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Abstract

Introduction: 

The osteoarthritis is a serious threat for well-developed and ageing countries. Present techniques of 
treatment of damaged cartilage are not sufficient. Hence, new strategies should be developed. One of the 
potential methods for the cartilage regeneration is use of pluripotent stem cells (PSC). 

Aim: 

The development of an efficient protocol of chondrogenic differentiation using PSC.

Material and methods: 

The human embryonic stem cell line (BG01V) was used in this study. The chondrogenic differentiation 
was performed using high-density pellet culture in the presence of TGF-β1 (10 ng/ml) and BMP2 (100 
ng/ml). After 21 days, expression analysis of genes related to chondrogenesis was done. Additionally, the 
histological staining was performed to detect the deposition of proteoglycans and collagens in differentiated 
pellet culture.
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Results: 

Obtained pellets exhibited decreased expression of pluripotent markers. The upregulation of mesodermal 
marker and type II collagen was observed in differentiated pellets in the presence of applied growth factors. 
The histological analysis revealed mild deposition of proteoglycans and collagens. 

Conclusion: 

The presented approach allows to obtain chondrogenic pellets in their early stages of chondrogenesis.

Keywords: Regenerative medicine, Chondrogenic differentiation, Osteoarthritis, Pluripotent Stem Cells, Articular cartilage 
chondrocytes.

Introduction

The osteoarthritis (OA) in the near future will be the leading cause of disabilities, gaining the status of 
civilization disease [1]. The OA is related to the genetic predisposition, age, high body mass index, mechanical 
or idiopathic damages of the joint cartilage [2,3]. Due to limited vascularity of cartilage tissue, it has a lack 
of ability to regenerate. Moreover, the activation of chondrocytes allocated in a dense extracellular matrix 
(ECM), after the damage, enables their maturation and formation of painful osteophytes [4]. The lack of early 
symptoms is the main reason for diagnosis at advanced stages of the disease, leading to invasive therapeutic 
approaches such as total joint replacement, which affects patients’ quality of life and put them at risk of 
severe side effects related to the revision surgeries [5,6]. 

One of the potential solutions to that state is taking an advantage of the recent discoveries of tissue 
engineering [7,8]. The application of mesenchymal stromal cells (MSC) is studied very broadly since 
chondrocytes are originating from the mesoderm germ layer. However, MSC are usefull mostly in  young 
patients, where their efficiency and differentiation potential is high [9]. Moreover, the source of MSC has a 
huge role in  cartilage formation. It was established, that besides the high amount of MSC derived from fat 
tissue, their chondrogenic differentiation is less effective than MSC isolated from bone marrow, where their 
amount is relatively low [10]. 

The other interesting population with high potential for regenerative medicine purposes are pluripotent 
stem cells (PSC) [11]. Those populations could be divided into human embryonic stem cells (hESC) or 
induced pluripotent stem cells (iPSC). Due to  ability to unlimited cell division and self-renewal, it could be 
an infinite source of cells for tissue engineering. However, the use of hESC arise some ethical issues due to 
their origin. IPSC overcome those doubts, but  their long term usage consequences are still poorly described 
due to unknown genetic stability or tumorigenic potential by the usage of oncogenic factors during the 
reprogramming process. The use of iPS in regenerative medicine needs thorough research regarding their 
safety[12–14]. The common problem associated with the use of PSC is the lack of well-standardized protocols 
of differentiation that would allow obtaining a homogenous population, without the risk of developing a 
teratoma due to PSC remnants [15]. Besides those facts, application of PSC cells in regenerative medicine has 
more advantages than any other known cell populations. 

For cartilage regeneration, a variety of approaches are used. One of them is based on intermediate step 
using embryoid body (EB) formation, which uses their natural ability of to form the cells of three germ 
layer or direct one by adding the scheduled combination of growth factors responsible for at first mesoderm 
formation and then chondrogenic differentiation [16–18]. However, EB forms a heterogeneous population of 
cells, which could affect the reproducibility of the differentiation approach [19,20]. On the other hand, the use 
of many growth factors could significantly increase the costs of the protocol [16,21]. Among those protocols, 
the most common growth factors used to form chondrocytes are members of TGF-β (Transforming Growth 
Factor β) and BMP (Bone Morphogenic Protein) protein family, which were estimated to have a crucial role in 
the formation of limbs and were used with success in MSC differentiation high-density spheres [16,22]. Thus, 
we decided to create a protocol without EB formation step with minimal usage of growth factors to obtain a 
homogenous chondrogenic population of cells.with minimal usage of growth factors to obtain a homogenous 
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chondrogenic population of cells.

Aim 

To generate efficient protocol of chondrogenic differentiation from pluripotent stem cells using high-
density mass culture in combination with TGF-β/BMP members’ family.

Materials and methods

•	 The	PSC	cell	culture	and	chondrogenic	differentiation

The human embryonic stem cell line BG01V (ATCC, VA, USA) were cultured as previously described 
[23]. After the depletion of feeder-cells for 3 passages, 1.5 x 105 PSC cells were suspended in a chondrogenic 
medium (ChM) and centrifuged for 5 minutes at 300 x g. The ChM composition was previously established 
with minor modification [24]. Briefly, the ChM instead of 5% of Knock-out Serum Replacement (KSR, Thermo 
Fisher Scientific, USA) contained 1%. Moreover, ChM was supplemented with TGF-β1 (10 ng/ml) and BMP2 
(100 ng/ml) (both provided by Immunotools GmbH, Germany). The medium was changed every second day 
for 21 days with fresh supplementation of growth factors. As a control, BG01V cells cultured in ChM without 
growth factors (GF) was used. The following variants were established: ChM – cells cultured in only ChM; 
ChM+GF – cells cultured in ChM supplemented with growth factors.

•	 Isolation of RNA and RT-qPCR analysis

After 21 days of differentiation, the RNA was isolated from 6 pellets per replicate as previously described 
[24]. The cDNA synthesis and RT-qPCR analysis were performed as previously described [23,24]. The relative 
mRNA expression was first normalized to reference gene Glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) and then to controls: BG01V cells or adult chondrocytes cell line HC-402-05a (Cells Applications 
Inc. CA, USA). The list of primers used in this study is enlisted in Table 1.

Table 1. The list of primers of genes used in that study.

Target mRNA Forward Sequence Reverse Sequence Probe no.
ACAN cgtgaatcagaatcaactgctg Gtgtccctctgtctccttgc 31

BRACHYURY gatgatcgtgaccaagaacg cttccagcggtggttgtc 18
COL2A1 ttctggagaccaaggtgctt ttccattagcaccatctttgc 67
COL10A1 caggccctaaaggtgagaca caggggaacccctttcac 45
NANOG atgcctcacacggagactgt aagtgggttgtttgcctttg 31

SOX9 ctcgccacactcctcctc cgcttcaggtcagccttg 77
 ACAN - aggrecan; BRACHYURY - T-Box Transcription Factor T; COL2A1 - Collagen type 2 alpha 1 chain; COL10A1 - 

Collagen type 10 alpha 1 chain; SOX9 - SRY (sex-determining region Y)-box 9;

•	 Immunohistochemical stainings

After 21 days of culture, pellets were washed using phosphate-buffered saline (PBS, Biowest, France) 
and then rinsed in ready-to-use buffered formalin (POCH, Poland). After fixation, pellets were embedded in 
wax. Stainings were performed as previously described with minor modification [24]. Deparaffinized slices 
were stained for presence of type II collagen (dilution 1:300; ab34712, Abcam, UK) For the proteoglycans 
and other fibrils structures the trichrome Masson, Verhoeff - van Gieson, alcian blue, safranin-O, toluidine 
blue stainings were performed according to manufacturer’s instruction (all chemicals was obtained from 
Sigma-Aldrich, MO, USA). The pictures of stained pellets were taken using Opta-Tech MW-100 inverted 
microscope and documented using Opta-View software (Opta-Tech, Poland).
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•	 Statistical analysis

The presented experiments were repeated at least three times. The statistical significance was 
calculated using Graph Pad Prism 6 (Graph Pad Software, CA, USA) using one-way ANOVA. Significant 
differences for p<0.05 were acknowledged.

Results

•	 The	gene	expression	analysis	of	differentiated	BG01V	cells

After 21 days of differentiation of BG01V cells in high-density culture, the consistent spheres were formed 
(Figure 1A andB). The gene expression analysis of the pluripotent marker, NANOG, was decreased in 
differentiated cells in comparison to control (Figure 2A).

Figure 1. The scheme of the experiment (A) and representative picture of growing spheres during the differentiation 
process (B). BG01V cells were cultured for 21 days in high-density culture in the serum-free chondrogenic medium 
(ChM) in the presence of TGF-β1 and BMP-2, as a result, the formation of the consistent sphere was observed. 

Among studied variants, the expression was slightly higher in pellets exposed to combined growth 
factors. In comparison with control cells BG01V, the expression of BRACHURY was highly upregulated in 
differentiated ChM+GF pellets, even higher than in the ChM variant (Figure 2B). The adverse tendency was 
observed in chondrocytes hypertrophy marker COL10A1 (Figure 2C). The lowest expression was notified 
in TGF-β1 and BMP2 treated pellets in comparison with untreated spheres and control adult chondrocytes 
cell line HC-402-05a. Unfortunately, a similar observation was notified during SOX9 expression, one of 
the chondrocytes specific transcription factors, where the lowest expression was observed in ChM+GF 
variant (Figure 2D). However, chondrogenic medium alone and combined with TGF-β1 and BMP2 caused 
upregulation of COL2A1, the main component of hyaline cartilage, in cultured spheres in comparison 
with control cell line (Figure 2E). However, its expression was lower in ChM+GF variant in comparison to 
pellets differentiated in ChM. The ACAN expression, one of the components of cartilage proteoglycans, was 
significantly lower in differentiated pellets in comparison with control (Figure 2F). Between the ChM and 
ChM+GF spheres, there was a lack of differences in ACAN expression. These results suggest obtaining of not 
fully differentiated chondrogenic-like cells exhibiting early chondrogenic population due to high expression 
of BRACHYURY but also presented specific markers for chondrocytes like SOX9 and COL2A1. 
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Figure 2. The characterization of genes related to chondrogenesis of studied spheres after the proposed 
chondrogenic differentiation approach. The marker of pluripotency NANOG (A); mesodermal lineage - BRACHURY 
(B); and chondrocytes - COL10A1 (C), SOX9 (D), COL2A1 (E) and ACAN (F); were tested. The error bars represent 
SD. The statistical analysis was performed using one-way ANOVA with Tukey’s post-hoc multi comparison test 
(* - p<0.05). ChM- Chondrogenic medium; ChM+GF – Chondrogenic medium combined with growth factors.

The histological analysis of obtained pellets

The obtained spheres as differentiated in presence of ChM medium alone and combined with TGF-β1 and 
BMP2 undergo histological analysis for the presence of deposition of extracellular matrix (ECM) mostly 
proteoglycans and collagens (Figure 3). The intensity of Alcian blue, marker of proteoglycans, revealed the 
slightly higher intensity of their deposition in ChM+GF spheres. Similarly, type II collagen, a marker of 
hyaline cartilage, was more intensified in these spheres. The more reddish elements, representing collagen 
deposition, were observed in the Verhoeff-van Gieson stainings of pellets treated with TGF-β1 and BMP2 than 
in those cultured in ChM alone, where yellowish structures representing cytoplasm or other non-cartilage 
related structures were detected. Masson trichrome staining, where blue structures are the indicator of 
collagens, revealed more intense blue elements in the ChM+GF variant in comparison with ChM. The gold 
standard staining of proteoglycans deposition in cartilaginous tissue – toluidine blue and safranin-O – also 
indicated the more intensified color in the pellets treated with TGF-β1 and BMP2 than cultured in ChM alone. 
Moreover, the overlook onto histological morphology using HE staining of obtained spheres revealed that 
ChM+GF variant consisted of more similar, homogenous cells than pellets differentiated in ChM alone. In 
general, these data support the derivation of chondrogenic-like spheres at the early stages of chondrogenesis.
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Figure 3. The immunohistochemical stainings of obtained spheres after 21 of chondrogenic differentiation. 
As control spheres cultured in ChM without GF was used. The dark scale bars represent 100 µm.

Discussion

In this study, we aimed to develop a simple protocol for chondrogenic differentiation from pluripotent 
stem cells with minimal supplementation of growth factors and culture system based on chondrocytes 
biology. Thus, we used TGF-β1 and BMP2, which are known as chondroinductive growth factors commonly 
used in mesenchymal stromal cells chondrogenic differentiation [25–27]. Their combination is known for 
enhancing the production of ECM and the expression of markers specific for hyaline chondrocytes such as 
type II collagen [28]. In our study, we used a serum-free approach for chondrogenic differentiation. The use 
of fetal bovine serum (FBS) in cell culture arise some ethical issues and limits the application of these cells 
for clinic due to the variability of batches or risk of transferring animal-related diseases [29,30]. Moreover, 
it was shown that supplementation of FBS in chondrogenic culture is a negative factor, responsible for 
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decreased production of ECM by differentiated MSC. One of the causes was related to the suppression of the 
effect of TGF-β1 by its presence in the cell culture medium [31–33]but to date the standard culture model 
for these explants has required the addition of fetal bovine serum to the media. Numerous investigators 
have succeeded in culturing chondrocytes and embryonic cells in serum-free conditions but there have 
been no studies focused on achieving a defined, serum-free media for culturing periosteal explants. The 
purpose of the present investigation was to determine if whole periosteal explants can be grown and produce 
cartilage in serum-free conditions, and to define the minimum media supplements that would be conducive 
to chondrogenesis. 321 periosteal explants were obtained from the medial proximal tibiae of 31 two month-
old NZ white rabbits and cultured using a published agarose suspension organ culture model and DMEM for 
six weeks. The explants were cultured with and without fetal bovine serum or bovine serum albumin and 
exposed to transforming growth factor beta alone, a combination of growth factors we call ChondroMix (10 
ng/ml transforming growth factor beta, 50 ng/ml basic fibroblast growth factor, and 5 μg/ml growth hormone. 
For the clinical use of PSC cells, there is a necessity to deplete feeder-cells for similar reasons as animal-
derived serum. The ability of formation and adaptation of PSC cells to the serum- and feeder-free increase 
their translational potential [34]. However, in our protocol, we used feeder-dependent cell culture of human 
embryonic stem cells. To eradicate their presence we passaged them a few times, but this is leading to their 
spontaneous differentiation. In a few studies, such an approach is used to produce a colony or in case of usage 
EB cell outgrowth, which enables to obtain the MSC-like cells population without additional growth factors 
[17,35]we assessed the in vitro chondrogenic potential of the pluripotent population versus an iPSC-derived 
mesenchymal-like progenitor population. We found the direct plating of undifferentiated iPSCs into high-
density micromass cultures in the presence of BMP-2 promoted chondrogenic differentiation, however these 
conditions resulted in a mixed population of cells resembling the phenotype of articular cartilage, transient 
cartilage, and fibrocartilage. The progenitor cells derived from human iPSCs exhibited immunophenotypic 
features of mesenchymal stem cells (MSCs. In our protocol, we applied three dimensional (3D) culture system 
was to provide the imitation of microenvironment close to chondrogenesis (mesenchymal condensation – a 
crucial process during limb formation) and provide scaffoldless construct for fulfilling cartilage defect [36–
38]transforming growth factor β1 (TGF-β1. Another advantage of using the 3D environment is maintaining a 
stable phenotype of differentiated chondrocytes [29,38,39]. It was shown already that one of the causes of the 
autologous chondrocytes implantation (ACI) failure is related to in vitro expansion of chondrocytes, where 
dedifferentiation process occurs leading to the formation of fibrocartilage and hypertrophic chondrocytes 
representing adverse biomechanical properties than naive hyaline cartilage [40–42]. 

In our study, the derived ChM+GF pellets indicated the presence of higher expression of NANOG than in 
cells treated only with ChM. This is one of the cons of using that protocol for clinics in current form, due to 
the possible teratoma formation [43]. NANOG presence could be related to the short time of differentiation 
and use of TGF-β1, which is known  factor for maintaining pluripotency state [44]. In our presented protocol 
we were able to obtain cells at the early stages of chondrogenesis. . One of the supporting data is the enhanced 
expression of BRACHYURY in differentiated pellets. It was assessed that this transcription factor is highly 
connected with chondrogenic differentiation in BMP2 dependent manner and activation of FGF-signalling 
pathway in murine MSC cells [45]. Moreover, the hypothesis of the early chondrogenic population is supported 
by the low expression of COL10A1. Its upregulation is one of the markers of maturation, dedifferentiation 
and hypertrophic of chondrocytes [46,47]. Besides those revelations in our spheres treated with GFs, we 
observed lower mRNA expression of COL2A1 in comparison to ChM treated cells. This could be related 
to ingredients of the chondrogenic medium itself - L-ascorbic acid and dexamethasone, which are known 
factors enhancing the expression of SOX9 and COL2A1 [48–51]. Contrary, the histological analysis revealed 
increased deposition of type II collagen in GF treated spheres. This protein is highly expressed in hyaline 
cartilage, where is responsible for its elasticity and ability to trap the proteoglycans, forming the complex 
structure resistant to bear weight and enabling the frictionless and painless movements of the joints. In the 
case of proteoglycans, in our protocol, the ACAN expression was low in comparison with adult articular 
chondrocytes, but the histological staining detected mild intensity of deposited proteoglycans in our 
differentiated cells. All these findings taken together support the obtaining of prochondrogenic state of our 
pellets. However, for their further maturation, the extended time of differentiation and microenvironmental 
stimulation is necessary. Recently reported in vivo studies of chondrogenic PSC differentiation by several 
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independent groups have shown that implantation of prochondrogenic pellets (around 30 days of 3D culture) 
with low-deposited proteoglycans enabled formation hyaline cartilage in the damaged site [36,52–54]. One 
of the studies suggested that early stage for implantation could improve integration with donor tissue because 
in the prolonged cultured chondrogenic pellets formation of lubricious phase on their surface is observed 
[36,55].

Conclusions

The high-density culture chondrogenic differentiation of PSC in the presence of TGF-β1 and BMP2 enable 
to form the chondrogenic-like spheres at the early stage of differentiation. Prolonged culture of spheres and in 
vivo models should be used for further observation of their maturation related to joint microenvironmental 
factors and confirmation of their safety due to PSC remnants.
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