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Abstract 

Skeletal muscles are the largest tissue type in the human body. They make up 

approximately 40% of total body weight and are responsible for maintaining posture, 

stability, and strength for everyday movements. Muscles are formed in the early stages 

of embryonic development during which the precursor cells fuse together to form large, 

multinucleated muscle fibres. This process, known as myogenesis, is tightly controlled 

by myogenic regulatory factors (MRFs), which regulate both the proliferation and fusion 

of these cells. Due to the crucial role that muscles play in our bodies, any dysregulation 

of their developmental or regenerative processes can be detrimental to our health. 

Muscle atrophy, or a loss of muscle mass, can often be reversed in healthy individuals 

through an active lifestyle, but can be a serious problem for the elderly or individuals 

with chronic illness. Thus, research to prolong muscle life and regenerative ability is 

critical. Fortunately, muscles can maintain their mass, and even build upon it due to 

complex mechanisms of regeneration and a population of self-renewing stem cells 

known as satellite cells. Of interest to this study is the role that cell adhesion molecules 

(CAMs), known as cadherins, play in regulating and facilitating differentiation. 

Truncated cadherin (T-cadherin) is found abundantly on the skeletal muscle, but it’s 

role in development and regeneration is still poorly understood. This thesis aimed to 

uncover the mechanisms by which T-cadherin negatively regulates skeletal muscle 

myogenesis.  

Our results show that that T-cadherin and adiponectin double knockout (DKO) muscle, 

but not T-cadherin knockout (T-cad KO) muscle, have enhanced regenerative ability 

in vivo. RNA sequencing studies show many differentially expressed genes between 

wild-type (WT) and DKO differentiating myoblasts, but there are very limited 

differences for T-cad KO versus WT. Many of the up-regulated pathways in the DKO 

cells were related to muscle differentiation and cell adhesion. This was further 

exemplified through injury regeneration studies where our findings show that DKO 

muscles have increased numbers of activated satellite cells and macrophages at day 

three of regeneration and more centrally located nuclei in newly formed muscle fibres 

at day 7 of regeneration. Moreover, and in addition, we find that DKO muscle cells 

have increased mitochondrial content and function.  
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Furthermore, to assign modus of operation, we find that T-cadherin and M-cadherin 

interact in differentiating C2C12 murine muscle cells. Given that M-cadherin forms part 

of the myogenic cell adhesion complex and is an important regulator of skeletal muscle 

myogenesis, we suggest that T-cadherin may negatively regulate skeletal muscle 

fusion by interfering with this complex through M-cadherin binding.  

Taken together our data implicate T-cadherin and adiponectin as potential negative 

regulators of skeletal muscle regeneration. Ongoing research into the role of these 

molecules will not only improve our understanding of myogenesis but may lead to the 

identification of targets that can be used to improve muscle regeneration and growth. 

This will have significant ramifications for strength building and muscle disease and 

may help in the treatment and recovery of muscle atrophy commonly associated with 

chronic conditions and ageing. In summary, this thesis provides a detailed insight into 

the role of T-cadherin and adiponectin in skeletal muscle regeneration. 
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1 Introduction 

1.1 Introduction to the Thesis Outline  

Each chapter in this thesis has been written as a traditional research chapter. 

Any works originating from papers or manuscripts have been reformatted for detail and 

clarity (original copies can be found in the appendix).  

Chapter 1 introduces the relevant literature and includes, in part, a review article 

published in Biochemica et Biophyscia Acta (BBA) in 2021. The literature review has 

been modified to include further information not featured in the paper. A full copy of the 

published review can be found in appendix 1 (see section 9.1). This chapter also 

includes currently unpublished, preliminary data essential for understanding the 

rationale behind this work. This is summarised at the beginning of subsequent chapters 

for clarity. This chapter concludes with a summary of the rationale, an overarching 

hypothesis as well as specific aims.  

Chapter 2 describes the materials and methods used throughout this work. Detailed 

company/lot information is included where possible. Relevant methods are also 

summarized at the beginning of each chapter.  

Chapter 3 details the results obtained from the in-silico analysis of the genetic 

mechanism of T-cadherin and is written as a traditional research chapter. Chapter 4 is 

written as a traditional research chapter outlining the results of T-cadherin’s role in 

muscle growth and regeneration. Chapter 5 is written as a traditional research chapter 

and details the results of the metabolic comparison between wild-type (WT) and T-

cadherin/adiponectin (APN) double knockout (DKO) muscle cells. The final data 

chapter, chapter 6, is written as a traditional research chapter which describes T-

cadherin’s interactions in the cell adhesion complex.  

Chapter 7 includes the final discussion and any concluding remarks, followed by the 

references and appendices. 
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1.2 Introduction to Skeletal Muscles  

Muscles are the largest tissue in the human body and account for 40% of the total 

body weight. They are a complex ensemble of heterogeneous tissue responsible for 

maintaining posture, strength and controlling movements. The viability of muscles is 

dependent on a well-maintained arrangement of muscles fibres, blood vessels and 

connective tissues. 

1.2.1 Skeletal muscle structure  

The term skeletal muscle is generally used to refer to the overall collection of 

parallel muscle cells surrounded by connective tissue and connected to the bone. This 

connective tissue, termed epimysium, encloses cylindrical bundles of muscle fibres 

(myofibers) also known as fascicles (Figure 1.1). The fascicles themselves are 

surrounded by a layer of connective tissue known as the perimysium and contain many 

parallel myofibers interspersed with blood vessels that are essential for oxygen supply 

[4]. The parallel muscle fibres are the primary component of skeletal muscle. These 

multinucleated myofibers are surrounded by a plasma membrane (sarcolemma) and 

can contain several hundred nuclei within a single fibre [5]. The myofibers contain 

hundreds of striated muscle organelles known as myofibrils. These myofibrils are 

comprised of sarcomeres – the smallest functional contractile unit of muscle. The 

sarcomeres are organized into thin actin filaments which come together to form the Z-

line, and thick myosin filaments which connect at the M-line (Figure 1.1) [4]. A thick 

myosin filament consists of a pair of myosin heavy chains, essential light chains, 

regulatory light chains, myosin heads, and myosin tails [4].  

1.2.2 Skeletal muscle contraction 

The myosin head is an important binding site that facilitates the interaction of 

myosin with actin. The actin, which acts as a binding site for myosin, is blocked by 

troponin and tropomyosin during the relaxed state (Figure 1.1). The interaction of 

these proteins is responsible for the contraction of muscles, a process known as ‘cross-

bridge cycling’. Initiated by signals to ‘move’ an influx of calcium binds to troponin and 

displaces the tropomyosin from the myosin binding site, allowing the ADP/Pi-bound 
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myosin to form a ‘cross-bridge’ with the actin filament [6, 7]. Next, the inorganic 

phosphate is released, causing the ‘power stroke’ - a movement by which the myosin 

pulls the actin filament towards the M-line. Following the power stroke, the ADP is 

released and the myosin remains connected to the actin until bound by ATP [6]. The 

cycle continues until the calcium disappears and the muscles re-enter their resting 

state.  

Figure 1.1. Structure of skeletal muscle. The skeletal muscles are made up of 

fascicles that house hundreds of myofibers, surrounding by the epimysium. The 

myofibers consist of bundles of myofibrils surrounded by the basal lamina. Within the 

myofibrils are the myofilaments actin, and myosin, which are responsible for 

contraction of the fibres. The binding sites on the actin filament are covered by 

tropomyosin until calcium binds the troponin. The subsequent binding of the myosin 

head to actin is known as ‘cross bridge cycling’ and is responsible for contraction. 
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1.2.3 Muscle fibre types  

The speed with which contraction occurs is often attributed to the difference in 

muscle fibre type. The four fibre types, classified by their myosin heavy chain (MHC) 

isoforms, can be subdivided into two categories: fast twitch (type IIA, IIX and IIB (not 

present in humans)) and slow twitch (type I) [8-10]. The ratio of fibre types can vary 

greatly between individuals and are mainly controlled by genetics, but it is also possible 

to remodel muscle phenotypes through exercise and training to adapt to different uses. 

The physiological and metabolic diversity provided allows for a range of functions but 

can also alter someone’s susceptibility to certain muscle diseases (see section 1.8).  

1.2.3.1 Type I – Slow oxidative (SO) 

Slow twitch fibres are useful for endurance activities (long-distance running and 

maintaining posture) with small movements that occur often but don’t require a lot of 

energy. The ATP generated by these fibres comes primarily from aerobic respiration 

which is slower but more efficient that anaerobic methods. Due to the oxygen 

requirements of these fibres they generally have a rich capillary supply, numerous 

mitochondria and a high concentration of myoglobin (a protein that helps move oxygen 

around the muscle) [11].  

1.2.3.2 Type II – Fast oxidative (FO)/fast glycolytic (FG) 

Fast-twitch fibres are used for rapid movements (jumping or sprinting) that require fast 

muscle contractions of short duration. These fibres generally rely on anaerobic 

respiration, which can produce ATP relatively quickly, but only in short bursts. The fast 

twitch muscles can be further separated into fast oxidative (type IIA) and fast glycolytic 

(type IIX) fibres. Type IIA muscle fibres are often referred to as intermediate fibres. 

They produce ATP relatively quickly through aerobic respiration and do not fatigue as 

quickly as the glycolytic fibres. These fibres are useful for walking but not explosive 

movements. Type IIX fibres primarily utilize anaerobic glycolysis as their ATP source. 

These fibres have a large diameter and possess a high amount of glycogen that they 

use to generate ATP [11]. Type IIX fibres can generate energy very quickly and are 

therefore useful for rapid, forceful contractions to make quick, powerful movements 

such as sprinting or jumping. Unfortunately, due to this method of ATP production, 

these muscles fatigue quickly, thus can only be used for short periods.  
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1.3 Skeletal Muscle Development  

The formation of skeletal muscle begins during embryonic development when 

the myogenic precursor cells migrate out from the somites. During gestation, the future 

positions and identities of cells are determined by their designations into one of the 

three germ layers, the ectoderm, mesoderm, and endoderm [12]. The muscle cells 

originate from the somites, which segment out from the paraxial mesoderm on either 

side of the neural tube and notochord [13, 14]. The dorsal section of these somites, 

known as the dermomyotome, ultimately supplies the body with the cells of the skeletal 

muscles [13, 14]. Specification of these cells occurs following the expression of 

external signalling molecules, such as wingless (Wnt) and sonic hedgehog (Shh), 

secreted from the notochord and neural tube [15, 16]. Canonical Wnt signalling is 

essential for myogenesis and is important for the activation of many downstream 

molecules, including the myogenic regulatory factors and β-catenin [15, 17, 18]. Both 

WNT1 and WNT3a are first expressed in the dorsal neural tube and affect gene 

expression through the activation of β-catenin [15, 19]. β-catenin plays a dual role in 

myogenesis, participating in both gene expression and cell-adhesion (see section 1.6 

and 1.7.2). Manipulation of β-catenin levels in cultured mouse cell lines can both inhibit 

and promote myogenic differentiation. Studies have been conducted to investigate the 

importance of β-catenin in cultured mouse cells and Cui, et. al. has recently shown that 

β-catenin/Wnt signalling is vital for the timely activation of the myogenic gene program 

[20]. Prior to this, the somites are not yet committed to a specific lineage and will adopt 

alternative fates in the absence of Wnt signalling [21]. The cells from the somites will 

split into two lineages: the sclerotome, that forms the tendons, ribs and vertebrae, and 

the dermomyotome, that forms the dermis and skeletal muscles [14].  

1.3.1 Paired box transcription factors  

The paired box, or Pax, genes also play an essential role in the formation of 

muscle fibres. Cells within the dermomyotome express PAX3 and PAX7 as they 

continually proliferate to increase the cell population before specification [22, 23]. 

PAX3 (which is expressed prior to the myogenic regulatory factors (MRFs)) recruits 

and guides undifferentiated cells toward a myogenic lineage before assisting in the 

activation of MRFs [24]. A small population of these cells will then migrate out to form 
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the limbs before switching from PAX3 expression to MRF expression [25]. The Pax 

protein levels generally decline following the expression of the MRFs, except in the 

case of the muscle cells capable of regeneration [22, 25]. PAX7 expression is vital for 

the formation and renewal of muscle-specific stem cells and is upregulated in a subset 

of precursor cells within the central dermomyotome that will become the muscle stem 

cells (satellite cells) (see section 1.4). Following segmentation into somites, the cells 

then begin expressing the myogenic regulatory factors.  

1.3.2 Myogenic regulatory factors  

Myogenic regulatory factors (MRFs) are transcription factors that regulate the 

process of myogenesis. The MRFs, despite displaying a slight variation in length, are 

proteins that contain three structural domains: a basic helix-loop-helix (bHLH) domain, 

cysteine/histidine domain (N-terminal), and a serine/threonine-rich domain (C-

terminal) [26]. It is the bHLH domain that is the main contributor to myogenesis. Using 

this domain, the MRFs can bind specific sequences known as E-Box (enhancer box) 

domains found in the regulatory sequences of target genes to alter their expression 

[27]. The first MRF to be expressed is myogenic regulatory factor-5 (MYF5) and 

Figure 1.2. Skeletal muscle myogenesis. Following migration out from the 

dermomyotome the progenitor cells will begin to express MRFs (myoblast 

determination protein 1 (MyoD) and myogenic regulatory factor-5 (Myf5)), initiating 

differentiation into myoblasts. These myoblasts will enter the cell cycle to increase the 

population of available muscle cells before switching expression to differentiation 

proteins: myogenin (MyoG) and muscle specific regulatory factor-4 (Mrf4). These 

MRFs promote the fusion of myoblasts into myotubes and their maturation into 

multinucleated muscle fibres.  



Chapter 1 - Introduction 

1-7 

signifies the switch from myogenic progenitor cells (MPC) to muscle cells (myoblasts) 

[28, 29]. MYF5 expression can be initiated by WNT1, WNT3 and SHH or directly 

through PAX3 [30-32]. This in turn can activate myoblast determination protein 1 

(MYOD) [32]. First discovered in 1987, MYOD is able to convert cultured fibroblasts 

into skeletal myocytes and plays an important role in myogenesis [29]. Along with 

MYF5, WNT7 is also able to induce the expression of MYOD but can be blocked by 

bone morphogenic protein 4 (BMP4) to inhibit premature expression [33]. Furthermore, 

the loss of MYOD or MYF5 individually are compensated by the overexpression of the 

other, and double mutant mice fail to form muscle cells [34-36].  

Following specification to myoblasts, the cells exit the cell cycle to begin fusing 

(differentiating) into muscle fibres (Figure 1.2). The first wave of myofibers are formed 

when myoblasts begin to elongate and form mononucleated primary myofibers. These 

primary fibres provide a scaffold for the next wave of muscle fibres to attach, forming 

larger multinucleated myofibers. This process begins with the expression of additional 

MRFs: MYOG (myogenin) and MYF4 (muscle specific regulatory factor-4) [14, 37]. 

Myogenin has been shown to be essential for myotube formation as muscle cells 

lacking myogenin fail to form myotubes, even in the presence of normally committed 

myoblasts [38]. On the other hand, the presence of myogenin alone can compensate 

for a lack of MYF4 [39]. Initially thought to be expressed in waves, the expression of 

MRFs overlaps throughout myogenesis. In fact, MRF4 can rescue myogenesis in the 

early stages of commitment even in the absence of MYF5 and MYOD [40].  

1.3.3 Mechanism of fusion 

Although the expression of MRFs has been relatively well established, there is 

still a large gap in our knowledge regarding the specific mechanism of myoblast fusion. 

Fusion is a complex process that involves many proteins for cell recognition, adhesion, 

and fusion pore formation. Many of these proteins have been well characterised for 

drosophila and zebrafish but are largely unknown in mice and humans. In contrast, the 

role of the actin cytoskeleton in cell fusion appears to be well conversed between 

species and is therefore better understood (reviewed Kim, et al., 2015) [41].  

It is only in the past decade that we have begun to identify the major players in the 

fusion process including two fusion factors: myomaker (or TMEM8C) and myomerger 
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(or ESPG). Myomaker, the first to be discovered, was initially identified through an in 

silico analysis and confirmed by its ability to induce fusion between fibroblasts and 

muscle cells [42]. Interestingly, myomaker was not able to induce fusion between 

fibroblasts themselves, indicating the requirement for another myogenic fusion protein. 

Myomerger, also known as myomixer and minion, can induce fusion between 

fibroblasts when co-expressed with myomaker [43-45]. Both factors are expressed in 

the myotome beginning at mouse embryonic day 10 (E10) but are not detectable 

following postnatal day 21 (P21) or in healthy adult myofibers [46]. Interestingly, E-Box 

elements have been found upstream of both genes, indicating a role for MRFs in their 

activation [47]. Mouse loss of function studies for both proteins, separately, resulted in 

death at birth due to a complete lack of skeletal muscle formation [46]. Although there 

is still evidence of differentiated cells (i.e., myosin positive cells) they are not able to 

fuse and form multinucleated myofibers. In the future, gain of function studies may 

shed more light on the function of these proteins in vivo.  

1.4 Skeletal Muscle Regeneration 

Not only do our muscles undergo constant damage due to everyday wear and 

tear, but they can also be damaged following severe injuries, strength building and 

disease [48]. Muscle regeneration is highly dependent on a synchronised process of 

pro- and anti-inflammatory factors that determine how the damage will be repaired. 

This regenerative cycle can be split into two specific processes: degeneration and 

regeneration. Degeneration describes the rapid inflammation of tissue and the removal 

of damaged cells to make room for new fibres [49, 50]. Breakdown of these fibres can 

be characterized by an increase in muscle specific proteins, such as creatine kinase, 

and an influx of calcium ions important for activating calcium-dependent proteolysis 

and assisting in tissue degeneration [51]. The muscle necrosis also activates an 

inflammatory response leading to an influx of neutrophils and macrophages [52]. 

Neutrophils, which first appear within 2 hours of injury, begin to clear away the 

damaged tissue and release inflammatory cytokines to promote inflammation [53]. 

These are then followed by monocyte-derived macrophages, which peak at day three 

of regeneration and are classified into two subsets: M1 and M2 [54]. The M1 

macrophages are typically pro-inflammatory, while the M2 macrophages are anti-
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inflammatory and pro-regenerative [53] The induction of the pro-inflammatory 

macrophages promotes myoblast proliferation and inhibits differentiation while the anti-

inflammatory macrophages encourage regeneration by inhibiting proliferation and 

promoting differentiation [54, 55]. Although originally thought to infiltrate the muscle 

tissue sequentially, recent studies have shown that there is no clear-cut M1 to M2 

phenotype switch during the early stages of repair [56]. M1 and M2 stimuli often co-

exist in the muscle microenvironment and macrophages can display mixed phenotypes 

throughout regeneration. Following the removal of the debris, the regenerative cells 

then begin the repair process.  

1.4.1 Satellite cells  

Skeletal muscles maintain a resident community of stem cells, known as 

satellite cells (SCs), that have the ability to fuse into new skeletal muscles to repair 

injuries [57]. These self-repairing cells were first discovered through electron 

microscopy by Mauro (1961) who identified the cell ‘wedged’ between the plasma 

membrane and the basement membrane of a muscle fibre from a frog [58]. These cells 

are located within a niche against the sarcolemma and beneath the basal lamina [59]. 

The microenvironment of this niche undergoes dramatic changes during muscle 

regeneration and provides all the necessary signals required for SC activation and 

proliferation. While these cells account for nearly 30% of all nuclei during early life, 

their abundance decreases to approximately 5% in adults [60]. Most of these cells are 

present to support postnatal development and only a small proportion of them will 

persist in adult muscle. Since their discovery, the role of SCs has been studied and 

extensively reviewed elsewhere [57, 61].  

The SCs themselves appear to present as a heterogeneous population varying in MRF 

expression levels, their ability to differentiate and self-renew, and their mitotic rate. The 

number of SCs also differs with location and fibre type; there are more SCs present on 

type I fibres than on type II fibres [62, 63]. These SCs originate in the somites, like the 

precursor myoblasts, but express a high ratio of PAX7 to MYOD, forcing them to adopt 

a quiescent state beneath the basal lamina [64]. These quiescent cells will continue 

expressing PAX7, and in some cases PAX3, and low levels of MRF5, until activation 

(Figure 1.3) [65]. 
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Following injury, the muscle microenvironment releases signals to allow the translation 

of MYF5 and MYOD. SCs are highly polarised and express different adhesion 

molecules on their basal and apical surfaces [59]. SCs express high levels of integrin 

α7 and β1 on their basal surface and M-cadherin (muscle cadherin) and NCAM (neural 

cell adhesion molecule) on the apical surface (see section 1.6 for review on adhesion 

molecules) [66].  

The SCs then begin proliferating and enter the cycle of myogenesis. The majority of 

the SCs (80-90%) quickly enter into the cell cycle to increase availability of MPCs, 

while a small portion of the SCs are much slower to enter into the cell cycle - perhaps 

only to replenish this population of cells rather than for fusion [67]. Although SCs 

uniformly express PAX7, activated SCs can generate both MYF5+ and MYF5- cells 

through asymmetric apical-basal division [68]. The MYF5+ cells that lose contact with 

Figure 1.3. Skeletal muscle fibre regeneration following SC activation. Once injury 

occurs most SCs upregulate expression of MYOD and MYF5 and decrease their 

expression of PAX7. These cells, now myoblasts, will enter the cell cycle to increase 

the population of cells before continuing through the conventional path of myogenesis 

to fuse into regenerated muscle fibres. A small population of these SCs will maintain 

their expression of PAX7, increase their population size and provide the next 

generation of quiescent SCs.  
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the basal surface preferentially differentiate, while the MYF5- cells remain connected 

with the basal surface and contribute to SC renewal. Following proliferation, most of 

these cells will downregulate PAX7 expression and begin to fuse into new myofibers, 

while a small population of these cells will suppress MYOD and maintain PAX7 

expression to return to quiescence [69]. While SCs have been shown to express 

MYOD at as early as 12 hours post-injury, most cells will express either MYF5 or 

MYOD by 24 hours and both MRFs by 48 hours [70, 71]. During regeneration, MYOD 

knockout mice produce an increased population of myoblasts around the site of injury 

but these fail to differentiate and fuse [72]. In contrast the MYF5 knockout mice appear 

to struggle with proliferation but possess a hypertrophic phenotype [73]. From this, it is 

likely that MYF5 is important for proliferation and MYOD for initiating differentiation.  

Terminal differentiation then begins with the expression of other MRFs, MYOG and 

MRF4. The induction of these MRFs is primarily dependent on MYOD [74]. Following 

the expression of MYOG and MRF4, the myoblasts enter the myogenic differentiation 

program and begin to fuse to one another or to damaged myofibers This balance 

between quiescence, activation and differentiation is crucial to maintaining a healthy 

pool of SCs and regenerative capacity. Due to the changing energy requirements of 

muscle, it is important that the SCs can adapt their metabolic profiles during 

regeneration.  

1.5 Skeletal Muscle Metabolism  

For everyday movement and explosive exercise, energy availability is vital for 

muscle functions, including crossbridge cycling (see section 1.2.2). Muscles are a 

major metabolic organ and will utilize available glucose, through insulin-mediated 

glucose uptake, for ATP production and store the remaining glucose as glycogen. As 

muscles constantly require a source of energy, they have a store of readily available 

ATP that can be utilized immediately. For short bursts of high intensity exercise, like 

those utilising type IIB fibres, the muscle cells will mainly derive their energy through 

anaerobic respiratory pathways relying on the conversion of phosphocreatine to 

creatine and glycogen to lactate [75].  

During prolonged exercise the slow type I fibres utilize oxidative phosphorylation 

pathways to produce energy from intramuscular glycogen stores, blood glucose and 
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free fatty acids from adipose tissue [75]. The five complexes in the electron transport 

chain (ETC) essential for oxidative phosphorylation are found within the inner 

mitochondrial membrane: complex I (NADH: ubiquinone oxidoreductase), complex II 

(succinate dehydrogenase), complex III (cytochrome bc1 complex), complex IV 

(cytochrome C oxidase) and complex V (ATP synthase). The ETC receives electrons 

from electron carriers and passes them down the chain to combine with oxygen to form 

water, which results in a proton gradient that powers ATP synthase. The electrons that 

pass through the ETC can originate from the breakdown of glucose through glycolysis, 

or free fatty acids via β-oxidation [76].  

Quiescent SCs primarily rely on fatty acid and pyruvate oxidation for energy needs but 

will switch to aerobic glycolysis following activation [77, 78]. During differentiation there 

is an increase in mitochondrial biogenesis to accommodate the increased demand for 

oxidative phosphorylation [77, 79, 80]. One of the methods by which mitochondrial 

biogenesis is promoted is through the interaction of the adipokine (a cytokine secreted 

by adipose tissue), adiponectin (APN), with skeletal muscle [77, 79, 80].  

1.5.1 Adiponectin 

Adiponectin is released from the adipocytes following energy deficient 

conditions and has been well studied for its role as an anti-inflammatory and insulin-

sensitizing adipokine. APN is encoded by ADIPOQ located at chromosome 3q27 and 

is comprised of three exons and two introns. The full-length structure of APN is a 

monomeric subunit (fAPN) that associates with other monomers to form low molecular 

weight (LMW), medium molecular weight (MMW), and high molecular weight (HMW) 

oligomers (Figure 1.4) [81, 82]. The fAPN monomer is usually not detected in the 

circulation and the HMW forms appear to be the most biologically active [83]. 

Alternatively, the fAPN can undergo proteolytic cleavage and form trimers only with its 

globular head (gAPN) [84]. 

1.5.1.1 Adiponectin receptors  

There are three known receptors for APN: adiponectin receptor 1 (AdipoR1), 

adiponectin receptor 2 (AdipoR2), and T-cadherin (T-cad) [85-87]. Each receptor can 

bind different isoforms of APN with different affinities. AdipoR1 and AdipoR2 are 

integral membrane proteins with seven transmembrane domains, expressed within the 
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liver (AdipoR1, and R2) and on skeletal muscle (AdipoR1) [87]. AdipoR1 was the first 

described receptor and binds predominantly to gAPN on skeletal muscle [86, 88]. 

AdipoR2 is commonly expressed in the liver and binds fAPN [89].  

These receptors are important in regulating normal glucose metabolism and insulin 

sensitivity. This has been confirmed in mouse studies where AdipoR1 and -R2 double 

knockout mice show glucose intolerance and high levels of circulating insulin [89]. 

Furthermore, there is reduced expression of both AdipoR1 and -R2 in the livers of 

obese mice [90]. T-cadherin’s functions will be considered in later sections of this 

chapter.  

1.5.1.2 Adiponectin and metabolic syndromes  

Adiponectin has a well-established role in balancing glucose and lipid metabolism and 

has been shown to have insulin-sensitizing properties [91]. In contrast to other 

adipokines, decreased APN levels are associated with metabolic syndromes including 

obesity and type 2 diabetes that are usually accompanied by elevated triglyceride 

Figure 1.4. Structures of adiponectin (APN). Full-length adiponectin (fAPN) consists of 

a variable N-terminal domain, a collagenous domain, and a C-terminal globular domain. 

fAPN exists as a low molecular weight trimer (LMW) and can form both medium 

molecular weight hexamers (MMW) and high molecular weight multimers (HMW) in 

plasma. Alternatively, fAPN can undergo proteolytic cleavage and form trimers with 

only its globular head (gAPN).  



Chapter 1 - Introduction 

1-14 

content [92]. Various studies have found the presence of genetic mutations in or 

surrounding the ADIPOQ gene that are associated with obesity, type 2 diabetes and 

aberrant APN levels [93-95]. Furthermore, APN knockout mice have reduced 

mitochondrial content, and decreased electron transport chain and kreb’s cycle activity 

[96].  

Interestingly, the administration of APN leads to an improvement in insulin sensitivity 

in insulin resistant subjects [97]. APN can improve metabolic health through the 

activation of many pathways including 5' adenosine monophosphate-activated protein 

kinase (AMPK).  

1.5.1.3 Metabolic pathways effected by adiponectin 

AMPK is considered an ‘energy sensor’ and is activated in times of energy depletion. 

As the name suggests it is activated by a high AMP:ATP ratio, as well as exercise and 

other causes of energy depletion. Within the skeletal muscle, this pathway works to 

increase glucose uptake, fatty acid oxidation and mitochondrial biogenesis [98]. APN 

mediated activation of AMPK is achieved through the binding of an adapter protein, 

containing pleckstrin homology domain phosphotyrosine binding domain and leucine 

zipper motif (APPL1) to AdipoR1/R2 (Figure 1.5). Like APN, APPL1 expression is 

reduced in obese models and complete oblation can lead to insulin resistance [88, 99]. 

Both APPL1 and AdipoR1 are highly expressed within the skeletal muscle allowing the 

rapid activation of energy generation in times of need [100]. 

APPL1 induces the translocation of a protein kinase, LKB1 (serine-threonine liver 

kinase B1) into the cytosol that increases AMPK activation [101]. Furthermore, APN 

can also activate AMPK through increasing the influx of calcium into skeletal muscle. 

This not only affects contractile force but also activates calcium/calmodulin-dependent 

protein kinase kinase beta (CaMKKβ), which can increase AMPK activation [101].  

CaMKKβ also contributes to the increased expression of peroxisome proliferator-

activated receptor gamma coactivator 1-alpha (PGC-1α). PGC-1α is important for 

activating many transcription factors, including nuclear respiratory factors (NRF-1 and 

-2) and peroxisome proliferator-activated receptors (PPARs) that have roles in 

regulating mitochondrial biogenesis and function [102]. Furthermore, AMPK itself is 

also responsible for the activation of PGC-1α in the muscle.  
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Adiponectin signalling also influences the activation of p38 mitogen-activated protein 

kinase (p38-MAPK) through AMPK [103]. This enhances fatty acid oxidation through 

the transcriptional activation of PPARα, which increases the expression of genes 

involved in fatty acid transport and breakdown [103]. AMPK also inhibits acetyl-CoA 

carboxylase (ACC) that catalyses the committed step in fatty acid synthesis to further 

enhance fatty acid oxidation. The increase in β-oxidation results in reduced triglyceride 

content and assists in improving insulin sensitivity. Furthermore, the interaction 

between AMPK and p38-MAPK results in the translocation of GLUT4 to the plasma 

membrane to increase glucose uptake [104]. Together the upregulated pathways 

reduce the AMP:ATP ratio and increase energy utilization of cells (Figure 1.5). 

1.5.1.4 Adiponectin’s effects on insulin sensitivity 

Adiponectin has been well studied for its insulin sensitizing effects. Although APN 

levels are reduced in obese and diabetic subjects, administration of APN can lower 

blood sugar levels and reduce insulin resistance. In the muscles, APN can regulate 

Figure 1.5. gAPN exhibits its metabolic effects on skeletal muscles through binding to 

AdipoR1. This receptor interacts with the adaptor protein APPL1 that signals to AMPK. 

AMPK interacts with PPARα through PGC-1 and p38-MAPK. Along with the inhibition 

of ACC, this leads to increased fatty acid oxidation and improves glucose uptake by 

increasing the number of GLUT4 transporters on the cell surface. 
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insulin sensitivity by increasing fatty acid oxidation, glucose uptake and activating 

insulin signalling pathways. AMPK assists in the activation of the insulin receptor 

substrate 1 (IRS-1) to enhance insulin signalling in the muscle [105].  

1.5.1.5 Adiponectin in skeletal muscle myogenesis 

Initially thought to be expressed exclusively by the adipose tissue, APN can also be 

expressed by the skeletal muscle [106]. Given that APN is expressed by muscle and 

can improve metabolism, it may play an important role in muscle function and repair 

[106-108]. Fiaschi and colleagues (2009 & 2012) demonstrated that gAPN activates 

SCs, promotes motility and induces the expression of Mrf4 and Myog that in turn 

promote a switch from proliferation to differentiation [109, 110]. It is possible that APN 

promotes exit from the cell cycle through the activation of p38-MAPK [111].  

The third receptor for APN, the cell adhesion molecule T-cadherin (truncated 

cadherin), is, in the field of muscle biology, poorly studied. The role of cell adhesion in 

muscle function was the focus of the literature review published in 2021 and can be 

found in the following pages (section 1.6) and appendix one (section 9.1).  
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1.6.1 Abstract  

Skeletal muscles represent a complex and highly organised tissue responsible 

for all voluntary body movements. Developed through an intricate and tightly controlled 

process known as myogenesis, muscles form early in development and are maintained 

throughout life. Due to the constant stresses that muscles are subjected to, skeletal 

muscles maintain a complex course of regeneration to both replace and repair 

damaged myofibers and to form new functional myofibers. This process, made 

possible by a pool of resident muscle stem cells, termed satellite cells, and controlled 

by an array of transcription factors, is additionally reliant on a diverse range of cell 

adhesion molecules and the numerous signalling cascades that they initiate. This 
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article will review the literature surrounding adhesion molecules and their roles in 

skeletal muscle myogenesis and repair. 

1.6.2 Introduction 

The largest tissue type in the human body is the skeletal muscles. They make 

up approximately 40% of the total body weight and are responsible for imparting 

strength, stability, and support to facilitate voluntary movement. Skeletal muscle 

development, or myogenesis, begins early during embryonic development and is made 

possible through the formation, growth, differentiation and fusion of committed 

myogenic progenitor cells present in the myotome compartment of somites [13, 14]. 

Myogenesis is tightly controlled by a group of transcription factors known as myogenic 

regulatory factors (MRFs), which regulate myogenic commitment, muscle cell 

(myoblast) proliferation, fusion and eventual differentiation of myoblasts into 

multinucleated myotubes [112]. The MRF myogenic regulatory factor-5 (Myf5), which 

is initially expressed in the somite, together with myogenic determination factor 

(MyoD), commit cells to adopt a myogenic fate [28]. These MRFs act in concert with 

one another and can be overexpressed to compensate for each other in knockout cells 

and in mice [34, 35]. Following the formation of a pool of myogenic progenitor cells, 

these cells give rise to myoblasts, or skeletal muscle cells, which during primary 

myogenesis differentiate and fuse together to form multinucleated myotubes. Myoblast 

fusion requires cell movement, the apposition of membranes and reorganisation of the 

cytoskeleton to form fusion pores and ultimately the merging of membranes. Recent 

research has shown critical roles for two muscle proteins, Myomaker and Myomixer in 

myoblast fusion, and a contemporary review has been published [42, 43, 113]. During 

secondary myogenesis, mononucleated myoblasts align along these primary 

myotubes, and through further fusion form secondary myotubes [114]. This fusion 

process, otherwise referred to as myogenic differentiation, is controlled by the 

expression of additional MRFs, known as myogenin and MRF-4 (muscle specific 

regulatory factor-4) [14, 37].  

Importantly, skeletal muscles are able to maintain their mass postnatally, and even 

build upon it, thanks to a resident population of muscle specific stem cells, termed 

satellite cells (SCs), that reside between the sarcolemma and basal lamina of muscle 

fibres [58, 115]. SCs originate in the somites, similar to the precursor myoblasts, but 
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adopt a quiescent state beneath the basal lamina [116]. However, in response to 

muscle injury or damage, SCs are able to activate, re-enter the cell cycle, and 

undertake myogenesis similar to what is observed during embryonic growth, fuse to 

form new multinucleated myotubes, and facilitate the replacement of damaged or 

defective muscle fibres. Consistent with their stem cell nature, sub-populations of SCs 

are then able to return to a quiescent state and have the ability to self-renew, so as to 

maintain their population throughout adult life [69].  

Given the importance of SCs in maintaining skeletal muscle mass, any defects in SC 

function, and the associated regenerative processes of skeletal muscle can have 

detrimental downstream consequences on human health. Most notably, reduced SC 

numbers and defective SC function has been linked to the loss of muscle mass and 

impaired muscle function associated with chronic diseases, including type 2 diabetes 

and sarcopenia [117, 118]. Recent evidence suggests that specific cell adhesion 

molecules (CAMs), including the calcium-dependent cadherins M-cadherin and N-

cadherin, have pivotal roles in maintaining SC quiescence and activation [119, 120], 

which suggests CAMs may have roles in muscle disease. Hence, the role of CAMs in 

skeletal muscle myogenesis is of particular interest to the field, with a better 

understanding of these complex processes providing a potential avenue for developing 

therapeutic approaches for improving muscle growth and chronic disease outcomes. 

Thus, this review will consider myogenic CAMs and will discuss their known function 

in skeletal muscle growth and maintenance and highlight potential avenues for further 

research. 

1.6.3 Cell adhesion molecules (CAMS) 

The formation of myofibers during development not only depends on the 

complex expression of myogenic transcription factors, but also on the select 

expression of adhesion molecules. CAMs are proteins, located on the cell surface, that 

are involved in binding cells to one another or to the extracellular matrix (ECM). CAMs 

have diverse functions within the body and are not only important for adhesion but also 

for signalling in development, proliferation and in cancer progression. CAMs are often 

divided into four superfamilies: the immunoglobulin superfamily of adhesion molecules 

(IgCAMs), cadherins, integrins and selectins. The various groups of CAMs and their 

role in myogenesis will now be considered. Selectins are typically responsible for 
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binding carbohydrates and are important for leukocyte trafficking to expose leukocytes 

to signalling molecules [121]. Although studies have revealed potential roles for 

selectins in facilitating skeletal muscle regeneration [122], selectins have not been 

shown to play a major role in myogenesis, as such will not be discussed in this review. 

The remaining groups of CAMs and their role in myogenesis will now be considered. 

1.6.3.1 Integrins 

Integrins are a family of cell adhesion molecules that are responsible for both cell-cell 

and cell-matrix interactions as well as acting as receptors for extracellular ligands and 

binding to the cytoskeleton. As these proteins are the principal tools used for binding 

and communicating with the ECM, they are abundantly present on the cell surface. 

These heterodimeric glycoproteins consist of noncovalently bound α and β subunits; 

forming up to 24 unique integrins based on the varying complexity of the subunits [123-

125]. Integrins influence cell behaviour as bi-directional cell signalling molecules. In 

the resting state they exist in a bent-over inactive conformation and become activated 

through the binding of agonists such as chemokines and growth factors to G-protein 

receptors, and extracellular force. This in turn leads to molecules such as paxillin, talin 

and kindlin binding to the β subunit to promote an open and activated integrin, allowing 

binding to ECM components (collagen, laminin, fibronectin). Subsequently, this 

promotes integrin clustering and the recruitment of signalling molecules including, 

integrin linked tyrosine (ILK) and focal adhesion kinases (FAK), and the modulation of 

downstream signalling including Akt, extracellular signal-related kinase (ERK), Rho 

guanine nucleotide binding proteins (Rho GTPases) and mammalian target of 

rapamycin (mTOR). The nature of signalling is dependent on the integrin, cell type and 

ECM. During developmental myogenesis specific integrins are expressed and their 

presence coincides with that of their extracellular ligands laminin and fibronectin [126, 

127].  

The dystrophin-glycoprotein complex (DGC) and integrin α7β1, serve as the two 

primary laminin receptors in skeletal muscle, binding the muscle fibres to the basal 

lamina [128, 129]. Mutations in nearly all the DGC associated proteins result in skeletal 

muscle pathologies; with mutations in the major DGC protein, dystrophin, resulting in 

Duchenne and Becker muscle dystrophies (DMD and BMD), and in dystroglycans and 

sarcoglycans associating with a wide range of limb-girdle muscular dystrophies and 

other pathological changes [130]. Integrin α7 was postulated to play a major role in 
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secondary myogenesis due to observations that α7 and its ligand laminin are 

expressed on primary myotubes following primary myogenesis [131]. In this regard, 

patients with congenital myopathy were observed to possess a mutated α7 gene, and 

this was supported by experiments showing that α7 null mice develop mild muscular 

dystrophy [132, 133]. Significantly, endogenous α7β1 integrin mRNA and protein, is 

upregulated in DMD patients and in mdx mice (a mouse model of human DMD) and 

was suggested to be a compensatory action between the two laminin ligands [134, 

135]. In agreement, the over-expression of α7β1 in mdx/utr-/- mice that lack both 

dystrophin and utrophin, led to an extension in life, a reduction in muscular dystrophy 

pathology and an increase in satellite cell number [134, 136]. These data suggested 

that α7 was protective, and as a consequence double knock-out mice lacking both α7 

and dystrophin (mdx mice) had a much more severe and progressive muscular 

dystrophy than that observed in mice with the individual loss of each gene alone [137]. 

Together, these reports suggested that the re-expression of α7 could be a therapeutic 

strategy for treatment of DMD patients. Subsequent studies using adeno-associated 

virus (AAV) delivery methods in mdx and mdx/ utr-/- mice resulted in improved muscle 

fibre size and lifespan [138, 139]. Further studies using the small molecule SU9516 

reduced the phosphorylation of pro-inflammatory p65-nuclear factor-κβ (NF-κβ) and 

activity of Ste20-related proline alanine rich kinase (SPAK) and oxidative stress 

response 1 (OSR1) kinase pathways, promoted α7β1 expression in myogenic cell 

lines, and reduced disease progression in mdx mice [140]. As a consequence, 

therapies targeting α7 could be an avenue to treat muscular dystrophies.  

β1 integrin itself appears to be essential for the development of myofibers, as defects 

in myoblast fusion, observed through the accumulation of unfused cells and the 

formation of short muscle fibres, are observed in in vitro studies and in mice with 

muscle-specific inactivation of the β1 integrin. Importantly, the muscle-specific 

inactivation of the integrin β1 gene in mice leads to death at birth with non-inflated 

lungs, and poorly developed muscle fibres [141, 142]. At the signalling level β1 can 

interact with transmembrane 182 (TMEM182) to regulate FAK, ERK and Akt myogenic 

signalling, and additionally co-operate with fibroblast growth factor (FGF) signalling to 

maintain SC proliferation and renewal [143, 144]. Another β integrin, β3 has been 

found to be transiently expressed in activated SCs during mouse muscle regeneration, 

mediates myogenic gene expression and SC migration, and β3 integrin gene absence 
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in vivo leads to impaired muscle regeneration. Mechanistically, it was found that β3 is 

required for maintaining Rac1 GTPase activity (a Rho GTPase family member), 

myogenic gene expression and focal adhesion complexes in differentiating myoblasts 

[145].  

In addition to α7β1, in vitro studies in rodent and avian cells indicate that integrins 

α4β1, α4β7 and α5β1 which bind fibronectin, and α6β1 and laminin, respectively, may 

also play a role in cell adhesion and communication during skeletal muscle 

myogenesis. The α4 integrins, found on multinucleated myotubes, were as well thought 

to be of importance during secondary myogenesis through interactions with a counter 

receptor, vascular cell adhesion protein-1 (VCAM-1), found on the proliferating 

myoblasts [146]. However chimeric mice with a high percentage of α4-deficient 

embryonic stem cells developed normal muscle and displayed uninhibited myotube 

formation in vitro [147]. The exact role for α5β1 in muscle development is poorly 

understood notwithstanding studies have shown that α5 absence in chimeric mice 

results in changes in muscle structure resembling muscular dystrophy [148]. The loss 

of α6 in mice does not lead to a muscle phenotype [149]. However in vitro studies 

inhibiting α6 have presented unexpected results, as blocking antibodies and siRNA 

treatment limited differentiation of porcine primary muscle cells, whereas treatment 

with blocking antibodies in murine explants activated the myogenic programme in 

dermomyotomal cells [150, 151]. These data suggest that α6β1 may have alternate 

functions during distinct myogenic stages. 

1.6.3.2 Immunoglobulin superfamily of adhesion molecules 

The cell adhesion molecules of the IgCAM family function in diverse cell types 

and are involved in a variety of biological processes. This family includes the neural 

cell adhesion molecule (NCAM), vascular adhesion protein-1 (VCAM-1), CAM-

related/down-regulated by oncogenes (CDO), brother of CDO (BOC) and neogenin. 

1.6.3.2.1 NCAM 

NCAM was the first IgCAM implicated in myogenesis in the somites and the myotome 

compartment during development [152]. In vitro overexpression studies in murine 

C2C12 myoblasts, revealed that increased NCAM enhances myoblast fusion [153, 

154]. Further studies have revealed that myoblasts express transmembrane isoforms 

of NCAM, that then switch to an alternate GPI-anchored form in myotubes, which is 
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suggested to be essential for the fusion of myoblasts to myotubes [152, 155, 156]. 

Additionally, NCAM is found expressed on both quiescent and activated satellite cells 

from the proliferative stages through to fusion, which suggest a role for NCAM in 

postnatal myogenesis [63, 157]. Despite these studies, NCAM null mice do not have 

any apparent defects in skeletal muscle development, and NCAM knock-out primary 

myoblasts differentiate in vitro at the same rate as wild-type cells, suggesting that other 

cell adhesion molecules can compensate for NCAM loss [158]. 

1.6.3.2.2 VCAM-1 

VCAM-1 is expressed by proliferating myoblasts and on SCs and has a high affinity for 

integrin α4β1 (also known as VLA-4), which is present on the surface of multinucleated 

myofibers [146]. The inhibition of VCAM-1, or its ligands, in C2C12 cells, results in a 

reduced number of nuclei within the myotubes, when compared to controls, suggesting 

an inhibition of myoblast fusion [146]. The selective deletion of VCAM-1 from SCs in 

mice, during regeneration resulted in SCs with premature lineage progression to a 

more differentiated state, a robust influx of immune cells expressing integrin α4β1 and 

apoptosis, leading to a transient delay in myofiber growth. However, 30 days post-

injury no defects were noted in myofiber cross-sectional area, suggesting that VCAM-

1 is not required at later stages of regeneration, or that perhaps there is compensation 

by other cell-cell adhesion molecules. Interestingly, in uninjured VCAM-1 null mice, the 

basal fusion of the SCs was reduced, and this corresponded with reduced myofiber 

cross-sectional area [159]. Taken together, these reports suggest that the role of 

VCAM-1 in myogenesis and myofiber growth is contingent on the inflammatory state 

of the SC niche. 

1.6.3.2.3 CDO 

CAM-related/down-regulated by oncogenes (CDO), also known as CDON, is a further 

member of the Ig/FNIII (Fibronectin type III) family of cell surface receptors and 

possesses five Ig-like domains, with three FNIII like repeats in the extracellular region, 

a transmembrane domain and a cytoplasmic tail [160]. CDO is initially expressed in 

the central nervous system as early as E7.5, however expression is also seen in the 

skeletal muscle precursors, but is absent in the adult muscle [161, 162]. CDO exhibits 

a promyogenic role in vivo and in vitro and appears to be an integral component of the 

link between the cell surface and nuclear transcription factors, that positively regulates 

myogenic differentiation. In this manner, CDO overexpression enhances differentiation 
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and the expression of muscle-specific proteins, while the expression of anti-sense 

CDO limits myotube formation [162]. Moreover, CDO null mice show delayed muscle 

development, and knock-out primary myoblasts derived from the CDO null mice 

display defective differentiation in culture [163]. Mechanistically, CDO, through 

interactions with promyogenic cadherins, N-cadherin and M-cadherin, positively 

regulate the differentiation of myogenic cell lines by post-translationally activating 

MyoD [164]. Further intricate studies illustrated that CDO can complex to the scaffold 

proteins JLP (JNK-associated leucine zipper protein) and Bnip-2 (BCL2/ adenovirus 

E1B 19 kDa protein-interacting protein 2), and the adaptor protein APPL1 (adaptor 

protein containing PH [pleckstrin homology]) domain, PTB [phosphotyrosine binding] 

domain, and leucine zipper motif to respectively activate p38 mitogen activated protein 

kinase (p38MAPK) and Akt, two key myogenic signalling pathways [165, 166]. Studies 

by the same group then found that TGF-β-activated kinase 1 (TAK1) and apoptosis 

signal-regulating kinase 1 (ASK1) interacted with CDO to promote myogenesis through 

activation of p38MAPK [167]. Further placing CDO in an influential position in 

myogenesis, recent data shows that the specific deletion of CDO from muscle SCs 

impairs muscle regeneration, fibroblast growth factor (FGF) and integrin signalling. 

Specifically, the loss of CDO in SCs resulted in impaired muscle regeneration and 

increased fibrotic deposition. Further analysis showed that CDO loss decreased β1-

integrin expression, reduced extracellular signal-regulated kinase (ERK) levels, and 

impaired SC response to FGF, resulting in reduced proliferation and self-renewal 

capacity of SCs [168]. 

1.6.3.2.4 BOC 

Brother of CDO (BOC), is an additional member of the Ig/FNIII family of receptor 

proteins and has four Ig repeats and three FNIII structures in its ectodomain. The 

expression of BOC during both embryonic development and in C2C12 myoblasts 

overlap significantly with CDO [169, 170]. Immunoprecipitation studies show strong 

binding between CDO and BOC and shows that the two CAMs function together as 

components of an adhesion complex that acts to regulate myogenic differentiation 

[169]. Notably, oncogenic forms of Ras, a family of GTPases that act as crucial 

members of a signalling network controlling cell cycle growth, migration, and apoptosis, 

can block differentiation in C2C12 cells through transcriptional downregulation of 

MyoD, myogenin, CDO and BOC. Significantly, the forced re-expression of either CDO 
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or BOC in Ras expressing C2C12 cells leads to the induction of endogenous MyoD 

and myogenin, and thus myogenesis [169]. Moreover, it was observed that the forced 

expression of BOC or CDO in the human rhabdomyosarcoma cell line RD promoted 

muscle-cell like differentiation [171]. Together, these data suggest a positive link for 

BOC and CDO between the cell surface and MRFs. 

1.6.3.2.5 Neogenin 

Neogenin is a multifunctional transmembrane receptor that is a part of the 

immunoglobulin superfamily and is composed of an extracellular domain containing 

four Ig-like loops and six FNIII repeats, a transmembrane region, and a cytoplasmic 

tail. As a homologue of DCC (deleted in colorectal cancer), the primary function of 

neogenin was predicted to be similar to DCC to facilitate axon guidance through the 

binding of netrins, which represent a small family of laminin-related proteins, that 

associate with cell membranes and the ECM [172, 173]. In C2C12 cells, neogenin 

overexpression enhanced myotube formation by promoting myoblast differentiation 

[174]. Subsequent studies revealed that despite normal myotome development, 

neogenin-null mice display smaller myofibers at E18.5 and postnatally from 3 weeks 

of age [175]. Mechanistically, it was found that neogenin can complex with CDO, and 

bind Netrin-3, a laminin related protein, which via CDO stimulated the Nuclear factor 

of activated T-cells (NFAT) pathway, to regulate muscle differentiation [174, 176]. An 

interesting aspect of the binding of netrin and neogenin on myoblasts, is that it does 

not lead to alterations in muscle-specific gene products, including MyoD, myogenin, 

and MHC, suggesting an alternative pro-myogenic mechanism is in play. 

1.6.3.3 Cadherins 

Cadherins exist in multiple tissue-specific isoforms and promote both homophilic 

(binding between cells of the same type) and heterophilic (binding between cells of 

different types) interactions. Cadherins typically express a C-terminal cytoplasmic 

domain, a transmembrane domain, and an N-terminal variable extracellular domain, 

often used to classify the cadherin into subgroups. Each of these subgroups are 

responsible for a variety of functions between cells, and by example, the classic 

cadherins express 5 extracellular domains between which reside three calcium binding 

sites that are necessary for correct conformation and intercellular binding [177, 178]. 

The binding of calcium brings rigidity to the ectodomain so that it adopts a crescent 

shape necessary for bonding between adjacent cells [179]. Cadherins are primarily 
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located at adherens junctions, which are protein structures along the plasma 

membrane that mediate adhesion between cells [180]. The cadherins facilitate 

adhesion through the formation of trans bonds between the N-terminal β-strands of the 

EC1 domains, bridging the intermembrane space through their ectodomains [181, 

182]. Furthermore, cadherins, along with conferring adhesion between cells, are 

essential for intracellular and intercellular signalling and communication, which is 

achieved through the interaction of their cytoplasmic tails with catenin proteins [183].  

The most abundant cadherins in skeletal muscle are muscle (M-), neuronal (N-), retinal 

(R-), and truncated (T-) cadherins [184-187]. M- and N-cadherin are best described in 

myogenesis, and cadherin control of the Rho family of guanine triphosphate 

hydrolases (GTPases) has been studied due to the dependence of fusion on the 

recognition, adherence and alignment between myoblasts [188]. Rho is a subgroup of 

the Ras superfamily of GTPases and are major contributors to morphogenic and 

migratory properties of cells [189, 190]. Through the activation of muscle specific 

promoters, RhoA is expressed and is crucial for the accumulation of β-catenin at sites 

of cell-cell contact. Similarly, the GTPases Rac1 and Cdc42 are essential for myoblast 

fusion in vivo and in vitro, as their loss impairs muscle formation [191-193].  

1.6.3.3.1 N-cadherin  

The first cadherin to appear during myogenesis is N-cadherin, where it is expressed in 

the myotome compartment of somites and in embryonic muscle during development 

[194]. First described in neurons, N-cadherin plays a significant role in the development 

of many tissues within the body. N-cadherin signalling, which is important for cell cycle 

exit, occurs in-part through the regulation of RhoA and Rac1. N-cadherin negatively 

regulates Rac1 function and increases the activity of RhoA, thereby initiating myogenic 

progression [193]. N-cadherin is down-regulated in secondary myogenesis during the 

point in embryonic development where myoblasts switch the expression of their 

primary adhesion proteins from N- to M- cadherin [195, 196]. Due to the vital role N-

cadherin plays in heart muscle development, N-cadherin-null mice are embryonically 

lethal and are unable to be studied [197]. Studies blocking N-cadherin function in 

C2C12 myoblasts inhibited myogenesis [198, 199]. Nevertheless, the subsequent 

isolation of N-cadherin null myoblasts revealed that their fusion competence was 

equivalent to wild-type and suggested that other CAMs could compensate for N-

cadherin myogenic function [200]. Despite these findings, subsequent signalling 
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studies found that N-cadherin ligation between opposing myoblasts stimulated CDO-

dependent activation of p38MAPK, that in turn promotes muscle differentiation [201]. 

In sum, these data suggest N-cadherin is a key signalling CAM in myogenesis. 

1.6.3.3.2 M-cadherin  

M-cadherin is abundantly expressed in the developing skeletal muscle but is 

downregulated in adult muscle fibres, where it is only found in muscle SCs at low levels 

[202, 203]. M-cadherin expression is activated through the binding of MRFs to 

transcription sites close to the M-cadherin gene. Initial M-cadherin knockdown studies 

in muscle cell lines indicated that reduced M-cadherin leads to a reduction in myoblast 

adhesion and differentiation [204]. Nevertheless, M-cadherin knockout mice have 

normal muscle development with no obvious defects in growth or repair, suggesting 

that in vivo M-cadherin loss could be compensated by other cadherins like N- and R-

cadherin [205]. Subsequent cell biology studies show M-cadherin stabilises β-catenin, 

and regulates β-catenin/Wnt signalling to promote myogenesis independent of T-cell 

specific transcription factor/lymphoid enhancer binding factor (TCF/LEF) [206].  

Recent studies have shown that CAMs occupy an important role in readying SCs for 

activation. The study by Goel et al. [119] showed that M-and N-cadherin mediated 

adhesion between SCs and myofibers is necessary for promoting SC quiescence, 

while the genetic removal of both M-cadherin and N-cadherin diminishes cell-to-cell 

binding, leading to partial SC activation, without injury. A contemporary cell biology 

study has also linked M-cadherin to metabolism, where it was shown that insulin 

stimulated phosphorylation of β-catenin on Serine 552 was critical for GLUT4 

translocation to the cell membrane, and subsequent binding of β-catenin to M-cadherin 

[207]. These studies suggest a plausible molecular link between insulin resistance and 

SC activity, via the interactions of M-cadherin and β-catenin.  

1.6.3.3.3 R-cadherin  

Retinal cadherin (R-cadherin) is another classical cadherin, originally discovered in the 

retina, but is also expressed in the heart, kidney, thymus and on the skeletal muscle 

[208, 209]. R-cadherin is detected in the somites and localises to the cell-cell contacts 

of primary myoblasts but is diminished in normal adult muscle. Interestingly, R-

cadherin is present in rhabdomyosarcomas (RMS), a cancer of the muscle tissue, but 

is absent in normal myoblasts. Moreover, it has been shown that R-cadherin can 
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promote tumorigenesis in C2C12 myoblasts by inhibiting myogenic induction through 

impairing cell cycle exit and promoting cell motility. Furthermore, R-cadherin can 

upregulate the activity of Rac1, leading to the inhibition of the cell cycle and hence 

muscle myogenesis, and additionally downregulate M- and N-cadherin function to 

disrupt muscle development [208, 210]. 

1.6.3.3.4 T-cadherin  

In contrast to the classical cadherins, T-cadherin does not express a transmembrane, 

or cytoplasmic domain, and is instead attached to the cell membrane through a 

glycosylphosphatidylinositol (GPI) moiety that localises to lipid rafts [187]. Another key 

difference between T-cadherin and the classical cadherins is that T-cadherin executes 

homophilic binding through a different mechanism. While classical cadherins bind one 

another through a strand-swapping mechanism, T-cadherin engages in intracellular 

recognition through a homophilic interface between the EC1 and EC2 domains – 

referred to as the X-dimer [211]. T-cadherin is expressed on developing and mature 

skeletal muscle, but limited studies have been performed to identify the role of this 

cadherin in skeletal muscle growth. Nonetheless, a recent study considering skeletal 

muscle regeneration in mice suggests T-cadherin may play a role by acting as a 

receptor for adiponectin [212]. Here the genetic loss of adiponectin or T-cadherin had 

no effect on muscle regeneration. Muscle regeneration improved only when 

adiponectin was adenovirally expressed to supra physiological levels (10- to 30-fold 

above normal) together with infused angiotensin II to partially mimic muscle ageing. 

Thus, further studies are required to consider T-cadherin's molecular functions in 

myogenesis and SC activity. 

1.6.4 The myogenic cell adhesion complex 

The many years of study by numerous investigators has led to the development 

of an elegant model for myogenic cell adhesion molecules in how they communicate 

and interact with one another to regulate skeletal muscle myogenesis. Some of these 

molecules have been found to participate in the formation of an integrated 

promyogenic cell adhesion complex with other CAMs. CDO and BOC form a cis 

complex through an association of their ectodomains and cytoplasmic tails [213]. Both 

CDO and BOC can as well bind to cadherins, which can communicate with the 

cytoplasmic catenins, and importantly, studies indicate that this cadherin interaction is 
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necessary for the promyogenic effects of CDO [164, 214]. This cell adhesion complex 

also interacts with other members of the immunoglobulin superfamily, namely 

neogenin and netrin [174, 213]. Data suggests that neogenin mediates most of its role 

through selective binding with CDO, which in turn regulates netrin signalling (Figure 
1.6 and Table 1.1). These reports indicate that there is a promyogenic effect 

associated with the formation of this complex. Nevertheless, there is still much to be 

understood about how they mediate these effects, and how this complex regulates 

muscle development, regeneration, and SC activation. Moreover, in this light recent 

research by the Rudnicki group has shown that the DGC plays a necessary role in 

regulating SCs cell polarity and epigenetic activation of SC commitment. The absence 

of dystrophin causes a dramatic reduction in asymmetric division, and hence the 

number of myogenic progenitors to support regeneration [215-217]. Significantly, in 

regard to the information presented in this review concerning α7β1, VCAM-1, CDO, M- 

Figure 1.6. Cartoon depicting the major cell adhesion molecules in the promyogenic 

cell adhesion complex. Research from the last 20 years shows the presence and 

interaction of N- and M-cadherin (green), CDO (rouge), Neogenin (orange), and BOC 

(purple) in the complex; and neogenin binds netrins. VCAM-1 (blue) and VLA-4 (brown; 

integrin α4β1) bind independently of the other CAMs. 
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and N-cadherin, it is likely that other CAMs could regulate SCs division and 

differentiation. These CAMs and/or their downstream signalling could possibly be used 

to counter the negative influence of a dysfunctional DGC in muscular dystrophy or 

muscle wasting diseases and provide a therapeutic approach. 

Table 1.1. Lists the major myogenic CAMs, their function and expression. 

Family CAM Function Expression Reference 
Integrin α7β1 Binding of the muscle 

fibres to the basal lamina 
to assist adhesion of 
myoblasts 

Myoblasts and 
myotubes 

[129] 

α4β1 Assists secondary 
myogenesis through 
adhesion with counter 
receptor VCAM-1 

Myoblasts and 
myotubes 

[125, 146] 

α4β7 Assists secondary 
myogenesis through 
adhesion with counter 
receptor VCAM-1 

Myoblasts and 
myotubes 

[125, 146] 

α5β1 Maintaining a proliferative 
state, and thus sustaining 
growth 

Myoblasts and 
myotubes 

[125, 148] 

α6β1 Helps to facilitate the 
transition of myoblasts 
from proliferation to 
differentiation 

Myoblasts and 
myotubes 

[125] 

IgCAM NCAM Enhances myoblast fusion Myoblasts, 
myotubes, and 
satellite cells 

[154] 

VCAM-1 Assists secondary 
myogenesis through 
adhesion to integrin 
subunit alpha 4 

Myoblasts and 
satellite cells 

[146] 

CDO Enhances differentiation Myoblasts and 
satellite cells 

[163] 

BOC Enhances differentiation Myoblasts and 
satellite cells 

[169] 

Neogenin Enhances differentiation Myoblasts and 
myotubes 

[163, 174] 

Cadherins N-cadherin Initiates myogenic 
differentiation through cell 
cycle exit 

Myoblasts and 
satellite cells 

[193] 
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M-
cadherin 

Enhances myoblast 
adhesion and 
differentiation 

Myoblasts, 
myotubes and 
satellite cells 

[184] 

R-cadherin Enhances differentiation 
through cell cycle exit 

Myoblasts [208] 

T-cadherin Binds adiponectin, role in 
myogenesis largely 
unknown 

Myoblasts and 
myotubes 

[187, 212] 

 

1.6.5  Conclusion 

In conclusion, cell adhesion molecules play a significant role in the formation 

and maintenance of skeletal muscle cells. The formation of an intricate ‘adhesion 

complex’ at cell-cell contacts throughout muscle development and regeneration 

signifies the importance of improving our understanding of this process. Publications 

suggest that SC phenotype and function is regulated through cell adhesion and offer a 

potential window to develop more cogent therapeutic strategies. Hence CAMs and 

their downstream signalling could become therapeutic targets to alleviate the effects 

of dystrophin loss or reduced expression, and to promote SC expansion and 

differentiation to treat muscle wasting diseases. Better understanding the mechanisms 

that regulate degeneration, and repair, could play a dynamic role in assisting patients 

to maintain muscle mass, increasing life expectancy, and reducing disease morbidity. 

 

End of Publication 
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1.7 Cell adhesion molecules  

The following provides information in addition to the published literature review 

regarding cadherins and their roles in skeletal muscle development and regeneration.  

1.7.1 T-cadherin  

The T-cadherin protein is coded by the CDH13 gene on chromosome 16q24 

and has described roles in initiating signalling for proliferation, differentiation and 

migration rather than just simple cell adhesion [218]. T-cadherin is expressed on many 

tissues and cell types including endothelium, smooth muscle cells, cardiomyocytes, 

skeletal muscles, retina, pancreas, and epithelium. In addition, T-cadherin plays an 

important role in the guidance of neurons during development and regulating 

angiogenesis [1, 187]. Homophilic interactions between T-cadherin molecules results 

in cellular deadhesion through the activation of Rho GTPases [219]. 

1.7.1.1 T-cadherin and adiponectin 

T-cadherin is a receptor for the hexameric and HMW species of APN, as well as low-

density lipoproteins (LDL) [220, 221]. The colocalization of T-cadherin and APN has 

been demonstrated on both the skeletal muscles and cardiomyocytes. Moreover, 

native APN appears to bind specifically to cells expressing T-cadherin independently 

of AdipoR1, and -R2 [222]. In the heart, T-cadherin is essential for APN-mediated 

revascularization and cardio protection, and T-cadherin loss results in increased serum 

APN and a lack of APN binding on cardiac tissue [223, 224]. The absence of APN 

binding in T-cadherin knockout (T-cad KO) mice is also seen for the skeletal muscle 

and suggests and important role for T-cadherin in muscle regeneration [212].  

1.7.1.2 T-cadherin in muscle regeneration 

During muscle regeneration, T-cadherin and APN expression initially decreases before 

returning to normal levels by day 7 [212]. A recent study by Tanaka et al. suggests that 

T-cadherin plays an important role in muscle regeneration by acting as a receptor for 

APN [212]. The study showed that the overexpression of APN to supranormal levels, 

in aged APN null mice, increased regenerating fibres and decreased necrotic areas. 

However, these effects were not seen in T-cadherin null mice, suggesting T-cadherin 

is important for APN signalling in muscle fibres. Nonetheless, studies have not 
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examined T-cadherin’s APN-independent functions in myogenesis, and this is the 

major focus of this thesis.  

1.7.2 M-cadherin and β-catenin  

An important element of the myogenic adhesion complex is the interaction with 

β-catenin and the actin cytoskeleton. During myogenesis, M-cadherin accumulates at 

areas of cell-cell contact between myoblasts and co-localizes with β-catenin [225]. 

Following cell adhesion, M-cadherin interacts with β-catenin and links with the actin 

cytoskeleton to provide mechanical stability throughout the fusion process and assist 

in actin reorganization. There is still much to be understood regarding this complex and 

its function during skeletal muscle myogenesis.  

In the presence of Wnt signalling, β-catenin translocates to the nucleus where it 

associates with TCF/LEF (T-cell factor/lymphoid enhancer factor) to regulate gene 

expression. Importantly, during myoblast proliferation β-catenin interacts with MYOD 

and enhances its transcriptional activation of downstream MRFs, including myomaker 

and myomixer [20, 226]. As Wnt signalling decreases, β-catenin remains in the 

cytoplasm where it localises to regions of cell-to-cell contact and assists in myoblast 

fusion [227].  

In the absence of Wnt signalling or cadherin interaction, β-catenin is phosphorylated 

and marked for degradation by glycogen synthase kinase-3 beta (GSK3-β) [228]. Both 

gain- and loss- of β-catenin function studies in mice show impaired myogenesis and 

suggest β-catenin expression must be tightly regulated during myogenesis [226, 227]. 

Of interest, M-cadherin contributes to the regulation of β-catenin as M-cadherin 

knockdown studies show significant increases in β-catenin phosphorylation, leading to 

its degradation [206].  

1.8 Skeletal Muscle Disease  

Given that the first results chapter of this thesis considers the association of T-

cadherin (CDH13) with muscle disease through bioinformatic analyses, the following 

section provides an overview of the major muscle disease types and possible links to 

T-cadherin.  
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Muscle diseases commonly associate with other debilitating chronic illnesses and can 

be devastating to a patient and their family. A loss of muscle mass, commonly referred 

to as muscle atrophy, can lead to movement difficulties and can seriously reduce 

quality of life. Muscle diseases and muscle loss can occur because of chronic illness, 

severe trauma, age, poor nutrition, or genetics. For individuals with chronic illnesses, 

atrophy is a result of functional and metabolic alterations that lead to poor muscle 

performance. Many people suffering from muscle wasting, particularly those suffering 

because of trauma or poor nutrition, can reverse this atrophy through proper nutrition, 

and physiotherapy. However, for those suffering from muscle atrophy associated with 

chronic illness, ageing or with genetic causes, there are few solutions.  

1.8.1 Muscular dystrophies  

A group of diseases that effects the muscle repair system are muscular 

dystrophies. Muscular dystrophies are a group of inherited disorders that are typically 

characterised by a progressive degeneration of skeletal muscles. The following section 

provides a brief overview of these disorders as an extensive review has been published 

elsewhere [229]. Duchenne muscular dystrophy (DMD), the most common genetic 

muscular disorder, is an X-linked genetic disorder that has a worldwide incidence of 

1:5000 male births [230]. Although this disease commonly affects males, female 

carriers may also present with mild, moderate, or severe DMD due to skewed X-

inactivation, or in rare cases, an inherited mutation from the mother and a de novo 

mutation from the father [231]. Patients suffering from this disease have a genetic 

mutation within the DMD gene on the X-chromosome that precludes the production of 

the muscle protein ‘dystrophin’ – a protein essential for maintaining muscle structure 

and function [232, 233]. Dystrophin is a vital protein for skeletal muscles that helps to 

strengthen and protect them from contractile stress. Without dystrophin, muscles are 

unable to handle mechanical stress, and undergo necrosis [234]. Webster et al., 

demonstrated that in patients with DMD, type II fibres are the first to degenerate and 

are eventually lost, while type I fibres are affected relatively late in the disease process 

[235]. Although muscles with dystrophin-deficiency retain their ability to repair fibres, 

the new muscles are ineffective, and are condemned to a cycle of necrosis and repair, 

leading to the muscle being ultimately replaced with adipose and connective tissue 

[234-236].  
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Although the mutations behind dystrophin disease-causing variants have been 

researched for decades it is still unclear what role SCs play in this disease. Originally, 

it was theorized that the SCs simply become exhausted and are unable to continue 

repairing the fibres. Nonetheless, studies have since shown that muscle fibres isolated 

from mdx mice and DMD patients possess elevated numbers of SCs, particularly in 

type I muscle fibres [237, 238]. Hence, a more recent model argues that the SCs 

themselves become dysfunctional and are unable to efficiently repair the muscle. 

Given that SCs have been shown to express dystrophin, it is likely that they may not 

retain full regenerative functionality [216]. 

During regeneration it is important that metabolic capacity is maintained. This is in part 

resolved by removing damaged mitochondria and replacing them with new 

mitochondria from the fusing SCs. Indeed, mitochondrial dysfunction is one of the 

many complications associated with mdx dystrophic muscle [239, 240]. Importantly, 

the absence of dystrophin in the muscle results in an increase in cytosolic calcium and 

oxidative stress that creates a pro-inflammatory environment leading to mitochondrial 

dysfunction [211, 241]. Interestingly, mdx mice that overexpress APN actually show 

reduced inflammation, oxidative stress and an increase in expression of MRF4 and 

MYOG [242]. Thus, the emerging genetic therapies that aim to repair the dystrophin 

gene [243] may benefit from altering the metabolic function of SCs to assist in repair.  

Myotonic dystrophies, type I (DM1) and type 2 (DM2) are one of the most common 

adult-onset dystrophies. Both types are caused by microsatellite expansions in 

different genes, DMPK (DM1 protein kinase) for DM1, and CNBP (CCHC-type zing 

finger nucleic acid binding protein) for DM2, and share a range of clinical symptoms 

but differ in fibre type phenotypes [244]. DM1 shows atrophy and a high frequency of 

central nuclei in type I fibres, and DM2 shows atrophy and central nuclei in type II fibres 

[245, 246]. For these reasons, manipulation of the muscle fibre type to replace deficient 

fibres is a candidate therapeutic approach for some dystrophies.  

1.8.2 Sarcopenia  

Another common cause of muscle atrophy is ageing. Sarcopenia, characterised 

by a progressive and generalised loss of muscle mass, affects a large majority of 

elderly patients, and correlates with poor life quality, physical disability and shortened 
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life expectancy [247, 248]. Sarcopenia can be categorised into primary, or age-related, 

sarcopenia and secondary sarcopenia, which is caused by factors other than, or in 

addition to, ageing [249]. Specifically, sarcopenia is characterized by reduced size and 

atrophy of type II fibres [250]. Although the potential for regeneration remains, the 

functionality and overall number of SCs is greatly reduced in aged muscle and is likely 

responsible for this altered regenerative capability [251, 252]. It is possible that the 

increased atrophy of type II fibres is due to the reduced expression of PGC-1 that 

promotes oxidative metabolism and represses atrophy [253-255]. The atrophic 

phenotype of type II muscles can be serious for people suffering from chronic illnesses, 

who due to their disease, are unable for retain muscle mass. For example, 80% of 

cancer patients experience cachexia (an overall loss of body fat and muscle mass), 

and near 30% of these will die as a direct result of muscle loss [256]. In this light, 

improving our understanding of the mechanisms that modulate degeneration and 

repair, could play a role in assisting these patients in maintaining muscle mass, and 

increasing their life expectancy.  

Age-related sarcopenia has also been shown to be more prevalent in obese patients 

[257]. Although the association with sarcopenia and obesity could simply be a result of 

decreased motility and exercise, studies have shown that sarcopenic patients have 

lower serum APN levels than in non-sarcopenic individuals [258].  

1.8.3 Obesity and type 2 diabetes 

The presence of both carbohydrates and free fatty acids are important 

components of skeletal muscle metabolism, particularly during prolonged exercise. 

However, hyper-nutrition commonly associated with western diets and the increased 

consumption of sugar and fats, as well as the resulting adipose tissue can drive human 

disease. According to the 2017-2018 Australian National Health Survey, approximately 

67% of adults, and 25% of children, were overweight or obese and 4.5% had type 2 

diabetes [259]. Obesity is a well-established risk factor for several other chronic 

disorders including type 2 diabetes, cardiovascular diseases, arthritis, and some types 

of cancer.  

More recently, obesity has been suggested to increase a patient’s risk of developing 

cognitive disorders later in life and is often associated with depression and bipolar 
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disorder. Obese individuals, and those with type 2 diabetes appear to have reduced 

proportions of type I fibres and increased proportions of type IIX fibres [11, 260]. The 

proportion of type I fibres is associated with insulin responsiveness [261]. Consistent 

with a shift to type IIX fibres, biopsies from these individuals show reduced expression 

of PGC-1 and less oxidative metabolism [262, 263].  

The association between APN and the metabolic syndrome is well established and 

extensively studied. Low levels of circulating APN in individuals correlate with 

metabolic abnormalities such as obesity, diabetes, and hypertension. Increased 

circulating APN negatively associates with insulin resistance and diabetes. Of note to 

this section, individuals with these clinical conditions also have reduced muscle 

regenerative capacity because of decreased APN and subsequent AMPK activity [264, 

265].  

1.8.4 Heart failure and COPD  

Muscle atrophy occurs in many individuals with chronic illnesses, such as 

chronic heart failure and chronic obstructive pulmonary disease (COPD). This 

comorbidity can have serious effects on the quality of life and survival of affected 

individuals. Adiponectin may play a role in the dysregulation of muscle metabolism in 

patients with chronic heart failure and studies suggest an association between APN 

levels and COPD in mice [266, 267]. There has been limited research in patients.  

1.8.5 T-cadherin SNPs associated with disease  

Genetic studies are an important method of understanding the underlying 

mechanism of many diseases. Given T-cadherin’s association with APN, studies have 

assessed potential genetic links between T-cadherin and metabolic disease. To date, 

multiple single nucleotide polymorphisms (SNPs) have been identified within the T-

cadherin gene that associate with the metabolic syndrome (Table 1.2). Korean 

genome wide association studies (GWAS) show reduced HMW APN levels associated 

with SNPs in the CDH13 gene, and separate studies based on French cohorts have 

identified the same SNP, along with another, that associate with type 2 diabetes. These 

GWAS also show an association between CDH13 promoter methylation and a 

decrease in plasma APN levels [268]. Despite these studies, there is little data 
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published on CDH13 function or linkage with human muscle disease, hence the first 

results chapter will use bioinformatic analyses to explore these links.  

Table 1.2. Known single nucleotide polymorphism and their documented effects in or 

around the CDH13 gene. 

SNP Known Associations Publications 

rs3865188 Decreased HMW APN in Asian populations and Type 
2 diabetes in French population 

[268-272] 

rs11646213 Type 2 diabetes in French population and metabolic 
syndrome in Swedish population  

[270] 

rs8060301 Promoter methylation associated with 4.5-fold 
decrease in plasma APN levels  

[268] 

cg09415485 Promoter methylation associated with 4.5-fold 
decrease in plasma APN levels  

[268] 

rs4783244 Higher APN levels and linked with a higher 
susceptibility to COPD in the Chinese population 

[271, 273, 
274] 

rs12051272 Increased APN levels  [271] 

rs12922394 Linked with an increased susceptibility to COPD in 
the Chinese population 

[273] 

rs12596316 Associated with type 2 diabetes  [275] 

rs7193788 APN levels, diabetes, and ischemic stroke  [275] 

1.9 Conclusion 

Although APN has been implicated in having a role in muscle regeneration, 

important regulators of myogenesis are the myoblast cell adhesion molecules. These 

proteins sense their surroundings, have various ligands and form signalling complexes 

with each other to modulate the speed and extent of muscle formation. Despite T-

cadherin being a receptor for APN, there are few published reports exploring T-

cadherin’s function in myogenesis and muscle repair, independently of its APN binding 

function. T-cadherin, through homophilic binding, has been implicated as a negative 

regulator of axon growth and endothelial migration. Thus, in view of the following 

preliminary data, the overarching aim of this thesis was to explore how T-cadherin 

binding could regulate myogenesis and muscle regeneration.  
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1.10 Preliminary Data  

Preliminary work for this project has been performed by Dr. Hebbard and 

myself as part of my Honours thesis, which aimed to examine the effects of T-cadherin 

and APN loss on muscle growth in mice. The following is an introduction to these 

results and assists in providing a rationale for this project.  

To determine the function of T-cadherin in skeletal muscle myogenesis, the Hebbard 

lab overexpressed T-cadherin in murine C2C12 myoblasts (pLTcad) and evaluated 

differences in myogenic proteins and fusion index (the number of nuclei present inside 

the myotubes as a percentage of the total number of nuclei in the field of vision) (Figure 
1.7). These results showed that overexpressing T-cadherin led to reduced levels of 

myosin heavy chain (MHC), a marker of muscle maturity, and myogenin, a marker of 

muscle fibre differentiation. Furthermore, pLTcad cells had reduced fusion as evident 

in their significantly lower fusion index. Overall, this demonstrates that T-cadherin 

negatively regulates myogenesis in C2C12 cells.  

Given this and the established relationship between T-cadherin and APN on the 

skeletal muscle, my Honours research focused on the difference in muscle growth and 

differentiation between primary myoblasts isolated from wild-type (WT) and T-

cadherin/APN double knockout (DKO) mice. Initial body weight comparison showed 

little difference between the WT and DKO mice at 5, 6 and 7 weeks of age (Figure 1.8 

A). Although statistical testing showed a significant difference between the body 

Figure 1.7. T-cadherin overexpression in myoblasts impairs myogenesis. A. Western 

blot of pLN1 (control) and pLTcad C2C12 cells differentiated for 1-4 days and probed 

for MHC, myogenin and β-tubulin loading control. B. Graph showing myoblast fusion 

index of differentiated C2C12 pLN1 and pLTcad cells. *** = p<0.001.  
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weights of 5- and 6-week-old mice, this study only had a small sample size and hence 

exhibited variability within the genotypes. Moreover, there was no significant difference 

in the ratio of tibialis anterior (TA), quadriceps (QUAD), or gastrocnemius (GAS) 

muscle versus body weights of the individually isolated hindlimb muscles (Figure 1.8 

B). These results suggest that there were no observable differences in primary muscle 

development between WT and DKO mice.  

Following these results, primary myoblasts were used to investigate if there were 

differences in post-natal muscle myogenesis. Interestingly, muscle cells isolated from 

the DKO mice fused more rapidly and grew to a larger size than those from WT mice 

(Figure 1.9 A-E). Furthermore, protein analysis showed that DKO muscle cells 

expressed MYOG and MHC at earlier time points than WT fibres (Figure 1.9 F). These 

results demonstrated that myoblasts isolated from DKO murine hindlimbs possess 

enhanced differentiation ex vivo.  

However, it was not clear if the differences in myogenesis were due to the lack of T-

cadherin, APN, or a combination of both. This thesis is a thorough interrogation and 

continuation of these studies.  

 

Figure 1.8. A. Average body weight comparison of WT and DKO mice between 5-7 

weeks of age (n=4). B. Average hindlimb tibialis anterior (TA), quadriceps (QUAD), 

gastrocnemius (GAS) muscle versus body weight ratio comparison of WT and DKO 

mice. Statistical significance determined by Bonferroni multiple comparisons. * = 

p<0.05, ** = p<0.01. 
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Figure 1.9. T-cadherin/APN double knockout (DKO) primary myoblasts show 

enhanced differentiation compared to WT myoblasts. A. Representative images of 

differentiating WT and DKO primary myoblasts at 24- and 48-hours differentiation. 

B. Fusion index of WT and DKO myoblasts at 24- and 48-hours differentiation. C. 
Average myotube area of WT and DKO myofibers at 24- and 48-hours 

differentiation. Overlapped frequency distribution of myotube area of WT and DKO 

myotubes at D. 24- and E. 48-hours differentiation. Vertical lines represent average 

values. F. Protein expression of differentiating WT and DKO myoblasts between 6-

48 hours. Multiple t-tests were used to determine significance. *** = p<0.001, **** = 

p<0.0001. 
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1.11 Project Rationale, Hypothesis and Aims  

Given the preliminary results, this thesis aimed to understand the specific 

mechanisms by which T-cadherin regulates skeletal muscle myogenesis. This thesis 

utilized in silico genome wide association studies (GWAS) and RNA-sequencing 

studies to identify potential polymorphisms and downstream genetic targets of T-

cadherin. Following this, both ex vivo and in vivo studies were performed to examine 

the effects of T-cadherin loss on myogenesis and regeneration. Primary myoblasts 

were also used to understand how APN and T-cadherin affect muscle metabolism 

during myogenesis. Finally, in vitro studies with C2C12 muscle cells were used to 

understand T-cadherin’s interactions with the myogenic adhesion complex.  

1.11.1 Project hypothesis  

The overarching hypothesis of this thesis was that T-cadherin acts as a negative 

regulator of skeletal muscle regeneration.  

1.11.2 Project aims 

The aims of this project were: 

1. To examine T-cadherin’s association with muscle disease (chapter 3). 

2. Investigate the role of T-cadherin and APN in muscle regeneration and repair 

(chapter 4). 

3. Understand the metabolic effects of T-cadherin and APN loss during 

regeneration of skeletal muscles ex vivo (chapter 5). 

4. To elucidate T-cadherin’s involvement with the myogenic adhesion complex 

during myogenesis (chapter 6). 
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2 Materials and Methods 

2.1 Materials  

The following section provides details about the specific materials used 

throughout this study and details, where available, the company and product numbers 

to assist repeatability.  

2.1.1 Primary and secondary antibodies  

The following tables list the primary and secondary antibodies that were used 

in the experiments.  

Table 2.1. List of primary antibodies used for protein analysis. All antibodies were 

prepared in 5% milk in TBST except those marked with ‘*’ which were prepared in 5% 

BSA in TBST. 

Antibody Dilution Company 
Catalogue 
Number Host 

Anti-Myogenin 1:500 BD Pharmingen 556358 Mouse 

Anti-Myogeninii 1:500 DSHB F5D-c Mouse 

Anti-MyHCiii 1:1000 DSHB MF20-c Mouse 

Anti-β-tubuliniv 1:1000 DSHB E7-c Mouse 

Anti-N-cadherin 1:1000 BD Biosciences  610820 Mouse 

Anti-M-cadherin 1:1000 Cell Signalling 40491 Rabbit 

Anti-Pan-cadherin 1:1000 Cell Signalling  4068 Rabbit 

OXPHOS Cocktail 1:250 Abcam 110413 Mouse 

Anti-β-catenin* 1:1000 SIGMA 2206 Rabbit 

Anti-p-β-catenin* 1:1000 Cell Signalling 9564 Rabbit 

 

ii F5D was deposited to the DSHB by Wright, W.E. (DSHB Hybridoma Product F5D) 
iii MF 20 was deposited to the DSHB by Fischman, D.A. (DSHB Hybridoma Product MF 20) 
iv E7 was deposited to the DSHB by Klymkowsky, M. (DSHB Hybridoma Product E7) 
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Table 2.2. List of primary antibodies used for immunoprecipitation analysis. All 

antibodies were prepared in 5% milk in TBST. 

Antibody Dilution Company 
Catalogue  
Number Host 

Anti-T-cadherinv 1:10 Hebbard, et al. [1]  Rabbit 

Anti-M-cadherin 1:20 Cell Signalling  40491 Rabbit 

Anti-N-cadherin 1:20 BD Transduction 

Laboratories 

610920 Mouse 

Anti-CDO 1:10 Life Technologies PA5-47315 Goat 

Rabbit IgG 1:50 Sigma Aldrich  I8140 Rabbit 

Mouse IgG 1:50 Sigma Aldrich I8765 Mouse 

Goat IgG 1:50 Sigma Aldrich I5256 Goat 

Table 2.3. List of secondary antibodies used for protein analysis. All antibodies were 

prepared in 5% milk in TBST. 

Antibody Dilution Company 
Catalogue 
Number  Host  

Anti-mouse IgG 

HRP 

1:1000 Cell Signalling 

Technologies 

7076S Horse 

Anti-rabbit IgG 

HRP 

1:1000 Cell Signalling 

Technologies 

7074S Goat 

Anti-goat IgG HRP 1:1000 Sigma Aldrich A8918 Rabbit 

Anti-sheep IgG 

HRP 

1:1000 Sigma Aldrich SAB3700723 Donkey 

  

 

v Generated against a fusion protein in the lab of Barbara Ranscht 
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Table 2.4. List of primary antibodies used for immunohistochemical staining. All 

antibodies were prepared in 5% BSA in PBS. 

Antibody Dilution Company 
Catalogue 
Number  Host  

Anti-Laminin 1:500 ICN Biomedicals 69-610 Rat  

Anti-MyoD 1:100  BD Biosciences  554130 Mouse 

DAPI 1:1000 Sigma Aldrich D9542  

Anti-Pax7vi 1:50 DSHB PAX7 Mouse 

Anti-CD68 1:100 BioLegend  137001 Rat 

Anti-Type I MHCvii 1:25 DSHB A4.840 Mouse 

Anti-Type IIBviii 1:25 DSHB 10F5 Mouse 

Anti-Type IIAix  1:25 DSHB 2F7 Mouse 

Anti-Type IIXx  1:25 DSHB 6H1 Mouse 

Table 2.5. List of secondary antibodies used for immunohistochemistry. All antibodies 

were prepared in 5% BSA in PBS. 

Antibody Dilution Company 
Catalogue 
Number  Host  

Goat α-rat 544 1:500 Jackson Immuno 

Research 

112-585-062 Goat 

Sheep α-mouse 

488 

1:400 Jackson Immuno 

Research 

515-545-062 Sheep 

  

 

vi PAX7 was deposited to the DSHB by Kawakami, A. (DSHB Hybridoma Product PAX7) 
vii A4.840 was deposited to the DSHB by Blau, H.M. (DSHB Hybridoma Product A4.840) 
viii 10F5 was deposited to the DSHB by Lucas, C. (DSHB Hybridoma Product 10F5) 
ix 2F7 was deposited to the DSHB by Lucas, C. (DSHB Hybridoma Product 2F7) 
x 6H1 was deposited to the DSHB by Lucas, C. (DSHB Hybridoma Product 6H1) 
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2.1.2 List of all reagents 

The following table lists the reagents used in this thesis in alphabetical order. 

The table includes the company and catalogue number where possible.  

Table 2.6. List of reagents used in this thesis. 

Reagent  Company Catalogue Number  

3-aminopropyltrimethoxysilane  Sigma-Aldrich  281778 
4iPBA Sigma-Aldrich 471933 
Acetic Acid  Chem Supply 64197 
Affinipure Fab Fragments Donkey 
anti-mouse IgG 

Jackson Immuno 
Research  715-007 

Ammonium persulfate  Sigma-Aldrich A3678 
Antimycin Sigma-Aldrich A8674 
Bovine serum albumin (BSA) Sigma-Aldrich  A7906 
Brij 97 Sigma-Aldrich  P6136 
BSA Fatty-acid free  Sigma-Aldrich A8806 
Carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone Sigma-Aldrich C2959 

Chicken Embryo Extract  Made in-house (see section 2.1.4) 
Collagenase type IA Sigma-Aldrich 9891 
DC Protein Assay Bio-Rad 5000111 
D-Glucose Sigma-Aldrich  G8270 
Direct Red 80 Sigma-Aldrich 365548 
DPX Mountant  Sigma-Aldrich 06522 
DTT AG Scientific  C-1029 

Dulbeccos Modified Eagle Media Sigma-Aldrich 
Gibco 

D6429 
10569-101 

ECM Gel from Engelbreth-Holm-
Swarm murine sarcoma Sigma-Aldrich E1270 

Eosin-Y BDH 34197 

Foetal Bovine Serum 
Serana OR 
Bovogen OR 
Corning 

S-FBS-AU-015 
SFBS-AU 
35-076 CV 

Fluoroshield Sigma-Aldrich F6182 
Formaldehyde  Sigma-Aldrich F8775 
Glutamine Sigma-Aldrich  59202C 
Glycine Sigma-Aldrich  G5417 
Ham’s Nutrient Mixture F12 Merck 51651C 
Hematoxylin ProSciTech AMH-1L 
HEPES Gibco 15630-080 
Horse Serum Thermo Fisher 16050122 
Luminol Sigma-Aldrich 48511 
Magnesium Sulphate Sigma-Aldrich  F90327 
NP20 Sigma-Aldrich NP40S 
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OCT Compound Tissue-Tek  IA018 
Oligomycin Sigma-Aldrich 04876 
OptiMEM Gibco 31985 
PBS – Tablet Sigma-Aldrich  P4417 
Penicillin-Streptomycin (10,000 
U/ml) 

Thermo Fisher 
Scientific  15140122 

PMSF Merck 10837091001 
Ponceau Stain Sigma-Aldrich  P3504 
Protease Inhibitor Cocktail Sigma-Aldrich P8340 
Protein G- Sepharose  BioVision 6511 
Rotenone Sigma-Aldrich R8875 
SDS Sigma-Aldrich  L3771 
Seahorse Base Media Agilent Technologies 103193-100 
Seahorse Calibrant  Agilent 103059-000 
Seahorse Calibrant  Agilent Technologies 103059-000 
Seahorse Mito Stress Test Kit Agilent Technologies 103270 
Seahorse XFp Base Media  Agilent  103193-100 
Seahorse XFp Calibrant  Agilent  103059-000 
Sodium Bicarbonate  Sigma-Aldrich  S5761 
Sodium Chloride Sigma-Aldrich S7653 
Sodium fluoride  Sigma-Aldrich 201154 
Sodium molybdate Sigma-Aldrich  243655 
Sodium orthovanadate Sigma-Aldrich S6508 
Sodium Pyruvate Sigma-Aldrich  P2256 
Sodium Pyruvate  Sigma-Aldrich P2256 

Sterile PBS  Thermo Fisher 
Scientific 14190-144 

TEMED Sigma-Aldrich T7024 
Tricine Sigma-Aldrich  T0377 
Triethanolamine Sigma-Aldrich 90279 
Tris-HCL Astral Scientific  BIOSD8127 
Triton X-100 Sigma-Aldrich T8787 
Triton X-100 Sigma-Aldrich  9002-93-1 
Trizma Sigma-Aldrich  RDD008 
Trypan Blue Gibco 15250-061 
Trypsin Thermo Fisher  15400054 
Tween 20 Sigma-Aldrich P1379 
XF Base Medium Agilent  103334 
Xylene Sigma-Aldrich  214736 
β-glycerophosphate Sigma-Adrich G9422 
β-mercaptoethanol Sigma-Aldrich M3148 
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2.1.3 Chicken embryo extract  

Chicken embryos (9–12-day) were macerated through a 20 ml syringe and 

collected in DMEM at a 1:1 ratio. The tissue was shaken at 80 rpm at room temperature 

for 2 hours before being frozen at -80 °C overnight. Following thawing, the tissue was 

centrifuged at 15,000 g for 10 minutes, the liquid supernatant removed and filtered 

through a 0.45 μM filter, a 0.22 μM filter and frozen at -80 °C in aliquots until use.  

2.1.4 Primary satellite cell isolation 

The following tables list the reagents used for the isolation of muscle SCs from 

murine muscle.  

Table 2.7. Satellite cell proliferation media. 

Satellite Cell Proliferation Media Concentration/Volume 

Foetal bovine serum 20% (v/v) 

Horse serum 10% (v/v) 

Penicillin/streptomycin 1% (v/v) 

Chicken embryo extract 0.5% (v/v) 

DMEM to desired volume 

Table 2.8. Satellite cell differentiation media. 

Differentiation Media Concentration/Volume 

Horse serum 2% (v/v) 

Penicillin/streptomycin 1% (v/v) 

DMEM to desired volume 

Table 2.9. 10% ECM gel from Engelbreth-Holm-Swarm Murine Sarcoma. 

10% ECM gel Concentration/Volume 

ECM gel 10% (v/v) 

DMEM to desired volume 

Table 2.10. 10x Phosphate-buffered solution (PBS). 
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Phosphate-buffered saline (10x solution) Concentration/Volume 

Sodium chloride 80 g 

Potassium chloride 2 g 

Disodium phosphate 14.4 g 

Potassium phosphate 2.4 g 

MilliQ water to total volume  1 L 
Adjust pH to 7.4 

Dilute to 1x with MilliQ water before use 

Table 2.11. 1x trypsin EDTA solution  

1x Trypsin Solution Concentration/Volume 

10x Trypsin EDTA 1 ml 

1x PBS 9 ml 

2.1.5 Gel electrophoresis and western blotting  

The following tables list the reagents used for protein validation, SDS-PAGE gel 

electrophoresis, western blotting, and immunoprecipitation. 

Table 2.12. 5x SDS-PAGE separating buffer. 

5x Separating Buffer Concentration/Volume 

Tris 46 g 

SDS 1 g 

MilliQ water to total volume 200 ml 

Adjust pH to 8.8 with HCl 

Table 2.13. 40% acrylamide for SDS-PAGE gel. 

40% Acrylamide Concentration/Volume 

Acrylamide/bis-acrylamide 38% (v/v) 

N,N'-methylbisacrylamide 2% (w/v) 

MilliQ water to desired volume 

  



Chapter 2 - Materials and Methods 

2-51 

Table 2.14. SDS-PAGE for 8%, 12% and 15% separating gel. 

Separating Gel Concentration/Volume 

 8% Gel 12% Gel 15% Gel 

40% Acrylamide (Table 2.13) 1 ml 1.5 ml 1.875 ml 

5x Separating buffer (Table 2.12) 1 ml 

MilliQ Water 3 ml 2.5 ml 2.125 ml 

10% APS 50 µl 

TEMED 5 µl 

Table 2.15. 5x SDS-PAGE stacking buffer. 

5x Stacking Buffer Concentration/Volume 

Tris 30.25 g 

SDS 1 g 

MilliQ water to total volume 200 ml 

Adjust pH to 6.8 with HCl 

Table 2.16. SDS-PAGE stacking gel. 

Stacking Gel Concentration/Volume 

40% Acrylamide (Table 2.13) 250 µl 

5x Separating buffer (Table 2.12) 500 µl 

MilliQ Water 1.75 ml 

10% APS 25 µl 

TEMED 5 µl 

Table 2.17. 20x TruPAGE TEA-Tricine SDS running buffer. 

20x Running Buffer Concentration/Volume 

Triethanolamine 179.0 g 

Tricine 143.3 g 

SDS 20 g 

MilliQ water to total volume 1 L 

Adjust pH to 8.2-8.3 
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Table 2.18. 5x SDS sample buffer with DTT. 

5x SDS Sample Buffer Concentration/Volume 

Glycerol 50% (v/v) 

1 M Tris-HCl (pH 6.5) 300 mM 

SDS 10% (w/v) 

Bromophenol blue 0.5% (w/v) 

DTT ~500 mM 

MilliQ water to desired volume 

Table 2.19. 20x TruPAGE transfer buffer. 

20x Transfer Buffer Concentration/Volume 

Trizma 30.3 g 

Glycine 144.1 g 

MilliQ water to total volume 1 L 

Table 2.20. 10x Tris-buffered saline (TBS) diluted to 1x with Tween 20. 

10x TBST Concentration/Volume 

Tris-HCl (pH 7.6) 250 mM 

NaCl 1.5 M 

Dilute to 1x before adding: 

Tween-20 0.05% (v/v) 

Table 2.21. 5% Skim milk blocking solution. 

5% Milk Blocking Solution Concentration/Volume 

Skim milk powder 5% (w/v) 

1x TBST (Table 2.20) to desired volume 

Table 2.22. 10% BSA blocking solution. 

10% BSA Blocking Solution Concentration/Volume 

BSA 10% (w/v) 

TBST (Table 2.20) to desired volume 
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Table 2.23. Radioimmunoprecipitation assay (RIPA) lysis buffer. 

RIPA Buffer Concentration/Volume 

Tris (pH 7.5) 50 mM 

Sodium chloride 150 mM 

NP40 1% (w/v) 

Sodium deoxycholate 0.5% (w/v) 

SDS 0.1% (w/v) 

MilliQ water to desired volume 

Table 2.24. Brij 97 lysis buffer without inhibitors. 

Brij 97 Buffer Concentration/Volume 

Tris-HCl (pH7.5) 10 mM 

NaCl 150 mM 

CaCl2 1 mM 

Brij 97 1% (v/v) 

MilliQ water to desired volume 

Table 2.25. Triton X-100 lysis buffer without inhibitors. 

Triton X-100 Buffer Concentration/Volume 

Tris-HCl (pH 7.5) 50 mM 

NaCl 100 mM 

CaCl2 0.5 mM 

Triton X-100 1% (v/v) 

MilliQ water to desired volume 

Table 2.26. Triton X-114 lysis buffer without inhibitors. 

Triton X-114 Buffer Concentration/Volume 

Tris-HCl (pH 7.5) 50 mM 

NaCl 100 mM 

CaCl2 0.5 mM 

Triton X-114 1% (v/v) 

MilliQ water to desired volume 
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Table 2.27. Complete lysis buffer. All protease inhibitors added to lysis buffer. 

Complete Lysis Buffer Concentration/Volume 

Sodium orthovanadate 2 mM 

NaFl 50 mM 

Sodium molybdate 1 mM 

β-glycero-phosphate 40 mM 

PMSF 1 mM 

Protease inhibitor cocktail 1/100 

Lysis buffer to desired volume 

Table 2.28. Homemade enhanced chemiluminescence reagent for western blot 

detections [276]. 

Homemade ECL reagent Concentration/Volume 

100 mM Tri-HCl pH 8.8 1 ml 

1.25 mM Luminol (in DMSO) 5 µl 

2 mM 4iPBA (in DMSO) 22.2 µl 

Hydrogen peroxide 0.54 µl 

Table 2.29. Amido black staining solution. 

Amido Black Staining Solution Concentration/Volume 

Amido black 10B powder dye 0.1 g 

Methanol 40 ml 

Glacial acetic acid 10 ml 

MilliQ Water to total volume  1 L 

Table 2.30. Amido black de-staining solution. 

Amido Black De-Staining Solution Concentration/Volume 

MilliQ Water 50 ml 

Methanol 20 ml 

Glacial acetic acid 7.5 ml 

Adjust volume to 100 ml with MilliQ water 
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Table 2.31. Ponceau S staining solution. 

Ponceau S Solution Concentration/Volume 

Ponceau S 0.1% (w/v) 

Acetic acid 5% (v/v) 

MilliQ water to total volume 

2.1.6 Hematoxylin and eosin staining 

The following tables list the reagents used for hematoxylinxi and eosin staining 

of myoblasts and muscle sections. 

Table 2.32. 20:2:1 ethanol: formaldehyde: acetic acid cell fixative. 

Fixative 20:2:1 Concentration/Volume 

70% Ethanol 20 ml 

37% Formaldehyde 2 ml 

Acetic acid 1 ml 

Table 2.33. Scott’s tap water. 

Scott’s Tap Water Concentration/Volume 

Sodium bicarbonate 3.5 g 

Magnesium Sulphate 20 g 

MilliQ water 1 L 

Table 2.34. Eosin (yellowish) solution. 

Eosin-Y Concentration/Volume 

Eosin-Y 0.5% (w/v) 

MilliQ water 100 ml 

Acetic acid 200 µl 

Filtered through Whatman paper 

 

 

xi Pre-made Hematoxylin (ProSciTech AMH-1L) was filtered through Whatman paper prior to use. 
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2.1.7 Muscle cross section staining  

The following tables list the reagents used for the staining of tibialis anterior 

muscle cross sections. 

Table 2.35. Picrosirius red solution. 

Picrosirius Red Concentration/Volume 

Direct red 80 0.1 g 

Picric acid 100 ml 

Table 2.36. Acidified water for de-staining picrosirius red. 

Acidified Water Concentration/Volume 

Acetic acid (glacial) 0.5% (v/v) 

Water to desired volume 

Table 2.37. 10% buffered formalin solution for fixing tissue. 

Buffered Formalin Concentration/Volume 

Formaldehyde (37%) 100 ml 

Sodium phosphate (monobasic) 4 g 

Sodium phosphate (dibasic) 6.5 g 

MilliQ water 900 ml 

Adjust pH to 7.2 

2.1.8 Myoblast metabolism  

The following tables list the reagents and concentrations used for the metabolic 

analyses of myoblasts. 

Table 2.38. C2C12 cell growth medium. 

C2C12 Growth Medium Concentration/Volume 

Foetal bovine serum 10% (v/v) 

Penicillin/streptomycin 1% (v/v) 

DMEM to desired volume 
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Table 2.39. Assay medium for seahorse XFp mitochondrial stress test assay. 

Seahorse XFp Assay Medium Concentration/Volume 

D-Glucose 10 mM 

Glutamine 2 mM 

Sodium pyruvate 1 mM 

Agilent Base Medium to desired volume 

Adjust pH to 7.4 

Table 2.40. Concentrations used for mitochondrial complex inhibitors. 

Inhibitor 10x Concentration Volume to load 

Oligomycin 10 µM 20 µl 

FCCP 15 µM 22 µl 

Rotenone and antimycin A 5 µm each 25 µl 

 

2.1.8.1 Preparing BSA conjugated palmitate  

To conjugate BSA with palmitate, both fatty acid free BSA and sodium palmitate 

were first dissolved separately in 150 mM NaCl. The BSA solution was created by 

combining fatty acid free BSA with NaCl (Table 2.41) in a 37 °C water bath, stirring 

constantly until dissolved. The BSA solution was filtered, and half of the solution was 

diluted 1:1 with 150 mM NaCl to create a 0.17 mM stock while the other half was 

combined with the palmitate solution. The palmitate solution was created by combining 

sodium palmitate with 150 mM NaCl in a water bath with constant stirring while the 

temperature was raised to 70 °C (Table 2.42). The palmitate solution was then added 

to the remaining BSA solution at 37 °C, at constant temperature and with stirring for 

one hour (Table 2.43). The volume was increased with additional 150 mM NaCl 

solution, and pH adjusted to 7.4. The BSA-conjugated palmitate and BSA stock 

solution aliquots were stored in glass vials at -20 °C until use.  
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Table 2.41. BSA solution for BSA-conjugated palmitate preparation 

Fatty Acid Free BSA solution Concentration/Volume 

Fatty acid free BSA  0.45 g  

150 mM NaCl 20 ml 

Prepare at 37 °C 

Dilute 1:1 with 150 mM NaCl for 0.17 mM stock or conjugate with palmitate  

Table 2.42. Palmitate solution for BSA-conjugated palmitate preparation 

Palmitate solution Concentration/Volume 

Sodium palmitate 6.12 mg 

150 mM NaCl 8.8 ml 

Heat to 70 °C 

Table 2.43. BSA conjugated palmitate for fatty oxidation assay 

BSA Conjugated Palmitate Concentration/Volume 

BSA solution (Table 2.41) 10 ml 

Palmitate solution (Table 2.42) 8 ml 

Prepare at 37 ° C.  

Adjust final volume to 20 ml with 150 mM NaCl  

Table 2.44. Substrate-limited medium for Seahorse palmitate oxidation stress test. 

Seahorse Substrate-Limited Medium Concentration/Volume 

D-Glucose 0.5 mM 

Glutamine 1 mM 

L-Carnitine 0.5 mM  

Horse Serum 2% (v/v) 

Agilent Base Medium to desired volume 

Table 2.45. Assay medium for seahorse fatty acid oxidation assay. 

Seahorse XFp Assay Medium  Concentration/Volume 

D-Glucose 2.5 mM 

Carnitine 0.5 mM  

Agilent Base Medium to desired volume 
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Table 2.46. Mitochondrial isolation buffer. 

Mitochondrial Isolation buffer Concentration/Volume 

Sucrose 250 mM 

EDTA 1 mM 

HEPES 10 mM 

Table 2.47. Buffered Formalin (v/v). 

10% Buffered formalin Concentration/Volume 

Sodium phosphate, monobasic 4 g 

Sodium phosphate, dibasic 6.5 g 

37% formaldehyde 100 ml 

MilliQ water 900 ml 

2.1.9 Immunofluorescent staining  

The following tables list reagents and concentrations used for 

immunofluorescent staining of muscle fibres.  

Table 2.48. Auto fluorescence blocking mixture for immunofluorescent staining. 

Blocking mixture Concentration/Volume 

Triton X-100 0.5% (v/v) 

BSA 0.2% (v/v) 

Normal goat serum 10% (v/v) 

1x PBS to desired volume 

Table 2.49. Primary antibody diluent for immunofluorescent fibre typing. 

Primary antibody diluent Concentration/Volume 

BSA 0.2% (v/v) 

Normal goat serum 5% (v/v) 

Tween-20 0.1% (v/v) 

1x PBS to desired volume 
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2.1.10 T-cadherin’s interactions in vitro  

The following tables list the reagents and concentrations used for investigating 

the interactions of T-cadherin in vitro.  

Table 2.50. CHO cell growth media. 

CHO Growth Media Concentration/Volume 

Foetal bovine serum 10% (v/v) 

Penicillin/streptomycin 1% (v/v) 

Ham’s Nutrient Mixture F12 

Table 2.51. HEPES buffer, calcium, and magnesium free (HCMF). 

HCMF Buffer Concentration/Volume 

NaCl 137 mM 

KCl 5.4 mM 

Na2HPO4.12H2O 0.34 mM 

Glucose 0.1% (w/v) 

HEPES 10 mM 

MilliQ Water to desired volume 

Adjust pH to 7.4 with NaOH 

Table 2.52. HEPES buffer, magnesium free (HMF). 

HMF Buffer Concentration/Volume 

HCMF (Table 2.51) 1 L 

CaCl2 1 mM 

Table 2.53. Trypsin calcium (TC) solution, EDTA free, to maintain cadherins on cells. 

TC Solution Concentration/Volume 

10x trypsin solution (EDTA-free) (see 

section 2.1.11) 
2% (v/v) 

CaCl2 1 mM 

HCMF to desired volume 
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2.1.11 Trypsin-EDTA dialysis 

10 ml of 10x Trypsin-EDTA solution was placed into dialysis tubing with ties at 

each end. The tubing was placed into 1x PBS (refreshed daily) with a stir bar overnight 

at 4 °C for three days. 

2.1.12 Methylene blue staining 

The following tables are a list of the reagents used for methylene blue staining of cells. 

Table 2.54. 10x borate buffer. 

10x Borate Buffer Concentration/Volume 

Boric Acid 6.8 g 

MilliQ Water to total volume  1 L 

Adjust pH to 8.3 

Dilute to 1x before use 

Table 2.55. Formal saline. 

Formal Saline Concentration/Volume 

Sodium Chloride 0.87 g 

MilliQ Water 75 ml 

37% Formaldehyde 25 ml 

Table 2.56. 1% methylene blue for cell staining. 

Methylene Blue Concentration/Volume 

Methylene blue 1 g 

1x borate buffer (Table 2.54) 100 ml 
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2.2 Methods  

2.3 Primary Myoblast Isolation 

2.3.1 Animal studies 

C57BL/6 wild-type (WT), C57BL/6 T-cadherin knockout (T-cad KO) and 

C57BL/6 T-cadherin/APN double knockout (DKO) mice were housed in the 

Immunogenetics Small Animal House at James Cook University, building 86. The T-

cad KO and DKO mice were provided by the Ranscht group and have been previously 

described [1, 224]. All animal procedures were conducted as approved by the James 

Cook University Animal Ethics committee (approval ID: A2497).  

2.3.2 Isolating primary satellite cells 

Four- to six-week-old mice of each strain were euthanized with CO2 and the 

hindlimb muscle excised, collected, and placed in a tube with 30 ml of sterile PBS 

(Table 2.10) and 1% penicillin/streptomycin. Each tube contained the muscles of 

approximately 2 mice, and 4-6 mice of each strain were used for each experiment. 

These muscles were then finely minced in a 10 cm dish with a number 22 scalpel blade 

and then transferred to a falcon tube filled to 50 ml with PBS. The muscles were 

centrifuged at 1,500 g for ten minutes and the supernatant discarded. Freshly made, 

filter sterilised, 0.2% collagenase solution (made in warm DMEM) was used to 

resuspend the muscle pellet, which was subsequently shaken at 37 °C on an orbital 

shaker for 60-90 minutes. This tube was filled to 50 ml with PBS and centrifuged again 

for ten minutes at 1,500 g. The supernatant was removed and replaced with 50 ml of 

PBS and the solution triturated for three minutes with a 10 ml pipette. This suspension 

was passed through a 100 μM filter into a new tube, filled to 50 ml with sterile PBS and 

centrifuged at 1,500 g. Following this, most of the supernatant was removed, leaving 

approximately 5 ml of solution, that was then supplied with 10 ml of warm satellite cell 

proliferation media (Table 2.7). To remove contaminating fibroblasts, the solution was 

then subjected to pre-plating steps and left for three hours in a cell culture incubator at 

37 °C, with 5% CO2 [277].  
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After three hours, the cell suspension was transferred to a new 10 cm dish, coated with 

10% ECM gel dissolved in ice-cold DMEM (Table 2.9) and incubated for 24 hours in a 

cell culture incubator. Following this time, the cells were either split by trypsinisation to 

propagate more growth or plated immediately for subsequent experiments.  

To split the cells the media was removed and replaced with 2 ml of trypsin (Table 2.11). 

This trypsin was removed immediately, and the plate placed in the 37 °C incubator for 

approximately one minute, until the cells came off the plate. The plates were tapped 

three times to dislodge the cells and checked under the microscope. 10 ml of warm 

satellite cell proliferation media (Table 2.7) was then supplied to the plates to 

resuspend the cells and inhibit trypsin activity, and then split between two ECM coated 

(Table 2.9) plates with an additional 5 ml proliferation media per plate. The cells were 

then returned to the cell culture incubator and allowed to attach.  

Following this incubation time, the plates were trypsinised and counted with 1:1 trypan 

blue. The cells were plated at the required density.  

2.3.3 Cells for protein extraction and H&E staining  

6-well and 24-well plates were coated with 10% ECM gel dissolved in ice-cold 

DMEM (Table 2.9) and plated at 25,000 cells/cm2 for protein extraction and H&E 

staining, respectively. For H&E staining, cells were plated on top of ECM coated (Table 
2.9) glass coverslips (ThermoFisher Scientific – Thermanox Coverslips, cat: 174950). 

After the cells had adhered to the plate, the proliferation media was replaced with warm 

differentiation media (Table 2.8) and the cells were left to differentiate for 6, 12, 24 and 

48 hours for protein analysis (see section 2.5.3) and 0, 24 and 48 hours for H&E (see 

sections 2.5.1-2.5.2).  
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2.4 RNA Isolation and Analysis  

2.4.1 Cells for RNA isolation 

To collect RNA from cells, 10 cm plates were plated at 25 000 cells/cm2. After 

the cells had adhered to the plate, the proliferation media (Table 2.7) was replaced 

with the warm differentiation media (Table 2.8) and left to differentiate for 12- and 24-

hours. At this time, the cells were washed once with PBS and trypsinised with 2 ml of 

warm trypsin, which was immediately removed from the cells. After the cells had 

dissociated, they were then collected in 5 ml of warm PBS and centrifuged at 1500 g. 

After this, the supernatant was removed from the cells and resuspended with 350 μl of 

RLY buffer (Meridian Isolate II RNA Mini Kit BIO-52072) and 3.5 μl of β-

mercaptoethanol, and snap frozen on dry ice and stored at -80 °C until RNA isolation.  

2.4.2 RNA isolation  

RNA was isolated using the Meridian Bioscience ISOLATE II RNA Mini Kit (BIO-

52072). Following isolation, the RNA yield and purity was checked using the Agilent 

RNA ScreenTape Analysis (5067-5576) on the Agilent TapeStation.  

2.4.3 RNA sequencing and analysis  

RNA sequencing was performed on samples by the Australian Genome 

Research Facility Ltd (AGRF). Sequencing was performed following TruSeq mRNA 

library prep, on the Illumina NovaSeq 6000 with 100 bp paired end reads, and 20 

million read pairs. Primary analysis by AGRF included real time image analysis using 

NovaSeq Control Software (NCS) (v 1.7.0) and Real Time Analysis (RTA) (v 3.4.4). 

They then used the Illumina bcl2fastq 2.20.0.422 pipeline to generate the sequence 

data. Following this, each sample had approximately 50 million reads and an average 

length of 100 bp. Upon receiving the sequencing results from AGRF, the samples were 

run through FastQC (v 0.11.7) and MultiQC (v 1.8) to check the raw sequencing data 

[278, 279].  
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The reference genome was prepared using the GRCm39 mouse reference genome 

from the NCBI database. The reads were then aligned to the reference mouse genome 

GRCm39 (NCBI) using RSEM (v 1.3.3) [280].  

Gene differential expression analysis was performed using the Bioconductor package 

DESeq2 (v 3.16) and results were filtered to include genes with an adjusted p-value of 

<0.05 [281]. Fold change is a measure that describes how much a quantity changes 

between two measurements and the FDR (false discovery rate) helps to eliminates 

potential false positives. RNA from DKO and T-cad KO cells were compared with those 

from the WT group to determine differentially expressed genes.  

The lists of differentially expressed genes were then analysed with the Gene Ontology 

enRIchment anaLysis and visuaLisAtion tool (GORILLAxii) for Gene Ontology (GO) 

terms using ranked lists [282]. Ranking was performed using the Wald test statistic 

generated by DESeq2 that accounts for both significance values (p-value) and the 

direction of change (fold-change value) as this is the default statistic used for 

hypothesis testing when comparing two groups. This enrichment analysis used human 

gene nomenclature to identify the genes in these lists. The enriched terms were then 

further filtered for redundancy using the REduce and VIsualise Gene Ontology 

(REVIGO) (v 1.8.1) tool [283].  

2.4.4 Genome wide association study  

A genome wide association analysis was performed using data obtained from 

the NCBI database of genotypes and phenotypes (dbGaP). Two separate datasets 

were used for this analysis (Table 2.58) and downloaded using Aspera Connect. Data 

files were extracted into usable file formats using VCFTools (v0.1.13) [284]. Further 

information about the study description, patient selection and data collection can be 

found on the NCBI dbGaP website using the accession numbers (Table 2.58).  

  

 

xii GORILLA database was last updated on 6th March 2021.  
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Table 2.57. NCBI dbGaP datasets used in the GWAS. 

Study Name Accession 
Number Samples Study Description Date 

Downloaded 

Genetics of 
Inherited 
Muscle 
Diseasexiii 

phs000655.v3.p1 420 

Patients with severe 
neuromuscular 
disease or immediate 
relatives of those 
with diseases 

March 2019 

Genetic 
Epidemiology 
of COPDxiv 

phs000951.v5.p5 10355 

Patients aged 45 – 
80 years old with 
smoking history of 
10+ years and 
with/without a 
diagnosis of COPD 

March 2019 

 

The association analysis was run using PLINK [v 1.9]: an open-source whole genome 

association toolset [285]. Sample sizes were significantly reduced due to the presence 

of multiallelic samples found during PLINK analysis. The analysis focused specifically 

on the region encompassing and directly surrounding the T-cadherin gene (82.6 Mbp 

– 83.8 Mbp) including any recognized promoter and enhancer regions as well as the 

gene itself. The output file was exported to RStudio and filtered to include SNPs with 

an adjusted p-value less than or equal to 0.05. Bonferroni multiple testing correction 

was applied and adjusted p values <0.05 deemed significant.  

  

 

xiii We thank the Broad Institute for generating high-quality sequence data supported by NHGRI funds 
(grant # U54 HG003067) with Eric Lander as PI. The datasets used in this manuscript were obtained 
from dbGaP at http://www.ncbi.nlm.nih.gov/gap through dbGaP accession number phs000655. 
xiv This study is part of the NHLBI Grand Opportunity Exome Sequencing Project (GO-ESP). Funding 
for GO-ESP was provided by NHLBI grants RC2 HL103010 (HeartGO), RC2 HL102923 (LungGO) and 
RC2 HL102924 (WHISP). The exome sequencing was performed through NHLBI grants RC2 HL102925 
(BroadGO) and RC2 HL102926 (SeattleGO). The datasets used in this manuscript were obtained from 
dbGaP at http://www.ncbi.nlm.nih.gov/gap through dbGaP accession number phs000179. 
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2.5 Primary Myoblast Growth Analysis  

Continued from section 2.3.  

2.5.1 Fixing the cells prior to staining 

To fix the cells for staining, the differentiation media was removed, and the wells 

were washed with 1 ml of PBS. Following two washes, 500 μl of fixative (Table 2.32) 

was added to each well and left for 30 seconds. After removing the fixative, the wells 

were washed three times with PBS and the final wash was left in the wells. The plate 

was sealed and stored at 4 °C for H&E staining.  

2.5.2 Hematoxylin and eosin staining of coverslips  

For hematoxylin and eosin (H&E) staining, PBS was removed and replaced with 

Mayer’s Hematoxylin (ProSciTech, cat: AMH-1L) for four minutes. The hematoxylin 

was removed, and the wells covered with 0.1% HCl for a few seconds, and then 

washed with Scott’s Tap Water (Table 2.33) five times for one minute. Counter staining 

was performed with 0.5% Eosin-Y (Table 2.34) for 30 seconds and washed with 70% 

ethanol for five minutes. Following the 70% ethanol wash, the wells were washed with 

100% ethanol, twice, for five minutes each. The glass coverslips were then removed 

from the wells, placed into a glass container of xylene, and left to dehydrate for ten 

minutes prior to mounting with DPX mountant onto a glass slide.  

2.5.3  Protein extraction  

To extract protein from the cells, the cells were washed twice with ice-cold PBS 

and then lysed with 50-100 μl/well ice-cold complete RIPA buffer (Table 2.27). The 

plates were left on ice for 5 minutes and the lysate scraped with a rubber policeman 

and transferred to an Eppendorf tube. The DNA was sheared by passing the lysate 

through an insulin syringe, centrifuged at 4 °C, 19,000 g for ten minutes, and the 

supernatant transferred to another Eppendorf tube and stored at -80 °C.  
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2.5.4 SDS-PAGE gel electrophoresis  

The protein concentration of the cell lysates was quantified using the Bio-Rad 

DC protein assay (Bio-Rad cat: 500-0116), as per the company protocol for a microtiter 

plate and was used to ensure equal protein loading throughout the wells. The lysates 

were diluted to 5 μg per 25 μl with RIPA buffer (Table 2.23), and 5μl of 5x SDS sample 

loading buffer (Table 2.18). For a broad size range of proteins of interest, lysates were 

separated using SDS polyacrylamide gel electrophoresis with a 12 well TruPAGE 

precast gel (4-12%, 10 x 8 cm) from Sigma-Aldrich (cat: PCG2011) and 1x running 

buffer (Table 2.17).  

For a narrow size range of proteins, lysates were separated using in-house 

prepared SDS-PAGE gels and 1x running buffer (Table 2.17). Briefly, the separating 

gel solution (Table 2.12 & Table 2.14) was made fresh and added to the space 

between a 1 mm BioRad spacer plate and a BioRad short glass plate. Once set, the 

stacking gel (Table 2.15 & Table 2.16) was made fresh and added on top of the 

separating gel, a 10-well comb inserted and the gel allowed to set.  

2.5.5 Western blotting  

Following electrophoresis, the proteins were transferred onto a PVDF 

membrane using a wet transfer system with 1x transfer buffer (Table 2.19) (diluted in 

MilliQ water, with 10% methanol). Wet transfer was performed at 30 volts, 4 °C 

overnight, with constant stirring. To confirm equal loading of the proteins, the 

membranes were stained with Ponceau S solution (Table 2.31). The Ponceau staining 

was then removed with TBST (Table 2.20) and membranes blocked with 5% skim milk 

(Table 2.21) at room temperature for one hour. The membrane was then cut into strips 

based on the size of the protein and probed with specific primary antibodies overnight 

at 4 °C (Table 2.1). The membranes were then washed with TBST, three times, for 10 

minutes each and re-blocked with 5% milk for another 15 minutes before being 

incubated with species specific secondary antibodies (Table 2.3) for one hour at room 

temperature. The membranes were then washed with TBST, 5 times, for 5 minutes 

each. The proteins of interest were detected using a homemade enhanced 

chemiluminescence (ECL) method (Table 2.28), and the Syngene detection system 
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[276]. To confirm equal loading in the absence of ponceau S and a loading control, the 

membranes were stained with Amido Black 10B (section 2.5.6).  

2.5.6 Amido black staining  

PVDF membranes were rinsed three times with water and placed into amido 

black solution (Table 2.29) for 5 mins. The membrane was then transferred to the de-

staining solution (Table 2.30) and de-stained for 5 mins, three times. Finally, the 

membranes were rinsed with water and dried overnight.  
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2.6 T-cadherin’s interactions in vitro  

2.6.1 Preparation of T-cadherin overexpressing C2C12 cells  

The pLN1 and T-cadherin over-expressing C2C12 (pLTcad) cells were 

previously derived by the Hebbard lab. Briefly, the pLEGFP-N1 vector (Clontech), was 

treated with Not1/BamH1 to remove EGFP, then the Klenow Fragment, and a blunt 

ligation performed. The T-cadherin murine cDNA (identical sequence to GenBank 

accession number AB022100) was used as the template to amplify DNA encoding EC1 

through EC4 using forward and reverse primers with BamH1 and EcoR1 sites, 

respectively at the 5’ ends. The cDNA was sequentially restricted with Sal1/BamH1 

(Sal1 site filled using Klenow) and pLEGFP-N1 sequentially restricted with 

Not1/BamH1 (Not1 site filled using Klenow) to remove EGFP. The T-cadherin fragment 

and cut vector were ligated and colonies sequenced. Virus was produced by 

transfecting 293GP packaging cells with CMV-G (VSV-G envelope gene construct), 

pLN1 or pLTcad and Polyfect (Qiagen) for 24 hours. The medium was renewed and 

supernatant containing virus collected 24 and 48 hours later, filtered and stored at -80 

°C. C2C12 cells were treated with virus and Polybrene (SIGMA) for 24 hours after 

which 400 µg/ml Geneticin (G418) was applied to select cells expressing pLN1 and 

pLTcad. T-cadherin expression was confirmed by western blot and pooled cells were 

used for all experiments. 

2.6.2 Co-immunoprecipitation 

1.64 x 106 C2C12 or pLTcad cells were seeded onto 0.5% porcine gelatine pre-

coated 10 cm cell culture plates and grown for 24 hours in C1C12 growth medium 

(Table 2.38). To promote in vitro myogenesis the media was replaced with 

differentiation media (Table 2.8) and left to differentiate for 72 hours. Cells were then 

lysed in either Brij 97 lysis buffer (Table 2.24) or Triton X-114 lysis buffer (Table 2.25) 

as per the protocol in 2.5.3. The lysates were pooled, and DNA sheared through an 

insulin syringe before preclearing by centrifugation at 19,000 g for 10 minutes at 4 °C. 

To prepare the beads, protein G-sepharose beads were pre-blocked with 1% BSA in 

PBS and bound to appropriate antibodies (Table 2.2) for 2 hours at 4 °C with slow 

rotation. For immunoprecipitation, the lysate was incubated with the prepared protein 
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G-sepharose beads for four hours at 4 °C, with slow rotation. Following incubation, the 

beads were washed four times with lysis buffer, the final lysate was removed with a 

Hamilton syringe, and the beads resuspended in 1x SDS sample loading buffer (1:5 

diluted 5x SDS sample loading buffer Table 2.18), diluted in PBS and frozen at -20 °C.  

2.6.3 Stable transfection of CHO cells  

Cadherin constructs were previously developed by the Hebbard lab. Briefly, the 

pLEGFP-N1 vector and cadherin cDNA were treated with either Sa1I/NotI (M-cadherin 

insert) or Not1/BamH1 (T-cadherin insert to remove GFP) and ligated with T4 DNA 

ligase (Promega cat: M179A).  

Chinese Hamster Ovary (CHO) cells were grown in CHO growth media (Table 2.50), 

until 70-90% confluent. Following the protocol for the lipofectamine 3000 reagent 

(Thermo Fisher Scientific cat: L3000015), CHO cells were stably transfected with 

empty pLN1, T-cadherin or M-cadherin cDNA. Briefly, 5 μg of plasmid DNA was diluted 

in OPTI-MEM media, with 1 µl/μg lipofectamine, and 2 µl/μg of the p3000 reagent. The 

cells were incubated with the plasmid for 48 hours at 37 °C. The cells were washed 

and given fresh CHO growth media with 500 µl/µg of Geneticin (G418) antibiotic to 

allow for selection of transfected cells. The cells were then grown in the presence of 

the antibiotic until confluent and split to a new 10cm dish. From this, single colonies 

were isolated and transferred to a 24 well plate to grow. Expression of each cadherin 

was checked using western blotting.  

2.6.4 Dissociation of cells to single cell culture  

CHO cells overexpressing pLN1, pLTcad, and pEMcad.GFP were plated on 10 

cm plates and allowed to reach 90% confluency. The cultures were rinsed twice with 

HMF buffer (Table 2.52) and treated with TC solution (Table 2.53) for 30 minutes on 

a rotary shaker (150 rpm). The cells were then collected in a 15 ml tube and centrifuged 

at 4 °C, 215 g to remove the trypsin solution. Kept on ice, the cells were then 

resuspended in ice-cold HCMF buffer (Table 2.51) and adjusted to a concentration of 

10,000 cells/ml.  



Chapter 2 - Materials and Methods 
 

2-72 

2.6.5 Short term aggregation assay  

The CHO cells were then plated at 5,000 cell/well with 1mM calcium chloride in 

a 24-well plate coated with 5% BSA in PBS in the following combinations: pLN1, 

pLTcad, pEMcad.GFP, pLN1 and pEMcad.GFP, and pLTcad and pEMcad.GFP. The 

plates were then placed on a gyrating shaker at 80 rpm for 20 minutes at 37 °C. 

Following aggregation, each well was given an equal volume of 8% paraformaldehyde 

(PFA) and kept at 4 °C for imaging. Images of the entire well were taken, and 

aggregates were counted as small (<5 cell aggregates), medium (5-10 cell aggregates) 

and large (> 10 cell aggregates). 
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2.7 Muscle Metabolism  

2.7.1 Mitochondrial respiratory capacity  

These experiments were performed with C2C12 cells (pLN1 and pLTcad cells 

prepared as per section 2.6.1) and primary myoblasts, grown as per section 2.3.  

C2C12 Cells: C2C12 cells were suspended in C2C12 growth media (Table 2.38) and 

plated into an 8-well Seahorse XFp cell culture miniplate at a density of 2500 cells/well. 

Primary Myoblasts: Following the second pre-plate step, the cells were trypsinised and 

seeded into an 8-well Seahorse XFp cell culture miniplate, pre-coated with 10% ECM 

gel (Table 2.9), at a density of 15,000 cells/well.  

Plates were prepared as per the Agilent ‘Seahorse XFp Mito Stress Test Protocol’, with 

400 μl of PBS added to each of the moats surrounding the wells. Cells were either 

changed to differentiation media (Table 2.8) 4 hours after plating and left for 24 or 48 

hours or used immediately for the 0 hours differentiation time point. Seahorse XFp 

sensor cartridges (Agilent Technologies, cat: 103193-100) were hydrated overnight at 

37 °C in a humid, non-CO2 incubator by adding 200 μl of MilliQ water to each of the 

wells and 400 μl to each of the moats surrounding the wells. One hour prior to the test 

the media was replaced with 180 μl of assay medium (Table 2.39) and the plates were 

incubated in a 37 °C, non-CO2, humid incubator. The water was removed from the 

wells of the cartridge and replaced with 200 µl Agilent Seahorse Calibrant (Agilent 

Technologies, cat 103059-000) one hour prior to the assay. The hydrated cartridge 

and utility plate were placed into the Seahorse XFp Flux Extracellular Analyser 20 

minutes prior to running the assay to calibrate the sensor probes. The utility plate was 

then replaced with the cell culture miniplate, and the assay was set to run as per Agilent 

Technologies standard ‘Mitochondrial Stress test Protocol’ for the XFp device. Three 

oxygen consumption rate (OCR) measurements were recorded prior to any injections 

and then after each subsequent injection of 1 μM Oligomycin, 1.5 μM FCCP and 0.5 

μM antimycin/rotenone solutions (Table 2.40), dissolved in assay media (Table 2.39).  

Following the assay, the assay media was removed from the cells and the cells were 

fixed with formal saline (Table 2.55) for 30 minutes. For normalization, the cells were 

stained with methylene blue (Table 2.56) for 30 minutes and washed five times with 
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1x borate buffer (Table 2.54). Once washed, the cells were then leached with 1:1 

solution of ethanol: HCl and absorbance was measured at OD 655 nm. OCR readings 

were normalized within the Agilent WAVE software.  

Figure 2.1 depicts the typical schematic representation of real time oxygen 

consumption rate (OCR) measurements following inhibitor injection for the 

Mitochondrial Stress Test. These values are used to calculate basal respiration, ATP 

production, proton leak, non-mitochondrial respiration, maximal respiration, and spare 

capacity.  

 

 

Figure 2.1. Agilent seahorse XFp Cell Mito Stress Test profile of the key parameters 

of mitochondrial respiration. Sequential compound injections measure basal 

respiration, ATP production, proton leak, maximal respiration, spare respiratory 

capacity, and non-mitochondrial respiration. Image taken from ‘Seahorse XF Cell Mito 

Stress Test Kit User Guide’ [3]. 

2.7.2 Palmitate oxidative stress test  

C2C12 cells were harvested, suspended in C2C12 growth medium (Table 2.38) 

and plated into an 8-well Seahorse XFp cell culture miniplate at a density of 2,500 

cells/well. Growth media was replaced four hours after plating with C2C12 

differentiation media (Table 2.8) and the cells allowed to differentiate for 48 hours. The 

cell culture miniplate and Agilent Seahorse sensor cartridge were prepared as per 
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section 2.7.1. On the day of the assay, the differentiation media was replaced with 100 

μl of substrate-limited growth medium (Table 2.44) and the plates were incubated in a 

37 °C, 5% CO2 incubator. Following 6 hours incubation, the media was replaced with 

150 μl of assay medium (Table 2.45) and the plates were incubated in a 37 °C, non-

CO2 incubator for one hour. Just prior to the assay, the cells were provided with either 

30 μl of BSA (Table 2.41) or BSA-conjugated palmitate (Table 2.43) and the Seahorse 

XFp analyser was set to run as per the Agilent Technologies standard ‘Mitochondrial 

Stress test Protocol’ for the XFp device. Six OCR measurements were recorded prior 

to any injections and three measurements were taken after each subsequent injection 

of 1 μM Oligomycin, 1.5 μM FCCP and 0.5 μM antimycin/rotenone solutions (Table 
2.40), dissolved in assay media (Table 2.45). 

2.7.3 Mitochondrial isolation from cells  

C2C12 cells, isolated from approximately 20 confluent plates, were scraped 

using a rubber policeman in 5 ml of mitochondrial isolation buffer (Table 2.46) with 

protease inhibitors (Table 2.27). Cells were then mechanically disrupted by passing 

through a 26-gauge needle and centrifuged at 600 g for 5 minutes. The pellet (nuclear 

fraction) was discarded, and the supernatant fraction (cytosolic and mitochondrial 

proteins) was collected and centrifuged again at 8,000 g for 15 minutes to pellet the 

mitochondria. The pellet was then washed once by resuspending in mitochondrial 

isolation buffer and centrifuging at 8,000 g for 15 minutes. Finally, the pellet 

(mitochondrial fraction) was lysed in RIPA buffer containing protease inhibitors (Table 
2.27). The lysates were then run through a 12% SDS-PAGE gel and probed with the 

abcam OXPHOS antibody cocktail (Table 2.1), followed by a secondary HRP-linked 

antibody for visualization (see section 2.5.4 and 2.5.5) 

2.7.4 FACS analysis of mitotracker green FM-stained myoblasts  

C2C12 and murine myoblasts were seeded at a density of 15,000 cells/cm2 onto 

6-well plates. The next day, myoblasts were stained with 150 nM MitoTracker Green 

FM for 20 minutes at 37 °C in the dark, trypsinised and collected in conical tubes. Cell 

pellets from three biological replicates were resuspended in PBS and FACS analysis 

was performed immediately using the FITC channel of a FACS Fortessa flow cytometry 
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system (BD Biosciences). The FITC signal was recorded from the unstained cells to 

obtain a background signal and a total of 10,000 events from each of the three 

technical replicates per experimental group was detected. The background signal was 

subtracted from the average of each group and the mean was represented as mean 

fluorescence intensity (MFI).  
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2.8 Mouse Muscle Injury and Regeneration 

2.8.1 Intramuscular injection  

Mice were anaesthetised with isoflurane and their left-hand side hind limb was 

shaved and cleaned with 70% ethanol. Using a clean long Hamilton Syringe 0.15 μg 

(10 μl @ 15 μg/ml) of Notexin (Latoxan Laboratory, France) was injected longitudinally 

through the entire tibialis anterior (TA) muscle. The incision was then sealed with a 

‘liquid skin’ skin glue. The mice were then allowed to recover from the anaesthesia and 

monitored daily until sacrifice. Following a recovery time of 2, 3, 7, and 10 days, the 

mice were euthanized by CO2 asphyxiation, and both hind limb TA muscles embedded 

in optimum cutting temperature (OCT) compound using liquid nitrogen cooled 

isopentane for myofiber cross-sectional area analysis. Transverse serial sections (6 

μm) were cut from the mid region of the embedded TA muscles were dissected using 

a Cryotome (Thermo Fisher Scientific), mounted on glass microscope slides and 

stored at -80 °C for staining.  
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2.9 Cross Sectional Analysis of Muscle Fibres  

2.9.1 Immunofluorescence  

Cryosections of muscle tissue, frozen on glass microscope slides, were thawed 

at room temperature for 30 minutes. Using a wax pen, a border was drawn around 

each of the sections before fixing with either 4% paraformaldehyde solution in PBS for 

10 minutes, or ice-cold acetone (for CD68 staining) for 30 minutes. The sections were 

washed three times in PBS and blocked and permeabilised with 0.1% Triton X-100, 

1% sucrose, 5% BSA, and 3/100 Fab Donkey anti-mouse fragments (Jackson 

ImmunoResearch) in PBS for one hour. The sections were washed three times in PBS 

and probed with the appropriate antibodies (Table 2.4) in 5% BSA/PBS overnight in a 

light protected container. Following the removal of the primary antibody, the sections 

were washed three times in PBS and probed with the appropriate fluorescent 

conjugated secondary antibody and DAPI (1:1,000) for one hour at room temperature 

in a light protected container (Table 2.5). The secondary antibody was removed, and 

the sections washed three times with PBS, and once with water, before being allowed 

to dry. The sections were mounted with anti-fade mounting media and a glass 

coverslip.  

2.9.2 Muscle fibre typing  

Once thawed, the muscle sections were incubated with 1:25 dilutions of each 

of the myosin heavy chain antibodies (Table 2.4) overnight at 4 °C. The sections were 

then washed three times with 1x PBS to remove the non-specifically bound primary 

antibody and were then fixed with 10% buffered formalin (Table 2.47) for 5 minutes 

and washed three times with 1x PBS. The biotinylated secondary anti-mouse IgG 

antibody, diluted 1:200 in diluent (Table 2.49), was then applied to the sections for one 

hour at room temperature. The sections were washed three times in 1x PBS and 

incubated with streptavidin Alexa Fluor 488 conjugate tertiary antibody, diluted 1:400 

in 0.2% BSA and 0.1% PBS-Tween 20, for one hour at room temperature in the dark. 

The sections were washed with 1x PBS, incubated with DAPI diluted 1:1,000 in PBS 

for 5 minutes and washed again with 1x PBS. After completely drying the sections, 
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they were mounted with ProLong Gold Antifade mounting solution. The fluorescent 

stained sections were kept in a dark box following experiment end.  

2.9.3 Sirius red staining protocol  

The muscle sections were thawed at room temperature for 30 minutes, and then 

fixed in 4% paraformaldehyde/PBS solution for 10 minutes. The sections were then 

stained with picrosirius red (Table 2.35) for one hour at room temperature, then 

washed in two changes of acidified water (Table 2.36) and dehydrated in three 

changes of 100% ethanol. The stained sections were cleared in xylene and mounted 

with DPX mounting media.  

2.9.4 H&E staining of muscle sections  

For H&E staining of the TA muscle sections the glass slides were ‘dipped’ into 

each of the reagents as follows. The slides were stained with hematoxylin for one 

minute, Scott’s tap water (Table 2.33) for two minutes, and Eosin-Y (Table 2.34) for 

two minutes. The slides were rinsed with tap water following each stain. Using 

increasing concentrations of ethanol (50%, 70%, 95% and 100%) the slides were then 

dehydrated before being cleared with Xylene and mounted with DPX mounting media. 

2.10 Statistical Analysis  

Statistical analyses were performed with GraphPad Prism 9 (GraphPad Software 

Inc). Students two-tailed t-test were conducted for statistical analyses to assess the 

differences between two experimental groups. A one-way ANOVA and Bonferroni’s 

correction for multiple comparisons was applied for analyses of more than two 

statistical groups. Error bars represent standard error of the mean (SEM) unless 

otherwise stated. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 denote significance 

levels used within the analysis.  
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3 In silico analysis of T-cadherin in Skeletal Muscle Disease  

3.1 Introduction  

The advancement of sequencing technologies in the last decade has vastly 

improved the value of performing genetic studies when researching diseases. Genome 

wide association studies (GWAS) involve scanning for markers across the genome of 

subjects with and without a specific disease to locate genetic variations associated 

with disease. This can lead to the discovery of genetic markers that can be used to 

detect, treat, or even to prevent disease.  

To date SNPs have been identified within the T-cadherin gene (CDH13) that associate 

with various metabolic diseases (see section 1.8.5). In many populations, SNPs within 

this gene are associated with decreased levels of APN and metabolic syndrome. The 

purpose of part one of this chapter was to analyse the genomes of patients with 

genetically inherited muscle disorders to uncover disease causing variants within 

CDH13.  

The development of high throughput sequencing has revolutionized our understanding 

of transcriptomics. Sequencing the genome can provide a more detailed and 

quantitative view of gene expression, alternative splicing, and allele specific 

expression. RNA sequencing is a technique used to examine the quantity and 

sequences of RNA and can be used to identify genes, or groups of genes, that are 

differently expressed between different experimental groups.  

Researchers can identify strongly associated genes and investigate them as potential 

drug targets, or targets for genetic manipulation. This form of research lays the 

groundwork for personalized medicine. The second part of this chapter utilises RNA 

sequencing to identify genes affected by the absence of T-cadherin signalling that may 

be involved in muscle hypertrophy. The identification of such genes may provide 

downstream targets that could be manipulated to increase muscle regeneration in 

patients with muscle atrophy.  
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3.2 Preliminary data and aims  

Initial studies showed a significant difference in growth and differentiation 

between wild-type (WT) and T-cadherin/Adiponectin double knockout (DKO) 

myoblasts (see chapter one section 1.10). These results show that the DKO myoblasts 

are committing to myogenesis sooner and fusing to form myotubes more rapidly than 

WT myoblasts. Initial RNA sequencing experiments performed as a part of my Honours 

research focussed on discovering any genetic differences between adult muscle tissue 

isolated from WT and DKO mice (data not shown). The analysis showed only 35 

differentially expressed genes between the two groups. Furthermore, initial findings 

regarding mouse body weight and individual hindlimb muscle weight indicated that 

there is no phenotypic difference between the overall weight or muscle weight of the 

mice (see section 1.10). These findings suggest that any differences seen in primary 

myoblast growth do not affect healthy adult muscle tissue. In addition, studies 

examining mutations within the T-cadherin gene suggested a correlation with diseases 

such as type 2 diabetes and obesity. However, in the context of myopathies, there is 

limited research examining the role of T-cadherin. The studies described in this chapter 

intended to achieve the following: 

1. Perform a genome wide association study (GWAS) to determine the relationship 

between T-cadherin mutations and disease. 

2. Understand the differences in gene expression between WT and DKO 

differentiating myoblasts. 
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3.3 Methods 

For complete methods please see chapter 2 section 2.4.  

3.3.1 Searching for disease variant associations within the T-cadherin gene  

Briefly, a genome wide association analysis was performed using data obtained 

from the NCBI database of genotypes and phenotypes (dbGaP). The analysis focused 

solely on the region encompassing and surrounding the T-cadherin gene (82.6 Mbp – 

83.8 Mbp) and included promoter and enhancer regions. Two separate datasets were 

used for this analysis: ‘Genetics of Inherited Muscle Disease’ (phs000655.v3.p1), and 

‘Genetic Epidemiology of COPD (COPDGene)’ (phs000179.v6.p2.c1). The association 

analysis was run using PLINK [v 1.9], an open-source whole genome association 

toolset.  

3.3.2 RNA sequencing and differential expression analysis  

For RNA sequencing analysis, total RNA was isolated from murine myotubes 

differentiated for 12- and 24-hours from WT, DKO, and T-cad KO mice. This study was 

conducted separately to the RNA sequencing from my honours research (mentioned 

in section 3.2) which focussed on RNA isolated from adult murine muscle tissue rather 

than differentiating primary myoblasts. This RNA was checked for purity and sent to 

the Australian Genomic Research Facility (ARGF) for RNA sequencing. The results 

generated from the RNA sequencing of the three genotypes were used to perform a 

differential expression analysis. This analysis was performed using RSEM (v 1.3.3) 

[280] and DESeq2 (v 1.38.1) [281]. This list of genes was then run through GORILLAxv 

[282] and REVIGO (v 1.8.1) [283] to identify enriched GO terms.  

 

  

 

xv GORILLA database was last updated on 6th March 2021. 
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3.4 Results  

3.4.1 Genome wide association study 

A GWAS was conducted on two datasets: one focusing on patients with 

inherited muscle diseases and the other on patients with COPD. The analysis for the 

dataset ‘Genetics of Inherited Muscle Disease’ was based on a comparison of 33 cases 

and 18 controls and found 2 SNPs with a p-value <0.05, but no significant SNPs 

following a Bonferroni correction for multiple testing (Figure 3.1). Bonferroni correction 

is used when multiple tests are conducted simultaneously and only deems a score 

significant if the corresponding p-value is less than or equal to 0.05 divided by the 

number of tests performed [286]. Unfortunately, many of the samples from the original 

dataset were removed during PLINK analysis as they did not pass quality assurance 

checks. The two SNPs with an uncorrected p-value < 0.05 were not variants of any 

Figure 3.1. Association analysis for single nucleotide polymorphisms within the T-

cadherin gene (CDH13) for inherited muscle disease. Each point represents a SNP 

and its corresponding chi-squared calculated p-value, green points show SNPs that 

had a p-value greater than 0.05. The two lines indicate significance values; the blue 

line is an uncorrected significance value of 0.05, while the red line indicates the 

significance line after Bonferroni correction for multiple testing.  
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known clinical significance when searched through the NCBI database of SNPs 

(dbSNP).  

The same analysis was performed on the dataset obtained for COPD patients which 

included 501 cases and 493 controls. This analysis found 71 SNPs with a p-value < 

0.05, and 1 SNP (rs7206590) with a Bonferroni corrected p-value <0.05 (Figure 3.2). 

These SNPs did not present as variants of any known clinical significance when 

searched through the NCBI database ‘dbSNP’. A region of interest, surrounded by the 

dashed lines, is located at the far end of the T-cadherin gene, and features many SNPs 

with an uncorrected p-value < 0.05. Although there was only one SNP that passed 

Bonferroni correction, the fact that there is a peak of SNPs here suggests that variants 

in this region may associate with the muscular phenotypes present in COPD patients. 

As there are currently no publications linking these SNPs with any clinical significance, 

further research is required.  

Figure 3.2. Association analysis for SNPs within the T-cadherin gene (CDH13) for 

COPD. Each point represents a SNP and its corresponding chi-squared calculated p-

value, green points show SNPs that had a p-value greater than 0.05. The two-coloured 

lines indicate significance values; the blue dashed line is an uncorrected significance 

value of 0.05, while the red line indicates the significance line after Bonferroni 

correction for multiple testing. The vertical dotted lines border a region of interest. 
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3.4.2 Differential gene expression  

The following sections describes the results obtained from RNA sequencing and 

differential gene expression analysis on WT, DKO and T-cadherin (T-cad) KO primary 

myoblasts at 12- and 24-hours differentiation.  

3.4.2.1 Principal component analysis  

Gene expression was quantified for two replicates of the three genotypes (WT, DKO 

and T-cad KO) from primary myoblasts 12- and 24-hours post differentiation. Principal 

component analysis of the gene expression data showed two distinct groups for the 

12- and 24-hour samples (Figure 3.3). Most of the 12-hour samples were in a tight 

formation, except one WT 12-hour sample that appeared distinct from the others. This, 

along with data from a quality control check, suggested that this sample represented a 

failed library prep and could not be used for further analysis (quality control data not 

shown). As a result of removing this sample, the bioinformatic analysis could not be 

completed for the 12-hour RNA sequencing due to insufficient controls.  

Focusing only on the 24-hour data set, the DKO samples are distinct from the other 

genotypes. The duplicate samples were all situated together, indicating little variation 

Figure 3.3. Principal component analysis of reads from each of the samples 

processed for RNA-sequencing. The red and blue circled groups highlight the 12- and 

24-hours post-differentiation groups, respectively, and the green circled group 

highlights the 12-hour WT sample identified as an outlier. 
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between the replicate samples. The WT and T-cad KO samples also clustered together 

and were likely to have little difference between them.  

3.4.3 Differentially expressed genes 

A Venn diagram was generated of differentially expressed genes (DEGs) for 

each comparison: T-cad KO versus WT, DKO versus WT, and DKO versus T-cad KO 

(Figure 3.4). The majority of the differentially expressed genes were found between 

the WT and T-cad KO samples compared with the DKO. This analysis revealed 3908 

significant DEGs in the DKO versus WT samples, 3556 genes in the DKO versus T-

cad KO samples, and just 31 DEGs between the T-cad KO and WT samples. A total 

of 57.48% (2725) of the DEGs were shared between the DKO versus WT and the T-

cad KO versus DKO comparison, and 0.23% of these were common to all 

Figure 3.4. Venn diagram of differentially expressed genes between each of the 

genotypes. Significantly differentially expressed genes (p <0.05) were extracted using 

DESeq2 for T-cad KO versus WT (top), DKO versus WT (left) and DKO versus T-cad 

KO (right).  
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comparisons. Out of the 31 DEGs in the T-cad KO versus WT comparison, only two 

were unique. The top 10 up- and down-regulated genes for each comparison are listed 

in Table 3.1, Table 3.2 and Table 3.3 below.  

3.4.3.1 DKO versus WT myoblasts  

Fold-change, DESeq2’s wald statistic (‘Stat’) and significance of the top 10 up- and 

down-regulated genes for the DKO versus WT comparison are listed in Table 3.1. Of 

the 10 upregulated genes in the DKO, many are involved in muscle structure (Col2a1, 

Acta1, Pcyt2, Hspg2 and Zyx) and metabolism (Mvd and Isyna1). Most of the down-

regulated genes were either guanylate-binding proteins (GBPs) or interferon-induced 

very large GTPases – two of the four families of interferon-induced GTPases vital for 

autonomous immunity.  

Table 3.1. Top 10 up- and down-regulated genes in DKO versus WT myoblasts. 

Results have been sorted by the wald statistic (“Stat”) given by DESeq2. The ‘Log2 

FC’ represents the log-ratio of a gene’s expression value. The p-value (adj) represents 

the adjusted p-value for significance testing. ‘Up’ and ‘Down’ represent genes up- and 

down-regulated in the DKO cells.  
  Gene ID Gene Name  Log2 

FC 
Stat P-value 

(adj) 

U
p 

1 Mvd Mevalonate Diphosphate Decarboxylase 1.927 8.735 3.10E-14 

2 Hspg2 Heparan Sulphate Proteoglycan 2 1.707 8.629 3.92E-14 

3 Isyna1 Inositol-3-phosphate synthase enzyme 1.759 8.450 9.24E-14 

4 Ptov1 Prostate tumour-overexpressed gene 1 1.981 8.247 4.12E-13 

5 Zyx Zyxin 1.554 8.091 1.25E-12 

6 Col2a1 Collagen type II alpha 1 chain 1.557 7.991 2.43E-12 

7 Acta1 Skeletal alpha (α)-actin 1.602 7.916 3.88E-12 

8 Pcyt2 CTP: Phosphoethanolamine 
Cytidylyltransferase 

1.138 7.809 8.15E-12 

9 Tmem132a Transmembrane Protein 132A 1.791 7.676 2.05E-11 

10 Rpl28 Ribosomal Protein L28 1.584 7.666 2.05E-11 

D
ow

n 

1 Gbp9 Guanylate-binding protein 9 -1.625 -8.543 5.55E-14 

2 Gbp6 Guanylate-binding protein 8 -1.650 -5.838 5.25E-07 

3 Adamts12 ADAM metallopeptidase with 
thrombospondin type 1 motif 12 

-0.980 -5.479 2.64E-06 

4 Rbfox1 RNA binding Fox-1 homolog 1 -1.081 -5.444 3.11E-06 
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5 Kitl KIT ligand  -1.187 -5.404 3.69E-06 

6 Gvin1 Interferon-induced very large GTPase 1 -1.506 -5.353 4.58E-06 

7 Cd93 CD93 protein  -0.935 -5.279 6.30E-06 

8 Samd9l Sterile alpha motif domain containing 9 
like  

-1.273 -5.213 8.49E-06 

9 Gvin2 Interferon-induced very large GTPase 2 -1.351 -5.085 1.42E-05 

10 Gbp4 Guanylate-binding protein 4 -1.116 -5.044 1.70E-05 

  

3.4.3.2 T-cad KO versus WT myoblasts  

The list of the top 10 up- and down-regulated genes, the log2 fold change, DESeq2 

stat value and adjusted p-value found in the T-cad KO versus WT comparison are 

listed in Table 3.2.  

Table 3.2. Top 10 up and all 8 down-regulated genes in T-cad KO versus WT 

differentiating cells. Results have been sorted by the wald statistic (“Stat”) given by 

DESeq2. The ‘Log2 FC’ represents the log-ratio of a gene’s expression value. The p-

value (adj) represents the adjusted p-value for significance testing. ‘Up’ and ‘Down’ 

represent genes up- and down-regulated in the T-cad KO cells. 
  Gene ID Gene Name  Log2 

FC 
Stat P-value 

(adj) 

U
p 

1 Angpt2 Angiopoietin 2 0.847 6.095 1.44E-05 

2 Egr1 Early growth response 1 1.235 5.538 2.01E-04 

3 Fabp4 Fatty acid binding protein 1.109 5.310 4.80E-04 

4 Emcn Endomucin 1.048 5.117 8.48E-04 

5 Cd93 CD93 0.877 5.110 8.48E-04 

6 Pecam1 Platelet and endothelial cell adhesion 
molecule 1 

0.945 4.894 0.002 

7 Crim1 Cysteine rich transmembrane BMP 
regulator 1 

0.671 4.731 0.004 

8 Adgrf5 Adhesion G-protein-coupled receptor F5 0.807 4.713 0.004 

9 Edn1 Endothelin 1 0.850 4.641 0.005 

10 Cdh5 Cadherin 5 0.842 4.554 0.006 

D
ow

n 

1 Loc118568
103 

Gm53826 predicted gene  -5.867 -4.587 0.006 

2 Csrp3 Cysteine and glycine rich protein 3  -0.633 -4.415 0.008 
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3 Loc118568
417 

Rho-related BTB domain-containing 
protein 1 

-6.213 -4.147 0.019 

4 Loc118568
335 

Unknown -6.034 -4.056 0.027 

5 Cemip Cell migration inducing hyaluronidase 1 -0.715 -3.972 0.034 

6 Gm33198 PPP4r3b protein phosphatase 4  -5.146 -3.966 0.034 

7 Gm6958 Gm6958 predicted gene  -5.360 -3.927 0.039 

8 Gm52090 Unknown -6.308 -3.905 0.041 

 

Given that there were only 31 DEGs between the T-cad KO versus WT myoblasts, 

there was minimal fold change of the up-regulated genes in this dataset. A total of 23 

genes were up-regulated, and 8 genes down-regulated in the T-cad KO samples. Of 

the up-regulated genes, two are involved in muscle growth and differentiation (Angtp2 

and Egr1), and three in angiogenesis (Emcn, Edn1, and Adgrf5). Most of the down-

regulated genes were predicted genes and have limited published information 

available, except Csrp3 and Cemip that function within the cytoskeleton and ECM, 

respectively.  

3.4.3.3 DKO versus T-cad KO myoblasts  

Fold-change, DESeq2’s wald statistic (‘Stat’) and the significance value of the top 10 

up- and down-regulated genes for the DKO versus T-cad KO comparison are listed in 

Table 3.3. Of the top 10 genes up-regulated in the DKO, four were also found up-

regulated in the DKO myoblasts in the DKO versus WT comparison (Acta1, Isyna1, 

Hspg2 and Mvd). There were also three additional genes up regulated that were 

involved in muscle structure and function (Ckm, Flnc and Obscn). Of the top 10 down-

regulated genes, five were up-regulated in the T-cad KO versus WT comparison 

(Angpt2, Cd93, Adgrf5, Fabp4 and Emcn) and two were also found down-regulated in 

the DKO versus WT sample (Gvin1 and Cd93).  
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Table 3.3. Top 10 up- and down-regulated genes in the DKO cells versus the T-cad 

KO differentiating cells. Results have been sorted by the wald statistic (“Stat”) given by 

DESeq2. The ‘Log2 FC’ represents the log-ratio of a gene’s expression value. The p-

value (adj) represents the adjusted p-value for significance testing. ‘Up’ and ‘Down’ 

represent genes up- and down-regulated in the DKO cells. 
  Gene ID Gene Name  Log2 

FC 
Stat P-value 

(adj) 

U
p 

1 Acta1 Skeletal alpha (α)-actin 1.829 9.036 5.33E-16 

2 Thop1 Thimet oligopeptidase 1 1.874 8.968 7.92E-16 

3 Isyna1 Inositol-3-phosphate synthase enzyme 1.861 8.942 8.35E-16 

4 Ckm Creatine kinase M-type  2.003 8.768 3.42E-15 

5 Hspg2 Heparan Sulphate Proteoglycan 2 1.730 8.744 3.71E-15 

6 Rab3il1 RAB3A interacting protein like 1 1.527 8.710 4.01E-15 

7 Mvd Mevalonate Diphosphate Decarboxylase 1.822 8.300 8.59E-14 

8 Flnc Filamin C 1.383 8.077 5.12E-13 

9 Obscn Obscurin 1.464 8.059 5.62E-13 

10 Ptov1 Prostate tumour-overexpressed gene 1 1.927 8.052 5.63E-13 

D
ow

n 

1 Angpt2 Angiopoietin 2 -1.455 -
10.351 

2.74E-21 

2 Cd93 CD93 protein -1.812 -
10.350 

2.74E-21 

3 Adgrf5 Adhesion G-protein-coupled receptor F5 -1.656 -9.490 1.01E-17 

4 Fabp4 Fatty acid binding protein 4 -1.857 -8.723 3.95E-15 

5 Apln Apelin -1.725 -8.698 4.05E-15 

6 Flt1 Fms related receptor tyrosine kinase 1 -1.650 -8.587 9.79E-15 

7 Gvin1 Interferon-induced very large GTPase 1 -2.354 -8.484 2.20E-14 

8 Adamts12 ADAM metallopeptidase with 
thrombospondin type 1 motif 12 

-1.508 -8.466 2.38E-14 

9 Emcn Endomucin -1.748 -8.410 3.59E-14 

10 Mylk Myosin light chain kinase -1.321 -7.988 9.02E-13 
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3.4.3.4 Differentially expressed genes common to all genotypes  

There were 11 common DEG shared between the three comparisons (Table 3.4 and 

Figure 3.4). They are involved in angiogenesis and cell adhesion. Generating a heat 

map for visualisation and using WT as the control, all 11 genes are upregulated in the 

T-cad KO cells and downregulated in the DKO cells. Interestingly, the angiogenic and 

cell adhesion genes are down-regulated in the DKO but are up-regulated in T-cad KO 

cells (Figure 3.5).  

Table 3.4. The 11 genes differentially expressed between all three genotypes and the 

biological processes with which they are involved.  
  Gene ID Gene Name  Biological Process 

 

1 Adgrf5 Adhesion G protein-coupled receptor F5 Angiogenesis 

2 Adgrl4 Adhesion G protein-coupled receptor L4 Angiogenesis  

3 Angpt2 Angiopoietin 2 Angiogenesis 

Cell adhesion 

4 Apln Apelin Angiogenesis 

5 Cd24a CD24 molecule Cell adhesion 

6 Cd93 CD93 molecule Cell adhesion 

7 Crim1 Cysteine rich transmembrane BMP regulator 1 Motor neuron 
differentiation 

Angiogenesis  

8 Emnc Endomucin Angiogenesis 

Cell adhesion 

9 Fabp4 Fatty acid binding protein 4 Metabolism 

10 Flt1 Fms related receptor tyrosine kinase 1 Angiogenesis 

 11 Itga1 Integrin subunit alpha 1 Cell adhesion 
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3.4.4  Gene ontology  

To visualise the differentially expressed genes identified by these analyses, 

multiple enrichment steps were performed. For each of the genotype comparisons, the 

significantly expressed genes were analysed with the GORILLA tool for Gene Ontology 

(GO) ‘biological processes’, ‘molecular function’, and ‘cellular components’ terms. The 

enriched terms were then further filtered for redundancy using the REVIGO tool. 

The first comparison of GO terms considered differences between DKO and WT cells 

(Figure 3.6). In considering the biological processes GO terms, the DKO cells had 

altered expression of genes involved in three main areas: metabolic pathways, muscle 

system pathways and adhesion pathways. The metabolic pathways involved the GO 

terms ‘respiratory chain pathways’, ‘pyruvate synthesis’, ‘NADH metabolism and 

regeneration’, and ‘generation of precursor metabolites’ (Figure 3.6 A). The enriched 

Figure 3.5. Heatmap of the 11 common differentially expressed genes between WT, 

DKO and T-cad KO myoblasts. Values are log2 fold-changes from the mean and were 

normalised with variance stabilising transformation. Each row represents a separate 

gene, sorted in alphabetical order. 
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biological processes GO terms also included ‘muscle system processes’, ‘muscle 

contraction’ and ‘active filament-based movement’. Aside from the broad ‘animal organ 

development’ term, the next most enriched biological processes term, with over 4% of 

the DEGs, was ‘cell adhesion’. Similarly, the enriched molecular function GO terms 

included ‘structural constituent of muscle’ and ‘cell adhesion molecule binding’ (Figure 
3.6 B). The main enriched cellular components in the DKO were like the enriched 

biological processes terms and included genes involved in the ‘respiratory chain 

complex’, ‘NADH dehydrogenase complex’ and ‘cytoskeleton’. Interestingly, there 

were also a high percentage of genes (> 5%) involved in ‘cell junction’, ‘anchoring 

junction’, and ‘adherens junction components’ (Figure 3.6 C). 

The second comparison of GO terms considered differences between DKO and T-cad 

KO cells. This revealed enriched biological processes terms like ‘respiratory electron 

transport chain’, ‘pyruvate synthesis’, ‘creatine metabolic processes’, ‘ATP metabolic 

processes’ and ‘NADH metabolic processes’ (Figure 3.7 A). This analysis also shows 

biological processes terms involved in ‘muscle system processes’, ‘muscle 

contraction’, ‘actin filament-based movement and sliding’, and ‘regulation of myotube 

differentiation’. For the molecular function terms, ‘actin binding’, ‘NADH 

dehydrogenase activity’ and ‘creatine kinase activity’ were all enriched in this analysis 

(Figure 3.7 B). Enriched cellular component terms included ‘sarcolemma’, ‘z-disc’ and 

‘contractile fibres’, and metabolic components like ‘respiratory chain complex’ and 

‘NADH dehydrogenase complex’ (Figure 3.7 C).  

There was an insufficient number of DEGs between the T-cad KO and WT genotypes 

to identify enriched GO terms.  
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Figure 3.6. Enriched GO terms in the DKO versus WT comparison. A. Biological 

Processes, B. Molecular Function and C. Cellular Components. “No. of Genes (%)” 

represents the number of genes found enriched in the GO term as a percentage of the 

total number of differentially regulated genes. The -log(p-value) is the negative log of 

the enrichment p-value computed by REVIGO.  
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Figure 3.7. Enriched GO terms in the DKO versus T-cad KO comparison. A. Biological 

Processes, B. Molecular Function and C. Cellular Components. “No. of Genes (%)” 

represents the number of genes found enriched in the GO term as a percentage of the 

total number of differentially regulated genes. -log(p-value) is the negative log of the 

enrichment p-value computed by REVIGO.  
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3.4.5 Enriched GO terms  

Based on the results of the GO analysis, it was important to isolate these terms 

to determine specifically which genes are involved and how they were differently 

expressed between each genotype. To do this, heatmaps were generated based on 

the genes involved in relevant biological processes GO terms for this study. Gene lists 

for each GO term were sourced from the list of annotations from the Jackson 

Laboratory ‘Mouse Genome Informatics’.  

3.4.5.1 Enriched metabolic terms  

Heatmaps were generated for two metabolic pathways: ‘NADH regeneration’ (GO term 

ID: 0006735) and ‘APN-activated signalling pathway’ (GO term ID: 0033211) (Figure 
3.8). All genes classed with the ‘NADH regeneration’ GO term appeared to be 

upregulated in the DKO myoblasts compared to the other genotypes. They include 

glycolytic enzymes such as aldolase, enolase, glyceraldehyde-3-phosphate 

dehydrogenase, glucose-6-phosphatase, phosphofructokinase, and pyruvate kinase 

(Figure 3.8 A).  

For the ‘APN-activated signalling pathway’, both Adipor1 and -r2 (adiponectin-receptor 

1 and 2) were upregulated in the DKO along with long-chain fatty acid CoA ligase1 

(Acsl1), casein kinase 2 beta (Csnk2b) and solute carrier family 27 member 1 

(Slc27a1) (Figure 3.8 B). Appl1 and Appl2 (adaptor protein, phosphotyrosine 

interacting with PH domain and leucine zipper 1 and 2) were downregulated in the 

DKO cells and upregulated in the WT samples relative to the mean. The expression of 

these genes in the T-cad KO samples was intermediate between the WT and the DKO 

cells.  
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3.4.5.2 Enriched cell adhesion terms  

There was minimal difference in the expression of genes involved in ‘cadherin 

mediated cell-cell adhesion’ (GO:0044331), (Figure 3.9 A) and ‘integrin mediated cell-

cell adhesion’ (GO:0033631) (Figure 3.9 B). The notable exceptions are Cdh15 (M-

cadherin), Cdh5 (VE-cadherin), Notch1 (neurogenic locus notch homolog protein 1), 

Wnt5a (Wnt family member 5A), Cd24a (cluster of differentiation 24), Itga4 (integrin 

subunit alpha 4), Itga5 (integrin subunit alpha 5) and Piezo1 (piezo type 

mechanosensitive ion channel component 1). Cdh15 and Cdh5 are members of the 

calcium-dependent cadherin superfamily. M-cadherin is involved in muscle adhesion 

and VE-cadherin is expressed by endothelial cells. Itga4 (integrin subunit alpha 4) was 

up-regulated in the T-cad KO and down-regulated in the DKO. In contrast, ITGA5 

(integrin subunit alpha 5) was up-regulated in the DKO and T-cad KO cells but more 

so in the DKO myoblasts. Piezo1 is up regulated in the DKO myoblasts. There is some 

variability in gene expression within the genotype samples.  

A B 

Figure 3.8. Heatmaps of the gene expression of metabolic pathways in WT, T-cad KO 

and DKO cells. A. ‘NADH regeneration’ (GO:0006735), or B. ‘APN-activated signalling 

pathway’ (GO:0033211). Values are log2 fold-changes from the mean and were 

normalised with variance stabilising transformation. Each row represents a separate 

gene, sorted in alphabetical order. 
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A B 

Figure 3.9. Heatmaps of the gene expression of cell-cell adhesion in WT, T-cad KO 

and DKO cells. A. ‘Cadherin-mediated’ (GO:0044331), or B. ‘integrin-mediated’ 

(GO:0033631) cell-cell adhesion. Values are log2 fold-changes from the mean and 

were normalised with variance stabilising transformation. Each row represents a 

separate gene, sorted in alphabetical order.  
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3.4.5.3 Enriched muscle development and function terms 

Finally, muscle pathways were considered under the GO terms ‘myoblast fusion’ 

(GO:0007520) and ‘skeletal muscle contraction’ (GO:003009). As expected, the DKO 

myoblasts have increased expression of genes associated with myoblast fusion 

(Figure 3.10 A) and these include Ehd1 (EH domain containing 1), Mymk (myomaker), 

Mymx (myomixer), Myod1 (myogenic differentiation 1), Myog (myogenin) and 

pleckstrin homology domain containing family o member 1 (Plekho1). Additionally, 

Cacna1s (calcium voltage-gated channel subunit alpha1 S), a calcium channel in 

skeletal muscle cells, and Cav3 (caveolin 3), which plays a role in sarcolemma repair 

in muscle, are up-regulated in the DKO cells. Like the cell-cell adhesion GO terms, 

there is variability between the duplicate genotype samples.  

The genes listed in the GO term ‘skeletal muscle contraction’ were almost entirely 

upregulated in the DKO except for Dmd (dystrophin), a major component of the 

dystrophin glycoprotein complex, Homer1 (homer scaffold protein 1), Rcsd1 (RCSD 

domain containing 1), and Stac (SH3 and cysteine rich domain) (Figure 3.10 B). Many 

of the genes that code for structural proteins including actinin alpha 3 (Actn3), caveolin 

3 (Cav3), myosin heavy chain 14, 3, 7 and 7 (Myh14, Myh3, Myh7 and Myh8 

respectively), myosin light chain kinase 2 (Mylk2) and troponin C1, C2, I1-3, T1 and T3 

(Tnnc1, Tnnc2, Tnni1, Tnni2, Tnni3, Tnnt1, and Tnnt3 respectively) were up-regulated 

in the DKO cells.  

In summary, the bioinformatic GO analyses of the next generation sequencing data 

identified, in DKO primary myoblasts, up-regulated expression of genes involved with 

metabolism, myogenesis and muscle contraction, together with specific genes involved 

in cell-cell adhesion.  
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A B 

Figure 3.10. Heatmaps of the gene expression of muscle pathways in WT, T-cad KO 

and DKO cells. A. ‘Myoblast fusion’ (GO:0007520), and B. ‘skeletal muscle contraction’ 

(GO:003009). Values are log2 fold-changes from the mean and were normalised with 

variance stabilising transformation. Each row represents a separate gene and is sorted 

by alphabetical order.  



Chapter 3 - In silico analysis  

3-101 

Discussion 

In this chapter the role of T-cadherin in muscle disease and COPD was 

investigated using public genomic databases and bioinformatic analyses. Additionally, 

using RNA from primary myoblasts of WT, T-cad KO and DKO mice, next generation 

sequencing was performed and interrogated using advanced bioinformatic 

approaches. The results of this chapter are discussed below. 

3.4.6 Genome wide association studies 

GWAS identify SNPs that associate with a particular phenotype and allelic 

frequency that in the future could be targeted for therapeutics. A GWAS approach was 

used to identify CDH13 SNPs that associate with muscle disease and COPD. Studies 

of this type require many subjects to establish significance and are costly and time 

consuming to perform. Therefore, this study utilised previously established online 

databases. Due to the number of samples that are available in these muscle related 

datasets, the analysis did not have the statistical power required for this in-depth 

analysis. Although there were hundreds of samples available in this dataset, many 

were not compatible with the software and were removed. The analysis was still 

completed expecting that it would highlight a previously identified SNP, however, none 

of the identified SNPs had sufficient statistical significance after correction for multiple 

testing.  

Skeletal muscle dysfunction is a serious comorbidity for patients with COPD and 

population-based studies have shown that genetic variants can affect a person’s 

susceptibility to this disease. Thus, it is possible that patients may also have genetic 

variants that increase their vulnerability for skeletal muscle dysfunction. The genetic 

epidemiology of the COPD database contained 501 cases and 493 controls that were 

analysed for genetic markers of skeletal muscle function within the T-cadherin gene. 

After correction for multiple testing, one SNP (rs7206590) in CDH13 was found. This 

SNP is an intron variant within the T-cadherin gene but is not mentioned in any 

publications or associated with any clinical significance at this time. Given the 

emerging importance of non-coding SNPs as significant modifiers of disease, this SNP 

requires further investigation. Interestingly, there is a cluster of SNPs in this area with 
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high significance, but not above the threshold (Figure 3.2: Area of interest). This 

suggests that this area within CDH13 may be worth investigating, rather than the 

individual SNPs themselves which are not currently known to have any clinical 

significance.  

3.4.7 Next generation sequencing of primary myoblasts  

Results show that DKO myoblasts commit to fusion sooner than the WT cells 

and the RNA sequencing agrees with these observations. Compared to WT control, 

the DKO myoblasts had the greatest number of differentially expressed genes (3908 

genes). Of these genes, 69% (2725 genes) were also differentially expressed in the 

DKO compared to T-cad KO, suggesting the T-cad KO expression profile was more 

like the WT. Moreover, when the T-cad KO was compared to the WT, only 31 

differentially expressed genes were found. 

3.4.7.1 DKO murine myoblasts have a unique genetic signature 

The top three up-regulated DEGs in the DKO versus WT comparison were Mvd 

(mevalonate diphosphate decarboxylase), Hspg2 (heparan sulphate proteoglycan 2) 

and Isyna1 (inositol-3-phosphate synthase 1). MVD is a key enzyme in the mevalonate 

pathway that synthesizes sterol isoprenoids, such as cholesterol, and disruptions 

within this pathway can result in abnormal glucose and lipid metabolism [287-289]. The 

change to MVD is likely linked to reduced APN signalling in the DKO myoblasts.  

HSPG2 encodes the proteoglycan perlecan, a component of the basal lamina that 

binds laminin and α-dystroglycan [290, 291]. Perlecan is expressed by C2C12 

myoblasts and is downregulated upon differentiation and upregulated following muscle 

injury [292, 293]. Increased HSPG2 expression may coincide with the enhanced 

differentiation of the DKO myoblasts.  

Isyna1 was highly up-regulated in the DKO myoblasts and converts glucose-6-

phosphate to myo-inositol-1-phosphate. Myo-inositol is a component of membrane 

phospholipids and depletion of intracellular myo-inositol is commonly observed in 

diabetic animal models in primary sites for the development of diabetic microvascular 

complications [294]. Inositol supplements are useful in the management of diabetes 

because they decrease blood glucose levels and increase insulin secretion [294, 295]. 

There are limited reports on the role of ISYNA1 in myogenesis.  
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Other genes in the top 10 up-regulated gene list in the DKO versus WT comparison 

include collagen type II alpha I chain (Col2a1) and actin alpha 1 (Acta1), which 

encodes collagen and actin, respectively, and are both important components of the 

contractile apparatus in skeletal muscles. Zyxin (Zyx) modulates mechano-

transduction by influencing cytoskeletal structure and signalling pathways in smooth 

muscle cells [296]. Phosphate cytidylyltransferase 2 ethanolamine (Pcyt2) is important 

in membrane function by structurally stabilising membrane-anchored proteins [297]. 

Finally, prostate-tumour-overexpressed 1 (Ptov1) that shows increased expression in 

prostate cancer, regulates gene expression and is also found expressed in normal 

tissues such as the brain, heart, liver, kidney and skeletal muscle, but its function is yet 

to be determined [298].  

Of the down-regulated genes, many GTPases, a family of genes important in cell-

autonomous immunity, were also down-regulated in the DKO cells, however their role 

in myogenesis in unclear. Of interest and downregulated in the DKO, CD93 is involved 

in enhancing angiogenesis, and RBFOX1 encodes for a member of the Rbfox family 

that regulates RNA splicing required to maintain muscle physiology [299, 300]. 

3.4.7.2 T-cad KO mice display similar genetic characteristics to WT mice 

Although only 31 DEGs were identified, many of the up-regulated DEGs in the T-cad 

KO versus WT comparison play a role in angiogenesis. Angiopoietin 2 (Angpt2) 

regulates angiogenesis, is up regulated during differentiation and may enhance 

myoblast fusion [301]. Endomucin (Emcn) loss impairs angiogenesis [302] and 

endothelin (Edn1) and adhesion G-protein-coupled receptor F5 (Agrf5) regulate 

angiogenesis [303-305]. Fabp4 (fatty acid binding protein 4) encodes for a fat binding 

protein that acts as a carrier for fatty acids and can regulate the accumulation of fat 

within the muscle [306]. 

Only 8 down-regulated genes were noted, and most have little published information, 

except for Csrp3 (Cysteine and glycine rich protein 3) and Cemip (Cell migration 

inducing hyaluronidase 1). CSRP3 regulates glucose homeostasis and CEMIP is 

involved in multiple cancers as an oncogene [307, 308].  

3.4.7.3 DKO versus T-cad KO differentially expressed genes 

Many of the DEGs in this comparison where also present in the DKO versus WT 

comparison, by example, Acta1, Isyna1, Hspg2, Mvd and Ptov1. Additionally, structural 
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genes Flnc (filamin C) and Obscn (obscurin) were up regulated in the DKO. Filamins 

are a group of filaments that cross-link with actin filaments. Obscurin is a giant 

myofibril-associated protein that interacts with titin at the M-band and the Z-disc and is 

linked with distal myopathies [309].  

Ckm (creatine kinase M-type) and Rab3il1 (RAB3A interacting protein like 1) were up-

regulated in the DKO. CKM encodes for a subunit of creatine kinase that catalyses the 

phosphorylation of creatine to phosphocreatine to generate ATP from ADP. RAB3IL1 

functions as a guanine nucleotide exchange factor for the Rab3A small GTPase and 

has been identified as a MAPK (mitogen-activated protein kinases)-phosphatase 

regulated substrate with a possible role in enhancing muscle regeneration [310, 311].  

Interestingly, many of the genes that were down-regulated in the DKO versus T-cad 

KO comparison were up-regulated in the T-cad KO versus WT comparison, including 

Angpt2, Adgrf5, Fabp4, Apln and Emcn. Of the 11 DEGs common to all comparisons, 

angiogenic genes Adgrf5, Adgrl4 and Angpt2 were upregulated in the T-cad KO, 

suggesting a relationship to APN over-expression in this genotype.  

3.4.8 Pathways identified by gene ontology comparisons 

Gene ontology showed enriched terms associated with metabolic pathways, cell 

adhesion, myoblast fusion and muscle contraction.  

3.4.8.1 Muscle Metabolism  

Many of the genes involved in the NADH regeneration pathway (see Figure 3.8) 

including glycolytic enzymes such as Aldoa (aldolase A), Hk1 (hexokinase 1), Eno1, 

Eno1b, Eno2 and Eno3 (enolase isoenzymes) were up regulated in the DKO group. 

This suggests that the DKO myoblasts were actively producing energy at an increased 

rate. This counters APN’s normal role in regulating skeletal muscle metabolism, where 

APN application stimulates glucose uptake. These data suggest that T-cadherin itself 

may regulate metabolism and that the increase in glycolytic enzymes is a result of the 

increase in differentiation.  

Adipor1 and -r2 were upregulated and the receptor-binding proteins APPL1 and 

APPL2 were down-regulated in the DKO cells, suggesting the dysregulation of APN 

signalling. ACSL1 and SLC27A1 (also known as FATP1), which are essential for the 
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activation, transportation, and degradation of fatty acids, were up regulated in the DKO 

cells, and point towards increased ability of the DKO cells to uptake fatty acids.  

3.4.8.2 Cell adhesion  

The most notable differences in gene expression for cadherin mediated cell-cell 

adhesion and integrin mediated cell-cell adhesion were Cdh15, Cdh5, Notch1 Wnt5a, 

Cd24a, Itga4, Itga5 and Piezo1 (see Figure 3.9). CDH15 known as M-cadherin, and 

CDH5 (VE-cadherin) are members of the cadherin superfamily. M-cadherin was up 

regulated and is involved in muscle adhesion and SC function, and VE-cadherin was 

down regulated and is exclusive to endothelial cells. NOTCH1 was up regulated and 

is a highly conserved transmembrane protein that is involved in muscle development 

and has roles in the development of most tissues [312]. WNT5A was down-regulated 

and can regulate muscle development [15]. CD24A was down regulated and is a signal 

transducing molecule commonly used as a marker of regenerating muscle [313]. Itga4 

(integrin subunit alpha 4) was up-regulated in the T-cad KO cells and down-regulated 

in the DKO cells. In contrast, Itga5 (integrin subunit alpha 5) was up regulated in the 

DKO. Both integrins play roles in skeletal muscle development and were discussed in 

chapter 1 (see section 1.6). Finally, Piezo1 (piezo type mechanosensitive ion channel 

component 1) was up regulated in the DKO myoblasts, and is a mechanical transducer 

that controls intracellular signalling for the development and regeneration of muscle 

fibres [314].  

3.4.8.3 Myoblast fusion  

Genes involved in regulating myoblast fusion were also increased in the DKO 

myoblasts. Myomaker, myomixer, MYOD and myogenin were all upregulated in DKO, 

consistent with the results showing increased differentiation and fusion (see section 

1.10). Up regulated in the DKO was caveolin 3 (Cav3), which associates with 

components of the dystrophin glycoprotein complex (DGC) and is necessary for 

efficient myoblast fusion [315]. Additionally, EH domain containing 1 (Ehd1) which 

regulates myoblast fusion by binding through myoferlin, and pleckstrin homology 

domain containing family o member 1 (Plekho1), which is suspected to regulate 

myoblast fusion were up regulated in the DKO samples [316]. Loss of EHD1 leads to 

smaller muscle in vivo and PLEKHO1 promotes proliferation and stimulates the 

expression of myogenin through the PI3K (phosphoinositide 3-kinases) pathway [316, 

317].  
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3.4.8.4 Muscle contraction 

The GO terms ‘muscle contraction’ and ‘muscle system process’ were enriched in the 

gene ontology study. This indicated that many other structural proteins including actinin 

alpha 3, caveolin 3, myosin heavy chain 14, 3, 7 and 7 (Myh14, Myh3, Myh7 and Myh8, 

respectively), myosin light chain kinase 2 (Mylk2) and troponin C1, C2, I1-3, T1 and T3 

(Tnnc1, Tnnc2, Tnni1, Tnni2, Tnni3, Tnnt1, and Tnnt3, respectively) were up-regulated 

in the DKO. This likely represents the accelerated myoblast fusion and resulting 

increase in muscle cell mass ex vivo.  

3.4.9 Limitations and future recommendations  

qPCR was used to validate the up-regulated genes with the highest fold-change 

in the DKO versus WT analysisxvi. Unexpectedly, we could not record any differences. 

However, on further investigation of this genotype in chapter 5, we found that the DKO 

cells had a metabolic advantage and likewise many of the metabolic genes commonly 

used as housekeeper genes such as Gapdh, Rpl41, Rpl27 and Aldoa were strongly 

upregulated in the DKO, as per the next generation sequencing data. Moving forward, 

repeat qPCR experiments could be used to validate this sequencing data provided that 

suitable controls can be identified. At the time of the thesis writing, studies are 

underway in the group to perform western blots on the primary myoblasts for some of 

the strongly up-regulated genes such as M-cadherin, MYOD, myomixer and myomaker 

to assist in data validation.  

The findings in this chapter agree with the preliminary results showing the DKO 

myoblasts are committing to fusion sooner and developing myotubes more rapidly than 

the WT. Unfortunately, due to some quality issues with the 12-hour control samples, 

RNA sequencing analysis could not be performed with the earlier timepoint. Moving 

forward, repeat RNA sequencing studies should be conducted with a minimum of three 

samples per timepoint to avoid this complication. Furthermore, future studies may also 

benefit from the inclusion of myoblast RNA from earlier differentiation timepoints. For 

example, 3- and 6-hour differentiation studies may reveal differences in genes involved 

in activating and expanding the pool of SCs.  

 

xvi qPCR validation was performed by Dr. Miriam Wankell.  
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3.5 Conclusion 

These data strongly support the concept that the DKO cells have accelerated 

differentiation. In support, we find the up regulation of genes representing the 

myogenic transcriptional programme and cell adhesion. Interestingly, we also 

observed that the DKO cells have a genetic signature that reflects increased 

metabolism and the likely ability to take up fatty acids more readily. Both genetic 

attributes counter the loss of APN and its expected functions and suggest that T-

cadherin has APN independent functions in myogenesis. These attributes are explored 

in the later chapters of this thesis.  
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4  T-cadherin’s Function in Muscle Regeneration and Repair  

4.1 Introduction 

Skeletal muscle injury occurs constantly throughout life. To counterbalance this, 

muscles possess an inherent restorative process driven by myogenic transcription 

factors to facilitate regeneration and repair. This is supported by skeletal muscles 

maintaining a small population of muscle specific stem cells known as satellite cells 

(SCs). These self-renewing cells are activated following injury and begin the process 

of myogenesis to repair injured tissue. Prior to regenerating, the muscle fibres first 

exhibit rapid inflammation as characterised by the presence of neutrophils and 

macrophages, after which the damaged cells are removed to allow growth of new fibres 

[52]. The SCs are activated and begin proliferating to provide self-renewing cells and 

myoblasts to repair the damaged fibres. On injury, SCs increase the expression of 

Myf5 and Myod transcription factors and enter a regenerative cycle of myogenesis. 

This process will continue until the muscle fibres have been repaired and a small 

population of SCs re-enter quiescence just below the basement membrane. Although 

it can take up to one month to fully repair the damaged fibres, the majority of the muscle 

architecture is fully restored after 10 days of regeneration [318]. Both T-cadherin and 

APN are decreased following injury, and increase around day three of regeneration 

[212]. Although the presence of both proteins during regeneration has been 

established, it is not yet clear what roles they play in muscle repair.  

4.2 Preliminary data and aims 

The Hebbard lab previously examined T-cadherin’s role in myogenesis by 

overexpressing T-cadherin in C2C12 myoblasts (pLTcad cells) and evaluating 

myogenic protein expression and fusion index (Figure 4.1xvii). They showed that 

overexpressing T-cadherin in C2C12 cells led to reduced levels of myosin heavy chain 

 

xvii Figure 4.1 is identical to Figure 1.7 in section 1.10 and has been duplicated here for convenience.  
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(MHC), myogenin and decreased the fusion index (the number of nuclei present inside 

the myotubes as a percentage of the total number of nuclei in the field of vision).  

Studies performed for my Honours thesis in the Hebbard Lab showed a significant 

difference in the growth and fusion of DKO myoblasts compared to WT controls. These 

results illustrated that the DKO myoblasts commit to myogenesis sooner, fuse faster 

and form myotubes earlier than WT myoblasts (Figure 4.2xviii). 

  

 

xviii Figure 4.2 is a condensed version of the data in Figure 1.9 in section 1.10 and has been duplicated 
here for convenience.  

Figure 4.1. T-cadherin overexpression in myoblasts impairs myogenesis. A. Western 

blot of pLN1 (control) and pLTcad C2C12 cells differentiated for 1-4 days and probed 

for MHC, Myogenin and β-tubulin as loading control. B. Graph showing myoblast fusion 

index of differentiated C2C12 pLN1 and pLTcad cells. *** = p<0.001 
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Figure 4.2. T-cadherin/APN double knockout (DKO) primary myoblasts show 

enhanced differentiation compared to WT myoblasts. A. Representative images of 

differentiating WT and DKO primary myoblasts at 24- and 48-hours differentiation. 

Scale bar 500 μm. B. Fusion index of WT and DKO myoblasts at 24- and 48-hours 

differentiation (mean ± SEM). C. Average myotube area of WT and DKO myofibers at 

24- and 48-hours differentiation (mean ± SEM). D. Western blot showing protein 

expression of MHC, myogenin and β-tubulin as loading control in differentiating WT 

and DKO myoblasts between 6-48 hours. *** = p<0.001, **** = p<0.0001. 
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In terms of developmental myogenesis, there was no notable difference between the 

overall weights of the young adult mice or of their individual muscles (Figure 4.3xix), 

and limited differences were observed in gene expression as shown through RNA 

sequencing of adult murine WT and DKO tissue (data not shown). Taken together, 

these results suggest that the myogenic enhancement observed in the DKO murine 

muscle may occur within the muscle SCs during regeneration and repair rather than 

during muscle development.  

As a result of these findings, the studies described in this chapter aimed to achieve the 

following:  

1. To investigate differences in differentiation between WT and single T-cadherin 

knockout (T-cad KO) primary myoblasts. 

2. Evaluate differences between WT, DKO and T-cad KO mouse myofibers. 

3. Determine differences in the regeneration and repair capacity of WT, DKO and 

T-cad KO muscles in vivo. 

  

 

xix Figure 4.3 is identical to Figure 1.8 in section 1.10 and has been duplicated here for convenience.  

Figure 4.3. A. Average body weights of WT and DKO mice between the age of 5-7 

weeks. (WT n=25, DKO n=18, mean ± SEM). B. Average tibialis anterior (TA), 

quadriceps (QUAD) and gastrocnemius (GAS) hindlimb muscle weight of 7-week-old 

WT and DKO mice (n=4, mean ± SEM). 
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4.3 Methods  

For complete materials and methods please see chapter 2 section 2.3, 2.5 and 2.8. 

4.3.1 Ex vivo examination of myoblast growth 

Briefly, myoblasts were isolated from the hind limbs of 4-6 male mice aged 4-6 

weeks, cultured, and plated as per chapter 2 section 2.3 and differentiated for 0-, 6-, 

12-, 24-, or 48-hours prior to being fixed or lysed for protein analysis. The fixed cells 

were then stained with hematoxylin and eosin and examined for myotube area, fusion 

index (the number of nuclei present inside the myotubes as a percentage of the total 

number of nuclei in the field of vision) and myotube number and the lysates separated 

by SDS-PAGE and examined via western blotting.  

4.3.2 Regeneration and repair following injury 

Mice were injected with 0.15 μg of Notexin (10 μl of 15 μg/ml diluted with PBS) 

longitudinally through the left TA muscle and then left for 2, 3, 7, and 10 daysxx, at 

which time, the mice were euthanised with CO2 and both their left (injured) and right 

(control) TA muscles were removed and embedded in optimum cutting temperature 

(OCT) compound for cross-sectional analysis. Transverse serial sections were cut 

from the mid region of the embedded muscle and mounted on glass microscope 

slidesxxi. The sections were subsequently stained for quiescent SCs (Pax7), activated 

SCs (MYOD), fibrosis (sirius red), macrophage infiltration (CD68) and with hematoxylin 

and eosin (pathology and fibre size).  

Analyses were performed using ImageJ software and statistical analyses using 

GraphPad Prism. * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001 denote the 

significance values used throughout this chapter. Errors bars on graphs represent 

standard error of the mean (SEM) unless stated otherwise.   

 

xx Notexin injections were performed by Dr. Craig McFarlane.  
xxi Cross sections were obtained by Dr. Lionel Hebbard.  
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4.4 Results  

Given the differences seen between the growth and differentiation of WT and 

DKO myoblasts, further analyses were performed to understand the role of T-cadherin 

on SCs and in myogenesis. Immunofluorescence was used to establish the presence 

of T-cadherin on SCs through DAPI and Pax7 co-staining in uninjured WT muscle 

tissue. T-cadherin was visible on the muscle cell membranes and co-localised with 

Pax7 positive nuclei (Figure 4.4).  

  

Figure 4.4. Immunofluorescence staining of an uninjured WT murine TA muscle 

section. Sections were stained for A. Pax7 (green), B. T-cadherin (red), C. DAPI 

(blue), and D. Merged. Scale bar 100 μm. 
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4.4.1 Differentiation of WT and T-cadherin KO primary myoblasts  

To differentiate between the effects of T-cadherin and APN in myogenesis, the 

primary myoblast experiments reported in the preliminary results were repeated using 

myoblasts isolated from WT and T-cadherin single knockout (T-cad KO) mice. Each 

biological replicate represents cells pooled from at least 4 mice.  

Following the isolation of primary myoblasts, the cells were allowed to differentiate for 

24- and 48-hours and stained with hematoxylin and eosin (Figure 4.5 A). Unlike the 

comparison with the DKO myofibers (see preliminary data Figure 4.2), there were no 

differences in the growth and differentiation of WT versus T-cad KO fibres. Using H&E 

stained myotubes, analyses were performed to evaluate the fusion index and myotube 

area. Assessment revealed no differences between the genotypes in fusion index or 

myotube area (Figure 4.5 B-D). The fusion index, or percentage of total nuclei present 

in myofibers, was 19.6% for WT and 23.6% for T-cad KO at 24 hours and increased to 

68.4% for WT and 65.9% for T-cad KO at 48 hours (Figure 4.5 B). At 24- and 48-hours 

respectively, the average size of the WT myofibers was 2.078 μm2 and 4.159 μm2, and 

the T-cad KO 2.297 μm2 and 4.304 μm2 (Figure 4.5 C). The increase in fusion index 

and average size for each genotype from 24- to 48-hours was significant (p < 0.0001) 

(Figure 4.5 B-C). The maximum fibre size at 24 and 48 hours increased from 6 μm2 to 

49 μm2 for WT from 7 μm2 to 56 μm2 for the T-cad KO and there was no difference 

between genotypes (Figure 4.5 D-E).  

Following differentiation, whole cell lysates were collected from cultures of each 

genotype at 6-, 12-, 24- and 48-hours differentiation and used for western blot analysis 

with the myogenic markers myogenin, myosin heavy chain and β-tubulin (loading 

control). Myogenin, a marker of commitment to differentiation, was expressed as early 

as 6 hours into differentiation of both the WT and T-cad KO cultures (Figure 4.6 A). 

As the loading controls appeared uneven for each sample, a densitometry analysis 

was performed to compare the protein of interest versus loading control (Figure 4.6 B-

C).  
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Figure 4.5. Comparison between differentiating WT and T-cad KO (KO) primary 

myoblasts (n=2). These results represent multiple experiments conducted with similar 

results. A. Examples of hematoxylin and eosin-stained myoblasts/myotubes after 24- 

and 48-hours differentiation. Scale bar 100 μm. Any cell with 3 or more nuclei are 

considered to be myotubes. B. Myoblast fusion index at 24- and 48-hours 

differentiation (mean ± SEM). T-tests indicate no significant difference between either 

group. C. Primary myotube area at 24- and 48-hours differentiation (mean ± SEM). T-

tests indicate no significant difference between either group. Overlapped frequency 

distribution graph of myotubes at D. 24- and E. 48- hours differentiation. The light grey 

areas show the overlap between the WT and T-cad KO bars and the solid and dashed 

lines represent the average myotube area for T-cad KO and WT cells, respectively. 
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This indicated that the T-cad KO samples expressed more myogenin at 6- and 12-

hours, but the differences were not significant. WT myoblasts had higher myogenin 

expression at 24 hours but similar levels at 48 hours. MHC, a marker of mature 

myofibers, did not appear in the lysates until 48 hours. Densitometry showed a low 

level of MHC expression at 24 hours, but this was not visible by western blot.  

After 48-hours differentiation, the MHC expression was 1.4-fold greater in the WT cells 

than in the T-cad KO cells. In addition, there was a decrease in the expression of 

myogenin (WT: 3.7-fold and T-cad KO: 2-fold) and an increase in the expression of 

MHC (WT: 230-fold and T-cad KO: 64-fold) between 24- and 48-hours. However, none 

of these differences were significant.  

Figure 4.6. Protein expression analysis of primary WT and T-cad KO (KO) myoblasts 

at during differentiation. A. Western blot of primary cell lysates at 6-, 12-, 24-, and 48-

hours differentiation. The 6- and 12-hour lysates and 24- and 48-hour lysates were 

collected from separate experiments. Blots were probed for MHC, myogenin (MyoG), 

and β-tubulin as loading control. Relative expression was then calculated from the β-

tubulin control for both B. MyoG and C. MHC (mean ± SEM). Multiple t-tests indicate 

no significant differences between the genotypes.  
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4.4.2 Examining differences in muscle development 

The results from my Honours studies showed a significant increase in the ex 

vivo growth of muscle from DKO versus WT mice. Using mice from this study, the 

mouse body weight analysis for WT, DKO and T-cad KO mice was expanded (Figure 
4.3 A analysis expanded in Figure 4.7). The updated comparison of body weights 

further separates the mice by age to account for differences in body weight over time. 

The analysis shows no differences between the weights of the mice at any time point. 

Given this information, this project focussed on examining whether there were 

differences in the in vivo regeneration of injured muscle fibres. To do this, TA muscles 

from each genotype were injured and allowed to repair for 2, 3, 7, and 10-days prior to 

isolation and histological evaluation.  

  

Figure 4.7. Average weight of WT, DKO and T-cad KO (KO) mice at 4-, 5-, 6- and 7- 

weeks of age compiled from all mouse experiments (mean ± SEM, n ≥ 4). Tukey’s test 

for multiple comparisons revealed no significant difference between any of the 

genotypes at each timepoint.  
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4.4.3 Investigating uninjured control muscle fibres 

During the regeneration studies, the right-hand side TA muscles were used as 

a control and isolated from the uninjured hindlimb of each of the mice. These muscles 

were cross sectioned and stained to measure area, quiescent SC populations and fibre 

type for all three genotypesxxii.  

Representative H&E-stained images of each genotype can be seen in (Figure 4.8 A-

C). Visually, the DKO fibres appeared larger than the other genotypes. This is 

consistent with the results of the laminin staining that outlines each of the muscle fibres 

and allows for a streamlined analysis (Figure 4.8 D-F). Analyses revealed that the 

average myofiber size is 1401 μm2, 1605 μm2, and 1513 μm2 for WT, DKO and T-cad 

KO, respectively. Significantly, the DKO fibres are 1.15-fold larger than WT fibres and 

1.06-fold larger than T-cad KO fibres. Furthermore, the T-cad KO fibres are 

significantly larger than WT (1.08-fold). The frequency distribution plot shows a similar 

distribution between each of the genotypes but illustrated a larger number of DKO 

myofibers with an area greater than 3000 μm2. Taken together, the data show that the 

uninjured DKO fibres are larger.  

 

xxii The WT control muscle sections for these analyses were taken from the control muscles isolated 
during the WT versus T-cadherin KO study only. 
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Figure 4.8. Cross sections of uninjured control TA muscle fibres. Representative H&E-

stained sections from A. WT, B. DKO, and C. T-cad KO (KO) and images of fluorescent 

laminin-stained (red) sections from D. WT, E. DKO, and F. KO TA muscles. Scale bars 

100 μm. G. Cross sectional area analysis (mean ± SEM, n=3). H. Stacked frequency 

distribution of myofiber area for all genotypes. Dashed lines represent mean values. 

**** = p<0.0001 
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Consecutive sections from the muscle fibres were stained with an antibody against 

PAX7 to identify populations of quiescent SCs. These positive nuclei were quantified 

as a percentage of the total number of nuclei present (Figure 4.9). According to these 

results SCs accounted for less than 3% of all nuclei present in uninjured muscle. There 

was an average of 1.7% PAX7 positive nuclei in WT, 2% in DKO and 2.3% in T-cad 

KO muscles. Although there was a slight increase in the number of positive nuclei in 

the DKO and T-cad KO cells, the difference between the genotypes was not significant. 

 

Figure 4.9. PAX7 (green) and DAPI (blue) staining of whole cross sections of uninjured 

muscle fibres. A-C. Representative images of positive PAX7 staining within A. WT, B. 
DKO, and C. T-cad KO (KO) myofibers. White arrows represent PAX7+ satellite cells. 

Scale bar 100 μm. D. Comparison of average number of PAX7 positive nuclei for each 

genotype (mean ± SEM, n=4). Values are calculated as a percent of total number of 

nuclei present in each section. Multiple t-tests indicate no significant difference 

between the genotypes.  
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Figure 4.10. Immunofluorescent staining of WT, DKO and T-cad KO for different muscle 

fibre types (green) and DAPI (blue). A-D. Representative images for the 

immunofluorescent staining of muscle fibre type I, IIA, IIX and IIB, respectively. Where 

possible, consecutive sections were used for each fibre. Scale bar 100 μm. E. Fibre 

type present in each genotype represented by positive fluorescent staining as a percent 

of the muscle section (mean ± SEM, n = 4). Tukey’s multiple comparison tests indicate 

no significant differences.  
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Consecutive muscle fibres from the area analysis were additionally probed with 

antibodies for different murine muscle types (Figure 4.10 A-D). These antibodies 

identify different isoforms of myosin heavy chain that are associated with fast/slow 

twitch muscle fibres. No difference in muscle fibre type between any of the genotypes 

was found (Figure 4.10 E). There was less than 3% of type I fibres present in all 

genotypes and no type IIA fibres present. Most of the muscle fibres were type IIB (60-

63%), followed by type IIX (43-46%). The percentage of total fibres represented 108-

110%, demonstrating most of the muscle fibres were counted in these analyses.  

4.4.4  In vivo comparison of muscle regeneration in WT and DKO mice  

For the regeneration studies, the left-hand side TA muscles of the WT and DKO 

mice were injured and allowed to regenerate for 2-, 3-, 7- and 10-days. These muscles 

were sectioned and examined for the presence of newly formed muscle fibres, 

activated SCs, macrophages and fibrotic tissue.  

Muscle sections from the 10-day regeneration group were stained with H&E to 

visualise regeneration via quantification of centrally located nuclei (central nuclei), a 

hallmark feature of regenerating muscle fibres (Figure 4.11 A-B). The results indicate 

that although the WT sections contained more myofibers with only one nucleus (70% 

versus 59%), the DKO sections had a greater number of myofibers with more than 2 

nuclei present following 10 days of regenerationxxiii. Furthermore, there was a 

significant difference in the number of myofibers containing three centrally located 

nuclei with 3% in WT and 8% in DKO sections, equating to 2.7-fold more (Figure 4.11).  

Muscle sections after three days of regeneration were used to identify the number of 

activated SCs and macrophages. Activated SCs were identified by the expression of 

MYOD and DAPI (Figure 4.11 D-E, also see supplementary Figure 9.1 in section 9.2.1 

for individually stained images). There was 2-fold more activated SCs in the DKO (4%) 

versus the WT (2%) (p<0.001) (Figure 4.11 F).  

 

 

xxiii The analysis for number of centrally located nuclei in the WT versus DKO comparison was performed 
by Dr. Craig McFarlane.  
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CD68 was used to identify macrophages (Figure 4.11 G-H, also see supplementary 

Figure 9.2 in section 9.2.1 for individually stained images). Although statistically 

significant, there was just a 1.05-fold increase in the number of CD68 positive cells in 

the DKO (96%) versus WT (92%). This value was higher than expected for the number 

of macrophages after 3 days of regeneration. This is likely due to the method of 

capturing and analysing positive cells in 10 random images of the injured region. 

Furthermore, given the bright fluorescence of CD68 surrounding the nucleus, it was 

often difficult to differentiate between positive and negative cells. This may have led to 

a higher-than-expected number of CD68 positive cells.  

Finally, the day 10 sections were stained with picrosirius red - a collagen stain (Figure 
4.11 J-L). There were similar levels of collagen deposits in the WT (19%) and DKO 

sections (20%), indicating no difference in fibrosis following regeneration.  

  

Figure 4.11. Comparison of the in vivo regenerative properties of skeletal muscles 

from WT and DKO mice. A-B. Representative images of H&E after 10 days 

regeneration. C. Number of myofibers, as a percent of total, that possess 1, 2, 3, or ≥4 

centrally located nuclei (mean ± SEM, n=5). D-E. Representative images of 

immunofluorescent stained MYOD (green) and DAPI (blue) after three days of 

regeneration. Individually stained images can be seen in the supplementary figures in 

appendix two (section 9.2.1, Figure 9.1). White arrows indicate MYOD positive nuclei. 

F. Number of MYOD positive nuclei present as a percentage of total muscle nuclei 

(mean ± SEM, n=6). G-H. Representative images of immunofluorescent stained CD68 

(red) and DAPI (blue) after three days of regeneration. Individually stained images can 

be seen in the supplementary figures in appendix two (section 9.2.1, Figure 9.2). I. 
Number of CD68 positive nuclei as a percentage of total number of nuclei (mean ± 

SEM, n=6). J-K. Representative images of picrosirius red staining after 10 days 

regeneration. L. Amount of fibrotic tissue present as a percentage of total muscle area 

(mean ± SEM, n=6). Scale bars 100 μm. Statistical significance was calculated using 

a student’s t-test and significance values are denoted by * = p<0.05, ** = p<0.01, *** = 

p<0.001. 
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4.4.5 In vivo comparison of muscle regeneration in WT and T-cad KO mice 

Given the T-cad KO primary myoblasts show limited differentiation changes we 

next considered T-cad KO versus WT genotype in the injury model. As previously, 

regenerating muscles were isolated from WT and T-cad KO mice at 2-, 3-, 7-, and 10-

days post injury. Histology of these muscles was used to examine for differences in 

muscle fibre formation, SC activation, macrophage number and fibrosis. There were 

no significant differences observed between the WT and T-cad KO muscles for any of 

these parameters.  

Central nuclei were identified from day 10 of injury through H&E staining (Figure 4.12 

A-B). In WT, 59% of the myofibers had one centrally located nucleus, 29% with two, 

9% with three and 3% with four or more nuclei. In the T-cad KO, 64% of the myofibers 

had one centrally located nuclei, 25% had two, 8% had three and 2% had four or more 

(Figure 4.12 C). The WT values are like the WT values seen in the WT versus DKO 

comparison, highlighting consistency between the two experiments and there was no 

significant difference between WT and T-cad KO muscles.  

Immunofluorescent staining of day three injured muscles for MYOD and CD68 

identified the percentage of activated SCs and macrophages, respectively (Figure 
4.12 D-I, also see supplementary Figure 9.3 and Figure 9.4 in section 9.2.2 for 

individually stained images). The T-cad KO muscle sections (5%) had 1.5-fold more 

activated SCs than the WT (3.3%), but this was not statistically significant. Analysis of 

CD68 positive macrophages showed that 80% of the total WT and 76% of the KO 

nuclei were macrophages and this was not statistically different. The issues 

encountered in the staining and counting of the CD68 positive cells in the WT versus 

DKO comparison were improved during this experiment and clearer images were taken 

for the entire cross section. For this reason, the WT values calculated for this analysis 

were not consistent with the WT values in the previous analysis and were thus 

considered separately. For day 10 injury picrosirius red staining, 27% of the WT and 

30% of the T-cad KO muscle stained positive, and there was no significant difference 

between the groups (Figure 4.12 J-L).  
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Figure 4.12. Comparison of in vivo regeneration of skeletal muscle from WT and T-

cad KO (KO) mice A-B. Representative images of hematoxylin and eosin staining after 

10 days regeneration. C. Number of myofibers, as a percent of total, that possess 1, 

2, 3, or ≥4 centrally located nuclei (mean ± SEM, n=4). D-E. Representative images of 

immunofluorescent stained MYOD (green) and DAPI (blue) after three days 

regeneration. Individually stained images can be seen in the supplementary figures in 

appendix two (section 9.2.2, Figure 9.3). White arrows indicate MYOD positive nuclei. 

F. Number of MYOD positive nuclei present as a percentage of total muscle nuclei 

(mean ± SEM, n=4). G-H. Representative images of immunofluorescent stained CD68 

(red) and DAPI (blue) after three days regeneration. Individually stained images can 

be seen in the supplementary figures in appendix two (section 9.2.2, Figure 9.4). I. 
Number of CD68 positive nuclei as a percentage of total number of nuclei (mean ± 

SEM, n=4). J-K. Representative images of picrosirius red staining after 10 days 

regeneration. L. The area occupied by fibrotic tissue present as a percent of total 

muscle section (mean ± SEM, n=4). Scale bars 100 μm. Statistical significance was 

calculated using the student’s t-test. 
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4.5 Discussion  

Preliminary data illustrated that DKO versus WT myoblasts have accelerated 

differentiation, but the mice show no differences in muscle development, and T-

cadherin overexpression inhibits C2C12 myogenesis in vitro. Understanding of the role 

of T-cadherin in myogenesis is incomplete and knowledge of its function in skeletal 

muscle regeneration and repair is limited. To determine how T-cadherin may contribute 

to myogenesis, this chapter assesses the differentiation ability of T-cad KO versus WT 

myoblasts and evaluated the uninjured and injured muscle phenotype of the WT, T-

cad KO and DKO mice. Together the chapter revealed that DKO mice have, after 

injury, accelerated muscle repair and suggests that T-cadherin has an important role 

in conjunction with its ligand APN, in muscle repair. Importantly, it was also shown that 

T-cadherin colocalised with Pax7, suggesting its presence on SCs. The implications of 

this chapter’s findings are discussed below.  

4.5.1 T-cadherin loss alone does not impact muscle regeneration 

Using established protocols, primary myoblasts were isolated from WT and T-

cad KO mice. Unlike the WT versus DKO myoblasts, there were no significant 

differences between WT versus T-cad KO in fusion index, average myotube size or 

expression of myogenin and MHC throughout the differentiation time course. 

Importantly, these data align with the results from the RNA sequencing of primary 

myoblasts in chapter 3 that showed many differentially expressed genes between the 

WT and DKO myoblasts, but only a small number of differentially expressed genes 

between the WT and T-cad KO myoblasts. Moreover, in the injury model of WT versus 

T-cad KO, we saw no change in macrophages, activated SCs, central nuclei, fibrosis, 

and fibre size between the genotypes. In contrast, between WT and DKO, the 

regeneration phenotype was pronounced with the DKO injured muscle having more 

macrophages, activated SCs and central nuclei than WT muscle during muscle 

regeneration, revealing accelerated muscle repair in the DKO mice, which was absent 

in the T-cad KO mice.  

The data show that differences in skeletal muscle phenotype between WT, T-cad KO 

and DKO mice is most pronounced after injury and not during development. In the 
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uninjured muscles there was no change in the average total body weight, muscle fibre 

type and SC number between the DKO versus WT and T-cad KO versus WT. 

Interestingly, there were no type IIA fibres present in the muscle sections, which could 

be due to issues with the antibody during staining or a lack of type IIA fibres. As well, 

the number of Pax7 positive SCs ranged from 1.6% to 2.3% and was within the 

published range [60].  

The only recognisable and significant difference was that the uninjured DKO myofibers 

were 15% larger than WT, and the T-cad KO 6% larger than WT. This could be due to 

enhanced regeneration following everyday wear and tear of the DKO and T-cad KO 

fibres, inherent differences between myofibers at development, or uneven sectioning 

of the muscles.  

The expression of both T-cadherin and APN decrease at the beginning of regeneration 

but increase at day three, suggesting an important role for these proteins in muscle 

repair [212]. Hence, how could T-cadherin and APN expression enhance muscle 

regeneration in vivo? One likely mechanism involves inflammation. The injured DKO 

muscle had a slight increase in the number of macrophages as well as MYOD 

expression during regeneration. These two events may be interconnected and 

encourage SCs to activate sooner and progress through regeneration more efficiently 

than WT. The observations also imply that T-cadherin and APN loss in vivo are 

intertwined and improve regeneration in the DKO mice.  

Macrophages and neutrophils are involved in the clearing out of muscle fibre debris, 

with infiltration peaking for the former at day three post injury [54]. There was a small 

but statistically significant increase in macrophage number in the DKO muscle post 

injury, and this may parallel accelerated clearing of the DKO TA muscle after injury. 

However, the bright CD68 staining and unclear images made it difficult to identify 

positive macrophages. As a result, the macrophage number was higher than expected 

and will require further validation before proceeding with the investigation of other 

macrophage markers. This is discussed below.  

Significantly, APN regulates the immune response and is protective against 

inflammation, obesity, insulin resistance, and cardiovascular diseases (reviewed Luo, 

et al. [319]) and APN downregulation correlates with elevated inflammation and 

metabolic disease states [320-322]. Depending on the stimulus, macrophages can 
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polarize towards two different phenotypes, namely pro-inflammatory M1 macrophages 

and anti-inflammatory M2 macrophages [323]. All three APN receptors are expressed 

by macrophages and have roles in macrophage polarisation [319, 324, 325]. AdipoR1 

binds gAPN and mediates pro-inflammatory cytokine expression, and AdipoR2 binds 

fAPN and mediates M2 polarization [324, 326]. Furthermore, in adaptive 

thermogenesis T-cadherin is increased by cold exposure, and promotes M2 

proliferation [325]. Thus, it is plausible that decreased APN and T-cadherin expression 

during the first stage of regeneration, and their increase after day three, participate in 

a switch from M1 to M2 macrophages during muscle myogenesis.  

M1 macrophages remove the debris, attract SCs to the injured area, stimulate their 

proliferation and prevent differentiation. This is associated with the secretion of 

inflammatory factors such as TNFα, IL-6, and IL1β. The blocking or loss of their 

function can downregulate MYOD, myogenin and myosin [327]. M2 macrophages 

accelerate SC differentiation, and this is promoted through the secretion of anti-

inflammatory cytokines such as IL-4, IL-10, and IL-13. M2 macrophage absence delays 

muscle growth and limits differentiation and regeneration [327, 328]. 

In this light, a recent study using the APN receptor agonist AdipoRon during 

myogenesis down-regulated myogenin and MYOD [329]. Thus, the increased MYOD 

in the DKO injured muscles could be due to the increased number of macrophages 

that in turn activate downstream myogenic factors. It is possible that in T-cad KO mice, 

where the serum APN is 4-fold higher than in WT that MYOD expression is down-

regulated through AdipoR1 and AdipoR2. This model is visualised in Figure 4.13. and 

it is important that future studies determine the M1 and M2 status of the injured muscle 

in the three genotypes.  
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Figure 4.13. Control of MYOD signalling during myogenesis in WT and DKO skeletal 

muscle. In WT muscle, APN signals through AdipoR1 to mediate macrophage 

infiltration. APN also inhibits the expression of MYOD, thus delaying muscle 

differentiation. In DKO muscle, the lack of APN leads to increased macrophages and 

MYOD, overall increasing muscle differentiation. The function of T-cadherin in 

myogenesis independent of APN binding is explored in later chapters.  
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4.5.2  Controversy surrounding T-cadherin and adiponectin 

The limited differences seen between WT and T-cad KO primary myoblast 

growth and in vivo regeneration in this chapter are in agreement with the results of 

Tanaka, et al. [212], who found no differences in muscle regeneration between WT 

and T-cad KO mice. Furthermore, Tanaka found no differences in regeneration 

between WT and APN KO muscles. It was only through adenoviral over expression of 

fAPN leading to supranormal serum levels, that muscle regeneration improved in aged 

WT and APN KO mice. No effect of fAPN was noted in young WT and aged T-cad KO 

mice [212]. This study did not investigate DKO mice. 

Nonetheless, there are published inconsistencies regarding APN’s role in muscle 

regeneration. Accordant with this thesis, a study that showed that activation of APN 

receptors by AdipoRon, repressed myotube formation and the expression of MYOD 

and myogenin [329]. Nonetheless, other studies suggest APN enhances myoblast 

differentiation. The addition of gAPN can promote myoblast differentiation through 

inhibiting the cell cycle and committing cells to terminal differentiation [109].  

The limitation of these studies includes the background and age of the mice, and the 

form of APN that was measured or administered. By example, Liu, et al. examined the 

effects of a high fat diet administered for 9-weeks on APN induction from the 

gastrocnemius muscle. Although there were no changes in total APN concentration, 

the amount of mRNA and HMW isoforms present decreased [330]. In experiments with 

db/db mice (a mouse model of type 2 diabetes), the APN profiles were considered, and 

it was observed that in the soleus muscle total APN and HMW APN decreased, and 

MMW APN increased. In contrast, the EDL muscle from the same mice showed only 

significant increases in the LMW isoforms [330].  

Apart from the different APN isoforms, the activation of APN receptors and myoblast 

differentiation is dependent on the age of the mice. The activation of AdipoR1 and R2 

by AdipoRon promotes adipogenesis and suppresses MRFs in young SCs, but has the 

opposite effect in aged SCs [329]. These results parallel that of Tanaka et al. where 

APN overexpression enhances muscle regeneration in an ageing mouse model, but 

not in young C57BL6 mice [212]. This thesis used young adult mice and it remains to 

be determined if aged DKO mice have better SCs and repair than WT. In addition, 
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further research is required to understand the individual roles of APN isoforms in 

muscle regeneration.  

Importantly, this chapter highlights the benefits of using both primary myoblasts and 

an in vivo injury model to determine the interactions of adhesion proteins during 

myogenesis. Tanaka et al. did not use DKO mice, which is unfortunate as the 

phenotype of T-cadherin in primary myoblasts was not described by them. The DKO 

phenotype described in this chapter is striking, especially compared to the effects seen 

in other cadherin knockout mice. For example, M-cadherin KO mice had no difference 

in myotube formation [205]. N-cadherin KO mice die due to developmental 

complications prior to skeletal muscle formation and the KO murine cell lines can form 

fully functional myotubes [200]. Our complementary approach of primary myoblasts 

and injury models is a better research strategy.  

4.5.3 Recommendations and future directions  

The results from this chapter illustrate a role for T-cadherin and APN in 

myogenesis and skeletal muscle regeneration. The data suggests that it is a 

combination of APN’s anti-inflammatory effects and downstream signalling through 

AdipoR1 and -R2 that modulate MYOD expression. To aid our understanding, it is 

important to establish the differences between the different APN isoforms on primary 

myoblast differentiation and muscle regeneration. The bright fluorescence of the CD68 

staining led to difficulties in differentiating between positive and negative 

macrophages. This staining should be repeated to improve visibility of positive cells. 

Additionally, using available tissues, each genotype should be probed for M1 and M2 

macrophage markers to examine for an inflammatory switch in the DKO muscles. 

Finally, the experiments described above could be supported with APN KO mice to 

confirm the importance of T-cadherin and APN in regulating post-natal myogenesis.  
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4.6 Conclusion  

This chapter focussed on understanding the role of T-cadherin and APN in post-

natal myogenesis. Our results reveal that T-cadherin and APN are important in the 

regulation of muscle regeneration. Not only do DKO primary myoblasts differentiate 

sooner than WT myoblasts, but DKO myofibers regenerate more efficiently in vivo than 

WT mice. As there are no differences in the growth of T-cad KO myoblasts and injured 

myofibers compared to WT, it is apparent that high serum APN (as noted in the T-cad 

KO mice) can restrict myogenesis in vivo. Nonetheless, T-cadherin is a signalling 

molecule and can interact with other cadherins independently of APN and studies 

should be pursued to examine its role in myogenesis in more detail. This we have 

begun in chapters 5 and 6.  
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5 T-cadherin in Skeletal Muscle Metabolism  

5.1 Introduction 

Energy availability is crucial for the function of skeletal muscles in everyday 

movement and strength. Energy for muscle function is provided through multiple 

pathways and depends on the muscle fibre type and energy requirements. To meet 

these demands, the muscles will first utilize ATP stores and activate anaerobic 

respiratory pathways. If muscle contraction continues, the muscles will turn to aerobic 

respiration and begin utilising blood glucose, stored intramuscular glycogen and free 

fatty acids [76]. Energy production is particularly important during exercise and muscle 

regeneration where the mitochondria serve as the primary source of energy. In 

proliferating myoblasts oxidative phosphorylation accounts for only 30% of the required 

ATP, increasing to approximately 60% in myotubes [331]. Myoblast differentiation is 

also accompanied by an increase in mitochondrial biogenesis, protein synthesis and 

protein activity [332]. If mitochondrial health is compromised, ATP regeneration, 

through oxidative pathways, is reduced, which can limit muscle regeneration and 

repair.  

Adiponectin can regulate metabolic homeostasis by activating AMP-activated protein 

kinase (AMPK). Through AMPK, APN increases glucose uptake, mitochondrial 

biogenesis, and fatty acid oxidation. In addition, the expression of serum APN is linked 

to increased insulin sensitivity, and reduced serum APN inversely correlates with 

metabolic syndromes such as obesity and type 2 diabetes.  

Studies show that APN can mediate mitochondrial DNA content, and this is limited in 

AdipoR1 KO mice. AdipoR1 KO mice show decreased AMPK pathway activity, muscle 

endurance and the expression of molecules involved in mitochondrial biogenesis, even 

following the administration of APN [333]. In addition, APN binding through T-cadherin 

is critical for AMPK-signalling in cardiac tissue [224].  

Here we find that DKO TA muscles have improved regenerative capacity after injury 

and the primary myoblasts show accelerated differentiation, which is perplexing while 

APN is absent and not increasing energy uptake. Thus, the focus of this chapter was 

to test if T-cadherin modulates energy use in myoblasts.  
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5.2 Preliminary data and aims  

Initial studies showed significant increases in growth and differentiation of DKO 

versus WT myoblasts (see chapter one, section 1.10). These results show that the 

DKO myoblasts are committing to myogenesis sooner, fusing faster and forming 

myotubes earlier than WT myoblasts. Furthermore, the gene ontology analysis of the 

DKO differentiating myoblasts revealed the up regulation of genes involved in 

metabolic pathways.  

Given the significant differences seen in the differentiation of the DKO versus WT 

primary myoblasts, this chapter examined mitochondrial function as a measure of 

metabolic capacity. Therefore, the studies described in this chapter aimed to: 

1. Examine differences in mitochondrial function in T-cadherin over expressing 

C2C12 myoblasts. 

2. Examine differences in mitochondrial function between primary WT and DKO 

myoblasts. 
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5.3 Methods  

For complete materials and methods please see chapter 2 section 2.3 and 2.7.  

Seahorse cell culture microplates were prepared as per the Agilent ‘Seahorse 

XFp Mito Stress Test’ or ‘Seahorse XF Palmitate-BSA FAO Substrate’ protocol and 

were either used for proliferating myoblasts or differentiating myoblasts at 24 or 48 

hours. The Seahorse microplate was then inserted into the analyser and set to run as 

per Agilent Technologies standard ‘Mitochondrial Stress test Protocol’ for the XFp 

device. For the fatty acid oxidation assay, the cells were supplied with either BSA-

conjugated palmitate or BSA just prior to the assay. At least three oxygen consumption 

rate (OCR) measurements were recorded prior to any injections and then after each 

subsequent injection of 1 μM Oligomycin, 1.5 μM FCCP and 0.5 μM 

antimycin/rotenone. Following the assay, the cells were stained with methylene blue 

to allow for normalisation of the assay to cell mass. Both C2C12 (pLN1 and pLTcad) 

and primary myoblasts were used for this analysis.  

Figure 5.1. Agilent seahorse XFp Cell Mito Stress Test profile of the key parameters 

of mitochondrial respiration. Sequential compound injections allow for the quantification 

of basal respiration, ATP production, proton leak, maximal respiration, spare 

respiratory capacity, and non-mitochondrial respiration. Image taken from ‘Seahorse 

XF Cell Mito Stress Test Kit User Guide’ [3]. 
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A schematic representation of real time OCR measurements following inhibitor 

injection in the ‘Mito Stress Test’ assay is depicted in Figure 5.1. These values are 

used to calculate basal respiration, ATP production, proton leak, non-mitochondrial 

respiration, maximal respiration, spare respiratory capacity, and coupling efficiency. 

The basal respiration is the oxygen consumption under baseline conditions minus the 

non-mitochondrial OCR. The OCR linked to ATP production and proton leak is 

measured after ATP synthase is inhibited. It is used to calculate the mitochondrial 

coupling efficiency, which measures the proportion of basal oxygen consumption that 

contributed to ATP synthesis versus proton leak. The maximal respiration and spare 

respiratory capacity are calculated following the addition of the mitochondrial uncoupler 

and measure how efficiently the cells can respond to stress. The spare respiratory 

capacity measures differences in OCR between basal and maximal respiration and is 

a measure of cellular fitness [3]. The non-mitochondrial respiration is the amount of 

oxygen consumed independent of the electron transport chain.  

An OXPHOS antibody cocktail (abcam, cat: 110413) was used to assess mitochondrial 

content. Briefly, mitochondria were purified, lysates prepared from differentiating pLN1 

and pLTcad C2C12 cells, subjected to SDS-PAGE electrophoresis, western blotting 

and probed with the OXPHOS cocktail for complex I – NADH dehydrogenase 

(NDUFB8), complex II – succinate dehydrogenase (SDHB), complex III – cytochrome 

c reductase (MTCOI), complex IV – cytochrome c oxidase (UQCRC2), and complex V 

– ATP synthase (ATP5A).  

To determine mitochondrial content, C2C12 myoblasts and murine myoblasts were 

stained with MitoTracker Green FM for 20 minutes at 37 °C in the dark. Trypsinised 

cells were resuspended in PBS and FACS performed using the FITC channel of a 

FACS Fortessa flow cytometry system (BD Biosciences). 10,000 events from each of 

the three biological replicates were recorded and the background signal obtained from 

unstained cells was deducted. Median fluorescence intensity was averaged and 

represented as mean fluorescence intensity (MFI). 

Analysis was performed using ImageJ software and statistical analysis using 

GraphPad Prism. Error bars represent standard error of the mean (SEM) unless 

otherwise stated. * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001 denote the 

significance values used throughout this chapter.  
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5.4 Results  

5.4.1 T-cadherin overexpression in C2C12 cells impairs mitochondrial function  

Control (pLN1) and T-cadherin overexpressing (pLTcad) C2C12 cell lysates 

were collected, separated, and probed for T-cadherin expression. pLTcad cells 

expressed substantially more T-cadherin than pLN1 cells and were used for further 

experiments (Figure 5.2 A). To investigate the effects of T-cadherin on mitochondrial 

function, OCR in differentiating pLN1 and pLTcad C2C12 cells was measured using 

the Seahorse Extracellular XFp flux analyser. After cell mass normalisation, there were 

no substantial differences in the OCR at any point during the mitochondrial stress test. 

Following the addition of multiple electron transport chain inhibitors, both cell types 

responded similarly but the pLTcad cells’ maximum OCR (recorded between 40-60 

mins) was lower than that of the pLN1 cells (Figure 5.2 B). There was no difference in 

basal respiration, proton leak, non-mitochondrial respiration, or ATP-linked respiration 

(Figure 5.2 C). Oxygen consumption increased 3.4-fold in pLN1 cells and only 3.3-fold 

in pLTcad cells following the addition of the uncoupler (FCCP), and while a decrease 

in the maximal respiration of the pLTcad cells was noted, this was not significant 

(Figure 5.2 B-C). The mitochondrial coupling efficiency was between 82-84% with less 

than 1% difference between the cell types. To ascertain mitochondrial content of pLN1 

and pLTcad myoblasts, they were stained with MitoTracker Green FM and subjected 

to FACS to determine mean fluorescence intensity. The results show that there was a 

significant decrease in MitoTracker Green FM in pLTcad cells, suggesting that a 

reduced mitochondrial mass correlates with T-cadherin overexpression (Figure 5.2 D).  

Given the importance of fatty acid oxidation in myoblasts, the mitochondrial stress test 

was repeated with substrate-starved C2C12 cells at 48-hours differentiation, supplied 

with BSA conjugated palmitate (Figure 5.3). The normalised data shows that pLN1 

C2C12 cells supplied with palmitate had the highest baseline OCR, followed by the 

pLN1 cells treated with BSA, the pLTcad cells treated with palmitate and the BSA 

pLTcad cells. Following mitochondrial uncoupling with the addition of FCCP, the 

palmitate treated cells could not reach the same maximum OCR as the BSA treated 

cells and the pLN1 cells treated with BSA had the highest OCR at this timepoint 

(Figure 5.3 A).  
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Figure 5.2. Mitochondrial function of pLN1 C2C12 cells and pLTcad cells after 24 

hours differentiation. A. Western blot showing T-cadherin expression in pLN1 C2C12 

and pLTcad C2C12 cells. B. Real time oxygen consumption rate (OCR) of pLN1 and 

pLTcad C2C12 cells during the Agilent Seahorse mitochondrial stress test, normalized 

to methylene blue concentration (n=3). ‘Oligo’, FCCP’ and ‘Rot/AA’ represent the 

injection of oligomycin, FCCP, and rotenone/antimycin A, respectively. C. 
Quantification of basal respiration, respiration linked to proton leak, maximal 

respiration, spare respiratory capacity, non-mitochondrial linked respiration, 

respiration linked to ATP production and coupling efficiency (%) of pLN1 and pLTcad 

C2C12 cells as determined by the Agilent Seahorse ‘mitochondrial stress test’ 

normalised to methylene blue concentration (mean ± SEM, n=3). D. Proliferating cells. 
Median FITC fluorescence of pLN1 (6436 ± 134) and pLTcad (5440 ± 206.6) cells 

stained with MitoTracker Green FM represented as mean fluorescence intensity (MFI) 

(mean, n=2). Statistical significance determined with Tukey’s test for multiple 

comparisons or a t-test. * = p<0.05. 
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Figure 5.3. Fatty acid oxidation of pLN1 C2C12 cells and pLTcad C2C12 cells at 48 

hours differentiation. A. Real time oxygen consumption rate (OCR) of pLN1 and 

pLTcad C2C12 cells during the mitochondrial stress test, normalized to methylene blue 

concentration. Prior to beginning the assay, the cells were given substrate-limited 

medium and then supplemented with either BSA or BSA-conjugated palmitate (n=2). 

‘Oligo’, FCCP’ and ‘Rot/AA’ represents the injection of oligomycin, FCCP, and 

rotenone/antimycin A, respectively.  B. Quantification of basal respiration, respiration 

linked to proton leak, maximal respiration, spare respiratory capacity, non-

mitochondrial linked respiration, and respiration linked to ATP production of pLN1 and 

pLTcad C2C12 cells based on results from the Seahorse ‘mitochondrial stress test’ 

assay with and without palmitate normalised to methylene blue concentration (mean, 

n=2). Statistical significance determined with Tukey’s test for multiple comparisons. * 

= p<0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001. 
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Considering the outputs, the pLN1 cells with or without palmitate had a higher basal 

OCR than the pLTcad cells and the addition of palmitate significantly increased the 

basal OCR in pLN1 compared to pLTcad cells. There was no significant change in 

proton leakage between the cell types, and the proton leak OCR increased in the 

presence of palmitate. There was a significant reduction in maximal respiration of 

pLTcad versus pLN1 cells with and without palmitate. For spare respiratory capacity, 

there was a significant decrease in both cell types in the presence of palmitate, and 

this was significantly less in pLTcad versus pLN1 cells without palmitate. The non-

mitochondrial and ATP-linked OCR with and without palmitate was less in pLTcad 

versus pLN1 (not significant). The coupling efficiency of pLN1 and pLTcad cells were 

of similar levels without palmitate and in its presence decreased to alike levels (Figure 
5.3 B). Taken together, the data suggest that while pLTcad cells have fewer 

mitochondria, they also have reduced basal respiration, maximum respiration, spare 

respiratory capacity, and ability to respond to stress in the presence of palmitate.  

Next, mitochondrial proteins were purified from pLN1 and pLTcad C2C12 cells 

differentiated for 0-, 24-, 48-, and 72-hours, separated by gel electrophoresis and 

probed for five mitochondrial complexes: complex I – NADH dehydrogenase 

(NDUFB8), complex II – succinate dehydrogenase (SDHB), complex III – cytochrome 

c reductase (MTCOI), complex IV – cytochrome c oxidase (UQCRC2), and complex V 

– ATP synthase (ATP5A) (Figure 5.4 A).  

Complex IV was not detected in any of the samples at any timepoint, and pLN1 and 

pLTcad samples had higher concentrations of complex I and III when compared to the 

expression of complexes II and IV. To gauge differences, densitometry was used. 

Following the commencement of differentiation, pLTcad cells had, in all instances, 

lower concentrations of complex I, II, III and V, compared to pLN1 cells. In pLTcad 

cells, the expression of the mitochondrial proteins increased over the time course 

except for complex II, which increased after 48 hours but then decreased at 72 hours 

differentiation. The expression of each of the complexes was similar at 0 hours in pLN1 

and pLTcad cells except for complex I that showed increased expression in pLTcad 

cells. Complex V had the smallest decrease in expression in pLTcad cells versus pLN1 

cells (Figure 5.4 B-E). Taken together, the Seahorse, mitochondrial staining and 

western blotting suggest that the increased T-cadherin expression in C2C12 cells 

equates with reduced mitochondrial content and respiratory potential.  
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Figure 5.4. A. Western blot analysis of OXPHOS subunit (ATP5A, UQCRC2, MTCOI, 

SDHB and NDUFB8) protein levels in differentiating pLN1 and pLTcad C2C12 

myoblasts at 0, 24, 48 and 72 hours. Each sample represents a pool of 15+ plates of 

differentiating cells and MTCOI (complex IV) was not detected. Densitometry graphs 

showing proteins levels of B. complex I – NADH dehydrogenase, C. complex II – 

succinate dehydrogenase, D. complex III – cytochrome c reductase and E. complex V 

– ATP synthase normalized to amido black staining, in arbitrary units.  
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5.4.2 T-cadherin and adiponectin loss improves mitochondrial function in 

differentiating primary myoblasts  

Following the results of the study on mitochondrial function using C2C12 cells, 

the experiments were repeated with primary myoblasts. Firstly, the number of 

mitochondria were examined in the primary myoblasts using MitoTracker Green FM 

staining and analysed by flow cytometry (Figure 5.5). There was a significant but small 

increase (1.03-fold) in the mitochondrial staining intensity in DKO myoblasts versus 

WT myoblasts, indicating an increase in mitochondrial mass associated with T-

cadherin and APN loss.  

The OCR rate of the primary proliferating myoblasts was then examined. There were 

no differences in the OCR of proliferating WT versus DKO myoblasts and the 

myoblasts were affected similarly by the addition of the different electron transport 

chain inhibitors (Figure 5.6 A). On cell normalisation, there were no apparent changes 

in basal respiration, proton leak, maximal respiration, non-mitochondrial respiration, or 

ATP-linked respiration in the DKO myoblasts. The coupling efficiency was 3.7% higher 

in the DKO myoblasts than in the WT, but the differences were not significant. 

Interestingly, there was no spare respiratory capacity in either cell type (Figure 5.6 B).  

Figure 5.5. MitoTracker Green FM staining of WT and DKO primary myoblasts. 

Median FITC fluorescence of primary WT (1470 ± 10.02) and DKO (1521 ± 7.89) 

myoblasts stained with MitoTracker Green FM represented as mean fluorescence 

intensity (MFI) (mean ± SEM, n=5). A t-test was used to test for significance. * = 

p<0.05. 
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At 24 hours differentiation, the DKO myotubes consistently consumed more oxygen 

than the WT myotubes (Figure 5.6 C). The basal respiration of the DKO myotubes 

was approximately 1.5-fold greater than the WT myotubes. Comparing Figure 5.6 B 

and D, the DKO myotubes consumed 2.8-fold more oxygen than as myoblasts, and 

the WT myotubes consumed 1.6-fold more oxygen than as myoblasts, which suggests 

an enhanced metabolic rate in the DKO myotubes. The DKO myotubes also showed 

increased trends in proton leak, maximal respiration, non-mitochondrial respiration, 

and ATP-linked respiration (Figure 5.6 D). There was no difference in coupling 

efficiency between the genotypes, which remained at similar levels to that of the 

proliferating myoblasts (81% for WT myotubes versus 80% for DKO myotubes). Similar 

to proliferating myoblasts, there was no measurable spare respiratory capacity.  
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Figure 5.6: Mitochondrial function of proliferating and differentiating primary myoblasts 

from WT and DKO mice. Proliferating: A. Real time oxygen consumption rate (OCR) 

of WT and DKO primary myoblasts during the Agilent Seahorse mitochondrial stress 

test, normalized to methylene blue concentration at 0 hours differentiation (n=3). 

‘Oligo’, FCCP’ and ‘Rot/AA’ represents the injection of oligomycin, FCCP, and 

rotenone/antimycin A, respectively. B. Quantification of basal respiration, respiration 

linked to proton leak, maximal respiration, spare respiratory capacity, non-

mitochondrial linked respiration, respiration linked to ATP production and coupling 

efficiency (%) (mean ± SEM, n=3). Differentiating 24 hours: C. Real time oxygen 

consumption rate (OCR) during the Agilent Seahorse mitochondrial stress test, 

normalized to methylene blue concentration (n=3). ‘Oligo’, FCCP’ and ‘Rot/AA’ 

represents the injection of oligomycin, FCCP, and rotenone/antimycin A, respectively. 

D. Quantification of basal respiration, respiration linked to proton leak, maximal 

respiration, spare respiratory capacity, non-mitochondrial linked respiration, respiration 

linked to ATP production and coupling efficiency (%) (mean ± SEM, n=3). Multiple t-

tests were used to determine significance.  
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5.5 Discussion 

APN is known for its role as a positive effector of mitochondrial biogenesis. 

Although these effects occur primarily through an interaction with AdipoR1, this chapter 

examined T-cadherin as a receptor for APN’s metabolic effects. In chapter 4, we 

observed that the loss of T-cadherin and APN leads to enhanced regenerative 

properties in vivo and primary myoblasts with accelerated differentiation properties ex 

vivo. To explain these observations, we examined energy use of C2C12 myoblasts 

overexpressing T-cadherin and primary DKO myoblasts. Interestingly, we find that 

compared to control pLN1 myoblasts, pLTcad myoblasts had impaired mitochondrial 

function and compared to WT primary myoblasts, DKO myoblasts had enhanced 

mitochondrial function. Paradoxically, APN is established to have a positive effect on 

mitochondrial biogenesis and energy production, yet here we find that APN absence 

in the DKO mouse muscle is associated with enhanced mitochondrial function and 

content. Thus, these data suggest that T-cadherin expression affects mitochondrial 

content and energy production to support myogenesis. These concepts are discussed 

below.  

5.5.1 T-cadherin a regulator of mitochondrial biogenesis? 

During myogenic regeneration, as myoblasts form myotubes, mitochondrial 

biogenesis and enzyme activity increases and there is a shift from glycolysis to 

oxidative phosphorylation. We observed in pLTcad myoblasts reduced mitochondrial 

number, in myotubes decreased expression of complex I, II, III and V and reduced 

OCR output after palmitate treatment. In DKO myoblasts we observed increased 

mitochondrial content and in myotubes higher OCRs throughout the mitochondrial 

stress test assay. The observations of reduced mitochondrial number in pLTcad cells 

and increased mitochondrial number in DKO cells, suggest T-cadherin expression is a 

regulator of mitochondrial biogenesis. However, in the stress test assays of the 

proliferating myoblasts no major differences were recorded, suggesting it is not an 

impediment on cellular function at this stage. Only when undergoing differentiation is 

respiration inhibited in pLTcad cells, with palmitate as the fuel source and increased in 

DKO cells in the presence of glucose. Future studies using a paraformaldehyde fixative 

compatible MitoTracker stain will be required to validate the mitochondrial number in 
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the pLTcad and DKO cells during differentiation, and the ability of the DKO cells to 

respire and produce ATP when palmitate is the energy source. Additionally, as the 

DKO cells developed in the absence of APN, whose application promotes fatty acid 

oxidation, studies using the Seahorse, DKO differentiating myoblasts, palmitate and 

recombinant fAPN should be undertaken to consider the influence of APN.  

5.5.2 An alternative to mitochondrial biogenesis in the absence of adiponectin 

The inhibition of mitochondrial complex synthesis leads to poor muscle 

regeneration, reduced expression of myogenin in C2C12 myoblasts and the formation 

of small myofibers and increased connective tissue [334]. Our findings are the reverse 

of APN’s known mitochondrial biogenic action, as the expectation was that APN loss 

in the DKO should equate with reduced mitochondrial number and function. 

Additionally, in our in vitro models we can largely preclude the role of APN as the 

myoblasts were grown and differentiated in heat inactivated serums, and not treated 

with recombinant APN. During regeneration in vivo, it is likely that indirect events that 

emanate from APN loss and/or direct events pertaining to T-cadherin signalling, are 

responsible for modulating mitochondrial content. These concepts are discussed 

below.  

5.5.3 A model of T-cadherin regulating mitochondrial biogenesis? 

An important regulator of mitochondrial content is the family of PGC-1 (PPARγ 

co-activator 1) coactivators [333]. PGC-1α and PGC-1β regulate mitochondrial 

biogenesis, PGC-1α acts in response to energy needs and PGC-1β in the maintenance 

of basal respiration [335].  

APN signalling normally increases mitochondrial biogenesis through PGC-1α. 

However, as APN is absent, the increased mitochondrial content observed in the DKO 

cells suggests that there are alternative mechanisms through which mitochondrial 

biogenesis is stimulated. A possible scenario, as presented in chapter 4 is the 

increased inflammation that parallels increased MYOD expression in the DKO 

muscles.  
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ChIP (chromatin immunoprecipitation)-sequencing data demonstrates that MYOD, 

along with enhancing genes important for differentiation and contraction, can also 

activate genes that regulate metabolism [336]. Subsequent gene ontology studies 

show that many of these genes are related to oxidative metabolic pathways including 

mitochondrial biogenesis, fatty acid metabolism and the Krebs cycle [336]. Notably, 

C2C12 myotubes with a doxycycline induced shRNA (small hairpin RNA) targeting 

MYOD and muscles from MYOD-/- mice have reduced basal OCR, lower maximal 

respiratory capacity, and reduced ATP content [336]. MYOD can regulate the 

expression of the mRNA and protein levels of PGC-1β by interacting with binding sites 

within the gene promoter region [336]. The overexpression of PGC-1β in C2C12 cells 

increases mitochondrial biogenesis and OCR, and PGC-1β transgenic mice show 

increased mtDNA, mitochondrial content and activity [337, 338]. Thus, given we 

observed in chapter 4 that DKO muscles induce the expression of MYOD earlier than 

WT cells, MYOD may in turn increase PGC1-β expression to induce mitochondrial 

biogenesis in vivo. Additional assays are required to confirm the role of these proteins 

in DKO cells. 

Nonetheless, pLTcad cells in vitro are proliferating and differentiating without APN and 

inflammation, suggesting that T-cadherin itself is regulating mitochondrial biogenesis 

or the increased mitochondrial biogenesis is a by-product of regulating myoblast 

fusion. pLTcad proliferating cells have fewer mitochondria, thus it is feasible that T-

cadherin can modulate mitochondrial content. However, T-cadherin can engage in 

homophilic and heterophilic interactions with other cadherins, and it is possible that 

these can regulate myoblast fusion.  

In chapter 6, we find that T-cadherin can bind M-cadherin, which in turn interacts with 

β-catenin, an important myogenic transcriptional regulator. Active β-catenin interacts 

with MYOD and enhances its ability to activate target genes, such as PGC-1β [226] 

(Figure 5.7). Thus, if T-cadherin inhibits the formation of the M-cadherin-β-catenin 

adhesion complex, leading to β-catenin degradation (as explored in the next chapter), 

it could decrease mitochondrial biogenesis and activity through limiting MYOD activity 

and subsequent PGC-1β expression. Alternatively, when T-cadherin is absent, β-

catenin is active and not degraded, MYOD is induced and PGC-1β is expressed. It is 

likely that in DKO mice APN loss enhances inflammation and increases MYOD, T-
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cadherin absence on myoblasts promotes β-catenin, MYOD and PGC-1β, and they 

together promote mitochondrial biogenesis (this model is presented in Figure 5.7). 

Figure 5.7. Control of MYOD signalling during myogenesis in WT and DKO skeletal 

muscle. In WT muscle, APN signals through AdipoR1 to mediate macrophage 

infiltration and inhibits the expression of MYOD. APN also increases mitochondrial 

biogenesis through PGC-1α. T-cadherin interacts with M-cadherin and inhibits further 

interactions with β-catenin. In DKO muscle, the lack of APN increases inflammatory 

macrophages and MYOD expression, to increase muscle differentiation. M-cadherin 

can freely bind β-catenin, limiting its degradation, which further increases MYOD 

expression. Increased MYOD, through stimulating pGC-1β can subsequently increase 

mitochondrial biogenesis. 



Chapter 5 – T-cadherin in Muscle Metabolism 

5-151 

5.5.4 Palmitate increases basal respiration but reduces maximal respiratory capacity  

C2C12 cells treated with palmitate prior to the ‘Mito Stress Test’ assay displayed 

increased basal respiration but decreased maximal respiratory capacity. Palmitate is a 

common saturated free fatty acid and is known to have an apoptotic effect on cells. 

Myoblasts and myotubes can undergo mtDNA damage following exposure to palmitate 

[339]. In addition, the long-term exposure to saturated fatty acids can lead to 

mitochondrial dysfunction and metabolic diseases [340, 341]. The increase in basal 

respiration seen in the C2C12 cells is consistent with previous studies [339], and 

decrease in maximum OCR suggests the palmitate exposure reduces the cells’ ability 

to respond to stress. Furthermore, there is a slight increase in proton leak and 

decrease in coupling efficiency following short term palmitate exposure. Thus, it may 

be useful to perform fatty acid oxidation assays with long-term exposure to palmitate 

to determine if there are viability differences between pLN1 and pLTcad C2C12 cells. 

In addition, the DKO myoblasts and myofibers were not treated with palmitate in this 

chapter, hence, to support a role for T-cadherin in our model, these studies should be 

undertaken over a short and long-term time frame.  

5.5.5  Limitations and future recommendations  

The data presented in this chapter suggest that T-cadherin can regulate 

mitochondrial number. To support a model by which T-cadherin regulates 

mitochondrial biogenesis, analyses of proliferating and differentiating pLN1 and 

pLTcad cells should be examined for the expression of both MYOD and PGC-1β. On 

establishing this pathway, this could then be repeated with WT and DKO myoblasts.  

In this chapter, MitoTracker Green followed by FACS was used to examine 

mitochondrial content. As myotubes are not suitable for FACS analysis, it is imperative 

that a fixative compatible stain like MitoTracker Red FM is used to conduct a 

mitochondrial content analysis. Additionally, the examination of the content of other 

mitochondrial proteins, e.g. citrate synthase, could provide an indication of 

mitochondrial content during myotube differentiation. To determine whether altered 

mitochondrial content is a feature in the DKO uninjured and injured muscles versus 

WT, staining could be performed for succinate dehydrogenase activity.  
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In terms of respiration, these assays were performed using the Seahorse XFp, or ‘mini’ 

analyser. The microplates used for this machine only have 6 experimental wells 

available per assay and require two of these wells for calculating background signals. 

As a result, the number of replicates was often limited to perform both control and 

experimental cells on the same plate, at the same time.  

Furthermore, normalisation to cell mass had to be performed externally. Unfortunately, 

the process of normalisation for these assays was not ideal as primary myotubes often 

came away from the plate following the assay. This could be improved using the 

fluorescent capabilities of the larger Seahorse XF analyser.  

The size of the Seahorse XFp microplates also made it difficult to efficiently perform 

the fatty acid oxidation assay as this requires wells for both cell types as well as a BSA 

control versus fatty acid treatment. Furthermore, given the known interactions between 

T-cadherin and APN, and APN’s mitochondrial biogenesis properties and ability to 

promote fatty acid oxidation, the mitochondrial stress test assay should be performed 

with cells treated with mouse recombinant fAPN.  

Finally, although C2C12 myoblasts provide an ideal in vitro model for assessing 

muscle growth, there are known limitations to using engineered cell lines and some 

differences between C2C12 cells and primary myoblasts are to be expected. Unlike 

C2C12 cells, neither the WT nor the DKO primary myoblasts possessed spare 

respiratory capacity, as their basal respiration was higher than their maximal 

respiration. This usually indicates a hindered capacity to respond to mitochondrial 

stress. During the experiment, the primary cells may have already been operating at 

maximal capacity due to the stressful conditions of the experiment. The cells were 

plated on a small surface area with multiple media changes to facilitate the optimal 

assay conditions and were likely stressed prior to beginning the assay. Repeat studies 

of the primary cells are suggested, using less handling to avoid the inherent cellular 

stress of the current models. 
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5.6 Conclusion 

This chapter examined the metabolic consequences of T-cadherin and APN loss 

in skeletal muscle cells. The results suggest that T-cadherin and APN loss increases 

mitochondrial biogenesis in muscle cells undergoing injury and proliferation. 

Adiponectin loss most likely has an indirect inflammatory role in regulating MYOD, and 

T-cadherin loss plays a role through a yet to be completely characterised signalling 

pathway involving M-cadherin, β-catenin, MYOD and PGC-1β. The beginning of this 

pathway is explored in chapter 6.  
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6 T-cadherin’s Interaction with the Myogenic Adhesion 
Complex  

6.1 Introduction 

During muscle regeneration, cell adhesion molecules (CAMs) play a major role 

in facilitating the fusion of opposing myoblasts. CAMs are located on the cell surface 

and are important for promoting the binding of cells to one another and to the 

extracellular matrix (ECM). These CAMs play an essential role in the extensive cell 

membrane and cytoskeletal reorganizations that occur during myoblast fusion. There 

are four families of CAMs involved in myogenic adhesion including IgCAMs, cadherins, 

integrins and selectins (reviewed in chapter one, section 1.6). Research surrounding 

the promyogenic role of these adhesion molecules illustrates the presence of a muscle 

adhesion complex that modulates myoblast fusion (Figure 6.1)xxiv.  

 

xxiv Figure 6.1 is identical to Figure 1.6 in section 1.6.4 and has been duplicated here for convenience.  

Figure 6.1. Cell adhesion molecules shown to play a role in the promyogenic cell 

adhesion complex. Research has shown the presence and interactions amongst N- 

and M-cadherin (green), CDO (rouge), Neogenin (orange), and BOC (purple), and 

neogenin binds netrins. VCAM-1 (blue) and VLA-4 (brown) bind independently of the 

other CAMs. Diagram taken from Taylor, et al. (2022) [2].  
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Within this complex CDO and BOC interact and signal to cytoplasmic catenins bound 

to cadherins on the cell surface to elicit their promyogenic effects [164]. Furthermore, 

neogenin interacts with this complex and mediates its promyogenic role through 

selective binding to CDO [175]. Important to this chapter is the homophilic binding of 

the cadherins on opposing cells and their subsequent interactions with intercellular 

catenins.  

Muscle cadherin (M-cadherin) is a member of the cadherin family that is found 

abundantly on developing skeletal muscles and at low levels on SCs [202, 203]. M-

cadherin expression is transcriptionally activated by MRFs and reduced M-cadherin 

levels lead to reduced myoblast adhesion and differentiation [204]. Although muscle 

development is unaffected in M-cadherin knockout mice, likely due to the presence of 

compensatory cadherins, M-cadherin is still thought to play a crucial role in establishing 

correct alignment during fusion [205, 225]. During myogenesis, M-cadherin 

accumulates at areas of cell-cell contact between myoblasts and co-localises with β-

catenin [225]. 

β-catenin is a member of the armadillo family of proteins and plays a major role in both 

Wnt signalling and cell adhesion. β-catenin acts as a transcription cofactor that can 

modify the activity of the TCF/LEF family of DNA binding proteins [342]. β-catenin 

mediated Wnt signalling is crucial for the induction of the bHLH MRFs MYF5 and 

MYOD, as well as the differentiation of multipotent cells into myogenic cells [30, 343-

345]. However, some studies have demonstrated that this activation likely occurs in a 

TCF/LEF independent manner and instead β-catenin enhances the transcriptional 

activation of downstream MRFs via a direct interaction with MYOD [226]. This has 

recently been shown to also activate key fusion proteins myomaker and myomixer [20]. 

Against this background, the interaction with TCF/LEF binding proteins may still be 

important for the regulation of the Wnt pathway and the proliferation of MYOD negative 

SCs [20, 346]. Both β-catenin gain- and loss- of function studies in mice show impaired 

myogenesis and highlight the significance of β-catenin during this process [226, 227].  

In the absence of Wnt signalling, casein kinase 1 alpha (CK1α) phosphorylates β-

catenin at serine 45, priming the cofactor for further phosphorylation by glycogen 

synthase kinase-3β (GSK-3β) at serine 33/37 and threonine 41, respectively. β-catenin 

phosphorylated at residues 33 and 37 is recognized by the beta-transducin repeats-
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containing proteins (β-TrCP) E3 complex resulting in ubiquitylation and rapid 

degradation by the 26S proteosome [347]. The removal of β-catenin exposes the 

TCF/LEF DNA complex to corepressors that suppress the transcription of Wnt 

signalling target proteins [348]. Mutations in both the degradation complex and within 

the phosphorylation sites have been linked to cancers following increased β-catenin 

levels and Wnt signalling [349-351]. Phosphorylation of β-catenin is not only important 

for its degradation but also for mediating Wnt signalling. Following the activation of the 

Wnt pathway, a cytoplasmic protein dishevelled (DVL) inactivates GSK-3β leading to 

the accumulation of stabilized β-catenin in the cytoplasm [352]. Non-phosphorylated 

β-catenin at Ser 37 and Thr 41 appears to have enhanced transcriptional activity and 

is often referred to as active β-catenin [353, 354]. Wnt signalling is mediated by this 

stable unphosphorylated β-catenin and can translocate to the nucleus to associate with 

TCF/LEF and regulate gene expression [353, 354]. Unphosphorylated β-catenin can 

also accumulate at sites of cell-to-cell contact during myogenesis [355].  

The exact role of β-catenin at the myoblast membrane remains unclear but it is likely 

that it is involved in cadherin-mediated interactions with the actin cytoskeleton. Both 

M-cadherin and β-catenin have been shown to colocalize to sites of cell-to-cell contact 

during myoblast fusion and although there are only low levels of each present on SCs, 

the protein levels rapidly increase during myogenesis until myotubes are formed [225]. 

M-cadherin is known to form a complex with α-catenin/β-catenin in proliferating and 

differentiating C2C12 cells [356]. As α-catenin is known to associate with actin 

filaments, this interaction likely links the cadherin to the actin cytoskeleton to provide 

stability during reorganization. M-cadherin signalling within the cell also appears to 

regulate β-catenin availability. M-cadherin knockdown studies show a significant 

increase in both TCF/LEF transcription activity and β-catenin phosphorylation, leading 

to degradation [357]. Overall, the formation of the M-cadherin/β-catenin complex is an 

important step in myoblast fusion, but further research is required to elucidate the exact 

mechanism by which this occurs.  
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6.2 Preliminary data and aims 

The Hebbard lab has previously shown that both T-cadherin and M-cadherin 

colocalize on murine C2C12 myoblasts and immunoprecipitation studies confirm the 

interaction between β-catenin and M-cadherin (Figure 6.2). Interestingly, the 

interaction between β-catenin and M-cadherin was reduced in the presence of T-

cadherin. Together, these data suggest that T-cadherin could interfere with the 

formation of the M-cadherin/β-catenin complex in vitro.  

Given the importance of M-cadherin and β-catenin in myogenesis, a section of my 

Honours thesis aimed to investigate the role of T-cadherin in regulating this complex. 

Co-immunoprecipitation experiments conducted during my honours research with a 

Brij 97 lysis buffer illustrated in-part the physical interaction between T-cadherin and 

M-cadherin (Figure 6.3).  

Figure 6.2. Unpublished results from the Hebbard Lab. A. Expression of T-cadherin 

and M-cadherin on murine C2C12 myoblasts. Scale bar 50 μm. B. M-cadherin and β-

catenin immunoprecipitates using pLN1 and pLTcad C2C12 cells. Western blots 

probed with both M-cadherin and β-catenin antibodies.  



Chapter 6 – T-cadherin and the Myogenic Adhesion Complex 

6-158 

T-cadherin antibodies detected both the mature T-cadherin isoform (90 kDa) and the 

unprocessed precursor isoform (120 kDa) in the whole cell lysates and in T-cadherin 

and only the mature isoform in the M-cadherin immunoprecipitates. Nonetheless and 

in contrast, M-cadherin was only detected in the lysate and in the M- and N-cadherin 

immunoprecipitates and not in the T-cadherin immunoprecipitates. CDO was only 

present in the lysate and the CDO immunoprecipitates lanes.  

Figure 6.3: Co-immunoprecipitation of myogenic signalling molecules using a Brij 97 

lysis buffer. Immunoprecipitates (IP) were formed using protein G beads prepared with 

antibodies against T-cadherin (Ranscht antibody [1]), M-cadherin, N-cadherin, CDO, 

and an alternate T-cadherin (anti-peptide created by the Hebbard lab) and includes 

immunoglobulin controls for rabbit, goat and mouse IgGs. The illustrated blots show 

western blots using specific antibodies against A. CDO, N-cadherin and T-cadherin, 

and B. M-cadherin.  
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A possible explanation for the lack of M-cadherin in the T-cadherin immunoprecipitates 

is poor affinity or lack of quality of the T-cadherin antibodies versus M-cadherin 

antibodies, and that T-cadherin’s interactions with itself as a negative regulator and 

other cadherins is weak [358].  

Considering that T- and M-cadherin could interact, T-cadherin has APN-independent 

adhesion functions, and that the overexpression and loss of T-cadherin can affect 

myogenesis, it was hypothesized that T-cadherin can negatively regulate skeletal 

muscle growth through interacting with M-cadherin on myoblasts. Hence, this chapter 

further explored the interaction between T- and M-cadherin, as well as M-cadherin’s 

effect on β-catenin activity. To do this, immunoprecipitations, cell-based adhesion 

models and signalling evaluations with primary myoblasts were employed to address 

the following aims:  

1. Examine T-cadherin’s interactions with M-cadherin in vitro. 

2. Investigate the effects of T-cadherin on β-catenin activity. 
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6.3 Methods  

For complete materials and methods see chapter 2 section 2.6.  

6.3.1 Co-Immunoprecipitation 

Total lysates were generated from differentiated C2C12 cells, both with and 

without treatment with DTSSP (3,3'-Dithiobis[sulfosuccinimidylpropionate]) 

crosslinking reagent, in either Brij 97 lysis buffer or Triton X-114 lysis buffer. Lysates 

were incubated with protein G-Sepharose beads bound to appropriate antibodies for 

two hours. Following incubation, the beads were washed, resuspended in loading 

buffer, heated at 95 °C for 5 minutes, and the proteins were separated using SDS-

PAGE electrophoresis.  

6.3.2 Overexpression constructs  

The following overexpressing constructs were stably transfected into Chinese 

hamster ovary (CHO) cells that do not express any cadherins. Throughout this chapter 

the cells will be referred to by their construct name as listed below (Table 6.1).  

Table 6.1. List of overexpression constructs transfected into CHO cells. 

Name  Overexpression 

pLN1 pLEGFP-N1 vector backbone with the GFP removed 

pLTcad pLN1 with murine T-cadherin cDNA insert  

pEMcad.GFP  pLEGFP-N1 with murine M-cadherin cDNA insert  

6.3.3 Short term aggregation assay  

Cadherins were stably transfected into CHO cells using lipofectamine 3000 and 

stable clones were generated through G-418 antibiotic selection. A suspension of 

single cell CHO cells was plated into 24-well plates coated with 5% BSA in PBS in the 

following combinations: (i) pLN1 alone, (ii) pLTcad alone, (iii) pEMcad.GFP alone, (iv) 

pLN1 and pEMcad.GFP, and (v) pLTcad and pEMcad.GFP and supplied with calcium 

chloride to enable cadherin function. The plates were then placed on a gyrating shaker 
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at 80 rpm for 20 minutes at 37 °C. Following aggregation, an equal volume of 8% 

paraformaldehyde (PFA) was added to each well and kept at 4 °C for imaging. Images 

of the entire well were captured, and aggregates were counted as small (<5 cell 

aggregates), medium (5-10 cell aggregates) and large (> 10 cell aggregates). 

Analysis was performed using ImageJ and QUPath software and statistical analysis 

used GraphPad Prism. Error bars represent standard error of the mean (SEM) unless 

otherwise stated. * = p<0.05, ** = p<0.01, **** = p<0.0001 denote the significance 

values used throughout this chapter. 
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6.4 Results  

6.4.1 Immunoprecipitation of cadherins in C2C12 myoblasts 

To extend the interaction studies, immunoprecipitations were repeated with Brij 

97 lysis buffer and the cross-linking reagent DTSSP. These experiments were 

performed with wildtype C2C12 cells and pLTcad C2C12 cells (Figure 6.4). 

Immunoprecipitation using C2C12 cells showed results in agreement with the 

preliminary studies. Using specific T-cadherin antibodies, T-cadherin was strongly 

expressed as two forms (125 and 105 kDa) in the lysates, T-cadherin 

immunoprecipitates, and as a 105 kDa form in the M-cadherin immunoprecipitates 

(Figure 6.4 A). Probing with the M-cadherin antibody revealed strong antigen 

recognition in the lysates and in the M-cadherin immunoprecipitates but was absent in 

the T-cadherin immunoprecipitates (Figure 6.4 B).  

Given that T-cadherin is present in M-cadherin immunoprecipitates and implies a real 

interaction, the experiment was then repeated with T-cadherin overexpressing pLTcad 

cells and a DTSSP cross-linker to stabilise interactions between proteins during the 

assay.  

The T-cadherin antibody showed a strong signal in the cell lysates and T-cadherin 

immunoprecipitates (Figure 6.4 C). There was weak T-cadherin binding to the M-

cadherin immunoprecipitates, but not above background levels. The addition of the 

cross-linker reduced the amount of T-cadherin protein in the cell lysate and increased 

the background within the T-cadherin immunoprecipitates (Figure 6.4 D). On probing 

the experiment performed with pLTcad cells, M-cadherin protein was present in the M-

cadherin immunoprecipitates, and in the T-cadherin immunoprecipitates (Figure 6.4 

E). In the case of pLTcad cells and in the presence of DTSSP cross-linker, the M-

cadherin antibody recognised antigen in the pLTcad lysates, M-cadherin 

immunoprecipitates, and in the T-cadherin immunoprecipitates (Figure 6.4 F). No M-

cadherin protein was observed in the rabbit IgG controls.  
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Figure 6.4. Immunoprecipitations of myogenic cadherins using a Brij97 lysis buffer. 

Immunoprecipitates were generated from Brij97 lysed C2C12 and pLTcad C2C12 cells 

with protein G beads prepared with rabbit antibodies against T-cadherin, M-cadherin, 

and rabbit immunoglobulin (IgG). C2C12 immunoprecipitates probed with A. T-

cadherin and B. M-cadherin. pLTcad C2C12 immunoprecipitates probed with C-D T-

cadherin, and E-F. M-cadherin. D and F. Treated with DTSSP crosslinker prior to lysis. 
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The immunoprecipitation assay was then undertaken with pLTcad C2C12 cells, 

DTSSP and a Triton X-114 lysis buffer. The blot was first probed with T-cadherin and 

showed strong binding in the lysate and T-cadherin immunoprecipitates (Figure 6.5 

A). The blot was then reprobed with M-cadherin antibodies and showed strong binding 

in the M-cadherin immunoprecipitates, weak binding in the cell lysates and none in the 

T-cadherin immunoprecipitates (Figure 6.5 B).  

6.4.2 Expression of β-catenin in differentiating primary myoblasts  

Given M-cadherin is known to interact with β-catenin during myoblast fusion and 

β-catenin is a positive regulator of myogenesis, WT and DKO myoblasts were isolated, 

differentiated over a time course, lysed and then probed with antibodies against β-

catenin and β-catenin that has been phosphorylated at serine 45 (p-β-catenin) (Figure 
6.6). This phosphorylation is performed by CK1α and primes β-catenin for further 

phosphorylation by GSK-3β and subsequent degradation. As myogenesis progresses 

from 6 hours to 12 hours, the levels of total β-catenin and phosphorylated β-catenin 

increased (Figure 6.6 A-B). Nonetheless, the proportion of total β-catenin versus p-β-

catenin was unaltered between 6- and 12-hours in both WT (25% and 27% p-β-catenin 

Figure 6.5. Immunoprecipitations of myogenic cadherins using a Triton X-114 lysis 

buffer. Immunoprecipitates generated from DTSSP treated Triton X-114 lysed C2C12 

cells with protein G beads prepared with rabbit antibodies against T-cadherin, M-

cadherin, and rabbit immunoglobulin (IgG). C2C12 immunoprecipitates probed with A. 
T-cadherin and B. M-cadherin.  



Chapter 6 – T-cadherin and the Myogenic Adhesion Complex 

6-165 

at 6- and 12- hours respectively) and DKO lysates (27% and 28% p-β-catenin at 6- 

and 12-hours respectively) (Figure 6.6 C). Furthermore, there was no difference in the 

level of either form of β-catenin between the two genotypes (Figure 6.6 C). Further 

studies are required to determine changes in β-catenin, and these include examining 

other β-catenin phosphorylated forms, β-catenin degradation, and β-catenin sub-

cellular localization during myogenesis.  

6.4.3 Overexpression of different cadherins in CHO cells  

The immunoprecipitation assays suggested that M- and T-cadherin interact in 

C2C12 cells. To further examine this interaction, CHO cells were transfected with M- 

and T-cadherin and cadherin-dependent cell-cell aggregation assays were performed 

[359]. CHO cells do not express cadherins and are thus ideal for studying the effects 

of cadherin binding. CHO cells were individually and stably transfected with T- and M-

Figure 6.6. β-catenin expression in differentiating WT and DKO primary myoblasts at 

6- and 12-hours. A. Western blots were probed for the expression of total and serine 

45 phosphorylated β-catenin (p-β-catenin). B. Relative intensity of phosphorylated and 

dephosphorylated β-catenin in western blot analysis. C. Percentage of serine 45 

phosphorylated β-catenin in differentiating primary myoblasts.  
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cadherins and dissociated into a single cell suspension in low concentrations of trypsin 

to maintain cadherin cell surface expression. The M-cadherin construct also contained 

a GFP-tag to assist with identification of the transfected cells during assay analyses. 

Cell lysates were also generated from each cell line and probed for the expression of 

each cadherin (Figure 6.7).  

Cells transfected with the pLN1 empty vector showed no expression of either T-

cadherin or M-cadherin. The T- and M-cadherin overexpressing cells showed strong 

expression of T- and M-cadherin, respectively.  

6.4.4 Aggregation of cadherin expressing CHO cells 

The aggregation assay was performed with the CHO cells expressing different 

cadherins to determine the interactions between these two cadherins. Cells were 

incubated together in the following combinations: (i) pLN1 alone, (ii) pLTcad alone, (iii) 

pEMcad.GFP alone, (iv) pLN1 and pEMcad.GFP, and (v) pLTcad and pEMcad.GFP 

and calcium chloride was supplied to maintain cadherin function. Both brightfield and 

fluorescence microscopy were used to visualise the cells, and aggregates were 

Figure 6.7. Cadherin expression in transfected CHO cells. Lysates from control pLN1 

cells, T-cadherin (pLTcad) and M-cadherin (pEMcad.GFP) cells were probed for T- 

and M-cadherin, and β-tubulin as a loading control.  
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categorised into small (less than 5 cells), medium (5-10 cells) and large (more than 10 

cells).  

6.4.4.1 Aggregation of CHO cells with single cadherin 

The control wells were plated with only one cell type and all aggregates with more than 

3 cells were counted and categorised (Figure 6.8). The pLN1 cells formed a similar 

number of aggregates as the pLTcad cells (Figure 6.8 A and B), and the pEMcad.GFP 

cells formed fewer aggregates (Figure 6.8 C). An average of 309 aggregates were 

counted for three pLN1 wells, 140 aggregates for pEMcad.GFP wells and 344 for 

pLTcad wells and there was a significant difference in the number of aggregates 

counted in the pEMcad.GFP wells compared to the other cell types (Figure 6.8 D). 

Hence analyses showed significantly fewer small and medium aggregates for the 

pEMcad.GFP (90 small and 37 medium) wells versus pLN1 (182 small and 101 

medium) and pLTcad (213 small and 105 medium) wells (Figure 6.8 E). Unfortunately, 

the cells remained suspended following the assay, and it was difficult to count the total 

number of cells present for normalisation. There were no statistically significant 

differences between the total average number of aggregates counted in the pLN1 and 

pLTcad wells or between the average number of large aggregates (27, 13 and 26 for 

pLN1, pEMcad.GFP and pLTcad, respectively) of any cell type. The differences 

observed for the pEMcad.GFP cells were unexpected and is likely due to a reduced 

number of cells. For this reason and to allow comparison, the data was converted to a 

proportion of total aggregates counted per cell type (Figure 6.9).  

These data show that the majority (between 59% and 65%) of the aggregates were 

small aggregates followed by approximately 27% - 33% medium aggregates and 

between 7% - 9% large aggregates (Figure 6.9). These results suggest that there is 

no relationship between the size of the aggregates formed and the cell type used in 

the assay.  
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Figure 6.8. Aggregates formed between individual cadherin expressing CHO cells. 

Representative images of aggregate formation between CHO cells expressing A. 
pLN1, B. pLTcad, and C. pEMcad.GFP. Scale bars 100 μm. D. Average of total 

number of aggregates formed in the wells (mean ± SEM, n=3). E. Number of 

aggregates formed between cells categorised into small (less than 5 cells total), 

medium (5-10 cells total) and large (more than 10 cells) (mean ± SEM, n=3). * = 

p<0.05, ** = p<0.01, **** = p<0.0001. 
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6.4.4.2 Aggregation of two CHO cells expressing different cadherins  

To determine interaction between T- and M-cadherins, the aggregation assay was 

performed with two CHO cell types per well, (i) pLN1 and pEMcad.GFP (Figure 6.10 

A), and (ii) pLTcad and pEMcad.GFP (Figure 6.10 B). The GFP tag on the 

pEMcad.GFP CHO cells, in combination with brightfield microscopy, was used to 

visualize the cells. The aggregates were categorized into small (less than 5 cells), 

medium (5-10 cells), or large (more than 10 cells) and whether they contained one cell 

type or a combination of two cell types (‘combination aggregates’). An average of 190 

combination aggregates were counted across three wells. For pLN1 plus pEMcad.GFP 

70% (133) of the aggregates were small, followed by 28% (54) medium aggregates 

and 2% (4) large aggregates (Figure 6.10 C). In contrast, for pLTcad plus 

pEMcad.GFP there was an average of 175 aggregates counted per cell: 52% (91) 

small, 36% (63) medium and 12% (22) large aggregates (Figure 6.10 C). Analysis of 

single cell type aggregates showed for pLN1 and pEMcad.GFP an average of 15 pLN1 

and 18 pEMcad.GFP small aggregates and 2 pLN1 and 1 pEMcad.GFP medium 

aggregates (Figure 6.10 D). For pLTcad and pEMcad.GFP an average of 12 

pEMcad.GFP and 55 pLTcad small aggregates, and 1 pEMcad.GFP and 20 pLTcad 

medium aggregates were observed (Figure 6.10 D). 

Figure 6.9. Percent of aggregates formed between individual pLN1, pEMcad.GFP and 

pLTcad expressing CHO cells as a proportion of the average total number of 

aggregates per cell type. Aggregates were separated into small (less than 5 cells total), 

medium (5-10 cells total) and large (more than 10 cells).  
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Figure 6.10. Aggregates formed between cadherin expressing CHO cells. 

Representative images of aggregate formation and GFP visualisation of A. pLN1 and 

pEMcad.GFP and B. pLTcad and pEMcad.GFP. Scale bars 100 μm. C. Number of 

aggregates with two cell types compared to aggregate size (mean ± SEM, n=3). D. 
Number of aggregates with one cell type, stacked by size of aggregates (mean ± SEM, 

n=3). Aggregates were categorised as small (less than 5 cells), medium (5-10 cells) 

and large (more than 10 cells) (n=3). * = p<0.05, **** = p<0.0001. 
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Unfortunately, the total cell number could not be obtained for this assay, so to allow 

comparison, the results were reconfigured and displayed as a proportion of the total 

number of combination aggregates counted per group (Figure 6.11). These 

proportions showed a clear difference in the size of aggregates formed between the 

two experimental groups. There were more small aggregates and fewer large 

aggregates present in the pLN1 plus pEMcad.GFP group when compared to the 

pLTcad plus pEMcad.GFP combination.  

To allow for a total comparison between the single cadherin assays and the 

combination cadherin assays, the data in Figure 6.9 and Figure 6.11 were combined 

to generate Figure 6.12. This figure displays the ratio of small, medium, and large 

aggregates as a percentage of the total number of aggregates for each experimental 

group. This analysis showed that most of the aggregates in these experiments were 

small. Of note, the pLTcad plus pEMcad.GFP combination had slightly fewer small 

aggregates than the other experimental wells (57% versus 59% for pLN1) and slightly 

more large aggregates than the other experimental cell types (10% versus 9% for the 

pEMcad.GFP) (Figure 6.12). Overall, these differences, although minimal, may 

indicate an interaction between the two cadherins due to the greater number of large 

aggregates formed by the other combination cell types.  

Figure 6.11. Percentage of combination aggregates formed between cadherin 

expressing CHO cells as a proportion of the average total number of aggregates per 

group. Aggregates were separated into small (less than 5 cells total), medium (5-10 

cells total) and large (more than 10 cells).  
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Figure 6.12. Percentage of aggregates formed between cadherin expression CHO 

cells as a proportion of the average total number of aggregates per group. Figure 

combines data from single cell and combination cell assays. Data for wells containing 

two cell types include both single cell and combination aggregates in the total number. 

Aggregates were separated into small (less than 5 cells total), medium (5-10 cells 

total) and large (more than 10 cells). 
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6.5 Discussion  

The M-cadherin/β-catenin complex has been established as an important 

precursor for the formation of cell-to-cell junctions in myoblasts. However, there is still 

much research required to understand the regulation of this complex and how it affects 

myoblast fusion. This chapter aimed to explore the effects of T-cadherin on this 

adhesion complex. These results confirmed the interaction of T- and M-cadherin, and 

preliminary experiments suggest that this does not affect the phosphorylation of β-

catenin. The implications of this work are discussed below.  

6.5.1 T-cadherin interacts with M-cadherin in vitro 

Preliminary studies suggested T- and M-cadherin interact. This chapter aimed 

to confirm this interaction using immunoprecipitation and aggregation assays. T-

cadherin is a GPI-anchored protein and as such is associated with detergent resistant 

membrane domains [360]. This study used two non-denaturing, non-ionic detergents 

including Birj97, a detergent known to dissolve detergent resistant membranes, and 

Triton X-114, a phase separating detergent.  

Beginning with Brij97, immunoprecipitates were prepared with lysates from C2C12 and 

pLTcad C2C12 cells. Consistent with results obtained during my Honours studies on 

C2C12 cells, T-cadherin antibodies recognized antigen in the T-cadherin 

immunoprecipitates, cell lysates and the M-cadherin immunoprecipitates. M-cadherin 

was only detected in the M-cadherin immunoprecipitates and lysates. The lack of M-

cadherin in the T-cadherin immunoprecipitates is possibly a result of poorer affinity or 

reduced quality of the T-cadherin antibody compared to the M-cadherin antibody. It is 

also possible that the interaction between the cadherins inhibits epitope access for this 

antibody. Various T-cadherin antibodies were trialled for this assay and showed either 

a lower affinity for T-cadherin or increased background staining (data not shown).  

To enhance the immunoprecipitation assay, pLTcad cells and a protein cross-linker 

(DTSSP) were used. In pLTcad immunoprecipitates, with and without DTSSP, T-

cadherin was detected in the T-cadherin immunoprecipitates and lysates, and not in 

the M-cadherin immunoprecipitates. Subsequent probing with M-cadherin antibodies 

revealed M-cadherin in T- and M-cadherin immunoprecipitates and lysates from 
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pLTcad cells. The addition of DTSSP to pLTcad cells increased the M-cadherin signal 

in T- and M-cadherin immunoprecipitates but reduced protein signal in the lysates.  

The absence of T-cadherin in the M-cadherin immunoprecipitates from pLTcad lysates 

was unexpected as a strong signal is observed in C2C12 lysates. A possible 

explanation is that the bound M-cadherin antibody sterically inhibits interactions with 

T-cadherin, limiting T-cadherin binding and presence in M-cadherin 

immunoprecipitates from pLTcad cells. Taken together, these experiments using 

C2C12 and pLTcad cells together show that M- and T-cadherin interact.  

Another consideration is that although DTSSP increased the detection of M-cadherin 

in T-cadherin immunoprecipitates, there were also reduced levels of T- and M-cadherin 

in the immunoprecipitates and whole cell lysates. Although DTSSP stabilised the 

binding of T- and M-cadherin, it is possible that the concentration of DTSSP was too 

high or that the excess cross linker was not effectively removed prior to lysate 

preparation. Excess DTSSP can lead to non-specific cross-linking and can increase 

western blot background. In future assays, the DTSSP concentration could be 

optimised for cell number and excess DTSSP effectively quenched and removed.  

Immunoprecipitation experiments were also performed with Triton X-114 detergent, 

C2C12 cells and the DTSSP crosslinker. This assay detected cadherins only in their 

respective immunoprecipitates and lysates. Although Triton X-114 was not suitable for 

this assay, perhaps due to its inability to reach detergent resistant membranes, Triton 

X-114 can also be used for temperature dependent phase separation of proteins during 

immunoprecipitation. Triton X-114 is homogenous at 0 °C but separates into an 

aqueous and detergent phase above 20 °C, which can be used to concentrate certain 

proteins [361]. If repeated, a temperature dependent separation could be used to 

optimize the pull down and study of the interacting cadherins.  

6.5.2 T-cadherin’s influence on the M-cadherin-β-catenin complex  

The M-cadherin-β-catenin complex is important for forming cell-to-cell junctions 

and providing strength and stability for actin reorganisation during myoblast fusion. 

Preliminary data shows that M-cadherin interacts with β-catenin in C2C12 myoblasts 

and in pLTcad differentiating cells the interaction is reduced. The overexpressing 

pLTcad cells show reduced myogenesis and decreased fusion (see preliminary results, 
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section 1.10). A possible explanation and model for the reduced myogenesis is that 

the interaction between T- and M-cadherin inhibits M-cadherin-β-catenin complex 

formation and thus muscle differentiation (Figure 6.13).  

Figure 6.13. Effects of T-cadherin interacting with M-cadherin on skeletal muscle 

differentiation. In WT muscle, T-cadherin interacts with M-cadherin and inhibits the 

formation of the M-cadherin-β-catenin complex in myoblasts. In the absence of T-

cadherin in DKO muscle, M-cadherin interacts with β-catenin and enhances muscle 

differentiation.  
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Given β-catenin can be degraded or localise to the nucleus to modify TCF/LEF activity, 

preliminary western blot analyses were conducted to determine the levels of total and 

serine 45 phosphorylated β-catenin in differentiating primary WT and DKO myoblasts.  

The phosphorylation of serine 45 occurs via CK1α and acts as a priming step before 

GSK-3β phosphorylation and subsequent degradation, and illustrates the proportion of 

β-catenin that has been primed for degradation [357]. There was an increase in the 

levels of total β-catenin from 6 to 12 hours differentiation, but there was no difference 

between the WT and DKO myoblasts. This is consistent with the current literature that 

shows β-catenin protein levels increase in line with myoblast differentiation, and 

suggests that T-cadherin loss has no effect on the level of total β-catenin [225]. 

Although there was an increase in serine 45 phosphorylated β-catenin from 6- to 12-

hours, there was no difference between the genotypes and suggests T-cadherin does 

not affect the phosphorylation of β-catenin at serine 45. Future studies to determine if 

T-cadherin expression influences β-catenin phosphorylation and activity could include 

antibodies against other phosphorylated forms of β-catenin, such as active β-catenin. 

Apart from whole lysate studies, cellular fractionation studies should be included with 

pLN1 and pLTcad cells over a differentiation time course to see where in myotubes the 

different β-catenin forms are located.  

6.5.3 T-cadherin and M-cadherin interact on opposing CHO cells  

This interaction of T- and M-cadherin was confirmed by immunoprecipitation 

and further examined by the CHO cell aggregation assay. The assay showed that a 

greater number of large aggregates were formed between pLTcad and pEMcad.GFP 

CHO cells compared to the combination of pLN1 and pEMcad.GFP CHO cells. 

Although there were similar numbers of total aggregates, more of the pLTcad and 

pEMcad.GFP cells were involved in large cell aggregates, suggesting increased affinity 

due to the presence of both T-cadherin and M-cadherin.  

However, there were also aggregates of all sizes formed by CHO cells expressing a 

single cadherin. This was expected as pLTcad and pEMcad.GFP cells can aggregate 

through homophilic interaction of these cadherins. Notwithstanding, it was surprising 

that pLN1 cells formed aggregates while they do not express cadherins and were 

expected to remain as single cells. Given that CHO cells lack cadherins, the 
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aggregates may be due to the presence of residual DNA or cell debris that can cause 

increased background aggregation. To eliminate this suspected problem, future 

assays could include DNase to minimise this. Furthermore, there were more 

aggregates formed in the control wells than in the experimental wells and this suggests 

that there was uneven plating or total cell numbers. The increased total cell number 

could also account for the greater number of larger aggregations formed because of 

closer cell proximity. If performed again, these experiments would be optimised at a 

specific cell number to ensure minimal aggregation of the pLN1 cells. Overall, the 

experiment with the immunoprecipitation data suggests that T- and M-cadherin 

interact.  

6.5.4 Limitations and Future Recommendations  

This chapter tested for an interaction between T- and M-cadherin. 

Immunoprecipitation studies illustrated this, but the aggregation assays require further 

fine tuning to confidently confirm this interaction by this method. To replace the 

aggregation assay, a proximity ligation assay could be conducted with C2C12 cells or 

primary myoblasts. This assay allows for the detection of protein-protein interactions 

in situ and uses the amplification of fluorescent probes bound to specific antibodies to 

visualize areas of proximity [362]. In addition, β-catenin activity and subcellular 

localisation is important to determine its functionality in pLTcad cells and in response 

to loss of T-cadherin in DKO cells.  
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6.6 Conclusion 

This chapter confirms that T-cadherin can bind M-cadherin in differentiating C2C12 

myoblasts. It is possible that this interaction is one of the mechanisms behind T-

cadherin’s negative regulation of muscle regeneration. If this interaction inhibits M-

cadherin from binding with the actin cytoskeleton and forming cellular junctions, this 

will inhibit myoblast fusion during differentiation. Further work is required to determine 

whether this interaction is affecting M-cadherin’s ability to bind β-catenin and form cell 

junctions during differentiation and whether this affects the concentration of active β-

catenin in the cell. Studies also need to be conducted to determine if a signalling axis 

of T-cadherin regulation of β-catenin, MYOD and PGC-1β is functional and regulates 

mitochondrial biogenesis. Understanding these mechanisms, particularly in primary 

myogenic cells, is important in furthering our understanding of how skeletal muscle 

myogenesis is regulated during regeneration and could assist in the improvement of 

muscle repair following severe muscular injury. 
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7 Discussion and Conclusion 

Skeletal muscles are the largest tissue in the body and are essential for building 

strength, maintaining posture, and allowing everyday movements. Muscles are formed 

early during embryonic development and maintain a population of self-renewing SCs 

to facilitate regeneration throughout life. During muscle formation, myoblasts fuse 

together to form multinucleated myofibers in a process known as myogenesis, which 

is tightly controlled by myogenic regulatory factors. Muscle regeneration and repair that 

occurs postnatally recapitulates this process of myogenesis and importantly any 

dysregulation of post-natal myogenesis or of the self-renewing cells involved can lead 

to muscle loss (atrophy) that is associated with chronic illness and ageing. Thus, the 

search to better understand factors that can improve muscle function and regenerative 

ability is critical for improving muscle health in human disease. In this light, the focus 

of this thesis concerns the role of a cell adhesion molecule, T-cadherin, in regulating 

and facilitating muscle differentiation. Despite T-cadherin being abundantly expressed 

on skeletal muscles and binding APN, its role in regulating muscle differentiation is still 

poorly understood. Preliminary results from the Hebbard lab show that C2C12 muscle 

cells overexpressing T-cadherin show delayed differentiation and reduced myoblast 

fusion. The T-cadherin overexpressing cells also have reduced M-cadherin-β-catenin 

complex formation, a process thought to be important in facilitating fusion. 

Furthermore, findings from my Honours research show enhanced differentiation of 

primary DKO myoblasts. Thus, these data lead to the overarching question of this 

thesis, what is T-cadherin’s role in regulating muscle regeneration? 

In answering this question, this thesis contains several important and relevant findings. 

The RNA sequencing results from Chapter 3 identify several differentially expressed 

genes between WT and DKO primary myotubes, but not between the WT and T-

cadherin KO cells, suggesting that the loss of APN and T-cadherin affects ex vivo 

myogenesis. In Chapter 4, improved muscle repair is observed in DKO regenerating 

muscle tissue, but not T-cadherin KO muscles where serum APN levels are 

supranormal. Additionally, no observable differences in myogenic differentiation were 

noted between T-cadherin KO and WT myoblasts. In Chapter 5, it was found that T-

cadherin can regulate mitochondrial content and activity. T-cadherin overexpression 

reduces mitochondrial complex expression and activity and, in contrast, DKO 
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proliferating myoblasts have increased mitochondrial content and differentiated 

myotubes have greater mitochondrial activity. In Chapter 6, the data show that T-

cadherin and M-cadherin interact in C2C12 cells, and this may impact downstream 

signalling. Taken together, the data suggests that T-cadherin and APN play an 

important role in regulating myogenesis and that T-cadherin has APN-independent 

myogenic cell adhesion functions. The implication of these findings with regards to the 

literature on myogenesis and muscle repair, and a potential model of T-cadherin’s 

functions in myogenesis are presented below.  

7.1 T-cadherin and adiponectin negatively regulate muscle regeneration 

An important finding of this thesis is that DKO, but not T-cadherin knockout (T-

cad KO), myoblasts undergo enhanced regeneration both ex vivo and in vivo. The 

results show that DKO primary myoblasts commit to differentiation and fuse more 

rapidly than WT myoblasts. Moreover, there are no changes in myogenesis between 

T-cad KO and WT myoblasts. These results were confirmed in the injury regeneration 

study where DKO muscle displayed enhanced differentiation compared to WT murine 

muscle. At day three regeneration, the DKO muscle had increased macrophage 

infiltration and an increased number of activated SCs. After 7 days of regeneration, 

there was an increased number of central nuclei within the newly formed muscle fibres, 

indicating enhanced regeneration and formation of new muscle fibres.  

Despite APN having roles in many different tissues, it is nonetheless difficult to pinpoint 

the exact mechanism through which APN mediates myogenesis. Moreover, 

controversy surrounds APN functions in muscle regeneration as it has been shown to 

enhance in vitro myogenesis [109], reduce damage in a muscular dystrophy model 

[242], and inhibit C2C12 and SC proliferation, and C2C12 differentiation [329]. 

Furthermore, an APN receptor agonist can promote muscle atrophy [363], and genetic 

loss of APN has no impact on muscle repair [212]. Hence, the findings of this thesis 

are an important inflection point that improves our understanding of both APN and T-

cadherin’s role in muscle repair.  

A point that can be further explored concerns the potential reasons for the accelerated 

muscle repair and ex vivo myogenesis noted for cells on the DKO background. An 

increase in activated SC numbers is likely responsible for the enhanced differentiation 
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of DKO primary myoblasts and the faster rate of muscle regeneration in the DKO 

muscle. MYOD expression was increased in DKO injured muscle after 3 days 

regeneration and not in T-cadherin KO mice. This suggests that T-cadherin and APN 

signalling influences the expression of MYOD and the DKO SCs are activated sooner. 

This could explain why DKO myoblasts commit to differentiation sooner, as MYOD 

stimulates the expression of myogenin. Together, this would explain the overall 

increase in muscle regeneration, but does not explain the mechanism behind MYOD’s 

increased expression. A possible scenario for this is the absence of APN signalling. 

When APN receptors are activated by an APN agonist in regenerating muscles fibres, 

MYOD and myogenin expression are reduced [329]. Furthermore, given the absence 

of any notable difference in myogenic differentiation between T-cad KO, that have 

elevated serum APN, and WT myofibers, it is likely that APN signalling in T-cad KO 

mice occurs through AdipoR1 to restrict differentiation and repair. Whereas in the DKO 

muscle, where APN is absent, increased MYOD expression and enhanced repair is 

noted upon injury.  

Another plausible explanation for the increase in MYOD is the increase in 

macrophages seen in DKO muscle fibres at day three of regeneration. Macrophage 

infiltration is an essential first step of regeneration that clears necrotic tissue, increases 

SC proliferation and assists in initiating differentiation [53]. Thus, the increased number 

of macrophages in the DKO tissue during regeneration could promote SC activation 

and proliferation.  

Interestingly, APN has been shown to have anti-inflammatory properties and 

stimulates macrophage polarization to an anti-inflammatory M2 state. These 

macrophages are better known for being reparative, rather than inflammatory, and 

encourage muscle cell fusion by limiting migration [364]. Therefore, a lack of APN may 

prolong the M1 inflammatory state and encourage SC proliferation rather than fusion. 

Unfortunately, observing this switch between M1 and M2 macrophages was outside 

the scope of this thesis, and it is not clear if this switch to ‘reparative’ macrophages is 

affected in the absence of APN or if it is maintained by the expression of other 

cytokines. Additional studies could investigate this in WT, T-cad KO and DKO 

regenerating muscle tissue.  
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Apart from these observations, the results also show that DKO primary myotubes have 

increased mitochondrial function. The DKO differentiating myotubes have increased 

basal and maximal respiration and an increased number of mitochondria in 

proliferating primary cells. Consistent with this, the T-cadherin overexpressing pLTcad 

C2C12 cells have reduced expression of the mitochondrial complexes and maximal 

respiration at 24 hours differentiation. It is possible that MYOD is also responsible for 

the differences in metabolism. C2C12 myotubes with a doxycycline induced shRNA 

(small hairpin RNA) targeting MYOD have reduced basal OCRs and lower maximal 

respiratory capacity compared to a doxycycline induced scrambled shRNA (control) 

[336]. This is likely a result of MYOD binding to the PGC-1β promoter and increasing 

PGC-1β expression which, in turn, increases mitochondrial biogenesis and OCR. 

Therefore, the increased expression of MYOD not only influences differentiation but 

also the expression of metabolic genes. This concept would help explain the increased 

mitochondrial biogenesis even in the absence of APN. Examination of PGC-1 levels in 

the differentiating primary myoblasts and pLTcad cells would contribute towards our 

understanding of this process. Furthermore, although there were no differences in 

muscle fibre types between the different mouse genotypes, it would be interesting to 

examine if changes in metabolic genes altered the muscle fibre type over time.  

7.2 T-cadherin interacts with M-cadherin to inhibit adhesion complex formation 

There is much research surrounding the roles of APN in metabolic diseases and 

muscle regeneration and while some of these studies highlight the importance of T-

cadherin as a receptor, very few examine its role individually. Although the findings of 

this thesis suggest that T-cadherin alone is not responsible for the improvement in 

DKO mouse muscle regeneration, it is possible that it also plays a more significant role 

other than as a receptor for APN. By example, earlier work by Ranscht and Dours-

Zimmermann on T-cadherin illustrated that T-cadherin is a negative regulator of neurite 

out-growth, independent of APN [187]. In line with this, preliminary results show that 

overexpressing T-cadherin in C2C12 myoblasts impairs muscle differentiation and 

interferes with the formation of the M-cadherin-β-catenin complex. The results of this 

thesis confirmed that T-cadherin does interact with M-cadherin in C2C12 cells but have 

yet to show the potential effects of this in muscle. Importantly, M-cadherin in muscle 
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cells has many different functions. It can engage in homophilic binding to regulate 

differentiation [204], interact with microtubules [365], inhibit β-catenin phosphorylation 

[206], and regulate glucose transport [207] and SC quiescence [119].  

Thus, in view of this thesis’ findings as well as published data, T-cadherin may control 

muscle regeneration by negatively regulating the fusion of myoblasts. It is possible that 

it achieves this through homophilic binding, or by binding M-cadherin to restrict M-

cadherin homophilic binding and limiting M-cadherin-β-catenin interactions in 

myoblasts. This would also diminish the downstream effects of β-catenin, including the 

upregulation of MYOD and the functionality of M-cadherin in myogenesis as listed in 

the above studies. Thus, T-cadherin inhibition of M-cadherin could contribute to a 

swathe of myogenic cellular changes that are the subject of ongoing studies. In this 

light and based on the data presented in this thesis, Figure 7.1 proposes the action of 

T-cadherin and APN on regenerating WT and DKO skeletal muscle.  

7.3 Conflicting findings on adiponectin’s role in regenerating muscle  

A review of the literature has revealed that our findings differ from those 

published by others. By example, a recent report by Tanaka et. al. shows that APN 

binding to T-cadherin enhances rather than inhibits regeneration [212]. Although these 

findings contrast to our results, there are a few key points that could contribute to these 

differences. Firstly, muscle regeneration only improved when APN was delivered by 

adenovirus to supraphysiological levels, along with angiotensin II treatment to partially 

mimic muscle ageing [212]. In addition to the high levels of APN, another important 

difference between this study and that of this thesis are the different ages of the mice, 

a critical consideration, as the activation of the APN receptors can have opposite 

effects in young versus aged SCs. In young SCs, APN signalling inhibits proliferation 

and downregulates the expression of myogenic regulatory factors. In contrast, the 

myogenic regulatory factors are promoted in aged SCs and proliferation remains 

unaffected [329]. These differences illustrates that there are still large gaps in our 

understanding of how SC regulation changes over time, specifically, how does APN 

contribute to myogenesis and repair at normal serum concentrations, and where does 

T-cadherin fit into these processes? 
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Figure 7.1. Proposed effects of T-cadherin and APN on regeneration in WT and DKO 

muscle. In WT muscle T-cadherin interacts with M-cadherin and inhibits the formation 

of the M-cadherin-β-catenin complex. APN binds AdipoR1, which restricts MYOD 

expression in young SCs, and limits macrophage inflammation. Mitochondrial 

biogenesis through PGC-1α is restricted. In DKO muscle M-cadherin freely interacts 

with β-catenin, and together with the increased macrophage infiltration enhances the 

expression of MYOD. The increased expression of MYOD promotes MRFs and 

enhances muscle differentiation. MYOD also promotes mitochondrial biogenesis 

through PGC-1β, which can in turn promote muscle differentiation.  
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7.4 Implications for this research  

Understanding the importance of T-cadherin in post-natal muscle regeneration 

may have significant implications for improving human health. Muscle atrophy is a 

common comorbidity associated with both chronic illnesses and ageing and yet there 

is no effective treatment. Through understanding how T-cadherin negatively regulates 

skeletal muscle regeneration, we could identify downstream pathways and subsequent 

targets to limit muscle mass loss in patients.  

7.5 Limitations of this research  

There are many exciting implications for this research, but it is important to 

recognise the limitations of these studies to help guide further experimentation. One of 

the major limitations of this study was the limited sample size and lack of statistical 

power within the RNA sequencing assay. Unfortunately, the RNA sequencing assay 

only included two replicate samples. Each of these samples was pooled from 4-6 mice 

but could not be sequenced individually due to difficulties in obtaining enough SC 

numbers for analysis from one mouse. Furthermore, due to the differences in 

expression of common metabolic housekeeping genes, qPCR failed to validate gene 

expression. Moving forward, qPCR validation should be performed with alternate 

housekeeping genes. Fortunately, gene ontology assays provided a way to visualise 

the broader scope of these genes.  

There are also concerns around the immunofluorescence staining of the macrophages 

(CD68) and activated satellite cells (MYOD) in the injury regeneration assays. 

Unfortunately, the staining of the muscle sections was particularly bright and caused 

difficulties in the identification of positive cells. Moving forward, these experiments 

should be repeated with a lower concentration or alternate antibody to confirm the 

differences observed between the genotypes.  

Another limitation of this research was the use of engineered cell lines in place of 

primary myoblasts. Although primary myoblasts were used where possible, it was often 

difficult to obtain enough satellite cells from the pool of mice to conduct experiments 

and so murine C2C12 cells were used in these cases. Although C2C12 cells mimic the 
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differentiation process of myoblasts, they been shown to express higher levels of 

adhesion proteins and assays should be repeated with primary satellite cells where 

possible to confirm findings [366].  

The investigation into mitochondrial function in WT and DKO cells was hindered by the 

limited sample capacity of the Seahorse XFp instrument. There were limited wells 

available in the microplate for each assay and this often led to experiments being 

conducted on different plates at different times. In particular, the fatty acid oxidation 

assay is usually performed on a 24-well plate to ensure consistency between samples, 

but these experiments had to be conducted over multiple microplates and may have 

resulted in some unavoidable errors within the analysis. Furthermore, this instrument 

is not capable of performing normalisation methods, so this had to be conducted 

externally. Although great care was taken to preserve myotubes during the washing 

stages of normalisation, this may have affected the overall results. Repeating these 

experiments in a 24-well plate with the Seahorse XF analyser would ensure 

consistency between samples and allow for fluorescent normalisation during the 

assay.  

Finally, although the aggregation assay hinted at the interaction between T- and M-

cadherin, there were many weaknesses that limited the outcome of this experiment. 

Unexpectedly, there were many aggregates formed between pLN1 CHO cells 

indicating cadherin independent aggregation was occurring, potentially due to the 

presence of ‘sticky’ residual DNA. Furthermore, as the cells remained suspended 

following the termination of the assay, it is possible that many aggregates were missed 

as they were not in focus during analysis. These factors could be improved in future 

studies.  

7.6 Recommendations for additional research  

The results from this thesis present compelling evidence regarding the role of 

T-cadherin and APN in regulating skeletal muscle myogenesis. However, there is still 

much to be done to uncover the mechanism behind this regulation. First and foremost, 

western blots of WT and DKO differentiating myoblasts should be probed for the 

expression of MYOD, PGC-1α and PGC-1β. This would assist in explaining the 

enhanced regeneration seen in the DKO cells. Secondly, although we have shown that 
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the loss of T-cadherin and APN are necessary to increase myoblast fusion, we have 

yet to show if there is a change in myogenic differentiation between single APN KO 

and WT mice. In line with this, assays using T-cadherin overexpressing C2C12 cells 

should be re-examined with the addition of recombinant APN. Furthermore, it may be 

worthwhile to examine the polarisation of macrophages during the regeneration 

process to help understand how APN affects macrophage infiltration following injury.  

Although the RNA sequencing from this thesis lacked statistical power, future analyses 

could benefit from repeating these assays with WT and DKO primary myoblasts at 

earlier time points of differentiation. Genes could then be validated by qPCR, and this 

may help in our understanding of how the DKO cells differ from the WT. Furthermore, 

following the validation of the differentially expressed genes, individual genes, such as 

myomaker and myomixer, could be selected and targeted to closely examine their 

relationship with T-cadherin and their overall role in muscle differentiation.  

Given the importance of ageing on SC activity in regeneration, these studies could be 

repeated in an ageing mouse model to help understand the inconsistencies between 

this study and existing literature. Based on the studies performed on uninjured skeletal 

muscle sections, there does not appear to be any differences in the morphology, 

number of SCs present, or muscle fibre type, suggesting that although T-cadherin and 

APN may play an important role in myogenesis, they do not affect the development of 

muscles. Many issues with SCs arise gradually over time and as such future studies 

could benefit from an analysis between WT and DKO muscle tissue following repeated 

cycles of injury and regeneration. This would provide insight into whether this research 

could lead to improved treatment for muscle wasting and would allow for the 

exploration of changes in fibrosis over time.  

Although the immunoprecipitations show that T-cadherin interacts with M-cadherin, 

this could be further supported by a proximity ligation assay in differentiating muscles 

cells. It is also not clear how T- and M-cadherin binding effects the expression or 

degradation of β-catenin. β-catenin is phosphorylated at many sites, thus in 

conjunction with examining the subcellular localisation of β-catenin, the identification 

of different phosphorylated forms of β-catenin would assist in determining β-catenin 

activity in the presence or absence of T-cadherin in differentiating myoblasts.  
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The findings from these recommendations should improve our understanding of the 

myogenic adhesion complex that forms during myogenesis and how it interacts with 

APN to regulate muscle regeneration. Understanding this process is paramount to 

finding an improved treatment for muscle wasting. It is hoped that the findings 

presented in this thesis will assist in the identification of suitable proteins that can be 

targeted within the muscle to improve muscle regeneration and satellite cell function 

throughout life. Future experiments should focus on identifying these targets and 

modifying them in murine models of atrophy, sarcopenia, and muscular dystrophy. 

Together with repeated injury regeneration studies, this research will provide valuable 

insight into the treatment and prevention of muscle wasting and disease.  
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7.7 Conclusion 

This study investigated the role of T-cadherin in skeletal muscle myogenesis and 

regeneration. Our results reveal that both T-cadherin and adiponectin play an 

important role in regulating skeletal muscle myogenesis. The exact role of T-cadherin 

and adiponectin in regeneration is likely a very complex interaction between adhesion 

proteins and adiponectin signalling and there is still much to be understood. Our results 

show that mice lacking T-cadherin and adiponectin have enhanced muscle 

regeneration, indicated by the increased expression of activated SCs and 

macrophages at day three regeneration and the increased number of centrally located 

nuclei at day 7 regeneration. The increase in expression of MYOD at day three 

regeneration parallels increases in mitochondrial content and function in the DKO 

primary myotubes. Finally, although T-cadherin acts as a receptor for adiponectin, the 

results show that T-cadherin can interact with M-cadherin to inhibit the formation of the 

M-cadherin-β-catenin adhesion complex. Taken together, this shows a clear role for 

both T-cadherin and adiponectin in regulating myogenesis. These findings will have 

significant ramifications for understanding human health and may lead to improved 

treatment strategies for muscle atrophy that is often associated with chronic conditions.  
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9.1 Appendix One – Published Literature Review 

The following pages include the complete literature review published in Biochemica et 

Biophyscia Acta (BBA) in 2021, featured in Chapter 1, section 1.6.  
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9.2 Appendix Two – Supplementary Figures  

The following pages contain supplementary figures for the data featured in chapter 4, 

section 4.4.4 and 4.4.5. 

9.2.1 Immunofluorescence staining of WT and DKO injured muscle sections 

  

Figure 9.1. Immunofluorescence staining of MyoD positive nuclei from injured WT (A-
C) and DKO (D-F) murine TA muscle sections following three days of regeneration. 

Sections were stained for A+D. MyoD (green), B+E. DAPI (blue) and C+F. Merged.  
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Figure 9.2. Immunofluorescence staining of CD68 positive cells from injured WT (A-
C) and DKO (D-F) murine TA muscle sections following three days of regeneration. 

Sections were stained for A+D. CD68 (red), B+E. DAPI (blue) and C+F. Merged. 
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9.2.2 Immunofluorescence staining of WT and T-cad KO injured muscle sections 

 

  

Figure 9.3. Immunofluorescence staining of MyoD positive nuclei from injured WT (A-
C) and T-cad KO (KO) (D-F) murine TA muscle sections following three days of 

regeneration. Sections were stained for A+D. MyoD (green), B+E. DAPI (blue) and 
C+F. Merged. 
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Figure 9.4. Immunofluorescence staining of CD68 positive cells from injured WT (A-
C) and T-cad KO (KO) (D-F) murine TA muscle sections following three days of 

regeneration. Sections were stained for A+D. CD68 (red), B+E. DAPI (blue) and C+F. 
Merged. 
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