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Abstract 

Focal defects in articular cartilage and other traumatic joint injuries trigger 

destructive pathways including inflammation, oxidative stress and increased expression 

of catabolic enzymes that often lead to post-traumatic osteoarthritis (PTOA). These 

pathways promote phenotypic changes characteristic of chondrocyte hypertrophy and 

senescence1. Senescence and hypertrophy are major phenotypic shifts seen in aging and 

OA and share similar markers such as expression of metalloproteinases (MMPs) that 

drive matrix degradation as well as an altered response growth factors that have been 

shown to be anabolic in healthy chondrocytes1,2,3,4. The term “chondrosenescence” was 

recently coined to describe this phenotype which is driven by inflammation, joint trauma, 

aging and other mechanical and chemical stimuli5. Accordingly, using aged or OA 

chondrocytes, which exhibit features of chondrosenescence, in clinically approved 

treatments for focal defect repair will yield subpar production of structural macromolecules 

and, therefore, subpar cartilage regeneration. Understanding the process of 

chondrosenescence will improve cartilage tissue engineered from these cells. 

This thesis focuses on the role of RUNX2 (Runt-related transcription factor 2), a 

transcription factor (TF) that drives chondrocyte hypertrophy during endochondral 

ossification. Specifically, we suppress RUNX2 in OA cells and investigate its role in the 

development of the chondrosenescent phenotype. 



 xvi 

We investigated the role of RUNX2 in two ways. First we defined the differences 

between young, healthy chondrocytes and aged/OA chondrocytes when regenerated in 

vitro. We found that OA cells have regeneration potential and produce cartilage matrix, 

limited by the upregulation of RUNX2 through multiple pathways. Next, we investigate the 

matrix production of OA cells when RUNX2 is suppressed using our previously developed 

cell regulation gene circuit. We found that high levels of RUNX2 suppression increases 

chondrogenic gene expression and increases cartilage matrix production. Finally, we 

developed an in vitro model of chondrosenescence to investigate that lead to the 

development of this phenotype. We show that our model leads to chondrosenescence 

and that multiple pathways are responsible for this development. 

Overall, this dissertation explores methodologies to enhance cartilage matrix 

production in aged/OA chondrocytes including suppressing RUNX2 and investigating 

other potential targets for suppression. 
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Chapter 1 Introduction 

1.1 Background 

Articular (hyaline) cartilage is the connective tissue that covers the end of long 

bones1. It provides a smooth, low friction surface and redistributes mechanical loads 

during joint movement2–5. The cartilage extra cellular matrix (ECM) is responsible for the 

unique mechanical properties of this tissue. Cartilage ECM is deposited by chondrocytes 

and is composed of type II collagen and aggrecan as shown in Figure 1-1. Collagen type 

II forms a dense fibril network that provides tensile strength to the tissue that prevents 

cartilage swelling and tensile loads that arise during daily activity6. Aggrecan contains 

sulfated glycosaminoglycan (sGAG) side chains. These side chains are highly negatively 

charged and attract water molecules into cartilage, which provides compressive strength 

to the tissue7,8. The mechanical properties of the ECM protect healthy chondrocytes from 

mechanical stress7,8. 

Figure 1-1: Schematic of articular cartilage matrix. Articular cartilage is a connective tissue (left) 
and at the cellular level the main cell type, chondrocytes, are surrounded by an ECM composed of 
collagen and aggrecan. Created with BioRender.com 
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Traumatic joint injuries, like ligamental tears, can often also result in cartilage 

defects. These defects are not reparable because cartilage is avascular and cannot 

access progenitor cells and nutrients necessary to facilitate healing9–12. These defects 

are often undetected and this disruption in the tissue integrity leads to high loads on the 

remaining healthy tissue. This increase in tissue stress causes chondrocytes to produce 

inflammatory cytokines such as IL-1β (interleukin-1 beta)13,14 and TNFα (tumor necrosis 

factor alpha)13,15 which further induce the expression of matrix degrading enzymes15–18. 

Long term inflammation and mechanical overload accelerate the deterioration of the 

remaining healthy cartilage, eventually leading to post traumatic osteoarthritis (PTOA)19–

21. PTOA affects over 5.6 million people within the United States19,20 

1.2 Current Treatment Options 

The current treatment options for clinical repair of cartilage defects include 

microfracture, osteochondral transplantation and autologous chondrocyte implantation 

(ACI). There are benefits and drawbacks associated with each procedure but overall, 

none of these options fully restore cartilage function22.  

Microfracture is the most commonly performed procedure for small cartilage 

defects22–24. The repair process involves debridement of the cartilage from the defect area 

followed by perforation of the underlying subchondral bone to allow bone marrow and 

blood to be released into the injury site. This initiates the repair process by bone marrow 

mesenchymal stem cells (MSCs) and eventually forms cartilaginous tissues25. This 

procedure is minimally invasive with short recovery time26–29. However, this method is 

generally only effective in small defects (<2 cm2) and younger patients24. In addition, the 

recruited MSCs form fibrocartilage instead of hyaline cartilage22,30–32. Fibrocartilage is not 
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as stiff as hyaline cartilage and does not have sufficient mechanical properties to resist 

the high compressive loads of the knee joint33,34. This affects the long term effectiveness 

of this treatment, leading to degradation of the repair tissue and onset of PTOA24,25,33,35. 

Osteochondral transplantation uses tissue grafts from healthy cartilage to repair 

surgical defects22,36,37. These grafts can be autografts or allografts. For autographs, a 

tissue plug made up of cartilage and the underlying subchondral bone is taken from a low 

weight-bearing area of the patients knee before being implanted in the defect site22.This 

method restores most of the mechanical function but limitations include insufficient donor 

tissues, donor site morbidity and damages to the harvested grafts38. For larger defects 

(<3 cm2) allografts are typically used36. Allografts have risks including disease 

transmission and host immune responses and cell death in the graft because most donor 

tissues are not freshly harvested39,40. 

Autologous chondrocyte implantation (ACI) is a treatment for large cartilage 

defects33,41,42. ACI is a two-step procedure that starts with harvesting healthy 

chondrocytes from the low weight-bearing region of the patient’s cartilage. The harvested 

chondrocytes are then expanded in vitro before being injected back into the chondral 

defect underneath a periosteal patch in a second surgery22,43. 

Recently, matrix-induced autologous chondrocyte implantation has been used to 

avoid complications associated with the use of the periosteal patch44,45. In this method, 

cells are seeded on a membrane made of collagen I/III before being implanted back into 

the defect site46. The limitations of these procedures are that it includes multiple invasive 

procedures and requires in vitro monolayer expansion47. Studies have shown that 

monolayer expansion of chondrocytes leads to dedifferentiation48. ACI has good clinical 
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results in young patients after 1-11 years but increasing patient age decreases the 

effectiveness of these ACI procedures49–51. In addition, ACI shows subpar repair in joints 

showing signs of OA52–54.   

1.3 Tissue Engineering Based Cartilage Repair 

To overcome the issues with the clinical repair strategies outlined above, tissue 

engineering solutions have been proposed to create new cartilage tissues with the key 

structural macromolecules (type II collagen and aggrecan). This includes the use of other 

cell types, scaffolds and biomolecular/biochemical stimuli55–57, which are three essential 

components of tissue engineering and a combination of the three contributes to the 

functional success of engineered cartilage tissues.   

Adult mesenchymal stem cells (MSC) are a cell alternative to articular chondrocytes 

for cartilage tissue engineering . These cells can differentiate into chondrocytes and can 

be harvested from various tissues58–60. MSC-derived chondrocytes (MdChs) produce 

cartilage matrix proteins61–63. Studies have used many different factors to stimulate matrix 

production by MdChs including growth factors59,64–67, scaffolds68–71, and mechanical 

stimuli37,55,72. Despite all of the various techniques investigated, MdChs do not have a 

stable chondrogenic phenotype55,59,73. When growth factors are used to induce 

chondrogenesis of MSCs, they follow the endochondral ossification pathway and begin 

to express hypertrophy-associated markers not expressed in primary chondrocytes74–77. 

This hypertrophy leads to neocartilage degradation and compromises the integrity of 

engineered tissue78–80.   
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The focus of this work is on the use of articular chondrocytes in cartilage repair. 

Primary articular chondrocytes are the gold standard for cartilage tissue engineering22 

and have been approved by the FDA to repair articular cartilage.  ACI has demonstrated 

60% to 90% good-excellent clinical outcomes after 1 to 11 years in young patients (15 to 

50 years of age) with large defects and moderate symptoms54,81,82. Since 199443, ACI has 

evolved from a scaffold free implantation to the membrane-based delivery in MACI. The 

matrix assisted ACI (MACI) procedure shows benefits over classic ACI, including 

improved clinical outcomes in early OA patients.83–85 For both procedures, maintaining 

robust hyaline tissue synthesis by isolated chondrocytes is an ongoing challenge.86 

Overall, improvements to these methods still do not overcome the problems 

associated with the availability and expansion of articular chondrocytes or the 

decrease of cartilage matrix deposition by aged and OA chondrocytes,  which limits 

the success of tissue-engineered cartilage products.  

1.3.1 Genetic Engineering in Cartilage Tissue Regeneration 

Intracellular regulators of chondrocyte hypertrophy can be directly targeted and 

silenced using RNA interference (RNAi). RNAi of a gene induces its loss of function by 

stimulating targeted degradation of suppressing mRNA translation87–89. Three types of 

RNA molecules are commonly used to facilitate RNAi; short interfering RNAs (siRNAs), 

microRNAs (miRNAs), and the artificial short hairpin RNAs (shRNAs). Both siRNA90 and 

shRNA91–93 have been used in osteoarthritic chondrocytes to investigate their 

chondrogenic abilities. Long term inhibition of genes is difficult with siRNA because it can 

be transient87. Lentiviral delivered shRNA is seen as a solution to this problem because 
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it integrates into the genome and can be passed onto daughter cells87. During RNAi, 

shRNA is processed into siRNA that induces silencing of the target sequence.  

Our lab has engineered a synthetic gene circuit that suppresses translation of 

RUNX2 through a synthetically established intracellular feedback mechanism. The 

feedback loop is activated by intracellular RUNX2, making the circuit phenotype-specific 

and the regulation of RUNX2 cell autonomous (Figure 1-3). This circuit utilizes two well 

characterized elements: a Col10a1 basal promotor and cis-enhancers that facilitate 

RUNX2 binding to the Col10a1 promotor94,95. Binding of RUNX2 to the promotor induces 

transcription of short hairpin RNA for RUNX2 (shRUNX2) that targets RUNX2 mRNA, 

establishing a negative feedback loop. Kaur et. al have shown that the use of this gene 

circuit improves MdCH cartilage matrix accumulation96. 

  

1.4 Challenges in Tissue Engineering Based Repair 

The aged and OA phenotypes may explain the subpar cartilage repair seen in aged 

patients when they undergo ACI53. Investigations targeted at tuning exogenous cues to 

Figure 1-2: Closed loop gene circuit mechanism When intracellular RUNX2 binds to the 
Col10a1-like promoter, the gene circuit is activated driving expression of shRNA for RUNX2. 
The shRNA binds to the mRNA inhibiting translation of RUNX2. The suppression of RUNX2 
decreases the  expression of type X collagen, MMP13, ADAMTS5. 
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regulate chondrocyte phenotype have predominantly been conducted using fetal or 

juvenile chondrocytes and we are finding that the response of aged and OA chondrocytes 

to these cues are not equivalent to their younger counterparts97. For example, 

supplementing chondrocytes with TGF-β increases matrix production. This effect occurs 

through SMAD2/3 signaling which upregulates collagen II and aggrecan. However, in 

aged and OA chondrocytes TGF-β signaling is altered and instead drives chondrocyte 

hypertrophy98. The objective of this work is to improve cartilage tissue regenerative 

outcomes using aged chondrocytes by addressing the two major phenotypes identified in 

aging and OA. 

1.4.1 Aging leads to chondrosenescence 

Inflammaging, defined as chronic low-level inflammation, is thought to be a driving 

force behind age-related pathologies such as diabetes mellitus99–101 atherosclerosis102 

and OA progression103. The exact cause of inflammaging is unknown but is thought to be 

due to accumulation of misplaced and misfolded molecules from damaged cells104,105. 

These molecules can be a source of constant stress leading to activation of the innate 

immune response. As we age, disposal of these molecules decreases due to decreased 

autophagy106,107, which is necessary for normal chondrocyte function108. Decreased 

autophagy and increased inflammation can lead to a senescent-like phenotype, dubbed 

“chondrosenescence”, resulting in increased OA severity109.  

Inflammaging increases the number of chondrosenescent cells in the joint. This is 

because senescent and senescent-like cells secrete pro-inflammatory cytokines and 

matrix degrading enzymes and chemokines, which are characteristic of the senescence 

associated secretory phenotype (SASP)110 . Key cytokines known to contribute to OA 
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progression, such as TNF-α and IL-1β, have also been identified as cytokines involved in 

inflammaging103,111–113. IL-1 has been shown to upregulate the transcription factor 

RUNX2 in chondrocytes and RUNX2 upregulates pathways that lead to chondrocyte 

hypertrophy101-105 and matrix catabolism79. These inflammatory cytokines also activate 

the NF-κB and MAPK pathways—both of which are abnormally activated in OA 

chondrocytes— leading to matrix degradation78, 79  and shifts in chondrocyte phenotype79. 

NF-κB is also the major signaling pathway that stimulates the appearance of the SASP115. 

This phenotype exhibits markers that are also involved in the progression of the 

hypertrophic phenotype seen in OA such as RUNX2 and MMP13116. 

1.4.2 Osteoarthritis leads to hypertrophy in articular chondrocytes 

Chondrocyte hypertrophy is a major marker in OA progression117,118. Hypertrophic 

differentiation naturally occurs during a endochondral ossification, a multi-step process 

that occurs during limb development74–76,119. During limb development, cells condense 

prior to early chondrogenesis, proliferation, hypertrophic maturation, calcification and 

blood vessel invasion before differentiating into bone119. 

Hypertrophy is a critical step in endochondral ossification that prepares for the 

mineral deposition in cartilage matrix shown in Figure 1-2120. This process is driven by 

the master transcription factor RUNX2 (runt-related transcription factor 2)121–125. RUNX2 

upregulates collagen type X94,95 and MMP13126,127 during hypertrophy. MMP13 degrades 

both aggrecan128 and type II collagen129. These are the two major components of cartilage 

ECM and this increased degradation leads to a decrease in the mechanical strength of 

cartilage. Previous works shows that inhibiting RUNX2 can delay this process. Transgenic 

mice expressing conditional knockout of RUNX2 exhibit impaired endochondral 
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ossification, marked by delayed chondrocyte maturation and less absorption of articular 

cartilage130–132.  

 

 

 

 

 

 

 

 

 

 

1.5 Project Goals and Hypothesis 

This work was accomplished by first developing a method for chondrocyte 

redifferentiation that resulted in matrix production of both young and OA chondrocytes. 

RUNX2 was then suppressed in OA chondrocytes using our previously established cell-

autonomous shRUNX2 gene circuit to evaluate matrix accumulation. Finally, the evolution 

of the chondrosenescent phenotype was investigated by creating an in vitro model that 

simulated aging and inflammaging. We hypothesize that  targeting RUNX2 in aged and 

OA chondrocytes will improve ECM production and reduce ECM turnover and that 

RUNX2 has a role in chondrosenescence. We will investigate this hypothesis in the 

following aims: 

Figure 1-3: H&E staining of articular cartilage and growth cartilage. The OA phenotype follows 
the formation of growth cartilage. Chondrocytes become hypertrophic leading to decreased collagen 
and aggrecan production and increased expression of MMPs and other hypertrophic factors. 



 10 

Aim 1: Investigate the role of RUNX2 in young and aged/OA chondrocytes during 3D 

redifferentiation culture.  

Hypertrophy and senescence share similar markers and processes. RUNX2 

increases the expression of matrix degrading enzymes and decreases expression of 

cartilage structural macromolecules during OA6,7. Chondrocytes expressing RUNX2 have 

shown a senescent like phenotype178,20, indicating a role for RUNX2 in chondrocyte 

senescence. The purpose of this study was to investigate the role of RUNX2 in the ECM 

production of aged/OA chondrocytes in a scaffold-free, 3D environment.   

Aim 2: Determine the effect of RUNX2 suppression on matrix production of chondrocytes 

isolated from low grade OA tissue.  

RUNX2 drives chondrocyte hypertrophy, a major maker of OA progression. Our 

lab previously developed a cell-autonomous gene circuit that drives the expression of 

shRNA for RUNX2 (shRUNX2). Kaur et. al has shown that the use of this gene circuit 

improves MdCh cartilage matrix accumulation96. The purpose of this study was to 

determine if RUNX2 suppression increases the accumulation of cartilage matrix 

macromolecules by increasing expression of articular cartilage markers and inhibiting the 

expression of matrix metalloproteinases in OA cells. 

Aim 3: Determine the effect of low-level inflammatory stimulus on the inflammaged 

phenotype of chondrocytes.  

Chondrosenescence is the product of exposure to maintained levels of low-grade 

inflammation as cells age. Researchers directly investigate chondrosenescence using 

cells from aged patients, but these cells only show the final phenotype133,134. An in vitro 

model of chondrosenescence would allow us to study the progression and regulators of 
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this phenotype. We investigated the combination of simulated aging (monolayer 

expansion) and inflammaging (IL-1β treatment) on young HACs induced a 

chondrosenescent phenotype. The purpose of this study was to induce biomarker profiles 

and ECM production levels similar to that of inflammaged HACs isolated from aged/OA 

patient samples in an in vitro model of chondrosenescence. 
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Chapter 2 Regeneration Potential of Osteoarthritic Cells is Decreased by RUNX2 

2.1 Introduction 

Strategies to repair cartilage defects in aged patients using autologous cells is still 

a significant clinical challenge52,135–137. The incidences of focal defects that require clinical 

regeneration strategies to delay osteoarthritis (OA) and prevent joint replacement 

increase with our aging population135,136,138. FDA approved methods for defect repair 

using autologous cells, such as autologous chondrocyte  implantation (ACI), provide good 

clinical outcomes in young patients, but have subpar results using cells from older 

patients and/or joints showing signs of OA52,137. This is attributed to the slowed synthesis 

of cartilage structural macromolecules vital to the mechanical strength of articular 

cartilage—collagen II, aggrecan and sulfated glycosaminoglycans (sGAGs).139 Allogenic 

transplants from young donors are limited by lack of donor tissue, indicating a need to 

focus on improving cartilage tissue engineering outcomes using autologous chondrocytes 

in OA patients. 

ACI has demonstrated 60% to 90% good-excellent clinical outcomes after 1 to 11 

years in young patients (15 to 50 years of age) with large defects and moderate 

symptoms.54,81,82 The matrix assisted ACI (MACI) procedure shows benefits over classic 

ACI, including improved clinical outcomes in early OA patients.83–85 For both procedures, 

maintaining robust hyaline tissue synthesis by isolated chondrocytes is an ongoing 

challenge.86 
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Procedures using autologous cells require extensive 2D monolayer expansion to 

acquire a large number of cells. This is known to lead to the dedifferentiation of articular 

chondrocytes and contributes to the difficulty in regenerating cartilage140,141. Researchers 

have used various methods to stop the dedifferentiation including growth factors, low 

density cultures and altering the cell environment81,142–144. Coupled with 3D 

redifferentiation techniques, including scaffold and scaffold-free cultures, researchers 

have shown that chondrocytes can accumulate matrix in vitro, typically involving a growth 

factor regimen or biomaterial design.  

Investigations targeted at tuning exogenous cues to regulate chondrocyte 

phenotype have predominantly been conducted using fetal or juvenile chondrocytes and 

the response of aged chondrocytes to these cues are not equivalent to their younger 

counterparts. For example, the anabolic effects of TGF-β through the binding to ALK5 

seen in young articular chondrocytes is decreased in OA chondrocytes (Figure 2-1)145,146. 

This is due to increased binding to the ALK1 receptor increasing the expression of RUNX2 

leading to cartilage matrix degradation. Thus, there is still a need to demonstrate that 

these techniques are successful with cells isolated from aged patients or patients with 

OA. 

In this study, matrix production in chondrocytes isolated from young, healthy 

patients was compared to cells isolated from cartilage showing early signs of OA (grades 

1 and 2). First,  the scaffold-free pellet culture model was optimized for articular 

chondrocytes. Second, the phenotypic and genotypic differences in neo-cartilage  
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formation between these 2 cell populations after monolayer expansion was compared to 

determine the sensitivity of the cells to this process. This work shows that OA cells 

produce cartilage matrix but at a lower level compared to young cells. In addition, the 

differences in response to anabolic grow factors in vitro were highlighted and it was shown 

that these differences are driven by the RUNX2 pathway. 

2.2 Methods 

2.2.1 Young Cell Source 

HACs in the age range of 3010 years were purchased from StemBioSys. HACs 

were plated at 20,000 cells/cm2 and cultured in growth media containing low-glucose 

DMEM (Gibco), 10% fetal bovine serum (FBS) (Invitrogen), 1% antibiotic-antimycotic 

Figure 2-1: Schematic of the TGF-β pathway. TGF-β can act through ALK1 and ALK5 
and lead to chondrogenesis of chondrocyte hypertrophy. Created in BioRender.com. 
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(Invitrogen), 1 ng/ml transforming growth factor beta (TGF1) (Shenandoah), 5 ng/ml 

fibroblast growth factor (FGF-2) (Shenandoah) and 10 ng/ml platelet derived growth factor 

(PDGF-BB) (Shenandoah) at 37 C, 5% CO2.147,148 HACs were trypsinized and sub-

cultured every three days. Population doublings were calculated by: PD = 3.32[log (final 

cell #) – log (initial cell #). Age and sex of donors: M,24; M,19; F,20. 

2.2.2 OA Cell Source  

 De-identified distal ends of femurs from patients undergoing total knee 

replacement were obtained from 6 patients. Patient sex and age were provided and 

cartilage of OA grades 1 and 2 were identified and tissue was then harvested from 

condylar regions of femur of OA grade 1 or 2, shown in Figure 1-2. Chondrocytes were 

isolated by mincing cartilage and digesting with 0.1% collagenase II (Worthington) for 16 

hours in Ham’s F12 (Gibco) medium with 5% FBS. OA cells were plated and sub-cultured 

as described in Young Cell Source. Age and sex of donors: F,63; M,71; F,73. 

 

 

 

 

 

 

 

2.2.3 Scaffold-free Culture 

Figure 2-2: OA patient samples. Tissue from OA patients. OA grades of 1 and 
2 are outlines with blue pen and tissue was only harvested from these regions. 
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Pellets were created by adding 0.25x106 cells suspended in redifferentiation media 

to wells of U-bottom, 96-well plates (Fisher). Plates were spun down at 1000xg for 5 

minutes and allowed to condense for 3 days. Redifferentiation media contained high-

glucose DMEM (Invitrogen), 1.25 mg/mL bovine serum albumin (BSA) (Fisher), 1mM 

sodium pyruvate (Invitrogen), 10-7 M dexamethasone (Sigma), 50 g/ml ascorbic 2-

phosphate (Sigma), 40 g/ml L-proline (Sigma), 10 ng/ml TGF1, 1% ITS+ Premix 

(Corning), 1% antibiotic-antimycotic148,149. Cultures were maintained for 28 days and 

media was changed every other day. A schematic representing the experimental outline 

is shown below. 

 

 

 

 

 

 

 

 

2.2.4 Histological Analysis 

Pellets were washed twice with PBS and fixed with 10% neutral buffered formalin 

at room temperature for 30 minutes. Fixed pellets were washed with PBS followed by 

70% ethanol. Pellets were dehydrated with an ethanol-xylene series prior to paraffin 

embedding and sectioning. Sections were deparaffinized and stained with Alcian Blue 

(1% in 3% Acetic Acid, Poly Scientific) and counterstained with Nuclear Fast Red 

Figure 2-3: Redifferentiation of human articular chondrocytes. Young and aged/OA chondrocytes 
were expanded to passage 4 and then placed redifferentiation in 3D pellet culture for 28 days.  
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(Electron Microscopy Sciences) to evaluate proteoglycan accumulation. For 

immunofluorescence, sections underwent antigen retrieval (BD Pharmingen) and 

blocking prior to primary antibodies incubation for aggrecan (1:500 dilution in 10% goat 

serum in 0.1% Triton X100 in TBS), collagen type II (1:100) (Abcam), collagen type X 

(1:100), RUNX2 (1:100), or MMP13 (1:200), phospho-smad3 (1:100), phospho-smad5 

(1:100) , alk1, alk5, (Abclonal),  overnight at 4°C. Histological slides were incubated with 

Goat anti-Rabbit Alexa Fluor™ Plus 488 secondary antibody (Fisher) for 1 hour at room 

temperature Sections were counterstained with DAPI (Life Technologies) for 5 minutes 

at room temperature. 

2.2.5 Production of Structural Macromolecules 

 Pellets were harvested, frozen  at -80°C and digested in 0.3 units/ml papain 

(Sigma) in a buffer of L-cysteine hydrochloride (Sigma), Ethylenediaminetetraacetic acid 

(EDTA) (Sigma), and sodium phosphate dibasic (Sigma) buffer solution at 65°C for 16 

hours. Cartilage matrix accumulation was measured using the 1,9-dimethylmethylene 

blue (DMMB) assay as previously described56,150,151. A standard curve was generated 

using known concentrations of chondroitin-6-sulfate (Sigma) in duplicate and samples 

were run in triplicate.  DMMB dye was added to each well and absorbance was measured 

using a Synergy H1 plate reader at wavelengths 525nm and 595nm.  

Matrix production was normalized by DNA content as determined using the 

PicoGreen assay (Thermo Fisher). A standard curve was generated according to the 

manufacturers instructions using λ DNA in duplicate and samples were run in triplicate. 

The plate was incubated for 5 minutes at room temperature in the PicoGreen-Tris dye 
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solution and fluorescence was measured using a Synergy H1 plate reader at excitation 

wavelength 498nm and emission wavelength 528nm. 

2.2.6 Gene Expression 

Analysis of gene expression was performed as previously described 56,151,152. After 

experiment completion, pellets were washed with PBS and flash frozen in liquid nitrogen 

and stored at -80C until processing. Briefly, pellets were homogenized using TRI 

Reagent RT (Molecular Research Center). Following homogenization, bromoanisol was 

added for phase separation and RNA was precipitated using isopropanol. Purified RNA 

was resuspended in Ultrapure DI water and concentration was quantified using a Thermo 

NanoDrop 2000. RNA purity was assessed using the A260/A280 and A260/A230 ratios 

measured by the NanoDrop. Values greater than 1.7 were considered suitable for 

downstream applications153. 

 Following RNA extractions, cDNA was synthesized using High-Capacity cDNA 

Reverse Transcription Kit (Life Technologies) using 1g RNA/sample according to the 

manufacturer’s protocol. Gene expression was analyzed using Fast SYBR Green PCR 

Master Mix (Life Technologies) on Applied Biosystems 7500 Fast qPCR machine. Primer 

sequences are listed below in Table 2-1. The mean cycle threshold of housekeeping 

genes GUS and TBP (HK) was used to determine the fold change of gene expression 

levels using both the Δ𝐶𝑇 and ΔΔ𝐶𝑇 methods. For the ΔCT method, relative expression 

levels were calculated as ∆𝐶𝑇 = 𝐶𝑇𝐺𝑒𝑛𝑒 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡 − 𝐶𝑇𝐻𝑜𝑢𝑠𝑒𝑘𝑒𝑒𝑝𝑖𝑛𝑔 and fold change was 

calculated as 2-ΔCT. Relative expression levels for the ΔΔCT method were calculated as 

∆∆𝐶𝑇 = ∆𝐶𝑇𝐷𝑎𝑦 28 − ∆𝐶𝑇𝐷𝑎𝑦 0 and fold changes was calculated as 2-ΔΔCT. 

Table 2-1:Primer sequences for qPCR gene expression analysis 
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Gene Forward Reverse 

ACAN GGAGTGGATCGTGACCCAAG AGTAGGAAGGATCCCTGGCA 

COL2A1 CTCCAATGGCAACCCTGGAC CAGAGGGACCGTCATCTCCA 

RUNX2 CCGGAATGCCTCTGCTGTTA AGCTTCTGTCTGTGCCTTCTGG 

COL10A1 GAACTCCCAGCACGCAGAATC TGTTGGGTAGTGGGCCTTTT 

MMP13 TTGCAGAGCGCTACCTGAGA CCCCGCATCTTGGCTTTTTC 

SOX9 GCTCTGGAGACTTCTGAACGA CCGTTCTTCACCGACTTCCT 

COL1A1 GATCTGCGTCTGCGACAAC GGCAGTTCTTGGTCTCGTCA 

TBP GTGGGGAGCTGTGATGTGAA TGCTCTGACTTTAGCACCTGT 

GUSB GACTGAACAGTCACCGACGA ACTTGGCTACTGAGTGGGGA 

 

Abbreviations: ACAN, aggrecan; COL2A1, collagen type II; RUNX2, runt-related 
transcription factor 2; COL10A1, collagen type X; MMP13, matrix metalloproteinase 13; 
SOX9, SRY-Box transcription factor 9; COL1A1, collagen type I; IL6, interleukin 6; NFKB, 
nuclear factor kappa B; TBP, tata binding protein; GUS, glucuronidase beta 
 

2.2.7 Statistical analysis 

All data is presented as mean  standard deviation (SD). Each point on a graph 

represents a donor. All statistical analysis was performed using GraphPad Prism 8.3 

software (GraphPad). One-way nested ANOVA was used with Šídák multiple comparison 

post-hoc test. P-value <0.05 was considered statistically significant. 

2.3 Results 

During expansion, there was a decrease in the expression of chondrogenic 

redifferentiation markers in both young and aged/OA HACs. Figure 2-4 shows gene 

expression of both populations at each passage during monolayer expansion. Expansion 

led to an increase in fibroblastic marker COL1A1 in both populations – indicating the 

dedifferentiation often seen in HACs during monolayer expansion. RUNX2 expression 

was higher in aged cells but expression remained constant in both populations during 

expansion. SOX9 and ACAN were expressed at higher levels in young cells. Expression 

of both COL2A1 and COL10A1 remained constant as passage number increased. 
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MMP13 expression varied among donors but lowest expression was observed at passage 

3 for both populations.  

 

 

 

Figure 2-5 shows the change in expression at passage 4 compared to the initial 

plating at passage 2. Overall, expression of hypertrophic markers (COL1A1, COL10A1 

and RUNX2)  increased in both young and aged cells. The degree of differentiation was 

similar in both populations and shows that they behaved the same when undergoing 

monolayer expansion. 

Before examining all donors, the scaffold-free culture model for HACs had to be 

optimized. One donor from each population (M, 19 and F, 63) were condensed into pellets 

Figure 2-4: Gene expression during monolayer expansion. Gene expression of chondrogenic 
(left) and hypertrophic (center)  genes during 4 monolayer passages. Expression is normalized to 

housekeeping genes at each passage. Data is presented as mean   SD. Each point represents a 

different donor (n=3 for young and aged). (* – p<0.05, ** – p<0.005, *** – p<0.001, **** – p<.0001) 
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after 4 passages in monolayer and exposed to redifferentiation media of various 

formulations. The common components of the basal media (BM) include high-glucose 

DMEM, BSA, sodium pyruvate, dexamethasone, ascorbic 2-phosphate, and ITS+. 

 

 

 

Under these conditions low matrix production was observed by both donors 

(Appendix A). When supplemented with TGF-β1, a growth factor known to stimulate 

matrix production in chondrocytes, and L-proline, a component of collagen, the cells 

exhibited a more articular cartilage-like phenotype with round cells in large lacunae and 

increased sGAG content in the center of the pellets. Total sGAG in media supplemented 

with L-proline and TGF-β1 increased by 85.9% in young chondrocytes and 62.1% in aged 

chondrocytes when compared to basal media.  

Figure 2-5: Gene expression at passage 4 relative to passage 2 for young and aged 
chondrocytes. Gene expression of chondrogenic (top) and hypertrophic (bottom) genes after 4 
monolayer passages. Expression is normalized to housekeeping genes and passage 2. Data is 

presented as mean   SD. Each point represents a different donor (n=3 for young and aged).  
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Based on these results, the media supplemented with L-proline and TGF-β1 was 

used in all future studies. Figure 2-6 shows the difference in matrix accumulation between 

young and OA chondrocytes On average, young cells had higher matrix accumulation 

compared to OA cells. Alcian blue staining shows higher accumulation of sGAG by young 

cells. 

 

Gene expression analysis after 28 days of redifferentiation culture showed 

upregulation of chondrogenic markers in both populations. Expression of COL2A1 was 

significantly higher in young cells compared to OA cells (Figure 2-7). Upregulation of 

fibroblastic marker COL1A1 occurred in both populations but was higher in OA cells. 

Upregulation of hypertrophic genes (RUNX2, COL10A1 and MMP13) only occurred in OA 

cells.  

 

 

 

Figure 2-6: Matrix accumulation in young and OA cells.(a) sGAG quantification of young and 

OA cells across three donors for each population. Data is presented as mean   SD. Each point 

represents a different donor (n=3 for young and aged).  (*=p<.05) (b) Alcian blue staining of pellets 

at day 28 of pellet culture. Scale = 50m 
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Figure 2-8 shows the change in expression at day 28 compared to the cells before 

initiating chondrogenesis at day 0. Upregulation of  RUNX2 was seen in both populations 

but at a higher level in OA cells. Both downstream targets of RUNX2, COL10A1 and 

MMP13 were significantly upregulated in OA cells compared to young cells. ACAN and 

SOX9 were upregulated in both populations at a similar level. Upregulation of COL2A1 

was significantly higher in young cells compared to OA cells.  

 

 

 

 

 

 

Figure 2-7:Gene expression after redifferentiation. Gene expression of chondrogenic (top) and 
hypertrophic (bottom) genes after redifferentiation. Expression is normalized to housekeeping 

genes at day 28. Data is presented as mean   SD. Each point represents a different donor (n=3 

for young and aged). (** = p<0.005, ***=p<0.001, ****=p<.0001) 
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Gene expression showed increased levels of COL2A1 in young cells and protein 

expression appears to show higher COLII protein expression. ACAN expression 

increased in both young and aged populations at a similar rate, but protein expression 

shows higher expression in young cells (Figure 2-9) after redifferentiation.  

 

 

 

 

 

 

 

Figure 2-8: Gene expression after redifferentiation for young and aged chondrocytes. Gene 
expression of chondrogenic (top) and hypertrophic (bottom) genes after 28 days of 
redifferentiation. Expression is normalized to housekeeping genes and day 0 of culture. Data is 

presented as mean   SD. Each point represents a different donor (n=3 for young and aged). (* = 

p<0.05, ** = p<0.005) 
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Gene expression showed upregulation of RUNX2 and its target genes COL10A1 

and MMP13 in OA cells. Immunofluorescence shows higher protein expression of RUNX2 

and COL10 in OA cells compared to young cells which have little to no protein expression. 

Interestingly, protein expression of MMP13 appears similar between young and aged 

cells when gene expression shows significant higher expression by OA cells (Figure 2-

10). 

 

Figure 2-9: Protein expression of chondrogenic markers. Protein expression of chondrogenic 
markers in young and OA cells. Insets contain merged images with counterstain DAPI (blue). Yellow 

indicates protein. Scale = 20m 

Figure 2-10: Protein expression of hypertrophic markers. Protein expression of hypertrophic 
markers in young and OA cells. Insets contain merged images with counterstain DAPI (blue). Yellow 

indicates protein. Scale = 20m. 
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 The response to TGFβ was probed by looking at the ALK1 and ALK5 receptors 

and their downstream effectors, SMAD5 and SMAD3. ALK5 and SMAD3 promote the 

anabolic effects of TGFβ in HACs and protein expression shows that ALK5 and 

phosphorylated SMAD3 are present in both young and OA cells. Young cells express 

both throughout the pellets where OA cells have only small highlighted sections of 

expression (Figure 2-11). ALK1 and SMAD5 promote hypertrophy in chondrocytes and 

protein expression shows that ALK1 is expressed in both populations but at a higher level 

in OA cells. Phosphorylated SMAD5 is present in OA cells and OA cells had little to no 

expression in SMAD3. (Figure 2-11). 

 

 

 

 

 

 

Figure 2-11: Protein expression of TGFβ pathway markers. Protein expression of markers 
involved in the TGFβ pathway in young and OA cells. Insets contain merged images with 

counterstain DAPI (blue). Yellow indicates protein. Scale = 20m. 
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2.4 Discussion 

Improving cartilage regeneration using aged/OA cells is a challenge in clinical 

applications. There are known differences between young cells and aged/OA cells and 

investigating the mechanisms behind them is necessary to improve regenerative 

outcomes. We show that young and aged HACs dedifferentiate is a similar pattern 

(increased expression of fibroblastic markers and decreased expression of chondrocyte 

genes)  when expanded in monolayer. We show that redifferentiation culture leads to 

higher matrix production in young cells compared to OA cells. In addition, redifferentiation 

leads to increased hypertrophic gene expression in OA cells but not young cells. Finally, 

we show that both the chondrogenic and hypertrophic TGF pathways are active in OA 

cells. This data suggests aged/OA cells are capable of cartilage regeneration similar to 

that of young cells if RUNX2 and other pathways are targeted simultaneously. 

 Dedifferentiation of HACs during monolayer expansion leads to a decrease in 

chondrogenic gene expression and is listed as one of the factors that leads to poor 

cartilage regeneration in vitro 140,141,148,154,155. However, Barbero et al. demonstrated that 

the addition of growth factors PDGFBB, TGF1and FGF-297,148 increased HAC 

proliferation and maximized the redifferentiation potential of HACs. Here, the use of these 

growth factors resulted in similar proliferation rates between young and aged cells and a 

similar decrease in chondrogenic gene expression indicating that the effect is consistent 

across age groups (Appendix B). The balance between redifferentiation potential and 

acquiring a large cell number is important in clinical autologous procedures in order to 

shorten time between surgeries and improve patient outcomes.147,156,157  
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 The added growth factors are often combined with low glucose media to slow the 

rapid decrease in chondrogenic gene expression and retain chondrogenic 

potential149,158,159. Here we show dedifferentiation of both populations but at higher levels 

in aged cells. This could be due to the phenotype acquired before the cells are isolated 

but also due to FGF which has been shown to induce a hypertrophic phenotype in non-

OA chondrocytes during expansion119. Our results show increased hypertrophic gene 

expression in OA cells but a more fibroblastic phenotype associated with chondrocyte 

dedifferentiation in young cells.90,160 This demonstrates the differing responses to growth 

factors between young and aged cells. 

Literature indicates that aged/OA cells have decreased gene expression, matrix 

production and responses to anabolic growth factors when redifferentiated in vitro.158,161 

In this study we saw lower matrix production in OA cells compared to young cells after 

redifferentiation. Gene expression in OA cells remained more hypertrophic compared to 

young cells after redifferentiation. High levels of ACAN have been observed in normal 

(non-OA) age-matched chondrocytes, OA and late chondrogenesis of MSCs51,52,139,162.  

In this study, we saw levels of ACAN in OA cells that were similar to young cells which 

could explain the matrix production measured in OA cells. 

RUNX2 leads to degradation of cartilage matrix through upregulation of collagen 

degrading enzymes like MMP1378. The upregulation of both of these genes occurs during 

OA progression163,164 and this is seen in the present study in OA cells after 

redifferentiation. Coupled with the low COL2A1 gene expression and decreased matrix 

production the data shows that OA cells do produce cartilage matrix macromolecules but 
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the robustness of this response may be limited by the upregulation of RUNX2 and its 

target genes. 

Chondrogenic media contained TGF1 which stimulates chondrocyte matrix 

production in vitro. Age and OA lead to the dysregulation of the TGF pathway such that 

there is an increase in the ALK1 to ALK5 ratio.91,145,165–167 ALK5 mediates the anabolic 

effects of TGFβ while ALK1 promotes hypertrophy and MMP-13 expression. The 

upregulation of MMP13 and RUNX2 in OA cells could be due to the exogenous TGF1 

in the media and result in the lower matrix production by OA cells that we see in this study. 

Dehne et. al showed that age-matched normal and non-OA chondrocytes have 

comparable matrix production.168 All donors were over 40, which is the age where 

clinicians start to see increased incidence of OA and where researchers start to see a 

decrease in the ability to make matrix, or chondrogenic potential.169–171. This indicates 

that age may not be the biggest factor and that the hypertrophic phenotype seen in OA 

have a larger influence on matrix production. Mazor et. al showed that cells from early 

OA grades produce hyaline cartilage furthering the evidence shown here and by others 

that OA cells retain chondrogenic potential under the right conditions.133,158,159,172 

RUNX2 has diverse roles in chondrocyte proliferation and has been shown to be 

necessary for matrix production. In the present study, we saw upregulation of RUNX2 

gene expression in young cells showing that RUNX2 is upregulated in this population. 

However, expression of downstream genes COL10A1 and MMP13 was still low indicating 

that the RUNX2 levels did not lead to an increase in hypertrophic gene expression. 

RUNX2 is also responsible for driving the hypertrophic phenotype seen in OA cells 

making it an ideal target for suppression in OA cells. However, previous work has shown 
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that a total knockout lead to low matrix production and a decrease in chondrogenic gene 

expression in an ATDC5 model96.  Combined with the data in this study, this indicates 

that a low level of RUNX2 expression is present in all populations but a high level results 

in lower matrix production and low chondrogenic gene expression that we see in OA cells. 

2.5 Conclusion 

Our data highlights the distinct responses of young and aged/OA chondrocytes in 

vitro. Though donor variability has a significant outcome on matrix production in both 

young and OA populations173–175, our data shows that overall OA cells upregulate 

hypertrophic genes and produce less cartilage matrix compared to young cells. We also 

showed that both populations can proliferate quickly and achieve the high cell numbers 

necessary for clinical autologous procedures and that aged/OA cells can be candidates 

for these procedures in the future.  

 



 31 

Chapter 3 RUNX2 Suppression Increases Matrix Accumulation of Osteoarthritic 

Chondrocytes 

3.1 Introduction 

Strategies to repair cartilage defects in aged patients using autologous cells is still a 

significant unmet clinical need. This is due to the fact that incidences of focal defects that 

require clinical regeneration strategies to delay osteoarthritis (OA) and prevent joint 

replacement increase with our aging population138. FDA approved methods using 

autologous cells, such as autologous chondrocyte implantation (ACI), provides good 

clinical outcomes in young patients, but have subpar results in older patients and joints 

showing signs of OA52,54,81. This is attributed to the slow synthesis of cartilage structural 

macromolecules vital to the mechanical strength of articular cartilage – collagen II, 

aggrecan and sulfated glycosaminoglycans (sGAGs)176. Allogenic transplants from 

younger to aged donors are limited by donor site morbidity and lack of donor tissue, 

indicating a need to shift focus onto improving cartilage tissue engineering outcomes 

using chondrocytes from an aged population. 

Chondrocyte hypertrophy is a major marker in OA progression117,118. Hypertrophic 

differentiation naturally occurs during a developmental process known as endochondral 

ossification (EO) and is regulated by the transcription factor, RUNX278. RUNX2 decreases 

expression of cartilage structural macromolecules, collagen II and aggrecan, and 

increases expression of collagen type X. RUNX2 also induces the expression of matrix 

degrading enzymes such as MMP13 and ADAMTS4/5, compromising the mechanical 
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integrity of the tissue78. Liao et al. showed that OA progression was slowed with 

aggrecan-targeted knockout of RUNX2 in articular chondrocytes132. This indicates that 

targeting RUNX2 may attenuate hypertrophic differentiation seen in OA. 

In addition to hypertrophy, articular cartilage undergoes age-related changes 

including decreased tensile strength, surface fibrillation and a reduction in chondrocyte 

density and proliferation114. These changes compromise the strength of the tissue and 

can lead to structural defects. Collectively, these age-related changes of articular 

chondrocyte function is called chondrosenescence. Chondrosenescence affects the 

functional phenotype of chondrocytes and is intimately linked with inflammaging (low-

level inflammation that occurs during aging)103,177. Chondrocytes expressing RUNX2 

have shown a senescent like phenotype characterized by flattened morphology and β-

galactosidase expression, indicating a role for RUNX2 in chondrocyte senescence179.. 

Accordingly, RUNX genes may play a central role in regulating the cell cycle in response 

to stress signals, such as the chronic inflammatory environment of the joint179. RUNX2 

presents itself as an ideal target to attenuate both major phenotypes seen in OA.  

Genetic reprogramming has been utilized in cartilage tissue engineering to delay 

hypertrophic maturation96,180. Gene silencing through RNA interference (RNAi) allows 

integration with the genome and can provide long-term inhibition of genes87. Our lab 

previously developed a cell-autonomous gene circuit that drives the expression of short 

hairpin RNA for RUNX2 (shRUNX2) when intracellular RUNX2 expression is increased. 

This system is tunable through the implementation of varying amounts of cis enhancers 

upstream of the basal promoter. Kaur et al have shown that the use of this gene circuit 

improves mesenchymal stem cell (MSC) cartilage matrix accumulation96. However, this 
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gene circuit has not been yet been evaluated in OA cells. The purpose of this study was 

to evaluate RUNX2 suppression using this gene circuit in improving cartilage regeneration 

outcomes in OA cells. 

3.2 Methods 

3.2.1 Circuit Assembly  

The gene circuit was created as previously described96. A Tet-on inducible system 

was modified from the pINDUCER plasmid originally developed by Meerbrey et al. to 

synthesize tet-on-Luc-mir30-shRUNX2181. The shRNA sequence for RUNX2 was 

selected from the Hannon-Elledge libraries (RNAi Codex). The COL10A1 basal promotor 

(-220 to 110 bp) and its cis-enhancer (-4296 to -4147 bp)94,95 were synthesized by 

Integrated DNA Technologies using gBlocks Gene Fragments service and assembled 

into pLenti-CMVtight-Egfp-Puro vector. The Tet-on promotor was then replaced with the 

engineered COL10A1 promotor. The engineered COL10A1 promotor was synthesized 

with 1 or 3-cis enhancers using the Gibson Assembly method to produce 1cis-Luc-mir30-

shRUNX2 and 3cis-Luc-mir30-shRUNX2 (Figure 1-1). Scramble controls were 

synthesized similarly by using the same backbone and scrambling the shRUNX2 

sequence to create a non-specific oligonucleotide sequence which doesn’t target any 

genes. Lentivirus were produced by the University of Michigan Vector Core. 
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3.2.2 Lentiviral Transduction 

In a 6-well plate, 1x105 cells were exposed to lentiviral supernatant at moieties of 

infection (MOI) = 5 in the presence of 5 μg/ml polybrene (Sigma) without antibiotics for 

24 hours96. Cells were then selected using 2 μg/ml puromycin (Sigma) for 48 hours. Cells 

were then expanded further. 

3.2.3 OA Cell Source  

De-identified distal ends of femurs from patients undergoing total knee 

replacement were obtained from one patient. Patient sex and age were provided and 

cartilage of OA grades 1 and 2 were identified by our collaborator, Dr. John Grant. and 

tissue was harvested from condylar regions of femur of OA grade 1 or 2 shown in Figure 

1-2. Chondrocytes were isolated by mincing cartilage and digesting with 0.1% 

collagenase II (Worthington) for 16 hours in Ham’s F12 (Gibco) medium with 5% FBS. 

Cells were plated at 20,000 cells/cm2 and cultured in growth media containing low-

Figure 3-1: Map of RUNX2 suppressing gene circuits made of either 1, 2 or 3 cis-enhancer 
sequences.COL10a1 basal promoter provides chondrocyte specificity and number of cis enhancers 
provide tunability of the circuit to RUNX2 concentration. Luciferase provides reporter activity and 
miRNA30 sequences flanking the shRNA (or Scramble) help in post transcriptional processing of 
shRNA. Downstream of Ubc constitutive promoter, there is puromycin selection marker. 
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glucose DMEM (Gibco), 10% fetal bovine serum (FBS) (Invitrogen), 1% antibiotic-

antimycotic (Invitrogen), 1 ng/ml transforming growth factor beta (TGF1) (Shenandoah), 

5 ng/ml fibroblast growth factor (FGF-2) (Shenandoah) and 10 ng/ml platelet derived 

growth factor (PDGF-BB) (Shenandoah) at 37 C, 5% CO2.147,148 HACs were trypsinized 

and sub-cultured every three days. Population doublings were calculated by: PD = 

3.32[log (final cell #) – log (initial cell #).  

 

3.2.4 Scaffold-free Culture 

 Pellets were created by adding 0.25x106 cells suspended in redifferentiation 

media to wells of U-bottom, 96-well plates (Fisher). Plates were spun down at 1000xg 

and allowed to condense for 3 days. Redifferentiation media contained high-glucose 

DMEM, 1.25 mg/mL bovine serum albumin (BSA) (Fisher), 1mM sodium pyruvate 

(Invitrogen),10-7 M dexamethasone (Sigma), 50 g/ml ascorbic 2-phosphate (Sigma), 40 

g/ml L-proline (Sigma), 10 ng/ml TGF1, 1% ITS+ Premix (Corning), 1% antibiotic-

antimycotic. 148,149 Cultures were maintained for 28 days and media was changed every 

other day. An experimental design is shown in Figure 1.1, the experiment was repeated 

three times with the same donor. 

Figure 3-2: OA patient samples. Tissue from OA patients. OA grades of 1 and 2 
are outlines with blue pen and tissue was only harvested from these regions. 
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3.2.5 Luciferase Assay 

Luciferase activity was measured at every media change. Chondrogenic media 

was replenished 6 hours before the assay. D-Luciferin (BioVision) was added to the 

media at a final concentration of 150 g/mL and incubated for 20 minutes at 37 C. 

Luminescence was measured using a Synergy H1 plate reader (BioTek). Chondrogenic 

media was replenished after readings. 

3.2.6 Histological Analysis 

Pellets were washed twice with PBS and fixed with 10% neutral buffered formalin 

at room temperature for 30 minutes. Fixed pellets were washed with PBS followed by 

70% ethanol. Pellets were dehydrated with an ethanol-xylene series prior to paraffin 

embedding and sectioning. Sections were deparaffinized and stained with Alcian Blue 

(1% in 3% Acetic Acid, Poly Scientific) and counterstained with Nuclear Fast Red 

Figure 3-3: Experimental design. An aged/OA donor was transduced with shRUNX2 gene 
circuits and the corresponding scramble circuits. Then modified and wildtype cells were then 
placed into redifferentiation media in 3D pellet culture for 28 days. 
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(Electron Microscopy Sciences) to evaluate proteoglycan accumulation. For 

immunofluorescence, sections underwent antigen retrieval (BD Pharmingen) and 

blocking prior to primary antibodies incubation for aggrecan (1:500 dilution in 10% goat 

serum in 0.1% Triton X100 in TBS), collagen type II (1:100) (Abcam), collagen type X 

(1:100), RUNX2 (1:100), or MMP13 (1:200), phospho-smad3 (1:100), phospho-smad5 

(1:100) , alk1, alk5, (Abclonal),  overnight at 4°C. Histological slides were incubated with 

Goat anti-Rabbit Alexa Fluor™ Plus 488 secondary antibody (Fisher) for 1 hour at room 

temperature Sections were counterstained with DAPI (Life Technologies) for 5 minutes 

at room temperature. 

3.2.7 Production of Structural Macromolecules  

Pellets were harvested, frozen at -80°C and digested in 0.3 units/ml papain 

(Sigma) in a buffer of L-cysteine hydrochloride (Sigma), ethylenediaminetetraacetic acid 

(EDTA) (Sigma), and sodium phosphate dibasic (Sigma) buffer solution at 65°C for 16 

hours. Cartilage matrix accumulation was measured using the 1,9-dimethylmethylene 

blue (DMMB) assay as previously described56,150,151. A standard curve was generated 

using known concentrations of chondroitin-6-sulfate (Sigma) in duplicate and samples 

were run in triplicate.  DMMB dye was added to each well and absorbance was measured 

using a Synergy H1 plate reader at wavelengths 525nm and 595nm.  

Matrix production was normalized by DNA content as determined using the 

PicoGreen assay (Thermo Fisher). A standard curve was generated according to the 

manufacturers instructions using λ DNA in duplicate and samples were run in triplicate. 

The plate was incubated for 5 minutes at room temperature in the PicoGreen-Tris dye 
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solution and fluorescence was measured using a Synergy H1 plate reader at excitation 

wavelength 498nm and emission wavelength 528nm. 

3.2.8 Gene Expression  

Analysis of gene expression was performed as previously described 56,151,152. After 

experiment completion, pellets were washed with PBS and flash frozen in liquid nitrogen 

and stored at -80C until processing. Briefly, pellets were homogenized in TRI Reagent 

RT (Molecular Research Center). Following homogenization, bromoanisol was added for 

phase separation and RNA was precipitated using isopropanol. Purified RNA was 

resuspended in Ultrapure DI water and concentration was quantified using a Thermo 

NanoDrop 2000. RNA purity was assessed using the A260/A280 and A260/A230 ratios 

measured by the NanoDrop. Values greater than 1.7 were considered suitable for 

downstream applications153. 

 Following RNA extractions, cDNA was synthesized using High-Capacity cDNA 

Reverse Transcription Kit (Life Technologies) using 1g RNA/sample according to the 

manufacturer’s protocol. Gene expression was analyzed using Fast SYBR Green PCR 

Master Mix (Life Technologies) on Applied Biosystems 7500 Fast qPCR machine. Primer 

sequences are listed below in Table 2-1. The mean cycle threshold of housekeeping 

genes GUS and TBP (HK) was used to determine the fold change of gene expression 

levels using both the Δ𝐶𝑇 and ΔΔ𝐶𝑇 methods. For the ΔCT method, relative expression 

levels were calculated as ∆𝐶𝑇 = 𝐶𝑇𝐺𝑒𝑛𝑒 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡 − 𝐶𝑇𝐻𝑜𝑢𝑠𝑒𝑘𝑒𝑒𝑝𝑖𝑛𝑔 and fold change was 

calculated as 2-ΔCT. Relative expression levels for the ΔΔCT method were calculated as 

∆∆𝐶𝑇 = ∆𝐶𝑇𝐷𝑎𝑦 28 − ∆𝐶𝑇𝐷𝑎𝑦 0 and fold changes was calculated as 2-ΔΔCT. 
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Table 3-1: Primer sequences for qPCR gene expression analysis 

Gene  Forward  Reverse  

ACAN  GGAGTGGATCGTGACCCAAG  AGTAGGAAGGATCCCTGGCA  

COL2A1  CTCCAATGGCAACCCTGGAC  CAGAGGGACCGTCATCTCCA  

RUNX2  CCGGAATGCCTCTGCTGTTA  AGCTTCTGTCTGTGCCTTCTGG  

COL10A1  GAACTCCCAGCACGCAGAATC  TGTTGGGTAGTGGGCCTTTT  

MMP13  TTGCAGAGCGCTACCTGAGA  CCCCGCATCTTGGCTTTTTC  
COL1A1 GATCTGCGTCTGCGACAAC GGCAGTTCTTGGTCTCGTCA 
SOX9 GCTCTGGAGACTTCTGAACGA CCGTTCTTCACCGACTTCCT 

TBP  GTGGGGAGCTGTGATGTGAA  TGCTCTGACTTTAGCACCTGT  

GUS  GACTGAACAGTCACCGACGA  ACTTGGCTACTGAGTGGGGA  

 

Abbreviations: ACAN, aggrecan; COL2A1, collagen type II; RUNX2, runt-related 
transcription factor 2; COL10A1, collagen type X; MMP13, matrix metalloproteinase 13; 
SOX9, SRY-Box transcription factor 9; COL1A1, collagen type I; IL6, interleukin 6; NFKB, 
nuclear factor kappa B; TBP, tata binding protein; GUS, glucuronidase beta 
 

3.2.9 Statistical analysis 

All data is presented as mean  standard deviation (SD). Each point on a graph 

represents an experiment. All statistical analysis was performed using GraphPad Prism 

8.3 software (GraphPad). One-way ANOVA was used with Šídák multiple comparison 

post-hoc test. P-value <0.05 was considered statistically significant. 

 

3.3 Results 

To measure the level of RUNX2 activity suppression achieved by each gene circuit, 

the luciferase activity of containing shRUNX2 was compared to its respective scrambled 

control (1-cis or 3-cis). The luciferase assay shows that the 3-cis shRUNX2 suppresses 

RUNX2 activity to a greater extent than the 1-cis shRUNX2 gene circuit (Figure 3-4). We 

observed a peak at day 11 where the suppression levels of the 1-cis and 3-cis gene 

circuits were 78% and 92% respectively. Hence, we labelled 1-cis-shRUNX2 as low 
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suppression and 3-cis-shRUNX2 as high suppression for the rest of this study. RUNX2 

activity was the highest in the first 3 days of chondrogenic culture – indicating that OA 

chondrocytes are expressing high levels of RUNX2 during expansion and in the early 

process of redifferentiation. 

 

 

Alcian blue staining shows more robust staining throughout the pellet in the high 

suppressing group compared to both wildtype and low suppressing. Scramble pellets for 

both suppression levels showed a phenotype with more cells in round lacunae compared 

to wildtype cells (Figure 3-5a).  Genetically modified cells had higher matrix accumulation 

compared to wildtype cells. Matrix accumulation of both scramble groups was similar to 

wildtype cells (Figure 3-5b). 

Figure 3-4: Luciferase activity of low and high suppressing RUNX2 gene circuits. Scramble 
(white-filled) show RUNX2 activity and is higher than the shRUNX2 circuits (solid-filled). Data shown 
is from one experiment. Other experiments can be found in Appendix E. 
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Figure 3-6 shows gene expression analysis after 28 days of redifferentiation. 

Expression of SOX9, ACAN and COL1A1 was similar between WT and all levels of 

RUNX2 suppression when compared to housekeeping genes. 

Figure 3-5: Matrix accumulation of genetically modified OA cells. (a) Alcian blue staining of 
wildtype and modified pellets at day 28 of pellet culture. Scale = 50m (b) sGAG quantification of 
modified and WT cells. Data is presented as mean   SD. Each point represents a different 
experiment (n=3).  Percent difference is identified. 

Figure 3-6: Gene expression after redifferentiation. Gene expression of chondrogenic (top) and 
hypertrophic (bottom) genes after redifferentiation. Expression is normalized to housekeeping genes 
at day 28. Data is presented as mean   SD. Each point represents a different experiment (n=3). 
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Figure 3-7 shows gene expression analysis compared to the cells before initiating 

chondrogenesis at day 0. Expression of SOX9, ACAN and COL1A1 was similar between 

WT and all levels of RUNX2 suppression. Cells with low suppressing circuits showed 

higher COL2A1 expression compared to both WT and high suppressing circuits. Both 

circuits expressed RUNX2 at a lower level compare to WT cells. However, the high 

suppressing group expressed MMP13 and COL10A1 at a higher level than WT and low 

suppressing cells.  

 

Protein expression of chondrogenic markers shows increasing aggrecan and 

collagen type II protein expression with increasing RUNX2 suppression levels. (Figure 3-

8). 

 

Figure 3-7: Gene expression after redifferentiation compared to day 0. Gene expression of 
chondrogenic (top) and hypertrophic (bottom) genes after 28 days of redifferentiation. Expression 
is normalized to housekeeping genes and day 0 of culture. Data is presented as mean   SD. Each 
point represents a different experiment (n=3). 
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Protein expression of hypertrophic genes shows that RUNX2 expression appears 

to be higher in WT cells compared to RUNX2 suppressing cells (Figure 3-9). The 

downstream targets of RUNX2, collagen type X and MMP13, appear to be higher 

expression in WT cells.  

 

 

 

 

 

 

 

 

 

Figure 3-8: Protein expression of chondrogenic proteins. Aggrecan and collagen type 
II  (green) immunofluorescence to visualize protein expression. Scale = 50𝜇m. Insets 

contain images without DAPI counterstain. 
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The response to TGFβ was probed by looking at the ALK1 and ALK5 receptors 

and their downstream effectors, SMAD5 and SMAD3. ALK5 and SMAD3 promote the 

anabolic TGF pathway in chondrocytes and protein expression shows that ALK5 and 

phosphorylated SMAD3 are present in all conditions. (Figure 3-10). 

 

 

 

 

 

 

Figure 3-9: Protein expression of hypertrophic proteins. RUNX2, Collagen X and MMP13  
(green) immunofluorescence to visualize protein expression. Scale = 50𝜇m. Insets contain 

images merged with DAPI counterstain. 
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ALK1 and SMAD5 mediate the non-anabolic TGF pathway the in chondrocytes 

and protein expression and OA cells show a shift in the ratio of TGF receptors, including 

an apparent increase in levels of ALK1 compared to young cells. WT cells appears to 

have higher expression of both ALK1 and SMAD5 compared to RUNX2 suppressing cells 

(Figure 3-11). 

  

 

 

 

 

 

 

 

Figure 3-10: Protein expression of chondrogenic TGFβ pathway markers. Protein expression 
of markers involved in the chondrogenic TGFβ pathway. Images are zoomed in from the insets 

(Inset Scale = 20m). Green indicates protein and blue indicates nuclear counterstain (DAPI).  
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3.4 Discussion 

Improving cartilage regeneration in aged patients is a long-standing goal in clinical 

cartilage repair strategies. RUNX2 drives hypertrophy, a major marker in OA progression, 

and makes it an ideal target for suppression to improve cartilage regeneration in OA 

cells117,118. However, we and others have shown that RUNX2 is necessary for 

chondrogenesis and that constitutive suppression of RUNX2 inhibits chondrogenesis96. 

In this study we show that auto-regulated RUNX2 suppression via our gene circuits does 

not inhibit redifferentiation of OA cells. In addition, we show that a low and high level of 

RUNX2 suppression changes OA chondrocyte phenotype after redifferentiation 

(increased sGAG staining and cells in lacunae) and that high suppression improves 

matrix production in OA cells. 

Figure 3-11: Protein expression of hypertrophic TGFβ pathway markers. Protein expression 
of markers involved in the hypertrophic TGFβ pathway. Images are zoomed in from the insets 

(Inset Scale = 20m). Green indicates protein and blue indicates nuclear counterstain (DAPI). 
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OA chondrocytes produce cartilage matrix but at a lower level compared to young 

cells133,158,159,172,182,183. In this study, we see that the matrix production by OA cells 

increases with high levels of RUNX2 suppression by the 3-cis circuits. In addition, we 

show that, in the presence of anabolic growth factors, OA cells maintain matrix production 

when modified with RUNX2 suppressing gene circuits158,161. 

RUNX2 overexpression leads to an increase in the expression of its target genes 

MMP13 and COL10A1 and this is also observed in the OA phenotype 184,185.  Both levels 

of RUNX2 suppression led to a decrease in RUNX2 gene expression but we only 

observed a decrease in the downstream genes in the low suppressing circuits.  

Overall, chondrogenic gene expression was similar between WT and RUNX2 

suppressing cells. This indicates that the suppression had little effect on the chondrogenic 

genotype in OA cells. However, protein expression does indicate that the high 

suppressing circuit had increased expression of collagen type II and aggrecan as well as 

decreased expression of RUNX2 compared to both WT and low suppressing cells. 

Protein expression analysis through IF appears to show that RUNX2 suppression 

increased expression of ALK5/SMAD3 and decreased expression of ALK1/SMAD5. 

Normally, OA chondrocytes are associated with an increase in ALK1 expression 

associated with an increase in MMP13 expression which can lead to cartilage matrix 

degradation91. RUNX2 is also a key target of the ALK1/SMAD5 TGF signaling 

pathway186. TGF1 activates both SMAD3 and SMAD5 in OA chondrocytes187; SMAD3 

inhibits RUNX2 while SMAD5 cooperates with RUNX2 to regulate osteogenic gene 

expression188. The reduction of ALK1 can lead to the reduction of SMAD5 activity which 

will decrease osteogenic gene expression. The increase in ALK5 expression increases 
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SMAD3 activity. This could lead to additional suppression of RUNX2 which could be why 

we see increased staining of SMAD3 and decreased RUNX2 activity in high suppressing 

cells compared to low suppressing and wildtypes. 

There does not seem to be a significant difference in genotype between wild type 

and RUNX2 suppressing cells. This study suggests that both levels of RUNX2 

suppression led to decreased gene expression of RUNX2 but chondrogenic gene 

expression was not significantly different with RUNX2 suppression. This study does show 

that high levels of RUNX2 result in increased matrix accumulation but the lack of 

significant differences suggests that a higher sample size and additional measures are 

needed to improve gene expression and matrix accumulation in OA cells. In addition, 

earlier timepoints should also be evaluated to see if there were more obvious genetic 

differences before day 28 of culture. Therefore, future studies should incorporate other 

factors that impact OA cell phenotype including the inflammatory joint environment189–191; 

other target for suppression such as MMP1393,192, Ihh193, Sox4194 and VEGF93 and other 

factors such as DNA methylation195, kinases92  and micro RNAs196. 

3.5 Conclusion 

Clinical application of autologous cartilage repair strategies is dependent on the 

ability of OA HACs to increase production of cartilage extracellular matrix. In this study, 

we demonstrate the applicability of synthetic biology tools like auto-regulated gene 

circuits to improve OA phenotype and increase cartilage matrix production. Our results 

exhibit that auto-regulated gene circuits are a valid approach to suppress RUNX2 and 

other targets without the need for exogenous cues that can have potential off-target 

effects. 
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Chapter 4 High Level of Expansion Combined with IL-1𝜷 Treatment Leads to the 

Development of a Chondrosenescent Phenotype 

4.1 Introduction 

There are a number of risk factors for OA including joint malalignment, obesity and 

joint injury—but the most prominent risk factor for OA development is aging197 . 

Inflammaging, defined as chronic low-level inflammation, is thought to be a driving force 

behind age-related pathologies such as diabetes mellitus99–101 atherosclerosis102 and OA 

progression103. The exact cause of inflammaging is unknown but is thought to be due to 

accumulation of misplaced and misfolded molecules from damaged cells104,105. These 

molecules can be a source of constant stress leading to activation of the innate immune 

response. As we age, disposal of these molecules decreases due to decreased 

autophagy106,107 which is necessary for normal chondrocyte function108.  

Decreased autophagy and increased inflammation can lead to a senescent-like 

phenotype, dubbed “chondrosenescence”, resulting in increased OA severity109. These 

cells secrete pro-inflammatory cytokines and matrix degrading enzymes and chemokines, 

which are characteristic of the senescence associated secretory phenotype (SASP)110 

(Figure 4-1). 
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Key cytokines known to contribute to OA progression, such as TNF- and IL-1, 

have also been identified as cytokines involved in inflammaging103,111–113. IL-1 has been 

shown to upregulate the transcription factor RUNX2 through the NF-B pathway in 

chondrocytes and RUNX2 upregulates pathways that lead to matrix catabolism79. Based 

on this evidence, our scientific premise is that inflammaging leads to the development of 

chondrosenescence through the RUNX2 pathway. However, the RUNX2-specific 

pathways that mediate the emergence of the chondrosenescent phenotype is currently 

unknown. 

Figure 4-1: Types of chondrosenescence. Senescence can be replicative (left) or stress-induced 
(right) in chondrocytes. Both lead to growth arrest and take a healthy chondrocyte to a senescent 
chondrocyte. 
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Chondrosenescence is typically studied using cells from aged patients133,198, but 

these cells only show the final phenotype (Figure 4-2). Other models used to investigate 

the etiology of this phenotype in vitro include extensive monolayer expansion, treatment 

with catabolic stresses including oxidative stress199, high levels of inflammatory cytokines 

(10 ng/ml)200,201, and irradiation202. While these models have uncovered some key 

insights into the biology of senescent cells, there is the need for a model of 

chondrosenescence that will allow us to study the progression of this phenotype using 

physiologically relevant inflammatory cytokine concentrations on actively “aging” cells.  

 

 

Using both simulated DNA damage as a model of cell aging (monolayer 

expansion) and low-level inflammation (1 ng/mL of IL-1β), we sought to create an in vitro 

model that replicates the phenotype of chondrosenescence found in patient samples. We 

hypothesize that treatment of chondrocytes from young patients with inflammatory 

Figure 4-2: Current senescence models. Researchers can induce senescence in multiple 
ways but a model combining high expansion and inflammatory treatment allows for study on 
“aging” cells. 
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cytokines during extensive monolayer expansion will induce biomarker profiles and ECM 

production levels similar to that of inflammaged human articular chondrocytes (HACs) 

isolated from aged/OA patient samples. We show that this combined stimulation 

increased expression of chondrosenescent markers and lowered matrix production upon 

redifferentiation compared to cells that were expanded without IL-1β, producing a 

chondrosenescent phenotype. 

4.2 Methods 

4.2.1 Chondrosenescence Model: 

HACs from two young donors (M,19 and M,24) were purchased from 

StemBioSys. Cells were plated at a density of 20,000 cells/cm2 in 12-well plates and 

cultured in growth media containing low- glucose DMEM, 10% FBS, 1% antibiotic-

antimycotic, 1ng/ml TGF1, 5 ng/ml FGF-2 and 10 ng/ml PDGF-BB147,148 at 37 C 

and 5% CO2. Cells were expanded with or without the presence of 1ng/mL IL-1. 

HACs were sub-cultured every three days and population doublings calculated 

using: PD = 3.32[log (final cell #) – log (initial cell #)]. Young HACs expanded to 

passage 4 served as positive controls. 

4.2.2 SA--gal Expression98  

Senescence associate beta-galactosidase (SA--gal) was assessed through 

histology (Cell Signaling, 9860). Briefly, cells were fixed and then incubated with -

Gal staining solution for 24-48 hours at 37 C with no CO2 as the assay is pH 

sensitive. SA--Gal positive cells (blue) versus total cells were counted in 5 

brightfield images in each of 3 samples to calculate the percent of positive cells. Area 
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of blue staining was calculated using ImageJ. 

4.2.3 RNA Sequencing 

Total cellular RNA of pooled samples (n=2) was isolated using the RNAeasy kit 

(Qiagen) for mRNA sequencing. Library construction and sequencing was performed by 

LC Sciences. Poly(A) RNA sequencing library was prepared following Illumina’s TruSeq-

stranded-mRNA sample preparation protocol. RNA integrity was checked with Agilent 

Technologies 2100 Bioanalyzer. Poly(A) tail-containing mRNAs were purified using oligo-

(dT)magnetic beads with two rounds of purification. After purification, poly(A) RNA was 

fragmented using divalent cation buffer in elevated temperature. Quality control analysis 

and quantification of the sequencing library were performed using Agilent Technologies 

2100 Bioanalyzer High Sensitivity DNA Chip. Paired-ended sequencing was performed 

on Illumina’s NovaSeq 6000sequencing system. Firstly, Cutadapt and perl scripts in 

house were used to remove the reads thatcontained adaptor contamination, low quality 

bases and undetermined bases203. Then sequence quality was verified using FastQC. 

HISAT2 was used to map reads to the genome of homosapiens204. The mapped reads of 

each sample were assembled using StringTie205. Then, all transcriptomes were merged 

to reconstruct a comprehensive transcriptome using perl scripts and gff compare. Matrix 

count files were uploaded to the pcaExplorer Shiny application206 for principle component 

analysis to identify outliers in data. After these outliers are removed, count files of data 

from two experimental conditions and their associated conditional matrix files were input 

into theDESeq2207 R package version 1.33.452 to identify differentially-expressed genes 

(DEGs, padj <0.05, based on Wald test with BH-adjustment) between conditions by 

calculating FPKM: (FPKM = [total_exon_fragments / mapped_reads (millions) × 
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exon_length (kB)). Various combinations of conditions will be compared using this 

method. Lowly-expressed genes (row sums < 10) were removed prior to running the 

DESeq function. Gene IDs and log 2-fold change values from DESeq results were input 

into the Panther Classification System208,209 to compute differential gene ontologies 

(GOs). GOs were identified according to the Panther statistical enrichment test with the 

GO biological process complete annotation set. Select GOs from this analysis were 

represented in figures generated with other R packages. 

4.2.4 Monolayer Histological Analysis:  

Wells were washed twice with PBS and fixed with 10% neutral buffered formalin 

at room temperature for 30 minutes. For immunofluorescence, samples were 

permeabilized (0.5% Triton X100 in PBS) and underwent blocking prior to primary 

antibody incubation for RUNX2 (1:100 in 10% goat serum in 0.05% Tween in PBS), 

H2AX (1:100)m p21 (1:100), p16 (1:100), SOX9 (1:100) and MMP13 (1:200) (Abclonal)  

overnight at 4◦C. Wells were incubated with secondary antibodies for 1 hour at room 

temperature. Wells were counterstained with phalloidin (Thermo) for 30 minutes at room 

temperature and then with DAPI (Life Technologies) for 5 minutes at room temperature. 

Images were taken on an Olympus microscope. 

4.2.5 Scaffold-free Culture: 

 Pellets were created by adding 0.25x106 cells suspended in redifferentiation 

media to wells of U-bottom, 96-well plates (Fisher). Plates were spun down at 1000xg 

and allowed to condense for 3 days. Redifferentiation media contained high-glucose 

DMEM, 1.25 mg/mL bovine serum albumin (BSA) (Fisher), 1mM sodium pyruvate 
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(Invitrogen),10-7 M dexamethasone (Sigma), 50 g/ml ascorbic 2-phosphate (Sigma), 40 

g/ml L-proline (Sigma), 10 ng/ml TGF1, 1% ITS+ Premix (Corning), 1% antibiotic-

antimycotic. 148,149 Cultures were maintained for 28 days and media was changed every 

other day.  

4.2.6 Pellet Histological Analysis: 

Pellets were washed twice with PBS and fixed with 10% neutral buffered formalin 

at room temperature for 30 minutes. Fixed pellets were washed with PBS followed by 

70% ethanol. Pellets were dehydrated with an ethanol-xylene series prior to paraffin 

embedding and sectioning. Sections were deparaffinized and stained with Alcian Blue 

(1% in 3% Acetic Acid, Poly Scientific) and counterstained with Nuclear Fast Red 

(Electron Microscopy Sciences) to evaluate proteoglycan accumulation. 

4.2.7 Production of structural macromolecules: 

Pellets were harvested, frozen  at -80°C and digested in 0.3 units/ml papain 

(Sigma) in a buffer of L-cysteine hydrochloride (Sigma), Ethylenediaminetetraacetic acid 

(EDTA) (Sigma), and sodium phosphate dibasic (Sigma) buffer solution at 65°C for 16 

hours. Cartilage matrix accumulation was measured using the 1,9-dimethylmethylene 

blue (DMMB) assay as previously described56,150,151. A standard curve was generated 

using known concentrations of chondroitin-6-sulfate (Sigma) in duplicate and samples 

were run in triplicate.  DMMB dye was added to each well and absorbance was measured 

using a Synergy H1 plate reader at wavelengths 525nm and 595nm.  

Matrix production was normalized by DNA content as determined using the 

PicoGreen assay (Thermo Fisher). A standard curve was generated according to the 
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manufacturers instructions using λ DNA in duplicate and samples were run in triplicate. 

The plate was incubated for 5 minutes at room temperature in the PicoGreen-Tris dye 

solution and fluorescence was measured using a Synergy H1 plate reader at excitation 

wavelength 498nm and emission wavelength 528nm. 

4.2.8 qPCR Analysis 

Analysis of gene expression was performed as previously described 56,151,152. After 

experiment completion, pellets were washed with PBS and flash frozen in liquid nitrogen 

and stored at -80C until processing. Briefly, pellets were homogenized in TRI Reagent 

RT (Molecular Research Center). Following homogenization, bromoanisol was added for 

phase separation and RNA was precipitated using isopropanol. Purified RNA was 

resuspended in Ultrapure DI water and concentration was quantified using a Thermo 

NanoDrop 2000. RNA purity was assessed using the A260/A280 and A260/A230 ratios 

measured by the NanoDrop. Values greater than 1.7 were considered suitable for 

downstream applications153. 

 Following RNA extractions, cDNA was synthesized using High-Capacity cDNA 

Reverse Transcription Kit (Life Technologies) using 1g RNA/sample according to the 

manufacturer’s protocol. Gene expression was analyzed using Fast SYBR Green PCR 

Master Mix (Life Technologies) on Applied Biosystems 7500 Fast qPCR machine. Primer 

sequences are listed below in Table 2-1. The mean cycle threshold of housekeeping 

genes GUS and TBP (HK) was used to determine the fold change of gene expression 

levels using both the Δ𝐶𝑇 and ΔΔ𝐶𝑇 methods. For the ΔCT method, relative expression 

levels were calculated as ∆𝐶𝑇 = 𝐶𝑇𝐺𝑒𝑛𝑒 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡 − 𝐶𝑇𝐻𝑜𝑢𝑠𝑒𝑘𝑒𝑒𝑝𝑖𝑛𝑔 and fold change was 
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calculated as 2-ΔCT. Relative expression levels for the ΔΔCT method were calculated as 

∆∆𝐶𝑇 = ∆𝐶𝑇𝐷𝑎𝑦 28 − ∆𝐶𝑇𝐷𝑎𝑦 0 and fold changes was calculated as 2-ΔΔCT. 

Table 4-1: Primer sequences for qPCR gene expression analysis 

Gene  Forward  Reverse  

ACAN  GGAGTGGATCGTGACCCAAG  AGTAGGAAGGATCCCTGGCA  

COL2A1  CTCCAATGGCAACCCTGGAC  CAGAGGGACCGTCATCTCCA  

RUNX2  CCGGAATGCCTCTGCTGTTA  AGCTTCTGTCTGTGCCTTCTGG  

MMP13  TTGCAGAGCGCTACCTGAGA  CCCCGCATCTTGGCTTTTTC  
COL1A1 GATCTGCGTCTGCGACAAC GGCAGTTCTTGGTCTCGTCA 
SOX9 GCTCTGGAGACTTCTGAACGA CCGTTCTTCACCGACTTCCT 

IL6 TTCGGTCCAGTTGCCTTCTC TACATGTCTCCTTTCTCAGGGC 

NFKB GGCTACTCTGGCGCAGAAAT CTGTACCCCCAGAGACCTCA 

TBP  GTGGGGAGCTGTGATGTGAA  TGCTCTGACTTTAGCACCTGT  

GUSB GACTGAACAGTCACCGACGA  ACTTGGCTACTGAGTGGGGA  

 

Abbreviations: ACAN, aggrecan; COL2A1, collagen type II; RUNX2, runt-related 
transcription factor 2; COL10A1, collagen type X; MMP13, matrix metalloproteinase 13; 
SOX9, SRY-Box transcription factor 9; COL1A1, collagen type I; IL6, interleukin 6; NFKB, 
nuclear factor kappa B; TBP, tata binding protein; GUS, glucuronidase beta 

 

4.2.9 Statistical analysis 

All data is presented as mean  standard deviation (SD). All statistical analysis was 

performed using GraphPad Prism 8.3 software (GraphPad). One or two-way ANOVA was 

used with Tukey or Šídák multiple comparison post-hoc test. P-value <0.05 was 

considered statistically significant. 

4.3 Results 

Population doubling declines with extended passaging and that cells  treated with 

IL-1 proliferate less than controls (Figure 4-3a).  Quantification of -gal staining showed 

an increase at passage 6 for samples treated with IL-1 and that the untreated samples 
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reach similar levels around passage 8 (Figure 4-3b). Figure 4-3c shows representative 

SA--gal images at passage 8. 

 

The SASP is a distinguishing feature of senescent cells. We used RNA-

sequencing to evaluate expression of the SASP during expansion and treatment. Gene 

ontology analysis revealed downregulation of GO terms corresponding to DNA replication 

(purple) and upregulation of inflammatory response, chemotaxis and ECM disassembly 

(teal) in treated cells at passage 8 (Figure 4-5a). Moreover, at passage 8 we observed  

Figure 4-3: Proliferation and SA--gal during 8 passages. (a) Population doubling from two 

experiments. Data is presented as mean  SD. (b) Quantification of  SA--gal staining presented as 

% area. (c) SA--gal staining at passage 8. Statistics calculated using a two-way ANOVA with Šídák 

multiple comparison post-hoc test.  ** = p<.002, **** = p< .0001 
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 significant upregulation in FPKM values of genes involved in chemotaxis, inflammation, 

and catabolic markers in both treated and untreated samples, but these levels were 2-3 

orders of magnitude higher in IL-1β treated samples (Figure 4-5b). Expression of 

inflammatory and chemotaxis related SASP markers decreased as passage number 

increased in both populations. Selected markers are shown over time in Figure 4-5c. 

Figure 4-4: Inflammatory treatment increases expression of SASP markers. (a) Gene ontology 
analysis of treated and untreated cells at passage 8. (b) RNAseq FPKM analysis for expression of 
inflammatory response, chemotaxis, cell cycle inhibition and ECM disassembly in treated and 

untreated cells. CTRL = green, IL-1 = blue. (c) FPKM analysis over passage for selected SASP 

factors in treated and untreated cells. 
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At each passage, cells were put into pellets and redifferentiated for 28 days. 

Figure 4-6a shows sGAG production of both treated and non-treated cells and Figure 4-

6b shows DNA amounts. We see that sGAG accumulation and DNA levels decreased in 

IL-1 treated cells with increasing passage. Levels of sGAG remained relatively similar 

with increasing passage but DNA levels dropped between passages 5 and 6. Alcian blue 

shows decreasing sGAG staining with passage number in both groups and decreased 

pellet size with IL-1 treatment (Figure 4-6c). 

Figure 4-5: Matrix production and DNA content decreases with increasing passage number 

and IL-1 treatment. (a) sGAG content in pellets from each passage after 28 days of 

redifferentiation. (b) DNA content in treated and untreated samples after 28 days of redifferentiation. 

(c) Alcian blue staining of pellets after 28 days of redifferentiation. Scale = 20m. Statistics 

calculated using a one-way ANOVA with Tukey multiple comparison post-hoc test.  * = p < 0.05 
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Gene expression during expansion showed a decrease in ACAN expression with 

increasing passage number in both treated and untreated cells (Figure 4-7). SOX9 

expression remained relatively constant in both populations. 

 

 

 

 

 

 

 

 

Gene expression of RUNX2 increased with increasing passage number in both 

populations but was more highly expressed in treated cells (Figure 4-8). MMP13 

expression was elevated in treated cells but expression decreased over time while it 

remained constant in untreated cells. 

 

 

 

 

 

 

 

 

Figure 4-6: Chondrogenic gene expression decreases with increasing passage. Gene 

expression of chondrogenic genes in treated and untreated cells. Data is presented as mean   SD. 

Each point represents a different experiment (n=3). Statistic was performed using a one-way ANOVA 
with Tukey post-hoc comparison. * = p < 0.05 

Figure 4-7: Hypertrophic gene expression elevated by IL-1 treatment. Gene expression of 

hypertrophic gene expression in treated and untreated cells. Data is presented as mean   SD. 

Each point represents a different experiment (n=3). Statistic was performed using a one-way 
ANOVA with Tukey post-hoc comparison. * = p < 0.05 
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We looked at expression of NF-κB which is involved in the regulation of the SASP 

and IL-6 which was upregulated in our RNA sequencing data (Figure 4-5b) and is a major 

component of the SASP. Gene expression shows increased NFKB expression in IL-1 

treated cells that remains elevated with extended passaging (Figure 4-9). Expression of 

IL6 was 3 orders of magnitude higher in treated cells, similar to the results at passage 8 

in our sequencing data. Expression levels remained similar with extended passaging in 

both groups. 

 

 

 

 

 

 

 

 

 

 

To further explore SASP expression and probe for markers of DNA damage, we 

evaluated protein expression at each passage.  When cells are no longer able to divide, the 

DNA damage response (DDR) occurs, leading upregulation of cell cycle inhibitors210  such 

as CDKN1/2A, which leads to protein expression of p16 and p21. This response also 

leads to the formation of nuclear foci, which can be detected through staining of γ-H2AX, 

the phosphorylated form of histone H2AX223–227. Expression of H2Ax appeared to remain 

Figure 4-8: IL-1 treatment increases expression of SASP factors. Gene expression of two 

major SASP factors in treated and untreated cells. Data is presented as mean   SD. Each point 

represents a different donor (n=2). Statistic was performed using a one-way ANOVA with Tukey 
post-hoc comparison. * = p < 0.05 
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constant as passage number increased (Figure 4-9a). P21 is a protein that promotes cell 

cycle arrest and protein expression of p21 is higher in untreated samples compared to 

treated samples (Figure 4-9b) and appears to decrease at passage 5 for both 

populations. P16 is another protein that promotes cell cycle arrest and protein expression 

of p16 increases as cells stop proliferating. At P4, the expression levels are similar 

between treated and untreated samples. As passage number increased, IL-1β treatment 

accelerates the expression of p16 (Figure 4-9c).   
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Figure 4-9: SASP expression. (a) γ-H2AX protein expression is similar between conditions (b) 
p21 protein expression is similar between conditions. (c) p16 protein expression increases with 

IL-1 treatment. Scale = 20m 
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MMP13 is known to degrade cartilage matrix and is a part of the SASP. Expression 

increases with passage and treated and untreated samples have similar expression until 

passage 7 (Figure 4-10a). When we reach passage 7, IL-1β treatment increases MMP13 

expression. RUNX2 expression changes depending on the time in the model (Figure 4-

10b). When we reach passage 7, we see that control cells show decreased expression 

and IL-1β treated samples have higher expression.  

4.4 Discussion 

To improve cartilage regeneration in aged patients, researchers will need to target 

both major phenotypes seen in OA—hypertrophy and chondrosenescence. 

Figure 4-10: Hypertrophic and chondrosenescent markers. (a) MMP13 protein expression 
is similar between conditions until passage seven. (b) RUNX2 protein expression is higher in 

untreated samples until passage 7. Scale = 20m 
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Chondrosenescence can lead to an increase in OA severity109 and increase the levels of 

inflammatory cytokines in the OA joint through the SASP110. The study of senescent cells 

is limited by the ability to study the progression of the phenotype clinically in patients. In 

this study we stimulated the process of chondrosenescence by combining DNA damage 

(aging) and inflammation (IL-1) treatment on young cells. We show that this model 

increases expression of SASP factors in aging and inflamed cells. In addition, we show 

that this model reduces the redifferentiation potential of chondrocytes. This data suggests 

that the combination treatment leads to a chondrosenescent cell type that can give us 

more insight into the chondrosenescence process to improve cartilage repair strategies. 

SA--gal is a biomarker for the increased lysosome activity or number that occurs 

in senescent cells98,213–219. Researchers have shown that OA chondrocytes express SA-

-gal, indicating that there are senescent cells present in this phenotype in vivo. Here we 

show that simulated DNA damage with and without IL-1 stimulus increases the activity 

of SA--gal and that IL-1 accelerates this activity. This data confirms that the higher 

inflammatory concentration given in this model (1ng/mL) is exacerbating this expression 

but a lower expression (0.001ng/mL), closer to the inflammation levels in the joint220–227, 

should be explored to see if this trend continues. 

Reduced proliferation is a feature observed in chondrosenescent cells116,179,228,229. 

Here, we see that untreated cells continue to proliferate at a steady rate even as we 

approach passage 8 (PD ~25). Media was supplemented with TGF, FGF and PDGFBB 

which are known to stimulate proliferation and could also explain why the untreated cells 

continue to proliferate. However, treatment with IL-1 lead to a decrease in proliferation 

showing that the inflammatory cytokine curbs the proliferation despite the media 



 67 

additives. This is not surprising as IL1 inhibits proliferation induced by serum/TGF in 

chondrocytes231–233 and has been shown to block the proliferative effects of PDGF234. 

This model could be improved by evaluated chondrocytes expanded without these growth 

factors to see if the treatment impacted the outcomes we see in this study. 

There are two types of senescence referenced in literature: replicative and stress-

induced premature senescence (SIPS). Replicative senescence acts through the p53/p21 

pathway SIPS acts through the p38/p16 pathway235,236. Chondrosenescent cells have 

increased expression p16INK4A 228,229,237 as well as secretion of pro-inflammatory cytokines 

and matrix degrading enzymes and chemokines that are characteristic of the SASP5.  

Here we show that IL-1 treatment increased expression of the genes that encode both 

p21 and p16 at passage 8 (Figure 4-5b), CDKN1A and CDKN2A , respectively. There 

was similar expression of p16 and p21 protein until passage 7, when p16 levels drop in 

untreated cells. This data suggests that our model successfully induced both replicative 

and SIPS in chondrocytes. This more physiologically relevant as both aging and an 

inflammatory joint environment contribute to the OA phenotype89,92–94. 

The SASP is an important indication of chondrosenescence and many of these 

factors are also associated with chondrocyte hypertrophy which is the other major 

phenotype seen in OA. We observed increased RUNX2 and MMP13 gene and protein 

expression in our senescence model, indicating that the chondrosenescent phenotype 

involves upregulation of both of these markers similar to the hypertrophic phenotype seen 

in OA. MMP13 degrades cartilage matrix during hypertrophy and is also expressed in the 

SASP200. Previous studies have shown that chondrocytes expressing p16 also express 

increased MMP13200. MMP13 is known to decrease collagen type II and p21 is shown to 
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negatively correlate with collagen type II expression243. It is possible that increased 

MMP13 and p16 expression can lead to p21 expression through collagen type II 

degradation, making it a target for suppression in chondrosenescent cells. 

P16 has been targeted in other studies. P16 was eliminated in an injury model but 

was not sufficient to prevent development of OA245. Baker et al. attempted to eliminate 

senescent cells with a tailored drug through the expression of a transgene that is only 

expressed in P16(Ink4a)-positive cells246. Our model shows that targeting p16 is a viable 

method as chondrosenescent cells express p16 at every passage. However, p16 is just 

one cell cycle inhibitor active in senescent cells and is associated with SIPS and our data 

indicates that p21 pathway, associated with replicative senescence, should also be 

targeted235,236.  

4.5 Conclusion 

Based on our results, we can propose RUNX2 as another viable target to halt 

chondrocyte senescence and that silencing it may be able to attenuate the effects of 

chondrosenescent cells.  We used 1 ng/mL of IL-1β and did not include the other 

cytokines seen in the joint for simplicity even though there are multiple inflammatory 

cytokines in the joint. Several clinical studies measuring the level of cytokines in aging and 

OA knee joints have identified that the range of concentrations of IL-1β is 0.001-0.3 ng/ml 

and TNF-α is 0.01-1 ng/ml220–227. This is an order of magnitude lower than the 

concentrations typically used in in vitro studies examine chondrocyte response to these 

factors135,247–250indicating a need to refine the model further to get even closer to what 

has been measured physiologically.  
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Chapter 5 Conclusions and Future Directions 

5.1 Conclusions 

Primary chondrocytes are the gold standard for cartilage tissue engineering22 and 

are currently used in FDA-approved clinical strategies to repair articular cartilage. The 

age-related decline in chondrocyte function and the impact of osteoarthritis limits the 

success of tissue-engineered cartilage products. The goal of this dissertation was to 

investigate the aged and OA phenotypes and use cell-based methodologies to improve 

cartilage matrix accumulation.   

In the second chapter, we explored the differences between chondrocytes from 

young and aged/OA donors when regenerated in vitro. Next, we investigated the matrix 

production of OA cells when RUNX2 is suppressed using our previously developed cell-

regulated shRUNX2 gene circuit. Finally, we developed an in vitro model of 

chondrosenescence to investigate the pathways that lead to the development of this 

phenotype.  

5.2 Summary 

5.2.1 Aim 1: Regeneration Potential of Osteoarthritic Cells is Decreased by RUNX2 

To improve regenerative outcomes in aged cells, we first investigated the 

differences between young cells and aged/OA cells. We observed that young and aged 

HACs dedifferentiate is a similar pattern when expanded in monolayer. When 
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redifferentiated, we observed that young cells show increased matrix production and 

chondrogenic gene expression but that the effect is the opposite in OA cells which show 

increased hypertrophic gene expression, including high levels of RUNX2. This data 

suggests aged/OA cells are capable of cartilage regeneration similar to that of young cells 

if RUNX2 and other pathways are targeted simultaneously. 

Overall, we demonstrate that OA cells have regeneration potential but are limited 

by upregulation of hypertrophic pathways. Therefore, it is necessary to target strategies 

that can increase chondrogenic gene expression and improve matrix accumulation.  

5.2.2 Aim 2: RUNX2 Suppression Increases Matrix Accumulation of Osteoarthritic 

Chondrocytes 

Improving cartilage regeneration in aged patients is a long-standing goal in clinical 

cartilage repair strategies. RUNX2 drives hypertrophy, a major marker in OA progression, 

and makes it an ideal target for suppression to improve cartilage regeneration in OA 

cells117,118. In this aim we investigated the effect of varying levels of auto-regulated 

RUNX2 suppression on cartilage matrix accumulation by OA cells. We show that auto-

regulated RUNX2 suppression via our gene circuits does not inhibit chondrogenesis in 

OA cells. In addition, we show that a low and high level of RUNX2 suppression improves 

OA chondrocyte phenotype and that high levels of suppression improve matrix production 

in OA cells. 

However, chondrogenic expression does not significantly improves with RUNX2 

suppressing circuits though the low suppressing circuit does decrease hypertrophic gene 

expression. This indicates that it may be necessary to combine RUNX2 suppression with 

suppression of other factors such as the NF-B pathway, which is abnormally active in 
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OA chondrocytes79. We should also extend redifferentiation culture to see long term 

effects of RUNX2 suppression and investigate the effects of suppression in more donors 

to see if suppression levels are donor dependent.  

 

5.2.3 Aim 3: High Level of Expansion Combined with IL-1β Treatment Leads to the 

Development of a Chondrosenescent Phenotype 

Chondrosenescence can lead to an increase in OA severity109 and increase the 

levels of inflammatory cytokines in the OA joint through the SASP110. In this aim, we 

combined aging (expansion) and inflammation (IL-1) and studied the effect on the 

development of the chondrosenescent phenotype in young cells. We show that this model 

increases gene and protein expression of SASP factors and reduces the redifferentiation 

potential of chondrocytes. In addition, we demonstrate the overlap between genes and 

proteins that are involved in chondrosenescence and hypertrophy. 

Overall, this aim shows that targeting both chondrosenescence and hypertrophy is 

necessary for improving regeneration by OA cells. RUNX2 drives hypertrophy and is 

involved in chondrosenescence, presenting a possible role for RUNX2 in driving both 

phenotypes. This model use lower levels of an inflammatory cytokine and is more 

physiologically relevant than other models. However, chondrocytes do not proliferate in 

vivo indicating that another method should be used in combination with inflammatory 

treatments to study chondrosenescence in the future and gain more insight into the 

phenotype. 
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5.3 Impact 

Strategies to repair cartilage defects in aged patients using autologous cells is still 

a significant clinical challenge52,135–137. There is a need to focus on improving cartilage 

tissue engineering outcomes using autologous chondrocytes in OA patients since current 

methods often show subpar results in these patients52,137. In this dissertation, I utilized a 

multidisciplinary approach by combining the fields of synthetic biology and tissue 

engineering to address these challenges. I demonstrate the application of a synthetic 

gene circuit that uses auto-regulated RUNX2 suppression in OA chondrocytes to improve 

regeneration outcomes. In addition, I present models to further investigate the OA 

phenotype and present other suppression targets that could be used to further overcome 

the poor outcomes from OA patients. 

Auto-regulated RUNX2 suppressing OA chondrocytes have the potential to 

revolutionize autologous chondrocyte repair. They are able to respond to stimuli without 

exogenous intervention and improve matrix accumulation and OA cell phenotype, 

increasing the cells available for clinical procedures. The role of RUNX2 in hypertrophy 

and chondrosenescence means that autoregulated RUNX2 suppression has the potential 

to resist hypertrophy and the inflammatory shift seen in chondrosenescence. This shift 

could help create an environment more conducive to cartilage repair in OA patients 

(Figure 5-1). 
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5.4 Future Directions 

5.4.1 Targeting Chondrosenescent Cells and Other Factors 

An obstacle in this thesis and in current clinical strategies is that aged/OA 

chondrocytes have poor cartilage matrix accumulation. Multiple studies have shown that 

after the age of 40 increasing age doesn’t have an influence on chondrogenic 

potential251,252. This means that the major phenotype is the hypertrophic differentiation 

seen in OA progression and that aged cells may be exacerbating this progression due to 

the SASP secreted by chondrosenescent cells177. Indeed, Jeon et al. showed that 

Figure 5-1: Auto-regulated RUNX2 suppression can shift OA phenotype. The pro-
inflammatory phenotype seen in OA cells can be shifted with auto-regulated RUNX2 
suppression and improve cartilage tissue repair. 
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selective removal of senescent cells from patient-derived OA chondrocytes in vitro led to a 

decrease in senescent and inflammatory markers while increasing expression of cartilage 

ECM proteins244. Combined removal of senescent cells and inhibiting hypertrophic 

markers in OA cells is a strategy that should be pursued to restore their ability to produce 

cartilage-like matrix. 

Our model induced chondrosenescence with IL-1 treatment, a key inflammatory 

cytokine involved in inflammaging and OA progression103,111–113. IL-1 also activates the 

NF-B pathway, which is abnormally active in OA chondrocytes79 and  stimulates the 

appearance of the SASP115. This connection implies that there may be factors that are 

important to both chondrosenescence and hypertrophy that result in increased OA 

severity109. Based on our data, we’re suggesting that RUNX2 is the link between the two 

phenotypes. We have shown the differences between young and old (Chapter 2) and 

that suppression in OA cells increases matrix production (Chapter 3). Additionally, 

chondrocytes expressing RUNX2 have shown a senescent- like phenotype characterized 

by flattened morphology and β-galactosidase expression116,179. We also show that 

RUNX2 expression increases with treatment in our model. Coupled with the observations 

in senescence cells, RUNX2 may play a central role in regulating the cell cycle in 

response to stress signals and other factors such as inflammaging179. The next steps 

would be to suppress RUNX2 and see the impact on the progression of the 

chondrosenescent phenotype and on the matrix production of cells from the model. 

5.4.2 Using Alternative 3D Culture Methods for Long-Term Culture 

Culturing chondrocytes in 3D environments helps them maintain their chondrocyte 

phenotype in vitro. Researchers have used a variety of scaffolds to culture chondrocytes 
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including agarose55,147,253, alginate154, fibrin254 and synthetic gels56,255,256. The benefit of 

using scaffold is that they are similar to the cartilage environment in vivo and that it 

resembles the recently FDA-approved MACI procedure.  

Researchers have identified that repairing OA cartilage may require a higher 

number of cells183 and scaffold allow for a greater number of cells compared to pellet 

cultures. Larger pellet sizes than the ones in this thesis are used in literature but can show 

hypoxia in the center of the pellet indicating that there is a limiting factor of cell number in 

pellet culture257–259. Additionally, scaffolds are often used so that researchers can apply 

mechanical loads constructs to improve matrix production. This strategy has been 

effective in early passage chondrocytes, bovine chondrocytes and MdChs55,61,260,261. 

However, these strategies need to be modified for OA cells as high mechanical load is 

involved in OA pathogenesis and has been shown to induce OA in vitro262,263. The use of 

a scaffold and a different mechanical loading scheme, in conjunction with the methods 

used in this thesis may provide us with the needed stimulus to increase cartilage matrix 

accumulation. 

5.4.3 Identifying Cell Populations within OA Cartilage with Increased Chondrogenic 

Potential 

The use of donor cells in all the strategies results in heterogenous response. Even 

among young, healthy donors we see varying levels of matrix accumulation when 

stimulated in vitro. OA cells already have a decreased response to chondrogenic growth 

factors in vitro and the varying responses among donors makes it difficult to come up with 

standardized strategies. We have shown here that many results are similar – but we only 

explored three donors.  
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Others have suggested isolating chondroprogenitors from OA cells264. Vinod et. al 

found that chondroprogenitors with low expression of CD34 and high expression of 

CD166 showed higher glycosaminoglycan and lower calcified matrix deposition265. Other 

MSC markers CD105266–268, CD146269, VCAM270 have also been used to identify this 

population. This may identify an MSC-like population in cartilage that can be used for 

cartilage regeneration. 
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Appendices  
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Appendix A: Comparison of Chondrogenic Media 

Prior to experimentation, we tested different media formulations in both young 

and aged cells (Chapter 2). We determined that the addition of l-proline and TGF- 

enhanced matrix production in both populations. 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure A-1: Matrix accumulation in different chondrogenic 
media formulations. (a) sGAG quantification based on biochemical 
DMMB analysis normalized by DNA (b) Alcian blue stain for cartilage matrix 
accumulation. Scale = 50 µM  
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Appendix B: Proliferation in Young and Aged Cells 

Young and aged cells differentiated in a similar pattern (Chapter 2), but their 

growth in vitro was different.  
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Appendix Figure B-1: Population doubling of young and 
aged/OA cells. Each donor represents a point on the graph. 
Overall, young cells proliferated at a higher rate. 
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Appendix C: Donor Specific qPCR Analysis 

qPCR analysis for each donor is presented for both delta CT and delta delta CT 

analysis in Chapter 2. The averages are shown in the chapters but donor differences 

can be seen below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure C-1: Delta CT through each passage separated by donors. qPCR for each 
young donor is presented at each passage. Each point represents a technical replicate. 
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Appendix Figure C-2: Delta CT through each passage separated by donors. qPCR for each 
aged/OA donor is presented at each passage. Each point represents a technical replicate. 

Appendix Figure C-3: Delta delta CT at passage 4 for each donor. qPCR for each young 
and aged donor is presented at passage 4. Each point represents a technical replicate. 
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Appendix Figure C-4: Delta delta CT at day 28 for each donor. qPCR for each young and 
aged donor is presented at day 28. Each point represents a technical replicate. 
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Appendix D: Experiment Specific qPCR 

Experiments with the auto-regulated RUNX2 suppressing circuits resulted in 

varying qPCR results even in the same donor. The experiment specific qPCR is 

presented below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure D-1: Delta delta CT day 28 for each individual experiment testing 
auto-regulated RUNX2 suppressing circuits. qPCR analysis for each experiment in the 
same aged donor at day 28. Each point represents a technical replicate. (COL10A1 had 
no detectable expression. 
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Appendix E: Additional Luciferase Readings 

Preliminary trials of the model indicated that senescence markers were 

increasing with IL-1  treatment. 

 

 

Appendix Figure E-1:Luciferase from additional experiments. Degree of suppression 
varies but 3-cis-shRUNX2 circuits consistently have low RUNX2 expression compared to 
1-cis-shRUNX2 circuits. 
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Appendix F: Preliminary Chondrosenescence Model 

Preliminary trials of the model indicated that senescence markers were 

increasing with IL-1  treatment. 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure F-1: Preliminary senescence model. (a) Population doubling of 
control and il1b treated cells (b) Representative images for staining of senescence 
marker B-galactosidase. Scale = 100 µM (c) Staining for cell cycle inhibitor P16 shows 
increased staining in IL1B cells at passage 5. Scale =20 µM. 
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