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Chapter 1      

 

                                                       

General Introduction and thesis outline 

 
 

                                              

 

 

 

 

壹 
 

 

 

 

 

 

 

道可道，非常道；名可名，非常名。 

 

The Way that can be told of is not an Unvarying Way. 

The names that can be named are not unvarying names.  
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Cartilage is a connective tissue which in the body consists of 3 distinct types: hyaline cartilage, 

fibrocartilage and elastic cartilage [1]. The main matrix of cartilage consists of collagens and 

proteoglycans, which are essential for cartilage’s compressive and tensile properties. Articular 

cartilage, responsible for the smooth joint movement, provides mechanical support to the joints 

and belongs to hyaline cartilage [2]. Chondrocytes are the only cell type present in articular 

cartilage and regulate the homeostasis of cartilage by synthesis of extracellular matrix. Multiple 

cytokines and signaling pathways have been shown to be involved in the regulation of 

chondrocyte homeostasis and cartilage development. Abnormal stimulation will force 

chondrocytes to change their normal functions and hence may contribute to the initiation and 

progression of joint diseases such as osteoarthritis (OA) and rheumatoid arthritis (RA) [3]. OA 

is a common chronic joint disease characterized by progressive degradation of articular 

cartilage, typical bone changes and signs of synovial inflammation especially in end stages of 

the disease. Millions people suffer from OA in the world, with symptoms of joint pain, stiffness, 

and as a consequence impaired mobility [4].  

 

Due to its avascular and aneural features, cartilage has limited repair capacity once damaged. 

One of the most effective treatment strategies for such focal cartilage defects is cell therapy 

like autologous chondrocyte implantation (ACI) or more recently mesenchymal stem cell 

(MSC) based therapy [5-7]. In ACI, autologous chondrocytes are harvested from unaffected 

non-weight bearing regions of the traumatized joint, expanded in vitro, and then reimplanted 

into the damaged area [8]. Although ACI has been shown to successfully repair focal cartilage 

dsefects, this clinical procedure need further improvement due to some limitations. One major 

disadvantage of this method is the dedifferentiation of chondrocytes as a consequence of the 

required in vitro expansion of the cells in order to obtain sufficient cells for implantation. 

Dedifferentiated chondrocytes ultimately form fibrocartilage instead of hyaline cartilage after 

transplantation [9-12]. The mechanism underlying human chondrocyte dedifferentiation is still 

largely unknown. It has been reported that dedifferentiated chondrocyte can be redifferentiated 

in hyaline cartilage producing chondrocytes using three-dimensional (3-D) cell culture 

techniques such as pellet cultures, but this may not be completely successful due to the 

increased expression of markers for chondrocyte hypertrophy [13]. The latter may be a sign of 
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premature cell death and transformation of the tissue into bone. Therefore, redifferentiation of 

chondrocytes, as well as preventing the hypertrophic phenotype are becoming increasingly 

appreciated.  

 

Unlike most other tissues, chondrocytes have been adapted to low oxygen levels as a 

consequence the avasculare nature of cartilage tissue [14]. It has been shown that this 

adaptation to low oxygen levels play a very important role in chondrocyte biology. Indeed 

hypoxia is considered to have a positive influence on the healthy chondrocyte phenotype and 

on cartilage matrix formation [15, 16]. In vivo, chondrocytes not only face a hypoxic 

environment, but particularly in disease are also exposed to an inflammatory environment. Pro-

inflammatory cytokines like IL-1β potently drive OA progression by inducing the expression 

of Matrix Metallo Proteinases (MMPs) stimulating cartilage degradation in vitro and in vivo 

[17-19]. High levels in expression of inflammatory cytokines have been observed in OA 

plasma and in synovial fluid [20]. How the chondrocyte responds to a variety of stimuli in vivo 

under normal and pathological conditions is still largely unclear. Therefore, it is urgent to 

dissect the molecular mechanisms underlying chondrocyte dedifferentiation, redifferentiation 

and hypertrophic differentiation, to improve the application of human chondrocytes in cartilage 

tissue engineering and cell based therapies for the treatment of OA. 

 

Aims and Outlines of this Thesis 

 

The aim of this thesis is to elucidate the role of multiple signaling factors in the regulation of 

chondrogenic differentiation of human MSCs and in the redifferentiation of culture expanded 

and dedifferentiated human chondrocytes. There are several questions that are addressed in this 

thesis: i) how does the expression of important regulators of the WNT and BMP signaling 

pathways, like the WNT-antagonists DKK1 and FRZB and the BMP antagonist GREM1 

change in human synovial fluid during OA progression (Chapter 3); ii) what is the role of Wnt 

signaling on chondrogenic differentiation of hMSCs (Chapter 4); iii) what is the effect of 

hypoxia on the chondrocyte’s response to IL1β, TGF-β3 and/or BMP7 on chondrocyte 

redifferentiation (Chapter 5 and 6); iv) how can the growth factor BMP7 be utilized in tissue 

engineering (Chapter 7) and v) how can we use our knowledge to improve cell-based therapy 
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in tissue regeneration. 

 

Chapter 2 provides a comprehensive review about the regulatory role of signaling crosstalk in 

hypertrophy of chondrogenically differentiating MSCs and human articular chondrocytes. 

 

OA is difficult to diagnose in an early stage of disease due to lack of obvious clinical symptoms 

and the insensitivity of routine radiography to detect loss of glycosaminoglycans in cartilage. 

Consequently the identification of diagnostic and/or prognostic biomarkers remains a big 

challenge. It has been reported that anabolic or catabolic molecules are released from joint 

tissue into synovial fluid and serum [21-23]. Previously we have identified the WNT 

antagonists Dickkopf-related protein 1 (DKK1), Frizzled-related protein (FRZB) and BMP 

antagonist Gremlin 1 as critical factors capable of inhibiting hypertrophic differentiation of 

chondrocytes [24]. We propose that their expression is changed in OA. Therefore, in Chapter 

3, we have measured the concentration of DKK1, FRZB and GREM1 in synovial fluid and 

serum samples collected from end stage OA patients. Their expression is correlated with 

multiple OA features (macroscopically, histologically, and biochemically) and with the 

expression of inflammatory factors.  

 

In chapter 4, we further study the role of canonical Wnt/β-catenin signaling using small 

molecule agonists and antagonists in chondrogenic differentiation of hMSCs. Our findings 

suggest that fine tuning Wnt signal in the chondrogenic differentiation process of hMSC could 

contribute to the cartilage tissue engineering. 

 

The maintenance of the permanent chondrocyte phenotype and the prevention of its 

dedifferentiation still is a big obstacle in ACI. Considering that native chondrocytes are 

exposed to hypoxia and are reimplanted in an inflamed joint, in Chapter 5 we investigated the 

influence of oxygen and inflammation separately and in combination on 3-D redifferentiation 

of healthy and OA chondrocytes. This data provides novel insights how oxygen tension 

influences the chondrocyte’s response to pro-inflammatory cytokines. We provide evidence 

for a distinct role of the survival genes HIF1α and HIF2α.  
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Based on the findings in Chapter 5, we further explore the role of hypoxia combined with 

exogenous TGF-β3 and/or BMP7 on chondrocyte redifferentiation in Chapter 6. We observe 

that the combination of TGF-β3 and BMP-7 readjust the balance between catabolism and 

anabolism by upregulating anabolic activities and downregulating catabolic activities in OA 

chondrocytes. In Chapter 7, the potential application of BMP7 in tissue engineering is 

investigated. We present the selection and functional evaluation of highly specific single 

domain antibody fragments of heavy chain only antibodies of Camelidae (VHH) against bone 

morphogenetic protein 7 (BMP-7) and hydroxyapatite (HA). These two VHHs are genetically 

fused in a bifunctional VHH or bihead. We demonstrate the successful targeting of this bihead 

to bone upon injection in hairless mice. We also present evidence that the bihead successfully 

direct BMP7 to the bone. This study demonstrates the bihead VHH potential application in 

tissue engineering without modification of growth factor.  

 

In chapter 8, the main conclusions of this thesis are discussed in a broader perspective. In 

addition, implications for improvement of current cell-based cartilage repair technology are 

discussed. 
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天下皆知美之为美，斯恶已；皆知善之为善，斯不善已。 

 
It is because every one under heaven recognizes beauty as beauty,that the idea of ugliness exists. And equally 

if every one recognized virtue as virtue, this would merely create fresh conceptions of wickedness.  
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Abstract 

 

Hypertrophic differentiation of chondrocytes is a main barrier in application of mesenchymal 

stem cells (MSCs) for cartilage repair. In addition, hypertrophy occurs occasionally in 

osteoarthritis (OA). Here we provide a comprehensive review on recent literature describing 

signal pathways in the hypertrophy of MSCs derived chondrocytes and chondrocytes, with an 

emphasis on the crosstalk between these pathways. Insight into the exact regulation of 

hypertrophy by the signaling network is necessary for the efficient application of MSCs for 

articular cartilage repair and for developing novel strategies for curing OA. We focused on 

articles describing the role of the main signaling pathways in regulating chondrocyte 

hypertrophy-like changes. Most researchers report hypertrophic differentiation in 

chondrogenesis of MSCs, and in both human OA and experimental OA. Chondrocyte 

hypertrophy is not under the strict control of a single pathway but appears to be regulated by 

an intricately regulated network of multiple signaling pathways, such as WNT, Bone 

morphogenetic protein (BMP)/Transforming growth factor-β (TGFβ), Parathyroid hormone-

related peptide (PTHrP), Indian hedgehog (IHH), Fibroblast growth factor (FGF), Insulin like 

growth factor 1 (IGF) and Hypoxia-inducible factor (HIF). This comprehensive review 

describes how this intricate signaling network influences tissue-engineering applications of 

MSCs in articular cartilage (AC) repair, and improves understanding the disease stages and 

cellular responses within an OA articular joint. 

 

Keywords: chondrocytes; articular cartilage; signaling; signal crosstalk; hypertrophy; review; 

osteoarthritis; mesenchymal stem cells; chondrogenesis. 
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Introduction: 

 

Osteoarthritis (OA) is a multifactorial complex and chronic disease characterized by 

progressive degradation of joint cartilage. The underlying molecular mechanisms involved in 

the pathogenesis and progression of OA are still largely unknown, and currently no disease-

modifying therapy is available for OA.  

 

In cell-based cartilage regeneration therapies, the use of mesenchymal stem cells (MSCs) has 

showed promising results. Evidence showed that MSCs can be differentiated into 

chondrocytes (marked by Sex determining region Y box 9 (SOX9); Aggrecan (ACAN); 

Collagen type II (Col2A1)) after a condensation state (marked by Cyclic adenosine 

monophosphate (cAMP), Transforming growth factor-β (TGFβ), Fibronectin, Neural cell 

adhesion molecule (N-CAM) and N-cadherin) in vivo and in vitro [1-3] (Fig. 1a). However, 

in the application of human MSCs for cartilage repair in vivo, hypertrophic differentiation 

towards the osteogenic lineage is observed. Prevention of hypertrophy is becoming 

increasingly important for clinical application of MSCs in cartilage tissue engineering [1, 4]. 

Interestingly, recent data indicate that the healthy chondrocyte phenotype switches toward a 

hypertrophic phenotype in degenerated cartilage [4-6]. Phenomena such as proliferation of 

chondrocytes, hypertrophic differentiation of chondrocytes, remodeling and mineralization of 

the extracellular matrix (ECM), invasion of blood vessels and apoptotic death of 

chondrocytes correspondingly also occur during OA [7]. In addition, transgenic mouse 

models have shown that deregulated hypertrophic differentiation of articular chondrocytes 

may be a driving factor in the onset and progression of OA [4]. Therefore, control of 

hypertrophic differentiation can be exploited as an effective strategy for cartilage repair, and 

used in bone regeneration, where hypertrophic cartilage could act as a template for 

endochondral bone formation [1]. However, the exact molecular mechanism underlying 

hypertrophic differentiation is not understood. Despite numerous studies about the function of 

single signaling pathways in hypertrophy, studies which explore comprehensive signaling 

pathways in hypertrophic differentiation of MSCs and chondrocytes have not been published 

in recent years. Here we discuss how signaling pathways are involved in hypertrophy of 

MSCs and chondrocytes, how these signaling pathways interplay, and how signal factors 

changed in OA disease.   
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Hypertrophy in chondrogenesis of MSCs in vitro 

 

MSCs are promising candidate cells for cartilage tissue engineering, as they are present in 

large quantities in adipose tissue, bone marrow, synovium and cartilage [8] and can be 

expanded for a number of passages without losing their ability to undergo chondrogenic 

differentiation. Unfortunately, the phenotype of MSCs in cartilage repair is unstable [9, 10]. 

The expression of cartilage hypertrophy markers (e.g. collagen type X) by MSCs undergoing 

chondrogenesis, raises concern for a tissue engineering application of MSCs, since 

chondrocyte hypertrophy in neocartilage could ultimately lead to apoptosis and ossification 

[11].  

 

 

 

Figure 1 Chondrogenesis of MSCs and hypertrophic differentiation. (a) Chondrogenesis is 

initiated by the condensation of MSCs, and cell-cell contact. The expression of cAMP, TGFβ, 

Fibronectin, N-CAM and N-cadherin is involved in this process and these factors are necessary 

for chondrogenic induction, marked by the expression of chondrogenic genes: SOX9, ACAN 

and COL2A1. Mature chondrocytes begin secreting cartilage matrix primarily consisting of 
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collagen II and GAGs, which are the main components of cartilage; (b) Chondrocytes from in 

vitro chondrogenesis of MSCs or in vivo cartilage could undergo hypertrophic differentiation, 

which is characterized by an increase in cell volume and the expression of hypertrophic 

markers (RUNX2, Collagen X, MMP13, IHH and ALPL). In vivo, physiological endochondral 

ossification and pathological osteoarthritis could be initiated after remodeling, mineralization of 

the extracellular matrix, and apoptotic death of chondrocytes. 
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Figure 2 Signal pathways of chondrocyte hypertrophy. (a) In normal chondrocytes, signal 

pathways like WNT, BMP, IHH, etc. are regulated by their antagonists (DKK1 and FRZB for WNT, 

GREM1 for BMP) or other signal factors to get a fine balance to maintain the chondrocyte normal 

phenotype. The most important transcription factor regulating chondrocytes is SOX9, which is 

responsible for the expression of main chondrocyte makers including collagen type II and aggrecan. 

Striked through arrows indicate that the signaling pathway is inhibited by its antagonists; (b) In 

hypertrophic chondrocytes, signal pathways, such as WNT, BMP, IHH, etc. are deregulated by their 

inhibitors or other signal factors, which consequently leads to overexpression of these pathways. 

Subsequently, the effects of cascade pathways result in activating the transcription factor RUNX2, which 

regulates the transcription of hypertrophic markers like collagen X, MMP-13, VEGF and IHH. 

 

Hypertrophy in articular chondrocytes during OA progression 

 

Studies have shown that the development of OA may be caused by activation of hypertrophic 

differentiation of articular chondrocytes [12]. As Figure 1 shows, during hypertrophic 

differentiation of chondrocytes in OA, chondrocytes lose the stable phenotype and the 

expressions of Runt-related transcription factor 2 (RUNX2), Collagen type X, Matrix 

metalloproteinase 13 (MMP13), Indian hedgehog (IHH) and Alkaline phosphatase (ALPL) 

are detected [13]. Healthy articular cartilage (AC) is a stable tissue that has the potential to 

resist hypertrophic differentiation and maintain the normal phenotype through an unknown 

mechanism [14]. The interplay of multiple signaling pathways regulates the fate of 

chondrocytes, i.e. to remain within cartilage or to undergo hypertrophic differentiation. 

 

Signaling pathways in hypertrophy 

 

Multiple signaling pathways have been involved in regulation of hypertrophy-like changes in 

chondrogenesis of MSCs and chondrocytes. Based on recent literatures, the most important 

related pathways are WNT, Bone morphogenetic protein (BMP) / TGFβ, Parathyroid 

hormone-related peptide (PTHrP), IHH, Fibroblast growth factor (FGF), Insulin like growth 

factor 1 (IGF) and Hypoxia-inducible factor (HIF) signaling pathways [15], Figure 2. In each 

single pathway, several distinct subtypes are involved in the regulation of chondrocyte 

differentiation and hypertrophy, Table 1. 
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Signal Subtypes Main Functions 

WNT 

WNT3a Promotes chondrogenic differentiation; delays chondrocyte hypertrophy 

WNT4 Blocks chondrogenic differentiation; promotes chondrocyte hypertrophy 

WNT5a Promotes chondrogenic differentiation; delays chondrocyte hypertrophy 

WNT5b Promotes chondrogenic differentiation; delays chondrocyte hypertrophy 

WNT8 Blocks chondrogenic differentiation; promotes chondrocyte hypertrophy 

WNT9a Blocks both chondrogenic differentiation and chondrocyte hypertrophy 

WNT11 
Promotes chondrogenic differentiation; stimulates RUNX2 and IHH 

expression 

WNT16 Upregulation is accompanied by the downregulation of FRZB 

BMP/TGF-β 

BMP2 Induces chondrocyte hypertrophy 

BMP4 Induces chondrocyte hypertrophy 

BMP7  Maintain chondrogenic potential and prevents chondrocyte hypertrophy;  

TGF-β Promotes chondrogenic differentiation; inhibits chondrocyte hypertrophy 

PTHrP 
Blocks hypertrophy by stimulating Nkx3.2 and prevent RUNX2 

expression 

IHH 
Promotes chondrocyte hypertrophy; 

Stimulates proliferating chondrocytes to produce PTHrP 

FGF 

FGF2 Promotes expression of RUNX2 

FGF8 
Catabolic mediator with a pathological role in rat and rabbit articular 

cartilage 

FGF9 Promotes chondrocyte hypertrophy 

FGF18 
Promotes chondrocyte proliferation and differentiation  

in the early stages of cartilage development 

IGF IGF-1 
Promotes chondrocyte proliferation and maturation;  

augments chondrocyte hypertrophy 

HIF 
HIF-1α 

Potentiates BMP2-induced SOX9 expression and cartilage formation,  

while inhibiting RUNX2 expression and endochondral ossification 

HIF-2α Increases expression of collagen X, MMP13 and VEGF 

 

Table 1 The subtypes involved in multiple signal pathways (WNT, BMP/TGFβ, PTHrP, IHH, 

FGF, IGF  and HIF) and their main functions in the regulation of chondrocyte differentiation 

and hypertrophy. 

 

WNT signaling 

 

WNT signaling pathways are highly evolutionarily conserved pathways with crucial roles in 

embryonic development, patterning, tissue homeostasis, growth, as well as in the onset and 
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progression of a variety of diseases [16]. There are three distinct intracellular signaling 

cascades well known so far: the canonical Wnt/β-catenin pathway, the c-Jun N-terminal 

kinase (JNK) pathway, and the Wnt/Ca2+ pathway [17]. The canonical Wnt/β-catenin 

pathway is the most-elucidated pathway, mediated by β-catenin accumulation in nucleus, 

having strong correlation with chondrocyte hypertrophy. As shown in Figure 2b, in most 

cases, the presence of Wnts that bind to the Wnt receptor Frizzled, results in formation 

complex of Adenomatous polyposis coli protein (APC), Glycogen synthase kinase 3β 

(GSK3β) and Axis inhibitor (AXIN), which leads to the release of β-catenin from the 

complex, followed by -catenin accumulating in the cytoplasm, and then translocating into 

the nucleus. There -catenin forms a complex with T cell-specific factor (TCF)/lymphoid 

enhancer binding protein (LEF) transcription factors to activate the transcription of target 

genes [17]. However, in the absence of a Wnt ligand, β-catenin is phosphorylated by the 

destruction complex and subsequently ubiquitinylated and targeted for proteasomal 

degradation.  

 

Numerous studies have revealed a central role of WNT signaling in cartilage homeostasis. In 

cartilage, moderate activity of WNT is essential for chondrocyte proliferation and 

maintenance of their typical characteristics [18], but excessive activity increases chondrocyte 

hypertrophy and expression of cartilage degrading metalloproteinases [19]. For example, the 

conditional activation of the -catenin gene in articular chondrocytes in adult mice leads to 

premature chondrocyte differentiation with collagen type X expression and the development 

of an OA-like phenotype [20]. However, ablation of -catenin in the superficial zone of 

articular cartilage also strongly increases the expression of aggrecan and collagen type X [18]. 

SOX9 is the master transcription factor and thus a typical marker of chondrocytes, while 

RUNX2 usually is expressed highly in hypertrophic chondrocytes. This hypertrophy may be 

induced by the LEF/TCF/β-catenin complex promoting RUNX2 expression in the redundant 

WNT signal pathway [21]. Much evidence has shown that the switch between SOX9 and 

RUNX2 expression determines the progression of mature chondrocytes into hypertrophy in 

response to canonical WNT signaling [17, 22-24]. 

 

There are several types of Wnt ligands, which play different roles in the chondrogenic 

differentiation and cartilage development. Experiments using retroviral misexpression in vivo 

and overexpression methods in vitro suggest distinct roles of different Wnts in the control of 
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chondrogenic differentiation and hypertrophy. Wnt4 and Wnt8 block chondrogenic 

differentiation but promote hypertrophy [25, 26]. Wnt9a blocks both chondrogenic 

differentiation and hypertrophy [27]. Wnt3a and Wnt5b promote chondrogenic differentiation 

but delay hypertrophy [26]. The overexpression of Wnt11 in MSCs during chondrogenic 

differentiation promotes chondrogenesis and stimulates RUNX2 and IHH expression [28]. 

Wnt16 transient expression was found associated with the activation of the canonical Wnt 

pathway, and was present in the early phases of osteoarthritis, its upregulation was 

accompanied by the downregulation of the secreted WNT inhibitor Frizzled-related protein 

(FRZB)[29]. Wnt5a exhibit dual functions during chondrogenesis of MSCs. At early stages, 

Wnt5a induces chondrogenesis and hypertrophy through intracellular calcium release via G-

protein coupled receptor (GPCR) activation [1]. At later stage, it can act as an inhibitor of 

hypertrophy by activating the phosphoinositide 3-kinase (PI3K)/protein kinase B (PKB or 

Akt)-dependent pathway, which in-turn activates nuclear factor kappa-light chain-enhancer of 

activated B cells (NF-κB), an inhibitor of RUNX2 [30]. 

 

Interestingly, the expression of hypertrophy-related markers in chondrogenesis of MSCs is 

decreased in the presence of Dickkopf (DKK1), which acts as WNT signaling inhibitor 

(antagonist) by binding to low density lipoprotein receptor related protein (LRP5/6) through 

cartilage protective mechanisms [4]. Actually, DKK1, FRZB and Gremlin 1 (GREM1) are 

regarded as natural brakes on hypertrophic differentiation of articular cartilage [4]. Our 

studies also found increased hypertrophic differentiation and mineralization and decreased 

expression of chondrocyte markers in the absence of the WNT inhibitors DKK1 and FRZB 

during chondrogenesis of hMSCs. In MSC pellet cultures, the inhibition of canonical WNT 

by DKK1 and FRZB increased the expression of collagen II and aggrecan, but did not affect 

collagen X expression [25, 31, 32]. However, the reduction of WNT antagonist secreted 

frizzled related protein 1 (Sfrp1) in MSCs correlated with an increased amount of 

cytoplasmic β-catenin and an up-regulation of RUNX2 [33]. 
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Bone morphogenetic protein (BMP)/Transforming growth factor-β (TGFβ) Signaling 

 

BMP signaling 

 

BMPs are multi-functional cytokines that belong to the transforming growth factor-β (TGF-β) 

superfamily. BMP signaling is mediated primarily through the canonical BMP-Smad 

pathway in chondrocytes [34]. The pathway will be activated when BMPs bind to receptors 

BMPR-I and II phosphorylates Sma and Mad related proteins (Smad) 1, Smad5, and Smad8 

(R-Smads). The R-Smadss form complexes with Smad4 and translocate into the nucleus, 

where they bind to regulatory regions of target genes to regulate their expression [35]. BMP 

has multiple roles during embryonic skeletal development, in addition to mesenchymal 

condensation and chondrogenic differentiation of MSCs, BMPs induce early cartilage 

formation [36] and are crucial local factor for chondrocyte proliferation and maturation in 

endochondral ossification [37, 38].  

 

Although BMPs have a protective effect in articular cartilage, they are also involved in 

chondrocyte hypertrophy and matrix degradation [39-42]. It was reported that the BMP 

signaling pathway was primarily activated during fracture healing via endochondral 

ossification and was detected in hypertrophic chondrocytes [43]. Steinert et al. showed that 

BMP2 and BMP4 induce hypertrophy during the chondrogenic differentiation of human 

MSCin vitro [37]. In another study, BMP2 was found to induce chondrocyte hypertrophy 

during chondrogenesis of progenitor cells ATDC5, whereas BMP-7 appeared to increase or 

maintain chondrogenic potential and prevent chondrocyte hypertrophy [44]. In vivo studies 

showed that overexpression of BMP4 in cartilage of transgenic mice resulted in an increased 

hypertrophic zone, indicating increased differentiation of hypertrophic chondrocytes [45]. As 

the BMPs also played role in the skeletal development, it may be that BMPs will drive the 

chondrocytes to form bone after ossification, rather than to remain as articular chondrocytes 

[46]. Therefore, BMPs can be protective for articular cartilage but may have harmful effects 

on AC by inducing chondrocyte terminal differentiation and contributing to OA progression 

[31]. Our previous study has shown that addition of GREM1, the inhibitor of BMP signaling 

was able to slow down the hypertrophic differentiation and decrease the mineralization in the 

process of chondrogenesis of hMSCs [4]. In addition, another BMP inhibitor, Noggin, can 

block thyroid-induced hypertrophy by inhibiting BMP4 during MSC’s chondrogenesis [47].  
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TGF- signaling 

 

TGFβ is a potent inducer of chondrogenesis in vitro [48, 49]. During chondrogenesis of 

MSCs, TGFβ is the main initiator of MSC condensation. After aggregation, TGFβ signaling 

further stimulates chondrocyte proliferation while inhibits chondrocyte hypertrophy and 

maturation [50-55]. Conversely, the activation of the Smad1/5/8 pathway is able to stimulate 

hypertrophic differentiation with the consequent expression of the hypertrophic markers 

collagen X, MMP13 and ALPL     during chondrogenesis of MSCs [56]. Although TGFβ is 

clearly crucial in inhibiting chondrocyte hypertrophy during early phases of mesenchymal 

condensation and chondrocyte proliferation, its addition to chondrocyte differentiation 

medium in pellet cultures of MSCs was not sufficient to suppress the onset of hypertrophy [9-

11].   

 

Most recently, several lines of evidence have suggested that the TGFβ/Smad pathway played 

a critical role in the regulation of articular chondrocytes hypertrophy and maturation during 

OA development [57-59]. Zuscik and colleagues have shown that treatment of articular 

chondrocytes with 5-azacytidine (5azaC), an anti-tumor agent that functions by blocking 

DNA methylation, resulted in a shift of regulatory dominance from maturation suppression 

via TGFβ signaling to  maturation acceleration by BMP-2 signaling[60], which confirm that a 

shift in signaling dominance from TGFβ to BMP is sufficient to induce AC maturation [60]. 

This study also raised a possibility that a similar shift in signaling dominance occurs when 

these cells progresses inappropriately, such as in osteoarthritis, where the balance between 

TGFβ and BMP signaling pathways may be broken. It has been suggested that TGFβ inhibit 

terminal hypertrophic differentiation of chondrocyte and maintain normal articular cartilage 

through Smad2/3 signals [58, 61]. The Smad3 pathway can be activated by TGF-β directly  to 

stablize Sox9 transcription complex and inhibit RUNX2 expression through epigenetic 

regulation [62, 63]. Homozygous mutant mice of targeted disruption of Smad3- exon 8 

developed degenerative joint disease resembling human OA, characterized by progressive 

loss of articular cartilage, and abnormally increased numbers of collagen type X expressing 

chondrocytes in synovial joints [58]. However, TGFβ1 administration has been shown to 

redirect expanded human articular chondrocytes towards hypertrophy [64]. Moreover, TGFβ 

can induce synovial lining cells to produce inflammatory factors, such as IL1β and TNF, 

which further stimulate articular chondrocytes terminal hypertrophy, depositing collagen type 

X instead of collagen type II and aggrecan [65]. It have been reviewed the TGF-β 
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superfamily and its downstream phosphorylation of Smads exhibit both stimulatory and 

inhibitory effects on chondrocyte hypertrophy [66]. 

 

The crosstalk between BMP/TGFβ and WNT signaling in regulating hypertrophy 

 

It has been report -catenin crosstalk with TGF in regulating hypertrophy of MSCs [67]. In 

the process of TGF-induced chondrogenesis of MSCs, temporal activation of -catenin 

leaded to enhanced chondrogenic induction, further developed into hypertrophy and 

mineralization phenotype in vivo. However, the continuous co-activation of  two signaling 

pathways resulted in hypertrophy inhibition, characterized by the suppressed expression of 

collagen type X, RUNX2, and ALPL, and did not lead to ossified tissue in vivo [67].   

 

It is demonstrated that the crosstalk between WNT and BMP play key roles in regulating 

chondrocyte activity in pathogenesis of osteoarthritis, which may be cell type-specific [68]. 

Papathanasiou and colleagues reported the function and crosstalk between BMP2 and 

canonical Wnt/β-catenin signaling in regulating chondrocyte hypertrophy and matrix 

metalloproteinase (MMP)/aggrecanolytic ADAMTS (a disintegrin like and metalloproteinase 

with thrombospondin type I motif) synthesis in OA [69]. In this study, they showed human 

end-stage OA chondrocytes can produce BMP2 and BMP4. Interestingly, only BMP2, but 

not BMP4, can drive the expression of low-density lipoprotein receptor 5 (LRP5), which is 

one of most important co-receptors for WNT signaling that leads to β-catenin stabilization, 

accumulation, nuclear translocation, and activation of target genes. It can be concluded that 

the BMP-2-induced Wnt/β-catenin signaling pathway activation through LRP-5 induces 

chondrocyte catabolic action and hypertrophy [69]. 

 

This report adds to the accumulating evidence that increased or excessive activation of 

canonical WNT signaling in chondrocytes is detrimental and contributes to OA cartilage 

degradation. Recently, studies from our group also indicated that the natural WNT and BMP 

antagonists DKK1, FRZB and GREM1 inhibit hypertrophic differentiation of hMSCs during 

chondrogenesis by blocking WNT and BMP pathways [4]. Therefore therapeutic approaches 

to block or suppress canonical WNT and BMP2 pathways using their natural antagonists may 

protect cartilage damage in end-stage OA.  
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Parathyroid hormone-related peptide (PTHrP)/ Indian hedgehog (IHH) 

 

PTHrP is a member of the parathyroid hormone (PTH) family that blocks hypertrophy by 

stimulating NK3 homeobox 2 (Nkx3.2) [70] and preventing RUNX2 expression [71]. Huang 

supposed SOX9 is a target of PTHrP signaling in the growth plate and that the increased 

activity of SOX9 might mediate the effect of PTHrP in maintaining the cells as non-

hypertrophic chondrocytes [72]. IHH is an important factor that involved in endochondral 

ossification and expressed in prehypertrophic chondrocytes [73]. In IHH knockout mice, the 

proliferation and hypertrophy of chondrocytes are significantly reduced [74]. Evidence 

shown that IHH can positively regulate the transcription and expression of collagen type X 

via Runx2/Smad interactions through downstream transcription factors GLI-Kruppel family 

members (Gli) 1/2 [75]. Both IHH and PTHrP signaling play crucial roles in regulating the 

onset of chondrocyte hypertrophy. Vortkamp and colleagues [76] found that IHH stimulated 

proliferating chondrocytes to produce PTHrP, which in turn accelerated the proliferation of 

periarticular cells and prevented the onset of chondrocyte hypertrophy, thereby keeping 

chondrocytes in a proliferating state. This negative feedback loop regulates the balance 

between proliferation and maturation of chondrocytes, ensuring orderly bone formation [76]. 

On the other hand, resting chondrocytes at the ends of long bones secrete PTHrP, 

subsequently suppressing IHH production in the proliferating zone. Chondrocytes outside of 

this paracrine signaling range  produce IHH and undergo hypertrophy [1]. PTHrP forms a 

feedback loop with IHH to regulate the proliferation and onset of hypertrophic differentiation 

[77-79]. During endochondral bone formation, PTHrP-dependent IHH signaling inhibiting 

chondrocyte hypertrophy is dominant, thereby obscuring the promoting effect of PTHrP-

independent IHH signaling. Other researchers reported that IHH can also function 

independently of PTHrP to promote chondrocyte hypertrophy [80].  

 

In PTHrP knock out mice，the absence of PTHrP caused diminished chondrocytes and 

accelerated hypertrophic differentiation, and led to premature mineralization of extracellular 

matrix and apoptosis [76, 81]. However, targeted overexpression of PTHrP under the control 

of the cartilage-specific collagen type II promoter resulted in the opposite effect of 

chondrodysplasia through delay of the terminal differentiation of chondrocytes, inhibition of 

apoptosis and disruption of endochondral ossification [82]. A co-culture model from Jiang 
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and colleagues [83] demonstrated that in healthy articular cartilage PTHrP, secreted by 

chondrocytes from surface layers, inhibits the hypertrophic potential of chondrocytes residing 

in the deep layer so as to maintain the homeostasis of articular cartilage, but the effect was 

not confirmed in vivo.  In another cell study, it was proved that PTHrP from human articular 

chondrocytes inhibits hypertrophy of MSCs during chondrogenesis in co-culture, and 

intermittent supplementation of PTHrP also improve chondrogenesis of MSCs  and reduce 

the hypertrophy [84, 85]. Similar phenomenon was observed in MSCs pellet studies, it was 

showed that PTHrP treatment leads to suppression of hypertrophy but also down-regulates 

collagen II [49]. But when cultured under hypertrophy-enhancing conditions, PTHrP could 

not diminish the induced enhancement of hypertrophy in the MSC pellets [86]. However, 

other researchers observed a selective hypertrophic inhibition upon PTHrP treatment with 

stable or even up-regulated expression of collagen II [87, 88]. This discrepancy might be 

linked to the existence of both PTHrP receptor 1(PTH1R)-dependent and PTH1R-

independent pathways [1]. PTH1R knockout mice showed accelerated hypertrophy and were 

unaffected by treatment with PTHrP, indicating that the inhibition on hypertrophy is 

dependent on PTH1R receptor binding [89]. The choice of the PTHrP isoform has further 

been shown to affect the suppressive action on hypertrophy, with isoform 1-34 being the 

most effective in promotion of chondrogenesis as well as inhibition of hypertrophy [90]. 

 

Cell studies have shown that FGF2 combined with PTHrP inhibited the TGFβ responsive 

COL2A1 and COL10A1 expression and ALPL induction. However, calcification of 

implanted pellets was not prevented by PTHrP in vivo [49]. In another study, the combined 

delivery of TGF-β3 and PTHrP in nude mice reduced calcification [91]. In addition, the 

canonical Wnt pathway is known to promote chondrocyte hypertrophy via inhibition of 

PTHrP signaling activity [92]. Therefore, PTHrP repress hypertrophic cartilage 

differentiation whereas WNT and IHH promote hypertrophy of chondrocytes. Hence, the fine 

balance of the crosstalk between signal pathways is a requirement for the normal phenotype 

of chondrocytes.  

Fibroblast growth factor (FGF) Signaling 

FGF signaling plays a critical role in controlling chondrocyte differentiation [93]. 

Specifically, four members of the fibroblast FGF family, FGF2, FGF8, FGF9 and FGF18, 

have been implicated as contributing factors in cartilage homeostasis [93-97]. FGF2 has been 
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shown to be expressed in proliferating and prehypertrophic chondrocytes, periosteal cells and 

osteoblasts[98]. In human articular chondrocytes, the binding of FGF2 to FGFR1 activates 

Ras and Protein kinase C delta (PKCδ), which transfer the signals into the nucleus to 

positively regulate the expression of RUNX2 by the Raf-MEK1/2-ERK1/2 cascade[99]. 

Under experimental OA conditions, FGF-8 has been identified as a catabolic mediator with a 

pathological role in rat and rabbit articular cartilage [100]. However, little is known about the 

precise biological function of FGF-8 on human adult articular cartilage[97]. In developing 

stylopod elements, FGF9 promotes chondrocyte hypertrophy at early stages and regulates 

vascularization of the growth plate and osteogenesis at later stages of skeletal development. 

Fgf9−/− mice have normal limb bud development and mesenchymal condensations, but in 

stylopod elements show decreased chondrocyte proliferation, delayed initiation of 

chondrocyte hypertrophy and abnormal osteogenesis in skeletal vascularization [96]. In the 

early stage of cartilage development, FGF18 is expressed in the perichondrium and joint 

spaces to promote chondrocyte proliferation and differentiation. In Fgf18-/- mice, the 

phenomenon of delayed mineralization was observed, which was found to be closely 

associated with delayed initiation of chondrocyte hypertrophy, decreased chondrogenesis 

proliferation of early stages, delayed skeletal vascularization and delayed osteoclast and 

osteoblast recruitment to the growth plate [101]. Further studies have shown that FGF18 is 

necessary to induce VEGF expression by signaling to FGFR 1 and 2 in hypertrophic 

chondrocytes [101]. The FGF receptor 3 (FGFR3) is a tyrosine kinase receptor, expressed in 

proliferating chondrocytes and early hypertrophic chondrocytes in the growth plate. Both 

FGF9 and FGF18 are the major ligands of FGFR3 in the growth plate[102].  Recently, Shung 

and coworkers found that FGFR3 expression increases the expression of SOX9 and decreases 

β-catenin levels  in cultured mesenchymal cells [103].  

The interplay of WNT and FGF signaling is important to determine the fate of MSCs and 

their subsequent differentiation. FGFR1 appears to act downstream of the β-catenin pathway 

and serves as a key determinant in the lineage decision of skeletal precursors [104]. 

Hypertrophic maturation of chondrocytes is highly regulated by the interplay of the FGF, 

IHH, BMP, and WNT signaling pathways. More specifically, FGF signaling accelerates the 

speed of terminal hypertrophic differentiation, and acts in an antagonistic relationship with 

IHH expression [105]. Another study suggests that the FGF and BMP pathways collaborate 

to promote aspects of hypertrophic chondrocyte maturation [106]. However, cartilage of mice 

carrying a targeted deletion of Fgfr3 is characterized by increased regions of proliferating and 
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hypertrophic chondrocytes [107]. A study from Weiss and colleagues also showed that FGF2, 

together with PTHrP, may inhibit chondrocyte hypertrophic differentiation and is therefore 

necessary to obtain stable chondrocytes [49].  

 

Insulin like growth factor (IGF) Signaling 

IGF-1 has been identified as an important growth factor for skeletal development by 

promoting chondrocyte proliferation and maturation, while inhibiting apoptosis to form bones 

with appropriate size and strength. IGF-1 transmit signals via the type 1 IGF-1 receptor 

(IGF1R), which is expressed in the proliferating and prehypertrophic zone chondrocytes of 

growth plate [108]. Evidence shown IGF-1 stimulates growth plate chondrocytes at all stages 

of differentiation [109]. High level of IGF-1 was detected in osteoarthritic human articular 

cartilage [110]. The local infusion of IGF-1 in rabbit tibial growth plate increased the 

numbers of both proliferative and hypertrophic chondrocytes and promoted hyperplasia of 

bony trabeculae within the epiphysis [111].  

 

It has been shown that IGF-1 stimulates the chondrogenic differentiation of MSCs into 

chondrocytes, and into pre-hypertrophic and hypertrophic chondrocytes [112].  Recombinant 

adeno-associated virus (rAAV)-mediated IGF-I overexpression delayed terminal 

differentiation and hypertrophy in the newly formed cartilage, which may due to contrasting 

effects upon the osteogenic expression of RUNX2 and β-catenin [113]. Another study 

demonstrates that IGF-1 enhances chondrocyte hypertrophy by insulin-like actions, and 

terminal hypertrophic chondrocytes are reduced in Igf1 null mice [114]. Repudi’s study 

found that WNT induced secreted protein 3 (WISP3) inhibits IGF-1 induced collagen X 

induction, reactive oxygen species (ROS) accumulation and ALPL activity, all of which are 

associated with the induction of chondrocyte hypertrophy [115]. In addition, Mushtaq also 

found that IGF-1 stimulated chondrocyte hypertrophy and reversed the growth-inhibitory 

dexamethasone effects in mouse metatarsal [116]. However, evidence shown chick embryo 

chondrocytes maintained their normal phenotype and were prevented to undergo hypertrophic 

differentiation in the presence of IGF-1 [117]. Clearly, the IGF-I mediated improvement in 

growth was performed by altering the balance between proliferating and hypertrophic 

chondrocytes.  
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IGF-1 signaling also is involved in the interaction between the thyroid hormone and the 

Wnt/β-catenin signaling pathways in regulating growth plate chondrocyte proliferation and 

differentiation. Evidence showed that IGF-1 and the IGF-1 receptor (IGF1R) stimulate Wnt-4 

expression and β-catenin activation in growth plate chondrocytes. Chondrocyte proliferation 

and terminal differentiation induced by IGF-1/IGF1R can be partially inhibited by the Wnt 

antagonists FRZB and DKK1 [118]. The IGF-1/IGF1R signaling and IGF-1 dependent 

PI3K/Akt/GSK-3β signaling can be activated by T(3) in the growth plate, and the 

chondrocytes undergo proliferation and differentiation to prehypertrophy. It seems 

chondrocyte proliferation may be triggered by the IGF-1/IGF1R-mediated PI3K/Akt/GSK3β 

pathway, while cell hypertrophy is likely due to activation of Wnt/β-catenin signaling, which 

is at least in part initiated by IGF-1 signaling or the IGF-1-activated PI3K/Akt signaling 

pathway [118]. The fact that IHH expression was reduced in Igf1−/− mice long bones, 

whereas expression of PTHrP was increased, suggested that IGF-1 signaling is also required 

to maintain the IHH-PTHrP loop during skeletogenesis [119]. 

Hypoxia-inducible factor (HIF) signaling 

Healthy articular cartilage is a typical avascular tissue, and chondrocytes are able to survive 

in low oxygen environments [120]. Hypoxia is considered to be a positive influence on the 

healthy chondrocyte phenotype and cartilage matrix formation. A recent study from our 

group has shown that the articular cartilage-enriched gene transcripts of GREM1, FRZB, and 

DKK1, which are established inhibitors of hypertrophic differentiation, were robustly 

increased in chondrogenic hMSCs pellets under hypoxic conditions, whereas under normoxia 

conditions these genes did not increase markedly [121]. Envidence shown hypoxia enhances 

chondrogenesis and prevents terminal differentiation through a PI3K/Akt/FoxO dependent 

anti-apoptotic effect [122]. The hypoxic response is mainly mediated by HIF, which includes 

three family members, HIF-1α，-2α， -3α [123], particularly HIF-1α and HIF-2α, play an 

active role in chondrocyte development. 

 

Under hypoxic conditions, the transcription factor HIF-1α accumulates and activates the 

transcription of genes, which are involved in energy metabolism, angiogenesis, vasomotor 

control, apoptosis, proliferation, and matrix production. In subcutaneous stem cell 

implantation studies, HIF-1α was shown to potentiate BMP2-induced SOX9 and cartilage 

formation, while inhibiting RUNX2 and endochondral ossification during ectopic 
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bone/cartilage formation. In the fetal limb culture, HIF-1α and BMP2 synergistically 

promoted the expansion of the proliferating chondrocyte zone and inhibited chondrocyte 

hypertrophy and endochondral ossification [124]. However, HIF-2α, encoded by Epas1, was 

identified as a regulator of endochondral bone formation, and appears to be a central positive 

regulator of collagen X, MMP13 and VEGF expression by enhancing promoter activities 

through specific binding to the hypoxia-responsive elements [125]. Inflammatory factors like 

IL-1β and TNF-α can increase the HIF-2α expression by NF-κB signaling in chondrocytes 

[125, 126]. Further experiments have shown HIF-2α crosstalks with the β-catenin and NF-κB 

pathways to promote chondrocyte apoptosis and endochondral ossification [127]. RUNX2 

and IHH are identified as the possible transcriptional targets of HIF-2α related to 

endochondral ossification, both of them are involved in the regulation of hypertrophic 

differentiation of chondrocytes [125, 128]. The gene corresponding to nicotinamide 

phosphoribosyltransferase (NAMPT) is also a direct target of HIF-2α, and plays an essential 

catabolic role in OA pathogenesis and acts as a crucial mediator of osteoarthritic cartilage 

destruction caused by HIF-2α or destabilisation of the medial meniscus (DMM) surgery [129]. 

There is evidence that HIF-2α causes cartilage destruction by regulating crucial catabolic 

genes [126] and potentiating Fas-mediated chondrocyte apoptosis [130]. However, Lafont 

and coworkers found that hypoxia promotes cartilage matrix synthesis specifically through 

HIF-2α but not HIF-1α mediated SOX9 induction of key cartilage genes [131]. The 

seemingly conflicting effects of HIF-2α to chondrocyte or cartilage could be induced through 

different pathways and the differences in experiments performed in vivo and in vitro, which 

need to be clarified. The balance between HIF-1α/HIF-2α activities clearly contributes to the 

control of cartilage homeostasis. 

 

Conclusions 

 

Chondrocyte differentiation is regulated by multiple signal transduction pathways. 

Maintaining a normal chondrocyte phenotype and avoiding hypertrophy is important for 

cartilage repair. SOX9 and RUNX2 are two typical markers in chondrocyte development. 

SOX9 is expressed in chondrocytes, while RUNX2 is highly expressed in hypertrophic 

chondrocytes. In most cases, a hypertrophic phenotype was accompanied by high expression 

of RUNX2 through activation of either of the WNT, BMP, IHH, FGF and HIF signaling 

pathways. However, TGFβ, IGF-I and PTHrP promote the proliferation of chondrocytes. Here 
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we propose a model in which the balance of these signal pathways adjusts the state of 

chondrocyte proliferation or hypertrophy through the shifting between SOX9 and RUNX2 

transcriptional activities. In the WNT pathway, the LEF/TCF/β-catenin complex can promote 

RUNX2 expression. BMP/TGF-β signaling has a dual role in the chondrocyte development. 

TGF-β induces collagen II and SOX9 deposition through Smad2/3 phosphorylation pathway, 

while BMP2/4 promotes chondrocyte hypertrophy and cartilage mineralization via Smad1/5/8 

phosphorylation. PTHrP represses hypertrophic cartilage differentiation whereas IHH signaling 

positively regulates the hypertrophic phenotype by high transcription and expression of 

collagen type X and RUNX2. IGF-1 signaling stimulates chondrocyte proliferation by the 

IGF-1/IGF1R-mediated PI3K/Akt/GSK3β pathway, while cell hypertrophy is likely due to 

activation of Wnt/β-catenin and IHH signaling by IGF-1. HIF-1α and HIF-2α have a distinct 

role in the chondrocyte development. The former inhibits the RUNX2 expression, while the 

latter enhances the expression of collagen X, MMP13 and RUNX2 and promotes the 

hypertrophic differentiation of chondrocytes. The fine balance of the crosstalk between these 

signaling pathways is a requirement for normal chondrocyte differentiation and cartilage 

development. 
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天地不仁，以万物为刍狗；圣人不仁，以百姓为刍狗。 

 

Heaven and earth are ruthless;  to them the Ten Thousand Things are but as straw dogs.   

The Sage is ruthless;  to him the people are but as straw dogs.  
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Abstract 

 

Purpose: To investigate the presence of WNT antagonists Dickkopf-related protein 1 (DKK1), 

Frizzled-related protein (FRZB) and Gremlin 1 (GREM1) in synovial fluid (SF) and serum 

respectively from end-stage osteoarthritis (OA) patients, and correlate their expression with 

other markers of OA. 

 

Methods: In a cross-sectional study, SF and serum were collected from OA patients (n=132) 

with or without treatment by celecoxib and naproxen shortly before joint replacement surgery. 

The concentrations (conc.) of DKK1, FRZB and GREM1 in SF and serum were determined 

using immunoassays. Odds ratios (ORs) and 95% confidence intervals (95% CIs) were 

calculated using logistic regression analyses with adjustment for potential covariates. 

Correlation measurements were performed with previously assessed disease markers. 

 

Results: The OA patients with the celecoxib treatment till surgery have higher median SF 

FRZB values compared to the control (no treatment); the celecoxib 3-days before surgery 

stopped treatment group has higher median serum FRZB values than the control and the 

naproxen treatment group. The combinational analysis of SF DKK1 and SF FRZB negatively 

correlated with macroscopic scores of cartilage (R= -0.217, P=0.014) and with histological 

synovium scores (R= -0.202, P=0.031) in OA patients. The expression of DKK1 and FRZB 

showed the same trend in SF and in serum. Furthermore, the SF concentration of DKK1 was 

positively correlated with FRZB in both SF (R =0.32, P<0.001) and serum (R= 0.283, P=0.001). 

In contrast, it was negatively correlated with Nitric Oxide (NO)/weight synovium (R=-0.327, 

P=0.001) and IL1β/weight synovium (R=-0.186, P=0.059). Both SF DKK1(R = 0.194, P=0.045) 

and serum DKK1 (R = 0.206, P=0.034) were positively correlated with Western Ontario and 

McMaster Universities Arthritis Index (WOMAC) total scores. SF FRZB was negatively 

correlated with PGE2/weight cartilage (R=-0.184, P=0.041), IL1β/weight synovium (R=-0.164, 

P=0.096), PGE2/weight synovium (R=-0.175, P=0.064), NO/weight synovium (R = -0.189, 

P=0.047) and age (R= -0.220, P=0.011). However, SF GREM1 was positively correlated with 
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IL1β/ weight synovium and TNFα/weight synovium. Serum GREM1 positively correlated with 

PGE2/weight cartilage, TNFα/weight synovium, TNF synovium, weight and BMI, while it was 

negatively correlated with NO/weight cartilage.  

 

Conclusions: Our findings suggest that DKK1 and FRZB are involved in OA progression. 

Celecoxib treatment till and until 3 days before surgery stimulate FRZB secretion and serum 

FRZB presence in SF and serum. DKK1 and FRZB were negatively correlated with OA 

severity and multiple pro-inflammatory cytokines. Our data indicate that DKK1 and FRZB can 

be joint-specific biomarkers and synovial fluid might be more sensitive than serum to reflect 

changes in local disease such as OA. 

 

Keywords: Dickkopf-related protein 1 (DKK1); Frizzled-related protein (FRZB); Gremlin 1 

(GREM1); synovial fluid; osteoarthritis (OA); pro-inflammatory cytokines; ELISA. 
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Introduction 

 

Osteoarthritis (OA) is the most common chronic joint disorder, characterized by progressive 

degradation of joint cartilage, formation of bony tissue at the joint margins (osteophytes), 

subchondral bone changes (sclerosis), inflammation of the synovial membrane, and impairment 

of the periarticular soft tissues [1-4]. Although large research effort has been devoted in recent 

years to explore the molecular mechanism underlying this disease, the pathogenesis of OA is 

still largely unknown and no effective treatment is available.  

 

Multiple signal pathways have been implicated in the pathogenesis of OA [5-8], such as the 

alteration of secreted wingless-type MMTV integration site (WNT) and the bone 

morphogenetic protein (BMP) signal pathways [9, 10]. In articular cartilage, moderate activity 

of WNT is essential for chondrocyte proliferation and cell phenotype [11], while 

overexpression can lead to cartilage disease. It has been shown that β-catenin, the key signaling 

protein in the WNT pathway is highly expressed in severe OA compared with preserved OA, 

and that activation of β-catenin in articular cartilage leads to OA-like phenotype in in vivo 

studies [12, 13]. In addition, dysregulation of various WNT proteins and their receptors have 

been documented in human joint disorders [14]. BMPs are widely known as potent inducers of 

bone. In vivo injection of BMP2 leads to osteophyte formation in mouse knee joints [15] and 

increased expression of BMP2 has been reported in OA chondrocytes and cartilage [16, 17]. 

Moreover, BMP2-induced WNT/β-catenin signaling through LRP-5 may contribute to 

chondrocyte hypertrophy and cartilage degradation in OA [16]. In contrast to BMP2, 4 and 6 

which may promote chondrocyte hypertrophy, BMP7 could inhibit this process, although the 

exact mechanism is still unknown [18, 19]. 

 

WNT and BMP activators and inhibitors could therefore play an important role in OA 

pathogenesis. Multiple whole genome studies have shown that the WNT antagonist FRZB is a 

candidate gene associated with hip OA in females [20]. This association of FRZB with 

susceptibility for OA is further confirmed in other cohorts [21-24]. In addition, it was shown 
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that there is a tendency that higher FRZB levels in serum are related with a modest reduction 

in risk of incident RHOA [25]. DKK1, another WNT antagonist, was associated with reduced 

progression of radiographic hip osteoarthritis (RHOA) in elderly women [25]. This is in line 

with our previous study showing that DKK1 and FRZB have protective roles in cartilage by 

prevent hypertrophic differentiation [26] and the loss of their expression is observed in OA 

[27]. Considering the role of the BMP pathway, it has been shown that upregulation of GREM1, 

which is a BMPs antagonist, is observed in human OA chondrocytes [28] and its expression 

increases with OA progression in dog OA [29]. This suggests an involvement of GREM1 in 

OA pathophysiology.  

 

Even though OA is not widely seen as an inflammatory disease like rheumatic arthritis, 

serological and histological evidence of synovitis is commonly found in OA. In fact, synovial 

inflammation can be involved in the early onset of OA as well as in advanced stages of OA [30, 

31]. Interleukin-1β (IL-1β) and tumor necrosis factor-α (TNF-α) play a key role in the 

destructive process, by stimulating the expression and release of proteases such as matrix 

metalloproteinases (MMPs), aggrecanases (ADAMTS) which degrade collagen and aggrecan. 

These proinflammatory cytokines stimulate synthesis and release of nitric oxide (NO) and 

prostaglandin-E2 (PGE2), which are produced in elevated amounts during the degenerative 

process, contributing to joint pathology [30, 32].  

 

It has been reported that anabolic or catabolic molecules are released from joint tissue enter into 

the synovial fluid and serum during joint disease [33-35]. This indicates that molecular changes 

in OA can be reflected by altered serum and synovial fluid levels of these factors.  

 

In this study, a comprehensive cross-sectional analysis was performed in synovial fluid and 

serum samples collected from OA patients. We measured the concentration of DKK1, FRZB 

and GREM1 in patients with or without pharmaceutical treatment in synovial fluid and serum 

and correlated their expression levels with multiple OA features (macroscopically, 

histologically, and biochemically) and inflammatory factors. 
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Materials and methods 

 

Subjects 

 

Material of one hundred and thirty-two patients with severe knee osteoarthritis, who were 

eligible for total knee replacement surgery, and were treated at the Sint Franciscus Gasthuis 

Rotterdam, the Netherlands, could be obtained. Exclusion criteria were a total knee replacement 

for other reasons than OA, a history of gastrointestinal bleedings or perforation, and an 

increased risk for cardiovascular diseases (patients with a history of cardiovascular disease, 

with untreated hypertension, with angina pectoris, and patients on oral anticoagulants). These 

samples have been collected in previous investigations and the full data set was available for 

this study [36]. The study was conducted according to the declaration of Helsinki and received 

ethical approval. Each patient gave written informed consent before participating in the study.  

 

Originally patients were randomized to one of four treatment groups 4 weeks prior to total knee 

replacement surgery. Patients were randomized to celecoxib 2dd200mg (until surgery), 

celecoxib 2dd200mg until 3 days before surgery (to control for the obligated stop of naproxen 

treatment 3 days before surgery), and naproxen 3dd250mg until 3 days before surgery, or no 

treatment (controls). Because of its platelet-inhibiting effect, the use of naproxen had to be 

stopped 3 days prior to surgery. All 4 groups included 43 patients originally. Because of the 

increased risk for gastrointestinal adverse effects with the use of naproxen, all patients also 

received omeprazol 20mg o.d. Complete data sets as obtained in the original study, synovial 

fluid and serum of 132 patients could be retrieved for this study (Table 1).  

Main diagnostic groups Number Women(%) Age median (range) 

Total 132 87 (65.9%) 66.21 (49.67-89.08) 

 No treatment   32 22 (68.75%) 67.63 (56.17-88.17) 

 Celecoxib-full            34 21 (61.77%) 65.96 (52.08-89.08) 

 Celecoxib-3days 34 21 (61.77%) 65.67 (51.67-79.58) 

 Naproxen-3days   31 23 (74.19%) 65.83 (49.67-82.5) 

Table 1 Characteristics of the study subjects.  
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Macroscopy and histochemistry 

 

Macroscopic cartilage damage was evaluated on digital high-resolution photographs of femur 

surface parts. Severity of cartilage damage was graded from 0-3 (0=fibrillation or focal 

degeneration, 1=degeneration at multiple locations, 2=degeneration at multiple locations with 

focal lesions, and 3=degeneration throughout the tissue with severe focal lesions and focally 

full cartilage abrasion). Synovial tissue inflammation was evaluated by histochemistry. Briefly, 

synovial tissue samples were fixed in 4% phosphate buffered formalin with 2% sucrose, then 

stained with Haematoxylin-Eosin. The tissues were sliced and from each sample 3 slices were 

used for scoring. Synovial tissue inflammation was graded using modified Goldenberg and 

Cohen scores. Two observers blinded to the source of the samples, scored all samples and the 

averages of observers were taken as representative score of each donor. In the limited case, 

when observers scored >1 point difference, consensus was sought. 

 

Analysis of DKK1, FRZB and GREM1 in synovial fluid and in serum 

 

Synovial fluid concentrations of DKK1, FRZB and GREM1 were determined using enzyme-

linked immunosorbent assay (ELISA) according to the manufacturer guidelines (DKK1, 

Catalog Number: DY1906, R&D system; FRZB, Catalog Number: DY192; GREM1, Bio-

connect diagnostics). 

 

All samples were diluted 1:2 for DKK1 and FRZB detection, and 1:24 for GREM1 detection 

according to the sample specificity and manufacture protocols. Randomly selected knee 

synovial fluid and serum samples were used to assess dilution linearity (n=3), effects of freeze-

thawing (n=5) and spiking recovery (n=3). Details on the technical performance of the DKK1, 

FRZB and GREM1 ELISA in synovial fluid and serum in terms of dilution linearity and spiking 

recovery, intra- and inter-assay CV, and the influence of thawing and freezing of samples is 

presented in Supplementary data Table S1 (for SF) and Table S2 (for serum). 
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Analysis of pro-inflammatory cytokines in synovial tissue culture medium 

 

To assess the IL-1β and TNFα production by the OA cartilage and synovial tissue, samples 

were cultured individually for 3 days, and subsequently IL-1β and TNFα release in the culture 

supernatants were determined by ELISA (Biosource) according to manufacturer’s instructions 

and expressed as pg/ml per mg (wet weight) tissue. Prostaglandin-E2 (PGE2) was determined 

by Enzyme Immuno Assay (EIA, Caymann Chemical) and expressed as pg/ml per mg tissue. 

NO levels were determined using the standard Griess reaction and expressed as μM per mg (wet 

weight) of tissue. 

 

Clinical outcome 

 

Patients were asked to fill out a Western Ontario and McMaster University (WOMAC) 

questionnaire to evaluate pain, stiffness, and function, before and after medical treatment [37]. 

 

Statistics 

 

For histochemistry, two observers blinded to the source of the samples scored all samples and 

the average scores of observers was taken as representative score of each sample. In a few cases 

consensus was sought when observer scored>1 point difference. The average of all multiple 

tissue samples (n=4 for cartilage histology, n=3 for synovial tissue histology, and n=3 for 

cytokine production) of each donor was taken as representative value for each donor. Data are 

subsequently expressed as mean (±SD) of donor. 

 

According to Shapiro-Wilk tests synovial fluid and serum DKK1, FRZB and GREM1 

concentrations were not normally distributed and therefore non-parametric analyses were 

conducted. Between-groups comparisons were made using Mann-Whitney rank sum tests, and 

for correlation analysis Spearman’s rank correlation (R) analysis were used. Pearson Chi-square 

test was used for comparison of genders between subject groups, and for comparison of age 

Students t-test was used. All tests were 2-tailed, p<0.05 was considered statistically significant, 
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p values <0.1 were considered borderline significant. All statistical analyses were performed 

using SPSS (standard version 15.0, SPSS, Chicago, IL, USA). 

 

Results 

 

Technical performance of the DKK1, FRZB and GREM1 ELISA in synovial fluid and 

serum 

  

In order to assess the accuracy and reliability of the ELISAs, the dilution linearity, spiking 

recovery, freeze/thaw, intra- and inter repeat assays were performed from 3 to 5 randomly 

selected synovial fluid and serum samples. LLOD and ULOD for the DKK1, FRZB and 

GREM1 assays were estimated at 7.77-4000pg/ml, 7.77-8000pg/ml, 57-8000pg/ml 

respectively based on the kit instruction and standard curves ( Supplementary data Table S1 

and S2).  

 

To calculate dilution linearity, randomly selected synovial fluid and serum samples (n=3) were 

prepared in three different dilutions, 1:2, 1:4, 1:8 for DKK1 and FRZB, and 1:24, 1:48, 1:96 

for GREM1. Results are expressed as % recovery: 100 x [(conc. at a specific dilution) divided 

by (first diluted conc. divided by the times diluted)]. We observed good dilution linearity with 

mean recoveries between 76% and 115% for DKK1, 71%-120% for FRZB and 68%-131% for 

GREM1 respectively, which fall within the acceptance range (Table S1 and S2).  

 

Spiking recovery was calculated from randomly selected synovial fluid and serum samples 

(n=3) which were spiked using high, middle or low concentrations of standards. Spiking 

recovery is expressed in % as recovery: 100 x ((concentration of a sample spiked with a specific 

amount of standard) divided by (the individual concentration of sample plus the individual 

concentration from standard)). Good results of spiking recovery were observed (Table S1and 

S2).  
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To analyze freeze-thawing effect on DKK1, FRZB and GREM1 concentrations, randomly 

selected synovial fluid and serum samples (n=3) were frozen/thawed 3 times. The result 

showed that the freeze-thaw cycles appeared to have no systematic effect on the measured 

concentrations of these analytes in synovial fluid and serum (Table S1 and S2). 

 

Intra- and inter assay CV of DKK1, FRZB and GREM1 was calculated using randomly selected 

synovial fluid and serum samples (n=3) loading 5 repeats (intra) on a single plate or loading 

duplicates on 4 plates (inter). The results showed that different wells and different plates have 

no systematic effect on the measured concentrations of these analytes in synovial fluid and 

serum. 

 

The technical performance results indicate that the DKK1, FRZB and GREM1 values obtained 

from synovial fluid and serum samples can be determined with confidence. And that there are 

no factors to depress or elevate the values in the synovial fluid and serum significantly.   

 

The OA patients with celecoxib treatment have higher SF FRZB median value than the 

control (no treatment) 

 

The data and material used in this study was originally collected from patients included in 

randomized clinical trial [36]. The aim was to evaluate in vivo disease modifying activity of 

short term celecoxib treatment, with the attempt to modulate proteolytic activity (proteoglycan 

release) as an early indicator for cartilage repair activity, by treating patients in end-stage 

osteoarthritis with celecoxib shortly before joint replacement surgery followed by a detailed ex 

vivo assessment of joint tissues with observer blinded evaluation. Analysis of SF FRZB in our 

study revealed that  OA patients with celecoxib treatment have a 2 times higher SF FRZB 

median value than the control (no treatment) group (p=0.009); the group treated with celecoxib 

until 3 days before surgery had a 1.97 times higher Serum FRZB median value than the control 

(p=0.003) and 2.13 times higher than the naproxen treatment  group (0.034). However, there is 

no significant difference for expression levels of DKK1 and GREM1 among different 

treatments (Fig. 1).  
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Fig. 1 Concentrations of DKK1, FRZB and GREM1 in SF and serum in no treatment group, Celecoxib-

full group (Celecoxib), Celecoxib-3days group and Naproxen-3days group. Samples were grouped 

according to Table 1. The results are expressed as median and the 25th and 75th percentiles with 

whiskers (10th and 90th percentiles). Circles and asterisks stand for discrete values and extreme values 

respectively. The red line means median difference and blue line means distribution difference.  

 

DKK1 and FRZB are expressed in serum and have the same expression trend as their 

expression in synovial fluid from OA patients 

 

In order to detect changes of the antagonist’s expression in SF and serum, their concentrations 

were measured by ELISA respectively. The DKK1 conc. median (range) is 26.9 (3.9-1958.9) 

pg/ml in SF, much lower than 3589.7 (3.9-9452.5) pg/ml in serum; however, the FRZB conc. 

median (range) is 1486.7 (3.6-14635.8) pg/ml in SF, much higher than 332.7 (3.6-22539.8) 
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pg/ml in serum. The GREM1 conc. median (range) is 112.9 (51.9-362.1) ng/ml in SF while 

179.89 (70.0-903.4) ng/ml in serum. After statistical comparison, we found that both DKK1 

and FRZB have a similar expression trend in SF and serum (R=0.305, P<0.001; R=0.300, 

P=0.001), However, for GREM1 there was no correlation ( Fig. 2, Table 2).  

 

 

 

Fig. 2 Correlation of conc. of DKK1 and FRZB between SF and serum. A bivariate scatter plot of 

DKK1 and FRZB concentrations (showed in denary logarithm) in synovial fluid with the corresponding 

concentrations in serum (n=132). Spearman coefficient (R), P values and the first order regression lines 

are indicated.  

 

 SF FRZB SF GREM1 Se DKK1 R(P) Se FRZB R(P) Se GREM1 R(P) 

SF DKK1 0.320 (<0.001) 0.016 (0.854) 0.305 (<0.001) 0.283 (0.001) 0.199 (0.023) 

SF FRZB - 0.030 (0.733) 0.043 (0.623) 0.300 (0.001) 0.062 (0.484) 

SF GREM1 - - 0.016 (0.854) -0.056 (0.529) 0.039 (0.658) 

 

Table 2. Correlation between DKK1, FRZB, GREM1 in synovial fluid or serum. Spearman 

coefficient (R) and P values are indicated. Significant correlations are bolded. FRZB, frizzled-related 

protein; GREM1, Gremlin 1; DKK1, Dickkopf-related protein; SF, synovial fluid; Se, serum. 

 

SF DKK1 and SF FRZB are negatively correlated with OA severity 

 

In order to assess the severity of cartilage damage after surgery for OA patients, direct 

macroscopic analysis and histochemistry were performed. Meanwhile, the conc. of DKK1, 
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FRZB and GREM1 in the SF and serum from the same patient were measured by ELISA. We 

found that both SF DKK1 and SF FRZB have a small negative correlation with the macroscopic 

score (R=-0.169, P=0.056; R=-0.163, P=0.065). Moreover, if DKK1 and FRZB log values were 

combined together, there was a stronger significant negative correlation with the microscopic 

score (R= -0.217, P=0.014) (Fig. 3a). We further assessed the degree of synovial tissue 

inflammation by Haematoxylin-Eosin staining, modified Goldenberg and Cohen score. It was 

found that DKK1 in SF significantly negatively correlated with the histologic synovium score 

(R=-0.255, P=0.006) (Fig. 3b). Similarly, if DKK1 and FRZB log values were combined 

together, there was a significant negative correlation with the histologic synovium score as well 

(R=-0.202, P=0.031) (Fig. 3c). GREM1 in serum also slightly negatively correlated with the 

score (R=-0.155, P=0.099) (Table 3). 

 

 

 

Fig. 3 Correlation between DKK1, FRZB, GREM1 in SF and severity of OA. A bivariate scatter 

plot of DKK1, FRZB and GREM1 concentrations in synovial fluid (n=132) with the scores of cartilage 

damage (Marco KB) and synovium inflammation (Histo syn). Spearman coefficient (R), P values and 

the first order regression lines are indicated.  

 

 SF DKK1 SF FRZB Log SF DKK1 + 

Log SF FRZB 

SF GREM1 Se DKK1 Se FRZB Se GREM1 

Macro 

KB 

-0.170 

(0.055) 

-0.163 

(0.065) 

-0.217 (0.014) 0.003 

(0.976) 

0.021 

(0.820) 

-0.054 

(0.551) 

-0.021 

(0.812) 

Histo 

Syn 

-0.255 

(0.006) 

-0.114 

(0.227) 

-0.202 (0.031) -0.075 

(0.428) 

0.163 

(0.083) 

-0.126 

(0.181) 

-0.155 

(0.099) 
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Table 3. Correlation between DKK1, FRZB, GREM1 and Macro KB, Histo Syn in synovial fluid 

or serum. Spearman coefficient (R) and P values are indicated. Significant correlations are bolded. 

Borderline significant are bolded and italic. FRZB, frizzled-related protein; GREM1, Gremlin 1; DKK1, 

Dickkopf-related protein; SF, synovial fluid; Se, serum; Macro KB, macrocopic cartilage score; Histo 

Syn, histology synovium score. 

 

The expression of DKK1 in SF shows positively correlation with FRZB in both SF and 

serum, and with GREM1 in serum  

 

Since all three factors (DKK1, FRZB and GREM1) are involved in the joint homeostasis, we 

assessed the correlation between these factor in SF and serum as a next step. The results showed 

that SF DKK1 positively correlated with FRZB in both SF (R =0.32, P<0.001) (Fig. 4a) and 

serum (R=0.283, P=0.001) (Fig. 4b). Interestingly, the SF DKK1 conc. was also positively 

correlated with GREM1 in serum (R=0.199, P=0.023) (Fig. 4c, Table 2). 

 

 

 

Fig. 4 Correlation between conc. of DKK1, FRZB and GREM1 in SF and serum.  A bivariate 

scatter plot of DKK1 concentrations in synovial fluid with the FRZB conc. both in SF and serum or 

GREM1 conc. in serum (n=132). Spearman coefficient (R), P values and the first order regression lines 

are indicated. 
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The expression levels of DKK1 and FRZB, but not of GREM1, are negatively correlated 

to pro-inflammatory factors 

 

In order to assess the correlation between the conc. of SF DKK1, FRZB, GREM1 and local 

inflammation, ELISAs were performed to determine the production of pro-inflammatory 

factors IL-1β and TNFα by the corresponding OA cartilage and synovial tissue [36]. To gain 

more information, we additionally measured PGE2 and NO. Age, weight and BMI index were 

also taken into account. SPSS correlation analysis showed that SF DKK1 negatively correlated 

with NO/weight synovium (R=-0.327, P=0.001) and IL1β/weight synovium (R=-0.186, 

P=0.059). Similarly, SF FRZB negatively correlated with PGE2/weight cartilage (R= -0.184, 

P=0.041), IL1β/weight synovium (R=-0.164, P=0.096), PGE2/weight synovium (R=-0.175, 

P=0.064), NO/weight synovium (R=-0.189, P=0.047) and age (R=-0.220, P=0.011). However, 

SF GREM1 positively correlated with IL1β/ weight synovium (R=0.213, P=0.03) and 

TNFα/weight synovium (R=0.206, P=0.041). Moreover, serum GREM1 positively correlated 

with PGE2/weight cartilage (R=0.315, P<0.001), TNFα/weight synovium (R=0.274, P=0.006), 

weight (R=0.2, P=0.023) and BMI (R=0.183, P=0.038) while negatively correlated with 

NO/weight cartilage (R=-0.306, P=0.003) (Table 4). WOMAC questionnaire (0-100 scale) was 

used to collect data on pain, stiffness, and functional ability. Lower score means more pain, 

stiffness, and functional limitation. Interestingly, Both SF DKK1 (R=0.194, P=0.045) and 

serum DKK1(R= 0.206, P=0.034) positively correlated with WOMAC total score (Table 4).  

 

 

 PGE2/weight  

(Cartilage), R(P) 

NO/weight  

(Cartilage), R(P) 

IL1B/weight  

(synovium), R(P) 

TNFa/weight  

(synovium), R(P) 

PGE2/weight  

(synovium), R(P) 

NO/weight  

(synovium), R(P) 

WOMAC total 

 score 

SF DKK1 -0.04 (0.656) -0.327 (0.001) -0.186 (0.059) -0.159 (0.115) -0.149 (0.117) 0.092 (0.338) 0.194 (0.045) 

SF FRZB -0.184 (0.041) -0.106 (0.314) -0.164 (0.096) -0.071 (0.483) -0.175 (0.064) -0.189 (0.047) 0.101 (0.302) 

SF GREM1 0.147 (0.102) -0.006 (0.954) 0.213 (0.03) 0.206 (0.041) 0.099 (0.298) 0.087 (0.366) -0.085 (0.385) 

Se DKK1 0.037 (0.685) -0.081 (0.442) 0.114 (0.251) 0.045 (0.662) 0.072 (0.451) -0.037 (0.699) 0.206 (0.034) 

Se FRZB -0.104 (0.25) -0.136 (0.195) -0.233 (0.018) -0.128 (0.208) -0.023 (0.810) -0.098 (0.311) 0.037 (0.705) 

Se GREM1 0.315 (<0.001) -0.306 (0.003) 0.144 (0.148) 0.274 (0.006) 0.085 (0.374) 0.107 (0.264) -0.160 (0.101) 
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Table 4. Correlation between DKK1, FRZB, GREM1 with pro-inflammatory factors and 

painfulness. Spearman coefficient (R) and P values are indicated. Significant correlations are bolded. 

Borderline significant are bolded and italic. FRZB, frizzled-related protein; GREM1, Gremlin 1; DKK1, 

Dickkopf-related protein; SF, synovial fluid; Se, serum; IL, interleukin; TNF, tumor necrosis factor; 

PGE2: Prostaglandin-E2; WOMAC: Western Ontario and McMaster Universities Arthritis Index. 

 

Discussion 

 

Due to the poor self-healing ability of articular cartilage and lack of specific diagnostic 

biomarkers, identification of patients at risk for OA or disease progression remains a challenge. 

Accumulating evidence shows that the activation of WNT signal pathways might be a driving 

factor for initiation and progression of OA, which makes the proteins of WNT signaling 

pathways attractive targets for therapy and diagnosis. Although large research effort has been 

put to identify the best strategy in targeting WNT signaling, the challenge remains unsolved 

due to the complexity of OA disease. A more promising approach will be identifying the 

dysregulation of WNT proteins or their natural inhibitors that are involved in OA [38]. In vivo 

and in vitro studies have shown that the natural antagonists of WNT signaling, such as DKK1 

and FRZB, play a crucial role in joint homeostasis, especially through their protective role by 

inhibiting WNT signaling in joints [26, 39, 40]. This make us to postulate that their expression 

might change during OA pathology and any treatment increasing their expression might help 

to slow OA process by inhibiting WNT signaling. In the present study, we investigated the 

concentration of DKK1, FRZB and GREM1 in synovial fluid and serum of OA patients, and 

correlated their expression with OA pathological features and joint inflammation. 

 

The patients recruited to this study had severe OA and received in vivo pharmaceutical 

treatment shortly before joint replacement surgery. We found that celecoxib treatment has 

beneficial effects on FRZB expression. It has been reported that celecoxib, which is a selective 

cyclooxygenase (COX)-2 has positive effects on human OA cartilage [41, 42]. Ample evidence 
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confirms that genetic variation in the FRZB gene is associated with either hip OA or OA at 

multiple joint sites [21, 22, 43], indicating that FRZB is important for joint homeostasis. The 

induction effect of celecoxib on FRZB may suggest that the chondro-protective role of 

celecoxib is partially mediated by inducing anabolic factors like FRZB. 

 

Synovial tissue, cartilage, synovial fluid and serum were obtained from OA patients at joint 

replacement surgery. The correlation between the expression level of three factors (DKK1, 

FRZB and GREM1) and actual cartilage damage and inflammation was analyzed. We found 

that DKK1 conc. in SF negatively correlated with the severity of OA, which is in accordance 

with the evidence that DKK1 is associated with OA development and that high levels of DKK1 

may play a protective role against cartilage degeneration [44]. Similarly, FRZB in SF negatively 

correlated with OA severity scores as well. Moreover, FRZB in synovial fluid has the same 

expression trend as in serum. This is in line with previous studies showing that loss of FRZB 

contributes to cartilage damage by increasing MMP expression and enhancing their activity 

[40]. Additionally, FRZB has a protective role on cartilage degradation and MMP induction by 

attenuating deleterious effects of the activation of the canonical WNT/β-catenin pathway [39]. 

Interestingly, we found the conc. of FRZB both in SF and serum significantly correlated with 

DKK1 in SF. This indicates that DKK1 and FRZB might work synergistically to block high 

activity of WNT signaling in OA. 

 

Synovial inflammation or synovitis is a frequently observed phenomenon in end stage 

osteoarthritic joints and contributes to the pathogenesis of OA through formation of various 

catabolic and pro-inflammatory mediators such as IL1β, TNFα, NO and PGE2 [45]. These 

mediators are produced by the inflamed synovium and alter the balance of cartilage matrix 

degradation and repair, leading to excess production of the proteolytic enzymes responsible for 

cartilage breakdown [46]. It has been shown that DKK1 is anti-inflammatory by inhibiting 

multiple signaling pathways in pericytes and myofibroblasts [47] and expression of DKK1 and 

FRZB is downregulated by IL1β in human chondrocytes [27]. In our study, DKK1 in SF was 

negatively correlated with NO/cartilage (=0.001) and IL1β/weight synovium (P=0.059); SF 

FRZB negatively correlated with PGE2/weight cartilage (P=0.041), IL1β/weight synovium 
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(P=0.096), PGE2/weight synovium (0.064) and NO/weight synovium (P=0.047) (Fig. 5). This 

suggests that the high level of inflammatory factors during OA might cause the loss of WNT 

antagonists DKK1 and FRZB, resulting in the activation of β-catenin in chondrocytes, which 

may consequently contribute to OA development. 

 

 

 

Fig. 5 Correlation between DKK1, FRZB, GREM1 and pro-inflammatory factors. Thick red 

arrows show positive correlation (P<0.05), thick blue arrows show negative correlation (P<0.05), light 

blue arrows show negative correlation(P<0.1). FRZB, frizzled-related protein; GREM1, Gremlin 1; 

DKK1, Dickkopf-related protein; IL, interleukin; TNF, tumor necrosis factor α; PGE2: Prostaglandin-

E2; WOMAC: Western Ontario and McMaster Universities Arthritis Index; Macro KB; Histo Syn; 

BMI; Data from Table 4. 

 

Pain and loss of function is a frequent symptom in OA patients. Studies have shown that the 

presence of local joint inflammation and the local release of pro-inflammatory mediators such 

as prostaglandins and cytokines accompanied by the destruction of tissue, may contribute to the 

pain [48]. WOMAC questionnaire was used to measure the clinical severity of the disease and 

scored on a 0-100 scale. Low score means more pain, stiffness and functional limitation. 
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Interestingly, our data show that the expression of DKK1 in SF and serum positively correlated 

with WOMAC total score, suggesting that DKK1 somehow benefit to OA patient.  

 

GREM1 as a BMP signal antagonist, is also involved in chondrocyte differentiation and 

cartilage homeostasis [26, 49]. GREM1 has been shown to be highly expressed in fibroblast-

like synoviocytes in rheumatoid arthritis (RA), contributes to synovial hyperplasia and its 

expression is induced by pro-inflammatory factors. In addition, GREM1 SF concentration 

correlates well with IL1β, IL16 and TGFβ [50]. Synovial hyperplasia is also observed in OA 

[51] and microarray technology has shown that GREM1 is significantly up-regulated in OA 

chondrocytes [28]. In our study, we found that synovial fluid GREM1 positively correlated with 

IL1β/weight synovium, TNFα/ weight synovium. Moreover, serum GREM1 positively 

correlated with PGE2/weight cartilage, TNFα/weight synovium, weight and BMI. These results 

indicate that the inflammatory environment in OA might contribute to high GREM1 expression, 

further lead to synovial hyperplasia.  

 

Taking together, our data provide further evidence for the important involvement of DKK1, 

FRZB and GREM1 in OA and shows that their expression is associated with inflammation 

factors. This suggests that DKK1 and FRZB can be potential biomarkers for joint disease. To 

our knowledge, this is the first investigation of expression levels of DKK1, FRZB and GREM1 

from synovial fluid and paired serum simultaneously together with an evaluation of their 

relationship with pro-inflammatory cytokines and actual cartilage damage degree as evaluated 

by macroscopy and histology. 
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Table S1. Technical performance of the DKK1, FRZB and GREM1 immunoassays using synovial fluid. 

To calculate dilution linearity randomly selected synovial fluid samples (n = 3) were prepared in three 

different dilutions and analyzed. Results are expressed as % recovery: 100 x [(concentration at a specific 

dilution) divided by (first diluted concentration divided by the dilution times)]. Spiking recovery was 

calculated from randomly selected synovial fluid samples (n = 3) which were spiked using high, middle 

or low concentrations of standards. Spiking recovery is expressed in % as recovery: 100x 

[(concentration of a sample spiked with a specific amount of standard or another sample) divided by 

(the individual concentration of sample plus the individual concentration from standard or another 

sample)]. To analyze freeze-thawing effects on FRZB and GREM1 concentrations, randomly selected 

synovial fluid samples (n = 3) were freeze/thawed 3 times. Recovery after freeze-thaw cycles is 

expressed in relation to the amount obtained the first time the sample was thawed. Intra and inter DKK1. 

FRZB and GREM1 assay coefficient of variations (CV) was calculated using randomly selected 

synovial fluid samples (n = 3) loading 5 repeats (intra) on a single plate or loading duplicates on 4 plates 

(inter). Lower limit of detection (LLOD) and upper limit of detection (ULOD) for the DKK1 FRZB 

and GREM1 assays were estimated. Na = not applicable due to either to low or to high dilution ratio. 
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Analyte   DKK1 FRZB GREM1 

(pg/ml)  LLOD 7.77 7.77 57 

  ULOD 4000 8000 8000 

Recovery. mean (range) %     

 Dilution Ratio    

  1:2 97 (77-115) 87 (78-96) Na 

  1:4 93 (85-112) 93 (72-120) Na 

  1:8 87 (76-106) 91 (71-113) Na 

  1:24 Na Na 114 (97-131) 

  1:48 Na Na 83 (68-97) 

  1:96 Na Na 98 (82-119) 

 Spiking n    

 High conc. 3 or 4 90 (87-94) 92 (83-110) 102 (81-124) 

 Middle conc. 3 or 4 85 (80-92) 90 (84-102) 107 (94-121) 

 Low conc. 3 or 4 84 (80-90) 104 (86-122) 97 (84-115) 

 Freeze-thaw cycle    

  1st 106 (98-115) 93 (91-103) 98 (89-106) 

  2nd 95 (82-103) 98 (90-110) 97 (86-116) 

  3nd 118 (114-122) 101 (88-120) 111 (89-133) 

CV %  Assay    

  Intra 6.6 5.2 8.3 

  Inter 7.6 6.2 9.2 
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Table S2. Technical performance of the DKK1, FRZB and GREM1 immunoassays using serum. To 

calculate dilution linearity randomly selected serum samples (n = 3) were prepared in three different 

dilutions and analyzed. Results are expressed as % recovery: 100 x [(concentration at a specific dilution) 

divided by (first diluted concentration divided by the dilution times)]. Spiking recovery was calculated 

from randomly selected serum samples (n = 3) which were spiked using high middle or low 

concentrations of standards. Spiking recovery is expressed in % as recovery: 100x [(concentration of a 

sample spiked with a specific amount of standard or another sample) divided by (the individual 

concentration of sample plus the individual concentration from standard or another sample)]. To analyze 

freeze-thawing effects on DKK1, FRZB and GREM1 concentrations, randomly selected serum samples 

(n = 3) were freeze/thawed 3 times. Recovery after freeze-thaw cycles is expressed in relation to the 

amount obtained the first time the sample was thawed. Intra and inter DKK1. FRZB and GREM1 assay 

coefficient of variations (CV) was calculated using randomly selected serum samples (n = 3) loading 5 

repeats (intra) on a single plate or loading duplicates on 4 plates (inter). Lower limit of detection 

(LLOD) and upper limit of detection (ULOD) for the DKK1 FRZB and GREM1 assays were estimated. 

Na = not applicable due to either to low or to high dilution ratio. 
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Analyte   DKK1 FRZB GREM1 

(pg/ml)  LLOD 7.77 7.77 57 

  ULOD 4000 8000 8000 

Recovery.  mean (range) %     

 Dilution Ratio    

  1:2 115.9 (114-119.3) 108.8 (96.7-120.9) Na 

  1:4 107.6 (92.1-117.1) 79 (71-87) Na 

  1:8 79.7 (76.8-83.4) 91.7 (72.7-115) Na 

  1:24 Na Na 91.3 (82.1-109.1) 

  1:48 Na Na 94 (77.6-113) 

  1:96 Na Na 113 (97.7-121.6) 

 Spiking n    

 High conc. 3  89.3 (84-97) 91.5 (76.2-101.3) 103.2 (75.2-117.1) 

 Middle conc. 3  74.1 (70.5-82.3) 75 (69.2-84.5) 86.1 (73.7-104.1) 

 Low conc. 3  82.7 (78.8-87.8) 80.9 (79.8-82.3) 108.5 (101.3-115) 

 Freeze-thaw cycle    

  1st 107.3 (98.5-112) 96.3 (74.3-125.8) 113.1 (104.6-124) 

  2nd 100.3 (92-111.8) 102.1 (91.7-114.3) 99.3 (84.7-124.2) 

  3nd 96.4 (82.5-113.5) 110.7 (79.8-128.9) 107.4 (84.4-120.3) 

CV %  Assay    

  Intra 8.6 7.4 8.5 

  Inter 8.9 9.4 10 
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天长地久，天地所以能长且久者，以其不自生，故能长生。 

 
Heaven is eternal, the Earth Everlasting. How come they to be so?  

It is because they do not foster their own lives. That is why they live so long.  
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Abstract 

 

Objective: Mesenchymal stem cells (MSCs) are multipotent cells, mainly from bone marrow, 

and an ideal source of cells in bone and cartilage tissue engineering. A study of the 

chondrogenic differentiation of MSCs is of particular interest for MSCs-based cartilage 

regeneration. In this study, we aimed to optimize the conditions for the chrondogenic 

differentiation of MSCs by regulating WNT signaling using the small molecule WNT inhibitor 

PKF118-310 and activator BIO.  

Methods: Human mesenchymal stem cells (hMSCs) were isolated from bone marrow aspirates 

and cultured in hMSCs proliferation medium. Pellet culture was subsequently established for 

3-D chondrogenic differentiation of 5 weeks. WNT signaling was increased by the small 

molecule glycogen synthase kinase-3 inhibitor 6-bromoindirubin-3-oxim (BIO) and decreased 

by WNT inhibitor PKF118-310 (PKF). The effects of BIO and PKF on the chondrogenesis of 

hMSCs was examined by real-time PCR, histological methods and ELISA.  

Results: Activation of canonical WNT-signaling by BIO significantly downregulated the 

expression of cartilage-specific genes SOX9, COL2A1 and ACAN, and matrix 

metalloproteinase genes MMP1/3/9/13, but increased TIMP3 and ADAMTS 4/5. Inhibition of 

WNT signaling by PKF increased the expression of SOX9, COL2A1, ACAN, and MMP9, but 

decreased MMP13 and ADAMTS4/5. In addition, a high level of WNT signaling induced the 

expression of hypertrophic markers COL10A1, ALPL, RUNX2 and dedifferentiation marker 

COL1A1, as well as glycolysis genes GULT1 and PGK1. Deposition of glycosaminoglycan 

(GAG) and collagen type II in the pellet matrix was significantly lost in the BIO treated group 

and increased in the PKF treated group. The protein level of COL10A1 was also highly induced 

in the BIO group. Interestingly, BIO decreased the number of apoptotic cells while PKF 

significantly induced apoptosis during chondrogenesis. The natural WNT antagonist DKK1 

and the protein level of MMP1 in the pellet culture medium were decreased after PKF treatment. 

All these chondrogenic effects appeared to be mediated through the canonical WNT signaling 

pathway since the target gene Axin2, and other WNT members such as TCF4 and β-catenin, 

were up-regulated by BIO and down-regulated by PKF respectively, and BIO induced nuclear 

translocation of β-catenin while PKF inhibited β-catenin translocation into nucleus.  
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Conclusion: Addition of BIO to a chondrogenic medium of hMSCs resulted in loss of cartilage 

formation, while PKF induced chondrogenic differentiation, cartilage matrix deposition and 

inhibited hypertrophic differentiation. However, BIO promoted cell survival by inhibiting 

apoptosis while PKF induced cell apoptosis. This result indicates that either over-expression 

or over-inhibition of WNT signaling to some extent causes harmful effects on chondrogenic 

differentiation. Cartilage tissue engineering could benefit from the adjustment of the critical 

level of WNT signaling during chondrogenesis of hMSC.  
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Introduction 

The treatment of injuries to hyaline cartilage is considered a challenge, due to the limited ability 

of self-repair of articular cartilage. Although much research effort has been made to improve 

the regeneration of articular cartilage, there is no curative treatment available yet for rebuilding 

native articular cartilage. Human mesenchymal stem cells (hMSCs) are multipotent cells 

mainly from the bone marrow. They can be expanded in vitro and be differentiated into the 

osteogenic, chondrogenic, and adipogenic lineages [1], and are considered suitable candidates 

for the promotion of tissue regeneration [2, 3]. A study of cartilage differentiation of MSCs 

would be of particular interest for the cell-based treatment of cartilage defects, and optimization 

of MSCs chondrogenesis is of particular importance. Since WNT signaling is indicated to be 

involved in the chondrogenic differentiation of hMSCs,  the chondrogenic process can be 

optimized by regulating WNT signaling. 

The WNT signaling pathway is composed of several conserved components and plays a 

fundamental role in controlling cell proliferation, cell fate determination, and cell 

differentiation during embryonic development and in adult cartilage [4, 5]. In an inactive state, 

due to the absence of WNT ligand, β-catenin is phosphorylated at the NH2 terminus by 

glycogen synthase kinase (GSK) 3β and casein kinase I (CKI) into a so-called destruction 

complex. This destruction complex is brought together by two scaffolding proteins, AXIN and 

adenomatous polyposis coli (APC). The phosphorylated β-catenin undergoes subsequent 

ubiquinitylation and proteasomal degradation. Conversely, in an active state, WNT ligands 

bind to frizzled receptors and its co-receptor of LDL related proteins (LRP) 5 or 6. This 

activates disheveled (DSH) subsequently inhibits GSK3β activity. As a result, β-catenin will 

not undergo degradation, and will accumulate followed by translocation into the nucleus. In 

the nucleus, it interacts with transcription factors of the T cell specific transcription 

factor/lymphoid enhancer-binding factor (TCF/LEF) family to initiate the transcription of 

target genes [6, 7]. GSK3 is a key molecular regulator of the WNT pathway, since its 

inhibition initiates the signaling pathway [8-10].  

Several small molecules that regulate WNT signaling have been reported [11]. In our study, 

we focus on two important regulators: BIO and PKF118-310 (PKF). BIO activates canonical 

WNT signaling in human chondrocytes by blocking GSK-3β [12]. The small molecule PKF is 

an inhibitor of WNT signaling by interfering with the binding of β-catenin to the transcription 

factor TCF4 [13-15].  
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The potential effects of small molecules that activate/inhibit WNT/β-catenin signaling on cell 

culture has been demonstrated. Some studies reported that the presence of BIO in the culture 

medium enhances the growth capacity of the cultured cells [16-19]. BIO supplementation leads 

to the maintenance of pluripotency in embryonic stem cell culture [19, 20]. A recent study has 

shown that the addition of 0.01µM BIO could accelerate and enhance in vitro chondrogenesis 

of mouse bone marrow-derived MSCs [21]. A previous study by our group has suggested that 

the inhibition of WNT/β-catenin signaling by small molecules can effectively prevent IL1β and 

TNFα-induced cartilage degradation by blocking MMP expression and activity [22]. PKF, an 

inhibitor of WNT/β-catenin signaling, inhibits the growth of HCC cells as well as targets breast 

tumor-initiating cells in a mouse model of breast cancer in vitro and in vivo [14, 23, 24].  

Even though many studies focus on small inhibitors or activators of WNT/β-catenin signaling 

in cell research, there is no report about the effect of inhibitor/activator on hMSCs 

chondrogenesis in vitro. The aim of this study was to assess the potential effects of small 

molecules on the chondrogenic differentiating hMSCs with continuous inhibition/activation of 

canonical WNT signaling, using a 3-D pellet culture system. 

 

Materials and methods 

Luciferase assay 

HEK293t cells were infected with CignalTM lentiviruses containing a TCF/LEF luciferase 

reporter construct (SA Biosciences) together with lentiviruses constitutively expressing Renilla 

luciferase (SA Biosciences). HEK293t cells were seeded at 8000 cells/cm2 in 96-wells plates 

(Nunc international), and cultured for 24 hours in basic medium (DMEM supplemented with 

10% FBS and 100u/ml penicillin and streptomycin). The cells were treated with BIO (Sigma 

Aldrich) or PKF118-310 (PKF) (Sigma Aldrich) for 24 hours. After 24 hours, the cells were 

lysed in Glo lysis buffer and luciferase activity was measured using a Dual-Glo luciferase assay 

kit (Promega).  

Cell culture and expansion 

The use of human bone marrow aspirates was approved by a local medical ethics committee 

and written informed consent by the donors was obtained. The aspirates were resuspended 
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using a 20G needle, and plated at a density of 0.5 million mononucleated cells/cm2. MSCs were 

selected by adherence in a proliferation medium (α-MEM supplemented with 10% fetal bovine 

serum, 1 % L-glutamin, 0.2 mM ascorbic acid, 100 U/ml penicillin, 10mg/ml streptomycin and 

1 ng/ml bFGF).  

Pellet culture and chondrogenic differentiation of hMSCs 

To obtain pellet-cultures, 250,000 MSCs at passage three were seeded in 10 ml round bottom 

tubes in chondrogenic differentiation medium (DMEM supplemented with 40 μg/mL proline, 

50 ug/mL ITS-premix, 50 µg/mL AsAP, 100 µg /mL Sodium Pyruvate, 10 ng/mL TGFβ3, 10-

7 M dexamethasone, 100U penicillin/ml and 100μg/ml streptomycin) and centrifuged for 5 min 

at 500×g. Three groups were included in this experiment: hMSC pellets in chondrogenic 

differentiating medium as the control group, hMSC pellets with BIO treatment and hMSC 

pellets with PKF treatment. BIO and  PKF were used at a concentration of 2 µM and 3 µM 

respectively. Three donors were used for each condition as biological triplicates. Cell pellets 

were grown at 37° in a humid atmosphere with 5% CO2. The medium was refreshed twice a 

week. The cell pellets were cultured for 5 weeks before analysis. 

RNA isolation and quantitative PCR 

RNA samples of cell pellets were isolated using TRIzol (Thermo Fisher Scientific) according 

to the manufacturer’s protocol. The concentration and purity of the RNA samples were 

measured with the Nanodrop2000. The total RNA was reverse-transcribed into cDNA using 

the iScript cDNA Synthesis kit (Bio-Rad, Hercules, CA). Quantitative PCR (qPCR) was 

performed by using the SYBR Green sensimix (Bioline). PCR Reactions were carried out on a 

Bio-Rad CFX96 under the following conditions: the cDNA was denatured for 5 min at 95 °C, 

followed by 45 cycles, consisting of 15s at 95°C, 15s at 60°C and 30s at 72°C. A melting curve 

was generated for each reaction to test primer dimer formation and non-specific priming. The 

gene expression was normalized using RPL13A and expressed as fold induction compared to 

controls.  

Alcian blue/Safranin O and Alizarin red staining 

Chondrogenically differentiated hMSC pellets were fixed with 10% buffered formalin for 15 

minutes and embedded in paraffin using routine procedures. Sections of 5 μm were cut using 

a microtome (Shandon). Before staining, the slides were de-paraffinized in xylene and 

rehydrated with graded ethanols. Sulfated glycosaminoglycans (GAG) were stained with a 0.5% 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=6&cad=rja&uact=8&ved=0ahUKEwj-gOaUxbnSAhXHMSYKHdKuAjwQFghNMAU&url=http%3A%2F%2Ftools.thermofisher.com%2Fcontent%2Fsfs%2Fmanuals%2Ftrizol_reagent.pdf&usg=AFQjCNHd60agshx8u46w_ljnf06uf683Ng&sig2=SpcvPLdCZm2VERACvlA2Rg&bvm=bv.148747831,d.eWE
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w/v solution of Alcian blue (pH=1, adjusted by HCl) or a 0.1% solution of Safranin O (Sigma 

Aldrich) for 30 min and 5 min, respectively. The samples were then counterstained with 0.1% 

w/v of nuclear fast red (dissolved in 5% aluminum sulfate) or haematoxylin (dissolved in water) 

for 5 min and 1 min, respectively, to visualize nuclei. The sections were also stained with 

Alizarin red staining for mineralization.  

Immunofluorescent (IF) staining for collagen type II 

For the immunofluorescent staining of collagen type II, 5µM sections were de-paraffinized in 

xylene and rehydrated with graded ethanols. The samples were pre-incubated with 5μg/mL 

proteinase K (Sigma Aldrich) for 10 min at RT, followed by 1 mg/mL hyaluronidase (Sigma 

Aldrich) for 40 min at 37 °C. They were blocked in 5% BSA in PBS for 1 hour, after which 

they were incubated overnight at 4° with rabbit anti-human collagen II antibody (Abcam), 

which was diluted 1:100 in 5% BSA in PBS. The cells were rinsed 3 times with PBST, 5 

min/time. Then Alexa®Fluor 546-labelled goat anti-rabbit antibody in 5% BSA in PBS was 

added and incubated for 2 hours at RT. The samples were rinsed with PBS, and mounting 

medium with DAPI was added. The slides were viewed by BD pathway™ confocal microscopy 

(BD BioSciences). 

Immunohistochemistry (IHC) of β-catenin and Collagen type X  

Immunohistochemistry staining of β-catenin and Collagen type X were performed using 5μm 

sections. The sections were pre-incubated with 5 μg/mL proteinase K (Sigma Aldrich) for 10 

min, followed by 1 mg/mL hyaluronidase (Sigma Aldrich) for 40 min at 37 °C. Rabbit anti-

human β-catenin antibody (Life span Biosciences) or mouse anti-human Collagen type X 

antibody (BIOCYC GmbH & Co. KG, Cat. No. 2031501005 ) was diluted 1:100 in PBS and 

incubated overnight at 4 °C. Non-immune controls underwent the same procedure without 

primary antibody incubation. The biotinylated secondary antibody was diluted 1:500 in 5% 

BSA in PBS and incubated for 30 minutes at RT. HRP-Streptavidin was added and incubated 

for 30 minutes at RT. A DAB substrate kit (ab64238, Abcam) was used for visualization. The 

cell nucleus was counterstained with hematoxylin for Collage type X detection. Images were 

taken by using a Nanozoomer (Iwata City, Japan). 
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TUNEL assay 

Apoptosis of chondrocytes was detected using The DeadEndTM fluorometric TUNEL System 

(Promega). Nuclei were counterstained with Hoechst 33342. Images were viewed by means of 

BD pathway confocal microscopy.  

GAG and DNA assay 

After 5 weeks of chondrogenic differentiation, the pellets were predigested in 250µl of Tris-

HCl buffer (0.05 M Tris, 1 mM CaCl2, pH 8.0) with 1mg/ml proteinase K (Roche) for 16 hrs 

at 56 °C. Diluted samples (25 μl) were mixed with 150 μl 1,9-dimethylmethylene blue (DMMB) 

dye solution (3.04 g/l glycine, 2.38 g/l NaCl and 20 mg/l DMMB in distilled water) and 

absorbance was measured at 525 nm. The relative cell number was determined by 

quantification of the total DNA using a QuantiFluor® dsDNA System kit (Promega), according 

to the manufacturer’s instructions. 

Enzyme linked immunosorbent assay (ELISA) 

The culture medium for pellet samples was collected weekly. The protein concentration of 

DKK1 was measured using ELISA according to the manufacturer’s guidelines (DKK1, R&D 

system). Secreted MMP1 in medium was also measured by ELISA, using mouse anti-human 

MMP1 antibody (MAB901-SP, R&D systems), which was followed by incubation with a 

rabbit anti-mouse antibody coupled to a peroxidase. The amount of HRP was developed by the 

addition of Tetramethylbenzidine (TMB, 1-Step Ultra TMB-ELISA, Thermo Scientific). The 

reactions were stopped by the addition of H2SO4 and measured at 450 nm of microplate reader.  

Statistical analysis 

For the experiments using human bone marrow, samples were obtained from three donors. 

Each experiment was performed in triplicate. Data is expressed as the mean ± SD and analyzed 

by two-tailed student’s t-tests or one-way ANOVA. P < 0.05 was considered statistically 

significant. 

Results 

The efficacy and specificity of BIO and PKF on the TCF/LEF reporter 

In order to test the efficacy and specificity of BIO and PKF in terms of activating/blocking 

WNT/β-catenin signaling, dose-response experiments were performed in HEK293t cells 
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transfected with the TCF/LEF reporter. The cells were cultured in the medium with or without 

BIO/PKF. We found a dose-dependent increase in reporter activity when the cells were treated 

with BIO. Maximal activation was found at 2µM. PKF treatment resulted in a ten-fold decrease 

in reporter activity at a concentration of 3µM (Figure 1A). On the basis of this result, we 

adopted the optimal concentration of BIO and PKF of 2µM and 3µM respectively in all 

subsequent experiments.  

 

 

Figure 1 The efficacy and specificity of BIO and PKF on TCF/LEF reporter and hMSC. A. 

TCF/LEF reporter assay. To measure TCF/LEF reporter activity, HEK293T cells were infected with a 

lentiviral TCF/LEF reporter construct and stimulated with different concentrations of BIO or PKF for 

24 hours, and luciferase activity was measured using the Dual-Glo luciferase assay kit. Data was 

expressed as fold change compared to control. B. The expression of WNT signaling responsive genes 

in hMSCs. * P<0.05. ** P<0.01. Error bar represents Standard Deviation (SD). C. 

Immunohistochemistry of β-catenin in hMSC pellets. The expression of β-catenin was detected by 

rabbit anti-human β-catenin antibody, followed by incubation with the biotinylated secondary anti-

rabbit antibody and HRP-Streptavidin, DAB substrate kit. Images were taken by using a Nanozoomer. 

Scale bar =100 µm.  

To verify whether the WNT signaling pathway is activated or inhibited by small molecules in 

hMSCs pellets, the effects of BIO and PKF118-130 on the expression of the WNT target gene 

AXIN2, and the WNT related genes TCF4  and CTNNB1 (gene encoding β-catenin protein), 
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were measured by qPCR. The expression and nuclear translocation of β-catenin was detected 

by IHC. We observed that BIO significantly induced mRNA expression of the canonical WNT 

target gene AXIN2 and TCF4 and CTNNB1, while PKF effectively inhibited canonical WNT 

signaling (Figure 1B). IHC results showed that the cells had a basic β-catenin expression level. 

It was observed that BIO strongly enhanced the β-catenin expression and promoted its nucleus 

translocation, while PKF decreased the expression and inhibited nuclear translocation (Figure 

1C). All these results suggested that canonical WNT signaling was efficiently activated by BIO 

and inhibited by PKF.  

 

 

Figure 2 Gene expression in hMSCs pellets after activating/inhibiting canonical WNT signaling. 

The expression of A. chondrocyte markers B. hypertrophic markers C. TIMP3 and catabolic genes D. 

COL1A1 and glycolysis genes. hMSCs pellets were cultured in chondrogenic differentiation medium 

with supplementation of 2µM BIO or 3µM PKF for 5 weeks. After 5 weeks, RNA samples were 

extracted from pellets and the expression of specific gene were analyzed by qPCR. Relative expression 
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levels of different genes were normalized using RPL13A. Data are presented as an average of three 

hMSCs donors ± SD. * P<0.05, ** P<0.01. Error bar represents Standard Deviation (SD). 

The effects of activation and inhibition of canonical WNT signaling on gene expression 

during hMSCs chondrogenesis 

To investigate the effects of canonical WNT signaling on chondrogenesis of hMSCs, the gene 

expression of chondrocyte markers was measured by qPCR after 5 weeks of pellet culture in 

the absence of presence of BIO or PKF. Expression of typical cartilage markers such as SOX9, 

COL2A1 and ACAN was significantly downregulated by BIO. However, Inhibition of WNT 

signaling by PKF resulted in upregulation of SOX9, COL2A1 and ACAN (Figure 2A).  

In a previous study, we suggested that a high level of WNT signaling induces the chondrogenic 

differentiating hMSCs to undergo hypertrophic differentiation, and that addition of WNT 

natural antagonists DKK1 and FRZB prevents the hypertrophy of hMSCs during 

chondrogenesis [25].  

We, therefore, explored the effect of high versus low WNT signaling on the expression of 

hypertrophic markers. In line with our previous study, a high level of canonical WNT signaling 

induced by BIO significantly increased the expression of RUNX2, ALPL and COL10A1. In 

PKF treated cells, which displayed a low tot non-detectable WNT signal, the expression of 

these hypertrophic genes was significantly decreased (Figure 2B). 

We then examined the effect of canonical WNT signaling on the expression of catabolic genes 

MMPs, ADAMTS 4/5 and the MMPs inhibitor TIMP3. Interestingly, treatment of BIO 

significantly decreased the expression of MMP 1/3/9/13, while it increased TIMP3 expression. 

In addition, BIO treatment increased aggrecanase ADAMTS 4/5 expression. However, MMP9 

increased in the PKF treated group while TIMP3, MMP13 and ADAMTS 4/5 strongly decreased. 

MMP1/3 did not show a significant change (Figure 2C). 

The dedifferentiation marker COL1A1 was also measured by qPCR. As Figure 2D shows, BIO-

induced high WNT signaling greatly increased the expression of COL1A1, while PKF- 

inhibited WNT signaling dramatically decreased COL1A1 expression. In addition, we also 

observed that the two key glycolysis genes GULT1 and PGK1 were highly expressed in the 

BIO group and expression was lower in the PKF group (Figure 2D). 
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Figure 3 Acitvation of the canonical WNT signaling pathway inhibits cartilage formation. The 

effects of small molecules on cartilage formation and pellet size after 5 weeks of culture. A. Alcian blue 
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staining was performed to examine deposition of sulfated GAGs in midsagittal paraffin sections of 

hMSCs pellets, nuclei were counterstained with Nuclear fast red. Upper panel indicated the overview 

of each pellet, scale bar = 500μm; lower panel indicated magnified pictures, scale bar =100μm. B. 

Safranin O staining, nuclei were counterstained with hematoxylin. Upper panel indicated the overview 

of each pellet, scale bar = 500; lower panel indicated magnified pictures, scale bar =100 μm. C, GAG 

and DNA production in pellet. D. Quantification of the average size of the pellets. *P<0.05, **P<0.01. 

Error bars represent Standard Deviation (S. D.). 

 

 

 

Figure 4 Activation of canonical WNT signaling prevents collagen type 2 production, while 

inhibition of canonical WNT signaling enhances collagen type 2 production. The expression of type 

II collagen was visualized by immunofluorescence in midsagittal paraffin sections. Alexa®Fluor 546-

labelled second antibody was used to detect the positive type II collagen expression. Nucleus was 

counterstained by DAPI. Scale bar = 500 μm.  
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High levels of canonical WNT signaling inhibited cartilage formation 

To study the contribution of canonical WNT signaling to cartilage matrix formation after 5 

weeks of chondrogenesis, histological staining was performed. Alcian blue/Safranin O staining 

and GAG assay (Figures 3A, 3B and 3C) indicated that BIO treatment decreased cartilage 

formation, while PKF increased cartilage formation. Moreover, addition of BIO increased both 

the total DNA synthesis, and the average diameter of the pellets significantly. There were no 

significant differences between the DNA content and pellet size in the PKF and control groups 

(Figures 3C and 3D). In line with GAG staining and the chemical assay, immunofluorescence 

indicated that BIO slightly downregulated collagen type II expression, while PKF promoted its 

expression (Figure 4). 

BIO significantly decreased the number of apoptotic cells, while PKF induced hMSCs 

apoptosis in pellets 

It is evident from the qPCR result that BIO significantly induced the expression of hypertrophic 

markers. We assumed that the treatment of BIO might induce cells towards hypertrophic 

differentiation. In order to investigate hypertrophic differentiation, the typical hypertrophy 

marker type X collagen  was detected by immunohistochemistry. Type X collagen could hardly 

be detected in either the control or the PKF group. However, BIO greatly induced the 

expression of COL10A1 (Figure 5A).  

During the process of hypertrophic differentiation, cells will enlarge, terminally differentiate 

and ultimately undergo mineralization. In order to further elucidate this process, Alizarin red 

S staining was performed to evaluate mineralization. No matrix mineralization was observed 

in any of the groups (Figure 5B).  

Several members of the WNT family, such as WNT16, WNT7a and TCF4, have been shown 

to be involved in the regulation of chondrocyte apoptosis [26-28]. In order to investigate if the 

alteration of WNT signaling by BIO/PKF will modulate cell apoptosis, a TUNEL assay was 

used to detect apoptotic cells. Apoptotic cells were highly present in the PKF group but barely 

present in the BIO treatment, as shown in Figure 5B. Compared to control, the number of 

apoptotic cells was decreased in the BIO treated group while it had increased in the PKF treated 

group (Figure 5C). 
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Figure 5 The effects of BIO or PKF on the hypertrophy, mineralization and apoptosis of hMSCs 

pellets. A. Immunohistochemistry of Collagen type X. The Collagen type X was detected by mouse 
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anti-human Collagen type X antibody. Cell nuclei were counterstained with hematoxylin. Images were 

taken using a Nanozoomer. Scale bar =100 µm. B. Alizarin red staining for matrix mineralization. Scale 

bar = 250µm. C. TUNEL assay. Positive apoptosis cell (green) was stained using the DeadEnd 

Fluorometric TUNEL System. Nuclei were counterstained with Hoechst 33342 (blue). Scale bar = 

500µm. D. Quantification of apoptotic cells. *P<0.05, **P<0.01. Error bars represent Standard 

Deviation (S. D.). 

 

 

 

Figure 6 The protein concentration of DKK1 and MMP1 in the pellet culture medium. hMSCs 

pellets were treated with BIO or PKF for 5 weeks. The medium was collected in week 1, 3 and 5, 

respectively. The concentrations of DKK1 (A.) and MMP1 (B.) were measured by ELISA.  *P<0.05, 

**P<0.01. Error bars represent Standard Deviation (S. D.). 

The protein level of DKK1 and MMP1 was decreased in pellet culture medium with PKF 

treatment  

Previously, we found that DKK1, as a natural WNT antagonist, plays a vital role in the 

regulation of chondrogenic differentiation of hMSCs. In this study, we collected the medium 

and measured the concentration of endogenous DKK1 secreted from hMSC pellets after 

treatment with BIO or PKF by ELISA. After continuous stimulation for 5 weeks, BIO slightly 

increased the expression of DKK1. However, PKF dramatically decreased DKK1 expression 

to a very low level (Figure 6A). The relative protein level of MMP1 was also measured in the 

collected medium. The concentration of MMP1 gradually decreased over time in all the 

treatments. Both BIO and PKF decreased the MMP1 expression. Compared to BIO treatment, 

the PKF treatment inhibited the expression of MMP1 more effectively (Figure 6B).  
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Discussion 

Cell-based cartilage regeneration often involves the use of chondrocytes or hMSCs. However, 

hMSCs chondrogenic differentiation is still unsatisfactory. An improvement in current 

cartilage tissue-engineering protocols requires more detailed insight into the molecular 

mechanisms that regulate the distinct steps of chondrogenic differentiation of hMSCs. We 

propose that targeting the canonical WNT signaling pathway to increase chondrogenic 

differentiation of MSCs would be a very important and a valuable strategy.  

In the present study, we have attempted to investigate the effect of two small molecules, BIO 

and PKF, which have been described as positive and negative regulators of the WNT signaling 

pathway [12-15]. Our objective was to further improve the chondrogenic microenvironment by 

regulating canonical WNT signaling in chondrogenic differentiation medium. In addition, we 

aimed to recapitulate the dual role of WNT signaling in chondrogenically differentiating 

hMSCs.  

We found that the addition of the canonical WNT activator BIO downregulated the expression 

of cartilage-specific genes and increased cartilage matrix degradation. In contrast, addition of 

the WNT inhibitor PKF upregulated the expression of cartilage markers and increased the 

cartilage matrix deposition.  This is consistent with other findings showing that the expression 

pattern of three cartilage-specific genes are downregulated in cultures with 1µM BIO treatment 

in mice MSCs cells, while PKF increased the cartilage markers in mouse fetal metatarsals [21, 

22].  

The effects of BIO and PKF on chondrogenic differentiation are mediated through the 

canonical WNT signaling pathway, as both factors modulate the WNT pathway via -catenin. 

BIO functions through preventing -catenin breakdown through inhibition of GSK3, while 

PKF prevents the interaction of -catenin with transcription factors, TCF/LEF. The observed 

effects of BIO and PKF are in line with the observations from transgenic animals in which β-

Catenin is modulated [29, 30]. We therefore conclude that our observations are mainly caused 

by perturbation of WNT signaling although the contribution of minor off-target effects cannot 

be excluded. 

Mesenchymal stem cells show promising results in cell-based treatment for cartilage 

regeneration. Unfortunately, more and more studies are suggesting that the loss of the 

chondrogenic phenotype and expression of hypertrophic markers, including COL10A1, 
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MMP13 and VEGF, are observed in chondrogenically differentiated hMSCs [31-33]. This 

raises problems for the clinical application of MSCs, since hypertrophy could eventually lead 

to ossification and apoptosis. WNT/β-catenin signaling in cartilage plays a dual role. Activity 

is essential for chondrocyte proliferation and maintenance of the phenotypic characteristics 

[34], but excessive activity increases chondrocyte hypertrophy and the expression of cartilage 

degrading matrix metalloproteinases [35]. In this study, we found that PKF inhibited cell 

hypertrophy by inhibiting hypertrophic markers, while BIO induced expression of hypertrophic 

markers. This is in line with our previous study, which showed that blocking WNT signaling 

by its antagonists DKK1 and FRZB decreases hypertrophic differentiation of hMSCs [36]. 

Similarly, activation of WNT signaling by neutralization of DKK1 and FRZB promotes 

hypertrophy of chondrogenic differentiating hMSCs and subsequent matrix mineralization, 

while it decreases the expression of cartilage markers [25, 36]. In this study, the measured 

DKK1 concentration by ELISA was extremely low in PKF treatment. Also,  two other WNT 

genes, APC and GSK3β, were expressed at very low levels(data not shown). These factors 

could serve as positive feedbacks of modulation for low WNT signaling, as regulated by PKF. 

MMPs are the main proteinases degrading collagens and proteoglycans in joint disease. 

Previous research by our group shows that in human chondrocytes WNT/β-catenin is a potent 

inhibitor of MMP expression in both basic and IL1β-treated conditions. The results also show 

that WNT3a decreased the mRNA expression of MMP 1/3/13 in human MSCs [37]. Similar 

effects of high WNT level on MMPs were observed in this study. More specifically, BIO 

significantly decreased the expression of MMP1/3/9/13 and increased TIMP3 expression in 

hMSC. The WNT inhibitor PKF was found to decrease TIMP3 and MMP13, but increased the 

MMP9 expression. Considering the inhibitory role of TIMP3 on MMPs, it is no surprise that 

the expression of TIMP3 was negatively correlated with MMP9. Although MMP13 is one of 

the proteinases, it is also a typical hypertrophic marker. Its expression can be decreased by 

alternative pathways such as RUNX2 and FGF2 mediated pathways[38]. The MMP1 protein 

level dramatically decreased in the PKF-treated medium. We cannot explain the inconsistent 

expression of MMP1 between protein and gene level on the basis of our current knowledge. It 

may be that alternative pathways are involved in the regulation of MMP1 post-translational 

modification.  

It has been shown that overexpression of β-catenin, using a β-catenin activator or in APC 

knockout mice, leads to the dedifferentiation of chondrocytes [39, 40]. We found that a high 

level of WNT signaling induced by BIO significantly increased COL1A1 expression, which 
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further proves the role of WNT/β-catenin signaling in chondrocyte dedifferentiation. In 

addition, considering the metabolic ATP requirement of MSCs shifts from oxidative phosphorylation 

to predominantly glycolytic metabolism during chondogenic differentiation [36], two key glucolysis 

genes GLUT1 and PGK1 were detected in this study. Interestingly, their expression were elevated in 

BIO group while dramatically decreased in PKF group, which may indicated the glucolysis metabolism 

in PKF treated cell were inhibited greatly. 

Mineralization is the ultimate end stage of chondrocyte hypertrophy. To investigate whether 

BIO treated chondrogenically differentiating MSCs also undergo matrix mineralization, 

Alizarin red S staining was adopted to observe the mineralization nodule. No mineralization 

was observed in either the control or the experimental group in this study, which suggest that 

the hypertrophic differentiation did not reach the end stage. In addition, it has been shown that 

chondrocyte hypertrophy does not have to be related to chondrocyte mineralization [41].  

Apoptosis is an energy-dependent and highly orchestrated process in which cells eventually 

commit suicide without inducing inflammatory injury to the surrounding tissues [42]. One 

study has shown that inhibition of β-catenin signaling in articular chondrocytes causes 

increased cell apoptosis in transgenic mice model [43]. It has also been demonstrated that 

hMSCs alone or in co-culture with chondrocytes undergo apoptosis during chondrogenesis due 

to serum withdrawal and prolonged cell culture [44, 45]. In our study, the apoptosis assay has 

shown that apoptotic cells were present in both control and experimental groups cultured in 

medium without serum. Many studies reported BIO as an anti-apoptotic agent that inhibits 

apoptosis after serum deprivation [46, 47]. We found that BIO significantly decreased the 

number of apoptotic cells, while PKF induced cell apoptosis.  

Activated Wnt/β-catenin signaling is well known to stimulate the cell proliferation in multiple 

cell cultures in vitro [16-18, 48, 49]. We observed that pellets with BIO treatment showed 

increased diameter and DNA numbers. Considering the anti-apoptotic effects and proliferation 

stimulating effects of BIO on cultured cells, it is no surprise that the pellets enlarged after BIO 

treatment.  

Taken together, the chondrogenic differentiation of hMSCs, characterized by high expression 

of chondrocyte markers SOX9, COL2A1 and ACAN, was inhibited by BIO-induced high WNT 

signaling, while being promoted by the lower WNT activitiy after PKF treatment. Moreover, 

active canonical WNT signaling induced the expression of chondrocyte hypertrophic markers 

such as RUNX2, COL10A1 and ALPL, while their expression was reduced by lowering the 
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WNT activity (Figure 7). Our findings suggest that fine-tuning canonical WNT signals in the 

chondrogenic differentiation process of hMSCs could contribute to better cartilage tissue 

engineering. 

 

 

 

Figure 7 The schematic overview for the chondrogenic differentiation of hMSC regulated by 

WNT signaling. High levels of WNT signaling inhibits the chondrogenic differentiation of hMSCs 

evidenced by decreased SOX9, ACAN and COL2A1 expression, but promotes the hypertrophy of 

chondrocytes exemplified by the induction of expression of RUNX2, COL10A1, MMP13 and ALPL. In 

contrast, low levels of  WNT signaling promotes hMSC chondrogenic differentiation and inhibits 

chondrocyte hypertrophy. 
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上善若水，水善利万物而不争。处众人之所恶，故几于道。 

 

The highest good is like that of water. The goodness of water is that it benefits the ten thousand creatures; yet 

itself does not scramble, but is content with the places that all men disdain. It is that makes water so near to the 

Way. 
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Abstract 

 

Objective: Due to its avascular nature, articular cartilage is relatively hypoxic. In contrast to 

most experiments where chondrocytes are cultured in an atmospheric oxygen concentration, 

which can be considered non-physiological, we used a hypoxic condition for chondrocyte 

culture. We hypothesized that oxygen tension critically influences the responses of healthy or 

diseased articular chondrocytes to extracellular stimuli like pro-inflammatory cytokines. The 

aim of this study is to determine how oxygen tension influences the response of healthy and 

osteoarthritic chondrocytes to IL1β. 

Methods: 2-D expanded macroscopically healthy looking (HL) and osteoarthritic (OA) 

chondrocytes were redifferentiated in three-dimensional (3-D) pellet cultures in chondrogenic 

differentiation medium, supplemented with or without IL1β at 21% O2 (normoxia) or 2.5% O2 

(hypoxia) for 3 weeks. Alcian blue/Safranin O and GAG assay were used to measure cartilage 

matrix production. The expression of chondrocyte markers, hypertrophic markers and catabolic 

genes were measured by real-time quantitative PCR (RT-PCR). The protein expression of 

collagen type II, HIF1α and HIF2α were detected by immunofluorescence. Cell proliferation 

and apoptosis were assessed by EdU staining and TUNEL assay respectively. ELISA was used 

to measure the protein level of MMP1 in the pellet-cultured medium.  

Results: Hypoxia enhanced matrix production in both HL and OA chondrocytes and this effect 

was stronger on OA chondrocytes. Under hypoxia, both HL and OA chondrocytes had a higher 

expression of cartilage markers SOX9 and ACAN, and a lower expression of catabolic genes 

MMP1/3/13 and the dedifferentiation marker COL1A1. Under normoxia, HL chondrocytes 

showed higher expression of cartilage markers and lower catabolic genes expression than OA 

chondrocytes. Interestingly, hypoxia diminished the difference between HL and OA 

chondrocytes. Under IL1β treatment, the gene expression of MMP1/3/9, ADAMTS5 and iNOS 

was dramatically induced, and both HL and OA cells went into apoptosis in both normoxia and 

hypoxia. Moreover, cell proliferation was inhibited. In hypoxia, the basic expression levels of 

the MMPs was much lower in both HL and OA cells compared to cells cultured under 

normoxia; IL1β potently induced MMPs expression regardless of cell population and oxygen 

tension. The fold induction of these MMPs was however much higher than in normoxia. HL 

chondrocytes had higher HIF1α expression and lower HIF2α expression than OA chondrocytes 
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in normoxia. Hypoxia promoted the expression of HIF1α and HIF2α in HL chondrocytes, while 

it only enhanced HIF1α expression but decreased the HIF2α expression in OA chondrocytes.  

Conclusions: Hypoxia stimulated the redifferentiation of cultured chondrocytes, particularly 

in OA chondrocytes derived from macroscopically diseased cartilage. Interestingly, hypoxia 

diminished the diference between HL and OA chondrocyte which is clearly present in 

normoxia. The basal levels in MMP expression in both OA and HL chondrocytes is much 

higher in normoxia suggesting that culture of chondrocytes in normoxia itself is sufficient to 

induce a mild inflammatory response in chondrocytes. Finally, oxygen tension profoundly and 

differentially affected the expression of HIF1α and HIF2α in both HL and OA chondrocytes 

suggesting that they may play a vital role in chondrocyte redifferentiation.  

Key words: Cartilage; Osteoarthritis; Chondrocyte; hypoxia; IL1β, HIF1α; HIF2α 
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Introduction 

Chondrocytes are often used as the cell sources in cartilage engineering for the repair of 

damaged cartilage, as they are the only cell type in cartilage. Due to the limitation of cell 

quantity, the use of chondrocytes for cartilage repair requires an in vitro expansion phase to 

generate the quantity required for therapy [1, 2]. However, the expansion process in monolayer 

often leads to dedifferentiation with higher expression of collagen type I (COL1A1), and lower 

expression of cartilage matrix genes such as aggrecan (ACAN) and collagen type II (COL2A1) 

[3-7]. The loss of chondrocyte phenotype upon proliferation in vitro was documented as early 

as in 1960 [8]. This has been a bottleneck for cartilage tissue engineering, since dedifferentiated 

chondrocytes become fibroblastic and do not produce hyaline cartilage, which is necessary for 

the proper functioning of articulating joints. Therefore, the redifferentiation of dedifferentiated 

chondrocytes is a prerequisite in chondrocyte-based cartilage repair. Expanded chondrocytes 

are commonly redifferentiated through three-dimensional (3-D) pellet cultures in the presence 

of Transforming Growth Factor β (TGFβ), dexamethasone (DEX) and other induction factors 

[9, 10]. Although 3-D culture was used to achieve the redifferentiation of chondrocytes, 

hypertrophy markers were also upregulated [11, 12]. Thus, it is urgent to acquire more details 

and find more clues to promote the redifferentiation and inhibit the hypertrophy of 

chondrocytes for restoration of cartilage in joint diseases, such as osteoarthritis (OA).  

 

Healthy articular cartilage is a typical avascular tissue. Articular chondrocytes are embedded 

in an extensive extracellular matrix and exposed to a concentration of approximately 6% O2 in 

the superficial layer, to a concentration as low as less than 1% O2 in the calcified layer, 

depending on the zone in the cartilage [13, 14]. Chondrocytes have been shown to be well 

adapted to the low-oxygen conditions and capable of maintaining their energy metabolism, 

mainly through the glycolytic pathway [15]. Hypoxia is considered to be a positive influence 

on the healthy chondrocyte phenotype and cartilage matrix formation [16, 17]. The hypoxic 

response is mainly mediated by hypoxia inducible factors (HIF), which includes three family 

members, HIF-1α，-2α， -3α [18]. HIF-1α and HIF-2α in particular play an active role in 

chondrocyte development. HIF-1a, is reported to promote chondrogenesis of MSCs [19], in 

part by activating SOX9 [20].  The chondrogenic and anti-catabolic effect of hypoxia in pellet 

culture of human articular chondrocytes is blocked by a HIF-1 inhibitor [21]. HIF-2 is 

reported to enhance promoter activities of COL10A1, MMP13, and VEGFA through specific 

binding to the respective hypoxia-responsive elements, and is essential for endochondral 
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ossification of cultured chondrocytes and embryonic skeletal growth in mice [22]. In addition, 

HIF-2 causes cartilage matrix destruction by upregulating crucial catabolic genes, such as 

MMPs, ADAMTS4, nitric oxide synthase-2 (NOS2), and prostaglandin endoperoxide synthase-

2 (PTGS2) [23]. Furthermore, it potentiates FAS-mediated chondrocyte apoptosis [24]. The 

balance between HIF-1α/ HIF-2α activities could contribute to cartilage homeostasis. 

Conventional cell culture experiments with chondrocytes are performed at an atmospheric 

oxygen concentration, which can be considered as a non-physiological, hyperoxic condition 

for chondrocytes. 

 

Chondrocytes in native cartilage are exposed to a variety of biochemical and genetic factors 

[25], and OA chondrocytes are often exposed to an abnormal environment, such as high-

magnitude mechanical stress, inflammatory cytokines, or altered amounts or organization of 

matrix proteins, including degradation products [26]. Inflammation has been implicated in the 

pathogenesis of OA [27], and pro-inflammatory cytokines, such as Interleukin-1 (IL1β), are 

potently involved in a degenerative process by inducing MMP expression and cartilage 

degradation in vitro and in vivo [28-30]. Besides its role in cartilage degradation by stimulating 

MMPs, IL1β also blocks the synthesis of new extracellular matrix components to impair the 

ability of the cartilage to restore the extracellular matrix [31].  

 

Therefore, chondrocytes normally face a hypoxic environment, combined in a 

pathophysiological situation with an inflammatory environment in vivo. In this study, we 

investigated whether the responsiveness of chondrocytes to IL1β is depending on oxygen 

tension. In addition, we also compared the response of healthy and OA chondrocytes in these 

conditions.  

 

Materials and methods 

Cell culture and expansion 

Institutional approval to isolate primary human cells was obtained. Healthy (HL) and 

osteoarthritic (OA) primary human chondrocytes were, respectively,  isolated from 

macroscopically healthy looking areas and damaged regions of femoral condyles in four 

patients (mean ± SD age 60 ± 3 years) undergoing total knee replacement, as described 

previously [32]. To isolate cells, the cartilage was digested in chondrocyte proliferation 
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medium containing 0.15% collagenase type II (Worthington) for 20-22 hours (hrs). After 

extensive washing, the human chondrocytes were subsequently expanded at a density of 3000 

cells/cm2 in chondrocyte proliferation medium until the monolayer reached 80% confluency. 

Chondrocyte proliferation medium consisted of DMEM supplemented with 10% fetal bovine 

serum (FBS), 1× non-essential amino acids, 0.2 mM ascorbic acid 2-phosphate (AsAP), 0.4 

mM proline, 100 U/mL penicillin and 100 μg/ml streptomycin.  

Pellet cultures and chondrocytes redifferentiation 

To form high-density cell pellets, 250,000 cells were seeded per well in a round bottom 96-

wells plate in chondrogenic differentiation medium (DMEM supplemented with 50 µg/mL 

ITS-premix, 50 µg/mL AsAP, 100 µg/mL sodium pyruvate, 10-7 M dexamethasone, 10 ng/mL 

TGF-β3, 100 U/mL penicillin and 100μg/ml streptomycin) and centrifuged for 3 min at 

2000rpm, as previously described [33]. The pellets were cultured with or without IL1β 

(Biolegend) stimulation in 10ng/ml for 3 weeks at 37 °C, 5% CO2, 21% O2 (for normoxia) 

and 2.5% O2 (for hypoxia). Passage 3 chondrocytes were used in this research. The medium 

was refreshed every three days.  

Total RNA extraction and quantitative polymerase chain reaction (qPCR) 

Cell pellets were crashed by grinding rod and RNA was isolated using Trizol reagent (Thermo 

Fisher Scientific). The concentration and purity of RNA samples were determined using a 

Nanodrop 2000 (Thermo scientific). Total mRNA was reverse-transcribed into cDNA using 

the iScript cDNA Synthesis kit (Bio-Rad). qPCR was performed using the SYBR Green 

sensimix (Bioline). PCR reactions were carried out using a Bio-Rad CFX96 (Bio-Rad) under 

the following conditions: cDNA was denatured for 5 min at 95 °C, followed by 39 cycles 

consisting of 15s at 95°C, 15s at 60 °C and 30s at 72 °C. For each reaction a melting curve was 

generated to test for primer dimer formation and non-specific priming. Gene expression was 

normalized using RPL13A and expressed as fold induction compared to controls.  

Alcian blue and Safranin O staining 

Pellets were fixed with 10 % phosphate-buffered formalin (pH = 7) for 2 hrs at room 

temperature (RT), dehydrated with graded ethanols and embedded in paraffin, using routine 

procedures. Sections of 5μm thickness were cut using a microtome (Shandon). Before staining, 

the slides were deparaffinized in xylene and rehydrated with graded ethanols. The slides were 

either stained for sulfated glycosaminoglycans (GAG) with a 0.5% w/v solution of Alcian blue 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=6&cad=rja&uact=8&ved=0ahUKEwj-gOaUxbnSAhXHMSYKHdKuAjwQFghNMAU&url=http%3A%2F%2Ftools.thermofisher.com%2Fcontent%2Fsfs%2Fmanuals%2Ftrizol_reagent.pdf&usg=AFQjCNHd60agshx8u46w_ljnf06uf683Ng&sig2=SpcvPLdCZm2VERACvlA2Rg&bvm=bv.148747831,d.eWE
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=6&cad=rja&uact=8&ved=0ahUKEwj-gOaUxbnSAhXHMSYKHdKuAjwQFghNMAU&url=http%3A%2F%2Ftools.thermofisher.com%2Fcontent%2Fsfs%2Fmanuals%2Ftrizol_reagent.pdf&usg=AFQjCNHd60agshx8u46w_ljnf06uf683Ng&sig2=SpcvPLdCZm2VERACvlA2Rg&bvm=bv.148747831,d.eWE


Chapter 5 

101 
 

(pH = 1, adjusted with HCl) for 30 min, or stained for sulfated GAG with a 0.1% solution of 

Safranin O for 5 min (Sigma Aldrich). The samples were then counterstained with nuclear fast 

red (0.1% w/v of nuclear fast red in 5% aluminum sulfate) for 5 min or haematoxylin (Sigma 

Aldrich) for 1 min respectively to visualize nuclei. Images were taken using a Nanozoomer 

(Iwata City, Japan). 

Immunofluorescent staining  

Immunofluorescent staining of collagen type II, HIF1α and HIF2α were performed on 5μm 

sections from pellets. Slides were deparaffinized in xylene and rehydrated with graded ethanols. 

Samples were pre-incubated with 5μg/mL proteinase K (Sigma Aldrich) for 10 min at RT 

followed by 1 mg/mL hyaluronidase (Sigma Aldrich) for 40 min at 37 °C. Samples were 

blocked in 5% BSA in PBS for 1 hour, then incubated overnight with rabbit anti-human 

collagen II antibody (ab34712, Abcam), rabbit anti-HIF1α antibody (Santa Cruz Biotechnology) 

and mouse anti- HIF2α antibody ( Santa Cruz Biotechnology) respectively, in a dilution of 

1:100 in 5% BSA in PBS at 4°. Then Alexa®Fluor 546-labelled goat anti-rabbit or anti-mouse 

antibody in 5% BSA in PBS was added and incubated for 2 hours at RT. Samples were rinsed 

with PBS between every step. Mounting medium with DAPI was added and images were 

viewed by BD pathway confocal microscopy.   

EdU and TUNEL staining 

For labeling newly synthesized DNA, EdU (5-ethynyl-2’-deoxyuridine) was added to the 

culture medium at a concentration of 10μM, and left for 24 hours before harvesting the samples. 

Cell pellets were then washed with PBS and fixed with 10% formalin for 15 min. Samples were 

embedded in cryomatrix, and cut into 7μM sections with a cryotome (Shandon). Sections were 

permeabilized and stained for EdU with Click-iT® EdU Imaging Kit (ThermoFisher scientific). 

Cryosections were also stained for DNA fragments with DeadEnd Fluorometric TUNEL 

System (Promega). Nuclei were counterstained with Hoechst 33342. The images were viewed 

by means of BD pathway confocal microscopy .  

GAG and DNA assay 

After redifferentiation, pellets were digested in 250µl Tris-HCl buffer (0.05 M Tris, 1 mM 

CaCl2, pH 8.0) with 1mg/ml proteinase K (Roche) for 16 hrs. at 56 °C. Diluted samples (25 μl) 

were mixed with 150 μl 1.9-dimethylmethylene blue (DMMB)-dye solution (3.04 g/l glycine, 

2.38 g/l NaCl, 20 mg/l DMMB in distilled water) and absorbance was measured at 525 nm. 
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The relative cell number was determined by quantification of the total DNA using a 

QuantiFluor® dsDNA System kit( Promega), according to the manufacturer’s instructions. 

Enzyme- linked immunosorbent assay (ELISA) and NO production assay 

The culture medium was collected every three days. The secreted MMP1 in medium was 

measured by ELISA using mouse anti-human MMP1 antibody (MAB901-SP, R&D systems), 

followed by incubation with a rabbit anti-mouse antibody coupled to a horse radish peroxidase 

(HRP). The amount of HRP was developed by adding Tetramethylbenzidine (TMB, 1-Step 

Ultra TMB-ELISA, Thermo Scientific). The reactions were stopped by adding H2SO4, and 

measured at 450 nm (Micro Plate Reader). Cell supernatant was also used to quantify the nitrite, 

using a Griess reaction as described [34]. 

Statistical analysis 

For the experiments using primary human HL and OA chondrocytes, samples were obtained 

from four donors. Each experiment was performed in triplicate. Statistical differences between 

two groups were analyzed by two-tailed student’s t-tests or one-way ANOVA. P < 0.05 was 

considered statistically significant and indicated with an asterisk. Data is expressed as the mean 

± SD. 

Results 

Hypoxia promotes matrix production and reduces the differences between HL and OA 

chondrocytes 

Relative healthy (HL) and OA chondrocytes expanded in monolayer were cultured in micro 

mass pellets under either normoxia (21% O2) or hypoxia (2.5% O2) conditions for 3 weeks to 

induce chondrocyte redifferentiation. Alcian blue and Safranin O were used to stain the GAG 

deposition, and chemical GAG assay and DNA assay were performed to measure the 

concentration of GAG production and the DNA quantity. Both Alcian blue and Safranin O 

staining showed that HL chondrocytes produced more GAGs than OA chondrocytes in both 

normoxia and hypoxia, and hypoxia greatly enhanced the GAG production. Interestingly, the 

increased GAG deposition in hypoxia was more obvious in OA than in healthy chondrocytes. 

In normoxia, GAG production was significantly decreased in OA chondrocytes compared to 

HL. However, this difference between HL and OA in GAG production was almost 

indistinguishable under hypoxia (Figures 1A and 1B).  
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Figure 1 GAG production and collagen type II deposition.A. Alcian blue staining for GAG presence. 

Nuclei were counterstained by nuclear fast red. HL, healthy chondrocyte; OA, osteoarthritic 

chondrocyte. Upper panel shows overview of pellets, scale bar = 500μm, while lower panel indicates 

magnified pictures, scale bar = 100μm. B. Safranin O staining for GAG presence. Nuclei were 

counterstained by hematoxylin. Upper panel shows overview of pellets, scale bar = 500μm, while lower 



Chapter 5 

104 
 

panel indicates magnified pictures, scale bar = 100μm. C. GAG and DNA assay. Amount of GAG and 

DNA in pellets was measured 3 weeks after culture in chondrogenic differentiation medium. N-HL, 

healthy chondrocyte in normoxia; N-OA, OA chondrocyte in normoxia; H-HL, healthy chondrocyte in 

hypoxia; H-OA, OA chondrocyte in hypoxia. # represents the significant difference between IL1β 

stimulation and corresponding control (p< 0.05); double # represents p< 0.01; * represents p< 0.05; 

double * represents p< 0.01. Error bar reflects Standard Deviation. 

 

 

 

Figure 2 Expression of cartilage matrix genes in hypoxia and normoxia. A. COL2A1 production 

was detected by mouse anti-COL2A1 antibody (red). Cell nuclei were counterstained with DAPI (blue). 

Images were taken by BD pathway confocal microscopy. Scare bar = 200μm. HL, healthy chondrocyte; 

OA, osteoarthritic chondrocyte. B. Gene expression of COL2A1, ACAN and COL1A1 was measured by 

RT-PCR. N-HL, healthy chondrocyte in normoxia; N-OA, OA chondrocyte in normoxia; H-HL, healthy 

chondrocyte in hypoxia; H-OA, OA chondrocyte in hypoxia. # represents the significant difference 
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between IL1β stimulation and corresponding control (p< 0.05); double # represents p< 0.01; * 

represents p< 0.05; double * represents p<0.01. Error bar reflects Standard Deviation. 

The results of GAG quantification were consistent with those of Alcian blue and Safranin O 

staining (Figure 1C). HL chondrocytes have a higher total GAG content than OA, and GAG 

deposition in both HL and OA chondrocytes is increased in hypoxia. In particular, hypoxia 

increased total GAG in OA chondrocytes up to 5 times compared to normoxia, while healthy 

chondrocytes showed a 2-fold increase. When total GAG content was normalized to DNA, a 

similar result was found. Next to enhanced GAG production in hypoxia; the amount of DNA 

was also increased in both HL and OA chondrocytes in hypoxia.  

Hypoxia promotes chondrogenic gene expression 

We next evaluated the effect of oxygen tension on the expression of chondrogenic genes. The 

deposition of COL2A1 was detected by immunofluorescence, and the gene expression of 

COL2A1, ACAN and COL1A1 was measured by RT-PCR. As Figure 2A shows, hypoxia 

dramatically increased COL2A1 production in both HL and OA chondrocytes. Interestingly, 

almost the same amount of COL2A1 was observed in OA chondrocytes compared to HL 

chondrocytes under hypoxia. This is in line with the Alcian blue/Safranin O staining and GAG 

assay (Figure 1). 

The gene expression level of cartilage markers like COL2A1 and ACAN showed the same trend 

as the histological staining and GAG assay (Figure 2B). In normoxia, HL chondrocytes 

expressed much more COL2A1 and ACAN than OA chondrocytes, and the expression level in 

both HL and OA chondrocytes was elevated in hypoxia. Hypoxia induced a 2-fold increase in 

COL2A1 expression in HL chondrocytes and a more than 1000-fold increase in OA 

chondrocytes. HL chondrocytes expressed a very low level of the chondrocyte dedifferentiation 

marker collagen type I (COL1A1). Its expression was strongly increased in OA chondrocyte 

compared to HL under normoxia. Differentiation in hypoxia reduced the expression of 

COL1A1 in both HL and OA chondrocytes (Figure 2B).  

Hypoxia greatly inhibits the expression of catabolic and hypertrophic marker genes 

The expression of catabolic genes, such as MMP1, MMP3, MMP9, ADAMTS4 and ADAMTS5 

and the hypertrophic marker genes MMP13 and COL10A1, was higher in OA chondrocytes 

than in HL chondrocytes in both normoxia and hypoxia (Figures 3A and 3C). Interestingly, 

hypoxia significantly decreased the basal levels of expression of MMP1, MMP3, MMP9, 
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MMP13 and COL10A1 in both HL and OA chondrocytes. The effect of hypoxia tended to be 

greater in OA chondrocytes than in HL chondrocytes. There was no difference in the expression 

of ADAMTS4 and ADAMTS5 in HL chondrocytes between normoxia and hypoxia, whilst the 

expression of these two genes was significantly inhibited in OA chondrocytes by hypoxia 

(Figure 3A).  

The protein level of MMP1 was measured by ELISA in the pellet culture medium. As Figure 

3B shows, the expression of MMP1 gradually decreased over time in both HL and OA 

chondrocytes under normoxia and hypoxia. Much higher MMP1 expression was observed in 

OA chondrocytes than in HL chondrocytes under normoxia, while hypoxia significantly 

decreased MMP1 expression in both HL and OA chondrocytes. In addition, hypoxia greatly 

minimized the difference between OA and HL chondrocytes.  

 

 

 

Figure 3 The expression of catabolic and hypertrophic markers in hypoxia and normoxia. A. 

qPCR was performed to measure the expression of catabolic genes MMP1, MMP3, MMP9, ADAMTS4 

and ADAMTS5. B. The amount of MMP1 secreted in medium was measured by ELISA. 1 to 7 represent 

the order of medium changes every 3 days. C. The expression of hypertrophic markers MMP13, 

COL10A1 as determined by RT-PCR. N-HL, healthy chondrocyte in normoxia; N-OA, OA chondrocyte 

in normoxia; H-HL, healthy chondrocyte in hypoxia; H-OA, OA chondrocyte in hypoxia. # represents 

the significant difference between IL1β stimulation and corresponding control (p < 0.05); double # 
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represents p< 0.01; * represents p< 0.05; double * represents p<0.01. Error bar reflects Standard 

Deviation. 

Hypoxia downregulates IL1β induced MMPs expression but fails to reverse IL1β-induced 

matrix loss  

Alcian blue/ Safranin O staining indicated that differentiation of cells in the presence of IL1β 

dramatically downregulates the GAG production in both HL and OA chondrocytes under 

normoxia and hypoxia (Figures 1A and 1B). The concentrations of GAG were similar, around 

500 ng per pellet, in all conditions with IL1β stimulation. The GAG amount showed an 8-fold 

decrease in HL and a 3-fold decrease in OA chondrocytes with IL1β treatment under normoxia, 

but an almost 20-fold decrease in both HL and OA chondrocytes under hypoxia, compared to 

the corresponding condition without IL1β stimulation (Figure 1C). Likewise, the protein 

expression of COL2A1 was very low, and was almost undetectable in any of the IL1β 

stimulated groups in both HL and OA chondrocytes, under both normoxia and hypoxia (Figure 

2A). The gene expression of COL2A1 and ACAN was dramatically decreased in all IL1β treated 

groups. However, the fold change is much higher in HL than in OA in normoxia in comparison 

with the hypoxia condition. (Figure 2B). Interestingly, the expression of the dedifferentiation 

marker COL1A1 was decreased in IL1β treated groups, especially in normoxia. (Figure 2B). 

As expected, the expression of IL1β target genes MMP1, MMP3 and MMP9 was dramatically 

increased after IL1β stimulation in both normoxia and hypoxia. Although the fold change of 

MMPs expression induced by IL1β was higher in hypoxia, the overall expression of IL1β-

induced MMPs was decreased in hypoxia (Figure 3A). Interestingly, IL1β decreased the 

ADAMTS4 expression in OA chondrocytes compared to HL chondrocytes under normoxia, 

but increased the expression under hypoxia in both HL and OA chondrocytes. Under IL1β 

stimulation, the expression of ADAMTS5 was increased in both HL and OA chondrocytes; 

hypoxia even enhanced this effect (Figure 3A). IL1β-induced MMP1 expression in all treated 

group was also observed in medium by ELISA. MMP1 expression decreased over time in both 

the IL1β treated and untreated group in either HL or OA chondrocytes under normoxia and 

hypoxia. In line with gene expression, IL1β induced fold change in MMP1 expression was 

higher in hypoxia than in normoxia in both HL and OA chondrocytes (Figure 3B). Without 

IL1β, the expression of hypertrophic markers MMP13 and COL10A1 was decreased in both 

HL and OA in hypoxia. Interestingly, under IL1β stimulation the gene expression of MMP13 
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and COL10A1 was decreased in OA chondrocytes under normoxia, but greatly increased by 

IL1β in hypoxia. 

 

 

 

Figure 4 The pellet size, EdU/ TUNEL staining and NO production after IL1β stimulation.  A. 

Pellets were imaged by light microscopy. Scare bar = 1000μm. B. Measurement of pellet size. C. EdU 

staining of pellets. EdU incorporation into newly synthesized DNA was visualized by Alexa 488 (green). 

Nuclei were counterstained with Hoechst 33342 (blue). Scale bar = 250μm.(D) Quantification of EdU 

positive chondrocytes. E. TUNEL staining of pellets. TUNEL positive cells were visualized with 
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fluorescent labeling (green). Nuclei were counterstained with Hoechst 33342 (blue). Scale bar = 250μm. 

(F) Quantification of TUNEL staining positive cells. G. NO production was measured by Griess 

reaction. 1 to7 represent the order of medium changes every 3 days. H. The gene expression of iNOS. 

N-HL, healthy chondrocyte in normoxia; N-OA, OA chondrocyte in normoxia; H-HL, healthy 

chondrocyte in hypoxia; H-OA, OA chondrocyte in hypoxia.# represents the significant difference 

between IL1β stimulation and corresponding control (p< 0.05); double # represents p< 0.01; * 

represents p< 0.05; double * represents p<0.01. Error bar reflects Standard Deviation (S. D.). 

IL1β inhibits cell proliferation while inducing cell apoptosis and NO production 

IL1β significantly reduced the pellet size in the HL and OA chondrocyte groups in both 

normoxia and hypoxia. The pellet size in all IL1β treated groups showed no difference (Figures 

4A and 4B). EdU staining indicated more EdU positive cells in HL chondrocytes than in OA 

chondrocytes. The number of EdU positive cells was decreased in hypoxia. IL1β almost 

completely inhibited cell proliferation in all treated groups (Figures 4C and 4D). In contrast, 

IL1β greatly induced cell apoptosis in both HL and OA chondrocytes under normoxia and 

hypoxia. It was observed that the apoptotic cells, in particular in HL chondrocytes, were mainly 

present in the periphery of the pellets in normoxia, but were scattered inside the pellets under 

hypoxia. In hypoxia, OA pellets showed more apoptotic cells than HL pellets, and the amount 

of apoptotic cells in OA chondrocytes was higher in hypoxia than in normoxia (Figures 4E and 

4F). 

IL1β potently induced NO production in HL and OA chondrocytes under both normoxia and 

hypoxia. NO production in the medium gradually decreased over time in all groups. 

Interestingly, NO production in HL and OA chondrocytes was slightly induced by hypoxia. 

However, IL1β-induced NO was inhibited by hypoxia (Figure 4G). As expected, iNOS was 

significantly induced by IL1β in the order of OA > HL. In line with NO production, hypoxia 

slightly induced iNOS expression in both HL and OA without IL1β. However, unlike NO 

production, hypoxia further elevated IL1β-induced iNOS expression compared to normoxia 

(Figure 4H).  

IL1β greatly enhances the expression of hypoxia-inducible factors (HIF) during 

chondrocyte redifferentiation 

The protein and gene expression level of hypoxia-inducible factors HIF1α and HIF2α were 

assessed by immunofluorescence and qPCR respectively. As Figure 5A shows, HIF1α was 

endogenously expressed in HL chondrocyte and translocated into the nucleus, while it was  
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Figure 5 IL1β greatly enhanced the expression of HIF1α and HIF2α during chondrocyte 

redifferentiation. A. B. Immunofluorescent staining of HIF1α and HIF2α, respectively. HIF1α and 

HIF2α were detected by rabbit anti-HIF1α antibody and mouse anti- HIF2α antibody respectively, 

followed by anti-mouse or anti-rabbit second antibody coupling by Alex 564 fluorescence. Cell nuclei 

were counterstained with DAPI. Images were taken by BD pathway confocal microscopy. Scare bar = 

250μm. HL, healthy chondrocytes; OA, osteoarthritic chondrocytes. C. D. Gene expression of HIF1α 

and HIF2α as assessed by RT-PCR. N-HL, healthy chondrocyte in normoxia; N-OA, OA chondrocyte 

in normoxia; H-HL, healthy chondrocyte in hypoxia; H-OA, OA chondrocyte in hypoxia. # represents 

the significant difference between IL1β stimulation and corresponding control (p< 0.05); double # 
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represents p< 0.01; * represents p< 0.05; double * represents p<0.01. Error bar reflects Standard 

Deviation (S. D.). 

expressed much higher with IL1β stimulation under normoxia. The expression of HIF1α was 

greatly enhanced by hypoxia and was present in the nucleus of HL chondrocytes, while it was 

further enhanced by IL1β supplementation. After spreading out the cells, strongly positive 

staining was observed in the whole pellet. HIF1α was barely expressed in the OA chondrocytes 

under normoxia but greatly induced by IL1β in both normoxia and hypoxia. Likewise, hypoxia 

promoted HIF1α expression and translocated into nucleus in OA chondrocytes, but signal 

intensity was less than in HL chondrocytes. Interestingly, endogenous HIF2α was hardly 

observed in the HL chondrocytes but nuclear localized HIF2 was highly detectable in the 

hypoxia conditions. OA chondrocytes showed highly endogenous HIF2α expression in 

normoxia which was decreased in hypoxia. IL1β profoundly induced HIF2α expression in both 

HL and OA chondrocytes under normoxia and hypoxia (Figure 5B). 

The gene expression profiles of HIF1α and HIF2α showed a similar trend as the protein 

staining. The expression of HIF1α was higher in HL chondrocytes than in OA, and was 

promoted by IL1β supplementation in both HL and OA chondrocytes under normoxia and 

hypoxia. Without IL1β stimulation, hypoxia did not significantly induce HIF1α expression 

(Figure 5C). OA chondrocytes displayed higher HIF2α expression in normoxia but lower 

expression in hypoxia in comparison with HL chondrocytes. Similarly, IL1β greatly promoted 

the expression of HIF2α in both HL and OA chondrocytes under normoxia and hypoxia (Figure 

5D). 

 

Discussion 

Accumulating evidence has shown that hypoxia has a positive influence on the chondrocyte 

phenotype and cartilage matrix formation [16, 17, 35, 36]. However, the difference between 

healthy and OA chondrocytes during redifferentiation in response to hypoxia is still not clear. 

In addition, oxygen tension may have an influence not only on chondrocyte redifferentiation, 

but also on the inflammatory responses of these redifferentiating cells upon stimulation with 

IL1β.  

In the present study, we analyzed gene and protein expression profiles of human healthy and 

OA articular chondrocytes and their matrix production in 3-D cultured pellet in the presence or 
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absence of IL1β under normoxia (21% O2) and hypoxia (2.5% O2). Before redifferentiation in 

3-D pellet in serum free chondrogenic differentiation medium, the chondrocytes were first 

cultured in monolayer in proliferation medium until passage three. A number of studies have 

indicated that chondrocytes lose their normal phenotype and potential cartilage formation 

capability after several passages in vitro, as is reflected by the higher expression of the 

dedifferentiation marker COL1A1 [3-7]. In order to restore chondrocytes’ normal phenotype 

and function, we cultured the cells in an hypoxia incubator to mimic the chondrocyte 

environment in vivo. The oxygen concentration in the hypoxia incubator was 2.5 %, which is 

approximate to the physiological oxygen level.  

Several studies have reported the positive effects of hypoxia conditions on 3-D chondrocyte 

redifferentiation [37, 38]. Previously our group have reported that hypoxia inhibits 

hypertrophic differentiation and endochondral ossification in explanted tibiae [39]. Human 

mesenchymal stromal cells (MSCs) chondrogenically differentiated in vitro under hypoxia (2.5% 

O2) produced more hyaline cartilage [40]. In line with these studies, we observed that hypoxia 

facilitated chondrocyte redifferentiation and it had a inhibiting effect on the expression of the 

dedifferentiation marker COL1A1 in both HL and OA chondrocytes. The catabolic genes and 

hypertrophic markers were greatly inhibited under hypoxic conditions. In addition, we 

observed that OA chondrocytes benefited more from hypoxia than healthy chondrocytes, which 

was evidenced by a higher increasing fold of GAG production and Collage type II deposition, 

as well as the expression of cartilage markers and stronger inhibition of dedifferentiation 

markers, catabolic markers and hypertrophic markers. Most importantly, hypoxia minimized 

even abrogated differences between redifferentiated HL and OA chondrocytes present in 

normoxia.  

To assess the different responses of HL and OA chondrocytes to inflammatory factor IL1β, 10 

ng/mL recombinant protein IL1β was added in medium in both normoxia and hypoxia 

condition. IL1β dramatically inhibited chondrocyte redifferentiation, while it promoted 

catabolic activity in both normoxia and hypoxia. Under normoxia, with or without IL1β, the 

expression of catabolic genes such as MMPs, ADAMTS4/5 as well as hypertrophic markers 

was increased in OA cells. This high level of catabolic markers in OA cells was also observed 

in another study [38]. Interestingly, under normoxia, the expression of ADAMTS 4, MMP13 

and COL10A1 was downregulated in IL1β treated OA chondrocytes compared to non-treated 

OA group. This downregulation effect might be mediated by haem oxygenase-1 (HO-1). There 
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are studies that have shown that HO-1 could modulate the cytoprotective effects in OA 

chondrocytes through down-regulation of catabolic factors [41, 42].  

Although the absolute expression of MMP1/3/9 under IL1β stimulation was lower in hypoxia, 

the fold change between no IL1β and IL1β supplementation was higher in hypoxia as compared 

to normoxia. This indicates that culturing chondrocytes in supraphysiological oxygen tension 

may induce a stress response that results in mild activation of inflammatory signaling pathways 

stimulating the relatively high basal expression of catabolic enzymes. This low level of 

activation of these signaling pathways likely explains the relatively lower level of fold change 

in chondrocytes in induction of typical IL1β response genes in normoxia. Hypoxia, a more 

physiological culture condition for chondrocytes, reduces this stress response and inhibits 

activation of pro-inflammatory pathways resulting in lower levels of catabolic enzymes. It also 

sentisizes the cells for a challenge with IL1β resulting in higher fold changes. It should be noted 

that the absolute levels in expression of these catabolic enzymes is still lower in hypoxia as 

compared to normoxia. 

NO is a pro-inflammatory mediator and catabolic factor that contributes to osteoarthritis. It has 

been reported that NO is induced by pro-inflammatory cytokines and mechanical stress as well 

as oxygen level [43]. In our study, we found that NO was dramatically induced by IL1β. In 

addition, the expression level of NO production and iNOS was induced by hypoxia in both HL 

and OA chondrocytes. This result is consistent with previous studies, demonstrating that 

hypoxia-induced NO protects chondrocytes from damage by hydrogen peroxide [44]. 

HIF1α and HIF2α are the most important hypoxia-induced factors involved in chondrocyte 

biology [21, 22]. In this study, we found a higher HIF1α expression and a lower HIF2α 

expression in HL chondrocytes compared to OA chondrocytes under normoxia, which is in line 

with reports stating that HIF1α is an anabolic factor and HIF2α is a catabolic factor [21-23]. 

Under hypoxia, both HIF1α and HIF2α was greatly elevated and translocated into the nucleus 

in HL chondrocytes. However, hypoxia only enhanced HIF1α expression but decreased the 

expression of HIF2α in OA chondrocytes. Considering the catabolic activity of HIF2α in OA 

cartilage, this phenomenon suggests that OA chondrocytes benefited more from hypoxia 

because the basal HIF2α expression present in normoxia was inhibited in hypoxia. IL1β greatly 

induced the cytoplasmic expression of HIF1α and HIF2α in both HL and OA chondrocytes, 

regardless of the oxygen level. IL1β may upregulate HIF1α via an NF-κB/COX-2 pathway [45], 

while IL1β induced HIF1α is attenuated by p38 MAPK and JNK inhibitors [46]. However, the 
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mechanism of IL1β induced HIF2α expression has not been reported and requires further 

investigation. This also indicates that both HIF1α and HIF2α act as important survival factors 

when cells live in an inflammatory and hypoxic environment. 

In summary, we investigated the functional changes of HL and OA chondrocytes at a cellular 

level in response to the inflammatory cytokine IL1β under different oxygen tension levels. 

Hypoxia minimizes the differences between HL and OA chondrocytes, and even restores OA 

chondrocyte redifferentiation. We provide evidence that normoxia, which is associated with 

degenerative joint diseases,  changes the normal function of chondrocytes by inducing a mild 

stress response. This mild stress response can be reversed by hypoxia, which reduces the IL1β 

induced catabolic effects in both cell populations while also sensitizing cell response to IL1β 

treatment. Our data indicates that the oxygen level may influence inflammation-associated 

cartilage injury and diseases. Furthermore, our data indicated that chondrocytes derived from 

healthy areas and clearly OA areas in the joint are differentially susceptible to both oxygen 

tension and stimulation with the pro-inflammatory cytokine IL1β. 
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三十辐共一毂，当其无，有车之用。 

 
We put thirty spokes together and call it a wheel. But it is on the space where there is nothing. 

That the usefulness of the wheel depends. 
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Abstract  

 

Signaling by members of the transforming growth factor-β (TGF-β) superfamily, such as TGF-

β3 and BMP7, and by oxygen tension play each a pivotal role in chondrocyte biology. However, 

their cross talk has hardly been studied in particular during redifferentiation of culture 

expanded dedifferentiated osteoarthritic chondrocytes. The objective of this research was to 

elucidate the endogenous BMP7 expression in human OA cartilage and the effect of oxygen 

tension on the single or combined treatment with TGF-β3 and BMP7 on OA chondrocyte 

redifferentiation in three dimensional (3D) pellet cultures. The results showed the expression 

of BMP7 and its intracellular signaling target SMAD1/5/8 decreases in early OA while it 

increases in late stage of OA. TGF-β3 or BMP7 alone were not as efficient in redifferentiating 

chondrocytes as the combined treatment with TGF-β3 and BMP-7 both in normoxia and 

hypoxia, reflected by Alcian blue/Safranin O staining and collagen type II (COL2A1) protein 

expression, as well as gene expression of COL2A1, Aggrecan (ACAN). Hypoxia elevated TGF-

β3 and BMP7-induced matrix formation of OA chondrocytes and alleviated the catabolic gene 

expression of matrix metalloproteinase (MMP)-1,3,13. Interestingly, cells cultured under 

normoxia displayed mild signs of an inflammatory stress response based on gene expression 

analysis which was effectively counteracted by culturing the cells under low oxygen tension. 

Our data underscores the important modulatory role of oxygen tension on the chondrocyte’s 

responsiveness to TGF-β3 and/or BMP7.  

 

 

Key words: TGF-β3, BMP7, hypoxia, osteoarthritis, redifferentiation, ACI, cartilage, tissue 

engineering 
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Introduction 

 

Articular cartilage exhibits a poor self-regeneration capacity, even minor cartilage defects may 

predispose to early onset osteoarthritis. To intervene with this vicious cycle, surgical 

intervention is often considered. Several surgical strategies have been developed to repair 

damaged cartilage. One of the most promising approaches is autologous chondrocyte 

implantation (ACI) [1]. This approach is based on the isolation of chondrocytes from the non-

weight bearing healthy area of articular cartilage, followed by culture expansion in monolayer 

for several weeks to obtain sufficient cells for implantation into the lesion. However, 

monolayer expansion leads to a rapid loss of typical chondrocyte features, a process known as 

chondrocyte dedifferentiation which eventually results in fibrous cartilage formation rather 

than hyaline cartilage after implantation, [2-5]. Consequently, it is important to optimize 

culture conditions to minimize the negative aspects of chondrocyte dedifferentiation or, 

alternatively develop effective strategies for chondrocyte redifferentiation. 

 

The Transforming Growth Factor-β (TGF-β) superfamily is a family of secreted signaling 

factors including TGF-β and bone morphogenetic proteins (BMPs) with a remarkable ability 

to induce cartilage and bone formation. TGF-βs and BMPs bind to specific receptors at the cell 

surface to initiate intracellular signal molecules of the Sma and Mad related proteins (SMADs). 

Generally TGF-β induced signaling depends on Smad2 and Smad3 [6, 7] resulting in 

stabilization of the SOX9 transcription complex meanwhile inhibiting RUNX2 expression [8, 

9]. BMP signaling depends on the Smad1/5/8 pathway to stimulate the expression of typical 

hypertrophic markers, like COL10A1, MMP13 and ALPL during chondrogenesis of 

mesenchymal stem cells (MSCs) and termimal differentiation of primary chondrocytes [10]. 

TGF-β is an effective inducer of chondrogenesis [11, 12] by stimulating chondrocyte 

proliferation while inhibiting chondrocyte hypertrophy and maturation [13-18] in vitro. 

However, there is also conflicting evidence claiming that TGFβ1 administration can redirect 

expanded human articular chondrocytes towards a more hypertrophic phenotype [19]. 

Moreover, TGFβ was reported to induce synovial lining cells to produce inflammatory factors, 

such as IL1β and TNF, which further stimulate articular chondrocyte dedifferentiation and 

stimulating hypertrophy by facilitating the depositing of collagen type X instead of collagen 

type II and aggrecan [20]. Indeed the complex and sometimes opposing role of TGF-β 

superfamily members and their downstream effectors in chondrocyte hypertrophy has recently 
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been reviewed [21]. It can however be concluded that TGF-β alone is insufficient to preserve 

the chondrocyte phenotype in cartilage tissue engineering.   

 

Like TGFβs, BMPs are multi-functional cytokines that belong to the TGF-β superfamily. They 

are indispensable for early cartilage formation in the embryo [22]. They are also potent 

regulators of chondrocyte hypertrophy and matrix degradation [23-26]. This is particularly true 

for commonly used BMP2 and BMP4. The mode of action of BMP7 is however distinct. This 

factor stimulates chondrocyte proliferation and inhibits chondrocyte hypertrophy [21, 27, 28]. 

The recombinant human version of BMP7 is clinically approved and used to promote 

osteogenesis at sites of poor fracture healing and to enhance integration of bone grafts [29]. 

Furthermore, intra-articular injection of BMP7 has been considered as a regenerative therapy 

for osteoarthritis. There are only a few reports that have studied the effect of combination 

treatment of TGF-β and BMPs in chondrocyte (de)differentiation. Shintani and coworkers 

reported that TGF-β1 enhanced BMP-2 induced chondrogenesis of bovine synovial explants 

resulting in improved hyaline-cartilage like properties of the neocartilage [30]. Toh et al. 

demonstrated that the combination of BMP2 and TGF-β1 resulted in a marked enhancement of 

collagen II synthesis and matrix proteoglycan deposition in chondrogenically differentiation of 

MSCs isolated from New Zealand white rabbits [31]. BMP2 also enhanced the TGF-β3 induced 

chondrogenesis of human bone marrow MSCs [32]. Nakayama et al. reported that TGF-β3 

synergistically enhanced BMP4 induced cartilage formation in embryonic stem cell derived 

mesodermal cells and similar results have been reported for BMP6 [33]. Miyamoto et al 

elucidated that BMP7 enhanced chondrogenesis of synovial MSCs when combined with TGF-

β1 [34]. There are also studies reporting that chondrogenic differentiation medium 

supplemented with BMP-7 only in the absence of TGF-β1 hardly enhanced chondrogenic 

differentiation. This is in marked contrast to the condition in which both growth factors were 

added simultaneously to chondrogenically differentiating MSCs [35]. Remarkably, in contrast 

to BMP2, 4 and 6 which promote chondrocyte hypertrophy, BMP7 may inhibit this process. 

The exact mechanism is still unknown [27, 28]. 

 

However, all these studies have been performed in normoxia (21% O2) which is a supra-

physiological oxygen concentration compared to the much lower oxygen tension in articular 

cartilage in vivo. Articular cartilage is a typical avascular tissue, and chondrocytes are used to 

live in low oxygen environments [36]. Hypoxia has a positive influence on the chondrocyte 

phenotype and has been shown to stimulate cartilage matrix formation [37, 38]. Furthermore, 
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most studies have focused on chondrogenic differentiation of MSCs from different sources 

with treatment of BMPs or TGF-βs. Only a limited number of studies has focused on the 

redifferentiation of chondrocytes after culture expansion in monolayer under hypoxic 

conditions in the presence of these factors. The aim of this study was to identify the effects of 

exogenous BMP7 and TGF-β3 on the redifferentiation of osteoarthritic chondrocytes after 

expansion in monolayer, using an aggregate pellet culture in low oxygen condition, and to 

explore the possibility to use the combination of hypoxia with TGFβ and BMP7 to stimulate 

chondrocyte redifferentiation.   

 

Materials and Methods 

 

Cartilage samples collection 

 

The collection and use of human cartilage was approved by the local hospital ethical committee 

and for all samples informed written consent was obtained. Cartilage specimens were isolated 

from 12 patients (mean age ±SD: 68±6 years) with osteoarthritis (OA) undergoing total knee 

replacement surgery. In order to get comparable cartilage samples, several cartilage pieces 

were removed from the same joint and for each of the specimens a histological cartilage score 

was determined as previously described [39].  

 

Cell culture and expansion 

 

Human primary chondrocytes (hChs) were obtained from macroscopically healthy looking full 

thickness cartilage, dissected from knee biopsies of four OA patients (mean ± SD age 60 ± 3 

years) undergoing total knee replacement, as described previously [40]. To isolate cells, the 

cartilage was digested in chondrocyte proliferation medium containing 0.15% collagenase type 

II (Worthington) for 20-22 hours (hrs). Subsequently the hChs were expanded at a density of 

3000 cells/cm2 in chondrocyte proliferation medium until the monolayer reached 80% 

confluency. Chondrocyte proliferation medium consisted of DMEM supplemented with 10% 

fetal bovine serum (FBS), 1×non-essential amino acids, 0.2 mM ascorbic acid 2-phosphate 

(AsAP), 0.4 mM proline, 100 U/mL penicillin and 100 μg/ml streptomycin. The hChs were 

used in passage 3 unless otherwise stated. 
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Pellet cultures and chondrogenic differentiation 

 

Pellets consisting of 2.5 × 105 cells were cultured for 3 weeks at 37 °C, 5% CO2, 21% O2 (for 

nomoxia) or 2.5% O2 (for hypoxia), in chondrogenic differentiation medium (DMEM 

supplemented with 50 µg/mL ITS-premix, 50 µg/mL of AsAP, 100 µg/mL of sodium pyruvate, 

10-7 M of dexamethasone, 100 U/mL of penicillin and 100μg/ml of streptomycin). The medium 

was supplemented with 10 ng/mL TGF-β3 or 100ng/ml BMP7 (R&D). The medium, with 

cytokines supplements, was refreshed twice per week.  

 

Total RNA extraction and quantitative polymerase chain reaction (qPCR) 

 

Cell pellets were crashed and RNA was isolated using the Trizol reagent (Thermo Fisher 

Scientific). The concentration and purity of RNA samples were determined using the Nanodrop 

2000 (Thermo scientific). Total mRNA was reverse-transcribed into cDNA using the iScript 

cDNA Synthesis kit (Bio-Rad). qPCR was performed using the SYBR Green sensimix 

(Bioline). PCR Reactions were carried out using the Bio-Rad CFX96 (Bio-Rad) under the 

following conditions: cDNA was denatured for 5 min at 95°C, followed by 39 cycles consisting 

of 15s at 95°C, 15s at 60°C and 30s at 72°C. For each reaction a melting curve was generated 

to test primer dimer formation and non-specific priming.  

 

Alcian blue and Safranin O staining 

 

Cartilage samples were fixed in 10 % phosphate buffered formalin (pH =7) overnight at room 

temperature (RT), dehydrated with a graded ethanol series and embedded in paraffin using 

routine procedures. Sections were cut 5μm thick using a microtome (Shandon). Before staining, 

the slides were de-paraffinized in xylene and rehydrated with graded ethanols. Cell pellets 

samples were collected after 5 weeks of incubation and fixed with 10 % buffered formalin for 

2 hours at RT. Sections of 7 μm thick were directly cut using a cryotome (Shandon) after 

embedding in cryomatrix. Slides were either stained for sulfated glycosaminoglycans (GAG) 

with a 0.5% w/v solution of Alcian blue (pH=1, adjusted with HCl) for 30 min, or stained for 

sulfated GAG with a 0.1% solution of Safranin O for 5 min (Sigma Aldrich). The samples were 

then counterstained with nuclear fast red (0.1%w/v of nuclear fast red in 5% aluminum sulfate) 

for 5 min [41], or counterstained with haematoxylin (Sigma Aldrich) dissolved in water. 
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Immunofluorescent (IF) staining for collagen type II 

 

Immunofluorescent staining of collagen type II was performed using 7μm sections from pellets.. 

After rehydration into deionized H2O 30 min, samples were pre-incubated with 5μg/mL 

proteinase K (Sigma Aldrich) in TE buffer for 10 min at RT followed by treatment with 1 

mg/mL hyaluronidase (Sigma Aldrich) in 1% BSA in PBS for 40 min at 37 °C. Samples were 

blocked in 5% BSA in PBS for 1 hour, then incubated with rabbit anti human collagen II 

antibody (ab34712, Abcam), which was diluted 1:100 in 5% BSA in PBS overnight at 4°. 

Sections were rinsed with PBS Tween 20 (1%) for 3 times, 5min/time. Then Alexa®Fluor 546-

labelled goat anti-rabbit antibody (Invitrogen) 1:100 in 5% BSA in PBS was added and 

incubated for 2 hours at RT. Samples were rinsed with PBS and embedded using mounting 

medium with DAPI. Slides were viewed by BD pathway confocal microscopy. .    

 

Immunohistochemistry (IHC) of BMP7 and SMAD 1/5/8 in cartilage or pellets 

 

Immunohistochemistry staining of BMP7 and SMAD 1/5/8 for cartilage samples was 

performed using 5μm sections, and the staining of SMAD 1/5/8 for pellet samples using 7μm 

sections. The sections were pre-incubated with 5 μg/mL proteinase K (Sigma Aldrich) for 10 

min followed by 1 mg/mL hyaluronidase (Sigma Aldrich) for 40 min at 37 °C dissolved in 

PBS. Mouse anti-human BMP7 (PeproTech) or mouse anti-human SMAD 1/5/8 antibody (Sata 

Ccurz biotechnology) was diluted 1:100 in PBS with 5% BSA and were incubated overnight 

at 4 °C. Non-immune controls underwent the same procedure without primary antibody 

incubation. The biotinylated secondary antibody was diluted 1:500 in 5% BSA in PBS and 

incubated for 30 minutes at RT. HRP-Streptavidin was added and incubated for 30 minutes at 

RT. For visualization, DAB substrate kit was used (ab64238, Abcam).Cell nuclei were 

counterstained with hematoxylin. Images were taken by using a Nanozoomer (Iwata City, 

Japan). 

 

EdU and TUNEL staining 

 

For labeling of newly synthesized DNA in proliferating cells, EdU (5-ethynyl-2’-deoxyuridine) 

was added to the culture media at a concentration of 10μM, 24 hours before harvesting the 

samples. Cell pellets were then washed with PBS and fixed with 10% buffered formalin for 15 

min. Samples were embedded in cryomatrix, and cut into 7μM sections with a cryotome 
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(Shandon). Sections were permeabilized and stained for EdU with Click-iT® EdU Imaging Kit 

(ThermoFisher scientific). Cryo-sections were also stained for DNA fragments with DeadEnd 

Fluorometric TUNEL System (Promega). Nuclei were counterstained with Hoechst 33342. 

 

GAG and DNA assays 

 

After redifferentiation, pellets were digested in 250µl of Tris-HCl buffer (0.05 M Tris, 1 mM 

CaCl2, pH 8.0) supplemented with 1mg/ml proteinase K (Roche) for 16 hrs at 56 °C. Diluted 

samples (25 μl) were mixed with 150 μl 1,9-dimethylmethylene blue (DMMB)-dye solution 

(3.04 g/l glycine, 2.38 g/l NaCl, 20 mg/l DMMB in distilled water) and absorbance was 

measured at 525 nm. Relative cell number was determined by quantification of total DNA 

using a QuantiFluor® dsDNA System kit ( Promega), according to the manufacturer’s 

instructions. 

 

Enzyme- linked immunosorbent assay (ELISA) 

 

The supernatant of pellet cultures was collected every week. The content of MMP1 dissolved 

in medium was measured by ELISA using a mouse anti-human MMP1 antibody (MAB901-

SP, R&D systems), followed by incubation with a rabbit anti-mouse antibody coupled to a 

peroxidase. Signals were developed by the addition of Tetramethylbenzidine according to the 

manufacturer’s protocol (TMB, 1-Step Ultra TMB-ELISA, Thermo Scientific). The reactions 

were stopped by the addition of 1M H2SO4 and samples were measured at 450 nm (Micro Plate 

Reader).  

 

Statistical analysis 

 

Four OA chondrocyte donors were used for cell pellet experiments. Each experiment was 

performed in triplicate. Statistical differences between two groups were analyzed by two-tailed 

student’s t-tests or one-way ANOVA. P < 0.05 was considered statistically significant and 

indicated with an asterisk. Data are expressed as the mean ± SD. 

 

 

 



Chapter 6 

128 
 

Results 

 

The expression of BMP7 and SMAD1/5/8 decreases in early OA while it increases in  late 

stage of OA 

 

To better characterize the BMP7/SMAD signaling pathway and its involvement in cartilage 

degeneration, we performed IHC to detect protein expression of BMP7 and its downstream 

target SMAD1/5/8 in OA cartilage. The cartilage samples showed visual changes typical for 

OA with the reduction of Alcian blue and Safranin O staining and the presence of fissures. The 

OARSI score was used to determine OA severity [39]. The expression of BMP7 (Figure 1A) 

distinctly decreased with increasing severity from 0 to 3 in the early OA development, while 

increased from grade 3 to 5. BMP7 was mainly expressed in the matrix of the superficial layer 

and highly expressed inside chondrocytes. BMP7 expression was decreased in the middle layer 

and deep layers, however it was increased again in hypertrophic chondrocytes. In the early OA 

stage from grade 0 to 2, positive staining of BMP7 was observed in the whole cartilage section, 

high to low from superficial layer to deep layer. At grade 3, intensity of BMP7 staining was 

decreased. BMP7 was only detected in chondrocytes in the superficial layer and in hypertrophic 

chondrocytes in the deep layer. Interestingly, in cartilage specimens with OA stage 4 and 5, 

and especially in grade 5 specimens, BMP7 was highly expressed in cell clusters, which is a 

typical characteristic of late OA. The expression of BMP7 was measured in each patient 

(Supplemental Figure 1) 

 

SMAD1/5/8 expression showed a similar trend in expression as BMP7 (Figure 1B). It gradually 

declined from grade 0 to 3, and increased from grade 3 to 5. SMAD1/5/8 was mainly present 

in the chondrocytes of the superficial layer, even in the relatively health cartilage of grade 0 

and 1. In stage 2 to 4 OA specimens, positive staining of SMAD1/5/8 was hard to observe in 

the chondrocytes of the middle layer and in hypertrophic chondrocytes of the deep layer unlike 

BMP7. However, at stage 5, SMAD1/5/8 was strongly expressed in the top layer of the cartilage 

and especially in the chondrocyte clusters. The expression of SMAD1/5/8 was measured in 

each patient (Supplemental Figure 2) 
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Figure 1 The protein expression of BMP7 and SMAD1 in human cartilage was visualized by IHC 

in each donor. The expression of BMP7 (A) and SMAD 1/5/8 (B) was visualized in differentially 

graded cartilage specimens of OA patients. Representative pictures are shown. Images were taken using 

the Nanozoomer (scar bar=500μm). G0, G1, G2, G3, G4, G5=Grade 0, Grade 1, Grade 2, Grade 3, 

Grade 4, Grade 5. Magnified pictures were indicated in inserts.  
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Hypoxia enhanced matrix formation of OA chondrocytes with TGF-β3 or BMP7 

treatment 

 

Due to the dedifferentiation of chondrocytes when cultured in monolayer, chondrocyte 

redifferentiation is required before or after implantation in the patient to repair the cartilage 

defect. In this research, 3D pellet culture in chondogenic differentiation medium supplemented 

with TGF-β3, or BMP7 or both under normoxia and hypoxia was used to induce 

redifferentiation. The size of pellets with either TGF-β3 or BMP7 treatment under hypoxia was 

obviously larger than pellets cultured under normoxia (Figure 2A and 2B). There is no 

significant difference in the TGF-β3 and BMP7 treated groups between normoxia and hypoxia.  

 

In order to clarify whether the enhanced pellet size is due to cell proliferation or to matrix 

production, EdU proliferation assays, Alcian blue and Safranin O staining and GAG assay were 

performed. As shown in Figure 2C and 2D, the proliferation ratio after treatment with TGF-β3 

did change between normoxia and hypoxia, while BMP7 treated pellets under hypoxia 

presented less positive Edu staining than pellets in normoxia. Moreover, In the treatment of 

TGF-β3 or BMP7, pellets of hypoxia showed lower cell density than pellets in normoxia as can 

be derived from the DAPI staining. TUNEL assay showed the amount of apoptotic cells was 

increased in hypoxia for TGF-β3 treatment and no difference for BMP7 treatment group 

compared to normoxia (Figure 2E and 2F). However, GAG deposition was increased in 

hypoxia after treatment with TGF-β3 or BMP7 (Figure 3A and 3B). This was confirmed by 

GAG assays ( Figure 3C). Although the amount of DNA showed no difference between 

hypoxia and normoxia, GAG production in hypoxia was much higher than in normoxia up to 

approximately 3 fold after treatment with TGF-β3 or BMP7. These observations indicated that 

the enlarged pellet size in hypoxia after treatment with TGF-β3 or BMP7 was mainly due to 

increased matrix production rather than increased cell proliferation.  

 

Synergistic effect of TGF-β3 and BMP7 on chondrocytes redifferentiation 

 

As Figure 2A and 2B shows, treatment with TGF-β3 or BMP7 alone did not significantly 

increase the pellet size in normoxia in contrast to pellets treated in hypoxia. Interestingly, the 

combined treatment significantly increased pellet size compared to the single treatments. The 

effect was more pronounced in normoxia than in hypoxia. EdU staining indicated that the 

treatment of TGF-β3 plus BMP7 greatly promoted cell proliferation in pellets in normoxia 
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Figure 2 Cell proliferation and apoptosis in OA pellets. A. Pellets imaged by light microscopy. Scare 

bar = 1000μm. B. Measurement of pellet size. Data represents the mean of three pellets in each group. 

# indicates a significant difference between normoxia and hypoxia; * represents P<0.05. ** represents 

P<0.01.*** represents P <0.001. Error bar represents Standard Deviation (S. D.). C. EdU staining of 

pellets at day 21. EdU incorporation into newly synthesized DNA was visualized by Alexa 488 (green). 

Nuclei were counterstained with Hoechst 33342 (blue). Scale bar=100μm. (D) Quantification of EdU 

positive chondrocytes. N, normoxia; H, hypoxia; # indicates a significant difference between normoxia 

and hypoxia; * represents P<0.05. ** represents P<0.01.*** represents P <0.001. Error bar represents 

Standard Deviation (S. D.). 

 

while only a modest increase was found in hypoxia, compared to the TGF-β3 or BMP7 treated 

groups. BMP7 treated pellets showed more apoptotic cells in normoxia and hypoxia. TGF-β3 

increased the number of apoptotic cells in hypoxia only. Remarkably, co-treatment effectively 

decreased the number of apoptotic cells in hypoxia (Figure 2E and 2F). Alcian blue (Figure 

3A) and safranin O (Figure 3B) showed that TGF-β3 or BMP7 treatment dramatically enhanced 

GAG production compared to control in hypoxia while this effect was not observed in 

normoxia. However, co-stimulation of TGF-β3 and BMP7 significantly increased GAG 

deposition both in normoxia and hypoxia. GAG assay confirmed these results (Figure 3C).  
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Figure 3 GAG production in pellets. A. Alcian blue staining, nuclei were counterstained by nuclear 

fast red; B. Safranin O staining, nuclei were counterstained by haematoxylin; C. GAG and DNA assay. 

N, normoxia; H, hypoxia; * p < 0.05; ** p < 0.01; # represents a significant difference between 

normoxia and hypoxia (p < 0.05).  

 

Co-stimulation of TGF-β3 and BMP7 strongly increased GAG production compared to the 

TGF-β3 or BMP7 treated groups both in normoxia and hypoxia. 

 

Anabolic and catabolic gene expression profiles of OA chondrocytes treated with TGF-β3 

and/or BMP7 

  

Next, we measured the COL2A1 expression and distribution by immunofluorescence. 

Chondrocyte pellets treated with BMP7 or TGF-β3 alone increased COL2A1 expression 
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compared to control (Figure 4A) in normoxia. The most pronounced effect was found in the 

co-treatment group. In hypoxia, TGF-β3 was more effective in increasing COL2A1 expression 

than BMP7. Co-treatment did not have an additive effect.  

 

In order to measure MMP1 secretion, medium was collected every week and measured by 

ELISA. As Figure 4B shows, the expression of MMP1 in culture medium gradually decreased 

in the order of control > TGF-β3 > BMP7 > TGF-β3 + BMP7 in normoxia. In hypoxia, the 

same trend was observed with the exception that MMP1 expression was relatively higher in 

the first week compared to normoxia.  

 

 

 

Figure 4 The anabolic and catabolic gene expression profiles of OA chondrocytes after treatment 

with TGF-β3 and/or BMP7 in normoxia and hypoxia. A. Measurement of COL2A1 expression by 

immunofluorescence. COL2A1 was detected by mouse anti-COL2A1 antibody, followed by anti-

mouse secondary antibody coupled to Alex 564. Fluorescent images were taken by BD pathway 

confocal microscopy. Cell nuclei were counterstained with DAPI. Scare bar = 100μm. B. Secreted 

MMP1 was measured by ELISA. C. Gene expression of ACAN, COL2A1, COL1A1, MMP1, 3, 13 was 

measured by Q-PCR. N, normoxia; H, hypoxia; * p < 0.05; ** p < 0.01; # indicates a significant 

difference with corresponding ones between normoxia and hypoxia (p < 0.05).  

 

The anabolic and catabolic gene expression profiles were measured by Q-PCR. The cartilage 

markers ACAN and COL2A1 showed similar expression trends. Pellets with TGF-β3 treatment 

showed higher expression than BMP7 treatment. Co-treatment of BMP7 and TGF-β3 showed 
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highest expression of ACAN and COL2A1 both in normoxia and hypoxia. The expression of 

ACAN and COL2A1 is higher in hypoxia than normoxia irrespective of treatment with either 

TGF-β3 or BMP7. Catabolic genes such as MMP1, 3, 13 and dedifferentiation marker COL1A1 

showed opposite trends compared to the anabolic genes. Their expression gradually decreased 

in the order of TGF-β3 > BMP7 > TGF-β3 + BMP7 both in normoxia and hypoxia. The 

combined group of BMP7 and TGF-β3 showed the lowest catabolic gene expression compared 

to single treatments. Catabolic gene expression in normoxia was higher than in the counter 

treatments cultured in hypoxia. This effect was less pronounced in the TGF-β3 and BMP7 co-

treatment groups. 

 

SMAD 1/5/8 signaling in OA chondrocytes with treatment of TGF-β3 and BMP7 

 

We next examined the translocation of SMAD 1/5/8 to the nucleus upon treatment with TGF-

β3, BMP7 or in co-treatment in normoxia and hypoxia. The strongest positive staining was 

observed in the co-treatment group compared to the single treatments both in normoxia and 

hypoxia (Figure 5). Stronger positive nuclear staining of SMAD 1/5/8 was observed in hypoxia 

than in normoxia.  

 

 

 

Figure 5 The expression of SMAD 1/5/8 in pellets in normoxia and hypoxia after treatment with 

TGF-β3 and BMP7. Protein expression of SMAD 1/5/8 was detected by mouse anti-SMAD 1/5/8 
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primary antibody, followed by an biotinylated anti-mouse secondary antibody followed by signal 

development using Horse Radish Peroxidase-Streptavidin. For visualization, DAB substrate kit was 

used. Images were taken by Nanozoomer. Nuclei were counterstained with haematoxylin. Scale bar = 

500μm. N, normoxia; H, hypoxia. 

 

Discussion 

Although intra-articular injection of BMP7 has been evaluated in clinical trials for the treatment 

of OA, only few studies have focused on the expression and role of endogenous BMP7 in 

human cartilage. To the best of our knowledge, this study for the first time has evaluated 

endogenous BMP7 expression and its intracellular signaling target SMAD 1/5/8 in different 

grades of OA in human cartilage by immunohistochemistry. We show that BMP7 and 

SMAD1/5/8 are predominantly present inside cells and in the surrounding pericellular matrix 

of chondrocytes in the superficial and upper middle layers, and in chondrocytes of the 

transitional layer. Their expression initially decreased in early OA from grade 0 to 3 and then 

started to increase again from grade 3 to 5. At grade 5, BMP7 was especially highly expressed 

in chondrocyte clusters. Bobinac and his colleagues also found that BMP7 is strongly expressed 

in chondrocyte clusters [42]. Given the anabolic role of BMP7 in cartilage homeostasis, 

increased expression in chondrocyte clusters may be considered as a reparative response of the 

tissue. The expression of SMAD 1/5/8 followed the pattern of BMP7 expression albeit at a 

lower level. 

 

Chondrocytes are the only cell type in cartilage, and are consequently responsible for 

maintaining the surrounding matrix by synthesizing cartilage specific matrix proteins such as 

type II collagen and aggrecan. Autologous Chondrocyte Implantation (ACI) has proven to be 

a pivotal approach as restorative cartilage surgery. However, even the most recent ACI 

techniques have some limitations. It has been shown that the transplanted chondrocytes are 

able to form new cartilage, which appears to be of hyaline nature and expresses typical cartilage 

markers such as type II collagen, aggrecan and COMPs. However type I collagen and fibrous 

cartilage matrix are also detected in the newly formed tissue after two years [43, 44]. There are 

plenty of cytokines and growth factors in the cartilage or synovial fluid to modulate the balance 

between the synthesis and degradation of ECM, or the balance between anabolism and 

catabolism. BMP/TGF-β signaling is extremely important in chondrocyte development. TGF-

β induces collagen II and SOX9 deposition through SMAD2/3 phosphorylation pathway, while 

BMP7 promotes chondrocyte matrix production and inhibits chondrocyte hypertrophy via 
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SMAD1/5/8 phosphorylation. The balance between SMAD 2/3 and SMAD 1/5/8 signaling, 

which are activated by TGF-β and BMP7 play a key role in cartilage hemostasis [45-47]. 

During ACI surgery, chondrocytes isolated from healthy looking area in cartilage may have 

limited matrix production capacity and the expansion process further alleviate this potential. 

Therefore, efficient redifferentiation is a prerequisite before or after implant into damaged area 

to enable effective cartilage repair.  

 

BMP7 and TGF-β are important in the maintenance of cartilage homeostasis, and the loss of 

their expression could contribute to the development of OA. In this research, we mainly focus 

on the function of BMP7 and TGF-β in chondrocyte redifferentiation in 3D pellet cultures after 

expanding in monolayer, in serum free chondrogenic differentiation medium supplemented by 

TGF-β3 or BMP7 or both. Cartilage is exposed to a low oxygen environment in vivo. Despite 

this, chondrocytes are still cultured under normoxia in most of labs. To study the effect of 

oxygen tension on the chondrocyte’s response to these growth factors we compared the effects 

of growth factors on chondrocyte redifferentiation in both hypoxia (2.5% O2) and normoxia 

(21% O2). Our results indicated that TGF-β3 or BMP7 alone were not as efficient in 

redifferentiating chondrocytes as compared to the combined treatment with TGF-β3 and BMP-

7 both in normoxia and hypoxia. Alcian blue and Safranin O staining, GAG assay, COL2A1 

staining and gene expression analysis showed the same trend that the combined treatment with 

TGF-β3 and BMP-7 positively influenced redifferentiation of OA chondrocytes. Previously it 

has been reported that BMP7 inhibited hMSC growth in expantion cultures [35]. We observed 

that the combination of BMP7 and TGF-β3 significantly promoted cell proliferation. However, 

the observed enlarged pellet size was mainly due to more extracellular matrix production, with 

less tightly packed cells in the pellets than other treatments.  

 

In hypoxia, MMP1 expression was relatively higher in the treatment of BMP7 alone or 

combined with TGF-β3 and lower in the TGF-β3 alone treatment in the first week compared 

to normoxia, which indicate chondrocytes are more sensitive under hypoxia for the BMP7 

stimulation in the early stage of redifferentiation. Compared to normoxia, anabolic gene 

expression was higher in hypoxia with the exception of the co-treatment groups. In this 

condition, anabolic gene expression was comparable in hypoxia and normoxia. Higher staining 

of SMAD 1/5/8 was observed under hypoxia than normoxia in all treatments and much higher 

when BMP7 was present, highest expression was noted in the combined treatment of BMP7 

and TGF-β3 in hypoxia. However, Lafont and his colleagues reported that hypoxia inhibit the 
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BMP2 induced smad signaling in the monolayer cultures of human articular chondrocytes [48]. 

These phenomenons may indicate that hypoxia modulate the sensitivity of the chondrocytes 

for BMP signaling.  

 

The mechanism of the additive effects of BMP-7 and TGF-β3 on chondrocyte redifferentiation 

and the influence of oxygen tension on this mechanism is still not clear. It might be that TGF-

β3 upregulates the BMP receptors in chondrocytes, which in turn promotes the cellular 

response to BMP-7. It has been reported that the TGF-β3 mediates the upregulation of the type 

I BMP receptor, ALK6 through which BMP-7 and other BMPs are recruited to stimulate signal 

transduction in human MSC [49]. Furthermore, it has been reported that the TGF-β3 receptor 

can also function as a BMP receptor by binding multiple members of the BMP subfamily 

including BMP-7 [50]. The mutual regulation or receptor activation may amplify and enhance 

the effects of TGF-β3 and BMP7.  

 

 

 

 

 

Figure 6 The schematic diagram of OA treatment by TGF-β3 and BMP7. A Osteoarthritic cartilage 

with a degenerative superficial layer and loss of chondrocytes shows higher catabolism, reflecting by 
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elevated MMP-1/3/13 expression; B After treatment by the combination of TGF-β3 and BMP7, 

superficial layer with gained energetic chondrocytes may exhibit higher anabolism, reflecting by 

increased expression of COL2A1, ACAN.  

 

To the best of our knowledge, this is the first study using human OA chondrocyte to study the 

potential application of BMP7 and TGF-β in cartilage tissue regeneration in 3D-cultured pellets 

under hypoxia. As Figure 6 shows, the combination of TGF-β3 and BMP-7 might readjust the 

balance between catabolism and anabolism by upregulating anabolic activities and 

downregulating catabolic activities in the treatment of osteoarthritic cartilage. Taken together, 

the combined treatment of BMP7 and TGF-β3 was superior in chondrocyte redifferentiation 

than the single treatments both in normoxia and hypoxia. This study also indicated that a 

balanced combination of cytokines or growth factors in combination with an appropriate 

oxygen tension is required for efficient chondrocyte redifferentiation in pellet cultures.  
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Supplemental Figure 1. The protein expression of BMP7 was detected by IHC in each donor (scale 

bar: 500 μm). Images were taken using the Nanozoomer. G0, G1, G2, G3, G4, G5 = Grade 0, Grade 1, 

Grade 2, Grade 3, Grade 4, Grade 5 osteoarthritic cartilage. 

 

 

 

 

 

Supplemental Figure 2. The protein expression of SMAD 1/5/8 was detected by IHC in each donor 

(scale bar: 500 μm). Images were taken using the Nanozoomer. G0, G1, G2, G3, G4, G5 = Grade 0, 

Grade 1, Grade 2, Grade 3, Grade 4, Grade 5 osteorthritic cartilage. 
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天下万物生于有，有生于无。 

 

For though all creatures under heaven are the products of Being.   

Being itself is the product of Not-being. 
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Abstract 

 

In the field of tissue engineering, growth factors have been used as therapeutic agents to 

stimulate tissue repair and potentially tissue regeneration. Much effort has been put into the 

development of bioactive scaffolds with controlled growth factor delivery. However, there are 

some limitations to this approach. In this research, we present the selection of highly specific 

variable domain of heavy chain only antibodies of Camelidae (VHH)    against bone 

morphogenetic protein 7 (BMP-7) and hydroxyapatite (HA). These two VHHs were genetically 

fused in a bispecific VHH or bihead using a 10 amino acid glycine linker. The biological 

function of the bihead was tested in C2C12 mouse myoblast cells. Bihead labeled with near-

infrared fluorophore IRDye800CW (G7-MA10-IR) mixed with BMP7 was injected 

intravenously into nude mice. Immunohistochemistry was used to evaluate the specific 

targeting and signal transduction. We have successfully generated bi-functional biheads 

binding BMP7 and HA simultaneously. The bihead specically targets to mineralized bone upon 

intravenous injection and remains present in bone for at least 3 weeks. Upon co-injection, the 

bihead enables specific targeting of BMP7 to skeletal tissue. Even 3 weeks after injection of 

the bihead a repeated injection with BMP7 only results in accumulation of this growth factor 

in the skeleton demonstrating that the biological activity of the bihead remains preserved. 

These results demonstrate that bispecific VHHs represent a promising strategy for the targeted 

delivery of growth factors to bone tissue and potentially can be used for the bio-

functionalization of scaffolds in tissue engineering without modification of the growth factor. 

 

Keywords: Bihead, VHH, BMP7, Hydroxyapatite, Bone, Targeted drug delivery, Tissue 

engineering  
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Introduction 

 

Tissue engineering is dedicated to the development of biological substitutes for the restoration, 

maintenance and improvement of tissue function [1], mainly through three methods: 

biomaterials or scaffolds, cells and biomolecules (e.g. growth factors) [2-4]. In recent years, 

much effort has been devoted to the development of smart bioactive scaffolds with controlled 

growth factor delivery [5, 6]. Growth factors are critical signaling molecules during cellular 

and tissue development, capable of triggering specific cellular responses, including cell 

survival, migration, proliferation, differentiation and adhesion [5, 7, 8]. In the field of tissue 

engineering, growth factors can be used to bio-functionalize biomaterials by coupling, and they 

have therefore been put forth as therapeutic agents to stimulate tissue repair and potentially 

tissue regeneration. However, there are limitations to the immobilization of growth factors in 

biomaterials. For instance, covalent coupling of the growth factors requires specific coupling 

sites, which can be difficult to assign, and the growth factors might lose their bioactivity during 

immobilization due to damage or inaccessibility of the bioactive functional groups [5]. A 

possible solution to this problem would be to anchor growth factors to the biomaterial by means 

of antibodies, using high-affinity binders that do not interfere with the active site of the growth 

factor. Antibodies can bind to growth factors with high specificity and without chemical 

modifications, and the release of a growth factor from the scaffold surface can be tailored based 

on the affinity of the antibody for the growth factor [9-11].  

 

After coupling to a biomaterial, antibodies can be loaded with exogenous growth factors or 

capture locally produced growth factors to create a reservoir of biologically active factors, 

thereby controlling cell differentiation at the biomaterial implant site. Interactions between 

antibodies and growth factors can stabilize growth factors and present them to their receptors 

in order to catalyze downstream signaling pathways. However, conventional antibodies are 

complex, large- size molecules (they are approximately 160 kDa), consisting of four protein 

chains: two heavy chains and two light chains, see Figure 1A. The four chains are connected 

by disulfide bonds and hydrophobic interactions [11, 12]. However, the use of these 
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conventional antibodies to decorate biomaterials and capture growth factors is challenging due 

to e.g. their large size, complexity and high production costs [13]. 

 

 

 

Figure 1． Schematic representation of antibodies. (A) Conventional monoclonal antibody IgG; (B) 

Heavy chain only antibody; (C) Variable domain of heavy chain of heavy chain only antibody (VHH). 

Heavy variable domains are represented in blue. (D) Schematic representation of a bivalent VHH as a 

bridging molecule coupling a growth factor to a biomaterial.  

 

To overcome these issues a special class of antibodies can be used instead, namely the heavy 

chain only antibodies, Figure 1B. These antibodies are expressed by the Camelidae family (e.g. 

camels, dromedaries and llamas) [12, 14-19]. They consist of two protein chains only and are 

devoid of light chains [14, 15, 17]. The antigen-binding domain of these heavy chain only 

antibodies is called variable domain of heavy chain of the heavy chain only antibody (VHH), 

Figure 1C. VHHs are small, intact antibody fragments of around 15 kDa [12, 14, 15]. They are 

2.5 nm in diameter and around 4 nm high [12, 18, 20]. These VHHs, also referred to as 

nanobodies, are very stable polypeptides with the full antigen-binding capacity of the original 

heavy-chain only antibody [12]. VHHs have several advantages over conventional antibodies: 

1) VHHs can penetrate tissues more effectively due to their small size [12]; 2) VHHs are able 

to bind specifically and with high affinity [14, 16, 18] and can recognize antigenic 

sites/epitopes (e.g. enzyme active sites) normally not recognized by conventional antibodies 

[12, 15]; 3) since VHHs consist of only one polypeptide, coded in one gene, they are easy to 

clone and genetically modify [14]; 4) VHHs can be recombinantly produced in high quantities 

in yeast and bacteria [15, 18] with straightforward affinity purification techniques [14]; 5) 

VHHs are soluble and do not have a tendency to aggregate [12, 20]; 6) VHHs are relatively 

heat stable and can remain functional at 90°C or after incubation at high temperatures [12, 15, 
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16]; 7) VHHs are expected to be able to stay biologically active under harsh conditions such 

as those in the stomach or gut [12, 18], and: 8) VHHs are resistant to many organic solvents 

thus ideally suited for use in mild chemical coupling reactions required for biomaterial 

functionalization.  

 

The use of VHHs in tissue engineering is still largely unexplored. Bispecific antibodies/VHHs 

(bihead VHHs), which bind to the biomaterial or ECM and the growth factor simultaneously, 

could have great potential to functionalize biomaterials without loss of the biological activities 

of growth factor. Hydroxyapatite (HA) is a calcium phosphate biomaterial/ceramic with 

maximum bio-compatibility, and a naturally occurring structure in bone mineral; 90% of the 

inorganic bone matrix consists of HA [21]. It is widely used in bone tissue engineering as a 

scaffold to substitute bone grafts [2, 21, 22]. Bone morphogenetic protein 7 (BMP-7), also 

known as Osteogenic protein-1, is part of the BMP family [23]. BMPs, which are known to 

induce bone and cartilage formation [3, 23] and are produced at sites of bone trauma, are 

already used clinically [3, 24]. However, BMPs have only a short half-life and are instable. 

  

In this research, an ECM binding VHH that was selected against HA and a growth factor 

binding VHH selected against human BMP7 (hBMP7) were studied. To this end, VHHs that 

can bind to HA and hBMP7 were identified and characterized. A bi-specific VHH was prepared 

by genetic fusion of the VHH G7 (binding to BMP-7) and the VHH MA10 (binding to HA) 

with a GS-linker in between (G7GS10MA10). The biological activity of the bihead VHH was 

analyzed in C2C12 mouse myoblast cells (as a model of osteogenic differentiation). Bihead 

labeled with the near-infrared fluorophore IRDye800CW (G7GS10MA10-IR) was mixed with 

BMP7 and injected intravenously in nude mice to study its use for targeting BMP7 to bone in 

vivo. 
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Materials and methods 

 

VHHs selection and production 

 

An overview of the VHH production process is shown in Figure 2. 

 

 

 

 

 

Figure 2．  Schematic overview of the selection of VHHs using phage display technology. 1 

Immunization of llamas with antigens; 2 collection of lymphocytes and RNA isolation, followed by 

reverse transcription to obtain cDNA; 3 phage display of a VHH cDNA library cloned into phagemid 

vector after infection with Escherichia coli (E.coli); 4 selection of a phage that binds to antigen; 5 

screening and sequencing of large numbers of VHHs; 6 Isolation and expression of individual VHHs 

from E.coli or yeast. 

 

1) Library construction and selection of VHH targeting BMP7 

 

All immunizations were approved by the Utrecht University ethical committee for animal 

experimentation. Two llamas were immunized with recombinant human BMP7 (R&D systems, 

#354-BP/CF). The antigens were mixed with the adjuvant Stimune (CEDI Diagnostics, 

Lelystad, the Netherlands) and injected intramuscularly at days 0, 14, 28 and 35. At day 44, 

peripheral blood lymphocytes were isolated for RNA extraction and library construction. The 

VHH phage display libraries were generated as previously described [25-27] and transferred 

to Escherichia coli (E. colli) strain TG1 [supE hsd_5 thi (lac-proAB) F(traD36 proAB_ lacIq 
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lacZ_M15)] by electroporation. 

Phages binding to BMP7 were selected via the panning method. Decreasing concentrations of 

BMP7 (5 μg, 2 μg and 0.2 μg) in phosphate buffered saline (PBS, Gibco) were coated in the 

wells of MaxiSorp plate (Nunc, Thermo Scientific) overnight at 4℃. Phages, approximately 

1010 colony forming units (cfu), were incubated for 2 hours at room temperature (RT) with the 

coated BMP7, and blocked with 4% Marvel (dried skimmed milk, Premier International Foods) 

in PBS. After washing thoroughly, phages binding to BMP7 were eluted by incubating them 

in 100 mM triethylamine (TEA) for 15 minutes at RT. Eluted phages were immediately 

neutralized through the addition of 1M Tris-HCl, pH 7.5. DNA information of the selected 

phages was rescued by means of infection with the E. coli TG1 strain and subsequent selection 

for ampicillin resistance on agar plates. To obtain recombinant bacteriophages expressing the 

VHH as fusion proteins with the bacteriophage gene III, rescued TG1 E. coli were grown to 

logarithmic phase and then infected with helper phage VCSM13 (Stratagene, La Jolla, CA, 

USA) [28]. The phage particles were precipitated with polyethylene glycol (PEG) and used in 

the second round of selection, on wells coated with BMP7 as described above. Selected phages 

from single colonies from the second round of selection were sequenced (Macrogen). Among 

several VHH candidate clones, the selected one was named VHH G7 (G7) after analyzing for 

further characterization. 

 

2) Selection of VHH targeting HA 

 

VHH binding to HA were selected from a non-immunized llama VHH phage library (kindly 

provided by BAC BV). The construction of the non-immune library has been described before 

[29]. A two-round selection was performed on HA plates. Pure HA plates measuring 

approximately 1.5 x 1.5 mm and of a 0.1 mm thickness were supplied by Plasma Biotal 

Limited, UK. Phages were incubated with 3 HA plates in the wells of a 96-wells microtiter 

plate. The procedure that followed was the same as for VHH G7 selection. Finally, one VHH, 

named VHH-MA10 (MA 10), was chosen for further study. 
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3) Construction of the bihead VHH G7GS10MA10 recognizing BMP7 and HA 

 

The bihead G7-MA10 was constructed by genetic fusion of the cDNAs, encoding the VHH 

binding to BMP7, G7, and the VHH binding to HA, MA10 (Figure 5). PCR was used to amplify 

the VHH sequences. Different primers sets were designed to amplify the VHH G7, located at 

the N-terminus, and the VHH MA10, placed at the C-terminus, to generate a bivalent VHH 

(Table 1). The primers at the 3’ of the N-terminus VHH and at the 5’ of the C-terminus VHH 

encoded a flexible sequence (GS linker) represented by the pentapeptide ‘Gly-Gly-Gly-Gly-

Ser’. The primers contained a unique restriction site (BamHI). After PCR amplification, the 

generated fragments were digested with a unique N-terminal restriction site (SfiI) and BamHI 

for the VHH located at the N-terminus, and with BamHI and a unique C-terminal restriction 

site (BstEII) for VHH located at the C-terminus. The fragments were ligated into the expression 

vector, pMEK222, which was digested with SfiI and BstEII, after which they were transformed 

into E.coli for expression. 

 

Table 1. List of sequences of primers used in the bivalent VHH construction. 

 

Primer Oligonucleotide sequence 

M13Rev GAGGTGCAATTGGTGGAGTCTGGG 

5GSBamRev AGTAGGATCCGCCACCTCCTGAGGAGACCGTGACCTGGGTCCC 

5GSBamFwd TCTTGGATCCGAGGTGCAGCTGGTGGAGTCTGGG 

TVSSRev TGAGGAGACGGTGACCTGGGTCCC 

 

4) VHH production and purification 

 

E. coli strain TG1 was used for the maintenance of the plasmids, infection by the phages and 

expression of proteins. For detection purposes in following assays, two vectors with different 

tags were used in order to specifically detect the VHH. The DNA information of the 

individually selected and isolated VHH was therefore subcloned into plasmid pUR8100 (for 

MA 10) or pMEK219 (for G7) containing a C-terminus Myc and His tags, and pMEK222 

containing C-terminus FLAG and His tags. E. coli TG1 was grown in Luria Broth (LB) or yeast 
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extract and tryptone (YT) medium containing 2% (w/v) glucose and ampicillin at 100 μg/ml. 

VHHs were produced from E. Coli TG1 by Isopropyl β-D-1-thiogalactopyranoside (IPTG) 

induction of the lac promoter at 37℃ for 4 hours under non-static conditions [15, 16]. VHH 

proteins were purified from the periplasmic fraction via the C-terminus His-tag by cobalt 

affinity chromatography (TALON His-Tag Purification Resin, ClonTech). Purified VHHs 

were analyzed by means of sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE). The final VHH concentration was determined on the basis of UV absorption at 280 

nm (NanoDrop 1000 Spectrophotometer, Thermo Scientific) and the theoretical mass 

extinction coefficient. 

 

VHH binding specificity 

 

The binding specificity of the purified VHHs (G7, MA10, G7-MA10) was tested in an enzyme 

linked immunosorbent assay (ELISA) binding assay. The binding of MA10 to bone was further 

tested in mouse fetal metatarsals. 

 

1) Binding specificity of VHH-G7 or bihead G7-MA10 to BMP7 

 

MaxiSorp plate wells were coated with BMP7 (30 nM) in PBS overnight at 4℃, after which 

they were blocked with 2% BSA in PBS for two hours at RT in order to block non-specific 

binding sites. Subsequently, wells were incubated with a serial dilution of VHHs (ranging from 

0 to 7 μM) in 1% BSA in PBS for two hours at RT. The wells were washed with PBS tween 

(PBST) and PBS. Bound VHHs were detected by incubation with a rabbit anti-VHH serum 

(K976) and a donkey anti-rabbit antibody coupled to a peroxidase. The amount of Horse 

Raddish Peroxidase (HRP) was developed by the addition of Tetramethylbenzidine (TMB, 1-

Step Ultra TMB-ELISA, Thermo Scientific). The reactions were stopped by the addition of 

H2SO4 and measured at 450 nm (Micro Plate Reader). The dissociation constants (Kd) were 

obtained from the subsequent association of experimental data with specific binding models. 

The data was normalized to the condition without VHHs using Equations 1 and 2. 
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                                              (1)         

                                              (2) 

                                              (3) 

 

2) Binding specificity of VHH-MA10 or bihead G7GS10MA10 to HA 

 

Microtiter plate wells containing three pure HA plates were blocked with 2% BSA in PBS for 

two hours at RT in order to  block non-specific binding sites. The following steps were 

performed as G7 to BMP7.  

 

3) VHH-MA10 bind to mouse fetal metatarsals  

 

Mouse fetal metatarsals were isolated from FVB mouse embryos (time-paired, Harlan) at day 

17.5 of gestation [30]. (Animal experiments were approved by a local animal ethical 

committee). After isolation, metatarsals were individually cultured in wells of 24-well plates 

in 200 μl α-MEM, supplemented with 10% FBS, 100 U/ml penicillin, 100 mg/ml streptomycin 

and 1% Glutamax (Invitrogen) for 48 hours at 37℃ in humidified atmosphere and 5% CO2. 

After this equilibration period, metatarsals were incubated in the presence of VHH (1 μg/ml) 

for 2 hours at 37℃ in humidified atmosphere and 5% CO2.. To enable visualization, prior to 

incubation, VHH MA10 and control VHH 1B5 were randomly labeled with Alexa Fluor 647, 

following the manufacturer’s protocol (Invitrogen). This resulted in VHH MA10-647 and 1B5-

647. After intensive washing with PBS, the metatarsals were evaluated for fluorescence with 

BD Pathway (BD Biosciences) with an excitation filter of 628 ± 40 nm and an emission filter 

of 692 ± 40 nm. 

 

4) Dual binding specificity of bihead G7GS10MA10 to HA and BMP7 

 

We further tested if the G7 moiety of the bivalent VHH was still able to bind to BMP7 after 

being immobilized on HA plates. For this purpose, pure HA plates were incubated with serial 
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concentrations of VHHs (ranging from 0 to 7 μM) in 1% BSA in PBS for two hours at RT after 

blocking them with 2% BSA for two hours and with 4% Marvel (Marvel original dried 

skimmed milk) subsequently for one hour. Subsequently, the HA plates were incubated with 

hBMP7 (300 ng/ml) and mouse anti-hBMP7 (1 μg/ml) antibody for one hour at RT. In between 

these steps, the wells were washed with PBST and PBS. Bound anti-hBMP7 was detected by 

incubation with a donkey anti-mouse antibody coupled to HRP in 1% BSA in PBS (1 hour, 

RT). The amount of HRP was quantified by addition of OPD in the presence of H2O2 (30 min, 

RT). The reaction was stopped by addition of H2SO4. Subsequent measurements were 

performed at 490 nm. 

 

Biological activity of VHH G7 and bihead G7-MA10 

 

1) Alkaline phosphatase (ALP) assay 

 

The C2C12 cell line was used for osteogenic differentiation. Cells were cultured in DMEM 

(Gibco) supplemented with 10% fetal bovine serum (FBS, Cambrex), 100 U/ml penicillin 

(Gibco) and 100 μg/ml streptomycin (Gibco), and were incubated at 37℃ in humidified 

atmosphere and 5% CO2. To perform differentiation assays, cells were seeded at a density of 

10,000 cells/cm2 (day 0). Upon reaching confluence (day 4) cells were cultured for 3 days with 

ascorbic acid (50 μg/ml; Sigma Aldrich) and stimulated with BMP7 (300 ng/ml; R&D Systems) 

in the presence or absence of VHH G7 (1 μg/ ml) or G7GS10MA10. At day 7, cells were 

washed with PBS and lysed with CDPStar lysis buffer (Roche). To evaluate ALP activity, cell 

lysate was added to CDPStar reagent (Roche) and luminescence was measured using Vector 

Microplate Luminometer (Promega). The luminescence units were corrected for DNA content. 

DNA concentration was determined via proliferation assay according to the manufacturer’s 

protocol (CyQuant Cell Proliferation Assay Kit, Invitrogen). 

 

2) ALP staining and imaging 

 

Pure HA plates were placed in a 96-well plate (flat bottom) and sterilized with 70% ethanol for 
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2 hours. C2C12 culture medium was added to the wells for 2 hours. Bihead VHH (1 μM) was 

added to the wells in 1% BSA in PBS and kept at RT for 2 hours. hBMP7 (300 ng/ml) was 

added to the wells in PBS and left for 2 hours. In between these steps, the wells were washed 

with PBS. C2C12 cells, at a seeding density of 10,000 cells/well, were added to the wells 

together with ascorbic acid. After three days, the ALP expression on HA plates was determined 

by the Sigma Alkaline phosphatase kit following the protocol. The image was taken by 

stereoscopic microscope after counter-staining the cell nuclei with nuclear fast red.     

 

VHHs in vivo experiments 

 

1) Labeling of MA10 and bihead G7GS10MA10 with near infrared IRDye 800 CW 

(IR) 

 

On the basis of the promising results of VHH MA10 and bihead G7GS10MA10 binding to 

mineralized bone matrix, near infrared IRDye 800 CW was chosen to label the VHHs for 

further detection in the vivo mouse model. VHH J3 was used as a non-HA binding control. A 

direct labeling strategy, consisting of site-directed labeling of the VHH’s C-terminus, was used 

to avoid interference with antigen-antibody interaction. This was achieved through the genetic 

introduction of an unpaired cysteine at the VHH’s C-terminus (MA10-CYS or G7GS10MA10-

CYS ), which could be conjugated to a maleimide containing IRDye 800 CW. VHH MA10-

CYS and G7GS10MA10-CYS were modeled using the online program I-TASSER for protein 

modeling [31-33]. The obtained VHH MA10-IR and G7GS10MA10-CYS-IR were tested for 

binding to HA or to HA and BMP7 simultaneously to confirm that the genetic modification 

and labeling did not interfere with the function of the VHHs.  

 

2) In vivo performance of MA10 

 

To assess the possibility of MA10 targeting mineralized bone, MA10-IR was intravenously 

injected in two groups of balb C nu/nu mice (Charles River, France). One group was injected 

with VHH MA10-IR (70 μg/100 μl) and the other was injected with the negative control VHH 
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J3-IR (70 μg/100 μl). The PEARL Impulse imaging camera (Li-Cor. Lincoln, Nebraska) was 

used to image the mice. The mice were anesthetized with 2% Isoflurane and imaged in ventral 

and dorsal positions at 0, 1, 3, 24, 48 and 72 hours and 7, 16 and 20 days post injection. The 

results were analyzed with Pearl Impulse software 3.01. The mice were sacrificed with CO2
 at 

20 days post injection. The organs and skeletons were isolated and imaged. 

 

3) In vivo performance of G7GS10MA10 

 

This study includes four experimental groups. Six animals from each group were used to 

measure the dual activities of bihead bound to the bone and BMP7 simultaneously, thus BMP7 

was directed to the bone area by bihead targeting hydroxyapatite. Mice from group 1 were 

injected with IR-labeled bihead (20ug/100ul), mice from group 2 were injected with BMP7 

only (15ug/100ul), mice from group 3 were injected with a mixture of IR-labeled bihead and 

BMP7 (20ug bihead and 15ug BMP7/100ul); the mixture was prepared 2 hours before 

injection. Group 4 was injected with PBS negative control. At day 20 (24 hrs before sacrifice), 

3 mice of each group received another injection of BMP7 (15ug/100ul). IR imaging was 

performed at regular time intervals: at day 0, 2hrs, 24hrs, 72hrs, 7d, 14d, 21d in ventral and 

dorsal position. All groups were sacrificed 21 days after injection, and a number of organs and 

skeletons were collected and imaged.  

 

4) Microscopic images of the bone of IR-bihead injected mice  

 

In order to detect the fluorescence signal location inside bone, microscopic imaging was 

performed after methyl methacrylate (MMA) embedding. To make sample slides, skeleton 

samples were fixed in 10% formalin 24 hours after sacrifice. Samples were rinsed with PBS 

and put into a Tissue Processor to dehydrate at 70% ethanol for 4 hours, 80% ethanol for 4 

hours, 90% ethanol for 4 hours, 96% ethanol for 4 hours, 100% ethanol for 4 hours and 100% 

ethanol for 4 hours. The dehydrated skeletons were incubated with MMA solution (135 ml K-

plast A, 15 mL K-plast B, 1.5 g initiator) for 1 week at 4 ℃; the solution was changed every 

two days. Once the MMA had thoroughly infiltrated the skeleton, MMA embedding was 
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performed by incubation with MMA solution overnight at 4 ℃, followed by a water bath at 37℃ 

until the MMA had hardened. A 300μm section was sliced from the MMA embedded skeleton 

with a diamond blade (LEILA SP1600) and imaged using an Odyssey Near Infrared imaging 

system coupled to a microscope. 

 

5) Immunochemistry for skeletons of IR-bihead injected mice 

 

In order to detect whether the injected BMP7 had been directed to the bone tissue by the  bihead 

and following triggered BMP7 signal transduction, rabbit source anti-VHH (QVQ), anti-BMP7 

(Peprotech) and anti-SMAD 1 (Santa Cruz) antibodies were used for the purpose of 

immunochemistry. After decalcification for 3 weeks in EDTA solution (solution changed every 

week), the injected mice skeleton was embedded in paraffin and a 5μm section was sliced. The 

slides were de-paraffinized in xylene and rehydrated with graded ethanol. The antigen was 

retrieved by a citrate buffer (10 mM pH6.0) 2 min in a microwave, then cooled down to RT. 

This was followed by blocking the endogenous-peroxidase by a 3% H2O2 solution for 15 min 

at RT. After blocking in 5% BSA in PBS for 1 hour, samples were incubated overnight with 

primary specific antibody diluted in blocking buffer (anti-VHH 10ug/ml, anti-BMP7 10ng/ml, 

anti-SMAD1 10ug/ml) and IgG control antibody at 4 °C. Followed by adding biotinylated goat 

anti-rabbit IgG (Abcam) for 30 min, and HRP-strep in PBS (2ug/ml) for 30 min. Samples were 

incubated in DAB solution (Abcam) for 10 min, hematoxylin was used to counterstain the 

nuclei for 10 sec. The samples were washed 3 times by PBS between each step. Nanozoomer 

was used to take an image.  

 

Statistical Analysis 

 

Statistical analyses were performed using GraphPad Prism version 5.00 for Windows, 

GraphPad Software (San Diego, California). The analyses were based on one-way ANOVA 

and a Tukey’s Post-hoc test (p < 0.05) among all samples or between samples and controls. 

Error bars indicated standard deviation. 
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Results 

 

VHH targeting BMP7 (VHH-G7) production and characterization 

 

VHH was selected from phage display libraries constructed from RNA isolated from PBLs of 

llamas immunized with recombinant human BMP7 [37]. After two selection rounds, a clear 

enrichment was found on the antigen-coated wells in comparison with empty wells. Several 

clones were selected for further screening using binding to BMP7. From two master plates of 

190 VHH clones, the selection of individual clones was sized down by grouping on the basis 

of restriction patterns and an ELISA binding assay. One clone named VHH G7 (G7) was 

selected for further characterization based on binding specificity. The gene sequence was 

subcloned into expression plasmids and produced and purified as indicated in materials and 

methods. The sequence of clone G7 is shown in Figure 3A. The purity of the recombinantly 

produced VHH was assessed by SDS-PAGE and Coomassie blue staining (Figure 3B). A clear 

band was observed with a size of 16 kDa. To confirm the specific binding of VHH G7 to 

hBMP7, an ELISA was performed (Figure 3C). The data indicated that VHH G7 binds to 

hBMP7 with a Kd of 2,2nM.  

 

 

 

Figure 3. Characterization of VHHs targeting hBMP7. (A) The amino acid sequence of VHH-G7 

targeting hBMP7. Frame works (FR) and the complementary determining regions (CDR) are indicated 

according to Chothia [39]. (B) Purified G7 was sized-separated by a 15% SDS-PAGE and stained with 

Coomassie Brilliant Blue. Molecular weight markers (in kDa) are indicated at the left. (C) The specific 

binding of VHH-G7 to hBMP7 in ELISA. Data is expressed as the mean +/- standard deviation of at 
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least 3 replicates. 

 

VHH targeting HA ( VHH MA10 ) production and characterization 

 

VHH were selected from a non-immunized phage library. The selections were performed on 

HA plates placed in wells of a 96-wells microtiter plate (Figure 4A). A total of two selection 

rounds were performed on HA plates to achieve an enrichment of phages binding to HA plates. 

Six single clones that showed binding to HA were selected during screening. After VHH 

expression and sequence determination, clone MA10 was selected for further characterization. 

VHH MA10 was purified from the periplasmic fraction of E.coli TG1 using TALON. The size 

and purity of the VHH were assessed by SDS-PAGE where a single band was detected of 16 

kDa. The specific binding of VHH MA10 to HA was tested by ELISA (Figure 4B). VHH 

MA10 showed binding to HA in a dose dependent manner with an apparent affinity of Kd = 

73.9 nM.  

 

We next tested whether MA10 could be used for visualizing mineralized bone using explanted 

fetal mouse metatarsal. For this, VHH MA10 was labeled with Alexa fluor 647. An unrelated 

VHH was used as a negative control VHH 1B5 and was also labelled. The labeling efficiency 

obtained was 30% and 50% for VHH MA10-647 and 1B5-647, respectively. Next metatarsals 

were incubated with both VHHs. Fluorescent microscopy on the intact metatarsals revealed 

that VHH MA10-647 was specifically bound to the mineralized cartilaginous matrix of the 

primary center of ossification. In addition, binding to the developing bone collar in which 

mineralized bone matrix is deposited was observed (Figure 4C). In contrast, VHH 1B5-647 

binding to mineralized extracellular matrix was strongly reduced, with the exception of some 

nonspecific fluorescence at the boundary of the mineralized and hypertrophic cartilage, and 

with faint fluorescence in the bone collar. Interestingly, Alexa Fluor 647 did not display any 

significant auto fluorescence using an emission filter of 692 ± 40 nm.  
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Figure 4. Characterization of VHHs targeting HA. (A) Photography of HA plates measuring 

approximately 1.5 x 1.5 x 0.1 mm. (B) The specific binding of VHH-MA10 to HA by ELISA. Data is 

expressed as the mean +/- standard deviation of at least 3 replicates. (C) VHH-MA10 targeting 

mineralized extracellular matrix in mouse fetal metatarsals. Scale bar represents 0.25 mm. N=3.  

 

Bihead G7-MA10 production and characterization  

 

In order to explore the potential of VHH with dual specificity in functionalizing biomaterial 

surfaces, a bispecific VHH consisting of an anti-BMP7 and an anti-HA was constructed (Figure 

1D). PCR was used to link the genes of the two VHHs (Figure 5A) and to introduce a linker 

sequence between them, as described in material and methods (Figure 5B). The resulting 

bihead VHH is schematically illustrated in Figure 5C. Its structure was predicted by ITASSER 

demonstrating that the genetic fusion did not impact the exposure of the complementary 

determining regions (CDR) involved in antigen binding [17-19]. The fusion gene of the 

G7GS10MA10 was subcloned into expression plasmids and produced and purified as indicated 

in materials and methods. As shown in Figure 5D, the size of the produced bihead VHH had 

the expected molecular weight of 30 kDa, about twice that of the monovalent VHHs which 

have a weight of 16 kDa, as shown by SDS-PAGE. 

 

In order to show whether the combination of MA10 and G7 in a bispecific VHH influences the 

binding of the MA10 part of the bihead VHH to HA and accordingly the G7 part to BMP7, the 

binding specificity was determined using ELISA. As shown in Figure 6, bihead VHHs show 

specific binding to HA with an apparent affinity of Kd of 62.59 nM, and to hBMP7 with an 
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apparent affinity of Kd of 0.4 nM, respectively Figure 6A and B) which is in agreement with 

 

 

 

Figure 5. Construction and production of bihead G7-MA10. (A) Amino acid sequence alignment of 

VHH G7 and MA10. Frame works (FR) and complementary determining regions (CDR) of the VHH 

are indicated according to Chothia [29]. (B) The engineered bivalent VHH is schematically represented. 

Position of G7 at the N-terminus and MA10 at the C-terminus as well as the GS linker are indicated. 

(C) Predicted 3D protein model of the generated bivalent G7-MA10, where the GS linker is highlighted 

in yellow and the CDR3 of G7 and MA10 are shown in black. (D) Recombinantly expressed VHH G7, 
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MA10 and G7-MA10 were sized-separated by a 15% SDS-PAGE and stained with Coomassie Brilliant 

Blue. Molecular weight markers (in kDa) are indicated at the left. Calculated molecular weight of the 

monovalent and bispecific VHHs are indicated at the right. (E) Binding specificity of bihead VHHs to 

HA by ELISA. Data is expressed as the mean +/- standard deviation of at least 3 replicates. 

 

the affinities of the individual components for HA and hBMP7. In order to show if the bihead 

VHHs are also able to bind to HA and hBMP7 simultaneously, a binding curve was obtained 

for hBMP7 to the bihead which was first immobilized on a HA disc. As shown, the bihead was 

able of binding both HA and hBMP7 albeit that the binding to HA reduced the affinity of G7 

for hBMP7. 

 

 

 

 

Figure 6. Binding specificity of bihead G7-MA10. (A) Binding specificity of bihead VHHs to HA 

and to (B) BMP7 by ELISA. (C) Dual binding specificity of bihead to HA and BMP7 by ELISA. BMP7 

bind to bihead which was first immobilized on HA disc. Anti-BMP7 antibody was used to quantify the 

bound BMP7 as materials and methods discribed. Data is expressed as the mean +/- standard deviation 
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of at least 3 replicates. (D) Biological activity of G7 and bivalent G7-MA10 in C2C12 cells. The ALP 

activity was normalized to the total DNA, and expressed as relative induction with respect to control 

(non-treated cells). Data is expressed as mean +/- standard deviations (error bars), N=6. ** indicates 

significance of p< 0.01; *** indicates significance of p< 0.001. (E) HA discs were pre-incubated with 

bihead or BMP7 or bihead and BMP7 prior to seeding of C2C12 cells. After 3 days of culture ALP 

expression on HA plates was stained into blue by Sigma Alkaline phosphatize kit, the cell nuclei were 

counter-stained in red by nuclear fast red. Scale bar equals 250µm. 

 

The biological activity of VHH-G7 or bihead G7-MA10 hBMP7 was tested in C2C12 cells. 

ALP is an early marker of osteogenic differentiation, and it is strongly induced by hBMP7. 

Here we determined the effect of VHH-G7 or bivalent G7-MA10 in the presence or absence of 

hBMP7 in culture medium on Alkaline Phosphatase activity (ALP) over a 7-day period. As 

shown in Figure 6D, ALP activity was induced around 400-fold in the presence of hBMP7. 

Interestingly, when cells were co-treated with hBMP7 in the presence of VHH-G7 or bihead 

G7-MA10, a clearly superior induction of ALP activity was observed: Both VHHs increased 

ALP activity induced by BMP7 with 177%. There was no significant difference between G7 

and G7-MA10.  

 

We next tested whether the potentiating effect of the bihead G7-MA10 on hBMP7 activity was 

preserved when the bihead was bound to HA. For this, C2C12 cells were cultured on pure HA 

plates after pre-incubation with bihead and/or hBMP7. The HA plates were extensively washed 

with PBS between steps before cells were seeded on top. Compared to control, pretreatment of 

HA discs with hBMP7 marginally induced ALP acitivity. Much stronger induction of ALP 

activity was found in discs pretreated with both the bihead and BMP7. This indicated that the 

bihead was able to sequester hBMP7 out of the medium on the biomaterial surface and that this 

local enrichment is sufficient to induce ALP activity in the C2C12 cells (Figure 6E).   
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Infra-red labeled VHH MA10 binds to mineralized skeleton 

 

In order to evaluate the potential of MA10 as a probe for optical imaging of bone tissue, MA10 

was labeled using a near infrared label yielding MA10-IR. The label process did not affect the 

binding specificity of VHH to HA (Supplemental Figure 1A), determined by ELISA. Next, 

nude mice were intravenously injected with MA10-IR in the tail vein and imaged at several 

time points post-injection (Figure 7A). Littermates were treated in the same way with the non-  

 

 

 

Figure 7. Fluorescence images over time of VHH MA10-IR (70 µg/ 100 µl injection sample) and 

negative control J3-IR (70 µg/ 100 μl injection sample) upon intravenous injection in Balb C nu/nu 
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mice. (A) Live imaging. Dorsal and ventral images of the same mouse were obtained throughout a time 

period of 20 days after injection. A representative image of an n=2 experiment is shown. (B) 

Postmortem imaging. At day 20, after the mice were sacrificed, the skeleton and organs were isolated 

and imaged. The VHHs were injected intravenously in the tail vein. 

 

binding VHH J3-IR as negative control, and images of the two groups were compared. Images 

taken at early time points showed IR fluorescence throughout the whole body of the mice in 

the case of MA10-IR (up to 7 days post-injection) and in the case of J3-IR (up to 3 days post-

injection). At day 20 fluorescent label was still detectable in the skeleton of mice injected with 

MA10-IR, in contrast to J3-IR injected mice. After sacrificing, the skeleton and organs were 

isolated and imaged (Figure 7B). The dorsal and ventral images showed a clearly defined 

skeleton with high fluorescence measured for MA10-IR. Specific accumulation of MA10-IR 

occurred in mineralized bones. In contrast, no fluorescence was measured for the VHH J3-IR 

in the skeleton. For both VHH, liver, spleen and kidneys show fluorescence after 20 days. 

Fluorescence was clearly visible at the kidneys for both groups. Obviously, J3-IR was cleared 

from the body much faster than MA10-IR, suggesting that targeting the skeleton through 

binding to hydroxyapatite extended the retention time of the VHH in the body considerably to 

at least 20 days. 

 

Bihead VHHs efficiently direct hBMP7 to bone by targeting hydroxyapatite 

 

In order to evaluate whether hBMP7 can be directed to the bone area by the dual binding 

activity of bihead G7-MA10 to BMP7 and HA simultaneously, bihead G7-MA10 was labeled 

by IR to G7-MA10-IR. ELISA result showed the labeling did not affect the binding specificity 

of the bihead to HA (Supplemental Figure 1B). Next, the mix of hBMP7 and IR labeled bihead 

was injected into mice. hBMP7 only or labeled bihead only was injected as control. At day 20 

(24 hrs before sacrifice), another injection of BMP7 was performed. As Figure 8A shows, at 

early time points IR fluorescence was present in the whole body; two weeks later fluorescent 

signal was difficult to measure in the living mice. However, after sacrifice 3 weeks later, 

fluorescence was still detectable in the skeleton or organs like liver, spleen and kidneys of 
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group 1 and group 3 mice, which contained labeled bihead. This means the specific 

accumulation of bihead-IR had occurred at mineralized bones. It is reasonable that the signal 

of labeled bihead injection mice is weaker compared to labeled MA10 injection mice, since the 

dose was 4 times lower than that of VHH-MA10-IR. In order to further detect the fluorescent 

signal location inside bones, microscopic imaging was performed. Most fluorescent signals 

come from the trabecula (Figure 8D), which strongly indicated that the bihead was targeting 

sites of active bone remodeling.   

 

 

 

Figure 8. Fluorescence images over time of VHH G7-MA10-IR (20 µg/ 100 µl injection sample) 
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upon intravenous injection in Balb C nu/nu mice. (A) Live imaging. Dorsal and ventral images of 

the same mouse of group 1 or group 3 were obtained throughout a time period of 3 weeks after injection. 

A representative image is shown of an n = 6 experiment. (B) Postmortem imaging. At day 20, after the 

mice were sacrificed, the skeleton and organs were isolated and imaged. (C) Quantification of 

fluorescence signals of group 1 or 3. (D) Microscopic imaging of bihead-IR injected mice tibia. 1, 

trabecula area; 2 growth plate area; 3 articular cartilage and subchondrondral bone plate.  

 

 

 

 

Figure 9. Immunohistochemistry for VHH, hBMP7 and SMAD1 in VHH G7-MA10-IR injectied 
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mice. (A) Anti-VHH, group 1-1 indicates mice injected with G7-MA10-IR only; group 2-1 indicates 

mice injected with BMP7 only; group 3-1 indicates mice co-injected with G7-MA10-IR and BMP7; 

group 1-2 indicates mice injected with G7-MA10-IR plus 24hrs prior sacrifice with an additional 

hBMP7 injection before sacrifice; group 2-2 indicates mice injected with hBMP7 3 weeks and hBMP7 

24hr before injection; group 3-2 indicates mice injected by the mix of G7-MA10-IR and BMP7 plus a 

second injection of hBMP7 24 hrs before sacrifice; group 4 is the negative control group injected with 

placebo only. (B) Anti-BMP7; (C) Anti-SMAD1.   

 

Immunohistochemistry confirmed the presence of VHH in bone. Strong staining was observed 

in the mineralized cartilage of the growth plate and in trabeculae in the bihead injected groups 

(Figure 9A). The non-bihead injected groups did not show staining. Immunohistochemical 

analysis of BMP7 after 21 days showed clear enrichment of hBMP7 in the experimental group 

that received a co-injection of the bihead with hBMP7 (Figure 9B). Interestingly, in mice that 

received a second injection with hBMP7 1 day before sacrifice, hBMP7 staining was increased 

compared to the non-injected animals. Remarkably, the second injection resulted in a very 

marked enrichment of hBMP7 in animals that had received an injection with the bihead 20 

days earlier. The staining for hBMP7 co-localized with the immunohistochemical staining for 

the VHHs. This suggested that the hBMP7 binding part of the bifunctional VHH was still 

capable of sequestering hBMP7 out of circulation even 3 weeks after injection. 

Immunohistochemical staining of SMAD1 showed a similar picture as for hBMP7 (Figure 9C). 

Only the group which received a co-injection of bihead and hBMP7 showed increased staining. 

The staining co-localized with both VHH and hBMP7 staining. SMAD1 staining was also 

increased in the groups that received a second injection of hBMP7 1 day before sacrifice 

particularly in those mice that were 20 days earlier injected with the bihead (Figure 9C).   

 

Discussion 

 

In tissue engineering, much effort has been put into the development of bioactive scaffolds 



Chapter 7 

 

170 

 

with controlled growth factor delivery in recent years. Growth factors can be used to bio-

functionalize biomaterials, which have been put forth as a promising therapeutic strategy to 

stimulate tissue repair and potentially tissue regeneration. However, limitations to the 

immobilization of growth factors to biomaterials are present [5]. VHHs can be used for the 

modification of biomaterials to enhance their biological instructive properties through coupling 

to biomaterial surfaces. In this way, VHHs can act as concentrators of endogenous and/or 

exogenous growth factors, creating a depot function at the biomaterial cell surface for sustained 

release. Furthermore, bio-functional VHH antibodies are capable of simultaneously binding 

biomaterial or ECM and growth factors to enhance the tissue response during tissue 

regeneration. Unlike growth factors that are highly susceptible to manipulation, such as 

formulation of these factors in a drug depot or directly coupling to a biomaterial, this system 

does not require genetic or chemical modifications of growth factors, as no covalent coupling 

between growth factor and biomaterials is required [34, 35]. In addition, in tissue engineering 

it is of the utmost importance to design a scaffold/implant with spatiotemporal release of 

growth factors that matches the natural tissue regeneration pattern and remodeling phases [36]. 

VHH can be a versatile tool to accomplish spatiotemporally controlled release.  

 

In this research, ECM binding VHHs that were selected against HA and a growth factor binding 

VHH that was selected against hBMP7 were studied. We first generated, isolated and 

characterized a VHH (VHH-G7) that was able to bind to hBMP7 via an immunized library of 

VHH, and a VHH (VHH-MA10) that was able to bind to HA which was selected from a non-

immunized library. Selection was done with phage display techniques, which allowed for 

efficient identification of these antibody fragments. Phage display is a well-known and 

established technology which has already been utilized for the selection of peptides binding to 

HA [37]. In this study, we have demonstrated for the first time the possibility of selecting VHH 

binding with high affinity to non-peptide epitopes present in HA, by means of phage display 

from a non-immunized library, which contains a myriad of VHH-phages with affinity towards 

a large variety of epitopes.  

 

Bihead VHH combining G7 and MA10, along with 10 amino acid long glycine-serine linker 
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molecules, was synthesized and evaluated for bone tissue engineering. We demonstrated a 

unique strategy in functionalizing biomaterials and modulating growth factors in a single step. 

The bihead VHHs could bind to the HA on one hand and to hBMP7 on the other specifically 

and in a dose dependent manner. We showed that the bivalent construction did not affect the 

binding to either epitope. Furthermore, in a cell biological assay, both the monovalent VHH 

G7 and the bivalent VHH (G7-MA10) potentiated the biological activity of hBMP7 in 

induction of ALP in the presence of hBMP7. Various possibilities can explain the potentiating 

effect of a VHH. For example, the conjugation of VHH G7 or bihead with hBMP7 may induce 

a conformational change in hBMP7, facilitating the binding to its receptor [38]. In addition, it 

is known that the activity of BMP7 is potently inhibited by the presence of antagonists such as 

Noggin, Chordin and Gremlin [39]. It is conceivable that VHH G7 or bihead interferes with 

this antagonistic activity by preventing their binding and thus counteracting this antagonist-

mediated inactivation of hBMP7 [40].  

 

VHHs can also be used as imaging tools when associated with fluorophores or other imaging 

agents [29], and help clarify the mechanism behind the signal transduction of growth factor 

receptors [41]. In this study, mice were injected with near infrared fluorophore labeled VHH 

to assess the possibility of targeting mineralized bone. The small VHH size allowed for a rapid 

VHH distribution throughout the mouse body after one hour post-injection. IR fluorescence 

was visible throughout the body of the mouse at day 1, after which the IR fluorescence 

decreased, but still showed specific binding of MA10-IR to skeletal tissue. Binding to skeletal 

tissue resulted in long-term retention of the VHHs in the body. To our knowledge, this was the 

first time a VHH was used as a targeting molecule in bone tissue. This non-invasive technology, 

by means of labeled VHHs, can be employed for early detection of skeletal disorders and/or 

the identification and delineation of the diseases, which makes this a potential powerful tool 

with applications in bone tissue engineering, guided surgery, treatment of bone metastasis and 

treatment monitoring [42].  

 

Labeled bihead G7-MA10-IR only or bihead mixed with hBMP7 was injected into nude mice 

to further evaluate drug targeting. The bihead injected mice demonstrated the specific binding 
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of G7-MA10-IR to mouse skeletons and long-term retention of the VHHs in the body in line 

with clone MA10-IR. Subsequently, a cross-section of the mouse bones was performed in order 

to determine the diffusion possibility of the VHHs and the specific binding of the VHHs to 

bone. The microscopic images show that the signal comes mainly from the trabecula, which 

strongly indicates that bihead accumulate at sites with the most active bone remodeling. As we 

hypothesized previously, the IHC results confirmed that hBMP7 can gather in the bone area 

through binding to bihead, which then binds to bone. This is also the first time that bivalent 

VHH has been used to explore their potential use as a targeting vector of growth factors to 

areas of interest. The application of bivalent VHH can be further extended to other 

biomaterials, growth factors and phases of tissue development. If proper targeting VHHs for 

binding to biomaterials are available, simple injections (even post implantation of scaffold) of 

bivalent VHHs can be used to improve the bio-functionality of the scaffold by capturing/ 

sequestering the adequate growth factor. Therefore, VHHs could be used for drug targeting. 

The construct G7-MA10 which we designed in this study is a promising delivery vehicle for 

bone anabolic drugs that could be used for treating systemic bone disease, for example by 

coating the VHHs with liposomes, conjugating cytotoxic drugs for treatment of bone metastasis 

or by genetic engineering in which the VHH targeting bone is part of a multivalent antibody 

complex. The versatility of VHH allows for endless combinations.  

 

The construction of bivalent and multivalent VHHs offers endless combinations of systems, 

where the binding moieties can be selected according to the application. Furthermore, VHH 

sequences can also be varied to obtain VHHs with tailored properties. VHHs can also be used 

as a core structure for the grafting of sequences known for binding elements or with different 

affinities such as peptides. In addition, the use of different linker sizes and cleavable linkers 

could be explored. Linkers with a specific amino acid sequence, which can be cleaved at 

different stages of inflammation or phases of tissue reconstruction, are of the utmost 

importance to achieve a complex release pattern of bioactive compounds. The versatile 

properties of VHHs render this novel antibody platform very valuable in research based on 

tissue engineering, where several disease mechanisms need both agonists and antagonists. 

Finally, polyvalent bioactive molecules offer the possibility of more effective therapeutics. 
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Supplementary Figure S1. The binding specificity of MA10-IR and bihead G7-MA10-IR to HA 

or HA and BMP7 by ELISA. (A) The binding specificity of MA10-IR to HA by ELISA. (B) The dual 

binding specificity of G7-MA10-IR to HA and BMP7 by ELISA. BMP7 bind to labeled bihead which 

was first immobilized on HA disc. Anti-BMP7 antibody was used to quantify the bound BMP7 as 

materials and methods discribed. Data is expressed as the mean +/- standard deviation of at least 3 

replicates, N = 8. 
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Chapter 8 

 

General Discussion and Outlook 

 

 

This chapter is an overall discussion of the entire thesis, with future perspectives. 
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道生一，一生二，二生三，三生万物。 

 

Tao gave birth to the One. The One gave birth successively to two things, three things, up to ten thousand. 
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The complexity of Osteoarthritis 

 

Osteoarthritis (OA) is a multifactorial disease that affects the whole joint. Patients of OA suffer 

serious pain and inconvenient movement. The initiation and progression of OA involve 

multiple risk factors, including mechanical injury, obesity, genetics and aging. Given the fact 

that OA is a complicated joint disease, much effort has been put into studying the mechanism 

underlying its pathogenesis. However, the exact mechanism is still poorly understood. There 

is still no effective strategy to stop its progression; patients with end-stage OA eventually 

undergo total joint replacement surgery [1]. The degeneration of articular cartilage has been 

thought to be the primary change during OA, and a combination of cellular changes and 

biomechanical stresses causes secondary changes, such as subchondral bone remodeling, the 

formation of osteophytes and bone marrow lesions [2-5]. Understanding molecular changes in 

the development of OA is important, especially in the early stage, since these changes could 

still be reversible, and treatment could slow or reverse further progression of the disease [6]. 

 

Biomarker measurement in bodily fluid such as serum, plasma and synovial fluid can be used 

to assess the joint’s health status, the disease progression or the response to therapy, which is 

important for providing early treatment/intervention for OA. In this thesis, we therefore first 

measured the WNT signaling antagonists DKK1 and FRZB and the BMP antagonist GREM1 

in synovial fluid and serum samples from a cross-sectional cohort of end stage OA patients 

eligible for total joint replacement and analyzed the correlation between these signaling factors 

and various structural and inflammatory markers of OA. The cohort consisted of 4 arms. Part 

of the patients received treatment with the Non-Steroidal Anti-Inflammatory drugs (NSAIDs) 

Naproxin and Celecoxib in the weeks prior to surgery (Chapter 3). This design allowed us to 

evaluate the effect of NSAIDs on the expression of DKK1, FRZB and GREM1. We had 

previously identified DKK1, FRZB and GREM1 as critical regulators of cartilage homeostasis 

by preventing hypertrophic differentiation of articular chondrocytes. In articular cartilage, their 

mRNA expression inversely correlated with the severity of osteoarthritis [7]. In line with this 

previous study, we found that DKK1 and FRZB in synovial fluid or serum also negatively 

correlated with OA severity. Celecoxib is a nonsteroidal anti-inflammatory drug used to treat 
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pain and inflammation. We found that the synovial fluid FRZB level was increased after 

patients received celecoxib treatment. Considering the role of FRZB in joint homeostasis and 

the positive effects of celecoxib on human OA cartilage [8, 9],  the beneficial effects of 

celecoxib treatment in patients by inducing the expression of an potentially anabolic factor like 

FRZB, by counteracting catabolic WNT-signaling, is of considerable interest. Our data further 

provides information about the clinical use of celecoxib in the treatment of OA. Inflammatory 

cytokines such as interleukin1 (IL1) and tumor necrosis factor α (TNFα) in the synovial fluid 

(SF) usually contribute to the degeneration of articular cartilage in OA patients, by triggering 

the upregulation of catabolic gene expression [10-12]. We found that the expression of DKK1 

and FRZB in synovial fluid was negatively correlated with inflammatory factors such as IL1β, 

NO and PEG2, while the expression of GREM1 positively correlated with these factors. The 

low level of DKK1 and FRZB in synovial fluid from OA patients may be caused by the high 

level of inflammatory factors. OA has long been considered a non-inflammatory disease. Our 

study provides more evidence on inflammation as part of the pathogenesis of OA. DKK1, 

FRZB and GREM1 could be used as potential biomarkers for diagnosing OA and for the 

assessment of the effects of medicines in clinic. The effectiveness and accuracy of these factors 

as biomarkers need to be further verified in future research. 

 

Cell-based OA therapy 

 

The most common cell sources for cartilage tissue engineering include articular chondrocytes 

and mesenchymal stem cells. Autologous chondrocyte implantation (ACI), which was 

introduced by Brittberg et al in 1994 [13], is the only clinically approved cell-based strategy 

that has been commonly used to repair articular cartilage defects with promising results. This 

approach is based on the use of chondrocytes from the non-weight-bearing relatively healthy 

area of articular cartilage, followed by amplifying in monolayer culture for approximately 6 

weeks and reimplantation at the lesion site. However, monolayer expansion leads to a rapid 

chondrocyte dedifferentiation characterized by loss of the typical chondrocyte phenotype, so 

that fibrous cartilage rather than hyaline cartilage will form after implantation [14-17]. In 
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addition, during OA progression, chondrocytes in vivo will also dedifferentiate with loss of 

normal phenotype, reduced production of matrix-related proteins, and finally advocating 

cartilage degeneration. Therefore, how to successfully redifferentiate the dedifferentiated 

chondrocytes is extremely important in cell-based therapies for cartilage repair. 

 

Cartilage is an avascular tissue, and therefore chondrocytes are metabolically adapted to a low-

oxygen tension, which is estimated to range from 7% on the joint surface to 1% close to 

subchondral bone [18]. Chondrocytes that are cultured in 21% oxygen usually change their 

normal phenotype and get a fibroblastic morphology [19], while hypoxic condition can play a 

crucial role in chondrocyte biology and restore the chondrogenic ability of dedifferentiated 

chondrocytes [20, 21]. In addition, accumulating evidence has shown that inflammation is 

involved in the pathogenesis of OA, and the expression of inflammatory factors such as IL1β 

and TNFα is observed in OA synovial fluid. In our study, we used hypoxia incubator with a 

setting of 2.5% O2 to better mimic the physiological conditions of cartilage tissue. We studied 

the responses of healthy and OA chondrocytes to hypoxia and inflammatory cytokines in 3-D 

redifferentiating chondrocyte pellets (Chapter 5). We found that a high oxygen level of 21% 

O2 concentration inhibited chondrocyte redifferentiation, particularly of OA chondrocytes, 

derived from macroscopically degenerated cartilage, while a low oxygen level of 2.5% O2 

concentration promoted chondrocyte redifferentiation and diminished the difference between  

relatively healthy and OA chondrocytes derived from the same joint. Our study suggests that 

redifferentiation of chondrocytes should be performed in 3-D cultures under hypoxic condition. 

The optimal level or timing of hypoxia for cultures still needs to be determined in future studies. 

In addition, we also found that hypoxia sensitized the chondrocyte’s response to IL1β treatment 

in comparison to normoxia. Comparison of the basal expression levels of IL1β target genes in 

normoxia and hypoxia consistently showed that the expression in normoxia is higher. This may 

imply that culturing chondrocytes in normoxia itself may be sufficient to induce a mild 

inflammatory stress response. The combined effects of these two conditions may further 

deteriorate the chondrocyte’s function, which would consequently contribute to OA 

progression. In this study, different expression profiles of HIF1α and HIF2α upon oxygen 

tension and IL1β stimulation were also observed in relatively healthy and OA chondrocytes. 
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This indicates that a switch between HIF1α and HIF2α may be involved in the pathogenesis of 

OA. Based on this observation, we further looked at the synergistic effects of exogenous BMP7 

and TGF-β3 on the redifferentiation of OA chondrocytes, which cultured in a hypoxia 

incubator (Chapter 6). We found that the combination of BMP7 and TGF-β3 can successfully 

direct OA chondrocytes to healthy chondrocyte phenotype, as was evidenced by the 

enhancement of the expression of cartilage markers and the promotion of cartilage formation 

under hypoxia. The combined beneficial effects of BMP7 and TGF-β3 on OA chondrocytes 

indicate that healthy chondrocytes can be replaced by OA chondrocytes in the presence of 

BMP7 and TGF-β3 in an ACI procedure. 

 

Although ACI shows promising results for the treatment of OA, the harvest of cells from 

cartilage leads to donor site morbidity and monolayer-expanded cells lose their phenotype 

rapidly. Replacement of chondrocytes by alternative cell sources like stem cells can potentially 

avoid these problems. MSCs are multipotent cells which can be derived from the bone marrow. 

They can be expanded in vitro and differentiated into the osteogenic, chondrogenic, and 

adipogenic lineages [22], and are considered suitable candidates for the promotion of tissue 

regeneration [23, 24]. In addition, they can be easily isolated and massively expanded in culture. 

In both animal models and clinical studies, implanted MSCs were integrated into the defect 

site, which delayed the progression of OA [25, 26]. MSCs are capable of regulating the immune 

response and adjusting the internal microenvironment in joints. They can also initiate 

endogenous repair mechanisms in the OA joint through direct cell-cell interaction or the 

secretion of various factors [27]. The medical work is beginning to consider using MSCs 

instead of chondrocytes to restore or regenerate the function of articular cartilage in OA. 

However, hypertrophic differentiation and subsequent endochondral ossification occur after 

implantation [28-30]. A study about the mechanism underlying hypertrophic differentiation 

would be of particular interest for the application of MSCs in the orthopedic clinic. Since Wnt 

signaling is indicated to be involved in the chondrogenic differentiation of MSCs, Chapter 4 

recapitulates the dual role of WNT signaling in the chondrogenic differentiation of human 

mesenchymal stem cells (hMSCs). We observed that a low level of WNT signaling increased 

cartilage marker gene expression, elevated matrix deposition and inhibited the chondrocytes 
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hypotrophy. A high level of WNT signaling showed opposite effects, which indicates that 

regulating the critical level of WNT signaling is important for the chondrogenesis of hMSCs. 

 

BMPs are multi-functional cytokines that belong to the TGF-β superfamily. BMP7, one of the 

BMPs, plays a key role in both cartilage and bone biology. Functionalization of biomaterial 

surfaces with BMP7 is a promising strategy to stimulate tissue repair and potentially tissue 

regeneration. However, chemical modification of BMP7 could lead to the loss of biofunction, 

which limits its application in tissue engineering. Chapter 7 deals with the immobilization of 

BMP7 on bone surfaces while preserving its bioactivity. We describe a non-covalent strategy 

for binding BMP7 to bone surface by using engineered bispecific antibodies (highly specific 

single domain antibody fragments of heavy chain only antibodies of Camelidae (VHH)), which 

bind to both hydroxyapatite (HA) and BMP7. After making this bispecific VHH, its biological 

activity was tested in vitro and in vivo. The result shows that bispecific VHH successfully 

directed BMP7 to bone and exerted its downstream signal transduction. Our study demonstrates 

that engineering bispecific VHH could be a versatile strategy for the functionalization of 

biomaterials with growth factors without affecting its bioactivity. In the future, this platform 

can be fine-tuned to target different growth factors such as DKK1, FRZB and TGFβ, which are 

relevant for cartilage tissue engineering. Application of this technology in the ACI procedure 

could potentially induce cartilage formation.  
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Summary 

Cartilage is a connective tissue widely exist in the body. OA is one kind of universal chronic 

joint disease with progressive degradation of joint cartilage. Due to the avascular and aneural 

properties and limited repair capacity of cartilage, once it is irreparably damaged, external 

intervention in the form of cartilage repair is desired. Chondrocytes is the only one cell type in 

the articular cartilage to produce the matrix. Autologous chondrocyte implantation (ACI) and 

hMSC based cell therapy have been shown promising options. Multiple cytokines and signaling 

pathways have been shown to involved in the regulation of chondrocytes homeostasis and 

cartilage development. The aim of this thesis is to study the chondrogenic differentiation of 

human MSCs, redifferentiation of human chondrocytes and the possible BMP7 based tissue 

engineering by focus on Wnt signaling, hypoxia induced signaling, transforming growth factor-

β (TGF-β) and bone morphogenetic protein (BMP) signaling, to provide more mechanisms in 

the ACI and hMSCs based cell therapy for OA.  

 

Hypertrophy occurs occasionally in osteoarthritis (OA). In order to have an clear insight into 

the exact regulation of hypertrophy by the signaling network for the efficient application of 

MSCs or chondrocytes in the OA therapy, we provided a comprehensive review on recent 

literatures describing signal pathways in the hypertrophy of MSCs derived chondrocytes and 

chondrocytes, in chapter 2. 

 

From chapter 2, we know that Wnt signaling is extremely important in the regulation of 

chondrocyte biology. Therefore, in chapter 3, we investigated the presence of WNT antagonists 

Dickkopf-related protein 1 (DKK1), Frizzled-related protein (FRZB) and Gremlin 1 (GREM1) 

in synovial fluid (SF) and serum respectively from osteoarthritis (OA) patients and correlate 

these antagonists with pro-inflammatory cytokines in SF. In this study, a comprehensive cross 

sectional analysis was performed in synovial fluid and serum samples collected from OA 

patients, through measuring the concentration of DKK1, FRZB, GREM1 and inflammatory 

factors in synovial fluid and serum in patients by ELISA. The results demonstrates that the 

important involvement of DKK1, FRZB and GREM1 in OA and their expression was 
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associated with inflammation factors, suggesting DKK1 and FRZB can be potential biomarkers 

for joint disease. 

 

Since Wnt signaling is important in the chondrocytes differentiation, we further elucidated the 

effects of Wnt activator and Wnt inhibitor on the chondrogenic differentiation of hMSCs by 

continuous inhibiting or activation Wnt signaling in chapter 4. We found the addition of Wnt 

activator BIO downregulated the expression of cartilage specific genes and decreased cartilage 

matrix while Wnt inhibitor PKF118-310 showed upregulated the expression of cartilage 

markers and increased cartilage matrix deposition. Our findings suggest that fine tune Wnt 

signal in the chondrogenic differentiation process of hMSC could contribute to the cartilage 

tissue engineering.  

 

Chondrocytes usually go to dedifferentiation after expansion in monolayer in ACI, so the 

redifferentiation is required. In chapter 5, we investigated the effects of oxygen on three-

dimensional redifferentiation in both healthy and OA chondrocyte with or without IL1β 

stimulation. We found hypoxia dramatically promoted the redifferentiation of OA 

chondrocytes and diminished the deference between HL and OA chondrocyte. However, 

chondrocytes become more sensitive to IL1β treatment in hypoxic conditions. This data 

provide information about how the chondrocyte adapt to a low oxygen tension and 

inflammatory environment through the modulation of anabolic genes and catabolic genes and 

survival genes HIF1α and HIF2α.  

 

In chapter 6, we further optimize the redifferentiation conditions of chondrocytes. We 

identified the effects of exogenous BMP7 and TGF-β3 on the redifferentiation of OA 

chondrocytes under hypoxia. In this research, we found either TGF-β3 or BMP7 only was not 

enough to direct the fully redifferentiation of OA chondrocytes, while the combination of TGF-

β3 and BMP7 synergistically induced OA chondrocytes development into health chondrocytes 

both in normoxia and hypoxia. This study indicated that the fine combination of cytokines or 

growth factor and the balance between signaling pathways is a requirement for normal 

chondrocyte differentiation and cartilage development.  
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Growth factors are usually used in the tissue engineering. In chapter 7, we generated 

biofunctional bihead VHH (specific single domain antibody fragments of heavy chain 

antibodies of Camelidae) that can specific bind BMP-7 and HA simultaneously. In this study, 

BMP7 was efficiently direct to the mineralized skeleton through binding bihead after injection 

into mice. This study demonstrate the bihead VHH is a promising strategy for bio-

functionalization of scaffolds in tissue engineering without modification of growth factor. In 

future, the same strategy can be used in cartilage repairing.  

 

All together, this thesis evaluated the Wnt signaling in synovial fluid and the differentiation of 

hMSCs, assessed the redifferentiation of human chondrocytes effected by hypoxia, 

inflammatory factor IL1β, BMP7 and TGFβ3, elucidated the production of bihead VHHs and 

its application in tissue engineering. We believe the findings from this thesis may offer great 

potential in cell-based cartilage engineering.  
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