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ABSTRACT 

 

Clinical repair strategies for articular cartilage defects are limited by the inability of the 

tissue to self-repair, often resulting in post-traumatic osteoarthritis (PTOA). PTOA arises from the 

degradation of structural cartilage extracellular matrix (ECM) proteins responsible for maintaining 

articular cartilage mechanics, such as aggrecan and collagen. Current cartilage tissue engineering 

strategies aim to utilize human-derived cells to regenerate cartilage prior to the onset of PTOA. 

Limited availability of chondrocytes – the primary cell type in articular cartilage – imposes a need 

for alternatives. Human mesenchymal stem cells (hMSCs) are a promising solution as they can be 

found in a variety of tissues and can differentiate into MSC-derived chondrocytes (MdChs). 

However, MSCs are limited by their inability to produce a stable chondrogenic phenotype and 

deposit and maintain ECM in long-term culture due to maturation, (hypertrophy) where 

metalloproteinases cleave collagen II and aggrecan. As a result, MSC-derived cartilage 

regeneration techniques are not yet suitable for clinical use. The central objective of this thesis is 

to increase cartilage matrix accumulation to develop more clinically functional cartilage tissue by 

increasing matrix deposition and stabilizing the chondrogenic phenotype of MSCs.  

We investigated two approaches to increase cartilage ECM accumulation and improve 

MdCh-based cartilage tissue engineering functional outcomes: inorganic phosphate (Pi) treatment 

and RUNX2 suppression. First, we investigated the time and dose dependent response of Pi on 

MdCh chondrogenesis. We found that Pi increased cartilage ECM production, but also increased 

MdCh 
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hypertrophy and mineralization. Next, we evaluated the long-term matrix production of RUNX2 

suppression on MdChs using our previously developed cell-regulated gene circuit. We found that 

the RUNX2 gene circuit increased cartilage matrix and stiffness of neo-cartilage tissues long-term. 

Finally, we evaluated the combinatorial effect of RUNX2 suppression and Pi treatment. We 

showed that combined treatment of Pi and RUNX2 suppression exhibited reduced MdCh 

hypertrophy but did not significantly increase matrix accumulation.  

Overall, this dissertation explores methodologies that promote both cartilage matrix 

accumulation and reduces cartilage matrix loss during long-term culture to better support the use 

of MdChs in cartilage defect repair strategies. 
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CHAPTER 1 : Introduction 

1.1 Background 

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

and provides a smooth, low friction, articulating surface and redistributes load across the joint1. 

The cartilage extracellular matrix (ECM) deposited by chondrocytes is composed of collagen type 

II and aggrecan, which enables the unique mechanical function of cartilage (Fig. 1-1)1. Collagen 

type II is deposited by chondrocytes and forms a dense fibril network that creates the tensile 

strength of cartilage that resists tissue swelling1. Aggrecan contains negatively charged sulfated 

glycosaminoglycan (sGAGs) side chains which attracts water molecules into the tissue which 

provides cartilage with its compressive properties1,2.  Within a healthy joint, the mechanical 

properties of the ECM protect healthy chondrocytes from mechanical stress.  

 

Created with BioRender.com 

Figure 1-1. Schematic of articular cartilage matrix. 
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As a result of cartilage injury, there is an increase in tissue stresses, degradation enzymes, 

and inflammation in the joint, releasing collagen and aggrecan fragments as well as inflammatory 

cytokines such as tumor necrosis factor (TNF)-α and interleukins (ILs) into the synovium3. 

Inflammation upregulates the expression of RUNX2, the master transcription factor of 

hypertrophy that drives chondrocyte maturation and upregulates cartilage matrix-degradation 

enzymes4. Chondrocytes exposed to this suboptimal activated environment further upregulate the 

presence of inflammatory cytokines and drives the degradation of cartilage extracellular matrix. 

Cartilage is avascular and cannot self-repair due to lack of access to progenitor cells and nutrients5. 

Additionally, cartilage is aneural so injuries often go undetected until there is pain from 

inflammation or exposure of the underlying bone6. Long-term untreated injuries can result in post-

traumatic osteoarthritis (PTOA)7,8. PTOA is a debilitating disease of the joint that results from 

trauma that affects over 5.6 million people within the United States7,9. Even with injury 

intervention, the risk of developing PTOA is between 20-50%10.  

1.2 Current Treatment Strategies 

There are several common surgical procedures used to repair traumatic articular cartilage 

injuries including microfracture, osteochondral implantation, and autologous chondrocyte 

implantation11.  

Microfracture is a commonly performed repair technique for small cartilage defects12. 

Within this procedure, the defect site is cleaned of debridement and the underlying subchondral 

bone is perforated to recruit progenitor cells to the injury site for healing13. Bone marrow-derived 

mesenchymal stem cells (MSCs) recruited to the repair site forms new cartilaginous tissue11. The 

limitation of this method is that the microfracture is restricted to treatment of small defects (< 

2mm) and recruited MSCs often create fibrocartilage rather than hyaline cartilage12. Unlike hyaline 



2 

 

cartilage, fibrocartilage is rich in collagen type I and does not have sufficient mechanical properties 

to resist high compressive loads of the knee joint14,15. As a result, degradation of tissue at the repair 

site can lead to onset of PTOA11,14. 

 Osteochondral implantation is a clinical treatment that repairs cartilage defects with tissue 

grafts from healthy cartlilage2,12. The cartilage defect is cleaned and a cylindrical osteochondral 

plug, which contains a portion of the subchondral bone and cartilage, is removed from a non-load 

bearing portion of the knee and is transplanted to the defect site12. Limitations of this treatment 

option include limited availability of viable donor tissue and an increase in cartilage donor site 

morbidity16. There is also limited tissue integration between the healthy cartilage and the 

osteochondral plug because cartilage does not proliferate and travel within mature cartilage. 

 Autologous chondrocyte implantation (ACI) is a more recent treatment for large full-

thickness defects14. First, a procedure is required to harvest healthy chondrocytes from a non-load 

bearing portion of the joint. The chondrocytes are then expanded in vitro prior to a second 

procedure12. During the second surgery, chondrocytes are implanted in the cartilage defect site and 

a membrane flap is placed on top to contain cells within the repaired region12. Benefits of this 

technique include use of the patient’s own cells and positive long-term clinical outcomes14. 

However, autologous chondrocyte implantation is a multistep procedure and has longer recovery 

times14. To improve ACI outcomes, matrix autologous chondrocyte implantation (MACI) was 

developed to create more stable, biomechanical tissues faster. This method is similar to ACI, 

however, after in vitro expansion, chondrocytes are seeded onto a scaffold prior to implantation12. 

Like ACI, the limitation of this procedure is that it includes multiple invasive procedures and 

requires in vitro monolayer expansion of chondrocytes, which is not an ideal method of culturing 
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them since they are prone to dedifferentiation17. Due to the limitation of chondrocyte expansion 

and culture, alternative cell sources have been explored for cartilage tissue engineering. 

1.3 Cartilage Tissue Engineering Efforts 

Since current treatment options can be invasive and do not restore native tissue mechanics 

for cartilage tissue repair, tissue engineering strategies have been implemented to create new 

cartilage tissues. Aggrecan and collagen type II are the key structural macromolecules required for 

cartilage tissue mechanics18,19. Strategies to improve cartilage matrix deposition and create 

functional cartilage tissues include the use of various cell types, scaffolds, biomolecular and 

biomechanical stimuli20–22.  

 Chondrocytes are the current gold standard for cartilage tissue engineering and are used in 

ACI and MACI cartilage treatments12. However, healthy chondrocytes needed for these procedures 

are limited since they can only be harvested from articular cartilage and tend to dedifferentiate 

during monolayer expansion17,23. Thus, alternative cell types have been explored for cartilage 

tissue engineering, such as mesenchymal stem cells24. 

Adult mesenchymal stem cells (MSCs) are a promising cell alternative for cartilage tissue 

engineering because they can differentiate into chondrocytes and are harvested from various 

tissues such as bone marrow and adipose tissue24,25. MSCs can follow lineages towards 

adipogenesis, chondrogenesis, and osteogenesis26. Like chondrocytes, MSC- derived chondrocytes 

(MdChs) produce cartilage matrix proteins like collagen type II and aggrecan (Fig. 1-2)18,27,28. 

Many studies have evaluated chondrogenic stimuli to induce and maintain MdCh chondrogenesis 

such as the administration of biomolecular and mechanical stimuli2. Common growth factors 

utilized for chondrogenic induction of MSCs, such as TGF-β, have shown to increase the 

production of cartilage ECM macromolecules2. Additionally, studies have shown that mechanical 
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stimuli, such as shear stress, dynamic compressive testing, and hydrostatic pressure, induce 

differentiation of MSCs and increase production of cartilage ECM2,20,29.  

1.4 In vitro Maturation of Human Mesenchymal Stem Cells 

While MSCs are a promising alternative for primary chondrocytes for cartilage tissue 

engineering, the fact that MSCs do not have a stable chondrogenic phenotype remains a 

challenge20,25,30. MSCs when induced towards chondrogenesis follow the endochondral 

ossification pathway, a multi-step process that occurs during limb development 31–33. During limb 

development, cells first condense prior to early chondrogenesis, where they mimic primary 

chondrocyte behavior34. Chondrocyte proliferation and matrix production lead to cartilage 

formation. Once chondrocytes stop proliferating, they continue towards hypertrophic maturation, 

calcification, and blood vessel invasion before differentiating into bone (Fig.1-2)34. While MdChs 

undergo chondrogenesis, they secrete collagen type II and aggrecan; however, with maturation, 

MdChs continue down the endochondral ossification pathway and begin to express hypertrophy-

associated markers not expressed in primary chondrocytes.   
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Figure 1-2. H&E staining of articular cartilage and growth cartilage. 

 

 During hypertrophy, RUNX2, the master transcription factor of hypertrophy is upregulated 

while SOX9, the master transcription factor for chondrogenesis is downregulated35,36. RUNX2 has 

many downstream effectors including collagen type X and matrix metalloproteinases (MMPs)4. 

MMPs cleave collagen fibrils into fragments, which compromises the tensile strength of the 

tissue2. Another metalloproteinase that is expressed during hypertrophy is a disintegrin and 

metalloproteinase with thrombospondin motifs (ADAMTSs)1. Since these components are the 

essential components of cartilage mechanics, inhibition of macromolecule degradation can 

improve the long-term outcomes of MdCh cartilage.  
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1.5 Osteoarthritis and Chondrocyte Maturation 

Osteoarthritis (OA) and cartilage injuries can lead to an activated joint, defined by the 

elevation of calcification and/or inflammatory factors. Osteoarthritic joints have elevated alkaline 

phosphatase (ALP) activity and inorganic phosphate (Pi) levels. Additionally, inorganic phosphate 

is one of the required molecules for hydroxyapatite formation during mineralization of 

extracellular matrix and increases as chondrocytes mature37. The available phosphate binds with 

calcium to create calcium-phosphate complexes that are found in 60% of moderate OA cases38. 

Upregulation of Pi during osteoarthritis and cartilage injury contributes to the formation of basic 

calcium phosphate (BCP) crystals which drives cartilage degradation39. BCPs are known to 

activate macrophages, synovial fibroblasts, and increase MMPs, which further propagates 

cartilage degradation and drives chondrocyte maturation40. Since all neo-tissue constructs used to 

treat defects are exposed to an activated environment, which drives expression of hypertrophic 

induction, it is an important element to consider for cartilage tissue repair.  

1.6 Genetic Engineering in Cartilage Tissue Regeneration  

 Gene silencing works to prevent expression of specific genes of interest. Gene silencing 

allows for precise targeting of therapeutic pathways41. One method to implement gene silencing is 

through RNA interference (RNAi). RNAi is a sequence-specific multi-step process that leads to 

targeted degradation or suppressed translation of mRNAs41. RNAi has been investigated for 

diseases such as cancer and viral infections42. 

 Various research groups have shown that use of RNAi can be used to inhibit hypertrophy 

of MSCs during chondrogenic differentiation. siRNA can be transient and long-term inhibition of 

genes will be difficult, especially in vivo41. Lentiviral delivered short hairpin RNA (shRNA) is a 

promising solution to this problem since it integrates into the genome of the cell and can be passed 
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onto daughter cells. Unlike siRNA, shRNA contains a hairpin structure due to the short loop region 

flanked by complementary siRNA sequences41. During RNAi, the shRNA is processed into siRNA 

that induces silencing of the target sequence. Basic shRNAs are expressed using Pol III promoter 

and have high results of cytotoxicity, especially in mammalian cells41,43,44. Through this shRNAs 

are processed through natural occurring miRNA pathways, reducing cytotoxicity41. These 

miRNA-based shRNAs are also expressed by Pol II promoters, enabling use of tissue- specific 

mammalian promoters to induce gene silencing in various types of cells43. 

1.7 Project Goals and Hypothesis 

The central objective this thesis is to increase cartilage matrix accumulation and to stabilize 

the chondrogenic phenotype of MSCs for more clinically functional cartilage tissue. The following 

work investigates two methodologies to improve cartilage matrix accumulation. The first method 

evaluates the cell-state and dose-dependent response of MdChs during chondrogenesis. The 

second method evaluates the long-term effects of our previously established cell-autonomous 

shRUNX2 gene circuit on MdCh cartilage matrix accumulation and resultant compressive 

mechanics. Lastly, we investigated whether the combinatorial treatment of these two methods 

would result in increased cartilage matrix accumulation. We hypothesize that Pi treatment during 

chondrogenesis and chondrocyte maturation will increase cartilage matrix accumulation in a dose- 

dependent manner and that Pi treatment in conjunction with RUNX2 suppression will further 

increase the accumulation of articular cartilage structural macromolecules to create functional 

cartilage tissue. We will investigate this hypothesis with the following aims: 

Aim 1: Determine the concentration and cell-state-based effects of β-glycerophosphate on 

mesenchymal stem cell chondrogenesis.  
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One method to induce hypertrophy in MSCs is to introduce β-glycerophosphate (βGP) to 

the culture medium to increase inorganic phosphate (Pi). Studies have shown that Pi has cell-state-

dependent effects on chondrogenesis where it can promote either chondrogenesis or maturation 

and mineralization39,45–48. In this aim, we evaluate the cell-state and dose-dependent response of 

Pi on MdCh chondrogenesis. The main objective of this aim was to determine whether Pi can be 

used to increase cartilage matrix accumulation. 

Aim 2: Evaluate the effects of long-term RUNX2 suppression on MSC chondrogenesis and 

cartilage matrix accumulation. 

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

short hairpin RNA (shRNA) for RUNX2 (shRUNX2) with expression of intracellular RUNX2. 

Wu et al has shown that the use of this gene circuit improves MdCh cartilage matrix 

accumulation49. However, the long-term efficacy of this gene circuit on adult human MdCh 

chondrogenesis and the mechanical response has not yet been evaluated. The purpose of this study 

was to evaluate the long-term efficacy of our cell-autonomous gene circuit on MdCh 

chondrogenesis and to determine whether RUNX2 suppression alone is sufficient to create 

functional cartilage tissue.  

Aim 3: Investigate the cumulative effects of Pi treatment and auto-regulated RUNX2 suppression 

on MSC-based cartilage matrix accumulation. 

Aims 1 and 2 investigated two methods to improve cartilage matrix accumulation; 

however, our findings showed that Pi levels that increased cartilage matrix accumulation also 

increased tissue mineralization while RUNX2 suppression decreased expression of MdCh 

hypertrophic markers. Therefore, we investigated whether the combinatorial treatment of Pi and 
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RUNX2 suppression. First, we investigated whether combined RUNX2 inhibition and Pi treatment 

would result in higher matrix accumulation and reduce Pi-induced hypertrophy in neo-tissues. 

Second, we investigated whether Pi priming increases cartilage matrix accumulation prior to 

exposure to a high Pi activated environment. 
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CHAPTER 2 : Inorganic Phosphate Increases Cartilage Matrix Accumulation During 

Mesenchymal Stem Cell Chondrogenesis 

2. 1 Introduction 

Mesenchymal stem cells (MSCs) have been a promising alternative for cartilage tissue 

engineering due to their multipotent capacity50. Significant efforts have been made in the tissue 

engineering field to optimize articular cartilage extracellular matrix production by MSC-derived 

chondrocytes (MdChs). However, MSC-based cartilage tissue regeneration is limited by the 

instability of the chondrogenic phenotype and the hypertrophic induction of MdChs, a cartilage 

maturation process often associated with osteoarthritis (OA)51. In OA, chondrocytes are subjected 

to high-magnitude mechanical stresses, sustained inflammation, and an increase in mineral crystals 

that induces the hypertrophy of MdChs47,52,53. Exposure of MSC-derived chondrocytes to this 

activated environment can result in matrix loss and mineralization; therefore, it is critical to study 

the effect of these factors on tissue engineered cartilage52,54. 

Inorganic phosphate (Pi) is a signaling molecule that has been shown previously to mediate 

chondrocyte fate. Pi has been used extensively to induce hypertrophic maturation and 

mineralization of chondrogenic and osteogenic cells, such as ATDC5s and MC3T3, in in vitro 

studies of endochondral ossification 55,56 . Previously, we have shown that showed that early 

moderate Pi abundance enhanced early chondrogenesis of the mouse teratocarcinoma cell line 

ATDC5, resulting in higher aggrecan and collagen II expression. Conversely, late treatment with 

Pi inhibited chondrogenic differentiation and increased mineralization in these cells46. These 
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results suggest that the effect of Pi on chondroprogenitor cells is cell-state dependent and can have 

profound effects on their ECM production and maturation down the endochondral ossification 

pathway, which influences the composition of the ECM during cartilage repair.  

In advanced stages of OA, there is an increase in alkaline phosphatase (ALP) activity 

within both the synovial serum and articular chondrocytes. ALP cleaves pyrophosphate (PPi) to 

release inorganic phosphate, which has been found to further propagate the deterioration of 

cartilage57. Specifically, the increase in available Pi often leads to the formation of calcium-

phosphate crystal complexes by hypertrophic chondrocytes as OA progresses58–61. This in turn 

stimulates the production of matrix metalloproteinases like MMP3 and MMP13 by mature 

chondrocytes48. As such, any cell-based repair strategies introduced into this osteoarthritic 

environment are subjected to exposure to Pi; however, the role Pi plays on MdCh ECM production 

has not been widely explored. To design adjuvant therapies to resist these effects, we need a clearer 

understanding of the effect of Pi on MdChs. Therefore, the purpose of this study is to evaluate the 

temporal and dosage effects of Pi on MSC chondrogenesis and progression of MdCh hypertrophy.  

2.2 Methods 

2.2.1 Cell Culture 

2.2.1.1 Cell Expansion 

Bone Marrow-derived MSCs were gifted by Dr. Rodrigo Somoza in collaboration with 

CWRU Center for Multimodal Evaluation of Engineered Cartilage (CMMEC, Cleveland, Ohio). 

Cells were initially seeded at a density of 4,000 cells/cm2. MSCs were expanded in monolayer in 

expansion media (Low glucose Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen), 10% 

Fetal Bovine Serum (Invitrogen), 1% Antibiotic-Antimycotic (Invitrogen), and 10ng/ml Fibroblast 

Growth Factor (FGF) (Shenandoah). At 80% confluency, cells were lifted using 0.25% Trypsin-
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EDTA (Invitrogen) and neutralized using a solution composed of 10% Fetal Bovine Serum 

(Invitrogen) and 90% low glucose DMEM (Invitrogen). Cells were replated at a seeding density 

of 4,000 cells/cm2 until a population doubling of 11 is reached. 

2.2.1.2 Chondrogenic Differentiation and Treatment 

Cell pellets were created by placing 2.5x105 cells in chondrogenic media to U bottom 96 

well plates (ThermoFisher) and centrifuged at 1640 RPM for 5 minutes to condense cells. Pellets 

were cultured in chondrogenic media at 37°C at 5% CO2. Chondrogenic pellet culture medium 

consisted of high glucose Dulbecco’s Modified Eagles Medium (Gibco), 1% ITS+ Premix 

(Corning), 1% Non- essential amino acids (Gibco), 1% antibiotic-antimycotic (Invitrogen), 

40µg/ml L-proline (Sigma), 50 µg/ml ascorbic acid 2- phosphate (Sigma), 0.1µM dexamethasone 

(Sigma), and 10ng/ml TGF-β1 (Shenandoah)62. Pi treatment groups received 0, 5, 10, or 20mM of 

βGP at varying time points of chondrogenesis (Fig. 1). Early treatment pellets were treated from 

days 0-14 of chondrogenesis, late treatment pellets were treated from days 14-28, and continuous 

treatment pellets were treated from days 0-28 (Figure 2-1). 
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Figure 2-1. Experimental design. MdCh pellets were treated with 0, 5, 10, or 20mM of βGP from days 0-14 (early treatment), 

from days 14-28 (late treatment), or from days 0-28 (continuous treatment). 

 

2.2.2 Biochemical Analysis 

Pellets were harvested and digested using a 0.3 units/ml papain, cysteine, EDTA, and 

sodium phosphate solution. Digestion buffer was added to each sample prior to digestion at 65°C 

for 16 hours. Cartilage matrix accumulation was measured using the 1,9-dimethylmethylene blue 

(DMMB) assay as previously described21. Samples and chondroitin sulfate standards were diluted 

in papain buffer. Samples were run in triplicate in a clear flat bottom 96 well plate with DMMB 

dye and read at wavelengths 525nm and 595nm. Matrix production was normalized by DNA 

content as determined using the PicoGreen assay (Thermo Fisher). Diluted samples and λ DNA 

standards were run in triplicate in a black flat bottom 96 well plate with PicoGreen-Tris solution 

and read at excitation wavelengths 498nm and emission wavelength 528nm. 

 

2.2.3 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 
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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. Calcium deposition was visualized using a 2% Alizarin Red S dye 

(pH 4.3, Sigma). 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% TBS-TX100), collagen type II (1:100), collagen type X (1:100), RUNX2 (1:100), 

or MMP13 (1:200) (Abclonal) overnight at 4◦C. Histological slides were incubated with secondary 

antibodies for 1 hour at room temperature Sections were counterstained with DAPI (Life 

Technologies) for 5 minutes at room temperature. 

 

2.2.4 Gene Expression 

Analysis of gene expression was performed as previously described49. Briefly, total RNA 

of pellets was isolated using TRI Reagent RT (Molecular Research Center). cDNA was 

synthesized using High-Capacity cDNA Reverse Transcription Kit (Life Technologies) and 

amplified using SYBR Green PCR Master Mix (Life Technologies) on Applied Biosystems 7500 

Fast well plates. The mean cycle threshold of housekeeping genes GUS and TBP (𝐶𝑡ℎ𝑘) was used 

to determine the fold change of gene expression levels compared to day 0 samples using the ∆∆𝐶𝑇 

method. Relative expression levels were calculated as 𝑥 = 2−∆∆𝐶𝑇, where ∆∆𝐶𝑇 = ∆𝑇 − ∆𝐶 ,  

∆𝑇 = (𝐶𝑡𝑒𝑥𝑝 − 𝐶𝑡ℎ𝑘)𝑡, and ∆𝐶 = (𝐶𝑡𝑒𝑥𝑝 − 𝐶𝑡ℎ𝑘)𝑡0. 

Table 2-1. Primer sequences for qPCR gene expression analysis. 

Gene Forward Reverse 

ACAN GGAGTGGATCGTGACCCAAG AGTAGGAAGGATCCCTGGCA 

COL2A1 CTCCAATGGCAACCCTGGAC CAGAGGGACCGTCATCTCCA  

RUNX2 CCGGAATGCCTCTGCTGTTA AGCTTCTGTCTGTGCCTTCTGG 



15 

 

COL10A1 GAACTCCCAGCACGCAGAATC TGTTGGGTAGTGGGCCTTTT 

MMP13 TTGCAGAGCGCTACCTGAGA CCCCGCATCTTGGCTTTTTC 

OCN CTCACACTCCTCGCCCTATTG CTTGGACACAAAGGCTGCAC 

ALP GTAAGGACATCGCCTACCAG GGCTTTCTCGTCACTCTCAT 

TBP GTGGGGAGCTGTGATGTGAA TGCTCTGACTTTAGCACCTGT 

GUS GACTGAACAGTCACCGACGA ACTTGGCTACTGAGTGGGGA 

 

2.2.5 Phosphate Concentration Analysis 

Cell culture media from each condition was collected during media changes. Samples were 

diluted 1:20 or 1:50 with water based on Pi treatment condition prior to analysis. Phosphate 

concentration levels were assessed in the culture medium using the QuantiChromTM Phosphate 

Assay Kit (BioAssay Systems). 50μl of samples and standards were pipetted into a 96-well plate 

prior to the addition of 100μl of assay reagent. The plate was incubated at room temperature for 

30 minutes. Phosphate concentrations were determined by reading at an optical density of 620nm 

and calculations using equation from the manufacturer’s protocol.  

 

2.3 Results 

To elucidate the cell-state-dependent response of Pi on MSC chondrogenesis, we first 

monitored Pi concentration within the media at different cell states of chondrogenesis to calculate 

the concentration available in cultures on a per cell basis, which we term Pi abundance (Pi/DNA; 

Fig. 2-2). Pi abundance levels were categorized as Low (Pi/DNA < 70 μg/μg), Medium (Pi/DNA 

= 70μg/μg – 175μg/μg), and High (Pi/DNA > 175μg/μg).  
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Figure 2-2. Upregulation of Pi abundance at different time points of chondrogenesis. (a) Time course of MSC chondrogenesis. 

(b) Pi concentration within culture media over time course of chondrogenesis. (c) Pi abundance based on varying concentrations 

and time points (*** indicates p-value < 0.01). 

Pi abundance increases matrix accumulation in a state-dependent manner. Continuous high 

Pi abundance levels correlated with increased levels of cartilage matrix production. By day 28, 

sGAG content was increased by 120.6%, 169%, and 183.2% in low, medium, and high Pi 

abundance, respectively, compared to non-treated MdChs (Fig. 2-3a). This is further supported by 

Alcian blue staining where we observe rich abundance staining at day 28 of culture (Fig. 2-3b). 

However, moderate and high Pi abundance pellets also exhibit mineralization as determined 

through Alizarin Red staining (Fig. 2-3c).  
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Figure 2-3. Cartilage matrix accumulation at day 14 and day 28 of chondrogenesis. (a) sGAG quantification based on 

biochemical DMMB analysis normalized by DNA (** indicates p-value = 0.0017, **** indicates p-value < 0.0001). (b) Alcian 

blue stain to for articular cartilage matrix accumulation. (c) Alizarin red stain to show mineralization of pellets. 

 

Gene expression of collagen type II was upregulated with low Pi abundance during early 

chondrogenesis, but there was no effect on aggrecan gene expression (Fig. 2-4a, b). Collagen type 

II protein expression was upregulated with early low Pi abundance but decreased with high Pi 

abundance at day 14 (Fig. 2-4d). By day 28, collagen type II expression was increased compared 

to non-treated MdChs (Fig. 2-5a). Aggrecan protein expression was elevated with Pi treatment at 

day 14 as shown with abundant and dispersed immunofluorescence (Fig. 2-5b). However, by day 
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28 aggrecan staining for all conditions became more localized, especially with those treated 

continuously with Pi (Fig. 2-5b).  

 

Figure 2-4. Chondrogenic gene and protein expression of culture in response to Pi abundance.  Gene expression of 

chondrogenic markers (a) collagen type II (* indicated p = 0.0127) and (b) aggrecan were evaluated at day 28. Immunofluorescence 

shows protein expression of chondrogenic markers (c) collagen type II and (d) aggrecan decreased with high Pi abundance by day 

28 of chondrogenesis but increased with lower levels of Pi abundance. 

Pi did not significantly alter gene expression of hypertrophic markers RUNX2, collagen 

type X, MMP13, osteocalcin, and ALP (Fig. 2-5). However, high Pi abundance increases protein 

expression of hypertrophic and osteogenic markers (Fig. 2-5d, e, f). MdChs with moderate and 

high Pi abundance during early chondrogenesis exhibited higher expression of hypertrophic 

markers than those treated during late chondrogenesis. This suggests that early Pi treatment is 

responsible for the promotion of hypertrophic induction. 
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Figure 2-5. Hypertrophic gene and protein expression of culture in response to Pi abundance. Gene expression of 

hypertrophic markers (a) RUNX2 and downstream targets (b) COL10 and (c) MMP13. Protein expression shown through 

immunofluorescence, shows hypertrophic transcription factor, (d) RUNX2, and downstream targets (e) ColX and (f) MMP13 were 
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elevated with increased Pi abundance. Gene expression of g) Osteocalcin and (h) ALP increase show no significant change with Pi 

treatment. 

 

2.4 Discussion  

This study of hMdChs shows that cartilage matrix accumulation and hypertrophic 

induction are dependent on both Pi abundance and cell state. We first showed that Pi abundance 

varies with the concentration of βGP and the time of administration. Twenty millimolar βGP and 

continuous treatment of βGP resulted in high Pi abundance (Pi/DNA> 175μg/μg) which exhibited 

the most significant effect on cartilage matrix accumulation as shown through DMMB and Alcian 

Blue staining. Low Pi abundance increased COL2A1 expression with early treatment and had no 

significant increase in hypertrophic markers such as ColX, RUNX2, and MMP13. Together, these 

results indicate that low continuous Pi treatment would provide improved cartilage matrix 

outcomes for cartilage tissue engineering. Additionally, continuous βGP treatment has a 

cumulative effect on available Pi levels and is an important factor when providing βGP to MdChs. 

These findings are contrary to the findings of the ATDC5 response to Pi found by Wu et. 

al., which showed decreased sGAG quantities with continuous high treatment46. However, high Pi 

abundance also corresponded with elevated expression of hypertrophic markers RUNX2, 

COL10A1, and MMP13, and increased tissue mineralization. This is consistent with previous 

literature that shows that Pi increases ColX expression and induce mineralization46,61 and studies 

that have utilized Pi to induce hypertrophy of hMdChs63. While high Pi increases mineralization 

within MdChs, it does not appear that Pi inhibits induction of early chondrogenesis and does not 

increase cartilage matrix loss by day 28 of chondrogenic culture. This could be due to the 

prolonged chondrogenic timeline of MdChs compared to chondrogenic cell lines. Therefore, long-

term chondrogenic studies should be performed to evaluate the full response of Pi on MdCh 

chondrogenesis on matrix loss and progression of chondrogenic gene expression. 
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As expected from previous literature, we observed an increase in RUNX2 protein 

expression and the expression of downstream RUNX2 targets as a response to high Pi abundance. 

This phenotypic change confirms a method to expedite hypertrophy and provides a foundation to 

evaluate MdCh phenotype stabilization techniques within a shortened time span. This is expected 

as Pi upregulates several cell-signaling pathways, such as ERK1/2, p38, and NFκB pathways, that 

may facilitate the phenotypic changes and hypertrophic induction of MdChs52,64. Upregulated 

hypertrophic factors, in addition to mineral deposition, due to elevated Pi levels are not ideal for 

articular cartilage-specific tissues as they increase inflammatory markers and progress cartilage 

degradation48. Furthermore, during cartilage injury treatments, MdChs are often inserted into 

activated joints which would increase their exposure to inflammatory factors and calcium 

phosphate complexes. Exposure to the activated environment would also drive hypertrophic 

induction and mineralization of MdChs, driving the progression of post-traumatic osteoarthritis. 

Therefore, while it may be beneficial to treat cells with Pi to increase cartilage matrix 

accumulation, steps must be taken to inhibit hypertrophic differentiation and mineralization. For 

example, our lab has previously developed a cell-autonomous gene circuit that works to stabilize 

the MdCh chondrogenic phenotype and reduce the expression of hypertrophic factors49. To 

improve overall cartilage matrix outcomes, such as increased chondrogenic markers and sGAG 

quantification, it would be beneficial to investigate the combined effects of Pi treatment and 

inhibition of hypertrophy on cartilage matrix production. Additionally, the result of this study 

introduces the notion of pre-conditioning MdChs to reduce he hypertrophic effects of Pi.  
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CHAPTER 3 : Long-Term Suppression of RUNX2 During MSC-Based Cartilage 

Formation Increases Cartilage Matrix Accumulation 

3. 1 Introduction 

Due to the avascular nature of articular cartilage, traumatic cartilage injuries can lead to 

post-traumatic osteoarthritis (PTOA), a painful and debilitating joint disease, if left untreated2,7. 

Current treatment options for these cartilage defects include microfracture, osteochondral 

implantation, and autologous chondrocyte implantation. Microfracture recruits progenitor cells 

from the underlying bone to the defect to facilitate cartilage repair65. However, this method results 

in the formation of fibrocartilage, a dense fibrous tissue rich in collagen type I, rather than articular 

cartilage66. Osteochondral implantation takes a plug from a non-load bearing portion of the knee 

to repair the cartilage defect67. However, there are various problems with this method, such as 

limited donor tissue and donor site morbidity16. Autologous chondrocyte implantation is a cell-

based cartilage repair strategy that harvests chondrocytes from cartilage tissue and expands them 

in vitro before reimplantation back into the defect. While this method has positive clinical 

outcomes, this method is limited by the isolation of viable chondrocytes from the cartilage and 

requires multiple surgeries68. In addition, when chondrocytes are expanded in vitro, they 

dedifferentiate, expressing a fibrocartilage-like phenotype69. Due to these limitations, the use of 

adult human mesenchymal stem cells (MSCs) has been explored as an alternative cell source for 

cartilage tissue engineering. 
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MSCs are commonly explored for cartilage tissue engineering strategies but are limited by 

their ability to maintain a stable chondrogenic phenotype for long-term cartilage repair. Adult 

MSCs can differentiate along various lineages to become adipocytes, osteocytes, and 

chondrocytes70. After initial chondrogenic induction, MSC-derived chondrocytes (MdChs) are 

similar to primary articular chondrocytes in that they secrete cartilage matrix proteins such as 

collagen type II and aggrecan into the extracellular matrix (ECM) which play integral roles in 

cartilage mechanics1. However, MdChs continue down the endochondral ossification pathway 

leading to end-stage chondrocyte maturation (hypertrophy)63,71. At this stage, MdChs upregulate 

the master transcription factor for hypertrophy RUNX2. RUNX2 expression drives expression of 

cartilage degradation proteins such as matrix metalloproteinase-13 (MMP13) and aggrecanases 

that degrade the accumulated collagen type II and aggrecan within the extracellular matrix, 

compromising the mechanical integrity of the tissue1,63. 

Maintaining the chondrogenic phenotype and improving cartilage matrix accumulation has 

been a longstanding challenge within the field of cartilage tissue engineering. Various methods 

have attempted to address this issue. For example, studies have shown that MSCs cultured in 

hypoxic conditions experienced enhanced chondrogenesis compared to their normoxic (20% 

oxygen) counterparts, expressing higher sGAG levels and collagen type II72–74. Mechanical 

loading has been shown to decrease MMP expression75, inhibit IL1-associated matrix degradation, 

and dynamic mechanical loading during chondrogenic culture has shown effectiveness in 

increasing cartilage matrix compared to free swelling environments20. Despite these efforts, 

MdChs are still unstable within long-term culturing conditions. 

Genetic reprogramming has been utilized within cartilage tissue engineering to regulate the 

expression of genes to delay hypertrophic maturation42,49. Gene silencing through RNA 
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interference (RNAi) allows integration with the genome and can provide long-term inhibition of 

genes 41. Our lab previously developed a cell-autonomous gene circuit that drives the expression 

of short hairpin RNA (shRNA) for RUNX2 (shRUNX2) with intracellular RUNX2 expression. 

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

of the basal promoter. Wu et al have shown that the use of this gene circuit improves MdCh 

cartilage matrix accumulation49. However, the long-term efficacy of this gene circuit system in 

adult human MSCs has not yet been evaluated. The purpose of this study was to evaluate the long-

term efficacy of our cell-autonomous gene circuit.  

3.2 Methods 

3.2.1 Cell Culture 

3.2.1.1 Cell Expansion 

Bone Marrow-derived MSCs were gifted by Dr. Rodrigo Somoza in collaboration with 

CWRU Center for Multimodal Evaluation of Engineered Cartilage (CMMEC, Cleveland, Ohio). 

Cells were initially seeded at a density of 4,000 cells/cm2. MSCs were expanded in monolayer in 

expansion media (Low glucose Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen), 10% 

Fetal Bovine Serum (Invitrogen), 1% Antibiotic-Antimycotic (Invitrogen), and 10ng/ml Fibroblast 

Growth Factor (FGF) (Shenandoah). At 80% confluency, cells were lifted using 0.25% Trypsin-

EDTA (Invitrogen) and neutralized using a solution composed of 10% Fetal Bovine Serum 

(Invitrogen) and 90% low glucose DMEM (Invitrogen). Cells were replated at a seeding density 

of 4,000 cells/cm2 until a population doubling of 12 was reached. 

3.2.1.2 Transduction 

Cells were transduced with our previously developed auto-regulatory gene circuit that 
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suppresses RUNX2 levels by 80%76. Cells were exposed to the lentiviral supernatant (MOI of 5) 

with polybrene in the absence of antibiotics for 24 hours49. After lentiviral was removed, cells 

were washed with PBS. Transduced cells were selected using 1μg/ml puromycin (Sigma) and 

expanded in monolayer before being seeded into pellet culture.  

3.2.1.3 Chondrogenic Differentiation  

Pellets were seeded by adding 2.5x105 cells suspended in chondrogenic media in each well 

of a U bottom 96 well plates (ThermoFisher) and centrifuged at 1640 RPM for 5 minutes. Pellets 

were cultured in chondrogenic media at 37°C at 5% CO2. Chondrogenic pellet culture medium 

consisted of high glucose Dulbecco’s Modified Eagles Medium (Gibco), 1% ITS+ Premix 

(Corning), 1% Non-essential amino acids (Gibco), 1% antibiotic-antimycotic (Invitrogen), 

40µg/ml L-proline (Sigma), 50 µg/ml ascorbic acid 2- phosphate (Sigma), 0.1µM dexamethasone 

(Sigma), and 10ng/ml TGF-β1 (Shenandoah)62.  

3.2.1.4 Construct Preparation 

Four percent low-gelling agarose was made by dissolving agarose (Sigma) in Phosphate 

Buffered Saline (PBS) (Invitrogen). Transduced MSCs were embedded in 4% low-gelling agarose 

at a 1:1 ratio to create 2% agarose cellular hydrogel to obtain a cell density of 20 million cells/ml. 

Hydrogels were maintained in chondrogenic media containing 10ng/ml TGF-β for the entire 

culture period. 

3.2.2 Luciferase Assay 

 Luciferase activity of pellets were measured in 96 well plates at every media change. 

Chondrogenic media was replenished six hours prior to luciferase measurement. D-Luciferin 

(Biovision) was added to culture media thirty minutes before readings and incubated at 37°C. 
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Luminescence was measured using the SYNERGY H1 microplate reader (BioTek). Chondrogenic 

culture media was changed after readings. 

3.2.3 Biochemical Analysis 

Pellets were harvest on days 35, 56, and 70. A digestion buffer was made using a 0.3 

units/ml papain, cysteine, EDTA, and sodium phosphate solution. Digestion buffer was added to each 

sample of two pellets prior to digestion at 65°C for 16 hours. Cartilage matrix accumulation was 

measured using the 1,9-dimethylmethylene blue (DMMB) assay as previously described21. 

Samples were run in triplicate in a clear flat bottom 96 well plate with DMMB dye and read at 

wavelengths 525nm and 595nm. Matrix production was normalized by DNA content as 

determined using the PicoGreen assay (Thermo Fisher). Diluted samples and λ DNA standards 

were run in triplicate in a black flat bottom 96 well plate with PicoGreen-Tris solution and read at 

excitation wavelengths 498nm and emission wavelength 528nm. 

3.2.4 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 stained with Alcian Blue (1% in 3% Acetic Acid, Poly Scientific) and counterstained 

with Nuclear Fast Red (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% 

TBS-TX100), collagen type II (1:100), collagen type X (1:100), RUNX2 (1:100), or MMP13 

(1:200) (Abclonal) overnight at 4◦C. Histological slides were incubated with secondary antibodies 
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for 1 hour at room temperature and then counterstained with DAPI (Life Technologies) for 5 

minutes at room temperature. 

3.2.5 Gene Expression 

Analysis of gene expression was performed as previously described49. Briefly, total RNA 

of pellets was isolated using TRI Reagent RT (Molecular Research Center). cDNA was 

synthesized using High-Capacity cDNA Reverse Transcription Kit (Life Technologies) and 

amplified using SYBR Green PCR Master Mix (Life Technologies) on Applied Biosystems 7500 

Fast well plates. The mean cycle threshold of housekeeping genes GUS and TBP (𝐶𝑡ℎ𝑘) was used 

to determine the fold change of gene expression levels compared to day 0 samples using the ∆∆𝐶𝑇 

method. Relative expression levels were calculated as 𝑥 = 2−∆∆𝐶𝑇, where ∆∆𝐶𝑇 = ∆𝑇 − ∆𝐶 ,  

∆𝑇 = (𝐶𝑡𝑒𝑥𝑝 − 𝐶𝑡ℎ𝑘)𝑡, and ∆𝐶 = (𝐶𝑡𝑒𝑥𝑝 − 𝐶𝑡ℎ𝑘)𝑡0. 

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 

TBP GTGGGGAGCTGTGATGTGAA TGCTCTGACTTTAGCACCTGT 

GUS GACTGAACAGTCACCGACGA ACTTGGCTACTGAGTGGGGA 

 

3.2.6 Mechanical Compression testing 

At day 70 and 141, hydrogel samples were taken for stress relaxation testing. Hydrogels 

underwent stress relaxation with a 10% strain rate with a 500 second relaxation period while 

submerged in room temperature PBS. The equilibrium modulus was determined when the stress 

levels reached constant stress levels for 20 seconds. The Young’s modulus was calculated from 

the linear portion of the ramp-up phase.  
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3.3 Results 

Luciferase activity shows that the 3-cis shRUNX2 gene circuit suppresses RUNX2 activity 

to a greater extent than the 1-cis shRUNX2 gene circuit, as we have previously shown49. We 

observed a peak at day 14, where the suppression levels of the 1-cis and 3-cis gene circuits were 

77.6% and 82.5%, respectively. At day 39 low RUNX2 suppression decreased RUNX2 activity 

by 53.9% and high RUNX2 suppression decreased RUNX2 activity by 74.7%. By day 48, RUNX2 

activity decreases and remains low through day 70 (Fig. 3-1a). These results confirm that RUNX2 

activity and the gene circuit are active throughout long- term culture.  

Figure 3-1. Activity of shRUNX2 gene circuit and its effect on cartilage matrix accumulation. (a) Relative RUNX2 activity 

of shRUNX2 gene circuit and scramble control over 70 days of chondrogenesis. (b) Alcian blue staining of histological sections of 

pellets at days 35, 56, and 70 of chondrogenic culture. (c) sGAG accumulation determined by DMMB assay shows increased matrix 

accumulation with 3-cis circuit and scramble gene circuits by day 70 (* indicates p-value < 0.05)  

 

The benefits of increased cartilage matrix accumulation are most evident at day 70 of 

chondrogenic culture. Alcian blue staining shows deep rich staining across all treatment conditions 
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at day 35 but is most abundant at day 70 of chondrogenic culture (Fig. 3-1b). This is further 

confirmed using DMMB analysis. ECM accumulation was similar in all groups on days 35 and 

56; however, by day 70, the genetically modified cells had more matrix accumulation, with the 3-

cis gene circuit accumulating 67.2% more matrix and the 3-cis scramble accumulating 52.6% more 

matrix than day 70 wildtypes (Fig. 3-1c) indicating that the effects of the gene circuit are most 

beneficial during long-term culture.  

Gene and protein expression was analyzed at different time points for chondrogenic 

markers, COL2A1 and ACAN. At day 35, aggrecan gene expression exhibited and 7.56-fold and 

8.06-fold increase with the 1-cis and 3-cis gene circuit MdChs compared to wildtype MdChs (Fig. 

3-2a). This increase in aggrecan expression was sustained for 70 days of chondrogenic culture. 

Similarly, at day 35, the 1-cis scramble and 3-cis scramble exhibited a 3.39-fold and 4.5-fold 

increase, respectively (Fig. 3-2a). Aggrecan protein expression exhibited a similar trend where the 

gene circuit and scramble MdChs had higher expression compared to wildtype MdChs at all time-

points (Fig. 3-2b). At day 35, wildtype MdChs had more collagen type II expression than the 1-cis 

circuit, 1-cis scramble, and 3-cis scramble (Fig. 3-2c). However, beginning at day 56, all 

genetically modified MdChs observe over a 2-fold increase in collagen type II gene expression 

compared to wildtype MdChs (Fig. 3-2c). Collagen type II immunofluorescence demonstrated an 

increase from days 35 to day 70 for all treatment conditions, except for 1-cis scramble MdChs 

(Fig. 3-2d). This further confirms the ability of the gene circuit to stabilize the chondrogenic 

phenotype of MdChs and indicates that the gene circuit is more effective during long-term culture. 
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Figure 3-2. Chondrogenic gene and immunofluorescence intensity of low sensitivity and high sensitivity gene circuits at day 

35, 56, and 70 normalized to wildtype MSCs. (a) ACAN gene expression of genetically modified cells are elevated compared to 

wildtype (* indicates p-value < 0.05 compared to wildtype MdChs) (b) ACAN immunofluorescence to demonstrate protein 

expression. (c) COL2A1 gene expression is elevated by day 56 of chondrogenic culture (* indicates p-value < 0.05 and ** indicates 

p-value < 0.005 compared to wildtype MdChs). (d) Collagen type II immunofluorescence intensity increases with chondrogenic 

culture. 

 

Notably, RUNX2 gene expression for genetically modified MdChs was lower than wildtype 

MdChs at all time-points beginning at day 35 and was sustained throughout the 70-day 

chondrogenic culture (Fig. 3-3a). RUNX2 immunofluorescence further confirms the decrease in 

RUNX2 with the gene circuits and scramble MdChs throughout the chondrogenic culture while 

RUNX2 expression in wildtype MdChs is sustained (Fig. 3-3b). Collagen type X expression was 

also lower for genetically modified MdChs compared to wildtype MdChs at all time points (Fig. 

3-3c, d). 
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Figure 3-3. Hypertrophic gene and immunofluorescence intensity of low sensitivity and high sensitivity gene circuits at day 

35, 56, and 70 normalized to wildtype MSCs. (a) RUNX2 gene expression (* indicates p-value < 0.05, ** indicates p-value < 

0.005, *** indicates p-value < 0.0001) and (b) immunofluorescence shows decreased RUNX2 expression with genetically modified 

MdChs compared to wildtype. (c) COL10A1 gene expression (* indicates p-value = 0.030) and (d) immunofluorescence intensity 

shows decreased COLX expression with genetically modified MdChs compared to wildtype.  

 

    Cartilage matrix accumulation within agarose hydrogels shows a similar trend to scaffold-free 

pellet culture. RUNX2 suppression increases sGAG accumulation as determined by DMMB and 

Alcian blue staining over the 141-day chondrogenic culture (Fig. 3-4a, b). The 3-cis shRUNX2 

gene circuit had 102.4% more matrix accumulation than wildtypes at day 70 and 208.9% more 

matrix than wildtypes at day 141. Additionally, immunofluorescence confirmed that RUNX2 

expression was continuously suppressed throughout the chondrogenic culture with the 3-cis gene 

circuit (Fig. 3-4c). Mechanics of the constructs showed that the shRUNX2 gene circuit increased 

the Young’s modulus at day 70 compared to wildtype, but this increase was not sustained (Fig. 

4d). The equilibrium modulus for shRUNX2 at both day 70 (4.9 kPa) and day 141 (9.0 kPa) was 

stiffer than wildtype (1.68 kPa and 6.67 kPa, respectively) (Fig. 3-4e).  
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Figure 3-4. Response of genetically engineered MdChs in agarose hydrogels at day 70 and 141.(a) sGAG quantification of 

hydrogels normalized by DNA shows increased cartilage matrix accumulation (* indicates p-value = 0.014). (b) Alcian blue 

staining shows abundant matrix content. (c) RUNX2 immunofluorescence confirms decreased RUNX2 protein intensity with 

RUNX2 suppression. (d) Young’s modulus of genetically modified cellular hydrogels was stiffer by day 70 but was lower by day 

141 (* indicates p-value = 0.002). (e) The equilibrium modulus of genetically modified cellular hydrogels increased throughout 

culture (** indicates p-value 0.049). 

 

3.4 Discussion 

This study shows the long-term viability of cell- autonomous RUNX2 suppression during 

MdCh neo-cartilage formation and its effects on cartilage matrix accumulation. The RUNX2 gene 

circuit sustained suppressed RUNX2 activity throughout the 70-day chondrogenic culture while 

also improving the expression of chondrogenic genes and cartilage matrix accumulation compared 

to wildtype MdChs long-term. Long-term functionality of the gene circuit is confirmed through 

the sustained decrease in RUNX2 expression throughout culture. While gene circuit- regulated 

RUNX2 activity did not significantly increase cartilage matrix production during early-stage 

chondrogenesis, significant changes were observed by day 70. The reduction of cartilage matrix 

accumulation observed with wildtype MdCh coincides with the loss of cartilage matrix found in 

other long-term chondrogenic studies and is potentially due to the upregulation of 

metalloproteinase expression20,77–80. This is further validated in this study where we observe an 
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increase in MMP13 expression by day 70 of wildtype MdChs. The increased levels of cartilage 

matrix accumulation by genetically modified MdChs are potentially due to the decrease in MMP13 

and other hypertrophic factors, such as ColX and RUNX2. Overall, this indicates that the gene 

circuit improves cartilage matrix accumulation, and these benefits are sustained over time.  

Similar to the scaffold-free system, we observed an increase in cartilage matrix 

accumulation by genetically modified RUNX2- suppressed MdChs. Stress relaxation testing 

showed that this increase in sGAG accumulation correlated with increased equilibrium stiffness of 

neo-cartilage constructs. At day 70, the Young’s modulus and equilibrium modulus are higher for 

the RUNX2-suppressed gene circuit neo-cartilage constructs than the wildtypes, which coincides 

with the sGAG quantification. The equilibrium modulus increases with cartilage sGAG by day 

141. Similarly, Hu et al and Farrell et al observed a strong positive correlation between GAG 

content and the equilibrium modulus18,20. However, in the Farrell et al study the GAG and 

equilibrium modulus of MdCh constructs decrease by day 112 of chondrogenesis. We observed a 

decrease in Young’s modulus for the genetically modified constructs at day 141 are contrary to 

the sGAG data. This could potentially be due to the cleavage of sGAG chains within the neo-

cartilage constructs that were trapped within the constructs, which would also account for the slight 

increase in the equilibrium modulus. To confirm these results, we must isolate and quantify the 

non-degraded sGAG chains. Additionally, cartilage is composed of both collagen and aggrecan; 

therefore, simply evaluating sGAG content is insufficient to determine cartilage quality. The 

hydroxyproline assay should be used to quantify collagen content of the neo-cartilage constructs 

to assess whether neo-cartilage mechanics are related to the ratio of collagen and aggrecan content. 

Our findings show that long-term suppression of RUNX2 improves cartilage matrix 

accumulation of MdChs, but RUNX2 suppression of MdChs alone does not create neo-cartilage 
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that has mechanical properties sufficient to restore cartilage function. Based on the mechanics of 

cartilage, an increase in sGAG accumulation should result in increased stiffness of cartilage 

constructs18. Although we observed an overall increase in cartilage matrix production within neo-

cartilage constructs, the mechanics of the constructs are not similar to articular cartilage, which is 

typically within the range of 0.5 to 0.9MPa81. Additional long-term experiments could provide 

insights to the mechanisms and timeframe of MdCh cartilage regeneration and degradation. 

Studies to 140 days of chondrogenic culture could further amplify the observed differences in these 

studies and could elucidate whether the sustained cartilage matrix is due to the downregulation of 

matrix metalloproteinases, the upregulation of aggrecan expression, or a combinatorial response 

of the two. This indicates that while we demonstrated improvements in the stabilization of the 

chondrogenic phenotype of MdChs and increased matrix retention of our engineered tissue, further 

work must be completed to increase cartilage matrix content and replicate cartilage organization. 

For example, the use of dynamic loading, hypoxic conditions, and treatment with inorganic 

phosphate (Pi) have been shown to improve cartilage matrix outcomes in chondrogenic 

models20,46,82,83. Utilizing these methods in conjunction with the shRUNX2 gene circuit could 

further increase cartilage matrix accumulation of MdChs to become more physiologically relevant 

for cartilage defect repair.  
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CHAPTER 4 : Combinatorial Effect of Phosphate Treatment and RUNX2 Suppression to 

Improve Mesenchymal Stem Cell-Derived Cartilage Regeneration 

4.1 Introduction 

Mesenchymal stem cells (MSCs) are a promising cell source for cartilage repair because 

of their ability to undergo chondrogenesis25,30. However, MSCs used during cartilage tissue 

engineering are limited by their unstable chondrogenic phenotype20. After chondrogenic induction, 

MSC-derived chondrocytes (MdChs) continue down the endochondral ossification pathway and 

begin to express hypertrophic markers both in vitro and in vivo84. a multitude of factors can drive 

MdChs down the endochondral ossification pathway, including hypertrophic growth factors, 

inflammation, and calcium phosphate microcrystals in the joint26,52,63,84.  

 Osteoarthritis (OA) and cartilage injuries can lead to an activated joint, defined by the 

elevation of calcification and/or inflammatory factors. For example, these joints also have elevated 

levels of calcium phosphate Ca×Pi complexes, such as basic calcium phosphate crystals (BCP), 

hydroxyapatite, or calcium pyrophosphate crystals47. The levels increase during osteoarthritis and 

cartilage injury due to the rise of ALP which cleaves pyrophosphate (PPi) to produce inorganic 

phosphate (Pi) release into the joint47. The presence of Ca×Pi has been linked to increased 

production of MMP3 and MMP13 in hypertrophic chondrocytes, metalloproteinases known to 

degrade cartilage matrix48. MdChs used to treat cartilage injuries within these activated joints are 

hence subjected to factors that have been shown to lead to hypertrophy and a reduction in articular 
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cartilage extracellular matrix production52. Indeed, Pi levels that are found in advanced OA, has 

extensively been shown to induce hypertrophy MdChs46,61,63,85. 

In Chapter 2, we observed that continuous Pi treatment increased cartilage extracellular 

matrix (ECM) accumulation, but also increased expression of MMP13 and collagen type X, the 

quintessential marker of hypertrophy, and mineralization. Therefore, to utilize Pi to improve 

cartilage matrix accumulation, it is imperative to inhibit Pi-induced hypertrophy of MdChs. Within 

chapter 3 and Wu et al, our lab has previously shown that the use of a gene circuit designed to 

induce cell-autonomous and scalable RUNX2 suppression successfully reduced RUNX2, ColX, 

and MMP13 expression. Within this study, we investigated the relationship between Pi and 

RUNX2 using two approaches. First, we evaluated the combined effects of Pi treatment and 

RUNX2 suppression to inhibit hypertrophic differentiation and decrease mineralization. Second, 

we evaluated whether priming cells with low levels of Pi prior to exposure to high Pi levels would 

enhance chondrogenesis and decrease mineralization. We hypothesize that the pre-treatment of Pi 

will increase cartilage matrix accumulation and prepare the tissue for the highly phosphorus 

environment that the cells will be subjected to in vivo and that RUNX2 suppression would reduce 

Pi-induced mineralization. 

4. 2 Methods 

4.2.1 Cell Culture 

4.2.1.1 Cell Expansion 

Bone marrow-derived MSCs were gifted by Dr. Rodrigo Somoza in collaboration with 

CWRU Center for Multimodal Evaluation of Engineered Cartilage (CMMEC, Cleveland, Ohio). 

Cells were initially seeded at a density of 4,000 cells/cm2. MSCs were expanded in monolayer in 

expansion media (Low glucose Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen), 10% 



37 

 

Fetal Bovine Serum (Invitrogen), 1% Antibiotic-Antimycotic (Invitrogen), and 10ng/ml Fibroblast 

Growth Factor (FGF) (Shenandoah). At 80% confluency, cells were lifted using 0.25% Trypsin-

EDTA (Invitrogen) and neutralized using a solution composed of 10% Fetal Bovine Serum 

(Invitrogen) and 90% low glucose DMEM (Invitrogen). Cells were replated at a seeding density 

of 4,000 cells/cm2 until a population doubling of 11 is reached. 

4.2.1.3 Chondrogenic Differentiation and Phosphate Treatment 

To create cell pellets, 2.5x105 cells suspended in chondrogenic media were placed in each 

well of a U bottom 96 well plates (ThermoFisher) and centrifuged at 1640 RPM for 5 minutes. 

Pellets were cultured in chondrogenic media at 37°C at 5% CO2. Chondrogenic pellet culture 

medium consisted of high glucose Dulbecco’s Modified Eagles Medium (Gibco), 1% ITS+ Premix 

(Corning), 1% Non- essential amino acids (Gibco), 1% antibiotic-antimycotic (Invitrogen), 

40µg/ml L-proline (Sigma), 50 µg/ml ascorbic acid 2- phosphate (Sigma), 0.1µM dexamethasone 

(Sigma), and 10ng/ml TGF-β1 (Shenandoah)62. Pi treatment groups received 0, 5, or 20mM of 

βGP from day 0 to day 14 of chondrogenesis for Pi pre-treatment and 20mM βGP from days 14 to 

28 to simulate the high Pi levels (Fig. 4-1). 
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Created with BioRender.com 

Figure 4-1. Experimental design. (a) MdCh pellets were treated with 0, 5, or 20mM of βGP from days 0-14. All pellets except 

for WT controls received 20mM βGP starting at day 14. At day 14, a RUNX2 inhibitor was introduced to the chondrogenic culture. 

(b) MdChs reprogrammed with the RUNX2-supressing or scrambled gene circuits and wildtype (WT) MdChs were treated with 0, 

5, or 20mM of βGP from days 0-14. All pellets except for non-treated controls received 20mM βGP beginning at day 14. 
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4.2.1.2 RUNX2 suppression 

Two methods were used to induce RUNX2 suppression. 

4.2.1.2.1 RUNX2 Inhibitor 

Based on previous data, such as the luciferase activity outlined in Chapter 3, there is 

upregulation of RUNX2 activity at day 14 of chondrogenesis. Beginning at day 14 of chondrogenic 

culture, wildtype MdChs were treated with 1μM RUNX2 inhibitor (Selleck Chem) to inhibit 

RUNX2 activity. 

4.2.1.2.2 Auto-Regulated RUNX2 Suppression 

Cells were transduced with our previously developed auto-regulatory gene circuit that 

suppresses RUNX2 levels by 80% (Fig. 4-2)76. Cells were plated at a seeding density of 10,000 

cm2 and were exposed to the lentiviral supernatant (MOI of 5) with polybrene in the absence of 

antibiotics for 24 hours49. After lentiviral was removed, cells were washed with PBS. Transduced 

cells were selected using 1μg/ml puromycin (Sigma) and expanded in monolayer before being 

seeded into pellet culture. Fig. 4-2) 

Figure 4-2. Schematic of gene circuit. 

 

4.2.2 Luciferase Assay 

Luciferase activity of pellets was measured in 96 well plates at every media change. 

Chondrogenic media was replenished six hours prior to luciferase measurement. Thirty minutes 

prior to measurement, D-Luciferin (Biovision) was added to culture media and incubated at 37°C. 
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Luminescence was measured using the SYNERGY H1 microplate reader (BioTek). Culture media 

was changed after luciferase readings. 

4.2.3 Biochemical Analysis 

Pellets were harvested on days 14 and 28 of chondrogenic culture and digested using a 0.3 

units/ml papain in a cysteine, EDTA, and sodium phosphate buffer. Samples were incubated in the 

solution at 65°C for 16 hours. Cartilage matrix accumulation was measured using the 1,9-

dimethylmethylene blue (DMMB) assay as previously described21. Samples and chondroitin 

sulfate standards were diluted in papain buffer. Samples were run in triplicate in a clear flat bottom 

96 well plate with DMMB dye and read at wavelengths 525nm and 595nm. Matrix production was 

normalized by DNA content as determined using the PicoGreen assay (Thermo Fisher). Diluted 

samples and λ DNA standards were run in triplicate in a black flat bottom 96 well plate with 

PicoGreen-Tris solution and read at excitation wavelengths 498nm and emission wavelength 

528nm. 

4.2.4 Histological analysis 

Pellets were washed twice with PBS and fixed with 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 series prior to paraffin embedding and sectioning. Sections were 

stained with Alcian Blue (1% in 3% Acetic Acid, Poly Scientific) and counterstained with Nuclear 

Fast Red (Electron Microscopy Sciences) to evaluate proteoglycan accumulation. Calcium 

deposition was visualized using a 2% Alizarin Red S dye (pH 4.3, Sigma). For 

immunofluorescence, sections underwent antigen retrieval (BD Pharmingen) and blocking prior 

to incubation with primary antibodies (Abclonal) overnight at 4◦C. Each antibody was diluted in 

10% goat serum in 0.1% TBS-TX100 at the following concentrations: aggrecan (1:500 dilution in 
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10% Goat serum in 0.1% TBS-TX100), collagen type II (1:100), collagen type X (1:100), RUNX2 

(1:100), or MMP13 (1:200). Histological slides were incubated with secondary antibodies for 1 

hour at room temperature. Sections were counterstained with DAPI (Life Technologies) for 5 

minutes at room temperature to visualize the cell nuclei. 

4.2.5 Gene Expression 

Analysis of gene expression was performed as previously described49. Briefly, total RNA 

of pellets was isolated using TRI Reagent RT (Molecular Research Center). cDNA was 

synthesized using High-Capacity cDNA Reverse Transcription Kit (Life Technologies) and 

amplified using SYBR Green PCR Master Mix (Life Technologies) on Applied Biosystems 7500 

Fast well plates. The mean cycle threshold of housekeeping genes GUS and TBP (𝐶𝑡ℎ𝑘) was used 

to determine the fold change of gene expression levels compared to day 0 samples using the ∆∆𝐶𝑇 

method. Relative expression levels were calculated as 𝑥 = 2−∆∆𝐶𝑇, where ∆∆𝐶𝑇 = ∆𝑇 − ∆𝐶 ,  

∆𝑇 = (𝐶𝑡𝑒𝑥𝑝 − 𝐶𝑡ℎ𝑘)𝑡, and ∆𝐶 = (𝐶𝑡𝑒𝑥𝑝 − 𝐶𝑡ℎ𝑘)𝑡0. 

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

Gene Forward Reverse 

ACAN GGAGTGGATCGTGACCCAAG AGTAGGAAGGATCCCTGGCA 

COL2A1 CTCCAATGGCAACCCTGGAC CAGAGGGACCGTCATCTCCA  

COL10A1 GAACTCCCAGCACGCAGAATC TGTTGGGTAGTGGGCCTTTT 

MMP13 TTGCAGAGCGCTACCTGAGA CCCCGCATCTTGGCTTTTTC 

TBP GTGGGGAGCTGTGATGTGAA TGCTCTGACTTTAGCACCTGT 

GUS GACTGAACAGTCACCGACGA ACTTGGCTACTGAGTGGGGA 
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4.3 Results 

  

Figure 4-3. RUNX2 inhibition did not increase cartilage ECM and reduced mineralization. (a) Rich Alcian blue staining 

showed abundance of cartilage matrix was produced in all groups. (b) Alizarin red staining demonstrated RUNX2 inhibition 

reduced mineralization. (c) sGAG quantification shows a decrease in cartilage matrix of MdChs with RUNX2 inhibition and no Pi 

treatment (** indicates p-value = 0.008). 

 

First, we evaluated cartilage ECM accumulation by MdChs in response to the RUNX2 

inhibitor.  At day 28 of chondrogenesis, we observed abundant matrix accumulation as shown by 

Alcian blue staining throughout all treatments (Fig. 4-3a). Additionally, there were no significant 

changes in ECM production pellets treated with the RUNX2 inhibitor versus untreated (Fig. 4-3c). 

However, RUNX2 inhibition without Pi treatment decreased sGAG quantity (p < 0.008). Alizarin 

red staining showed that RUNX2 inhibition successfully decreased mineralization of Pi treated 

pellets.  
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Figure 4-4. Chondrogenic expression of MdChs with Pi treatment and delayed RUNX2 inhibition. RUNX2 inhibition did not 

alter (a) aggrecan expression but decreased (b) collagen type II expression (* indicates p < 0.05). 

 

Immunofluorescence confirmed that the inhibitor reduced RUNX2 protein expression (Fig. 

4-5a). Additionally, immunofluorescence and gene expression showed that collagen type II 

expression decreased with RUNX2 inhibition, but there was no effect on aggrecan expression (Fig. 

4-4a, b). RUNX2 inhibition had no effect on the collagen type X expression and had a mixed effect 

on MMP13 expression (Fig. 4-5b, c).  

 



44 

 

 

Figure 4-5. Hypertrophic expression of MdChs with Pi treatment and delayed RUNX2 inhibition. (a) RUNX2 inhibition was 

confirmed with immunofluorescence. RUNX2 inhibition did not decrease (b) collagen type X expression or (d) MMP13 expression 

(* indicates p < 0.05, ** indicates p < 0.01). 

 

We next utilized our cell-regulated RUNX2 gene circuit to evaluate the effects of Pi on 

MdCh chondrogenesis and hypertrophy. Interestingly, Pi treatment lowered RUNX2 activity in 

the scramble control pellets (Fig. 4-6a). In the previous experiments, we observed no significant 

increase in cartilage matrix accumulation with combined RUNX2 inhibition and Pi treatment. With 

the gene circuit, Alcian blue staining shows that the gene circuit has the most abundant matrix but 
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does not vary significantly in conjunction with Pi treatment (Fig. 4-6c). The most notable 

difference is that the shRUNX2 gene circuit reduced mineralization with Pi treatment (Fig. 4-6d). 

In particular, the low Pi primed gene circuit pellets had no mineralization by day 28, while both 

wildtype and scrambled controls underwent mineralization (Fig. 4-6d).  

 

Figure 4-6. Pi treatment and RUNX2 suppression increases matrix production and decreases mineralization. (a) Luciferase 

activity shows RUNX2 activity decreases with Pi treatment. (b) sGAG quantification through DMMB shows slightly elevated 

quantification with RUNX2 suppression, especially when primed with 5mM βGP. RUNX2Cartilage matrix and accumulation. (c) 

Alcian blue showed more abundant staining with RUNX2 suppression and (d) Alizarin red showed decreased mineralization with 

RUNX2 suppression.  

4.4 Discussion  

In Chapter 2, we saw that Pi treatment had the potential to increase MdCh matrix 

production, but also accelerated their hypertrophic differentiation, which agrees with our previous 

work46. Here, we show that cell-regulated RUNX2 suppression as a co-treatment abrogates 

premature hypertrophy of MdChs while permitting enhanced matrix accumulation to occur. 

Specifically, we found that priming with low levels of Pi abundance, as defined in Chapter 3, had 
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the greatest effect in resisting hypertrophic changes as indicated in decreased expression gene and 

protein markers. 

Chemical RUNX2 inhibition with Pi treatment alone did not improve cartilage matrix 

accumulation of MdChs, but reduced Pi-induced mineralization. Interestingly, wildtype MdChs 

treated with the RUNX2 inhibitor reduced the amount of accumulated sGAG. This is likely an 

indicator that high RUNX2 inhibition is detrimental to cartilage matrix accumulation and should 

not be constitutively suppressed, a finding in line with Wu et. al49. However, it appears that 

treatment with Pi rescued the matrix loss. Additionally, collagen type II gene expression decreased 

with exposure to high Pi. While there is no increase in cartilage matrix, the fact that collagen type 

II does not change when primed with low Pi prior to high Pi shows that Pi priming benefits matrix 

retention.  

The complex dosage and timing required for the RUNX2 inhibitor led us to utilize our 

RUNX2-suppressing gene circuit to regulate RUNX2 activity. Our data shows that MdChs not 

treated with Pi have higher RUNX2 activity while high Pi treatment decreased RUNX2 activity. 

This is contradictory to our hypothesized pattern of RUNX2 activity, suggesting that the regulatory 

pathway activated by Pi is not solely RUNX2 dependent and might work through alternative 

signaling pathways. Literature shows that Pi upregulates the Raf/MEK/ERK pathway which have 

been known to regulate chondrocyte differentiation and collagen production64,86,87. Additionally, 

Rui et al. has shown that Pi promotes osteogenic differentiation by upregulating the non-canonical 

Wnt pathway in hMSCs88. Cell-regulated RUNX2 suppression consistently decreased 

mineralization across MdChs treated with Pi, unlike wildtype and scramble MdCh controls. 

Together, these results suggest that Pi treatment alone is not sufficient to significantly increase 

cartilage matrix accumulation. However, the most important finding is that RUNX2 inhibition 
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reduced Pi-induced hypertrophy and mineralization. Pi is often used to induce hypertrophy in 

MdChs and is upregulated with the presence of BCP crystals during varying stages of 

osteoarthritis47,48,63,89. The response of MdChs due to Ca×Pi exposure has been shown to increase 

ColX, MMP13, MMP3, but few studies have explored how to mitigate this shift from a 

chondrogenic state to a hypertrophic state in the presence of Ca×Pi 39,48,90. Therefore, our findings 

suggest that MdChs with the cell-autonomous gene circuit would be better suited for cartilage 

tissue repair within an activated joint.  

While we have confirmed that RUNX2 suppression can reduce Pi-induced mineralization 

and matrix loss; we ultimately still need to further increase cartilage matrix accumulation to 

improve cartilage tissue engineering outcomes for defects. Within Chapter 3, we determined that 

the most significant effects of the gene circuit are experienced at later timepoints; therefore, further 

evaluation of Pi treatment during neo-tissue formation long-term might elucidate the turnover of 

cartilage matrix accumulation and have more significant effects to increase neo-cartilage stiffness, 

could potentially reduce incidence of post-traumatic osteoarthritis after cartilage injury. 
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CHAPTER 5 : Conclusions and Future Directions 

Mesenchymal stem cells (MSC) are a promising cell source for cartilage tissue engineering 

due to their multipotentiality and abundance within the body, despite their unstable chondrogenic 

phenotype. The unstable chondrogenic phenotype of MSC-derived chondrocytes (MdChs) leads 

to loss of cartilage extracellular matrix (ECM), resulting in non-functional cartilage. The 

overarching goal of this dissertation was to investigate cell-based methodologies in MdChs to 

improve cartilage matrix accumulation for cartilage defect repair. The first approach was to 

evaluate the cell-state response of MdChs during chondrogenesis when exposed to varying 

concentrations of inorganic phosphate (Pi). Next, we evaluated the long-term effects of our 

previously established cell-regulated shRUNX2 gene circuit on MdCh cartilage matrix 

accumulation and compressive mechanics. Lastly, we investigated whether the combinatorial 

treatment of these two methods would result in increased cartilage matrix accumulation. Further 

discussion on next steps is provided in the Future Directions section. 

5.1 Summary 

5.1.1 Aim 1 

 To improve cartilage matrix deposition, we initially investigated the response of MdChs to 

Pi treatment. In Aim 1, MdChs were subjected to varying concentrations of βGP at early, late, or 

continuously through chondrogenesis to induce Pi secretion. Through this, we first observed that 

Pi abundance (defined by Pi concentration normalized by DNA content) was not only determined 

by βGP concentration but by cell state. Next, we determined that high Pi abundance, >170μg Pi/μg 
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DNA, increased cartilage matrix accumulation, but also increased expression of hypertrophic 

markers, RUNX2, ColX, and MMP13, and tissue mineralization.  

The observed effects of this aim are consistent with previous literature evaluating both 

ATDC5 chondrogenesis as well as MdCh hypertrophy46,61,63,88. This study further confirms that 

the effect of Pi abundance is both time and dosage dependent and that there is a level of Pi 

abundance in which Pi becomes detrimental to MdCh cartilage accumulation. Interestingly, 

continuous Pi abundance increased sulfated glycosaminoglycan (sGAG) production while early 

low Pi abundance increased collagen type II. These results are potentially due to Pi expediting 

chondrogenic matrix production. While the exact mechanism responsible for these effects are not 

fully understood, the upregulation of these quintessential markers for chondrogenesis observed by 

MdChs within this aim poses an interesting question regarding priming MdCh pellets with Pi to 

prepare pellets for exposure to an activated high Pi environment.    

5.1.2 Aim 2 

A major limitation with using MdChs for cartilage tissue repair is their unstable 

chondrogenic phenotype.  After chondrogenic induction, MdChs continue down the endochondral 

ossification pathway, inducing a hypertrophic shift leading to an increase in collagen type X and 

matrix metalloproteinases. Therefore, in Aim 2, we utilized a synthetic cell-regulated shRUNX2 

gene circuit to inhibit hypertrophic differentiation while also improving the long-term stability of 

MdCh chondrogenic phenotype and the resultant compressive mechanics. RUNX2 activity 

remained active throughout a 70-day chondrogenic culture showing promise for long-term in vivo 

work. By day 70, we observed an increase in cartilage matrix accumulation with both low and high 

RUNX2 suppression compared to wildtype MdChs. Additionally, a decrease in hypertrophic 
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marker expression was observed, which coincides with the desired outcomes for cartilage tissue 

engineering, consistent with work published by Wu et al 49.  

Cartilage constructs that underwent long-term chondrogenic culture observed an increase 

in sGAG quantity from day 70 to 141. Genetically modified MdChs had more sGAG by day 141 

than wildtype MdChs. Additionally, when evaluating compression of cartilage constructs on days 

70 and 141 of chondrogenic culture, high RUNX2 suppression increased stiffness compared to 

wildtype MdChs. The positive correlation between sGAG content and equilibrium modulus are 

findings consistent with previous findings20,91. However, a limitation of the findings in this study 

is that the stiffness of our genetically modified MdCh construct is an order of magnitude less stiff 

than native cartilage2,20,81,92. This difference in magnitude is potentially attributed to hydrogel 

assembly and culture conditions. MdCh chondrogenesis benefits from cell-cell contact and the 

heterogeneous dispersion of cells within the agarose and lack of diffusion creates clusters of 

decreased cartilage matrix accumulation and decreased compressive stiffness93–95. While 

genetically modified MdChs improves cartilage matrix accumulation and stiffness compared to 

wildtype MdChs, it is still insufficient for cartilage repair. In the context of cartilage injuries, 

mechanical mismatch can lead to increased mechanical stresses and develop into post-traumatic 

osteoarthritis (PTOA). Therefore, further work to improve the deposition of cartilage ECM must 

be explored prior to use for cartilage defect healing.  

5.1.3 Aim 3 

A challenge in using MdChs for cartilage healing is that they are exposed to a highly 

activated environment that induces hypertrophy and mineralization. In Chapters 2 and 3, we 

investigated two independent methods that increase matrix accumulation long-term: inorganic 

phosphate treatment and RUNX2 suppression. Therefore, in Chapter 4 we investigated the 
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combinatorial effects of these two methods. First, we investigated whether combined RUNX2 

inhibition and Pi treatment would result in higher matrix accumulation and reduce Pi-induced 

hypertrophy in neo-tissues. Pi treatment decreased RUNX2 activity and RUNX2 suppression 

resulted in decreased mineralization of MdChs when exposed to Pi. Our findings shows that while 

Pi does not significantly increase cartilage matrix accumulation, the use of the RUNX2 gene circuit 

can be used to mitigate unwanted cartilage matrix mineralization. Second, we investigated whether 

Pi priming would increase cartilage matrix accumulation prior to exposure to an activated 

environment. Since Pi is upregulated during osteoarthritis and cartilage mineralization, priming 

pellets with Pi would improve engineering outcomes for cartilage defect repair exposed to an 

activated environment40,47,52,96. While our findings did not show that pellet priming significantly 

improved cartilage matrix accumulation, data from Chapter 3 suggests that more evident changes 

will be observed with longer-term culture.  

5.1.4 Impact 

MSC-derived cartilage tissue regeneration has the potential to revolutionize repair of 

cartilage defects despite the limitations of chondrogenic phenotype instability. This instability has 

been addressed by tailoring culture conditions to overexpress chondrogenic factors or inhibit the 

MdCh hypertrophic shift49,97,98. In this dissertation, we evaluated multiple approaches to increase 

cartilage matrix accumulation long-term, including Pi treatment and RUNX2 suppression. 

Optimizing engineered cartilage neo-tissues to achieve native cartilage mechanics while 

also resisting hypertrophy-induced matrix loss has the potential to reduce incidence of PTOA. 

Successful increase in cartilage matrix and reduction in mineralization within an activated 

environment using genetically modified MdChs brings us one step closer to optimizing MdChs for 

treatment of cartilage defects. In this dissertation, we have shown that use of our RUNX2-
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supressing gene circuit inhibits Pi-induced and time-dependent MdCh hypertrophy. The time and 

dose response to Pi treatment extends further than cartilage tissue engineering. The combinatorial 

effects are particularly applicable to osteochondral applications, where integration of cartilage, 

calcified cartilage, and bone is critical for repair. 

Additionally, mineralization and irregular mechanics upregulates the expression of 

inflammatory factors such as interleukin 1 (IL-1) and interleukin 6 (IL-6) that result in cartilage 

tissue degradation39,47,52,58. While ongoing efforts in the cartilage field have investigated cartilage’s 

response to these factors, there are insufficient studies to prevent these changes from occurring. 

This work provides a framework on how to protect MdCh from mineralization, mechanics, and 

inflammatory-associated phenotype shifts and cartilage matrix degradation. 

5.2 Future Directions 

5.2.1 Improving Cartilage ECM Accumulation 

In this thesis, we encountered a common obstacle of increasing cartilage matrix 

accumulation. Hypoxia and dynamic loading are among strategies currently being investigated to 

improve MdCh matrix deposition to address this limitation20,22,73,99,100. Within the body, articular 

cartilage is normally subjected to both a hypoxic environment and dynamic loading due to joint 

movement92. To study hypoxic conditions, chondrocyte pellets were maintained and cultured in 

either hypoxic conditions (2% oxygen) or under standard conditions (20% oxygen)101. Hypoxia 

studies show that chondrocytes cultured under hypoxic conditions have higher sulfated 

glycosaminoglycan accumulation and collagen type II and aggrecan gene expression22,73. 

Therefore, culturing our MdChs under hypoxic conditions may increase cartilage matrix as well 

as prime cells for in vivo applications.  
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Dynamic mechanical loading during cartilage formation regulates the maintenance of 

articular cartilage2. Dynamic loading during chondrogenic culture increases matrix accumulation 

and stiffness compared to free swelling20. Mechanical stimuli of the cells aids in diffusion of 

nutrients throughout the neo-tissue and increases matrix production18,83,102. The addition of either 

of these treatment strategies, in conjunction with our current methodologies, may provide us with 

the needed stimulus to increase cartilage matrix accumulation to match those within the knee joint.  

5.2.2 Dictating Cartilage Organization 

 Cartilage has a unique hierarchical structure, with four distinct layers: the superficial layer, 

the transitional layer, the deep layer, and the calcified layer1,18,19,28. Each of these layers have a 

structural organization of collagen and chondrocyte density1,18. One method to recreate the 

cartilage organization using scaffolds to act as a guidance for tissue formation. Scaffolds can 

provide extracellular biomechanical and biochemical cues that lead to MSC differentiation103–

105.While we used an agarose scaffold in this thesis, additional scaffolds for cartilage tissue 

engineering include fibrin, collagen type I, alginate, and polyglycolic acid (PGA)106. To further 

improve cartilage organization, electrospinning can synthesize scaffolds from continuous fibers of 

various materials, such as collagen, fibrin, and hyaluronic acid107–109. Electrospinning can tailor 

scaffold structure and porosity that would create a more optimal environment for cartilage 

regeneration and recapitulate cartilage layers107,109. 

5.2.3 Evaluate Cartilage Regeneration In vivo 

To assess the properties of cartilage neo-tissue regeneration and retention more accurately, 

in vivo studies should be performed. Rodent defect models provide the complex immunological 

systems and regulatory pathways that are present during cartilage injury and repair110–112. In these 

studies, a 2mm diameter critical size defect is made to the cartilage in the femoral head and filled 
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with cells112. In vivo evaluation of cartilage healing could be assessed using MRI113,114. Not only 

would we be able to evaluate the quality and effectiveness of cartilage healing, but we would also 

be able to evaluate the safety of implanting genetically modified MdChs within the body long-

term. We also have the potential to investigate cartilage healing in an environment with 

mineralization. Basic calcium phosphate (BCP) crystals injected into rat knees induces 

osteoarthritis and upregulates inflammatory factors47. This model will allow us to evaluate multiple 

MdCh limiting factors for cartilage repair. Additionally, animal models will provide insight into 

the integrity of cartilage tissue with consistent loading.
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