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the raw data was processed by SDS Software for the 7900HT Fast Real-Time 

PCR System (Applied Biosystems). Then the fold change was calculated by the 

2
-∆∆Ct

 method (The Ct value will be disregard if it exceeds 35). 

Multi-lineage Differentiation Potential Assay 

Chondrogenic and osteogenic differentiation assays were performed 

aiming to check the functionalities of these four different cell types. The major 

principle when examining differentiation potential is to keep all the cells in the 

exact same passage. 

Chondrogenic Differentiation Assay 

The multi-potency of passage two for CPCs, NCs, synoviocytes and SFCs 

was examined by culturing them under chondrogenic and osteogenic conditions. 

For the chondrogenesis differentiation assay, 200µl of chondrogenic 

differentiation media (DMEM supplemented with 10ng/ml TGF-β1, 0.1µM 

dexamethasone, 25µg/ml L-ascorbate, 100µg/ml pyruvate, 50mg/ml ITS + 

Premix and antibiotics) containing 0.25×10
6
 cells of all four kinds cells were 

seeded into each well of a 96-well, V-bottom, non-treated, sterile, polystyrene 

microplate (Costar, NY, USA). The microplates were then centrifuged for 5mins 

at 500×g and placed in a low oxygen incubator. The next day, the cells 

aggregated as cell pellets. Then the cell pellets were cultured for two weeks with 

changing chondrogenic differentiation media every other day [49]. After a 14-

day culture, the cell pellets were embedded in Tissue Freezer Media and then 

sectioned in cryostat with thickness of each sample equal ing 10µm. The slides 
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were then subjected to Safranin O staining and images were taken under  an 

Olympus VS110 microscope (Olympus America Inc, PA, USA).  

Osteogenic Differentiation Assay 

For the osteogenesis differentiation assay, StemPro® Osteogenesis 

Differentiation Kit (GIBCO, NY, USA) was used for inducing osteogenesis. Four 

different kinds of cells of passage two were cultured in osteogenic differentiation 

media with cell density 2×10
4
 cells/well in 12-well plate for 21 days being sure 

to change osteogenic differentiation media every three days. Three weeks post 

osteogenesis induction, all the cells were subjected to Alizarin Red S staining 

and images were taken by camera. 

Sulfated Glycosaminoglycan (sGAG) Assay 

Utilizing Dimethylmethylene Blue 

The pellets of four different kinds of cells, triplet of each sample were 

prepared (12 pellets in total). To consolidate the results, they were cultured 

under the same conditions with the chondrogenic differentiation assay. After five 

days of chondrogenic differentiation culture, the cell pellets were transferred to a 

-80°C freezer for future use. 

When ready to use, the cell pellets were digested using 40µl papain digest 

buffer (0.01 mM/mL L-Cysteine HCl, 0.2 mM/mL Na2HPO4, 0.01 mM/mL 

Papain type ІІІ) for four hours. The pH was pre-adjusted to 7.5, and all samples 

were vortexed all samples every 30mins over the four hours digestion period to 

ensure complete digestion of the samples.  Then the samples were centrifuged at 
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12000g for 10mins to pellet any insoluble material once the digestion was 

completed. 

sGAG content of cell pellets was quantified using the dimethylmethylene 

blue assay. Absorbance was spectrophotometrically measured on a kinetic 

microplate reader (VMaz, Molecular Devices), which adjusted the wavelength to 

530nm, and then compared the absorbance to a standard curve generated from 

known concentrations of the sulfated GAGs. sGAG content was then normalized 

to the DNA content of each cell pellets, where the measurement of the DNA 

content was performed by using Quant-iT 
TM

 PicoGreen® dsDNA Reagent and 

Kits (Invitrogen, California, USA) according to the manufacturer’s manual. 

sGAG contents were reported as µg sGAG/µg DNA. 

Statistical Analysis 

Statistical assay was performed using a one-way analysis of variance 

(ANOVA) through SPSS software version 21 (SPSS, Sigma Stat). A P value less 

than 0.05 via Tukey’s post hoc test was considered to indicate statistical 

differences among groups (*: p < 0.05, **: p < 0.01, ***: p < 0.001). 

Results 

Microarray analysis 

Gene Expression Profiling of NCs, CPCs, SFCs and Synoviocytes  

24128 genes were found and processed in the chip designed for the bovine 

species. Table 3.2 summarizes the selected gene expression fold change from 

microarray data. These results showed that NCs possess significant increases in 

expression of cartilage forming markers such as Collagen ІІ (COL2A1), 
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Figure 3.1. Synovium tissue attachment and culture technique.  

Dissect and stretch the synovium tissue to its maximal extension. After couple 

hours of dry attachment, the tissue was replenished with small amount of culture 

media for the following days to keep the synovium nutritious. 
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Figure 3.2. Whole heat map showing differences among NCs, CPCs, 

synoviocytes and SFCs.  

The 5-fold (>+5-fold or <-5-fold) change between NCs and CPCs based heat map 

was generated to reveal the enormous difference between NCs and CPCs as well 

as to show the similarities among CPCs, synoviocytes and SFCs. The 

hierarchical cluster analysis showed the similarities among four cell types and 

directly divided all four cell types into two major categories (NCs and the other 

combined cell types). 
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Figure 3.3. Annotated heat maps based on various gene functions. 

Five annotated heat maps (A. metalloendopeptidase related, B. collagen related, 

C. inflammatory related, D. extracellular related, E. cytokine related related) 

were generated based on specific gene function, exhibiting the differences among 

four cell types. These five annotated heat maps are essentially in accord with the 

entire heat map. 
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Figure 3.4. 3D PCA plot demonstration.  

The 3D PCA plot visually showed the closeness of each cell type. Synoviocytes 

and SFCs are extremely close to each other, while CPC are much closer to these 

two cell types than to NCs. Noisy effect exists among the three independent NCs 

due to the sample variation. 
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Figure 3.5. Matrix forming gene expression. 

qPCR showed dramatically higher expression of all matrix forming genes 

(Collagen ΙΙ, Aggrecan, Link protein and COMP) in NCs than in the other three 

cell types. (*** indicates p<0.001)  
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Figure 3.6. Inflammatory related gene expression. 

qPCR showed dramatically lower expression of most inflammatory related genes 

(IL8, CCL2 and CXCL12) in NCs than in the other three cell types. However, it 

should be noted that IL6 expression in NCs is higher than the other three cell 

types. 
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Figure 3.7. Other related gene expression. 

SOX9, chondrogenic transcriptional gene, and RUNX2, osteogenic 

transcriptional gene were tested for in each cell type. NCs showed significantly 

up-regulated expression over synoviocytes and SFCs and significantly down -

regulated expression of synoviocytes and SFCs. No significant differences were 

found between NCs and CPCs in both two transcriptional genes.  The fibroblastic 

marker Collagen І, showed NCs have the lowest expression when compared to 

the other three cell types, but no significant differences exist. (*: p < 0.05, **: p 

< 0.01, ***: p < 0.001) 
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Figure 3.8. sGAG assay of NCs, CPCs, SFCs and synoviocytes. 

sGAG assay legibly demonstrated the glycosaminoglycan contents in each cell 

type, revealing that NCs contain the highest amount, and that significant 

differences exist when comparing NCs to CPCs, SFCs and synoviocytes, 

respectively. (*: p < 0.05, **: p < 0.01, ***: p < 0.001) 
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Figure 3.9. Chondrogenic differentiation ability comparison among CPCs, 

NCs, synoviocytes and SFCs. 

No significant differences of proteoglycan deposition among CPCs (A), NCs (B) 

& SFCs (D) observed. However, CPCs do have relatively less proteoglycan 

contents in some specific regions. Synoviocytes (C) contain the weakest 

proteoglycan deposition. 
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Figure 3.10. Osteogenic differentiation ability comparison among CPCs, NCs, 

synoviocytes and SFCs. 

No significant difference observed among CPCs (A), NCs (B), synoviocytes (C) 

and SFCs (D) despite each cell type having been cultured under osteogenic 

condition. The osteogenic condition (left column in each sub-figure) did show 

positive staining when compared with the negative controls which were cultured 

using normal culture media (right column in each sub-figure).  
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CHAPTER ІV 

DISCUSSION AND CONCLUSION 

Microarray technology confirmed that CPCs are a distinct cell type, 

contradicting the universal opinion that all cells residing in cartilage superficial 

zone are chondrocytes. Heat maps and 3D PCA plot clearly and visually offered 

us the concept that CPCs are far away from NCs in term of large scale of genes 

and share substantially large amount of similarities with SFCs and synoviocytes. 

The hierarchical clustering analysis straightforwardly divided all the cell types 

into chondrocyte and non-chondrocyte phenotypes. Annotated heat maps 

conveyed essentially the same idea as the whole heat map but in terms of 

selected functional classes of genes that are relevant to OA. 

The results of qPCR validated the microarray data on ECM-related genes 

and pro-inflammatory genes. NCs showed significantly higher expression of 

cartilage-specific ECM genes than the other three cell types. In contrast, they 

showed lower expression of pro-inflammatory genes than the other three cell 

types. These two categories of genes are of vital importance in determining the 

unique cell properties, which turns out to be an efficient and novel approach to 

classify different cell types. The grouping indicated by overall differences in 

gene expression and in the expression of specific ECM and inflammatory genes 

paralleled differences in the expression of SOX9, an important chondrogenic 

transcriptional factor. Due to the sample variation, the inflammatory related 

genes in different batches of cow knees were fairly different, and a possible 

reason for this might have been that osteoarthritis already occurred in the cow 
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knee joints before harvesting cells, thus resulting in varying gene expression 

results. Interestingly, IL6 expression in all the batches is higher expression in 

NCs than CPCs, SFCs and synoviocytes, opposing the result from the microarray 

data. The reason for this is mainly because the RNA for NCs was extracted 

directly from cartilage tissue, rather than the monolayer cultured cells, which 

may have substantial influences on some specific genes. The high expression of 

these inflammatory related genes results also suggest that CPCs might be closely 

related with osteoarthritis pathogenesis.  

The sGAG assay was applied to confirm the differences among these four 

cell types from ECM compositional view. The results were fairly consistent with 

microarray data and qPCR results, revealing NCs contain highest 

glycosaminoglycan deposition, while CPCs were in the middle between NCs and 

SFCs, synoviocytes. To test the function of these different cells, we checked the 

multi-lineage differentiation potential, which is deemed as the milestone for 

defining stem/progenitor cells. Chondrogenesis assays showed that NCs were 

superior to CPCs, SFCs and synoviocytes, which might provide some clues in 

selecting a cell source for restoring injured cartilage tissue. No significant 

differences existed among these four different cell types in term of osteogenesis.  

In conclusion, cartilage is thought to possess poor healing capacity post 

injury due to its native properties (avascular, aneural, alymphatic). However the 

chondrogenic progenitor cells (CPCs), which can be activated and migrate onto 

the cartilage surface by the injury, may provide us a new insight to self -repair 

the cartilage. Through these series experiments, we validated that these CPCs 
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