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A B S T R A C T 

Significant efforts have been undertaken in the last decade in the development of stem cell-based therapies for cartilage repair. To improve 
the clinical efficacy of stem cells for articular cartilage repair, understanding the factors and conditions that influence stem cell chondrogenesis 
in their lineage-specific differentiation and phenotypic stability of the cartilage formation following differentiation would be necessary. In this 
progress update, we discuss the use of the various sources of stem cells, induction factors including growth factors, oxygen tension and 
biomaterial scaffolds, and some of the cell-cell/matrix interactions and underlying mechanisms that regulate stem cell chondrogenesis 
towards stable cartilage formation.  
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Introduction 

Stem cells, defined by their capacities for self-
renewal and for differentiation into a wide variety of cell 
lineages, hold great promise for applications in tissue 
engineering and regenerative medicine. In the context of 

cartilage tissue engineering, the major sources of stem 
cells are adult mesenchymal stem cells (MSCs) and 
embryonic stem cells (ESCs) (Heng et al., 2004). Through 
reprogramming using defined gene and protein factors, 
recent advances in stem cell biology have enabled the 
generation of induced pluripotent stem cell (iPSC) sources 
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from somatic cell types such as skin fibroblasts that are 
easily accessible (Takahashi et al., 2007). This potentially 
allows for personalized patient-specific therapies.  

The study of stem cell chondrogenesis has 
become increasingly relevant not only for the study of 
cartilage development but also for the development of 
useful differentiation strategies to obtain sufficient 
numbers of stem cell-derived chondrocytes needed for 
transplantation. Of note, the regulation of chondrogenesis, 
particularly hypertrophy maturation, is becoming 
increasingly relevant to clinical applications for articular 
cartilage repair, as well as screening of drugs for 
treatment of hypertrophic osteoarthritis.     

Owing to the vast differentiation capability of stem 
cells, in particular pluripotent stem cells (ESCs and 
iPSCs), controlled differentiation of stem cells into the 
committed functional chondrocytes has been a major 
challenge. The development of efficient differentiation 
protocols aided by purification and selection strategies 
would reduce spontaneous differentiation of stem cells to 
divergent lineages other than the desired chondrogenic 
lineage. This is especially important for preventing the 
teratoma formation in the case of pluripotent stem cells, 
and improving the purity of functional cells for better 
therapeutic efficiency in cartilage repair.          

Apart from directing the differentiation of stem cells 
into the chondrogenic lineage, the control of phenotypic 
stability of the cartilage formation following differentiation 
is also critically important. Often, differentiation factors 
and conditions that enhance chondrogenic differentiation 
of stem cells would also predispose the differentiated 
chondrocyte-like cells to premature hypertrophy, with 
terminal progression to apoptosis and replacement by 
bone formation in a physiological process known as 
endochondral ossification.           

Functional chondrogenic differentiation and 
phenotype stability of the cartilage formation are critical 
factors in the clinical application of stem cells for cartilage 
repair. In this current review, we will discuss the latest 
progress in our understanding of the stem cell 

chondrogenesis, with the focus on various stem cell 
sources, induction factors including growth factors, 
oxygen tension and biomaterial scaffolds, and the 
pertinent cell-cell/matrix interactions and underlying 
mechanisms that regulate stem cell chondrogenesis 
towards stable cartilage formation.  

 

Stem Cells 

Stem cells for cartilage repair can be derived from 
two major sources - Multipotent adult MSCs isolated from 
various adult tissues, and pluripotent ESCs derived from 
inner cell mass of embryos.  

Adult MSCs 

Adult MSCs are multipotent adult stem cells 
present in most tissues of mature organisms serve to 
repair and regenerate tissues. They are capable of 
differentiating to different lineages including chondrocytes, 
osteoblasts and adipocytes, and have been identified in 
bone marrow (Pittenger et al., 1999; Toh et al., 2005) as 
well as in other tissues including adipose tissue (Zuk et 
al., 2001), cartilage (Koelling et al., 2009), synovium 
(Jones and Pei, 2012), and periosteum (Yoshimura et al., 
2007). Notably, autologous bone marrow (BM)-derived 
MSCs are currently being evaluated in human clinical 
trials for its functional efficacy for cartilage repair 
(Nejadnik et al., 2010). Clinical evidence now exists 
suggesting these uses may translate into effective clinical 
application for cartilage repair (Nejadnik et al., 2010; 
Wakitani et al., 2011). With potent immunomodulatory 
properties, these cells also enable a much wider use in 
clinical applications through potential allogeneic 
transplantations.         

Indeed, several studies have shown the ability of 
MSCs to potently modulate the immune and inflammatory 
responses, improve cell migration and angiogenesis, and 
prevent fibrosis by expression of specific trophic factors 
(da Silva Meirelles et al., 2009). As such, the role of MSCs 
in regenerative medicine has extended from merely tissue 
replacement through cell differentiation to the expression 
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of bioactive factors that modulate tissue and immune 
responses, and facilitate overall tissue regeneration. 
Currently, the paracrine functions of MSCs and their 
underlying mechanisms in tissue regeneration are under 
intense investigations. At this point in time, the 
understanding of secreted factors in the secretome by 
MSCs during chondrogenesis and their roles during the 
process is still very limited. Of note, the MSC secretome 
contains a complex myriad of trophic factors such as 
growth factors, cytokines, chemokines and microvesicles, 
which composition changes dynamically in response to 
the state of the cell and the surrounding 
microenvironment. Looking forward, the identification of 
secreted factors by MSCs is likely to provide novel 
insights to the autocrine/paracrine factors and 
mechanisms that are mediating chondrogenesis and 
cartilage regeneration (Toh et al., 2014).    

Although adult MSCs have shown great promise 
for autologous and allogeneic transplantations, these cells 
have limited differentiation capability and suffer age-
related loss of stem cell functions including proliferation 
and differentiation (Li and Pei, 2012). These led to the 
investigation of pluripotent stem cells including ESCs and 
iPSCs as alternative cell sources for cartilage repair.  

ESCs / iPSCs  

Human ESCs are pluripotent and can differentiate 
to cell lineages of all three germ layers (mesoderm, 
ectoderm, endoderm) (Thomson et al., 1998). To date, 
several diverse cell types have been derived from hESCs, 
including renal tubular cells (Li et al., 2014), endothelial 
cells (Rufaihah et al., 2010), chondrocytes (Toh et al., 
2009), osteoblasts (Cao et al., 2005), neurons (Vazin et 
al., 2009), keratinocytes (Kidwai et al., 2013), and 
hepatocytes (Hay et al., 2008).  

Recent advances in stem cell biology have also 
enabled the generation of iPSCs from somatic cells by 
defined factors (Takahashi et al., 2007). The technology to 
generate iPSCs overcomes the ethical concerns related to 
the use of hESCs, and potentially allows for personalized 
patient-specific therapies. Furthermore, the iPSC 

technology also created a new platform for study of 
diseases and drug screening through disease modeling 
that was previously not possible (Rosa et al., 2014).         

Much of the current research on both ESCs and 
iPSCs is focused on understanding the developmental 
pathways and underlying molecular mechanisms in 
directing stem cell differentiation to a particular lineage in 
a well-controlled manner for use in regenerative therapies 
(Toh et al., 2011a). To date, there have been several 
approaches in directing differentiation of pluripotent stem 
cells to chondrogenic lineage (Toh et al., 2011a). Among 
all, the derivation of lineage-restricted MSCs and chondro-
progenitors from ESCs and iPSCs represent the most 
promising approach that is devoid of teratoma formation, 
and have therapeutic potential for cartilage regeneration 
(Hwang et al., 2008; Jung et al., 2012; Toh et al., 2010). 
Study by Toh et al. demonstrated the use of hESC-derived 
chondrogenic cells embedded in hyaluronic acid 
hydrogels for repair of osteochondral defects in rats. In 
that study, the implanted cartilage constructs regenerated 
the osteochondral defects by undergoing an orderly 
remodeling process to form a hyaline cartilage layer with 
underlying subchondral bone by the end of 12 weeks. 
Notably, no teratoma was observed throughout the course 
of study (Toh et al., 2010).   

In order to better translate hESC and iPSCs into 
effective cartilage therapies, a standardized differentiation 
protocol with highly reproducible differentiation efficiency 
would be required. Also, the safety concerns related to the 
tumorigenicity of hESCs and iPSCs and immunogenicity 
of hESCs need to be addressed through more long-term 
preclinical studies in animal models. With demonstration 
of safety, functionality and efficacy, MSCs and progenitor 
cells derived from ESCs and iPSCs may potentially serve 
as the off-the-shelf readily available source of cells for 
cartilage repair.   

 

Microenvironmental Control of Stem Cell 
Chondrogenesis 
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Conventional system for in vitro stem cell 
chondrogenesis employs the pellet culture, where pellets 
comprising between 200,000 and 500,000 cells are 
subjected to chondrogenic induction with a basal medium 
containing a cocktail of dexamethasone, ascorbic acid, 
insulin, transferrin and selenous acid. Transforming 
growth factor (TGF)-β (TGF-β1, 2 and 3) are the well-
established inducers of chondrogenesis that lead to 
cartilage formation with deposition of sulfated 
glycosaminoglycans (s-GAG) and collagen II. The pellet 
culture system recapitulates mesenchymal condensation 
with cell-cell interactions required for chondrogenesis 
(Toh et al., 2013). However, increasing evidence is 
suggesting that this conventional culture system with 
TGF-β may not be sufficient to maintain the phenotypic 
stability of the cartilage formation, and more complex cues 
are required to enhance stem cell chondrogenesis 
towards stable cartilage formation (Toh et al., 2011b).  

With advances in material science and 
bioengineering, it is becoming evident that other factors 
including cell-matrix interactions and oxygen tension also 
exert significant influence on stem cell chondrogenesis. 
Here, we discuss the varying chondrogenic capacity of 
different stem cell sources, and the distinct roles and 
interplay of soluble factors, oxygen tension, cell-cell and 
cell-matrix interactions in the complex microenvironment 
that regulates stem cell chondrogenesis and phenotypic 
stability of the cartilage formation.     

Source of Stem Cells 

Depending on the tissue origin of derivation, stage 
of development and differentiation capability, the 
regulation of stem cell chondrogenesis can be quite 
different among various stem cell sources.  

Adult MSCs from different tissue origins also 
exhibit differential potency in proliferation and 
differentiation. In several studies, synovium-derived MSCs 
reportedly demonstrated superiority in proliferation and 
differentiation to chondrocytes (Jones and Pei, 2012). In 
view of the intrinsic differences among the different stem 
cell sources, detailed investigation and comparison of the 

different stem cell sources in their chondrogenic potential 
would be required.   

However, it seems to be a common problem in 
adult MSCs that with increase in chondrogenic potential 
with expression of collagen II and s-GAG, there is also a 
concomitant increase in hypertrophy with expression of 
collagen X, metalloproteinase (MMP)-13 and alkaline 
phosphatase (ALP), in the conventional pellet culture with 
TGF-β, as the major inducer of chondrogenesis.   

Due very much to differences in origin, stage of 
development and differentiation capability, response of 
hESCs to chondrogenic factors differs quite significantly 
from adult MSCs. Of note, it has been shown that early 
application of transforming growth factor (TGF)-β1 
inhibited chondrogenic differentiation of hESCs, and only 
enhanced chondrogenic differentiation following embryoid 
body formation (Toh et al., 2007; Yang et al., 2009). Even 
so, it has been shown that application of BMP-2 on human 
embryoid bodies in monolayer culture resulted in 
differentiation towards endodermal cell fate, and only 
enhanced chondrogenic differentiation in micromass 
culture (Toh et al., 2007). Conversely, BMPs and TGF-β 
have been commonly used in early stages of 
chondrogenic induction of adult MSCs (Hennig et al., 
2007; Toh et al., 2005). From these observations, it is 
obvious that ESC/iPSC chondrogenesis is very different 
from adult MSC chondrogenesis, due very much to the 
distinct developmental differences, and possibly 
differential growth factor response.  

In order to improve the efficiency of ESC/iPSC 
chondrogenesis, several strategies have been employed 
which include the derivation of MSCs and progenitor cells 
by either pre-sorting of specific cell population for further 
expansion and/or direct culture under selective culture 
conditions (Liu et al., 2009). Notably, Umeda et al. 
reported the successful isolation of paraxial mesoderm-
like cells from human iPSCs under chemically defined 
medium conditions. These cells express platelet-derived 
growth factor receptor-α (PDGFR-α) but not vascular 
endothelial growth factor receptor (KDR). When treated 
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with sequential addition of PDGF, TGF-β3 and BMP-4, 
these isolated KDR-PDGFRα+ paraxial mesoderm cells 
demonstrated superior chondrogenic response, without 
any sign of hypertrophy following 24 days of in vitro 
differentiation (Umeda et al., 2012). Looking forward, 
hESC/iPSCs may offer opportunities as the ideal cell 
source for derivation of chondrocytes that are 
phenotypically stable for cartilage regeneration.   

Although there are intrinsic differences among the 
different stem cell sources in their chondrogenic capacity, 
recent studies have suggested the roles of biochemical 
and biophysical factors in the microenvironment in 
modulation of stem cell chondrogenesis. 

Growth Factors 

Growth factors played a pivotal role in cellular 
signaling through interactions with respective growth 
factor receptors. Early studies have compared the 
chondrogenic differentiation capacity of adult BM-derived 
MSCs and adipose tissue (AT)-derived MSCs, and 
demonstrated superior chondrogenesis of BM-derived 
MSCs (Afizah et al., 2007; Liu et al., 2007). This could be 
explained in part by the reduced endogenous expression 
of BMP-2, 4 and 6 mRNAs and absence in expression of 
TGF-β-receptor I in adipose-derived MSCs. This reduced 
chondrogenic potential of AT-derived MSCs was rescued 
by BMP-6 treatment that induced TGF-β-receptor I 
expression and reversed by combined application of TGF-
β and BMP-6, that induced a gene expression profile 
similar to that of the differentiated BM-derived MSCs 
(Hennig et al., 2007). Similarly, Brown et al. compared the 
chondrogenic capacity of MSCs derived from hESCs and 
adult bone marrow, and showed that the hESC-derived 
MSCs have lower chondrogenic potential for cartilage 
formation, when treated with TGF-β1 alone (Brown et al., 
2014). However, hESC-derived MSCs can be effectively 
induced as BM-derived MSCs for chondrogenesis, when 
treated with TGF-β1 and BMP-7 in combination. These 
studies reflect the differences in growth factor 
requirements for chondrogenic induction of stem cells 
from different sources which can be attributed to the 

intrinsic differences in growth factor receptor repertoire 
expressed by the cells (Handorf and Li, 2014; Hennig et 
al., 2007). Undoubtedly, growth factor modulation is a 
potent approach to alter the chondrogenic potential of 
different stem cell sources.     

Often, inducers that are more pro-chondrogenic 
also inevitably enhances hypertrophy maturation. It has 
been shown that several growth factors including BMPs 
and insulin growth factor (IGF) synergize with TGF-β1 to 
enhance adult MSC chondrogenesis towards hyaline 
cartilage formation, but there is also increased propensity 
towards hypertrophy. Accordingly, hypertrophy maturation 
is regulated by Indian Hedgehog (Ihh)/parathyroid 
hormone related protein (PTHrP), Wingless (Wnt)-β-
catenin, FGF and BMP pathways. Major efforts are 
underway to dissect the interplay of growth factors that 
controls the rate and progression of chondrogenesis, and 
to determine the optimal growth factor combination to 
promote stem cell chondrogenesis towards stable 
cartilage formation. Of interest, PTHrP and FGF-2 were 
shown to be potent inhibitors of hypertrophic progression 
of TGF-β3 pre-differentiated MSC pellets in vitro. 
However, these pellets were not able to resist subsequent 
calcification after 4-week transplantation period in the 
ectopic model (Weiss et al., 2010). Separately, it is 
recently shown that the temporal regulation of Wnt/β-
catenin signaling influences the hypertrophic maturation of 
TGF-β-induced MSC chondrogenesis (Yang et al., 2011). 
In that study, continuous co-treatment of pellets with TGF-
β3 and the Wnt activator, lithium chloride (LiCl) resulted in 
inhibition of progression to hypertrophy. By contrast, 
transient co-treatment with TGF-β3 and LiCl at early stage 
of chondrogenesis resulted in heightened hypertrophy and 
subsequent calcification after subcutaneous implantation.                        

With more sources of stem cells being identified 
and isolated from different tissues, mapping of their 
growth factor and receptor repertoire would pave forward 
optimal chondrogenesis of individual source of stem cells 
for cartilage repair. Timely application of the growth 
factors at the optimal concentration, combination and 
exposure, in relationship to the expression of the 
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corresponding growth factor receptors, would need to be 
determined to enhance stem cell chondrogenesis towards 
stable cartilage formation.    

Oxygen Tension 

Apart from soluble factors, biophysical stimulation 
including oxygen (O2) tension has also been reported to 
modulate chondrogenesis. It is generally agreed that 
hypoxia culture condition (ranged 2-5% O2) during 
expansion enhances MSC clonogenicity and expression 
of stemness genes including Oct-4 and Rex-1 (Grayson et 
al., 2006), as well as modulates the secretion of growth 
factors and cytokines by these cells (Chang et al., 2013). 
However, at this point in time, the role of hypoxia 
preconditioning during MSC expansion on subsequent 
chondrogenesis is less clear and has yielded conflicting 
results. Notably, it has been shown in separate studies 
that hypoxia preconditioning may enhance or impair 
subsequent MSC chondrogenesis (Adesida et al., 2012; 
Boyette et al., 2014), which necessitates further research 
to confirm the findings.      

On the other hand, application of hypoxia during 
chondrogenesis seems to yield more consistent outcomes 
of enhanced chondrogenic gene expression and matrix 
deposition in various sources of MSCs including BM-
derived MSCs  and AT-derived MSCs (Munir et al., 2014), 
as well as in chondrocytes (Foldager et al., 2011). This 
underscores the role of hypoxia during chondrogenesis, 
mediated largely by hypoxia-inducible factor (HIF)-1α and 
-2α. Of note, HIF-1α was shown to enhance MSC 
chondrogenesis via interaction with the Sox9 promoter 
(Robins et al., 2005). Similarly, hypoxia enhanced 
chondrogenic differentiation of MSCs with collagen II and 
s-GAG upregulation via AKT and p38 MAPK (mitogen 
activated protein kinase) pathways (Kanichai et al., 2008). 
In addition to the chondrogenic effects, hypoxia also 
exerts anti-hypertrophy and anti-catabolic effects on 
MSCs and chondrocytes, with downregulated expression 
of collagen X, ALP and MMP-13 (Gawlitta et al., 2012; 
Strobel et al., 2010). However, at this time in point, the 
interplay and underlying mechanisms of HIF-1α and HIF-

2α in the catabolic regulation of chondrogenesis leading to 
hypertrophy are still unclear.    

Understanding of the role of hypoxia in stem cell 
chondrogenesis is still relatively limited. There exist 
conflicts in results from different investigators and these 
most likely stem from the differences in donor source, cell 
type, culture method, the stringency of hypoxia control, as 
well as how differentiation is assessed. Looking forward, 
further research would be required to dissect the role of 
hypoxia at various stages of chondrogenesis from MSC 
expansion prior to differentiation to chondrogenic 
differentiation and hypertrophy maturation. Combination 
of hypoxia with other approaches using growth factors and 
biomaterials may represent a well-rounded approach to 
drive stem cell chondrogenesis towards stable cartilage 
formation.  

Co-culture and Cell-Cell Interactions 

Co-culture studies of articular chondrocytes and 
MSCs have provided evidence that chondrocytes 
enhanced MSC chondrogenesis through cell-cell 
interactions by means of direct cell contact and/or by 
secretion of morphogenetic factors in the conditioned 
medium that are still yet to be fully characterized. As 
described in a number of studies (Hubka et al., 2014), 
MSCs and articular chondrocytes in direct contact pellet 
and scaffold co-cultures displayed improved 
chondrogenesis with higher gene expression and 
synthesis of cartilage matrix proteins than either cell type 
in monoculture. Further studies also provided evidence 
that co-culture of MSCs with chondrocytes improved 
chondrogenesis in both pellets (Acharya et al., 2012) and 
hydrogels (Bian et al., 2010) with inhibition of further 
progression to hypertrophy, by action of PTHrP secreted 
by the chondrocytes (Fischer et al., 2010).           

Apart from chondrocytes enhancing MSC 
chondrogenesis, recent studies have also suggested 
trophic effects of MSCs on chondrocyte matrix synthesis 
and functions. However, the results obtained from these 
studies at this point in time are still conflicting and 
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warrants further investigation. For instance, it was found 
that BM-MSCs exert trophic effects in chondrogenesis by 
promoting proliferation and ECM deposition of 
chondrocytes (Wu et al., 2011), and MSCs from different 
tissue sources including synovial membrane, bone 
marrow and adipose tissue seem to exert these trophic 
effects, irrespective of the tissue origins (Wu et al., 2012). 
On the other hand, there are also studies describing the 
inhibitory effects of MSC trophic factors on chondrocytes, 
where MSCs were observed to downregulate chondrocyte 
differentiation and matrix deposition (Lee et al., 2012; Xu 
et al., 2013).  

Moving ahead, delineating the cell-cell interactions 
between chondrocytes and MSCs are likely to shed light 
on the autocrine/paracrine factors and mechanisms that 
are mediating chondrogenesis and cartilage regeneration.    

 

Biomaterials and Cell-Matrix Interactions  

Biomaterials serve an important role as the 
synthetic extracellular matrix (scaffold) to enhance stem 
cell chondrogenesis through cell-matrix interactions. To 
date, a wide range of natural and synthetic polymers have 
been investigated as scaffolds for cartilage tissue 
engineering (Chung and Burdick, 2008). Natural polymers 
include collagen (Lee et al., 2003), gelatin (Wang et al., 
2014), hyaluronic acid (HA) (Toh et al., 2012), and many 
more. Natural polymers mimic the natural ECM found 
within the body and can often interact with cells through 
surface receptors to influence cell fate and functions. For 
example, HA has been shown to modulate stem cell 
chondrogenesis through CD44 interaction, and may also 
influence cell aggregation to foster cell-cell interactions 
(Huang et al., 2011; Wu et al., 2013). Synthetic polymers 
commonly used for cartilage tissue engineering include 
polyethylene glycol (PEG) (Williams et al., 2003), poly 
(propylene) fumarates (Fisher et al., 2004; Lim et al., 
2013), and polyurethanes (Werkmeister et al., 2010). 
Synthetic polymers are more controllable and predictable 
than the natural polymers, but require additional 

modification to enhance their biocompatibility and 
bioactivity. In this instance, specific ligands may be 
incorporated into these synthetic matrices to confer 
properties of cell adhesion and degradation, therefore 
allowing cellular infiltration and matrix remodeling for 
tissue formation.    

Advances in material science and engineering 
have enabled design of biomaterial scaffolds with 
incorporation of select cues in the microenvironment to 
influence stem cell chondrogenesis (Toh et al., 2011b). 
These signaling cues may range from biophysical cues 
(i.e. scaffold architecture, geometric and mechanical 
cues) to biochemical cues (i.e. adhesive motifs and 
soluble cues). Readers are referred to several recent 
reviews in this area (Chung and Burdick, 2008; Toh and 
Loh, 2014). Notably, it is recently shown that the 
crosslinking degree and the stiffness of the scaffold could 
modulate the differentiation of MSCs into formation of 
different types of cartilage by controlling the extent of 
mesenchymal condensation during chondrogenesis. In 
that study (Toh et al., 2012), lower cross-linked HA matrix 
enhanced chondrogenesis with increases in the 
percentage of cells with chondrocytic morphology, 
biosynthetic rates of s-GAG and collagen II, and hyaline 
cartilage tissue formation. With increasing cross-linking 
degree and matrix stiffness, a shift in MSC differentiation 
towards fibrous phenotypes with the formation of 
fibrocartilage and fibrous tissues was observed. 
Separately, it is also recently demonstrated that 
conjugation of N-cadherin mimetic peptides onto HA 
hydrogels promoted early MSC chondrogenesis by 
facilitating mesenchymal condensation through cell-cell 
interactions, although the effects on subsequent 
hypertrophy are less clear (Bian et al., 2013). Notably, 
chondrogenesis and subsequent hypertrophy may also be 
related to the cell degradability of the material system. It 
was found that hMSCs seeded in MMP-sensitive 
hydrogels exhibited increased cell spreading and better 
chondrogenesis with lesser hypertrophy, compared to 
those seeded in MMP-insensitive hydrogels (Feng et al., 
2014).           



14 PROGRESS IN STEM CELL 2014, 1(1): 07-17 

 

Looking forward, biomaterials science is likely to 
provide innovative platforms for better control of stem cell 
chondrogenesis towards stable cartilage formation for 
cartilage tissue engineering and regeneration.                

 

Conclusions and Future Perspectives 

Proper control of stem cell chondrogenesis and 
hypertrophy maturation is necessary for stable cartilage 
formation. In this progress update, we have discussed the 
use of the various sources of stem cells, induction factors 
including growth factors, oxygen tension and biomaterial 
scaffolds, and some of the pertinent cell-cell/matrix 
interactions that regulate stem cell chondrogenesis 
towards a stable cartilage formation.  

At present, there exist significant challenges in 
combining the above-described biochemical and 
biophysical factors in a well-concerted and timely-
coordinated fashion to control stem cell chondrogenesis. 
The elucidation of the complex network of molecular 
factors and signaling pathways would likely require more 
sophisticated biomaterial and microfluidics systems.  

Moving ahead, with the emerging use of advanced 
biomaterial systems and microtechnologies, a deeper 
understanding of the cellular microenvironment and the 
pertinent cell-cell/matrix interactions that regulate stem 
cell chondrogenesis will likely advance our understanding 
and tools for specific induction of chondrogenesis towards 
a stable cartilage formation for long-lasting cartilage 
regeneration.     

 

 

Abbreviations 

MSCs: Mesenchymal stem cells; ESCs: Embryonic stem 
cells; iPSCs: induced pluripotent stem cells; BM: Bone 
marrow; AT: Adipose tissue; TGF: transforming growth 
factor; BMP: bone morphogenetic protein; IGF: insulin 
growth factor; FGF: fibroblast growth factor; Ihh: Indian 

hedgehog; PTHrP: parathyroid hormone related protein; 
LiCl: lithium chloride; s-GAG: sulfated 
glycosaminoglycans; MMP: metalloproteinase; ALP: 
alkaline phosphatase; PDGFR: platelet-derived growth 
factor receptor; HIF: hypoxia-inducible factor; HA: 
Hyaluronic acid; PEG: polyethylene glycol.    

 

Competing interests 

The author declares that he has no competing interests. 

 

Acknowledgements 

This work was partially supported by grants 
(R221000068720, R221000070733, R221000077733) 
from National University of Singapore, National University 
Healthcare System, and Ministry of Education, Singapore. 

 

References 
 

Acharya, C., Adesida, A., Zajac, P., Mumme, M., Riesle, J., 
Martin, I., and Barbero, A. (2012). Enhanced chondrocyte 
proliferation and mesenchymal stromal cells chondrogenesis in 
coculture pellets mediate improved cartilage formation. 
Journal of Cellular Physiology 227, 88-97. 
Adesida, A., Mulet-Sierra, A., and Jomha, N. (2012). Hypoxia 
mediated isolation and expansion enhances the 
chondrogenic capacity of bone marrow mesenchymal stromal 
cells. Stem Cell Research & Therapy 3, 9. 
Afizah, H., Yang, Z., Hui, J.H.P., Ouyang, H.-W., and Lee, E.-H. 
(2007). A Comparison Between the Chondrogenic Potential of 
Human Bone Marrow Stem Cells (BMSCs) and Adipose-Derived 
Stem Cells (ADSCs) Taken from the Same Donors. Tissue 
Engineering 13, 659-666. 
Bian, L., Guvendiren, M., Mauck, R.L., and Burdick, J.A. (2013). 
Hydrogels that mimic developmentally relevant matrix and N-
cadherin interactions enhance MSC chondrogenesis. 
Proceedings of the National Academy of Sciences 110, 10117-
10122. 
Bian, L., Zhai, D.Y., Mauck, R.L., and Burdick, J.A. (2010). 
Coculture of Human Mesenchymal Stem Cells and Articular 
Chondrocytes Reduces Hypertrophy and Enhances Functional 
Properties of Engineered Cartilage. Tissue Engineering Part A 
17, 1137-1145. 
Boyette, L.B., Creasey, O.A., Guzik, L., Lozito, T., and Tuan, R.S. 
(2014). Human Bone Marrow-Derived Mesenchymal Stem Cells 
Display Enhanced Clonogenicity but Impaired Differentiation 
With Hypoxic Preconditioning. Stem Cells Translational 
Medicine 3, 241-254. 
Brown, P., Squire, M., and Li, W.-J. (2014). Characterization and 
evaluation of mesenchymal stem cells derived from human 
embryonic stem cells and bone marrow. Cell Tissue Res 



PROGRESS IN STEM CELL 2014, 1(1): 07-17                                                                                                                   15 
 

10.1007/s00441-014-1926-5, 1-16. 
Cao, T., Heng, B.C., Ye, C.P., Liu, H., Toh, W.S., Robson, P., Li, P., 
Hong, Y.H., and Stanton, L.W. (2005). Osteogenic differentiation 
within intact human embryoid bodies result in a marked 
increase in osteocalcin secretion after 12 days of in vitro 
culture, and formation of morphologically distinct nodule-like 
structures. Tissue and Cell 37, 325-334. 
Chang, C.P., Chio, C.C., Cheong, C.U., Chao, C.M., Cheng, 
B.C., and Lin, M.T. (2013). Hypoxic preconditioning enhances 
the therapeutic potential of the secretome from cultured 
human mesenchymal stem cells in experimental traumatic 
brain injury. Clinical Science 124, 165-176. 
Chung, C., and Burdick, J.A. (2008). Engineering cartilage 
tissue. Advanced Drug Delivery Reviews 60, 243-262. 
da Silva Meirelles, L., Fontes, A.M., Covas, D.T., and Caplan, A.I. 
(2009). Mechanisms involved in the therapeutic properties of 
mesenchymal stem cells. Cytokine & Growth Factor Reviews 
20, 419-427. 
Feng, Q., Zhu, M., Wei, K., and Bian, L. (2014). Cell-Mediated 
Degradation Regulates Human Mesenchymal Stem Cell 
Chondrogenesis and Hypertrophy in MMP-Sensitive Hyaluronic 
Acid Hydrogels. PLoS ONE 9, e99587. 
Fischer, J., Dickhut, A., Rickert, M., and Richter, W. (2010). 
Human articular chondrocytes secrete parathyroid hormone–
related protein and inhibit hypertrophy of mesenchymal stem 
cells in coculture during chondrogenesis. Arthritis & 
Rheumatism 62, 2696-2706. 
Fisher, J.P., Jo, S., Mikos, A.G., and Reddi, A.H. (2004). 
Thermoreversible hydrogel scaffolds for articular cartilage 
engineering. Journal of Biomedical Materials Research Part A 
71A, 268-274. 
Foldager, C.B., Nielsen, A.B., Munir, S., Ulrich-Vinther, M., 
Søballe, K., Bünger, C., and Lind, M. (2011). Combined 3D and 
hypoxic culture improves cartilage-specific gene expression in 
human chondrocytes. Acta Orthopaedica 82, 234-240. 
Gawlitta, D., van Rijen, M.H.P., Schrijver, E.J.M., Alblas, J., and 
Dhert, W.J.A. (2012). Hypoxia Impedes Hypertrophic 
Chondrogenesis of Human Multipotent Stromal Cells. Tissue 
Engineering Part A 18, 1957-1966. 
Grayson, W.L., Zhao, F., Izadpanah, R., Bunnell, B., and Ma, T. 
(2006). Effects of hypoxia on human mesenchymal stem cell 
expansion and plasticity in 3D constructs. Journal of Cellular 
Physiology 207, 331-339. 
Handorf, A.M., and Li, W.-J. (2014). Induction of Mesenchymal 
Stem Cell Chondrogenesis Through Sequential Administration 
of Growth Factors Within Specific Temporal Windows. Journal 
of Cellular Physiology 229, 162-171. 
Hay, D.C., Zhao, D., Fletcher, J., Hewitt, Z.A., McLean, D., 
Urruticoechea-Uriguen, A., Black, J.R., Elcombe, C., Ross, J.A., 
Wolf, R., et al. (2008). Efficient Differentiation of Hepatocytes 
from Human Embryonic Stem Cells Exhibiting Markers 
Recapitulating Liver Development In Vivo. STEM CELLS 26, 894-
902. 
Heng, B.C., Cao, T., and Lee, E.H. (2004). Directing Stem Cell 
Differentiation into the Chondrogenic Lineage In Vitro. STEM 
CELLS 22, 1152-1167. 
Hennig, T., Lorenz, H., Thiel, A., Goetzke, K., Dickhut, A., Geiger, 
F., and Richter, W. (2007). Reduced chondrogenic potential of 
adipose tissue derived stromal cells correlates with an altered 
TGFβ receptor and BMP profile and is overcome by BMP-6. 
Journal of Cellular Physiology 211, 682-691. 
Huang, G.-S., Dai, L.-G., Yen, B.L., and Hsu, S.-h. (2011). Spheroid 
formation of mesenchymal stem cells on chitosan and 
chitosan-hyaluronan membranes. Biomaterials 32, 6929-6945. 
Hubka, K.M., Dahlin, R.L., Meretoja, V.V., Kasper, F.K., and 
Mikos, A.G. (2014). Enhancing Chondrogenic Phenotype for 
Cartilage Tissue Engineering: Monoculture and Coculture of 

Articular Chondrocytes and Mesenchymal Stem Cells. Tissue 
Engineering Part B: Reviews 10.1089/ten.teb.2014.0034. 
Hwang, N.S., Varghese, S., Lee, H.J., Zhang, Z., Ye, Z., Bae, J., 
Cheng, L., and Elisseeff, J. (2008). In vivo commitment and 
functional tissue regeneration using human embryonic stem 
cell-derived mesenchymal cells. Proceedings of the National 
Academy of Sciences 105, 20641-20646. 
Jones, B.A., and Pei, M. (2012). Synovium-Derived Stem Cells: A 
Tissue-Specific Stem Cell for Cartilage Engineering and 
Regeneration. Tissue Engineering Part B: Reviews 18, 301-311. 
Jung, Y., Bauer, G., and Nolta, J.A. (2012). Concise Review: 
Induced Pluripotent Stem Cell-Derived Mesenchymal Stem 
Cells: Progress Toward Safe Clinical Products. STEM CELLS 30, 
42-47. 
Kanichai, M., Ferguson, D., Prendergast, P.J., and Campbell, 
V.A. (2008). Hypoxia promotes chondrogenesis in rat 
mesenchymal stem cells: A role for AKT and hypoxia-inducible 
factor (HIF)-1α. Journal of Cellular Physiology 216, 708-715. 
Kidwai, F.K., Liu, H., Toh, W.S., Fu, X., Jokhun, D.S., Movahednia, 
M.M., Li, M., Zou, Y., Squier, C.A., Phan, T.T., et al. (2013). 
Differentiation of Human Embryonic Stem Cells into Clinically 
Amenable Keratinocytes in an Autogenic Environment. J Invest 
Dermatol 133, 618-628. 
Koelling, S., Kruegel, J., Irmer, M., Path, J.R., Sadowski, B., Miro, 
X., and Miosge, N. (2009). Migratory Chondrogenic Progenitor 
Cells from Repair Tissue during the Later Stages of Human 
Osteoarthritis. Cell Stem Cell 4, 324-335. 
Lee, C., Burnsed, O., Raghuram, V., Kalisvaart, J., Boyan, B., 
and Schwartz, Z. (2012). Adipose stem cells can secrete 
angiogenic factors that inhibit hyaline cartilage regeneration. 
Stem Cell Research & Therapy 3, 35. 
Lee, C.R., Grodzinsky, A.J., Hsu, H.P., and Spector, M. (2003). 
Effects of a cultured autologous chondrocyte-seeded type II 
collagen scaffold on the healing of a chondral defect in a 
canine model. Journal of Orthopaedic Research 21, 272-281. 
Li, J., and Pei, M. (2012). Cell Senescence: A Challenge in 
Cartilage Engineering and Regeneration. Tissue Engineering 
Part B: Reviews 18, 270-287. 
Li, Y., Kandasamy, K., Chuah, J.K.C., Lam, Y.N., Toh, W.S., Oo, 
Z.Y., and Zink, D. (2014). Identification of Nephrotoxic 
Compounds with Embryonic Stem-Cell-Derived Human Renal 
Proximal Tubular-Like Cells. Molecular Pharmaceutics 11, 1982-
1990. 
Lim, C.T., Ren, X., Afizah, M.H., Tarigan-Panjaitan, S., Yang, Z., 
Wu, Y., Chian, K.S., Mikos, A.G., and Hui, J.H.P. (2013). Repair of 
Osteochondral Defects with Rehydrated Freeze-Dried 
Oligo[Poly(Ethylene Glycol) Fumarate] Hydrogels Seeded with 
Bone Marrow Mesenchymal Stem Cells in a Porcine Model. 
Tissue Engineering Part A 19, 1852-1861. 
Liu, H., Toh, W.S., Lu, K., MacAry, P.A., Kemeny, D.M., and Cao, 
T. (2009). A subpopulation of mesenchymal stromal cells with 
high osteogenic potential. Journal of Cellular and Molecular 
Medicine 13, 2436-2447. 
Liu, T.M., Martina, M., Hutmacher, D.W., Hui, J.H.P., Lee, E.H., 
and Lim, B. (2007). Identification of Common Pathways 
Mediating Differentiation of Bone Marrow- and Adipose Tissue-
Derived Human Mesenchymal Stem Cells into Three 
Mesenchymal Lineages. STEM CELLS 25, 750-760. 
Munir, S., Foldager, C., Lind, M., Zachar, V., Søballe, K., and 
Koch, T. (2014). Hypoxia enhances chondrogenic 
differentiation of human adipose tissue-derived stromal cells in 
scaffold-free and scaffold systems. Cell Tissue Res 355, 89-102. 
Nejadnik, H., Hui, J.H., Feng Choong, E.P., Tai, B.-C., and Lee, 
E.H. (2010). Autologous Bone Marrow–Derived Mesenchymal 
Stem Cells Versus Autologous Chondrocyte Implantation: An 
Observational Cohort Study. The American Journal of Sports 
Medicine 38, 1110-1116. 



16 PROGRESS IN STEM CELL 2014, 1(1): 07-17 

 

Pittenger, M.F., Mackay, A.M., Beck, S.C., Jaiswal, R.K., Douglas, 
R., Mosca, J.D., Moorman, M.A., Simonetti, D.W., Craig, S., and 
Marshak, D.R. (1999). Multilineage Potential of Adult Human 
Mesenchymal Stem Cells. Science 284, 143-147. 
Robins, J.C., Akeno, N., Mukherjee, A., Dalal, R.R., Aronow, B.J., 
Koopman, P., and Clemens, T.L. (2005). Hypoxia induces 
chondrocyte-specific gene expression in mesenchymal cells in 
association with transcriptional activation of Sox9. Bone 37, 
313-322. 
Rosa, V., Toh, W.S., Cao, T., and Shim, W. (2014). Inducing 
pluripotency for disease modeling, drug development and 
craniofacial applications. Expert Opinion on Biological Therapy 
14, 1233-1240. 
Rufaihah, A.J., Haider, H.K., Heng, B.C., Ye, L., Tan, R.S., Toh, 
W.S., Tian, X.F., Sim, E.K.-W., and Cao, T. (2010). Therapeutic 
angiogenesis by transplantation of human embryonic stem 
cell-derived CD133+ endothelial progenitor cells for cardiac 
repair. Regenerative Medicine 5, 231-244. 
Strobel, S., Loparic, M., Wendt, D., Schenk, A., Candrian, C., 
Lindberg, R., Moldovan, F., Barbero, A., and Martin, I. (2010). 
Anabolic and catabolic responses of human articular 
chondrocytes to varying oxygen percentages. Arthritis 
Research & Therapy 12, R34. 
Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., 
Tomoda, K., and Yamanaka, S. (2007). Induction of Pluripotent 
Stem Cells from Adult Human Fibroblasts by Defined Factors. 
Cell 131, 861-872. 
Thomson, J.A., Itskovitz-Eldor, J., Shapiro, S.S., Waknitz, M.A., 
Swiergiel, J.J., Marshall, V.S., and Jones, J.M. (1998). Embryonic 
Stem Cell Lines Derived from Human Blastocysts. Science 282, 
1145-1147. 
Toh, W.S., Foldager, C.B., Olsen, B.R., and Spector, M. (2013). 
Basement membrane molecule expression attendant to 
chondrogenesis by nucleus pulposus cells and mesenchymal 
stem cells. Journal of Orthopaedic Research 31, 1136-1143. 
Toh, W.S., Foldager, C.B., Pei, M., and Hui, J.H. (2014). 
Advances in Mesenchymal Stem Cell-based Strategies for 
Cartilage Repair and Regeneration. Stem Cell Rev and Rep 10, 
686-696. 
Toh, W.S., Guo, X.-M., Choo, A.B., Lu, K., Lee, E.H., and Cao, T. 
(2009). Differentiation and enrichment of expandable 
chondrogenic cells from human embryonic stem cells in vitro. 
Journal of Cellular and Molecular Medicine 13, 3570-3590. 
Toh, W.S., Lee, E.H., and Cao, T. (2011a). Potential of Human 
Embryonic Stem Cells in Cartilage Tissue Engineering and 
Regenerative Medicine. Stem Cell Rev and Rep 7, 544-559. 
Toh, W.S., Lee, E.H., Guo, X.-M., Chan, J.K.Y., Yeow, C.H., Choo, 
A.B., and Cao, T. (2010). Cartilage repair using hyaluronan 
hydrogel-encapsulated human embryonic stem cell-derived 
chondrogenic cells. Biomaterials 31, 6968-6980. 
Toh, W.S., Lim, T.C., Kurisawa, M., and Spector, M. (2012). 
Modulation of mesenchymal stem cell chondrogenesis in a 
tunable hyaluronic acid hydrogel microenvironment. 
Biomaterials 33, 3835-3845. 
Toh, W.S., Liu, H., Heng, B.C., Rufaihah, A.J., Ye, C.P., and Cao, 
T. (2005). Combined effects of TGFβ1 and BMP2 in serum-free 
chondrogenic differentiation of mesenchymal stem cells 
induced hyaline-like cartilage formation. Growth Factors 23, 
313-321. 
Toh, W.S., and Loh, X.J. (2014). Advances in hydrogel delivery 
systems for tissue regeneration. Materials Science and 
Engineering: C http://dx.doi.org/10.1016/j.msec.2014.04.026. 
Toh, W.S., Spector, M., Lee, E.H., and Cao, T. (2011b). 
Biomaterial-Mediated Delivery of Microenvironmental Cues for 
Repair and Regeneration of Articular Cartilage. Molecular 
Pharmaceutics 8, 994-1001. 
Toh, W.S., Yang, Z., Liu, H., Heng, B.C., Lee, E.H., and Cao, T. 

(2007). Effects of Culture Conditions and Bone Morphogenetic 
Protein 2 on Extent of Chondrogenesis from Human Embryonic 
Stem Cells. STEM CELLS 25, 950-960. 
Umeda, K., Zhao, J., Simmons, P., Stanley, E., Elefanty, A., and 
Nakayama, N. (2012). Human chondrogenic paraxial 
mesoderm, directed specification and prospective isolation 
from pluripotent stem cells. Sci Rep 2. 
Vazin, T., Becker, K.G., Chen, J., Spivak, C.E., Lupica, C.R., 
Zhang, Y., Worden, L., and Freed, W.J. (2009). A Novel 
Combination of Factors, Termed SPIE, which Promotes 
Dopaminergic Neuron Differentiation from Human Embryonic 
Stem Cells. PLoS ONE 4, e6606. 
Wakitani, S., Okabe, T., Horibe, S., Mitsuoka, T., Saito, M., 
Koyama, T., Nawata, M., Tensho, K., Kato, H., Uematsu, K., et al. 
(2011). Safety of autologous bone marrow-derived 
mesenchymal stem cell transplantation for cartilage repair in 
41 patients with 45 joints followed for up to 11 years and 5 
months. Journal of Tissue Engineering and Regenerative 
Medicine 5, 146-150. 
Wang, L.-S., Du, C., Toh, W.S., Wan, A.C.A., Gao, S.J., and 
Kurisawa, M. (2014). Modulation of chondrocyte functions and 
stiffness-dependent cartilage repair using an injectable 
enzymatically crosslinked hydrogel with tunable mechanical 
properties. Biomaterials 35, 2207-2217. 
Weiss, S., Hennig, T., Bock, R., Steck, E., and Richter, W. (2010). 
Impact of growth factors and PTHrP on early and late 
chondrogenic differentiation of human mesenchymal stem 
cells. Journal of Cellular Physiology 223, 84-93. 
Werkmeister, J.A., Adhikari, R., White, J.F., Tebb, T.A., Le, T.P.T., 
Taing, H.C., Mayadunne, R., Gunatillake, P.A., Danon, S.J., and 
Ramshaw, J.A.M. (2010). Biodegradable and injectable cure-
on-demand polyurethane scaffolds for regeneration of 
articular cartilage. Acta Biomaterialia 6, 3471-3481. 
Williams, C.G., Kim, T.K., Taboas, A., Malik, A., Manson, P., and 
Elisseeff, J. (2003). In Vitro Chondrogenesis of Bone Marrow-
Derived Mesenchymal Stem Cells in a Photopolymerizing 
Hydrogel. Tissue Engineering 9, 679-688. 
Wu, L., Leijten, J.C.H., Georgi, N., Post, J.N., van Blitterswijk, C.A., 
and Karperien, M. (2011). Trophic Effects of Mesenchymal Stem 
Cells Increase Chondrocyte Proliferation and Matrix Formation. 
Tissue Engineering Part A 17, 1425-1436. 
Wu, L., Prins, H.-J., Helder, M.N., van Blitterswijk, C.A., and 
Karperien, M. (2012). Trophic Effects of Mesenchymal Stem 
Cells in Chondrocyte Co-Cultures are Independent of Culture 
Conditions and Cell Sources. Tissue Engineering Part A 18, 1542-
1551. 
Wu, S.-C., Chen, C.-H., Chang, J.-K., Fu, Y.-C., Wang, C.-K., 
Eswaramoorthy, R., Lin, Y.-S., Wang, Y.-H., Lin, S.-Y., Wang, G.-J., 
et al. (2013). Hyaluronan initiates chondrogenesis mainly via 
CD44 in human adipose-derived stem cells, Vol 114. 
Xu, L., Wang, Q., Xu, F., Ye, Z., Zhou, Y., and Tan, W.-S. (2013). 
Mesenchymal Stem Cells Downregulate Articular Chondrocyte 
Differentiation in Noncontact Coculture Systems: Implications in 
Cartilage Tissue Regeneration. Stem cells and development 22, 
1657-1669. 
Yang, Z., Sui, L., Toh, W.S., Lee, E.H., and Cao, T. (2009). Stage-
dependent effect of TGF-beta1 on chondrogenic 
differentiation of human embryonic stem cells. Stem cells and 
development 18, 929-940. 
Yang, Z., Zou, Y., Guo, X.M., Tan, H.S., Denslin, V., Yeow, C.H., 
Ren, X.F., Liu, T.M., Hui, J.H.P., and Lee, E.H. (2011). Temporal 
Activation of β-Catenin Signaling in the Chondrogenic Process 
of Mesenchymal Stem Cells Affects the Phenotype of the 
Cartilage Generated. Stem cells and development 21, 1966-
1976. 
Yoshimura, H., Muneta, T., Nimura, A., Yokoyama, A., Koga, H., 
and Sekiya, I. (2007). Comparison of rat mesenchymal stem 
cells derived from bone marrow, synovium, periosteum, 



PROGRESS IN STEM CELL 2014, 1(1): 07-17                                                                                                                   17 
 

adipose tissue, and muscle. Cell Tissue Res 327, 449-462. 
Zuk, P.A., Zhu, M., Mizuno, H., Huang, J., Futrell, J.W., Katz, A.J., 
Benhaim, P., Lorenz, H.P., and Hedrick, M.H. (2001). Multilineage 
Cells from Human Adipose Tissue: Implications for Cell-Based 
Therapies. Tissue Engineering 7, 211-228. 
 

 
 

 
 
 
 
 
 
 

 

Cite this article as:  
Toh, W.S. (2014). Recent Progress in Stem Cell 
Chondrogenesis. Progress In Stem Cell, 1(1):07-17.  
doi:http://dx.doi.org/10.15419/psc.v1i1.46 

Submit your next manuscript to Progress in 
STEM CELL and take full advantage of: 
 

¾ Convenient online submission 
¾ Thorough peer-review 
¾ No space constraints or color figure charges 
¾ Inclusion in Google Scholar 
¾ Research which is freely available for 

redistribution 
 
Online submission at: 
http://www.springer.com/globalsciencejournals/progre
ss+in+stem+cell  




