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Abstract: 

Mseleni joint disease (MJD) is an unusual crippling osteoarthropathy that occurs in significant numbers 

of the indigenous population in a remote rural region of Northern KwaZulu Natal, South Africa. The 

most affected joints are the hip, and early developmental abnormalities lead to secondary 

osteoarthropathy. Autoradiographs show irregularities and fragmentation of the joint epiphyses in 

the early stage of MJD. Over time, erosion of the articular cartilage leads to fibrillation and flaking that 

ultimately exposes the bone. Despite extensive epidemiological, anthropological and genetic 

investigations, and studies on the local environment, diet and mineral deficiencies, the cause of MJD 

is still unknown. 

 

The present study is built on the hypothesis that there are abnormalities in early joint cartilage and 

bone development, leading to functional abnormalities, which over time result in early onset arthritis. 

The aim of the present study is to create an in vitro model of embryonic cartilage and bone to 

determine whether there are intrinsic disturbances in the early differentiation of these tissues. 

 

This study is part of a collaboration with Prof V. Gibbon (HREC: 822/2015). Skin fibroblasts from two 

MJD patients, one unaffected person from Mseleni and one unaffected non-Mseleni control, were 

reprogrammed into induced pluripotent cells (iPSC) by a collaborator. Pluripotency was confirmed by 

(qRT-PCR) gene expression analysis of the reprogramming genes OCT3/4, NANOG and SOX2 and 

immunocytochemical staining for their proteins. In vitro differentiation into the three germ layers was 

confirmed by ICC. To generate iPSC-derived mesenchymal stem cells (iMSC) from the iPSCs, two 

differentiation protocols were tested: one with low glucose medium and one with standard glucose 

medium. Changes in the morphology, growth characteristics and expression of relevant CD markers 

were determined. The mesenchymal phenotype was confirmed by the positive qRT-PCR expression of 

CD73, 105 and 90. 

 

Induced MSC from one MJD and one control cell line were differentiated into adipose, bone and 

cartilage tissues. Two specific differentiation media were used for each specific tissue type. The first 

medium included basal medium supplemented with the reagents and chemicals appropriate for the 

particular tissue type (adipose, bone or cartilage). The second medium was the commercially available 

StemPro™ differentiation medium specific for either adipogenesis or osteogenesis or chondrogenesis. 

 

The trilineage differentiation was monitored by qRT-PCR and tissue specific stains. Oil Red O staining 

revealed differentiation into adipose phenotype. Alizarin Red staining and qRT-PCR for Osteocalcin 
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and Alkaline Phosphatase confirmed the presence of bone tissues in cells cultured in both media types. 

For chondrogenic differentiation, cells were grown as micro-masses which were harvested and stained 

with toluidine blue. Only the experiments using the commercial StemPro™ kit were positive for 

chondrogenesis. 

 

To determine what type of cartilage had been produced (articular or endochondral hypertrophic) in 

these experiments, chondrogenic micromasses were removed for gene expression analysis at various 

intervals over a 21-day period. qRT-PCR analyses revealed the presence of both COL2A1 and COL10A1, 

gene markers typical of hypertrophic cartilage. 

 

In conclusion, the results of this study indicate that both the MJD and control iMSC cell lines were able 

to differentiate along adipogenic, chondrogenic and osteogenic pathways. The chondrogenic cells had 

differentiated into hypertrophic endochondral cartilage. A different culture approach would be 

needed to develop a protocol for differentiation into an articular cartilage phenotype which would, in 

turn, facilitate a further study for potential intrinsic disturbances underlying MJD. 

 

[546 words] 
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Chapter 1: Introduction  

1.1 Background.   

Mseleni Joint disease (MJD) is an unusual bilateral crippling osteoarthropathy. It is rare in the world 

but occurs in large numbers in the indigenous people in a remote rural region of Northern KwaZulu 

Natal, South Africa (Du Toit, 1979; see Figure 1.1). It causes serious disabilities at different stages of 

life. When first described by Du Toit, 1979 it was first reported that in young adults, approximately 

11% of men and 39% of women are seriously disabled (Du Toit 1979).  Some patients with MJD also 

manifest a form of dwarfism with characteristics of brachydactyly and shortened long bones (Du Toit 

1979; Lockitch et al. 1973; Lockitch, Fellingham, and Elphinstone 1973). 
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Figure 1.1. (A) Map of Maputaland in South Africa, showing prevalence rates of MJD per district. [Data from 

Yach and Botha (1981)]. (B) Visit of the University of Cape Town, Department of Human Biology, to the 

Mseleni Hospital. Dr Elizabeth Dinkele on the right in the right-hand side photo. 
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In one of the first reports, (Lockitch et al. 1973), along with the Division of Medical Statistics and 

Epidemiology of the National Research Institute for Nutritional Diseases, observed that individuals 

affected by MJD initially experienced pain in their hip and knee joints. The affected individuals, 

primarily in their early twenties, experienced increasing pain intensity and joint stiffness. As the 

disease progressed, they later needed a walking stick to help them move around. Originally, MJD was 

thought to impact only hip and knee joints, but subsequent studies by Fellingham, Elphinstone and 

Wittmann, (1973) revealed that it also affected other synovial joints. It primarily affected the hip joint, 

with evidence of epiphyseal dysplasia in some people (Lockitch, Fellingham, and Elphinstone 1973). 

They did a prevalence/epidemiological study and interviewed people in and around in the Mseleni 

region to identify patterns of MJD susceptibility. Their findings revealed that the prevalence of MJD 

was higher among females than males, particularly in the age range of 11 to 20 years. They postulated 

that this uneven distribution was possibly due to the difficulty in getting accurate measurements 

because of male migration from the region in search of employment at that time. An alternative 

hypothesis was the fact that men typically have a less active lifestyle compared to women, who often 

engaged in tasks such as tilling the soil, fetching water, and managing household activities which could 

exert significant strain on joints. A more recent study by Elizabeth Dinkele, (PhD thesis, 2024) supports 

a higher prevalence in females than in males but indicates a later age of onset, over 35 years of age, 

than previously reported.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Typical deformities of individuals with Mseleni joint disease of normal stature and with dwarfism. 

(Viljoen et al. 1993) 
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1.1.1 Pathology: 

In order to investigate the cause of this condition, various clinical studies and images were conducted 

(Lockitch, Fellingham, and Elphinstone 1973). MJD only affects synovial joints but most severely the 

hip. Clinical examination revealed a narrowing of the joint space, with osteoarthritis, and subarticular 

sclerosis.   

 

Furthermore, autoradiographic findings support the observation that the disease starts at an early 

age, and may also be suggestive of prenatal development, with symptoms emerging when the 

condition becomes severe. X-ray assessments were conducted on all available family members, 

primarily to identify abnormalities in individuals that didn’t present any symptoms. They also 

determined the earliest age of visible abnormalities seen by X-ray, explored the various types or 

patterns of abnormalities within families, and investigated potential inheritance patterns (Lockitch, 

Fellingham, and Elphinstone 1973). 

 

Interestingly, they found that age didn't necessarily correlate directly with how severe the symptoms 

were. For instance, individuals aged 18 and 28 with significant hip and knee abnormalities were 

asymptomatic, while a 12-year-old boy experienced pain in hips, knees, and ankles joints for over a 

year. The youngest child with evident epiphyseal dysplasia in all X-rayed joints was 8 years old. In some 

cases, a mushrooming of the femoral head was seen, correlating to a femoral dysplasia. Spinal X-ray 

studies revealed a range of variations, from minor to moderate vertebral flattening and compression 

to unevenness on the vertebrae surfaces. In one case, a moderate presence of changes related to joint 

arthritis, like bony growths and lumps were detected. Significantly, Du Toit, (1979a) found that of 162 

patients that were examined, 60 % of those with hip disease had bilateral and symmetrical protrusio 

acetabuli (Figure 1.3 B) (Du Toit 1979). Other dysplasias seen include a form of multiple epiphyseal 

dysplasia (Figure 1.3A) (Lockitch, Fellingham, and Elphinstone 1973), polyarticular steoarthritis (Du 

Toit 1979; Sweet, Schnitzler, and Hough 1987). 

 

 

 

 

 

 

 

 

Figure 1.3. A) Coxa vara of MJD, a type of dysplasia epiphyseal (Du Toit 1979). B) Immobile protrusio acetabulae 

of a woman  at 55 years of age (Solomon et al. 1986). 

A A 
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Analysis of femoral head samples taken after hip replacement surgery revealed cartilage 

degeneration, fragmentation, and thinning, with subarticular bone taking over the weight-bearing 

function because of the cartilage damage. Microscopic examinations by pathologists further revealed 

fibrotic changes in the bone marrow, suggesting a low-grade inflammatory process (Du Toit 1979). 

  

In order to search for possible causes for the disease, Schnitzler et al., (1988) carried out an analysis 

of iliac bone biopsies from MJD patients, and the bone mineralisation was measured. They found that 

there was a calcium deficiency and that might be the cause of MJD. There has been no further 

evidence to support this (Schnitzler et al. 1988). 

 

1.1.2 Aetiology  

Despite over 50 years of research, the cause of the disease is still a mystery. Little has been revealed 

from the many studies on the local environment, diet, nutrition, bone mineral deficiencies and 

composition of cooking utensils (Burger et al. 1973; Lubbe, Elphinstone, and Fellingham 1973; Fincham 

1986; Fincham et al. 1986a; Gibbon et al. 2010).  In 2010, Gibbon et al., (2010) conducted a review on 

the MJD research including studies on autoimmune conditions, infectious agents and genetic factors, 

but no single cause has been identified. This suggested that the cause could be both multifactorial 

involving genetic and environmental factors.  

 

In search of the environmental causes, the following factors have been considered. Firstly, the 

confined geographic distribution of MJD could suggest the possibility that some extraneous 

environmental factor might be involved in MJD (Wittmann and Fellingham 1970). Studies on water, 

soil and plants, diet, composition of cooking utensils and nutrition, have yielded little information 

(Burger et al. 1973; Lubbe, Elphinstone, and Fellingham 1973; Fellingham, Elphinstone, and Wittmann 

1973; Fincham 1986; Fincham et al. 1986b; Gibbon et al. 2010). Testing for extractable Nitrogen (N), 

Phosphorus (P), Potassium (K), Calcium (Ca), Copper (Cu), Zinc (Zn), and Boron (B) from the topsoil (0-

25cm) taken from the highly affected MJD region revealed deficiencies in these key elements in the 

Mseleni region's soil (Ceruti, Frey, and Pooley 1999). However, the pattern of deficiencies in these 

elements did not seem to correlate with specific locations of MJD household gardens. 

 

In order to search for the genetic cause of the disease, Solomon et al., (1986) proposed that MJD 

might share a common factor with other arthropathies. For example, he suggested that comparison 

of MJD to Namaqualand Hip Dysplasia, and Beukes Familial Hip Dysplasia, both of which have collagen 

abnormalities, (Agarwal et al. 1997a) might be instructive. This prompted Ballo et al., (1996) to 
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investigate the link between MJD and COL2A1. These authors did not find a link between MJD and 

COL2A1. Furthermore, their familial studies revealed that MJD does not appear to be inherited in a 

simple Mendelian pattern. However, the presence of familial clustering within a specific geographical 

area implied that genetic factors might be involved in the aetiology of MJD. This also suggests the 

possibility for gene-environment interactions, that could be taking place during early development 

(Nurse, Jenkins and Elphinstone, 1974; Agarwal et al., 1997).  

  

Similarly, Handigodu disease in India showed potential similarities to MJD. This is a familial 

osteoarthropathy affecting primarily the hip joint.  In Handigodu disease, which primarily affects the 

hips, environmental factors related to subtropical climate, low animal protein intake, and 

consumption of potentially toxic plant-based substances have been shown to play a role (Du Toit, 

1979; Agarwal et al., 1997). However, Du Toit, (1979) pointed out that the stored groundnuts in 

Mseleni did not show the presence of a fungus toxin that could be causing the disease (Du Toit 1979). 

 

1.2.  The Hip Joint 

Since the hip is the joint most severely affected in MJD patients, and since it seems evident that the 

disease is initiated in foetal life or early postnatal development, it is necessary to have a fuller 

understanding of the morphological and molecular events that occur during early hip embryogenesis 

before the hypothesis in this project can be explained.  

 

1.2.1 Anatomical Structure 

The hip joint is a weight bearing ball and socket joint that is the connection between the legs and the 

torso. It allows for a wide range of movement. It is made up of the epiphysis of the femur (femoral 

head) which articulates with the acetabulum of the pelvis (Figure 1.4). The acetabulum is made up of 

the ilium, ischium and pubis which fuse during early development, forming a cup shaped socket (Figure 

1.4).  

 

 

 

 

 

 

 

 Figure 1.4. The structure of a Hip Joint. Image taken from https://orthoinfo.aaos.org/en/diseases--

conditions/osteoarthritis-of-the-hip/. 

https://orthoinfo.aaos.org/en/diseases--conditions/osteoarthritis-of-the-hip/
https://orthoinfo.aaos.org/en/diseases--conditions/osteoarthritis-of-the-hip/
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Both the acetabulum and femoral epiphysis are lined with articular cartilage which is a highly 

specialized type of hyaline cartilage that has a smooth, lubricated surface that serves to reduce friction 

between the two bones during movement. It is constantly lubricated by lubricin, a glycoprotein, 

secreted by the superficial layer of the articular cartilage. The acetabulum is deepened by a 

fibrocartilage structure, the labrum, which provides stability to the femoral head. Between the 

acetabulum and the femoral head is a synovial cavity filled with synovial fluid, which is produced by 

synoviocytes. The synoviocytes make up the synovial membrane, which lines the inner surface of the 

joint capsule. The synovial fluid contains many different proteins and carbohydrates including 

phospholipids, hyaluronic acid and glycoproteins (reviewed by Salva and Merrill, 2017) and it provides 

lubrication and nourishment of the articular cartilage. The joint and the synovial cavity is enclosed by 

a fibrous capsule that further provides stability to the joint. Ligaments on the outside of the capsule 

also serve to support the joint, and in addition to that, they limit bone and joint movement to 

appropriate moving motions.  

 

1.2.2 The development of the hip joint 

The development of the human pelvis starts at 4 weeks, and this occurs in association with the 

development of the hind limb, along the ventro-lateral region of an embryo. As the limb grows out at 

about 6 weeks, the mesenchymal cells at the future site of the pelvis start to condense forming tight 

cell-cell interactions through mechanisms that include the cell adhesion molecule, N-cadherin. The 

condensation of the ischium, ilium and pubis occurs as the mesenchymal condensation forming the 

femoral head also progresses. The cells that lie between the condensing cells make up the interzone 

of the developing synovial hip joint and they will go on to form components such as the articular 

cartilage, synovial membrane and as well as the capsule.  

 

The role of the interzone cells and how these cells create a functional hip joint with the correct shape 

of the femoral head and acetabulum remains unclear. (This is an important point because in MJD 

patients the hip joint morphological shape is dysplastic-refer to the section 1.4). However, some 

insight can be found in the reciprocal interaction between cells of the femoral head and acetabulum. 

Although studies on hip joint development have received less attention compared to other synovial 

joints (e.g. knee), there has been recent progress, particularly on the joint progenitor cells, their 

diversity and the signalling factors that play a critical role in the interaction between the acetabulum 

and the femoral head during early development (see review by Pacifici, Decker and Koyama, 2018). 

Some valuable experimental findings using mice and chick will be described here (Figure 1.5). 
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As can be seen in Figure 1.5 A, there are a number of cells (coloured red and green in the diagram) 

that are the progenitor cells in the joint. Holder, (1977) was among the first to investigate the fate of 

the interzone cells and thus deduce their function. They removed the interzone tissue of chick 

embryos at stages 24 and 25 through micro-dissection and this resulted in no joint development. 

Instead, the cartilaginous bones remained fused. The deduction was that the cells in the distal 

epiphyseal region were responsible for creating the space between the two developing bones, and 

thus the ultimate joint articulation. More recently, using the method of genetic cell lineage tracing, 

Pacifici, Decker and Koyama, (2018) conducted studies to understand the contributions to and 

relationships between cells of the lateral mesoderm plate during mouse hip joint development. They 

noted that in E12.5-E13 mouse embryos, the area where the future femoral head would form was 

surrounded by a group of mesenchymal progenitor cells (Figure 1.5 A). These mesenchymal progenitor 

cells together with some cells in the femoral head all expressed Sox9 and a subpopulation of these 

cells also express Gdf5. In the postnatal stage, the cartilaginous ilium took on an elongated shape.  
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 Figure 1.5. Schematic model summarizing and comparing major features and players in hip and knee joint 

development and growth. (A) At mid-gestation stages around approximately E13.0, the developing hip joint 

is characterized by the following: a prominent Gdf5/Sox9- expressing interzone-like mesenchymal cell 

population (green-coloured cells) surrounding the nascent femoral head (fh); and a population of Sox9-

expressing progenitor cells (red-coloured cells) located in closer proximity to the ilium cartilaginous 

primordium (blue-coloured cells). (B) During postnatal stages, Gdf5/Sox9 lineage cells (green) would give rise 

to the entire femoral articular cartilage, teres, labrum (la) synovial lining, and inner capsule, while they would 

produce only articular cartilage located around the peripheral half of acetabulum. The tissues located in the 

central portion of acetabular fossa- and possibly including fat pad and accessory components - would 

originate from Sox9 lineage cells (red). (C) In the incipient embryonic knee joints starting around E11.0, 

Gdf5/Sox9-expressing cells would constitute the interzone and associated population (green-coloured cells), 

while additional Sox9-expressing cells (red-coloured cells) would be induced in, and recruited from, the 

immediate surroundings. The formation, functioning, fate, and roles of these cells would be dictated by an 

array of critical signalling proteins and transcription factors, including Noggin, b-catenin, Wnt4/Wnt9a, 

Tgfbr2, and TAK1 in addition to important others such as Gdf5, Gdf6, BMPs, Erg, and c-Jun (see text for 

details). (D) During postnatal development and growth, those progenitor populations would give rise to all 

the tissues present on the opposing femoral and tibial sides of knee joints, including articular cartilage, intra-

joint ligaments, synovial lining, and inner portions of capsule and meniscus. Taken directly from (Pacifici, 

Decker and Koyama, 2018). 
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At E13.5, as the hip joint grows significantly, the Gdf5 expressing mesenchymal cells become tightly 

packed and connected to the femoral head. In contrast, the cells projecting towards the developing 

pelvis exhibit a more diverse shape, indicating the start of cavitation. Cells from this region go on to 

form other components of the joint, including the labrum, ligaments and the synovial lining. The Gdf5 

positive cells in the femoral head remain densely packed (a process necessary to trigger cartilage 

formation) during the development of the articular cartilage.  

 

Studies in normal hip development and developmental dysplasias in humans are largely based in 

imaging techniques including ultrasound, radiographs and X-rays. As with the mouse, the hip arises 

from a collection of flattened, condensed mesenchymal cells located at future hip sites. The 

acetabulum begins to form at about 6 weeks of gestation as a shallow depression to the femoral head.  

The normal growth and deepening of the hip rely in reciprocal interactions between the femoral head 

and the acetabulum. The pressure generated from this interaction inhibits appositional growth and 

ensure joint congruence. The acetabulum and the femoral head continue to shape each other and 

create the synovial space through appositional growth. The femoral head plays a significant role in 

determining the shape and geometry of the acetabulum (Harrison 1961; Chijimatsu and Saito 2019). 

By 11 weeks, all parts of the hip joint are visible. The presence and the correct shape of the femur 

head, including the articular cartilage is critical as any abnormalities in them could result in early 

abnormalities that later lead to early arthritis and seen in MJD. After birth, the growth of the hip joint 

continues to be a complex process. The acetabulum grows bigger because the triradiate cartilage 

contributes about 70% of its enlargement. This triradiate cartilage allows the acetabulum to become 

wider, in order to fit the growing femoral head. In addition to this, growth plates extend beneath the 

articular surface of each pelvic bone [(For reviews, see Decker et al., 2017; Barrera et al., 2019)]. 

 

The development of the femoral head is even more complicated. There are different stages in its 

growth, and the two essential features are the continuous cartilage along the neck and the path of 

the blood vessels inside the hip joint. All of these processes work together to form a fully functional 

hip joint that allows us to move and walk properly. 

 

1.2.3 Articular cartilage 

The epiphyseal end of the femoral head, which articulates with the acetabulum of the pelvic bone, is 

covered by a highly specialised articular cartilage and is made up of specifically arranged collagen type 

II and aggrecans to provide resilience during movement (See Figure 1.6). It is made up of only one cell 

type, the chondrocyte, which makes up about 10% of the tissue (Amin et al. 2009). The chondrocytes 
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that make up this tissue have a different origin compared to the transient chondrocytes that form the 

long bone, as mentioned above (Pacifici et al. 2006). Articular chondrocytes are fully differentiated 

cells responsible for the turnover of the various ECM components including type II, IX and X collagen 

fibres, proteoglycans, glycoproteins, and non-collagenous proteins. Sulphated glycosaminoglycan 

molecules provide resistance to compressive forces. Nutrients and oxygen are supplied to the articular 

cartilage through the heavily vascularised perichondrium. The articular cartilage is 2 to 4 mm thick and 

is divided into 3 layers: 

• Layer 1 is the outermost superficial zone. It is a thin layer in contact with the synovial fluid. 

The arrangement and number of chondrocytes present in this layer protect the articular cartilage (AC) 

from shear stress. The glycosaminoglycan secretions, hyaluronan and lubricin (Seror et al. 2015; Salva 

and Merrill 2017) contribute to the lubrication and protection of the articular cartilage. 

• Layer 2 is a middle transitional zone that consists of a high concentration of aggrecan that 

attracts water and makes the overall structure suitable for shock absorption. 

• Layer 3 is an innermost deep zone that has a defined structural arrangement of chondrocytes 

relative to collagen fibres. This feature together with the high deposition of proteoglycans provides 

the articular cartilage with resistance to compressive forces and mechanical pressures (Fox, Bedi, and 

Rodeo 2009). The calcified region of the deep zone merges the articular cartilage to the underlying 

bone, giving the structure a stable and gradual transition to the mechanical stiffness of bone (Poole 

1997).                          

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6 (A) The histo-morphology of articular cartilage. Image taken from Ulrich-Vinther et al., (2003) 

and  (B) molecular components of the cartilage stroma 

(https://www.sciencedirect.com/topics/engineering/articular-chondrocytes) 
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1.3 Understanding the molecular pathways involved in chondrogenesis and osteogenesis 

Chondrogenesis and osteogenesis occur through a series of events regulated by key signalling 

molecules and transcription factors during development and differentiation of mesenchymal cells into 

cartilage and bone. These include SRY (sex determining region Y)-box 9 (SOX9), growth factors such as 

Wnt/b- Catenin, fibroblast growth factors (FGF), hypoxia-inducible factor 1-alpha (HiF1alpha) and 

structural proteins including aggrecan and collagen types II, 1X, X and XI. Qualitative or quantitative 

changes may occur in the expression and levels of these molecules and/or genes that render the 

resulting cartilage and/or bone vulnerable to subsequent degeneration (reviewed by (Li and Dong 

2016)). 

 

1.3.1 In chondrogenesis 

SOX9 is a master regulator of chondrocyte differentiation, playing an important role in both the 

development and maturation of cartilage (Li and Dong 2016). It is expressed by the mesenchymal 

progenitor cells (Wright et al. 1995) and by mature healthy chondrocytes in the body and in articular 

cartilage (Lefebvre and Dvir-Ginzberg 2017). During mesenchymal condensation, SOX9 helps direct 

the differentiation of the mesenchymal cells towards a cartilage lineage and in chondrocytes. SOX9 

directly influences transcriptional activity of type II collagen, aggrecan and sulphated proteoglycans, 

thus regulating the structural genes responsible for chondrogenesis [As reviewed by (Marín-Llera, 

Garciadiego-Cázares, and Chimal-Monroy 2019; Lefebvre and Dvir-Ginzberg 2017)]. 

 

Prolonged mechanical stress and inflammation in a joint results in an increase in the release of 

cytokines, aggrecans and collagenases which degrade the core of the aggrecan, ultimately leading to 

impaired articular cartilage (Roughley and Mort 2014). Sox9 also regulates Type II collagen, along with 

proteoglycans, which plays an important role in maintaining the structure and strength of cartilage 

(Mayne 1989). Collagen type II, alpha 1 is encoded by the type II procollagen gene (COL2A1). 

Mutations in the COL2A1 gene have been associated with premature osteoarthritis and variant forms 

of spondyloepiphyseal dysplasia, a rare genetic disorder that results in abnormal growth and 

development of spine and limb bones in children and adults (Bonafe et al. 2015).  

 

The minor collagens, including types IX, X and XI, are less abundant molecular components of articular 

cartilage. They play essential roles in maintaining the mechanical properties, organization, and shape 

of AC and have been associated with degenerative joint disease. Type IX collagen turnover by 

proteases is an early event in degenerative joint disease (Mayne 1989) and a COL9A1 gene mutation 

has been found in a patient with multiple epiphyseal dysplasia (Czarny-Ratajczak et al. 2001). Type X 
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collagen is expressed in human osteoarthritic cartilage but not in healthy articular cartilage (Brew et 

al. 2010). The upregulation of the COL10A1  gene is associated with hypertrophic chondrocytes and 

endochondral ossification (Q. Zheng et al. 2003). COL10A1 gene mutations have been detected in a 

human cartilage disorder accompanied by short stature (Kuivaniemi, Tromp, and Prockop 1997). Type 

XI collagen is thought to play a role in regulating articular cartilage formation (Xu et al. 2008) and 

COL11A1 gene has been associated with developmental dysplasia of the hip and secondary 

osteoarthritis (Jacobsen et al. 2024). 

 

1.3.2 In osteogenesis 

In addition to its role in chondrogenesis, SOX9 also plays a vital role in endochondral ossification 

through the activation and expression of Runt-related transcription factor 2 (RUNX2). RUNX2 is 

expressed in pre-hypertrophic and early hypertrophic chondrocytes found in the perichondrium of 

cartilage. It has been found to regulate molecules that promote hypertrophic differentiation in 

chondrocytes and include protein such as matrix metalloproteinase 13 (MMP13) (Selvamurugan et al. 

2000; Takeda et al. 2001), Indian hedgehog (IHH) (Yoshida et al. 2004), COL10A1 (Drissi et al. 2003) 

and Vascular Endothelial Growth Factor A (VEGFA) (Zelzer et al. 2001). When RUNX2 is activated, it 

inhibits SOX 9 expression(G. Zhou et al. 2006), thereby, downregulating the production of aggrecan 

and collagen type II and chondrogenesis. Other factors that promote chondrocyte hypertrophy 

towards bone formation and mineralisation are myocyte enhancer factor 2 (MEF2), osterix (OSX) and 

osteocalcin (OCN) which are produced by osteoblasts (Arnold et al. 2007; Patti et al. 2013). COL10A1 

is expressed in chondrocytes that will become hypertrophic: that is, chondrocytes that play a role in 

endochondral ossification. COL10A1 is therefore not expressed in articular cartilage. 

 

1.4 Several separate skeletal joint disorders related to MJD 

1.4.1 Protrusio Acetabulae 

This condition was originally recognised and described by Otto in 1824 who called it an Otto pelvis 

(Pomeranz 2007). He described this abnormality as a "non-traumatic, chronic progressive arthritis of 

the hip joint, characterized by intrapelvic protrusion of the acetabulum and head of the femur." He 

characterized specific deformities in the pelvic region, especially involving the femoral heads and 

acetabula. The affected pelvis is normal in size and build but with deeper insertion of femoral heads 

into the acetabular. Later investigations further classified the condition, distinguishing between cases 

with underlying diseases or conditions (secondary) and those without (primary). The secondary 

protrusion can be caused by various factors like infection, trauma, metabolic, neoplastic, and genetic 

diseases while the primary protrusio typically manifests bilaterally and is more common in females 
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(Gilmour 1936; Alexander 1965). The consequence of acetabular Protrusio is secondary osteoarthritis 

(OA): Even minimal primary protrusio causes the femoral head to gradually migrate medially just like 

in MJD (Du Toit, 1979). 

 

Based on his studies on MJD patients, Du Toit, (1979) proposed a developmental cause for primary 

protrusion. He raised the question of whether the degree of calcium depletion during pregnancy and 

lactation could be related to the development of osteomalacic protrusio acetabuli. Similarly, Solomon 

et al., 1986) further discussed the pathogenesis of protrusio acetabuli in MJD affected individuals to 

be related to nutritional deficiency and metabolism. However, he noted that the absence of similar 

symptoms in other bones of patients presenting with protrusio acetabuli does not support this theory. 

While comparing the pelvis of 92 people, (79 women and 13 men) he reported that the observed 

depression of the acetabular floor  might result from mechanical stress during puberty, especially 

when children in rural communities are known and proven to participate in doing heavy duty 

household chores like carrying water, firewood and other heavy loads.  

 

1.4.2 Multiple epiphyseal dysplasia 

As discussed by Lockitch, Fellingham and Elphinstone, (1973), the term "multiple epiphyseal dysplasia" 

was introduced by Fairbank, and since then, extensive literature on epiphyseal dysplasia has emerged. 

Clinically, it presents in early childhood. Pain in the hips and / or in knees after exercise are usually 

first affected, followed by waddling gait (Briggs, Wright, and Geert 2019). The affected adults are 

usually short in height,  and as they get older, the progression of pain and joint deformity increases, 

which results in early-onset osteoarthritis, particularly in the hip and knee joints (Briggs, Wright, and 

Geert 2019).  

 

1.4.3 Dwarfism 

Researchers have also suggested that both MJD and brachydactylous dwarfism are different variants 

of the same condition, with dwarfism representing an extreme form of MJD (Viljoen et al. 1993). 

Homozygosity for the putative determinant gene would have been an obvious explanation, however, 

parents were unaffected or at least one parent would have been affected with the condition (Agarwal 

et al. 1997b). 

 

1.5 Embryonic Stem (ES) Cells and induced Pluripotent Stem (iPS) Cells 

Pluripotent stem cells are cells with the ability to develop into all tissues of an organism originating 

from the three embryonic germ layers, the ectoderm, endoderm, and mesoderm (Figure 1.7). 
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Pluripotent cells are usually found in the inner cell mass of a mammalian blastocyst. In 1988, Thomson 

and colleagues were the first to successfully isolate and culture human embryonic stem cells from 

human blastocysts. The cells had a normal karyotype with high levels of telomerase activity and 

displayed the stage-specific cell surface markers including embryonic antigens 3, 4, Tra-1-60, Tra-1-81 

and alkaline phosphatase. These cells were successfully differentiated into tissues of the three 

embryonic germ layers: ectoderm, endoderm, and mesoderm (Thomson 1998).  This led to a world-

wide surge in the study of ES cells. However, despite the evident use of these cells and cell lines to 

study development and disease processes, the ethical issues related to the harvesting of cells from 

human embryos was very controversial and challenging, and furthermore, patient specific stem cells 

could not easily be obtained (Y. L. Zheng 2016). 

 

 

 

 

 

 

 

 

 

 

 

 

 

It was therefore with great excitement that the generation of mouse induced pluripotent stem cells 

(iPSCs) was carried announced by Takahashi and Yamanaka, in 2006. They had been searching for and 

testing many embryonic transcription factor genes for the ability to turn adult differentiated cells into 

pluripotent stem cells. They finally found that the combination of four key transfection factors, POU 

domain class 5 transcription factor 1 (Oct3/4), SRY-box containing gene 2 (Sox2), Kruppel-like factor 4 

(Klf4), and myelocytomatosis oncogene (c-myc), (OSKM) were able to reprogramme mouse fibroblasts 

into a pluripotent state, as determined by their ability to differentiation along all three germ line 

lineages. They then used the same four key transcription factors to generate human iPSCs from human 

dermal fibroblasts (Takahashi et al. 2007). The resulting iPSC cells were reported to be similar to ES 

cells by morphology, gene expression and their ability to differentiate into three germ layers 

(Takahashi and Yamanaka 2006; Takahashi et al. 2007). This discovery earned Yamanaka the Nobel 

Figure 1.7. Pluripotent stem cell (PSC)–derived organoids use induced PSCs derived from cells such as 

reprogrammed skin fibroblasts or embryonic stem cells (ESCs), and these are then differentiated toward 

each of the three germ layers (endoderm, mesoderm, and ectoderm). Specific differentiation protocols are 

used to obtain the tissue of interest, such as intestine, kidney, and brain. Adaptation of (Schutgens and 

Clevers 2020) 
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Prize in 2012 and has since been used by many groups across the world in advancing and 

understanding regenerative medicine and disease modelling (see(Cerneckis, Cai and Shi, (2024) for 

review). The reprogramming genes have come to be called “Yamanaka Factors”.  

 

Since the development of human iPSCs, modifications to the delivery of the Yamanaka factors have 

been developed, including the use of integrating or non-integrating viral vectors. Lentiviral and 

retroviral vectors integrate with the host genome and this can cause an instability of the genome, 

which could lead to changes in the genetic organization as a result of gene silencing or fusion with 

endogenous genes (Mitalipov and Wolf 2015). It has also been shown for example, that genome 

instability caused tumour formation in mice that were injected with iPSCs (Pasi et al. 2011). In contrast, 

Sendai viruses do not integrate into the host genome. Expression of the reprogramming factors from 

the viral genome results in the activation of embryonic stem cell genes while switching off the 

expression of the somatic (differentiation) genes (Wen et al. 2016). Somatic cells have now also been 

shown to be reprogrammed into iPSC without the Yamanaka factors, including for example, the use 

of a combination of miRNAs (Anokye-Danso et al. 2011; Miyoshi et al. 2011), the use of small 

molecules (J. Kim, Koo, and Knoblich 2020), or transcription factors combined with small molecules 

(See (Cerneckis, Cai, and Shi 2024) for updates on direct and indirect approaches for iPSC 

reprogramming; and (Y. Kim, Kim, and Shin 2023) on the development and advance on blastoids 

formation and synthetic embryos)). 

 

1.5.1 The use of iPS Cells 

The use of induced pluripotent cells (iPSCs) has enabled many scientists to use patient specific cells to 

model aspects of specific diseases or conditions. They can be differentiated into specific lineages to 

study and trace different developmental stages and tissue formation, enabling one to investigate the 

relationship between cellular events and disease aetiology at molecular, cellular and tissues levels. 

They have also provided powerful platforms for drug development and novel treatments. The progress 

made in iPSCs has paved the way for personalised medicine and provided a deeper understanding of 

a number of complex events associated with progress. Methods for the derivation and study of iPSCs 

are continually being modified, with the aim of providing a consistent supply of high-quality and 

consistent iPSCs. These cells can proliferate and generate patient specific cells, which then reduces 

ethical constraints which would arise by using human embryonic stem cells (Castro-Viñuelas et al. 

2018; Cerneckis, Cai, and Shi 2024).  
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One of the most valuable applications of iPSCs is disease modelling because somatic cells can be 

obtained from individuals affected by a condition, turned into iPS cells, then differentiated in vitro into 

the particular cell lineage of interest.  In one of the earliest examples, brain organoid differentiation 

helped reveal some of the transcriptional and epigenetic regulators that controlled brain development 

(Camp et al. 2015). The first clinical trial using human iPSCs was the transplantation of iPSC-derived 

retinal pigment epithelial cells to treat macular degeneration in 2014 (Kimbrel and Lanza 2015). Even 

though the research was stopped because of tumour formation in the second patient, the results 

obtained from the first patient, who had improved vision because of the transplant, supported the 

progress of iPSC research.  

 

The use of iPS cells has been further advanced by the creating of tissue “organoids” which can be 

made up of different tissues/cell types and could possibly help mimic the complexity of human tissues 

and aspects of early human development. For example, organoids were used to study the effect Zika 

virus (ZIKV) in pregnant women and how it caused microcephaly in infants (Qian et al. 2016). The 

researchers formed 3D brain organoids from iPSC’s, exposed these organoids to ZIKV and observed 

the virus infect not only the newly formed neurons but also the neural stem cells. This led to a decrease 

in the number and volume of the neurons formed and layered in the cortex of the brain resulting in 

microcephaly in babies.  

 

Early studies on human embryonic stem cells (ESCs) cultured in vitro, reported the formation of 

teratomas containing skeletal elements (Thomson, 1998). Between 1998 and 2015, key developments 

toward the generation of endochondral cartilage and bone included the use of mouse and human 

models from ESCs and later from iPSCs through mesenchymal intermediates (reviewed by (Humphreys 

et al., 2022)). These were important steps that contributed towards the understanding of stem cell 

differentiation. Notably, Craft et al., (2015) carried out studies that was aimed at generating articular 

chondrocytes from human iPSCs by first deriving the paraxial mesoderm lineage through embryoid 

body formation and supplementing the cultures with FGF and TGFβ3, following the protocol 

summarized in Figure 1.8. High density micromasses formed on the culture dishes had low expression 

of markers typical for endochondral bone such as, RUNX2, alkaline phosphatase and COL10A1. These 

micromasses did, however, express the normal cartilage markers (COL2A1 and ACAN). This result gives 

great promise in advancing the production of articular cartilage. 
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In an advance on joint “organoid” development in vitro, Limraksasin et al., (2020) took the view that 

since synovial joint structures involve the concurrent development and differentiation of the cartilage 

and bone components it should be possible to develop a three-dimensional (3D) organoid in vitro. 

They therefore carried out a series of experiments developing a method for creating 3D hybrid bone 

and cartilage spheres using mouse iPSCs. They seeded the iPSCs into ultra-low-attachment 24-well 

micro-space cell culture plates with U-shaped-bottoms. The micromasses were cultured in a shaker in 

medium that contained trans-retinoic acid to induce mesenchymal precursor cells. After a few days, 

they replaced the medium with osteogenic medium containing β -glycerophosphate, ascorbate-2-

phosphate. After 22 days, the medium was changed to osteochondral medium with TGFβ3. Following 

this process, they managed to obtain spheres that highly expressed chondrogenic markers (Sox9, 

Col2a1, aggrecan, and Ncam), as well as osteogenic markers Col1a1 and Osx (Limraksasin et al. 2020). 

 

Recently, Pothiawala et al., (2022) differentiated human iPSCs using chemically defined medium to 

generate embryoid bodies. From these cultures, they selected for SOX9-/low /GDF5+ cells and formed 

3D pellets which expressed gene markers of stable chondrocytes, possibly resembling those of 

articular cartilage or even intervertebral disk cartilage. 

 

 

 

 

Figure 1.8. Generation of paraxial mesoderm and chondrocyte progenitors from hPSCs. Schematic 

representation of the protocol used for chondrogenic differentiation of hPSCs. The protocol consists of four 

stages: (1) induction of a primitive streak-like mesoderm population from days 1–4 as embryoid bodies; (2) 

specification to a paraxial mesoderm fate in monolayer culture by treatment with DM, days 4–6 and bFGF, 

days 4–15; (3) generation of chondrocyte progenitors in a high-density micromass culture in the presence 

of TGFβ3; and (4) specification to the articular chondrocyte or hypertrophic chondrocyte fate. (Craft et al., 

2015) 
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1.5.2 Modelling human development and diseases with iPSC derived cells. 

1.5.2.1 Research question and approach 

In this study we employed the disease modelling approach using iPSCs to investigate molecular 

signatures in cartilage development using cells obtained from people from the Mseleni region who 

were affected with the MJD condition. Specifically, it is hypothesized that the joint abnormalities in 

MJD arise from a disturbance of either cellular proliferation or differentiation processes during 

articular cartilage pre- or postnatal development. Abnormalities in cartilage formation and/or 

homeostasis may influence the joint surface and influence the growth of long bones and thus, link to 

dwarfism and joint pathology.  

 

1.5.2.2 The broad OBJECTIVE of the present study 

As described, MJD is an early onset severe arthropathy affecting synovial joints, especially the hip. The 

cause of the disease remains unknown, but early studies have revealed key information about the 

aetiology pathology. In brief it would appear that the relationship between the developing 

acetabulum and proximal femur is disturbed, resulting in conditions similar to protrusio acetabuli and 

other hip dysplasias. These abnormalities start to manifest as hip pathology when  a child starts to 

walk and grows into an adult, this leads to very severe osteoarthritis early in life, particularly in 

females.  

 

Having hypothesized that early embryonic stages are disturbed, the strategy was to look at the tissues 

involved in early embryogenesis. This would include the integrity of mesenchymal cells and their 

ability to differentiate into articular cartilage and bone. The aim of the present study was to create 

iPSCs from patients with MJD and Control subjects and then derive mesenchymal cells from the iPSCs 

and differentiate them into chondrocytes and osteocytes. This project focused on the technical steps 

needed to get to the point where MJD and control subjects can be compared.  

 

The AIM was to generate iPSC-derived chondrogenic organoids from people with MJD disease (normal 

height and dwarfed) and people without MJD disease from the Mseleni region, and to investigate the 

molecular changes that occur during chondrogenic differentiation using iPS cells. 

 

Specific aims: 

NOTE: Prior to the initiation of the present master’s project, the following aims were achieved by 

colleagues.   
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• Aim 1: To obtain skin samples from MJD patients and control samples (achieved by Prof 

Victoria Gibbon) and culture skin fibroblasts from the samples (achieved by Mrs Desiree 

Bowers).    

• Aim 2: To reprogramme iPSCs from the culture fibroblasts (achieved by Dr Janine Scholefield)  

 

NOTE: The following four aims (aims 3 to 6) formed part of the present project.  

• Aim 3: To expand and culture iPSCs from two patients and two control lines and fully 

characterise them using gene expression analysis of pluripotency markers by qRT-PCR, 

expression of pluripotency protein markers using immunocytochemistry and using In vitro 

differentiation to confirm their ability to generate the three germ layers. 

• Aim 4: To derive mesenchymal cells from the iPSCs and characterise their phenotype using 

morphological criteria and qRT-PCR of CD cell surface markers.  

• Aim 5: To determine whether the iMSCs were able to form adipose, bone and cartilage in 

vitro. 

• Aim 6: To determine, using molecular markers, whether there were any differences in 

expression of osteogenic and chondrogenic genes between the patient and the control 

samples.  
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Chapter 2: Materials and Methods  

2.1 Ethics approval  

The current study forms part of a larger study initiated by Professor Victoria Gibbon in the Division of 

Clinical Anatomy & Bio Anthropology, Department of Human Biology, University of Cape Town (UCT). 

The primary study received ethics approval from the (UCT) Faculty of Health Sciences Human Research 

Ethics Committee (HREC) REF HREC: 822/2015, and the current study was approved on 31 October 

2020 (REF HREC: 618\2020) which was annually renewed. 

 

2.2 Cell culture   

All cell culture was performed in a Class II Biosafety Cabinet and the cells were incubated in a 37oC 

water jacketed 5% CO incubator, at 65% humidity, and 95% atmosphere air (ThermoFisher Scientific, 

Waltham, MA, USA). Before and after use, the Bio-Safety cabinet hood was cleaned and wiped with 

70% ethanol, including the plastic consumables and all the other equipment used, such as the EVOS 

XL Core Cell Imaging System Microscope (Life Technologies, USA) which was used to view the cells. A 

lab coat and gloves were always worn inside the tissue culture unit. The cells were stored in liquid 

nitrogen tanks at a temperature of -190OC.  

 

2.2.1 Derivation of human dermal fibroblasts  

Skin biopsies were obtained from the inner thigh of consenting individuals by a clinician under sterile 

conditions. The biopsies were kept at 4oC in tissue culture medium (Dulbecco’s Modified Eagle 

Medium (ThermoFisher Scientific, Waltham, MA, USA) supplemented with 10% heat-inactivated 

foetal bovine serum (FBS) and 100μg/ml Penicillin and 100μg/ml Streptomycin (1% Pen-Strep) until 

they could be transported to the UCT laboratory. The biopsies were processed within 2-3 days by Mrs 

Desiree Bowers in the Department of Cell Biology, using the (Normand and Karasek 1995) method to 

derive and isolate skin fibroblasts. 

 

Briefly, skin biopsies were shredded with scalpel blades and placed between coverslips and 

submerged in medium. Over a period of a 1-2 weeks cellular outgrowths were tracked and the medium 

refreshed. The coverslips were separated into two separate dishes when skin fibroblasts became the 

dominant cell population.  
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2.2.1.1 Passaging cells 

Cells were routinely examined under the EVOS microscope to observe morphology, cell growth, and 

for signs of  bacterial contamination. The culture medium was refreshed every 4 days. The cells were 

passaged into increasing dish sizes by trypsinisation. At 80 – 90 % detachment, pre- warmed culture 

medium was added to the cells at an equal or double volume of Trypsin-EDTA (T/E) added, transferred 

to a 15 ml tube and centrifuged at 1 500 rpm for 5 minutes. The skin fibroblasts were passaged weekly 

and frozen down at passage number 3 (P3). 

 

2.2.1.2 Thawing  

 In order to re-culture frozen cells, a vial of cells was removed from the liquid nitrogen and transported 

to the tissue culture laboratory in  paper towel sprayed with 70% ethanol. The vial was rapidly swirled 

in a 37OC water bath until 70-80% of the contents were thawed. The vial was sprayed with 70% 

ethanol, dried completely, and transferred to the Class II Biosafety Cabinet. The thawed cells were 

transferred dropwise to a 15 ml tube containing 4 ml of pre-warmed complete medium, to dilute the 

toxic effects of the DMSO in the cryopreserving solution.  

 

The cells were centrifuged at 1000 rpm for 5 minutes and the supernatant removed. Complete 

medium, (1 ml), was added and the pellet triturated a few times to get a single cell suspension. The 

cells were seeded into a 10 cm dish (or smaller, depending on the size of the cell pellet) with 9 ml of 

complete medium, evenly distributed and cultured at 37OC. Medium was changed every second or 

third day until the culture dish was 80% confluent.  

 

2.2.1.3 Growth Curves 

To determine cellular proliferation rate of the cells, a growth curve was performed. Fibroblasts (50,000 

cells per well) were seeded in duplicate in a 6 well plate. They were cultured for a period of 7 days, 

and samples removed and counted on days 2, 3, 5 and 7 using a haemocytometer (see Appendix B). 

Cells were trypsinised and the cell pellet resuspended in 1 ml of fresh complete DMEM culture 

medium (DMEM++). The cells were mixed 1:1 with Trypan blue and counted using a haemocytometer. 

Cell counts were plotted on a graph to determine growth patterns. The doubling time of the cells was 

counted using this equation:  PDT = T ln2/ln (Xe/Xb) where T represents the hours of incubation, Xb 

represents the cell number at the start of the incubation time and Xe represents the cell number 

at the end of the incubation time (Aliborzi et al. 2016). 
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2.2.2 Mouse Embryonic Fibroblasts (MEFs). 

The inactivated MEF feeder layers play a vital role in maintaining pluripotency in iPSCs and their quality 

and integrity is critical for maintaining healthy iPSCs. For that reason, utmost care is taken with the 

preparation of the feeder layers and their long-term storage to ensure that the cells are healthy and 

mycoplasma free.  

 

2.2.2.1 Culture of ATCC MEFs 

Mouse embryonic fibroblasts (MEFS) (ATCC SCRC- 1040) at passage 3 were purchased from the 

American Type Culture Collection (ATCC, Rockville, MD, USA) and stored in liquid nitrogen. For 

inactivation, a cryovial of MEFs was thawed as described in section 2.2.1.2. and seeded into 15ml of 

prewarmed MEF medium (DMEM supplemented with 10% FBS, 1% Pen-Strep, 1% GlutaMAX and 0.1% 

2-mercaptoethanol) in a T75 Flask (all plastic consumables were purchased from BioSmart, South 

Africa) and incubated at 37 OC for 7 days. Medium was changed every second or third day until the 

cultures were about 80% confluent. At each medium change the cells were checked under the 

microscope to see if they were healthy, and to look for any signs of bacterial, yeast or fungal infections. 

Once the cultures reached 80% confluency, the cells were passaged and counted as described under 

section 2.2.1.3. With each new passage the cells were seeded at a cell density of 1x 105 cells/cm2. At 

every passage, a few drops of cell suspension were removed to perform a Mycoplasma test to ensure 

that the frozen cells were Mycoplasma free.  

 

2.2.2.2 Preparation of the Feeder layer: Inactivation of MEFs and preparation of frozen stocks 

Inactivation of MEFs 

At passage 6, MEF cultures were allowed to grow to  100% confluency before being treated with 

Mitomycin C derived from Streptomyces caespitosus (MIT C, Sigma, Germany). Culture medium was 

removed, and the cells incubated in MEF medium containing 10μg/ml of MIT C  for 2.5 hours at 37 OC. 

The cells were washed carefully three times with 1x PBS to make sure all the excess MIT C was 

completely removed. Liquid waste was disposed of in biohazard waste containers and contaminated 

plasticware discarded in sealed plastic bags according to UCT regulations. 

 

Freezing inactivated MEFs 

The preparation of inactivated MEF aliquots for freezing down required a team of 3-4 people as it was 

labour intensive and usually took 4-5 hrs to complete. The team identified functions for each member 

including tube labelling, maintaining stocks of reagents and consumables, washing and trypsinising 
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inactivated cells, topping up ice boxes, preparing freezer storage boxes, waste removal and very 

importantly, counting cells and calculating cell densities. 

 

The first step was to label cryovials according to the MEF densities regularly required by the stem cell 

users such as 0.15x 106, 0.3x 106, 1x 106, 2x 106 cells. The number of vials for each density varied at 

each inactivation, depending on the total number of cells inactivated.  

 

Washed Mit C-treated MEFs, (now called inactivated MEFs/ iMEFs), were trypsinised with 

Trypsin/EDTA, inactivated with fresh warm MEF medium and pelleted in 50ml sterile tubes at 1500 

rpm for 5 minutes. The cell pellet was resuspended and triturated in fresh MEF medium then counted 

using a haemocytometer. Working on ice, the cell suspension was mixed with ice cold 2x freeze down 

medium (Appendix A), and the cells frozen down in the different densities in a final concentration of 

20% FBS and 10% DMSO. 

  

2.3 Human Induced Pluripotent Stem Cells (iPSCs) 

2.3.1 Source of iPSCs for this study 

To derive iPSCs, frozen primary fibroblasts were reprogrammed using the Yamanaka four factor 

protocol (Takahashi and Yamanaka 2006). In preparation for stem cells studies including the current 

study, members of the UCT laboratory attempted the reprogramming process for the MJD fibroblasts 

in 2018. Briefly, skin fibroblasts from the patient and control cells were transfected with a replication-

defective and persistent Sendai virus (SeVdp) vector (Miyoshi et al. 2011) containing the Yamanaka 

four factors, POU domain class 5 transcription factor 1 (OCT3/4), SRY-box containing gene 2 (SOX2), 

Kruppel-like factor 4 (KLF4) and Cellular-Myelocytomatosis oncogene (C-MYC) (Takahashi et al. 2007). 

Over a period of 21 to 30 days, emerging iPSC colonies were picked by manual dissection using insulin 

injection needles and transferred to 35mm gelatine-coated dishes pre-seeded with 0.3x106 feeder 

layers. Clones with specific iPSC characteristics were picked, enriched and expanded on feeder layers.  

After three attempts at the UCT laboratory, it was found that the iPSC colonies were fragile and could 

not be passaged successfully. Fibroblasts were therefore sent to Dr Janine Scholefield, a collaborator 

at the CSIR, in Pretoria for reprogramming (MTA Ref 27595) who used the CytoTune™-iPS 2.0 Sendai 

Reprogramming Kit (Invitrogen) to deliver the Yamanaka-four factors. After successfully 

reprogramming the fibroblasts to passage 3 (P3) over a period of 2-3 months they ascertained that 

the Sendai virus had been silenced and that there were no chromosomal abnormalities in the iPSCs 

(Scholefield, personal comm). Frozen iPSCs were transported to the UCT laboratory for the present 

study.  
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2.3.2  Culturing iPSCs on inactivated Feeder Layers: Thawing and Passaging  

Thawing of iPSCs 

In preparation for seeding iPSCs, iMEF feeder layers were plated on gelatin-coated dishes two days in 

advance. Routinely, 35 mm dishes were coated evenly with 1 mL of 0.1% gelatin (Sigma) (Appendix A) 

and incubated at 37°C for 1 hour. The excess gelatin solution was removed, and 1ml of MEF medium 

was added to the dish. A 1ml cell suspension containing 0.15x106 iMEFs in MEF medium was seeded 

as outlined in section 2.2.1.2. The cells were allowed to settle over 48hrs before plating the iPSCs.   

All iPSC grown on iMEFs layers were cultured in human embryonic stem cells culture medium (hESC). 

The hESC complete medium was made up of KnockOut™ DMEM supplemented with 20% KnockOut™ 

Serum Replacement (KOSR), 1% Non-Essential Amino Acid (NEAA), 1% GlutaMax, 1% Pen-Strep, 0.1% 

2-Mercaptoethanol (all products of Gibco and Invitrogen, ThermoFisher) and 10 ng/ml of basic 

Fibroblast Growth Factor (bFGF/FGF-2) (Miltenyi Biotec). 

 

iPSCs were thawed as described in section 2.2.1.3 with minor modifications. The cells were centrifuged 

at 1000 rpm for 5 minutes and the cell pellet gently resuspended in 1ml of hESC culture medium. The 

cell suspension was plated dropwise into two wells of feeder layers in a 80:20 ratio. The hESC medium 

was topped up to a total of 2ml and 10μM of Rho-associated protein kinase (ROCK) inhibitor (Y-27632) 

(Sigma, St Louis, MO) was added to prevent dissociation-induced cell death of iPSC cell. The plate was 

gently rocked to spread the cells evenly over the dish then transferred to the back of the 37 OC 

incubator to avoid disturbances.  

 

After 48 hours in culture, the medium was changed and the cells viewed under the EVOS microscope 

to look for developing colonies. Thereafter, 50% medium changes were performed daily. The iPSCs 

colonies were allowed to form and expand in culture for between 5 and 8 days (a window of growth, 

established in the UCT laboratory) until they became large enough to passage.  

 

Passaging iPSC colonies 

Feeder layers were plated onto newly coated gelatinised wells as mentioned in section 2.3.2 (Thawing 

of iPSCs). On the day of passage, medium on the feeders was replaced with hESC medium two or more 

hours before the iPSC would be transferred to the new well to condition the hESC medium with growth 

factors produced by the iMEFs. The hESC medium on the iPSC plate was refreshed and the colonies 

manually dissected using a 1 ml insulin syringe needle to cut the colony from side to side, forming a 

grid of small patches of similar sizes as shown in figure 2.1. Using a white tip that was attached to a 

scalpel for easy handling, each patch was lifted off the dish by loosening up the edges and gently 
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flicking the patch into the medium. A pipette with a cut/widebore 1ml tip was used to transfer the 

floating patches to the new dish of iMEFs. The number of undifferentiated colonies in a well  

determined how many new wells were needed for the next passage. On average, 10 good colonies 

would be cut into 60-120 patches and transferred to 1-2 new 35mm well of iMEFs. Any additional 

colonies were either frozen down or passaged for a planned experiment. The newly passaged colonies 

were evenly distributed on the iMEF layer ensuring that they did not stick to each other or clump in 

parts of the dish, and the dish placed at the back of the 37 OC incubator. After 48hrs, the medium was 

replaced with fresh hESC medium and over the following 5-8 days 50% medium changes were 

performed daily until the colonies were big enough for another passage or freezing down.  

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.3 Culturing iPSCs on Feeder Free culture 

Passaging iPSC colonies from iMEF feeder layers to feeder free conditions 

The transfer of iPSC from iMEFs to feeder free conditions was done with an intermediate step in which 

iPSCs were first transferred to another dish of iMEFs using EDTA as the method of passaging  instead 

of manual passaging (Beers et al. 2012). Bad or differentiated colonies were first manually removed 

from the iPSC culture plate and only good or undifferentiated colonies were left behind on the iMEF 

feeders. The colonies were loosened with 0.5 mM EDTA. The EDTA was carefully removed and 2ml of 

hESC medium added to suspend the cell clusters. The cell suspension was transferred directly to the 

wells in a 1:1 ratio of a 6 well plate containing  an iMEF feeder layer. 10 μM of ROCK inhibitor was 

added to the medium and the cells evenly distributed. After the first 48 hours, the medium was 

changed completely. Thereafter, for 4 - 5 days, 50% culture medium was replaced daily. Using the 

Figure 2.1. A cut iPSC colony during a passage. Small equal size patches are formed from the grid lines made 

using the 1ml insulin syringe. Image taken by an EVOS microscope at 40x Objective. 
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non-enzymatic EDTA passage method, the cultures became confluent more rapidly than they did with 

manual passaging and were therefore passaged much earlier.  

 

In preparation for feeder free conditions, 1-2 wells of a 6 well plate was coated with Geltrex™ LDEV-

Free, hESC-Qualified, Reduced Growth Factor Basement Membrane Matrix (Geltrex) (Gibco). To 

prepare the Geltrex solution, 1 ml of Geltrex was thawed overnight at 4 OC, then mixed thoroughly 

with 1 ml of cold KODMEM in a 15 ml tube on ice. Care was taken not to introduce bubbles into the 

solution. Aliquots of 100 and 200 μl were stored at -20 OC. To coat the wells, a fresh 100 μl aliquot was 

thawed on ice and mixed with 4.9ml of cold KODMEM. Two wells of a 6 well plate were covered with 

2.5ml each of the Geltrex solution and incubated at 37 OC for an hour. The plate was returned to the 

Biosafety hood, for 1 hour at room temperature. 

 

The culture medium for feeder free cell culture had to be prepared on the day of the passage. Essential 

8™ supplemented medium (E8 medium) (A1517001, Gibco,) was made up by adding 1 ml of 50X E8 

supplement to 49ml of  E8 basal medium and incubated for 2 hours at room temperature before being 

used in an experiment.  

 

The 4–5-day old iPSC cultures were treated with 0.5 mM EDTA and incubated for 5 minutes at 37 OC. 

The EDTA was removed, and 2ml of E8 supplemented medium added to suspend the cell clusters. The  

cell suspension was transferred directly to the two Geltrex - coated wells in a 1:1 ratio, with the 

addition of 10uM ROCK-inhibitor. The cell suspension was distributed evenly in the wells or dishes and 

transferred to the back of the incubator for 48hrs.  

 

The E8 medium was changed completely for the first time after 48 hours and thereafter every day 

until day 4 or 5 when the colonies grew confluent.  

 

Passaging iPSC colonies under feeder-free conditions. 

After 3-5 days in E8 medium, iPSC cultures were ready to be passaged. In preparation for a passage, 

Geltrex coated wells were prepared as described above, section 2.3.3 (Passaging iPSC colonies from a 

feeder layer to feeder free conditions). The iPSC cells were dissociated with 0.5mM EDTA and 

resuspended in E8 supplemented medium. Once all the cells were collected from the well(s), they 

were split equally in a 1:2 or 1:3 ratio in Geltrex-coated wells and E8 supplemented medium. The E8 

medium was changed after 48 hours followed by daily changes until day 4 or 5 when the cultures 

became confluent.  
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2.3.4 Freezing down iPSC colonies  

After day 5, when the colonies were big enough, medium was removed, and the cells were washed 

twice with 1x PBS. iPSC colonies were lifted with 0.5mls TryplE express (Gibco, ThermoFisher) and 

incubated for 5 minutes at 37 OC. Following that, the TrypLE was inactivated by the addition of 4.5 mls 

of 1x PBS. The iPSC cell suspension was then transferred to a 15ml tube for centrifugation at 1 000 

rpm for 5 minutes. While working on ice, the supernatant was removed and the cell pellet 

resuspended in 1 ml of ice cold 1x freeze down medium (30% KODMEM, 60% FBS, 10% DMSO). The 

cell suspension was then transferred to a cryovial and stored at -80 OC for up to one month before 

being transferred to liquid nitrogen for longer storage. (refer to freeze down section in Appendix A). 

 

2.3.5 Characterisation of iPSC to confirm pluripotency 

Pluripotency is typically confirmed through several methods: Immunocytochemistry (ICC) to detect 

reprogramming proteins, In vitro differentiation to show that the cells are able to differentiate into all 

three germ layers and gene expression analysis to confirm the expression of the reprogramming genes 

in the cells. 

 

2.3.5.1 Immunocytochemistry (ICC) 

Immunocytochemistry (ICC) was used to determine the expression and location of pluripotency 

markers in iPSC cells cultured on inactivated MEF feeder cells. It was also used to detect differentiation 

markers of in vitro differentiated samples.  

 

In preparation for ICC, iPSC colonies were cultured on inactivated MEF feeders as described in section 

2.3.2, with the following change: the iMEFs were layered onto 20 mm gelatine-coated coverslips 

before seeding the iPSCs.  

When good colonies formed, they were fixed in 4% paraformaldehyde (PFA) (Sigma, Germany) for 15 

minutes at room temperature. The PFA was removed, and the cells were washed three times with 1x 

PBS, for 5-minute intervals. For nuclear stains (NANOG and OCT3/4, ABCAM) the last PBS wash was 

done using ice cold 1x PBS so not to shock the cells upon the addition of methanol. Ice cold methanol 

was added to the cells to permeabilise the membrane and was incubated for 15 minutes at room 

temperature. The permeabilization step was omitted for cells that were going to be used to detect 

cell membrane bound pluripotent proteins (TRA1-60 conjugated with ALEXA-Fluor 488, MAB4360A4, 

Millipore, Germany). 
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Permeabilized cells were rinsed three times with 1x PBS, at 10-minute intervals then blocked for 1 

hour at room temperature using a blocking buffer made up of 3% Bovine Serum Albumin (BSA) 

solution, 1% Triton X-100 (Sigma, Germany) made in 1x PBS. After blocking, the primary antibody was 

added, and the plates incubated overnight at 4OC. The primary antibody was prepared in the blocking 

buffer as listed in Table 2.1  

 

Table 2.1: Primary and Secondary antibodies of Pluripotency and in vitro differentiation markers 

Primary antibody Host species Antibody dilution Secondary antibody 

NANOG  

(Nuclear localisation) 

Rabbit pAb 1:100 Cy3-Fluor  

(Donkey anti-rabbit) 

(1:1000) 

OCT 3/4  

(Nuclear Localisation) 

Rabbit pAb 1:500 Cy3-Fluor  

(Donkey anti-rabbit) 

(1:1000)  

TRA-1-60  

(Localised in the cell 

membrane) 

Mouse pAb  1:500 Alexa-Fluor 488 

conjugate 

Alpha SMA 

(myofibroblasts/Mesoderm) 

Mouse mAb 1:100 Alexa Fluor-488 

(Goat anti-mouse) 

(1:500) 

β-III tubulin 

(microtubules/Ectoderm) 

Mouse mAb 1:300 Alexa Fluor-488 

(Goat anti-mouse) 

(1:500) 

FOXA2 

(Endoderm) 

Rabbit pAb 1:1000 Cy3-Fluor 

(Donkey anti-rabbit) 

(1:1000) 

 

The following day, cells were washed twice with 1x PBS for 15 minutes. The secondary antibody, Cy3 

donkey anti-rabbit 1:1000r (for NANOG and OCT 3/4; Molecular probes, USA) was added to the 

respective wells as in Table 2.1 and incubated for 2 hours in the dark. Cells incubated with TRA1-60 

required no secondary antibody as it was Alexa 488 conjugated. After 2-hours the cells were rinsed 

with 1x PBS twice and incubated in 0.1 mg/ml of Hoechst 3342 (Life ThermoFisher Scientific) for 15 

minutes in the dark to stain the cellular DNA.  After washing twice with 1x PBS, the coverslips with the 

cells were removed from the wells and dried with paper towel, to make sure the 1x PBS did not 
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crystalise. 0.1  g of Antifade (Sigma, Germany) was added to 1ml Mowiol mounting fluid and heated 

at 60 OC for 5 minutes. The Mowiol was briefly microfuged to pellet flocculence and a drop of the clear 

Mowiol added to a glass slide. The coverslip with the cells was mounted onto the Mowiol with cells 

facing down. The prepared slides were stored in the dark at room temperature or overnight at 4OC, if 

they were not viewed immediately. The inverted Zeiss fluorescence microscope (Zeiss Axiovert 200M 

Fluorescence microscope, Axiocam HR camera, Axiovison 4.7 software) was used to visualise the cells. 

Secondary-only controls were used as negative controls and used to correct for background 

fluorescence. 

 

2.3.5.2  Embryoid Body (EB) formation and In vitro differentiation 

For embryoid body (EB) culture, day 5-8 iPSC colonies on inactivated MEF feeder layers were manually 

dissected into patches slightly bigger than those prepared for routine passaging (Figure 2.1). The 

patches were transferred to non-adherent 10cm dishes in hESC medium to allow the iPSCs spheres to 

grow in suspension and form EBs. For  in vitro differentiation for each of the three - germ layers 

cultures, endodermal, mesodermal and ectodermal cultures, three separate 10 cm petri dish with at 

least 20 patches in suspension were prepared.  

 

After the first 24 hours, hESC medium was removed gently to avoid disturbing the EBs. Lineage specific 

differentiation medium was carefully added to each 10 cm dish and the EBs cultured for 4 days.  

 

For endoderm differentiation, the EBs were maintained in EB culture medium (Knock-out DMEM 

supplemented with 10% FBS, 1% NEAA, 1% Pen-Strep 1% GlutaMAX and 0.1% 2-mercaptoethanol - all 

reagents from Gibco/Invitrogen). After 4 days, 4-5 EBs were transferred to 12 well plates containing 

gelatin-coated coverslips. The cultures were maintained in EB culture medium for 10-16 days with 

medium changes every second or third day. The coverslips were then removed and processed for the 

immunocytochemical analysis as described in section 2.3.5.1. 

 

For mesoderm differentiation  the EB cultures were treated the same as for endodermal 

differentiation, with mesoderm differention medium (endodermal culture medium supplemented 

with 0.5mM ascorbic acid (Merck)).  

 

To ectoderm differentiation, EBs were cultured in PA6 conditioned ectoderm differentiation medium, 

which included 48ml Neural basal medium and 48ml DMEM/F12 (Gibco), supplemented with 0.5% N2 

and 1% B27 supplements, 1% GlutaMAX and 1% Pen-Strep. (PA6 cells are bone marrow stromal cells 
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that secrete neural differentiation factors - for PA6 cells preparation, please see Appendix B). The EBs 

were seeded into wells containing 0.1% gelatine coated coverslips and maintained in the PA6 

conditioned ectoderm differentiation medium for 16 days. Medium was changed every second or 

third day until immunocytochemistry analysis.   

 

2.3.5.3  Gene expression analysis using qRT-PCR  

All gene expression analysis preparations were conducted in a clean and semi sterile environment 

dedicated for the process. The work bench was cleaned before and after use with 10% bleach and 

wiped down with single distilled water and sprayed twice with 70% ethanol. All pipettes and tip boxes 

were cleaned in the same manner before and after use. A  “PCR” lab coat and new gloves were worn 

when the experiments were done and when handling the reagents to prevent contamination.  

 

For qRT-PCR, the room was treated as above. Lab coats dedicated to the room were worn to prevent 

bringing in amplicons from previous PCR work. The UV light in the hood was switched on for 15 

minutes before and after use, with all the pipettes, tube rack, tips, and Eppendorf tubes placed in the 

hood. Following the UV light sterilisation, the hood, pipettes, tube rack, tips, and Eppendorf tubes 

were wiped with 10% bleach, and rinsed with single distilled water and sprayed twice with 70% 

ethanol. 

 

2.3.5.3.1 RNA extraction 

For all cell lines and nodules, total RNA was extracted using the TriPure™ Isolation Reagent (Roche, 

Switzerland), according to the manufacturer's instructions (Appendix B). This method utilises a single 

phenol-chloroform step to separate DNA, RNA and proteins from each other (Chomczynski and Sacchi 

2006). Briefly, the cells or nodules were lysed by triturating in TriPure reagent and the RNA isolated 

from the homogenised cells by chloroform extraction followed by precipitation with ice cold 

isopropanol (Appendix B).   

 

2.3.5.3.2 Nanodrop Quantification 

The RNA pellet was resuspended in 20 μl of sterile RNase free water and dissolved by passing the 

solution through a pipette tip several times. This step was followed by incubating the RNA solution at 

60 OC for 10 to 15 minutes. Total RNA concentration was measured using a nanodrop ND - 1000 

spectrophotometer (ND-1000, ThermoFisher) and the samples stored at -80 OC. The nanodrop ND - 

1000 spectrophotometer also displayed the total RNA purity through the A260/A280 and A260/230 

ratio readings. 
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2.3.5.3.3 Assessing mRNA integrity and quality 

RNA integrity and quality was assessed by electrophoresis through a 1% agarose gel (SeaKem LE 

Agarose (Lonza, USA) in 1x Tris/Borate/EDTA (TBE) buffer (Appendix A) at 100 V for 1 hour. Ethidium 

bromide (Sigma Aldrich) was added to the agarose to visualise the 28S and 18S bands of the ribosomal 

proteins. 2 μl of 6x loading dye (Fermentas) was mixed with 0.5-1 μg of RNA and loaded on the gel. 

The GeneRuler 1 kb Plus DNA Ladder (Fermentas) was used as the molecular weight marker. Samples 

were visualized using the Spectroline Transilluminator (Spectroline, USA) and KODAK EDAS 290 

camera system (KODAK, USA). 

2.3.5.3.4 Complementary DNA (cDNA) synthesis 

Complementary cDNA was synthesised using the Maloney-Murine Leukaemia Virus (M-MLV) RT 

(Promega, Madison, WI, USA) according to the manufacturer instructions. In the first step, working in 

200ul PCR tubes, 1μl of 61 μM oligo dT was added to 0,5-1 μg of RNA, and then topped up with RNase 

free water to a total of 8.5 μls. The sample was mixed gently by lightly tapping the tube then incubated 

in the MultiGene TM Gradient Thermal Cycler (Labnet International, Edison, NJ, USA) at 70 OC for 5 

minutes. The tube was transferred to slushy ice for 10 minutes. For the second step, 11,5ul of a PCR 

MasterMix was added to the denatured RNA. The MasterMix contained 1 mM dNTPs (Bioline Limited, 

UK), 2.5 mM MgCl2 (Bioline Limited, UK), 1x RT buffer (Promega, Madison, WI, USA) and 1 U/μl RNase 

inhibitor (New England Biolabs, UK). Finally, 1 μl of 50,000 50U M-MLV RT (Promega, Madison, WI, 

USA) was added to the test samples (+RT) or 1ul of Sabax water was used for the negative control 

samples (-RT). Each tube had a final volume of 20 μl. The samples were gently mixed, briefly 

centrifuged, and incubated at 42 OC for 1 hour in the Thermal Cycler (Biorad Thermal Cycler C1000). 

The cDNA product was stored at -20 OC if not used immediately. 

2.3.5.3.5 Quantitative Reverse Transcription polymerase chain reaction (qRT-PCR) (With Primer 

sequences) 

For all qRT-PCR reactions, reagents were kept on ice to reduce degradation of the nucleotides and 

enzymes. Following cDNA synthesis, the cDNA was diluted to a 1:5 ratio, 1μl of cDNA with 4 μl of 

DNase/RNase free water (for iPSC and iMSCs). From this dilution, 2μl of cDNA was used for the qRT-

PCR reaction. For each gene of interest, the reaction mix was prepared as shown in Table 2.2. This 

mixture was added to the wells of a 96-well plate (MicroAmp™ Fast Optical 96-Well Reaction Plate 

with Barcode, 0.1 mL, 4346906, Applied Biosystems, ThermoFisher). Following that, cDNA was added 

to the respective wells, resulting in a total reaction volume of 10 μl per well. 
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Table 2.2: qRT-PCR reaction mix 

Reagent Volume in μl 

Sabax Water 2.6 

Forward Primer  0.2 

Reverse Primer  0.2 

MasterMix SYBR green  5 

 

The primers that were used and their specifications are tabulated in Table 2.3. These primers were 

either obtained from published research articles or the ORiGene website 

(https://www.origene.com/). To ensure that they were accurate, the SnapGene software program  

(https://www.snapgene.com/) was used to verify the correct  primers placement within the target 

gene. In addition, the primers were checked to confirm that their melting temperatures were 

compatible, were between 55 and 65 OC, and that the GC content was within the acceptable range. 

Where possible, the primers were designed to span exon-exon junctions. They were then purchased 

from Integrated DNA Technologies ( IDT WhiteSci, South Africa). The primers used in this study were 

designed to detect the endogenous version of the OCT3/4 and SOX2 (Mahito Nakanishi). 

 

Glucuronidase Beta (GUSB) (QT00046046, Qiagen, Germany) and Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) (Whitehead Scientific) were used for internal normalisation to correct for 

sample-to-sample variations within a PCR reaction. To confirm and validate pluripotency and the 

success of deriving MSCs from iPSCs, the Real-Time Quantitative Reverse Transcription (qRT-PCR) was 

used with GUSB as an internal control/housekeeping gene. GUSB expression was observed to be more 

or less constant in the transition from the iPSCs to the MSC stages/phenotypes. However, after testing 

a few samples of the chondro-differentiated CT1.5 samples, GUSB values were found to be 

‘’undetermined” (StepOne terminology). Therefore, an alternative housekeeping gene, GAPDH, was 

selected. GAPDH has been found to be one of the most commonly used (Ong et al., 2022) and most 

stable housekeeping genes during chondrogenesis and osteogenesis (He et al., 2018) and was 

therefore used as an internal control during the validation of the trilineage differentiation. Ideally, two 

or more housekeeping genes should be used for normalisation. 

 

Once all the wells were filled with sample, the 96 well plate was sealed with the MicroAmp™ Optical 

Adhesive Film (4311971, ThermoFisher), taking care to prevent cross contamination of the wells. SYBR 

Green Mastermix (Applied Biosystems™ Power SYBR™ Green PCR Master Mix, ThermoFisher) is light 

sensitive requiring  the 96 well plate to be covered with foil when transferring to an Eppendorf 5180R 

https://www.origene.com/
https://www.snapgene.com/
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centrifuge (Eppendorf, Germany). The plates were centrifuged at 3000 rpm for 20 seconds to remove 

air bubbles and to collect the samples in the bottom of the wells.  

 

Table 2.3. Table of Primer sequences for pluripotent, mesenchymal and trilineage differentiation. 

Gene  Accession 

number 

Primer sequence Forward (F) and Reverse 

(R) 

Product 

Size 

hOCT3/4 - F  

 

NM_001285987.1  

 

5'-GAC AGG GGG AGG GGA GGA GCT AGG-

3’ 

144 

hOCT3/4-R  

 

 5'-CTT CCC TCC AAC CAG TTG CCC CAA AC-

3’ 

 

hNANOG-F  

 

XM_011520852.1  

 

5'-CAG CCC CGA TTC TTC CAC CAG TCC C-

3’  

 

391 

hNANOG-R  

 

 5'-CGG AAG ATT CCC AGT CGG GTT CAC C-

3’  

 

 

hSOX2-F  

 

NM_003106.3 5'-GGG AAA TGG GAG GGG TGC AAA AGA 

GG-3’ 

151 

hSOX2-R  

 

 5'-TTG CGT GAG TGT GGA TGG GAT TGG 

TG-3’ 

 

ALP-F XM_006710546.3 5'-ATC TGA CCC TCC CAG TCT C-3’ 165 

ALP-R  5'-GAG TGA GTG AGT GAG CAA GG-3’  

hOC/BGLAP - F  

 

NM_199173.5 5'-GGCAGCGAGGTAGTGAAGAG-3’  

 

158 

hOC/BGLAP-R  

 

 5'-CGATAGGCCTCCTGAAAGC-3’  

hACAN- F NM_001135 F: 5’ AGG CAG CGT GAT CCT TAC C 3’ 135 

hACAN-R  R: 5’ GGC CTC TCC AGT CTC ATT CTC 3’  

hCOL2A1 - F NM_001844 F: 5′ CGT CCA GAT GAC CTT CCT ACG 3′ 121 

hCOL2A1 - R  R: 5′ TGA GCA GGG CCT TCT TGA G 3′  

CD73 -F 

 

NM_002526 AGTCCACTGGAGAGTTCCTGCA 132 

CD73 -R 

 

 TGAGAGGGTCATAACTGGGCAC  

CD90 -F NM_006288 GAAGGTCCTCTACTTATCCGCC 143 

CD90 -R  TGATGCCCTCACACTTGACCAG  

CD105 -F NM_000118.3 CGG TGG TCA ATA TCC TGT CGA G 109 

CD105 -R  AGG AAG TGT GGG CTG AGG TAG A  
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CD34 -F NM_001025109 CCTCAGTGTCTACTGCTGGTCT 144 

CD34 -R GGAATAGCTCTGGTGGCTTGCA 

CD45 -F NM_002838 CTTCAGTGGTCCCATTGTGGTG 107 

CD45 -R CCACTTTGTTCTCGGCTTCCAG 

CD14 -F NM_000591 CTGGAACAGGTGCCTAAAGGAC 120 

CD14 -R GTCCAGTGTCAGGTTATCCACC 

COL2A1 - F NM_001844 F: 5′ CGT CCA GAT GAC CTT CCT ACG 3′ 121 

COL2A1 - R R: 5′ TGA GCA GGG CCT TCT TGA G 3′ 

COL2A1_ - F NM_001844 CGT CTA CCC CAA TCC AGC AA 269 

COL2A1_ - R R: 5′ TGA GCA GGG CCT TCT TGA G 3′ 

COL10A1 - F NM_000493.4 5′ ATG CTG CCA CAA ATA CCC TTT 3’ 107 

COL10A1 - R 5′ GGT AGT GGG CCT TTT ATG CCT 3’ 

The plate was loaded in the StepOne Plus machine (Applied Biosystems, Life Technologies) on the 

comparative method programme with the following settings (Table 2.4):  Run method was set at 10 

μl, for 40 cycles; “continuous” option was selected to generate the Melt curve and Ct values. Each 

reaction sample was run in duplicate, with a minus (-) RT sample as a negative control. Each primer 

set had a non-template control (NTC) running alongside to monitor contamination. The data output 

was collected from a computer connected to the StepOne Plus machine and the 2-ΔΔCt method 

(Schmittgen and Livak 2008) was used to analyse the data. 

Table 2.4 qRT- PCR cycling conditions. 

Step Temperature (°C) Duration Cycle 

(depending on 

Primer 

settings) 

Additional 

notes 

Initial 

Denaturation 

95 15 minutes 1 - 

Denaturation 95 15 Seconds 40 - 

Annealing 60 (or depending on 

primers) 

1 minute 40 Optimised for 

primer settings 

Amplification 

(Extension) 

95 15 Seconds 40 - 

Cooling 40 30 Seconds 1 -
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Melt Curve 

Generation 

Continuous Automatic Ramp - Ramp changed 

from 0.3% to 

2.8% 

 

 

2.3.5.3.6 Visualisation of the qRT-PCR Product 

The qRT-PCR product was visualised by electrophoresis through a 2% agarose gel as described in 

section 2.3.5.3.3 using the GeneRuler 100 bp Plus DNA Ladder (Fermentas) as the molecular weight 

marker to confirm the correct sizes of the qRT-PCR product.  

 

2.4 Differentiation of iPSC clones into induced mesenchymal stem cells (iMSCs) 

An important part of this study is to differentiate iPSCs into chondrocytes. Several methods for 

chondrogenesis have been described, the most frequently used method being through Embryoid Body 

(EB) intermediates (Doetschman, Eistetter, and Katz 1985). For the purposes of this study, the iPSCs 

were differentiated via a mesenchymal stem cell intermediate without going through an EB-stage. The 

resultant cells were called iPSC-derived MSCs or referred to in this thesis as iMSCs. This method is 

thought to yield a more homogeneous population of iMSCs. Two different protocols were tested as 

described below. 

 

2.4.1 iMSC derivation Protocol I  

In the first protocol, pluripotent iPS cells were grown in E8 medium under feeder free conditions and 

passaged onto Geltrex coated dishes. The medium was changed to low glucose iMSC medium (DMEM-

low glucose (1 g/L) supplemented with 10% FBS, 1% Pen-Strep, 1% NEAA and 1% GlutaMAX) according 

to the method of Zhou et al., (2018). 

 

Cells were maintained in low glucose medium for 14 days and medium was changed every second day. 

On day 14, two wells were coated with 0.1% gelatine and incubated for an hour, in preparation for 

the iPSC-derived MSC passaging.    

 

On Day 14, the iPSC derived MSC cells were over 100% confluent and were passaged as described in 

section 2.2.1.1, on pre-prepared 0.1% gelatine-coated wells. The cells were seeded at a ratio of 1:1, 

to improve their survival and growth. They were cultured in low glucose iMSC medium, followed by 

incubation at 37 OC. After 48 hours, not all the cells had adhered to the wells, thus the medium was 

changed carefully by tilting the dishes to aspirate the medium without removing the floating cells. 
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Fresh medium was replaced slowly along the side of the each well. Low glucose medium was changed 

every second day until about day 7, when the cells were 80 – 90% confluent. They were passaged with 

T/E, centrifuged, and counted using a haemocytometer to seed cells at a density of 1 x 104 cell/cm2 on 

gelatine-coated wells. Medium was changed every other day and the cells were passaged until they 

reached 80-90% confluency (normally within 5-7 days.) Cells were then either frozen down using 1x 

Freezing medium or plated onto larger gelatine-coated vessels for further experiments. At passage 3, 

the cells were characterised for the presence of MSC markers (Dominici et al. 2006). 

 

It is important to note that these cells were lifting off the wells as sheets after incubation in Tris/EDTA. 

To minimize this, a light force was placed on the cells by finger tapping the 6 well plates a few times.  

This helped to break the cell-cell bonds responsible for the formation of cell sheets. If they were left 

to lift as sheets, they would have formed clumps and made it difficult to seed single cells in subsequent 

passages. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.4.2 Bone, cartilage and adipose differentiation 

To determine whether the iPSC-derived iMSCs were multipotent, they were cultured in osteogenic, 

chondrogenic, and adipogenic medium as follows.    

 

 

 

Day 
-

2 
0 7 14 2

1 
P1, P2, P3 

Seed cells 

into Geltrex 

coated 6 well 

plate with E8 

medium. 

One step 

medium 

switch with 

MSC low 

glucose 

medium 

Refeed cells every other 

day with MSC low glucose 

medium. 
Reseed the cells 

onto 0.1% 

gelatin coated 6 

well plates with 

low glucose 

medium. 

Split MSC into 

new 6 cm dishes 

by 0.05% 

Trypsin/EDTA, P0 

Serial passage 

by 

trypsinization 

iPSC Intermediate 

derivation 

iPSC derived MSCs 

Figure 2.2. iMSC derivation Protocol timeline. The diagram displays steps taken for the one-step medium 

change protocol by Zhou et al., (2018) for the derivation of iPSC-MSCs. 



52 | P a g e  
 

2.4.2.1 Osteogenesis Differentiation 

iPSC-derived MSCs, between passage 3 and 5, were thawed and passaged as described in sections 

2.2.1.2 and  2.2.1.1 and were seeded at a density of 4 × 103 cells/cm2 in 0.1% gelatine coated 12 wells 

in low glucose medium at 37 OC for 3 days or until 100% confluency. After day 3, medium was changed 

into osteogenesis differentiation medium, made by supplementing 50 μM ascorbate 2 phosphate, 

10mM B-glycerophosphate, 1 μM dexamethasone in DMEM basal medium. Control cultures with cells 

that were not treated with osteogenic differentiation medium were cultured in low glucose iMSC 

medium. Cells were cultured for a further 21 days in the osteogenesis differentiation or control 

medium which was refreshed every second- or third day. The cells were checked under the EVOS 

microscope for morphological changes and general cell health. On day 21, RNA was harvested for RNA 

extraction and gene expression analysis, while some of the wells were reserved for the Alizarin Red S 

stain to view calcium deposited by osteocytes after the differentiation.   

   

2.4.2.2 Chondrogenic differentiation 

iPSC-derived MSCs were thawed between passages numbers 3-5 and passaged as described in 

sections 2.2.1.2 and  2.2.1.1. Cell numbers were expanded in T75 flasks and passaged to P8 when they 

were lifted with T/E. These cells were labelled P9. The cells were centrifuged at 1 5000 rpm for 5 

minutes, and the supernatant was removed. One ml (1ml) of fresh low glucose iMSC medium was 

added to the pellet and resuspended 6-7 of times to obtain a single cell suspension. Using a 

haemocytometer, 10 μl was counted and the cell suspension adjusted to 0.8x 107 cells/ml. The cell 

suspension was mixed carefully to reduce bubbles and, 5 μl pipetted onto the centre of a well. The 

developing cell clusters, now referred to as the micromasses, were incubated at 37°C to dry and 

aggregate the cells for 2 hours. Five hundred microlitres of chondrogenesis differentiation medium 

(DMEM basal medium containing 10 ng/ml TGFB3, 500 ng/ml BMP-2, 10-7 M dexamethasone, 50 

mg/ml ascorbate-2-phosphate, 40 mg/ml proline, 100 mg/ml pyruvate, and 1:100 diluted ITS) was 

added to the wells, submerging the micromasses. For control cultures, micromasses were cultured in 

low glucose iMSC growth medium. Cells were cultured for a further 21 days in the chondrogenesis 

differentiation medium or control medium. Every second- or third-day medium was completely 

replaced, and the cell aggregates were checked under the EVOS microscope regularly. On day 21, cells 

were harvested for RNA extraction and gene expression analysis, while some of the wells were 

reserved for histological staining with Alcian Blue to view sulfated GAGs and glycoproteins which are 

found in cartilage after chondrogenic differentiation.     
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2.4.2.3 Adipogenic differentiation  

iPSC derived iMSC cells were thawed and passaged as described in sections 2.2.2 and 2.2.3 and seeded 

at a density of 4 × 103 cells/cm2 in a 0.1% gelatine coated 6 well plate. The passage number of cells 

was between 3 and 5, and low glucose medium was used to culture the iPSC-MSCs at 37 OC for 3 days, 

when they were 100% confluent. After day 3, medium was changed into adipogenesis differentiation 

medium, made by DMEM supplemented with 0.5 mM 3-Isobutyl-1-methylxantine (IBMX), 10 μg/ml 

insulin, 1 μM dexamethasone and 100 μM indomethacin while control wells were only treated with 

low glucose medium. The medium was changed every second or third day for a period of 21 days. On 

day 21, RNA was harvested for RNA extraction and gene expression analysis. Some of the wells were 

stained with Oil Red O stain for lipid droplets as a marker for adipogenesis.     

 

2.4.3  iMSC derivation following Protocol II 

In this protocol, DMEM with normal (25mM) glucose level (Cat#11965092, Gibco) was used instead of 

low glucose (5mM) iMSC growth medium. 

 

iPSc cells were cultured on inactivated MEF feeder layers as described in section 2.3.2 and at day 5, 

the cell growth was checked under the EVOS microscope. The iPSCs were partially differentiated, just 

about 50% differentiated, which was not a problem for the protocol. Medium was removed from two 

wells using 0.5ml TrypLE™, followed by inactivating and washing with 4.5ml of 1x PBS. Cells were 

collected in 15 ml tubes, centrifuged at 1 500 rpm for 5 minutes. The supernatant was suctioned off 

and the cell pellet resuspended in complete DMEM growth medium (DMEM++). One half of the cell 

suspension was seeded onto a 0.1% gelatine coated 35 mm dish and cultured further with complete 

DMEM growth medium. The other half of the cell suspension was also seeded on 0.1% gelatine coated 

35 mm dishes but cultured in hESC medium and treated with 10 μM of (ROCK) inhibitor (Y-27632).  

 

Cells were allowed to grow, as in protocol 1 (section 2.4.1), for 14 days without passaging. Medium 

was changed every second day with fresh DMEM++ and hESC media, respectively until day 14. The cells 

were passaged using TrypLE™ and transferred to 0.1% gelatine coated dishes at a ratio of 1:1. Cell 

culture was continued in either DMEM growth medium or in hESC medium until 80% confluency was 

reached. Cells were passaged and reseeded on gelatine-coated dishes at a density of 1x104 cells/cm2 

-this passage was referred to as P1. All subsequent passages were performed at 80% confluency (not 

more than 7 days) and the cells replated at a density of 1x104 cells/cm2.  
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2.4.4 Trilineage differentiation (Using Commercially bought StemPro® Differentiation Kit) 

2.4.4.1 Osteogenesis Differentiation 

iPSC derived MSCs maintained in complete DMEM growth medium were passaged and used for this 

differentiation process. The cells were plated on 0.1% gelatine coated wells of a 12 well plate at a 

seeding density of 5 × 103 cells/cm2. For four days, cells were cultured at 37 OC to allow them to reach 

90 -100% confluency. Once they were 100% confluent, cells were rinsed twice with 1x PBS and fresh 

StemPro® Osteogenesis Differentiation supplemented medium (A10072-01 Gibco, USA) was added. 

Complete DMEM growth medium or hESC medium was used to maintain control samples. Cells were 

cultured for 21 days at 37 OC and medium was changed at every 3rd or 4th day until day 21.   

StemPro® Osteogenesis Differentiation supplemented medium was made according to the 

manufacturer’s instruction, where 1ml of the StemPro® Osteogenesis Supplement was added to 9mls 

of StemPro® Osteocyte/Chondrocyte Differentiation Basal Medium. Gentamicin reagent was added at 

5 μg/mL to prevent infection during the 21 days of osteogenic induction. 

 

2.4.4.2 Chondrogenesis differentiation  

The iPSC-MSC cells that were maintained in complete DMEM medium were expanded in two T175 

flasks and once they reached 85-90% confluency they were lifted off the flasks using TrypLE. After 

centrifugation the resuspended cells were counted using a hemocytometer. The desired number of 

250,000-275,000 cells was pelleted in a 15 ml tube. For the chondrogenesis differentiation, cells were 

treated with 0.4 ml of StemPro® Chondrogenesis Differentiation medium (A10071-01, Gibco) and the 

control (non-induced) cell pellets were maintained in 0.4 ml of compete DMEM growth medium. The 

15 ml tubes with the cell pellets were incubated with loosened caps at 37 OC for 21 days. Medium was 

changed every third day until day 21. The cell pellets, (nodules), were harvested for gene expression 

analysis and histological staining. 

 

StemPro® Osteocyte/Chondrocyte Differentiation Medium was made according to the manufacturer’s 

instructions, where 1ml of the StemPro® Chondrogenesis Supplement was added to 9mls of StemPro® 

Osteocyte/Chondrocyte Differentiation Basal Medium. Gentamicin was added at 5 μg/mL, to prevent 

infection during the 21 days of chondrogenic induction. 

 

2.4.4.3 Adipogenesis differentiation 

Cells maintained in complete DMEM growth medium were passaged and plated at a seeding density 

of 1 × 104 cells/cm2 on 0.1% gelatine coated wells in a 12 well plate. For four days, cells were cultured 

at 37 OC to allow them to be 90 -100% confluent. The confluent cells were rinsed twice with 1x PBS 
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and fresh StemPro® Adipogenesis Differentiation supplemented medium (A10070-01, Gibco, USA) 

was added. Complete DMEM growth medium was used to maintain control samples. Cells were 

cultured for 21 days at 37 OC and medium was changed every 3rd or 4th day until day 21.   

StemPro® Adipogenesis Differentiation supplemented medium was made according to the 

manufacturer’s instruction, where 1ml of the StemPro® Adipogenesis Differentiation Supplement was 

added to 9mls of StemPro® Adipogenesis Differentiation Basal Medium. Gentamicin reagent was 

added at 5 μg/mL concentration, to prevent infection during the 21 days of adipogenic induction. 

 

 

2.5 Mycoplasma tests 

All cell lines were tested for mycoplasma as described in Appendix B.  

 

 

2.6 Histological staining for trilineage differentiation of mesenchymal stem 

cells 

2.6.1 Alizarin Red staining 

After 21 days of osteogenic differentiation, the medium was removed, and the cells were washed once 

with 1x PBS then fixed in 4% PFA solution for 1 hour at room temperature, followed by two washed in 

1x PBS (pH 4.2) for 5 minutes. 2g of Alizarin Red S powder was added to 100 ml of PBS (pH 4.2) and 

the mix filtered using a 0.2 µm syringe filter. This working Alizarin Red S stain was added to the cells 

and incubated for 20 minutes in the dark at room temperature. After the incubation, the cells were 

washed five times with double distilled water to remove excess stain. Alizarin Red S-stained cells were 

then viewed and imaged using the EVOS microscope at 20x objective. 

 

2.6.2 Alcian Blue staining 

Chondrocyte pellets were washed twice with 1× PBS, fixed in 4% PFA for 1 hour at room temperature, 

and then washed twice with distilled water. They were stained with haematoxylin before they were 

cryofrozen using the Optimal cutting temperature compound (OCT) before being sectioned using a 

microtome. Sections were cut in 0.3, 0.5 and 0.8 μm-thick slices. They were then stained with 1% 

Alcian blue solution for 30 min. The working solution was prepared by dissolving 1 g of Alcian blue 8GX 

powder in 100ml of 3% acetic acid. The pH was adjusted to 2.5 and filtered with a filter membrane. 
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2.6.3 Toluidine Blue Staining 

After day 21 of chondrogenic differentiation, micromasses were washed twice with 1× PBS, fixed in 

4% PFA for 1 hour at room temperature, and then washed twice with distilled water. They were then 

stained with Toluidine Blue solution for 30 minutes. The stock solution was prepared by dissolving 1g 

of Toluidine Blue powder in 100mL of 70% ethanol. The working solution was then prepared by diluting 

5 ml of the stock solution in 45 mls of 1 % sodium chloride, with the pH adjusted to 2.5.  

 

2.6.4 Oil Red O staining  

After 21 days of adipogenic differentiation, cells were washed twice with 1x PBS and fixed for 1 hour 

in 4% PFA at room temperature and then washed twice with single distilled water. The stock solution 

of 0.5% Oil-Red-O was prepared in isopropanol and from that, the working solution was prepared by 

mixing three parts of the stock solution with two parts of single distilled water. The working solution 

was left to stand for 10 minutes before it was filtered using a 0.22 µm syringe filter (Pall, Separations). 

After removing the single distilled water from the cells, the Oil Red O working solution was added to 

the cells and the cells incubated for 30 minutes at room temperature. The cells were washed 

thoroughly with double distilled water to remove excess stain. The Oil-Red-O-stained cells were air-

dried for 10 minutes and viewed using the EVOS microscope at 20x objective.  
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Chapter 3: Results 

The current MSC project forms part of a broader study conducted in collaboration with Professor 

Victoria Gibbon (HREC: 822/2015). Skin biopsies were obtained by Prof Gibbon in 2017, and primary 

skin fibroblasts from four patient and four control individuals were isolated, cultured and 

cryopreserved at passage three as described in Material and Methods. Fibroblasts from two 

individuals affected with Mseleni Joint Disease (MJD) and one unaffected individual were selected for 

reprogramming and further culture and expansion.  

 

3.1 Fibroblast cultures 

To determine the proliferation rate of patient and control cells, they were seeded in duplicate at a 

density of 5x 104 cells per well, cultured in DMEM complete medium and manually counted using a 

haemocytometer on days 1, 2, 3, 5 and 7. The results are plotted in Figure 3.1a (control) and 3.1 b 

(patients). As can be seen, all eight cell lines proliferated sufficiently to continue with the 

reprogramming experiments. Two patient lines (MJD 5.3 and 8.5) and one control line (MJDC 3.4) were 

selected for further study.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Growth curve of patient and control MJD fibroblasts. Patient and control fibroblasts from the 

Mseleni region were cultured for 7 days. The cells were counted on days 1 ,2, 3, 5 and 7 to determine their 

growth pattern.  
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3.2 iPSC derivation from fibroblast cultures   

3.2.1 Cell lines used in this study. 

Frozen primary skin fibroblasts were reprogrammed by Dr Janine Scholefield, at the CSIR in Pretoria. 

Pluripotency at P3 was confirmed and frozen clones were transported to the Cape Town laboratory 

for the present study.  

 

One iPSC clone was selected from each of the study participants for this project.  These samples were 

chosen because they represented the different categories of MJD phenotypes that are observed in 

the Mseleni area. In addition, we avoided the samples that had been difficult to reprogram in a 

previous UCT sub study. They will be referred  to as:  

 

1) MJD5.3 - iPSCs derived from skin fibroblasts of an individual with MJD and dwarfism, 

2) MJD8.5 - iPSCs derived from skin fibroblasts of an individual with MJD of average height and  

3) MJDC3.4 – iPSCs derived from skin fibroblasts of an unaffected individual from the Mseleni 

district. 

4) An additional control (from the foreskin of an unaffected individual from Cape Town, referred 

to as CT1.5) was included in the study. 

 

3.2.2 Characterisation of the iPS cell lines:  

3.2.2.1 Morphology on feeder layers 

On receipt of the frozen cells in Cape Town, they were thawed, passaged to P10 on feeder layers in 

hESC medium supplemented with 10 ng/ml bFGF at 37OC as described in Section 2.3. The control CT1.5 

iPSCs were used to test the various protocols for this section of the study. Following the 5–8-day 

growth period they were cultured on feeder layers. They grew into the characteristically compact and 

rounded or ovoid shaped colonies with regular smooth and well-defined edges (Figure 3.2). Under the 

microscope the edges were bright and distinct and were easily distinguished from the feeder layer 

(indicated by the white arrows, Figure 3.2). The individual cells had a high nucleus-to-cytoplasm ratios. 
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During manual passaging, the cut patches of cells were mostly similar in size and, depending on the 

size of the colony, 6-12 similarly sized patches were transferred to new feeder layers.  

 

The MJD colonies took longer to develop the key iPSC morphological characteristics (8-10 days) 

compared to the CT1.5 Colonies (5-6 days). About 50% of the MJD 5.3 and MJD 8.5 colonies were 

fragile, with ill-defined and jagged borders (Figure 3.3B). In addition, some colonies with well-defined 

edges developed cavities within them (Figure 3.3A) after a few days in culture. Most of these latter 

colonies were “sticky” and tore as they were being passaged. When they were transferred to new 

feeder layers, these ragged patches either did not settle or lifted after a few days in culture. 

 

The remaining 50% of the MJD 5.3, and MJD 8.5 colonies had the typical iPSC morphological features; 

they were compact with smooth well-defined edges and were packed with cells with a large nucleus 

to cytoplasm ratio. The colonies were easy to dissect microscopically, and the cell patches lifted easily 

when transferred to fresh iMEF feeder layers. However, after 2-3 passages, these colonies also 

developed jagged edges (Figure 3.3B, red arrows), and had unclear, hazy regions indicative of partial 

differentiation which initiated at the edges of the colonies (Figure 3.3C, inside the black box). By P6, 

these colonies also became “sticky” and adhered to the dish surface, making it very difficult to cut 

without tearing them. Of the few patches that were transferred to new feeder layers only about one 

third settled and the rest remained floating and were lost during medium changes (Figure 3.3B). 

 

 

 

Figure 3.2. Morphology of iPSC colonies. CT1.5 iPSC colonies at passage 23, cultured on inactivated mouse 

embryonic fibroblasts. Images taken by an EVOS microscope at 10x objective magnification. 
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MJDC3.4 behaved differently compared to MJD5.3 and MJD8.5. When cultured with iMEFs, MJDC3.4 

colonies were round, with bright well-defined edges but the size of the colonies was smaller than 

those of the other MJD samples. The MJDC3.4 colonies didn’t grow any larger after further passaging 

and eventually started to differentiate by passage 6 (Figure 3.3C and Figure 3.4). 

 

 

 

 

 

Figure 3.4. A partially differentiated MJDC3.4 colony at Passage 6. Images taken by an EVOS microscope at  

4x  objective magnification. 

C 

B 

Figure 3.3. Ill-defined iPSCs. A- colony with a cavity, B- colonies that developed jagged and irregular edges 

(by red arrows), C- partial differentiation at the edge of a MJD5.3 colony. Images taken by an EVOS 

microscope at A) 4x and B-C) 10x objective magnification. 

A 
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To address the problem of the unusual morphology and partial differentiation seen in the MJD 

cultures, increasing concentrations of bFGF in hESC medium were tested within the range of 10 ng/ml 

to 20 ng/ml. Concentrations of bFGF below 20 ng/ml did not appear to reduce the colony 

differentiation. However, the number of differentiated colonies were markedly reduced when 20 

ng/ml bFGF was used. The edges of the colonies were more regular, and the colonies were less sticky 

and therefore easy to passage (Figure 3.5). The colonies formed with 20 ng/ml bFGF displayed typical, 

compact morphological features of iPSCs with well-defined bright edges (Figure 3.5A-D). These 

colonies were easily distinguished from the feeder layer. Figure 3.5 shows A) MJD5.3 at passage 8, B) 

MJD8.5 at passage 13, and C) MJDC3.4 at passage 16. All the colonies show the typical iPSC 

morphology, rounded with well-defined edges and a big nucleus-cytoplasm ratio, as seen in CT1.5 

(Figure 3.1). Images were taken with an EVOS microscope at 10x objective magnification to obtain 

better images. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B 

C 

A 

Figure 3.5. Morphology of MJD iPSC colonies. Improved MJD iPSC colonies after the increase in bFGF 

concentration. A) MJD5.3 at passage 8, B) MJD8.5 at passage 13, and C) MJDC3.4 at passage 16. Images 

taken by an EVOS microscope at 10x objective magnification. 
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3.2.2.2 Expression of pluripotency protein markers in iPSC colonies using immunocytochemistry. 

To confirm pluripotency in the expanded iPSCs, immunocytochemical staining was used as described 

in section 2.3.5.1. This enabled the determination of the protein expression and localisation for 

NANOG, octamer-binding transcription factor 3/4 (OCT3/4) and TRA160. Briefly, iPSCs were cultured 

for 3-5 days on an iMEF feeder layer that had been grown on a 20 mm gelatine-coated coverslip  and 

stained with the NANOG, OCT3/4 and TRA160 antibodies. All of the iPSC lines tested positive for these 

antibodies. The transcription factors NANOG (Figure 3.6 B, E, H, K) and OCT3/4 (Figure 3.7 B, E, H, K) 

were localised in the nucleus, indicated by the purple colour resulting from the merging of the blue 

Hoechst stain (nuclear indicator) with the red NANOG or OCT stain. The cell surface antigen, TRA-160 

(Figures 3.8 C, F, I, L) was localised on the cell surface. This was reflected by the green stain surrounding 

the blue Hoechst stain. (See appendix C for secondary-only controls images). 
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  NANOG Merged Hoechst 

MJD8.5 

CT1.5 

MJD5.3 

MJDC3.4 

D E F 

G H I 

J K L 

A B C 

Figure 3.6. Immunocytochemistry staining showing iPSC colonies expressing the Nanog protein and its localization. Nanog 

was positively expressed by all iPSC lines (A, D, G & J). The merged, Nanog and Hoechst (B, E, H & K) displayed  the nuclear 

localisation of Nanog. Figures C, F, I &L, show the positive Hoechst stain. Images were taken using an inverted Zeiss 

fluorescence microscope using a Cy 3 channel for Nanog and merged, DAPI channel for Hoechst. 
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MJD8.5 
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Hoechst Merged 
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J K L 

Figure 3.7. Immunocytochemistry staining showing iPSC colonies expressing the OCT3/4 protein and its 

localization. OCT3/4 was positively expressed by all iPSC lines (A, D, G & J). The merged, OCT3/4 and Hoechst 

(B, E, H & K) display the nuclear localisation of OCT3/4. Figures C, F, I &L, show Hoechst stain. Images were 

taken using an inverted Zeiss fluorescence microscope using a Cy 3 channel for Nanog and merged, DAPI 

channel for Hoechst. 
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Figure 3.8. Immunocytochemistry staining showing iPSC colonies expressing the TRA160 protein and its 

localization. TRA160 was positively expressed by all iPSC lines (A,D,G,J). The merged, TRA160 and Hoechst 

(B, E, H & K) display the cell surface localisation of TRA160. Figures C, F, I &L, show Hoechst stain. Images 

were taken using an inverted Zeiss fluorescence microscope using a Alexa488 channel for TRA160 and 

merged, DAPI channel for Hoechst. 
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3.2.2.3 Expression of pluripotency gene markers in iPSC colonies using qRT-PCR. 

The gene markers provide additional support for the pluripotent state. Expression of pluripotency 

markers was confirmed and validated using Real-Time Quantitative Reverse Transcription (qRT-PCR) 

as described in section 2.3.5.3. Briefly, iPSCs were cultured on Geltrex-coated dishes in E8-

supplemented medium under feeder-free conditions. RNA was extracted from cell pellets, and MMLV-

RT was used to synthesise cDNA. Thereafter, qRT-PCR analysis was performed to assess relative gene 

expression with β-glucuronidase (GUSβ) serving as a housekeeping gene. A non-iPSC control (CT1.5 

iMSC) was used as a calibrator.  

 

The analysis of the pluripotency gene markers on the iPSCs validated the immunocytochemistry 

results. iPSC cells exhibited positive and relatively higher expression levels of the stem cell markers 

NANOG, OCT3/4 and SOX2 compared to CT1.5 iMSC-sample (Figure 3.9). Overall, the expression level 

of SOX2 was higher in the control MJDC3.4, and patient iPSC samples, compared to NANOG and 

OCT3/4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 3.9. qRT-PCR analysis indicating the expression of pluripotency gene markers (NANOG, OCT3/4 and 

SOX2) in iPSC colonies compared to a non-iPSC line. All four iPSC lines showed relatively higher expression 

levels of stem cell markers compared to the control sample. Human GUSβ was used as a housekeeping 

gene and qRT-PCR performed using the StepOne instrument, using SYBR green. (n=1) 
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3.2.2.4 In vitro differentiation 

One of the defining characteristics of iPSCs is their ability to differentiate into the three embryonic 

germ layers, mesoderm, endoderm and ectoderm. In brief, iPSCs were subjected to directed 

differentiation via embryoid body (EB) formation along the three lineages as described in the methods 

section 2.3.5.2. EBs formed from iPSC patches were differentiated in lineage specific medium. After 

16-21 days of differentiation, cell outgrowths stemming from the EBs were observed in each of the 

three lineage-specific cultures (ectodermal (Figure 3.10), mesodermal (Figure 3.12), and endodermal 

(Figure 3.14).  

 

3.2.2.4.1 Ectodermal differentiation 

After 16 days in the ectodermal specific medium, cell outgrowths resembling dendritic or neuronal 

structures were observed when viewed under the EVOS Light microscope. They presented as long 

strings seen growing out of the EBs branching across the dish (Figure 3.10, black box). Cell clustering 

was observed immediately surrounding the EBs (Figure 3.10, black arrow). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Immunocytochemical staining was used to determine protein expression and localisation specific to 

each lineage. Staining targeted the neuronal microtubule protein β class II tubulin (βIII-tubulin) which 

is a marker of an ectodermal lineage; Figures 3.11 A, D & G showed positive βIII-tubulin staining 

representing the ectodermal differentiation. The βIII-tubulin was also shown to be localised in the cell 

cytoplasm as reflected by the green stain surrounding the blue Hoechst stain, nuclear stain. 

Figure 3.10. Visualisation of ectodermal cellular organisation after 16 days of In vitro differentiation. Cell 

outgrows were observed, with neuronal structure formation from the EBs. Images taken by an EVOS 

microscope at 4x objective magnification. 
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3.2.2.4.2 Mesodermal differentiation 

After 16 days in culture with mesodermal lineage-specific medium, small cells emerging from the EBs 

formed a densely packed monolayer which took on a mat-like appearance around the EBs (Figure 

3.12). Images taken by an EVOS microscope at 4x objective magnification.  

 

 

 

 

CT1.5 

βIII-Tubulin βIII-tubulin + Hoechst Hoechst 

C B A 

MJD5.3 

D E F 

MJD8.5 

G I H 

Figure 3.11. Immunocytochemistry staining displaying a successful In vitro differentiation of iPSCs towards 

the ectoderm lineage. The cells stained positive for neuronal microtubule protein β class II tubulin (βIII-

tubulin) (A , D, G). The merged images (B, E, H) display the βIII-tubulin fibres arrangement in the cell 

cytoplasm. The Hoechst images (C, F, I) are displaying the cell nucleus. Images were taken using an inverted 

Zeiss fluorescence microscope using a Alexa488 channel for βIII-Tubulin and merged, and a DAPI channel for 

Hoechst. 
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Immunocytochemistry was performed to determine protein expression and localisation of the Alpha 

Smooth Muscle Actin (αSMA). The cells tested positive for αSMA (Figure 13 A, D). The merged images 

(Figure 13 B, E) showed how αSMA fibres were expressed in the cell cytoplasm, while the Hoechst 

images (Figure 13 C, F) showed the cell nuclei. Images were taken using an inverted fluorescent 

microscope. The Alexa488 channel was used to view and record the αSMA and merged images, and 

the DAPI channel was used to view and record the Hoechst images. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12. Visualisation of mesodermal cellular organisation after 16 days of In vitro differentiation. Cells 

cultured from the EBs were small and highly confluent. Images taken by an EVOS microscope at 4x objective 

magnification 

MJD5.3 

C B A 

αSMA αSMA+ Hoechst Hoechst 

D E F 

MJD8.5 

Figure 3.13. Immunocytochemistry staining displaying a successful In vitro differentiation of iPSCs towards the 

mesodermal lineage. The cells stained positive for Alpha Smooth Muscle Actin (αSMA) (A, D). The merged 

images (B, E) displaying the αSMA fibres arrangement in the cell cytoplasm. Hoechst images (C, F) showed the 

cell nuclei. Images were taken using an inverted Zeiss fluorescence microscope. The Alexa488 channel was 

used to view the αSMA and the DAPI channel was used for Hoechst. 
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3.2.2.4.3 Endodermal differentiation 

After 21 days in the endodermal specific medium, cell outgrowths exhibiting a variety of cell types 

were observed when viewed under the EVOS Light microscope. Most prominent were layered sheets 

of flat, tightly packed cells adhering to the dish surface (Figure 3.14, Black block). Another observed 

feature was the loosely attached mesh-like layers comprising varying cell shapes (Figure 3.14, red 

block).   

 

 

 

 

 

 

 

 

 

 

 

 

With immunocytochemistry staining, the transcription factor Forkhead box protein A2 (FOXA2) 

expressed in endodermal lineage was positively stained and was localised in the cell nuclei (Figure 

3.15 A, D).   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14. Images of endodermal cell morphology and organisation after 16 days of In vitro differentiation. 

A mixture of cell types was observed with layered sheets of flat tightly packed cells adhering all around the 

dish surface (Black block). Images taken by an EVOS microscope at 4x objective magnification 

C 
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3.2.3 Concluding remarks  

All the colonies showed the typical iPSC morphological characteristics being rounded with well-

defined edges with a big nucleus to cytoplasm ratio when cultured on feeder layers. These colonies 

expressed the pluripotency protein markers, NANOG, OCT3/4 and TRA-160. The mRNA levels of the 

pluripotency gene markers were validated using qRT-PCR. Lastly, after in vitro differentiation in 

lineage-specific media for the three germ layers, MJD5.3 and MJD8.5 iPSC lines exhibited positive 

expression for germline proteins, βIII-Tubulin, αSMA, and FOXA2. In contrast, MJDC3.4 did not grow 

well in the in vitro culture and most of the cells lifted and died before they could be expanded. 

Nevertheless, the results from the other pluripotency indicators based on morphology and the 

presence of the pluripotency protein markers and their genes, indicated that MJDC3.4 was indeed 

pluripotent. Overall, these results combined, summarised in Table 3.1, support the conclusion that the 

iPSC colonies cultured for further investigation in this study retained pluripotency over 10 or more 

passages.  

Figure 3.15. Immunocytochemistry staining showing a successful In vitro differentiation of iPSCs towards 

the endoderm lineage. After 16 days of differentiation, positive staining for the transcription factor Forkhead 

box protein A2 (FOXA2) (A, D) was observed. The merged images (B, E) displayed the nuclei localization of 

FOXA2. The Hoechst images (C, F) displayed the cell nucleus. Images were taken using an inverted Zeiss 

fluorescence microscope. The FOXA2 and merged images were viewed using the Cy3 channel, and the DAPI 

channel used for the Hoechst images. 
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Table 3.1: Expansion and characterisation of iPSCs summarised results: 

Sample ID iPSC characterization 

 Gene expression 

Characterization. 

Quantification: 

NANOG, OCT3/4 and 

TRA-160 

(qRT-PCR) 

Protein expression: 

Nanog, OCT3/4 and 

SOX2  

(ICC) 

In vitro 

differentiation: 

Mesoderm, 

Ectoderm and 

Endoderm (ICC) 

CT1.5 

√ √ 

√  

Not all images are 

shown 

MJD5.3 √ √ √ 

MJD8.5 √ √ √ 

MJDC3.4 √ √ excluded 

 

 

3.3 The derivation of mesenchymal stem cells from IPSCs 

Having successfully derived and characterised iPS cell lines from fibroblasts of MJD patients and 

unaffected controls, the next objective of this study was to differentiate them into iPSC derived 

mesenchymal stem cells (also referred to as iMSCs in this dissertation). According to a useful summary 

by Dominici et al., (2006), the iMSCs must meet three criteria in order to be considered mesenchymal 

cells. These are 1) an ability to adhere to plastic vessels in culture, 2) a positive expression of a specific 

subset of cell surface antigens (Ags) and 3) a multipotent differentiation potential. The approach used 

in this study was to derive MSCs from iPSCs using the method of Zhou et al., (2018) and the 

mesenchymal phenotype was validated by checking for the criteria proposed by Dominici et al., 

(2006). 

 

3.3.1  iMSC derivation Protocol I 

As described in Materials and Methods (Section 2.4.1), iPS cells grown on inactivated MEFs were 

transferred to E8 medium on Geltrex coated dishes. The cells were sub-cultured several times in E8 

medium until the inactivated MEFs were totally removed and a homogeneous iPSC culture remained. 
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Medium was switched to low-glucose DMEM supplemented with serum and antibiotics (MSC 

medium) to derive the iMSCs in a feeder free environment. 

 

Using the method of Zhou et al., (2018), MJD8.5 iPS cells growing in E8 medium were switched to MSC 

medium. Morphological changes were observed within 6 hours after the medium switch (Figure 3.16 

A). The well-defined borders and compact colony morphology was lost, resulting in rough-edged 

formations and a colony structure that became less cohesive (red arrows shown in Figure 3.16 A). By 

day 2, the cells were becoming flatter and adhered tightly to each other, creating a continuous 

monolayer without any significant gaps or clustering and covering about 80% of the dish surface 

(Figure 3.16 B ). By day 2 it was evident that the cells had lost their characteristic high nucleus-to-

cytoplasm ratio typical of iPSCs. 

 

By day 14, the MJD8.5 cultures were confluent with some cell clusters reaching over 100 % confluency. 

About 60% of the cells in the dish were hexagonal with clear, tight cell-to-cell interactions (Figure 3.16 

C - expanded images indicated by yellow arrows). The cells remained adherent to the dish and showed 

no signs of detachment despite the high density of the culture. On day 14, the cells were sub-cultured 

at a ratio of 1:3. Seven days later (day 21), a visual evaluation (assessment) of the dish showed that 

about 30% of MJD8.5 cultures had formed tight cell-clusters with the remainder of the cells forming a 

monolayer as indicated by the white arrows (Figure 3.16 D).  

 

As the cultures proliferated, consecutive passaging was performed to allow for the gradual maturation 

of the immature iMSCs and to promote the emergence of the mesenchymal phenotype. From P0 to 

P1, MJD8.5 cells were passaged onto gelatine-coated dishes at a seeding density of 1 x104 cells/cm2. 

After 48 hours, only about 40% of the cells re-adhered. These cells were predominately flat and 

broader in shape and appeared to extend dendrites out to neighbouring/adjacent cells (Figure 3.16 

E). The cells were less dense than expected and as a result, fewer cells were present on the dish at the 

end of the 7-day period for P1. The cells were passaged at the end of the 7-day timeframe despite the 

lower confluency.  

 

Between P2 and P3, MJD8.5 cells continued to proliferate and mature, displaying four very distinct 

morphologies: some were spindle – shaped, broad and flat, some long and flat and some more round 

and flat (Figure 3.16 F). At P4, the MJD8.5 cells started to show morphological characteristics typical 

of mesenchymal stem cells (Figure 3.16 G). The majority of these cells were spindle shaped, elongated 

and uniform in both size and shape. 
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Figure 3.16. Morphological changes of MJD8.5 iPSC colonies during the derivation of iMSCs using Protocol 

I. Changes were observed A) - within 6 hours (day 0), B) on day 2, C) day 14, D) day 21 which is also 

referred to as P0, E) at passage 1, F) at passage 2, G) at passage 3, and H) at passage 4. Images taken by an 

EVOS microscope at 10x objective magnification 
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The MJD5.3 cells were switched onto MSC medium as done with MJD8.5. Similar changes were 

observed in MJD5.3 cells as they transitioned from an iPSC phenotype to an immature iMSC phenotype 

(Figure 3.17 A-D) with randomly dispersed spindle shaped cells observed on day 14 (Figure 3.17 C – 

white arrow). As observed in MJ8.5 cells, MJD5.3 cells displayed a hexagonal shape at P0 and 

presented with tight cell-cell interaction across the culture dish. Cells that did not take up the 

hexagonal shape were seen to be rounder in shape (Figure 3.17 D). The MJD5.3 cultures developed 

the four very distinct morphologies seen in MJD8.5 between P2 and P3 at P1 (Figure 3.17 E). These 

cells later developed more of a spindle/elongated shape by P2 (Figure 3.17 F). The mesenchymal 

phenotype became more pronounced by P3 and P4 (Figure 3.17 G and K).  
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Figure 3.17. Morphological changes MJD5.3 iPSC colonies during the derivation of iMSCs using Protocol I. 

Changes were observed A) - within 6 hours (day 0), B) on day 2, C) day 14, D) day 21 which is also referred 

to as P0, E) at passage 1, F) at passage 2, G) at passage 3, and H) at passage 4. Images taken by an EVOS 

microscope at 10x objective magnification. 
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MJDC3.4 (Figure 3.18 A-C) shows a similar pattern of cell transition as was observed for MJD8.5. 

However, immediately after the medium change at D0, a significant number of cells detached and 

floated into the medium. By day 2, the remaining cells migrated slowly across the dish surface, 

covering approximately 70% of the dish. Following the 1:3 ratio split on day 14, the MJDC3.4 seeding 

efficiency was low, which then resulted in cultures reaching only 50-60% confluency by the end of P0 

(7 day) culture.  

 

The MJDC3.4 also displayed various cell morphologies across the passages, similar to both MJD5.3 and 

MJ8.5. However, some cells appeared slightly larger compared to those observed in MJD5.3 and 

MJD8.5 cultures. MJDC3.4 became spindle shaped at P1 and fully adopted the mesenchymal 

phenotype by P2 (Figure 3.18F) compared to MJD5.3 which displayed the mesenchymal phenotype at 

P3. 
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Figure 3.18. Morphological changes of MJDC3.4 iPSC colonies during the derivation of iMSCs using Protocol 

I. Changes were observed A) - within 6 hours (day 0), B) on day 2, C) day 14, D) day 21 which is also referred 

to as P0, E) at passage 1, F) at passage 2, G) at passage 3, and H) at passage 4. Images taken by an EVOS 

microscope at 10x objective magnification. 
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Culturing iPSCs in a feeder free environment was challenging and required several attempts before 

homogeneous iPSC cultures were obtained.  

For example, as seen in Figure 3.16, the CT1.5 colonies exhibited differentiated cells within the 

colonies (Figure 3.19, area with the brown arrow). Similar issues occurred with the other MJD cell 

lines; however, successful colonies were eventually obtained (Will be discussed further in Discussion).   

 

 

 

 

 

 

 

 

 

 

 

Ultimately, similar mesenchymal morphological characteristics to those observed in the MJD8.5 trial 

sample were also displayed by the CT1.5 cell line at P3 (Figure 3.20). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A B 

Figure 3.20. Morphological differences during iMSC derivation using Protocol I. A) CT1.5 at day 0, and B) at 

passage 3. Images taken by an EVOS microscope at 10x objective magnification. 

 

Figure 3.19. Feeder-free culture of CT1.5 showing differentiated cells between colonies. A typical feeder 

free iPSC-culture needing further optimization. Images captured by an EVOS microscope at 4x objective 

magnification. 
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3.3.1.1 Characterisation of iPSC induced mesenchymal stem cells (iMSCs)  

Following the emergence of the mesenchymal phenotype, they were passaged, and RNA was 

extracted from cells at P3 and P4.  qRT-PCR analyses were performed to determine the expression of 

pluripotent gene markers as well as the cluster of differentiation (CD) markers that are associated with 

mesenchymal stem cells.  

 

The expression of the pluripotent gene markers, NANOG, SOX2 and OCT3/4, were evaluated for CT1.5, 

MJDC3.4 and MJD5.3 iMSC samples and compared with their expression in the iPSCs samples. The 

gene expression was calculated using the 2-DDCt as described in section 2.3.5.3.5 and the results are 

presented in Figure 3.21. As can be seen, there is positive expression of all three pluripotency markers 

in the iPSCs in contrast to the iPSC-derived MSCs, where no expression was detected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To determine whether the cells expressed the mesenchymal markers CD73  and CD90, qPCR analysis 

was conducted using appropriate primers. As can be seen in Figure 3.22, all three cell lines (CT1.5, 

MJDC3.4 and MJD5.3) expressed CD73. 

 

 

 

Figure 3.21. qRT-PCR analysis of pluripotency gene markers (NANOG, OCT3/4 and SOX2) in iPSC cells 

compared to iMSC derived iMSCs. Human GUSβ was used as housekeeping gene, and qRT-PCR performed 

using the StepOne instrument, using SYBR green. The CT1.5 iPSC sample was used as a calibrator. Technical 

repeats: 1 (n=1). 
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CD90’s results were inconclusive. Both the Ct values and expression levels displayed by the graph for 

the iMSC cells were similar to those expressed by the iPSC cells (Figure 3.23). Ct values are shown in 

the Table 3.2.  
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Figure 3.22. Expression levels of CD marker, CD73, in iPSC and iMSC cells using qRT-PCR analysis. Low 

levels of CD73 were observed in all the iPSC lines, while iMSCs exhibited relatively higher expression 

levels of CD73. Human GUSβ was used as a housekeeping gene, and qRT-PCR performed using the 

StepOne instrument, using SYBR green. The CT1.5 iPSC sample used as a calibrator. n=1. 
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Figure 3.23. Expression levels of CD marker, CD90, in iPSC and iMSC cells using qRT-PCR analysis. The 

expression levels observed in CD90 were similar in both iPSCs and iMSCs. Human GUSβ was used as a 

housekeeping gene, and qRT-PCR performed using the StepOne instrument, using SYBR green. The CT1.5 

iPSC sample used as a calibrator, n=1. 
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 Table: 3.2: Ct values of CD90 of both iPSC and iMSC cells. 

 

 

 

 

 

 

 

 

 

 

Subsequent to this finding, it was established that although CD90 is commonly used as a positive 

marker for MSCs it has been observed to be expressed in iPSCs (Wang et al., 2011).  

A third CD marker, CD105, known as an endoglin, is a transmembrane glycoprotein that is expressed 

in MSCs was also tested. The results show higher levels of expression in iMSCs compared to iPSCs 

(Figure 3.24). 

 

 

 

 

 

 

 

 

 

 

 

To accurately characterize iMSCs, Dominici et al., (2006) indicated that to be mesenchyme stem cells, 

not only must they express CD105, CD73 and CD90, they must also not express the hematopoietic 

markers such as CD45, CD34 and CD14 or CD11b, CD79a or CD19 and HLA-DR. For this project, the 

expression of CD45, CD34 and CD14 was therefore assessed using qRT-PCR. 

 

Sample CD90 Ct 

mean values 

GUSβ  Ct 

mean values 

MJDC3.4 iPSC 15,45072 23,105 

CT1.5 iPSC 14,64672 21,77904 

MJD5.3 iPSC 16,46507 24,25368 

MJD8.5 iPSC 15,8964 23,14506 

MJDC3.4 iMSC 15,78404 24,46862 

CT1.5 iMSC 16,93322 23,8774 

MJD5.3 iMSC 16,17139 23,86417 
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Figure 3.24. Expression levels of CD105 in iPSC and iMSC cells using qRT-PCR analysis. MJDC3.4 iPSC sample 

used as a calibrator and qRT-PCR was performed using the StepOne instrument, using SYBR green, n=1.  
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Figure 3.25 and Table 3.3 demonstrates a relative expression of CD45, CD34 and CD14. However, the 

Ct values of these genes, CD45 and CD14, were found to be , with values in their 30s and approaching 

40 cycles. The very high Ct value range indicated that the expression of these genes was nearly absent 

in both cell types, suggesting a lack or very low level of hematopoietic marker expression, 

characteristic of mesenchymal stem cells. CD34 on the other hand, had lower Ct values between 25 

and 29, for both iPSCs and iMSCs samples, which is indicative of expression of this gene.  

 

Table 3.3: Ct values of CD45, CD34 and CD14 of both iPSC and iMSC cells. 

Gene    

CD45    

  Sample  Gene Ct mean 

value   

GUSβ Ct value  

MJDC3.4 iPSC  32,53  23,10  

CT1.5 iPSC  34,13  21,78  

MJD5.3 iPSC  35,34  24,25  

MJD8.5 iPSC  34,16  23,14  

MJDC3.4 iMSC  32,68  24,47  

CT1.5 iMSC  35,41  23,88  

MJD5.3 iMSC  33,67  23,86  

      

CD34    

  MJDC3.4 iPSC  28,23  23,11  

CT1.5 iPSC  27,52  21,78  

MJD5.3 iPSC  29,90  24,25  

MJD8.5 iPSC  28,71  23,15  

MJDC3.4 iMSC  28,16  24,47  

CT1.5 iMSC  28,24  23,88  

MJD5.3 iMSC  25,26  23,86  

      

CD14        

  MJDC3.4 iPSC  33,29  24,76  

MJD5.3 iPSC  33,04  25,23  

MJD8.5 iPSC  32,15  25,85  

MJDC3.4 iMSC  31,85  28,22  

MJD5.3 iMSC  33,33  27,19  
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Figure 3.25. Expression levels of CD markers; CD45, CD34 and CD14, in iPSC and iMSC cells using qRT-PCR 

analysis. Similar expression levels of CD45 and CD14 were observed in both iPS and iMS cells, except in 

MJDC3.4 which seemed to have a higher expression in iMSCs. Elevated expression levels of CD34 were 

observed in iMSCs. Human GUSβ was used as a housekeeping gene, and qRT-PCR performed using the 

StepOne instrument, using SYBR green. The CT1.5 iPSC sample was used as a calibrator for CD45 and CD34, 

MJDC3.4 iPSC sample was used as a calibrator for CD14, n=1. 
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3.3.1.2 Trilineage differentiation of iPSC-derived MSCs 

The ultimate test for the mesenchymal state is their ability to differentiate into various mesenchymal 

derivatives, including adipose tissue, bone and cartilage. To determine whether the derived iMSCs 

were multipotent, the induction of the trilineage differention was conducted and the cells analysed 

by histological staining and qRT-PCR. In the present study, only CT1.5 iMSCs were investigated. 

 

To obtain the osteogenic lineage, iMSCs were cultured for 21 days in osteogenic differentiation 

medium made up as described in section 2.4.2.1 and included ascorbate, dexamethasone and 

glycerophosphate in DMEM basal medium. After 21 days, the non-induced (control) cells, cultured in 

low glucose iMSC medium, were typically spindle-shaped, and had a fibroblast-like morphology which 

was relatively uniform across the dish (Figure 3.26 A). In contrast, the osteogenically-induced cells lost 

their spindle-shape morphology (Figure 3.26 B). They formed cell clusters, indicated by the red box, 

and also produced fragments of bone matrix, which were absent in the non-induced samples (Figure 

3.26 B – red arrows). 

 

Alizarin Red S staining revealed that the non-induced control cells did not mineralize or produce 

calcium deposits, as no staining was observed (Figure 3.26 C). The osteogenically-induced cells 

displayed fragments that had a faint orange-red staining, indicating the presence of calcium in the 

extracellular matrix (deposit). This confirmed a successful differentiation into the osteogenic lineage 

(Figure 3.26 D – white arrows). 
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To obtain the adipogenic cells, iMSCs were cultured for 21 days in adipogenic differentiation medium 

containing IBMS, insulin, dexamethasone and indomethacin in DMEM basal medium. After day 21, 

while the control cells maintained their typically mesenchymal phenotype (Figure 3.27 A), when MSCs 

were induced to differentiate into adipogenic cells, the cells became larger and flatter (Figure 3.27 B - 

yellow arrows). Droplets or large vacuoles appeared in the cytoplasm, as seen by the green arrows, 

(Figure 3.27B). 

 

On day 21, the Oil Red O staining confirmed the presence of lipid droplets in adipose-induced cells, 

with red lipid droplets visible inside the cells, clustering within the cytoplasm (Figure 3.27 D, white 

arrows). Staining was not visible in the control cells (Figure 3.27 C).  
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Figure 3.26. Morphology and Alizarin Red S staining of iMSCs after 21 days of differentiation towards the 

osteogenic lineage. Images show: A) day 21 of non-induced and B) induced cells before staining, while C) 

day 21 of non-induced and D) induced cells after staining. Images captured by an EVOS microscope at 10x 

objective magnification. 
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Lastly, to obtain the chondrogenic cultures, micromasses were cultured in chondrogenic 

differentiation medium as described in section 2.4.2.2. Cells were grown in serum free medium 

containing TGFB3, BMP-2, dexamethasone, ascorbate-2-phosphate proline and pyruvate plus ITS in 

DMEM basal medium. In the control dish, cultured in low glucose iMSC medium, the cells adhered to 

the dish and created ‘mounds’ of cells. On day 21, staining with Alcian Blue O solution did not reveal 

significant observable differences in the presence of proteoglycans between the chondrogenically 

induced micromasses and the non-induced micromasses (Figure 3.28). The similar intensity of the blue 

stain in both cultures suggests that the duration of induction may have been insufficient for the cells 

to produce an extracellular matrix characteristic of cartilage. 

 

 

Figure 3.27. Morphology and Oil Red O staining of iMSCs after 21 days of differentiation towards the 

adipogenic lineage Images show: A) day 21 of non-induced and B) induced cells before staining, while C) day 

21 of non-induced and D) induced cells after staining. Images captured by an EVOS microscope at 10x 

objective magnification. 
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MJD8.5, MJD5.3, MJDC3.4 and CT1.5 displayed similar cellular and morphological transition patterns 

from iPSCs to iMSCs, eventually displaying a mesenchymal phenotype. As summarised in Table 3.4, 

the iMSCs observed, lacked the expression of pluripotency markers (NANOG, OCT3/4 and SOX2), had 

a positive expression of key mesenchymal CD markers (CD73, CD90 and CD105) and had low 

expression of the haematopoietic markers (CD34, CD45 and CD14). While using the trilineage 

differentiation trial process was carried out on CT1.5 iMSCs, they showed the potential to differentiate 

towards the osteogenic and adipogenic lineages and some potential towards the chondrogenic 

lineages. However, due to the weak Oil Red O staining and the weak Alizarin Red staining that was 

observed, an alternative approach was used in an attempt to improve the efficiency of the trilineage 

differentiation and hopefully increase the staining intensities with the special stains. In the subsequent 

experiments, StemPro Differentiation Media was used for the differentiation process.  

Figure 3.28. Alcian Blue staining of chondrogenically induced iMSCs at day 21.  A) shows a non-induced mass 

of cells and B) shows an induced mass of cells after staining, with no significant observable difference. 

Images captured by an EVOS microscope at 10x objective magnification. 
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Non-induced Chondrogenic Induced 
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Table 3.4 Summary of iMSCs characterization using the switch method by Zhou et al., (2018). 

Sample ID iMSC characterization 

 Morphological 

changes assessed as 

iPSCs differentiated 

towards iMSCs 

Gene expression 

Characterization 

- Positive 

expression of 

CD73, C90, and 

CD105 (qRT-PCR) 

Gene expression 

Characterization - 

Low expression of 

CD45, CD34 and 

CD14. 

(qRT-PCR) 

Trilineage 

differentiation: 

Osteogenic, 

Adipogenic, and 

Chondrogenic 

(Histology Staining) 

CT1.5 √ √ √ (except CD14) √ 

MJD5.3 √ √ √  

MJD8.5 √  iPSCs only  

MJDC3.4 √ √ √  
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3.3.2 Derivation of induced mesenchymal stem cells  from induced pluripotent cells- 

Protocol II 

The rationale behind the second protocol was as follows: On considering that both the iPSC lines  

growing on inactivated MEFs often started disaggregating within three days of plating (see section 

3.2.2.1 above and Figure 3.29 below), the thought was that perhaps these colonies are starting to 

spontaneously undergo EMT to become mesenchyme cells. Since we wished to produced 

mesenchyme cells, maybe one could take advantage of this phenomenon and encourage it. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Therefore, the next experiment proceeded as follows. A dish of differentiated iPSCs from both cell 

lines was treated with TrypLE and the cells were dissociated by trituration. They were seeded into two 

gelatine coated dishes each; one containing hESC medium and the other containing DMEM 

supplemented with 10% FBS and antibiotics (DMEM++). The aim at this stage was to determine 

whether the cells could continue to grow in these two different media and to test whether they 

continued to develop into a mesenchymal phenotype. 

 

The cells were cultured for 14 days with medium changes every other day, and each line passaged 1:3 

into gelatine-coated dishes containing either hESC medium or DMEM++ medium. Thereafter cells were 

passaged every seven days or when they were confluent. The changes in morphology were noted and 

recorded at various passages. The results for each of the media will be described separately. 

 

 

B 

 

 

A 

Figure 3.29. Morphology of CT1.5 iPSC colonies. A) shows a typical undifferentiated iPSC colonies on 

inactivated MEF layer at passage 23, while B) shows a differentiated iPSC colonies on inactivated MEF 

layer. Images taken by an EVOS microscope at 10x objective magnification. 
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3.3.2.1 Cells cultured in hESC medium 

After 2 days of culture, there was a range of various cellular morphologies for both CT1.5 and MJD5.3 

cell lines, including flat elongated cells (Figure 3.30 A, yellow arrow), spindle-shaped cells (Figure 3.30 

A, green arrow), and spindle-spiked cells (Figure 3.30 A, red arrow). Many of these cells appeared to 

have granular clusters surrounding the nucleus and vacuoles within their cytoplasm (Figure 3.30A, 

black arrows). By day 3, these vacuoles became more prominent, and the peri-nuclear area appeared 

more granulated (Figure 3.20 B, black arrows).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

At the first passage (P1), the cells were plated at a density of 1x104 cells/cm2 into fresh gelatine coated 

dishes. Good cell attachment was observed. Two days later, most of the cells were narrow and more 

spindle-shaped, and on occasion, formed cell clusters (Figure 3.31A insert). After three more days 

(Figure 3.31 B) 80-90% confluency was reached. The cells appeared slightly elongated, with a loss of 

their initial cell-clustering feature (Figure 3.31, green arrow). 

 

 

 

 

 

 

 

 

Two Days in culture Three Days in 

culture 

A B 

Figure 3.30: CT1.5 cells cultured on gelatine coated dishes at passage 23 (P0). Cells were cultured in hESC 

medium containing bFGF. Two - and three-days after enzymatic passage Images taken by an EVOS 

microscope at 10x objective (A) and at 20x objective (B).  
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Thereafter, cells maintained a consistent morphology. As they continued to proliferate (P3), and were 

left longer in culture, the cells favoured growing in compact clusters (Figure 3.32A), also creating 

empty spaces between the clusters. At this stage the cells were very elongated and 

mesenchymal/fibroblast-like. This suggests that once the cells are confluent, breaks in the cell sheet 

cause the cells to retract towards each other, resulting in more empty spaces (Figure 3.32A, extended 

image). This behaviour was particularly evident as the cultures progressed further and is typical of 

fibroblast cultures that become very confluent. 
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B C 

Two Days in 

culture 

Five Days in 

culture 

Figure 3.31. The general morphology of cells passaged to gelatine coated dishes and cultured in hESC 

medium with bFGF. A) -  two and B&C) – five days after passaging onto gelatine coated dishes. Images taken 

using EVOS microscope at 10x objective (A&B) and at 20x objective (C). 
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3.3.2.2 Cells cultured in DMEM++ medium and comparison with cultures in hESC medium 

At day 2, the CT1.5 and MJD5.3 cells appeared strikingly different in morphology to those that were 

cultured in hESC medium. They were larger and flatter in size (Figure 3.33) and more densely packed 

and by day 2, the dishes were sub-confluent. They were seen as sheets of cells and there were very 

few spindle-shaped cells (Figure 3.33 A, green arrow). The flattened shape of the cells made it difficult 

to determine whether the rate of proliferation was higher than that of the cells cultured in hESC 

medium. By day 3, the cells continued to proliferate, and the cultures became almost completely 

confluent. The cells contained vacuole-like structures with peri-nuclear granules (Figure 3.33B, black 

arrows). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

 

Figure 3.32. The morphology of cells cultured in hESC medium passaged to gelatine coated dishes, now at 

P3. The morphology of cells cultured in hESC medium is similar to those at previous passages (P1-2). Images 

captured at 10x objective using the EVOS microscope. 

 

 

A B 

Two Days in culture Three Days in culture 

Figure 3.33: The morphology of cells cultured in DMEM++ passaged to gelatine coated dishes, now P0. The 

morphology of cells cultured in DMEM medium containing serum. Two - and three-days after enzymatic 

passage. Images taken by an EVOS microscope at 10x objective (A) and at 20x objective (B). 
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After the first passage, the flattened round structures were no longer seen, and cells were starting to 

become more spindle shaped. This can clearly be seen by day 5. They reached around 80–90% 

confluency and adopted a very typical mesenchymal/fibroblast-like morphology, with a mix of spindle-

shaped cells alongside larger, round, flat cells (Figure 3.34B -coloured boxes). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

At passage 4, the cells grown in DMEM++ were tested for the expression of the mesenchymal markers 

CD73 and CD105 (Figure 3.35). As can be seen, there was a relatively high expression of CD73 in both 

CT1.5 and MJD5.3 samples compared to very low expression in iPSCs. The cells grown in hESC medium 

had a slightly higher expression of CD73 compared to those cultured in DMEM++ .  

 

Similar analysis was carried out for CD105 for the MJD5.3 cell line (There was insufficient RNA to 

analyse CT1.5). As can be seen in Figure 3.35, a similar pattern of much higher expression in hESC 

cultured cells compared to DMEM cultures cells was obtained. There was also insufficient RNA to 

analyse the negative CD markers for the iMSCs derived with Protocol II. 

 

 

A 

 

 

 

B 

Figure 3.34. The morphology of cells cultured in DMEM++ passaged to gelatine coated dishes, now P1. Cells 

are five days in culture in DMEM++ and are fibroblast like in morphology. The different colour boxes were 

used to highlight the different cell morphologies. Images captured at 10x objective (A) and at 20x objective 

(B) using the EVOS microscope.  
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Most interestingly, it was found that both cell lines cultured in hESC medium expressed very high levels 

of NANOG at the same time as the cells were expressing CD73 and CD105 (Figure 3.36). This has been 

reported previously that NANOG has a role, inter alia in cell cycle and DNA repair in several cell types 

(Zhang et al. 2016)   
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Figure 3.35. Expression levels of CD markers using qRT-PCR analysis. A) CD73 in MJD5.3 iPSCs and iMSCs 

derived using protocol II, B) CD73 in CT1.5 iPSCs and iMSCs derived using protocol II, and C) CD105 in MJD5.3 

iPSCs and iMSCs derived using protocol II. Low levels of CD73 and CD105 were observed in all the iPSC lines, 

while iMSCs exhibited relatively higher expression levels of CD73 and CD105. Human GAPDH was used as a 

housekeeping gene, and qRT-PCR performed using the StepOne instrument, using SYBR green. The iPSC 

sample used as a calibrator, n=1. 
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3.3.2.3  The ability of iPSC- derived mesenchymal stem cells had trilineage potential.  

The aim of the next step was to determine whether the iMSCs were able to differentiate into bone, 

cartilage and adipose precursors. 

 

Adipogenesis differentiation 

The CT1.5 and MJD5.3 iMSCs cells derived in either hESC or DMEM++ media were tested for their 

adipogenic potential using the StemPro® Adipogenesis Differentiation Kit. Cells were grown for 14 

days, and histological staining was then carried out.  
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Figure 3.36. Expression levels of pluripotency markers, NANOG and OCT3/4, using qRT-PCR analysis. NANOG 

levels in A) MJD5.3 and B) CT1.5 iPSCs and iMSCs derived using DMEM++ and hESC. OCT3/4 levels in C) 

MJD5.3 and D) CT1.5 iPSCs and iMSCs derived using DMEM++ and hESC. iMSCs derived from hESC exhibited 

relatively higher expression levels of NANOG compared to iPSCs and iMSCs derived from DMEM++. All iPSCs 

showed relatively high expression of OCT3/4 compared to all iMSC samples. Human GAPDH was used as a 

housekeeping gene, and qRT-PCR performed using the StepOne instrument, using SYBR green. The iPSC 

sample used as a calibrator, n=1 . 
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By day 14, CT1.5 cells treated in adipogenic differentiation medium had changed from the 

mesenchymal-like shape to a large and flat shape (Figure 3.37 B, D). Oil Red O staining indicated 

positive lipid droplets deposited around the nucleus within the cytoplasm (Figure 3.37 B, D). This 

showed a successful adipogenic differentiation. For the untreated cells grown in either the hESC or 

DMEM++ medium, it could be seen that cells continued to proliferate. In the hESC medium, cells lifted 

off in patches leaving a sparse population of clusters (Figure 3.37 A). In the DMEM++ cultures the 

confluent cells remained adherent (Figure 3.37 C). Oil Red O staining for these untreated cells showed 

no staining for the DMEM++ cultures, but in the hESC cultures, there did appear to be some stain that 

looked mostly none-specific or “trapped”. However, there did seem to be some cells with specific 

staining, suggesting that they might have spontaneously differentiated. This apparent willingness of 

the untreated hESC derived MSCs to differentiate towards the adipogenic lineage could be related to 

the increase concentration of FGF-2 (supplemented to the hESC medium). Literature has indicated 

that when mesenchymal stem cells are stressed, they tend to release FGF-2 which then facilitates 

proliferation and the promotion of osteoblast differentiation via the ERK pathway (Ogura et al. 2023). 

Something similar could be happing with the adipogenesis (see Discussion).  
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Figure 3.37. Oil Red O staining of day 14 CT1.5 cells either in treated or untreated adipogenic differentiation 

medium. hESC cultured (A, B) and DMEM cultured cells (C, D).  A, C- untreated, B, D- treated. Images 

captured at 20x objectives using the EVOS microscope 
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Similarly to CT1.5, adipogenesis was determined in MJD5.3 cells derived from either hESC or DMEM++ 

media for 14 days. The MJD5.3 pattern of staining was the same as for the CT1.5 cells. That is, strong 

positive staining in treated hESC derived cells with a small amount of staining in the hESC untreated 

cells. The treated cells derived from the DMEM++ medium displayed some staining, but it was much 

less than what is displayed by the hESC derived cells. In contrast to the CT1.5 cells, the untreated 

MJD5.3 cells survived better in hESC medium compared to DMEM++ medium (Figure 3.38). 

Some adipose-derived human mesenchymal cells (hMSC) (gift from Prof Pepper, University of 

Pretoria) cultured in DMEM++, exhibited typical mesenchymal morphology before the differentiation 

process (Figure 3.39 A). They were grown in Adipogenic Differentiation Medium for 14 days and 

stained for adipogenesis. In Figure 3.39 A, these typical human mesenchymal cells can be seen. On 

day 14, the Oil Red O positive staining was seen in the cells cultured in Adipose Differentiation Medium 

with lipid droplets visible within the cytoplasm of some of the cells, but many of them remained 

fibroblast-like (Figure 3.39 C). The control cells were completely negative for Oil Red O.  

In Summary, the overall results confirmed that the iPSC-derived iMSCs were able to differentiate into 

adipose cells. 
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Figure 3.38. Oil Red O staining of day 14 MJD5.3 cells either in treated or untreated adipogenic 

differentiation medium. hESC cultured (A, B) and DMEM cultured cells (C, D).  A, C- untreated, B, D- treated. 

Images captured at 20x objectives using the EVOS microscope 
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Osteogenesis Differentiation 

To determine whether the CT1.5 and MJD5.3 iPSC-derived MS cells can become bone cells, they were 

cultured in StemPro® Osteogenesis Differentiation medium for a period of 21 days, then stained with 

Alizarin Red. Control cells were cultured in either hESC medium or DMEM++.  

 

As can be seen on day 21, the Alizarin Red staining was observed in the treated (differentiated) 

samples for both hESC and DMEM++ CT1.5 cells (Figure 3.40 B, D) whereas the controls were all 

negative (Figure 3.40 A, C). This confirmed a positive calcium deposition indicative of osteogenesis 

only in treated cells. The undifferentiated hESC culture formed clusters and those in DMEM++ became 

overconfluent but there was no Alizarin Red staining observed. 
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Figure 3.39. Morphology of Human mesenchymal stem cells (hMSC) cultured in DMEM++ at passage 4. 

(Untreated - A and B, Treated - C).  C) Oil Red O staining confirming adipogenic differentiation of day 14 

hMSC cells compared to undifferentiated samples (B). Images captured at 10x objective using the EVOS 

microscope 
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Figure 3.40. Alizarin Red staining of CT1.5 cells either in treated or untreated osteogenic differentiation 

medium on hESC cultured (A,B) and DMEM++ cultured medium (C,D) at Day 21. Day 21 of MJD5.3 cells either 

in treated or untreated osteogenic differentiation medium DMEM cultured medium (E,F).  A,C, E- untreated, 

B,D, F - treated. Images captured at 10x objectives using the EVOS microscope 
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It is known that osteogenic cells express alkaline phosphatase (reviewed by Vimalraj, 2020) as do 

iPSCs. To investigate whether any changes might have occurred as the cells transitioned from stem 

cell state to differentiated state, qRT-PCR  analysis of alkaline phosphatase (ALP) was carried out. The 

results from the real time data are presented graphically. Agarose gel analysis of the qRT-PCR product 

size was carried out to check PCR product size and determine rough expression levels. As expected, 

the iPSC cells expressed the ALP gene. On days 0, 7, 14 and 21, CT1.5 cells expressed various levels of 

ALP; the highest being at day 14 (Figure 3.41 A). Overall, both the iPSCs and the differentiated samples 

showed positive ALP expression. These are similar results seen by (P. Zhou et al. 2021).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A similar analysis was carried out with the patient MJD5.3 cells; qRT-PCR data was plotted and the PCR 

products run on an agarose gel (Figure 3.42 A, B). Both the iPSC cells and the differentiated cells 

showed the expected ALP expression, but in this experiment the D0 sample did not express ALP. In 

contrast to the results obtained in CT1.5 cells, in MJD5.3 the iPSC cells expressed higher levels of ALP 

than iMSC cells and the osteo differentiated cells. However, it should be noted that although these 

samples were run in duplicate, the qRT-PCR analysis was not repeated, and the pattern of expression 

could not therefore be verified. But it is evident that both iPSCs and differentiated cells do express 

ALP in both CT1.5 and MJD5.3. 

Figure 3.41. A) Relative gene expression of Alkaline phosphatase during the 21-day differentiation towards 

osteogenesis for CT1.5 DMEM++ cultured cells. B) 2 % agarose gel loaded with Lane 1 = Quick-Load 100 bp 

DNA ladder, Lane 2= iPSCs, Lane 3= Day 0/ iMSC (untreated), Lane 4 = Day 7, Lane 5 = Day 14, Lane 6 = Day 

21, Lane 7 = Day 21 -RT control and Lane 8 = NTC.  
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Osteocalcin, known to be synthesized by osteoblasts, was also investigated as a key bone development 

marker. The temporal expression of osteocalcin was measured over a 21-day culture period by qRT-

PCR analysis. Results  were presented graphically and the qRT-PCR product checked on agarose gels 

(Figure 3.43 A, B). For each of the osteo-induced iMSC samples, two bands were seen.  A weak band 

of 158 bp and a much stronger band of about 50bp A similar result was obtained with the CT1.5 

samples. Two bands were obtained for each of the samples, of 158 bp and 50 bp. The graphical analysis 

reveals a slight decrease from day 7  to 21 (Most likely the results of poor-quality RNA). These results 

show that osteocalcin is expressed in iMSCs subjected to osteogenic differentiation reagents. The two 

bands seen of 158bp and 50bp suggest that they arise from alternative splicing of the transcripts (see 

Discussion). 

 

Analysis of the qPCR product sizes as seen on the agarose gels, revealed an interesting result. The RNA 

from the iPSC MJD5.3 cells gave a product of 158 bp.  This was surprising because it was expected that 

pluripotent stem cells would not express the differentiation specific gene osteocalcin. This will be 

considered in the Discussion 

 

 

 

Figure 3.42. A) Relative genetic expression of Alkaline phosphatase during the 21-day differentiation towards 

osteogenesis for MJD5.3 DMEM++ cultured cells. B) Agarose gel loaded with Lane 1 = Quick-Load 100 bp DNA 

ladder, Lane 2= iPSCs, Lane 3= Day 0 iMSC (untreated), Lane 4 = Day 3, Lane 5 = Day 7, Lane 6 = Day 14, Lane 

7 = Day 21, Lane 8 = Day 21 -RT control and Lane 9 = D14 -RT control. 
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Figure 3.43. A) Agarose gel loaded with Lane 1 = Quick-Load 100 bp DNA ladder, Lane 2= MJD5.3 iPSC cells, 

Lane 3= MJD5.3 iPSC cells -RT control, Lane 4 = MJD5.3  Day 3, Lane 5 = MJD5.3 Day 3 -RT control, Lane 6 = 

MJD5.3  Day 14, Lane 7 = MJD5.3 Day 14 -RT control, Lane 8= NTC, Lane 9 = CT1.5 Day 7, Lane 10 = CT1.5 

Day 7 -RT control, Lane 11 = CT1.5 Day 14, Lane 12 = CT1.5 Day 14 -RT. B) agarose gel loaded with Lane 1 = 

Quick-Load 100 bp DNA ladder, Lane 2 = CT1.5 Day 21, Lane 3 = CT1.5 Day 21  -RT control, Lane 4= MJD 5.3 

Day 3, Lane 5 = MJD 5.3 Day 3 -RT control, Lane 6 = MJD 5.3 D21, Lane 7 = MJD 5.3 D21 -RT control, Lane 8 

= NTC. C, D) Relative genetic expression of Osteocalcin during the 21-day osteogenic differentiation for CT1.5 

(C)  and MJD5.3 (D) DMEM++ cultured cells.   
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Chondrogenic  differentiation:  

The final step in the trilineage differentiation was to investigate both CT1.5 and MJD5.3 cell lines for 

their potential for chondrogenic differentiation. In a trial experiment, the DMEM++ derived CT1.5 

iMSCs were cultured as micromasses in 5 wells of a 12 well plate in either StemPro® Chondrocyte 

Differentiation medium for 21 days., then stained with toluidine blue. The untreated control cells were 

cultured in DMEM++ medium. 

 

The micromasses treated with chondrogenic medium developed a dense composition and became 

compact with increasing time in culture (Figure 3.44). I t is worth noting that in one or two wells the 

micromasses disintegrated leaving very few micromasses for staining and qRT-PCR analysis. After 21 

days, the treated micromasses stained dark blue with toluidine blue. In contrast, the untreated 

micromass grown in DMEM++, grew as a monolayer of cells in the middle of the well and displayed a 

light blue background with  toluidine blue (Figure 3.44 A). This could have been either non-specific 

trapping of the blue dye, or it could have been that the collections of adhering cells synthesized some 

sort of extra cellular matrix that picked up the toluidine blue stain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Having demonstrated that control and MJD iMSC cells differentiate into cartilage in vitro in both low 

glucose and DMEM++ medium, the final step was to determine the temporal sequence of this process 

to compare the control and the patient samples. In addition, the second aim was to determine 

whether the cartilage produced was of the hypertrophic type or of the articular type of cartilage. The 

approach was to first check for the temporal expression pattern of COL2A1, a pan cartilage marker. 

Figure 3.44. Toluidine blue staining of CT1.5 chondro-differentiated micromasess. A) Control sampled on 

day 21 displaying a pale blue background, B) differentiated sample on day 21 showing a very compact mass 

with an intensely dark blue staining. Images taken by an EVOS microscope with phase contrast. 
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The next step was to determine the expression of COL10A1, which is expressed exclusively in 

hypertrophic cartilage.    

Briefly, CT1.5 and MJD5.3 iMSCs derived from low glucose DMEM++ medium (protocol I) were cultured, 

and RNA extracted from samples on days 0, 3, 5, 7, 14 and 21. qRT-PCR was carried out and the 122bp 

PCR product checked on a 2% agarose gel. As seen in Figure 3.45A (lanes 2-7), the final product was 

seen in all samples. A very faint band was observed for the day 14, untreated control (lane 8). The iPSC 

samples were run at the same time (gel not shown). Using the iMSC values as a calibrator for the 2-ddCt 

analysis, the results seen in Figure 3.45B shows that COL2A1 increased expression from day 3 to day 

21. (CT values are in the appendix) C). CT1.5 iMSC samples derived from DMEM++ (lane 9) showed a 

positive band expression and hESC (lane 10) showed a low positive expression of COL2A1.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.45. COL2A1 expression in chondrogenically induced CT1.5 iMSC samples derived from low glucose 

DMEM. A) Agarose gel loaded with Lane 1= 100bp Marker, Lane 2= Day 0; Lane 3= Day 3, Lane 4= Day 5, 

Lane 5= Day 7, Lane 6 = Day 14, Lane 7= Day 21, Lane 8= iMSCs- Day 14 untreated control condensed, Lane 

9= iMSC derived using DMEM++, Lane 10= iMSC derived using hESC, Lane 11= MJDC2 Fibroblast, Lane 12= 

Chondro nodule Day 20 (PG sample); B) Relative genetic expression of COL2A1 during the 21-day 

chondrogenic differentiation for CT1.5. 

 

0
50

100
150
200
250
300
350

D0 iMSC D3 D5 D7 D14 D21 iPSC

R
el

at
iv

e 
ex

pr
es

si
on

 o
f m

R
N

A
 

ex
pr

es
ss

io
n 

2^
(-

dd
C

t)

Chondrogenic differentiation

COL2A1 expression in CT1,5 chondrogenic 
differentiated samples

B

A 1    2     3      4     5      6     7       8       9    10     11    12 

Chondrogenic differentiation 

D0    D3      D5    D7     D14  D21 

Undifferentiated iMSCs 

Low glucose  

LG    DMEM++  hESC    Fibs       PG 

122bp 



106 | P a g e  
 

Similarly, qRT-PCR analysis was performed for MJD5.3 chondro-differentiated cultures originating 

from iMSCs derived in low glucose DMEM (Protocol I). The correct 122bp PCR product size was seen 

for all samples (Lanes 3-8). As can be seen  from Figure 3.46A and B, COL2A1 increased expression to 

day 3, whereafter expression decreased to day 21. When cells were cultured in DMEM++ medium 

(protocol II), an increase was also seen from day 0 to day 5 (lanes 9 and 10); unfortunately, there were 

insufficient samples for the later timeline (Figure 3.46 C).  
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Figure 3.46. COL2A1 expression in chondrogenically induced MJ5.3 iMSC samples derived from low glucose 

DMEM and DMEM++. A) Agarose gel loaded with; Lane 1= 100bp Marker, Lane 2= iPSC, Lane 3 = Day 0, Lane 

4= Day 3, Lane 5 = Day 5, Lane 6 = Day 7, Lane 7 = Day 14, Lane8 = Day 21, Lane 9 = Day 0 DMEM++ derived; 

Lane 10 = Day 5 DMEM++ derived, Lane 11 = iMSC hESC derived. B) Relative genetic expression of COL2A1 

during the 21-day chondrogenic differentiation for MJD5.3 from iMSCs derived from DMEM++ (B) and hESC 

(C). 
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In summary, COL2A1 expression is seen in control and MJD cultured iMSC cells from day 3 onwards.  

It is not clear whether the decrease in expression seen in MJD cultures after day 5 is real or whether 

there was a problem with RNA quality.  

 

One additional concern with these results was that the primers, routinely used by many investigators, 

fall within a single exon, exon 54. Therefore, a second set of primers was designed to cross from exons 

53 to 54. These primers were then used to do qRT PCR analysis on the RNA used in the previous 

analysis.    

 

Using the second set of  primers, COL2A1 expression was observed in CT1.5, chondro-differentiated 

samples from days 0 to 21 (Figure 3.47 B). At day 14 there was a slight decrease before a further 

increase. [Note with apologies: lane 2 sample started to run before the other samples were loaded. It 

is therefore not a lower molecular weight band]. The untreated day 14 mass did not express COL2A1 

(Lane 8) (Figure 3.47 A).  
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Figure 3.47. COL2A1 expression in chondrogenically induced CT1.5 samples, using primer set 2. A) Agarose 

gel loaded with; Lane 1= 100bp Marker, Lane 2= Day 0, Lane 3= Day 3, Lane 4 = Day 5, Lane 5 = Day 7, Lane 

6 = Day 14, Lane 7 = Day 21, Lane 8 = iMSC- D14 untreated control. B) relative expression of COL2A1 during 

the chondrogenic differentiation CT1.5 samples. The induced samples all express COL2A1, at varying levels. 

Human GAPDH was used as a housekeeping gene, and qRT-PCR performed using the StepOne instrument, 

using SYBR green. The iMSC sample used as a calibrator. 
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As with the CT1.5 analyses, the MJD5.3 iMSCs grown in either low glucose DMEM (Lane 3), DMEM++ 

(lanes 9) or hESC medium lane 11) expressed COL2A1 (Figure 3.48). However, no expression was seen 

in the chondro-differentiated samples, from days 3-21 (lanes 4-8). In contrast, there was COL2A1 

expression in chondro-differentiation from MJD5.3 cells derived from DMEM++ at day 5 (Lanes 10) 

(Figure 3.48). 

 

These results demonstrate 1) that primer set 2 gave rise to appropriate size qRT PCR product of 269bp, 

2) that iMSCs derived from either hESC or DMEM express COL2A1. 3). In CT1.5 control cells, COL2A1 

expression increased from day 3 to 21 while expression in MJD5.3 cells was not detected in cells 

derived from low glucose, but expression was detected in cells derived from DMEM++. 
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Figure 3.48. COL2A1 expression in chondrogenically induced MJD5.3 samples, using primer set 2. A) Agarose 

gel loaded with; Lane 1= 100bp Marker, Lane 2= iPSCs, Lane 3= Day 0, Lane 4= Day 3, Lane 5 = Day 5, Lane 

6 = Day 7, Lane 7 = Day 14, Lane 8 = Day 21, Lane 9 = Day 0 iMSC - DMEM++ derived, Lane 10 = Day 5, DMEM++ 

derived, Lane 11 = iMSC - hESC derived, Lane 12 = NTC. B) relative expression of COL2A1 during the 

chondrogenic differentiation MJD5.3 samples. The low glucose derived iMSCs induced samples did not 

express COL2A1, while all the iMSC samples expressed COL2A1 at varying levels, including the D5 DMEM++ 

derived sample. Human GAPDH was used as a housekeeping gene, and qRT-PCR performed using the 

StepOne instrument, using SYBR green. The iMSC sample used as a calibrator. 
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The final step in this investigation was to  determine whether the cartilage produced in this experiment 

was the articular type or endochondral type of cartilage. The endochondral cartilage lineage can be 

identified by the expression of the COL10A1 gene (Zheng et al. 2003).  

 

RNA from CT1.5 and MJD5.3 cells, cultured over a period of 21 days was used for a qRT PCR analysis 

of COL10A1.   
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Figure 3.49. COL10A1 expression in chondrogenically induced CT1.5 and MJD5.3 samples. A) Gene 

expression CT1.5 samples. B) Gene expression in MJD5.3 samples. C) Gene expression in MJD5.3 DMEM++ 

derived. The differentiated samples expressed COL10A1. Human GAPDH was used as a housekeeping gene, 

and qRT-PCR performed using the StepOne instrument, using SYBR green. The iMSC sample used as a 

calibrator. 
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Figures 3.49 A and B showed that both CT1.5 and MJD5.3 cells expressed COL10A1 and showed an 

increase over the time period studied. This result demonstrate that the cartilage produced in these 

studies was of the endochondral type and not articular type.  

 

COL2A1 is expressed in undifferentiated iPSCs and multipotent MSCs 

In the above experiments, RNA from pluripotent iPSCs was used in all the qRT PCR analyses because 

it was expected that they would not express the cartilage COL2A1 gene. It was therefore a surprise 

when this transcript of 122bp was detected in the gels and in the 2-DDCt calculations (Figure 3.46 – lane 

2 and Figure 3.50 - lane 2).  

 

 

 

 

 

 

 

 

 

 

After performing many optimisations to exclude the possibility of contaminants, none were found, 

and the same results were repeatedly obtained. All the control cDNAs without reverse transcriptase 

resulted in no PCR products, which eliminated the possibility of genomic DNA or any other 

contamination. Therefore, a new set of primers for the 122bp transcript was purchased, but this gave 

the same result. Lastly, a third set of primers (primer set 2 mentioned above) designed to cross exons 

was obtained and tested. In these experiments, the iPSCs also showed expression of COL2A1 (Figure 

3.48 lane 2).   

 

To further investigate whether this was an anomaly due to some unknown factor in this study, 

additional samples were tested using the 122 bp primer set included the following cell lines: CT1.5 and 

MJD5.3 iMSCs, cDNA from CT1.5 iMSC cells obtained independently by a colleague who had derived 

them using the embryoid body technique (Dimakatso Gumede, PhD thesis, 2019); two different lines 

of normal human fibroblasts; 1.2 iMSC from Dimakatso Gumede, (PhD thesis, 2019). In all cases, 

expression of the correct size product, 122bp, was seen (gel in Appendix C). This interesting result 

requires further investigation-see discussion.  

Figure 3.50. COL2A1 expression in undifferentiated iPSCs and iMSC samples. The agarose gel is loaded with; 

Lane 1= 100bp marker; Lane 2= CT1.5 iPSC sample, Lane 3= CT1.5 iPSC -RT control, Lane 4= CT1.5 iMSC, Lane 

5 =CT1.5 iMSC -RT control, Lane 6= MJD5.3 iPSC, Lane 7= MJD5.3 iPSC -RT control, Lane 8= MJD5.3 iMSC, 

Lane 9 = MJD5.3 iMSC -RT control, Lane 10 = NTC.  
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Chapter 4 Discussion  

The first step of this study was to derive, expand, maintain and characterise the iPSCs from Mseleni 

patient and control fibroblasts. The first steps in this process, the iPS cell derivation from patient 

fibroblasts, were carried out by a colleague prior to the start of the present project. In brief, a trip to 

the Mseleni region of Kwa-Zulu Natal led by anthropologist Professor Vicky Gibbon, enabled the 

collection of skin punch biopsies from Mseleni patients and control samples. They were transported 

back to Cape Town on ice. Two patient biopsies and one control biopsy were selected for this study. 

Fibroblasts were grown and cultured from these biopsies by Mrs Desiree Bowers at the University of 

Cape Town.  After an unsuccessful attempt by Elizabeth Dinkele, a PhD student at the UCT laboratory, 

to derive iPS cells from these fibroblasts, samples were sent to the CSIR in Pretoria where they were 

successfully reprogrammed by Dr Janine Scholefield using the CytoTuneTM iPS 2.0 Sendai 

reprogramming kit (Invitrogen). After characterization at P3 by her, the iPSCs were cryopreserved at 

P3, and sent to the Cape Town laboratory on dry ice. 

 

At the outset of this project, several technical problems were faced in culturing and expanding the 

iPSCs on inactivated MEFs, and these are discussed below. The first problem I encountered was that 

the colonies looked normal at first, but they all started to spontaneously differentiate either after the 

first passage or one or two passages later. To solve this problem, a range of possible causes were 

considered and tested.  

 

The first concern was the quality of the mouse feeder cells (MEFs). These cells play two important 

roles in stem cell culture. They secrete two important growth factors,  b-FGF and TGF-β into the 

medium which helps maintains pluripotency, and they provide an extracellular matrix for iPSCs to 

attach (Amit et al. 2000). One consideration was that the working batch of inactivated MEFs might not 

have been functioning optimally, possibly because of a prolonged storage time. Therefore, a new 

batch of MEFs was inactivated with Mitomycin C and tested for their ability to maintain pluripotency. 

However, this didn’t help resolve the problem and the cells continued to differentiate spontaneously. 

A different matter pointed out by Heng, Liu and Gao, (2004), is that the density of the inactivated 

MEFs might have an influence on their effectiveness as feeder cells. Working with embryonic stem 

cells (ES), they showed that an inactivated MEF cell density of 60 000 cells/cm2 was more efficient at 

maintaining ES pluripotency than a cell density of 32 000 cells/cm2. In the present study, two different 

densities were tested: the recommended density of 17 000 cells/cm2 and a density of 34 000 cells/cm2. 

However, neither density allowed for successful propagation without spontaneous differentiation, 
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suggesting that feeder density was not the primary problem. Alternatively, an even higher density 

might have been needed, but this was not tested.  

 

Another possible cause of the spontaneous differentiation has been explained by Uhrig, Ezquer and 

Ezquer, (2022), who reported that iPSCs are highly sensitive during the first three passages after 

reprogramming and often undergo spontaneous differentiation or cell death after freezing then 

thawing. They advised that iPSCs should therefore not be frozen at P3 but rather be cultured to later 

passages before being frozen. Unfortunately, in the present study, we were unaware of this possible 

problem. The cells were cultured in a laboratory in Pretoria and had to be frozen to be sent to Cape 

Town as soon as possible to allow this study to be initiated. (Had we known at the time that problems 

might arise, we might have suggested that the cultures be passaged one or two more times before 

being sent to us.). 

 

The next problem-solving step was to focus on the role of growth factors in iPSC cultures. Fibroblast 

growth factor 2 (FGF-2), plays a key role in regulating pluripotency by directly controlling the 

expression of pluripotency genes. As can be seen in Figure 4.1, FGF-2 functions in a complex pathway 

to trigger phosphorylation and post-translational modifications of target proteins through the 

PI3K/Akt and ERK pathways. This results in self-renewal and maintenance of pluripotency in stem cells 

(Oke and Manohar 2024). In addition, FGF-2 achieves this critical role through the activation of the 

inactivated MEFS, which leads to the release of factors such as TGF-β and more FGF to help maintain 

pluripotency (Bendall et al. 2007). The FGF-2 works together with factors such as TGF-β synergistically 

to support pluripotency (Greber, Lehrach, and Adjaye 2007).  
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There have been many studies to clearly understand the mechanism in which FGF-2 can maintain 

pluripotency of stem cells. It has also been found to play a role in maintaining pluripotency while 

inhibiting cell death (Mossahebi-Mohammadi et al. 2020). In addition, the seemingly conflicting 

response of cells to FGF might be explained by differences in culture conditions, cell lines or even 

pathway dose-dependency (Haghighi et al. 2018). 

 

Taking the above information of b-FGF into account, in the present study, various b-FGF 

concentrations were tested, starting from 10 ng/ml increasing to 20 ng/ml, with medium that was 

changed every day. The increase in b-FGF to 20 ng/ml resulted in improved iPSC cultures and 

prevented spontaneous differentiation. (It is possible that the new batch of inactivated MEFs 

contributed to this, however the increase concentration of b-FGF with the old inactivated MEFS was 

not tested). 

 

After the iPSC culture problems were resolved with the increased b-FGF concentration, it was possible 

to routinely passage and characterise all three cell lines MJD5.3, MJD8.5 (Mseleni patients) and 

MJDC3.4 (Mseleni control).  iPSC colonies  between P8- P10 were grown on coverslips, processed with 

immunocytochemistry and were all shown to express the pluripotency proteins NANOG, TRA-160 and 

OCT3/4. Subsequently, cells were cultured in specialised medium and all effectively expressed 

Figure 4.1. Key signaling pathways regulating pluripotency in hES and iPS cells. FGF-2 binds to its receptor 

FGFR which activates several downstream pathways such as Ras/Raf/MEK/ERK and PI3K/Akt and thereby 

maintains pluripotency of hESCs. (Varzideh et al. 2023) 
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mesoderm, endoderm and ectoderm markers. This strongly suggested that the iPSCs were 

pluripotent.  

 

As noted in the Results, an additional control cell line (CT1.5), independently derived in Cape Town, 

did not undergo spontaneous differentiation as observed in the Mseleni derived cells. Unlike the 

Mseleni cell lines which were derived from skin biopsies from adult donors, the CT1.5 cell line was 

derived from a juvenile foreskin tissue in 2014 by Dr Robea Ballo. Several factors might have benefited 

this line:  it was derived by a researcher in Cape Town, who had time to culture the cells to a higher 

passage number before freezing. Furthermore, the CT1.5 iPSCs were derived using reagents from 

different batches and lot numbers which could have also contributed to its stability. Additionally, for 

this MSc project, the cells used were from passage 18-20, stable enough to be propagated for further 

research and did not require further optimisation. Lastly, the young age of the donor may have 

influenced the cell line’s robust pluripotency.  

 

Following the successful culture of iPSCs, several ideas were considered as to how to further improve 

the culture conditions of iPSCs and to reduce spontaneous differentiation in order to have successful 

downstream applications. The main factors considered were the processes of thawing, passaging, and 

freezing of the cells. 

 

Thawing new vials of iPSC cells from liquid nitrogen stocks: whether to culture on inactivated mouse 

feeder cells or to culture in a feeder free environment requires carefully controlled freezing and 

thawing conditions to avoid the problems associated with spontaneous differentiation (Uhrig, Ezquer, 

and Ezquer 2022). The freezing down step is especially critical. In the present study, all freezing down 

occurred in 40 % FBS and 10 % DMSO in KODMEM. One possible cause for the spontaneous 

differentiation observed in this study is that stem cell specific FBS was required in the freeze down 

medium. However, HIPSC-qualified FBS proved to be prohibitively costly. It was therefore 

recommended to increase the concentration of normal FBS from 40 to 60% with 10% DMSO in 

KODMEM for freezing down of iPS cells, the rationale being that higher concentrations of FBS would 

deliver higher concentrations of growth factors and the serum proteins provide greater protection 

from ice crystal formation. However, it is known that medium containing FBS promotes differentiation 

of iPSCs towards the mesenchymal (mesodermal) lineages because of the multiple growth factors it 

contains (Uhrig, Ezquer, and Ezquer 2022). Intriguingly, and it has been shown, it also encourages 

differentiation even during a typical  cryopreservation process that  involves a controlled freezing rate 

(approximately 1 OC per minute) that occurs when vials are placed at -80 OC, and the fast-thawing 
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process that occurs at 37 OC. Although these processes are considered as quick processes, it has been 

claimed that they allow for the 60% FBS to influence some differentiation in the iPS cells (Liu and Chen 

2014). They, together with others, recommend replacing FBS with alternatives such as 90% 

supplemented Essential 8™ (E8) medium with 10% DMSO or replacing the FBS with lower KOSR 

concentration (25%) and  10 % DMSO in KODMEM, if 90 % supplemented Essential 8™ (E8) medium is 

too expensive. In future, replacing the FBS with E8 supplemented medium should be considered to 

decrease the chances of differentiation. 

Passaging of iPSCs is important for propagating and expanding them. However, the timing of passaging 

is important. As with all other cells, the iPSCs have a logarithmic cell growth phase, which is 2-4 days 

after seeding. This means that iPSCs must be lifted from the culture vessel during the growth phase 

for enhanced survival after plating. In the present study, iPSC culture growth periods were 5-8 days in 

order to obtain colonies of sufficient size for manual passaging; however, in the review by Uhrig, 

Ezquer and Ezquer, (2022), it was noted that culturing iPS cells for longer than the suggested period 

of 2-4 days takes them into a stationary phase. This would cause the cells to struggle to recover after 

a passage or a thaw, as was observed in the present study. Freezing down during the logarithmic phase 

is especially important as it has been shown that the iPSCs recover better after thawing by Liu and 

Chen, (2014). 

For future studies, should the problem of iPSC differentiation persist, another consideration would be 

to use multiple clones from one iPSC line to overcome clone-clone variability and to make sure that 

the observations seen in my iPSC cultures are due to technical problems and not cell line specific 

problems. In this study, due to the time delay resulting from the many problems faced, it was not 

possible to investigate additional clones for each cell line.  

Culture in feeder free (FF) conditions 

In the present study, having established the conditions for culture on feeder layers, the next challenge 

was to establish cultures in feeder-free conditions. This was necessary in order to measure the level 

of expression of pluripotency genes in the iPSCs and to eliminate the influence of the RNAs coming 

from the inactivated MEFs. iPSCs grown on feeder layers were transferred to Geltrex-coated dishes as 

described in culture medium containing b-FGF. However, unexpected problems arose; cells settled on 

the Geltrex matrix for a day or so but started to lift 48 hours after they were seeded. Many different 

attempts proved unsuccessful. This was a consistent observation that occurred with all the iPSC 

including the CT1.5 line. Several factors could be causing the lifting of the cells, leading to premature 
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cell death, but this discussion will focus on one key possibility, the effect of Geltrex as a substrate in 

feeder-free conditions.  

 

Geltrex is a simplified extracellular matrix, extracted from  Engelbreth-Holm-Swarm (EHS) tumour 

cells. It is one of the most widely used growth-factor enriched basement matrices (hiPSC-Qualified) 

used as a substrate for maintaining iPSCs. It contains components such as laminin, heparin sulfate 

proteoglycan, entactin and collagen IV that are all required for the growth and attachment of iPS cells. 

Another commonly used iPSC substrate is Corning® Matrigel® Matrix (Matrigel, USA). The origin and 

composition of Geltrex and Matrigel are similar. However, Geltrex was less expensive compared to 

Matrigel and was therefore chosen for this project (Kawase and Nakatsuji 2023)1. It is possible that 

Matrigel could have been a better matrix, however, this was not affordable. Another possible cause 

for iPS cells not seeding well onto Geltrex could be due to the freezing conditions prior to  seeding 

onto the matrix as discussed in the previous section.  

A “breakthrough” in the culture of cells in feeder free conditions occurred as follows. During the 

various attempts to optimize feeder free cultures it was noted that although most cells lifted and died, 

a few cells remained attached after 2-3 days. With the idea that these cells might survive given a few 

more days, medium was replaced to remove the dead floating cells, and the plates were then left for 

4-8 days in the incubator without a medium change. Fortuitously, these cells survived and divided, 

and this resulted in 1-3 colonies per dish that started to grow in a typical iPSC fashion. E8 medium 

containing b-FGF was then changed regularly. The colonies were passaged as normal, enabling the 

next steps of the project to continue. It is not easy to explain how the cells seen at days 2-3 retained 

pluripotency despite the lack of a medium change. Pluripotency was confirmed by positive gene 

expression for NANOG, OCT3/4 and SOX2 using qRT-PCR. It is possible that the problems seen later 

(see discussion below) might have been the consequence of the unusual start of these colonies. 

Maybe the cells were not fully pluripotent which might explain why problems were seen in later 

experiments for example, spontaneous differentiation. Overall, although the colonies were obtained, 

the challenges faced under feeder free conditions led to insufficient cells and in the end experiments 

could not be repeated. 

 

 

 

 

 
1 https://www.researchgate.net/post/ 
What_is_the_difference_between_Geltrex_and_Matrigel_used_in_primed_hiPSCs_culture/64ded799e9c4cf7796024147/citation/downlo
ad?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InF1ZXN0aW9uIiwicGFnZSI6InF1ZXN0aW9uIn19 

https://www.researchgate.net/post/%20What_is_the_difference_between_Geltrex_and_Matrigel_used_in_primed_hESCs_culture/64ded799e9c4cf7796024147/citation/download?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InF1ZXN0aW9uIiwicGFnZSI6InF1ZXN0aW9uIn19
https://www.researchgate.net/post/%20What_is_the_difference_between_Geltrex_and_Matrigel_used_in_primed_hESCs_culture/64ded799e9c4cf7796024147/citation/download?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InF1ZXN0aW9uIiwicGFnZSI6InF1ZXN0aW9uIn19
https://www.researchgate.net/post/%20What_is_the_difference_between_Geltrex_and_Matrigel_used_in_primed_hESCs_culture/64ded799e9c4cf7796024147/citation/download?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InF1ZXN0aW9uIiwicGFnZSI6InF1ZXN0aW9uIn19
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Deriving MSCs from iPSCs 

The main focus of this study was to derive osteogenic and cartilage precursors to investigate whether 

there were any differences in these processes between the Mseleni patients and the controls. To 

achieve this, the next step was to derive mesenchymal stem cells from iPSCs by inducing epithelial-to-

mesenchymal transition (EMT) (Høffding and Hyttel 2015). The mesenchyme cells thus produced have 

been called “induced mesenchymal stem cells” or iMSCs.  

 

EMT is a well-defined process; in vivo, EMT is involved in many processes during embryogenesis, 

where epithelial cells delaminate and migrate to form distant organs, and as well as in wound healing. 

EMT also produces cancer cells that invade and metastasize (Kalluri and Weinberg 2010). EMT is 

regulated at multiple levels by various factors, including cell signalling, transcriptional control, 

epigenetic modification, and post-translational modification (reviewed by (Serrano-Gomez, Maziveyi, 

and Alahari 2016)). EMT induces changes in cell morphology and the cells transition from a cobble 

stone like morphology (epithelial) to a spindle shaped mesenchymal phenotype. During this process, 

the tight cell-cell junctions and cytokeratin intermediate filaments are lost, while cytoskeletal 

remodelling occurs with the development of vimentin and fibronectin intermediate filaments. In 

addition to this, cells gain the ability to produce and migrate through the ECM (reviewed by Kim et al., 

(2018)). In Figure 4.2, these changes have been clearly sketched by Høffding and Hyttel, (2015) in the 

description of the reverse process of MET (Figure 4.2).   
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To induce the transition of iPSCs to MSCs, two protocols were followed as summarised in Figure 4.3. 

In Protocol I, following Zhou et al., (2018), feeder free iPSCs  were cultured on Geltrex in E8 stem cell 

culture medium, followed by replacing the E8 medium with low glucose supplemented DMEM. In 

Protocol II, iPSCs were passaged from the feeder layer, transferred into gelatine coated dishes and 

were either treated with DMEM containing FBS or with hESC medium containing b-FGF. Both protocols 

showed iPSCs undergoing a transition towards the mesenchymal phenotype through the EMT process. 

The edges of the iPS colonies in the first 24-hour period of medium change (see Figures 3.16-3.20 

under section  3.3.1  and Figures 3.30, 3.31 and 3.33 under section 3.3.2 ) immediately displayed the 

loss of the tight iPS colony organization. The cells at this region became flat and lost their tight cell-to-

Figure 4.2. Overview of morphological changes and gene expression dynamics during episomal 

reprogramming of human fibroblasts to iPSC. Abbreviations: TJ: tight junctions, AJ: adherens junctions, GJ: 

gap junctions, BM: basement membrane, E.R: endoplasmatic reticulum. [image taken from Høffding and 

Hyttel, (2015)] 
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cell contacts as they transitioned towards the mesenchymal phenotype. The cells cultured in low 

glucose medium were noticeably smaller in size compared to the DMEM++ and hESC cultured cells at 

the earlier passage numbers (P0-P2). However, they eventually took up the same mesenchymal 

morphology and cell size at later passages (P3-P4). Even though the CT1.5 and MJD5.3 cells in this 

project were not stained for vimentin and fibronectin proteins, prominent migratory protrusions and 

vesicles were observed as seen in in Figures 3.16-3.20  and Figures 3.30 – 3.34. Overall, the cellular 

changes were consistent with EMT transitions. These changes have been clearly sketched by Høffding 

and Hyttel, (2015) in the description of the reverse process of MET (Figure 4.2). In the diagram figure 

4.2,  Høffding and Hyttel, (2015) outline the process of MET. 

The next step was to examine gene expression profiles as the cells underwent EMT, using some key 

CD markers characteristic of mesenchymal stem cells. The definitive characterisation of mesenchymal 

stem cells from a range of somatic sources has been under much investigation over many years 

(Choudhery et al. 2022). In general, the guideline commonly used is that MSCs express markers such 

as CD105, CD90, CD73 and do not express typical haemopoietic markers such as CD34, CD45 and CD35 

(Dominici et al. 2006). This guideline is often used in flow cytometry and cell sorting experiments to 

purify or enrich for the particular cell line in which they are interested. There have also been some 

studies on the derivation of MSCs from iPSCs, where investigators have sorted cells by flow cytometry 

(Rajasingh et al. 2021). They have also used trilineage differentiation and transcriptome analysis to 

characterise MSCs or the differentiated cells (Spitzhorn et al. 2019). Similar to Rajasingh et al., (2021), 

in the present study, gene expression analysis by qRT-PCR was conducted to determine whether the 

cells expressed the markers typical of mesenchymal cells. In general, all three markers, CD105, CD90, 

CD73, were expressed in cells cultured in low glucose (Protocol I)  while CD105 and CD73 were 

expressed in those cultured in DMEM++ and hESC (Protocol II). However, in interpreting this, three 

factors needed to be taken into account; firstly, the results were from single experimental runs which 

were not repeated; secondly the cells analysed would have been a mixed population (i.e. not all 

mesenchymal) which could have given rise to many variations and, thirdly, it was found that CD90 was 

expressed in the iMSCs and in the iPSCs as reported by Wang, Sweeney and Malech, (2011). 

Interestingly, the overall expression of the CD positive MSC markers revealed that the hESC-derived 

MSCs, especially the MJD5.3 patient line, had high expression levels of CD105 and CD73 compared to 

CT1.5. In addition, DMEM++ derived MSCs expressed these CD markers better than those derived from 

low glucose DMEM (Protocol I). Without repeating these experiments, it is not possible to give a good 

explanation for the differences in gene expression observed in the MJD5.3 and CT1.5 cell lines when 

using the three different media.     
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When reviewing the expression of CD105, the trend with the high expression of CD105 expression in 

hESC-derived iMSCs seemed to correlate with the spike in NANOG expression in the hESC-derived 

iMSCs we observed. These cells were cultured with medium supplemented with FGF-2, which could 

suggest a link between the two (FGF-2 and NANOG expression). However, it could also possibly 

suggest that the culture contains two distinct populations of cells: NANOG positive cells may not be 

the same cells that express the iMSC positive CD markers, as suggested by Pierantozzi et al., (2011). If 

it is the former case, the iMSCs derived using FGF-2 supplemented hESC medium, expressing NANOG, 

could be similar to those isolated from bone marrow and adipose tissue (Heo et al. 2016). However, a 

full  gene profiling would be necessary to confirm and clarify these observations. 

iPSCs are able to differentiate into bone cartilage and adipose: 

The final stage of this project was to assess the differentiation potential of the iPS cells into adipogenic, 

osteogenic and chondrogenic lineages. This trilineage differentiation was first carried out using the 

media prepared in the UCT laboratory (section 2.4.2). However, the results obtained were poor and 

could not be repeated. Therefore, commercially available StemPro® Differentiation medium was 

purchased and used as described in the Materials and Methods and successful trilineage 

differentiation using samples from Protocol II was achieved (as summarised in Figure 3.51). In 

summary,  adipogenic lineage was confirmed by Oil red O staining. The osteogenic lineage was 

confirmed by Alizarin Red staining and the positive expression of the bone- specific genes, alkaline 

phosphatase and osteocalcin. The chondrogenic lineage was confirmed by Toluidine Blue staining for 

the extracellular matrix and the expression of COL2A1 and COL10A1 genes.  

 

The two main tissues of interest in the present study are bone and cartilage because these are the 

tissues involved in the formation and physiology of joints. Specifically, it is hypothesized that the joint 

abnormalities in MJD arise from a disturbance of either cellular proliferation and /or differentiation 

during articular cartilage development. Such abnormalities in cartilage formation may influence the 

shape of the joint, the joint surface and the growth of the long bones. This would explain the pathology 

of early joint arthritis in MJD patients and would also provide a clue to the understanding of dwarfism 

associated with MJD. For this reason, the results from the osteogenic differentiation and the 

chondrogenic differentiation will be discussed in more detail here. 

 

For the osteogenic differentiation, CT1.5 and MJD5.3 were used to assess the expression of alkaline 

phosphatase and osteocalcin, both markers of bone formation. Alkaline phosphatase (ALP) is a critical 

enzyme involved in bone and cartilage development and is widely distributed across tissues, with 

significant expression in bones and mineralizing structures. It is regulated by complex pathways that 
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are governed by signalling molecules, hormonal influences, and epigenetic factors (Golub and Boesze-

Battaglia 2007). During early bone differentiation, ALP is produced and located on the cell surface of 

bones and calcifying cartilage (Siller and Whyte 2018). As the bone matures, the ALP expression 

reduces while bone specific genes like osteocalcin are upregulated (P. Zhou et al. 2021). In this study, 

both CT1.5 and MJD5.3 cell lines cultured in DMEM medium resulted in positive ALP expression with 

CT1.5 showing a relatively high expression compared to MJD5.3. In order to determine whether the 

ALP expression decreases as the cells differentiate towards bone, longer culture periods may be 

needed. 

 

Osteocalcin (OC), as mentioned above, plays a critical role during osteogenesis and it was analysed in 

this project. As with the results for ALP, the CT1.5 control cell line displayed an overall higher 

expression of osteocalcin compared to MJD5.3. Interestingly, when the qRT-PCR product was checked 

on an agarose gel, two qRT-PCR product bands were observed in both CT1.5 and MJD5.3 samples from 

days 0 to 21,  with band sizes of 158bp and a lower band of 50bp. It is known that the osteocalcin gene 

product undergoes alternative splicing, which produces multiple transcript variants encoding different 

isoforms (Jung et al. 2001). These isoforms have been shown to result from frame shifts in the 

downstream coding sequence, leading to distinct C-termini (2). In summary, the results show that 

there is no difference in osteocalcin expression between the MJD patients and control samples. 

Interestingly, the results also revealed that osteocalcin is expressed in the iPSC cells, but at much lower 

expression levels compared to the differentiated samples. However, in the iPSCs, only the 158bp band 

was seen. The function of osteocalcin in iPSCs is not known: it seems unlikely that it would play the 

same role as it does in bone. One important follow up experiment would be to determine whether 

the osteocalcin transcript is functional in iPSCs, by determining whether the protein is present.  

 

One of the key aims of this study was to generate iPSCs derived cartilage precursors from MJD and 

control samples. This would enable us to study and understand whether there are any molecular 

differences or abnormalities occurring during chondrogenic differentiation in individuals with MJD. In 

addition, the development of articular cartilage in vitro is of widespread interest to stem cell biologists 

because of the pressing need to find ways to repair articular cartilage in patients suffering from severe 

osteoarthritis (Sandell and Aigner 2001; Sandell 2012). One of the biggest difficulties has been the 

development of a type of cartilage, like articular cartilage, that does not undergo hypertrophy either 

in vitro or when transplanted in vivo.  

 
2 https://www.ncbi.nlm.nih.gov/gtr/genes/100527963/ 

https://www.ncbi.nlm.nih.gov/gtr/genes/100527963/


123 | P a g e  
 

In this study, iPSCs derived MSCs were differentiated using the StemPro® Chondrocyte Differentiation 

medium for 21 days. Overall, there was a temporal increase in COL2A1 gene expression in the control 

sample compared to the patient line, which seemed to have a decrease in expression from day 5. The 

results, however, reveal that the cartilage produced was of the endochondral type as evidenced by 

the expression of the hypertrophic marker COL10A1. Although it is not known what is in the StemPro® 

Chondrocyte Differentiation medium (as their policy is not to reveal the composition), it is highly likely 

that it contains the ingredients that direct cells towards the endochondral type of cartilage.  

 

[As a side issue: I wish to consider some thoughts regarding the repeated observations that the cell 

lines from Mseleni (i.e the control and MJD cell lines that were derived by a colleague at CSIR) 

differentiated more readily compared to the control cell line that was derived independently much 

earlier at UCT. In addition, these cell lines gave more trouble than the control cell line and in addition 

it was difficult for cartilage nodules to form. One possibility is that in the earlier experiments, to 

overcome the spontaneous differentiation a higher concentration of bFGF was used  (20 ng/ml instead 

of 10 ng/ml); it is possible that this set the cells into a state that it made them more resistant to 

chondrogenesis.] 

 

In designing future experiments, it would be necessary to create conditions that drive iPSCs toward 

the articular cartilage lineage and prevent hypertrophic cartilage formation. There have been a 

number of investigators who have pursued this difficult problem. For example, Pothiawala et al., 

(2022),  found that by selecting out the cells expressing SOX9 and including those expressing GDF5, 

they succeeded in producing articular cartilage. Their approach, in brief, was to use transgenic mice 

expressing SOX9 and GDF5 fluorescent transgenes. This enabled them to separate the fast-growing 

SOX9 cells from the slow growing GDF5 cells. They found that the SOX9 expressing cells developed 

into hypertrophic cartilage whereas the GDF5 expressing chondrospheroids were of the articular 

cartilage type. They went on to show that these nodules did not ossify when transplanted into 

immunodeficient mice.  

 

In contrast, Gadomski et al., (2024), have reported that SOX9 positive chondrospheroids express high 

levels of COL2A1 but minimal expression of COL10A1 and ALP.  On transplantation into the joints of 

immunodeficient rodents they found that the cartilage did not heal but the spheroids persisted for 

over 5 months in vivo. These differences in findings, between Pothiawala et al., (2022) and Gadomski 

et al., (2024), could be explained because different cell lines, different protocols and different reagents 
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were used. There have been few other studies of this nature which highlights the difficulty in 

developing articular cartilage invitro.   

 

In the present study to determine expression of COL2A1 in chondrogenic micromass, it was expected 

that the undifferentiated iPSCs would not express the COL2A1 since COL2A1 encodes a collagen 

protein that is associated with differentiation. Therefore, it was a surprise to repeatedly find that iPSCs 

seemed to express a version of COL2A1. On a recent intensive literature research, I came upon a paper 

Oganesian, Zhu and Sandell, (1997) that showed that COL2A1 is expressed in developing human 

embryos at day 50 and day 53. Their results demonstrated that Type II procollagen is synthesized by 

alternative splicing of COL2A1 mRNA of exon 2 (Oganesian, Zhu, and Sandell 1997). Specifically, the 

chondro-progenitor cells as well as a number of non-cartilaginous cells and tissues synthesize Type IIA 

procollagen, while Type IIB procollagen is synthesized by mature chondrocytes. In the present study, 

it was found that the relative expression of COL2A1 revealed that iPSCs expressed much lower levels 

of the transcript  compared to the differentiated samples. The present study made use of different 

primers compared to Oganesian, Zhu and Sandell, (1997). Nevertheless, they gave similar results. 

Lastly, Lui et al., (1995)  also found COL2A1 in human foetuses using in situ hybridisation. Their very 

high quality in situ results showed expression in a number of non-chondrogenic tissues including tooth 

bud, liver, and the meninges of the brain. They theorised that this widespread expression of COL2A1 

suggests that “…in addition to contributing to the structural integrity of the cartilage extracellular 

matrix, type II procollagen may serve a morphogenetic role in embryonic development.” 

 

Lastly, a paper by Zimmermann et al., (2008) provided useful information on the methylation patterns 

in the promoter region of COL2A1 and COL10A1. Their study included human articular chondrocytes, 

MSCs and MSC-derived-chondrocytes. They found that “the transcription site of COL2A1 was 

unmethylated in all cell groups and this was independent of COL2A1 expression. In contrast, the 

promoter of COL10A1 gene was consistently methylated in human articular chondrocytes.” They 

concluded that methylation based COL10A1 gene silencing is established in cartilage tissue and in 

human articular chondrocytes. However, the altered methylation of CpG sites in the COL10A1 

promoter during in vitro chondrogenesis, would induce COL10A1 expression (Zimmermann et al. 

2008).  
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Concluding remarks 

In summary, in the present study, despite having faced a number of technical challenges, iPS cells were 

successfully cultured, expanded and characterised. Using two different protocols, iMSCs were derived 

from the iPSCs that showed strong multipotency potential through their expression of CD positive 

markers, CD73 and CD105 and as well as their ability to form adipose, bone and cartilage tissues. 

 

Chondrogenic cultures were achieved using both control and MJD patient cell lines, which then 

showed that they could generate cartilage precursors to study differences and any abnormalities that 

may be present between the patient and control lines. It was encouraging to see that there might be 

potential differences between the control and patient line, in the COL2A1 expression. This, of course, 

could very well result from the technical issues faced throughout this study.   

 

It is very important to note that these experiments are preliminary and were influenced by several 

technical problems that had to be addressed along the way.  Moving forward, in order to study 

variations in key genes that play important roles in structural and functional properties of articular 

cartilage, future experiments should include:  

1. Multiple clones for each cell lines, to support and confirm trends in gene expression and 

morphological features observed.  

2. The use of a chondrogenic differentiation protocol that encourages iMSCs to express GDF5, 

as they have been shown to produce stable articular like cartilage type (Pothiawala et al. 

2022). 

3. The culture periods should be longer and be reproducible.  

 

One of the limitations of the study was the large number of iMSCs required for the chondrogenic 

differentiation experiments. Cells had to be cultured in big, T175, flask, while also facing challenges 

such as cellular senescence before reaching the required number of cells. Therefore, doing a growth 

curve experiment of the control and patient iMSCs would be beneficial in understanding their 

proliferation rates and capabilities.  

 

Lastly, obtaining sufficient RNA of good quality to study qRT-PCR analyses was one the biggest 

limitations. The micromasses solidified as early as day 5 and not having enough iMSC cells to plate 

enough wells for later time points of the study was challenging.   
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Despite these challenges, this research shows great promise of using iPS cells to make a disease model 

that will lead to the understanding of how the MJD develops and how it potentially differs from the 

other osteoarthritis.  
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Appendix A – Preparation of reagents and molecular weight marker 

 

1x PBS for general laboratory protocols 

For 1 litre, dissolve the below in 800ml of double distilled water. 

8g NaCl, 

1.26g Na2HPO4, 

 0.2g KCl 

0.2g KH2PO4  

Mix thoroughly and adjust the pH to 7.4. Add double distilled water to a final volume of 1 litre using a 

measuring cylinder. Autoclave to sterilise and store at 4°C. 

 

1x PBS for tissue culture use 

10x DPBS (cat # 14200067, LTC) was diluted with double distilled water as below: 

100ml of the 10x PBS in 900mls of double distilled water 

 

1 x TE (0.05% trypsin/EDTA) 

Dissolve 0.05g trypsin (Sigma-Aldrich, USA) in 100ml 1xPBS. Add 0.02g EDTA (Sigma- 

Aldrich, USA). Stir until fully dissolved. Filter sterilise the solution through a 0.22μm filter and aliquot 

into 50mL tubes. Store at -20°C. 

 

0.5mM EDTA in DPBS 

Working in the biosafety cabinet, mix 50 µL of 0.5M EDTA with 50 mL of 1x DPBS. Filter sterilize the 

solution through a 0.22 μm filter. 

 

Making 4% Paraformaldehyde (PFA) in PBS 

Mix 4g PFA (Merck, Germany) in 80ml of 1x PBS in the fume hood. Working in the fume hood, dissolve 

the solution by heating at 60 OC and pH to 7.4. Add 1x PBS to a final volume of  100 ml and store at 

4°C. 

 

Basic fibroblast growth factor (b-FGF) preparation 

Reconstitute the lyophilized powder (Miltenyi Biotec, USA) in sterile SABAX water to a concentration 

of 100 µg/mL (10,000x). Store at -80°C in small aliquots. 
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For short-term storage, dilute aliquots to 1,000x with 0.1% bovine serum albumin (Miltenyi) 

(made in 1x PBS) and store at -20°C in 40 µl aliquots. Add 40 µl aliquots of the 100x b-FGF 

solution to 40 mL of hESC culture medium. 

 

ROCK inhibitor, Y-27632, preparation 

Make a 1mM stock solution by dissolving the 1mg vial of Y-27632 (Sigma Aldrich) with 2.96ml sterile 

SABAX water. Aliquot 100 µl in Eppendorf tubes and store at -20°C. 

For use in culture (10µM):  Use 10μl from the 100 µl aliquots for each 1ml of culture medium. 

 

2x Freeze down medium for human fibroblasts and inactivated MEFs 

Mix 40%60% DMEM, 20 % DMSO and 40% FBS.20% 

 

1x Freeze down medium for human fibroblasts and inactivated MEFs 

Mix 70%, DMEM , 10% DMSO and 20% FBS 20% 

 

1x Freeze down medium for iPSCs 

Mix 30 % KODMEM, 10 % DMSO and 60 % FBS 

 

0.1% gelatine-coated dishes. 

Add 0.5 g of gelatine powder (Sigma Aldrich) to 500 ml of double distilled water. Dissolve and sterilize 

by autoclaving. store at room temperature. 

 

Preparation of Geltrex™ 

Geltrex™ LDEV-Free hESC-Qualified Reduced Growth Factor Basement Membrane Matrix (Cat. No. 

A1413301 (Protocol from the information sheet) 

1. Dilute 1 mL of thawed Geltrex™ with 1 mL of cold DMEM/F-12. Freeze 100 µL aliquots at -20°C 

or use immediately. 

2. To create working stocks, dilute a Geltrex™ aliquot 1:50 with cold DMEM on ice, achieving a 

total dilution of 1:100. Note: An optimal dilution of the Geltrex™ solution may need to be 

determined for each cell line. Try various dilutions ranging from 1:30 to 1:100. 

3. Quickly cover the entire surface of each culture dish with the Geltrex™ solution. For example, 

add 1.5 mL for a 35‑mm dish, or 3 mL for a 60‑mm dish. 

4. Incubate the dishes in a 37°C, 5% CO2 incubator for 1 hour. Note: Dishes can be used 

immediately or stored at 2–8°C for up to a week. Do not allow dishes to dry. 
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5. After the one incubation in a 37°C, 5% CO2 incubator for 1 hour, dishes are incubated for 

another hour at room temperature. Followed by the immediate use. 

6. At the time of use, keep the plates at room temperature for one hour before aspirating. 

Carefully aspirate off the supernatant above the Geltrex™ Matrix coating, then immediately 

plate cells in the pre-equilibrated cell culture medium 

 

1x Tris/Boric-acid/EDTA solution (TBE)  

For 1 litre, dissolve 10.8g tris (Merck, Germany), 5.5g boric acid (Sigma-Aldrich, USA), and 0.75g 

EDTA (Sigma-Aldrich, USA) in 900ml distilled H20. Adjust the pH to 8.0. Adjust the final volume to 1 

litre and store at room temperature. (Final concentration: 89mM Tris, 89mM Boric acid, 2mM EDTA) 

 

Preparation of Agarose gel for gel electrophoresis 

Add 3 g of Seakem LE agarose (Lonza) to 100ml of 1x TBE solution in a glass conical flask. Heat the 

solution in the microwave, remove it every time the bubbles formed, swirl it a few times and return it 

to the microwave until fully dissolved. Add a single drop or two of ethidium bromide solution (Sigma 

Aldrich) to the agarose gel solution. Once cooled to about 50oC, pour the agarose solution into a gel 

tray to set with the correct comb size.  

 

100 bp Gene Marker 
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Preparation of Mitomycin C from Streptomyces caespitosus M4287 

Add 2 ml of sterile SABAX water to 2 mg of M4287 Mit C and mix by gently pipetting up and down with 

a filter pipette until fully dissolve. Filter sterilize the solution through a 0.22 μm filter. Add 200 ul for 

each 20 ml culture medium to achieve a final concentration of 10μg/ml. From the remaining stock, 

aliquot the Mit C solution into 100 µl -500 µl  to avoid multiple freeze thaw cycles.  

Please note: Mitomycin C solution (Sigma Aldrich) is toxic and light-sensitive, so it should be handled 

with extra care. Always wear double gloves and use plastic pipette tips, which should be discarded 

immediately after use. The solution should be stored in tubes wrapped in aluminium foil to protect it 

from light. 
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Appendix B – General and standardized protocols  

 

Endoderm In vitro differentiation medium  

First: the  PA6 cells were seeded at a density of 3 x 106 cells in T75 flask using Minimum Essential 

Medium alpha (MEM α (Gibco, ThermoFisher) supplemented with 10% FBS and 1% Pen-Strep. The 

cells were incubated overnight at 37°C. After the incubation, the cells were washed with 1x PBS,  fresh 

ectodermal differentiation medium was added to the flask and the cultures incubated for an additional 

24 hours at 37 OC. Following this incubation, the supernatant was transferred to a 50 ml tube and  

stored at 4 OC. Fresh ectodermal differentiation medium was added to the flask which was incubated 

another 24 hours. Following this, the supernatant was collected and added to the same 50 ml tube 

and stored at 4 OC. This process was repeated daily for 7 days and storing all the supernatant aliquots 

at 4 OC. After day 7, the collected supernatant was filtered with a 0.22 μm syringe membrane filter 

(Millipore, Billerica, MA, USA) to sterilise and remove any floating debris. 

 

RNA extraction following the TriPure protocol. (Adapted form the Roche protocol) 

At room temperature, remove the culture medium from the cells in the cell culture hood following by 

adding 1ml of TriPure Isolation Reagent (Roche, USA) per 10 cm2 of cell culture area regardless of cell 

number. The lysate was thoroughly lysed by pipetting up and down a few times with a 1ml pipette, 

carefully not creating bubbles. The homogenized solution/sample was stored at -80OC for at least one 

month before proceeding to the phase separation step. The homogenized sample was thawed at room 

temperature for 10 -15 minutes. 

To separate the liquid-phase, 200 μl of 100% chloroform was added to the 1 ml sample homogenate. 

The Eppendorf tube was sealed securely with parafilm, followed by shaking vigorously by hand for 15 

seconds. They were then centrifuged at 12 500 rpm(Labnet Prism R Refrigerated Microcentrifuge, 

Labnet International, Edison, NJ, USA) for 15 minutes at 4 OC. After the centrifugation, the top aqueous 

phase was removed and transferred to a clean labelled RNase and DNase free 1.5 ml Eppendorf tube 

and precipitated by adding 500μl isopropanol for every 1ml TriPure homogenate. Precipitation was 

not always visible after the addition of isopropanol, therefore an inert carrier, glycogen at 0.1 μg/μl, 

had to be added to facilitate precipitation and visualisation of the pellet. The tube was gently inverted 

a few times and stored at -80 OC overnight. 

The following day, the tubes were thawed and spun at 12 000 rpm for 15 minutes at 4 OC. The 

supernatant was discarded, and the RNA pellet was washed twice with 75% ethanol prepared in 

SABAX/Nuclease-free water. After the second wash, the ethanol was removed, and the residual 
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ethanol was carefully removed using a 10 μl tip. The tubes were left to air dry for not more than 10 

minutes. The RNA pellet was resuspended in 20 μl of RNase-free water by pipetting up and down a 

few times. To dissolve the RNA sample fully, the tubes were incubated at 60 OC for 10 to 15 minutes. 

The RNA samples were immediately transferred to ice to cool down. They were stored at 4 OC 

overnight. The following day, the total RNA concentration was measured using a nanodrop ND - 1000 

spectrophotometer (ND-1000, ThermoFisher) before the samples were stored at -80 OC. The nanodrop 

ND - 1000 spectrophotometer also displayed the total RNA purity through the A260/A280 and 

A260/230 ratio readings. 

 

Mycoplasma testing  

Cells were cultured at a very low seeding density on sterile coverslips that were coated with 0.1% 

gelatine. The culture medium did not include the antibiotics (Pen-Strep). The cells were allowed to 

grow until they reached 50% confluency, usually day 4 or day 5. Medium was removed and cells were 

fixed with a fixing solution made up of 25% glacial acetic acid and 75% methanol, for 1 minute. After 

cells were fixed, the cells were washed twice with 1x PBS and air dried at room temperature. They 

were then stained with Hoechst 33258 (0.5 μg/ml) for 30 seconds. After the incubation, the Hoechst 

solution was discarded and cells rinsed twice with 1X PBS. The coverslip was mounted on a glass slide 

using Mowiol and viewed under the inverted Zeiss fluorescence microscope (Zeiss Axiovert 200M 

Fluorescence microscope, Axiocam HR camera, Axiovison 4.7 software) using the DAPI filter. The 

Hoechst 33258 binds to DNA, and mycoplasma positive cells would show blue staining in both the 

nucleus and in the cell membrane. The blue stain would also show up in the cell cytoplasm especially 

when infection is severe. Mycoplasma negative cells would only show blue stainning in the cell 

nucleus.  
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Converting objectives to scale bars from images captured using an EVOS XL Core microscope 

model 

The EVOS microscope has pixel dimensions/standards that are correspond to different objective 

sizes, as shown in the table below: 

Tabe B1: EVOS microscope pixel standards. 

X-axis Field (µm) Y-axis Field (µm) Image Size (pixels) 

4x Objective 4506 µm 3379 µm 2080 x 1552 

10x Objective 1802 µm 1352 µm 2080 x 1552 

20x Objective 901 µm 676 µm 2080 x 1552 

From these standards, the pixel size for each objective can be calculated using the x-axis field of 

view: 

• 4x Objective:

Pixel size ≈ 2.17 µm (4506 µm ÷ 2080 pixels)

To draw a 100 µm scale bar: 100 µm ÷ 2.17 µm/pixel ≈ 46 pixels

• 10x Objective:

Pixel size ≈ 0.87 µm (1802 µm ÷ 2080 pixels)

To draw a 100 µm scale bar: 100 µm ÷ 0.87 µm/pixel ≈ 115 pixels

• 20x Objective:

Pixel size ≈ 0.43 µm (901 µm ÷ 2080 pixels)

To draw a 100 µm scale bar: 100 µm ÷ 0.43 µm/pixel ≈ 231 pixels

To add a scale bar using ImageJ: 

1. Open the image in ImageJ.

2. Set the scale using Analyze > Set Scale, by entering the known distance (e.g., 4506 µm) and

pixel length (e.g., 2080).

3. Use Analyze > Tools > Scale Bar to draw the bar of your desired length (e.g., 100 µm),

adjusting the pixel width accordingly based on the calculations above.

4. Apply and save the image with the scale bar.

This process allows for scale bars to be accurately added to EVOS microscope images: 

For an example: The image below is captured using the 10 Objective. Therefore: 

A pixel is  ≈ 0.866 µm (1802 µm / 2080 pixels) 

Drawing a 100 µm scale bar would use about 114.9 pixels. (100 µm / 0.87 µm/pixel). 
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Following the instructions as above the image would be as below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure B1. Morphology of iPSC colonies. CT1.5 iPSC colonies at passage 23, cultured on inactivated mouse 

embryonic fibroblasts. Images taken by an EVOS microscope. 
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Appendix C – Supplementary Results 

Secondary only controls with DAPI. 

CT1.5-OCT Merged,  Cy3 and 

CT1.5 P25 NANOG  Merged,  Cy3 and DAPI (Nanog) 

CT1.5 Tra-160 Alexa 488 Merged, cy3 and DAPI only 

Hoechst Merged CY3 

Hoechst Merged CY3 

Hoechst Merged CY3 
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MJD5.3 - Nanog Merged, cy3 and DAPI only 

 

 

   

 

MJD5.3 - OCT Merged, cy3 and DAPI only 

 

 

   

 

MJD5.3 - Endo Merged, cy3 and DAPI only 

 

Hoechst Merged CY3 

Hoechst Merged CY3 

Hoechst Merged CY3 
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MJD8.5 - Nanog Merged, cy3 and DAPI only 

 

 

 
  

 

MJD8.5 - OCT Merged, cy3 and DAPI only 

 

 

   

 

MJD8.5 TRA 1-160 Merged, 488 and DAPI only 

 

Hoechst Merged CY3 

Hoechst Merged CY3 

Hoechst Merged Alexa 488 
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MJD8.5 Mesoderm Merged, 488 and DAPI only 

 

 

 

  

 

 

MJD8.5 Ectoderm Merged, 488 and DAPI only 

 

 

   

 

Hoechst Merged Alexa 488 

Hoechst Merged Alexa 488 
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MDC3.4 Tra 1-160 Control Merged, 488 and DAPI only 

 

   

 

 

  

Hoechst Merged CY3 
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Ct Values 

Primer set 1 COL2A1 Band size 122bp 

Lane 1: M 

Lane 2: CT1,5 ipsc +RT (Old Primer set 1) = Ct20,5996 
Lane3: CT1,5 imsc +RT (Old Primer set 1) = Ct16.233 

Lane 4: CT1,5 ipsc +RT = Ct21,38248 

Lane 5: CT1,5 ipsc -RT= Ct 34,45431 

Lane 6: CT1,5 imsc +RT = Ct 20,78873 

Lane 7: CT1,5 imsc -RT = Ct 36,66483 

Lane 8: CT1,5 imsc +RT DMEM_2 = Ct22,365 

Lane 9: MJDC2 FIBS +RT = Ct 18,70059 

Lame 10: MJDC2-RT  = Ct 35,84846 

Lane 11: NTC COL2A1 = Ct Undetermined 

Lane 12: M  

 

 

Lane 1: Marker 

Lane 2:MJD5,3 iPSC p6ff + RT (Old Primer set 1) = Ct 21,38601 

Lane 3: MJD5,3 Ipsc p10ff + RT (Old Primer set 1) = Ct 14.4045 

Lane 4: MJD5,3 iPSC p6ff + RT = Ct 23,93291 

Lane 5:MJD5,3 iPSC – RT = Ct 36,34652 

Lane 6: MJD5,3 iMSC +RT = Ct 17,84496 

Lane 7: MJD5,3 iMSC -RT = Ct 34,43518 

Lane 8: vvk+RT = Ct 17,96139 

Lane 9: VVK -RT = Ct Undetermined 

Lane 10: 1,2 imsc +RT = Ct 31,12673 

Lane 11: 1,2 imsc -RT = Ct Undetermined 

Lane 12: NTC = Ct Undetermined 

 

 

1      2      3    4     5    6    7      8   9   10  11   12 

 1     2    3     4    5    6      7     8   9    10   11   12 
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Appendix D – Clinical definitions 

Epiphyseal dysplasia: Is a genetic condition that affects the growth plates (epiphyses) of long bones, 

causing problems with cartilage and bone development. 

Polyarticular osteoarthritis: osteoarthritis (OA) that affects five or more joints at the same time. 

Symmetrical protrusio acetabuli: A condition where the acetabulum (the socket of the hip joint) 

protrudes into the pelvic cavity 

Multiple epiphyseal dysplasia: is a genetic disorder affecting bone growth, particularly at the ends 

of long bones (epiphyses), causing joint pain, potential short stature, and early-onset arthritis. 

Femoral dysplasia: is also known as hip dysplasia or developmental dysplasia of the hip. This is a 

condition where the hip joint, specifically the acetabulum, doesn't develop properly, causing the 

femoral head to be unstable and potentially dislocate. 
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Appendix E – Ethics Approval 
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