
 

 

ABSTRACT 

KOH, SEHWON. Stem Cell Sources for Regenerative Medicine and Cartilage Tissue 

Engineering. (Under the direction of Dr. Jorge A. Piedrahita.) 

 

 Stem cells have been studied widely as a potential resource for regenerative medicine 

as they can proliferate for long-term while maintaining differentiation potency. These 

properties are used for regeneration and repair of cells and tissues within body. Adult stem 

cells can be found from almost all type of tissues/organ and used for autologous cell therapy. 

But they have lower proliferative and differentiation potential compared to pluripotent stem 

cells such as embryonic stem cells and induced pluripotent stem cells. It has been shown that 

embryonic and adult fibroblasts can be reprogrammed into pluripotency by introducing four 

transcription factors, Oct3/4, Klf4, Sox2 and c-Myc (OKSM). From our study, we report the 

derivation of iPSCs from adult canine fibroblast by retroviral OKSM transduction. The 

isolated canine iPSCs (ciPSCs) were expanded in three different culture media (FGF2, LIF, 

or FGF2 plus LIF). Cells cultured in both FGF2 and LIF expressed pluripotency markers, 

POU5F1 (OCT4), SOX2, NANOG and LIN28, ESC-specific genes (PODXL, DPPA5, FGF5, 

REX1 and LAMP1) and showed strong levels of alkaline phosphatase (AP) expression. In 

vitro differentiation by formation of embryoid bodies (EBs) and by directed differentiation 

generated cell derivatives of all three germ layers as confirmed by mRNA and protein 

expression. In vivo, the canine iPSCs created solid tumors, which failed to reach epithelial 

structure formation, but expressed markers for all three germ layers. Array comparative 

genomic hybridization (array-CGH) and chromosomal fluorescence in situ hybridization 

(FISH) analyses revealed that while retroviral transduction per se did not result in significant 

DNA copy number imbalance, there was evidence for the emergence of low-level aneuploidy 



 

 

during prolonged culture or tumor formation. In summary, we were able to derive canine 

iPSCs from adult fibroblasts by using four transcription factors. The isolated iPSCs have 

similar characteristics to ESCs from other species, but the exact cellular mechanisms behind 

their unique co-dependency on both FGF2 and LIF is still unknown. 

For cartilage tissue engineering, it is critical to be able to generate a high number of 

chondrocytes in vitro while avoiding terminal differentiation or de-differentiation. Here we 

report an optimized porcine chondrocyte expansion system using serum free media and low 

oxygen, which minimizes changes in cell differentiation and maximizes their ability to re-

differentiate into cartilage producing cells upon induction. Chondrocytes were isolated from 

pig coastal cartilage and expanded in combinations of serum-free media containing FGF2 

(SFM) or media containing fetal bovine serum (SCM) and high (20%) versus low (5%) 

oxygen. Overall, chondrocytes cultured in SFM and low oxygen (Low-SFM) demonstrated 

the highest cell growth rate (P<0.05). AP staining indicated that chondrocytes grown in FBS 

had a higher proportion of terminally differentiated (hypertrophic) chondrocytes (P<0.05). At 

the mRNA level, expression ratios of ACAN/VCAN and COL2/COL1 were significantly 

higher (P<0.05) in cells expanded in Low-SFM indicating reduced de-differentiation. This 

was also supported by expression levels of CD90 and CD105, known markers of de-

differentiation. In vitro re-differentiation capacity of chondrocytes grown in Low-SFM 

showed similar expression ratio of COL2/COL1 and ACAN/VCAN to cartilage, as well as 

higher glycosaminoglycan concentration. In conclusion, Low-SFM culture conditions 

resulted in improved cell growth rate, reduced levels of de-differentiation during expansion, 

and greater ability to re-differentiate into cartilage upon induction. 
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CHAPTER 1 

Literature Review 

1.1 Stem cell sources for regenerative medicine 

The term, óregenerative medicineô, was firstly introduced by William A. Haseltine 

(Haseltine 2001), and describes the process of creating or replacing functional cells, tissues 

and organs to repair damaged or injured tissues. The process includes both healing damaged 

tissues by stimulating organs to heal themselves, and growing tissues/organs in the laboratory 

for implantation. Traditionally, patients with diseased organs have been treated by organ 

transplantation. However, the number of available organs is limited compared to the number 

required. Regenerative medicine, therefore, has great potential to address the limitations of 

the shortage of organs.  

Therapeutic approaches based on regenerative medicine include direct stem cell 

transplantations and/or tissue engineering with/without scaffolds seeded with cells. 

Traditionally, there are two main types of stem cells categorized by their origin, and can be 

broadly defined as embryonic stem cells and adult stem cells. The first embryonic stem cells 

were isolated from mouse inner cell mass (ICM) and were shown capable of differentiating 

into three germ layers (mesoderm, endoderm and ectoderm) (Evans, 1981). Human ES cells 

first isolated in 1998 (Thomson et al., 1998) were also shown to be pluripotent. However, the 

use of human ES cells is controversial since their isolation requires the availability and 

destruction of fertilized human embryos (Robertson et al., 2001).  In contrast, adult stem cells 

are found in adult tissues and are known to be involved in repair and maintenance of the 

adult tissues (Odorico et al., 2001). While ES cells are able to differentiate into all three germ 
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layers, most adult stem cells are known as multipotent due to their ability to give rise to 

multiple cell types but within limited lineages (Reviewed by Sell, 2005).  

Adult stem or progenitor cells are originally obtained from the tissue, expanded in vitro 

and implanted back into patients with/without scaffolds. Depending on the source of donor 

tissue, the cells are either allogenic (same species, different individual) or autologous. In 

general, autologous cell implantation (ACI) is favored to avoid potential immune rejection 

and the need for immune-suppressive drugs.  However, there is a limit to the size of the 

biopsy that can be obtained from patients due to tissue defects and age. Moreover, in vitro 

expansion of stem cells induces phenotypic changes in stem cells hindering their clinical 

potential. In addition to adult stem/progenitor cells, pluripotent stem cells such as embryonic 

stem (ES) cells and induced pluripotent stem (iPS) cells also have been suggested as potential  

cell sources as they are pluripotent and able to self-renew.   

In 2006, Takahashi and Yamanaka first demonstrated that mouse embryonic fibroblasts 

(MEFs) can be reprogrammed into pluripotent state by exogenous factors and those cells 

were termed induced pluripotent stem (iPS) cells (Takahashi and Yamanaka, 2006). The 

isolated iPS cells were able to self-renew as ES cells, were pluripotent as shown by embryoid 

body formation in vitro and teratoma formation in vivo, and expressed  ES specific genes. 

iPS cells have now been generated in humans (Wernig, 2007; Takahashi, 2007; Yu, 2007) 

and other species such as rhesus monkey (Liu et al., 2008), rat (Liao et al., 2009), pig (Ezashi 

et al., 2009), horse (Nagy et al., 2011) and dog (Koh et al., 2012). As  iPS cells are 

genetically identical to the patientôs somatic cells they would not, in theory,  be rejected by 
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the donor. Moreover, they do not have ethical issues because iPS cells do not require the 

destruction of the embryo. 

 

1.2 Therapeutic potentials of embryonic stem cells and limitation s 

ES cells are derived from the inner cell mass (ICM) of pre-implantation stage blastocysts  

and can give rise, in vivo,  to all three germ layers including the germ-line, as shown in mice 

by blastocyst injection (Bradley et al., 1984) or morula aggregation (Nagy et al., 1993).  In 

vitro differentiation into ectodermal derivatives such as skin and neurons (Reubinoff et al., 

2001; Schuldiner et al., 2001; Zhang et al., 2001), mesodermal derivatives such as cartilage, 

muscle and endothelial cells (Kehat et al., 2001; Levenberg et al., 2002), and endodermal 

derivatives such as pancreatic cells (Assady et al., 2001) and hepatic cells (Chen et al., 2006) 

has been demonstrated.  In addition, there have been several animal pre-clinical tests using 

human embryonic stem cells or their differentiated derivatives. Human ES cells derived 

oligodendrocyte progenitors were injected into rats after cervical spinal cord injury to 

improve recovery of forelimb function (Sharp et al., 2010). Retinal pigment epithelial cells 

(RPE) derived from human ES cells were injected into rats and mice with retinal 

degeneration with the animals gaining near-normal visual function after subretinal 

transplantation (Lu et al.,2009).  

In humans, the first of the Phase 1 clinical trials using human ES cells was approved by 

the Food and Drug Administration (FDA) in 2009. The biotechnology company Geron 

Corporation conducted the first clinical trial in 2010. The patient, with spinal cord injury 

from a car accident, received about 2 million cells of GRNOPC1 (oligodendrocyte 
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progenitors derived from human ES cells). Preliminary results showed that there were no 

serious adverse effects but there were also no improvements in spinal cord condition 

(ClinicalTrials.gov:NCT01217008). Another clinical trial to treat dry age-related macular 

degeneration reported promising preliminary results after transplantation with retinal 

pigmented epithelial cells. The patients were injected with >99% pure RPEs derived from 

human ES cells and the transplanted cells were shown to attach without evidence of immune 

rejections or abnormal growth. However, no significant improvement of vision was found 

(Schwartz et al., 2012).  

 While embryonic stem cells have shown potential in regenerative medicine, there are 

few major limitations to their practical use. First, ES cells are not genetically identical to 

recipients. Because the ES cells are isolated from ICM of pre-implantation blastocysts 

created by in vitro fertilization (IVF), there is the possibility of immune rejection by the 

recipient once the stem cells are injected due to incompatibility of antigens between donor 

and recipients. It has been suggested that a bank of human ES cells representing a broad 

scope of human HLA antigens could match all patient population (Taylor et al., 2005) with 

an estimated 250 lines able to benefit about 2/3 of the population. Second, there are 

possibilities of tumor formation after transplantation (Reviewed by Lerou and Daley, 2005). 

Tumor formation could result from contamination of undifferentiated ES cells as it is known 

that transplantation of ES cells into immune-deficient mice can generate teratomas 

(Przyborski, 2005). Thus, cells used for transplantation need to be carefully prepared to 

ensure that they are differentiated with high quality and purity (Przyborski, 2005). Lastly, as 

the derivation of ES cells requires the destruction of blastocyst-stage embryos, there have 
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been debates regarding ethical concerns of defining blastocysts as human-beings (Reviewed 

by Daar and Sheremeta, 2003).  

 To overcome the limitations in the use of ES cells for regenerative medicine, different 

types of stem cells have been suggested.  First, it has been shown that somatic cells can be 

reprogrammed into pluripotency state and those cells resemble embryonic stem cells in 

morphology and genetic expression (induced pluripotent stem cells, Takahashi and 

Yamanaka, 2006). Secondly, adult stem/progenitor cells can be isolated from adult tissue, 

and can be utilized for tissue specific regeneration. While ES cells still have great potential in 

regenerative medicine, alternative approaches without limitations such as immune rejection 

tumor formation and ethical concern might be more practical.  

 

1.3. Induced Pluripotent stem cells 

1.3.1 Generation of induced pluripotent stem cells 

 In 2006, Takahashi and Yamanaka first introduced the reprogramming of somatic 

cells to pluripotent stem cells and those cells were named induced pluripotent stem cells 

(iPSCs; Takahashi and Yamanaka, 2006). Twenty-four candidate genes thought to be 

important for regulating embryonic stem cells were tested in random combinations, and four 

key transcription factors were identified. The four transcription factors, Oct4, Klf4, Sox2, 

and c-Myc (OKSM) were introduced by retrovirus into mouse embryonic fibroblasts (MEFs) 

and the cells were reprogrammed into an ES-like state. The isolated cells are able to self-

renew and express ES-specific genes. Later, Yamanakaôs group demonstrated that the same 

four transcription factors were able to reprogram human dermal fibroblasts (HDFs) into 
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induced pluripotent stem cells. Independently, James Thompsonôs group identified another 

four transcription factors OCT4, SOX2, NANOG and LIN28, also capable of reprogramming 

human somatic cells into pluripotency (Takahashi et al., 2007; Yu et al., 2007).  

 During the reprogramming, morphological changes including decrease in cell size 

and increase in cellular proliferation rate (Plath and Lowry, 2011) are observed. At the 

molecular level, endogenous pluripotency genes are activated and cell-type specific somatic 

cell genes are down-regulated. Though the endogenous pluripotency genes are activated, it 

has been shown that exogenous reprogramming factors are required to complete the 

reprogramming (Stadtfeld et al., 2008). The authors also identified that reactivation of 

endogenous pluripotency genes, telomerase reactivation and silencing of the X-chromosome 

supports completed reprogramming (Stadtfeld et al., 2008).   

 It has been shown that many different cell types from different species can be used to 

generate induced pluripotent stem cells, with some of the cell types requiring fewer 

transcription factors to reprogram. Retroviral expression of OKSM is able to reprogram 

embryonic fibroblasts (Takahashi and Yamanaka, 2006), mature B and T cells (Eminli et al., 

2009), adipose derived stem cells (Sugii et al., 2010), pancreatic beta cells (Stadtfeld et al., 

2008) and neural stem cells (Kim et al., 2008) in mice. The same strategy has been applied to 

generate induced pluripotent stem cells from peripheral blood (Loh et al., 2009), cord blood 

stem cells (Haase et al., 2009), keratinocytes (Aasen et al., 2008), hepatocytes (Liu et al., 

2010) and neural stem cells (Kim et al., 2009) in humans. Adult neural stem cells could be 

reprogrammed by using OCT4 alone (Kim et al., 2009) reducing retroviral integration sites. 

When all four transcription factors (OKSM) were used to reprogram, about 20 retroviral 
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integration sites were observed (Aoi et al., 2008; Wernig et al., 2007), compared to an 

average of 5 integration sites in OCT4 only induced neural stem cell derived iPS cells (Kim 

et al., 2009).   

 Retroviral induction of OKSM has been shown to be the most efficient way to 

generate induced pluripotent stem cells. However, retrovirus is not a desirable delivery 

method for clinical approaches as the retroviral vector contains viral sequences. In addition, 

incompletely reprogrammed cells still express exogenous factors, something not desirable for 

clinical applications. Doxycycline-inducible lentiviral vectors were used to minimize the risk 

of transgene activation during the isolation of induced pluripotent stem cells (Brambrink et 

al., 2008), and the same vector system has also been used for expression of polycistronic 

cassettes which harbor all four transcription factors (Carey et al., 2009). However, both 

retroviral and lentiviral transduction systems are potentially harmful since both requires 

genomic integration. Transgene-free induced pluripotent stem cells have been generated by 

using adenoviral vectors (Okita et al., 2010), piggyBac transposons (Woltjen et al., 2009) and 

also repeated transfection of modified RNA for OKSM (Warren et al., 2010).   

  

1.3.2 Therapeutic potentials of  induced pluripotent stem cells (iPS) 

 Induced pluripotent stem cells have great potential in cell replacement therapy as 

somatic cells can be isolated from a patient, reprogrammed to generate patient specific iPSC 

cells, and those cells are genetically identical thus avoiding immune rejections. As discussed 

above iPS cells are similar to ES cells in that they are capable of differentiation into many 

different specific cell types. Adipogenic differentiation was demonstrated by lipid 
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accumulation and transcription of adipogenesis specific genes such as C/EBPalpha, 

PPARgamma2 and leptin (Taura et al., 2009). Their differentiation potential was compared 

to human ES cells and results showed that they have equal potential in general (Taura et al., 

2009). The induced pluripotent stem cells were also able to produce CD34+/CD43+ 

hematopoietic progenitors under the same culture conditions of human ES cells. The 

differentiation pattern from hematopoietic progenitors to primitive hematopoietic cells was 

very similar among different iPS cells isolated from fetal, neonatal and adult fibroblasts 

(Choi et al., 2009). Furthermore, pancreatic cells producing insulin (Zhu et al., 2011) and 

functional cardiomyocytes demonstrating sarcomeric organization and expressing cardiac 

markers including Nkx2.5 and cardiac Troponin T (Zhang et al., 2009) were also derived 

from human iPS cells, and were similar to those generated from human ES cells. PAX6+ 

neural conversion of human iPS cells was also demonstrated and the converted cells were 

able to further differentiate into neural crest, anterior CNS, somatic motorneurons and 

dopaminergic neurons, and their functionality was confirmed by electrophysiology 

experiments (Chambers et al., 2011; Oki et al., 2012). 

 In addition to cell replacement therapy, disease-specific iPS cells can be utilized for 

gene therapy and drug screening. In mice, it has been demonstrated that Fanconi anemia and 

sickle-cell anemia can be corrected by using iPS cells (Hanna et al., 2007; Raya et al., 2009). 

And in humans, disease-specific iPS cells from Gaucherôs disease, muscular dystrophy, 

Parkinsonôs disease and Huntingtonôs disease have been generated (Park et al., 2008; Raya et 

al., 2009; Soldner et al., 2009). These cells also provide a tool to identify and develop novel 

targets for therapy by comparing their differentiated phenotype with that of normal tissue. 
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1.3.3 Limitations of induced pluripotent stem cells 

 Though iPS cells hold great potential as a replacement for embryonic stem cells, there 

are several limitations to overcome. The main issue in regenerative medicine is safety, 

however, iPS cells carry the risk of teratoma formation due to the undifferentiated 

populations of iPS (Wernig et al., 2008). iPS cells have been shown to  differentiate into all 

three germ layer cells, but it still is very hard to recreate the same micro-environment and the 

required sequential differentiation to generate specific cell types with high purity and quality. 

Another limitation is that iPS cell lines favor differentiation into specific cell types due to 

their epigenetic memory (Polo et al., 2010). This makes some type of cells such as 

hepatocytes and pancreatic beta cells harder to generate than others (Hayden et al., 2011). 

Recently, an alternative approach, using liver-specific transcription factors to directly 

differentiate hepatocytes from somatic cells has been shown to be a more efficient method 

that induced differentiation of iPS cells (Huang et al., 2011). Moreover, directly 

differentiated hepatocytes were capable of healing mice with compromised liver function 

(Huang et al., 2011).   

 To date most iPS cells have been generated by using integrating vectors such as 

retrovirus and lentivirus. The viral methods are not desired for regenerative medicine 

approaches as the integrated gene can disrupt endogenous genes (Bock et al., 2011). Also, it 

recently has been shown that immunologically matched cells of origin are rejected after 

transplantation, and retroviral integration is thought to be responsible because episomal 

transfection mediated reprogrammed cells are less immunogenic (Zhao et al., 2011). Thus, it 
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will  be critical to develop and obtain integration-free reprogramming for clinical application 

of iPS cells. 

 Another limitation of iPS cells is their genomic instability (Hankowski et al., 2011). 

Four different potential reasons for genomic instability of iPS cells have been suggested  

(Blasco et al., 2011): 1) Reprogramming induced DNA damage; 2) selection for pre-existing 

mutations; 3) intrinsic instability of the  pluripotent genome; 4) mutations caused by in vitro 

manipulation and expansion (Blasco et al., 2011). Researchers demonstrated that there is a 

higher incidence of mutations such as copy number variations (CNVs; Hussein et al., 2011) 

and single nucleotide polymorphisms (SNPs; Gore et al., 2011) in the iPSC genome 

compared to embryonic stem cells.  In addition, it has been demonstrated that genomic 

mutations were caused by expansion in culture in both iPS cells and ES cells (Laurent et al., 

2011). However, Hussein et al. (2011) showed that while genomic changes were induced by 

expansion, these genomic rearrangements disappeared after the cells were cultured for longer 

periods.  

 

1.4 Cartilage tissue engineering 

1.4.1 Cartilage 

Cartilage is a an avascular, aneural and alymphatic connective tissue present in many 

organs such as the articulating joints between bones, rib cage, ear, nose, bronchial tubes and 

intervertebral discs. Cartilage is essential for breathing, hearing, articulation and locomotion. 

During embryogenesis, cartilage develops before bone and provides the first skeleton of the 

embryo (Olsen et al., 2000). Development of cartilage is needed for body growth and 
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provides structural templates in the skeleton (Olsen et al., 2000). Cartilage is classified into 

three types based on the composition of the extracellular matrix (ECM); hyaline, elastic and 

fibrocartilage. The most abundant cartilage type is hyaline cartilage which presents in long 

bones, articular surfaces, nose and respiratory tract. The hyaline cartilage contains abundant 

type II collagen and chondroitin sulfate. 

As the cartilage does not contain blood vessels, the chondrocytes in cartilage tissue 

are provided with nutrients by diffusion from surrounding perichondrium via synovial fluid 

to the synovial membrane. Cartilage has poor wound healing process with a slower rate than 

other connective tissues due to the lack of the wound healing process; inflammation, cell 

proliferation and tissue remodeling (Reviewed by Silver et al., 1995).   

 

1.4.2 Chondrogenesis 

Chondrogenesis is the earliest phase of skeletal development. During the process, 

mesenchymal cells are recruited and the cells differentiate into chondrocytes and the 

extracellular-matrix (EM) is produced, once the chondrocytes have matured. Chondrogenesis 

is controlled by interactions of surrounding cell-cell, cell-matrix, growth and differentiation 

factors, and other environmental factors which activate or suppress cellular signaling 

pathways and gene expression (Erlebacher et al., 1995; Mundlos and Olsen, 1997;Goldring et 

al., 2006). Chondrocyte differentiation can be seen in the developing primary ossification 

zone in the middle diaphysis of the cartilage of the long bones. Chondrogenesis leads to 

endochondral ossification, a process in which chondrocytes undergo hypertrophy, subsequent 

apoptosis and are replaced by bone-forming osteoblasts (Cancedda et al., 1995). Each step of 
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the differentiation can be characterized by specific histological features, gene expression 

profile and cellular activities. 

 

1.4.3 De-differentiation of chondrocytes 

In the process of cartilage tissue engineering, it is important to ensure that the 

expanded cell population maintains its phenotypic function. However, a major limitation of 

chondrocyte expansion is the dedifferentiation during the extended in vitro culture. (von der 

Mark et al., 1977; Benya et al., 1982). It has been shown in monolayer culture that once 

dedifferentiation takes place, chondrocytes fail to produce cartilage ECM (von der Mark et 

al., 1977). During de-differentiation, the chondrocytes lose their morphology as well as their 

biochemical and functional properties (Thorogood et al., 1986; Goessler et al., 2004; Darling 

et a., 2005). Dedifferentiated chondrocytes behave differently compared to the chondrocytes 

in their original cartilage environment. After in vitro expansion of chondrocytes in 

monolayer culture, their morphology becomes more fibroblast-like (Schnabelet al., 2002), 

and the typical formation of chondrons and pericellular matrix is lost. It has been 

demonstrated that collagen synthesis is also changed. (Schnabel et al., 2002). Instead of the 

collagen type II, de-differentiated chondrocytes mainly produce collagen type I and III which 

are absent from normal cartilage (Schnabel et al., 2002). Also the dedifferentiated 

chondrocytes glycosaminoglycans (GAGs) production pattern shifts from large aggregating 

proteoglycans (aggrecan) to low molecular weight proteoglycans (versican). This is also 

accompanied by a decrease in alkaline phosphatase (AP) activity (von der Mark et al., 1977; 

Benya et al., 1982). It has been suggested that dedifferentiation occurs when chondrocytes 
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are released from their extracellular matrix, and placed in cultured under conditions that 

promote flattened cell morphology, such as low cell density in monolayer culture (Watt et al., 

1988). Although the detailed mechanisms involved during the dedifferentiation process are 

not fully understood, it has been suggested that the formation of actin stress fibers is one of 

the causes (Benya et al., 1978). 

It has also been shown that dedifferentiation during chondrocytes expansion can be 

overcome by the modification and optimization of culture conditions such as the use of 

serum-free medium containing growth factors (Martin et al., 1999; Pei et al., 2002; Mandl et 

al., 2004; Giannoni et al., 2005) and the use of reduced oxygen levels (Robins et al., 2005; 

Foldager et al., 2011; Adesida et al., 2012). It also has been demonstrated that culturing 

chondrocytes at high density (Watt et al., 1988), in alginate gels (Benya et al., 1982) or in 

three dimensional (3D) cell aggregates (Murphy et al., 2001) promoted restoration and 

maintenance of their phenotypic characteristics upon re-differentiation of de-differentiated 

chondrocytes.  

 

1.4.4 Growth factors in chondrocyte culture media 

It has been reported that chondrocytes expanded in monolayer for two passages in the 

presence of fibroblast growth factor-2 (FGF-2) dedifferentiate, while maintaining their 

potential for redifferentiation (Martin et al., 1999). Sequential exposure of bovine calf 

articular chondrocytes to FGF-2 during monolayer expansion and to BMP-2 during three-

dimensional culture on PGA scaffolds improved the overall production of ECM during 

redifferentiation (Martin et al., 2001). In addition, it has been demonstrated that  
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chondrogenesis of human adult articular chondrocytes can be enhanced if they are expanded 

in the presence of a combination of a superfamily of BMPs (Jakob et al., 2001). Also 

chondrocytes expanded in monolayer in the presence of FGF-2/TGF-ƾ displayed a higher 

proliferation rate and increased dedifferentiation, but also higher capacity to redifferentiate in  

response to supplementation of serum free medium with TGF-ƾ and dexamethasone during 

three-dimensional cultures. (Jakob et al., 2001) Similar results have been shown in bovine 

chondro-progenitor cells in the presence of TGF-ƾ1 (Martin et al., 2005). These results 

support that addition of growth factors during chondrocyte expansion is advantageous for 

both cell proliferation and differentiation, as well as redifferentiation capacity upon induction. 

 

1.4.5 Effects of low oxygen in chondrocyte culture 

As the chondrocytes are located in avascular tissue, they are influenced by oxygen 

level during chondrocyte maturation (Malladi et al., 2007). Cartilage has low oxygen levels, 

estimated between 1 and 6% depending on the site of the tissue. Oxygen concentration is 

around 6% near the surface of cartilage, and 1~3% in the deeper area. Because chondrocytes 

obtain most of their energy from glycolysis (Lee et al., 1997), they donôt require high oxygen 

consumption. The consumption rate is only 2~5% compared to other cell types (Heywood et 

al., 2006). Therefore, extended culture of chondrocytes at atmospheric 20% oxygen level can 

be considered abnormal and may alter normal metabolism and gene expression (Schneider et 

al., 2007; Gibson et al., 2008). Low oxygen chondrocyte culture, in contrast, induces the 
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expression of hypoxia inducible factor 1 (HIF-1), survival factor (Zuscik et al., 2008; 

Schipani et al., 2001). HIF-1 controls genes associated with cell proliferation, metabolism 

and angiogenesis (Semenza et al., 2000).   

Oxygen tensions and oxygen gradients are thought to play a key role in regulating the 

phenotype and biosynthetic activity of cells intended for therapeutic applications (Malda et 

al., 2003). It has been demonstrated that a combination of alginate encapsulation and reduced 

oxygen tension (5%) can restore the chondrogenic phenotype of monolayer-expanded 

dedifferentiated cells (Murphy et al., 2004). Similar results have been observed in pellet 

culture studies for dedifferentiated nasal chondrocytes (Malda et al., 2004). Follow-up 

studies have shown that hypoxia promotes re-establishment of the chondrogenic phenotype 

through HIF-2Ŭ-mediated SOX9 induction of key cartilage genes (Lafont et al., 2007). Other 

studies have also investigated how the oxygen microenvironment influences chondrocyte 

proteoglycan and type II collagen synthesis (Obradovic et al., 2000; Gramshaw et al., 2000; 

Wernike et al., 2008). Bovine articular chondrocytes cultured under anoxic conditions 

(<0.1%) in alginate beads produced less matrix than for higher oxygen tensions (5, 10 and 

20%), with highest expression levels observed when cultured in 5-10% oxygen (Grimshaw et 

al., 2000). Sustained hypoxia (2%) has also been shown to enhance articular chondrocyte 

matrix synthesis and viability in three-dimensional alginate culture with increased 

proteoglycan synthesis after 1 day exposure of low oxygen (Coyle et al., 2009). In contrast, 

other studies have demonstrated enhanced cartilage matrix production at higher oxygen 

tensions (Murphy et al., 2001).  
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In addition, hypoxia also appears to be a key regulator of stem cells such as adult 

stem cells and ESCs during chondrogenic differentiation. Hypoxia has been shown to 

enhance chondrogenesis of bone marrow derived MSCs via a HIF-1Ŭ-dependent mechanism 

(Robins et al., 2005; Kanichai et al., 2008), and also influences chondrogenesis of human ES 

cells (Koay et al., 2008). Bone marrow derived MSCs cultured in reduced oxygen tension 

produced more bone and cartilage than those cultured at control (20%) oxygen levels 

(Lennon et al., 2001). Low oxygen tension has also been shown to significantly inhibit the 

proliferation of adipose tissue derived stem cells embedded in alginate beads, but with 

increased levels of cartilage matrix synthesis, suggesting oxygen tension regulates the 

proliferation and metabolism of stem cells during chondrogenesis (Wang et al., 2005). 

Oxygen tension has also been shown to regulate type X collagen levels in human adipose-

derived adult stem cells (Betre et al., 2006). However, in contrast, another study has 

suggested that hypoxia may inhibit in vitro chondrogenesis and osteogenesis of adipose-

derived stem cells (Malladi et al., 2006).  

 

1.5 Summary 

 In summary, the abilities of stem cells to self-renew and differentiate into specific 

cell types provide the potential for great scientific advancements in the regenerative medicine 

field. Induced pluripotent stem cells are equivalent to that of embryonic stem cells 

and enables not only therapeutic, but provides unique pharmaceutical approaches such as 

disease modeling and drug screening. Adult tissue progenitor implantation has been 

extensively studied, making them an optimal candidate for clinical trials to date, when 
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compared to other types of stem cells. But both iPS and adult stem cells have limitations and 

it is unclear which type of stem cell can provide the best approach for regenerative medicine. 

The research described in this dissertation covers both induced pluripotent stem cells and 

adult tissue progenitors as clinical cell sources for regenerative medicine. It highlights 

the potentials and limitations of induced pluripotent stem cells and adult tissue progenitors to 

set the stage for the improvement of clinical application. 

  



 

18 

1.6 References 

Adesida, A. B., A. Mulet-Sierra, et al. (2012). "Hypoxia mediated isolation and expansion 

enhances the chondrogenic capacity of bone marrow mesenchymal stromal cells." 

Stem Cell Res Ther 3(2): 9. 

Assady, S., G. Maor, et al. (2001). "Insulin production by human embryonic stem cells." 

Diabetes 50(8): 1691-1697. 

Benya, P. D., S. R. Padilla, et al. (1978). "Independent regulation of collagen types by 

chondrocytes during the loss of differentiated function in culture." Cell 15(4): 1313-

1321. 

Benya, P. D. and J. D. Shaffer (1982). "Dedifferentiated chondrocytes reexpress the 

differentiated collagen phenotype when cultured in agarose gels." Cell 30(1): 215-224. 

Betre, H., S. R. Ong, et al. (2006). "Chondrocytic differentiation of human adipose-derived 

adult stem cells in elastin-like polypeptide." Biomaterials 27(1): 91-99. 

Blasco, M. A., M. Serrano, et al. (2011). "Genomic instability in iPS: time for a break." 

EMBO J 30(6): 991-993. 

Bock, C., E. Kiskinis, et al. (2011). "Reference Maps of human ES and iPS cell variation 

enable high-throughput characterization of pluripotent cell lines." Cell 144(3): 439-

452. 

Bradley, A., M. Evans, et al. (1984). "Formation of germ-line chimaeras from embryo-

derived teratocarcinoma cell lines." Nature 309(5965): 255-256. 

Brambrink, T., R. Foreman, et al. (2008). "Sequential expression of pluripotency markers 

during direct reprogramming of mouse somatic cells." Cell Stem Cell 2(2): 151-159. 



 

19 

Cancedda, R., F. Descalzi Cancedda, et al. (1995). "Chondrocyte differentiation." Int Rev 

Cytol 159: 265-358. 

Carey, B. W., S. Markoulaki, et al. (2009). "Reprogramming of murine and human somatic 

cells using a single polycistronic vector." Proc Natl Acad Sci U S A 106(1): 157-162. 

Chambers, S. M., Y. Mica, et al. (2011). "Converting human pluripotent stem cells to neural 

tissue and neurons to model neurodegeneration." Methods Mol Biol 793: 87-97. 

Chen, Y., A. Soto-Gutierrez, et al. (2006). "Instant hepatic differentiation of human 

embryonic stem cells using activin A and a deleted variant of HGF." Cell Transplant 

15(10): 865-871. 

Choi, K. D., J. Yu, et al. (2009). "Hematopoietic and endothelial differentiation of human 

induced pluripotent stem cells." Stem Cells 27(3): 559-567. 

Coyle, C. H., N. J. Izzo, et al. (2009). "Sustained hypoxia enhances chondrocyte matrix 

synthesis." J Orthop Res 27(6): 793-799. 

Daar, A. S. and L. Sheremeta (2003). "The science of stem cells: ethical, legal and social 

issues." Exp Clin Transplant 1(2): 139-146. 

Darling, E. M. and K. A. Athanasiou (2005). "Rapid phenotypic changes in passaged 

articular chondrocyte subpopulations." J Orthop Res 23(2): 425-432. 

Erlebacher, A., E. H. Filvaroff, et al. (1995). "Toward a molecular understanding of skeletal 

development." Cell 80(3): 371-378. 

Ezashi, T., B. P. Telugu, et al. (2009). "Derivation of induced pluripotent stem cells from pig 

somatic cells." Proc Natl Acad Sci U S A 106(27): 10993-10998. 



 

20 

Foldager, C. B., A. B. Nielsen, et al. (2011). "Combined 3D and hypoxic culture improves 

cartilage-specific gene expression in human chondrocytes." Acta Orthop 82(2): 234-

240. 

Giannoni, P., A. Pagano, et al. (2005). "Autologous chondrocyte implantation (ACI) for aged 

patients: development of the proper cell expansion conditions for possible therapeutic 

applications." Osteoarthritis Cartilage 13(7): 589-600. 

Gibson, J. S., P. I. Milner, et al. (2008). "Oxygen and reactive oxygen species in articular 

cartilage: modulators of ionic homeostasis." Pflugers Arch 455(4): 563-573. 

Goessler, U. R., P. Bugert, et al. (2004). "Expression of collagen and fiber-associated 

proteins in human septal cartilage during in vitro dedifferentiation." Int J Mol Med 

14(6): 1015-1022. 

Goldring, M. B., K. Tsuchimochi, et al. (2006). "The control of chondrogenesis." J Cell 

Biochem 97(1): 33-44. 

Gore, A., Z. Li, et al. (2011). "Somatic coding mutations in human induced pluripotent stem 

cells." Nature 471(7336): 63-67. 

Grimshaw, M. J. and R. M. Mason (2000). "Bovine articular chondrocyte function in vitro 

depends upon oxygen tension." Osteoarthritis Cartilage 8(5): 386-392. 

Hankowski, K. E., T. Hamazaki, et al. (2011). "Induced pluripotent stem cells as a next-

generation biomedical interface." Lab Invest 91(7): 972-977. 

Hanna, J., M. Wernig, et al. (2007). "Treatment of sickle cell anemia mouse model with iPS 

cells generated from autologous skin." Science 318(5858): 1920-1923. 



 

21 

HASELTINE, W. A. (2001). "The Emergence of Regenerative Medicine: A New Field and a 

New Society." The Journal of Regenerative Medicine 2: 17-23. 

Hayden, E. C. (2011). "Stem cells: The growing pains of pluripotency." Nature 473(7347): 

272-274. 

Heywood, H. K., D. L. Bader, et al. (2006). "Rate of oxygen consumption by isolated 

articular chondrocytes is sensitive to medium glucose concentration." J Cell Physiol 

206(2): 402-410. 

Huang, P., Z. He, et al. (2011). "Induction of functional hepatocyte-like cells from mouse 

fibroblasts by defined factors." Nature 475(7356): 386-389. 

Hussein, S. M., N. N. Batada, et al. (2011). "Copy number variation and selection during 

reprogramming to pluripotency." Nature 471(7336): 58-62. 

Jakob, M., O. Demarteau, et al. (2001). "Specific growth factors during the expansion and 

redifferentiation of adult human articular chondrocytes enhance chondrogenesis and 

cartilaginous tissue formation in vitro." J Cell Biochem 81(2): 368-377. 

Kanichai, M., D. Ferguson, et al. (2008). "Hypoxia promotes chondrogenesis in rat 

mesenchymal stem cells: a role for AKT and hypoxia-inducible factor (HIF)-1alpha." 

J Cell Physiol 216(3): 708-715. 

Kehat, I., D. Kenyagin-Karsenti, et al. (2001). "Human embryonic stem cells can 

differentiate into myocytes with structural and functional properties of 

cardiomyocytes." J Clin Invest 108(3): 407-414. 



 

22 

Koay, E. J. and K. A. Athanasiou (2008). "Hypoxic chondrogenic differentiation of human 

embryonic stem cells enhances cartilage protein synthesis and biomechanical 

functionality." Osteoarthritis Cartilage 16(12): 1450-1456. 

Koh, S., R. Thomas, et al. (2013). "Growth requirements and chromosomal instability of 

induced pluripotent stem cells generated from adult canine fibroblasts." Stem Cells 

Dev 22(6): 951-963. 

Lafont, J. E., S. Talma, et al. (2007). "Hypoxia-inducible factor 2alpha is essential for 

hypoxic induction of the human articular chondrocyte phenotype." Arthritis Rheum 

56(10): 3297-3306. 

Laurent, L. C., I. Ulitsky, et al. (2011). "Dynamic changes in the copy number of 

pluripotency and cell proliferation genes in human ESCs and iPSCs during 

reprogramming and time in culture." Cell Stem Cell 8(1): 106-118. 

Lee, R. B. and J. P. Urban (1997). "Evidence for a negative Pasteur effect in articular 

cartilage." Biochem J 321 ( Pt 1): 95-102. 

Lennon, D. P., J. M. Edmison, et al. (2001). "Cultivation of rat marrow-derived 

mesenchymal stem cells in reduced oxygen tension: effects on in vitro and in vivo 

osteochondrogenesis." J Cell Physiol 187(3): 345-355. 

Lerou, P. H. and G. Q. Daley (2005). "Therapeutic potential of embryonic stem cells." Blood 

Rev 19(6): 321-331. 

Levenberg, S., J. S. Golub, et al. (2002). "Endothelial cells derived from human embryonic 

stem cells." Proc Natl Acad Sci U S A 99(7): 4391-4396. 



 

23 

Liao, J., C. Cui, et al. (2009). "Generation of induced pluripotent stem cell lines from adult 

rat cells." Cell Stem Cell 4(1): 11-15. 

Liu, H., F. Zhu, et al. (2008). "Generation of induced pluripotent stem cells from adult rhesus 

monkey fibroblasts." Cell Stem Cell 3(6): 587-590. 

Lu, B., C. Malcuit, et al. (2009). "Long-term safety and function of RPE from human 

embryonic stem cells in preclinical models of macular degeneration." Stem Cells 

27(9): 2126-2135. 

Malda, J., D. E. Martens, et al. (2003). "Cartilage tissue engineering: controversy in the 

effect of oxygen." Crit Rev Biotechnol 23(3): 175-194. 

Malda, J., C. A. van Blitterswijk, et al. (2004). "Low oxygen tension stimulates the 

redifferentiation of dedifferentiated adult human nasal chondrocytes." Osteoarthritis 

Cartilage 12(4): 306-313. 

Malladi, P., Y. Xu, et al. (2006). "Effect of reduced oxygen tension on chondrogenesis and 

osteogenesis in adipose-derived mesenchymal cells." Am J Physiol Cell Physiol 

290(4): C1139-1146. 

Malladi, P., Y. Xu, et al. (2007). "Hypoxia inducible factor-1alpha deficiency affects 

chondrogenesis of adipose-derived adult stromal cells." Tissue Eng 13(6): 1159-1171. 

Mandl, E. W., H. Jahr, et al. (2004). "Fibroblast growth factor-2 in serum-free medium is a 

potent mitogen and reduces dedifferentiation of human ear chondrocytes in 

monolayer culture." Matrix Biol 23(4): 231-241. 



 

24 

Martin, G. R. (1981). "Isolation of a pluripotent cell line from early mouse embryos cultured 

in medium conditioned by teratocarcinoma stem cells." Proc Natl Acad Sci U S A 

78(12): 7634-7638. 

Martin, I., R. Suetterlin, et al. (2001). "Enhanced cartilage tissue engineering by sequential 

exposure of chondrocytes to FGF-2 during 2D expansion and BMP-2 during 3D 

cultivation." J Cell Biochem 83(1): 121-128. 

Martin, I., G. Vunjak-Novakovic, et al. (1999). "Mammalian chondrocytes expanded in the 

presence of fibroblast growth factor 2 maintain the ability to differentiate and 

regenerate three-dimensional cartilaginous tissue." Exp Cell Res 253(2): 681-688. 

Martin, J. M., M. Smith, et al. (2005). "Cryopreservation and in vitro expansion of 

chondroprogenitor cells isolated from the superficial zone of articular cartilage." 

Biotechnol Prog 21(1): 168-177. 

Mundlos, S. and B. R. Olsen (1997). "Heritable diseases of the skeleton. Part I: Molecular 

insights into skeletal development-transcription factors and signaling pathways." 

FASEB J 11(2): 125-132. 

Murphy, C. L. and J. M. Polak (2004). "Control of human articular chondrocyte 

differentiation by reduced oxygen tension." J Cell Physiol 199(3): 451-459. 

Murphy, C. L. and A. Sambanis (2001). "Effect of oxygen tension on chondrocyte 

extracellular matrix accumulation." Connect Tissue Res 42(2): 87-96. 

Nagy, A., J. Rossant, et al. (1993). "Derivation of completely cell culture-derived mice from 

early-passage embryonic stem cells." Proc Natl Acad Sci U S A 90(18): 8424-8428. 



 

25 

Nagy, K., H. K. Sung, et al. (2011). "Induced pluripotent stem cell lines derived from equine 

fibroblasts." Stem Cell Rev 7(3): 693-702. 

Obradovic, B., R. L. Carrier, et al. (1999). "Gas exchange is essential for bioreactor 

cultivation of tissue engineered cartilage." Biotechnol Bioeng 63(2): 197-205. 

Oki, K., J. Tatarishvili, et al. (2012). "Human-induced pluripotent stem cells form functional 

neurons and improve recovery after grafting in stroke-damaged brain." Stem Cells 

30(6): 1120-1133. 

Okita, K., H. Hong, et al. (2010). "Generation of mouse-induced pluripotent stem cells with 

plasmid vectors." Nat Protoc 5(3): 418-428. 

Olsen, B. R., A. M. Reginato, et al. (2000). "Bone development." Annu Rev Cell Dev Biol 16: 

191-220. 

Park, I. H., N. Arora, et al. (2008). "Disease-specific induced pluripotent stem cells." Cell 

134(5): 877-886. 

Pei, M., J. Seidel, et al. (2002). "Growth factors for sequential cellular de- and re-

differentiation in tissue engineering." Biochem Biophys Res Commun 294(1): 149-

154. 

Plath, K. and W. E. Lowry (2011). "Progress in understanding reprogramming to the induced 

pluripotent state." Nat Rev Genet 12(4): 253-265. 

Polo, J. M., S. Liu, et al. (2010). "Cell type of origin influences the molecular and functional 

properties of mouse induced pluripotent stem cells." Nat Biotechnol 28(8): 848-855. 

Przyborski, S. A. (2005). "Differentiation of human embryonic stem cells after 

transplantation in immune-deficient mice." Stem Cells 23(9): 1242-1250. 



 

26 

Raya, A., I. Rodriguez-Piza, et al. (2009). "Disease-corrected haematopoietic progenitors 

from Fanconi anaemia induced pluripotent stem cells." Nature 460(7251): 53-59. 

Reubinoff, B. E., M. F. Pera, et al. (2000). "Embryonic stem cell lines from human 

blastocysts: somatic differentiation in vitro." Nat Biotechnol 18(4): 399-404. 

Robins, J. C., N. Akeno, et al. (2005). "Hypoxia induces chondrocyte-specific gene 

expression in mesenchymal cells in association with transcriptional activation of 

Sox9." Bone 37(3): 313-322. 

Robins, J. C., N. Akeno, et al. (2005). "Hypoxia induces chondrocyte-specific gene 

expression in mesenchymal cells in association with transcriptional activation of 

Sox9." Bone 37(3): 313-322. 

Schipani, E., H. E. Ryan, et al. (2001). "Hypoxia in cartilage: HIF-1alpha is essential for 

chondrocyte growth arrest and survival." Genes Dev 15(21): 2865-2876. 

Schnabel, M., S. Marlovits, et al. (2002). "Dedifferentiation-associated changes in 

morphology and gene expression in primary human articular chondrocytes in cell 

culture." Osteoarthritis Cartilage 10(1): 62-70. 

Schneider, N., A. Mouithys-Mickalad, et al. (2007). "Oxygen consumption of equine 

articular chondrocytes: Influence of applied oxygen tension and glucose 

concentration during culture." Cell Biol Int 31(9): 878-886. 

Schuldiner, M., R. Eiges, et al. (2001). "Induced neuronal differentiation of human 

embryonic stem cells." Brain Res 913(2): 201-205. 

Schwartz, S. D., J. P. Hubschman, et al. (2012). "Embryonic stem cell trials for macular 

degeneration: a preliminary report." Lancet 379(9817): 713-720. 



 

27 

Sell, S. (2005). "Adult stem cell plasticity: introduction to the first issue of stem cell 

reviews." Stem Cell Rev 1(1): 1-7. 

Sharp, J., J. Frame, et al. (2010). "Human embryonic stem cell-derived oligodendrocyte 

progenitor cell transplants improve recovery after cervical spinal cord injury." Stem 

Cells 28(1): 152-163. 

Silver, F. H. and A. I. Glasgold (1995). "Cartilage wound healing. An overview." 

Otolaryngol Clin North Am 28(5): 847-864. 

Soldner, F., D. Hockemeyer, et al. (2009). "Parkinson's disease patient-derived induced 

pluripotent stem cells free of viral reprogramming factors." Cell 136(5): 964-977. 

Stadtfeld, M., N. Maherali, et al. (2008). "Defining molecular cornerstones during fibroblast 

to iPS cell reprogramming in mouse." Cell Stem Cell 2(3): 230-240. 

Takahashi, K., K. Tanabe, et al. (2007). "Induction of pluripotent stem cells from adult 

human fibroblasts by defined factors." Cell 131(5): 861-872. 

Takahashi, K. and S. Yamanaka (2006). "Induction of pluripotent stem cells from mouse 

embryonic and adult fibroblast cultures by defined factors." Cell 126(4): 663-676. 

Taura, D., M. Noguchi, et al. (2009). "Adipogenic differentiation of human induced 

pluripotent stem cells: comparison with that of human embryonic stem cells." FEBS 

Lett 583(6): 1029-1033. 

Thomson, J. A., J. Itskovitz-Eldor, et al. (1998). "Embryonic stem cell lines derived from 

human blastocysts." Science 282(5391): 1145-1147. 



 

28 

Thorogood, P., J. Bee, et al. (1986). "Transient expression of collagen type II at 

epitheliomesenchymal interfaces during morphogenesis of the cartilaginous 

neurocranium." Dev Biol 116(2): 497-509. 

von der Mark, K., V. Gauss, et al. (1977). "Relationship between cell shape and type of 

collagen synthesised as chondrocytes lose their cartilage phenotype in culture." 

Nature 267(5611): 531-532. 

Wang, D. W., B. Fermor, et al. (2005). "Influence of oxygen on the proliferation and 

metabolism of adipose derived adult stem cells." J Cell Physiol 204(1): 184-191. 

Warren, L., P. D. Manos, et al. (2010). "Highly efficient reprogramming to pluripotency and 

directed differentiation of human cells with synthetic modified mRNA." Cell Stem 

Cell 7(5): 618-630. 

Watt, F. M. (1988). "Effect of seeding density on stability of the differentiated phenotype of 

pig articular chondrocytes in culture." J Cell Sci 89 ( Pt 3): 373-378. 

Watt, F. M. (1988). "Effect of seeding density on stability of the differentiated phenotype of 

pig articular chondrocytes in culture." J Cell Sci 89 ( Pt 3): 373-378. 

Wernig, M., A. Meissner, et al. (2007). "In vitro reprogramming of fibroblasts into a 

pluripotent ES-cell-like state." Nature 448(7151): 318-324. 

Wernig, M., J. P. Zhao, et al. (2008). "Neurons derived from reprogrammed fibroblasts 

functionally integrate into the fetal brain and improve symptoms of rats with 

Parkinson's disease." Proc Natl Acad Sci U S A 105(15): 5856-5861. 

Woltjen, K., I. P. Michael, et al. (2009). "piggyBac transposition reprograms fibroblasts to 

induced pluripotent stem cells." Nature 458(7239): 766-770. 



 

29 

Yu, J., M. A. Vodyanik, et al. (2007). "Induced pluripotent stem cell lines derived from 

human somatic cells." Science 318(5858): 1917-1920. 

Zhang, J., G. F. Wilson, et al. (2009). "Functional cardiomyocytes derived from human 

induced pluripotent stem cells." Circ Res 104(4): e30-41. 

Zhang, S. C., M. Wernig, et al. (2001). "In vitro differentiation of transplantable neural 

precursors from human embryonic stem cells." Nat Biotechnol 19(12): 1129-1133. 

Zhao, T., Z. N. Zhang, et al. (2011). "Immunogenicity of induced pluripotent stem cells." 

Nature 474(7350): 212-215. 

Zhu, F. F., P. B. Zhang, et al. (2011). "Generation of pancreatic insulin-producing cells from 

rhesus monkey induced pluripotent stem cells." Diabetologia 54(9): 2325-2336. 

Zuscik, M. J., M. J. Hilton, et al. (2008). "Regulation of chondrogenesis and chondrocyte 

differentiation by stress." J Clin Invest 118(2): 429-438. 

 

  



 

30 

CHAPTER 2 

Growth requirements and chromosomal instability of induced pluripotent stem cells 

(iPSC) generated from adult canine fibroblasts 

 

Sehwon Koh, Rachael Thomas, Shengdar Tsai, Steve Bischoff, Ji-Hey Lim, Matthew Breen, 

Natasha J. Olby, and Jorge A. Piedrahita. Stem Cells and Development. March 15, 2013, 

22(6): 951-963. doi:10.1089/scd.2012.0393. 

Published in Volume: 22 Issue 6: February 28, 2013 

Online Ahead of Print: November 28, 2012 

  



 

31 

 



 

32 

 



 

33 

 



 

34 

 



 

35 

  



 

36 

 



 

37 

  



 

38 

  



 

39 

 



 

40 

  


