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Chapter 1: Executive summary 
 

Adipose-derived stromal cells (ASCs) are multipotent cells obtained from adipose 

tissue. ASCs are able to differentiate into multiple cell lineages including adipose, 

cartilage, bone and muscle with the appropriate stimulus. The multipotency of ASCs 

has brought attention to these cells as possible therapeutic agents in regenerative 

medicine. The aim of this study was to optimise the methods involved in differentiating 

ASCs isolated from lipoaspirates into a myogenic lineage for the Institute for Cellular 

and Molecular Medicine (ICMM, University of Pretoria, Department of Immunology) 

using two previously published induction methods. ASCs, isolated from lipoaspirates, 

were immunophenotyped by flow cytometry, and myogenesis evaluated at the protein 

level using immunocytochemistry (ICC) and the transcriptomic level using reverse 

transcriptase quantitative real time polymerase chain reaction (RT-qPCR). ASC 

myogenesis was induced using either dexamethasone/ hydrocortisone (DH)- or 5-

Azacytidine (5-Aza)-based induction media over 42- and 24-days respectively. 

Relative gene expression of myogenic targets desmin, myogenic differentiation 

(MyoD) and myogenin (MyoG) was determined using RT-qPCR. The presence of 

myogenic target proteins paired box proteins (Pax) 3/7, MyoD, MyoG and desmin was 

qualitatively determined by ICC and visualised using a confocal microscope. In ASCs 

induced to differentiate, neither MyoD nor MyoG mRNA were amplified in any 

condition, at any time-point. The expression of desmin was confirmed; however, there 

was no statistically significant change in desmin expression using either the DH or 5-

Aza-based methods. The fold-increase in the expression of desmin mRNA was the 

highest on day twelve post-induction for the 5-Aza-based method relative to the non-

induced control sample. Interestingly, when comparing the induced and non-induced 

samples relative to day zero, the non-induced samples showed the highest fold-

increase in the expression of desmin on day six, whilst all three conditions indicated 

an increase in the expression on desmin on day twelve. ICC confirmed the presence 

of desmin from as early as day three and at every subsequent time-point, and the 

expression of Pax 3/7 from day six in both the DH-based induction methods. According 

to recent ASC myogenic modelling, where ASC differentiation is described in terms of 

6 stages based on the presence of myogenic markers Pax 3/7 and desmin, ASCs in 
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this study only achieved stage two myogenic differentiation, based on the presence of 

desmin and pax 3/7. Based on the data collected in this study, no conclusion could be 

made as to which induction medium most efficiently induced myogenesis. As the aim 

of this study was to optimise the differentiation of ASCs into a myogenic lineage, it 

could be concluded that the assays involved were optimised. However, taking into 

consideration limitations that were identified through the course of this study, 

suggestions for future experimental endeavours have been made in order to further 

optimise the myogenic process and accompanying assays. These include the further 

optimisation of primer melting temperatures, using a fluorescent signal amplification 

system in ICC, methods that could potentially be used to obtain quantitative data from 

fluorescent images and the concept of differentiating ASCs into a myogenic lineage 

using both chemical and mechanical stimuli under dynamic conditions. 

 

Key words: Adipose-derived stromal cells; ASCs; myogenesis; muscle; 

differentiation; mesenchymal stromal cells; MSCs. 

 

 

 

 

 

 

 

 



3 

 

 

Chapter 2: Literature Review 
 

This chapter provides an overview of the current literature as it relates to mesenchymal 

stromal/stem cells, adipose-derived stromal cells and myogenesis. Discussed below 

are definitions of stem cells, mesenchymal stromal/stem cell nomenclature, definitions 

and characterisations, concepts related to adipose-derived stromal cells, myogenesis 

and myogenic induction. This chapter concludes with the rationale of the proposed 

study. 

 

2.1. Defining stem cells and lineage differentiation 
 

The term ‘stem cell’, derived from the word ‘stammzelle’ has been present in the 

literature since 1868 when it was first described by German biologist Ernst Haeckel. 

Haeckel drew a series of phylogenetic trees he called ‘stammbäume’ or “stem trees” 

to theorise how unicellular ancestor organisms ‘stammzelle’ evolved to form 

multicellular organisms (Figure 2.1).1,2 Furthermore, he proposed that the fertilised 

embryo also be referred to as a stem cell and that the stem cell itself had both paternal 

and maternal origins. To Haeckel, the fertilised embryo represented an entire future 

organism.3 
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Figure 2.1. The stem tree concept to illustrate differentiation as described by Ernst 
Haeckel. 
Ernst Haeckel attempted to illustrate the process of differentiation using ‘stem trees’, and 
hypothesised that one common progenitor (capable of self-renewal) could give rise to multiple 
cellular lineages.1,2 

 

Definitions of a stem cell have expanded over the last century as research has 

expanded our understanding to include specific molecular characteristics and 

differentiation potency. It is now accepted that a ‘stem cell’ is a cell with the ability to 

self-renew through asymmetric cell division, and has the capacity to generate multiple 

cell lineages.4 Stem cell potency describes a stem cell’s inherent capacity to 

differentiate into either all, multiple or single germ layer lineages (Figure 2.2). The 

morula of a developing embryo is comprised of totipotent cells, prior to the formation 

of the blastocyst, which is capable of differentiating into all embryonic and extra-

embryonic tissues.5 Pluripotent stem cells are found in the inner cell mass of the 

blastocyst and differentiate into the endodermal, mesodermal and ectodermal 
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embryonic germ layers.6 The endoderm (forming internal linings and organs), 

mesoderm (forming musculoskeletal system, adipose tissue) and ectoderm (forming 

external linings such as the skin) are comprised of multipotent stem cells. Cells that 

derive from the individual germ layers persist into adulthood where multipotent stem 

cells replenish particular cell populations over a lifetime. As examples, haematopoietic 

stem cells derive from the mesoderm and reconstitute cells of the blood and immune 

systems. Mesenchymal stromal/stem cells (MSC) are multipotent stem cells which 

have been suggested to play a role in local wound healing and repair.7 Other adult 

stem cells include hepatic stem cells which regenerate the liver and originate from the 

endoderm, and neural stem cells originating from the ectoderm which replace 

neuronal cells.4,8,9 

 

 

 

 

 

 

 

  



6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Defining stem cells according to their potency and ability to differentiate.  
Stem cells may be classified as either totipotent, pluripotent or multipotent. Totipotent stem 
cells are found prior to the formation of the blastocyst. The inner cell mass of the blastocyst is 
comprised of pluripotent stem cells, and forms the three embryonic germ layers (endoderm, 
mesoderm, ectoderm). Stem cells that derive from the individual germ layers are labelled as 
multipotent stem cells, as they have the ability to form multiple cellular lineages.4-7 
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Differentiation is a term used to describe the process by which a stem or progenitor 

cell transforms or evolves into one or multiple cellular lineages. Using a tree to 

illustrate differentiation is misleading, as it suggests differentiation is a unilateral 

process. In reality, the process is more complicated. Cell fate decisions are governed 

by transcriptional cues, guiding primitive cells through lineage specification in a 

sequential manner.4 Stem cells possess plasticity in this regard and may 

dedifferentiate through transcription factor-mediated reprogramming. The concept of 

dedifferentiation is clearly demonstrated with induced pluripotent stem cells, where a 

cell in a terminal state of differentiation re-acquires it’s pluripotency in vitro after the 

introduction of transcription factors associated with pluripotency.10 Cells may also 

transdifferentiate from lineages of one germ layer to those of another, clearly illustrated 

by Waddington’s ‘epigenetic landscape’ (Figure 2.3).11,12 Waddington first presented 

the illustration to explain stable pathways in epigenetic development but it has been 

adopted to a more accurate visual model for stem cell differentiation.13 

 

 

 

 

 

Figure 2.3. Waddington landscapes to illustrate stem cell differentiation.  
A. Differentiation. The process through which a stem cell becomes committed to specified cell 
lineages, resulting in terminally differentiated cells. B. Reprogramming. The process through 
which somatic cells are dedifferentiated to a pluripotent state by the mediation of transcription 
factors. C. Transdifferentiation. Cells committed to one lineage may transdifferentiate into cells 
of another lineage.13 Reprinted from ‘The epigenetic landscape in the course of time: Conrad 
Hal Waddington’s methodological impact on the life sciences. Studies in History and 
Philosophy of Science Part C: Studies in History and Philosophy of Biological and Biomedical 
Sciences’. Baedke, J. 2013;44(4, Part B):756-773., with permission from Elsevier.  
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2.2. Defining mesenchymal stem/stromal cells 
 

MSCs are stromal cells with immunomodulatory and multipotent differentiating 

capabilities. These properties make MSCs potentially useful as therapeutic options in 

cell-based and regenerative medicine. The clinical promise of these cells is evidenced 

by more than 1000 listed MSC-based clinical trials and over 60 000 publications 

available on PubMed.gov to date.14,15 Clinical trials include the evaluation of MSCs for 

the treatment of haematological pathologies, autoimmune disorders, liver-, kidney- 

and lung diseases, diabetes, graft-versus-host disease, neurological diseases and 

spinal cord injuries, amongst others.16 MSCs have been reported as safe to use 

clinically, with minimal to no adverse effects.17 Various MSC-based preparations have 

been approved for clinical use by international regulatory bodies. Prochymal® 

(Remestemcel-L; Osiris Therapeutics Inc;), a formulation of allogeneic (cells obtained 

from a donor) MSCs given intravenously, has been approved for the treatment of acute 

graft versus host disease in children.18 Alofisel® (Darvadstrocel; Cx601; TriGenix and 

Takeda) is the first allogeneic adipose-derived mesenchymal stem cell therapy to treat 

perianal fistulas in Crohn’s disease.19 MSCs are clinically relevant because of their 

multipotent capabilities, ability to home to sites of tissue damage or injury, secrete 

bioactive factors and exert immunomodulatory effects to promote tissue regeneration 

in vivo.20 Whilst MSCs appear indeed to be promising tools for cell-based therapies 

and are currently being utilised in clinical practice, there is some disparity surrounding 

how they are defined. 

 

The term ‘mesenchymal stem cell’ was first coined in 1991 by Al Caplan, referring to 

cells isolated from the bone marrow as ‘stromal precursors’.21-23 Today, we know that 

MSCs can differentiate into multiple mesodermal lineages in vitro, and have since 

been isolated from many tissues, including umbilical cord blood and Wharton’s jelly, 

peripheral blood, adipose tissue, dental pulp and synovial fluid.21-27 
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The International Society for Cellular Therapy (ISCT), previously known as the 

International Society for Hematotherapy and Graft Engineering (ISHAGE), was 

founded in 1992, and is the primary regulatory body for cell therapies. In addition, the 

ISCT is instrumental in the establishment of standardised guidelines and protocols 

regarding the use of cell therapies.22,23,28 According to the ISCT, the term ‘MSCs’ is 

applied to plastic-adherent cells (when cultured in vitro) with adipogenic, osteogenic 

and chondrogenic differentiating potential in vitro.29 Caplan, supported by various 

research groups, recently suggested that MSCs be renamed to ‘medicinal signalling 

cells’.20,30 No single cell surface marker currently exists to define the MSC population. 

Thus, a panel of markers that are either positively or negatively expressed on the cell 

surface are used to identify and isolate these cells. 

 

Guidelines for the identification of human MSCs considered for laboratory and pre-

clinical studies were recommended in 2006 by Dominici et al. (2006).31 Firstly, MSCs 

must be plastic-adherent. Secondly, MSCs may be identified by the positive 

expression of cell surface proteins that have various cellular functions. These proteins 

are identified based on their function and presence on the surface of certain cell 

populations and are called cluster of differentiation (CD). MSCs are defined by the 

positive expression of CD 73 (ecto 5’ nucleotidase; SH3; SH4), CD90 (Thy-1) and 

CD105 (endoglin; SH2) in the absence of CD11b and CD14, CD79α, CD19, CD34 and 

CD45. Additionally, MSCs should be negative for human leukocyte antigen (HLA) 

class II surface antigen receptor, HLA-antigen D Related (HLA-DR).31 MSCs are 

known to have limited immunogenicity due to the limited to no expression of the self-

identifying HLA molecules.31 CD11b and CD14 are primarily expressed on 

macrophages and monocytes. CD79α and CD19 are expressed on B-lymphocytes 

that may adhere to plastic and survive in culture, contaminating the MSC population. 

CD34 is expressed on haematopoietic progenitors and CD45 is a pan-leukocyte 

antigen. HLA-DR is only expressed on MSCs in the presence of interferon-γ. Thirdly, 

MSCs must exhibit in vitro trilineage differentiation potential (Table 2.1).31 
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Table 2.1. Characterisation of mesenchymal stromal/stem cells in vitro  
Mesenchymal stromal/stem cells are identified based on guidelines that include their 
behaviour in vitro, the expression of various cluster of differentiation cell surface 
markers and multipotent differentiating capability.31 

 Recommendation 
I MSCs must be plastic adherent 

II 
MSC phenotype 

Positive surface protein expression: CD73, CD90 and CD105 
Absent surface proteins (negative): CD11b and CD14, CD79α, CD19, CD34, CD45 and HLA-

DR 
III MSCs must exhibit multipotent differentiating potential into adipogenic, chondrogenic and 

osteogenic lineages 
MSC: mesenchymal stromal/stem cell; CD: cluster of differentiation; HLA: human leukocyte 

antigen; HLA-DR: HLA class II surface antigen receptor HLA-antigen D Related 
 

As the interest in MSCs has increased, many established laboratories have been 

researching these cells and, in doing so, introduced multiple inconsistencies into MSC 

characterization. It was suggested that the criteria defined by Dominici et al. (2006)31 

should be adopted to standardise MSC characterization. Additional markers have 

been used in some studies to identify MSCs in combination with those of the standard 

criteria (Table 2.1), and include STRO-1, CD106, CD146, stage-specific embryonic 

antigen-4, CD56 and mesenchymal stem cell antigen-1.32-35 Markers may also identify 

specific subsets of MSCs derived from different tissue sites. MSCs derived from dental 

pulp positively express CD29 (β-1 integrin) at higher intensities than bone marrow 

derived-MSCs (BM-MSC), whereas BM-MSCs express CD105 at higher intensities 

than those from dental pulp.36 The low-affinity nerve growth receptor, or CD271, has 

been used to isolate BM-MSCs.37,38 There is increased expression of CD10 on MSCs 

derived from subcutaneous adipose tissue, while CD200 is associated more with 

MSCs from visceral adipose deposits.39 In vitro culturing may also influence MSC 

marker expression. CD44, an adhesion molecule, is generally not expressed on 

freshly isolated MSCs. However, in vitro culturing results in the upregulation of the 

CD44 gene and its subsequent positive expression.40 According to the criteria in Table 

2.1, MSCs must be negative for CD34, although it has been reported that expression 

may be variable.41 
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MSCs may be isolated from nearly any vascularized anatomical site because they 

assist in tissue homeostasis and repair. This formed the controversial hypothesis that 

MSCs may either be, or are derived from, pericytes.42 Pericytes are found along the 

walls of smaller blood vessels such as arterioles, capillaries and venules. In vivo, 

pericytes contribute to the development, remodeling and stabilization of vascular 

structures. Pericytes play key roles in regulating blood flow, immune cell trafficking 

and, together with astrocytes, form the blood-brain barrier.43,44 The idea that MSCs 

may have a perivascular origin was introduced by Crisan et al. (2008).45 Perivascular 

cells were isolated from multiple organs and differentiated into adipogenic, osteogenic, 

chondrogenic and myogenic lineages in vitro. Pericytes isolated from human skeletal 

muscle were also found to regenerate myofibers in mouse models several weeks after 

an intramuscular injection directly into damaged sites. Furthermore, the cells isolated 

in this study all expressed the recognised MSC markers CD44, CD73, CD90 and 

CD105, suggesting that MSCs may potentially be derived from pericytes.45  

 

Studies by Dellavalle et al. (2007)46, Chen et al. (2015)47 and Krautler et al. (2012)48 

supported this suggestion by showing that in vivo transplanted perivascular cells 

displayed the ability to differentiate into tissue-specific lineages. However, a study by 

Guimarães-Camboa et al. (2017)49 contradicted this concept. The researchers utilised 

a gene, T-box transcription factor 18 (Tbx18), expressed in all murine perivascular 

cells, to conduct a tissue-wide lineage-tracing study on perivascular cell progeny in 

mice. They found that while Tbx18+ cells displayed MSC-like behavior in vitro, the 

progeny of these cells in vivo retained their perivascular phenotype in multiple organs 

for over two years. Furthermore, the researchers investigated the effects of Tbx18+ 

cells post-injury through genetic tracing and found that labelled pericytes did not 

contribute to tissue-specific lineage differentiation in vivo. The results further 

strengthened the conclusion that pericytes do not behave as MSCs in vivo. 

Furthermore, Guimarães-Camboa and colleagues showed the platelet derived growth 

factor β (PDGFβ)-Cre lineage tracing method employed by Krautler et al. (2012)48 was 

not suitable for in vivo tracing of perivascular cells. PDGFβ is expressed in both mural 

and non-mural cell types during embryogenesis and in adult organs, and thus is not a 
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suitable marker for tracing pericytes in vitro. The differences reported in these studies 

might suggest that perivascular cells can behave as MSCs, but that this is dependent 

on their developmental stage and anatomical location.42 

 

2.3. Mesenchymal stromal/stem cells are heterogeneous 
 

The consensus remains that MSCs are a highly heterogenous population of cells. This 

heterogeneity is evident between donors, tissues of origin and clonal sub-

populations.50  

 

Heterogeneity among donors and tissues of origin 

Donor health and age have a significant impact on MSC viability, proliferation, and 

differentiation capability. Advanced age is associated with cell senescence and is 

negatively associated with viability, proliferation, and differentiation capabilities, 

possibly due to the age-related shortening of telomeres.51,52 Ferrer-Lorente et al. 

(2014)53 investigated the effects of diabetes on adipose-derived stromal cells (ASC) 

in rat models. They reported significant alterations to signalling pathways related to 

stem cell maintenance including Notch, Wnt (‘Wnt’ is an amalgamation of ‘wingless’ 

and ‘integration’ or ‘Int-1’) and Hedgehog signalling. Deoxyribonucleic acid methyl 

transferase 3B (DNMT3B), sex determining region Y-box transcription factor 2 (Sox 

2), fibroblast growth factor (FGF) 2, FGF4, podocalyxin-like protein 1 (PODXL) and 

POU class 5 homeobox 1 (POU5F1; also known as octamer binding transcription 

factor-4; Oct-4), genes associated with stemness and self-renewal, were found to be 

significantly downregulated in ASCs from diabetic rats. The expression of standard 

MSC markers (CD44, CD73, CD90 and CD105) was also found to be downregulated. 

Furthermore, the in vitro viability and differentiation capabilities of ASCs isolated from 

diabetic rats were diminished.54 
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MSC differentiation capacity may be influenced by the tissue of origin. Results from a 

study by Xu et al. (2017)55 showed that BM-MSCs exhibited stronger osteogenic and 

lower adipogenic differentiation potential than ASCs. The proliferation of MSCs also 

differs between sources. Umbilical cord-derived MSCs (UC-MSCs) are reported to 

have higher population doubling times than BM-MSCs.56 Furthermore, UC-MSCs can 

continue to propagate by multi-layering as opposed to BM-MSCs that exhibit contact 

inhibition. Peng et al. (2008)57 showed that ASCs have a higher proliferation capacity 

than BM-MSCs, with a population doubling time of 45.2 hours for ASCs and 61.2 hours 

for BM-MSCs. The researchers also found that BM-MSCs were morphologically larger 

than ASCs, even though the cells expressed a similar molecular phenotype. 

 

Heterogeneity between clonal sub-populations 

Proliferating cells in culture may cause certain cellular clones (sub-populations of cells 

that stem from the original seeded population) to become dominant over multiple 

passages (Figure 2.4). Clonal sub-populations differ from each other with regard to 

proliferation dynamics, morphology and functionality. These differences become 

evident during in vitro culture and expansion. 
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Figure 2.4. Illustration depicting clonal sub-populations.  
Clonal sub-populations are formed from the original seeding population over multiple 
passages, and have varied morphology, proliferation dynamics and differentiation profiles. 

 

Selich et al. (2016)58 demonstrated the existence of these properties using multi-

coloured lentiviral barcode labelling in order to follow clonal dynamics during in vitro 

expansion of UC-MSCs (Figure 2.5). The authors observed highly heterogeneous 

clonal sub-populations at the start of expansion and a subsequent time-dependent 

reduction in clonal diversity. The researchers further noted the appearance of 

transiently dominating populations and selection of single clones through multiple 

passages. The first reduction of clonal sub-populations started occurring as early as 

passage three. After twleve passages, only three dominant clones remained. 

Furthermore, they reported changes in proliferation rates at each stage of clonal 

reduction. Seeding MSCs on Matrigel® resulted in the formation of cell cords. This 

assay, known as the Matrigel® assay, can be used to assess the functionality of MSCs 

in culture.59,60 
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Figure 2.5. Mesenchymal stromal cell heterogeneity and clonal dominance. 
The number of clonal sub-populations becomes more restricted over multiple passages as 
dominant clones emerge. Reprinted from Selich A, Daudert J, Hass R, et al., Massive Clonal 
Selection and Transiently Contributing Clones During Expansion of Mesenchymal Stem Cell 
Cultures Revealed by Lentiviral RGB-Barcode Technology. Stem Cells Transl Med. 2016, 
5(5): 591–601., with permission from John Wiley and Sons.58 

 

Selich et al. (2016)58 demonstrated that whilst bulk sorted, non-labelled MSCs formed 

cord-like structures when seeded on Matrigel®, some labelled and sorted clonal-

subpopulations exhibited significantly reduced cord-forming potential. The results 

indicate that mass MSC cultures are composed of multiple different clonal populations 

with varying functional properties. Some studies have reported on the differentiation 

efficiency of MSC clones. MSC clones may also possess varied differentiation 

potentials, where one clone may possess stronger osteogenic potential and another 

clone stronger adipogenic potential.61 Colony forming studies by Kuci et al. (2013)62 

and Okamoto et al. (2002)63 demonstrated that MSC cultures possess clones that 

exhibit either tri- (adipogenic, chondrogenic and osteogenic), bi- or uni-directional 

differentiation potentials. Research from Russel et al. (2010)64 suggests that at least 

50% of colony forming MSCs maintain trilineage potential. Results from these studies 
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not only highlight the heterogeneity of MSC cultures, but also how understanding 

clonal diversity, functionality and differentiation dynamics may lead to better selection 

of cells for clinical applications. Selich et al. (2019)65 showed that clonal selection of 

MSCs in vitro can be controlled by supplementing growth medium with cytokines. In 

this study, introducing the cytokines FGF2 and epidermal growth factor increased the 

proliferation potential of MSCs without significant changes to the MSC secretome. 

Supplementation with transforming growth factor β (TGF-β) enabled the selection and 

expansion of only a few clones and significantly reduced the secretion of cytokines 

from the selected MSC clones.65  

 

MSCs are highly heterogeneous and cannot be defined as a single cell type limited to 

specific functions. In most publications discussing heterogeneity however, MSCs 

exhibit a similar molecular phenotype and standard characteristics (Table 2.1). For the 

purpose of the present study, MSCs are thus defined as a heterogenous population of 

cells with varying self-renewal and differentiation capabilities characterised according 

to standard guidelines (Table 2.1). Heterogeneity in itself may be a limitation to the 

application of MSCs in the clinical setting. Standardization of culture and differentiation 

protocols as well as reproducibility of results are key components that allow cells to 

be used as a therapy. Understanding the heterogeneity present in MSC populations 

and how this affects their molecular functions, may provide the insight needed to more 

accurately characterise them. More definitive characterisation of MSCs may identify 

donor suitability as well as which molecular phenotypes are better-suited for specific 

experimental and clinical applications. This in turn may lead to experimental and 

treatment consistency, as well as reproducibility of results.  
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2.4. Adipose-derived stromal cells and myogenesis 
 

Isolation of mesenchymal stromal/stem cells from adipose tissue 

The therapeutic effect of MSCs is dose-dependent, and therefore harvesting 

therapeutic numbers of cells from a particular source is an important consideration in 

determining the harvesting site.66 The invasive nature of certain of these procedures, 

such as bone marrow aspiration, is an additional point of consideration.66 Thus, 

adipose tissue is becoming a preferred source, as it yields higher numbers of MSCs 

that are extracted through a less invasive aspiration procedure.67,68 

 

MSCs harvested from adipose tissue are referred to as adipose-derived stromal 

cells.69 ASCs are isolated from lipoaspirates or resected fat from consenting donors in 

the form of the stromal vascular fraction (SVF), a heterogeneous collection of cells 

that includes ASCs, haematopoietic stem cells, endothelial cells, erythrocytes, 

fibroblasts, pericytes, granulocytes, lymphocytes, monocytes and macrophages.69 

After isolation, the SVF is plated and ASCs are defined according to the criteria set 

out in Table 2.1. The greatest advantages of harvesting ASCs from adipose tissue is 

that this may be done autologously thereby eliminating the risk of an immune 

response. Cells may also be harvested in large quantities (although no clear range of 

cell quantities exist as it depends on therapeutic application).68 The inherent 

multipotency of ASCs not only extends to adipogenic, chondrogenic and osteogenic 

lineages but also to the myogenic lineage. Differentiating ASCs into a myogenic 

lineage was the focus of this study. 
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2.5. Skeletal muscle structure, differentiation and lineage specification 
 

Skeletal muscle structure 

Striated skeletal muscle architecture is highly organised and is the primary 

determinant of muscle function.70 Muscle structure is characterised by a specific 

arrangement of muscle fibers and associated connective tissue (Figure 2.6). Briefly, 

several myofibrils bundle together as myofibers.71 Each myofiber represents a muscle 

cell with the functional unit known as the sarcomere. Several myofibers are bundled 

together by the endomysium as fascicles, and fascicles are bundled together by the 

perimysium to form muscle tissue. Muscle tissue is encapsulated by the epimysium.71  

 

 

 

 

 

 

 

 

 

 

Figure 2.6. The complex structural organisation of skeletal muscle.  
Myofibrils fuse to form myofibers that is surrounded by the sarcolemma. A group of muscle 
fibers is encased by the endomysium. Bundled together as a fascicle, it is surrounded by the 
perimysium. Muscle tissue is then surrounded by a membrane known as the epimysium.72 
Reproduced from Le Verche V et al., Skeletal Muscle in Spinal Muscular Atrophy as an 
opportunity for therapeutic intervention. Spinal Muscular Atrophy: Academic Press; 2017. 
Ch21: p341-356., with permission from Elsevier. 
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Contraction of the sarcomere generates force and rapid movement in skeletal muscle. 

The complex structure of the sarcomere consists of two distinct protein filaments, 

namely thin and thick filaments. Thin filaments are formed from polymerized actin 

isoforms and thick filaments are mainly comprised of myosin proteins.73 The actin 

filaments are associated with proteins that facilitate contraction, including tropomyosin 

and troponin-I, -C and -T. Troponin-I is an inhibitory subunit that binds to α-actin and 

troponin-C is the subunit that binds calcium.73 Troponin-T binds tropomyosin. 

Tropomyosin stabilises actin fibers and provides the scaffold necessary for the proper 

positioning of calcium-sensitive troponin molecules on the filament. Tropomodulin 

maintains adequate filament lengths necessary for contraction by capping the sharp 

ends of actin to prevent depolymerization of the actin filaments.73 

 

The thick filament myosin acts as both a structural ‘tail’ protein as well as an enzyme 

‘head’ that hydrolyses adenosine triphosphate. Myosin is associated with other 

structural proteins that include myosin binding proteins C and H, to regulate force 

generation at the actin-myosin complex.73 Myosin binding proteins associate with titin, 

a large elastic protein that regulates force development.74 Muscle fibers 

characteristically display a series of light and dark bands when viewed under the 

transmission electron microscope due to the arrangement of the myosin and actin 

filaments in the sarcomere (Figure 2.7).75  

 

A single sarcomere is arranged between two dark Z-lines (also referred to as Z-discs). 

Z-Lines anchor and cross-link actin fibers while also connecting sarcomeres within the 

myofibril.75 α-Actinin is a structural protein responsible for cross-linking actin fibers of 

neighbouring sarcomeres and connecting titin molecules within sarcomeres.75 Each 

Z-line divides a lighter I-band which is shared between two adjacent sarcomeres. Thick 

filaments make up the A-band at the centre of the sarcomere and contain the lighter 

H-zone. The M-line divides the H-band, and interconnects the thick filaments. 73,75 

Nebulin is a protein that forms part of the thin filaments and regulates thin filament 

length during muscle contraction. Nebulin interacts with desmin on the peripheral end 
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of the Z-line, suggesting it may also contribute to myofibril alignment.76 Desmin is a 

structural protein located specifically in the sarcomere.77 It is found around the Z-lines, 

in the periphery of cell nuclei as well as around the mitochondria. Desmin maintains 

cell integrity and facilitates efficient transmission of force.77  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. Microscopic image and schematic representation of the sarcomere 
ultrastructure.  
A. The sarcomere as captured by electron microscopy. The sarcomere is bordered by darker 
Z-lines/discs. The Z-lines/discs bisect lighter I-bands which identify bordering sarcomeres. 
The A-band in the centre of the sarcomere contains thick filaments and the lighter H-band, 
which is bisected by the M-line. B. Line schematic of sarcomere ultrastructure. The M-line 
interconnects the thick and thin filaments. Titin and nebulin contribute to sarcomere structure 
around the Z-lines/discs. Titin is found between the Z- and M-lines and nebulin is found along 
the actin filaments, overlapping at the Z-line/discs.75 Reproduced from Luther PK. The 
vertebrate muscle z-disc: Sarcomere anchor for structure and signalling. J Muscle Res Cell 
Motil., 2009; 30(5):171-185 (no permission needed for reprint in a thesis/dissertation). 
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2.6. Skeletal muscle differentiation and lineage specification 
 

Myogenesis is the complex process through which new terminally differentiated 

myocytes form from satellite cells (the local adult stem cells found in muscles).78 

Muscle satellite cells are activated in response to specific transcription activators, and 

differentiate to form myoblasts. Myoblasts then differentiate into myocytes and fuse 

together to form myotubules and myofibers (Figure 2.8).78 

 

 

 

Figure 2.8. Skeletal myogenesis.  
Muscle satellite stem cells are activated in response to transcription activators and 
differentiate into myoblasts, which differentiate into myocytes. Myocytes fuse into myotubules 
and then myofibers. 

 

Skeletal muscle differentiation is a highly regulated process.79,80 Signalling pathways 

involving bone morphogenetic protein (BMP), Wnt, FGF, sonic hedgehog homolog 

(SHH) and retinoic acid (RA) govern the activation of regulatory transcription factors 

which in turn activate the basic-helix-loop-helix (bHLH) transcription factor (TF) 

family.81 The bHLH TFs are implicated in myogenic lineage commitment and 

differentiation. Over-expression of bHLH-transcription factors in non-muscle cells 

results in myogenic differentiation.82 Lineage specification occurs through the 

expression of four main bHLH myogenic proteins, namely myogenic factor 5 (Myf 5), 

myogenic differentiation (MyoD), myogenin (MyoG), and myogenic regulatory factor 4 

(Mrf 4) (Figure 2.9).83 The paired box protein (Pax) family of transcription factors play 

key roles during skeletal muscle tissue specification. Embryonically, the loss of the 

Pax 3 lineage is lethal, and simultaneously inhibits the formation of Pax 7+ cells.84 

Moreover, replacing a knocked-out Pax 3 with Pax 7 results in the restoration of the 

functions of Pax 3.84 While Pax 3 is necessary for myogenic lineage specification, Pax 

7 appears to be dispensible.80 It is postulated that during development Pax 3+ cells act 
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as founder cells to form the template for initial fiber formation. Pax 7+ cells then 

contribute to the formation of secondary fibers and established the satellite stem cell 

pool.85  

 

Sineoculis homeobox homolog (Six) 1 and 4 are considered to be at the apex of the 

regulatory cascade that directs the myogenic lineage.78 The Six-family of transcription 

factors have two conserved domains: one that binds to DNA and a second that binds 

myogenic transcription co-factors.86 Six proteins translocate into the nucleus bound to 

eyes absent homolog (Eya) 1 and 2, where they act as cofactors to upregulate Pax 3, 

MyoD, Mrf 4 and MyoG expression.87 Six 1 and 4, along with co-factors Eya 1 and 2, 

directly bind to the promoter of Pax 3 to activate its expression.87 Pax 3 and Pax 7 are 

upstream regulators of myogenesis and control enhancer elements of Myf 5.88 Figure 

2.9 illustrates sequential gene expression relative to myogenic differentiation. 
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Figure 2.9. Overview of myogenic regulatory factors.  
Sineoculis homeobox homolog (Six) 1 and 4 along with their co-factors eyes absent homolog 
(eya) 1 and 2 activate the expression of paired box gene (Pax) 3 and 7. Pax 3 and 7 binds to 
enhancer elements to induce the expression of myogenic factor 5. Myogenic differentiation 
(MyoD) becomes upregulated after myogenic factor 5 (Myf 5), where the two proteins function 
together to unwind deoxyribonucleic acid (DNA) and recruit ribonucleic acid (RNA) 
polymerase II to activate transcription of myogenic genes. MyoD induces the expression of 
myogenin (MyoG) after which Myf 5 becomes downregulated. MyoD and MyoG then cause 
Mrf 4 to become upregulated, where it persists into terminally differentiated myotubes. 
Following the expression of Mrf 4, MyoD and MyoG are subsequently downregulated.78 
Reprinted from Bentzinger CF, Wang YX, Rudnicki MA. Building muscle: Molecular regulation 
of myogenesis. Cold Spring Harb Perspect Biol., 2012;4(2):a008342., with permission from 
Cold Spring Harbour Perspectives in Biology. 

 

The enhancer element of Myf 5 contains binding sites for Six-factors and Pax 3, 

indicating that these two factors have similar functions leading to the expression of 

Myf 5.89 Pax 3 also regulates the expression of Myf 5 and MyoD, as well as MyoG.90 

Myf 5 has been shown to operate with MyoD and MyoG to upregulate myogenic 

factors, by co-localizing with MyoD or MyoG on the promoters of myogenic factors.91 
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The expression of MyoD is induced by the transcription factors Six 1 and 4, and Pax 

3 and 7.87,92 Nuclear localization appears to impact the transcriptional activity of MyoD. 

When MyoD is located near the periphery of the nucleus, low-level MyoD transcription 

is induced through the action of transcription factor II D (a general transcription factor 

that forms part of the ribonucleic acid (RNA) Polymerase (Pol) II pre-initiation 

complex).93 As differentiation progresses, MyoD is shuttled to the nuclear lumen, 

where TATA-Box Binding Protein Associated Factor 3 and Topoisomerase 1-related 

protein 4 promote the expression of MyoD.93 Additionally, the expression of MyoD, 

has been closely linked to regulation of the cell cycle.94 MyoD recruits cyclin-

dependent kinase (Cdk)9/CyclinT2) to the transcription complex, where the cdk9 

complex then phosphorylates the carboxyl terminal domain of RNA Pol II to promote 

transcription elongation.95 The upregulation of MyoD arrests G1/S progression, and 

enhances the transcription of p21 which ultimately leads to the downregulation of cdk 

and thus blocks cell cycle progression. Furthermore, advancing to a differentiation 

state may depend on cross talk between MyoD and cell cycle signalling pathways.96 

 

The bHLH family of transcription factors bind to DNA motifs containing core E-box 

consensus sequences. Interestingly, E-boxes are frequently found in the genome and 

another bHLH transcription factor, NeuroD can bind to E-boxes to initiate transcription 

and promote neuronal differentiation.83 It appears however, that while both bHLH 

transcription factors bind to a shared E-box sequence (CAGCTG (cytosine(C), 

adenine (A), guanine (G), thymine (T)), they also bind to distinct E-box sequences that 

are lineage-specific. In the case of Myf 5 and MyoD, the E-box sequence is CANNTG 

while the E-box sequence for NeuroD is CAGATG.83 To activate transcription, MyoD 

forms heterodimers with E-proteins. High dissociation rates have been reported when 

MyoD binds to only one. This indicates that inter-protein interactions are needed to 

stabilise DNA binding.97 Binding sites in proteins such as myocyte enhancer factor 2 

(MEF 2) may act as a functional substitute for a second E-box.97 This suggests that 

cooperative interactions with factors in the immediate vicinity are imperative for the 

formation of functional transcriptional complexes. E-boxes are found in the regulatory 

regions of many skeletal muscle genes.97 Myf 5 and MyoD have distinct functional 
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molecular properties. Myf 5 and MyoD both induce chromatin remodelling and histone 

acetylation around their binding sites.83 However, only MyoD recruits RNA Pol II to 

activate transcription of myogenic factors.83  

 

MyoD induces the expression of MyoG, resulting in the downregulation of Myf 5.98 This 

process coincides with cell-cycle exit and indicates that a cell is committed to 

differentiation.99 MyoG signals terminal differentiation and myoblast fusion into 

multinucleated myofibers.88,100 MyoD in combination with MyoG leads to the 

expression of Mrf 4 and other late myogenic genes. In terminal muscle fibers the 

expression of MyoD and MyoG then becomes downregulated, whilst the expression 

of Mrf 4 persists.101 Mrf 4, unlike the other members of the bHLH-family, displays a 

biphasic pattern of expression during mouse myogenesis. Mrf 4 is expressed during 

foetal development and the expression continues postnatally.102 The regulation of 

myogenesis is carried out by multiple overlapping factors (as described above) as well 

as by Mrf 4, which may also specify myogenic lineage. Moretti et al. (2016)102 

demonstrated that some myogenesis still occurs in Myf 5/MyoD double mutant mouse 

models where Mrf 4 is still expressed.103 The role of Mrf4 in adult tissues is unclear. 

Moretti et al. (2016)102 found that knocking out Mrf4 through RNA interference in adult 

skeletal muscle causes a significant increase in the size of muscle fibers. Additionally, 

they demonstrated that muscle hypertrophy was induced by active MEF 2. The 

hypertrophic effect was abolished when MEF 2 was not expressed. These results 

suggest that Mrf 4 is a negative regulator of muscle growth.102 Unlike Myf 5, MyoD and 

Mrf 4 which display an overlap in directing myogenesis, MyoG is indispensable for 

skeletal muscle development. MyoG-null mice display a deficiency of differentiated 

skeletal muscle fibers and die at birth.100 The expression of MyoG has been associated 

with full and irreversible commitment to the myogenic program.104 

 

The sarcomere protein desmin is the earliest detectable marker of muscle cell 

differentiation. It is diffusely expressed in committed and differentiating myoblasts and 

its expression increases over time.105 In committed and differentiating myoblasts, 



26 

 

 

desmin is expressed before and then concurrently with Myf 5 and MyoD.106 The 

expression of desmin appears to be regulated by two distinct E- box sites that serve 

as transcription initiation sites. The first E-box is found upstream of the desmin 

promoter and only confers low levels of expression.107 A second E-box is found down-

stream of the promoter, along with a binding site for MEF 2, and is responsible for 

maximal transcriptional activity. Myf 5 and MyoD binds to both of the E-box sequences 

in the desmin gene to activate transcription.107 

 

The myosin heavy chain (MHC) contractile proteins are late markers for skeletal 

muscle differentiation, and exist as multiple isoforms (types I, IIa, IIx and IIb).108 The 

composition of the MHC isoforms depends on their activation state, functional history 

and the loading state of a particular muscle, and its expression in turn influences its 

contractile properties.108 The MHC promoter appears to be regulated by MEF 2, MyoD 

and MyoG, with E-box sequences found in the regulatory region.109 Mutations in the 

E-box sequence of the MHC promoter have been shown to block the binding of MyoD 

and MyoG, indicating their involvement in the transcription of MHC.109 The expression 

of MHC has been associated with changes in cell cycle events. While the upregulation 

of MyoG indicates cell fusion, it is not sufficient on its own to bring the cell cycle to 

arrest.104 p21 is upregulated after MyoG, and the proliferating myoblasts become 

quiescent. Following cell cycle exit, the expression of contractile proteins such as the 

MHC is initiated and the cells fuse into multinucleated myotubes.104 

 

2.7. The clinical relevance of adipose-derived stromal cells for muscle 
regeneration 
 

Skeletal muscle is fundamental to movement, posture, breathing and blood glucose 

homeostasis.110 Although skeletal muscle retains a remarkable ability to regenerate 

from the native pool of muscle satellite stem cells, muscular injuries beyond a certain 

threshold result in fatty degeneration and fibrous scar tissue formation that 

subsequently compromises structural and functional integrity.111 Additionally, genetic 
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disorders such as muscular dystrophies (the prevalence of dystrophies vary 

depending on the type, and is considered rare with a few cases per 100 000), and the 

progressive loss of muscle strength, mass and function associated with aging 

(sarcopenia; prevalent in approximately 10% of the aging population), represent a 

potential clinical target for ASC therapeutics.111,112 Rare genetic diseases such as 

muscular dystrophies and, age-related muscle wasting are simply two areas 

highlighted because treatment regimens in both cases are not curative but focuses on 

delaying symptoms or progression. As curative therapies have not been identified for 

many diseases of genetic origin, it justifies the need to investigate the therapeutic 

potential that ASC have for the aforementioned and other similar diseases. Peçanha 

et al. (2012)113 demonstrated that ASCs injected into a surgically damaged soleus 

muscle in a rat model improved muscle regeneration and contractile force two weeks 

post-transplantation. Additionally, research by Merritt et al. (2010)114 demonstrated 

that BM-MSCs promoted restoration of muscle functionality. Merrit and colleagues 

implanted an extracellular matrix scaffold into the damaged gastrocnemius muscles of 

rats. Scaffolds seeded with BM-MSCs were compared to scaffolds not seeded with 

cells. The MSC-seeded scaffolds displayed more surrounding blood vessels, 

regenerating myotubes and partially restored muscle function and contractile ability 

after 42 days. The extracellular matrix scaffolds without MSCs displayed 

morphological but not functional recovery, indicating that MSCs could improve both 

morphological and functional recovery of skeletal muscle defects.114 The study by 

Merritt et al. (2010)114 did not specify whether the improved differentiation and 

functional capacity was due to the BM-MSCs directly differentiating into a myogenic 

lineage or whether it was due to paracrine signalling ability. This is important to note, 

as MSCs are thought by some to achieve regeneration by recruiting factors necessary 

for wound healing and generation because of their paracrine abilities as shown by the 

recent attempt to reclassify MSCs as ‘medicinal signalling cells’ by multiple 

researchers.20,30 

 

Duchenne muscular dystrophy (DMD) is an X-linked recessive disorder and the most 

common lethal paediatric genetic disorder for which there is currently no cure.115 DMD 
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is characterised by a lack of dystrophin at the sarcolemma of muscle fibers. The lack 

of dystrophin destabilises the cytoskeletal architecture between the extracellular 

matrix and sarcolemma.115 Muscle fibers become susceptible to mechanical stress 

and degradation, depleting the satellite cells early in childhood. The degeneration is 

progressive and irreversible as the skeletal muscle is replaced by fibrotic tissue.115 A 

proof-of-concept study by De Bari et al. (2003)116 provided evidence to support the 

potential use of synovial membrane derived MSCs for DMD, where MSCs 

transplanted into immunosuppressed DMD mouse models restored the expression of 

dystrophin in the sarcolemma. Additionally, this restored the expression of mouse 

mechano growth factor, a molecule crucial in the maintenance and repair of skeletal 

muscle.116 Results from a recent case report by Klimczak et al. (2020)117 suggest that 

co-transplantation of allogeneic BM-MSCs and satellite cells (muscle adult stem cells) 

improve muscle function in patients diagnosed with DMD.  

 

In the case of muscle pathologies that has a genetic origin (muscular dystrophies such 

as Duchenne and Limb-girdle), the application of any stem cell therapy might only 

serve to alleviate symptoms rather than cure the genetic origin of a particular 

pathology. Bouglé et al. (2019)118 demonstrated an improvement in the symptoms 

associated with DMD in a murine model. Transplantation of ASCs resulted in an 

improved muscle phenotype, decreased necrosis, fibrosis and inflammatory cytokines 

and increased muscle strength. Qiu et al. (2018)119 demonstrated that MSCs seeded 

on an extracellular matrix scaffold promote skeletal muscle regeneration in a rat 

model. ASCs are therefore potentially applicable to three mechanisms of clinical 

skeletal muscle regeneration, namely (i) wound healing and immunomodulation at 

sites of injury; (ii) replacement of muscle cells by differentiation of ASCs; and (iii) in 

combination with bio-scaffolds to repair muscle trauma.120  

 

 

 



29 

 

 

2.8. Adipose-derived stromal cell differentiation 
 

ASCs have been differentiated into adipogenic, chondrogenic, osteogenic and 

myogenic lineages using induction media containing chemical compounds that have 

been tailored to each lineage. 

 

Adipogenic, chondrogenic and osteogenic differentiation 

ASC differentiation in vitro is achieved through biochemical stimuli that upregulate 

specific genetic factors committing ASCs to a particular lineage (Table 2.2). ASCs are 

expanded in growth medium such as Dulbecco’s Modified Eagle’s Medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS) and an antibacterial/antimycotic 

agent. ASC adipogenesis may be achieved by the addition of insulin (10 μg/mL), 

dexamethasone (1 μM), isobutylmethylxanthine (0.5 M) and indomethacin (200 

μM).121 The adipogenic induction components function to increase the expression of 

the adipogenic master regulator peroxisome proliferator-activated receptor gamma 

(PPARγ) and other adipogenic factors that include CCAAT/enhancer-binding protein 

(C/EBP) α and β.122 

 

Chondrogenesis has been achieved using a combination of many growth factors and 

supplements, but the most commonly used protocols include dexamethasone (0.1 

μM), ascorbate-2-phosphate (50 nM), TGF-β1 (10 ng/mL), and insulin (6.25 μg/mL).123 

Chondrogenic differentiation is achieved through the addition of TGF-β1 particularly, 

as it upregulates lineage specific proteins such as aggrecan and type II collagen.124 

Osteogenesis is induced through the addition of 100 mg/mL ascorbic acid and 10 mM 

β-glycerophosphate to standard growth medium. This same induction cocktail has 

been used with added dexamethasone at varied concentrations.125 Dexamethasone 

and β-glycerophosphate have been reported as the main chemical inducers for 

osteogenesis by increasing the expression and activity of alkaline phosphatase, while 

ascorbic acid increases the production of collagen during early osteogenesis.126-128 
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Dexamethasone reportedly increases the expression of the main regulator for 

osteogenic differentiation, runt-related transcription factor 2 (Runx2).129 

Table 2.2. Composition of adipose-derived stromal cell differentiation media and 
gene expression required for lineage specification  
ASC differentiation media contain combinations of induction components tailored to 
enhance commitment of ASCs into the different lineages regulating genes that govern 
lineage specification  

Differentiation 
process Differentiation medium Genes Reference 

Adipogenesis 
DMEM, 10% FBS, insulin (10 

μg/mL), dexamethasone (1 μM), 
isobutylmethylxanthine (0.5 M) 

and indomethacin (200 μM) 

Adiponectin, 
C/EBPα, FABP4, 
Leptin, PPARγ 

Bourin et al. 
(2013)69 

Ambele et al. 
(2016)121 

Chondrogenesis 

DMEM, 10% FBS, 
dexamethasone (0.1 μM), 

ascorbate-2-phosphate (50 nM), 
TGF-β1 (10 ng/mL), and insulin 

(6.25 μg/mL) 

Aggrecan, collagen 
type II, sox 9 

Bourin et al. 
(2013)69 

Stromps et al. 
(2014)123 

Osteogenesis 
DMEM, 10% FBS, 100 mg/mL 
ascorbic acid and 10 mM β-

glycerophosphate 

Alkaline 
Phosphatase, Bone 

sialoprotein, 
Osteocalcin, 

Osterix, Runx2 

Bourin et al. 
(2013)69 

Marshall et al. 
(2019)125 

DMEM: Dulbecco’s Modified Eagle’s Medium; FBS: fetal bovine serum; TGF-β1: transforming 
growth factor beta-1; C/EBP: CCAAT/enhancer-binding protein; FABP4: fatty Acid-Binding 
Protein 4; PPARγ: peroxisome proliferator-activated receptor gamma; Runx2: runt-related 

transcription factor 2; Sox9: SRY-box 9 
 

Myogenic differentiation 

ASC myogenesis has been achieved using various induction media (Table 2.3) and 

was first demonstrated by Zuk et al. (2001)130 through the addition of 0.1 μM 

dexamethasone and 50 μM hydrocortisone to ASCs in culture. ASC myogenesis has 

also been demonstrated using hydrocortisone alone by Mizuno et al. (2002)131. 

Myogenesis was attained with varying success, with the original report from Zuk et al. 

(2001)130 achieving 12% myogenic differentiation and Mizuno et al. (2002)131 15% 

after 6 weeks in culture. ASC myogenesis has been demonstrated by supplementing 

bioengineered forms of MyoD and through the use of serum free, chemically defined 

media.132 More recently, commitment of ASCs to myogenesis has been accomplished 

by using the demethylating agent 5-Azacytidine (5-Aza).133-135  
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Table 2.3. Adipose-derived stromal cell myogenic chemical induction recipes.  
ASC commitment to myogenesis has successfully been achieved using multiple 
induction methods. 

Reference Medium Serum 
supplementation 

Chemical induction 
components 

Zuk et al. (2001)130 DMEM 10% FBS 
5% HrS 

Dexamethasone (0.1 μM) 
Hydrocortisone (50 μM) 

Mizuno et al (2002)131 DMEM 5% HrS Hydrocortisone (50 μM) 

Gang et al. (2004)136 Low glucose 
DMEM 

15% FBS 
5% HrS 

Dexamethasone (0.1 μM) 
Hydrocortisone (50 μM) 

Huri et al (2013)133 Low glucose 
DMEM 

1% FBS 
5% HrS 5-Azacytidine (10 μM) 

Sung et al. (2013)137 DMEM 2% HrS 
Myogenic differentiation (MyoD) 

and MyoD-IT (bioengineered 
MyoD) (0.2-10 μg/mL) 

Meligy et al. (2012)134 DMEM 10% FBS 
5% Hrs 5-Azacytidine (10 μM) 

Drost et al (2009)135 α-MEM 10% FBS 5-Azacytidine (10 μM) 
DMEM: Dulbecco’s Modified Eagle’s Medium; α-MEM: alpha-minimum essential medium; FBS: 

fetal bovine serum; HrS: horse serum  
 

2.9. Functional mechanisms of the chemical components in myogenic induction 
medium 
 

Induction media compositions in ASC myogenesis generally include either 

dexamethasone and hydrocortisone and 5-Azacytidine. Myogenic media are often 

supplemented with horse serum (HrS). The passages below attempt to provide 

information from the currently available literature how these supplements might induce 

or enhance myogenesis. 

 

Horse serum 

HrS is frequently added to myogenic induction media. In media containing higher FBS 

concentrations (10% - 20%), myocytes proliferate even after confluency has been 

reached. Myogenic differentiation is achieved through serum starvation by switching 

expansion medium supplemented with 10% - 20% FBS with medium containing 1% to 

2% FBS or HrS.138,139 Yaffe et al. (1977)140 demonstrated that, compared to FBS, HrS 

enhances myotube formation in murine myocytes. Franke et al. (2014)141 

demonstrated that equine bronchial fibroblasts (EBF) expanded in HrS-containing 
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medium displayed altered morphology to those expanded in FBS. EBFs cultured in 

the HrS-containing medium had slower doubling times, were smaller, and were more 

closely packed than cells expanded in FBS.141 There is a paucity of literature which 

adequately describes the mechanism of action of the different sera in ASC or myocyte 

differentiation. Serum contains more than a thousand molecular components that 

include proteins, enzymes, lipids and hormones. Molecular factors in the various sera 

that direct cells to either proliferate or differentiate are difficult to determine.142,143 

 

Glucocorticoids 

The use of the glucocorticoids (GC) dexamethasone and hydrocortisone in in vitro 

ASC myogenesis is well-documented although their function in the differentiation 

process is not clear. GCs bind to glucocorticoid receptors (GRs) in the cytosol, which 

are ligand-dependent transcription factors and type I nuclear hormone receptors.144 

GC-GR complexes translocate into the nucleus and associate with GC response 

elements to induce or repress transcription. GR functions also include binding to other 

transcription regulatory factors (tethering), or binding to and removing transcriptional 

regulatory factors (squelching).145 Clinically, GCs are used for their anti-inflammatory 

and immunosuppressive properties. 

 

GCs regulate protein and glucose metabolism in skeletal muscle and are released 

under conditions of stress. Increased GC levels increase proteolysis in order to 

generate amino acids that serve as precursors for gluconeogenesis.146 This GC-

mediated protein degradation is responsible for muscle atrophy and weakness seen 

in patients treated with GCs over prolonged periods of time.147 This atrophy is caused 

by the upregulation of myostatin (a negative regulator in myogenic differentiation).148 

A recent study by Larson et al. (2018)148 showed that using dexamethasone at 10 nM 

on engineered skeletal muscle units yielded advanced sarcomeric structures with the 

ability to produce force.148 Belanto et al. (2010)149 found that dexamethasone may 

induce the early messenger RNA (mRNA) expression of MyoD, MyoG and dysferlin, 

a transmembrane protein that functions in skeletal muscle repair. Dexamethasone has 
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been reported to enhance myotube fusion of murine cells in vitro at low concentrations 

(5-25 nM). Using dexamethasone as a myogenic inducer in vitro may also either 

promote or inhibit the process depending on the stage of differentiation. Han et al. 

(2017)150 showed that treating C2C12 myoblasts with dexamethasone at the myotube 

stage has been associated with myotube atrophy. However, when the cells were 

treated at the myoblast stage, before the onset of differentiation, an increase in MHC 

expression and in myotube diameter was observed.150 Hydrocortisone has been 

reported to stimulate the proliferation of human myoblasts prior to myotube fusion.151 

The exact mechanisms and signalling pathways through which the glucocorticoids 

dexamethasone and hydrocortisone promote myogenesis in vitro are not clearly 

defined in the literature. 

 

5-Azacytidine 

5-Aza is a universal demethylating agent that acts by inhibiting DNA via irreversible 

covalent binding between DNA-cytosine methyltransferase and DNA.152 It may be 

used as a component for ASC myogenic induction.133-135  

 

The role of methylation status on gene expression is well described. Hypermethylation 

around cytosine-guanine (CpG) islands of promoters is associated with gene 

repression whereas hypomethylation is associated with the promoters of active 

genes.153 Methylation status is an epigenetic trait that may be inherited or influenced 

by the environment. Xu et al. (2017)55 attribute differences in osteogenic and 

adipogenic differentiation potential to methylation status, thereby influencing 

differentiation potential. They observed that CpG sites around the Runx2 promoter in 

BM-MSCs were hypomethylated while the same promoter in ASCs was 

hypermethylated, and therefore inactive. Furthermore, the CpG sites around the 

PPARγ promoter in ASCs was hypomethylated (actively available for transcription) as 

opposed to those of BM-MSCs that were hypermethylated.55 A study by Nour et al. 

(2006)154 revealed that the MyoG gene is methylated in uncultured ASCs and 

maintains this status when undifferentiated and after adipogenic induction. These 
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results were verified by Vera-Pérez et al. (2019)155 who, in addition to MyoG, reported 

that 15 other genes associated with myogenesis were also methylated in ASCs.155 

Montesano et al. (2013)156 investigated the effects of 5-Aza on C2C12 murine 

myoblasts. Their results suggest that 5-Aza upregulates Myf 5 and MyoD while 

promoting cell cycle arrest by significantly upregulating the expression of p21. The 

researchers postulated that this may promote the shift from cell proliferation to 

differentiation. They concluded that 5-Aza treatment enhanced C2C12 maturity by 

acting on the cell cycle and upregulating muscle-specific determinants.156 A study by 

Kaur et al. (2014)157 further demonstrated the ability of 5-Aza to induce skeletal 

myogenesis. Treating cardiomyocytes with 5-Aza resulted in the upregulation of key 

skeletal muscle nuclear transcription factors such as MyoD and MyoG. Subsequently, 

the cardiomyocytes transdifferentiated into skeletal muscle cells.157 In summary, 5-

Aza is not used in the differentiation of other ASC lineages, and has consistently been 

shown to promote myogenic differentiation, and not adipogenesis, chondrogenesis or 

osteogenesis. The mechanism through which 5-Aza could achieve myogenesis in 

ASCs is by demethylating myogenic promoters, upregulating myogenic genes and by 

regulating cell cycle progression to promote the transition of cells from proliferation to 

differentiation. 

2.9. Methods used to investigate MSC myogenesis 
 

MSC myogenic differentiation from multiple tissue sources has been investigated 

using a variety of techniques (Table 2.4). Both phase-contrast light- and fluorescent 

microscopy have frequently been employed to investigate cell morphology. The actin 

cytoskeleton of cells can be viewed by staining with phalloidin (a fluorescent stain) to 

evaluate the formation of tube-like structures which indicate the formation of 

myotubes. 4′,6-Diamidino-2-phenylindole (DAPI) is a frequently used nuclear stain. 

Immunocytochemistry (ICC) is used to study myogenesis using antibodies targeted to 

myogenic proteins including Pax 3/7, desmin, MyoD, MyoG and MHC. These same 

targets have also been investigated using reverse-transcriptase real-time polymerase 

chain reaction (RT-qPCR). Other protein detection techniques include Western blot 

analysis to investigate the presence of MyoD and MHC, immunohistochemistry (IHC) 
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using antibodies directed at MyoD and MHC, flow cytometry to investigate cell cycle 

progression and desmin, MyoD, MyoG and MHC expression. Flow cytometry is most 

frequently used to immunophenotype ASCs according to standard criteria (Table 2.1). 

The timelines vary between experiments. Studies that involved 5-Aza lasted for up to 

twenty-one days and dexamethasone/hydrocortisone up to 42 days.
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Table 2.4. Methods used to investigate mesenchymal stromal/stem cell myogenesis.  
Summary of the methods and their associated target genes and/or proteins most frequently used to confirm successful myogenic 
differentiation. 

Reference MSC Source Feature 
investigated Technique Detection method Target proteins/genes 

investigated 

Zuk et al. 
(2001)130 

Human adipose tissue Morphology Light microscopy   

 Protein expression Immunocytochemistry 
(colour) Antibody MyoD and MHC 

Mizuno et al 
(2002)131 

Human adipose tissue Morphology Light microscopy   

 Protein expression Immunocytochemistry 
(colour) Antibody MyoD and MHC 

Gang et al. 
(2004)136 

Human umbilical cord Morphology Light microscopy   

 Protein expression Immunocytochemistry 
(colour) Antibody MyoD and MyoG 

   Haematoxilin Nuclei 
  Western blot Antibody MyoD, MyoG, MHC 

  Flow cytometry - 
immunophenotyping Antibody 

CD 105, CD73, CD44, 
CD49e, CD54, CD90, CD14, 
CD34, CD45, CD31, CD49d, 
CD106, HLA-ABC and HLA-

DR. 

  Flow cytometry - myogenic 
targets Antibody MyoD, MyoG and MHC 

 Gene expression RT-qPCR Primers MyoD, MyoG and MHC 

Huri et al. 
(2013)133 

Human adipose tissue Morphology Phase contrast light 
microscopy   

  Fluorescent microscopy   

 Protein expression Immunocytochemistry 
(fluorescent) Antibody MyoD, desmin, MHC 
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   Phalloidin Actin filaments 
   DAPI Nuclei 

Huri et al. 
(2014)158 

Human adipose tissue Morphology Fluorescent microscopy   

 Protein expression Immunocytochemistry 
(fluorescent) Antibody Pax3/7, MyoD, desmin and 

MHC 
   DAPI Nuclei 

Huri et al 
(2018)159 

Human adipose tissue Morphology Light microscopy   
  Fluorescent microscopy   

 Protein expression Immunocytochemistry 
(fluorescent) Antibody Pax3/7, MyoD, desmin and 

MHC 
   Phalloidin Actin filaments 
   DAPI Nuclei 

  Flow cytometry - 
immunophenotyping Antibody CD 73, CD90 and CD105 

Sung et al. 
(2013)137 

Human adipose tissue Morphology Fluorescent microscopy   

 Protein expression Immunocytochemistry 
(fluorescent) Antibody MHC 

   DAPI Nuclei 
  Westernblot Antibody MyoD 

Drost et al 
(2009)135 

Human bone marrow Protein expression Flow cytometry - 
immunophenotyping Antibody CD31, CD34, CD45, CD73, 

CD90, and CD105 
 Gene expression RT-qPCR Primers MyoD and MHC 

Meligy et al. 
(2012)134 

Rat adipose tissue, bone 
marrow, umbilical cord and 

skeletal muscle tissue 
Morphology Phase contrast light 

microscopy   

  Fluorescent microscopy   

 Protein expression Immunocytochemistry 
(fluorescent) Antibody desmin 

   DAPI Nuclei 

  Immunocytochemistry -
immunophenotyping Antibody CD90, CD44, CD45, and 

CD34,  CD31 
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  Flow cytometry - 
immunophenotyping Antibody CD90, CD45, CD44, CD31, 

and CD34 

  Flow cytometry - myogenic 
targets Antibody MyoG 

 Gene expression RT-qPCR Primers desmin 
DAPI: 4′,6-diamidino-2-phenylindole; CD: Cluster of differentiation; ICC: immunocytochemistry; IHC: immunohistochemistry; MHC: myosin 

heavy chain; MSC: mesenchymal stem/stromal cell; MyoD: myogenic differentiation; MyoG: myogenin; Pax3/7: paired box gene 3/7; RT-qPCR: 
reverse transcriptase real-time polymerase chain reaction. 
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2.10. A modelling insight into adipose-derived stromal cell myogenic 

differentiation 

 

The mechanisms and kinetics involved in cell fate determination are crucial in the 

understanding of normal development and disease. Gene expression or protein data 

generated in differentiation studies have been used to model how these myogenic 

determinants may initiate differentiation. 

 

Huri et al. (2014)158 were the first to model gene expression kinetics in ASCs using 5-

Aza for induction of myogenesis. The researchers found that the expression of key 

myogenic factors in ASCs is temporal and mimics those of in vivo muscle satellite cell 

differentiation. They further showed that the expression of myogenic targets is 

sequential and that ASCs sequentially change to assume the myogenic cell 

morphology (eg. elongated, multinucleated).158 The researchers used a mathematical 

kinetic stage-transition model to identify five stages of the ASC myogenic 

differentiation process. These stages may be identified by the expression of the key 

myogenic determinants Pax 3/7, desmin, MyoD and MHC (Figure 2.10. Model A). 

 

Stage zero describes undifferentiated ASCs which are characterised by the negative 

expression of all myogenic targets. Stage one is characterised by the expression of 

Pax 3/7 in differentiating ASCs. Stage two is identified by the expression of Pax 3/7 

and desmin, while the expression of MyoD and MHC remains negative. Stage three 

sees the differentiating ASCs express Pax 3/7, desmin and MyoD, whilst remaining 

negative for MHC. Stage four is characterised by the presence of mature muscle cells 

with positive expression of Pax 3/7, desmin, MyoD and MHC.158 

 

A more recent model established by Deshpande and Spector160 based on the work of 

Huri et al. (2014)158 identified six stages of ASC myogenic differentiation. They also 

reported differences in the expression of Pax 3/7. In their model, stage zero 
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encompassed undifferentiated ASCs that negatively express Pax 3/7, desmin, MyoD, 

MyoG and MHC. Stage one was characterised by the positive expression of Pax3/7.160 

Stage two was positive for desmin only. Stage three was defined as cells negative for 

Pax 3/7, MyoG and MHC, but positively expressing desmin and MyoD. Stage four cells 

were negative for Pax 3/7 and MHC and positive for desmin, MyoD and MyoG. The 

fifth and final stage in their model described mature myocytes by the negative 

expression of Pax 3/7 and the positive expression for desmin, MyoD, MyoG and MHC 

(Figure 2.10. Model B).160 

 

 

 

 

 

 

 

 

 

Figure 2.10. Theoretical models depicting the adipose-derived stromal cell myogenic 
differentiation pathway.  
A. The first model depicts adipose-derived stromal cell (ASC) myogenesis as established by 
Huri et al. (2014)158. Five Stages of differentiation are depicted based on the expression of 
paired box gene 3, desmin (Des), myogenic differentiation (MyoD) and myosin heavy chain 
(MHC). B. The most recently published model as conceptualised by Deshpande and 
Spector.160 In this model there are six stages based on the expression of the above-mentioned 
myogenic targets, as well as myogenin (MyoG). Stage zero is defined as undifferentiated 
ASCs and stage five as mature muscle cells. MyoD facilitates the transition from stage three 
to four and MyoG the transition from stage four to five. 

 

Differentiation as illustrated by these models is thus a temporal process, with ASCs 

maintaining the capacity for self-renewal until stage three of differentiation.158,160 The 

expression of myogenic targets seem to be subject to feedback inhibition exerted by 
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transcription factors, signals from the extracellular matrix and from cell density.160 Pax 

3/7 peaks on day three post-induction after which it steadily decreases. This is 

attributed to possible feedback inhibition by MyoD (stage three) on Pax 3/7 (stage 

one). The expression of desmin is observed after Pax 3/7 and before that of MyoD 

and MHC.158 The model presented by Deshpande and Spector160 further suggests that 

the activation of MyoG occurs during stage three and facilitates the transition into 

stage four, where MyoG in turn causes MHC to be upregulated and thus drives the 

transition to stage five. The results of both the aforementioned publications further 

suggest that the expression of key drivers of myogenic cell fate, such as MyoD and 

MyoG, must reach a certain threshold in vitro in order to progress along the 

differentiation pathway.158,160 

 

2.11. Rationale for the study  

 

The field of regenerative medicine has grown substantially in the past decade and 

involves the use of stem and progenitor cells, sought specifically for their incredible 

plasticity, as therapeutic agents. Regeneration is a process that aims to use these 

cells for restoration of both the structure and function of tissues and organs.161  

 

Cell-mediated therapeutic protocols involving cell culture and differentiation must first 

be standardised in vitro and should adhere to certain criteria before they are applied 

in clinical practice. These criteria were put forth by Gimble et al. (2007)162 and state: 

(i) MSCs must be harvestable in volumes large enough to be therapeutically relevant; 

(ii) the harvest procedure should be minimally invasive; (iii) the cells must display 

multipotent plasticity; (iv) clinical use of the cells must be safe in both autologous and 

allogeneic contexts; and (v) the cell product can be manufactured according to current 

Good Manufacturing Practice (GMP) guidelines.162 GMP guidelines require that the 

‘active component’ (the MSCs) is clearly defined in terms of its genotypic and 

phenotypic profiles; is free of any bacterial, fungal or viral pathogens or any other 

components that may otherwise harm a patient; are present as pure, highly 
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concentrated product free from other cell populations that may potentially impede their 

therapeutic potential; and that the therapy is competent in its potency to achieve a 

specified clinical effect.163 Shortcomings to many cell-based protocols include a lack 

of standardization, batch-to-batch variation (particularly in primary cells), and the 

inclusion of xeno-derived products such as FBS and HrS to aid with proliferation and 

differentiation.163 Expanding cells in vitro to attain therapeutic quantities should ideally 

involve culture methods that do not rely on xeno-derived supplementation to avoid 

cross-contamination of animal pathogens and immunogenic interactions. To this end, 

ongoing research into human alternatives aims to develop culture methods that 

eliminate the need for animal-derived supplements and produce a product that might 

be transplanted safely into humans in need of cell-based therapy. 

 

ASCs are clinically relevant adult stem cells with adipogenic, chondrogenic, 

osteogenic and myogenic differentiation potential. There is a global need for the 

standardization of harvesting and expansion protocols to adhere to GMP guidelines to 

enhance the availability of these cells in clinical applications. Furthermore, 

understanding the mechanisms through which ASCs either directly differentiate into 

different cell lineages, or sequester factors and other adult stem cells required to 

potentiate tissue regeneration, will influence the extent to which they can be used 

clinically (either as differentiated or undifferentiated cells).  

 

To work towards the aim of initiating a GMP-compliant protocol, FBS was substituted 

with pooled human platelet lysates (pHPL) during the ASC expansion phase of this 

study. pHPL has been described as a clinically acceptable alternative to FBS, which 

adheres to GMP guidelines.164,165 Studies conducted at the Institute for Cellular and 

Molecular Medicine (ICMM; University of Pretoria, Department of Immunology) 

showed that ASCs expanded in media supplemented with pHPL have higher 

proliferation rates and increased cell viability.166 pHPL has also been used to expand 

ASCs used in clinical trials.167 pHPL is obtained from donated whole blood that is 

processed via high speed centrifugation, separating the blood components into 
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plasma, buffy coat and red blood cell layers.168 The buffy coat layer is isolated and 

further processed by low speed centrifugation and the top layer of the processed 

product is isolated as a platelet concentrate (PC).168 The PC is depleted of leukocytes 

via low speed centrifugation and pHPL is collected by pooling PCs. The pooled product 

is exposed to freeze-thaw cycles, resulting in disruption of platelet membranes and 

subsequent release of bioactive factors into the supernatant.164,169 Studies have 

previously reported that pHPL does not adversely affect ASC differentiation and that 

it is comparable to the differentiation observed in FBS protocols.170-172 

 

Scientists at the ICMM have previously studied and published extensively on the 

adipogenic differentiating potential of ASCs, optimizing the protocols.121,164,173-176 The 

osteogenic and chondrogenic potential of ASCs have also been demonstrated and 

published by this group.177,178  

 

The aim of this research study was to optimise the differentiation of ASCs into a 

myogenic lineage using previously published protocols. The rationale behind this aim 

was to establish a standardised and optimised ASC myogenic differentiation protocol 

to enable future investigation into the drivers of ASC myogenesis and ASC cell fate. 

Secondly, this study aimed to initiate a GMP-compliant culture protocol, by substituting 

FBS with pHPL during the ASC expansion phase, availing ASC myogenesis as a 

potential cell-based therapeutic avenue. 

 

This concludes Chapter 2. The following, Chapter 3, summarises the aims, objectives, 

purpose of the study, an overview of the method of investigation and statistical 

considerations. 
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Chapter 3: Aim, objectives, ethics and statistics 
 

This chapter provides an overview of the purpose, aim, ethics and a general outline of 

the statistics used in the dissertation.  

 

3.1. Purpose of research 

 

The purpose of this study was to investigate two previously published myogenic 

differentiation media, and to establish which induced effective myogenic differentiation 

of adipose-derived stromal cells in vitro. As the ICMM has previously not conducted 

any research pertaining to ASC myogenesis, the purpose of this study was also to 

optimise assays that may be used to assess myogenic differentiation in vitro. 

 

3.2. Method of investigation 

 

ASCs were isolated from fresh adipose tissue (lipoaspirate or resected fat) or thawed 

from a cryopreserved stock from previous isolations and characterised (Chapter 4). 

ASCs were differentiated into a myogenic lineage using two separate published 

methods of induction. The first protocol entailed the addition of dexamethasone and 

hydrocortisone, while the second used 5-Aza. The efficacy of these methods on ASC 

differentiation was investigated over time, focusing on myogenic morphological 

characteristics such as multinucleation and myotube formation, as well as expression 

of myogenic marker genes and proteins. Primary human myoblast (PHM) cells were 

used as positive controls for myogenesis. PHMs were used to optimise methods, 

including the fluorescent labelling of myogenic target proteins and protocols pertaining 

to relevant gene and protein expression. The protein markers used to investigate 

myogenesis using ICC included Pax 3/7, MyoD, MyoG and desmin. Relative gene 

expression of myogenic targets MyoD, MyoG and desmin was investigated using RT-
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qPCR. The particulars of each assay (ICC and RT-qPCR) is summarised in Chapter 

5. 

3.3. Aim and objectives 

 

The main aim of this study was to establish and optimise a method of controlled 

myogenic differentiation of ASCs in vitro, with the introduction of components to make 

the process GMP-compliant. In order to achieve this, the following objectives were 

defined: 

● To determine whether the surface markers expressed on the adipose-derived 

cells were characteristic of ASCs using flow cytometry 

● To initiate a GMP-compliant culture protocol by expanding ASCs in medium 

supplemented with pHPL 

● To determine the optimal ASC differentiation medium by comparing the addition 

of dexamethasone/hydrocortisone and 5-Aza based on the expression of 

myogenic genes and proteins, and by observing changes in cell morphology 

● To determine a myogenic differentiation time-line 

● To document the effect of ASC myogenic induction on cell morphology using 

light and fluorescence microscopy to identify cell fusion, multinucleation and 

myotube formation 

● To determine the efficacy of the induction media on ASC myogenesis by 

demonstrating the temporal expression of early and late myogenic proteins 

using immunocytochemistry 

● To investigate the efficacy of the induction media on ASC myogenesis by 

quantifying the expression of early and late myogenic genes using RT-qPCR. 

 

3.4. Ethical approval 

 

Ethics approval for this project was obtained at the University of Pretoria Faculty of 

Health Sciences Research Ethics Committee (Appendix A; ethics reference number: 
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468/2018). To ensure that ASCs adhered to culture plates after myogenic induction, 

culture plates was coated with collagen type I (see sections 5.3.5 and Appendix G, 

section G5). The collagen type I was directly isolated from rat tails. In order to isolate 

type I collagen for cell culture purposes directly from rat tails, ethical approval was 

obtained from the Animal Ethics Committee (Appendix B; ethics reference number: 

REC107-19). Ethical clearance to procure and use pHPL was also obtained from 

SANBS (SANBS ethics reference number 2013/17; Appendix C). The use of freshly 

isolated ASCs was granted to the ICMM by the University of Pretoria under the MSc 

study conducted by Miss A. Gerber (ethics reference number: 424/2018; Appendix D). 

The current study was listed as part of the amendment. The immortalised murine 

C2C12 myoblast cell line and primary human myoblasts were obtained from Prof. 

Kathy Myburgh (University of Stellenbosch, Department of Physiology; ethics nr: 

S17/10/240). 

 

3.5. Statistical considerations 

 

3.5.1. Data analysis, plots and graphs 

Data analysis was performed using GraphPad Prism version 9 for Macintosh 

(GraphPad Software, San Diego, California, United States). Plots and graphs were 

generated using GraphPad Prism version 9 for Macintosh. 

 

3.5.2. Descriptive statistics 

Descriptive statistics were included where applicable. Means were reported with 

standard deviations (SD) or the standard error of the mean (SEM). As biological 

samples are inherently highly variable, some descriptive data were reported as a 

median with corresponding minimum and maximum ranges. 
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3.5.3. Statistical comparisons 

The sample size used in this study was n=3 and therefore the data was considered to 

be non-parametric. To compare the means between two culture conditions, a Mann-

Whitney U test was employed. A Kruskal-Wallis test followed by a Dunn’s post hoc 

multiple comparisons test was used to compare the means between three culture 

conditions or between days for each condition. The significance level was set as α = 

0.05, and a p-value < 0.05 was considered statistically significant. Further details 

pertaining to the statistical considerations for each chapter have been described within 

each chapter where relevant. 

 

This concludes Chapter 3. Chapter 4 contains all the relevant information, methods, 

results, discussion and conclusions pertaining to ASC isolation and characterisation. 
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Chapter 4: Adipose-derived stromal cell isolation and 

characterisation 
 

Chapter 4 summarises information pertaining to the isolation and characterisation of ASCs 
used throughout this study, and concludes with a short discussion of the findings which are 
elaborated on in the final discussion Chapter 6. 

 

4.1. Introduction 

 

ASCs refer to MSCs isolated from adipose tissue. Although minimum guidelines 

(Chapter 2, Table 2.1) have been recommended to characterise ASCs in vitro, 

standardised guidelines still do not exist for isolation procedures.31,69 Several methods 

have been used successfully to isolate the SVF from adipose tissue.  

 

Adipose-derived stromal cell isolation procedures 

ASCs are isolated using manual or mechanical methods, and these may either be 

enzymatic or non-enzymatic (Figure 4.1). Non-enzymatic methods have been 

developed in order to create protocols that adhere to a GMP guideline related to ‘cell 

manufacturing’. This particular guideline requires cells that are to be used for clinical 

purposes to be ‘minimally manipulated’.179 The United States Food and Drug 

Administration (FDA) considers enzymatic treatment ‘more than minimally 

manipulated,’ as enzyme digested tissue may alter the membrane receptor profile of 

cells, resulting in alterations in biological activity. The use of collagenase to obtain the 

SVF is thus considered a substantial manipulation and is therefore excluded as a GMP 

compliant method. However, enzymatic digestion is still acceptable when isolating 

cells for research purposes.179 Non-enzymatic isolation of ASCs involves explant 

culture, where tissue sections are butterflied onto a tissue culture surface, or adipose 

tissue is emulsified mechanically.180,181 The most well-described enzymatic digestion 

method involves the use of the enzyme collagenase to digest cellular tight junctions 
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and components of the extracellular matrix (ECM). This method was first published by 

Zuk et al. (2001)130 and has been used predominantly for research purposes. Other 

enzymes that have been used include trypsin and dispase. There is some consensus 

when using enzyme-based isolation with respect to temperature (37oC) and digestion 

duration (30min to 1 hour). Most laboratories who use the method developed by Zuk 

and colleagues do so with minor adjustments tailored to their laboratory needs and 

reagent inventory.69 

 

 

 

 

 

 

 

 

Figure 4.1. Methods used to isolate adipose-derived stromal cells.  
Different methods are used to isolate adipose-derived stromal cells and selecting a method 
depends on the application. Enzymatic digestion is a popular isolation method for research 
purposes, while non-enzymatic methods are more suited to clinical applications.69,179-182 

 

Factors that affect adipose-derived stromal cell expansion and 
immunophenotype 

Multiple factors including adipose tissue acquisition techniques, SVF isolation 

methods and expansion modalities affect ASC immunophenotypic profiles and 

proliferation capabilities. Bajek et al. (2015)182 found that using different liposuction 

techniques had no significant effect on the defining surface markers expressed on 

ASCs. However, they reported significant variations in the expression of 58 out of 242 

non-defining surface antigens studied in ASCs obtained either from mechanical- or 
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ultrasound-assisted liposuction. Bussar et al. (2015)183 demonstrated that CD34 was 

expressed at significantly lower levels in ASCs obtained using a non-enzymatic 

isolation method (3.16% after two passages) when compared to ASCs isolated using 

the collagenase-based method (8.06% after two passages). 

 

Serum supplementation has also been reported to influence ASC proliferation, with a 

particular focus on FBS compared to human alternatives such as pHPL. Fuoco et al. 

(2020)184 reported population doubling times (PDT) that differed significantly with both 

isolation methods and serum supplementation. ASCs isolated by enzymatic digestion 

and expanded in medium supplemented with 10% FBS had a PDT of 59.59 hours as 

opposed to 10% pHPL-supplementation, with a PDT of 39.96 hours. Furthermore, 

ASCs obtained by mechanical isolation and expanded in 10% FBS had a PDT of 49.75 

hours and 20.69 hours when expanded in 10% pHPL. 

 

Immunophenotyping of the adipose-derived stromal cells 

Dominici et al. (2006)1 published the first guidelines (Chapter 2, Table 2.1) with the 

aim to standardise the characterization of MSCs, while Bourin et al. (2013)2 aimed to 

tailor these guidelines to ASCs specifically. Bourin and colleagues suggested that 

immunophenotyping be done using flow cytometry. 

 

Flow cytometry is uniquely suited to the objective of immunophenotyping, as it allows 

for high-throughput analysis on a single-cell level to identify cell populations with 

similar immunophenotypic profiles. Briefly, flow cytometry uses the principles of 

immunofluorescence and light scatter, which allows extra- and intra-cellular features 

and molecular targets linked to specific fluorochromes to be visualised. This is 

achieved by exciting fluorochromes conjugated to antibodies against specific cell 

surface proteins, and detecting the resultant emission of light.185 Each fluorochrome 

has an optimum wavelength at which it is excited, and emits light at a different 

wavelength which is measured by the instrument and recorded using corresponding 
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software. Within the flow cytometer, the optical system is comprised of a light source 

(laser), lens and mirrors designed to focus and direct light to a point where individual 

cells flow through.185 The second component of the optical system involves sets of 

mirrors and filters that absorb and measure emitted light at different wavelengths. The 

fluidics system collects cells in a stream where they flow past a specific point, one at 

a time, to intersect with the laser and optical path for detectors.185 The electronic 

system converts the captured emission information into readable data while the 

computer system is used for visualisation and analysis.185  

 

 

 

 

 

 

Figure 4.2. Principles of light scatter and fluorescence intensity.  
Plot A demonstrates a simple two-parameter plot (side scatter versus forward scatter). Plot B 
represents a one-parameter plot to measure relative fluorescence intensity. More antibody 
binding results in an increase in fluorescence, and a signal shift to the right of the x-axis. More 
bound antibodies result in a greater fluorescence signal (measured signal shifts to the right). 
Plot C demonstrates a two-parameter plot, where two variables are measured in four 
quadrants.186,187 

 

Light scatter is the measurable phenomenon that occurs when light bounces off the 

target (single cell) to be analysed. Forward and side scattered (FS and SS) light are 

parameters that can be used to measure cell granularity and size. Conventionally, 

forward scatter is indicative of size while side scatter indicates internal complexity and 

may be visualised on a FS versus SS two-parameter plot (Figure 4.2A).186 Single-

parameter plots may be used to analyse fluorescence intensity, where bound 

antibodies conjugated to fluorochromes cause the measured signal to shift to the right 

of the plot (Figure 4.2B).187 As bound antibody conjugates increase, higher  

fluorescence intensities are measured, and a larger shift to the right of the x-axis is 
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observed. Two-parameter plots also yield results in four quadrants, identifying cell 

populations that are positive or negative for both parameters or positive for one only 

(Figure 4.2C).187 The ASC immunophenotype investigated at the ICMM was 

CD44+CD73+CD90+CD105+CD36+CD34variableCD45-. The functions and 

recommended expression of these surface markers have been summarised in Table 

4.1.  
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Table 4.1. Defining surface markers used to immunophenotype adipose-derived stromal cells.  
A summary of the surface antigens used to define adipose-derived stromal cells and their functions. 

Surface 
marker Function 

Recommended 
expression of 

markers on cell 
surface 

References 

CD44 
• Transmembrane glycoprotein that expressed on ASCs 
• Ligand for hyaluronic acid, collagens, osteopontin and matrix metalloproteinases 
• Functions in hyaluronic acid metabolism, activation and homing of lymphocytes, 

release of cytokines and cell adhesion 

>80% 
Sneath et al. (1998)188 

Senbanjo et al. (2017)189 
Bourin et al. (2013)2 

CD90 

• Glycosylphosphatidylinositol-anchored glycoprotein also known as Thy-1 
• Highly expressed on undifferentiated ASCs in vitro 
• A decrease in expression implicated in lineage specification and differentiation in 

vitro 
• CD90 has functions in T-cell activation, fibrosis, cell migration, fibroblast adhesion 

and wound healing 

>80% Moraes et al. (2016)190 
Bourin et al. (2013)2 

CD73 
• Ecto-5′-nucleotidase that converts adenosine monophosphate into adenosine 
• Implicated in the immunosuppressive responses observed in ASCs 
• CD73 decreases endothelial permeability, thereby preserving barrier functions 

>80% 

Chen et al. (2016)191 
Minor et al. (2019)192 

Schneider et al. (2019)193 
Bourin et al. (2013)2 

CD105 

• Also termed endoglin and is a constitutively phosphorylated transmembrane 
glycoprotein 

• Known co-receptor for TGF-β and implicated in cellular proliferation, migration and 
differentiation 

• Anti-apoptotic effects in the absence of TGF-β 

>80%** 

Li et al. (2003)194 
Fonsatti and Maio 

(2004)195 
Levi et al. (2011)196 
Bourin et al. (2013)2 

CD36 
• Integral membrane glycoprotein present on multiple cell types 
• Functions in fatty acid transport, lipid metabolism 
• Interacts with tyrosine kinases to facilitate signal transduction 

Variable Zhao et al. (2018)197 
Bourin et al. (2013)2 

CD34 
• Transmembrane phosphoglycoprotein protein 
• Known marker for haematopoietic stem cells 
• Functions in cell adhesion, proliferation, trafficking and migration of haematopoietic 

cells 

Variable 

Healy et al. (1995)198 
Nielsen and McNagny 

(2008) 
Bourin et al. (2013)2 

CD45 • Receptor-linked protein tyrosine phosphatase expressed on all leukocyte <2% Hermiston et al. (2003)199 
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• Functions in lymphocyte development, signalling and function 
• Essential for histamine degranulation in mast cells after immunoglobulin E cross-

linking 

Bourin et al. (2013)2 

 
ASC: adipose-derived stromal cell; CD: cluster of differentiation; TGF-β: transcription growth factor beta 

 
**Bourin et al. (2013)2 contrary to this recommendation mention that CD105 expression may be variable between cultures, and suggested that 

CD13 may be a more suitable alternative either as a substitute marker or an additional marker 
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4.2. Chapter objectives 

 

The objectives of this chapter are to describe the ASC isolation process and to ensure 

that ASCs used in experiments express surface markers characteristic of ASCs as 

demonstrated by flow cytometry. 

 

4.3. Materials and Methods 

 

4.3.1. Cell culture and sample information 

All ASC experiments were conducted with three independent biological samples (n=3). 

The cells were thawed from previously isolated and cryopreserved ASC samples 

isolated from donated lipoaspirates after written informed consent was obtained from 

the donors (Appendix E). 

 

Due to a malfunction of the liquid nitrogen storage tank and the loss of cryopreserved 

samples, the cultures used to investigate gene expression and protein expression 

were not the same. Thus, a total of five ASC cultures were immunophenotyped but 

only three cultures were used to investigate gene expression, and three were used to 

investigate protein expression (Table 4.2). The lack of continuity between the cultures 

used to investigate gene expression and protein expression is a limitation of this study, 

because of the inherent heterogeneity between cultures that may cause variations in 

the results obtained. However, this was unavoidable and future studies will endeavour 

to maintain cell culture continuity between assays. 
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Table 4.2. Adipose-derived stromal cell culture general information 
Culture name Culture source Procurement Assays in which 

cultures were used 
A280617-01A Abdominal Cryopreserved stock Gene expression 

A150817-01A Abdominal Cryopreserved stock Gene expression 

A091019-01A Abdominal 
Isolated during the 

course of this study 

Gene and protein 

expression 

A311019-02T Thigh 
Isolated during the 

course of this study 
Protein expression 

A270620-01A Abdominal 
Isolated during the 

course of this study 
Protein expression 

 

All ASC samples were immunophenotyped. The methods used in this study involving 

the isolation, culture and immunophenotype of ASCs have previously been optimised 

at the ICMM. No other information other than the culture name was made available for 

the purposes of this study. 

 

4.3.2. Laboratory information 

 

Cell culture laboratory 

Cell culture was done in an Esco Class II Laminar flow bio-safety cabinet (AC2-4Si; 

Thermo Scientific, Waltham, Massachusetts, United States of America (USA)). All 

cultures were placed in a water jacketed incubator (Thermo Forma 3111TF, Thermo 

Fisher Scientific, Waltham, Massachusetts, USA). 

 

Flow cytometry laboratory 

Flow cytometric analysis was conducted using two different flow cytometers from 

Beckman Coulter (Brea, California, USA) namely the Gallios and Cytoflex instruments. 

Ideally, all analyses should be done on the same instrument to ensure consistency in 

results. However, because the equipment was replaced half-way through the course 

of this study, two instruments were used. Optimisation and validation of the new 

instrument was performed for the marker panel used to characterise ASCs at the 

ICMM by senior researchers at the ICMM, as all studies conducted at the ICMM that 
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involves ASCs use the same panel and assay. Sample preparation and gating 

strategies remained the same regardless of the instrument used. 

 

4.3.3. Monoclonal antibodies used during immunophenotyping 

Antibodies and conjugated fluorophores along with the fluorescent detector channels, 

excitation and emissions and suppliers are summarised in Table 4.3.
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Table 4.3. Summary of flow cytometry monoclonal antibodies used in this study. 
Monoclonal antibodies and fluorochromes were used to identify ASCs based on a specific panel of cell surface marker expression. 
Antibody particulars have been summarised below.  

Monoclonal 
antibodies 

Conjugated 
fluorochromes 

Fluorescent detector channel (FL; laser 
(nm); band-pass filter; emission range) 

Excitation-
max/ 

emission-max 
(nm) 

Supplier 

Mouse anti-human 
CD 36 APC FL6 (635; 660/10; 655-665) 650/660 Thermo Fisher Scientific (Waltham, 

Massachusetts, USA) 
Mouse anti-human 

CD 34 PC5 FL5 (488; 690/50; 665-715) 649/666 Beckman Coulter (Brea, California, USA) 

Mouse anti-human 
CD 44 APC Cy7 FL8 (635; 780/60; 750-810) 650/785 BioLegend (San Diego, California, USA) 

Mouse anti-human 
CD 45 KO FL10 (405; 525/40; 505-545) 398/528 BD Biosciences (Franklin Lakes, New 

Jersey, USA) 
Mouse anti-human 

CD 73 BV421 FL9 (405; 450/45; 427.5-472.5) 405/421 eBiosciences (San Diego, California, 
United States) 

Mouse anti-human 
CD 90 FITC FL1 (488; 525/40; 505-545) 490/525 BD Biosciences (San Jose, California, 

USA) 
Mouse anti-human 

CD 105 Phycoerythrin (PE) FL2 (488; 585/42; 564-606) 565/578 Thermo Fisher Scientific (Waltham, 
Massachusetts, USA) 

CD: cluster of differentiation; APC: allophycocyanin; PC5: Phycoerythrin-Cyanin 5; APC Cy7: allophycocyanin cayanin dye -7 tandem 
conjugate; KO: Krome Orange; FITC: fluorescein Isothiocyanate; BV421: brilliant violet 421; PE: phycoerythrin; USA: United States of America 
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4.3.4. Culture medium supplementation 

Growth medium for freshly isolated ASCs was comprised of DMEM 

(Gibco/InvitrogenTM; Carlsbad, California, USA), supplemented with 10% 

volume/volume (v/v) FBS (Gibco/InvitrogenTM; Carlsbad, California, USA), 2% v/v 

penicillin/streptomycin (200 μg/ml, p/s; Gibco/InvitrogenTM; Carlsbad, California, USA) 

and 0.2% v/v amphotericin B (Fungizone; AmB, 0.5 μg/ml; Gibco/InvitrogenTM; 

Carlsbad, California, USA). 

 

4.3.5. Adipose-derived stromal cell Isolation 

Lipoaspirates (25 ml) were aliquoted into 50 ml centrifuge tubes (FalconTM; Corning®; 

Corning, New York, USA) and topped up with PBS (pH 7.4; Gibco/InvitrogenTM; 

Carlsbad, California, USA) supplemented with 2% (v/v) p/s. The samples were 

centrifuged at 1660 x g for 3 minutes (min) after which the supernatant was aspirated. 

The washed samples were transferred to new 50 ml tubes and the wash steps 

repeated twice. A 0.1% weight/volume (w/v) collagenase type I solution 

(Gibco/InvitrogenTM; Carlsbad, California, USA) was prepared in PBS and filtered 

using a 0.22 μm syringe filter (Sartorius; Göttingen, Germany), attached to a 50 ml 

syringe (Sartorius, Göttingen, Germany). Lipoaspirate samples were incubated at 

37oC in a rotating incubator for approximately 45 min. Incubation time was increased 

when necessary in order to ensure complete digestion of samples. Samples were 

centrifuged at 738 x g for 5 mins and vigorously shaken to disrupt and mix the pellet, 

to ensure optimal digestion. The aforementioned step was repeated twice, after which 

the cell suspension was filtered through 70 μm cell strainers (BD Biosciences, San 

Jose, California, USA) to remove residual undigested tissue. The collagenase was 

neutralised by adding growth medium and centrifuged (5 min at 300 x g). Cell pellets 

were again resuspended and the contents transferred to a single 50 ml tube, topped 

up to 25 ml with PBS (2% p/s), and centrifuged again. Thereafter the supernatant was 

aspirated and the pellet was re-suspended in VersalyseTM lysing solution (to lyse any 

contaminating erythrocytes; Beckman Coulter, Brea, California, USA) for 10 mins at 

room temperature. The samples were washed in PBS (2% p/s) and centrifuged (300 

x g for 5 min) three times. After the last centrifugation step the supernatant was 
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aspirated and the pellet resuspended in growth medium. The cells were filtered 

through a 70 μm cell strainer again to remove any remaining tissue debris. An aliquot 

of 100 μl SVF was taken for further analysis on the flow cytometer (see 4.3.7. for 

method and analysis strategy). The SVF was seeded at 50 000 cells/cm2 in T75 cm2 

flasks (NUNCTM, Roskilde site, Kamstrupvej, Denmark) and incubated for 72 hours at 

37oC/5% CO2. Thereafter, the cells were washed to remove non-adherent cells by 

aspirating growth medium, adding 7 ml PBS (2% p/s), swirling the flask gently, 

aspirating the PBS and then supplementing the culture flask with 7 ml growth medium. 

The isolation procedure is summarised in Figure 4.3. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Adipose-derived stromal cell isolation.  
Lipoaspirates were aliquoted and washed in phosphate buffered solution after which the tissue 

was digested in collagenase. Following a series of wash, centrifugation and filter steps, the 

cells were centrifuged to obtain a pellet known as the stromal vascular fraction (SVF). Adipose-

derived stromal cells are contained within the pellet, which is then analysed and counted on a 

flow cytometer and plated for further expansion. 
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4.3.6. Passaging, maintenance and cryopreservation 

Cells were maintained in an incubator at 37oC and 5% CO2. At 80-90% confluence, 

ASCs were passaged. Cells expanded in a T75 culture flask were washed with 7 ml 

pre-warmed PBS (2% p/s). After aspirating the PBS, trypsin (0.25%; 4 ml; 

Gibco/InvitrogenTM, Carlsbad, California, USA) was added to the culture flasks and 

incubated for 7 min at 37oC/5% CO2. Thereafter the trypsin was inactivated by the 

addition of 4 ml growth medium. The cell suspension was transferred to a 50 ml 

centrifuge tube and centrifuged at 300 x g for 5 min, and the supernatant was 

aspirated. The pellet was then resuspended in 1 ml growth medium. A 100 μl aliquot 

of the cell suspension was used to count cells on the flow cytometer. Thereafter, cells 

were seeded at 5000 cells/cm2 in T75 flasks in 7 ml growth medium for further 

propagation. Growth medium was replaced bi-weekly. 

 

After passaging, excess cells were cryopreserved at 1 000 000 cells/cryovial in 1 ml 

cryopreservation medium (90% growth medium and 10% dimethyl sulfoxide (DMSO; 

Sigma Aldrich Chemie, St Louis, Missouri, USA). Cryovials (Greiner, Bio-One GmbH, 

Frickenhausen, Germany) were placed in a NALGENE® Mr FrostyTM Cryo 1oC freezing 

container (Thermo Fisher Scientific, Waltham, Massachusetts, USA) which allowed 

the cells to cool at 1oC per minute. The container was placed in a -80oC freezer and 

transferred to liquid nitrogen for long term storage once frozen. 

 

4.3.7. Flow cytometry data acquisition and analysis 

Samples were analysed on the Gallios flow cytometer using accompanying Kaluza 

acquisition software (version 2.1, Beckman Coulter, Beckman Coulter, Brea, 

California, USA). Data from samples analysed on the Cytoflex flow cytometer was 

acquired using the CytExpert acquisition and analysis software (version 2.4, Beckman 

Coulter, Brea, California, USA). All post-acquisition data analysis was done on Kaluza 

Flow Cytometry Analysis Software (version 2.2, Beckman Coulter, Brea, California, 

USA). Gating strategies and controls (positive, negative etc) have been summarised 

in the sections that follow. 
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4.3.7.1. Cell counts after adipose-derived stromal cell isolation 

An aliquot of the SVF suspension (100 μl) was transferred to a flow tube (Beckman 

Coulter, Brea, California, USA) along with an equal volume of Flow-CountTM 

fluorospheres (to estimate cell number per μl; Beckman Coulter, Brea, California, 

USA), 2 μl Vibrant® DyeCycleTM Ruby (to identify nucleated cells in the SVF; VDC; 

Beckman Coulter, Brea, California, USA) and PBS. Flow-CountTM fluorospheres are 

multispectral and are therefore detectable in multiple fluorescence channels (FL) 

including FL1, FL2, FL3 and FL4. In order to visualise Flow-CountTM Fluorospheres, a 

one-parameter event count versus FL3 histogram (Excitation: 488nm; Emission: 

620/30 band-pass (BP)) plot was generated, and visualised using region ‘Beads_a’ 

(Figure 4.4A). Additionally, a second two-parameter dot plot (SS versus FL3) was 

generated and beads were identified as ‘Beads_b’ (Figure 4.4B). To identify intact 

counting beads (region ‘CAL’), another one-parameter plot measuring FS versus time 

was gated on region ‘Beads_b’ (Figure 4.4C). VDC Ruby identified nucleated cells 

within the SVF and was identified as region ‘Nucleated ASCs’ on a two-parameter side 

scatter versus FL7 plot (Figure 4.4D). Flow-CountTM fluorospheres were illustrated as 

the blue cell population to the far left of the SVF population. Non-nucleated cells were 

visualised to the immediate left of region ‘Nucleated ASCs’ while cell clumps were 

visible to the right. 
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Figure 4.4. Representative images demonstrating the gating strategy used to identify 
and enumerate nucleated cells within the stromal vascular fraction.  
A. Event count versus FL3 identified Flow-Count

TM
 Fluorospheres (region ‘Beads_a’). B. Side 

scatter versus FL3 separated counting beads (region ‘Beads_b’) from the stromal vascular 

fraction. C: Forward scatter versus time plot (gated to ‘Beads_b’) identified intact counting 

beads (region ‘CAL’). D. Nucleated cells (region ‘Nucleated ASCs’) were identified by a two-

parameter side scatter versus FL7 plot. 

 

After absolute cell counts (Figure 4.5, Equation 4.1) and the total number of harvested 

cells (Figure 4.5, Equation 4.2) had been calculated following flow cytometric analysis, 

cells were seeded at 5000 cells/cm2. 
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Figure 4.5. General equations used to determine cell counts.  
Equation 4.1 was used to determine absolute cell count per microliter (cells/μl), while Equation 

4.2 was used to determine the total number of cells harvested. Cal factor refers to the number 

of counting beads/μl obtainable from the Flow-Count
TM

 Fluorospheres product insert. Absolute 

cell count and total number of cells harvested values were used to determine the number of 

cells to be seeded for experiments, and the number of cells to be cryopreserved. 

 

4.3.7.2. General cell count regions and gating strategies for passaged cells 

Flow-CountTM Fluorospheres were measured on a one-parameter event count versus 

FL3 plot, and visualised using region ‘BEADS’ (Figure 4.6A). A forward scatter versus 

time plot gated to ‘BEADS’ visualised intact counting beads in region ‘CAL’ (Figure 

4.6B). A Boolean gating strategy ([excl. beads]) was used on a two-parameter, forward 

scatter (Lin) versus side scatter (Log) plot, to exclude beads from region ‘ASCs’ in 

order to enumerate ASCs only (Figure 4.6C). The same strategy was used to 

enumerate all cell types used in this study (Details pertaining to specific cell types 

have been discussed in Chapter 5) and cells were enumerated using equations 4.1 

and 4.2 (Figure 4.5). 
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Figure 4.6. Representative images of the gating strategy used to enumerate cells. 
A. Side scatter versus FL3 measured Flow-Count

TM
 Fluorospheres (region ‘BEADS’). B. A 

one-parameter forward scatter versus time plot visualised intact counting beads as region 

‘CAL’. C. Forward scatter versus side scatter visualised adipose-derived stromal cells (region 

‘ASCs’). 

 

4.3.7.3. Cell viability 

Before ASCs were immunophenotyped, cell viability was determined using 7-AAD. 

Cell viability was measured to ensure that the cells were not damaged during the 

isolation process. During apoptosis, cell membrane integrity becomes compromised 

allowing 7-AAD entry into the nucleus where it binds to DNA.200 An aliquot of the cell 
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suspension (100 μl) was transferred to a flow tube, followed by the addition of 5 μl 

7- AAD. The flow tube was incubated in the dark for 10 min at room temperature. A 

two-parameter forward scatter (Lin) versus side scatter (Log) plot was generated and 

ASCs were identified as region ‘ASCs’ (Figure 4.7A). In order to determine cell 

viability, a side scatter versus FL4 plot was generated and gated on ‘ASCs’, where 

viable cells were indicated to the left, whilst cells on the right of the gated boundary 

indicated non-viable cells that were positive for 7-AAD (Figure 4.7B). Cells were 

considered viable if the measured viability was more than 90%, and used for further 

experimentation. 

 

 

 

 

 

 

 

 

Figure 4.7. Representative image demonstrating the gating strategy used to determine 
cell viability.  
A. Region ‘ASCs’ identified ASCs on a forward scatter versus side scatter plot. B. Side scatter 

versus FL4 plot gated on ‘ASCs’ indicated viable cells. 

 

4.3.7.4. Immunophenotype of adipose derived stromal cells 

Phenotypic characterisation is a prerequisite for ASCs used in experimental studies.69 

ASCs were immunophenotyped according to a panel of seven markers 

(CD44+CD73+CD90+CD105+ CD36+CD34variableCD45-). Monoclonal antibodies, their 

conjugated fluorochromes, excitation and emission values and the FL-channels used 

have been captured in Table 4.3. All ASC samples were immunophenotyped at 

passage two, with the exception of sample A270620-01A which was 
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immunophenotyped at passage one. Fluorescence spill over between channels is a 

common occurrence when using multicolour panels. To correct for this phenomenon, 

compensation was used to mathematically eliminate spectral overlap between 

different fluorochromes.201 In order to calculate compensation and determine 

immunophenotype, 100 μl aliquots of the cell suspension were independently stained 

with 5 μl of each antibody. A combination tube of 100 μL of the cell suspension was 

stained with 5 μl of each antibody to evaluate and adjust the compensation. An 

unstained control tube with 100 μl cell suspension was included, along with an isotypic 

control for CD34. All tubes were incubated in the dark for 20 min at room temperature 

before washing excess antibody from the cells. Thereafter, cells were washed in 500 

μl PBS and centrifuged for 5 min x 300 g three times. After the final centrifugation, 

excess PBS was aspirated and the cells were resuspended in 300 μl PBS for analysis 

on the flow cytometer.  

 

To identify the ASC population (representative region ‘A270620’), a two-parameter 

forward scatter (Lin) versus side scatter (Log) plot was generated. Next, a series of 

two-parameter plots with four-quadrant regions (all gated to the representative ASC 

population ‘A270620’) were generated (Figure 4.8A – 20I). 

 

The four-quadrant regions were set to the unstained samples, where regions ‘eg. A- /- ' 

contained the unstained cell population in red (Figures 4.8B to 4.8E). The stained 

populations in pink (Figures 4.8F to 4.8I) were visualised in all four regions 

corresponding to the expression of relative markers (eg. A-/-, A-/+, A+/+ and A+/-). To 

identify whether ASCs expressed CD90 and CD44, a FL1 (CD90) versus FL8 (CD44) 

plot was created (Figure 4.8F). CD105 and CD73 were identified by plot FL2 (CD105) 

versus FL9 (CD73; Figure 4.8G). A FL5 (CD34) versus FL10 (CD45) plot visualised 

the expression of CD105 an CD45 (Figure 4.8H). CD36 was identified by a FL1 (CD90) 

versus FL6 (CD36) plot (Figure 4.8I). 

 



 

68 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8. Representative schematic of the gating strategies used to 
immunophenotype adipose-derived stromal cells.  
A. Region ‘A270620’ identified ASCs on a forward scatter (Lin) versus side scatter (Log) plot. 

Two-parameter plots, all gated on ASC region ‘A270620’, were subsequently created for 

analysis. Unstained cells in red were visualised on images B-E in regions ‘-/-‘, whilst 

expression of stained samples (pink) can be viewed on images F-I. 

 

For samples analysed on the Gallios, compensation was automatically calculated 

using Kaluza Flow Cytometry Analysis Software. Compensation for samples analysed 

on the Cytoflex was calculated automatically using the CytExpert acquisition and 
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analysis software. To measure the percentage expression of individual surface 

markers, single-parameter histogram plots (event count versus FL-channel of target 

antigen) were created (Figure 4.9). FL-channels of each monoclonal antibody and 

conjugated fluorochrome are summarised in Table 4.3. Regions were set on the 

unstained control sample in red to ensure that the region boundaries accurately 

depicted whether the stained samples were positive for their respective 

immunophenotypic markers or not Figure 4.9A – 4.9G). The shift in expression 

between the unstained and stained sample in pink (Figure 4.9H – 4.9N) was measured 

as a percentage (Figure 4.9). 
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Figure 4.9. Representative illustration of single-parameter plots used to quantify the 
expression of individual surface antigens.  
Event count versus FL-channel was used to measure the expression of markers in the gated 

ASC population (‘A091019’). This strategy was used for all defining surface markers. Cluster 

of differentiation (CD) 90 was visualised on plots A and H, CD 44 (B and M), CD73 (C and N), 

CD105 (D and K), CD 36 (E and L), CD34 (F and M) and CD 45 on G and N. Plots A to G 

illustrate the unstained cells, while plots H to N demonstrate the shift in expression on the 

stained cells. 

 

Co-expression was determined by generating a tree-plot (Figure 4.10), classifying 

events into different populations based on gating information and by taking into 

consideration the data of single-parameter plots. 
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Figure 4.10. Representative illustration of a tree-plot used to determine the co-
expression profile of adipose-derived stromal cells.  
Branches of the tree illustrate the presence of different co-expression profile permutations. 

 

4.4. Statistical considerations 

 

The number of harvested cells in the SVF was represented as a median with a 

minimum and maximum range. Means were represented ± the standard deviation. 
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4.5. Results 

 

Cell number was determined by flow cytometry using Flow-CountTM Fluorospheres 

(Figure 4.6) and calculated using Equations 4.1 and 4.2 (Figure 4.5). The number of 

nucleated cells in the SVF varied (Table 4.4). The median number of cells obtained 

after isolation was 18.4 x 107 (range: 60.7 x. 106 – 53.2 x 107). 

 

Table 4.4. Number of nucleated cells isolated from ASC cultures.  
The number of cells harvested was determined by flow cytometry. 

Culture name Number of cells harvested 
A280617-01A 53.2 x 107 

A150817-01A 18.3 x 107 

A091019-01A 60.7 x 106 

A311019-02T 22.4 x 107 

A270620-01A 87.6 x 106 

 

Cell viability was determined prior to immunophenotyping ASCs. Average cell viability 

was 97.85% ± 2.29. ASCs were immunophenotyped by flow cytometry and the 

expression of individual surface antigens was determined using single-parameter plots 

(Figure 4.9). CD90 was expressed on 93.29% ± 8.10 of ASCs, CD44 (99.78%  ±  0.25) 

and CD73 (97.07% ± 3.24) was expressed on ASCs. CD105 was present on 11.69% 

± 21.13 of cells, CD36 on 64.85% ± 38.08, CD34 on 3.27% ± 2.25 and CD45 on 0.17 

± 0.26 (Figure 4.11). 
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Figure 4.11. Expression of surface antigens on adipose-derived stromal cell cultures. 
The graph represents the average expression of individual surface antigens (n=5) as a 

percentage. The standard deviation is represented by error bars. 

 

The co-expression profiles of ASC biological replicates were determined by flow 

cytometry. Tree plots (Figure 4.10) were generated to identify various co-expression 

profile permutations. The ASC phenotype was heterogeneous within and between 

cultures (Figure 4.12A); therefore, ASC populations were identified and recorded if the 

phenotype was present in more than 1% of the total population. Nine main populations 

were identified in culture A091019-01A (Figure 4.12B). Within this culture, the two 

most prominent phenotypes were CD90+CD73+CD44+CD36-CD34-CD105-CD45- 

(35%) and one similar in expression but positive for CD105 (30%). A150817-01A 

(Figure 4.12C), was defined by five main populations. In this culture, the most 

abundant phenotype was CD90+CD73+CD44+CD36+CD34-CD105-CD45- and was 

expressed on 69% of cells. The dominant phenotype (expressed on 65% of cells) in 

culture A270620-01A was CD90+CD73+CD44+CD36+CD34-CD105-CD45- (Figure 

4.12D). Of the twelve phenotypes in culture A280617-01A (Figure 4.12E), two 

principal populations were identified as CD90+CD73+CD44+CD36+CD34-CD105-

CD45- (33%) and another population, with a similar phenotype, but positive for CD105 
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(31%). In culture A311019-02T (Figure 4.12F), the foremost phenotype was 

CD90+CD73+CD44+CD36+CD34-CD105-CD45- (70%). 

 

The most dominant phenotypic profiles within the ASC populations were all positive 

for CD90, CD44, CD73 and negative for CD45 (CD90+CD44+CD73+CD45-). The 

differences in the co-expression profiles of the most prevalent populations were 

observed in the markers CD36, CD34 and CD105. These populations were 

CD36+CD34-CD105- (expressed on 49.02% ± 27.28 of all cells), CD36-CD34-CD105- 

(19.42% ± 15.07) and CD36+CD34-CD105+ (9.83 ± 12.84), CD36+CD34+CD105- 

(1.81% ± 0.99) and CD36+CD34-CD105- (1.04% ± 0.97) (Figure 4.12G). 
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Figure 4.12. Pie graph illustrating phenotype heterogeneity within and between adipose-derived stromal cell cultures.  
Main ASC phenotypes were labelled individually, while those present on less than 1% of cells were grouped. Relative expression of each 
phenotype was illustrated as slices in the pie graph and quantified as a percentage. A. Side-by-side visual comparison of phenotypic heterogeneity 
within each culture, where each pie slice represents a particular phenotype. Nine populations were identified in culture A091019 (B), five in 
A150817 (C), four in A270620-01A (D), twelve in A280617 (E) and three in A311019 (F). G. The most prominent populations within all cultures 
are shown, and the average expression was represented on a pie graph, with each phenotype illustrated to the right of the graph. 
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4.6. Discussion and conclusion 

 

ASCs were immunophenotyped according to the ICMM’s panel based on the 

recommendation by Bourin et al. (2013).2 The ASCs used in this study were highly 

variable with respect to their immunophenotype and this was evident in large SDs for 

the data pertaining to CD36 (where CD36 expression was evident on 64.85% ± 38.08 

of cells) and CD105 (11.69% ± 21.13). A large SD was also observed in the co-

expression profile of the phenotype that was CD36+CD34-CD105+ (9.83 ± 12.84). The 

SD is a measure that indicates the spread of a dataset around its mean. Because the 

data generated from the samples in this study was limited (n=5 ASC cultures were 

isolated and characterised in total) and highly variable with respect to 

immunophenotype expression, it was possible to generate SDs that were larger than 

the mean. The expression of CD90, CD44 and CD73 was observed in more than 80% 

of ASCs and CD45 on less than 2%. The exception was CD105, which was variably 

expressed on 11.69% ± 21.13 of cells. Although CD105 is a preferable marker in the 

ASC phenotype (should ideally be expressed on more than 80%), it has been noted 

that its expression is variable.69,202 In the publication by Bourin and colleagues2, it was 

also suggested that CD13 (aminopeptidase N, an ectopeptidase) may be better suited 

for ASC immunophenotyping due to its higher and more stable expression.2 The 

dominant ASC phenotype in this study, which was CD105-, is contrary to ASC 

phenotypes observed in previous studies done at the ICMM using the same isolation 

procedures. Van Vollenstee et al. (2016)177, Dessels et al. (2018)164 and Durandt et 

al. (2019)203 all reported ASCs that were consistently CD105+ across various culture 

conditions. To overcome the statistical variability, the sample number should be 

increased as a future consideration. 

 

During the course of this study, the laboratory experienced persistent fungal 

contamination. In order to treat it and prevent a resurgence, the polyene AmB (an 

amphipathic macrolide) was added to the culture medium.204 Skubis et al. (2017)205 

found that treating ASCs with AmB resulted in the downregulation of CD105 and CD73 

mRNA. The reason for this remains unclear in the literature as the study done by 
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Skubis and colleagues is the only one of its kind. This finding may explain the lack of 

CD105 expression observed in this study. In the present study the expression of CD36 

and CD34 was highly variable within and between cultures. In the study by Dessels et 

al. (2018)164 the ASC phenotype was compared between cultures expanded in FBS 

and pHPL. The ASC immunophenotype was found to be similar, with the exception of 

CD34 and CD36 expression. In cultures expanded in FBS, 69.5% of ASCs were CD34-

CD36-, whilst 50% of those expanded in pHPL were CD34+CD36+. In the present 

study, ASCs were expanded in pHPL and 48.7% ± 30.64 of cells were found to be 

CD34-CD36-, 4.73% ± 5.52 were CD34+CD36+ and 46.89% ± 28,54 were CD34-

CD36+. With respect to the co-expression of CD34 and CD36, the results were similar 

to those reported by Dessels et al. (2018)164. The variability in these two markers was 

also observed by Durandt et al. (2019)203 across multiple passages.  

 

The immunophenotype results indicated that the ASCs used for this study were 

heterogeneous both within cultures and between cultures with respect to phenotype. 

This observation was not unexpected, as ASCs are well known to be biologically 

variable and heterogeneous (discussed in Chapter 2.4). Culture conditions, 

particularly the addition of the anti-fungal agent AmB, may have contributed to the low 

expression of the marker CD105. Future studies that endeavour to identify whether 

this was in fact the cause and the mechanisms through which it may have occurred 

might be beneficial for future applications, as contamination (although rare if proper 

aseptic techniques are used) does happen in cell culture. Future studies should also 

explore non-enzymatic isolation methods more thoroughly in order to adhere to GMP 

guidelines to further expand on the ability of ASCs to be used therapeutically. 

 

ASCs were thus defined according to the ICMM immunophenotype, with the exception 

of the expression of CD105, which was variable. However, based on the publication 

by Bourin et al. (2013)2 it was still acceptable to characterise ASCs as either CD105+ 

or CD105-. It may be prudent then to reconsider the immunophenotype investigated 
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at the ICMM, with respect to CD105, by either adding CD13 as an additional 

supporting marker or by substituting CD105 with CD13 entirely. 

This concludes Chapter 4. The following Chapter 5 contains all the relevant work 

pertaining to ASC myogenesis. 
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Chapter 5: Adipose-derived stromal cell myogenic 

differentiation 

 

This chapter includes all the information pertaining to ASC myogenic induction and 

concludes with a brief discussion of the findings. The findings contained in this Chapter 

are further elaborated in the concluding discussion, Chapter 6. 

 

5.1. Introduction 

 

Adipose-derived stromal cell myogenesis has been reported in multiple studies (see 

Chapter 2, Table 2.4). This process was first described by Zuk et al. (2001)130. As 

mentioned in Chapter 2, differentiating ASCs into myocytes is applicable in the field of 

muscle regeneration and repair. ASCs may be used for wound healing and 

immunomodulation at sites of tissue damage by differentiating ASCs into muscle cells 

to facilitate direct replacement of damaged cells, and may be used in combination with 

bio-scaffolds for muscle regeneration.120 

 

Adipose-derived stromal cell myogenesis 

ASC myogenesis has successfully been demonstrated in vitro using induction medium 

containing dexamethasone (0.1 μM) and hydrocortisone (50 μM; DH), or 10 μM 5-Aza. 

5-Aza has been the favoured method in recent publications, while the former has been 

used in older publications (see Chapter 2, Table 2.4). The 5-Aza method differs from 

the one involving DH in three distinct ways. First, the original induction medium 

described by Zuk and colleagues is made up of DMEM and both FBS and HrS. 

Secondly, ASCs are both induced and thereafter maintained in the same induction 

medium.120,136 The method involving 5-Aza requires cells to be treated with 10 μM 5-

Aza in DMEM supplemented with HrS for 24 hr, after which the medium is replaced 

and the cells maintained in a second medium that is comprised of low glucose DMEM, 
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FBS, b-FGF and an antimycotic/antimicrobial agent.159 Thirdly, ASCs induced using 

DH have been differentiated over 42 days, whilst those induced using 5-Aza have 

been investigated over a period of 21 days.120,136,159 

 

As described in Chapter 2, glucocorticoids stimulate myogenic differentiation by 

increasing expression of MyoD, MyoG and dysferlin.149 5-Aza advances myogenesis 

by upregulating key myogenic factors such as MyoD and Myf 5 through promoting cell 

cycle arrest to facilitate the transition between cellular proliferation and fusion, and by 

demethylating myogenic promoters.155,156 The main myogenic regulators include Pax 

3/7, desmin, MyoD and MyoG. Pax 3/7 are upstream regulatory transcription factors 

that bind to MyoD promotor regions (along with Six 1/4) to activate its transcription. 

MyoD in turn enables the transcription of desmin (a sarcomeric structural protein) and 

MyoG (initiates cellular fusion into myotubes).87,92,98,107 The first myogenic marker 

detectable in vitro is desmin, followed by Pax 3/7, MyoD and lastly MyoG.105 

 

Both of the above-mentioned methods (with the two myogenic differentiation media) 

were investigated in this study in order to optimise the protocol for ASC myogenesis 

to be used further in our laboratory. 

 

Investigation of relative myogenic gene expression and kinetics 

Relative myogenic gene expression and expression kinetics were investigated with 

RT-qPCR. This technique has been utilised to investigate ASC myogenesis by other 

researchers including Gang et al. (2004)136 and Drost et al. (2009)135 (Chapter 2, Table 

2.4). The main targets for RT-qPCR in these studies included MyoD, MyoG and MHC. 

 

PCR is a process through which any nucleotide sequence can be amplified into a large 

number of identical copies. During PCR, a heat-stable polymerase uses single 

stranded DNA as a template to amplify targeted regions of DNA primed by short 
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oligonucleotides (primers) in a magnesium-chloride buffer containing deoxynucleoside 

triphosphates (dNTP).206 The polymerisation reaction is then iterated by thermal 

cycling, where an initial high temperature is applied to separate or ‘melt’ strands of a 

double helix where after the temperature is lowered to allow primers to anneal to 

template strands. The heat stable polymerase then incorporates dNTPs 

complementary to the template strand during the elongation step (Figure 5.1).206 

 

 

 

 

 

 

 

Figure 5.1. Polymerase chain reaction basics.  

The PCR reaction is performed by thermal cycling to achieve template denaturation, primer 
annealing and elongation. A heat stable polymerase incorporates deoxynucleotide 
triphosphates (adenine, guanine, cytosine and thymine) into the annealed primer sequences 
using deoxyribonucleic acid as a template.206 Adapted from Kubista et al. The real-time 
polymerase chain reaction. Mol Aspects Med. 2006;27(2-3):95-125 with permission from 
Elsevier. 

 

In qPCR, the reaction can be monitored in real-time by measuring the fluorescence of 

dyes that bind to or intercalate into DNA during polymerisation. The measured 

fluorescence is thus proportional to the amount of product present in the reaction at 

any given cycle number.206 When compared to conventional PCR, qPCR has many 

advantages including reaction speed, reproducibility and sensitivity. In addition, while 

conventional PCR is at best semi-quantitative and requires additional steps like gel 

electrophoresis in order to obtain such information, qPCR is a method that generates 

quantitative data in real time.207  
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RT-qPCR is widely used to estimate the level of expression of genes of interest. mRNA 

is isolated and is reverse transcribed into cDNA by the enzyme reverse 

transcriptase.208 The reverse transcription step may be prepared by specific primers 

(decreases background priming) or random and oligo-dT primers (to maximise the 

number of analysed mRNA molecules).208 The reproducibility and reliability of a RT-

qPCR assay depends on the choice of reference genes and sample preparation. An 

appropriate reference gene will have stable expression irrespective of experimental 

conditions. Not all reference genes adhere to this standard, and thus stable expression 

should be demonstrated prior to the commencement of experiments.207 

 

A popular method for detection of amplicons in RT-qPCR involves the use of 

specifically designed and targeted oligonucleotide primers along with the intercalating 

dye SYBR® Green I, an asymmetrical cyanine dye with two positive charges which 

binds strongly to the negatively charged backbone of DNA (Figure 5.2).209 SYBR 

Green I emits low levels of background fluorescence when not bound to DNA, but 

fluoresces strongly upon dsDNA binding. The fluorescent dye binds to the minor 

groove of the dsDNA amplicons formed after each PCR cycle, and the resulting 

increase in fluorescence is measured. The threshold cycle (CT) or crossing point (CP) 

indicates the point at which the measured signal exceeds the background signal. If 

there are high concentrations of the target transcript present, fewer cycles are required 

to surpass this threshold.210,211 A disadvantage to this method and its sensitivity is that 

secondary products may also be detected, and thus an additional melt curve analysis 

is required at the end of each experiment in order to ascertain primer specificity and 

product homogeny.209 
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Figure 5.2. SYBR green as an intercalating dye.  

SYBR® green I has a low level of detectable fluorescence in solution (A), but once intercalated 
into double stranded DNA (B) emits a strong, detectable fluorescence signal that may be 
measured and analysed.209 

 

Gene expression may be determined using absolute quantification, where the 

expression is compared to a previously generated standard curve of known target 

DNA, or relative quantification, where expression is compared relative to the 

expression of a reference gene, untreated sample, or calibrator. The relative 

expression of the gene is then calculated using the comparative CT method (also 

known as the 2 -ΔΔCT method; Figure 5.3 Equation 5.4).212,213 Two important 

assumptions of relative quantification are that the efficiency of reverse transcription is 

100% and that the efficiency of the target gene amplification is similar to that of the 

reference gene. An advantage of this method is that it may represent changes in gene 

expression as a ‘fold change’. The disadvantage is that the assumptions made in this 

method must be met. If they are not met after the PCR has been analysed, the PCR 

should be further optimised.212  

 

In this method, the change in CT-values between the target and calibrator genes (such 

as reference genes) for the treated/induced groups is calculated (ΔCT; Figure 5.3 

Equation 5.1). Secondly, the difference in CT-values between the target and reference 

genes of the untreated/non-induced is calculated (ΔCT; Figure 5.3 Equation 5.2). 

Lastly, the difference between the two groups determines ΔΔCT (Figure 5.3 Equation 

5.3). The value obtained by applying the 2 -ΔΔCT method essentially depicts the 
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expression of a target gene relative to one or more reference genes in the induced 

sample, as compared to the non-induced sample. Depending on the research question 

that is being investigated, it is also possible to use the same equations where all 

samples are normalised to a certain time point, instead of a non-induced/untreated 

sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3. Determining the fold-change in gene expression using the comparative CT 

method.  

ΔΔCT (Equation 5.3) is determined by the difference between the ΔCT of the induced/treated 
samples (Equation 5.1) and the ΔCT of the non-induced/untreated sample (Equation 5.2). The 
comparative CT method indicates the fold change in relative gene expression and is 
determined by taking 2 (which represents a theoretical efficiency of 100%) to the power of 
negative (-) ΔΔCT (Equation 5.4). 

 

The minimum information for publication of quantitative RT-PCR experiments (MIQE) 

guideline values for RT-qPCR performed in this study are located in Appendix F.214 A 
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set of parameters is required to be disclosed with every publication in which qPCR is 

used as a method. These include information on experimental design, the samples, 

nucleic acid extraction, reverse transcription, qPCR target information and 

oligonucleotides, qPCR protocol and validation and data analysis.214  

 

The myogenic target genes investigated in this study included MyoD, MyoG and 

desmin. The reference genes that were used in the RT-qPCR assay were tata binding 

protein (TBP), β-actin (ACTB) and tyrosine 3-monooxygenase/tryptophan 5-

monooxygenase activation protein, zeta (YWHAZ).215 Myogenic targets, reference 

genes, and the principle functions of each are laid out in Table 5.1. Stable gene 

expression was determined prior to experiments, and the results are contained in 

Appendix G, section G.4.3. 

 

Table 5.1. Target and reference genes used to investigate relative myogenic 

gene expression.  

A summary of the target and reference genes used in this study with their symbols 
and functions. 

Target gene Abbreviation Gene function References 

Myogenic differentiation MyoD 
Master regulator for 

myogenic 
differentiation Huri et al. 

(2018)159 
Desmin Desmin Myotube structural 

protein 
Myogenin MyoG Myotube fusion 

Tata binding protein TBP Transcription factor for 
RNA polymerase II 

Dessels et al. 
(2019)215 

β-actin ACTB 
Maintains cytoskeleton 
structural protein and 
integrity; cell motility 

Tyrosine 3-

monooxygenase/tryptophan 5-

monooxygenase activation 

protein, zeta 

YWHAZ Regulation of signal 
transduction pathways 

 

Fluorescence and the fluorescent microscope 

Fluorescent microscopy is used to visualise specific targets set against a black 

background. It may be used to identify structural features of cells and the locations of 
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components such as organelles and proteins.216 Fluorescence can be defined as the 

emission of light at a specific wavelength that occurs within nanoseconds after the 

absorption of light at a shorter wavelength.216,217 A fluorophore is a molecule with 

fluorescent properties. When the ground state of fluorophores becomes excited by 

photons (light energy) at a specific wavelength, light is emitted at another wavelength 

and causes it to fluoresce as the fluorophore returns to its ground state.216,217 The 

change between the excitation and emission wavelengths is also known as stokes 

shift. By filtering out the excited light, without blocking the emitted light, it is possible 

to visualise only the fluorescent object.217  

 

The fluorescent microscope comes equipped with specific filter cubes, a dichroic 

mirror and blocking filters. Traditional filter cubes consist of a dichroic mirror at an 

angle of 45o and excitation and emission filters. The cube targets light from the light 

(excitation) source to the sample, and from the sample to the microscope detector.217 

The dichroic mirrors act as the main optical element, and separate the excitation and 

emission light. Excitation and emission filters ensure that only the appropriate 

wavelengths of light are transmitted.217 Fluorescent microscopes allow the 

visualisation of multiple different fluorophores at the same time, as long as there is 

little to no overlap in the excitation and emission spectra to prevent light channel bleed-

through (observing one fluorescent signal in more than one channel).216,217 Most 

conventional fluorescent microscopes are wide-field and require the use of a xenon, 

mercury or light emitting diode (LED) light source.218 The disadvantage of using a 

wide-field microscope is that samples become immersed in light, creating a bleaching 

phenomenon whereby fluorophores lose fluorescence. As an alternative, the laser 

scanning confocal microscope (LSM) makes use of lasers as a light source and 

illuminates only a small, focused areas of the specimen.218 High-resolution images are 

achieved by scanning one or multiple focused beams of light which also allows images 

to be sectioned. A single image is called an optical section.218 

Immunocytochemistry (ICC) is a method that utilises a fluorescent microscope to 

visualise the presence of protein targets. ICC was used in this study to qualitatively 

confirm the presence of myogenic target proteins Pax 3/7, MyoD, MyoG and desmin. 
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Primary antibodies were targeted to either Pax 3/7, MyoD, MyoG and desmin. 

Secondary antibodies conjugated to fluorophores were used to visualise the antibody-

bound myogenic proteins on the confocal microscope. Indirect conjugation using a 

primary-secondary antibody protein detection system allows for easy fluorochrome 

substitution for optimal assay design, and increases signal detection sensitivity.219 The 

disadvantages include potential cross-reactivity and higher background noise due to 

endogenous enzymes or biotin activity, and the attraction of primary and secondary 

antibodies to endogenous fragment crystallizable (Fc) regions.220 To obtain optimal 

images with the least amount of background, both primary and secondary antibodies 

must be optimised by titration. Optimal images have high fluorescent signal and 

minimal background staining, and are achieved by titrating both the primary and 

secondary antibodies on a positive control.219  

 

In this study, PHMs were used as a positive control in order to optimise the myogenic 

ICC protocol. In addition, a C2C12 myoblast cell line was used as a positive control 

mainly for the identification of morphological features. 

 

5.2. Chapter objectives 

 

Objectives addressed in this chapter were to assess the feasibility of ASC myogenic 

differentiation in vitro using the DH-based and 5-Aza-based induction methods, to 

determine an optimal differentiation timeline, and to investigate the effect of ASC 

myogenic induction on cell morphology using light and fluorescence microscopy. The 

efficacy of two methods of myogenic induction in ASCs was investigated by protein 

(ICC) and transcriptional analysis (RT-qPCR) of specific myogenic targets. The study 

attempted to gain an understanding of the kinetics of the genes involved in ASC 

myogenic differentiation. 
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5.3. Materials and methods 

 

In this chapter, ASCs were isolated, characterised and cells expanded as previously 

described in Chapter 4, and were differentiated according to the protocols described 

below. 

 

5.3.1. Cell culture and sample information 

 

Cell lines used in this study 

ASCs, human PHMs and an immortalised murine C2C12 cell line were used in this 

study. ASCs were obtained as described in Chapter 4. Murine C2C12 myoblasts and 

PHMs were obtained from Professor. K. Myburgh (Department of Physiology, 

University of Stellenbosch, Stellenbosch, South Africa) as a kind gift. C2C12s and 

PHMs were used as a training tool for myogenic morphological features, and PHMs 

were used to optimise RT-qPCR and ICC experiments. 

 

Adipose-derived stromal cell sample analysis 

ASC assays were conducted on three biological repeats (n=3). In the RT-qPCR 

assays, each biological replicate was run as three technical repeats. For ICC assays, 

five micrographs were taken at each time point for each condition and biological 

replicate.  

 

5.3.2. Instrument information 

 

Reverse-transcription real-time polymerase chain reaction instruments 

The instruments used in the experiments described in this chapter include the 

NanoDrop® ND 1000 spectrophotometer (Thermo Fisher Scientific, Waltham, 
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Massachusetts, USA); a Quantus FluorometerTM (Promega, Madison, Wisconsin, 

USA); a 2200 Tapestation from Aligent technologies (Santa Clara, California, United 

States); the CFX96 real time system and GelDocTM system from Bio-Rad (Hercules, 

California, United States); the LightCycler 480 II instrument (Roche, Basel, 

Switzerland); and the Gene Amp® PCR system 9700 from Applied Biosystems (Life 

Technologies®/Thermo Fisher Scientific, Carlsbad, California, USA). 

 

Microscope instruments 

Micrographs of ASCs, C2C12s and PHMs in culture were taken with the Zeiss 

PrimoVert inverted light microscope (Carl Zeiss Werke, Göttingen, Germany) using 

the Zeiss AxioVert A1 digital camera (Carl Zeiss Werke, Göttingen, Germany). 

Fluorescent images were captured using a Zeiss LSM 800 confocal microscope (Carl 

Zeiss Werke, Göttingen, Germany). Images were captured using Zen light (Blue 

edition, version 3.2, Carl Zeiss Werke, Göttingen, Germany) and analysed/edited 

using Fiji (Image J, version 2.1.0/1.53c; Laboratory for Optical and Computational 

Instrumentation, University of Wisconsin, Wisconson, USA). 

 

5.3.4. Experimental design and culture plate set up 

Myogenic assays were conducted on days zero, three, six, twelve, 24, 30 and 42 for 

the induction method involving DH and until day 24 for 5-Aza. Time point ‘day zero’ 

was terminated on the day of myogenic induction (24 hr after cells were initially seeded 

at 50% confluency), and these cells were not exposed to myogenic induction media. 

As this was the first-time myogenic studies were conducted at the ICMM, it was elected 

to adhere to published timelines for differentiation, with minor modifications. Generally, 

ASC differentiation is investigated every seven days, but because myogenic genes 

are transiently and sequentially expressed, and because it has not previously been 

attempted at the ICMM, shorter intervals were investigated at the start of the induction 

period. 

 



 

91 

 

 

Two plates for each induction medium were prepared for each time point; one plate 

was used for RNA extraction and RT-qPCR, and the second plate was used for ICC. 

For RT-qPCR plates, on the day of termination, cells were trypsinised and RNA was 

extracted and stored at -80oC. cDNA was synthesised after all the RNA was 

successfully extracted and RT-qPCR was performed (Figure 5.4A). ICC culture plates 

were set up in a similar fashion; however, each well contained glass coverslips (22mm) 

that were pre-coated with 0.01% poly-L-Lysine and 12.5 μg/cm2 type I rat tail collagen 

(See Appendix G, section G.5 for details pertaining to optimisation). ICC was done on 

coverslips placed in each well of the 6-well plates at each time point used in myogenic 

differentiation (Figure 5.4B). Each experimental time-point for every culture included 

two 6-well plates that investigated the DH- and 5-Aza-based induction methods, along 

with a non-induced control. Every culture condition was investigated using three 

coverslips. The staining method involved a primary-secondary antibody system, where 

the primary antibody was directed to the target protein and the secondary antibody 

(conjugated to a fluorophore) was directed against the animal in which the primary 

antibody was made. In this study, primary antibodies were targeted to MyoD, Pax 3/7, 

desmin and MyoG, and were co-stained according to the schematic shown in Figure 

5.3B.   

 

The Zeiss LSM 800 confocal microscope has no filter sets because it is equipped with 

a continuous filter to accommodate a wide range of wavelengths. It has three lasers 

namely a 405 nm (UV light) laser, a 488 nm (blue light) laser and a 561 nm (green 

light) laser. DAPI was visualised using the 405 nm laser, AF 488 using the 488 nm 

laser and TRITC-phalloidin and AF 555 using the 561 nm laser. 
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Figure 5.4. Culture plate set up for experimental purposes at every time point. 

A. Adipose-derived stromal cells were seeded into two 6-well culture plates (coated with type 
I collagen) for each induction method and non-induced control. Experiments were terminated, 
RNA extracted and stored and thereafter cDNA was synthesised for RT-qPCR. B. Adipose-
derived stromal cells were seeded into 6-well plates containing cover slips pre-coated with 
poly-L-lysine and type I rat tail collagen. Experiments were terminated, and cells were fixed, 
permeabilised and stained according to the schematic above before being viewed on the 
confocal microscope 
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5.3.5. Method optimisation 

Some methods required extensive optimisation before experiments could be 

completed; the particulars of this process along with important considerations have 

been described in Appendix G. 

 

5.3.6. Cell culture and myogenic differentiation 

ASCs, PHMs and C2C12s were cultured and differentiated in order to optimise and 

perform myogenic assays for the purpose of this study. 

 

Culture ware coated with rat tail collagen type I 

PHMs and C2C12s are generally propagated and differentiated in culture ware coated 

with adhesives such as collagen type I to aid in cell adherence to plates. While this is 

not necessary to expand ASCs, it becomes vital in order to effectively induce myogenic 

differentiation. In order to save on cost after initial experiments were conducted using 

ready-made type I collagen purchased from Corning® (Corning, New York, USA), type 

I collagen was isolated directly from rat tails. This procedure was done by Mr A. Ellero 

(PhD candidate, Centre for Neuroendocrinology (CNE), Department of Immunology, 

University of Pretoria) and Dr I. van den Bout (CNE, Department of Physiology, 

University of Pretoria). Approval from the University of Pretoria Animal Ethics 

Committee was obtained to isolate collagen from rat tails (approval number: REC107-

19). 

 

Culture flasks coated for cell culture and differentiation 

Prior to seeding C2C12 and PHM cultures, T75 culture flasks were lined with 5 μg/cm2 

collagen. Collagen stock was diluted in 0.02N acetic acid (Sigma-Aldrich Chemie 

Darmstadt, Germany) to a working solution of 50 μg/ml (Figure 5.5, Equation 5.5) and 

1 ml of the working solution was added to culture ware. Thereafter, culture flasks were 

placed on an orbital shaker (60 rotations per minute; rpm) overnight and washed twice 

using PBS (2% p/s) before cells were seeded at 5000 cells/cm2. 



 

94 

 

 

 

 

Figure 5.5. Equation used to make up collagen working solution.  

In order to determine the amount of collagen stock solution to be added to 0.02 N acetic acid, 
the final volume desired (Vsolution final) is multiplied by the final desired collagen concentration 
(Ccollagen final), divided by the concentration of the collagen stock solution (Ccollagen solution). 

 

Coverslips coated with adhesives for adipose-derived stromal cell differentiation 

To ensure that the collagen coating adhered to the glass coverslips, they were 

thoroughly cleaned and pre-coated with 0.1% poly-L-lysine (Sigma-Aldrich Chemie, 

Darmstadt, Germany). Glass coverslips (Marienfeld GmbH & Co.KG, Lauda-

Königshofen, Germany) were placed in a glass beaker with a solution of 5% (v/v) 

NaOH (Sigma-Aldrich Chemie, Darmstadt, Germany) and 30% (v/v) ethanol (Sigma-

Aldrich Chemie, Darmstadt, Germany) on the orbital shaker overnight, to clean the 

coverslips of fatty residue and grime. Thereafter the coverslips were washed ten times 

in double distilled (dd) H2O and placed in concentrated HCl (12.1 M; Sigma-Aldrich 

Chemie, Darmstadt, Germany) overnight, to further clean and slightly etch the glass. 

The concentrated HCl was carefully poured off into a separate glass Schott bottle and 

the coverslips were washed ten times in ddH2O before being stored in 70% ethanol 

until use to ensure cleanliness and sterility. Prior to seeding cells for differentiation 

experiments, coverslips were placed into 6-well culture plates and left in the class II 

biosafety cabinet for 24 hr to dry. The coverslips were then washed once in sterile-

filtered ddH2O and left to dry for a further 24 hr after which 1 ml of the undiluted poly-

L-lysine solution (0.01% sterile filtered) was added to each well. The culture plates 

were then placed on an orbital shaker (60 rpm). After 2 hr, the poly-L-lysine was 

removed and each well containing coverslips was washed ten times with sterile filtered 

ddH2O before being left to dry for 72 hr in the biosafety cabinet (poly-L-lysine can be 

toxic to cells if not dried properly). Thereafter, a solution of 120 μg/ml collagen was 

prepared and 1 ml of the working solution was added to each well to coat the coverslips 

with 12.5 μg/cm2 collagen. The 6-well plates were sealed with parafilm and placed on 

an orbital shaker (60 rpm) overnight after which the collagen solution was aspirated in 

the biosafety cabinet and left to dry for an additional 48 hr. One to two hr prior to 
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seeding cells, each well containing a coverslip was washed twice with ddH2O before 

cell-line appropriate CGM was placed in each well. 

 

Cell culture and differentiation media 

In this study, complete growth media (CGM), muscle induction media (MIM) and 

cryopreservation media (Cryo) was specific to each culture and the abbreviations used 

to refer to each medium along with their composition has been summarised in Table 

5.2. Basic fibroblast growth factor (b-FGF) was acquired from Thermo Fisher Scientific 

(Invitrogen, Waltham, Massachusetts, USA). Horse serum, dexamethasone, 

hydrocortisone and 5-Aza were acquired from Sigma-Aldrich Chemie (Darmstadt, 

Germany). 
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Table 5.2. Cell culture media used in this study, and their compositions.  
A comprehensive summary of the various expansion, induction, maintenance and cryopreservation media used in this study, along 
with their compositions. 

 Expansion Induction Maintenance Cryopreservation 

Cell 
type 

Medium 
abbrev 

Medium 
composition 

Medium 
abbrev Medium composition Medium 

abbrev 
Medium 

composition 
Medium 
abbrev 

Medium 
composition 

ASCs ASC-
CGM 

DMEM, 5% 
(v/v**) pHPL, 2% 
p/s, 0.2% AmB 

MIM 1 
DMEM, 10% FBS, 5% HrS, 
2% p/s and 0.2% AmB; 0.1 
μm dexamethasone, 50 μm 

hydrocortisone 

 ASC-Cryo 90% ASC-CGM 
and 10% DMSO 

   MIM 2 Low glucose DMEM, 10% 
FBS, 2% p/s, 0.2% AmB MIM 2-m 

Low glucose 
DMEM, 10% FBS, 
2% p/s, 0.2% AmB, 

1 ng/ml b-FGF 

  

   ASC-NI DMEM, 10% FBS, 2% p/s 
and 0.2% AmB; 0.1 μm     

C2C12 
C2C12-
CGM 

 

DMEM with 20% 
FBS, 2% p/s, 
0.2% AmB 

C2C12-
MIM 

DMEM with 2% FBS, 2% 
p/s, 0.2% AmB   C2C12-

Cryo 
20% C2C12-

CGM, 70% FBS, 
10% DMSO 

PHM PHM-
CGM 

DMEM, 10% 
FBS, 2% p/s, 
0.2% AmB 

PHM-MIM DMEM with 2% FBS, 2% 
p/s, 0.2% AmB   PHM-

Cryo 
90% FBS and 
10% DMSO 

ASC: adipose-derived stromal cell; C2C12: immortalised murine myoblast cell line; PHM: primary human myoblasts; CGM: complete growth 
medium; DMEM: Dulbecco’s Modified Eagle’s Medium; pHPL: pooled human platelet lysates; pen/strep: penicillin/streptomycin; v/v: 
volume/volume; FBS: fetal bovine serum; HrS: horse serum DMSO: dimethyl sulfoxide; b-FGF: basic fibroblast growth factor; AmB: 

amphotericin; MIM: muscle induction medium; Cryo: cryopreservation Abbrev: abbreviation.  
**All percentages are indicative of v/v additions. 
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Cell storage in liquid nitrogen storage, passage, maintenance and cryopreservation 

Prior to obtaining cells from liquid nitrogen following storage, a 15 ml centrifuge tube 

was prepared with 10 ml pre-warmed culture-specific CGM (Table 5.2). Thereafter, 

the cryovial containing the cells was removed from storage and 1 ml pre-warmed 

medium was added to the frozen contents of the cryovial. CGM (1ml) was transferred 

to-and-from the cryovial and 15 ml tube until the contents of the cryovial were 

completely thawed and transferred to the centrifuge tube. The cells were pelleted by 

centrifugation at 300 g for 5 min, the supernatant aspirated, and the pellet 

resuspended in CGM. Thereafter, the entire cell suspension was seeded into a T75 

flask and placed in the incubator (37oC, 5% CO2) to increase cell number. All cells 

were maintained and passaged as previously described (Chapter 4, section 4.3.6). 

PHMs and C2C12s were passaged at no more than 70% confluence to avoid 

spontaneous differentiation which starts to occur at cell confluency. ASCs, PHMS and 

C2C12 were trypsinized and cryopreserved as previously described in Chapter 4, 

section 4.3.6). While ASCs were trypsinized for 7 min, C2C12s and PHMs were 

trypsinized for 4 min only. After passaging, excess cells were cryopreserved at 1x106 

cells/cryovial in 1 ml culture-specific cryopreservation medium (Table 5.2) and placed 

in a NALGENE® Mr FrostyTM Cryo 1oC freezing container (Thermo Fisher Scientific, 

Waltham, Massachusetts, USA) at -80oC until frozen. Thereafter, the cryovials were 

transferred to liquid nitrogen storage. 

 

Adipose-derived stromal cell myogenic differentiation 

ASCs were expanded in ASC-CGM in T75 flasks (Table 5.2) until confluent, and 

thereafter trypsinized and seeded in 6-well plates lined with 5 μg/cm2 type I collagen 

at 5000 cells/cm2 and incubated at 37oC/5% CO2 for 24 hr. Thereafter, expansion 

medium was replaced with MIM 1 or 2 (Table 5.2). The induction process and timelines 

have been summarised in Figure 5.6. ASCs induced using MIM 1 were induced and 

maintained in the same medium for 42 days. The induction medium of ASCs induced 

using MIM 2 was replaced after 24 hr with MIM-2-m for a period of 24 days. The non-
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induced ASCs were maintained in ASC-NI. Media were replaced biweekly for the 

duration of the respective differentiation timelines. 

 

 

 

 

 

 

 

 

Figure 5.6. Illustration of the myogenic induction timelines used in this study. 
This illustration demonstrates the induction process and timelines in the 
dexamethasone/hydrocortisone (DH) and 5-azacytidine (5-Aza)-based methods. The DH-
based method was investigated over 42 days, while the 5-Aza-based method was investigated 
over 24 days. 

 

Primary human myoblast differentiation 

All PHMs were expanded and differentiated in culture flasks lined with 5 μg/cm2 type 

I rat tail collagen. PHMs were initially expanded in T75 cm2 culture flaks to obtain 

enough cells for experiments, after which they were seeded in 6-well plates (5000 

cells/cm2) for differentiation studies. When PHMs reached ≥ 90% confluency, 

expansion medium was replaced with PHM-MIM (Figure 5.7). RNA was extracted on 

days zero, one, three, five and seven. PHM-CGM was replaced twice weekly during 

expansion and once with PHM-MIM during differentiation. 
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Figure 5.7. Primary human myoblast myogenic induction timeline.  
Primary human myoblasts were expanded until reaching !" #$%" &'()*+,(&-" .)/,0" 123&2"
,45.(63'("7,83+7"1.6"0,5*.&,8"13/2"3(8+&/3'("7,83+79":;<6"1,0,"/,073(./,8")'0"7-'=,(3&"
.66.-6"'("8.-6"$>"?>"@>"A".(8"B9 

 

C2C12 murine myoblast differentiation 

Similar to PHM differentiation, C2C12s were expanded in culture flasks lined with 

collagen. C2C12-CGM was replaced with C2C12-MIM upon reaching ≥ 90% 

confluency. C2C12s were investigated over a period of five days and experiments 

were terminated on days zero, three and five. 

 

5.3.7. RNA extraction, quantitation and validation 

 

RNA extraction 

Total RNA was extracted using either the RNeasy mini or micro plus kits (Qiagen, 

Hilden, Germany) according to the manufacturer’s instructions. Cells were counted 

prior to RNA extraction as described in Chapter 4. According to the manufacturer’s 

instructions, if the total cell number was < 500 000, the micro kit was used. If the total 

cell number was > 500 000 cells, the mini kit was used. 

 

Cells were trypsinized and centrifuged to obtain a cell suspension and counted by flow 

cytometry as described in Chapter 4. To maximise the amount of RNA extracted, cell 

suspension from the three wells for each condition were pooled. After trypsinisation, 
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cells were washed three times for 5 min in 1 ml PBS followed by centrifugation to 

ensure potential contaminants such as phenol red in medium was removed. Before 

the last wash step, the cell suspension was transferred to a 1.5 ml Eppendorf tube. 

The supernatant was discarded and the cells resuspended in 350 μl (ASCs) or 600 μl 

(PHMs) RLT buffer, with β-mercaptoethanol (β-ME, 5 μl per 1 ml RLT buffer; Sigma-

Aldrich Chemie, Darmstadt, Germany) added to lyse the cells and eliminate nucleases 

which could degrade the RNA. The cell suspension was vortexed for one min, 

centrifuged for 2 min at 21 000 g, and vortexed again for 1 min. Thereafter, cells were 

placed into the genomic DNA (gDNA)-elimination spin column (which uses a silica 

membrane to selectively bind and retain DNA whilst allowing RNA to pass through the 

column) and centrifuged for 30 sec at 8000 g. The removable column was then 

discarded, and 70% (v/v) ethanol was added (1:1 with the RLT buffer) to the flow 

through (the suspension that goes through the column and is collected at the bottom 

of the tube) and gently mixed by pipetting. The suspension (700 μl, along with any 

precipitate) was transferred to a RNeasy spin column (containing a membrane that 

selectively binds to RNA, in order to effectively isolate and purify it on the column 

membrane), and centrifuged for 15 sec at 8000 g. The flow through was discarded, 

700 μl RW1 was added to the column and centrifuged for 15 sec at 8000 g. The flow 

through was discarded again, and 500 μl RPE (a mild washing buffer used to remove 

residual salts left over in the suspension and spin column membrane) was added 

before being centrifuged for 15 sec at 8000 g. 

 

Up to and including the addition of the RPE buffer and centrifugation, the process for 

both RNeasy micro and mini kits is the same. Minor differences in the protocols after 

the first addition of RPE buffer to the RNeasy spin column are described below. 
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Qiagen RNeasy mini plus kit extraction protocol 

The flow through was discarded again, and 500 μl RPE was added a second time 

before being centrifuged for 2 min at 8000 g. The flow through was discarded a final 

time, and the column was placed in a new 2 ml Eppendorf tube. The tube with the spin 

column was centrifuged for 1 min at 21 000 g. Thereafter, the spin column was 

removed and placed in a sterile, labelled 1.5 ml Eppendorf tube. 40 μl nuclease-free 

water (supplied by kit) was added onto the membrane of the spin column and left at 

room temperature for 5 min. Finally, the column was centrifuged for 1 min at 8000 g 

to elute the RNA from the membrane in the RNeasy spin column.  

 

Qiagen RNeasy micro plus kit extraction protocol 

Following the first RPE wash and centrifugation step, the flow through was discarded 

and 500 μl 80% (v/v) ethanol was added to the column and centrifuged for 2 min at 

8000 g. The flow through was discarded a final time, and the column was placed in a 

new 2 ml Eppendorf tube. The tube with spin column was centrifuged for 5 min at 

21 000 g to dry the membrane. Thereafter, the spin column was removed and placed 

in a sterile, labelled 1.5 ml Eppendorf tube. 14 μl nuclease free water (supplied by kit) 

was added onto the membrane of the spin column and left at room temperature for 10 

min. The spin column was centrifuged a final time for 1 min at 21 000 g to elute the 

RNA.  

 

RNA quantitation and validation 

Immediately following RNA extraction, RNA was measured on the NanoDrop® ND 

1000 spectrophotometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA) 

and the concentration, A260/280 nm and A260/230 nm values were recorded before 

being stored at -80oC. The A260:A280 ratio is indicative of the RNA purity. A ratio of 

1.8-2.1 is indicative of highly purified RNA. The A260:A230 ratio is indicative of other 

contaminants (such as guanidine isothiocyanate from the kits and phenol red from the 

media) and is acceptable between 2.0 – 2.2.221 
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Prior to cDNA synthesis, RNA was thawed on ice and integrity was determined. Briefly, 

a 1 μl aliquot of RNA (concentration between 25 ng/μl and 500 ng/μl) was added to 5 

μl RNA Screen tape sample buffer (Aligent technologies, Santa Clara, California, 

United States). Thereafter, the sample was denatured on a thermal cycler for 3 min at 

72oC and placed on ice. The sample was then placed in the 2200 Tape station (Aligent 

technologies, Santa Clara, California, United States) to determine integrity. RNA 

integrity was compared to 18S and 28S ribosomal RNA, and an RNA integrity number 

(Rin)-value between 8 and 10 was considered to be sufficiently pure and viable to 

proceed.222 

 

5.3.8. cDNA synthesis, quantitation and validation. 

 

cDNA synthesis 

cDNA was synthesised using the SensiFastTM cDNA synthesis kit (Bioline, London, 

England) according to the manufacturer’s instructions. RNA concentrations were 

variable, but if the concentration exceeded 1000 ng/μl, working solutions of 500 ng/μl 

were made. Every cDNA synthesis reaction was accompanied by a no reverse 

transcriptase (NRT) control sample, to identify if samples and kit buffers contained any 

gDNA contamination. Thereafter the reaction mixture was prepared as described in 

Table 5.3. 

 

Table 5.3. cDNA synthesis reaction mixture.  
cDNA reactions were made to final reaction volumes according to the manufacturer’s 
instructions. 

Reagent or component cDNA sample tube (μl) 
No reverse transcriptase 

control tube (μl) 
5 x TransAmp buffer 4 μl 4 μl 

Reverse transcriptase 1 μl none 

RNA Variable Variable 

Nuclease free water Variable Variable 

Final reaction volume 20 μl 20 μl 
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The final reaction mixture was placed in a thermal cycler (Gene Amp® PCR system 

9700 from Applied Biosystems, Life Technologies®/Thermo Fisher Scientific, 

Carlsbad, California, USA) under the following conditions: priming for 10 min at 25oC, 

RT for 15 min at 42oC, RT inactivation for 5 min at 85oC for 5 min and lastly cooled to 

4oC. Thereafter, the cDNA was stored at -20oC until needed. 

 

cDNA quantitation and validation 

Following cDNA synthesis, a 1 μl cDNA aliquot was measured on the 

spectrophotometer and the A260/280 ratio was recorded. An A260/280 ratio of 1.8 - 

2.1 indicated pure, intact cDNA.221 

 

cDNA was quantified on a Quantus FluorometerTM (Promega, Madison, Wisconsin, 

USA) using the Quant-iTTM PicogreenTM dsDNA quantification kit (Thermo Fisher 

Scientific, Waltham, Massachusetts, USA). Picogreen is a fluorescent dye that binds 

to dsDNA to form a luminescent complex, which can be used to measure cDNA 

concentration.223 The Picogreen assay was done according to the manufacturer’s 

specifications. Working solutions of tris-ethylenediaminetetraacetic acid (Tris-EDTA; 

TE; 1:20; Sigma-Aldrich Chemie, Darmstadt, Germany) and Picogreen (1:200) were 

freshly prepared. A dsDNA standard (2 μg/ml) calibrator tube was prepared and 1 μl 

added to a tube containing TE buffer and Picogreen to a final volume of 200 μl. A blank 

tube was prepared by adding 100 μl TE buffer and 100 μl Picogreen to a 0.5 ml tube. 

The instrument was calibrated by running the prepared blank to remove background 

resulting from TE and unbound Picogreen, followed by the dsDNA standard to 

calibrate the measurement tool. Quantitation tubes were prepared by adding 99 μl of 

the former and 100 μl of the latter to 0.5 ml Eppendorf tubes (kept in the dark). cDNA 

samples were quantified by adding 1 μl of each sample to quantitation tubes. The 

tubes were then incubated for 5 min in the dark before being measured with the 

fluorometer and concentrations recorded. 
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5.3.9. Preparing primer stocks 

Lyophilised primers were dissolved in concentrated TE buffer (10mM Tris pH 8.0, 1mM 

EDTA) as directed by manufacturer’s instructions, to a stock solution of 100 μM. 

Working solutions of 10 μM were prepared with molecular grade water and stored at -

20oC until required. The primers (MyoD, desmin and MyoG; sequences not previously 

published) that were used to confirm skeletal myogenesis along with the reference 

genes (YWHAZ, ACTB and TBP)215 were purchased from Integrated DNA 

Technologies (IDT, Coralville, Iowa USA) and are summarised in Table 5.4. 

 

Table 5.4. Primer pairs and sequences.  
MyoD, Des and MyoG were the main myogenic target genes, and YWHAZ, ACTB and 
TBP were used as reference genes. 

Target/ 
reference 

gene 
Forward primer 

sequence 
Reverse primer 

sequence 
Amplicon 

length (bp) 
Accession 

number Reference 

MyoD CACAACGGACGA
CTTCTA 

CTCTTCGGGTTTCA
GGAG 112 NM_00247

8.5 Primer sequences 
previously designed 

at the ICMM that 
have not been 

published 

MyoG GGCGTGTAAGGT
GTGTAA 

CAGGGTGCTTCTCT
TCAG 124 NM_00247

9.6 

Desmin GGTCTCTTACTTT
CCTTTCC 

TCTCTTCTCCAGCAT
CTC 135 NM_00138

2713.1 

YWHAZ TGACATTGGGTA
GCATTAAC 

GCACCTGACAAATA
GAAAGA 126 NM_00117

2085 
Dessels et al. 

(2019)215 ACTB CCAGCACAATGA
AGATCAA 

CTCGTCATACTCCT
GCTT 128 NM_00110

1.4 

TBP GAGTTAAGAGTG
TTGATGTAGG 

CCTGGGACTGGAAA
GTAA 130 NM_00113

5699.1 
 

5.3.10. Reverse-transcriptase real time polymerase chain reaction 

 

Sample preparation and reaction programming 

RT-qPCR was performed on the LightCycler 480 II (Roche, Basel, Switzerland) using 

96-well plates (Roche, Basel, Switzerland) and LightCycler® 480 SYBR Green I Master 

Mix (Roche, Basel, Switzerland). The reactions were performed in triplicate in a final 

volume of 10 μl. The reaction mix was prepared as described in Table 5.5. Working 

solutions of 2 ng/μl cDNA were prepared and 4 ng of the appropriate cDNA was added 

to each reaction. 
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Table 5.5. qPCR master mix preparation.  
Reactions were prepared according to the manufacturer’s specifications. 

Reagent Stock solution Working solution Reaction volume (μl) 
dH2O   2.2 

SYBR green master 
mix 2 x 1 x 5 

Forward primer 10 μM 400 nM 0.4 
Reverse primer 10 μM 400 nM 0.4 
Amount of final 

master mix to be 
added to each well 

  8 

Amount of cDNA to 
be added  2 ng/μl 2 

Total well volume   10 
 

The programming for the qPCR reaction, including cycle times and temperatures for 

denaturation and amplification as well as reaction ramp rate is summarised in Table 

5.6. 

 

Table 5.6. LightCycler 480 II qPCR reaction programming. 
qPCR was done by cycling temperatures to denature and amplify DNA. 

Stage of reaction Condition 
Denaturation 95oC for 5 min 

Amplification (45 cycles) 95oC for 30 sec 
 62oC for 30 sec 
 72oC for 30 sec 

Melt curve 95oC for 30 sec 
 40oC for 30 sec 

Ramp rate 0.1oC/sec 
 

Data was analysed using the LightCycler® 480 Software (Version 1.5.1; Roche, Basel, 

Switzerland). 

 

Plate design and relevant controls 

Every 96-well plate included the relevant samples to be investigated for a specific 

target gene, three reference genes (ACTB, TBP and YWHAZ) and no-template 

controls (NTC) for each primer pair. A positive control for the relevant target gene 
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(either MyoD, Des or MyoG) was included on the plates. The cDNA for the positive 

controls was synthesised from RNA extracted from PHMs on the day of their induction. 

All reactions were performed in triplicate. 

 

5.3.11. Immunocytochemistry 

Antibody and fluorescent staining solutions were pre-prepared and diluted in the 

blocking solution (to prevent non-specific binding of primary and secondary 

antibodies). Mouse anti-human MyoD (1:200; Thermo Fisher Scientific, Carlsbad, 

California, USA) and rabbit anti-human MyoG (1:400; Abcam, Cambridge, United 

Kingdom) were co-stained on the same coverslip, while mouse anti-human Pax 3/7 

(1:100; Santa Cruz Biotechnologies, Dallas, Texas, USA) and desmin (1:500; Cell 

Signaling, Danvers, Massachusetts, USA) were stained individually. MyoD and Pax 

3/7 were counterstained with anti-mouse IgG conjugated to AF 555 (1:400; Abcam, 

Cambridge, United Kingdom), while MyoG and desmin were counterstained with anti-

rabbit IgG conjugated to AF 488 (1:400; Abcam, Cambridge, United Kingdom). Cover 

slips stained with desmin were co-stained with TRITC-phalloidin (1:400; Sigma-Aldrich 

Chemie, Darmstadt, Germany). Each plate included a negative control (combination 

of secondary-antibodies only). All coverslips were counterstained with DAPI to 

visualise nuclei (1:1000; Thermo Fisher Scientific, Carlsbad, California, USA). Actin 

fibers were visualised with TRITC-phalloidin. 

 

Antibody staining (primary and secondary) was done in a staining chamber. The 

staining chamber consisted of a large petri dish with a labelled grid placed at the 

bottom. Each block in the grid corresponded to a particular antibody target. The inside 

of the chamber was lined with parafilm, onto which a drop of antibody solution was 

placed. The lid of the petri dish was covered in foil to ensure a dark environment on 

the inside of the chamber. Each chamber was labelled according to its culture. This 

was to ensure even staining across the coverslip and reduce the volume of antibody 

needed to stain a coverslip (Figure 5.8).  
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Figure 5.8. Photograph of the staining chamber used in the course this study for 
immunocytochemistry.  
Antibody staining (primary and secondary) was performed in a staining chamber which 
consisted of a large petri dish with a labelled grid attached to the bottom and lined with fresh 
parafilm. 

 

The ICC protocol encompassed five main steps and included fixation, 

permeabilization, blocking, antibody and fluorescent staining and finally mounting. All 

time-related steps during fixation, permeabilization and the rinse steps with PBS were 

done on an orbital shaker at 60 rpm (which ensures an even distribution of solution in 

the well). 

 

Preparation of paraformaldehyde 

In order to prepare 500 ml paraformaldehyde (PFA; 4%, pH 6.9 – 7.2; Sigma-Aldrich 

Chemie, Darmstadt, Germany), 350 ml PBS was added to a Schott bottle on a 

magnetic stirrer (with heating capabilities) and placed in a well-ventilated fume hood. 

The PBS was then heated to 60oC before 20 g PFA was added to the solution. 
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Thereafter, 1M NaOH was added drop-wise to the Schott bottle until the PFA powder 

dissolved and the solution became clear. The solution was topped up with PBS to a 

final volume of 500 ml. The pH was adjusted with concentrated HCl until it was within 

the range of pH 6.9 – 7.2. The 4% PFA solution was filtered through filter paper (to 

remove particle residue), aliquoted into 50 ml tubes and stored at -20oC once the 

solution has cooled. 

 

Cell fixation, permeabilization and blocking. 

Medium was aspirated from wells destined for ICC. Cells were fixed inside the wells 

of the 6-well plate with 1 ml 4% PFA for 15 min. Thereafter, the fixative was aspirated 

and the wells thoroughly washed thrice with PBS. Cells were then permeabilised with 

1ml 0.2% Triton X-100 for 5 min. The solution was aspirated and the wells washed 

with PBS three times. Cells were placed for 1 hr at room temperature using 1 ml 

blocking solution made up of 5% bovine serum albumin (BSA; Biowest, Nuaillé, 

France) and 0.3 M glycine (Sigma-Aldrich Chemie, Darmstadt, Germany) in PBS, per 

well. The BSA was included to prevent non-specific binding of antibodies and the 

glycine was included to block any free aldehyde groups that may have formed from 

using PFA (an aldehyde-based fixative) which could potentially increase background 

fluorescence by binding to secondary antibodies.224 The blocking solution was 

aspirated and cells were washed thrice with PBS. 

 

Primary and secondary antibody stains 

Primary antibody solution (60 μl drops) was placed onto the parafilm corresponding to 

the appropriate block on the grid within the staining chamber (Figure 5.9A). The 

appropriate coverslips were then carefully removed from their wells and placed cell-

side down onto the corresponding drop of primary antibody solution (Figure 5.9B). 

Thereafter, the sides of the staining chamber were lined with damp tissue paper to 

prevent the coverslips from drying out (Figure 5.9C). The lid was placed onto the 
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staining chamber, and the entire chamber was kept at 4oC overnight to allow the 

primary antibodies to bind to their respective targets. 

 

 

 

 

 

 

 

 

Figure 5.9. The antibody and fluorescent staining procedure in the staining chamber. 
A. Droplets of the antibody solution is placed within the appropriate block on the grid. B. 
Coverslips are placed cell-side down onto the droplet. C. Wet tissue paper is placed along the 
sides of the chamber. 

 

The staining chamber was then removed from the fridge and the coverslips were 

carefully transferred from the chamber (cell-side up) back into their respective wells in 

the 6-well plates. To ensure all unbound primary antibody had been removed, the 

coverslips were washed inside the wells with 2 ml PBS thrice for 5 min. After the wash, 

the same process was repeated with the secondary antibody solutions. Drops of the 

appropriate secondary antibody solution were placed on the appropriate block in the 

grid of the staining chamber, the coverslips were carefully transferred onto the droplet 

(cell-side down). Thereafter, the lid was placed onto the chamber and the chamber 

was placed in the dark for 60 min, to allow secondary antibodies to bind to their targets. 

The coverslips were transferred back into their respective wells (cell-side up) and 

washed thrice for 5 min with PBS.  
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Fluorescent counterstains to visualise actin fibers and nuclei 

Following the secondary antibody stain, the coverslips on which actin fibers needed to 

be visualised were stained using the staining chamber with TRITC-phalloidin (1:400) 

for 15 min, before being washed 3 x 5 min with PBS. Thereafter, all coverslips were 

counter-stained with 1 ml DAPI (1:1000) inside the wells of the 6-well plates for 5 min 

in the dark, and washed three times with PBS (for 5 min). 

 

Coverslips mounted onto microscope slides 

Coverslips were mounted onto labelled microscope slides (Paul Marienfeld GmbH & 

Co.KG, Lauda-Königshofen, Germany) using FluoromountTM (Sigma-Aldrich Chemie, 

Darmstadt, Germany), an aqueous mounting solution. A drop of the mounting fluid 

was placed onto the microscope slide and the coverslip was carefully transferred cell-

side down onto the drop. The slides were then placed in a container to dry overnight 

at room temperature, and thereafter stored at 4oC in the dark, until imaged on the 

confocal microscope. 

 

5.3.12. Calculation of the fusion index 

The fusion index is a numerical value calculated based on the detection of myogenic 

features such as multinucleation and tube formation using ICC (Figure 5.10 Equation 

5.6).  

 

 

Figure 5.10. Calculation of the fusion index.  
The fusion index (%) is calculated by taking the number of nuclei within myotubes and dividing 
this by the total number of nuclei in the field of vision and multiplying the number by 100 to get 
a percentage value. 

 

The fusion index is a semi-quantitative value, and involves counting nuclei within 

myotubes manually or using software such as Image J (Laboratory for Optical and 
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Computational Instrumentation, University of Wisconsin, Wisconson, USA). The 

limitation of using this value to estimate fusion, resides in the fact that software can 

often count multiple nuclei as one, miss nuclei at the boundaries of the image, and 

cannot separate nuclei that appear to lie on top of each other. Similarly, manually 

counting myotubes may result in the counter making subtle counting mistakes. It is, 

however, widely used to evaluate muscle fusion in vitro.139,225 The fusion index was 

determined using at least five fields of vision at every time-point during the 

differentiation of C2C12s, PHMs and ASCs. 

 

5.4. Statistical considerations 
 

Due to the small sample size (n=3) the data was assumed to be non-parametric. 

Descriptive statistics were included where applicable. The Mann-Whitney U test (used 

to compare two means) was used to compare means between induced and non-

induced samples and between induction methods. The Kruskal-Wallis test (to 

compare three or more means) followed by Dunn’s post hoc test for multiple 

comparisons was used to compare means between the days for each condition. The 

conservative Dunn’s post-hoc test for multiple comparisons was used because it does 

not assume that the data adheres to any particular distribution. The significance level 

was set as α = 0.05, and a p-value of < 0.05 was considered statistically significant. 

Means were reported ± SEM. 
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5.5. Results 
 

5.5.1. Relative gene expression 

The mRNA expression of the myogenic genes MyoD, desmin and MyoG was 

determined by RT-qPCR. The relative mRNA expression was determined according 

to the comparative CT-method, effectively representing gene expression as a relative 

fold-change.212 The data was analysed in two ways: i) as the target gene (desmin) 

normalised to reference genes (the mean CT-value between YWHAZ, TBP and ACTB) 

in the induced samples, relative to the non-induced sample (2-ΔΔCT, where ΔΔCT = 

ΔCTInduced sample - ΔCTnon-induced sample); and (ii) as the target gene normalised to 

reference genes in both the induced and non-induced samples, relative to day zero 

(2-ΔΔCT, where ΔΔCT = ΔCTInduced/non induced samples - ΔCTday zero). The latter results were 

included because amplification of desmin was also observed in the non-induced 

samples, thus making day zero a baseline to which the relative expression of desmin 

in both the induced and non-induced conditions could be compared. This method 

allowed the relative gene expression to also be interpreted as ‘a change in the fold 

expression due to a particular treatment or induction method’ (2-ΔΔCT).212 The change 

in the fold expression of desmin was indicated on bar graphs with the x-axis set at 1, 

to indicate whether the expression of desmin increased (2-ΔΔCT > 1) or decreased (2-

ΔΔCT < 1) as compared to either the non-induced samples or day zero. 

 

Over the induction period, no amplification of MyoG or MyoD was observed at any 

time point between day zero and day 24, for either the DH-, 5-Aza- or non-induced 

conditions. Thus, only desmin was analysed. Furthermore, due to the amplification of 

some NRTs, days 30 and 42 were excluded from analysis in the DH-induced samples. 

All samples were thus analysed up until day 24 only. 
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The expression of desmin in the induced samples relative to the non-induced sample 

Relative to the non-induced sample, the fold-change in the expression of desmin in 

samples induced using the DH induction method indicated a slight decrease on days 

three (2-ΔΔCT = 0.24 ± 0.15), six (0.20 ± 0.11), twelve (0.66 ± 0.41) and 24 (0.19 ± 0.06). 

In samples induced using the 5-Aza induction method, desmin expression decreased 

on days three (2-ΔΔCT = 0.21 ± 0.07); 6 (0.32 ± 0.21) and 24 (0.65 ± 0.25) while slightly 

increasing by 1.3 ± 0.58-fold on day twelve (Figure 5.11). 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11. Expression of desmin in the samples induced using the 
dexamethasone/hydrocortisone (DH) and 5-azacytidine (5-Aza) methods, relative to the 
non-induced sample.  
The relative expression (as determined using the comparative CT-method) of desmin in the 
DH and 5-Aza induction methods is shown over a period of 24 days. In both the DH and 5-
Aza methods, desmin showed a decreased trend in expression at all time-points, except for 
day 12, where the 5-Aza based method indicated a slight increase. The x-axis is shown to 
intersect with the y-axis at 1. Bars below the x-axis indicated where the expression of desmin 
decreased as a fold-change relative to the non-induced sample, while the bar above the x-
axis indicated an increase. No data was significant, and thus it was not indicated. Bars 
represent the mean ± standard error of the mean. The sample size is represented by n=3. 
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When comparing the expression of desmin in the DH- and 5-Aza-induced samples, 

relative to the non-induced sample, no statistically significant change in gene 

expression was noted on days three (p-value: 0.7000), six (p-value: 0.7000), twelve 

(p-value: 0.4000) or 24 (p-value: 0.2000). 

 

The change in the mean expression of desmin between time points within the samples 

induced using the DH induction method was analysed using the Kruskal-Wallis 

followed by Dunn’s post-hoc statistical tests. No statistically significant changes in 

gene expression were noted between days three and six (p-value > 0.9999), days 

three and twelve (p-value > 0.9999), days three and 24 (p-value > 0.9999), days six 

and twelve (p-value > 0.9999), days six and 24 (p-value > 0.9999) and days twelve 

and 24 (p-value > 0.9999). In the samples induced using the 5-Aza induction method, 

no statistically significant change in the mean expression of desmin was found 

between days three and six (p-value > 0.9999), days three and twelve (p-value > 

0.1887), days three and 24 (p-value > 0.8462), days six and twelve (p-value > 0.3255), 

days six and 24 (p-value > 0.9999) and days twelve and 24 (p-value > 0.9999). 

 

The expression of desmin in the induced and non-induced samples relative to day 

zero 

Relative to day zero (Figure 5.12), samples induced using the DH induction method 

showed that desmin was downregulated on days three (2-ΔΔCT = 0.87 ± 0.49), six (0.63 

± 0.29), twelve (1.55 ± 1.22) and 24 (0.34 ± 0.07). In samples induced using the 5-Aza 

induction method, desmin was upregulated on days three (1.008 ± 0.65-fold), six (1.36 

± 1.00), and twelve (6.23 ± 5.57), and was downregulated on day 24 (0.69 ± 0.24). 

Desmin was upregulated in the non-induced samples on days three (6.25 ± 4.51-fold), 

six (8.75 ± 7.09), twelve (7.12 ± 6.18) and 24 (1.54 ± 0.83). 
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Figure 5.12. Expression of desmin in the induced and non-induced samples relative to 
day zero.  
The relative expression (as determined using the comparative CT-method) of desmin in the 
induced samples (dexamethasone/hydrocortisone and 5-azacytidine induction methods) as 
well as the non-induced samples, is shown over a period of 24 days. Bars represent the mean 
± standard error of the mean. The sample size is represented by n=3. The x-axis is shown to 
intersect with the y-axis at 1 so that bars below the x-axis represent where the expression of 
desmin decreases as a fold-change relative to day zero, while the bar above the x-axis 
indicates an increase. 

 

The relative expression of desmin in the DH-, 5-Aza- and non-induced samples was 

also examined relative to day zero. When comparing the relative expression of desmin 

between the DH-induced samples compared to the non-induced sample, relative to 

day zero, no statistically significant change in gene expression was noted on days 

three (p-value 0.2000), six (p-value 0.2000), twelve (p-value >0.9999) and 24 (p-value 

0.4000). There was no statistically significant change in desmin expression when 

comparing 5-Aza -induced samples to non-induced samples, relative to day zero, on 
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days three (p-value 0.2000), six (p-value 0.4000), twelve (p-value >0.9999) and 24 (p-

value >0.9999). 

 

The change in the mean expression of desmin between time points within the samples 

induced using DH was analysed using the Kruskal-Wallis followed by Dunn’s post-hoc 

statistical tests. No statistical significance was found in the expression of desmin 

between days three and six (p-value > 0.9999), days three and twelve (p-value > 

0.9999), days three and 24 (p-value > 0.9999), days six and twelve (p-value > 0.9999), 

days six and 24 (p-value > 0.9999) and days 12 and 24 (p-value > 0.9999) within the 

samples induced using the DH induction method. No statistical significance was 

evident between days three and six (p-value > 0.9999), days three and twelve (p-value 

> 0.9999), days three and 24 (p-value > 0.9999), days six and twelve (p-value > 

0.9999), days six and 24 (p-value > 0.9999) and days twelve and 24 (p-value > 0.9999) 

within the samples induced using 5-Aza. No significant change in desmin expression 

was noted between days three and six (p-value > 0.9999), days three and twelve (p-

value > 0.9999), days three and 24 (p-value > 0.9999), days six and twelve (p-value > 

0.9999) and days six and 24 (p-value > 0.9999) in the non-induced samples. 

 

In summary, no amplification of MyoD or MyoG was observed and thus could not be 

analysed (see Figure G.3 for the amplification plots of the positive controls). There 

was no significant change in the expression of desmin in any condition, relative to both 

the non-induced sample and day zero and thus, no conclusions could be drawn from 

this data. 
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5.5.2. Qualitative assessment of myogenic morphological features 

 

Murine C2C12 myoblasts 

Qualitative assessments were performed using brightfield and fluorescence 

microscopy. C2C12s and PHMs were used as positive controls for myogenic 

morphology (tube-like cells that are multinucleated). Brightfield micrographs of 

C2C12s showed notable tube-like cell formation on days three and five post-induction, 

with visible multinucleation (Figure 5.13). C2C12 cells exhibited notable 

autofluorescence in brightfield images around myotubes and made it difficult to 

balance the contrast without losing resolution and the visibility of some morphological 

features. 

 

 

 

 

 

Figure 5.13. Representative brightfield micrographs of differentiating murine C2C12 
myoblasts over 5 days. 
C2C12s were induced on day 0, where cells appeared to be confluent. Yellow arrows indicate 
examples of myotubes. Images were taken at 200x magnification, and the scale bar is 
indicative of 50 μm. 

 

Fluorescent images of C2C12 myoblasts further demonstrated myotubes with visible 

multinucleation. Myotube boundaries were clearly visible when staining actin filaments 

with TRITC-phalloidin (Figure 5.14). 
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Figure 5.14. Representative fluorescent confocal micrographs of differentiating murine 
C2C12 myoblasts.  
Yellow arrows indicated visible multinucleated myotubes. Actin filaments were visualised with 
TRITC-phalloidin (red) and nuclei with 4′,6-diamidino-2-phenylindole (DAPI, blue). Images 
were taken at 200x magnification using the 20x objective. Scale bar = 50 μm. 

 

Primary human myoblasts 

In addition to serving as a positive control for myogenic morphology, PHMs were also 

used to optimise the staining of myogenic targets using ICC. PHMs were differentiated 

over seven days. Brightfield images of differentiating PHMs indicated some 

multinucleated myotubes on the day of induction (day zero) with the number of visible 

myotubes increasing over time on days three, five and seven (Figure 5.15). 
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Figure 5.15. Representative brightfield micrographs of differentiating primary human 
myoblasts.  
Yellow arrows indicated visible myotubes. Images were taken at 100x magnification. The scale 
bar was set as 50 μm. 

 

The staining procedures for the myogenic target proteins Pax 3/7, MyoD, MyoG and 

desmin was optimised on PHMs, the positive control for myogenic protein targets in 

this study. PHMs were stained for target proteins on days zero, one, three, five and 

seven. The intermediate filament desmin was co-visualised with actin fibers, and 

indicated both differentiating and differentiated cells (Figure 5.16). Desmin was vividly 

expressed in differentiating myocytes and in differentiated myotubes as meandering 

fibers that encircle the nuclei. Desmin fibers appeared to converge from either one or 

both cellular poles. 
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Figure 5.16. Representative micrographs of differentiating primary human myoblasts 
with visualised actin filaments and desmin. 
Primary human myoblasts were stained with TRITC-phalloidin (red) to visualise actin 
filaments, and rabbit anti-human desmin conjugated to anti-rabbit IgG labelled with Alexa Fluor 
(AF) 488 to visualise desmin (green). Nuclei (blue) were stained using DAPI. Images were 
taken on days 0, 1, 3, 5 and 7 using a 20x objective (200 x magnification). The scale bar was 
set to 50 μm. 

 

Pax 3/7 was detected on days zero, one, three, five and seven. However, it was most 

detectable on days zero and one with the number of positive nuclei becoming 

gradually harder to find on days three, five and seven. Additionally, more background 

was visible on days five (Figure 5.17) and seven, indicating that the signal-to-noise 

ratio was likely decreasing (Figure 5.17). 
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Figure 5.17. Representative micrographs visualising paired box proteins 3 and 7 in 
differentiating primary human myoblasts.  
Paired box proteins (Pax) 3/7 were visualised using anti-mouse IgG conjugated to Alexa Fluor 
(AF) 555 (orange). Nuclei (blue) were visualised with DAPI. Day 0 micrographs were imaged 
using the 40x objective (400x magnification), and days 1, 3, 5 and 7 were imaged on the 20x 
objective (200x magnification). Scale bar = 50 μm. 

 

MyoD and MyoG were detected on days zero, one, three, five and seven. MyoD was 

abundantly visible on days zero, one and three and became progressively less so on 

days five and seven (Figure 5.18). As with Pax 3/7, a fluorescent background became 

more apparent on days five (Figure 5.25) and seven, possibly indicating a waning 

signal-to-noise ratio and inferred a possible decrease in the expression of MyoD. 

Additionally, MyoD and MyoG co-expression was evident in multiple nuclei at every 

time point. 
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Figure 5.18. Representative micrographs visualising the transcription factors myogenic 
differentiation and myogenin in differentiating primary human myoblasts. 
Primary human myoblasts were differentiated over a period of 7 days. Myogenic differentiation 
(MyoD) was visualised using anti-mouse IgG conjugated to Alexa Fluor (AF) 555 (orange). 
Myogenin (MyoG) was visualised using anti-rabbit IgG conjugated to AF 488 (green). Nuclei 
(blue) were visualised with DAPI. Micrographs taken on day zero were done using a 40x 
objective (400x magnification), and those taken on days 1, 3, 5 and 7 with the 20x objective 
(200x magnification). Scale bar = 50 μm. 

 

Adipose-derived stromal cells 

Brightfield microscopy images of ASCs revealed no visible myotube formation at any 

time point in ASCs induced using either DH or 5-Aza based methods. No myotubes 

were visible in the non-induced cells (Figure 5.19). ASCs induced with 5-Aza appeared 

distinctly more elongated post-induction, and were less confluent at every time point 

when compared to ASCs induced using DH. Additionally, in the 5-Aza induced 

samples, few cells appeared to have the same three-dimensional tube-like shape with 

surrounding auto-fluorescence as with the myotubes seen in differentiated C2C12s 

and PHMs on day twelve post-induction. This was not observed in the DH samples. 

Interestingly, visible lipid droplet and possible adipocyte formation was observed on 

days 24, 30 and 42 in ASCs induced using DH, while none was observed in cells 

induced using 5-Aza. Non-induced ASCs had no notable features over 42 days in 

culture aside from being overly confluent with cells changing their elongated, spindle 

shape to a more compact morphology. 
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Figure 5.19. Representative brightfield micrographs of differentiating adipose-derived 
stromal cells.  
Adipose-derived stromal cells were induced using either dexamethasone/hydrocortisone (DH) 
or 5-azacytidine (5-Aza). A non-induced control was included. The red arrow indicated a tube-
like structure in ASCs induced using 5-Aza on day 12. Yellow arrows indicated visible lipid 
droplet formation in ASCs induced using DH on days 24, 30 and 42. Images were taken at 
100x magnification. The scale bar was set as 50 μm. 

 

ASCs expressing desmin were detected at all time points for both the 5-Aza and DH-

induced cells (Figure 5.20). Although it is important to note that the micrographs in 

Figure 5.20 include representative images where desmin staining was visible in ASCs, 

it does not reflect the frequency at which it was present when images were taken at 

random fields of vision. Few cells actually expressed desmin when entire coverslips 

were examined. 
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Figure 5.20. Representative micrographs showing actin filaments and desmin in 
differentiating adipose-derived stromal cells.  
Adipose-derived stromal cells (ASC) were differentiated over 24 days when ASCs were 
induced using 5-azacytidine and 42 days when induced with DH. Actin filaments were 
visualised using TRITC-phalloidin (red). Desmin was stained using anti-rabbit IgG conjugated 
to AF 488 (green) and nuclei (blue) were stained with 4′,6-Diamidino-2-phenylindole (DAPI). 
Micrographs taken with the 20x objective (200x magnification). Scale bar = 50 μm. 

 

Pax 3/7 was detected in ASCs on days six, twelve and 24 post-induction with 5-Aza 

and days twelve, 24 and 30 post-induction with DH and in non-induced cells. No Pax 

3/7-positive cells were visible on day 42 post-induction with DH or in the non-induced 

cells (Figure 5.21). The absence of the marker was likely due to a decrease in the 

expression of Pax 3/7. 

 

No MyoD or MyoG was visible in differentiating ASCs at any time point (Figure 5.22).  
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Figure 5.21. Representative images visualising the paired box proteins 3/7 in 
differentiating adipose-derived stromal cells.  
ASCs induced using 5-azacytidine were examined over 24 days, while those induced using 
dexamethasone/hydrocortisone, as well as the non-induced control cells were investigated 
over 42 days. Paired box proteins (Pax) 3/7 were visualised in cells using anti-mouse IgG 
conjugated to Alexa Fluor (AF) 555 (orange). Nuclei were stained blue with DAPI. Micrographs 
were imaged with the 20x objective (200x magnification). Scale bar was set to 50 μm
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Figure 5.22. Representative images showing the transcription factors myogenic 
differentiation and myogenin in differentiating adipose-derived stromal cells. 
Myogenic differentiation (MyoD) was stained orange using anti-mouse IgG conjugated to 
Alexa Fluor (AF) 555. Myogenin (MyoG) was stained green using anti-rabbit IgG conjugated 
to AF 488. Nuclei (blue) were stained with 4′,6-Diamidino-2-phenylindole (DAPI). Micrographs 
taken at 200x magnification with the 20x objective. Scale bar was set as 50 μm. 

 

Fusion index 

The fusion index was calculated according to Equation 5.6. The fusion index for 

C2C12s (Figure 5.23A) was determined to be 1.36% ± 3.03 on day zero, 55.70% ± 

23.10 on day three and 76.22% ± 8.45 on day five. There was a significant increase 

in myotube fusion in C2C12s on day five (p-value < 0.0100) post-induction. The fusion 

index for PHMs (Figure 5.23B) was determined for day zero (0%), day one (20.67% ± 

12.93) on day three (29.49% ± 11.72), day five (32.96% ± 11.51) and day seven 

(23.03% ± 12.86). There was a significant increase in myotube fusion on days three 

(p-value < 0.0500) and five (p-value < 0.0100). The fusion index for ASCs was 0% at 

all time points, as no multinucleated myotubes were visible on the confocal 

fluorescence images. 

 

 

 

 

 

 

Figure 5.23. Fusion indices as determined for C2C12 myoblast and primary 
human myoblast differentiation.  
A. C2C12 myoblasts were differentiated over a period of 5 days. There was a significant 
increase in C2C12 fusion on day 5. B. Primary human myoblasts were differentiated over a 
period of 7 days. Primary human myoblast fusion increased significantly on days 3 and 5 post-
induction. Significance was demonstrated as an asterisk (*), where p-value < 0.05*, p-value < 
0.0100** and p-value < 0.001***. Bars represent the mean ± standard error of the mean. The 
sample size is represented by n=5 (technical replicates). 
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C2C12s and PHMs were both used as positive controls in this study for myogenesis, 

and were demonstrated to differentiate into multinucleated myotubes. 

 

5.6. Discussion and conclusion 

 

The expression of myogenic target proteins Pax 3/7, MyoD, MyoG and desmin were 

qualitatively confirmed on the positive control, PHMs, to show that the primary and 

secondary antibodies stained their protein targets specifically and effectively. All 

protein targets were detected in PHMs differentiated over seven days, with Pax 3/7 

and MyoD appearing to visually decrease towards day five and seven. MyoG was 

visible at all time points and was co-expressed with MyoD, as MyoD induces the 

expression of MyoG (discussed in Chapter 2, section 2.7).98 The presence of MyoG 

indicated that the transcriptional programming reached a point of no return in muscle 

differentiation whereby myoblasts exits the cell cycle and fuse with other MyoG-

positive cells to form myotubes.88,100  

 

PHMs expressing desmin appeared to increase steadily over seven days with larger 

desmin-positive cells and multinucleated myotubes becoming visible. Thus, PHMs 

expressed myogenic factors, and differentiated in a manner similar to what has been 

reported in other studies involving PHM differentiation.226-229 The fusion index was 

used to evaluate myoblast fusion which was 0% at the end of the differentiation 

timeline in ASCs, as there were no myotubes visible. C2C12 myoblasts had the 

highest fusion index (79%), followed by PHMs (23%) at the end of their respective 

differentiation timelines. 

 

In this study, we attempted to differentiate ASCs into a myogenic lineage using the 

DH and 5-Aza-induction methods, and this was compared to a non-induced control. 

RT-qPCR was used to quantitatively assess the expression of desmin, MyoD and 

MyoG mRNA over time (Table 5.7).230 As MyoD and MyoG were not detected by RT-
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qPCR at any time point, this data was not analysed further. Desmin was amplified in 

all three biological replicates in every condition, at every time point. However, no 

statistically significant changes in gene expression were noted when comparing the 

DH and 5-Aza induction methods relative to either the non-induced sample or day 

zero, at any time point. Relative to the non-induced conditions the fold increase in the 

expression of desmin for both methods was negligible (less than 2-fold). However, in 

the samples induced using 5-Aza, desmin expression steadily increased up until Day 

twelve, to 6.27-fold before decreasing again on day 24. Interestingly, the highest 

relative expression was recorded in the non-induced samples, where the trend 

indicated desmin expression was highest on day three (6.25-fold), day six (8.75-fold), 

Day twelve (7.12-fold) and 1.54-fold on day 24. 

 

The reasons for the changes in the levels of expression are not known. More samples 

would need to be investigated to elucidate what the implications may be. 
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Table 5.7. Summary of RT-qPCR trends observed in the fold-expression of 
myogenic factors after adipose-derived stromal cell induction.  
Green arrows represent an increase/decrease in the fold-change in expression in 
ASCs induced with 5-azacytidine; purple arrows represent ASCs induced with 
dexamethasone/hydrocortisone and orange represent the non-induced sample. 
Coloured dots represent no change from baseline, black dots represent no 
amplification of the target. 

Relative to the non-induced sample 
 Day 0 Day 3 Day 6 Day 12 Day 24 

MyoD !!! !!! !!! !!! !!! 
MyoG !!! !!! !!! !!! !!! 

Desmin !! "" "" #" "" 
Relative to day zero 

 Day 0 Day 3 Day 6 Day 12 Day 24 

MyoD !!! !!! !!! !!! !!! 
MyoG !!! !!! !!! !!! !!! 

Desmin !!! ""# #"# ### ""# 
 

The expression of desmin has been shown to steadily increase over time in ASCs that 

have been induced into a myogenic lineage by previous studies.133 Trends in 5-Aza-

induced ASC differentiation in this study adhered to some characteristics of previously 

published data with respect to desmin expression, namely that desmin expression was 

upregulated on day six relative to day zero and on day twelve relative to both day zero 

and to non-induced samples.133,158 This observation does not provide any conclusive 

evidence that 5-Aza is a more efficient inducer of differentiation, as no statistically 

significant difference was observed, but does point to a trend that could be better 

understood with a larger sample size. No further comments could be made on the 

expression kinetics of myogenic genes in this study, with respect to ASCs induced 

using either induction method. 
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The proteins MyoD and MyoG were not detected during ASC myogenesis at any time 

point or under any culture condition. However, both Pax 3/7 and desmin were 

confirmed using ICC. Desmin is one of the first detectable markers of myogenesis, as 

is Pax 3/7 (Chapter 2, Figure 2.9). Pax 3 and 7 are considered master regulators of 

early myogenesis, and regulate the expression of MyoD (the master regulator that 

commits cells to the myogenic transcriptional program).78 MyoD then induces the 

expression of MyoG.90 The expression of desmin on the other hand appears to be 

regulated by two up-stream E-box sequences that have binding affinity for both Myf 5 

and MyoD. Desmin is upregulated before these two factors and maintains its 

expression.106 

 

It is possible that MyoD was not detected by ICC because it was below the limit of 

detection. MyoG was not detected with ICC possibly since it is a moderate to late 

marker for myogenic differentiation, and the ASCs did not progress that far down the 

myogenic pathway. The results obtained from ICC with respect to the expression of 

desmin seemed to support the results obtained from RT-qPCR in the sense that 

desmin mRNA was detected in every sample at every time point. However, the ICC 

results did not support the data generated by analysing the relative gene expression 

of desmin in the non-induced sample when normalised to day zero. In this case, the 

non-induced sample actually showed the highest fold-increase in the expression of 

desmin and yet the protein was not visible on the fluorescent images. This is possible, 

as it has been shown that mRNA transcription does not necessarily correlate with 

protein expression.231-233 A recent study by Wolmarans et al. (2021)234 identified a 

contractile cell subpopulation, with markers consistent with those expressed by 

pericytes and vascular smooth muscle cells within the heterogeneous ASC population. 

This is likely to be the reason why cells that expressed desmin mRNA were present in 

the non-induced sample. This then raises the question as to whether the cells that 

displayed some myogenic differentiation were truly ASCs and not simply vascular 

smooth muscle cells that were present during the initial ASC isolation and in 

subsequent cell populations that were used in the course of this study. 
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With respect to relative gene expression analysis in this study, all p-values were 

greater than 0.05. In some cases, SEMs were relatively large in proportion to the 

sample means. What this indicated was that the sample size was too small to 

overcome the biological variation between samples with regard to providing 

statistically meaningful results. The combination of these two factors meant that 

statistically, no conclusion could be made as to which of the myogenic differentiation 

media was most effective at inducing myogenesis with respect to the non-induced and 

day zero controls. In order to make such a conclusion in the future, the solution might 

be for future studies to increase the sample size from three biological replicates to at 

least five or more. Addressing inter-sample variation might be more difficult, as ASCs 

are primary cells with an inherent heterogeneity. A solution might be to sort cells prior 

to conducting differentiation studies, and for cells to be excluded based on markers 

expressed on other cell populations such as CD56 (skeletal muscle cell precursor), 

CD146 (a pericyte marker) or α-smooth muscle actin (smooth muscle cells).235-237 

 

In this study, ICC micrographs were only qualitatively assessed. However, in order to 

gain maximal data from fluorescence images, these might also be semi or 

quantitatively assessed depending on the application.238 However, to do this, 

micrographs need to be visualised under the same conditions and software settings. 

In this study, it was not possible to generate fluorescence images using the same 

software settings. This was due to several complications that included slight changes 

to laser power, gain and aperture in order to visualise every element as clearly as 

possible. While doing this may result in clearer images, it limits the analysis of these 

images to qualitative investigation. To try and work around this, other solutions were 

explored but these also had inherent limitations, and ultimately could not be used 

(Table 5.8). 
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Table 5.8. Methods that could potentially have been used to quantitatively assess fluorescence images.  
Several methods were considered in order to assess images quantitatively, but were met with several limitations that have been listed 
below. 

Image data analysis 
method 

Limitations 

Determining the % of 
cells positive for 
specific markers 

relative to the total 
number of cells 

● The frequency of cells positive for markers such as desmin captured within different fields of view was exceptionally low. 

Thus, if the analysis was based on 5 images that all included positive cells (as was the case in this study) the results would 

not accurately represent the entire data set 
● Artefacts of cell culture may influence this result because: 

o ASCs are heterogenous primary cells with differing proliferation rates and differentiation capabilities. Therefore, some 

coverslips may have more cells, and subsequently more marker-positive cells 

o Slight errors in seeding cells may cause some coverslips to start with more or less cells 

o Uneven adhesive coating of the coverslips may cause cells to adhere better in some sections and lift in others, 

resulting in a different number of cells 

Determining the 
absolute number of 
cells per coverslip 

that are positive for a 
specific marker 

● Artefacts of cell culture (as above) 

● The coverslips will be subjected to long exposure times in order to detect positive cells, which may cause the fluorescence to 
quench, and some low-signal targets to be lost. 

● The counter may simply miss positive cells whilst going through the coverslip 

● The total number of nuclei per coverslip would need to be determined (and it was not done in this study), in order to correct 

for and normalise culturing artefacts 

Measuring 
fluorescence 

intensity 

● Laser power and gain were constantly adjusted in this study, which meant that no image could be compared in terms of 

fluorescence intensity 
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● Tetramethylrhodamine (TRITC)-phalloidin (usually imaged on the 561 nm laser of the confocal microscope) was slightly 

detectable in the 488 nm laser channel. This could be corrected for by simply reducing the gain, laser power and adjusting 

contrast settings but it could not remove the background fluorescent signal from the metadata. Thus, any values obtained 

from fluorescent intensity would have included the fluorescence from the TRITC-phalloidin. 

Normalising 
histograms 

● Histograms generated using the metadata of every image could have been normalised to all be within the same range to 

make the intensities relative to each other and make them comparable 
● This would generate relative pixel values within each image in terms of their ‘brightness’ 

● This method was limited because it assumes that the distribution of light intensity values for each image would follow a 

normal distribution. This in turn could be influenced by various staining or morphological irregularities such as the formation of 

lipid droplets, the fluorescence of cell debris or contaminating dust or clumps that could spike or cause irregular fluorescence 

(outlier pixel values) 

● Time and labour intensive to do whilst also requiring a specialised skill set (computational photography) 
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According to the ASC myogenesis modelling studies published by Huri et al. (2014)158 

and Deshpande and Spector (2017)160 (Chapter 2, Figure 2.10), ASCs that adopt the 

myogenic program will first express Pax 3/7 (stage zero and one), then desmin (stage 

two, three, four and five), while MyoD becomes expressed during stage three of 

differentiation, and MyoG during stage four and five. Based on the presence of both 

desmin and Pax 3/7, ASCs in this study thus only differentiated as far as stage two. 

Trends in desmin expression indicated that day twelve post-induction may signal a 

change in the myogenic transcriptional programming. Desmin was increased on this 

day for the 5-Aza-based induction method relative to the non-induced sample. 

Similarly, relative to day zero, desmin expression appeared to peak with both induction 

methods as well the non-induced methods on day twelve However, as previously 

discussed, the lack of statistical significance does not provide any conclusive 

evidence, and future studies should further investigate the trend that was observed in 

this study. For myogenic differentiation to progress in vitro, Huri and collogues158 as 

well as Deshpande and Spector (2017)160 suggested that both MyoD and later MyoG 

needs to accumulate above a certain threshold (the definition of which remains unclear 

from the literature). It is then possible to infer based on their research, that MyoD did 

not reach the necessary threshold to further propagate myogenic differentiation in the 

ASCs induced to differentiate in this study. 

 

ASCs were expanded in pHPL, differentiated using two previously published myogenic 

induction methods, and assessed quantitatively using RT-qPCR and qualitatively 

using ICC. Only the muscle-specific intermediate filament desmin was confirmed using 

RT-qPCR and ICC, while the presence of both desmin and Pax 3/7 was confirmed 

using ICC. This indicated that ASC myogenesis only progressed as far as stage two. 

No conclusions could be drawn from the results obtained in this study due to high inter-

sample variability and low sample number. 

 

This concludes chapter 5. The following Chapter 6 concludes the dissertation. 
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Chapter 6: Concluding remarks and future perspectives 
 

Chapter 6 includes an in-depth discussion of particulars highlighted in the previous 

chapters. This chapter concludes the dissertation with all conclusions, limitations and 

future perspectives discussed. 

 

The multipotent properties of ASCs have made them attractive for cell-based therapies 

and regenerative medicine. ASCs can classically, upon exposure to various 

combinations of chemical compounds, differentiate into adipogenic, osteogenic and 

chondrogenic cell types. Myogenesis of human ASCs has previously been 

demonstrated by few researchers (Chapter 2, Table 2.3) using 

dexamethasone/hydrocortisone or 5-Aza differentiation media, and as such there is 

little literature to draw from. The aim of this study was to optimise the myogenic 

differentiation of ASCs. ASCs were isolated from adipose tissue, immunophenotyped, 

expanded and induced to differentiate over either 24 days (5-Aza-based method) or 

42 days (dexamethasone/hydrocortisone-based method). Only the two previously 

published methods were considered, and not the individual constituents. The 

subsequent myogenic differentiation was then assessed using RT-qPCR and ICC. 

 

Cells used in experiments were investigated using flow cytometry to ensure that they 

expressed surface markers characteristic of ASCs. The immunophenotype of ASCs 

used in this study was CD90+CD73+CD44+CD36+CD34variableCD105+CD45-. The 

largely negative expression of CD105 observed in the ASCs of this study did not 

compare to studies done previously at the ICMM.164,177,203 As previously discussed in 

Chapter 4 (section 4.6), the main variable considered with respect to this finding was 

the addition of AmB. Briefly, ASCs may have been affected due to the AmB added to 

the expansion and induction media to prevent fungal contamination of the cells. A 

study by Skubis et al. (2017)205 reported downregulation in the expression of CD105 

in ASCs treated with AmB.  
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Different liposuction methods were also considered. However, studies have shown 

that while different liposuction techniques may influence ASC yield, they do not 

influence viability, proliferation, or differentiation capacity.239-241 What was not 

investigated in this study was whether the downregulation of CD105 observed in the 

majority of cells, affected differentiation. Incidentally, a study by Jin et al. (2009)242 

suggested that the downregulation of CD 105 is associated with multilineage 

differentiation. However, no studies have been done with respect to the expression of 

any phenotypic marker and ASC myogenic potential. This represents a research area 

that future studies could potentially explore, as a study from Anderson et al. (2013)243 

involving MSCs from other sources has suggested that CD105- MSCs may have 

higher adipogenic and osteogenic potential than CD105+ MSCs. If CD105 can affect 

the potential of MSCs to differentiate into the classical lineages, then it may also affect 

the non-classical myogenic lineage, but that hypothesis has yet to be investigated. 

 

Myogenesis was successfully achieved using the positive controls (C2C12 and 

PHMs). The PHMs expressed all myogenic markers over the 7-day differentiation 

period, and this allowed myogenic assays to be optimised (Appendix G). The fusion 

index indicated efficient differentiation was taking place in both cultures, with C2C12s 

achieving the highest fusion followed by the PHMs. Both cell lines had clear 

multinucleated myotube formation, as shown by brightfield and fluorescent 

micrographs. In contrast, the ASCs did not effectively differentiate into a myogenic 

lineage. RT-qPCR and ICC results indicated that the ASCs in this study did not 

express MyoD or MyoG at any time point or under any induction condition. Desmin 

was the only myogenic target that was detected using both RT-qPCR and ICC, while 

Pax 3/7 was observed from day six by ICC using both induction methods (Chapter 5, 

Table 5.11). The findings in this study with respect to the expression of MyoD and 

MyoG were contrary to what has been reported in previous studies on human ASC 

myogenesis for both induction methods, while desmin was the only marker expressed 

similarly.130,131,133,135,136,158,159,244 Most studies reported the presence of MyoD, MyoG 

and desmin within one week of induction when induced using the 

dexamethasone/hydrocortisone-based method.130,131,136  
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In this study, MyoD and MyoG were not detected, while desmin and Pax 3/7 were 

confirmed in the first week after differentiation. In other studies where ASCs were 

induced using the 5-Aza-based method, the presence of Pax 3/7 was confirmed in the 

first week of differentiation and became less frequently detected in cells thereafter. 

MyoD was confirmed after two weeks and desmin within one.133,135,158,159,244 The 

results indicate that the PHMs differentiated to at least stage 6 (multinucleated 

myotubes were visible) whilst ASCs only reached stage two according to the models 

(Chapter 2, Figure 2.10) described by Huri et al. (2014)158 and Deshpande and Spector 

(2017).160 

 

Literature in which human ASCs have been differentiated into a myogenic lineage is 

scarce. The studies that reported this process in human cells are summarised in 

Chapter 2, Table 2.3. In addition, the techniques, induction media and myogenic 

markers investigated differ, making robust comparisons between studies challenging. 

The lack of standardisation and challenges in experimental reproducibility in this study 

as well as the literature, speak to well-known limitations associated with ASCs 

(discussed in Chapter 2). These limitations have yet to be addressed, and future 

studies on ASC myogenesis should endeavour to bring more standardisation with 

respect to different assays used, reference gene selection in RT-qPCR, and target 

molecules which need to consistently be included and differentiation culture 

procedures. However, methods recently outlined by Huri et al. (2018)159 provide a 

potential basis for standardisation of ASC myogenesis, but this has yet to be applied 

routinely. 

 

Part of the objectives of this study were to initiate a GMP-compliant protocol by 

expanding ASCs in pHPL, a human alternative to FBS. Although exploring human 

alternatives was not the focus of this study, previous studies in our laboratory have 

shown it to be an effective medium supplement for expansion.164 Additionally, studies 

have not provided conclusive evidence that it significantly affects ASC 

differentiation.170-172 However, these studies focused on classical lineages and not 
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myogenesis. With the limited differentiation observed in this study, it cannot be 

excluded that expanding ASCs in pHPL did not potentially affect their myogenic 

differentiation ability. Dessels et al. (2019)245 reported significant differences in the 

transcriptome of ASCs expanded in medium supplemented with pHPL as compared 

to those expanded in medium containing FBS. Specifically, these differences were 

observed in genes involved in the cell cycle, division, and proliferation, while ASCs 

propagated in FBS displayed an upregulation in genes involved in the formation of 

extracellular matrix.245 Even though myogenic differentiation occurred in medium 

supplemented with FBS and HrS, it is not clear whether the transcriptomic differences 

brought about during the expansion phase persist even after induction. This is 

especially relevant when considering the expression of myogenic regulators such as 

MyoD, which are closely linked to the cell cycle (discussed in Chapter 2).96 This 

represents another research area future studies could investigate in terms of medium 

supplementation and lineage-specific effects. Future studies involving ASC 

myogenesis should first focus on ASC differentiation using media supplemented with 

FBS only during the expansion phase, and without the addition of AmB in order to 

elucidate whether the aforementioned two variables might affect myogenic 

differentiation. 

 

In Chapter 2, MSC heterogeneity was described in terms of tissues of origin and 

differentiation capacity. BM-MSCs are known to have higher osteogenic and 

chondrogenic potential than ASCs.246 ASCs display more efficient adipogenic 

differentiation potential than BM-MSCs.247 In single-cell and bulk-RNA studies, Zhou 

et al. (2019)248 demonstrated that ASCs have lower transcriptomic heterogeneity when 

compared to BM-MSCs. The idea that cells can be genetically ‘primed’ to differentiate 

into a particular lineage by the conditions in their microenvironment is not new. Xie et 

al. (2013)249 demonstrated that equine ASCs and BM-MSCs had similar tri-lineage 

differentiation potential. However, adipogenic genes were upregulated to a greater 

degree and more rapidly in ASCs whilst osteogenic genes were highly upregulated 

BM-MSCs. Furthermore, Monaco et al. (2012)250 showed that ASCs had superior lipid 

metabolism to BM-MSCs and demonstrated that ASCs expressed significantly lower 
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osteopontin than BM-MSCs. Their results confirmed findings from Vishnubalaji et al. 

(2012)251 and demonstrated that ASCs may differentiate into an adipogenic lineage 

with more proclivity than BM-MSCs. Xu et al. (2017)55 further demonstrated that the 

methylation status of lineage specific promoters differed between sources. Adipogenic 

promoters were hypomethylated in ASCs, while osteogenic promoters were 

methylated and vice versa in BM-MSCs.55  

 

While these studies have mostly focused on comparisons between ASCs and BM-

MSCs with respect to classical lineages, one study did investigate myogenic potential 

between different MSC sources. Meligy et al. (2012)134 investigated the myogenic 

potential of rat-derived ASCs, BM-MSCs and muscle-derived (MD)-MSCs using the 5-

Aza-based induction method. MD-MSCs were shown to have the highest myogenic 

potential, followed by BM-MSCs and lastly ASCs. Results from these studies further 

strengthen the argument that MSCs may already be genetically primed to a specific 

lineage depending on their location of origin. Lineage priming could therefore be a 

potential reason for the poor differentiation of ASCs into muscle observed in this study. 

Tissue source should therefore be considered for future myogenic differentiation 

studies. 

 

Interestingly, lipid droplets were observed from day twelve in ASCs induced with 

dexamethasone/hydrocortisone, indicating that adipogenesis was taking place. This 

may be explained by firstly considering that ASCs were isolated from lipoaspirates and 

more readily differentiate into an adipogenic lineage. Secondly, dexamethasone is a 

primary chemical component in adipogenic induction and upregulates adipogenic 

factors such as PPARγ and C/EBPα and β.122 Thirdly, the SVF is a heterogeneous 

population of cells and pre-adipocytes may have been seeded along with the ASC cell 

population.252 Adipogenesis happens spontaneously upon confluency,253 and the 

appearance of lipid droplets coincided with ASC confluency post-induction in this 

study. Additionally, Seo et al. (2018) co-cultured adipocytes and C2C12s and 

demonstrated that adipogenesis, via an autocrine pathway involving interleukin (IL)-6, 
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inhibited C2C12 myogenic differentiation. This suggests that myogenic differentiation 

may have been impaired in the ASCs induced using the 

dexamethasone/hydrocortisone-based induction method. Future studies should aim 

to explore the interplay between the different lineages using methods such as high 

through-put screening (eg. micro-arrays or single cell RNA-sequencing) to understand 

the complex dynamics of ASC differentiation, which to date are still not well 

understood.254 

 

Myogenesis is a complex process involving multiple transcription factors. Post-natal 

myogenesis is facilitated by Pax 7+/MyoD- satellite cells, the native population of adult 

stem cells in skeletal muscle. Upon exercise or trauma-induced injury, satellite cells 

are activated to repair muscle injury before returning to a quiescent state.255 Injury 

creates an inflammatory environment, where neutrophils and macrophages gather to 

mitigate the injury. Cytokines from macrophages (e.g. tumour necrosis factor – alpha 

(TNF-α)) recruit and activate surrounding satellite cells.256 Satellite cells have a 

perpetually active Myf 5 locus, indicating their readiness to differentiate down the 

myogenic pathway.257 Upon recruitment and activation, Pax 7 becomes 

downregulated and MyoD upregulated to subsequently propagate the myogenic 

differentiation pathway (discussed in detail in Chapter 2).257 What is crucial to note is 

that satellite cells in vivo are activated partly in response to mechanical influences 

(exercise or trauma-induced stretching or tearing). The same may be said for 

myogenesis in vitro, where studies have shown that myogenesis may be significantly 

enhanced under dynamic conditions, using uni-axial strain or mechanical stretching.258 

Huri et al. (2013, 2014, 2018)133,158,159 demonstrated unequivocally that mechanical 

induction is essential to promote myogenesis to terminal stages (stages 5 and 6) in 

ASCs. Huri and colleagues found that the expression between myogenic markers Pax 

3/7, MyoD and desmin was significantly higher in ASCs induced using both chemical 

and mechanical methods.133,158,159 Additionally, the expression of Pax 3/7, MyoD and 

desmin was detected earlier than observed under static conditions. Additionally, MHC 

(a terminal marker for myogenic differentiation not investigated in the present study) 
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was upregulated and confirmed using ICC in ASCs induced under dynamic conditions, 

which was not detected under static conditions.133,158,159  

ASCs induced under dynamic conditions had visible multinucleated myotube 

formation and cellular alignment, whilst ASCs under static conditions had a random 

distribution and significantly fewer multinucleated cells.133 A recent study by Ergene et 

al. (2020)259 further confirmed the findings by Huri and colleagues. ASCs were seeded 

onto three-dimensional scaffolds, induced using 5-Aza under dynamic conditions, and 

subsequent differentiation compared to cultures induced under static conditions. Only 

those induced under dynamic conditions expressed MyoD, MyoG, desmin and MHC. 

The results from these studies demonstrate that mimicking the in vivo physiological 

and structural environment is an essential component in efficient ASC myogenic 

differentiation. Huri et al. (2013)133 also confirmed that mechanical induction alone 

cannot induce myogenesis, and that the combination of chemical and mechanical 

induction is necessary. In this study, ASCs were induced under static conditions using 

chemical induction only. Absence of mechanical input is likely the second contributing 

factor to the low levels of myogenesis observed in this study. Future studies should 

endeavour to implement the mechanical component in order to effectively study ASC 

myogenesis in vitro. 

 

This study aimed to optimise the myogenic differentiation of ASCs but did not succeed 

beyond stage two of myogenesis. However, it did succeed in optimising methods that 

may be used for the evaluation of in vitro myogenesis in the future, with minor 

adjustments and limitations using positive controls. Future studies might consider 

adjusting the ASC immunophenotypic panel to either substitute CD105 or add an 

additional marker such as CD13 (a multifunctional aminopeptidase), which according 

to Bourin et al. (2013)69 is more consistently expressed on MSCs than CD105 (shown 

to have variable expression).260 Wolmarans et al. (2021).234 previously demonstrated 

the heterogeneity of cells plated from the SVF, which included smooth muscle cells. 

Sorting ASCs from the SVF using fluorescence-activated cell sorting (FACS) could be 

used to begin with pure populations of ASCs, excluding contaminating cell types 

already expected to express myogenic markers.  
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In this study, RT-qPCR of cDNA obtained from bulk-isolated RNA was performed. Bulk 

RNA sequencing measures average gene expression levels from the entire population 

of cells; tissue complexity and cell heterogeneity may interfere with detecting 

differential gene expression.261 Although computational and statistical software and 

algorithms exist to mitigate the variability that may be present in bulk RNA, they have 

some limiting assumptions. They require prior knowledge of the expression kinetics of 

the genes of interest in the specific cell type, cell population compositions and a list of 

pre-selected and verified reference genes.261 While the latter was employed in this 

study, it does not rectify the averaging artefacts that comes with using bulk-RNA. Two 

ways to mitigate these limitations in future studies may be to introduce additional 

technical replicates in the RNA isolation process instead of pooling RNA from multiple 

wells, or to use single cell analysis. Additionally, in order to gain an understanding of 

the efficiency of myogenic differentiation and protein expression kinetics, future 

studies may opt to include flow cytometry to capture data at a single cell level. The 

presence of myogenic target proteins was assessed qualitatively using ICC because 

of changes to software parameters during imaging which made semi-quantitative data 

collection impossible. Future studies should endeavour to take images using the same 

software parameters in order to obtain semi-quantitative data.  

 

No conclusion could be drawn with regard to selection of the best myogenic induction 

medium as none of the data generated for this study revealed statistically significant 

differences. Biological variance and a small sample size may have contributed to the 

statistical insignificance observed in this study. Future studies should include a larger 

sample size to improve on statistical power and to better compensate for the inherent 

biological variance present in primary cells. In this study, ASCs were isolated, 

characterised according to a standardised panel, induced to differentiate into a 

myogenic lineage using two different methods and that differentiation assessed using 

various methods. ASCs were expanded in pHPL to introduce some GMP-compliance 

in the protocol. The main aim of this study was to optimise and establish the methods 

pertaining to ASC myogenic differentiation using two previously published induction 

methods. As ASCs did not differentiate into a myogenic lineage, this aim could not be 
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fully met. However, the accompanying assays were sufficiently optimised, with 

multiple areas highlighted where improvements can be made for future studies. The 

myogenic potential of ASCs are undeniable, but requires very specific chemical and 

mechanical conditions to effectively induce myogenesis in vitro and should be 

incorporated in future studies of this nature. 

 

This concludes Chapter 6, and the dissertation. 
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Appendices 
 

Appendix A: University of Pretoria approval from the Research Ethics 

Committee 
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Appendix B: University of Pretoria approval from the Animal Ethics Committee 
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Appendix C: SANBS ethical approval for the use of pHPL 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

153 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

154 

 

 

Appendix D: University of Pretoria ethical approval for the use of freshly isolated 

ASCs 

 

The amendment included approval for the use of freshly isolated ASCs for this project, 

as well as others at the ICMM. 
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Appendix E: Informed consent document presented to patients when ASCs are 

collected for isolation 
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Appendix F: Minimum Information for Publication of Quantitative Real-Time 

PCR Experiments 

 

F.1. Introduction 

The MIQE guidelines described by Bustin et al. (2009)214 aimed to target the reliability, 

reproducibility, integrity and transparency of research and experimental procedures. It 

describes the minimum amount of information that is necessary to be included with 

manuscripts for publication, to evaluate data generated using qPCR. It allows 

reviewers and the scientific community to assess the validity of the assays and 

protocols used.214 The guidelines were established to address the publication of 

inconsistent, misleading and irreproducible results.262 The information required by the 

MIQE guidelines to be included as supplementary information to manuscripts and 

publications include: experimental design, sample information, nucleic extraction 

particulars, reverse transcription, qPCR target information, qPCR oligonucleotide 

particulars, qPCR protocol, qPCR validation and data analysis. This study aimed to 

adhere to the MIQE guidelines as was possible. All information labelled by the MIQE 

guidelines as ‘essential’ has been included in this document. 

 

F.2. Experimental design 

For experimental design particulars, please refer to Chapter 5, section 5.3.4 and 5.3.9. 

 

F.2.1. Definition of experimental and control groups and numbers within each group 

Three ASC biological replicates were used in the course of this study, and each 

replicate was run in three technical repeats for every time point and culture and 

induction condition. These included the 5-Aza- and dexamethasone/hydrocortisone-

based induction methods, as well as a non-induced control. PHMs were used to 

optimise myogenic target gene annealing temperatures and melt curves (to 
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demonstrate specific binding). Additionally, PHMs were included on every qPCR plate 

as a positive control for each target gene in three technical replicates. 

F.3. Sample 

F.3.1. Description 

RNA was extracted from both ASCs and PHMs. In the ASCs, RNA was extracted from 

samples induced using the 5-Aza and dexamethasone/hydrocortisone-based 

induction methods as well as from non-induced cells (control). RNA was extracted at 

the following time points: days 0, 3, 6, 12 and 24 (5-Aza-based induction methods) 

and additional days 30 and 42 for the dexamethasone/hydrocortisone-based induction 

method and the non-induced ASCs. 

 

F.3.2. Microdissection or macrodissection 

The samples were not subjected to micro- or macrodissection. 

 

F.3.3. Processing 

For sample processing please refer to Chapter 5, sections 5.3.6, 5.3.7, 5.3.8 and 5.3.9. 

 

F.3.4. If frozen – how and how quickly? 

Sample cryopreservation has been described in Chapter 5, section 5.3.6, 5.3.7 and 

5.3.8. 

 

F.3.5. If fixed – how and how quickly? 

Samples were not fixed. 
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F.3.6. Storage 

RNA extraction was performed immediately after trypsinisation (0.25% 

Trypsin/EDTA). The extracted RNA was then stored at -80oC until cDNA could be 

synthesised. cDNA was stored at -20oC until it was used for RT-qPCR. 

 

F.4. Nucleic Acid Extraction 

Total RNA was extracted according to the method described in Chapter 5, section 

5.3.7. 

 

F.4.1. DNase or RNase treatment 

No DNase or RNase treatment was performed. 

 

F.4.2. Contamination assessment 

NRT controls generated during the cDNA synthesis process was used to assess gDNA 

contamination. The reference gene YWHAZ was used in the reaction master mix to 

identify potential gDNA contamination (Figure F1). 
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Figure F1: Amplification plots for no reverse transcriptase controls.  

The reference gene tyrosine 3-monooxygenase/tryptophan 5-monooxygenase 
activation protein, zeta (YWHAZ) was used to detect genomic deoxyribonucleic acid 
(gDNA) contamination using 2 ng/μl of template. Some no reverse transcriptase (NRT) 
control samples were amplified at 35 or more cycles, indicating gDNA was present. 

 

Most gDNA contamination was present at CT!"#$%&'()*(+(,-.(/0%'(#12(3456(7&'%$/'(

/0#/(8&7&(#9:$;*;&<(#=)"&(,-(>2>$&'(8&7&(&?>$%<&<(*7)9(#1#$2';'@(A1('#9:$&'(80&7&(

/0&(B6C(#9:$;*;&<(;1(#/($&#'/(/8)(/&>01;>#$(7&:$;>#/&'(#/(>2>$&(1%9=&7'(=&$)8(,-(8&7&(

&?>$%<&<(*7)9(#1#$2';'@ 

 

F.4.3. Nucleic acid quantification, purity and integrity 

Refer to Chapter 5, section 5.3.7 for sample preparations and instruments used. Refer 

to Table F1 for the concentrations and integrity values for all the RNA extracted in this 

study.
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Table F1. Total ribonucleic acid extraction concentrations and integrity values.  

Total ribonucleic acid extracted from adipose-derived stromal cells in this study, and measured first using the Nanodrop® ND 1000 
spectrophotometer and the Aligent Tapestation® 2200. 

 NanoDrop® ND 1000 spectrophotometer Tapestation® 2200 

Culture Time point 
(day) Sample 260/280 230/260 ng/μl Rin value ng/μl 

A150817 

0 Day zero 1 2,06 0,8 213,4 9,6 212 
 Day zero 2 2,03 0.39 185,25   

1 DH 2,05 1,6 231,4   
 5-Aza 2,08 0,58 127,05   
 Not induced 1 2,06 1,51 163,29   
 2 2,06 0,86 171,57   

3 DH 2,04 1,58 287,3 10 74,4 
 5-Aza 2,07 1,18 214,91 9,6 207 
 Not induced 2,06 0,9 318,39 9,9 279 

6 DH 2,05 0,68 350,16 9,9 248 
 5-Aza 2,07 2,1 914,53 9,9 384 
 Not induced 2,06 1,64 332,5 10 308 

9 DH 2,05 1,55 334,7   
 5-Aza 2,09 1,77 846,63   
 Not induced 2,07 0,82 246,09   

12 DH 2,06 0,75 227,16 9,6 415 
 5-Aza 2,05 1,44 304,03 9,4 299 
 Not induced 2,06 0,67 73,03 9,4 53,4 

18 DH 2,06 1,67 344,79   
 5-Aza 2,08 2,2 1094,08   
 Not induced 2,05 1,61 333,62   

24 DH 2,07 2,02 632,6 9,6 612 
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 5-Aza 1 2,02 1,73 432,55 9,7 279  2 2,04 0,92 281,76 
 Not induced 1 2,06 0,99 215,55 9,7 114  2 2,1 0,49 72,78 

30 DH 2,05 1,66 321,58 9,8 372 
 5-Aza 2,09 1,75 531,18   
 Not induced 1 2,09 0,87 152,47 9,8 78,4  2 2,16 0,26 44,96 

36 DH 2,06 0,73 207,98   
 Not induced 2,03 2,1 374,64   

42 DH 2,05 1,44 322,76 9,7 224 
 Not induced 2,06 1,02 257,84 10 169 

A280617 

0 Day zero 2,06 0,26 52,97 9,8 64 
1 DH 2,05 1,42 196,9   
 5-Aza 2,03 0,77 57,36   
 Not induced 2,05 0,93 103,4   

3 DH 2,04 1,35 267,52 9,9 428 
 5-Aza 2,06 0,74 196,04 10 302 
 Not induced 2,05 1,08 214,22 10 302 

6 Dex/Hydro 2,03 0,56 101,97 10 127 
 5-Aza 2,08 0,58 68,43 10 83,4 
 Not induced 1,96 0,41 31,91 10 38,1 

9 DH 2,09 1,77 228,42   
 5-Aza 2,1 0,46 81,42   
 Not induced 2,23 0,25 30,23   

12 DH 2,08 1,34 71,45 10 99 
 5-Aza 1,79 0,17 10,65 9,9 25,9 
 Not induced 2,5 0,05 5,49 10 28,2 

18 DH 2,07 0,66 110,64   
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 5-Aza 2,07 0,73 82,1   
 Not induced 2,03 0,4 32   

24 DH 2,06 1,61 262,7 9,9 406 
 5-Aza 2,04 0,26 20,87 9,8 38,2 
 Not induced 2,07 0,85 144,67 9,9 215 

30 DH 2,04 1,09 179,82 10 269 
 5-Aza 2,04 1,12 302,14   
 Not induced 1,92 0,26 25,03 10 29,7 

36 DH 2,09 0,76 163,11   
 Not induced 2,02 0,25 15,59   

42 DH 2,14 1,41 117,68 10 101 
 Not induced 2,2 0,68 18,69 10 14,6 

A091019 

0 Day zero 2,05 0,63 83,41   
  2,04 1,93 361,2 9,8 398 

1 DH 2,07 1,75 231,59   
 5-Aza 2,07 1,19 66,7   
 Not induced 2,04 1,81 352,58   

3 DH 2,09 1,78 852,31 10 212 
 5-Aza 2,06 1,7 163,16 9,9 189 
 Not induced 2,04 1,22 294,81 9,9 339 

6 DH 2,09 1,9 1114,47 9,9 569 
 5-Aza 2,06 1,79 238,84 10 305 
 Not induced 2,09 2,03 775,65 10 194 

9 DH 2,02 1,62 426,66   
 5-Aza 2,05 1,82 329,22   
 Not induced 2,07 1,82 114,81   

12 DH 2,07 2,18 921,81 9,9 462 
 5-Aza 2,06 2,2 763,63 10 452 
 Not induced 2,07 1,74 152,51 10 204 
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18 DH 2,07 2,22 1002,23   
 5-Aza 2,08 2,17 625,08   
 Not induced 2,07 1,9 105,77   

24 DH 2,1 2,18 1124,42 9,9 468 
 5-Aza 2,06 2,16 387,57 9,8 593 
 Not induced 2,03 0,46 23,61 10 25,3 

30 DH 2,08 2,22 1047,9 9,9 287 
 5-Aza 2,09 1,75 764,68   
 Not induced 2,07 0,2 74,47 9,9 76,2 

36 DH 2,07 2,22 878,4   
 Not induced 2,02 1,72 61,29   

42 DH 2,06 2,18 1665,03 9,9 362 
 Not induced 2,07 1,55 58,77 10 71,2 

5-Aza: 5-azacytidine; DH: dexamethasone/hydrocortisone 
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RNA integrity values were generated before cDNA was synthesised, using the 

Tapestation® 2200 from Aligent Technologies (Santa Clara, California, USA; Figure 

F.2). 

 

F.4.5. Inhibition testing 

No inhibition testing was performed. 

 

F5. Reverse Transcription 

Please refer to Chapter 5, section 5.3.8 for the particulars surrounding the reverse 

transcription step. The SensiFastTM cDNA synthesis kit (Bioline, London, England) 

was used to reverse transcribe mRNA into cDNA. The kit provides no information other 

than the following quoted product excerpt: “one unit catalyses the incorporation of 1 

nmol of dTTP into acid- soluble material in 10 min at 370C in 50nM Tris-HCL, pH8.6, 

40nm KCl, 1mM MnSO4, 1 mM DTT, and 0.5 mM [3H]TTP, using 200 μM oligo(dT)12-

18-primed poly(A)n as template.” 

 

F.5.1. cDNA Quantification & Purity Check 

Refer to Chapter 5, section 5.3.8, and Appendix G (method optimisation) for all the 

particulars surrounding cDNA synthesis, measurement and purity. The NanoDrop® ND 

1000 spectrophotometer was used to determine the A260/A280 ratio for cDNA. cDNA 

A260/A280 ratios ranged between 1.75 – 1.91.  

 

F.5.2. Quantitation cycle (Cq) values with and without reverse transcriptase (RT) 

NRTs were produced for every sample and the reference gene YWHAZ was used to 

detect gDNA contamination, with a template concentration of 2 ng/μl. The results 

obtained have been summarised in Table F.3, whilst Figure F.1 visually represents 

the results. 
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Table F.3: No reverse transcriptase control cycle numbers.  

Every sample had a corresponding no reverse transcriptase control.  

A091019 A150817 A280617 

Sample NRT CP 
value Sample NRT CP 

value Sample NRT CP 
value 

D0 NRT 35.72 D0 NRT ND D0 NRT 34.04 
D0 NRT 35.86 D0 NRT ND D0 NRT 36.13 
D0 NRT ND D0 NRT ND D0 NRT ND 

D3 DH NRT ND D3 DH NRT ND D3 DH NRT 37.08 
D3 DH NRT ND D3 DH NRT ND D3 DH NRT ND 
D3 DH NRT 37.33 D3 DH NRT ND D3 DH NRT ND 
D6 DH NRT ND D3 5AZA NRT ND D6 DH NRT ND 
D6 DH NRT 36.28 D3 5AZA NRT 37.58 D6 DH NRT 34.73 
D6 DH NRT 35.66 D3 5AZA NRT 36.13 D6 DH NRT ND 

D3 5AZA NRT 35.65 D3 NI NRT ND D3 5AZA NRT 35.70 
D3 5AZA NRT 35.88 D3 NI NRT ND D3 5AZA NRT 35.61 
D3 5AZA NRT ND D3 NI NRT 35.48 D3 5AZA NRT ND 
D6 5AZA NRT 35.83 D6 DH NRT 35.97 D6 5AZA NRT ND 
D6 5AZA NRT 40.00 D6 DH NRT 35.85 D6 5AZA NRT ND 
D6 5AZA NRT ND D6 DH NRT ND D6 5AZA NRT ND 

D3 NI NRT ND D6 5AZA NRT ND D3 NI NRT ND 
D3 NI NRT ND D6 5AZA NRT 34.76 D3 NI NRT 35.87 
D3 NI NRT 35.67 D6 5AZA NRT 34.76 D3 NI NRT ND 
D6 NI NRT ND D6 NI NRT ND D6 NI NRT ND 
D6 NI NRT ND D6 NI NRT 39.57 D6 NI NRT ND 
D6 NI NRT 36.73 D6 NI NRT ND D6 NI NRT ND 

D12 DH NRT 35.79 D12 DH NRT 40.00 D12 DH NRT ND 
D12 DH NRT ND D12 DH NRT ND D12 DH NRT 37.59 
D12 DH NRT ND D12 DH NRT 35.83 D12 DH NRT ND 

D12 5AZA 
NRT ND D12 5 AZA 

NRT ND D12 5AZA 
NRT ND 

D12 5AZA 
NRT ND D12 5 AZA 

NRT ND D12 5AZA 
NRT ND 

D12 5AZA 
NRT ND D12 5 AZA 

NRT ND D12 5AZA 
NRT ND 

D24 5AZA 
NRT ND D24 5 AZA 

NRT ND D24 5AZA 
NRT ND 

D24 5AZA 
NRT 40.00 D24 5 AZA 

NRT 40.00 D24 5AZA 
NRT ND 

D24 5AZA 
NRT ND D24 5 AZA 

NRT 34.93 D24 5AZA 
NRT ND 
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D12 NI NRT ND D12 NI NRT ND D12 NI NRT ND 
D12 NI NRT 35.82 D12 NI NRT ND D12 NI NRT ND 
D12 NI NRT ND D12 NI NRT ND D12 NI NRT ND 
D24 NI NRT ND D24 NI NRT ND D24 NI NRT 34.21 
D24 NI NRT ND D24 NI NRT ND D24 NI NRT 34.59 
D24 NI NRT ND D24 NI NRT ND D24 NI NRT 33.45 
D24 DH NRT ND D34 DH NRT ND D24 DH NRT ND 
D24 DH NRT ND D34 DH NRT ND D24 DH NRT ND 
D24 DH NRT ND D34 DH NRT 40.00 D24 DH NRT ND 
D30 DH NRT ND D30 DH NRT ND D30 DH NRT ND 
D30 DH NRT 35.89 D30 DH NRT ND D30 DH NRT ND 
D30 DH NRT ND D30 DH NRT ND D30 DH NRT ND 
D30 NI NRT ND D30 NRT ND D30 NI NRT ND 
D30 NI NRT 35.99 D30 NRT ND D30 NI NRT ND 
D30 NI NRT ND D30 NRT ND D30 NI NRT ND 
D42 DH NRT 35.68 D42 DH NRT ND D42 DH NRT ND 
D42 DH NRT 36.19 D42 DH NRT 35.67 D42 DH NRT ND 
D42 DH NRT ND D42 DH NRT ND D42 DH NRT ND 
D42 NI NRT 35.54 D42 NI NRT ND D42 NI NRT ND 
D42 NI NRT ND D42 NI NRT ND D42 NI NRT ND 
D42 NI NRT 40.00 D42 NI NRT 35.65 D42 NI NRT ND 

Cp: Crossing point; DH: dexamethasone/hydrocortisone; 5-Aza: 5-azacytidine; NI: 
non-induced; NRT: no reverse transcriptase; ND: not detected; D: day 

 

F.5.3. cDNA storage 

The cDNA was stored at -20 0C until used in RT-qPCR experiments. 

 

F.6. qPCR Target Information 

The accession numbers and amplicon lengths for the target and reference genes have 

been listed in Chapter 5, Table 5.4. 
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F.6.1. In silico specificity screen and primer locations 

The specificity of the primers was assessed in silico using NCBI Primer BLAST® tool. 

Images of primer locations were generated using the same tool (Figure F2). 
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Figure F2: In silico primer blasts and locations.  

The NCBI Primer BLAST® tool was used to assess the binding specificity of the myogenic 
target genes myogenic differentiation (MyoD), myogenin (MyoG) and desmin and to visualise 
their locations. 
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A.6.3 Splice variants targeted 

No splice variants were targeted. 

 

F.7. qPCR Oligonucleotides 

Primer sequences for target and reference genes have been summarised in Chapter 

5, Table 5.4. 

 

F.7.1. Location and identity of any modifications 

There were no modifications. 

 

F.7.2. Manufacturer of oligonucleotides 

Oligonucleotides were manufactured by Integrated DNA Technologies (IDT; Coralville, 

IA, USA). 

 

F.8. RT-qPCR Protocol 

RT-qPCR was performed as described in Chapter 5, section 5.3.10. 

 

F.8.1. Polymerase identity & concentration 

The LightCycler® 480 SYBR Green I Master Mix was used in this study. The 

polymerase in the master mix is FastStartTM Taq DNA polymerase (Roche, Basel, 

Switzerland), and the concentration was not indicated. 
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F.8.2. Buffer/kit identity and manufacturer 

The LightCycler® 480 SYBR Green I Master Mix (Roche, Basel, Switzerland; 

Catalogue number: 04887352001) was used. 

 

F.8.3. Additives 

No additives were used. 

 

F.8.4. Manufacturer of plates/tubes and catalogue numbers 

LightCycler® 480 Multiwell Plate 96 white plates (Roche, Basel, Switzerland; 

Catalogue 17 number: 04729692001) were used. 

 

F.8.5. Manufacturer of qPCR instrument 

The LightCycler 480 II instrument was manufactured by Roche (Basel, Switzerland). 

 

A.9. qPCR Validation 

 

A.9.1. Specificity 

Melt curves were generated to assess the specificity of primer binding to their targets, 

and have been described in Appendix G (method optimisation). 

 

A.9.2. No template controls 

No template controls were included for every target- and reference gene on every 

plate (Figure F3). 
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Figure F3: Representative no template control amplification plots.  

No template controls were included on every plate for every gene on the plate. 

 

There was some amplification in NTCs that was likely due to spot contamination from 

handling and plating errors. Thus, if amplification was detected in at least two technical 

replicates, the sample was excluded form analysis. 

 

F.9.3. Standard curves 

As relative quantification for gene expression was used in this study, standard curves 

were not generated and an amplification efficiency of 2.0 was assumed. 

 

F.9.4. Evidence for limit of detection 

Limit of detection was not performed. 

 

F.9.5. If multiplex, efficiency and LOD for each assay 

Multiplexing was not performed. 
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F.10. Data Analysis 

 

F.10.1. qPCR analysis program 

The LightCycler® Software (Version 1.5.1; Roche, Basel, Switzerland) was used to 

analyse data. 

 

F.10.2. Quantitation cycle (Cq) method determination 

The second derivative maximum method was used to determine the Cq-values 

(LightCycler® Software and algorithms). 

 

F.10.3. Outlier identification and disposition 

Outlier tests could not be performed because of a small sample size (n=3). 

 

F.10.4. Results of no template controls (NTCs) 

The Cq-values for the NTCs were zero, with few samples indicating spot contamination 

was present. If at least two technical replicates amplified, the sample was excluded 

from analysis. 

 

F.10.5. Justification of number and choice of reference genes 

Three reference genes were used in this study: TBP, ACTB and YWHAZ. These genes 

have been used, optimised, validated and investigated at the ICMM which suggested 

that they were appropriate to use.215 
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F.10.6. Normalisation method 

The induced samples were normalised using the comparative CT method (Chapter 5, 

Figure 5.3, Equations 5.1 – 5.4). 

 

F.10.7. Number of biological replicates 

Three ASC biological replicates were investigated. 

 

F.10.8. Number and stage (RT or qPCR) of technical replicates 

 Three technical repeats were included on the qPCR plate using cDNA form the same 

sample. 

 

F.10.9. Repeatability (intra-assay variation) 

A SD of < 1 between the technical replicates was considered repeatable. 

 

F.10.10. Statistics 

See Chapter 3, and Chapter 5, section 5.4. 
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Appendix G: Method optimisation 
 

G.1. RNA extraction 

 

Initially, RNA extractions using the Qiagen RNeasy mini plus kit yielded low 

concentrations of RNA especially when isolating RNA from PHMs. The cause was 

determined to be inefficient lysing of the cells. 

 

The manufacturer’s instructions specified that after adding 350 μl RLT buffer (included 

with the kit), the cells should be vortexed for 1 min before being transferred to the 

gDNA elimination column. RNA yield was greatly improved after increasing the 

amount RLT buffer from 350 μl to 600 μl, and by modifying the lysis step according to 

the manufacturer’s suggestions to include (in addition to the initial 1 min vortex step), 

2 min centrifugation on maximum speed and a second 1 min vortex step. 

 

G.2. The A260/A230 ratio 

 

The A260/A230 ratio after RNA extraction was below the required range for nearly all 

RNA extractions, indicating that other contaminants may have been present in the 

sample. This was likely due to residual guanidine thiocyanate, which is present in the 

lysis buffer. Qiagen is aware of this fault with their kits, but have indicated that 

guanidine thiocyanate contamination of up to 100 mM in RNA samples will not 

compromise the reliability of downstream applications.263 The low A260/230 ratios 

found in this study was thus accepted to be insignificant, and experiments were 

continued. 
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G.3. cDNA quantification 

 

cDNA may be quantified using either a spectrophotometer or fluorometer. Initially, 

cDNA was quantified using the spectrophotometer but cDNA concentrations were 

found to be higher than expected. The cDNA synthesis kit manufacturer’s instructions 

specify that RNA is reverse transcribed into cDNA in a 1:1 ratio if the efficiency of the 

conversion was 100%. Essentially, this means that if 1000 ng total RNA is added to 

the reaction, 1000 ng total cDNA should be synthesised in a final volume of 20 μl. This 

would equate to a cDNA concentration of 50 ng/μl. cDNA measured using the 

spectrophotometer did not reflect concentrations accurately as opposed to those 

measured on the fluorometer (likely due to residual oligonucleotides and other 

components that remained from the cDNA synthesis buffer mixtures). This was 

confirmed using RNA isolated form PHMs at passage 11. cDNA was synthesised in 

triplicate and measured using both the spectrophotometer (after synthesis) and the 

fluorometer (using the PicogreenTM dsDNA quantification assay; Table G.1).  

 

Table G.1. cDNA concentrations when measured with a spectrophotometer and 
a fluorometer.  

cDNA was synthesised from RNA isolated from primary human myoblasts. 

  Spectrophotometer Fluorometer 
Sample ID Expected 

ng/μl* 260/280 Nanodrop 
(ng/uL) 

Concentration 
(ng/uL) 

PHM P11 
R1 56.7 1.80 1073.95 5.9 

PHM P11 
R2 56.7 1.81 1077.76 8.5 

PHM P11 
R3 56.7 1.80 1069.47 8.5 

PHM: primary human myoblasts; P: passage; R: repeat 
*If the mRNA to cDNA conversion was 1:1 (or 100%) 
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G.4. Primer optimisation and validation 

 

G.4.1. In silico primer validation 

All primer pairs were previously designed at the ICMM. The reference gene primer 

pairs have been thoroughly validated and previously optimised for use in the laboratory 

for ASC-related experiments.215 Myogenic target gene primers pairs were optimised 

and validated for use in this study. The NCBI Primer-Blast® tool was used to validate 

primer specificity in silico. The MyoD, Des and MyoG primer pairs were all found to 

have no off-target specificity (Figure G.1). 

 

 

 

 

 

 

 

 

 

 

Figure G.1. NCBI Primer Blast tool.  

MyoD, MyoG and desmin primer pairs were validated using the NCBI Primer-Blast® tool to 
determine primer specificity.  
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G.4.2. Primer melting temperature optimisation 

Primer melting temperatures (Tm) were optimised on gDNA using the gradient 

temperature feature on the CFX96 real-time PCR instrument from BioRad (Hercules, 

California, United States). gDNA was crudely extracted from ASCs using the Kapa 

express extract kit (Sigma-Aldrich Chemie Darmstadt, Germany). Briefly, 1 x 106 ASCs 

were centrifuged and medium aspirated. Thereafter, the cells were resuspended in a 

reaction mix containing 88 μl PCR-grade water, 10 μl 10x KAPA Express Extract 

Buffer, and 2 μl Kapa Express Extract Enzyme (reagents supplied by the kit with a 

unique buffer and proteases for a crude extraction of DNA). The lysis was performed 

in a thermal cycler in two steps, namely lysis (75oC for 10 min) and enzyme activation 

(95oC for 5 min). The gDNA extract was quantified on the spectrophotometer 

(A260/280 = 1.34; A260/230 = 0,66). 

 

A 50 ng/μl working solution of the gDNA extract was made by diluting in PCR grade 

water. Then, 25 μl of PCR reaction mix was prepared in a 200 μl PCR tube 

(preparation summarised in Table G.2). 

 

Table G.2. Gradient polymerase chain reaction master mix preparation. 
Reactions were prepared according to the manufacturer’s specifications. 

Reagent Reaction volume (μl) 
Taq ready mix 12.5 

Forward primer 0.75 
Reverse primer 0.75 

PCR grade water 10 
gDNA (50 ng/μl) 1 

Total reaction volume 25 
 

Each row in CFX96 PCR instrument represented a different melting temperature. The 

temperatures in the gradient were 51.4oC, 52.1oC, 53.7oC, 55.3oC, 57.7oC and 59.7oC. 

The reaction programming is described in Table G.3. 
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Table G.3: CFX96 real-time PCR instrument reaction programming.  

PCR was achieved by cycling temperatures to denature and amplify DNA. 

PCR step Conditions Number of cycles 
Denaturation 94oC for 2 min 1 
Denaturation 94oC for 30 sec 

30 Annealing Gradient-dependent 
temperature 30 sec 

Extension 72oC for 30 sec 
Final elongation 72oC for 10 min 1 

Hold Indefinite 1 
 

Reaction mixes for each primer pair were prepared for every melting temperature. 

Additionally, an 80 ml, 2% (w/v) agarose gel was prepared with 4 μl added ethidium 

bromide (1μg/ml, for visualisation; Sigma-Aldrich Chemie, Darmstadt, Germany). 

Following the PCR reaction, each sample was mixed with 6x loading dye (1 μl loading 

dye per 5 μl sample; Sigma-Aldrich Chemie, Darmstadt, Germany) and 10 μl of the 

sample was loaded into each well of the gel. DNA ladder lanes were loaded with the 

same volume of FastRulerTM Low-range DNA ladder (Thermo Fisher Scientific, 

Waltham, Massachusetts, USA). Agarose gel electrophoresis was done at 90 V for 50 

min. Thereafter, the gel was analysed using a GelDocTM instrument Bio-Rad 

(Hercules, California, USA). The optimal Tm for the MyoD and MyoG primer pairs were 

determined to be ~ 59.7oC and ~ 57.7oC respectively, and 59.7oC for the desmin 

primer pair. These numbers were rounded to the closest decimal, as 58oC and 60oC 

(Figure G.2). The visualised bands for MyoD and desmin were not clear following gel 

electrophoresis, presenting another limitation. Ideally all bands should be clearly 

visible, and future experiments may increase the DNA concentration used, use shorter 

UV exposure times and increase run time to ensure better resolution. 
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Figure G.2. Optimal primer melting temperatures.  

FastRulerTM Low-range DNA ladder was loaded in lanes labelled ‘Ladder’. Lane number and 
corresponding temperatures have been defined to the right of the figure. The primer pairs 
MyoD, MyoG and desmin are labelled below their corresponding lanes. The investigated 
melting temperatures have been labelled below their corresponding lane in white. In the top 
gel, MyoD samples were loaded in lanes 1 – 6 and MyoG samples in lanes 7-12. In the bottom 
gel, desmin samples were loaded in lanes 1 – 6. Optimal melting temperatures are indicated 
in red boxes. 

 

Myogenic and reference primer annealing specificity and Tm was then further 

validated on the LightCycler 480 II. This was done on RNA isolated from PHMs at 

each experimental time point, using a melting temperature of 60oC (this temperature 

was used to ensure adequate amplification of both the target genes and the reference 

genes, which has previously been optimised to 62oC) and the reaction conditions 

stipulated in Chapter 5, Table 5.6. 
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Melt curves were done after every qPCR run and was integrated as part of the 

reaction’s standard programming. Based on the melt curves generated, all primer 

pairs including those for YWHAZ (Figure G.3B), TBP (Figure G.3C), MyoD (Figure 

G.3D), MyoG (Figure G.3E) and desmin (Figure G.3F) generated single peaks 

indicating that specific targets were generated. However, the exception was reference 

gene ACTB, where the melt curve indicated two peaks (Figure G.3A). This particular 

reference gene and its primer pairs have previously been used and validated at the 

ICMM.215 
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Figure G.3. Melt curves generated for reference and target genes.  

Single peaks on a melt curve indicated specific gene targets were amplified, and showed that 
primer annealing was specific to the desired targets for TBP (B), YWHAZ (C), MyoD (D), MyoG 
(E) and desmin (F). Two peaks were observed in the melt curve for ACTB (A; indicated by a 
black arrow). 

 

The double peaks are thus likely a result of gDNA contamination in the primer stock, 

as was indicated by NTC amplification (Figure G.4) and represents a limitation in this 

experiment. As ACTB targets were detected at a lower CP-value than the 

contamination in the primer stock and for the purpose of this study, ACTB was still 

included as a reference gene. 

 

Another observation indicated on all melt curves except for YWHAZ (Figure G.3B) was 

the formation of ‘shoulders’ (Figure G.3; indicated by red arrows), likely caused by 
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imperfect primer binding, as primer dimers tend to form perfect peaks at lower primer 

melting temperatures. These ‘shoulders’ may have been caused by either the Tm or 

ramp rate. While the formation of shoulders does not affect the outcome of the 

experiments significantly, future studies may increase the Tm and/or ramp rate to 

decrease their formation and smooth out the melt curve.264 

 

 

 

 

 

 

 

Figure G.4. Image of the amplification graph generated from the no template control for 
beta-actin.  

Amplification was observed in the no template controls for beta-actin (ACTB), indicating that 
the primer stock solution was likely contaminated by genomic DNA (gDNA). 

 

In summary, primers were shown to be specific for their target genes at a Tm of 60oC 

as determined through optimisation. The ACTB primer stock was shown to be 

contaminated. Future studies may further optimise reaction conditions and increase 

the Tm and/or ramp rate in order to decrease the possibility of imperfect primer binding 

occurring (Figure G.3). Additionally, analysis should be done immediately following 

the reaction to ensure stock contamination can be addressed. 

G.4.3. Stable expression of reference genes 

At the ICMM, Dessels et al. (2019)215 previously investigated the stable expression of 

11 reference genes under adipogenic differentiating conditions. The results of that 

study showed that ACTB, YWHAZ and TBP were amongst the most stably expressed 

genes in ASCs under induced and non-induced conditions over a period of time, and 
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thus were selected as reference genes for this study. However, since the study by 

Dessels and colleagues investigated stable expression under adipogenic conditions 

alone, the same needed to be demonstrated again under myogenic conditions. In 

order to demonstrate stable expression of reference genes ACTB, YWHAZ and TBP, 

qPCR was performed on ASC cDNA from one biological replicate under all culture 

conditions and across all time points. Every sample was run in triplicate technical 

repeats and data was analysed using the statistical package NormFinder (v0.953) in 

Microsoft Excel. 

 

Ideally, this should have been done on at least 3 biological replicates. However, the 

amount of isolated RNA and thus synthesised cDNA were significant limiting factors. 

This represented another limitation to the qPCR data generated in this chapter, as the 

variability inherently present between biological replicates were not considered. Any 

future experiments should ensure that an adequate amount of RNA is isolated and 

cDNA synthesised. Furthermore, this experiment should be repeated using the cDNA 

of least three biological replicates under all culture conditions over time. Additionally, 

only three reference genes were considered in this study. Investigating other potential 

reference genes may reveal more suitable candidates and could be another focus 

point in future studies involving ASC myogenesis.  

 

Analysis using NormFinder revealed that all three reference genes were stably 

expressed under all induction- and culture conditions, and across all time points. A 

larger stability index value indicates variable expression of a reference gene, while a 

small index value indicates stable expression. The most stably expressed was 

YWHAZ followed by ACTB and TBP (Table G.4). 
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Table G.4. Stable expression of reference genes.  

Stable expression of reference genes YWHAZ, ACTB and TBP were determined using 
NormFinder. 

Gene name Stability rank Stability value 
YWHAZ 1 0,105 
ACTB 2 0,108 
TBP 3 0,124 

 

In summary, YWHAZ, ACTB and TBP were demonstrated to be stably expressed in 

ASCs under myogenic-induced and non-induced conditions over time. These 

reference genes were thus used for all subsequent qPCR experiments. 

 

G.4.4. RT-qPCR data analysis 

For both the induced and non-induced samples, each reaction was performed in 

triplicate and the SD of the CT-values were determined. If the sample values obtained 

between triplicate wells had a SD of less than 0.5, the sample was included in analysis. 

Those with an SD above 0.5, and where a replicate well (outlier) could not be removed, 

were excluded. Ideally, these samples should have been repeated, but because the 

amount of extracted RNA and by extension synthesised cDNA were significantly 

limited, this was not possible. Amplification observed in some NTC and NRC controls 

indicate gDNA contamination of a few samples (Appendix F). However, all 

contamination amplification was detected after 35 cycles, and thus any samples that 

showed amplification at a CT-value of 35 and above were not considered for analysis. 

Because of this, days 30 and 42 in the DH samples were excluded from this study and 

all induction conditions were analysed up until day 24 only. The comparative CT-

method indicates values as fold change from the baseline (which is equal to 1). 

Upregulation of genes were noted when the corresponding 2-ΔΔCT value was higher 

than 1, and was considered downregulated when the value was less than 1. 
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G.5. Optimising coating coverslips with type I collagen 

 

Collagen Type I is a natural adhesive used in cell culture where cell attachment to the 

flask alone proves challenging. C2C12s and PHMs were expanded and differentiated 

on culture flasks lined with collagen. Using collagen type I as a coating for ASC cell 

culture and myogenic differentiation has been done before.159,265 Whilst ASCs did not 

need collagen-coated culture flasks during the expansion phase, as they are naturally 

adherent cells, it was necessary to add the coating when seeding for differentiation 

experiments. When inducing ASCs on coverslips that were coated with 5 μg/cm2 type 

I collagen, the cells lifted and became unviable. The reason why the cells lift post-

induction or why the collagen coating on the glass failed remained unclear and could 

not be elucidated from the literature.  

 

In order to address this, two types of coverslips were tested and included, namely 

plastic polymer coverslips (Ibidi GmbH, Gräfelfing, Germany) and glass coverslips. 

Additionally, it was decided to try pre-coating the coverslips with poly-L-lysine (a small 

natural homopolymer used to coat culture substrates that effectively binds to glass) 

and to increase the collagen coating concentration from 5 μg/cm2 to 12.5 μg/cm2 after 

consulting with a technical specialist from Corning (New York, USA). Both types of 

coverslips were pre-coated with poly-L-lysine before being coated with collagen type 

I (section 5.3.5.1). ASCs were seeded onto the coverslips inside a 6-well plate at 5000 

cells/cm2 and left for 24 hr to adhere. Medium was replaced with MIM 1 and 2 and 

after 24 hr the cells were viewed under the microscope. Cells remained adhered to 

glass coverslips most effectively, while lifting from the polymer coverslips (Figure G.5). 
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Figure G.5: Micrographs demonstrating adipose-derived stromal cell adherence 
following coverslip coating procedures.  

Adipose-derived stromal cells (ASC) were seeded onto glass and plastic polymer coverslips 
coated with 0.01% Poly-L-lysine and 12.5 μg/cm2 collagen. Red arrows indicate floating cell 
debris in another focal plane. Yellow arrows indicate non-adherent or lifting cells. Pre-induction 
images were taken at 200x magnification, and post-induction images at 100x magnification. 
Scale bar = 50 μm. 

 

G.6. Determining optimal antibody and fluorescent stain dilutions and co-stain 
combinations for immunocytochemistry 

 

Optimal primary antibody and phalloidin dilutions were determined using antibodies 

diluted at various concentrations (starting with the manufacturer’s recommendation). 

Secondary antibody dilutions remained constant at 1:400 (as per manufacturer’s 

instructions). Antibodies for ICC were optimised on PHMs, whilst actin staining using 

phalloidin was optimised on undifferentiated ASCs. DAPI was diluted to 1:1000 and 

stained for 5 min as per the manufacturer’s instructions. MyoD (mouse anti-human) 

was co-stained with MyoG (rabbit anti-human) and desmin (rabbit anti-human) was 

co-stained with TRITC-phalloidin. Ideally, all antibodies should be optimised on the 

same cell culture, but because a positive control for myogenic proteins were needed 
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PHMs were used to optimise antibody stains. Because actin is present is ASCs, it 

could be used to optimise actin staining. 

 

G.6.1. Phalloidin optimisation 

Phalloidin staining was optimised using a checkerboard experiment. The incubation 

times that were investigated were 10 and 15 min and the dilutions included 1:200, 

1:300 and 1:400. Phalloidin was found to stain most effective at a dilution of 1:400 with 

an incubation time of 15 min (Figure G.6). 

 

 

 

 

 

 

 

Figure G.6. Optimal phalloidin dilution for immunocytochemistry.  

Confocal micrographs of adipose-derived stromal cells stained with tetramethylrhodamine 
(TRITC)-phalloidin (A. 1:400) for 15 min, and DAPI (B. 1:1000) for 5 min. Images were merged 
to show the phalloidin-DAPI co-stain (C). TRITC-phalloidin was visualised using the 561 nm 
laser, and DAPI the 405 nm laser. Confocal images were visualised using the 20x objective 
(200x magnification), and the scale bar was set to 50 μm. 

 

G.6.2. Primary and secondary antibody optimisation 

Before deciding on co-stains and prior to optimising primary antibodies, it was first 

determined whether there were any non-specific interactions evident in the samples 

when stained with only the secondary antibodies, anti-mouse IgG conjugated to AF 

555 and anti-rabbit IgG conjugated to AF 488. No non-specific binding or interactions 

were observed (Figure G.7). In Figure G.7 it is important to note that the colour 
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contrast (Figure 5.15A and B) was boosted to the point where background became 

visible to demonstrate that there were no non-specific interactions. 

 

 

 

 

 

 

 

 

Figure G.7: Secondary antibody only controls.  

Samples were stained with the secondary antibodies anti-rabbit IgG conjugated to Alexa Fluor 
(AF) 488 (A) and anti-mouse IgG conjugated to AF 555 (B). 4′,6-Diamidino-2-phenylindole (C, 
DAPI) stained nuclei and demonstrated the presence of cells. AF 488 was visualised using 
the 488nm laser, AF 555 using the 561 nm laser and DAPI with the 405 nm laser. Micrographs 
were captured using the 20x objective (200x magnification), and the scale bar was set to 50 
μm. 

 

In cases where excitation and emission spectra slightly overlap, it is possible to detect 

fluorescence in more than one laser channel. As MyoD and MyoG are both nuclear 

TFs, it was essential to demonstrate that the fluorescent signals of these two 

fluorophores were visible in only one laser channel. This was done to avoid interpreting 

results that indicated both myogenic targets stained positive in one nucleus when it 

was in fact only one target with a fluorescent signal visible in more than one laser 

channel. In order to demonstrate this, primary and secondary antibody stains for both 

MyoD and MyoG were done on PHMs on day five post-induction. Thereafter, each 

antibody-fluorophore complex was imaged using both the 488 nm (blue light) and the 

561nm (green light) lasers. The MyoD/anti-mouse IgG - AF 555 complex was visible 

in the green laser channel only and the MyoG/anti-rabbit iGG - AF 488 complex was 



 

194 

 

 

only visible when excited with the blue laser. This demonstrated that MyoD and MyoG 

could be stained concurrently and that the results were accurate (Figure G.8). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure G.8. Micrographs demonstrating fluorophore laser channel specificity.  

Primary human myoblasts on day five post-induction were stained with myogenic 
differentiation 1 (MyoD) and myogenin (MyoG) and their respective secondary antibodies. The 
targets were visualised in both the 488 nm and 561 nm channels. Images were captured using 
the 20x objective (200x magnification), and the scale bar was set to 50 μm. 

 

Optimal primary antibody dilutions were determined after titrating antibodies from the 

dilutions recommended in the manufacturer’s instructions and was determined for 

MyoD (1:200), MyoG (1:400), Pax 3/7 (1:100) and desmin (1:500). The dilutions were 

then subsequently used to label target proteins on PHMs (the positive control for 

myogenic protein targets in this study) to demonstrate that the dilutions effectively 

stained the appropriate myogenic targets (Figure G.9). 
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Figure G.9. Final dilutions used to visualise myogenic target proteins in primary human 
myoblasts.  

Primary human myoblasts were stained with mouse anti-human paired box protein (Pax) 3/7, 
mouse anti-human myogenic differentiation (MyoD), rabbit anti-human myogenin (MyoG) and 
rabbit anti-human desmin. Pax 3/7 and MyoD were counterstained with anti-mouse 
immunoglobulin G (IgG) conjugated to Alexa Fluor (AF) 555 (orange) and MyoG and desmin 
with anti-rabbit IgG conjugated to AF 488 (green). Nuclei (blue) were stained using 4′,6-
Diamidino-2-phenylindole (DAPI). Images were taken using a 20x objective (200 x 
magnification) with the scale bar set as 50 μm. 

 

Background fluorescence was noted when Pax 3/7 and -MyoD were counterstained 

with anti-mouse IgG conjugated to AF 555. The reason for this was likely due to a low 

signal-to-noise ratio, a well-known flaw in confocal microscopy due to various factors 

including specimen type, microscope pinhole size, laser power and fluorophore 

bleaching (due to laser exposure).266 If the microscope pinhole diameter is increased, 

more light floods the field of view. This may improve the visibility of the object in view, 

but will also increase background noise and autofluorescence while also diminishing 

the fluorophores signals in that entire area. Increasing laser power may also boost the 

signal and improve the visibility and focus of the target, but results in fluorophore 

saturation.266 When the confocal microscope ‘scans’ an image to capture it, it also 

hovers briefly at every frame which also influences the amount of time that 

fluorophores are exposed to a particular laser light. It is also important to consider that 

an image is rarely captured once, especially when a sample has been stained for 

multiple protein targets and fluorophores.266 Future studies should consider using an 

amplification system, such as the avidin-biotin amplification system to enhance the 

fluorescent signal of Pax 3/7 and MyoD.267 Alternatively, secondary antibodies 

conjugated to other fluorophores with stronger signals could be investigated and 

paired with target proteins that are weakly expressed and therefore difficult to detect. 
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