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ABSTRACT 

 

Regulation of Chondrogenesis in Human Mesenchymal Stem Cells  

by Cartilage Extracellular Matrix and Therapeutic Applications  

Ang Li 

 

 Cartilage has limited intrinsic healing potential upon injury, due to the low cell density 

and the lack of blood supply. Degenerative disease of the cartilage, such as osteoarthritis (OA), is 

challenging to treat without clear mechanistic understandings of cartilage development. With 

over 90% of the cartilage tissue occupied by extracellular matrix (ECM), understanding the 

cellular and molecular effects of cartilage ECM on chondrogenesis and chondrocyte behavior is 

crucial for therapeutic development. The focus of this work is to study the regulation of 

chondrogenesis and hypertrophic maturation of human mesenchymal stem cells (MSCs) by 

cartilage ECM in the context of potential therapeutic applications. 

 To study the cartilage ECM, we created a decellularized ECM digest from native porcine 

cartilage and examined its effects on MSCs. Since native cartilage ECM maintains chondrocyte 

homeostasis without progressing to hypertrophic degeneration, we hypothesized that the 

decellularized ECM would promote MSC chondrogenesis and inhibit hypertrophy. Indeed, we 

showed that ECM promoted MSC chondrogenesis and matrix production, and inhibited 

hypertrophy and endochondral ossification. The chondrogenic effect was shown to potentially 

involve the PI3K-Akt-Foxo1 and Hif1 pathways. By recapitulating the activated Hif1 pathway, 

roxadustat, a small molecule stabilizer of Hif, was able to reproduce the chondrogenic and anti-

hypertrophic effects of the cartilage ECM. It also reduced the expression of matrix 



 
 

 
 

metalloproteases (MMPs) in MSCs, healthy chondrocytes, and OA chondrocytes, and alleviated 

matrix degradation in bovine cartilage explants.  

 We also attempted to identify ECM components that display chondrogenic properties. 

Collagen XI, a minor component of articular cartilage, was shown to promote cartilage matrix 

formation in MSCs and healthy chondrocytes, and to reduce matrix degradation in bovine 

cartilage explants. 

 Taken together, this study reveals the dual roles of cartilage ECM in promoting 

chondrogenesis and matrix production and inhibiting cartilage hypertrophy. Importantly, small 

molecule drugs that recapitulate the signaling pathways of ECM regulation, and collagen XI, a 

component of the ECM, may serve as leads for further therapeutic development for cartilage 

injury and degenerative disease. 
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Chapter 1. Introduction 

 Cartilage is a connective tissue consisting of a rich extracellular matrix (ECM) and one 

major cell type, chondrocytes. Due to the lack of blood supply and sparse cell distribution, 

cartilage is difficult to heal upon injury and under degenerative processes.  

In 2014, over 850,000 cartilage repair procedures were conducted in the US alone 

(Vericel Presentation, 2017). Non-surgical procedures include lavage, shaving, debridement, 

abrasion chondroplasty, Pridie drilling, microfracture, and spongilization (Van Manen et al., 

2012). Surgical approaches include osteotomy, which involves cutting bone for realignment or 

mechanical load re-distribution, and distraction of joints (Van Manen et al., 2012). Another class 

of therapy centers on implantation of allogeneic or autologous cartilage tissue (Van Manen et al., 

2012). However, these strategies do not fully restore damaged cartilage.  

An estimated 27 million of US population has clinical osteoarthritis (OA) in the knee, hip, 

hand, and shoulder (Lawrence et al., 2008). OA is manifested with degradation and loss of 

articular cartilage, coupled with low-grade inflammation. Existing pharmacological treatments 

mainly address the pain and inflammation involved in the joints, with no disease-modifying 

therapy that stops disease progression. Once pharmacological options are exhausted, surgery 

such as knee or hip replacement serves as the last resort. 

Due to the serious unmet need in cartilage diseases, understanding the differentiation, 

growth, and maintenance of cartilage is crucial for new drug development. With the 

predominance of ECM in cartilage and the limited knowledge on the interactions between ECM 
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and cells, we sought to solve these clinical problems by studying how ECM regulates cartilage 

cells. 

ECM, the native scaffolding material secreted and maintained by resident cells, provides 

an ideal microenvironment for cells, with tissue-specific physical and molecular cues mediating 

cell proliferation, differentiation, gene expression, migration, orientation, and assembly (OôNeill 

et al., 2013). Functional and structural components within the ECM contribute to the 

extracellular environment specific to each tissue and organ. The complexity of the ECM has 

proven difficult to recapitulate in its entirety, with attempts often limited to mimicking only 

ECM structure using synthetic biomaterials or mimicking composition by adding purified ECM 

components (OôNeill et al., 2013). To address this limitation, we used a decellularized digest of 

whole cartilage ECM, which should preserve the majority of the ECM materials, and studied its 

effect on various cell types involved in cartilage diseases and repair. 

Chapter 2 presents an overview of the existing knowledge on chondrogenic 

differentiation in vitro and in vivo, the role of cartilage ECM, and the signaling mechanisms 

involved in chondrocyte regulation. Chapter 3 describes the studies on ECM regulation of MSC 

chondrogenesis and hypertrophy. In chapter 4, we identified potential signaling pathways 

involved in ECM regulation and novel chondrogenic components. Chapter 5 shows the 

chondrogenic effects of roxadustat, a small molecule Hif stabilizer that potentially recapitulates 

the signaling mechanisms of the ECM. Chapter 6 summarizes the findings and discusses their 

values for developing new drugs for cartilage injury and osteoarthritis.  

Overall, by studying cartilage ECM, we explored a new dimension in the regulation of 

cartilage cells in their growth and differentiation. This novel approach may point to new 

directions in finding effective treatments for cartilage diseases and regeneration. 
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Chapter 2. Background 

 Cartilage consists of a preponderance of ECM and chondrocytes. The ECM is composed 

of complex macromolecules organized in 3D network forming a gel-like material and its 

function is to resist mechanical loading. Compositions of the ECM include collagen II, collagen I, 

and glycosaminoglycans (GAGs), among others (Gao et al., 2014). Together, they create a 

hydrophilic environment, which enables cartilage tissue to exhibit swelling pressure, countered 

by tensile strength generated from collagen network (Gao et al., 2014). These mechanical 

properties of cartilage allow it to withstand pressure at articular joints. Upon traumatic injury or 

degeneration, changes in the biochemical compositions in the cartilage lead to decreased 

mechanical strength, which causes physical disabilities, inflammation, and pain. 

 The three main subtypes of cartilage each exhibit their own compositional and structural 

properties. The hyaline cartilage, found at articular joints and the nucleus pulposus in the 

intervertebral discs, is rich in collagen II and GAGs, thus demonstrating the highest Youngôs 

modulus (Benjamin and Ralphs, 2004). The fibrocartilage, found at the meniscus and the 

annulus fibrosus in the intervertebral discs, consists of collagen I fibers, in addition to collagen II 

and GAGs. The fibrocartilage is inferior to hyaline cartilage in terms of withstanding weight, but 

it serves other important structural roles. The elastic cartilage, found in the ears and part of 

larynx, contains elastic fibers and is not the focus of this work. 

 To treat cartilage diseases, it is desired to return the diseased cartilage to their healthy 

biochemical and mechanical state. In cartilage diseases, a lack of ECM or a diseased ECM may 

prevent chondrocytes from creating the normal matrix. Modulating these cartilage cells by a 
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healthy ECM or alternative factors that mimic the ECM signal is a potential therapeutic strategy 

for cartilage diseases. 

2.1 Overview of cartilage differentiation and development 

2.1.1     Cartilage development in vivo 

During long bone development, cartilage forms via condensations of mesenchymal cells, 

which give rise to cartilage primordia consisting of immature chondrocytes (Figure 1) 

(Kozhemyakina et al., 2015). Proliferating chondrocytes form orderly parallel columns in the 

growth plate, and are characterized by the expression of type II collagen and proteoglycans such 

as aggrecan (Michigami, 2014). When chondrocytes mature, they become hypertrophic and 

begin to produce a high level of alkaline phosphatase and type X collagen. Eventually, the 

terminally differentiated chondrocytes undergo apoptosis, and the cartilaginous matrix is 

mineralized and replaced by bone. A small portion of cartilage remains at both ends of the bone 

and becomes articular cartilage. 

 

Figure 1. Embryonic development of articular cartilage (Thompson et al., 2014). 



 
 

5 
 

2.1.2     Chondrogenic differentiation in vitro 

In vitro, chondrogenesis is recapitulated by condensing bone-marrow-derived MSCs and 

culturing in the presence of chondrogenic factors such as TGF ɓ3 and IGF (Bhumiratana et al., 

2014). These condensed pellets undergo chondrogenic differentiation by expressing markers 

such as Sox9 and producing matrix materials including proteoglycans and type II collagen. After 

two to five weeks of chondrogenic induction, these pellets start to undergo hypertrophic 

maturation spontaneously, marked by the expression of type X collagen. Alternatively, 

hypertrophic differentiation can be induced by the removal of TGF ɓ3 and the addition of L-

thyroxine (T4) and ɓ-glycerophosphate to the culture (Ng et al., 2017). During three weeks of 

hypertrophic induction, cell pellets degrade cartilage matrix components such as GAG and 

collage II, produce new matrix such as collagen X, and form calcium mineral depositions, 

marker of endochondral ossification. 

2.2 Biological functions of extracellular matrix  

ECM is a three-dimensional, non-cellular structure that is present in all tissues (Bonnans 

et al., 2014). Every organ has an ECM with a unique composition that is generated in early 

embryonic stages. The function of the ECM goes beyond providing physical support for tissue 

integrity and elasticity: it is a dynamic structure that is constantly remodeled to control tissue 

homeostatsis. In mammals, the ECM is composed of around 300 proteins, known as the core 

matrisome, and includes proteins such as collagen, proteoglycans, and glycoproteins (Hynes et 

al., 2012). The ECM can also sequester and locally release growth factors, such as epidermal 

growth factor, fibroblast growth factor, and other signaling molecules such as Wnts (Hynes et al., 

2012). ECM components released through ECM cleavage also regulate ECM architecture and 

influence cell behavior. Moreover, cells are constantly rebuilding and remodeling the ECM 
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through synthesis, degradation, reassembly, and chemical modification (Hynes et al., 2012). 

These processes are complex and need to be tightly regulated to maintain tissue homeostasis, 

especially in response to injury. Indeed, deregulated ECM remodeling is associated with 

pathological conditions and can exacerbate disease progression. 

The cartilage ECM, specifically, is composed of large proteoglycans that contain GAG, 

hyaluronic acid (HA), fibers, and other molecular components such as fibronectin and laminin 

(Figure 2) (Heinegard and Saxne, 2011). Fibers contain elastin and collagens that include 

fibrillary collagen (types I, II, III, V and XI), fibril-associated collagen with interrupted triple 

helices (FACIT) (types IX, XII, and XIV), short chain collagen (types VIII and X), basement 

membrane collagen (type IV), and others (types VI, VII, and XIII). In the ECM, especially the 

basement membrane, the multidomain proteins perlecan, agrin, and collagen XVIII are the main 

proteins to which heparin sulfate attaches. At last, there are important molecular components 

called integrins, which are transmembrane receptors that mediate the attachment between a cell 

and its surroundings. Furthermore, signaling factors are also present in the cartilage ECM. By 

proteomic comparison between OA and normal cartilage samples, TGF ɓ1 is found in normal 

human cartilage (Wu et al., 2007). From decellularized pig ear cartilage, TGF ɓ1, IGF-1, and 

BMP-2 were found by chemical extraction (Xue et al., 2012). From decellularized bovine inner 

and outer menisci, different levels of FGF-2, EGFR, insulin, and TGF ɓ1/3 were discovered 

(Rothrauff et al., 2017). 
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Figure 2. The molecular organization of normal articular cartilage (Heinegard and Saxne, 2011). 

Articular cartilage ECM plays a crucial role in regulating chondrocyte functions. The 

ECM has a significant effect on the swelling behavior and osmotic environment of chondrocytes 

(Gao et al., 2014). Cell signaling mediated by integrin regulates several chondrocyte functions, 

including differentiation, matrix remodeling, responses to mechanical stimulation, and cell 

survival. For example, MSCs growing on the surface of cartilage ECM hydrogels have been 

shown to express increased levels of chondrogenic genes without additional chondrogenic 

stimulation (Burnsed et al., 2016). Decellularized cartilage particles, when mixed with MSCs, 

also promote proliferation and chondrogenic gene expression in the absence of other stimulations 

(Sutherland et al., 2015). Decellularized cartilage sheets with MSCs seeded on the surface 

promote chondrogenic gene expression in vitro and cartilage formation after subcutaneous 
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implantation (Xue et al., 2012). In addition, ECM scaffolds produced by cultured chondrocytes 

accelerate chondrogenic differentiation in vitro, maintain better cartilage phenotype, and inhibit 

hypertrophic mineralization in vivo compared to a PGA scaffold (Choi et al., 2010). Furthermore, 

cartilage fragments from OA knee mixed with MSCs show neocartilage structures and increased 

collagen type II expression in a subcutaneous environment in mice (Chen et al., 2011). Taken 

together, these findings support a biological role of cartilage ECM in promoting chondrogenesis 

and inhibiting hypertrophic maturation. 

To analyze the mechanisms behind the effects of cartilage ECM, different components of 

the ECM have been studied for their chondrogenic activities. MSCs seeded on the surface of 

alginate microbeads have increased chondrogenesis when the microbeads are pre-coated with 

chondroitin sulfate (CS) or collagen II, increased hypertrophic maturation with collagen II 

coating, but decreased hypertrophy with CS coating (Wu et al., 2007). Consistently, a composite 

PEG-CS hydrogel increased chondrogenic markers and matrix production but inhibited 

spontaneous hypertrophic maturation (Varghese et al., 2008). In a methacrylated HA hydrogel, 

collagen I and CS were all shown to increase GAG accumulation in vitro and in vivo, and 

decrease hypertrophic markers (Zhu et al., 2016). In addition, cartilage oligometric matrix 

protein (COMP) plays an important role in cartilage cell-matrix interactions. COMP induced the 

survival of the inhibitor of apoptosis family of proteins to lead to strong inhibition of 

chondrocyte apoptosis by blocking the activation of caspase 3 (Gao et al., 2014). These studies 

suggest that various components of the ECM may have different or even opposing roles in 

regulating chondrogenesis and hypertrophic maturation. 
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2.3 Signaling mechanisms involved in chondrogenesis and chondrocyte hypertrophy 

The differential gene expression profile during chondrogenesis and hypertrophic 

maturation is summarized in figure 3 (Kozhemyakina et al., 2015) and figure 4 (Zhong et al., 

2015). Briefly, mesenchymal condensation induces the expression of Sox 5/6/9, which then 

activates the expression of chondrogenic markers including aggrecan and collagen II. The 

expression of Sox9 can be modulated by TGF ɓ, BMPs, Wnt signaling, FGF 9/18, PTHrP, IGF-1, 

and CNP, among others. During hypertrophy, Runx2 expression is activated to drive the 

expression of markers including VEGF, MMP13, collagen X, and IHH. The expression of Runx2 

is regulated by FGF2, BMP, Wnt signaling, IHH, IGF-1, and CNP, among others. 

 

Figure 3. Chondrogenic and hypertrophic gene expression at different stages of chondrocyte 

maturation (Kozhemyakina et al., 2015). 



 
 

10 
 

 

Figure 4. Differential signaling pathways in normal chondrocytes and hypertrophic chondrocytes 

(Zhong et al., 2015). 

2.3.1 Hif  pathway 

Cartilage is a hypoxic tissue and chondrocytes were shown to respond to hypoxia by 

activating chondrogenesis, inhibiting hypertrophy, and inhibiting apoptosis (Lee et al., 2013). 
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Under normoxia, the prolyl hydroxylase domain (PHD) hydroxylates Hif Ŭ (hypoxia-inducible 

factor Ŭ) and targets it for ubiquitination and degradation (Maes et al., 2012). Under hypoxia, 

however, the PHD senses the low oxygen level, and stabilizes Hif Ŭ, which then enters the 

nucleus to initiate transcriptional activities (Figure 5). Hypoxia promotes rat MSC 

chondrogenesis via Hif1Ŭ stabilization and phosphorylation of Akt (Kanichi et al., 2008). 

Activation of Hif1Ŭ by flavonoid promotes chondrocyte proliferation and cartilage matrix 

production, and further promotes articular cartilage repair in a mouse model (Wang et al., 2016). 

Hif1Ŭ is overexpressed in human OA cartilage and under catabolic stress such as hydrogen 

peroxide and IL-1ɓ (Yudoh et al., 2005). 

 

Figure 5. The Hif pathway (Maes et al., 2012). 

 In contrast, Hif2Ŭ promotes cartilage hypertrophy and endochondral ossification, MMP 

production, and apoptosis (Zhang et al., 2015). Hif2Ŭ potently binds to the promoter region of 

Col10A1, MMP13, and VEGFA, and is essential for endochondral ossification of culture 

chondrocytes independent of hypoxia (Saito et al., 2010). Furthermore, Hif2Ŭ mediates the IL-

1ɓ-induced expression of catabolic factors in rabbit chondrocytes, including MMPs, ADAMTS4, 

NOS2, and PTGS2 (genes for NO and prostaglandin production, respectively) (Yang et al., 
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2010). Consistently, heterozygous deletion of Hif2Ŭ showed suppressed cartilage destruction in 

mouse OA models. These results suggest a potential chondro-protective role of Hif1 and 

destructive role of Hif2. As a result, a fine balance between Hif1 and Hif2 may be essential for 

cartilage homeostasis. 

2.3.2 PI3K-Akt -Foxo1 pathway 

The PI3K-Akt-Foxo1 pathway is also involved in cartilage development (Figure 6) 

(Wimmer et al., 2014). In this pathway, an extracellular ligand activates a cell surface receptor, 

which activates phosphatidylinositol 3-kinase (PI3K). PI3K phosphorylates and activates Akt, 

which further phosphorylates Foxo1 in the cytoplasm. Foxo1 is a transcription factor that is 

active in the nucleus but inactive in the cytoplasm. By phosphorylating Foxo1, p-Akt targets p-

Foxo1 for degradation.  

In MSC pellet cultures, Lee et al. (2013) showed that hypoxia enhances chondrogenesis 

and prevents terminal differentiation through the PI3K/Akt/Foxo1 pathway. PI3K-Akt is also a 

downstream mediator for Sox9-induced chondrocyte survival and hypertrophy (Ikegami et al., 

2011). Inversely, PI3K-Akt also maintains Sox9 gene expression and activity as a transcription 

factor for aggrecan in nucleus pulposus cells of the intervertebral discs (Cheng et al., 2009). 

PI3K/Akt is a downstream mediator of IFG2 in chondrogenesis (Hamamura et al., 2008), and 

Akt is a downstream mediator of TGFɓ in mouse precartilaginous stem cells (Cheng et al., 2014). 

In the case of hypertrophy, PI3K promotes hypertrophic chondrocyte differentiation and 

survival in mouse tibial organ cultures (Ulici et al., 2008), but Kita et al. (2008) showed an 

inhibitory role of PI3K/Akt in hypertrophic differentiation in mouse forelimb organ cultures. 

Similarly, in murine chondrocytes, Akt1 promotes endochondral ossification (Fukai et al., 2010). 
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Figure 6. The PI3K-Akt-Foxo1 pathway (Wimmer et al., 2014). 

 As for Foxo, Shen et al. (2015) showed that Akt/Foxo3 protects chondrocyte from 

apoptosis via autophagy. In human and mouse OA cartilage, Foxo is strongly phosphorylated 

and localized in the cytoplasm (Akasaki et al., 2014). Foxo1 and Foxo3 knockout mice show 

severe growth plate abnormalities, including excessive cartilage protruding into the mineralized 

bone at the chondro-osseus junction of the long bones, and increased length of hypertrophic 

chondrocyte zone (Eelen et al., 2016). The above findings on PI3K/Akt/Foxo1 suggest important 

roles for this pathway in regulating chondrogenesis and hypertrophy. 

2.4 Pathophysiology of cartilage injury and degenerative disease 

2.4.1     Pathophysiology of cartilage injury 

Articular cartilage lesions represent one of the major unsolved problems in orthopedic 

surgery due to the limited capacity of articular cartilage for self-repair following trauma (Peretti 

et al., 2011). The biological response of cartilage to injury varies depending on the extent of the 

trauma. When a lesion is confined to the superficial layer, the repair process is not initiated, as 

the inflammatory stimulus is too weak to stimulate the resident chondrocytes surrounding the 

lesion; consequently, the defect persists.  
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However, when a full-thickness lesion occurs, reaching the vessels of the subchondral 

bone, the inflammatory stimulus is more important (Peretti et al., 2011). Bleeding from the bone 

marrow occurs, allowing the access of growth factors and reparative cells to the lesion site. 

These cells are mainly fibroblasts in addition to a low percentage of mesenchymal stem cells. As 

a result, the newly formed reparative tissue is richer in collagen I and structurally weaker than 

native hyaline cartilage. Notably, if the full-thickness lesion is left untreated, it may increase in 

size over time and induce concomitant changes of the underlying subchondral bone plate and 

bone overgrowth or bone loss. As such, it has the potential to contribute to the initiation and 

development of osteoarthritis. Therefore, the treatment goal of osteochondral cartilage defects 

should be to restore the physiological properties of the entire osteochondral unit, aiming to 

achieve a more predictable repair tissue that closely resembles the native articular surface and 

remains durable over time.  

2.4.3 Pathophysiology of osteoarthritis 

Osteoarthritis is a chronic, inflammatory, and degenerative joint disease. Characterized 

by pain, stiffness, muscle weakness, and bone swelling, it involves the entire joint including 

articular cartilage, subchondral bone, and the synovium (Ashkavand et al., 2013). The common 

features of OA are loss of cartilage, joint space narrowing, hypertrophic bone changes, 

osteophyte formation, and subchondral bone sclerosis (Figure 7) (Yuan et al., 2014). In end-

stage OA, there is near complete loss of articular cartilage and the joint has to be replaced by 

surgery. 

The exact cause of OA is unknown, but risk factors include advanced age, female gender, 

genetics, carbohydrate-rich diet, joint injury and trauma, and obesity, among others (Ashkavand 

et al., 2013). In early OA, surface fibrillations develop at the articular surface and chondrocytes 
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show increased metabolic activities and release of factors such as nitrite oxide, reactive oxygen 

species (ROS), alarmins, pro-inflammatory cytokines, and chemokines. The subchondral bone 

shows increased cortical bone porosity and cortical plate remodeling. As the disease progresses, 

there is loss of proteoglycans and disruption of the collagen network in the cartilage, increased 

cortical plate thickness, and decreased subchondral bone mass and altered architecture. In the 

next stage, the cartilage matrix fragments into fissures, accompanied by formation of bone cysts 

and osteophytes. In late-stage OA, chondrocytes undergo hypertrophic changes and apoptosis. 

The calcified cartilage expands into the articular cartilage and becomes vascularized and 

innervated. There is new bone formation at the osteochondral junction as well as disruption of 

the osteocyte canalicular network. 

 

Figure 7. Differences between normal and osteoarthritis joints (Yuan et al., 2014).  

On the molecular level, articular chondrocytes express lower levels of cartilage markers 

such as Sox9, aggrecan, and collagen II, and higher levels of hypertrophic markers including 
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Runx2 and collagen X (Ashkavand et al., 2013). Degradation of the cartilage matrix is driven 

mainly by MMP1/3/13 and ADAMT 4/5, which, in turn, are regulated by inflammatory factors 

such as IL1/6 and NF-əB. These processes are further under the regulation of factors such as 

Hif1/2, Wnt/ɓ-catenin, TGF ɓ1/3, IGF-1, FGF2, BMP2/7, among others. 
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Chapter 3. Determine the effects of cartilage extracellular matrix on chondrogenesis and 

hypertrophy in human MSCs 

3.1 Abstract 

Decellularized cartilage ECM preserved the biochemical composition of native cartilage. 

ECM supplementation in culture medium promoted MSC proliferation, chondrogenic 

differentiation, and cartilage matrix production. This effect was dose-dependent and long-lasting, 

and was most effective during early chondrogenesis. ECM also increased maturity of 

chondrogenesis and directed MSCs towards a hyaline-like phenotype. In addition, ECM delayed 

hypertrophy and endochondral ossification in MSC-derived chondrocytes. 

3.2 Background 

The cartilage extracellular matrix (ECM) maintains the chondrocyte phenotype and 

cartilage homeostasis in healthy tissues. In degenerative diseases such as osteoarthritis (OA), the 

loss and altered compositions of the ECM may contribute to the downward spiral of disease 

progression. Various components of the ECM have been shown to modulate MSC 

chondrogenesis and hypertrophy both in vitro and in vivo, including GAGs, collagen II, and 

hyaluronic acid, among others. However, how these various ECM components interact with each 

other to regulate cartilage homeostasis and the effect of the ECM as a whole on chondrogenesis 

is unknown. Since it is essentially impossible to recreate the ECM synthetically by mixing 

various components together, here we used a decellularized and digested formulation of whole 

native cartilage ECM to study its effects. This section focuses on the effects of ECM on the 

degree of chondrogenic differentiation, the production of cartilage matrix, and hypertrophic 

maturation.  
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Firstly, we characterized the biochemical contents and biological effects of decellularized 

cartilage ECM. The ECM digest can be used in different formats such as culture media 

supplement, hydrogel, and solid sheet (OôNeill et al., 2013). Composition of the native ECM 

changes during processing, and maximum preservation of the biochemical compositions of the 

native tissue is desired. To this end, key ECM components at different stages of processing was 

analyzed. Also, the effects of the ECM on MSC proliferation and metabolism were quantified. 

Secondly, the effects of ECM on MSC chondrogenesis were analyzed by using it as cell 

culture supplements. MSC pellets were cultured in chondrogenic media in the presence or 

absence of ECM supplements for 5 weeks and biochemical compositions and cartilage gene 

expression were compared. A dose response of ECM supplementation (from 0.05mg/ml to 

0.2mg/ml) on matrix production was established, and the effects of timing (during early, mid, or 

late chondrogenesis) of ECM supplementation on matrix production was studied. These studies 

aimed to test the hypothesis that cartilage ECM promotes MSC chondrogenesis. 

Since native ECM maintains chondrocytes in a stable phenotype without progressing to 

hypertrophy, as seen in osteoarthritis, we asked whether ECM can inhibit chondrocyte 

hypertrophy. To address this question, ECM supplement (0.1mg/ml) was provided during the 

chondrogenic and/or hypertrophic culture of MSCs, and biochemical compositions, 

chondrogenic/hypertrophic gene expression, and mineral depositions over the 5-week culture 

period were analyzed. Furthermore, a dose response of ECM supplementation (from 0.05mg/ml 

to 0.2mg/ml) on mineral depositions in MSC pellets was established, and the durability of the 

ECM effects on mineral deposition was studied.  
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3.3 Methodology 

3.3.1     Preparation of decellularized cartilage ECM 

Native porcine tracheal cartilage was obtained from Green Village Packing (Green 

Village, NJ). The tissue was lyophilized and mechanically broken into small pieces with mortar 

and pestle. Using an orbital shaker (120rpm), lyophilized tissue was washed three times using 

6.7ml of water and 2X PBS per gram of tissue,  treated with 0.02% trypsin at 37oC for 2 hours, 

and again washed with 6.7ml of water and 2X PBS per gram tissue. The tissue was 

decellularized with 40g/L of deoxycholic acid in water overnight, and washed with 6.7ml water 

and 2X PBS. It was then treated with 50U/ml DNase I overnight, and washed with water and 2X 

PBS. The decellularized tissue was sterilized with 0.1% peracetic acid and washed thoroughly 

with sterile water. All chemicals were from Sigma (St. Louis, MO). 

The sterile decellularized tissue was digested with pepsin. For 1g of lyophilized ECM, 

0.1g pepsin in 100 ml sterile 0.01M HCl were used. The digestion occurred at 37oC shaking with 

frequent monitoring. The final digest should be a thick milky liquid with a small portion of 

undigested pieces. Excessive digestion that resulted in a watery liquid was avoided. This would 

result in a digested ECM concentration of 10mg/ml, which could be further made into hydrogel, 

liquid supplement to media, and plate coating. 

3.3.2 Biochemical assays 

Cell monolayers or pellets (containing at most 10 million cells) were digested in 1ml of 

papain at 65oC overnight to yield a homogeneous solution. Briefly, the composition of the papain 

digestion buffer is as follows: 0.1M sodium acetate, 0.01M cysteine HCl, and 0.05M EDTA, 



 
 

20 
 

pH=6.0. Each milliliter of papain digestion buffer was mixed with 20ɛl of papain (Sigma) before 

use.  

DNA quantification was conducted with PicoGreen assay (Fisher, Hampton, NH). 100ɛl 

of sample digest (n=4) were added to the wells of black plates. Then, a 1:200 dilution of the 

PicoGreen reagent was added to each well and read on a fluorescent microplate reader 

(Excitation: 485nm, Emission: 520nm). 

For GAG quantification, 40ɛl of sample digest (n=4) and chondroitin-6-sulfate standards 

were added to the wells of clear plates. 200ɛl of DMB dye was added to the wells immediately 

before absorbance reading at 540nm and 595nm. The difference between two readings correlate 

with GAG quantity. DMB dye was prepared by 980ml of mixing solution A (2g/ml sodium 

formate, 2ml/ml formic acid, pH=3.5) and 5ml solution B (16mg of 1,9 dimethylene blue (DMB) 

(Sigma) in ethanol) and adjusted to 1L by water. 

For hydroxyproline (OHP) quantification, 500ɛl of the sample digest was mixed with 

500ɛl 12M HCl and heated to a dry char at 110oC overnight. The char was resuspended in 1ml of 

assay buffer. 100ɛl of each sample was added to the wells of a clear plate, and 50ɛl of 

chloramine T reagent was added, mixed, and let sit for 20 minutes at room temperature. Then, 

50ɛl of dimethylaminobenzaldehyde reagent was added and mixed in each well. The plate was 

incubated at 60oC for 15 minutes and read at absorbance of 540nm. For this assay, the stock 

buffer contained 50g/L of citric acid monohydrate, 12ml/L glacial acetic acid, 120g/L sodium 

acetate trihydrate, and 34g/L sodium hydroxide at pH=6.0. The assay buffer was prepared by 

1:10 dilution of stock buffer. Chloramine T reagent contained 70.5mg of chromamine T, 1.035ml 

water, 1.3ml 1-propanol, and 2.665ml stock buffer. Dimethylaminobenzaldehyde reagent 
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contained 0.75g of p-dimethylaminobenzaldehyde (Sigma) dissolved in 3ml 1-propanol and 

1.3ml perchloric acid. 

3.3.3 Preparation of ECM/collagen hydrogel 

Decellularized cartilage ECM from porcine trachea was obtained from East River 

Biosolutions (New York, NY). Bovine collagen I solution was obtained from Life Technologies 

(A10644-01, Carlsbad, CA). To make a 6mg/ml hydrogel, 60ɛl of cold 0.1M NaOH, 67ɛl of 

cold 10X PBS, 273ɛl of cold 1X PBS, and 600ɛl of cold ECM digest (at 10mg/ml) were 

sequentially added. pH was adjusted to 6.5-7.5. 300ɛl of hydrogel was added to a 48-well plate 

and incubated at 37oC for 45 minutes for gelation. MSCs were seeded onto the surface of the 

hydrogel. 

3.3.4 Preparation of ECM/collagen coating 

200ɛl of ECM or collagen type I at a concentration of 2mg/ml was added to 48-well 

plates and let dry overnight. After complete drying, the wells were washed twice with PBS to 

remove any particulates.  

3.3.5 MTT assay for measuring cellular metabolic activity 

MSCs were seeded into 48-well plate that were either uncoated or coated with hydrogel 

described in 3.3.3 at 20,000 cells/cm2, and cultured in high glucose DMEM with 10% FBS for 48 

hours. After the 48-hour incubation, the culture media were replaced with media containing 10% 

Alamar Blue (Promega, G808A, Madison, WI). After 14-hour incubation, media was transferred 

into a new 96-well plate and absorbance was measured at 570nm and normalized to 600nm.  
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3.3.6 Culture regimens for studying chondrogenesis and hypertrophy 

MSCs (P5), normal adult chondrocytes (P6) (Cell Applications), and osteoarthritic adult 

chondrocytes (P6) (Cell Applications, San Diego, CA) were expanded in DMEM (Fisher) with 

10% FBS and Pen-Strep. For chondrogenic differentiation, 200,000 cells were centrifuged to 

form a pellet at 300g for 5 minutes in 96-well deep-well plates (Fisher), and cultured in 

chondrogenic media for 2-5 weeks. Chondrogenic medium contained 476ml of high-glucose 

DMEM, 0.1ɛM dexamethasone, 50ɛg/ml L-proline, 5ml sodium pyruvate (Life Technologies), 

5ml ITS+ (Corning, Corning, NY), 5ml HEPES (Life Technologies), fresh dosage of 50ɛg/ml 

ascorbic acid, and fresh dosage of 10ng/ml TGF-ɓ3 (Peprotech, Rocky Hill, NJ).  

For hypertrophic differentiation, cells were incubated in chondrogenic medium for 2-4 

weeks before cultivation in hypertrophic medium for 3 weeks. The hypertrophic medium 

contained 476ml of high-glucose DMEM, 0.1ɛM dexamethasone, 50ɛg/ml L-proline, 5ml 

sodium pyruvate, 5ml ITS+, 5ml HEPES, 5mM sodium beta-glycerophosphate (Sigma), fresh 

dosage of 50ɛg/ml ascorbic acid, and fresh dosage of 50ng/ml L-thyroxine T4. 

3.3.7 qPCR analysis of gene expression 

RNA was isolated with Trizol extraction (Life Technologies), cleaned with a DNase I kit 

(Invitrogen, Carlsbad, CA), and made into cDNA (Applied Biosystems, Foster City, CA). 

Quantitative PCR was conducted with a SYBR Green qPCR kit (Applied Biosystems) in a 

StepOne Plus Real-Time PCR System (Applied Biosystems). A list of primers is in the appendix.  
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3.3.8 Histology and immunohistochemistry 

Cell pellets were fixed in 10% formalin and embedded in paraffin. For Alcian Blue 

staining, the slides were stained in Alcian Blue solution (0.1g Alcian Blue in 9ml water and 1ml 

1M HCl) for 5 minutes, before washed thoroughly with acid alcohol (0.12M HCl in 70% EtOH). 

For Alizarin Red staining, the slides were stained in Alizarin Red solution (2g Alizarin Red in 

100ml water, pH=4.1-4.3) for 30 seconds to 5 minutes, before wash in water.  

Immunostaining with collagen I (Abcam 6308, 1:200, Cambridge, UK), collagen II 

(Abcam 34712, 1:200), and collagen X (Abcam 49945, 1:2000) were conducted with Vectastain 

Elite ABC HRP Kit (Vector Lab, Burlingame, CA) and DAB Staining Kit (Vector Lab). For 

collagen I and II staining, slides were incubated in 0.05% trypsin at 37oC for 15 minutes and 0.3% 

H2O2 in methanol for 30 minutes. For collagen X staining, slides were incubated in 

hyaluronidase (2mg/ml in PBS, Sigma) at 37oC for 60 minutes, and Pronase E (1mg/ml in PBS, 

Sigma) at 37oC for 60 minutes. Images were acquired with Olympus FSX-100 microscope 

(Olympus, Center Valley, PA). 

3.3.9 Calcium quantification assay 

Cell pellets were shaken in 1ml 5% trichloroacetic acid at room temperature overnight. 

Calcium was dissolved and quantified with a Stanbio Total Calcium LiquiColor Kit (Stanbio, 

Boerne, TX). 

3.3.10 Micro -CT analysis 

For micro-CT, cell pellets were fixed in 10% formalin overnight and kept in PBS. Three-

dimensional high-resolution images were obtained using a micro-CT system (VivaCT 40; 

Scanco Medical AG, Bassersford, Switzerland). The grayscale images were binarized using a 
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global threshold. Standard morphological parameters such as mineral volume and mineral 

density were evaluated for each sample using the standard morphological analysis software on 

the VivaCT 40 system.  

3.3.11 Statistical analysis 

Statistics were performed with GraphPad Prism 6.0. Data were expressed as the average 

+/- standard deviation of n=4-6 samples per group and time point. The differences between 

groups were examined by analysis of variance with an alpha level of 0.05. p<0.05 *, p<0.01 **, 

p<0.001 ***, p<0.0001 ****. For comparison between two groups, Studentôs t-test was used. 

For comparison between multiple groups at a single time point, one-way ANOVA with Tukeyôs 

post hoc test was used. For comparison between multiple groups at multiple time points, two-

way ANOVA with Bonferroni post hoc test was used. In general, key experiments were 

conducted with ECM isolated from two pigs and MSCs from two human donors, and replicated 

in at least two independent experiments. 

3.4 Results 

3.4.1 Biochemical characterization of decellularized cartilage ECM 

Native porcine tracheal cartilage was prepared in sequential steps and different 

preparations were used in different format of cell assays (Figure 8). Briefly, native cartilage was 

decellularized and digested to form a thick milky liquid with suspended particulates, which were 

small pieces of partially digested ECM. After removing the particulates by filtration through a 

100ɛm strainer, the liquid fraction of the ECM was used as culture medium supplement or to 

make hydrogel. This liquid fraction was also used in selective enzymatic digestion to identify 

bio-active molecules. 
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Figure 8. Stages in the preparation of cartilage ECM. 

 During decellularization, over 90% of the DNA content was removed from the ECM 

(Figure 9A). GAG was partially preserved and collagen was fully preserved (Figure 9A). As the 

whole ECM digest was passed through a 100ɛm strainer, a portion of the DNA, GAG and 

collagen was lost due to the removal of large suspended particulates (Figure 9B). The liquid 

ECM fraction contained both soluble molecules and aggregates of macromolecules. 
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Figure 9. Biochemical characterization of cartilage ECM during preparation. (A) 

Decellularization. (B) Removal of suspended particulates from the liquid fraction of ECM 

obtained by ECM digestion. (n=4, two independent experiments) 

3.4.2 Effects of ECM on MSCs without differentiation stimuli 

The ECM regulates growth and metabolism of stem cells in a tissue-specific manner. 

OôNeill et al. showed that stem cells exhibit decreased proliferation but higher metabolism when 

cultured in their parent ECM (2013). On the contrary, when cultured in ECM not derived from 

their native tissue, stem cells exhibited increased proliferation and lower metabolic activity. We 

asked whether the cartilage ECM has similar effects on MSCs, adult stem cells not derived from 

cartilage. 

The effects of ECM were analyzed in three culture formats: media supplement at a 

concentration of 0.1mg/ml, hydrogel at a concentration of 3mg/ml, and coating. The media 

supplement was prepared by 100 fold dilution from 10mg/ml ECM digest, which was derived 

from 10mg dry weight of ECM into 1ml of digestion solution. MSCs were cultured in basal 



 
 

27 
 

media with 10% FBS but no other exogenous growth factors and differentiation stimuli. Indeed, 

ECM promoted MSC proliferation and inhibited metabolism in all three formats, consistent with 

prior findings from OôNeill et al (2013) (Figure 10). 
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Figure 10. Cartilage ECM promoted proliferation and inhibited metabolism in MSCs without 

exogenous differentiation stimuli. ECM was assayed as (A) media supplement, (B) hydrogel, and 

(C) surface coating. ECM hydrogel was prepared as 50% mixture with collagen I due to the 

inability of 100% ECM to gel. (n=4, two independent experiments) 

3.4.3 Chondrogenic effects of ECM on MSC differentiation 

We first studied whether cartilage ECM has effects on chondrogenic differentiation. MSC 

pellets were cultured in the presence or absence of liquid ECM supplementation for up to five 

weeks, and analyzed for chondrogenic gene expression, biochemical contents, and histology 

(Figure 11A). From week 2 to 5, ECM supplementation resulted in greater pellet weight, higher 

DNA, GAG, and collagen content (Figure 11B). This promotive effect on chondrogenesis was 

accompanied by increased expression of chondrogenic and cartilage matrix genes such as Sox 

5/6/9, aggrecan, collagen II, and CSGALNACT1 (Figure 11C). Consistently, histology showed 

increased Alcian Blue staining for GAG and collagen II staining for ECM-treated pellets (Figure 

11D). 
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Figure 11. Cartilage ECM promoted MSC proliferation and chondrogenesis as media supplement. 

(A) Experimental scheme. (B) Effects on pellet wet weight, DNA, GAG, and OHP contents. 

(n=5) (C) Effects of cartilage gene expression (n=6). (D) Histological sections of pellets; arrows 

show the formation of lacunae (n=4). Scale bar = 100ɛm. Experiments were replicated with two 

sources of ECM and two sources of MSCs. 

To further confirm the chondrogenic effects of ECM, a gradient dose of ECM was added 

to the MSC chondrogenic culture and analyzed at week 3 (Figure 12A). With increasing doses 

of ECM, pellet diameter, weight, DNA, GAG, and OHP contents were elevated (Figure 12B), 

which were confirmed with histological analysis (Figure 12C). 


