamily, bone morphogenetic proteins (BMPs; BMP-2 in particular) and growth and differentiation 

factor-5 (GDF-5) play important roles in inducing chondrocyte-specific genes as they are known to 

upregulate type II  collagen expression in mesenchymal cells [3]. Since abnormal regulation of this 

intricate process may lead to various conditions that affect cartilage and bone [4], studies aimed at 

elucidating the molecular steps of chondrogenesis and subsequent endochondral bone formation are of 

particular importance.  

Over the past decades, many in vitro model systems have been established and validated to study 

chondrogenesis and early phases of matrix calcification. Since the initial condensation of mesenchymal 

cells is a prerequisite to their subsequent differentiation, by mimicking these conditions in vitro, 

chondrogenesis can easily be studied. In this manner, high cellular density (HD) favours the formation 

of cellular interactions, and thus facilitates the chondrogenic differentiation of pluripotent 

mesenchymal cells. A well-known and easily reproducible avian experimental model to study hyaline 

cartilage formation in vitro was first described by Ahrens and colleagues [5]. In these high density cell 

cultures (HDC), the inherent capability of chicken limb bud-derived chondroprogenitor mesenchymal 
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cells to spontaneously differentiate to chondroblasts and chondrocytes on days 2 and 3 of culturing is 

exploited; a well-detectable amount of hyaline cartilage extracellular matrix (ECM) is produced by  

day 6. A significant advantage of this method over others is its cost-effectiveness and the relative ease 

by which sufficient amounts of cells can be yielded from embryos at the same developmental stage 

(Hamburger-Hamilton developmental stages 22ï24) by synchronised incubation of fertilised eggs. 

However, although the main steps of chondro- and osteogenesis are largely conserved during the 

evolution of vertebrates, there is evidence that certain key signalling pathways are differentially 

regulated in the avian system; while the extracellular signal-related kinase ERK1/2, member of the 

mitogen-activated protein kinases (MAPKs), is a negative regulator of chondrogenesis in chicken limb 

bud-derived HDC [6], ERK-inhibition leads to decreased Sox9 levels in murine chondrocytes [7]. 

Conversely, ERK1/2 is a positive regulator of chondrogenesis in BMP-2 induced C3H10T1/2  

cultures [8]. Moreover, applications of the avian model are also restricted by the limited number of 

available antisera and published nucleotide sequences. Nonetheless, the significance of such avian 

models is underpinned by the fact that many basic processes of chondrogenesis were identified using 

this system [9ï14]. 

Therefore, there is a need for mammalian models to overcome the limitations encountered for the 

avian system. Mouse embryonic limb bud-derived micromass cultures [15] certainly represent an 

option; however, they also exhibit certain disadvantages, such as the need of precisely timed 

pregnancies of multiple female mice to yield the required amount of chondrogenic cells; and the 

relatively high level of variations between experimentsðan inherent feature of primary cell cultures. 

Nevertheless, one of the key merits of such primary systems is the possibility of using cells derived 

from transgenic and knockout animals. Mature chondrocytes isolated from articular or other cartilage 

using mild enzymatic digestion can also be applied with certain restrictions because chondrocytes 

deprived of their ECM rapidly lose their characteristic phenotype and tend to dedifferentiate under  

in vitro conditions owing to lack of physiological stimuli [16]. 

As an attempt to overcome such limitations posed by primary cultures, various cell lines with 

chondrogenic and osteogenic capabilities have been established over the past decades. Examples 

include the ATDC5 cell line originally isolated from a differentiating culture of murine AT805 

teratocarcinoma [17]; RCJ 3.1, a clonally derived cell population isolated from 21-day foetal rat 

calvaria [18]; or the murine embryonic multipotential mesenchymal cell line C3H10T1/2 [2]. Micromass 

cultures established from C3H10T1/2 cells are an attractive system to study in vitro chondrogenesis 

because these cells do not spontaneously differentiate under normal culture conditions. This, at the 

same time, is also a disadvantage because it necessitates administration of exogenous factors into the 

culture medium, such as BMP-2 or TGF-ɓ [2,19]. To address this constraint, a plasmid containing the 

human BMP-2 has been transfected into C3H10T1/2 cells and the constitutive expression of this 

morphogen, as an autocrine-paracrine factor, drives in vitro chondrogenesis of this cell clone [20]. 

Although transition from using animal models to human cell line or mesenchymal stem cell 

(hMSC) based systems to study in vitro chondrogenesis is inevitable, many laboratories are still using 

these cost-effective and simple animal systems for various reasons; novel therapeutic targets for most 

of the diseases that affect the musculoskeletal system (i.e., osteoarthritis) are easier to identify using 

such models, and also because before clinical trials are initiated, the safety profile and efficacy of drug 

candidates are usually tested in these animal models. Although chondrogenic differentiation of the 
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C3H10T1/2 cell line and primary limb bud-derived micromass cultures has been extensively studied, 

no comprehensive report on the mRNA expression profiles of genes that mark differentiation towards 

various mesenchymal (i.e., chondro-, osteo- and adipogenic) lineages in these two murine models 

under identical HD culturing conditions has been published. In this study, therefore, by monitoring an 

array of marker genes we provide a detailed analysis of the differentiation potential of BMP-2 induced 

C3H10T1/2 micromass cultures and mouse embryonic limb bud-derived micromass cultures, with 

special emphasis on the osteo- and chondrogenic differentiation of these systems, to enable easier 

comparison of their differentiation potentials. 

2. Results 

2.1. BMP-2 Overexpressing C3H10T1/2-Derived and Embryonic Limb Bud-Derived Micromass 

Cultures Show Different Morphology 

Since condensation and precartilaginous nodule formation are the first visible signs of chondrogenesis 

from the embryonic connective tissue in vivo [21], we first looked at whether the two models 

investigated in this study recapitulated these processes in vitro. To this end, routine  

haematoxylin-eosin (HE) staining procedures were performed on day 3 of culturing to visualise the 

cellular morphology of the two different micromass cultures. As seen in Figure 1, the cell line-based 

colony exhibited a substantially different morphology than the primary model. Cells in the limb  

bud-derived HDC formed numerous nodules with multiple cell layers (marked by arrows), while 

cellular density remained low in the internodular areas. The fact that differentiation of 

chondroprogenitor cells into chondroblasts primarily occurs within these foci was confirmed by 

staining with DMMB: on day 3, metachromatic cartilage matrix could only be detected within the 

aggregates and no metachromasia was visible in the internodular areas (see Figure 2). By contrast, the 

central region of the C3H10T1/2-based culture was densely populated with complete lack of foci and 

internodular areas (Figure 1). Furthermore, cellular behaviour in terms of migratory characteristics was 

also different in the two models: although some cells have also migrated to the periphery of the 

primary HD culture, this area remained relatively sparse compared to the cell line-based HDC in which 

a very high number of cells have spread from the centre and they even formed dense, multiple cellular 

layers on the periphery. 
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Figure 1. Morphology of 3-day-old micromass cultures established from BMP-2 

overexpressing C3H10T1/2 and embryonic limb bud-derived mesenchymal cells after 

staining with HE. Original magnification was 2× (upper panels), 10× (middle panels), and 

20× (lower panels). Scale bars: 2 mm (upper panels), 200 µm (middle panels), and 100 µm 

(lower panels). In the upper panels, both the peripheral (left) and central (right) regions of 

micromass cultures are shown. Arrows point at precartilaginous nodules in primary 

embryonic limb bud-derived HDC. Representative photomicrographs of 3 independent 

experiments are shown. 
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Figure 2. Metachromatic cartilage matrix in micromass cultures on different days of 

culturing. Metachromatic cartilage areas in HDC were visualised with 0.1% DMMB 

dissolved in 3% acetic acid (pH 1.0). Original magnification was 40× for all 

photomicrographs. Scale bar, 50 µm. Metachromatic (purple) areas correspond to cartilage 

matrix rich in sulphated GAGs. Representative photomicrographs of 3 independent 

experiments are shown. 

 

2.2. Micromass Cultures Established from either BMP-2 Overexpressing C3H10T1/2 Cells or  

Primary Embryonic Limb Bud-Derived Cells Undergo Chondrogenic Differentiation 

To assess the amount of metachromatic cartilage matrix accumulation in micromass colonies at 

select days of culturing, acidic DMMB staining was used. This is a generally accepted approach to 

verify cartilage matrix formation, as the molecules that are responsible for this phenomenon  

(i.e., proteoglycans containing highly sulphated glycosaminoglycans) cannot be found at this large 

abundance in other tissue types. As seen in Figure 2, there is an increasing tendency in the amount of 

metachromatic ECM areas as differentiation proceeds. However, the temporal pattern of the 
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appearance of relatively large metachromatic territories differs between the examined models. While 

we observed extensive metachromatic areas within cartilaginous nodules (but not in the internodular 

areas) in 3-day-old primary HDC, mainly orthochromatic staining was visible in the cell line based 

models on the same culturing day. By days 6 and 10 of culturing the disparity became even more 

pronounced between primary HDC and the C3H10T1/2 models. Nonetheless, the BMP-2 overexpressing 

cell line-based cultures presented higher amounts of metachromatic ECM areas in comparison with the 

control ones. After 15 days of culturing, the ECM was exclusively metachromatic and enlarged, 

presumably hypertrophic chondrocytes were also visible in the primary HDC. The size of metachromatic 

matrix areas also increased in the BMP-2 overexpressing C3H10T1/2 colonies, but it failed to reach 

the amount detected for primary cultures of the same age. In contrast, no metachromatic territories 

could be identified in micromass cultures of control C3H10T1/2 cells even on day 15 of culturing. It is 

of note that the appearance of metachromatic territories in the embryonic limb bud-derived HDC and 

that in cultures established from the BMP-2 overexpressing variant of C3H10T1/2 was different after 

staining with DMMB; while the former model exhibited distinct, heavily metachromatic regions that 

corresponded to cartilaginous nodules, a weaker but relatively homogenous metachromasia was 

observed in the latter one. Furthermore, considerable orthochromatic territories were also visible 

throughout the culturing period in colonies of the BMP-2 overexpressing C3H10T1/2. 

The mRNA expression profiles of specific ECM molecule genes that are associated with 

differentiation towards the chondrogenic lineage were also examined over the 15-day-long culturing 

period (Figures 3 and S1). Sox9, which encodes a transcription factor responsible for the expression of 

genes involved in cartilage matrix secretion and is therefore considered as the master gene of 

chondrogenesis, was found to be expressed at a constant level in both the primary and the BMP-2 

overexpressing C3H10T1/2 cultures from the beginning of their HD culturing. Interestingly, mRNA 

transcripts for Sox9 were also detected in control C3H10T1/2 micromass cultures, but they gradually 

decreased by culturing day 15. While Col2a1, the gene that codes for the alpha-1 chain of type II  

collagen, exhibited a constant level of expression in all three micromass cultures (including control 

C3H10T1/2 colonies that did not produce abundant cartilage ECM), Acan, which encodes the core 

protein of aggrecan, one of the main components of cartilage-specific ECM, only showed strong levels 

of expression in the embryonic limb bud-derived micromass cultures, and remained at a relatively 

lower level in the BMP-2 overexpressing C3H10T1/2 colonies. mRNA expression of the gene Hapln1 

coding for the hyaluronan and proteoglycan link protein that connects proteoglycan core proteins to 

hyaluronan scaffolds was strong in the primary and in the BMP-2 overexpressing model, but only 

weak signals were detected in the control C3H10T1/2 cultures. The mRNA expression of Snorc, a 

cartilage-specific small transmembrane proteoglycan in differentiating and articular chondrocytes, was 

confirmed in both the primary and in the BMP-2 overexpressing C3H10T1/2 models commencing 

from day 3, when cartilage matrix producing chondroblasts have formed. Finally, in the case of the 

secreted protein lubricin (Prg4), which is specifically expressed by chondrocytes in the superficial 

zone of articular cartilage and by synoviocytes of the joint capsule, strong signals were only detectable 

in the embryonic limb bud-derived HDC and only from day 6 of culturing. This observation suggests 

that the molecular composition of cartilage produced in this model better mimics articular cartilage 

compared to that in colonies established from the C3H10T1/2 cell line. Col10a1, the marker gene that 

codes for the alpha-1 chain of type X collagen expressed by hypertrophic chondrocytes, showed an 
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almost constant level of expression throughout the entire culturing period in the primary  

cultures, while signals without any specific temporal pattern could be detected in the  

C3H10T1/2-based colonies. 

Figure 3. mRNA expression of chondrogenic marker genes in cells of micromass cultures 

on various days of culturing. Sox9 codes for the main chondrogenic transcription factor; 

Acan and Col2a1 are cartilage-specific ECM components; Hapln1 codes for the 

hyaluronan and proteoglycan link protein; Snorc is a novel cartilage-specific membrane 

proteoglycan in chondrocytes; Prg4 is specifically expressed by chondrocytes in the 

superficial zone of articular cartilage; Col10a1 is a marker gene for hypertrophic 

chondrocytes. GAPDH was used as a control. Numbers below gel images represent 

integrated densities of signals determined using ImageJ 1.46; data were normalized to the 

value detectable on the earliest day of culturing, day 0 (1.0) where applicable. 

Representative data of 3 independent experiments. Graphs representing mean values of 

relative optical densities of PCR results are shown in the Figure S1. 
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2.3. Matrix Calcification and Osteogenic Differentiation of C3H10T1/2 Cell Line or  

Primary Embryonic Limb Bud-Derived Micromass Cultures 

Alizarin Red staining procedure was applied on various days of culturing to assess calcified matrix 

accumulation in both embryonic limb bud-derived and C3H10T1/2-based micromass cultures. While 

no specific staining could be observed in the control C3H10T1/2 colonies, a very strong positivity was 

detected in HDC from the BMP-2 overexpressing C3H10T1/2 cells even from day 6 (Figure 4).  

By contrast, we could only detect stronger staining for calcified matrix from day 10 in the primary 

micromass cultures primarily within the cartilaginous nodules. These results suggest that both 

micromass cultures undergo matrix calcification and presumably hypertrophic transformation of 

chondrocytes, which precedes endochondral ossification. 

Figure 4. Visualisation of calcified ECM production in HDC on different culturing days. 

Matrix calcification was detected with Alizarin Red staining. Original magnification was 

40× for all photomicrographs. Scale bar, 50 µm. Orange-red areas correspond to 

extracellular matrix rich in calcium deposits. Representative photomicrographs of  

3 independent experiments are shown. 
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Figure 5. mRNA expression patterns of osteogenic marker genes in cells of micromass 

cultures on various days of culturing. Runx2 and Osx code for major osteogenic 

transcription factors; Col1a1 encodes the alpha-1 chain of type I collagen; osteocalcin 

(OC) and osteopontin (OP) are markers of late stages of osteogenesis;  

alkaline phosphatase (AP) is a marker for osteoblast activity. GAPDH was used as a 

control. Numbers below gel images represent integrated densities of signals determined 

using ImageJ 1.46; data were normalized to the value detectable on the earliest day of 

culturing, day 0 (1.0) where applicable. Data is representative of 3 independent 

experiments. Graphs representing mean values of relative optical densities of PCR results 

are shown in the Figure S2. 

 

To this end, differentiation towards the osteogenic lineage was also monitored using conventional 

RT-PCR analysis of lineage-specific genes. The Runt-related transcription factor-2 (Runx2; also 

known as Cbfa-1), the key transcription factor associated with osteoblast differentiation, exhibited a 

constant expression in the two differentiating micromass cultures but gradually decreased in the 

control C3H10T1/2 colonies. In contrast, mRNA transcripts for Osterix (Osx), another important 

osteoblast-specific transcription factor downstream of Runx2 and essentially required for bone 

formation and osteoblast differentiation, were only found to be expressed in a constant manner in the 

primary and the BMP-2 overexpressing C3H10T1/2 colonies with stronger signals from culturing  

day 3 (Figures 5 and S2). Although Osx mRNA expression could also be detected in control 

C3H10T1/2 colonies on certain days, it followed a rather irregular pattern. The mRNA expression of 

Col1a1 (that encodes the alpha-1 chain of type I collagen) followed a very similar pattern to what has 

been observed for Runx2: a steady but strong expression was seen in the BMP-2 induced C3H10T1/2 
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and in the primary cultures, whereas a decline was detected in the control C3H10T1/2 colonies. 

mRNAs for osteocalcin (OC) and osteopontin (OP), markers of late stages of osteogenesis, however, 

exhibited expression sequences similar to those of Osx: both markers showed stronger signals towards 

the end of the 15-day-long culturing period and could mainly be detected in the BMP-2 overexpressing 

C3H10T1/2 and in the limb bud-derived micromass cultures. Alkaline phosphatase (AP), another 

important marker for osteoblast activity, was also only expressed in the BMP-induced and the primary 

micromass cultures, with a very strong upregulation by day 15 in the latter model. 

2.4. Differentiation towards the Adipogenic Lineage Is also Characteristic of the Micromass  

Models Studied 

As C3H10T1/2 is a multipotent mesenchymal cell line, pathways of differentiation other than 

chondro- and osteogenesis are necessary to consider. To identify whether cells in the two different 

models applied in this study underwent differentiation towards the adipogenic lineage and acquired an 

adipocyte-like phenotype, lipid droplet-specific Oil Red O staining procedures were performed on 

select days of culturing. Haematoxylin nuclear staining was also applied on cultures to facilitate 

identification of cells. As seen in Figure 6, cells in the embryonic limb bud-derived micromass cultures 

did not exhibit large lipid droplets even at later stages (day 15); only small lipid droplets that are 

structural components of chondrocytes were visible [22]. In contrast to complete lack of  

adipocyte-like cells in primary HDC, C3H10T1/2-based cultures (both the control and the BMP-2 

overexpressing variant) showed cells with strong Oil Red O-positive lipid droplets especially at later 

time points (days 10 and 15). Interestingly, many adipocyte-like cells could be identified even in the 

control C3H10T1/2-based micromass cultures (Figure 6). The number of large cells with multiple lipid 

droplets that can be considered as precursors of white adipocytes further increased at later stages: by 

day 25 of culturing, these cells virtually outnumbered other cell types at the periphery and in the 

superficial layer over the centre of the cell line based micromass culture. This phenomenon could not 

be observed in the embryonic limb bud-derived HDC (data not shown). 

The mRNA expression patterns of genes that mark differentiation towards the adipogenic lineage 

were analysed by RT-PCR. mRNA transcripts of the adipocyte-specific fatty acid binding protein-4 

FABP4 (adipocyte protein-2) could be detected in all three micromass cultures with a strong 

upregulation in both the BMP-2 overexpressing variant of the C3H10T1/2 cultures and in the primary 

HDC at later stages of culturing (Figures 7 and S3). By contrast, stronger signals of the peroxisome 

proliferator-activated receptor gamma 2 (PPARɔ2), an adipocyte-specific nuclear hormone receptor 

and key regulator of adipocyte differentiation, could only be detected in the BMP-2 overexpressing 

C3H10T1/2 derived HDC and only at later developmental stages, which further supports our 

observations based on Oil Red O staining procedures. 
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Figure 6. Analysis of adipogenesis in micromass cultures established from C3H10T1/2 

cell line (control and BMP-2 overexpressing variants) and embryonic limb bud-derived 

mesenchymal cells on select days of culturing. Oil Red O was applied to selectively stain 

cytoplasmic lipid droplets (red). Nuclei were counterstained with haematoxylin (blue). 

Original magnification was 100× for all photomicrographs. Scale bar, 20 µm. 

Representative photomicrographs of 3 independent experiments are shown. 

 


